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Abstract  
 

A broad hydrotropic action of aromatic sodium carboxylates – among them many polyphenols 

– was discovered. Based on their amphiphilicity and on specific molecular interactions, 

aromatic sodium carboxylates turned out to act as salting-in and -out agents in the 

(anti-)hydrotrope range for the small slightly hydrophobic di(propylene glycol) n-propyl ether. 

Sodium cinnamate and salicylate were even comparable to the biological solubilizer sodium 

cholate but still significantly weaker than the common surfactant sodium dodecyl sulfate.  

Aside of this, in the presence of aromatic solutes, aromatic sodium carboxylates exerted a 

distinct solubilizing mode, which was strongly driven by the carboxylate’s electronic system. 

Thus, the water-solubility of riboflavin, lumichrome, riboflavin 5’-monophosphate sodium salt, 

vitamin K3, folic acid and caffeine was increased considerably. Using a sodium polyphenolate, 

even the water-insoluble nutraceutical curcumin could be dissolved in water in minor amounts. 

Especially in the case of riboflavin and folic acid, the water-solubility was improved strongly by 

up to 2000 times using sodium 3,4-dimethoxycinnamate and sodium ferulate, respectively. In 

the case of riboflavin and lumichrome, the water-solubility correlated eminently with the 

conjugated electronic system of the solubilizer. In the case of folic acid and vitamin K3, the 

amphiphilicity of the solubilizer was more important than its electronic system. Moreover, some 

of the aromatic solutes were even able to increase the water-solubility of aromatic sodium 

carboxylates, while being solubilized by the carboxylates themselves. Nuclear magnetic 

resonance measurements of riboflavin with aromatic sodium carboxylates in deuterated 

dimethyl sulfoxide confirmed this mutual hydration. Reversible copigmentation of riboflavin, 

lumichrome, riboflavin 5’-monophosphate, vitamin K3 and folic acid with electron-rich aromatic 

sodium carboxylates indicated the formation of charge transfer complexes. Complementary 

dynamic light scattering, surface tension, nuclear magnetic resonance and nuclear Overhauser 

effect analysis contradicted the presence of larger aggregates and confirmed the formation of 

-stacked complexes in the case of riboflavin, riboflavin 5’-monophosphate, lumichrome, 

vitamin K3 and folic acid. 

Out of the polyphenolate cations tested, sodium was the best for the solubilization of riboflavin. 

Nevertheless, the better water-soluble choline polyphenolates enabled to keep still similar 

molar solubilizer/riboflavin ratios and to solubilize even more riboflavin in water. 

Sodium ferulate turned out as the compromise, if a simultaneously high water-solubility of 

riboflavin, folic acid and vitamin K3 is desired. Moreover, despite of a similar solubilizing 

mechanism for riboflavin, vitamin K3, folic acid and caffeine, sodium ferulate managed to 

solubilize the four drugs in one formulation largely over their solubility in pure water. Thereby, 

sodium ferulate, caffeine and vitamin K3 turned out to undergo facilitated hydrotropy, enabling 

a synergistic improvement in caffeine’s and vitamin K3’s water-solubility. 
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The photodegradation of vitamin K3 could not be prevented by the presence of sodium 

polyphenolates. In contrast, riboflavin’s photodegradation was considerably slowed down by a 

factor of 2-4 by sodium polyphenolates above a molar polyphenolate/riboflavin ratio of 6 in 

diluted aqueous solutions comprising riboflavin near the maximum concentration allowed in 

non-alcoholic beverages. If samples with high aromatic sodium carboxylate concentrations 

(≥ 0.37 mol·kg-1) were exposed to the sun, even more than 80 % of the initial riboflavin content 

were conserved for at least 8 weeks in the presence of sodium polyphenolates and even in the 

presence of the non-radical scavenger and non-antioxidant sodium cinnamate. Moreover, 

sodium polyphenolates were compatible with a common sports drink formulation from BASF, 

where they kept their photostabilizing effect on riboflavin. 

Aside of the hydrotropic properties of aromatic sodium carboxylates, they also provide a 

cosurfactive support for the standard surfactant sodium dodecyl sulfate. Thus, sodium ferulate 

decreased the critical micellar concentration of sodium dodecyl sulfate, increased the 

structuring of the micellar solution, and increased the solubility of the hydrophobic solute 

Sudan blue II relatively to the pure surfactant solution. Moreover, the cosurfactive action of 

sodium ferulate coexists with its hydrotropic solubilizing power for aromatic solutes. Thus, 

riboflavin and Sudan blue II could be solubilized simultaneously in an aqueous solution 

composed of varying concentrations of sodium dodecyl sulfate with 0.37 mol·kg-1 sodium 

ferulate. Although, sodium ferulate decreased the critical aggregate concentration and 

increased the structuring of an aqueous solution comprising the “biological surfactant” sodium 

cholate, the solubility of the hydrophobic solute Sudan blue II and of riboflavin was decreased 

due to the presence of sodium ferulate and sodium cholate, respectively. The similar salting-

in power of sodium cinnamate to sodium cholate in cloud point measurements of a 

water/di(propylene glycol) n-propyl ether mixture and the absence of a critical micellar 

concentration in conductivity measurements suggested that this lack of a cosurfactive action 

of sodium ferulate originates from the more hydrotropic and rigid character of cholate. 

Nevertheless, Sudan blue II and riboflavin could be dissolved in one pot at concentrations 

exceeding the ones in pure water. Thus, sodium ferulate’s cosurfactive support for sodium 

dodecyl sulfate and sodium cholate and the compatibility of sodium ferulate’s hydrotropic and 

cosurfactive properties constitute a green way to create less toxic and edible formulations of 

poorly water-soluble aromatic and hydrophobic solutes. 

Moreover, because riboflavin was revealed to stack parallelly in its crystalline form, and due to 

the low influence of the ribityl chain on riboflavin’s water-solubility, riboflavin’s solubility was 

found to be mainly restricted by its stacking and not by hydrogen bonding among the ribityl 

chain. Thus, it was not surprising that the aromatic L-tryptophane, caffeine, saccharine, L-

proline, L-histidine and indoxyl sulfate solubilized riboflavin in water, too. Consequently, not 

only polyphenolates, but also other -conjugated compounds can act as solubilizers for 
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riboflavin. Therefore, the molecules need not necessarily to be amphiphilic. Finally, riboflavin’s 

water-solubility can be tuned by altering the polarity of the solvent and its hydrogen bonding 

network, too. 
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1 Introduction 

Nowadays, food additives are indispensable for human’s and animal’s nutrition. Coloring and 

flavoring agents are widely used to mimic certain ingredients, to highlight the freshness of 

products or to create a new taste in order to attract people. Similarly, proteins, sugar substitutes 

or vitamins are commonly added to food and beverages to improve the endurance during 

sports, to prevent a gain in weight or to simply support the immune system. Thus, the common 

yellow coloring agent and essential vitamin, riboflavin, has an enormous importance for the 

coloring of food and beverages but also for the nutritional supplemental industry.1–6 

Unfortunately, riboflavin’s poor water-solubility and quick photodegradation into non-bioactive 

compounds as well as its photosensitizing power set a limit to its usage as coloring agent for 

beverages and food.1,7–10 Analogously, the industrially relevant vitamins, vitamin K3 and folic 

acid, are also poorly water-soluble and photosensitive. The fast photodegradation and low 

solubility of vitamins, organic colorants and drugs represents still a challenging task, as the 

photostability and solubility often correlate with absorption and bioavailability. Hence, special 

preparation techniques, solubilizers and certain stabilizers or storage conditions are required. 

However, solubilizers and stabilizers must be food-approved, lowly toxic, biodegradable and 

should not alter the color, taste, or bioavailability of the solute in the final formulation. Moreover, 

to keep a drug’s or a vitamin’s function, the solute must be solubilized sufficiently without too 

strong interactions with the solubilizing agents, which is by far not trivial. 

Currently, the perception of people undergoes a transformation leading to the augment usage 

of natural and biobased solvents, solubilizers and stabilizers for food and beverages, which 

are most preferably not processed after extraction or at least undergo rather green processing. 

The most common bio-based solvents for food, beverages and pharmaceuticals are water and 

vegetable oils. Thus, biobased microemulsions of low toxicity composed of water as major 

outer phase, of an oily component such as limonene or rape seed oil, and of a lowly toxic 

natural surfactant are widely investigated as potential food and pharmaceutical formulations to 

solubilize hydrophobic solutes. Although surfactants for such microemulsion are chosen to be 

lowly toxic and natural, such as lecithin, sucrose monopalmitate or tweens, the strongly 

pronounced amphiphilicity of surfactants makes them irritant for membranes.11–14 

Since the last century, hydrotropes are investigated as less toxic, less membrano-destructive 

and better biodegradable substitutes to surfactants. Thus, hydrotropes are better candidates 

to dissolve slightly hydrophobic compounds in food, beverages and pharmaceutical 

formulations. Nevertheless, especially food approved efficient hydrotropes are rare. 

Polyphenols as natural antioxidant molecules present in grains, vegetables, fruits, tea and 

coffee are part of the humans’ and animals’ daily dietary with an uptake of approximately 25 mg 

up to 1 g per day.15–17 Polyphenols comprise many health benefits, such as being anti-diabetic, 
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antimicrobial, antimutagenic, and anticarcinogenic.16,18,19 Hence, these phytochemicals gained 

importance during the last years and their potential application covers a wide range from 

pharmaceuticals and human nutrition to cosmetics.16,19 Thus, according to the European Food 

Safety Authority (EFSA) certain polyphenolic acids are allowed in flavor industry for normal 

usage under 0.05 wt.% and maximum usage under 0.2 wt.%.20 Yet, despite their highly praised 

health benefits and despite their amphiphilic molecular backbone and several potential 

hydrogen bonging sites, which indicate hydrotropic properties, the solubilizing properties of 

(poly)phenolic acids were never thoroughly investigated. As cheap, easily available, 

biodegradable, edible antioxidants and radical scavengers, polyphenolic acids appeared as 

potential natural multifunctional solubilizers.10,21–23 

In this research, salts of polyphenolic acids and related aromatic and non-aromatic 

carboxylates were examined for their solubilizing power regarding the solubilization of poorly 

water-soluble compounds, whose solubility is limited by hydrogen bonding, self-stacking 

or/and hydrophobicity. A major focus was set on the importance of the amphiphilic character 

and aromaticity on the solubilizing power. Especially, the solubility problem of riboflavin and 

strategies to overcome it were broadly investigated using not only polyphenolic acid 

derivatives, but also other aromatic and non-aromatic solubilizers. Additionally, polyphenolic 

acids and derivatives were used to improve the water-solubility of lumichrome, riboflavin-5’-

monophosphate, vitamin K3, folic acid, caffeine and curcumin. The compatibility of riboflavin, 

vitamin K3, caffeine and folic acid in an aqueous sodium ferulate solution was evaluated to 

see if the solutes would compete for the polyphenolate due to similar interactions of the four 

aromatic solutes with the hydrotrope. To see, if polyphenolic acid derivatives can act 

simultaneously as solubilizing and stabilizing agents, the photostabilizing power of some 

aromatic sodium carboxylates on riboflavin and vitamin K3 was evaluated.  

Additionally, the cosurfactive potential of one polyphenolate – sodium ferulate – was 

investigated in the presence of the standard surfactant sodium dodecyl sulfate and in the 

presence of the biosurfactant sodium cholate. Finally, the compatibility of sodium ferulate’s 

complexation of aromatic solutes and its cosurfactive behavior was evaluated in the sodium 

dodecyl sulfate and sodium cholate system using the solutes riboflavin and Sudan blue II as 

triggers for the two different solubilizing modes of sodium ferulate. 
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2 Fundamentals 
 

2.1 Green solvents 

In 1998, Paul T. Anastas and John C. Warner dealt comprehensively with the terminus “Green 

chemistry” stating that “Green chemistry is the utilization of a set of principles that reduces or 

eliminates the usage or generation of hazardous substances in the design, manufacture and 

application of chemical products.”24 Anastas and Warner defined Green Chemistry via the 

introduction of 12 principles:  

1. Prevention of waste – 2. Atom economy – 3. Less hazardous chemical synthesis – 

4. Designing saver chemicals – 5. Safer solvents and auxiliaries – 6. Design for energy 

efficiency – 7. Use of renewable feedstocks – 8. Reduce derivatives – 9. Catalysis – 10. Design 

for degradation – 11. Real-time analysis for pollution prevention –12. Inherently safer chemistry 

for accident prevention. Nowadays, the termini sustainable and clean chemistry are often used 

as a substitute for “Green Chemistry”. 

For economic reasons, the implementation of Green Chemistry is by far not easy as the criteria 

should meet up with the availability, price and stability of the chemicals. Moreover, all of the 

twelve principles cannot be retained simultaneously and thus one needs to decide which of the 

principles should be prioritized for a certain application. Therefore, the terminus green is 

always set in relation to other processes.25,26 

 

2.2 Food additives 

The increasing population requires food production to become cheaper and to meeting up the 

same quality standards at the same time. Food additives are deployed to preserve food and 

thus to prevent its spoilage and to keep its taste, texture, odor and color. However, food 

additives are also used to make food and beverages more attractive, to make them look safe 

to eat, or to simulate high contents of certain substances, such as fruits or vitamins in juices. 

Thus, food additives are also a tool for marketing. In the European Union, regulatory guidelines 

are listed in the Codex Alimentarius to prevent an overuse of food additives and thus keep side 

effects low. The Codex Alimentarius established the International Numbering System (INS), 

which assigns one “E-number” to each food additive, as long chemical names might be 

confusing for the costumer. 

Further food additive legislations are given by the US Food and Drug Administration (FDA) or 

United Kingdom Food Standards Agency.27,28 
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2.3 Solubilizing agents 

Surfactants, hydrotropes and cosolvents are applied to increase the solubility of target 

compounds. Surfactants are schizophrenic molecules with a clear separation of a hydrophobic 

tail and a hydrophilic head group. Due to their amphiphilic structure, surfactants self-assemble 

via the formation of micelles, cylindrical structures or bicontinuous phases. Depending on the 

formulation and surfactant concentration, surfactants form also liquid crystalline phases. 

Although surfactants are widely used as solubilizing agents for the preparation of emulsions 

and microemulsions, their strong foaming tendency and their strongly membranophilic 

properties makes the usage of most surfactants for food, beverages and for pharmaceutical 

applications unattractive – except if foaming is desired.29–31 

In 1916, Neuberg defined “hydrotropes” as compounds being able to increase the water-

solubility of poorly soluble compounds. Comprising an amphiphilic structure due to a 

hydrophobic tail and a hydrophilic head group, hydrotropes in principle resemble surfactants.32 

Thus, such as surfactants, hydrotropes lower the surface tension of water.29 However, the 

amphiphilicity is usually less pronounced in the case of hydrotropes. Consequently, more than 

a hundred times higher hydrotrope concentrations are required to reach a comparable surface 

tension as with a surfactant. Moreover, hydrotropes must not necessarily tend to self-assemble 

in the absence of a hydrophobic solute, do not form liquid crystals and foam significantly less 

than most surfactants.29,33 In the case of a self-aggregation of a hydrotrope in the absence of 

a solute at the so-called critical aggregate concentration (CAC), the formed aggregates are 

claimed to be more dynamic than surfactant derived micelles.  

Another important term when speaking of hydrotropes is the so-called minimum hydrotrope 

concentration (MHC), which corresponds to the minimum concentration of a hydrotrope 

required for solubilization of a hydrophobic solute. Owing to the rather weakly pronounced 

amphiphilicity of hydrotropes, the CAC and MHC usually are around 10-1 mol·L-1.34 Thus, larger 

amounts of hydrotropes are required to have a comparable solubilizing effect to surfactants. 

However, hydrotropes are usually less toxic and less membrane-permeable than 

surfactants.35,36 As the solubility of a poorly water-soluble solute is increased in a non-linear 

way by hydrotropes, the effectiveness of a hydrotrope can be obtain from the Setschenow 

constant Ksetschenow from equation 1.37  

 𝑙𝑜𝑔(
𝑆

𝑆𝑀𝐻𝐶
)  = 𝐾𝑠𝑒𝑡𝑠𝑐ℎ𝑒𝑛𝑜𝑤(𝑐 − 𝑐𝑀𝐻𝐶) 

(1) 

S = solubility of the solute at any hydrotrope concentration, SMHC = solubility of the solute at 

the MHC, c and cMHC are the corresponding hydrotrope concentrations   

Because this thesis was part of a cooperation with the company BASF, the effectiveness was 

quantified in a more applicative manner. With respect to the solute’s solubility in pure water s0, 

a molar hydrotrope to solute ratio was calculated from the ratio of the applied hydrotrope 
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concentration cH and the solute’s water-solubility s in the presence of the hydrotrope at the 

concentration cH, see equation 2. 

𝑟𝑎𝑡𝑖𝑜 =
𝑐𝐻

𝑠 − 𝑠0
 

(2) 

Typical hydrotropes are sodium salts of short alkylbenzene sulfonates, such as 

xylenesulfonate (SXS) and cumenesulfonate, monoethers of ethylene glycols or higher 

polyols. The action of these compounds as hydrotrope, cosolvent or surfactant depends on the 

alkyl chain length.29 Other typical hydrotropes are nicotinamide, urea, γ-valerolactone, citrate, 

and caffeine.32 

Currently, hydrotropes are proposed to have three modes of action. Firstly, hydrotropes might 

form a complex with the solute. Secondly, hydrotropes might act as chaotropic agents by 

changing the water-structure locally and thus reduce the hydrophobic effect. The third 

mechanism includes the formation of aggregates or pre-clusters.34,38  

The usage of hydrotropes is favorable for several reasons: 1) Chemical modification of 

hydrophobic drugs is not required to make them water-soluble. 2) Potentially toxic organic 

solvents can be prevented. 3) The time and energy demanding process of emulsification to 

solubilize drugs is not required. 4) Hydrotropy is highly selective.32  

Moreover, the usage of mixtures consisting of several hydrotropic agents may reduce the 

toxicity of one specific hydrotrope even more due to a lower amount of it in the total 

formulation.39 

Further, it is important to distinguish hydrotropes from cosolvents, which, in principle, resemble 

hydrotropes. Cosolvents are water-miscible organic solvents used in liquid drug formulations 

to increase the solubility of poorly water-soluble substances. In contrast to hydrotropes and 

surfactants, cosolvents have no structuring potential and thus have no minimum cosolvent 

concentration. However, a clear border between hydrotropes and cosolvents does not exist.29 

If hydrotropes show a solubility dependent solubilizing power, facilitated hydrotropy might 

occur. This is a phenomenon, whereby the solubility of a hydrotrope is increased using another 

hydrotrope or cosolvent leading to a synergistic enhancement of a hydrotrope’s effectiveness 

or/and efficacy due to an alteration of the MHC or increase of the hydrotrope’s solubility.39 

Similarly, cosurfactants can be used to lower the critical micelle concentration (CMC) and to 

increase the surface-active efficiency/efficacy and solubilizing power of surfactants.31 

 

2.4 Hofmeister Series – Salting-in and -out properties 

Hofmeister was the first one to categorize the ionic effects, which influence protein 

solubilization in 1888. He found that the specific ionic effect correlates with the charge density 

of ions.40,41 Later, studies revealed the Hofmeister Series to have a strong correlation with 

salting-in/out of hydrophobic substances, denaturation of proteins, hydrogen bonding of 
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substances, hydration of the ions as well as ion pairing and surface tension, see Figure 1.42–45 

According to Collins, small highly charged ions, such as phosphates, sulfates and 

carboxylates, were named “kosmotropes”. Kosmotropes are likely to be hydrated. Large 

polarizable low charge ions were named “chaotropes” and are less hydrated than 

kosmotropes. The charge density and not the absolute charge is decisive, because e.g. the 

very large and polarizable polyoxometalates are known to be superchaotropic, although having 

charges of about IV or even V.44,46 Based on the theory of Yizhak Marcus, kosmotropic and 

chaoptropic behavior of ions can be quantified with three parameters: Size of the anion, 

entropy of the water structure and effect of ions on the number of water molecules in the 

surroundings.41,47 This is certainly important for biological systems, as the transmembrane 

transport of biological electrolytes, such as sodium and potassium, depends on their hydration 

shell.47 

 

Figure 1: Cations and anions from the Hofmeister Series48–50 

An elegant method for the quantification of salting-in and -out properties, was introduced by 

Grundl et al., who analyzed the effect of various charged and non-charged organic molecules 

on the phase transition temperature (PTT) of binary di(propylene glycol) n-propyl ether 

(DPnP)/water mixtures, see Figure 2.51 At low temperatures, the hydrogen bond network 

enables DPnP to be solubilized in water leading to a monophasic system. At high 

temperatures, the hydrogen bonds between water and DPnP are disrupted due to higher 

Brownian molecular motion. As a consequence, DPnP is dehydrated and the water/DPnP 

solution becomes a heterogenous system. The lowest temperature of this clouding is called 

lower critical solubilization temperature (LCST). 

 

Figure 2: Molecular structure of DPnP 
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In this research, the PTT of the binary water/DPnP (45/55 (w/w)) mixture near the LCST was 

investigated. Salting-in leads to an increase of the PTT of the binary system, while salting-out 

induces a decrease of the PTT.52 For a linear increase/decrease of the PTT of the water/DPnP 

system with increasing additive concentration, the slope defines the magnitude of the salting-

in/-out properties of additives, see equation 3. 

𝑃𝑇𝑇(𝑐𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒)  =  𝑃𝑇𝑇(𝑐0)  +  𝑚 · 𝑐𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 (3) 

 

PTT(c0) = 15 °C = PTT of the pure water/DPnP (45/55 (w/w)) mixture51 

m = magnitude of the additives’ salting-in or -out power in °C·mol·mmol-1 

cadditive = additive concentration 

As the PTT can be easily determined with a heating plate and a thermometer by the eye, the 

determination of  the PTT for a quantification of the salting-in/-out properties of compounds is 

convenient because it is a fast, simple, low cost, barely energy demanding and non-toxic 

method.51 

2.5 -Stacking  

In general, the term -stacking refers to a non-covalent interaction of aromatic molecules 

comprising -orbitals. As a consequence, aromatic molecules undergo reversible 

complexation at distances larger than typical Van-der-Waals radii.53 

Since the early age, three models were developed to describe stacking phenomena: The 

Solvophobic Model, the Electron Donor-Acceptor Model and the Atomic Charge Model. The 

Solvophobic Model considers stacking as a purely entropically driven phenomenon. However, 

this model is not applicable for stacking phenoma of rather non-polar aromatic molecules in 

organic solvents, and stacking involves enthalpic contributions, too. The Electron Donor-

Acceptor Model proposes electronic interactions of a molecule with electron acceptor groups 

and another molecule comprising electron donor groups, which lower and increase the energy 

of the lowest unoccupied molecular orbital (LUMO) and higher occupied molecular orbital 

(HOMO), respectively. The resulting charge transfer complexes or -*complexes are 

characterized by a broadened UV-Vis-spectrum and charge transfer transitions in the UV-Vis-

region. However, in contrast to the excited state, charge-transfer interactions are only minorly 

important in the ground state and not all stacking interactions are coupled with a charge-

transfer transition. The Atomic Charge Model is based on an inhomogeneous distribution of 

the charge in the aromatic ring leading to an syn-alignment of distinct charges.54 Although the 

stacking-interactions are not entirely understood up to know, basic rules on the understanding 

of --interactions were formulated by Hunter and Sanders in the 1990s. They stated that -

interactions can be described best using a modification of the Atomic Charge Model. They 
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proposed repulsion of the -electrons and attraction between the -electrons and σ-framework 

to be the origin of the final geometry of a -complex. Thus, the -electron density induces a 

quadrupole moment with a partial negative charge above the aromatic faces and a partial 

positive charge in the periphery leading to attractive electrostatic interactions, see Figure 3. 

Van-der- Waals interactions and the solvophobic effect are supposed to dominate the 

magnitude of the interaction.54 However, the electrostatic model of Hunter and Sanders 

neglected short range effects and induction by substituents claiming that electron-withdrawing 

substitutents reduce -repulsion and thus enhance -stacking, while electron-donating 

substituents reduce the tendency of aromatic molecules for -stacking. Yet, calculations of 

Sherrill et al. showed that substitution of benzene rings with electron-withdrawing groups 

promotes stacking.55,56 A proposal of Wheeler and Houk was to treat substituents in the 

benzene dimer as direct interaction partner for the aromatic ring with no involvement of the -

system of the substituted benzene.57 Nevertheless, it is still unclear, whether the electrostatic 

or dispersion effects play a key role in --interactions. Certainly, factors determining the 

strength and dynamics of -stacking are geometric configurations/sterics, substituents and 

polarizability of aromatic molecules as well as the polarity and hydrogen bonding capacity of 

the solvent.58 

 

Figure 3: Possible orientations of aromatic molecules based on electrostatic considerations. Adapted 
from 59. 

As many biological compounds, such as amino acids, vitamins, flavonoids, anthocyanins, but 

also drugs, are aromatic, - -interactions could play a crucial role in the organization and 

functionalization of various biochemical systems. Thus, attractive - -interactions are known 

to stabilize the deoxyribonucleic acid (DNA), to influence the folding of proteins and to be 

essential for protein-ligand recognition. Moreover, the mechanism of cofactor binding by the 

flavoenzymes is known to involve a stacking interaction between an aromatic residue of 

tyrosine, tryptophan or histidine at the cofactor binding site and the isoalloxazine ring of the 

flavin.60,61 Thus, -stacking in combination with other non-covalent interactions can even alter 

the redox-potential of flavins from -210 mV up to 600 mV.62  
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Due to the non-destructive and reversible binding mechanism, -complexation states a great 

potential for controlled drug release via -stacked micellization of aromatic surfactants, for the 

design of sensors and molecular receptors and for DNA sequencing.58 

 

2.6 Polyphenolic acids 

Together with flavonoids, coumarins, stilbenes, tannins, lignans as well as lignins, phenolic 

acids – including polyphenolic acids – constitute the most abundant secondary 

polyphenols.19,20 Making up around one third of the phenolic compounds digested by humans, 

phenolic acids are essential for humans’ and animals’ dietary.19 Polyphenolic acids are a 

subgroup of phenolic acids, comprising either a benzoic or cinnamic acid backbone. Thus, 

polyphenolic acids can be separated into two groups: hydroxycinnamic acids and 

hydroxybenzoic acids. 

Seeds, leaves of vegetables and skin of fruits and grasses are especially rich in polyphenolic 

acids. The reason therefore is probably that these bio-compounds are partially responsible for 

the stability of plant cell walls, where the acids are oligomerized and bound to other molecules 

via ester, ether or amide bonds as lignin.19,63 Generally, hydroxy substituted cinnamic and 

benzoic acids are mainly associated with sugars to form glucosides or bound to other organic 

acids and thus are rarely present in their free and monomeric form.16,19,64 The most common 

hydroxycinnamic acids are caffeic, p-coumaric and ferulic acids, which frequently occur in 

foods esterified with quinic acid or glucose.16 Free polyphenolic acids can be obtained from 

plants via basic, acidic or enzymatic hydrolysis.19,63  

In plants, polyphenolic acids are mainly produced starting from L-phenylalanine or L-

tyrosine.65,66 Large scale production is achieved via biotechnological synthesis and extraction 

from plants.19,67 

Polyphenolic acids are involved in protein synthesis, photosynthesis, nutrient uptake and 

regulation of enzyme activity.68 The main role of phenolic compounds in plants is probably the 

protection of the plant from exterior biological and physical stress and diseases. However, they 

also contribute to the coloration and taste of the plants.63 Further, plants use polyphenolic acids 

as a tool to control nutrition uptake of plants in the surrounding and thus as a kind of 

communication between plants, which is called allelopathy. Hence, polyphenolic acids adsorb 

to clay minerals, undergo complexation with sesquioxides, influence the uptake of phosphorus 

by cucumbers and enable the fixation of dinitrogen by soil bacteria.68–70 

Further, polyphenolic acids may also alter the color, sensory quality, nutritional and antioxidant 

properties in food.63,71,72 Thus, in spite of the low phenolic acid content (≈ 0.17 %) compared 

to the proteins and carbohydrates (> 80 %) in cereals, the consistence of dough and the texture 

of baked bread depends on the phenolic acid content. The reason is assumed to be the 

reductive capacity of polyphenolic acids influencing the formation of disulfide bonds, which are 
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responsible for the gluten network formed by proteins. Hydrophobic interactions of 

polyphenolic acids with amino acids, such as the one of ferulic acid with tryptophan in dough, 

could also contribute to the texture, taste and color of food.63 Hence, ferulic acid was found to 

influence the precipitation of milk and soybean milk due to agglomeration of casein at 

concentrations near 0.5 % (m/v). Additionally, 0.2 %(m/v) ferulic acid act as a preservative in 

milk and soybean milk and improve also the milk’s quality due to the repression of volatile fatty 

acid formation.73,74 

Further, polyphenolic acids exert anti-diabetic properties, as they are also involved in the 

production of insulin and inhibit α-glucosidase and α-amylase, which convert carbohydrates 

into glucose.63,75,76 Adisakwattana et al. found that the methoxy group on the aryl ring boosts 

the antidiabetic action of polyphenolic acid.77 The sweetening and bitterness inhibiting potential 

of ferulic and caffeic acid and their salts in aqueous 0.001 to 0.2 wt.% solutions suggests the 

usage of polyphenolic acids in anti-diabetic treatment.78 In general, most polyphenolic acids 

are antimicrobial, anti-inflammatory, antimutagenic and antithrombic.19,79,80 

Moreover, polyphenolic compounds are the main source for antioxidants delivered by plants 

exhibiting even higher antioxidant properties than some antioxidant vitamins.81,82 Several 

antioxidant tests, including the Folin-Ciocalteau reagent, Ferric Reducing Antioxidant Power 

measurements, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, the 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay and Differential Pulse Voltammetry 

showed that the number and position of hydroxy and methoxy groups and the type of the 

antioxidant side chain (antioxidant effect: COOH < CH2COOH < CH=CHCOOH) determine 

their antioxidant efficiency.83–85 

Currently, three main radical scavenging mechanisms are proposed for the antioxidant action 

of polyphenolic acids: 1. Due to the conjugation of the carboxylate to the aryl ring, polyphenolic 

acids are able for hydrogen donation. The hydrogen transfer is a one-step reaction and 

depends on the O-H-bond dissociation enthalpy. 2. Polyphenolic acids can quench radicals 

via electron donation. The electron donation is a two-step reaction and relates to the ionization 

potential and proton dissociation enthalpy. 3. Polyphenolic acids are also capable of sequential 

proton-loss electron transfer which is ruled by the proton affinity and electron transfer enthalpy. 

All three quenching mechanisms might even occur simultaneously, whereby the type of 

quenching depends on the solvent properties.84 Because of their antioxidant properties, 

polyphenolic acids are regularly used in therapeutics, anti-aging cremes, sun cremes and other 

cosmetic formulations, but also in food industries. Especially, ferulic acid is widely used as 

cosmetic additive.19,86 

A disadvantage of the antioxidant activity of polyphenolic acids is their easy oxidation, which 

can occur enzymatically and non-enzymatically and leads to the formation of the more reactive 

quinones and semiquinones. Subsequent Michael-type addition results mainly in the 
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dimerization or oligomerization of polyphenolic acids, which is responsible for a brown 

coloration.63,87,88  

The degradation products after oxidation of ferulic acid (ferulic acid dimers) were proved to 

have antioxidant properties, too. However, the dimers showed lower antioxidant activity than 

two monomers.89 In spite of such a degradation, phenolic acids are important food components 

due to their lipid oxidation inhibiting, antioxidant and radical scavenging properties, as they can 

stabilize other important compounds, see Figure 4.90  

 

Figure 4: Occurrence, properties and possible applications of polyphenolic acids 19,73,91–97 

The daily dietary intake of polyphenolic acids via digestion of vegetables, fruits and plant-based 

beverages accounts for about 500-800 mg per person. Thereof, 700 mg cinnamic acid 

derivatives and 100 mg benzoic acid derivatives are consumed. Nevertheless, the uptake of 

polyphenolic acids can vary from 6 to 987 mg per day. 200 mL of roast and ground coffee were 

assumed to supply already 20-675 mg chlorogenic acid, which is an esterified form of caffeic 

acid.17,98,99 

Upon intake, polyphenolic acids are absorbed easily in the intestine involving Na+-dependent 

and independent mechanisms.89 Methoxylated cinnamate derivatives reach the blood stream 

more easily and in an unchanged form, while hydroxylated cinnamates mainly undergo 

sulfonation or glucuronidation in the liver.100–102 Thus, there is almost no unmodified ferulic acid 

in the blood stream and its metabolites are excreted instantly via the urine.103,104 In contrast, 

3,4-dimethoxycinnamic acid undergoes less metabolic modifications as the methoxy group 

inhibits the activity of first-pass liver enzymes, which are responsible for sulfonation and 

glucuronidation reactions. Owing to its more lipophilic character, 3,4-dimethoxycinnamic acid 

penetrates the intestinal wall also more easily than ferulic acid by several times, leading to a 

fast increase of the 3,4-dimethoxycinnamic acid concentration in the blood shortly after 
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indegestion.100–102,105 The metabolized products of polyphenolic acids are excreted via the 

feces and urine.106 

Being an essential part of the humans’ nutrition and providing in the same time various health 

benefits, polyphenolic acids are nutraceuticals.107 In general, most benzoic and cinnamic acid 

derivatives and salts are of low toxicity, see Table 1. Hence, benzoic acid and its derivatives 

are already common food additives exhibiting no toxicity in the applied concentrations (normal 

usage up to 500 mg·kg-1; maximal usage up to 2000 mg·kg-1).20  

In animal husbandry, polyphenolic acids are also omnipresent. Thus, the usage of polyphenolic 

acid-rich grasses and food, such as durum wheat bran consisting mainly of ferulic acid, 

improved the production, quality and shelf-life of dairy products and the quality of meat.73,74,108 

Table 1: LD50 values for benzoic acid and cinnamic acid 
and their derivatives via the oral administration. 

Compound LD50 (mg·kg-1) 

Benzoic acid ≥ 2250 (rat)109 
Sodium benzoate ≥ 2000 (rat) 110 

Cinnamic acid ≥ 5000 (rat)111 

Sodium cinnamate 3250 (mice)111 

3,4-Dihydroxycinnamic acid 800 (mice)112 

Salicylic acid 891 (rat)113,114 

Sodium salicylate 1600 (rat)113,114 

Ferulic acid 300-2000 (rat)115 

Sodium ferulate 3200 (mice)116 

Vanillic acid ≥ 5020 (rat)117 

Syringic acid ≥ 2000 (rat)118 

Veratric acid ≥ 800 (rat)119 

 

In this research, polyphenolic acids are considered as small compounds comprising a 

carboxylic acid group and an aromatic moiety substituted with methoxy and/or hydroxy groups, 

see Figure 5 and Table 2. Judging from their molecular structure, polyphenolic acids were 

supposed to have hydrotropic properties due to their amphiphilic backbone, rather large 

interaction surface and hydrogen bonding sites. Due to their planarity, sodium polyphenolates 

might perform stacking with other aromatic compounds. However, polyphenolic acids are often 

regarded as solutes themselves due to their low solubility in water (< 1 wt.%).120 Being 

absorbed into the blood system after digestion (pH: 7.35-7.45), polyphenolic acids (pka~4) are 

negatively charged in the body.121–124 Consequently, the anionic form of polyphenolic acids is 

predominant in the body. Therefore, the low solubility of polyphenolic acids was evaded in this 

research using polyphenolate salts. As sodium is the major cation of extracellular fluid in the 

body, which plays a key role in the regulation of myocardial and neurological functions, and 

due to cost reasons, mostly the solubilizing properties of the more water soluble sodium 

polyphenolates were studied.125,126 
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Figure 5: Molecular backbone of polyphenolic acids. The nomination and abbreviation of these 
derivatives (* and **) are given in Table 2. 

 

Table 2: Abbreviations of sodium polyphenolates used in this research. Note: NaBenz and NaCinn are 
no polyphenols. See Figure 5 for the molecular backbone. 

Corresponding acid Abbreviation R1 R2 R3 R4 R5 

Benzoic acid NaBenz H H H H H 
Salicylic acid Na-2-OH-Benz OH H H H H 

3-Hydroxybenzoic acid Na-3-OH-Benz H OH H H H 

4-Hydroxybenzoic acid Na-4-OH-Benz H H OH H H 

o-Anisic acid Na-2-OMe-Benz OMe H H H H 

m-Anisic acid Na-3-OMe-Benz H OMe H H H 

p-Anisic acid Na-4-OMe-Benz H H OMe H H 

Gallic acid Na-3,4,5-TriOH-Benz H OH OH OH H 

Syringic acid Na-4-OH-3,5-DiOMe-Benz H OMe OH OMe H 

2,3-Dihydroxybenzoic 
acid 

Na-2,3-DiOH-Benz OH OH H H H 

Protocatechuic acid Na-3,4-DiOH-Benz H OH OH H H 

2,4-Dihydroxybenzoic 
acid 

Na-2,4-DiOH-Benz OH H OH H H 

3,5-Dihydroxybenzoic 
acid 

Na-3,5-DiOH-Benz H OH H OH H 

2,3-Dimethoxybenzoic 
acid 

Na-2,3-DiOMe-Benz OMe OMe H H H 

Veratric acid Na-3,4-DiOMe-Benz H OMe OMe H H 

2,4-Dimethoxybenzoic 
acid 

Na-2,4-DiOMe-Benz OMe H OMe H H 

3,5-Dimethoxybenzoic 
acid 

Na-3,5-DiOMe-Benz H OMe H OMe H 

Vanillic acid Na-4-OH-3-OMe-Benz H OMe OH H H 

Cinnamic acid NaCinn H H H H H 

o-Coumaric acid Na-2-OH-Cinn OH H H H H 

m-Coumaric acid Na-3-OH-Cinn H OH H H H 

p-Coumaric acid Na-4-OH-Cinn H H OH H H 

4-Methoxycinnamic 
acid 

Na-4-OMe-Cinn H H OMe H H 

Caffeic acid Na-3,4-DiOH-Cinn H OH OH H H 

Ferulic acid Na-4-OH-3-OMe-Cinn H OMe OH H H 

3,4-Dimethoxycinnamic 
acid 

Na-3,4-DiOMe-Cinn H OMe OMe H H 

Sinapinic acid Na-4-OH-3,5-DiOMe-Cinn H OMe OH OMe H 

Phloroglucinol 
carboxylic acid 

Na-2,4,6-TriOH-Benz OH H OH H OH 
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2.7 Riboflavin 

In 1933, riboflavin (RF) – also known as 7, 8-dimethyl-10-ribityl-isoalloxazine, lactoflavin, 

ovoflavin, uroflavin, vitamin G, lyochrome or hepatoflavin1,127 – was first isolated from yeast, 

egg white, and whey by Kuhn and Wagner-Jauregg, see Figure 6 A. Simultaneously, the 

coenzyme flavin mononucleotide – riboflavin-5’-phosphate – was discovered in yeast by 

Warburg and Christian, see Figure 6 B for its sodium salt.1 RF is the precursor of the 

flavocoenzymes flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN = 

riboflavin-5’-phosphate), which are biologically active in combination with flavoproteins 

(dehydrogenases, oxidases, monooxygenases, reductases). Hence, RF is involved in the 

maintenance of our body.6,128–130 Thus, compounds with a RF basic framework 

(flavocoenzymes) are essential for biochemical reactions in living cells, because they 

participate in redox reactions due to their action as electron, hydrogen atom or even hydride 

ion transporters.8,62,131 

 

Figure 6: Molecular structures of A) riboflavin and B) riboflavin 5’-monophosphate sodium salt (RF-PO4). 
For NMR analysis, the carbon atoms are labelled with small black numbers, protons are labelled with 
blue numbers. 

In general, flavoenzymes are crucial for the citric acid cycle, the catabolism of amino acids with 

a branched chain, the biosynthesis and regulation of cofactors and hormones, the chromatin 

remodeling and thus DNA repair, the folding of proteins and cell apoptosis.131 Besides this, the 

conversion of tryptophan into niacin and the conversion of vitamin B6 and B9 into their active 

forms is also supported by flavins.6,130,132 Further, RF is involved in the activation of 

macrophages and thus is essential for the function of our immune system.133,134 

Consequently, deficiency of RF, or vitamin B2, can lead to a sore throat, loss of hair, skin 

inflammation and further deficiency might even cause anemia and malfunctions of 

nerves.131,134–141 Being such an important compound, RF is widely used for pharmacological 

treatments as displayed in Figure 7. 
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Figure 7: Pharmacological importance of riboflavin 2,4–6 

After digestion, RF is directly absorbed, while the coenzymes FAD or FMN are digested with 

carrier proteins, which undergo denaturization in the stomach prior to dephosphorylation and 

absorption in the small intestine.131 After absorption, the free RF can be metabolized to FMN 

by riboflavin kinase and further to FAD by adenylyltransferase in erythrocytes or 

leukocytes.4,131 Free RF in the plasma (concentrations in the range of nmol·L-1) associates with 

albumin or globulins. 62,131,142 The flavo-content after absorption accounts for 50 % of free RF, 

40 % FAD and 10 % FMN.62  

RF is synthesized in all plants and by most microorganisms.6 However, in humans, RF is only 

synthesized in the large intestine with the help of microflora in lower amounts than required.6,131 

Therefore, the consumption of RF via meat, fish, leafy vegetables, eggs or milk and cheese is 

essential for humans.8,127,131,143 The average recommendation of RF daily intake accounts for 

1.3 mg per day for men and 1.1 mg per day for women.131 Although approximately 30 mg RF 

are absorbed per meal, a poisoning with the vitamin is improbable because excessive RF is 

excreted via the urine.131,144 Thus, RF is widely used as nutritional supplement, yellow coloring 

agent for ice creams, bakeries, confectionery, and beverages, meats and dairy products as 

well as for pharmaceutical applications such as in anti-migraine treatment.2,145 As the water-

solubility of riboflavin 5’-monophosphate (RF-PO4) is about 350 times higher than the one of 

RF, the phosphorylated RF analogue is often used as yellow coloring agent instead of RF.28 

RF-PO4 is dephosphorylated before the absorption in the small intestine and thus absorbed as 

RF after digestion. Consequently, the only difference between the two flavins is the price, 

because RF is cheaper than RF-PO4.62 As coloring agents, RF and sodium riboflavin-5’-

phosphate are also known under E101.28 In 2021, 207 tons of RF pigments – corresponding 
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to 115 million US dollars - were consumed only for beverage industries.145 Global players in 

RF production are Guangji Pharmaceutical, DSM, BASF and Shanghai Acebright 

Pharmaceuticals.146,147 About 9000 tons of RF are produced annually.148,149 

Due to the huge demand on RF, new techniques for RF production for the biotechnological 

and chemical synthesis of RF are always in development. The fermentation is not only a one-

step reaction but also cheap, whereby chemical synthesis requires usually several reaction 

steps followed by purification which drive the costs high. Thus, a typical synthetic RF 

production pathway has only a yield of about 60 %, while creating a lot of waste and requiring 

25 % more energy compared to the fermentative production. Hence, the most common way of 

RF production are the biotechnological methods. Microbia like Ashbya gossypii, Bacillus 

subtilis or Candida spp. are typical producers for RF.6,150 With the usage of proline-resistant 

Bacillus subtilis strains up to 26.5 g·L-1 RF could be synthesized within 70 h.151  

Although RF is thermostable, it is highly photolabile.8,127,152 Thus, within some hours more than 

80 % the RF in milk can be destroyed when exposed to the sun.8 The absorption maximum in 

the visible range at 450 nm leads to the fastest destruction of RF via subsequent cleavage of 

the ribityl chain.1,8 Which degradation products are formed, depends on several conditions. RF 

is first exited to its singlet state, from where it can undergo intersystem crossing to its excited 

triplet state having a life time of 1 ms, see Figure 8.8,153–155 

 

Figure 8: Photodegradation of RF in aqueous solution.8,154–160 

The major degradation products of RF in aqueous medium upon illumination with visible light 

are lumichrome (LC) and lumiflavin (LF), both being biologically inactive and photosensitive, 

see Figure 9.8,154,161,162 In alkaline medium, LF is the major product, whereas LC is formed at 

all pH-values. Minor degradation products are formylmethylflavin (FMF), carboxymethylflavin 

(CMF) and cyclodehydroriboflavin (CDRF), see Figure 9.154 FMF is even more photosensitive 
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than RF and either hydrolyzed to LC and LF or oxidized to CMF.158,163,172–174,164–171 Due to its 

fast degradation FMF is usually present at low concentrations.154,155,158 CDRF formation is 

favored in phosphate and sulfate buffers with a pH value < 8, see Figure 9. At neutral pH (6-

7), RF reaches its maximum photostability.  

 

Figure 9: Common photoproducts upon riboflavin’s degradation 

The rate of RF’s photodegradation was found to depend on the solvent’s polarity, as certain 

ribityl chain conformations might be favored in some solvents compared to others.175 In polar 

solvents, RF is less photolabile than in organic ones.8,176,177 Moreover, of hydrogen phosphate 

ions and chloride ions increasing the ionic strength of the solvent promote the 

photodegradation of RF probably due to the formation of RF-anion exciplex interactions.178 

Another problem of RF’s high photosensitivity is the photosensitization of other vitamins, 

carbohydrates, lipids, proteins, and amino acids in food and beverages by RF, which 

subsequently is converted to its un-excited state.8 In beer, the photosensitization of other 

compounds by RF leads to an off-flavor.10,179 Further, the formation of singlet oxygen via 

quenching of RF by triplet oxygen can lead to the oxygenation of fatty acids or induce a reaction 

of amino acids, which results in the spoilage of oils and dairy products.8 Moreover, the 

presence of RF leads to the destruction of many polyphenols, folate, methionine, cysteine, 

histidine, tyrosine, tryptophan, thiamine and ascorbate.8,10,142,179 

Another obstructive property of RF is its solubility. Though being referred to the water-soluble 

vitamins, RF’s water-solubility amounts to 70-100 mg·L-1 (at 27 °C).8 Even by short boiling, the 

solubility of RF in water cannot exceed 1000 mg·L-1 being stable against precipitation for 1 day. 

Its solubility in other polar protic solvents such as amyl alcohol, cyclohexanol, benzyl alcohol, 

phenol or amyl acetate and the ones reported in Table 3 is mostly even worse. Further, RF is 

also not soluble in ether, acetone, chloroform or benzene. Only formic acid enables to dissolve 
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about 1 wt.% RF.1,180 Consequently, RF is an important vitamin with poor water-solubility, high 

photolability and photodestructive capacity.  

Although the solubility of RF is sufficient for many applications, it limits the yield of RF in 

biotechnological and chemical synthesis. Moreover, a higher solubility might also increase 

RF’s bioavailability upon supplementation or injection. Thus, the search for new solubilizers 

for RF is an ongoing task.1,8,180  

Table 3: Solubility of riboflavin in different solvents. *For water in (mmol·kg-1) 

Solvent c(RF) (g·L-1) c(RF) (mmol·L-1) * 

Dimethyl sulfoxide 0.100 (25 °C)181 0.266 
Water* 0.083 ± 0.006 (30 °C) 182 

0.070 to 0.100 (27 °C)8 
0.22 ± 0.02 
0.19 to 0.27 

Ethanol 0.045 (27 °C) 1,180 0.12 

Acetone 0.036 ± 0.009 (30 °C) 182 0.10 ± 0.02 

Methanol 0.033 ± 0.002 (30 °C) 182 0.088 ± 0.005 

The common hydrotropes, urea and nicotinamide, are known to increase the solubility of RF 

in water at neutral pH as well as in methanol, dimethyl sulfoxide and N-methylformamide. Urea 

turned out as less efficient solubilizer than nicotinamide. As nicotinamide and urea increased 

RF’s solubility more strongly in solvents capable of both donation and acceptance of hydrogen 

bonds, Coffman and Kildsig supposed that the solubilization of RF by these two hydrotropes 

proceeds via an alternation of the solvent’s hydrogen bonding affinity. Though Coffman and 

Kildsig observed a bathochromic shift of RF’s absorption spectrum in the presence of 

nicotinamide, they first interpreted it as a “change of the solvent’s nature”.182 However, the 

bathochromic shift might also originate from the formation 1:1 and 1:2 sandwich complexes of 

RF and nicotinamide in an aqueous solution as proposed by classical molecular dynamics. 

Thus, Van der Waals interactions between RF and its solubilizer are probably important for the 

solubilization of RF.35 Still, relatively high concentrations of nicotinamide are required to 

solubilize 10 times more RF than in pure water.182 Further, RF’s photodegradation in pure 

water follows first order kinetics, while nicotinamide induces second order kinetics.158,183 

Hence; nicotinamide is not appropriate to the usage as RF solubilizing agent. 

Further, RF was found to form complexes with several aromatic compounds, such as adenine, 

caffeine and other purines, tryptophan, indole, serotonin, chlortetracycline, hydroquinone and 

phenols.107,127,174 The observation of an isosbestic point in UV-Vis measurements of RF in the 

presence of the aromatic Schaeffer’s salt and in the presence of sodium salicylate as well as 

molecular modelling of RF in the presence of the compounds tiron and β-naphthol proposed 

stacking of these aromatic compounds with RF at distances of 3.0 to 5.0 Å.60,184  

All these observations and simulations show that the solubilization of RF and its interaction 

with other molecules is not trivial. 
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2.8 Vitamin K3 

Vitamin K3 or menadione is a synthetic derivative of the lipophilic K vitamins, see Figure 10. It 

is metabolically activated in the liver to become a co-factor in the activation of vitamin K-

dependent proteins.185 These proteins are the reason why vitamins of the K group are 

important for the coagulation of blood during hemostasis, for cell growth and proliferation, as 

well as for inflammatory reactions in the body. Moreover, the K vitamins are responsible for 

the maintenance of the bone strength and bone metabolism.186 Although green vegetables 

make up 40-50 % of the total vitamin K intake, fruits and vegetable oils, such as soybean, 

cottonseed, canola and olive oil, are important natural sources for vitamin K. Low amounts of 

the vitamin are also present in animal products, such as fish, liver, milk or eggs.187,188 While 

vitamin K1 stands for one compound – phylloquinone –, the term vitamin K2 (menaquinone) 

represents a variety of compounds comprising 4-13 isoprene units, see Figure 10. Almost all 

forms of vitamin K2 are produced by anaerobic bacteria. MK-4, comprising four isoprene units, 

is the only form of vitamin K2 being present in fish, liver or eggs and not in bacteria, and 

accounts for the main part of vitamin K2 resorbed by humans.186,189,190 As the requirement for 

vitamin K1 and K2 is low, supplementation with these vitamins is not common for adults and 

minorly exerted on infants.188 Yet, their synthetic derivative vitamin K3 is extensively used as 

an supplement in animal husbandry, see Figure 10.189  

 

Figure 10: Molecular structure of vitamin K1, K2 and K3 

Crystalline menadione sodium bisulfite or menadione nicotinamide bisulfite complexes are 

already widely used for the supplementation of poultry, swine and fish.185,191 Especially in 

poultry industry, antibiotics may inhibit the healthy development of intestinal microorganisms 

required for the synthesis of K vitamins or interfere directly with vitamin K metabolism.188 

Vitamin K3 is not only used to prevent blooding upon injuries, but also to support the fast bone 

growth process of animals in husbandry.185,192 As vitamin K3 is converted to MK-4 in the liver, 

it has the same biological benefits as vitamin K2.189 A benefit of vitamin K3 is its at least sparing 

solubility in water (151 mg·L-1), which facilitates the feeding with this vitamin.193 However, 

vitamin K3 is known to cause neonatal hemolytic anemia and liver damage in humans and 

thus has probably the same effect on other animals.188 As vitamin K3 is considerably cheaper 

than its natural relatives K1 and K2, it is still widely used in animal husbandry.188 Usual dosage 

forms for vitamin K3 are pellets, extrusion and mash.191,194 Moreover, vitamin K3 is added to 
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drinking water because it enhances the chromium exposure of domesticated animals, which 

increases their lifetime, improves reproduction, and reduces metabolic problems, stress, and 

illness.185,195 

However, vitamin K3’s sparing solubility in aqueous solutions and the low photostability is 

probably the reason, why pellets and extrusion are the usual dosage forms of vitamin K3 to 

animals.196 Although vitamin K3’s solubility can be tuned using water-ethanol mixtures, the 

solubility of vitamin K3 does not only depend on the solvent’s polarity and hydrogen bonding 

capacity, but also on specific intermolecular interactions. This leads to an entropy driven and 

mostly endothermal solvation of vitamin K3 in dichloromethane, 1,2-dichloroethane, methyl 

acetate, acetone, acetonitrile, n-butanol, n-propanol, 2-propanol, cyclohexane and 

methanol.197 As vitamin K3 stacks with other vitamin K3 molecules in its crystalline form and 

cocrystallized in a -stacked manner with aromatic compounds, it was assumed that the huge 

interaction surface provided by the stacking of the planar vitamin K3 molecules in its crystalline 

state might be one reason for its limited solubility in water.198 

 

2.9 UV-Vis-spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy enables the quantification and quality control of 

molecules via interactions between electromagnetic radiation in the ultraviolet (10-400 nm) and 

visible (400-750 nm) region with matter. Upon illumination with light, valence electrons from 

the bonding, non-bonding and anti-bonding orbitals are excited to higher energetic levels 

causing a reduction of the intensity of the absorbed wavelengths, see Figure 11. 

 

Figure 11: Schematic representation of electronic transitions in a molecule.199 

Which wavelengths are absorbed by a molecule depends strongly on the molecule’s structure. 

The excited state is usually stable for 10-13-10-3 s. The ground state is regained through 

spontaneous or stimulated emission of radiation (fluorescence, phosphorescence) or through 

radiationless processes (e.g., internal conversion of energy in order to obtain a thermal 
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equilibrium). Due to vibrational relaxation, dissipation or solvent reorganization processes, the 

emitted energy or light is always less energetic than the absorbed one. As a larger conjugated 

system corresponds to a smaller gap between the outermost electron levels, the absorption 

spectrum of a molecule experiences a bathochromic shifted with increasing size of the 

conjugation. 

Lambert and Beer found a relation that correlates to the intensity of an absorption with the 

concentration and thickness of the cuvette.200,201 However, the Lambert-Beer law is not 

necessarily valid for analyte concentrations > 10 mmol·kg-1, as analyte-solvent and analyte-

analyte interactions might alter the linear correlation.201 Due to Van-der-Waals, hydrogen 

bonding and other electrostatic forces, the solvent can influence the absorption of molecules. 

In the law of Lambert-Beer, this solvent effect is covered by ε.  

 

𝐴 = − 𝑙𝑜𝑔(𝑇)  = −𝑙𝑜𝑔(
𝐼

𝐼0
) = 𝜀 ·  𝑐 ·  𝑑 

(4) 

A = absorbance, T = transmittance, I = remaining light intensity, I0 = initial light intensity 

ε = molar extinction coefficient, c = concentration, d = thickness of the illuminated layer 

 

2.10 High pressure liquid chromatography 

High pressure liquid chromatography (HPLC) is a method for the separation of molecules 

(amino acids, carbohydrates, lipids, nucleic acids, proteins, steroids, …), which can be used 

for qualitative and quantitative analysis. An HPLC device consists of a solvent depot, an 

autosampler, a high-pressure pumping system, a column, a detector, and a computer system. 

The separation process takes place in a silica gel column made of stainless steel, which can 

be 20-100 cm long having a diameter of 2-6 mm. Distinct types of columns are available. 

Normal phase columns consist of a polar stationary phase of silica gel. Via modification of 

normal phase columns using covalently bound alkyl chains (C12, C18, …, phenyl, diphenyl, 

diols) reversed phase (with non-polar coating) or even chiral columns are prepared. Depending 

on the molecule and on its matrix, different columns are used to obtain optimal separation. 

Inside, the column is packed with particles of a pore size in the µm range. The analytes are 

separated due to distinct adsorption affinity to a stationary phase (liquid or solid adsorbent in 

the column) and due to their solubility in the mobile phase (eluent), Therefore, the analytes 

must be soluble in the eluent, which is pumped through the column with high pressure (10-400 

atmospheric pressure) and a flow of 0.1–5 cm·s-1. 

The speed and degree of the distribution of the analytes between the stationary and mobile 

phase can be further controlled via variation of the temperature, eluent flow, and constitution 

of the eluent. Instead of isothermal HPLC, where a constant flow is maintained during the 
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measurement, gradient elution – corresponding to a variation of the solvent composition during 

the elution – is often used to accelerate the separation of analytes.202,203 Using gradient elution, 

the polarity can be adjusted via variation of the portion of polar and less polar solvents. 

Common eluents are water, acetonitrile, methanol, isopropanol or hexane.204 The water phase 

can be basic or acidic to prevent the presence of multiple peaks due to incomplete 

deprotonation or protonation of basic and acidic functional groups. 

The time required to pass the column and to reach the detector is called retention time and is 

characteristic for each compound.202,203 

Depending on the column and detector, HPLC enables the detection of several compounds in 

mircomolar to picomolar concentrations within one measurement. Typical detectors for HPLC 

are UV-Vis-absorption detectors, fluorescence detectors, electrochemical detectors, refractive 

index detectors, mass spectrometric detectors, evaporative light scattering detectors, 

radioactive detectors and chemiluminescent nitrogen detector.205 In this research, the UV-Vis-

absorption detector was used. The retention time and the UV-Vis-spectrum of a signal provided 

qualitative information on the analytes, whereas the area beneath a peak in the chromatogram 

was used to quantify the analytes after calibration. 

 

2.11 Nuclear Magnetic Resonance spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy is a common non-destructive technique for 

the elucidation of molecular structures, interactions between compounds and for the 

quantification of analytes in solutions and in the solid-state. This spectroscopic method 

requires a magnetic moment of an atom’s nucleus µ, which causes a nuclear spin with a spin 

angular momentum P, see equation 5. Atoms with a nuclear spin I = 0, such as 12C and 16O 

are not analyzable with NMR because they have no spin angular momentum and thus no 

nuclear magnetic moment. Only atoms with an odd number of protons and/or neutrons and 

thus with a nuclear spin I > 0 can be analyzed with NMR spectroscopy. The most common 

nuclear spin I = ½ can be found in 1H, 19F, and 31P with 100 % abundance and in 13C, 15N, 29Si 

with lower abundance.  

µ = 𝑃 · 𝛾 =
𝛾 · ℎ · √𝐼(𝐼 + 1)

2𝜋
 (5) 

h = Planck’s constant, γ = gyromagnetic ratio  

γ is a specific constant for each nucleus, which depends on the mass, charge and g-factor of 

an atom. Thus, NMR can even distinguish between isotopes. 

In the ground state, all nuclei are in the same level of magnetic energy E, which depends on µ 

and B0, see equation 6. Being exposed to an exterior homogenic magnetic field B0, the nucleus 

of an atom performs precessional motion with the Larmor frequency, which is directly 

proportional to B0 and m. The nuclear magnetic moments can adopt (2 𝐼  +1) possible 
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orientations with magnetic quantum numbers m ranging from - 𝐼 to + 𝐼 with ∆𝑚 = ±1. This 

degeneration of the energy levels is called Zeeman effect. Thus, atoms with most common 

spin I = ½ can adopt two magnetic quantum numbers ½ and -½ being parallel and antiparallel 

to B0, respectively. As 𝑚 can change only by ±1, the energetic difference between the parallel 

and antiparallel orientation of the nuclear spin is explained by equation 7. 

𝐸 = −µ · 𝐵0 = − 𝛾 ·   ℎ ·  𝑚 ·  𝐵0 /(2 п) (6) 

∆𝐸 =  𝛾 ·   ℎ ·  𝐵0 /(2 п) (7) 

The energetic level of a nucleus can be altered upon irradiation with radiofrequency 

perpendicular at the resonance (Larmor) frequency to B0 causing a spin-flip. Through 

relaxation phenomena such as via emission of heat, the nucleus can return to its ground state 

again. The higher B0, the higher the energetic difference between the levels ∆𝐸, the better the 

resolution.206 

The equilibrium between the population of the ground N0 and excited states N1 can be 

expressed via the Boltzmann equation. 

𝑁1

𝑁0
= 𝑒

−
∆𝐸

𝑘𝐵𝑇 (8) 

T = temperature, kB = Boltzmann constant 

High concentrations of the analyte are required to obtain a sufficient signal to noise ratio, which 

rises with the square root of the number of scans. 

Aside of the strength of the exterior magnetic field B0 and of 𝛾, the chemical environment of 

the nucleus defines ∆𝐸. The nucleus is shielded from the external magnetic field B0 by its 

electron shell and by neighbored nuclei. Thus, the local magnetic field Blocal induced by the 

electrons and nuclei in a nucleus’ surrounding leads to an effective magnetic field Beffect distinct 

of B0. Practically, ∆𝐸  is expressed as chemical shift 𝛿  (ppm) referring to the excitation 

frequency of an internal standard 𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒, which is usually tetramethyl silane. The chemical 

shift of the internal standard is set to 0 ppm. 

𝛿 =
𝜈𝑠𝑎𝑚𝑝𝑙𝑒 − 𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝜈
 (9) 

𝜈𝑠𝑎𝑚𝑝𝑙𝑒 = excitation frequency of the sample, 𝜈 = frequency of magnetic field B0 

Depending on the electronegativity of the neighbored atoms and on the distance, the chemical 

shift of the nucleus can be increased in the presence of electron demanding neighbors 

(deshielding) and decreased in the presence of electron pushing neighbors (shielding). This 

interaction of the nucleus with other ones is called spin-spin coupling or scalar coupling and 

can lead to a splitting of the signals. While the position of the signal provides information about 
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the type of atom, the integral of the signals in 1H-NMR are proportional to the number of protons 

and hence can be used for quantification purposes.202 

Although one-dimensional (1D) NMR spectroscopy is a powerful technique, the spectra can 

get complicated for larger molecules, such as for many drugs or proteins. To be still able to 

identify molecules, two-dimensional (2D) NMR spectroscopy is used complimentary. Such as 

in 1D NMR, the sample is excited by a radio-pulse leading to a spin-flip of the nuclei with a 

magnetic moment. In contrast to 1D NMR, the signal is not recorded right away. After a certain 

evolution time t1, in which the nuclear spins of the molecules rearrange, a second pulse is used 

to create a position dependent reorganization of the spins prior to detection after the time t2, 

see Figure 12 . By varying the time of evolution, the system can be probed at distinct partially 

relaxed equilibria, which depend on the surrounding of the nucleus by electrons and by other 

nuclei in the sample. The 2D NMR spectrum is retrieved by plotting the two time domains t1 

and t2 against the signal’s intensity and subsequent Fourier transformation.207 2D NMR 

provides information about the protons (Correlation Spectroscopy (COSY)) and carbons 

(Heteronuclear Single Quantum Coherence (HSQC), Heteronuclear Multiple Bond Correlation 

(HMBC)) in the direct neighborhood to a nucleus. Only nuclei next to each other in the same 

molecule can be detected. 

 

Figure 12: Schematic representation an 2D NMR experiment. 

If information about the proximity of two nuclei positioned on distinct molecules or of further 

separated nuclei on one molecule is desired, Nuclear Overhauser Effect Spectroscopy 

(NOESY) is the method of choice. Although NOESY is also a 2D NMR technique. The principle 

deviates slightly from the one of COSY, HSQC and HMBC. “The nuclear Overhauser effect 

(NOE) is defined as the change of a spin’s signal due to magnetization transfer through cross 

relaxation in a dipolar coupled system or simply defined as the dipole-dipole relaxation effect, 

which causes transfer of magnetization from one nucleus to another.”208 Thus, the integrated 

intensity of one NMR changes if another nucleus is saturated by a radiofrequency.209 As the 

NOE correlates with the Brownian motion, small molecules give rise to positive signals, while 
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larger ones lead to negative signals due to slower tumbling.208 Like this, NOESY enables the 

observation of intra- and intermolecular interactions. 

 

2.12 Dynamic Light Scattering (DLS) 

Light – when regarding it as an electromagnetic wave – can induce electron density oscillation 

within a molecule. Hence, the molecule can be regarded as an oscillating dipole that emits the 

light with which it was irradiated. This electric oscillation in the molecule depends on the 

polarizability. For bigger molecules (> 20 nm), an irradiation with light can even induce several 

oscillating dipoles. All these dipoles can emit light having a distinct phase to the one of the 

irradiation. The irradiated light can then interfere. Such an interference pattern comprises 

information about the particle as the emitted light is no longer isotropic but has the same 

wavelength.210 

In the case of DLS, Brownian motion (a thermic effect) causes a permanent random movement 

of the particles in the solution. This leads to a shift of the initial angular frequency 𝜔0 by ∆𝜔 – 

called Doppler Effect. A movement of the particle in direction to the detector results in a positive 

∆𝜔, a movement in the opposite direction in a negative ∆𝜔. As the Brownian motion is random, 

a Lorentzian shaped distribution of the scattered angular frequencies around 𝜔0  can be 

observed. The angular frequency half width at half height ∆𝜔1/2 of the Lorentzian curve was 

found to be related to the diffusion coefficient D that characterizes the Brownian motion of 

particles.210,211 

∆𝜔1/2 = 𝐷 · 𝑞2 (10) 

Theoretically, one could calculate the D if being able to record the Lorentzian curve precisely. 

However, due to the law of conservation it was not possible to slim such spectra. This problem 

was solved by the usage of digital correlators. Fourier transformation can be used to switch 

from spectral analysis into the time delay 𝜏 dependent analysis of the second-order intensity 

autocorrelation 𝐺2(𝜏). 212 The intensity of the scattered beam 𝐼(𝑡) is measured at a random 

time t, whereas the intensity 𝐼(𝑡 + 𝜏) is monitored at a time delay 𝜏 . 𝐺2(𝜏) represents the 

average of the two intensities over a large number of times t. A short time delay corresponds 

to a strong correlation of 𝐺2(𝜏), as the intensity decays exponentially with the time. For long 𝜏 

the correlation vanishes. No correlation corresponds to 𝐺2(𝜏) = 〈𝐼(𝑡)〉2. 

𝐺2(𝜏) = 〈𝐼(𝑡) · 𝐼(𝑡 + 𝜏)〉 (11) 

In case of monodisperse particles, 𝐺2(𝜏) depends on the decay rate of the intensity Γ. A and 

B are instrumental factor with B < A. A normalization of 𝐺2(𝜏) via division by 〈𝐼(𝑡)〉2 leads to 

𝑔2(𝜏). The decay rate Γ is linked to the diffusion coefficient.210,213,214 

𝐺2(𝜏) = 𝐴 + 𝐵 · 𝑒𝑥𝑝[−2 · Γ · 𝜏] (12) 
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𝑔2(𝜏) = 1 + 𝛽 · 𝑒𝑥𝑝[−2 · Γ · 𝜏] (13) 

Γ = D · 𝑞2 (14) 

Thus, the diffusion coefficient can be calculated from the autocorrelation function 𝑔2(𝜏). With 

the Stokes-Einstein equation it is possible to derive the hydrodynamic radius 𝑅𝐻  from the 

diffusion coefficient. However, this relation accounts only for non-interacting spherical 

particles.214,215  

𝐷 =
𝑘𝐵 · 𝑇

6 · 𝜋 · 𝜂 · 𝑅𝐻 
 (15) 

𝑘𝐵 = Boltzmann constant 

𝑇 = temperature 

𝜂 = dynamic viscosity of the solvent 

The experimental setup of DLS is displayed in Figure 13. 

 

Figure 13: Setup for dynamic light scattering measurements 
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3 Experimental 
 

3.1 Chemicals 

Deionized Millipore water (18 MΩ·cm) was taken from a Millipore purification system from 

Merck Millipore (Billerica, MA USA).  

Riboflavin (97 %) and cyanin chloride (Rotichrom TLC) were purchased from Carl Roth 

(Karlsruhe, Germany).  

Riboflavin was provided by BASF SE with a purity greater than 97.0 g / 100 g according to Ph. 

Eur. 

Riboflavin (Lot. 35FLH), folic acid (> 98.0 %), menadione (> 98.0 %, T, HPLC) sodium 3-

hydroxybenzoate (99.0 %), cyclohexane carboxylic acid (> 98.0 %), sodium 4-

hydroxybenzoate (98.0 %), 2-methoxybenzoic acid (> 98.0 %, GC), 3-methoxybenzoic acid 

(> 98.0 %, GC), 4-methoxybenzoic acid (> 99.0 %, GC), sodium vanillate (98 %), trans-2-

hydroxycinnamic acid (> 98.0 %, HPLC), 2,3-dihydroxybenzoic acid (> 98.0 %, HPLC), 2,4-

dihydroxybenzoic acid (> 98.0 %, HPLC), 3,4-dihydroxybenzoic acid (> 98.0 %), 3,5-

dihydroxybenzoic acid (> 98 %), 2,3-dimethoxybenzoic acid (> 98.0 %, GC), 2,4-

dimethoxybenzoic acid (> 99 %), 3,4-dimethoxybenzoic acid (> 98.0 %), 3,5-

dimethoxybenzoic acid (> 98.0 %, GC), syringic acid (97.0 %), trans-m-coumaric acid 

(> 98.0 %, GC), caffeic acid (> 98.0 %), trans-4-methoxycinnamic acid (> 98.0 %, GC), 

sinapinic acid (98.0 %, GC), 3-(4-hydroxyphenyl)-propionic acid (98.0 %), 3,4-

dimethoxycinnamic acid (> 98.0 %), (2E,4E)-5-phenyl-2,4-pentadienoic acid (> 98.0 %, GC), 

5-phenylvaleric acid (> 99.0 %), sodium terephthalate (99.0 %, HPLC), phloroglucinol 

(> 99.0 %, anhydrous HPLC), diphenic acid (> 98.0 %, GC, T), coumalic acid (> 97.0 %, GC, 

T), sodium DL-mandelate (> 99.0 %, T, HPLC), biotin (> 98.0 %, T), β-Nicotinamide adenine 

dinucleotide reduced disodium trihydrate (98.0 %), vanillyl alcohol (> 98.0 %, GC), ethyl 

vanillin (> 98.0 %, GC), adenosine (> 99.0 %, T, HPLC), pyridoxine hydrochloride (98.0 %, T, 

HPLC), thiamine hydrochloride (99 %, HPLC), L-histidine (> 99.0 %, HPLC), rutin hydrate 

(>94 %, T, HPLC), hesperidin (> 90 %, T, HPLC), L-tryptophan (> 98 %, HPLC), caffeine, 

(> 98.0 %, T, HPLC), ellagic acid dihydrate (> 98.0 %, T, HPLC) and 3-indole propionic acid 

(> 98.0 %, T) were purchased from TCI Chemicals (Eschborn, Germany).  

Gallic acid (98.0 %, for synthesis), 4-phenylbutyric acid (99 %), sodium dihydrogen phosphate 

dihydrate (p.A.) and sodium dodecyl sulfate (99 %), acetonitrile (HPLC grade, LiChrosolv®), 

sodium citrate tribasic dihydrate (p.A.), potassium hydroxide pellets (p.A), 

carboxymethylcellulose sodium salt high viscosity (substrate for cellulase, 800-3100 mPas), 

hydrochloric acid (1 mol·L-1 aqueous solution), triacetin (> 99 %, FG) and methanol (HPLC 

grade, LiChrosolv®) were purchased from Merck (Darmstadt, Germany). 
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Riboflavin 5’-monophosphate sodium salt (73-79 %, < 10.5 % H2O; 3.8-6.5 % Na 

(anhydrous)), trans-ferulic acid (99 %), trans-cinnamic acid (> 99 %, FCC, FG), 4-

hydroxycinnamic acid (> 98.0 %), sodium benzoate (99 %, p.A.), sodium salicylate (99.5 %, 

reagent plus), sodium thiocyanate (99.99 %), sodium xylene sulfonate (< 9.0 % sodium 

sulfate), 2,4,6-trihydroxybenzoic acid monohydrate (90 %, predominantly 1,3,5-benzenetriol), 

tyrosol (> 98.0 %), DPnP (Dowanol, ≥ 98.5 %, isomeric mixture), tannic acid (according to Ph. 

Eur.), phenylsuccinic acid (98 %), sodium phenyl phosphate dibasic hydrate (from rice), 

adenine (≥ 99 %), adenosine 5’-triphosphate disodium salt (99 %, from microbia, 10 % H2O 

(Carl Fischer)), L-tyrosine (reagent grade ≥  98 %, HPLC), L-proline (99 %, FCC, FG), 

saccharine (98 %), pyroglutamic acid (99.0 %, T), γ-valerolactone (99 %, FCC, FG), Sudan 

blue II (98 %), meglumine (USP testing specification), L-arginine (98% reagent grade), 

acetone (p.A.), ethanol (p.A.), dimethyl sulfoxide (99.9 %, ACS reagent), hydrochloric acid 

(37 %), calcium phosphate dibasic (> 98.0-105.0 %), potassium dihydrogen phosphate 

(≥ 99.0 %, ACS reagent), potassium sorbate (99.0 %, p.A.), D-(+)-glucose (≥ 99.5 %, GC), D-

(-)-fructose (≥ 99.0 %, HPLC, suitable for microbiology), potassium 3-indoxylsulfate (quality: 

200), citric acid (99 %), L-ascorbic acid (99 %), trifluoroacetic acid (99.0 %, suitable for HPLC), 

calcium L-lactate pentahydrate (USP testing specification) and lumichrome were purchased 

from Sigma Aldrich (Darmstadt, Germany).  

Sodium hydroxide pellets (p.A., AnalaR Normapur), sodium chloride (99.6 %) and potassium 

chloride (99.5-101.0 %, AnalaR NormaPur) were obtained from VWR (Ismaning, Germany). 

3,5-Bis(trifluoromethyl)benzoic acid (98 %) was purchased from Thermo Scientific Fisher 

(Germany).  

Sodium dodecyl sulfate (ultrapure) was purchased from AppliChem GmbH (Darmstadt, 

Germany).  

Sodium cholate (99 %, loss upon drying: 3.9 %) and choline hydroxide (46 wt.% aqueous 

solution) were purchased from Alfa Aesar (Kandel, Germany). 

Drinking water (Natürliches Mineralwasser, natriumarm, ohne Kohlensäure, sodium: 13.2 mg, 

potassium 1.0 mg, magnesium: 32.9 mg, calcium 67.6 mg in 1 liter) was purchased from 

Adelholzener Alpenquellen GmbH (Siegsdorf, Germany). White sugar for the model sports 

drink from BASF was purchased from Südzucker (Mannheim, Germany). Capsules 

comprising oligomeric proanthocyanidins complex 200 were purchased from Greenline 

Products (200 mg OPC (95 %) + 250 mg vitamin C). 

Fulvic acid (> 90 %) was purchased from Molekula Group (Darlington, United Kingdom). 

Resveratrol triphosphate (≥  90 % phosphorylated, ≥  50 % triphosphorylated, 10 % water 

(Carl Fischer) was purchased from Ajinomoto OmniChem (Wetteren, Belgium). 

Deuterated dimethyl sulfoxide (99.8 %) and deuterium oxide (99.96 %) were purchased from 

Deutero (Kastellaun, Germany).  
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Sodium ferulate (99.54 %) for NMR analysis was purchased from BDLpharm (Kaiserslautern, 

Germany). 

The laboratory material used is listed in Table 4. 

Table 4: List of all materials used in this research 

Name Description Company 

Indicator paper pH 10-1 Universal 
VWR international 
(Ismaning, Germany) 

Syringe filter 0.2 
0.2 µm PTFE and cellulose 
acetate; membrane, diameter 
13 mm or 25 mm 

VWR international 
(Ismaning, Germany) 

Syringe filter 0.45 
0.45 µm PTFE or cellulose 
acetate; membrane, diameter 
25 mm 

VWR international 
(Ismaning, Germany) 

HPLC vials 
Brown glass 1.5 mL ND9 
with screw caps 

Carl ROTH (Karlsruhe, 
Germany) 

NMR tubes 
NMR tubes borosilicate length 
8 inch 

Deutero (Kastellaun, Germany) 

DLS tubes 
Tube, culture, disposable, 
10x75mm, borosilicate 

Corning Incorporated  
(New York, USA) 

Pipettes 1 mL 
VWR international 
(Ismaning, Germany) 

 

If not stated differently, all experiments were performed at room temperature (23°C) in Millipore 

water. If not state otherwise, water was used as synonym for Millipore water. The pH-value of 

the samples was tested with indicator paper to be between 6 and 7.5. 

 

3.2 Investigation of the hydrotropic properties of 

polyphenolic acid salts 

3.2.1 Sodium polyphenolates as salting-in and -out agents 

3.2.1.1 Phase transition temperature measurements of the binary 

water/DPnP system 

Sodium salt solutions of ranging from 0–500 mmol·kg-1 were prepared in the binary 

water/DPnP ((45/55 (w/w)) system. Some sodium polyphenolates and related compounds 

were synthesized via neutralization of the corresponding acid with self-made aqueous sodium 

hydroxide solution and subsequent removal of water via lyophilization for up to 4 days, see 

Table 5. The water content was determined with Coulometric Karl Fischer by means of an 899 

Coulometer from Metrohm with platinum electrodes from Metrohm (Herisau, Switzerland). 

Taking into account the salt’s water content, the required amount of salt (NaBenz, Na-4-OH-

3-OMe-Cinn, Na-3,4,5-TriOH-Benz, Na-2-OMe-Benz, Na-2,3-DiOMe-Benz, sodium 3-(4-

hydroxyphenyl)-propionate (Na-4-OH-Prop), Na-3-OH-Benz, Na-4-OH-Benz, Na-4-OH-3-

OMe-Benz) was mixed with water and 1.65 g of DPnP to have a final water/DPnP of the 

composition (45/55 (w/w)).  
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The residual samples (Na-3,4-DiOH-Benz, sodium 3,5-bis-(trifluoromethyl)-benzoate (Na-3,5-

DiCF3-Benz), NaCinn, Na-2-OH-Cinn, Na-4-OH-Cinn, Na-4-OMe-Benz, NaCHC) were 

prepared via neutralization of the corresponding acid with 1 mol·L-1 self-made sodium 

hydroxide solution. Then residual amount of water and 1.65 g DPnP was added, to obtain 3 g 

of a water/DPnP mixture (45/55 (w/w)). 

Additionally, sodium cholate (0–300 mmol/kg) and sodium dodecyl sulfate (0–200 mmol/kg) 

samples were prepared analogously by addition of the salts to water and DPnP to obtain 3 g 

samples of the water/DPnP (45/55 (w/w)) mixture. 

PTT measurements of the binary water/DPnP system (45/55 (w/w)) were conducted via 

heating of the samples in a water bath from their homogeneous state at 0 °C (ice bath) to their 

cloud point by means of a heating plate from Heidolph Instruments (MR Hei-Standard, 825 W, 

Schwabach, Germany). The PTT was determined with a thermometer (error +/- 1 °C) as 

turbidity by the eye. The sample comprising Na-3,5-DiCF3-Benz was prepared once. The 

residual samples were prepared in triplicate.  

Table 5: Sodium polyphenolates synthesized via 
lyophilization with the determined water content 
(Coulometric Karl Fischer) 

Salt water content/wt.% 

Na-3,4,5-TriOH-Benz 10.6 
Na-4-OH-3-OMe-Cinn 1.0 

Na-2-OMe-Benz 0.4 

Na-2,3-DiOMe-Benz 0.3 

Na-4-OH-Prop 1.9 

 

3.2.1.2  Surface tension measurements of sodium polyphenolates 

and similar compounds 

Stock solutions of Na-4-OH-3-OMe-Cinn (70026 mg·L-1), Na-3,5-DiCF3-Benz 

(98985.6 mg·L-1) and NaCinn (93704 mg·L-1) were prepared via neutralization of the 

corresponding acid with 1 mol·L-1 self-made sodium hydroxide (p.A) solution and addition of 

the residual amount water. In the case of NaBenz (90899 mg·L-1), Na-2-OH-Benz 

(90899 mg·L-1) and sodium dodecyl sulfate (SDS) (8000.2 mg·L-1) the sodium salt was directly 

dissolved in water. All samples were prepared in duplicate except of the one comprising SDS, 

which was prepared only once. 

All surface tension curves were obtained from a Krüss (Hamburg, Germany) Tensiometer 

K100 at 25 °C by means of the Wilhelmy Ring Method with a platinum-iridium-ring. The 

measurement device diluted the 40 mL stock solutions automatically down to 0.1 mg·L-1 with 

help of the dosing system Dosino 800 from Metrohm (Herisau, Switzerland) to obtain a surface 

tension curve. Each concentration was measured 5 times (deviation < 0.5 mN·m-1). For the 

curvature correction, the Harkins & Jordans method (accuracy of 0.8 %) was used.  
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To know the concentration in mol·L-1, the density of the stock solutions was measured with a 

DMA5000 Density Meter from Anton Paar (Ostfildern-Scharnhausen, Germany) at 25 °C prior 

to the surface tension determination. Via the vibration of a U-shaped capillary, filled with the 

sample, its density was calculated by the measurement device. 

3.2.1.3  DLS measurements of sodium polyphenolates and related 

aromatic salts in water and in the binary water/DPnP system 

For the DLS measurement see section 3.6. All samples were measured for 120 s. Only Na-4-

OH-Prop in pure water at 10 °C was measured for 60 s. 

The samples comprising Na-3,5-DiCF3-Benz, NaCinn, Na-2-OH-Benz, NaBenz, NaCHC, Na-

4-OH-Prop and Na-4-OMe-Benz in pure water and in the binary water/DPnP system were 

prepared at 25 °C. The reference sample (binary water/DPnP solution) and the Na-4-OH-Benz 

and Na-3,4-DiOH-Benz samples were prepared at 10 °C due to turbidity at 25 °C. After 

addition of all compounds as described in section 3.2.1.3.1 and 3.2.1.3.2, the samples were 

stirred at 450 rpm at the corresponding temperature for 20 min for entire dissolution.  

All samples were filtered with 0.2 µm polytetrafluoroethylene (PTFE) syringe filters in clean 

borosilicate tubes at the corresponding preparation temperature. The samples comprising Na-

3,5-DiCF3-Benz, NaCinn, Na-2-OH-Benz, NaBenz, NaCHC, Na-4-OH-Prop, Na-4-OMe-Benz, 

Na-4-OH-Benz and Na-3,4-DiOH-Benz as well as the reference were measured in pure water 

and in the binary water/DPnP system at 10 °C. The samples comprising Na-3,5-DiCF3-Benz, 

NaCinn, Na-2-OH-Benz, NaBenz, NaCHC, Na-4-OH-Prop and Na-4-OMe-Benz in water and 

in the binary water/DPnP system were additionally measured at 25 °C. All samples were 

prepared in duplicate. 

3.2.1.3.1 Sodium polyphenolates and related compounds in pure water 

0.5 mol·kg-1 NaCinn, Na-3,5-DiCF3-Benz, NaCHC, Na-4-OMe-Benz and Na-3,4-DiOH-Benz 

solutions were prepared by equimolar neutralization of the corresponding acid with 2 mol·L-1 

self-made sodium hydroxide solution and addition of the residual water to obtain a total water 

content of 3 g. 0.5 mol·kg-1 NaBenz, Na-2-OH-Benzl, Na-4-OH-Benz and Na-4-OH-Prop 

samples and a 0.6 mol·kg-1 Na-2-OH-Benz sample were prepared via direct dissolution of the 

salt in 3 g water. 

3.2.1.3.2 Sodium polyphenolates and related compounds in the binary 

DPnP/water system 

0.5 mol·kg-1 NaCinn, Na-3,5-DiCF3-Benz, NaCHC, Na-4-OMe-Benz, Na-3,4-DiOH-Benz 

solutions in the binary water/DPnP system (45/55 (w/w)) were prepared by equimolar 

neutralization of the corresponding acid with 2 mol·L-1 self-made sodium hydroxide solution 

and addition of the residual water to have in total 1.35 g water. Then, 1.65 g DPnP was added. 
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The 0.5 mol·kg-1 NaBenz, Na-2-OH-Benz, Na-4-OH-Benz and Na-4-OH-Prop samples and the 

0.6 mol·kg-1 Na-2-OH-Benz sample were prepared via direct dissolution of the salt in a mixture 

of 1.35 g water and 1.65 g DPnP. Additionally, a reference sample was prepared from 1.35 g 

water and 1.65 g DPnP. 

3.2.1.4  Nuclear magnetic resonance measurements of sodium 

ferulate in the binary water/DPnP system 

A sample of 0.2 mol·kg-1 Na-4-OH-3-OMe-Cinn in the binary water/DPnP (45/55 (w/w)) mixture 

was prepared by direct dissolution of the salt (99.54 %; BDLpharm) in 1.35 g water and 1.65 g 

DPnP. To have a reference for Na-4-OH-3-OMe-Cinn, deuterium oxide was saturated with the 

salt via stirring at 450 rpm at 23 °C for 1 h. The latter sample was filtered through 0.45 µm 

PTFE syringe filters. An 1H-NMR spectrum of both solutions was recorded. To have a 

reference for DPnP, an 1H-NMR spectrum of pure DPnP was recorded, too. Therefore, 0.8 mL 

of each sample were filled into a borosilicate NMR tube. The NMR measurements were 

conducted at 25 °C. 1H-NMR, COSY and NOESY experiments were conducted with a Bruker 

Avance III HD 400 (400.13 MHz) NMR-spectrometer with a 5 mm BBO 400S1 BBF-H-D probe 

head with a Z-gradient at the Central Analytical NMR department of the University of 

Regensburg. 

3.2.2 Hydrotropic solubilization of aromatic compounds with 

polyphenolic acid salts 

3.2.2.1 Riboflavin 

3.2.2.1.1 Solubilization of riboflavin in water 

The water-solubility of riboflavin from three distinct distributors with maximum two different 

batches (Carl Roth, BASF, TCI) was determined in triplicate. For saturation, an excess of 

riboflavin was added into 2 g of water. After 2 min of ultrasonication (Bransonic 220, 120 W, 

frequency: 50 kc), the samples were stirred at 450 rpm at 23 °C in the dark for 2 h. The 

samples were filtered with 0.45 µm PTFE syringe filters. For UV-Vis-measurements, the 

sample were diluted 1:3 (w/w) with water on the balance. 

3.2.2.1.2 Solubilization of riboflavin in presence of polyphenolic acids and 

their corresponding sodium salts 

Stock solutions (0.50 mmol·kg-1) of ferulic and cinnamic acid as well as of the corresponding 

sodium salts were prepared in 0.5 L volumetric flasks via stirring overnight. Stock solutions of 

vanillic acid and its sodium salt were prepared at the same concentration in 1.0 L volumetric 

flasks via stirring for 1 h. All stock solutions were diluted with water to 0.40 mmol·kg-1, 

0.25 mmol·kg-1 and 0.10 mmol·kg-1 samples. After addition of an excess of RF, the samples 
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were stirred in the dark for 1 h and filtered through 0.45 µm PTFE syringe filters. After 1:3 

dilution with water on the balance, the absorbance at 449 nm was measured with a UV-Vis-

spectrophotometer, see section 3.2.2.4. The samples were prepared in duplicate. 

3.2.2.1.3 Hydrotropic solubilization of riboflavin with sodium 

polyphenolates and related compounds 

Aqueous solutions of sodium polyphenolates and related compounds (Na-2-OMe-Benz, Na-3-

OMe-Benz, Na-4-OMe-Benz, Na-2,3-DiOH-Benz, Na-3,4-DiOH-Benz, Na-3,5-DiOH-Benz, 

Na-2,4-DiOH-Benz, Na-2,3-DiOMe-Benz, Na-2,4-DiOMe-Benz, Na-3,4-DiOMe-Benz, Na-3,5-

DiOMe-Benz, Na-4-OH-3,5-DiOMe-Benz, Na-3,4,5-TriOH-Benz, Na-2,4,6-TriOH-Benz, 

NaCHC, NaCinn, Na-2-OH-Cinn, Na-3-OH-Cinn, Na-4-OH-Cinn, Na-4-OMe-Cinn, Na-3,4-

DiOH-Cinn, Na-4-OH-3-OMe-Cinn, Na-3,4-DiOMe-Cinn, Na-4-OH-3,5-DiOMe-Cinn, Na-4-

OH-Prop, Na-3,5-DiCF3-Benz, NaButyrate, NaValerate, Na-2,4-Pentadienoate, disodium 

diphenate, sodium coumalate, sodium D,L-mandelate, disodium phenyl succinate) were 

dissolved in water via neutralization of the corresponding carboxylic acid with self-made 

sodium hydroxide solution and addition of the residual amount of water. The residual samples 

(NaBenz, Na-2-OH-Benz, Na-3-OH-Benz, Na-4-OH-Benz, Na-4-OH-3-OMe-Benz, disodium 

terephthalate (Naterephthalate), sodium thiocyanate (NaSCN), sodium dihydrogen phosphate 

(NaH2PO4), SDS, sodium xylene sulfonate (SXS), tyrosol, phloroglucinol, tannin, disodium 

phenyl phosphate) were prepared via direct dissolution of the salt in the required amount of 

water. A compound was defined to be insoluble in water, if it was not completely solubilized 

after stirring at 450 rpm for 1 h. For saturation, RF was added in excess to all samples, even 

to heterogenous ones. After ultrasonication for 2 min (Bransonic 220, 120 W, frequency: 

50 kc), all samples were stirred at 450 rpm in the dark for 1 h and filtered with 0.45 µm PTFE 

syringe filters. 

The samples comprising 0.4-1.62 mol·kg-1 of this compound were prepared only once. The 

samples comprising NaH2PO4 between 3 and 4 mol·kg-1 were also prepared only once. 

Samples with Na-2,4,6-TriOH-Benz, Na-2,4-Pentadienoate, NaValerate, NaButyrate and 

tyrosol were prepared in triplicate. The residual ones were prepared in duplicate. For the 

quantification of RF, see section 3.2.2.4. 

3.2.2.1.4 Effect of riboflavin’s type on the solubilization power of sodium 

polyphenolates 

The water-solubility of RF in aqueous sodium vanillate solutions ranging from 0-240 g·kg-1 Na-

4-OH-3-OMe-Benz was determined for a batch from Carl Roth and for two batches from BASF 

via saturation. Therefore, an excess of RF was added to the clear aqueous sodium vanillate 

solutions. The samples were ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 
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50 kc), stirred at 450 rpm in the dark for 1 h and filtered through 0.45 µm PTFE syringe filters. 

Then, the RF concentration was determined as described in section 3.2.2.4. 

Additionally, 0.2 mol·kg-1 aqueous solutions of NaBenz, Na-4-OH-3-OMe-Benz, Na-2-OH-

Benz, Na-2-OH-Benz, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn, which were prepared 

via dissolution of the salt in water or by neutralization with 1 mol·L-1 self-made sodium 

hydroxide solution, were saturated analogously with RF. 

3.2.2.1.5 Change of riboflavin’s absorption spectrum in presence of 

sodium ferulate 

An aqueous 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn solution was prepared via neutralization of 

ferulic acid with 1 mol·L-1 self-made sodium hydroxide solution and addition of the required 

amount of water. After an excess of RF was added, the sample was ultrasonicated for 2 min 

(Bransonic 220, 120 W, frequency: 50 kc), stirred at 450 rpm in the dark for 1 h and filtered 

through 0.45 µm PTFE syringe filters. The sample was diluted with Millipore water to obtain 

twelve distinct concentrations of Na-4-OH-3-OMe-Cinn from 370 to 0.19 mmol·kg-1. The UV-

Vis-absorbance spectrum from 250-750 nm of each sample was recorded with a Lambda18 

spectrophotometer (Überlingen, Germany). Therefore, the samples were filled in 3 mL quartz 

cuvettes (10 mm with a transmission from 200-2500 nm) from Hellma (Müllheim, Germany). 

Millipore water served as reference. 

3.2.2.1.6 Effect of distinct cations on the solubilization efficiency of 

polyphenolates 

0.37 mol·kg-1 ferulate solutions were prepared via neutralization of ferulic acid with choline 

hydroxide solution (46 wt.%), meglumine, arginine, self-made sodium hydroxide and self-made 

potassium hydroxide and addition of the residual amount of water. After saturation with RF via 

ultrasonication for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and subsequent stirring at 

450 rpm in the dark for 1 h, the samples were filtered with 0.45 µm PTFE syringe filters. The 

RF concentration was determined via UV-Vis-measurements as section 3.2.2.4. The sample 

comprising choline ferulate was prepared in duplicate. The residual samples were prepared in 

triplicate. 

3.2.2.1.7 Hydrotropic solubilization of riboflavin by means of choline 

polyphenolates in water 

Choline salt solutions comprising choline gallate, vanillate, 3,5-dihydroxybenzoate, ferulate, 

cinnamate or 3,4-dimethoxybenzoate were prepared via neutralization of the corresponding 

carboxylic acid with aqueous choline hydroxide solution (46 wt%) and addition of the residual 

amount of water. All tested choline salts were dissolved after stirring at 450 rpm for 15 min. 

Then, RF was added in excess and the samples were ultrasonicated for 2 min (Bransonic 220, 

120 W, frequency: 50 kc) and stirred at 450 rpm in the dark for 1 h. After filtration through 
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0.45 µm PTFE syringe filters, RF was quantified as reported in section 3.2.2.4. The samples 

were prepared in duplicate. 

3.2.2.1.8 Crystallization of riboflavin 

3.2.2.1.8.1 Synthesis and microscope images of riboflavin crystals 

2 g of a water/acetonitrile (50/50 (w/w)) solution were saturated with RF and cinnamic or 3,4-

dimethoxycinnamic acid by stirring at 450 rpm at 23 °C for 4 h. After filtration through 0.45 µm 

PTFE syringe filters, 0.2 mL of the samples were filled in a narrow 1.5 mL vessel and overlayed 

with 2 mL of acetonitrile. After one month, microscope images of the crystals were taken with 

a bright-field microscope with an Eclipse E400 biological microscope from Nikon (Tokio, 

Japan).  

A Nikon L Plan SLWD objective lens with a 20 times magnification and a numerical aperture 

of 0.35 or a Nikon LU Plan objective lens with a 10 times magnification and a numerical 

aperture of 0.30 with a WD17.3 lens enabling a magnification of 200 and 100 times, 

respectively, were used for the enlargement. A camera (EOS 50D) from Canon (Tokio, Japan) 

was mounted on the microscope with an adapter from LMscope (Graz, Austria). 

3.2.2.1.8.2 Single crystal X-ray analysis 

Single Crystal X-Ray Analysis was conducted by the central analytical department at the 

University of Regensburg. A suitable crystal with was mounted on a MITIGEN holder with inert 

oil on a XtaLAB Synergy R, DW system, HyPix-Arc 150 diffractometer. The temperature during 

the data collection was 123.01(10) K. The structure was solved with the ShelXT 2018/2 

(Sheldrick, 2018) solution program using dual methods and Olex2 1.5-alpha as the graphical 

interface.216 The model was refined with ShelXL 2018/3 (Sheldrick, 2015) using full matrix least 

squares minimization on F2.216–221 The radiation type was Cu Kα. Details on the crystal and 

fitting parameters are given in section 7.2 in the Appendix. 

3.2.2.1.9 Cocrystallization attempts for riboflavin and sodium 

polyphenolates 

Sodium salt solutions were prepared via neutralization of the corresponding polyphenolic acid 

with 1.0 or 6.0 mol·L-1 sodium hydroxide solution and stirring for 30 min at 450 rpm. The 

samples were saturated with RF via addition of an excessive amount of RF followed by stirring 

at 450 rpm in the dark for 1 h and filtration through 0.45 µm PTFE syringe filters. 

3.2.2.1.9.1 Liquid diffusion method via usage of an antisolvent 

Concentrated sodium polyphenolate/RF or polyphenolic acid/RF solutions were carefully 

overlayed with a precipitant solvent, see Figure 14. At the turbid phase border of the two 
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solvents, cocrystals should be formed due to the slow diffusion of the antisolvent into the RF 

solution.222 

 

Figure 14: Experimental procedure for crystallization via the liquid diffusion method with an antisolvent. 
From left to right: NaCinn, sodium ferulate, sodium caffeate, Na-3,4-DiOMe-Cinn. 

Preparation of RF/sodium polyphenolate solutions: 

0.5 mL stock solutions (0.50 M NaCinn, 0.37 M sodium ferulate, 0.4 M sodium caffeate, 1.5 M 

Na-3,4-DiOMe-Cinn) were saturated with RF. 0.5 mL of the stock solutions were overlayed 

with 2.5 mL acetone, ethanol or acetonitrile. 

Crystallization of RF with polyphenolic acids from Dimethyl sulfoxide: 

Dimethyl sulfoxide (DMSO) was saturated with 3,4-dimethoxycinnamic acid, ferulic acid, 

vanillic acid or cinnamic acid via stirring at 450 rpm at 23 °C overnight. The turbid samples 

were then saturated with RF. After filtration, 0.2 mL of the DMSO stock solution was overlayed 

with 2.5 mL of water.  

Crystallization of RF with polyphenolic acids from water/acetonitrile (50/50 (w/w)):       

A water/acetonitrile (50/50 (w/w)) solution was saturated with vanillic, ferulic, cinnamic or 3,4-

dimethoxycinnamic acid and RF via stirring at 450 rpm for 4 h at 23 °C After filtration through 

0.45 µm PTFE syringe filters, 0.2 mL of the samples was overlayed with 2 mL of acetonitrile. 

3.2.2.1.9.2 Slow cooling of a saturated solution 

3 mL of a solvent (water, ethanol, water/ethanol (50/50 (w/w)), methanol, acetonitrile or 

acetone) were saturated with RF and NaCinn or sodium vanillate under stirring at 450 rpm at 

45 °C in the dark for 1 h. After hot filtration with 0.45 µm PTFE filters, the clear solutions were 

let to cool down to 4 °C slowly within one week in a water bath in the dark. 

3.2.2.1.9.3 Slow evaporation of the solvent from saturated solutions 

Evaporation of water: 5 mL of aqueous solutions (0.50 M NaCinn, 0.37 M sodium ferulate, 

1.5 M Na-3,4-DiOMe-Cinn) were saturated with RF. The water was slowly removed via rotary 

evaporation at 50 °C. The clear solutions were cooled slowly in a warm water bath to 20 °C.  

Evaporation of ethanol: 5 mL of a binary water/ethanol (50/50 (w/w)) solution was saturated 

with sodium ferulate and RF at 45 °C within 1 h. Ethanol was partially removed via slow rotary 

evaporation at 50 °C, so that no precipitation occurred. Then the sample was cooled slowly to 

20 °C in a warm water bath so that crystals should be formed slowly. 
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3.2.2.1.9.4 Crystallization via slow neutralization 

0.37 mol·kg-1 sodium ferulate solution saturated with RF was put in a 50 mL round bottom 

flask, which was connected with another 50 mL round bottom flask comprising concentrated 

hydrochloric acid via a glass tube, see Figure 15. Concentrated hydrochloric acid was then 

slowly evaporated into the flask comprising sodium ferulate and RF by keeping 23 °C for 1 day, 

30 °C for 2 days and 45 °C for 1 day. 

 

Figure 15: Experimental setup for the precipitation of sodium ferulate/riboflavin cocrystals. 

3.2.2.1.10 Surface tension measurements in presence of riboflavin 

The stock solutions comprising NaCinn, NaBenz, Na-4-OH-3-OMe-Cinn, Na-2-OH-Benz from 

section 3.2.1.2 were saturated with RF via ultrasonication for 2 min (Bransonic 220, 120 W, 

frequency: 50 kc) and stirring at 450 rpm at 23 °C in the dark for 1 h. The samples were then 

filtered through 0.2 µm PTFE syringe filters. Surface tension measurements were conducted 

as reported in section 3.2.1.2. The samples were prepared in duplicate. 

3.2.2.1.11 DLS measurements in absence and presence of riboflavin 

An aqueous 0.37 mol·kg-1 solution of Na-4-OH-3-OMe-Cinn was prepared via neutralization of 

the corresponding acid with 1 mol·L-1 self-made sodium hydroxide solution and addition of the 

residual amount of water. Aqueous solutions of NaBenz and Na-2-OH-Benz at a concentration 

of 1 mol·kg-1 were prepared via dissolution of the salts in the required amount of water. After 

30 min all salts were dissolved. These samples were measured in triplicate. 

Then the same samples were saturated with RF via addition of an excess of RF and 

subsequent ultrasonication for 2 min (Bransonic 220, 120 W, frequency: 50 kc) followed by 

stirring at 450 rpm in the dark for 1 h. Additionally, a 1 mol·kg-1 Na-3,4-DiOMe-Cinn sample 

was prepared via neutralization of the corresponding acid with 1 mol·L-1 self-made sodium 

hydroxide solution and saturation with RF. To have a reference, pure water was saturated with 

RF. The saturated RF samples were filtered through 0.45 µm PTFE syringe filters. For the DLS 

measurement setup see section 3.6. 
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3.2.2.1.12 Small angle X-ray scattering measurements 

Aqueous sodium polyphenolate solutions (0.30 mol kg-1) were prepared without and saturated 

with RF (NaCinn, Na-3,4-DiOH-Cinn, Na-4-OH-3-OMe-Cinn and Na-2-OH-Benz). To see, 

whether RF induced structuring in water, one sample of water saturated with RF was prepared, 

too. Additionally, the small angle X-ray scattering (SAXS) spectrum of pure Millipore water was 

recorded to subtract the background induced via the solvent. 

All SAXS measurements were carried out by Philipp Schmid from the inorganic department at 

the University of Regensburg and Dr. Pierre Bauduin at the Institute de Chimie Séparative de 

Marcoule (ICSM) in Marcoule in France. The measurements were performed at 22 °C. The 

samples were filled in 2 mm quartz glass capillaries. SAXS measurements were conducted on 

a bench built by XENOCS. The radiation was Mo-Kα1 (λ(Mo) = 0.071 nm). The scattering was 

measured using a large online scanner detector with a diameter of 345 mm from MAR 

Research using an off-center detection, the q-range (0.2 to 40 nm-1) was large. A 12:∝ 

multilayer Xenocs mirror (for Mo radiation) coupled to two sets of scatter less FORVIS slits 

served for the collimation and led to a 0.8 mm × 0.8 mm X-ray beam at the sample position. 

The measurement of the empty cell and subtraction of the detector noise served for 

background corrections. The intensity was normalized by means of a high-density polyethylene 

film. A sealed capillary with silver behenate was used as the scattering vector calibration 

standard. Experimental resolution was ∆q/q = 0.05. Via the software FIT2D the data was pre-

evaluated. 

3.2.2.1.13 Nuclear magnetic resonance measurements 

3.2.2.1.13.1 Riboflavin and aromatic sodium salts 

All NMR experiments were conducted in deuterated dimethyl sulfoxide (DMSO-d6). Samples 

consisting of both RF and NaBenz, Na-3-OH-Benz, Na-4-OH-Benz, Na-4-OH-3-OMe-Benz or 

NaCinn were saturated with RF leading to the ratio reported in Table 6. For saturation of 

DMSO-d6 with RF and the aromatic sodium salts, an excess of the compounds was added and 

the samples were stirred at 450 rpm in 1 g DMSO-d6 for 1 h. Only in the case of NaCinn in 

presence of RF at the molar ratio 1, the sample was diluted with DMSO-d6 after filtration 

through 0.45 µm PTFE syringe filters and then saturated with NaCinn again. All samples were 

filtered through 0.45 µm PTFE syringe filters. 

To see if the chemical shift of RF and of the additives depends on the additive to RF ratio, four 

distinct molar Na-2-OH-Benz/RF ratios were prepared (Ratio 2: DMSO-d6: 1.993 g, Na-2-OH-

Benz: 0.009 g, RF: 0.010 g; Ratio 5: DMSO-d6: 2.017 g, Na-2-OH-Benz: 0.024 g, RF: 0.011 g; 

Ratio 10: DMSO-d6: 1.966 g, Na-2-OH-Benz: 0.113 g, RF: 0.026 g; Ratio 50: DMSO-

d6: 3.012 g, Na-2-OH-Benz: 0.243 g, RF: 0.011 g). The samples were stirred at 450 rpm until 

a clear solution was obtained within 20 min.  
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Reference samples of all sodium salts were prepared by saturation of DMSO-d6 with the 

respective aromatic sodium salt and filtration through 0.45 µm PTFE syringe filters. 

The analyzed samples with the contained compounds and the resulting molar ratio of the 

sodium salts to RF are listed in Table 6. 1H-NMR, 13C-NMR, COSY, NOESY, HSQC and HMBC 

spectra of these sample were recorded. For the measurement setup see section 3.5. 

Table 6: Preparation of the samples for NMR analysis and corresponding molar ratio of the 
sodium salt to riboflavin 

Sample Molar ratio (additive/RF) Reference 

NaBenz/RF 2 NaBenz 
Na-2-OH-Benz/RF 2 Na-2-OH-Benz 

Na-2-OH-Benz/RF 5 Na-2-OH-Benz 

Na-2-OH-Benz/RF 10 Na-2-OH-Benz 

Na-2-OH-Benz/RF 50 Na-2-OH-Benz 

Na-3-OH-Benz/RF 11 Na-3-OH-Benz 

Na-4-OH-Benz/RF 2 Na-4-OH-Benz 

Na-4-OH-3-OMe-Benz/RF 1 Na-4-OH-3-OMe-Benz 

NaCinn/RF 0.4 NaCinn 

NaCinn/RF 1 NaCinn 

Additionally, an aqueous 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution, prepared via neutralization 

of the corresponding acid with 6 mol·L-1 sodium hydroxide solution, was saturated with RF via 

ultrasonication for 2 min, stirring at 450 rpm in the dark for 1 h and subsequent filtration through 

0.45 µm PTFE filters. A NOESY spectrum of this sample was recorded as explained in section 

3.5. 

3.2.2.1.13.2 NMR measurements of riboflavin phosphate sodium salt 

To obtain maximum resolution, deuterium oxide was saturated with sodium ferulate and/or RF-

PO4 via stirring at 450 rpm at 23 °C in the dark for 1 h. The samples were then filtered through 

0.45 µm PTFE syringe filters. 1H-NMR, NOESY, 13C-NMR, HMBC and HSQC measurements 

were conducted. For 13C-NMR measurements, an insert with DMSO-d6 was inserted to have 

a reference peak. For the measurement setup see section 3.5. 

3.2.2.1.14 Photostability of riboflavin in aqueous sodium polyphenolate 

solutions 

3.2.2.1.14.1 Riboflavin in diluted aqueous sodium polyphenolate solutions 

The photodegradation of RF was monitored for aqueous 3 g samples consisting of a fixed 

initial amount of RF (48 mg·kg-1) in presence of Na-4-OH-3-OMe-Cinn, Na-3,4-DiOH-Cinn, Na-

3,4-DiOMe-Cinn, Na-4-OH-3,5-DiOMe-Benz, Na-4-OH-3-OMe-Benz, Na-2-OH-Benz, NaCinn, 

NaBenz, NaSCN and NaH2PO4 as well as in presence of choline cinnamate (choline Cinn). In 

the case of NaCinn, Na-3,4-DiOH-Cinn, Na-4-OH-3-OMe-Cinn and Na-4-OH-3-OMe-Benz, the 

molar additive/RF ratios 6, 25 and 50 were analyzed. In the case of Na-3,4-DiOMe-Cinn, Na-
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4-OH-3,5-DiOMe-Benz, and choline Cinn, the ratios 50 and 25 were analyzed. In the case of 

NaBenz, Na-2-OH-Benz, NaSCN and NaH2PO4 only the ratio 50 was analyzed.  

Samples comprising Na-4-OH-3-OMe-Benz, Na-2-OH-Benz, NaBenz, NaSCN and NaH2PO4 

were prepared via direct dissolution of the salt in water. Samples comprising Na-4-OH-3-OMe-

Cinn, Na-3,4-DiOH-Cinn, NaCinn, Na-4-OH-3,5-DiOMe-Benz and Na-3,4-DiOMe-Cinn were 

prepared via neutralization of the corresponding polyphenolic acid with self-made 1 mol·L-1 

sodium hydroxide solution in 100 mL water in a 0.5 L volumetric flask via stirring at 450 rpm 

for 20 min. The sample comprising choline cinnamate was prepared via neutralization of 

cinnamic acid with an aqueous 46 wt.% choline hydroxide solution. Then, 0.48 mg RF were 

added to all samples, the flasks were filled up with water and stirred in the dark at 450 rpm 

overnight to obtain a clear stock solution. The final samples were obtained via 1:2 dilution of 

this stock solution on the balance. A reference sample consisting of 48 mg·kg-1 RF in pure 

water was prepared analogously. 

Then several 30 mL snap glasses were filled with 3 g of the sample and closed, so that one 

snap glass served for an analysis after a certain time. 

The samples were illuminated with an LED-plant lamp (400-800 nm; 30 Watt-150 Watt 

corresponding to a halogen lamp), see Figure 16. After 1 or 2 h, the sample was filtered with 

0.2 µm PTFE filters into vials without prior dilution. RF and the aromatic additives were 

quantified via HPLC analysis, see section 3.7. Samples comprising Na-4-OH-3-OMe-Cinn and 

NaCinn at ratios 25 and 50 and the reference sample were prepared in duplicate. The residual 

samples were prepared once. 

       

Figure 16: Left: UV-Vis-spectrum of the LED-plant lamp (400-800 nm; 30 Watt - 150 Watt corresponding 
to a halogen lamp) used for the photostability experiments; right: Experimental setup for photostability 
experiments, which was covered by a carton box to prevent exterior light sources. 

3.2.2.1.14.2 Color stability of riboflavin in concentrated aqueous sodium 

polyphenolate solutions 

Aqueous solutions comprising 3.00 mol·kg-1 NaBenz, 1.00 mol·kg-1 Na-4-OH-3-OMe-Benz, 

0.58 mol·kg-1 NaCinn, 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn or 2.10 mol·kg-1 Na-3,4-DiOMe-

Cinn were prepared via dissolution of the required amount of salt (NaBenz, Na-4-OH-3-OMe-

Benz) or via neutralization of the acid (NaCinn, Na-4-OH-3-OMe-Cinn, Na-3,4-DiOMe-Cinn) 
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with self-made 1 mol·L-1 or 6 mol·L-1 sodium hydroxide solution and addition of the residual 

amount of water. 6.5 g of each solution were prepared in triplicate. After saturation RF via 

ultrasonication for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and subsequent stirring at 

450 rpm in the dark for 1 h, the samples were filtered through 0.45 µm PTFE syringe filters. 

The samples were separated in two 20 mL snap glasses, each comprising 3 g of the 

concentrated solutions, so that one of the two samples was stored in a dark box, while the 

other one was stored next to the window exposed to the sun from April to August. Like this 

identical samples were compared. 

In certain time intervals, the samples were analyzed with a Lambda18 spectrophotometer 

(Überlingen, Germany) using 3 mL quartz cuvettes (10 mm with a transmission from 200-

2500 nm) from Hellma (Müllheim, Germany). Millipore water served as reference. For the 

quantification of RF see section 3.2.2.4. The samples were prepared in triplicate. 

3.2.2.1.14.3 Photostability of riboflavin in concentrated aqueous sodium 

polyphenolate solutions 

The photostability RF in an aqueous 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn, 0.60 mol·kg-1 Na-

3,4-DiOH-Cinn, 1.05 mol·kg-1 Na-4-OH-3-OMe-Benz and in an aqueous 0.59 mol·kg-1 NaCinn 

solution was analyzed. The sodium salt solutions were prepared via neutralization of the 

corresponding polyphenolic acids with self-made 1 mol·L-1 sodium hydroxide solution and 

addition of the residual amount of water or via direct dissolution of the salt in water and stirring 

at 450 rpm for 20 min. For saturation with RF, an excess of RF was added. The samples were 

then ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and stirred at 450 rpm 

in the dark for 1 h. After filtration with 0.45 µm PTFE syringe filters into 20 mL snap glasses, 

the samples were closed and illuminated with an LED-plant lamp (400-800 nm; 30 Watt-

150 Watt corresponding to a halogen lamp) for 24 h, see Figure 16. As RF was stable, the 

samples were then stored next to the window exposed to the sun from May until October. 

After dilution of 1-2 drops of the samples with water on the balance, RF and the aromatic 

additives were quantified via HPLC analysis, see section 3.7. The samples were then closed 

again and stored next to the window. The measurements were conducted only once. 

3.2.2.1.14.4 Preparation of samples for LC-MS analysis 

A sample of pure water saturated with RF was illuminated with the LED plant lamp from Figure 

16 for 5 h analyzed. 

Additionally, a sample comprising Na-4-OH-3-OMe-Cinn and another one comprising NaCinn 

with the molar additive/RF ratio 25 after 15 h of illumination from section 3.2.2.1.14.1 were 

analyzed. 
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To understand the browning of sodium caffeate samples, a solution of 0.40 mol·kg-1 Na-3,4-

DiOH-Cinn in water was prepared via equimolar neutralization of caffeic acid with 1 mol·L-1 

sodium hydroxide solution and let stay open for 4 h while stirring at 450 rpm in the dark. 

The analysis was conducted at the central analytical department at the University of 

Regensburg with the Liquid Chromatography-Mass Spectrometry (LC-MS) technique with the 

Q-TOF 6540 UHD from Agilent.  

3.2.2.1.14.5 Oxygen content measurements 

10 g samples comprising Na-4-OH-3-OMe-Cinn, Na-3,4-DiOH-Cinn, Na-4-OH-3-OMe-Benz, 

Na-3,4,5-TriOH-Benz, Na-2-OH-Benz, Na-4-OH-Benz, Na-3,4-DiOH-Benz, Na-2,3-DiOH-

Benz, and Na-3,5-DiOH-Benz were prepared. Therefore, the corresponding acid was 

neutralized with self-made 1 mol·L-1 sodium hydroxide solution or the salt was directly 

dissolved in water.  

Further, samples comprising RF were prepared. Therefore, first, 10 g of aqueous Na-2-OH-

Benz, Na-3,5-DiOH-Benz, Na-3,4-DiOH-Benz, Na-2,3-DiOH-Benz, Na-3,4-DiOH-Cinn and 

Na-3,4,5-TriOH-Benz solutions were prepared via neutralization with self-made 1 mol·L-1 

sodium hydroxide solution or the salt was direct dissolution in water. Then, an excess of RF 

was added and the sample were ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 

50 kc) followed by stirring at 450 rpm in the dark for 1 h. The samples were filtered with 

0.45 µm PTFE syringe filters into 20 mL snap glasses.  

Additionally, three samples comprising 90 mg·kg-1 RF in pure Millipore water were prepared 

via dissolution of 45 mg RF in 0.5 L water in a volumetric flask via ultrasonication for 2 min 

(Bransonic 220, 120 W, frequency: 50 kc) followed by stirring at 450 rpm in the dark for 1 h 

until entire dissolution of RF. 

Measurement: To reach an oxygen-equilibrium, all samples including the ones comprising 

pure water were stirred at 250 rpm in open snap glasses for 2 h in order to prevent oxygen 

bubbles due to too fast agitation. After 1 h without agitation to reach equilibrium, the oxygen 

content was measured within 5 min, when a constant value was obtained. The oxygen content 

was determined with the Clark electrode „AQUA-DO_2 with an oxygen TPS ED1 sensor 

(version number: V1.0 T3520). For zero-point calibration a sodium sulfite solution (2 g on 100 

mL of water) was used, while air was set as 100 %. The oxygen saturation could be measured 

from 0-250 % with a resolution of 0.1 % and an accuracy of ±0.3 %.  

Before measuring the samples, the oxygen content of pure Millipore water was measured as 

the oxygen content depends on the partial oxygen pressure, which changed every day. All 

obtained values were divided by the oxygen content of Millipore water to obtain a relative value. 

All samples were prepared in triplicate. 
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3.2.2.1.15 Compatibility of riboflavin/sodium polyphenolate solutions with 

a sports drink model 

Carboxymethylcellulose was dissolved in water under stirring by boiling for 5 min. All salts were 

dissolved in water (51 g drinking and 430 g deionized water). The hot carboxymethylcellulose 

solution was united with the salt solution and the residual amount of drinking water was added, 

see Table 7. 

Table 7: Preparation of the sports drink model of BASF, pH 3.5. 

Substance Mass (g) 

Carboxymethylcellulose sodium salts high viscosity 1.000 

Boiling drinking water 300.000 

Solubilization within 5 min under stirring   

Drinking water 51.000 

Deionized water 430.000 

Calcium phosphate dibasic 0.216 

Potassium dihydrogen phosphate 0.350 

Sodium citrate tribasic hydrate 0.486 

Sodium chloride 0.800 

Sodium benzoate 0.150 

Potassium sorbate 0.200 

Citric acid 2.500 

Sugar 61.000 

Ascorbic acid 0.150 

Drinking water (for rinsing) 152.123 

Total: 999.75 

 

Aqueous RF/sodium polyphenolate concentrates were prepared by saturation of the respective 

aqueous polyphenolate solution with RF via ultrasonication for 2 min followed by stirring at 

23 °C in the dark for 1 h. All samples were filtered with 0.45 µm PTFE filters. The concentration 

of the solutions is given in Table 17 in section 4.1.2.1.9. After dilution to a RF concentration of 

50 mg·kg-1 with the sports drink, one part of the samples was stored in closed snap glasses in 

the dark in order to prevent kinetic effects of precipitation. The other part was stored at ambient 

light next to the window to have an idea of the coloration loss in the sports drink with 

illumination. The samples were checked every day by the eye if there is a change in color or if 

precipitation is formed. To ensure comparability, all samples were prepared on the same day. 

3.2.2.1.16 Solubility of calcium lactate 

The solubility of calcium lactate in pure water was determined via successive addition of the 

salt until it was no longer solubilized. Then the solubility of calcium lactate in a 0.37 mol·kg-1 

sodium ferulate solution was determined via stepwise addition of pure calcium lactate to the 

aqueous sodium ferulate solution until the solubility limit of the calcium salt was reached. If 

particle were visible by the eye, the solubility limit was supposed to be reached. 
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3.2.2.2 Lumichrome 

To determine the water-solubility of LC, 3 g of water were saturated with LC via ultrasonication 

for 2 min, (Bransonic 220, 120 W, frequency: 50 kc) followed by stirring at 450 rpm for 1 h. The 

samples were filtered with 0.45 µm PTFE syringe filters. 

All samples comprising 0.2 mol·kg-1 of a solubilizer (NaCinn, NaButyrate, NaValerate and Na-

2,4-Pentadienoate, Na-4-OH-3-OMe-Cinn, Na-4-OH-3-OMe-Benz, Na-3,4-DiOMe-Cinn, 

NaBenz, NaCHC) were prepared either via dissolution of the salt in water or via neutralization 

of the corresponding acid with self-made 1 mol·L-1 sodium hydroxide solution and addition of 

the residual amount of water followed by stirring at 450 rpm for 20 min. Samples comprising 

0.37 mol·kg-1 Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn were 

prepared analogously via neutralization. For a saturation, LC was added in excess and the 

samples were ultrasonicated for 2 min (Bransonic 220,120 W, frequency: 50 kc). After stirring 

at 450 rpm in the dark for 1 h, the saturated samples were filtered with 0.45 µm PTFE syringe 

filters. All samples were prepared in triplicate. For the quantification of LC, see section 3.2.2.4. 

3.2.2.3 Riboflavin-5’-monophosphate sodium salt 

The water-solubility of riboflavin 5’-monophosphate sodium salt in water was determined in 

triplicate. 1 g of water were saturated with RF-PO4 via ultrasonication for 2 min (Bransonic 220, 

120 W, frequency: 50 kc) and subsequent stirring at 450 rpm in the dark for 3 h. The samples 

were filtered with 0.45 µm cellulose acetate and PTFE syringe filters. 

Additionally, 0.37 mol·kg-1 sodium polyphenolate solutions (Na-4-OH-3-OMe-Cinn, Na-4-OH-

3-OMe-Benz and Na-3,4-DiOMe-Cinn) were prepared via neutralization of the corresponding 

acid with self-made 1 mol·L-1 sodium hydroxide solution and addition of the residual amount of 

water followed by stirring at 450 rpm for 20 min. In the case of Na-3,4-DiOMe-Cinn, the sample 

was stirred, to achieve only a neutralization, as the compound was not soluble in water. After 

addition of an excess of RF-PO4, the samples were ultrasonicated for 2 min (Bransonic 220, 

120 W, frequency: 50 kc) and stirred at 450 rpm in the dark for 3 h. The long stirring process 

was necessary, to reach an equilibrium. The samples were filtered through 0.45 µm cellulose 

acetate and PTFE syringe filters. All samples were prepared in triplicate.  

For the quantification and calibration of RF-PO4, see section 3.2.2.4. 

3.2.2.4 Quantification of riboflavin, lumichrome and riboflavin 5’-

monophosphate via UV-Vis-absorbance measurements 

The samples were diluted with Millipore water on the balance to recalculate the dilution factor 

with equation 21 from section 3.4.The absorption of RF, LC and RF-PO4 was recorded at 

449 nm, 386 nm and 445 nm, respectively, with a Lambda18 spectrophotometer (Überlingen, 

Germany). The diluted samples were filled in 3 mL quartz cuvettes (10 mm with a transmission 

from 200-2500 nm) from Hellma (Müllheim, Germany) with Millipore water as reference. Using 
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the calibration curves from section 7.1 in the Appendix and equation 22 from section 3.4, the 

concentration of RF and LC was calculated. 

The purchased RF-PO4 consisted had a purity of 73-79 wt.%. To prevent overestimations of 

RF-PO4’s water-solubility, its purity was rounded down to 70 %. The residual 30 % were 

supposed to have no contribution to the absorbance at 445 nm. After multiplication with the 

factor 0.7 the experimentally determined solubility of sodium RF-PO4 was 49 ±  4 g·kg-1 and 

matched roughly with the solubility of 30-39 g·L-1 at 25 °C provided by literature.1,223 Hence, 

the concentration of RF-PO4 was determined with equation 23 by multiplication with the factor 

0.7, see section 3.4. 

The calibration curves were prepared in triplicate using the Lambda18 spectrophotometer 

(Überlingen, Germany). 

Calibration curve for riboflavin: 

In a 250 mL volumetric flask, 0.02 g of RF were dissolved in Millipore water to obtain a stock 

solution. This stock solution (≈ 0.2 mmol·kg-1) was diluted with water to obtain concentrations 

of 0.06, 0.05, 0.04, 0.03, 0.02 and 0.01 mmol·kg-1 of RF. The calibration curves are displayed 

in Table A 1 in the Appendix. 

Calibration curve for lumichrome: 

Due to its low solubility in water, sodium ferulate was used as solubilizers for the preparation 

of the LC stock solutions. The amount of ferulate in the samples was considered for the 

calculation of LC’s concentration. An aqueous sodium ferulate solution (20 g of a 0.37 mol·kg-1) 

was prepared via neutralization of ferulic acid with an equimolar amount of 1 mol·L-1 sodium 

hydroxide solution and addition of the residual water via stirring at 450 rpm in a closed vessel 

for 20 min. After dissolution of 4 mg LC via stirring at 800 rpm at 23 °C for 20 min, this stock 

solution was diluted with water on the balance to obtain LC concentrations of 10, 20, 40, 50 

and 60 µmol·kg-1
. The calibration curves are given Table A 2 in the Appendix.  

Calibration curve for riboflavin 5’-monophosphate sodium salt: 

A stock solution of 20.9 mmol·kg-1 RF-PO4 was prepared via dissolution of ca. 0.02 g of RF-

PO4 in 2 g of water. This stock solution was diluted with water to obtain 80, 60, 50, 40, 30, 20, 

and 10 µmol·kg-1 RF-PO4 solutions. The calibration curves are given in Table A 3 in the 

Appendix. 

3.2.2.5 DLS measurements in absence and presence of lumichrome 

and riboflavin phosphate 

Aqueous solutions of Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn at 0.37 mol·kg-1 were 

prepared via neutralization of the corresponding acid with 1 mol·L-1 self-made sodium 

hydroxide solution and addition of the residual amount of water. LC and RF-PO4 were added 

in excess. Then, the samples were ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 

50 kc) and stirred at 450 rpm in the dark for 1 h. Additionally, pure Millipore water was 
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saturated with only LC or only RF-PO4, to know the structuring of the pure compounds. All 

saturated samples were filtered with 0.2 µm PTFE syringe filters. The samples comprising RF-

PO4 were additionally filtered through 0.2 µm cellulose acetate filters. The samples were 

prepared in triplicate. For the DLS measurement setup see section 3.6. 

3.2.2.6 Calculation of the change of the molar Gibbs energy of 

solubilization 

The change of the molar Gibbs energy of solubilization was calculated from the water-solubility 

of solute in pure water and in aqueous sodium carboxylate solutions with equation 16-18. 

∆∆𝑮 =  𝑹 · 𝑻 · 𝐥𝐧 (
𝒄𝑾(𝑹𝑭)

𝒄𝑾(𝑿)
) (16) 

G = change of the molar Gibbs energy of solubilization of riboflavin upon substitution of 

lumichrome with a ribityl chain and substitution of ribose with an isoalloxazine ring 

R = ideal gas constant in J mol-1 K-1, T = 296.15 K, cW(RF) = solubility of riboflavin in water 

cW(X) = solubility of lumichrome or ribose in water 

∆∆𝑮*(X) =  𝑹 · 𝑻 · 𝐥𝐧 (
𝒄𝑵𝒂𝑷𝑷(𝑿)

𝒄𝒘𝒂𝒕𝒆𝒓(𝑿)
) (17) 

∆∆𝑮** =  ∆∆𝑮*(RF) − ∆∆𝑮*(LC) (18) 

G*(X) = change of the molar Gibbs energy of solubilization of RF or LC due to the presence 

of sodium polyphenolates and related compounds 

cNaPP(X) = water-solubility of RF or LC in presence of 0.2 mol·kg-1 sodium polyphenolates and 

related compounds  

cwater(X) = solubility of RF or LC in pure water 

G** = difference of the change of G*(X) of LC and RF in presence of sodium 

polyphenolates and related compounds 

 

3.2.2.7 Vitamin K3 

3.2.2.7.1 Preparation of aqueous aromatic sodium carboxylate solutions 

analyzed with UV-Vis-spectroscopy 

3 g of water were saturated with vitamin K3, ultrasonicated for 2 min (Bransonic 220, 120 W, 

frequency: 50 kc) and stirred at 450 rpm at 23 °C in the dark for 1 h.  

Additionally, aqueous 3 g samples comprising 0.37 mol·kg-1 and 0.5 mol·kg-1 NaCHC were 

prepared via neutralization of the corresponding acid with 1 mol·L-1 self-made sodium 

hydroxide solution and addition of the residual amount of water. After saturation with vitamin 

K3, the samples were also ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 50 kc) 

and stirred at 450 rpm at 23 °C in the dark for 1 h. All saturated samples were filtered through 
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0.45 µm PTFE syringe filters. The samples were diluted with Millipore water on the balance to 

recalculate the dilution factor with equation 21 from section 3.4. The solubility of vitamin K3 

was determined as described in section 3.2.2.7.5.1. All samples were prepared in triplicates. 

3.2.2.7.2 Preparation of aqueous sodium carboxylate solutions analyzed 

with NMR spectroscopy 

1.5 g to 3 g samples of Na-4-OH-3-OMe-Cinn, Na-3,4-DiOMe-Cinn, Na-2,4-Pentadienoate, 

NaCinn, NaValerate and NaButyrate ranging from 0.1 mol·kg-1 to 0.58 mol·kg-1 were prepared 

by neutralization of the corresponding acid with 1 mol·L-1 self-made sodium hydroxide solution 

and addition of the residual amount of water. In the case of Na-2,4-Pentadienoate, a 

0.05 mol·kg-1 sample was prepared additionally. Moreover, samples comprising 1.0, 2.0 and 

3.0 mol·kg-1 Na-3,4-DiOMe-Cinn were prepared. Samples comprising 0.37-1.0 mol·kg-1 

NaBenz were also prepared via direct dissolution of the salt in water. 

Regardless whether the sodium salt was completely dissolved, after stirring for 20 min, all 

samples were saturated with vitamin K3 via ultrasonication for 2 min (Bransonic 220, 120 W, 

frequency: 50 kc) followed by stirring at 450 rpm in the dark at 23 °C for 1 h. The samples were 

filtered through 0.45 µm PTFE syringe filters. Then, 0.8 mL of the sample were filled into an 

NMR tube. Via 1H-NMR measurements, the solubility of vitamin K3 was determined, see 

section 3.2.2.7.5.2. 

In the case of the 3 mol·kg-1 Na-3,4-DiOMe-Cinn samples, Nuclear Overhauser Effect 

Spectroscopy was performed, too, see section 3.2.2.7.5.2 for the preparation. All samples 

were prepared in triplicates. 

3.2.2.7.3 Shift of the absorption wavelength 

The aqueous 0.37 mol·kg-1 sodium ferulate sample saturated with vitamin K3 from section 

3.2.2.7.2 was successively diluted with water on the balance, so that all resulting samples had 

a constant molar ferulate to vitamin K3 ratio of 19.4. Like this 7 mmol·kg-1, 17 mmol·kg-1, 

56.5 mmol·kg-1, 87.5 mmol·kg-1 and a 190.9 mmol·kg-1 sodium ferulate solutions were 

obtained. After each dilution a UV-Vis-spectrum from 300-800 nm was recorded with a 

Lambda18 spectrophotometer (Überlingen, Germany) using 3 mL quartz cuvettes (10 mm with 

a transmission from 200-2500 nm) from Hellma (Müllheim, Germany) against Millipore water 

as reference sample. Additionally, the UV-Vis-spectrum of a 1:3 diluted sample of vitamin K3 

(saturation) in water was recorded. Further, a pure aqueous sodium ferulate was prepared at 

33.8 mmol·kg-1 via neutralization of the required amount of ferulic acid with 1 mol·L-1 self-made 

sodium hydroxide solution. 
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3.2.2.7.4 Photostability of vitamin K3 in presence of NaBenz, Na-4-OH-3-

OMe-Cinn and Na-3,4-DiOMe-Cinn 

Aqueous samples comprising 0.37 mol·kg-1 of NaBenz, sodium ferulate and Na-3,4-DiOMe-

Cinn were prepared via dissolution of NaBenz in water and neutralization of the two 

polyphenolic acids with 1 mol·L-1 self-made sodium hydroxide solution. Water saturated with 

vitamin K3 served as reference. 13 g of each sample were prepared, so that the sample could 

be divided into two 6 g samples after the filtering process. The samples were saturated with 

vitamin K3 via ultrasonication for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and stirred 

at 450 rpm at 23 °C in the dark for 1 h. All saturated samples were filtered through 0.45 µm 

PTFE syringe filters. 6 g of each sample were stored in the dark and 6 g of the sample were 

stored next to the window in a 20 mL snap vessel. The experiments were performed from May 

to June, so that the samples next to the window were exposed to the sun. The samples were 

prepared in triplicate. 

In certain time intervals, 1 g of each sample were filtered with 0.45 µm PTFE syringe filters to 

remove vitamin K3’s water-insoluble degradation product and precipitation due to a potential 

degradation. The content of vitamin K3 in pure water and in presence of NaBenz was observed 

with UV-Vis-spectroscopy, see section 3.2.2.7.5.1. Therefore, the sample was diluted with 

water on the balance. The samples comprising Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn 

were analyzed via NMR spectroscopy without prior dilution, see section 3.2.2.7.5.2. Therefore, 

0.8 mL of the sample were filled into an NMR tube. 

3.2.2.7.5 Quantification of vitamin K3 

3.2.2.7.5.1 Quantification of vitamin K3 via UV-VIS-spectroscopy 

The absorption of vitamin K3 was recorded at 336 nm with a Lambda18 spectrophotometer 

(Überlingen, Germany) using 3 mL quartz cuvettes (10 mm with a transmission from 200-2500 

nm) from Hellma (Müllheim, Germany). Millipore water served as reference sample. With the 

calibration curves and equations 21 and 22 from section 3.4, the concentration of vitamin K3 

was calculated.  

All calibration curves were prepared in triplicate. For the calibration, 0.05 g of vitamin K3 were 

dissolved in Millipore water in a 1 L volumetric flask by ultrasonication for 5 min (Bransonic 

220, 120 W, frequency: 50 kc) and stirring at 450 rpm at 23 °C in the dark for 1 h. This stock 

solution (0.3 mmol·kg-1) was diluted with water to have concentrations of 0.3, 0.25, 0.20, 0.15, 

0.10 and 0.05 mmol·kg-1 of vitamin K3. The calibration curves are reported in Table A 4 in the 

Appendix. 
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3.2.2.7.5.2 Quantification of vitamin K3 via NMR spectroscopy 

All NMR experiments were performed in non-deuterated Millipore water. 1H-NMR and NOESY 

experiments were performed at a Bruker Avance III HD 400 (400.13 MHz) NMR-spectrometer 

with a 5 mm BBO 400S1 BBF-H-D probe head with a Z-gradient. The devices were prepared 

by the central analytical NMR department of the University of Regensburg. The concentration 

of vitamin K3 was determined with the relation from equation 19. 

 

𝑐(𝑝𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒)

𝑐(𝑣𝑖𝑡𝑎𝑚𝑖𝑛 𝐾3)
=  

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑝𝑜𝑙𝑦𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒)

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑣𝑖𝑡𝑎𝑚𝑖𝑛 𝐾3)
 

(19) 

 

𝒄(𝒑𝒐𝒍𝒚𝒑𝒉𝒆𝒏𝒐𝒍𝒂𝒕𝒆) = concentration of polyphenolate (mol·kg-1) 

𝒄(𝒗𝒊𝒕𝒂𝒎𝒊𝒏 𝑲𝟑) = concentration of vitamin K3 (mol·kg-1) 

𝑰𝒏𝒕𝒆𝒈𝒓𝒂𝒍 (𝒑𝒐𝒍𝒚𝒑𝒉𝒆𝒏𝒐𝒍𝒂𝒕𝒆) = Integral of one polyphenolate proton 

𝑰𝒏𝒕𝒆𝒈𝒓𝒂𝒍 (𝒗𝒊𝒕𝒂𝒎𝒊𝒏 𝑲𝟑) = Integral of one proton of vitamin K3 

 

3.2.2.8 Folic acid 

3.2.2.8.1 Solubilization of folic acid in aqueous sodium carboxylate 

solutions 

The solubility of folic acid in pure water was determined via saturation of 2 g water with folic 

acid by ultrasonication for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and subsequent 

stirring at 450 rpm at 23 °C in the dark for 1 h. The samples were filtered with 0.2 µm PTFE 

syringe filters into vials. 

Additionally, 2 g of sodium salt solutions (0.2 mol·kg-1 NaCHC, NaBenz, NaButyrate, 

NaValerate, NaCinn, Na-2,4-Pentadienoate, Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn, 

Na-3,4-DiOMe-Cinn and 0.37 mol·kg-1 Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn, Na-3,4-

DiOMe-Cinn) were prepared via neutralization of the corresponding acid with 1 mol·L-1 self-

made sodium hydroxide solution and addition of the residual amount of water or by direct 

dissolution of the salt in water. After stirring at 450 rpm for 20 min, an excess of folic acid was 

added to all samples. Then, the samples were ultrasonicated for 2 min (Bransonic 220, 120 W, 

frequency: 50 kc) and stirred at 450 rpm at 23 °C in the dark for 1 h. All samples comprising 

solubilizers were filtered with 0.45 µm PTFE syringe filters and diluted with water on the 

balance in order to recalculate the dilution factors with the help of equation 21 in section 3.4. 

Then the samples were filtered with 0.2 µm PTFE syringe filters into vials. The concentration 

of folic acid was determined via HPLC measurements with a UV-Vis-detector using the elution 

method from Table A 125 in the Appendix. For details on the HPLC measurement see section 

3.7. All samples were prepared in triplicate 
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Calibration for folic acid: 

Due to its low solubility, 0.01 g folic acid was dissolved in 10 g of water using 3.68 wt.% sodium 

vanillate as solubilizer via stirring in the dark for 20 min. This stock solution was then diluted 

with water to 5 µmol·kg-1–750 µmol·kg-1 samples on the balance. The amount of vanillate in 

the samples was considered for the calculation of the folic acid concentration. All samples were 

prepared in triplicate, see Table A 136 in the Appendix. 

3.2.2.8.2 Intermolecular interactions – NOESY measurements 

To investigate the proximity of folic acid and aromatic sodium carboxylate salts, a NOESY 

spectrum of an aqueous 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution was recorded. The 3 mol·kg-1 

Na-3,4-DiOMe-Cinn solution was synthesized via neutralization of the corresponding 

polyphenolic acid with 6 mol·L-1 sodium hydroxide solution and addition of the residual amount 

of water via stirring for 30 min at 450 rpm. After addition of an excessive amount of folic acid, 

the sample was ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and stirred 

at 450 rpm at 23 °C in the dark for 1 h. After filtration through 0.45 µm PTFE syringe filters, the 

1H-NMR and NOESY spectrum were recorded, see section 3.5. 

3.2.2.9 Caffeine 

A 0.37 mol·kg-1 sodium vanillate solution, which was prepared via dissolution of the salt in 

water, was saturated with caffeine. Additionally, a 0.37 mol·kg-1 sodium ferulate solution, 

prepared via neutralization of the corresponding acid with 1 mol·L-1 sodium hydroxide solution, 

was saturated with caffeine. To know the water-solubility of caffeine, additionally, 2 g of water 

were saturated with caffeine. 

For saturation, an excess of caffeine was added. After ultrasonication for 2 min (Bransonic 

220, 120 W, frequency: 50 kc), the samples were stirred at 450 rpm at 23 °C in the dark for 

1 h. Then, the samples were filtered through 0.45 µm PTFE syringe filters. An 1H-NMR 

spectrum of the samples was recorded as described in section 3.5. The samples were 

prepared once. Caffeine was quantified with equation 20. 

𝑛(𝑤𝑎𝑡𝑒𝑟)

𝑛(𝑠𝑜𝑙𝑢𝑡𝑒)
=  

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑤𝑎𝑡𝑒𝑟)

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑠𝑜𝑙𝑢𝑡𝑒)
 

(20) 

n(water) = mole of water; n(solute) = mole of the solute;  

Integral() = Integral of one proton of the solute molecule or water  

 

3.2.2.10 Compatibility of riboflavin, vitamin K3, folic acid and 

caffeine in an aqueous sodium polyphenolate solution 

22 g of a 0.37 mol·kg-1 sodium ferulate solution were prepared via neutralization of the 

polyphenolic acid with 1 mol·L-1 self-made sodium hydroxide solution and stirring at 450 rpm 
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for 20 min until entire dissolution. Respectively 2 g of the solution were separated in eleven 

small snap glasses. The solutions were saturated with all combinations of RF, vitamin K3, folic 

acid and caffeine, see Table 8. Therefore, an excessive amount of the drugs was added to 

reach turbidity. The samples were ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 

50 kc) and stirred at 450 rpm at 23 °C in the dark for 1 h. After filtration through 0.45 µm PTFE 

syringe filters, an 1H-NMR spectrum of the samples was recorded as described in section 3.5. 

RF, vitamin K3, folic acid and caffeine were quantified via the integrals in the NMR spectrum 

using equation 20 from the previous section. To have more accuracy, the integrals were 

averaged if several separated peaks were present for one compound. To the same purpose 

some samples were prepared twice, see Table 8. 

Table 8: Samples prepared to test the compatibility of drugs in a sodium ferulate 
solution 

Sample Saturation with Number of experiments 

1 RF, vitamin K3 1 
2 RF, folic acid 2 

3 RF, caffeine 1 

4 Vitamin K3, folic acid 1 

5 Vitamin K3, caffeine 2 

6 Folic acid, caffeine 1 

7 RF, vitamin K3, folic acid 1 

8 RF, vitamin K3, caffeine 1 

9 RF, folic acid, caffeine 2 

10 Vitamin K3, folic acid, caffeine 2 

11 RF, vitamin K3, folic acid, caffeine 2 

 

Additionally, a sample of pure water saturated with vitamin K3 and caffeine was prepared in 

triplicate. Therefore, an excess of both solute was added to 2 g of water. After ultrasonication 

for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and stirred at 450 rpm at 23 °C in the dark 

for 1 h. After filtration through 0.45 µm PTFE syringe filters, an 1H-NMR spectrum of the 

samples was recorded as described in section 3.5. The drugs were quantified using equation 

20 from the previous section. To have more accuracy, the integrals were averaged if several 

separated peaks were present for one compound. 
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3.2.3 Sodium ferulate as potential cosurfactant and -

complexer 

3.2.3.1 General sample preparation 

Preparation of sodium ferulate solutions: Solutions comprising sodium ferulate in pure 

water were prepared via neutralization of ferulic acid with 1 mol·L-1 sodium hydroxide solution 

and stirring for maximum 20 min until entire dissolution. 

Preparation of pure SDS or sodium cholate solutions: Solutions comprising SDS or sodium 

cholate in pure water were prepared via direct dissolution of the salt in the required amount of 

water. 

Preparation of sodium ferulate solutions with SDS or sodium cholate: Solutions 

comprising 0.37 mol·kg-1 sodium ferulate with varying concentrations of SDS or sodium cholate 

were prepared. Therefore, first, a pure aqueous sodium ferulate solution was prepared, as 

described above. Then, the corresponding amount of SDS or sodium cholate was added and 

the samples were stirred at 450 rpm at 23 °C. After stirring for maximum 1 h, all samples were 

homogeneous.  

Saturation: Therefore, an excess of the corresponding colorant (RF or Sudan blue II) was 

added. Then, the samples were ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 

50 kc) and stirred at 450 rpm at 23 °C in the dark for 1 h. Then, all samples were filtered 

through 0.2 µm PTFE syringe filters. 

3.2.3.2 Solubility of riboflavin and Sudan blue II in aqueous solutions 

For quantification purposes and for more accuracy, 2-10 g samples were prepared depending 

on the concentration of SDS and sodium cholate.  

Solutions comprising SDS or sodium cholate (0.1-0.4 mol·kg-1 or 0.1-0.6 mol·kg-1) in pure 

water were prepared via direct dissolution of the salt in the required amount of water and were 

saturated with RF, or with Sudan blue II or with RF and Sudan blue II. 

Solutions comprising 0.37 mol·kg-1 sodium ferulate with SDS or sodium cholate concentrations 

ranging from 0.37-370 mmol·kg-1 were also prepared and saturated with RF, or with Sudan 

blue II or with RF and Sudan blue II. 

For comparison, pure water was saturated with Sudan blue II. Additionally, a sample consisting 

of pure water saturated with RF and Sudan blue II was prepared. An aqueous 0.37 mol·kg-1 

sodium ferulate solution was also saturated with Sudan blue II. 

Both colorants were quantified with a Lambda18 spectrophotometer (Überlingen, Germany). 

For the quantification of RF see section 3.2.2.4. As Sudan blue II is not water-soluble at all, 

and because the low solubility in the investigated solutions did not allow a sufficient dilution 

(max. 1:20) with unpolar solvents to keep the solvochromic effect of water low, a calibration 

with Sudan blue II was not conducted. Therefore, the Sudan content was measured as net-
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absorbance at 643 nm against water as blank after dilution of the samples with water on the 

balance Therefore, diluted samples were filled in 3 mL quartz cuvettes (10 mm with a 

transmission from 200-2500 nm) from Hellma (Müllheim, Germany). The total absorbance of 

Sudan blue II was calculated by multiplying the measured absorbance with the dilution factor 

from equation 21 from section 3.4. All samples were prepared in triplicate. 

3.2.3.3 DLS measurements 

For DLS measurements, 3.5 g of a 0.37 mol·kg-1 aqueous sodium ferulate solution, 3.5 g of a 

0.37 mol·kg-1 aqueous SDS solution and 3.5 g of an aqueous solution comprising 0.37 mol·kg-1 

SDS and sodium ferulate were prepared. After measuring the DLS curves of these solutions, 

they were saturated with RF and DLS curves were again recorded. For details on the DLS 

measurement see section 3.6. All samples were prepared in triplicate. 

3.2.3.4 Conductivity measurements 

Samples consisting of 20 g water and 0.37 mol·kg-1 sodium ferulate or SDS or SDS and 

sodium ferulate were filled into a tempering measuring cell. The same samples were prepared 

and saturated with either RF, Sudan blue II or with both colorants. The conductivity was 

measured at 25 °C with a WTW Cond730 conductivity meter with TetraCon325 electrode via 

successive dilution of the samples with Millipore water using a burette. After each dilution, the 

system was left to equilibrate for 30 s. The samples were prepared in triplicate. 

3.3 Solubilization of Riboflavin 

3.3.1.1 Solubilization of riboflavin in presence of riboflavin 5’-

monophosphate sodium salt in water 

An excess RF-PO4 and RF was added to 1.5 g of water. After ultrasonication for 2 min 

(Bransonic 220, 120 W, frequency: 50 kc), the samples were stirred at 450 rpm in 10 mL snap 

glasses in the dark for 1 h. After filtration through 0.45 µm PTFE syringe filters followed by 

filtration through 0.2 µm cellulose acetate filters, the concentration of RF-PO4 was determined, 

see section 3.2.2.4. The sample were prepared in quadruplicate. 

3.3.1.2 Attempt for disruption of RF-RF -stacking via thermal energy 

In the case of NaBenz, Na-4-OH-3-OMe-Benz, Na-2-OH-Benz, NaBenz and SDS solutions, 

the salt was directly dissolved in 2 g water. In the case of Na-3,4-DiOMe-Cinn, NaValerate and 

NaButyrate, 2 g samples were prepared via neutralization of the corresponding acid with self-

made 1 or 6 mol·L-1 sodium hydroxide solution and addition of the residual amount of water 

followed by stirring at 450 rpm for 20 min. A list of the samples is reported in Table 9. Na-3,4-

DiOMe-Cinn was never entirely soluble. In the case of Na-2-OH-Benz and NaBenz, the 
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concentration was far beneath the sodium salt’s solubility, as RF precipitated fast otherwise. 

The residual solubilizer concentrations were near their solubility limit. Then, all samples were 

saturated with RF via ultrasonication for 2 min (Bransonic 220, 120 W, frequency: 50 kc) 

followed by stirring at 450 rpm at 90 °C or 23 °C in the dark for 1 h. The samples saturated at 

90 °C were let to cool down in the dark to 23 °C for 1 h so that insoluble RF and sodium salts 

precipitated. All samples were filtered with 0.45 µm PTFE syringe filters. The RF concentration 

was determined via UV-Vis-measurements as reported in section 3.2.2.4. The samples were 

monitored for 4 weeks to prevent a kinetic retardment of the precipitation after cooling the 

samples down to 23 °C. Only the sample comprising NaBenz precipitated on the next day. 

Therefore, it was filtered and measured again. All samples were prepared in triplicate. 

Table 9:  Preparation of aqueous sodium salt solutions for solubilization of RF at 90 °C and at 23 °C. 

Neutralization of the acid with NaOH Usage of the salt 

Salt c (mol·kg-1) Salt c (mol·kg-1) 

Na-3,4-DiOMe-Cinn 3.000 – 0.200 – 0.130 NaBenz 3.000 
Na-2,4-Pentadienoate 0.100 Na-4-OH-3-OMe-Benz 0.858 

NaValerate 0.400 Na-2-OH-Benz 0.937 

NaButyrate 0.400 SDS 0.400 – 0.200 

 

3.3.1.3 Solubilization of riboflavin by means of other aromatic 

additives 

Aqueous 0.37 mol·kg-1 additive solutions were prepared via direct dissolution of the 

compounds in water. If the additives were not soluble at this concentration samples with lower 

concentrations were prepared, see Table 10. 2 g samples were prepared in the case of 

0.37 mol·kg-1 solutions and 10 g samples in the case of lower additive concentrations. 

Samples comprising L-proline, trisodium resveratrol triphosphate (Resveratrol-Tri-PO4), 

saccharine, pyroglutamic acid, γ-valerolactone, thiamine hydrochloride (Thiamine x HCl) , 

pyridoxine hydrochloride (Pyridoxine x HCl), L-histidine, L-tyrosine, biotin, rutin, hesperidin, L-

tryptophan, adenosine, adenine, caffeine, β-nicotinamide adenine dinucleotide tetrasodium 

salt (Tetra-Na-NADPH), adenosine triphosphate (ATP), D-(+)-glucose and D-(-)-fructose from 

0.1 to 0.4 mol·kg-1 and samples comprising fulvic acid from 0.01 to 0.1 mol·kg-1 were prepared 

via direct dissolution of the compounds in water at the concentration stated in Table 10. As 

vitamin K3 (Vit. K3), folic acid, ellagic acid, vanillyl alcohol and ethyl vanillin were scarcely 

water-soluble, 3 g of water were saturated with the additive, so that the maximum 

concentration of the potential solubilizer was reached. Additionally, samples sodium 

saccharine, NaPyroglutamate, Thiamine + NaOH, Pyridoxine + NaOH and 3-indole propionic 

acid were prepared via neutralization of saccharine, pyroglutamic acid, thiamine hydrochloride, 

pyridoxine hydrochloride, and 3-indole propionic acid with 1 mol·L-1 sodium hydroxide solution 

and addition of the residual amount of water. The sample comprising indoxyl sulfate was 
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purchased as potassium salt, which was too basic. Therefore, the salt was neutralized with an 

aqueous 1 mol·L-1 hydrochloric acid solution to pH 2 and 7. 

Prior to the saturation with RF, the pH-value of each sample was controlled with indicator 

paper, see Table 10. Regardless whether the compound was soluble after 30 min of stirring, 

all samples were saturated with RF via ultrasonication for 2 min (Bransonic 220, 120 W, 

frequency: 50 kc) and subsequent stirring at 450 rpm in the dark for 1 h. The samples were 

filtered with 0.45 µm PTFE syringe filters. The RF content was determined as reported in 

section 3.2.2.4. The samples were prepared once, in duplicate or triplicate, see Table 10. 

Table 10: Solubilization of RF in water by means of natural additives. N = number of measurements 

Compound c(compound) 
(mmol·kg-1) 

N Compound c(compound) 
(mmol·kg-1) 

N 

Pyridoxin x HCl 370 (pH 3) 3 Vit. K3 Saturation (pH 6) 3 

L-Proline 370 (pH 6) 3 Folic acid Saturation (pH 6) 3 

Resveratrol-Tri-PO4 185 (pH > 8) 3 Ellagic acid Saturation (pH 6) 3 

Saccharine 370 (pH 2) 3 Vanillyl alcohol Saturation (pH 6) 3 

Pyroglutamic acid 370 (pH 1) 3 Ethyl vanillin Saturation (pH 5) 3 

γ-valerolactone 370 (pH 7) 3 NaSaccharine 370 (pH 7-8) 3 

Thiamin x HCl  300 (pH 3) 3 NaPyroglutamate 370 (pH 3) 3 

L-Histidine 80 (pH 7-8) 3 Pyridoxine + NaOH 370 (pH 8) 3 

L-Tyrosine 80 (pH 6) 3 Thiamine + NaOH 80 (pH 8) 3 

Biotin 50 (pH 4) 3 Caffeine 80 (pH 6) 3 

Rutin 80 (pH 6) 3 Caffeine 370 (pH 6) 1 

Hesperidin 80 (pH 6) 3 Tetra-Na-NADPH 100 (pH 7-8) 2 

Adenosine 80 (pH 6) 3 L-Tryptophan 80 (pH 6) 3 

Adenine 80 (pH 6) 3 Indoxyl sulfate 100 mM (pH 2) 3 

ATP 80 (pH 3) 2 Indoxyl sulfate 100 mM (pH 7) 3 

3-Indole propionic acid 100 mM (pH 5) 3    

 

Additionally, 10 mmol·kg-1 solutions of anthocyanin/proanthocyanidins comprising 3.000 g 

water and 0.0194 g cyanin chloride or 0.0219 g grape seed extract (distributor unknown, green 

grapes) or 0.4369 g of an OPC complex 200 from Greenline Products (200 mg OPC (95 %) + 

250 mg vitamin C) were prepared. After stirring at 450 rpm for 1 h, the products were not 

dissolved. Still, the samples were saturated with RF via ultrasonication for 2 min (Bransonic 

220, 120 W, frequency: 50 kc) and stirring at 450 rpm in the dark for 1 h. After filtration through 

0.2 µm PTFE syringe filters, the RF content was determined via HPLC analysis, see section 

3.7. 
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3.3.1.4 Solubilization of riboflavin in the ternary system 

water/ethanol/triacetin 

3.3.1.4.1 Solubilization of riboflavin 

Binary water/ethanol solutions from 0-100 % ethanol, binary ethanol/triacetin solutions from 

40-100% ethanol, ternary water/ethanol/triacetin solutions at a fixed water/ethanol ratio of 1:1 

with a triacetin content from 0 to 90 % and ternary water/ethanol/triacetin solutions at a fixed 

ethanol/triacetin ratio of 6:4 with varying water content from 0 to 100 % were prepared in 10 % 

steps. 5 g of each solution were saturated with RF via ultrasonication for 2 min (Bransonic 220, 

120 W, frequency: 50 kc) and stirring at 450 rpm at 23 °C for 1 h. After filtration of the samples 

with 0.2 µm PTFE syringe filters, the samples were diluted with the corresponding solvent 

(water, ethanol, binary or ternary water/ethanol/triacetin solution) on the balance. RF was 

quantified as reported in section 3.3.1.4.3. The samples were prepared in duplicate. 

3.3.1.4.2 Photodegradation of riboflavin 

Binary ethanol/water mixtures consisting of 18 g and ranging from 0 to 100 % ethanol were 

prepared in 10 % steps. Additionally, binary ethanol/triacetin solutions ranging from 40-100% 

ethanol were prepared in 10 % steps. After an excessive amount of RF was added to 5 g of 

the samples, they were ultrasonicated for 2 min (Bransonic 220, 120 W, frequency: 50 kc) and 

stirred at 450 rpm at 23 °C for 1 h. All samples were filtered with 0.2 µm PTFE-filters. 

The remaining 13 g of the prepared binary solutions were used for dilution of the saturated 

samples on the balance and also as blank for the quantification of RF via UV-Vis-

measurements, see section 3.3.1.4.3.  

If RF was sufficiently soluble, the samples were diluted with the corresponding binary mixture 

to have an absorbance of 1.0 AU to have the comparable initial concentrations of RF. If RF’s 

solubility was lower, the samples were not diluted. These samples were illuminated for 300 min 

with a LED plant lamp, see Figure 16 in section 3.2.2.1.14.1. The UV-Vis-spectrum was 

recorded every 30 min in order to obtain the kinetics of the photodegradation. To evaluate the 

main degradation product, the absorbance of the samples was measured from 300-700 nm. 

RF was quantified without further dilution as reported in section 3.3.1.4.3. 

3.3.1.4.3 Quantification of riboflavin in water/ethanol/triacetin solutions 

via UV-Vis measurements 

The absorbance of RF at 449 nm was measured with the UV-Vis Lambda19 

spectrophotometer (Überlingen, Germany) in 3 mL quartz cuvettes (10 mm with a transmission 

from 200-2500 nm) from Hellma (Müllheim, Germany) with the corresponding binary or ternary 

solution or ethanol as blank. The content of RF was determined by means of calibration curves 

in the corresponding solution of water/ethanol/triacetin. 

Calibrations: 
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Calibration curves for RF were recorded for distinct binary and ternary mixtures of water, 

ethanol and triacetin. Therefore, 5 mg RF were dissolved in 250 mL of the corresponding 

mixture. The following mixtures were investigated: a binary water/ethanol solution from 0-

100 % ethanol in 10 % steps, in a binary ethanol/triacetin solution from 40-100 % ethanol in 

10 % steps, a ternary water/ethanol/triacetin system at a fixed water/ethanol ratio of 1:1 

increasing the triacetin content in 10 % steps from 0 to 90 % and a ternary 

water/ethanol/triacetin system at a fixed ethanol/triacetin ratio of 6:4 increasing the water 

content in 10 % steps from 0 to 100 %. After ultrasonication for 2 min (Bransonic 220, 120 W, 

frequency: 50 kc) and stirring at 450 rpm at 23 °C for 10 min, RF was dissolved. The samples 

were diluted on the balance to have 0.5, 0.4, 0.3, 0.2, 0.1 mmol·kg-1 RF solutions. All calibration 

curves were prepared in duplicate. The averaged calibration curves are reported in Table A 5-

Table A 8 in the Appendix. 

3.4 Equations for the quantification of solutes 

 

𝑓 =  
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
 (21) 

msample = weight of water in the sample 

mwater = weight of water 

𝑐𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 =
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 – 𝑏

𝑚
· 𝑓 (22) 

𝑐𝑅𝐹−𝑃𝑂4 = 0.7 ·
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒– 𝑏

𝑚
· 𝑓 

(23) 

ccompound = concentration of the compound 

f = dilution factor, see equation 21 

b = intercept of the calibration curve 

m = slope of the calibration curve 

𝒄𝑹𝑭−𝑷𝑶𝟒 = concentration of RF-PO4 

3.5 Measurement setup for NMR 

The samples (0.8 mL) were filled into an NMR tube. The NMR measurements were conducted 

in the dark. Proton Nuclear Magnetic Resonance (1H-NMR), 13-Carbon Nuclear Magnetic 

Resonance (13C-NMR), Correlation Spectroscopy (COSY), Heteronuclear Multiple Bond 

Correlation (HMBC) experiments, Heteronuclear Single Quantum Coherence (HSQC) 

experiments and Nuclear Overhauser Effect Spectroscopy (NOESY) experiments were 

performed at a Bruker Avance III HD 400 (400.13 MHz) NMR-spectrometer with a 5 mm BBO 

400SB BB-H-D or with a 5 mm BBO 400S1 BBF-H-D probe head with a Z-gradient at the 

Central Analytical NMR department of the University of Regensburg. 



58 
 

3.6 DLS measurement setup 

All samples were filtered with 0.2 µm PTFE syringe filters into clean borosilicate DLS tubes 

and measured at 25 °C in a toluene bath if not stated differently. The borosilicate glass tubes 

were reflux distilled with acetone for 20 min and dried in a desiccator to prevent disturbance 

by dust particles. The DLS correlation curves were retrieved with an ALV/CGS-3 goniometer 

(Langen, Germany) with an ALV/LSE-5004 correlator and with an ALV correlator software at 

an angle of 90 ° and a laser wavelength of 632.8 nm (22 mW HeNe, vertical polarized). 

3.7 Measurement setup for HPLC 

An HPLC device from Waters with two Waters 515 pumps, a Waters 717 autosampler and a 

Waters 2487 UV-VIS-detector with an RP-18 column from Knauer (Eurosphere-100, 5 µm, 

100 Å, 250 mm x 4.6 mm) or an RP-18 column 4.6 Nucleodur C18 Isis (5 µm, octadecyl 

especially cross-linked, multi-endcapping, 250 mm x 4.6 mm) were used for the analysis. The 

absorbance from 230-800 nm was measured with a 2998 PDA Detector from waters with a 

resolution of 1.2 nm. Prior to analysis, all samples were filtered with 0.2 µm PTFE-filters into 

vials. If not stated differently, the samples were injected (10 µL) three times. Maintaining a flow 

of 1 mL·min-1, the elution took place at pH 2 at 40 °C with water comprising 0.1 vol.% 

trifluoroacetic acid as polar mobile phase and acetonitrile as non-polar mobile phase. The 

elution methods are given in Table A 124, see section 7.13. The concentration of the 

compound was determined via the area beneath a peak at one wavelength using equation 24 

and calibration curves from sections 7.13.2-7.13.4 in the Appendix. 

𝑐𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 =
𝑎𝑟𝑒𝑎 − 𝑏

𝑚
· 𝑓 (24) 

𝒄𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅 = concentration of the compound (mmol·kg-1) 

𝒇 = dilution factor, see equation 21 in section 3.4 

𝒂𝒓𝒆𝒂 = averaged peak area of RF (V·s) at 445 nm 

𝒃 = intercept of the calibration curve (V·s) 

𝒎 = slope of the calibration curve (V·kg·mmol-1)  
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4 Results and Discussion 
 

4.1 Polyphenolic acid salts as solubilizing agents 

4.1.1 Polyphenolates as salting-in and -out agents 

4.1.1.1 Phase transition temperature measurements in the binary 

water/DPnP system 

Though being involved in various biological processes in plants, such as protein synthesis, 

photosynthesis, nutrient uptake, regulation of enzyme activity, disease cure, plant defense as 

well as allelopathy, the potential salting-in and -out effect of polyphenolic acids was rarely 

investigated.63,68–70,79,224 The amphiphilic backbone of polyphenolic acids could be decisive for 

their uptake through lipophilic membranes and influence their way of interactions with target 

molecules. Thus, the salting-in/-out properties of distinct natural sodium polyphenolates and 

related molecules were investigated via phase transition temperature measurements in the 

binary water/DPnP (45/55 (w/w)) system. This system was chosen due to its low PTT with 

DPnP, which can be seen as representative for a solute in a plant. Additionally, PTT 

measurements in presence of Na-3,5-DiCF3-Benz and NaCHC were performed, to analyze 

the influence of more hydrophobic substituents and the influence of the aromatic aryl ring. On 

top of that, the PTT measurements in presence of SDS and sodium cholate were conducted 

to compare aromatic sodium carboxylates to a common surfactant and to a 

biosemulsifier.225,226 

Regarding the PTT curves in Figure 17, all sodium salts tested decreased or increased the 

PTT linearly with the additive concentration. To quantify the salting-in/-out power, the salts are 

ordered according to their slope – the m-value – in Table 11. Almost all additives exhibited a 

salting-in effect. Still, some salts were salting-out. More precisely, Na-4-OH-3-OMe-Benz, Na-

2-OMe-Benz and Na-3,4-DiOH-Benz exhibited only a slight salting-out effect, while Na-2,3-

DiOMe-Benz and Na-3,4,5-TriOH-Benz showed a considerable salting-out effect 

corresponding to 25 % and 50 % of the salting-out power of sodium chloride.51 Regarding 

Table 11, the following was concluded: 

A) Having an m-value twice as high as NaSal, having a higher m-value than the biosurfactant 

sodium cholate and a similar m-value to SDS, Na-3,5-DiCF3-Benz was the most salting-in 

polyphenolate-like compound tested. Thus, the hydrophobic trifluoromethyl groups induce 

salting-in properties comparable to a standard surfactant and better than a biosurfactant, which 

itself can be considered only like a hydrotrope.227,228 

B) NaCinn was the only compound possessing similar and slightly stronger salting-in power 

than Na-2-OH-Benz, because out of the sodium benzoate and cinnamate derivatives, NaCinn 
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was the most amphiphilic one. Natural sodium polyphenolates, Na-4-OH-Prop, NaBenz and 

NaCHC exhibited a weaker salting-in power on DPnP than the standard hydrotrope Na-2-OH-

Benz.227,229 Hence, natural polyphenolates can be considered to act maximum in a hydrotrope 

range.  

C) An increase of the amphiphilicity by an elongation of the carboxylate side chain increases 

the salting-in effect on DPnP in water (Na-4-OH-3-OMe-Benz → Na-4-OH-3-OMe-Cinn; 

NaBenz → NaCinn, Na-4-OH-Benz → Na-4-OH-Cinn; except of Na-2-OH-benz and Na-2-OH-

Cinn). 

D) The more hydroxy or methoxy groups were present on the aryl ring, the weaker was salting-

in power (Na-4-OH-Benz > Na-3,4-DiOH-Benz > Na-3,4,5-TriOH-Benz; Na-2-OMe-Benz > Na-

2,3-DiOMe-Benz). A modification of NaBenz and NaCinn with a hydroxy group reduced the 

salting-in power of sodium polyphenolates more in para position than in meta and this more 

than in ortho position (Na-3-OH-Benz > Na-4-OH-Benz, Na-2-OH-Cinn > Na-4-OH-Cinn). The 

reason therefore is probably the deterioration of the amphiphilicity due to the polar hydroxy or 

methoxy group. The only exception of this trend was Na-2-OH-Benz, because the hydrogen 

bond formed between the ortho hydroxy group and the carboxylate leads to a more developed 

amphiphilicity and to a stronger salting-in effect of Na-2-OH-Benz compared to NaBenz.230 

E) Further, Na-4-OMe-Benz exerted a stronger salting-in power on DPnP than Na-4-OH-Benz. 

Similarly, the salting-out properties of Na-3,4-DiOH-Benz were diminished upon an induction 

of a methoxy group (Na-4-OH-3-OMe-Benz). Presumably, the weaker hydration of the 

methoxy group together with an increased lipophilicity compared to the hydroxy group led to 

the stronger salting-in and weaker salting-out behavior of Na-4-OMe-Benz and Na-4-OH-3-

OMe-Benz, respectively.  

In contrast, an ortho methoxy group (Na-2-OMe-Benz) revoked the salting-in behavior 

compared to NaBenz and Na-2-OH-Benz. Probably, the methoxy group hinders the hydration 

at the carboxylate and deteriorates the amphiphilicity compared to NaBenz and Na-2-OH-

Benz.  

F) Na-4-OH-Prop was found to be less salting-in than Na-4-OH-Cinn. The only difference 

between the two molecules is the rotational restriction on the side chain in case of the aromatic 

Na-4-OH-Cinn. Regarding the theory on the quantification of salting-in/-out properties by 

Marcus, the water-structuring entropy should be higher for a weaker salting-in compound.47 

Thus, the weaker salting-in effect of Na-4-OH-Prop might correlate with its flexible side chain 

enabling a higher water-structuring entropy than in the Na-4-OH-Cinn sample. 

G) Additionally, the induction of a conjugation to NaCHC leading to the planar and more rigid 

NaBenz weakened the salting-in power. The stronger salting-in character of NaCHC compared 

to NaBenz was affirmed by molecular dynamics of Raschke and Levitt, who revealed a weaker 

binding of the first hydration shell to cyclohexane compared to benzene.231 
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H) Unexpectedly, sodium cholate was found to have salting-in properties similar to Na-2-OH-

Benz, too. This suggests rather hydrotrope like behavior of the biosurfactant sodium cholate. 

Yet, regarding the PTT curve of sodium cholate, one can also see the difference to sodium 

polyphenolates and related compounds. Sodium cholate curve exhibits two distinct slopes. 

The second lower slope might indicate an aggregation of sodium cholate, as more cholate 

molecules were required to increase the PTT further. Such a behavior is rather typical for 

surfactants than for hydrotropes and was observed for SDS in the comparable binary 

water/propylene glycol propyl ether system by Häckl, too.232 Aqueous systems comprising SDS 

and cholate are further discussed in further in section 4.1.3.233 

 

Figure 17: Shifts of the PTT of a binary water/DPnP mixture (45/55 (w/w)) in 
presence of sodium polyphenolates, similar compounds and in presence of the 
two surfactants sodium cholate and sodium dodecyl sulfate. All samples were 
prepared in triplicate.233 

 

Table 11: Salting-in/-out properties of sodium polyphenolates, similar compounds and in presence of 
the two surfactants sodium cholate and sodium dodecyl sulfate represented by the m-value 
corresponding to the slope of the curves from Figure 17 in the binary water/DPnP (45/55 (w/w)) 
system.233 

Salt m (°C·mol·mmol-1) Salt m (°C·mol·mmol-1) 

SDS 8.46 Na-4-OH-3-OMe-Cinn 1.29 
Na-3,5-DiCF3-Benz 7.55 Na-4-OH-Prop 1.27 

NaCinn 3.75 Na-3-OH-Benz 1.16 

NaCholate 3.68 (first slope) Na-4-OH-Benz 0.51 

Na-2-OH-Benz 3.26 Na-4-OH-3-OMe-Benz -0.06 

Na-2-OH-Cinn 2.35 Na-2-OMe-Benz -0.06 

NaCHC 2.26 Na-3,4-DiOH-Benz -0.10 

Na-4-OH-Cinn 1.72 Na-2,3-DiOMe-Benz -0.51 

NaBenz 1.65 Na-3,4,5-TriOH-Benz -1.02 

Na-4-OMe-Benz 1.48   

The different factors determining the salting-in/-out behavior of sodium polyphenolates and 

related compounds are summarized in Figure 18. Obviously, the observations of the PTT 

measurements in the binary water/DPnP (45/55 (w/w)) system follow the predictions from the 
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definition of classical hydrotropy. 32,234 This was expected, because, NaCinn was the strongest 

natural salting-in compound and comprised an m-value being just 1.15 times higher than the 

one of the classical hydrotrope Na-2-OH-Benz.227  

Being one of the first to categorize salting-in/-out properties in aqueous glycol ether systems, 

Grundl et al. found short carboxylate sodium salts to be salting-out.51 However, compared to 

the carboxylate, the huge organic residue induced distinct salting-in/-out properties in the case 

of sodium cinnamate and benzoate derivatives. This is in line with the observations from 

Mehringer et al, who reported a correlation of hydrophobic residue of organic salts to their 

salting-in power.42,51 

To summarize, polyphenolic acids can adopt different salting-in/-out properties via substitution 

with hydroxy and/or methoxy groups or by a change in the aromaticity. The salting-out 

properties of sodium polyphenolates are rather weak compared to the one of the classical 

inorganic salting-out agent sodium chloride.51 The strong dependence of the salting-in/-out 

properties of sodium polyphenolates on the substitution of the aryl ring might be the reason for 

broad occurrence of polyphenolic acids plants and for their involvement in nutrition control and 

uptake of plants.69 As proteins and their aggregates can exhibit an LCST, sodium 

polyphenolates or similar organic compounds might assist the solubilization and stabilization 

of proteins against precipitation in biochemical systems.235–238 Thus, the conformational 

change of the major allergen protein in egg white, reported by Lu et. al, might be also induced 

by the weak salting-in character of ferulic acid leading to a reduced binding to IgE and resulting 

in a depression of the allergenic potential of proteins.63,239 The assumption of a further role of 

polyphenolic acids as solubilizers is even more affirmed by the similar salting-in power of 

NaCinn and Na-2-OH-Benz to the biological solubilizer sodium cholate.226 Hence, polyphenolic 

acids as well as their anionic salts might have a secondary function as solubilizing agents, 

which might assist their primary biological role in plants.233 

 

Figure 18: Schematic representation of factors determining the salting-in/-out behavior of sodium 
polyphenolates.233 
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4.1.1.2 Interfacial behavior of sodium polyphenolates in aqueous 

solution 

4.1.1.2.1 Surface tension 

Due to their amphiphilic backbone aromatic sodium carboxylates were supposed to reduce the 

surface tension of water. This might be decisive for the hydrotropic action of sodium 

polyphenolates. Therefore, concentration dependent surface tension measurements at the 

water/air interface of aqueous solutions comprising the surfactant SDS, comprising the most 

hydrophobic polyphenolate-like compound Na-3,5-DiCF3-Benz, and of aqueous solutions 

comprising the natural compounds NaCinn, Na-4-OH-3-OMe-Cinn, Na-2-OH-Benz and 

NaBenz were recorded, see Figure 19. The surface-active efficiency corresponding to the 

concentration needed to reach a certain surface tension of the tested compounds decreases 

in the following order: SDS > Na-3,5-DiCF3-Benz > NaCinn > Na-4-OH-3-OMe-Cinn > Na-2-

OH-Benz > NaBenz. The surface-active effectiveness corresponding to the maximum 

reduction in surface tension that can be achieved, decreases as follows: Na-3,5-DiCF3-Benz 

> SDS > NaCinn >Na-4-OH-3-OMe-Cinn > Na-2-OH-Benz > NaBenz. 

Regarding both, the surface-active efficiency and effectiveness, NaBenz, NaCinn and Na-4-

OH-3-OMe-Cinn exhibit a similar surface affinity to the hydrotrope Na-2-OH-Benz.  

In contrast, Na-3,5-DiCF3-Benz decreased the surface tension more strongly than the natural 

organic sodium salts tested and cannot be classified as a common hydrotrope. Still, for surface 

tension reductions similar to the surfactant SDS, much higher concentrations (> 10-1) were 

required. Hence, Na-3,5-DiCF3-Benz states an intermediate case between a surfactant and a 

hydrotrope. Although the order of the surface-active efficiency of Na-3,5-DiCF3-Benz, NaCinn, 

NaBenz and Na-2-OH-Benz was in line with their salting-in power from section 4.1.1.1, Na-4-

OH-3-OMe-Cinn was more efficiently acting on the surface tension than NaCinn despite being 

less salting-in than NaCinn. Thus, the surface activity correlates usually, but not necessarily 

with the solubilization of the small hydrocarbon DPnP. 

Further, the CAC and CMC of the organic sodium salts and of SDS, respectively, were 

determined, see Table 12. Because of surface active impurities, the CAC of the organic sodium 

salts in Figure 19 corresponds to the break point, whereas the CMC of SDS corresponds to 

the intercept of the two linear parts of the curve. As expected, the CACs of Na-4-OH-3-OMe-

Cinn, NaCinn and NaBenz are in the range of the common hydrotropes Na-2-OH-Benz and 

sodium xylene sulfonate. This confirms once more the hydrotropic behavior of polyphenolates 

comprising salting-in properties.240,241 However, the CAC of Na-4-OH-3-OMe-Cinn was 

beneath the one of Na-3,5-DiCF3-Benz and NaCinn despite the stronger action of the latter 

two compounds on the PTT, see section 4.1.1.1. Moreover, the CAC of Na-2-OH-Benz was 

higher than the one of NaBenz, while Na-2-OH-Benz exhibited a greater m-value in the PTT 

measurements from section 4.1.1.1. Obviously, the onset of the aggregation corresponding to 
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the CAC does not correlate with the hydrotropic solubilization of DPnP. Otherwise, the PTT 

curves should exhibit a change in the slope at the CAC. A reasonable explanation for the lack 

of a correlation between the order of the solubilizers’ CACs and PTT measurements would be 

the weak tendency of aromatic sodium carboxylates for self-aggregation. This would imply 

specific molecular interactions of DPnP with the salting-in agents.233 

 

 

Figure 19: Surface tension measurements of different sodium salts relative 
to sodium dodecyl sulfate in Millipore water at 25 °C. SDS was measured 
once. The residual samples were prepared in duplicate.233 

 

Table 12: Experimental critical micelle concentration (CMC) or critical aggregate 
concentration (CAC) and the ones reported in literature of sodium carboxylate salts 
and of the surfactant SDS as well as of the hydrotrope SXS. Due to impurities in the 
purchased compounds, the CAC was determined at the break point of the curves 
from Figure 19.233 

 Experiment Literature 

Compound CMC/CAC (mmol·L-1) CMC/CAC (mmol·L-1) 

Sodium xylene sulfonate - 450 242 
Na-2-OH-Benz 514 640 (30 °C)243 

NaBenz 432 480 34 

420 (30 °C)243 
NaCinn 367 - 

Na-3,5-DiCF3-Benz ≈ 289 - 

Na-4-OH-3-OMe-Cinn 177 - 

SDS 8.08 8.25 244 
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4.1.1.2.2 Dynamic light scattering measurements 

To further evaluate the aggregation potential of sodium polyphenolates in aqueous solution, 

DLS measurements of pure water comprising sodium polyphenolate(-like) compounds and of 

the binary water/DPnP mixtures (45/55 (w/w)) comprising sodium polyphenolate(-like) 

compounds were conducted at 25 °C, see Figure 20 B. The same samples were additionally 

measured at 10 °C to investigate the thermal effect on the structuring ability near to the PTT 

of the water/DPnP mixture without additives, see Figure 20 C. The samples comprising Na-4-

OH-Benz and Na-3,4-DiOH-Benz were measured only at 10 °C due to turbidity at 25 °C. The 

binary water/DPnP mixture (45/55 (w/w)) without additives served as reference. Due to 

turbidity above 14 °C and for an easier handling, this reference sample was only measured at 

10 °C, see Figure 20. In congruence to the prediction of self-assemblies of DPnP in water by 

245, the DLS correlation function of the reference samples exhibited a well-developed 

correlation function reaching a plateau at 0.9 without significant fluctuations. Consequently, 

DPnP should be actually considered as a solvo-surfactant comprising structuring abilities 

between a hydrotrope and surfactant.246  

In contrast, sodium polyphenolates and related compounds in pure water did neither induce 

self-aggregation at 10 °C nor at 25 °C, as the correlation functions were strongly fluctuating, 

see Figure 20 A below and Figure A 1 in the Appendix. Although NaCinn, NaBenz and the 

0.6 mol·kg-1 Na-2-OH-Benz sample were measured above their CAC, the correlation functions 

were strongly fluctuating beneath 0.2. Thus, according to DLS measurements, sodium 

benzoate and cinnamate derivatives do not form self-assemblies in pure water. This is in line 

with the postulation of Shimizu that hydrotropes should not tend to self-aggregation in the 

absence of a solute to act as a good solubilizer.33 

All samples comprising 55 wt.% DPnP exhibited correlation functions between 0.2 and 0.85, 

which showed slight or no fluctuations, see Figure 20 B. All sodium polyphenolates and related 

compounds showed a visible effect on the DLS correlation functions relatively to the reference 

sample at 25 °C and 10 °C: Na-3,4-DiOH-Benz < reference < Na-4-OH-Benz < NaCHC < 

NaBenz ≈ Na-4-OH-Prop ≈ Na-4-OMe-Benz < NaSal < NaSal (0.6 M) ≈ Na-3,5-DiCF3-Benz 

≈ NaCinn. This was expected, because the structurally similar propylene glycol n-propyl ether 

was reported to form self-assemblies of a very flexible interface, implicating an easy access of 

propylene glycol n-propyl ether (or here DPnP) for the solubilizer and solvent.245,247 

At both temperature tested, an inverse correlation of the self-assemblies’ size and of the 

structuring’s development with the salting-in power of the compounds was observed. Thus, the 

only the salting-out agent Na-3,4-DiOH-Benz measured increased the size of the nano-

structures and the correlation function relatively to the reference. Additionally, an increase of 

the polyphenolate concentration in case of Na-2-OH-Benz, resulted in a higher PTT and thus 
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stronger salting-in of DPnP, while the DLS correlation function was decreased. Hence, an 

increased salting-in of DPnP reduced nano-structuring degree in the solution. 

  

 

Figure 20: A) DLS correlation functions of 0.5 mol·kg-1 sodium polyphenolates and related compounds 
in pure water at 25 °C. B) DLS correlation functions of 0.5 mol·kg-1 sodium polyphenolates and similar 
compounds in a water/DPnP (45/55 (w/w)) system at 25 °C. C) DLS correlation functions of 0.5 mol·kg-1 
sodium polyphenolates and similar compounds in a water/DPnP (45/55 (w/w)) system at 10 °C. The 
samples comprising Na-3,4-DiOH-Benz, Na-4-OH-Benz and the reference sample – a pure water/DPnP 
mixture (45/55 (w/w)) – were only measured at 10 °C due to turbidity in the water/DPnP system at 25 °C. 
Additionally, Na-2-OH-Benz was measured at 0.6 mol·kg-1 in water and in the water/DPnP 

system.  = lag time, time delay for the detection. The samples were prepared in duplicate.233 

Additionally, the correlation functions were less pronounced and stronger fluctuating at 25 °C, 

while a lower temperature reduced the nano-structuring in the water/DPnP system. Thus, the 

nearer the PTT of the sample to the temperature applied during the DLS measurement, the 

more defined is the correlation function and the larger the size of the observed aggregates. 

The reason therefore is presumably, the accumulation of DPnP at locally high concentrations 

prior to the macroscopic phase separation. This is logical, because micellization is also based 

on unfavorable interactions between water leading to a reduction of the contact with the 

solvent. Hence, sodium benzoate and cinnamate derived sodium polyphenolates improve the 

favorable interaction of DPnP with water and reduce the structuring tendency of DPnP in water. 
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Yet, the ability of NaBenz and NaCHC to reduce the DLS correlation function of the 

water/DPnP system does not correlate with their salting-in power form section 4.1.1.1. One 

reason therefore might be that small size of the two compounds could enable an inclusion of 

them into the DPnP nano-assemblies. Probably, because of its higher flexibility and due to its 

weaker binding affinity to water, NaCHC induced a more pronounced correlation function than 

NaBenz.231 

Still, the DLS measurements of sodium polyphenolates and related compounds show that 

DPnP was not solubilized via developed aggregation but rather due to specific molecular 

interactions. Finally, the absence of nano-structuring of sodium polyphenolates and related 

sodium salts in pure water and the destruction of the nano-structuring in presence of DPnP 

compared to the water/DPnP without additives correlate to the hydrotrope theory of Shimizu.33 

Hence, the hydrotropic action of sodium polyphenolates is independent of their self-assemble 

properties in the pure water.233 

 

4.1.1.3 Nuclear Magnetic Resonance measurements 

Surface tension and DLS measurements from the previous two sections revealed that the 

solubilization of DPnP in water is not increased due to an aggregative potential of sodium 

polyphenolates but rather because of specific molecular interactions. To investigate the 

interactions of sodium polyphenolates with DPnP in aqueous solutions, 1H-NMR and NOESY 

measurements of a 0.2 mol·kg-1 Na-4-OH-3-OMe-Cinn in the binary water/DPnP (45/55 (w/w)) 

system were performed, see section 7.4 in the Appendix. Na-4-OH-3-OMe-Cinn was used, 

because it was one of the best solubilizing agents for aromatic compounds in the section 

4.1.2.1.1 and because its corresponding acid is known to be present in food and is used for 

skincare products.94,248 

Regarding the 1H-NMR spectrum of Na-4-OH-3-OMe-Cinn, Na-4-OH-3-OMe-Cinn’s protons 

were minorly influenced by the presence of DPnP, see Figure A 3-Figure A 5 as well as Table 

A 24 in the Appendix. DPnP induced a slight change of the scalar coupling of Na-4-OH-3-OMe-

Cinn’s protons (H2: doublet of doublet → doublet; H1: doublet → singlet). The dissolution of 

DPnP in water comprising 0.2 mol·kg-1 of sodium ferulate led to a change of the chemical shift 

and of splitting of almost all protons of DPnP, see Figure A 2-Figure A 5, Table A 26. However, 

the origin of this is rather the interaction of DPnP with water. Nevertheless, cross-peaks of Na-

4-OH-3-OMe-Cinn (Ha, H1, H2, H3, Hb) with several protons of DPnP (H1, H11, H3, H5, H9, 

H10 and H2) in the NOESY spectrum indicated that Na-4-OH-3-OMe-Cinn and DPnP are at 

least intermittently not further away from each other than 5 Å, see Figure 21 and Figure 22 .249 

However, more details about the specific interactions of DPnP with sodium ferulate were not 

accessible with NMR measurements.  
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Figure 21: Numeration of the protons of DPnP and sodium ferulate for 1H-NMR analysis. 

 

 

 

Figure 22: NOESY spectrum of a water/DPnP (45/55 (w/w)) mixture containing 0.2 mol·kg-1 Na-4-OH-
3-OMe-Cinn Red: Protons of Na-4-OH-3-OMe-Cinn; black: Protons of DPnP. a) Cross-peak of Na-4-
OH-3-OMe-Cinn’s aromatic protons (Ha, H1, H2, H3, Hb) with H1 and H11 of DPnP; b) Cross-peak of 
Na-4-OH-3-OMe-Cinn’s aromatic protons (Ha, H1, H2, H3, Hb) with H3, H5, H9 and H10 of DPnP, c) 
Cross-peak of Na-4-OH-3-OMe-Cinn’s aromatic protons (Ha, H1, H2, H3, Hb) with H2 of DPnP. A) Low 
zoom; B) Strong zoom.233 
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4.1.1.4 Conclusion 

Using simple PTT measurements, the salting-in/-out properties of the tested sodium 

polyphenolates were found to depend on the hydrophobic chain length. The salting-in/-out 

properties of sodium polyphenolates turned out to be precisely adjustable in the 

(anti-)hydrotrope range, depending on the functionalization of the aryl ring. Complimentary 

surface tension and DLS measurements of sodium polyphenolates in pure water confirmed 

the hydrotropic character of polyphenolates having a salting-in character.  

Moreover, DLS and NMR measurements indicated a specific molecular interactions of 

polyphenolates with DPnP in water instead of highly structured aggregation. In line with this, 

the solubilizing properties of sodium polyphenolates in the water/DPnP system correlated to 

the classical hydrotrope theory.32,42,234 

Regarding additionally the salting-in effect, the DLS correlation functions as well as the surface 

tension properties of the typical plant hormones indole-3-acetate and indole-3-butyrate in the 

same aqueous DPnP system, one can conclude that the tendency of the hydrotropes to form 

self-assemblies is independent of the hydrotropic solubilization of DPnP.233,250 

As superchaotropic globular boron cluster anions having salting-in properties were exposed 

as membrane carriers (for cationic and neutral peptides, amino acids, neurotransmitters, 

vitamins, antibiotics and drugs) other salting-in agents might have also the potential to 

transport target molecules through membranes.251 Exhibiting comparable salting-in power to 

sodium cholate, polyphenolates might assist biological solubilization processes and thus have 

a secondary biological function.252 
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4.1.2 Hydrotropic solubilization of aromatic compounds with 

polyphenolates 

4.1.2.1 Riboflavin 

4.1.2.1.1 Aqueous solubilization of riboflavin with sodium polyphenolates 

A water-solubility of 0.27 ± 0.02 mmol·kg-1 is sufficient for the application of RF as coloring 

agent and for an ordinary supplementation with this vitamin. Yet, RF’s low solubility might be 

disadvantageous for the yield in its biochemical synthesis, which correlates with the reactants’ 

and products’ solubility. Further, a RF solubilizer might also enable the high RF concentrations 

needed for injections, prevent precipitation of RF or improve the vitamin’s bioavailability.6,127,150 

Due to RF’s lability in alkaline medium, solubilizers for RF should maintain an acidic or neutral 

pH value.8,253  

Based on a patent of lithium, potassium and sodium gallate as promising solubilizers for RF 

for pharmaceutical injection formulations, sodium polyphenolates were approached as 

potential solubilizers.254 It was supposed that polyphenolic acids and/or their salts might 

solubilize RF via aggregation and/or via stacking. 

Regarding the results from section 4.2.1, aggregation of polyphenolates around RF was 

supposed to be improbable due to the rather polar moieties of RF. Instead, RF’s poor solubility 

in water should be overcome via weakening the stacking of RF with other RF molecules. As 

the polyphenolic compounds 3,4-dimethoxycinnamic acid, sodium benzoate and salicylate, 

were reported to stack in the crystal, to stack with theobromine and caffeine, respectively, they 

were supposed to stack with RF, too.255–257 Due to their high natural abundance and low 

toxicity, polyphenolic acids and their corresponding salts, would be even applicable in food 

and beverage formulations as well as in pharmaceutical products.258 The solubility of RF was 

determined via UV-Vis-absorbance measurements after saturation with RF. 

First, vanillic, ferulic and cinnamic acid were tested as solubilizing agents for RF, see Figure 

23. However, RF’s water-solubility was either minorly or not increased at all. Better 

solubilization of RF was supposed to be realized by increasing the concentration of the 

solubilizer. Therefore, the acids were neutralized with sodium hydroxide to obtain the more 

water-soluble sodium polyphenolates. Sodium was used, as it is the major cation in the 

extracellular fluid.125,126 As polyphenolic acids are known to be resorbed into the blood with a 

pH-value of 7.35-7.45, where their deprotonated form should be prevalent, sodium 

polyphenolates constitute important salts for biochemical systems.105,124 The pH-value of all 

sodium polyphenolate solution was tested with indicator paper to be around 7, to exclude a pH 

effect on the solubility of RF.  

Regarding Figure 23, sodium ferulate, vanillate and cinnamate behaved equally to their 

corresponding acids for concentration in the mircomolar range. However, when applied at 

higher concentrations, sodium polyphenolates solubilized RF more efficiently in water. Thus, 
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with one of the best solubilizers, Na-3,4-DiOMe-Cinn, the solubility of RF was increase by more 

than 2000 times at a molar additive/RF ratio of 7.8, see Table A 53 in the Appendix. 

 

Figure 23: Solubilization of RF by means of polyphenolic acids and their corresponding sodium salts. 

To further analyze the underlying mechanism of RF’s solubilization in water, the RF solubilizing 

properties of polyphenolate-related compounds, of a salting-in and -out agent, of a common 

hydrotrope and of a surfactant were compared to the ones of sodium polyphenolates. 

In general, the solubility of RF in water increased exponentially with the concentration of 

sodium cinnamate and benzoate derivatives, such as it is typical of amphiphilic solubilizers, 

see Figure 24 A and B.225  

In correlation with the amphiphilic character, the curves obtained with NaBenz and its 

derivatives exhibited a slightly reduced linearity in the log-log-plot compared to the ones 

obtained with the more amphiphilic sodium cinnamate derivatives, see Figure 24 C and D. 

Thus, all substituted and unsubstituted sodium cinnamates were revealed as more potent 

solubilizers for RF in water than the corresponding sodium benzoates (NaCinn > NaBenz; Na-

2/3/4-OH-Cinn > Na-2/3/4-OH-Benz; Na-4-OMe-Cinn > Na-4-OMe-Benz; Na-3,4-DiOMe-Cinn 

> Na-3,4-DiOMe-Benz; Na-4-OH-3-OMe-Cinn > Na-4-OH-3-OMe-Benz; Na-3,4-DiOH-Cinn > 

Na-3,4-DiOH-Benz; Na-4-OH-3,5-DiOMe-Cinn > Na-4-OH-3,5-DiOMe-Benz), see Figure 24 

A-D. A break point that might indicate a minimum hydrotropic concentration (MHC) 

corresponding to the onset of the solubilization, was not observed in the log-log-plot, see 

Figure 24 C and D. However, NaBenz and NaCinn as well as their derivatives were exposed 

as classical hydrotropes in section 4.1.1 and hydrotrope must not necessarily have a MHC.33 
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Figure 24: Water-solubility of riboflavin in presence of different sodium cinnamates and benzoates. A) 
Monosubstituted and dimethoxy substituted compounds, B) Mono-, di- and trisubstituted compounds. C 
and D correspond to the diagram A and B in a log-log-plot, respectively. 

Although the log-log-plot did not reveal the presence of an MHC, the molar solubilizer/RF ratio 

in the plot from Figure 25 decreased rapidly with the solubilizer’s concentration after a 

maximum ratio was reached. The higher this ratio in Figure 25, the more solubilizer molecules 

per one RF molecule were present in the solution. Consequently, the maximum ratio 

corresponds to the solubilizer concentration, which exhibits the lowest efficiency for the 

solubilization of RF in water. For each additive, this maximum ratio was different and each 

additive reached this point of its lowest RF solubilizing efficiency at a different additive 

concentration. Therefore, this concentration might correspond to a MHC, above which the 

molar additive/RF ratio decreases and thus the solubilizing efficiency increases. For the 

additives in Figure 25, the maximum ratio and thus the worst efficiency was reached at additive 

concentrations < 0.21mol·kg-1. Yet, the CACs of NaBenz and NaCinn as well as their 

derivatives obtained from surface tension measurements were usually >> 0.2 mol·kg-1, see 

section 4.1.1.2.1. On the other side, a CAC and MHC of hydrotropes does not necessarily have 

to be equal. 
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After reaching a minimum ratio, often, the solubilizer/RF ratio did not change upon further 

increasing the additive concentration. Only, in some cases, the molar additive/RF ratio 

increased again after reaching a minimum molar ratio (Na-4-OH-3-OMe-Cinn, Na-4-OMe-

Benz, Na-4-OMe-Cinn, Na-2,3-DiOH-Benz, Na-2,4-DiOH-Benz). Commonly, the solubility limit 

of sodium polyphenolates in water was the onset of the anew increase of the molar 

solubilizer/RF ratio (Na-4-OH-3-OMe-Cinn, Na-4-OMe-Cinn, Na-2,3-DiOH-Benz and Na-2,4-

DiOH-Benz). Consequently, the loss on solubilizing efficiency with increasing additive 

concentration originates from the lack of the solubilizer’s water-solubility. Still, the solubility of 

the polyphenolate did not correlate with its solubilizing power. According to Kunz et al., this 

discrepancy between their solubilizing power and water-solubility is not unusual for 

hydrotropes.29 Thus, so far, the solubilization trend is in line with the classical hydrotrope 

theory, where mostly the hydrotrope’s amphiphilic character is decisive for the 

solubilization.32,33,37,259 

However, the best molar solubilizer/RF ratios were obtained with Na-2,4,6-TriOH-Benz (4.5 at 

0.08 M), Na-4-OH-3,5-DiOMe-Cinn (4.2 at 1.02 M), Na-3,4-DiOMe-Cinn (5.8 at 1.09 M) and 

Na-4-OH-3-OMe-Cinn (6.2 at 0.37 M) and not with entirely amphiphilic solubilizers (NaCinn, 

NaBenz, NaButyrate, NaValerate), see Figure 25. Hence, the highest solubility of RF 

(560 ± 20 mmol·kg-1) was reached with an aqueous 4.34 mol·kg-1 Na-3,4-DiOMe-Cinn 

solution, although the compound cannot be regarded as flawlessly amphiphilic. Therefore, 

amphiphilicity is not the main criterium to be suitable as RF solubilizer. 

 

Figure 25: Molar solubilizer to riboflavin ratio versus the solubilizer concentration in water. The ratio was 
determined by division of the additive concentration by the riboflavin solubility after subtraction of the-
solubility of riboflavin in pure water, see equation 2 in section 2.3. A: Medium to good sodium salts; B: 
Good to bad solubilizers. In the case of insoluble sodium polyphenolates, the ratio was calculated from 
the added amount of the polyphenolate and the measured riboflavin concentration. 

Analogously, the substitution of benzoate/cinnamate with a hydroxy group in meta and para 

position improved also the solubilization power for RF in water, although the solubilizer’s 

amphiphilicity was reduced by this substitution. For instance, Na-3,4-DiOH-Cinn solubilized ca. 

2.5 times more RF than NaCinn at an additive concentration of 0.3 mol·kg-1. Analogously, at a 
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concentration of ca. 0.4 mol·kg-1, Na-3,4,5-TriOH-Benz solubilized even at least 8 times more 

RF in water than NaBenz. 

Further, the solubilization power of the additives increased with increasing number of hydroxy 

groups bound to the sodium benzoate and cinnamate aryl ring (Na-3,4,5-TriOH-Benz > Na-

3,5-DiOH-Benz > Na-3,4-DiOH-Benz > Na-4-OH-Benz > Na-3-OH-Benz > NaBenz; Na-2,4,6-

TriOH-Benz > Na-2,4-DiOH-Benz > Na-2-OH-Benz > Na-4-OH-Benz > NaBenz; Na-3,4-DiOH-

Cinn > Na-4-OH-Cinn > Na-3-OH-Cinn > NaCinn), see Figure 26 A-C. Successive substitution 

of the sodium benzoate and cinnamate backbone with methoxy groups increased the 

solubilization power of the additives, too (Na-3,4-DiOMe-Cinn > Na-4-OMe-Cinn > NaCinn; 

Na-3,5-DiOMe-Benz > Na-3,4-DiOMe-Benz > Na-4-OMe-Benz > Na-3-OMe-Benz > NaBenz), 

see Figure 26 D.  

Although the substitution of the benzoate and cinnamate backbone with methoxy and hydroxy 

groups on meta and para position reduces the amphiphilic character of the solubilizers 

relatively to the unsubstituted benzoate and cinnamate, meta and para substituted compounds 

solubilized more RF than NaBenz and NaCinn. Consequently, the solubilization mechanism 

for RF is not the same as for DPnP from section 4.1.1, where the salting-in/-out properties of 

sodium cinnamate and benzoate derivates on DPnP were predictable with regard to the 

amphiphilic character of the additives. For the aqueous solubilization of RF with sodium 

polyphenolates, the amphiphilic character has apparently only a minor effect on their 

solubilization properties.  

Nevertheless, again in correlation to the classical hydrotrope theory, a mono- and di-

substitution of benzoate with a methoxy group in ortho and ortho/meta position reduced the 

solubilization power relatively to NaBenz because of a reduction of the solubilizer’s 

amphiphilicity (NaBenz > Na-2-OMe-Benz > Na-2,3-DiOMe-Benz), see Figure 26 D. Probably, 

the hydration of the carboxylate is impeded due to the sterical demand and due to the 

hydrophobic character of this functional group. In line with this, hydroxy groups in the ortho 

position increased the solubilizer’s amphiphilicity and thus increased the solubilization 

efficiency of the compounds enormously (Na-2,4,6-TriOH-Benz, Na-2,4-DiOH-benz, Na-2,3-

DiOH-Benz; Na-2-OH-Benz), see Figure 26 B. To be exact, Na-2-OH-Benz solubilized 3-5 

times more RF than NaBenz over the whole concentration range tested. Two hydroxy groups 

in ortho position increased the solubilization power compared to NaBenz so strong that Na-

2,4,6-TriOH-Benz was even more efficient than the best sodium cinnamate derivates (Na-3,4-

DiOMe-Cinn, Na-4-OH-3,5-DiOMe-Cinn) tested, Figure 28 A. Sodium benzoates substituted 

with hydroxy group(s) in ortho position are probably enormously potent RF solubilizers, 

because the intermolecular hydrogen bond between the adjacent carboxylate and the hydroxy 

group in ortho position leads to an increased amphiphilicity and better hydration.230 

 



 

75 
 

 

Figure 26: Water-solubility of RF depending on the number of hydroxy and methoxy groups on the aryl 
ring of a sodium benzoate or cinnamate salt. A and B: Dependence on the number of hydroxy groups 
on a sodium benzoate backbone; C: Dependence on the number of hydroxy groups on a sodium 
cinnamate backbone; D: Dependence on the number of methoxy groups on a sodium cinnamate and 
benzoate backbone. 
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Figure 27: A: Water-solubility of riboflavin in presence of mono-substituted sodium benzoates; B: 
Enlarged view of A; C: Water-solubility of riboflavin in presence of di-/tri-hydroxy and trifluoromethyl-
substituted benzoates; D: Water-solubility of riboflavin in presence of di-/tri-methoxy- and 
trimethylfluoro-substituted sodium benzoates. 

 

Figure 28: Water-solubility of riboflavin in water in presence of sodium cinnamate derivatives, sodium 
2,4,6-trihydroxybenzoate and sodium nicotinate. A: Solubilization curves for 0-1 mol·kg-1 of the 
additives; B: Solubilization curves for 0-5 mol·kg-1 of the additives. The values for nicotinamide were 
taken from Coffman and Kildsig.182 
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Further observations in the solubilization of RF by sodium polyphenolates in water: 

A) In the case of a mono-substitution of NaBenz and NaCinn with one methoxy or hydroxy 

group, a para substitution led to a better solubilizer for RF than a meta one and this more than 

an ortho substitution (Na-4-OH-Benz > Na-3-OH-Benz; Na-4-OH-Cinn > Na-3-OH-Cinn > Na-

2-OH-Cinn; Na-4-OMe-Benz > Na-3-OMe-Benz > Na-2-OMe-Benz), see Figure 27 A and B 

and Figure 28. 

B) For meta and para position for solubilizers with a benzoate backbone, methoxy groups were 

revealed to improve the solubilization power more strongly than hydroxy groups (Na-4-OMe-

Benz > Na-4-OH-Benz; Na-3-OMe-Benz > Na-3-OH-Benz; Na-4-OMe-Cinn > Na-4-OH-Cinn), 

see Figure 27 A and B and Figure 28. 

C) Further, additives comprising directly neighbored functional groups solubilized less RF than 

additives comprising functional groups apart from each other (Na-2,4-DiOH-Benz > Na-2,3-

DiOH-Benz; Na-3,5-DiOH-Benz > Na-3,4-DiOH-Benz; Na-3,5-DiOMe-Benz > Na-3,4-DiOMe-

Benz; Na-2,4-DiOMe-Benz > Na-2,3-DiOMe-Benz), see Figure 29 and Figure 27 C and D. 

D) At the same concentrations, the aromatic tyrosol solubilized less RF in water than Na-4-

OH-Benz. Therefore, the carboxylate group of polyphenolates can promote their solubilizing 

properties for RF in water, but it is not crucial for the solubilization. 

The findings A, C and D indicate that hydration influences the aqueous solubilization of RF. 

Thus, probably, the approach of non-neighbored functional groups on the aryl ring by water is 

sterically easier as non-neighbored hydroxy and methoxy groups have a larger interaction 

surface with water than neighbored ones. However, according to point B, hydration alone 

cannot be the main driving force for the aqueous solubilization of RF by sodium polyphenolate. 

Otherwise, hydroxy groups – as (i) less hydrophobic, (ii) better hydrated and (iii) better 

hydrogen bond partners – should always solubilize more RF than methoxy groups. 

 

Figure 29: Solubilization power of di-substituted sodium benzoates for riboflavin in water with the 
possible reason, why the righter compound is more efficient than the one to its left. The corresponding 
solubilization curves are displayed in Figure 27 C and D. 
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The following observations suggest a great importance of the solubilizers -system and thus a 

great importance of the planarity for the RF-solubilization performance of sodium 

polyphenolates: 

i) With increasing positive mesomeric and lower negative inductive effect of the functional 

groups on the aryl ring (OMe > OH > CF3 > COO-), the solubilization power of the aromatic 

solubilizers for RF in water increased, see Figure 27 B-D above. Thus, the hydrophobic Na-

3,5-DiCF3-Benz – proofed via surface tension and cloud point measurements of DPnP in water 

in section 4.1.1 –, solubilized less RF than Na-3,5-DiOH-Benz and Na-3,5-DiOMe-Benz. 

Sodium terephthalate solubilized less RF than Na-4-OH-Benz and Na-4-OMe-Benz. 

ii) Regarding the strong influence of the size of the solubilizers conjugated electronic system, 

the superior solubilization power of sodium cinnamates to the one of sodium benzoates might 

also originate from the larger -system of cinnamates leading to a larger planar potential 

interaction surface. 

iii) An enlargement of the size of the conjugated electronic system when going from Na-4-OH-

Prop to Na-4-OH-Benz to Na-4-OH-Cinn improved the solubilization power for RF, see Figure 

28. Further, tyrosol solubilized RF despite of its reduced amphiphilicity compared to Na-4-OH-

Cinn and Na-4-OH-Benz, see Figure 28 Additionally, 0.08 mol·kg-1 phloroglucinol solubilized 

1.7 ± 0.2 mmol·kg-1 RF in water, although it was less efficient than Na-2,4,6-TriOH-Benz. Thus, 

the presence of a carboxylate group improves the solubilizing power but is not essential for the 

RF solubilizing properties of sodium polyphenolates. 

To evaluate the solubilization mechanism in the solubilization of RF by means of sodium 

polyphenolates in water further, (i) a salting-out agent and (ii) one salting-in agent , (iii) two 

standard hydrotropes (nicotinamide, sodium xylene sulfonate), (iv) a standard surfactant as 

well as polyphenolate-like compounds with (v) different chain lengths and (vi) variation of the 

electron conjugation were analyzed, see Figure 30. The observations are listed below: 

A) Though just minorly in comparison to sodium polyphenolates, but the salting-in and -out 

agents NaSCN and NaH2PO4 increased and decreased, respectively, the solubility of RF 

compared to pure water. Still, even NaBenz solubilized largely more RF in water than 

NaSCN. 

B) Despite its lipophilic methyl groups, SXS exhibited a RF-solubilizing power comparable to 

NaBenz. The reason therefore, is probably the weaker hydration of a sulfonate group 

compared to a carboxylate group that might compensate the larger hydrophobic residue of 

SXS.42 On the contrary, sodium phenyl phosphate, which should be strongly hydrated at its 

phosphate group, was one of the worst solubilizers in Figure 31, though causing a basic pH 

at which RF should be even more soluble than at the neutral pH-value of NaBenz solutions. 

Thus, the hydration of the solubilizer’s head group seems to influence the solubilization 

power. 
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C) The surfactant SDS increased the solubility of RF in water more than the salting-in agent 

NaSCN and more than NaBenz. Still, the less amphiphilic NaCinn solubilized > 4 times 

more RF than SDS at an additive concentration of 0.4 mol·kg-1.  

D) An elongation of the hydrophobic side chain increased the RF solubilizing power of aromatic 

additives (NaBenz < NaButyrate < NaValerate). Yet, the aqueous solubility of RF depended 

minorly on the hydrophobic chain length of the solubilizers. Thus, NaValerate solubilized 

only about 29 % more RF than NaButyrate and NaButyrate solubilized only 24 % more RF 

than NaBenz at an additive concentration of 0.4 mol·kg-1. 

E) Na-4-OH-Prop was exposed as better solubilizing agent than the more amphiphilic 

NaValerate and NaButyrate. Further, Na-2,4-Pentadienoate and the less amphiphilic Na-4-

OH-3-OMe-Cinn exhibited a similar RF solubilizing power. This proves once more that a 

flawless amphiphilic character is not necessary to act as good RF solubilizer. 

F) Apparently, the substitution of NaBenz of the aryl ring with a carboxylate group 

(NaTerephthalate) improved the solubilizing properties. Yet, two carboxylate groups on 

the side chain (Na-Phenylsuccinate) weakened the solubilizing efficiency compared to 

NaBenz. Analogously, the modification of the side chain with a hydroxy group (Na-DL-

Mandelate), worsened the solubilizing power compared to NaBenz. Hence, carboxylate 

and hydroxy groups, which increase the solubilizers amphiphilicity led to a weaker 

solubilizing power. 

G) In spite of the same chemical formula, NaBenz and Na-2,4-Pentadienoate solubilized more 

RF than NaCHC and NaValerate, respectively, see Figure 30. Thus, over the whole tested 

solubilizer range, the concentration dependent RF solubilization efficiency of the solubilizer 

(molar ratio of additive/RF) was increased 6 to 20 times when comparing NaValerate with 

Na-2,4-Pentadienoate, and 2 to 4.5 times when comparing NaCHC to NaBenz, see Table 

A 27, Table A 28, Table A 59 and Table A 60. The only difference between the solubilizers 

was the size of their -system. Consequently, the induction or enlargement of the 

solubilizer’s electronic -system improved the solubilizing properties of the additives more 

than the elongation of the hydrophobic side chain described in point D. The reason for this 

effect might be the correlation of the molecules’ conjugated electronic system with their 

planarity, which increases the potential interaction surface through dispersive interactions. 

H) Regarding subpoint G, the weaker RF solubilization power of nicotinamide compared to 

NaBenz might result from the electronegative nitrogen atom in the pyridine ring, which 

leads to a depletion of the electron density in the aryl ring, as it is already known for 

pyrimidine rings comprising not only one but two nitrogen atoms in their aromatic ring.260 

A depletion of the electron density by oxygen in the aryl ring, is probably also the reason 

for the weak solubilization of RF in presence of NaCoumalate. 
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Observations A and B from above indicate once more that an increased hydration of the 

solubilizer can improve the solubility of RF in water. According to the points C to F, the size of 

the hydrophobic part, which correlates with the solubilizers’ amphiphilicity and would be 

decisive for the inclusion of RF into potential sodium polyphenolate aggregates, can but does 

not necessarily have to determine the additives’ RF solubilizing power. Instead, the conjugated 

electronic system of the additives is the domineering factor in the solubilization of RF in water. 

The larger the -system of the solubilizer was, the more RF was solubilized in water and the 

more efficient was the solubilizer (low molar additive/RF ratio). Hence, a substitution of the 

sodium benzoate and cinnamate backbone with functional groups exhibiting a positive 

mesomeric and a low minus inductive effect improved the RF solubilizing properties relatively 

to NaBenz and NaCinn. Further, the solubilizer’s conjugated electronic system turned out as 

even more important than the retention of the solubilizer’s amphiphilic character. Regarding 

the points C to H, the strong dependence of the RF solubilizing power on the size and type of 

the solubilizers’ conjugated electronic system, which correlates with the additive’s planarity, 

indicates that dispersive interactions are dominant in the solubilization of RF.  

As the solubilization of RF was strongly driven by the size of the aromatic -system of the 

solubilizer, sodium diphenate and tannin were tested. Consisting of two NaBenz units, 

NaDiphenate was expected to double the solubility of RF. However, NaDiphenate exhibited 

even weaker solubilizing properties than NaBenz, see Figure 30.  

Analogously, tannin – an oligomeric form of 10 gallic acid molecules – turned out as less 

efficient solubilizer than Na-3,4,5-TriOH-Benz, when regarding tannin’s solubilizing power in 

its “monomeric” form, see Table A 66 in the Appendix. As a rubbery precipitate was observed 

within some hours in presence tannin, solubilization of RF with tannin would not be possible 

anyway. Because the space demand of the solubilizer and solute was found to matter in the 

solubilization of RF-PO4, RF and LC, see section 4.1.2.1.9, tannin and diphenate are probably 

too bulky for a strong interaction with RF. 
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Figure 30: Water-solubility of RF in presence of aromatic sodium salts, of sodium cyclohexane 
carboxylate, of a surfactant, of a salting-in and salting-out agent in water. Riboflavin’s solubility in pure 
water is indicated by a dashed line. The curved arrows mark the induction of a larger electronic system. 
The values for nicotinamide were taken from Coffman and Kildsig.182 

In Figure 31, all additives tested as solubilizing agents for RF in water are ordered according 

to their solubilizing efficiency (molar additive/RF ratio). 
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Figure 31: Riboflavin solubilizers – sodium benzoates and cinnamates as well as related compounds, sodium dodecyl sulfate, sodium thiocyanate, nicotinamide182 and 
sodium xylene sulfonate – in the aqueous medium ordered according to their riboflavin solubilizing efficiency. Sometimes the slope of the solubilization curves changed with 
the concentration, therefore the solubilization power was regarded above 0.2 mol·kg-1 of the additive concentration. For polyphenolic compounds, which were not tested 
above 0.2 mol·kg-1, at least a linear increase of the riboflavin solubility was assumed to categorize the compound. All samples (nicotinamide not tested) exhibited ca. pH 7, 
tested with indicator paper, to exclude a pH contribution to the solubilization. *Riboflavin further increased the aqueous solubility of the compound, too. **Not only the 
compound itself solubilized riboflavin, but riboflavin solubilized the totally insoluble compound in water, too. M = mol·kg-1 
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Aside of the strong dependence of RF’s aqueous solubility on the solubilizer’s aromatic 

system, a concentration dependent bathochromic shift of RF’s absorption spectrum was 

observed in presence of “electron-rich” additives. The change of RF’s absorption spectrum by 

the presence of sodium polyphenolates corresponds to a so-called copigmentation. This 

phenomenon is often mentioned in relation with anthocyanins. It originates frequently from a 

non-covalent complexation of a colored solute with a non-colored solubilizer leading to an 

intensification or alteration of the solute’s color.261–263 

In Figure 32, the shift of RF’s absorption spectrum is depicted for differently concentrated 

aqueous solutions comprising sodium ferulate and RF at a constant molar ferulate/RF ratio of 

7.4. Due to the effect of polyphenolates on RF’s absorption spectrum, the samples’ coloration 

changed from yellow (absorbance mainly in the blue region) to orange, red (absorbance in the 

green/blue region) and almost to black with rising polyphenolate and RF concentration, see 

Figure 32 on the top right a-f. For RF in high concentrated aqueous solution of sodium 

benzoate derivatives, a maximum reddish coloration was observed. Moreover, for most 

aromatic sodium carboxylates, the samples’ color changed significantly only for additive 

concentrations > 0.1 mol·kg-1. Interestingly, the absorption maxima of RF at 371 and 445 nm 

were not affected by sodium polyphenolates, see Figure 32. 

 

Figure 32: Change of the absorption spectrum of riboflavin in presence of different sodium ferulate 
concentrations in water with the two absorption maxima at 371 and 445 nm. The molar ratio of sodium 
ferulate to riboflavin in each sample was 7.4. a: 370 mmol·kg-1, b: 33.6 mmol·kg-1, c: 7.26 mmol·kg-1, d: 
3.64 mmol·kg-1, e: 2.45 mmol·kg-1, f: 1.84 mmol·kg-1 sodium ferulate. 

Further “electron richer” additives led to a stronger bathochromic shift than “electron poor” 

additives at the same concentration after saturation with RF. However, the molar solubilizer/RF 

ratio was lower for “electron richer” additives and thus the statistical probability for the contact 

of RF with the additives was also lower for “electron-rich” solubilizers. Nevertheless, the effect 

of “electron richer” additives on RF’s absorption spectrum was considerably greater (NaBenz 

< Na-4-OH-Benz ≈ Na-2-OH-Benz < Na-4-OH-3-OMe-Benz < Na-4-OH-3-OMe-Cinn < Na-3,4-

DiOMe-Cinn), see Figure 33 A. A dependence of the sample’s coloration on the conjugated 
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electronic system of the solubilizer is typical for -stacked complexation, which indicates the 

formation of charge transfer complexes.264 

Additionally, a variation of the hydrophobic chain length (NaButyrate → NaValerate) did not 

change the sample’s coloration, but the induction of a conjugated electronic system changed 

the color from yellow to orange-red (NaValerate → Na-2,4-Pentadienoate), see Figure 33 B. 

Although the solubilization of a compound via the inclusion into aggregates or micelles might 

change the extinction coefficient, the absorption spectrum of the sample should not change 

considerably in the lateral dimension. Hence, the solubilization of RF by means of sodium 

polyphenolates cannot be driven by classical aggregation, where RF would be embedded into 

a core of potential sodium polyphenolate aggregates.  

Further, the absorption spectrum and thus the coloration of pure RF in water was regained 

when the concentrated solutions comprising RF and “electron rich” solubilizers (Na-4-OH-3-

OMe-Benz, Na-4-OH-3-OMe-Cinn, NaCinn, Na-2,4-Pentadienoate, Na-3,4-DiOMe-Cinn) were 

diluted sufficiently. Thus, the slope of the calibration curves for RF was equal in absence and 

presence of polyphenolates for an absorbance between 0-1 AU. Therefore, the change of RF’s 

absorption spectrum did not impede the quantification of RF. Moreover, the reversible 

bathochromic shift of RF’s absorption spectrum indicates rather weak interactions of sodium 

polyphenolates with RF. 

A)     B)  

Figure 33: A) From left to right: pure RF in water (saturation) and 0.2 mol·kg-1 NaCHC, NaBenz, Na-4-
OH-Benz, Na-2-OH-Benz, Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn, Na-3,4-DiOMe-Cinn in water 
saturated with RF. From left to right the solubilization efficiency of the additive increases. B) From left 
to right: 0.2 M NaButyrate, 0.2 M NaValerate, 0.2 M Na-2,4-Pentadienoate. 

On top of that, not only RF was solubilized by sodium polyphenolates, but RF was able to 

increase the water-solubility of some sodium polyphenolates (Na-4-OH-3-OMe-Cinn, Na-3,4-

DiOH-Cinn, Na-4-OH-3,5-DiOMe-Benz, Na-4-OH-3-OMe-Benz, Na-3,5-DiOMe-Benz, Na-3,4-

DiOMe-Benz, Na-2,3-DiOH-Benz, Na-4-OMe-Benz, Na-3-OMe-Benz, Na-2-OMe-Benz, Na-

2,4-DiOH-Benz, Na-3,4,5-TriOH-Benz, NaValerate, NaButyrate, Na-2,4-Pentadienoate), see 

Table 13. In some cases, RF solubilized even water-insoluble sodium polyphenolates (Na-3,4-

DiOMe-Cinn, Na-4-OH-3,5-DiOMe-Cinn and Na-4-OMe-Cinn), see compounds marked with * 

and ** in Figure 31 and Table 13. Hence, the solubilization of RF and many sodium 

polyphenolates in water is mutual. Further, some of the best RF solubilizing agents turned out 

to be never entirely solubilized in water. Thus, Na-3,4-DiOMe-Cinn solubilized > 2.8 times RF 

than the water-soluble and more amphiphilic NaCinn at an additive concentration of 

0.35 mol·kg-1. Consequently, the solubilization properties of sodium polyphenolates cannot be 
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categorized by their water-solubility. Analogously, solubilizing also aromatic solutes, whose 

solubility is restricted by their -stacking, A. Fusina recently found that, the more water-soluble 

hydrotropic polyphenol, pyrogallol, solubilized the aromatic solute quercetin less efficiently 

than the less water-soluble phloroglucinol.265 These observations are in line with the fact that 

often neither the change of the water structure nor the change in the hydration of the 

solute.29,266 

Table 13: Water-solubility of some sodium polyphenolates and related sodium salts in absence and 
presence of RF. The solubility was determined only roughly, as it was deducted from the samples 
prepared for the solubilization curves in this in this section and not determined accurately. 

Sodium polyphenolate Solubility in pure water (mol·kg-1) Solubility with RF (mol·kg-1) 

Na-2-OMe-Benz 1.15 5.17 

Na-3-OMe-Benz 0.29 5.17 

Na-4-OMe-Benz 0.29 2.87 

Na-2,3-DiOH-Benz 0.23 2.27 

Na-3,4-DiOMe-Benz 0.20 0.88 

Na-3,5-DiOMe-Benz ≈ 0 3.92 

Na-4-OH-3-OMe-Benz 1.11 1.26 

Na-4-OH-3,5-DiOMe-Benz 1.82 2.73 

Na-4-OMe-Cinn ≈ 0 0.60 

Na-4-OH-3-OMe-Cinn 0.37 1.39 

Na-3,4-DiOH-Benz 0.45 0.60 

Na-3,4-DiOMe-Cinn ≈ 0 > 4.34 

Na-4-OH-3,5-DiOMe-Cinn ≈ 0 > 1.63 

Na-3,4,5-TriOH-Benz 0.57 0.68 

Na-2,4-Pentadienoate ≈ 0.1 > 0.2 

NaValerate 0.05 > 0.4 

NaButyrate 0.05 > 0.4 

 

As, (i) RF and sodium polyphenolates increased their water-solubility mutually, as (ii) 

copigmentation of them was observed and because (iii) the absorption spectrum/yellow 

coloration of RF was regained upon dilution with water, the solubilization of RF by means of 

sodium polyphenolates constitutes an extended reversible copigmentation. Moreover, the 

mutual solubilization of RF and many sodium polyphenolates and the copigmentation of RF 

with sodium polyphenolates proof interaction of the electronic -system of RF and 

polyphenolates via -stacking. Further, the mutual solubilization indicates that this RF-sodium 

polyphenolate complex exhibits an improved hydration compared to the separate biomolecules 

in water, which was additionally confirmed by 1H-NMR experiments of RF in presence of 

aromatic sodium carboxylates in DMSO-d6 in section 4.1.2.1.7. 

Although hydration and the solubilizers’ amphiphilicity contribute to the sodium polyphenolates’ 

solubilizing power, the extension of the additives aromatic -system increased the RF 

solubilizing power most. In the following the arguments for and against an aggregative 

solubilization of RF by means of sodium polyphenolates, for and against the hydration of the 
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solubilizer as driving force in this solubilization and for and against dispersion forces leading 

to -stacking are discussed, see also Table 14.  

To summarize, the water-solubility of RF depended extraordinarily on the size and type of the 

aromatic -system of the solubilizer. Still, the solubilization of RF can be modified by the 

solubilizer’s amphiphilicity and salting-in character. Sodium polyphenolates do not necessarily 

have to be water-soluble to exhibit great RF solubilizing properties, as two insoluble 

polyphenolates belong to the best solubilizers tested (Na-3,4-DiOMe-Cinn, Na-4-OH-3,5-

DiOMe-Cinn). 

To further evaluate the sodium polyphenolate’s ability for aggregation and accumulation at 

interfaces, surface tension and DLS measurements of sodium polyphenolates in absence and 

presence of RF were compared, see section 4.1.2.1.5. NMR measurements and 

cocrystallization attempts were also applied to understand the interaction of RF with sodium 

polyphenolates on molecular scale, see sections 4.1.2.1.6 and 4.1.2.1.7. 
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Table 14: Pro (↑) and contra (↓) arguments for a solubilization of riboflavin (RF) in water with sodium polyphenolates via aggregation, -stacking and hydration as main 
solubilization mechanism. Minimum hydrotrope concentration (MHC), critical aggregate concentration (CAC), sodium xylene sulfonate (SXS), sodium dodecyl sulfate (SDS), 
for residual abbreviations see Figure 31. +M = positive mesomeric effect; -I = negative inductive effect. 

Aggregation -stacking Hydration 

↑Many polyphenolates are amphiphilic 

↑All sodium cinnamates > sodium benzoates 

↑All sodium cinnamates > sodium benzoates ↑ Salting-in/out agent in-/decrease the solubility 

    of RF (NaSCN/NaH2PO4) 

↑After reaching a critical polyphenolate   

  concentration (maximum of the additive/RF 

  ratio) the solubilizing efficiency improves 

  considerably. → might correspond to an MHC 

↓No break point in the log-log-plot 

↓Theoretical MHC region obtained from the maximal  

  additive/RF ratio at polyphenolate concentrations 

  < 0.21 mol·kg-1, but typical CACs of are > 0.2 mol·kg-1 

 

↑Dependence of RF’s solubility on the 

hydrophobic chain length of the solubilizer 

(SDS > NaValerate > NaButyrate > NaBenz) 

↑Weak dependence on the hydrophobic chain 
  length (NaButyrate → NaValerate: +29 %) 
↑Most aromatic solubilizers better than surfactant SDS 

 

 ↑Deterioration of amphiphilicity improves solubility of  

  RF (Na-3,4,5-TriOH-Benz > NaBenz) 

↑Solubility increases with increasing +M and 

  decreasing -I-effect (OMe > OH > CF3 > COO-) 

↑Increase of aromatic -system improves 

 solubility (Na-4-OH-3-OMe-Cinn ≈ Na-2,4-Pentadienonate 

  >> NaValerate; Na-4-OH-Cinn >> Na-4-OH-Benz >   

  Na-4-OH-Prop) 

↑Induction of conjugation improves solubility (NaBenz >>  

  NaCHC) 

↑Electronegative substituent in the aromatic ring lowers  

  solubility (Nicotinamide < NaBenz) 

 ↑Even without a carboxylate group tyrosol solubilized RF 

   → aromaticity sufficient for a solubilization 

↑Solubility of RF rises with increasing 

  number of OH-groups 

↑para > meta > ortho substitution with OH- and 

  OMe-groups (except Na-2-OH-Benz) 

↑Compounds with non-neighbored OH/OMe- 

  groups are better solubilizers than those 

  with adjacent groups 

↓OMe > OH on the aryl ring, although OMe more  

  lipophilic 

↑Hydratable carboxylate improves solubility of RF  

  (Tyrosol < Na-4-OH-Benz) 

↓Totally insoluble compounds Na-3,4-DiOMe- 

  Cinn and Na-4-OH-3,5-DiOMe-Cinn more 

  efficient solubilizers than water-soluble NaBenz,  

  Na-2-OH-Benz and Na-3,4,5-TriOH-Benz 

 ↑Red-shift of RF’s absorption spectrum for high 

  concentrated sodium polyphenolate/RF solutions 

↑Red-shift upon induction of a conjugation (NaValerate → 

  Na-2,4-Pentadienoate)  

 →Reversible copigmentation 

↑Mutual solubilization of RF and sodium polyphenolates 

 

↑In spite of lipophilic methyl groups, SXS with 

  its less hydrated sulfonate group is a 

  comparable solubilizer to NaBenz 42 

↓Mutual solubilization 

↓Mutual solubilization even with totally 

  insoluble sodium polyphenolates 
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4.1.2.1.2 Effect of riboflavin’s type on the solubilization power of sodium 

polyphenolates 

As already the solubility of RF in pure water depended on the distributor and batch (Figure 114 

in section 4.2.1), the solubilizing power of sodium polyphenolates might differ on the type of 

RF, too. Therefore, the trend for the solubilization of RF by means of sodium polyphenolates 

was compared for RF from two distinct distributors (Carl Roth and BASF) and for two distinct 

batches from BASF. A solubilization curve of RF in water with sodium vanillate as solubilizer 

was recorded with the RF from Carl Roth and with two RF batches from BASF, see Figure 34. 

All three types of RF led to an exponential increase of RF’s solubility in dependence of sodium 

vanillate. However, RF from Carl Roth was not only the most soluble in pure water, but better 

solubilized by vanillate than the RF from BASF, too. Further, the solubility of RF in presence 

and absence of vanillate depended even on the batch of RF (red and blue curve). Thus, the 

solubility of RF in pure water and at different sodium vanillate concentrations from batch 2 

equaled always 75-86 % of batch 1. Hence, the difference between the solubilization curves 

in percent was ca. constant over the whole concentration range in Figure 34. 

 

Figure 34: Water-solubility of riboflavin from Carl Roth and from two different 
riboflavin batches from BASF by means of sodium vanillate in water at 23 °C. 

When regarding the solubility of RF in 0.2 mol·kg-1 sodium polyphenolate and NaBenz 

solutions, the solubilizing properties of sodium polyphenolates differed upon distributor and 

batch, too, see Figure 35. Nevertheless, the trend of the solubilizing power did not vary with 

the distributor and batch, see Figure 35 (NaBenz < Na-4-OH-Benz < Na-2-OH-Benz < Na-4-

OH-3-OMe-Benz < Na-4-OH-3-OMe-Cinn < Na-3,4-DiOMe-Cinn). Although the order of the 

solubilizing power of sodium polyphenolates was not influenced by the type of RF, the solubility 

of RF differed ca. 20 % upon the type of RF. Still, except for Na-2-OH-Benz, the distance 

between the three types of RF in percent stayed approximately constant for all additives, see 

Figure 36. 
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Consequently, the type of RF determines RF’s solubility in pure water and the extent, to which 

solubilizers can dissolve the vitamin. One possibility for the distinct solubilities of RF might be 

impurities. The crystalline structure of RF might also influence the solubility of RF. In any case, 

further investigations on the correlation of RF’s water-solubility and its crystalline state should 

be carried out in the future, as the controlled solubilization of RF might be useful for a controlled 

release of this vitamin in drug therapies. 

 

Figure 35: Water-solubility of different types of RF (from Carl Roth and two 
batches from BASF) in presence of sodium benzoate and cinnamate salts at 
23 °C. 

 

Figure 36: Water-solubility of riboflavin from Carl Roth and batch 2 BASF compared to batch 1 from 
BASF at a solubilizer concentration of 0.2 mol·kg-1. The data were calculated from the solubility of RF 
in Figure 35. 
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4.1.2.1.3 Effect of distinct cations on the solubilization efficiency of 

polyphenolates 

Due to different dissociation constants, polarizability and hydration, the type of cation might 

influence the solubilizing power of polyphenolates for RF in water. Therefore, two potentially 

edible inorganic cations (sodium and potassium) and three potentially edible or pharmaceutical 

admitted organic cations were compared, see Figure 37. Because sodium ferulate (Na-4-OH-

3-OMe-Cinn) – one of the best RF solubilizers from section 4.1.2.1.1 – was soluble up to 

0.37 mol·kg-1, the water-solubility of RF in presence of other ferulate salts was tested at the 

same concentration. 

Though meglumine, arginine and potassium ferulate were not soluble at 0.37 mol·kg-1, the 

solutions were still saturated with RF, hoping for a mutual solubilization of RF and the 

solubilizer as it was observed in the case of sodium polyphenolates in section 4.1.2.1.1. The 

compounds exerted the following solubilization power: Sodium > choline > potassium > 

arginine > meglumine. 

Obviously, the small and less polarizable cations sodium and choline promoted the solubilizing 

power of ferulate more than the larger potassium, arginine and meglumine. Despite of several 

hydroxy groups and one amine group as potential hydrogen bonding partner and despite of 

meglumine’s high solubility in water, meglumine exerted the weakest solubilizing power among 

the five cations. Additionally, the weak performance of arginine ferulate compared to 

potassium, choline and sodium ferulate, amine and hydroxy groups on the cation weakened 

the solubilizing power of the polyphenolates. Thus, hydrogen bonding sites on the cations 

probably do not necessarily improve the solubilizing power of polyphenolates. 

However, the priority was to find the best cation for polyphenolates in potentially edible 

formulations, thus the reasons for the weak solubilizing performance of potassium, arginine 

and meglumine were not further investigated. The solubilization power of choline 

polyphenolates for RF in water was investigated in section 4.1.2.1.4. 
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Figure 37: Water-solubility of riboflavin in presence of 0.37 mol·kg-1 
ferulate (Fer) with different cations in water. For exact solubility see 
section 7.6 in the Appendix. 

 

 

4.1.2.1.4 Aqueous solubilization of riboflavin using choline 

polyphenolates 

As gallate exhibited distinct RF-solubilizing power depending on the inorganic cation (K+ > Li+ 

> Na+), the influence of choline as small hydrophilic organic cation on the solubilization 

performance of polyphenolates was examined for some polyphenolates and related 

compounds.254 Choline was chosen, as the resulting solution would combine the vitamin RF 

with two nutraceuticals – polyphenolates and choline.267  

The water-solubility of RF is presented in Figure 38 as a function of the choline and sodium 

polyphenolate concentration. As in the case of sodium polyphenolates, choline polyphenolates 

increased the solubility of RF in water exponentially. Hence, polyphenolates and not their 

cationic counterions are crucial for the strong effect on RF’s solubility. The best molar choline 

salt/RF ratio for the solubilization of RF in water by means of choline polyphenolates and 

cinnamate is reported in Table 15. The best molar ratio among the tested choline salts was 

reached with a 0.64 mol·kg-1 choline ferulate solution (ratio 8), see Table 15. However, a 

0.37 mol·kg-1 sodium ferulate solution exhibited still a better molar ferulate/RF ratio of 6.2, see 

Table A 51 in the Appendix. Generally, choline salts showed slightly lower solubilization 

efficiency for RF. Nevertheless, choline and sodium polyphenolates exhibit roughly 

comparable RF solubilizing powers for concentrations < 0.6 mol·kg-1. Due to their better water-

solubility compared to sodium polyphenolates, much more RF was solubilized using choline 

salts.  
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Table 15: Water-solubility of riboflavin at the best molar choline salt/RF ratio. Prior to the calculation of 
the molar ratio, RF’s water-solubility was subtracted, see equation 2 from section 2.3. 

Choline salt c(choline salt) (mol·kg-1) c(RF) (mmol·kg-1) Molar ratio 

3,5-DiOH-Benz 0.47 8.7 ± 0.4 55.1 
4-OH-3-OMe-Benz 0.52 10.3 ± 0.5 51.3 

3,4,5-TriOH-Benz 1.46 31.8 ± 0.5 46.4 

3,4-DiOMe-Benz 0.035 1.0 ± 0.1 46.4 

Cinn 0.04 1.9 ± 0.3 23.9 

4-OH-3-OMe-Cinn 0.64 80 ± 7 8.0 

Further, the solubilization efficiency of choline polyphenolates seems to decrease for high 

choline salt concentrations (> 0.6 mol·kg-1), as the exponential increase of RF’s solubility 

flattens out for high choline salt concentrations, see Figure 38. Thus, for concentrations 

> 0.6 mol·kg-1, the molar choline polyphenolate/RF ratio increased again, see Figure 39. On 

the contrary, the slope of the solubilization curves in presence of sodium polyphenolates 

stayed more or less similar for the whole concentration range tested. Consequently, for high 

concentrations, sodium polyphenolates are better RF solubilizers enabling a lower molar 

solubilizer/RF ratio than the corresponding choline salts (except for gallate), see Figure 39.  

However, sodium polyphenolates have a limited solubility in water, whereas choline salts were 

enormously water-soluble (> 2 mol·kg-1) Thus, sodium ferulate has a solubility of 0.37 mol·kg-1, 

while at least 5 mol·kg-1 choline ferulate can be solubilized in water. Consequently, the better 

water-soluble choline salts enabled a greater enhancement of RF’s aqueous solubility, see 

Figure 38. Thus, choline ferulate increased the water-solubility of RF by at least 800 times 

compared to pure water at 5.05 mol·kg-1 of the solubilizer, while sodium ferulate (0.56 mol·kg-1) 

increased the solubility only by 233 times due to sodium ferulate’s limited water-solubility, see 

Table A 51 in the Appendix. Analogously, a 0.59 mol·kg-1 sodium cinnamate solution 

solubilized only 127 times more RF than pure water, whereas in a 5.97 mol·kg-1 choline 

cinnamate solution RF’s solubility was increased 523-fold. However, the solubility limit of 

choline salts was not tested, as the samples were very viscos for high choline polyphenolate 

concentrations.  
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Figure 38: Aqueous solubility of riboflavin in presence of sodium and choline salts of ferulic, cinnamic, 
gallic, veratric, vanillic, and 3,5-dihydroxybenzoic acid. A: enlarged view; B: entire view. 

 

Figure 39: Molar ratio of sodium and choline salts of ferulic, cinnamic, gallic, veratric, vanillic, and 3,5-
dihydroxybenzoic acid to riboflavin corresponding to the solubilization efficiency for riboflavin in water. 
A and B: enlarged view, C: entire view from 0-6 mol·kg-1. 

Despite a similar solubilization efficiency of choline and sodium polyphenolates for 

concentrations < 0.6 mol·kg-1, the solubilization efficiency of 3,4,5-trihydroxybenzoate and 3,4-

dimethoxybenzoate as well as 3,5-dihydroxybenzoate and 4-hydroxy-3-methoxybenzoate was 

switched for the corresponding choline salts, see Figure 40. Probably, choline enables a better 

hydration of the polyphenolates and thus the methoxy substituted compounds comprising a 

stronger positive mesomeric effect, are better solubilizers than the hydroxy substituted ones.268 

Then, for sodium polyphenolates, the better hydration of hydroxy groups compared to methoxy 

groups leads to the greater solubilization power of hydroxy substituted compounds. 

 

Figure 40: Solubilizing efficiency of choline and sodium polyphenolates for riboflavin in water. 
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Finally, choline polyphenolates are promising solubilizing agents for riboflavin, which increase 

RF’s solubility exponentially. Yet, the usage of choline salts would probably not be desired for 

food or beverages, as they exhibit a fishy odor. However, choline and polyphenolates are 

nutraceuticals and choline polyphenolates have higher antioxidant capacity compared 

polyphenolic acids.268 Therefore, choline polyphenolates might constitute potential RF 

solubilizers for pharmaceuticals and nutritional supplements.  

4.1.2.1.5 Evaluation of the structuring potential of polyphenolates in 

presence of riboflavin in aqueous solution 

4.1.2.1.5.1 Surface-active behavior of sodium polyphenolates in presence of 

riboflavin 

In case of an aggregative solubilization of RF by sodium polyphenolates and in case of a 

significant abstraction of the amphiphiles from pure polyphenolate aggregates to form a 

RF/polyphenolate complexes, the absolute surface tension and the CAC of sodium 

polyphenolates might be altered. Hence, surface tension curves in Millipore water in absence 

and presence of RF were recorded, see Figure 41. The break point of the surface tension 

curves corresponds to a CAC. Keeping the hydrotrope/RF ratio constant, RF induced neither 

a depletion nor an accumulation of polyphenolates at the water/air interface. The CAC was not 

altered, too. Consequently, surface tension measurements indicate a CAC of sodium 

polyphenolates in the absence and presence of RF but provide neither an evidence for a 

solubilization of the vitamin via aggregation of polyphenolates nor an evidence for a huge 

demand of polyphenolates for RF’s solubilization. 

 

Figure 41: Surface tension curves of sodium ferulate and benzoate (A) as well as sodium cinnamate 
and salicylate (B) in absence and presence of riboflavin. The stock solution (sample of highest 
concentration) was saturated with riboflavin. Thus, the molar hydrotrope/riboflavin ratio was constant for 
each surface tension curve. The samples were prepared in duplicate, thus for each sample two curves 
are displayed. 
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4.1.2.1.5.2 DLS measurements of sodium polyphenolate in absence and 

presence of riboflavin 

As the surfactant SDS solubilized a considerable amount of RF in water and because the 

solubility of RF increased slightly with increasing amphiphilicity of its solubilizer, the 

solubilization of RF by means of polyphenolates might involve aggregation at least partially, 

see section 4.1.2.1.1. Thus, DLS measurements of RF in water, of sodium polyphenolates and 

NaBenz in water and of aqueous sodium polyphenolate/NaBenz solutions saturated with RF 

were conducted. As Na-3,4-DiOMe-Cinn was never entirely solubilized in water, a sample 

without RF was not analyzed. As Na-4-OH-3-OMe-Cinn, had a limited water-solubility, the 

sample comprising this polyphenolate was prepared at its water-solubility (0.37 mol·kg-1). The 

other sodium salts were prepared at 1 mol·kg-1, to be largely over the CAC of the sodium 

salts.233 Na-3,4-DiOMe-Cinn and Na-4-OH-3-OMe-Cinn were chosen, because these 

compounds belong to the four best solubilizers tested in section 4.1.2.1.1. NaBenz and Na-2-

OH-Benz were chosen because of their totally amphiphilic structure. Though NaCinn is also 

perfectly amphiphilic, samples comprising NaCinn crystallized fast on the glass of the DLS 

tube leading to a correlation function > 1.  

No or slight structuring with considerable fluctuations was detected for the aqueous NaBenz, 

Na-4-OH-3-OMe-Cinn, Na-3,4-DiOMe-Cinn and Na-2-OH-Benz. RF alone had no structuring 

potential in pure water according to DLS. In the case of NaBenz, RF even nullified the slight 

nano-structuring in the 1 mol·kg-1 NaBenz sample, whereas RF exhibited no effect at all on the 

samples comprising Na-4-OH-3-OMe-Cinn. Na-2-OH-Benz and Na-3,4-DiOMe-Cinn. 

Consequently, RF has either no or a structure breaking effect. 

 

Figure 42: Dynamic light scattering correlation functions of A: riboflavin, sodium benzoate, sodium 
benzoate saturated with riboflavin and sodium 3,4-dimethoxycinnamic acid in water; B: sodium ferulate 
and sodium ferulate saturated with riboflavin in water; C: sodium salicylate and sodium salicylate 
saturated with riboflavin in water; at 25 °C. M = mol·kg-1 

Although, DLS is not as precise as SAXS or Small Angle Neutron Scattering, DLS allows 

evaluating the magnitude of structuring. Yet, slight structuring or small complex formation are 

usually not visible in DLS correlation curves. Therefore, SAXS spectra of pure RF in water 

(saturation), and 0.3 mol·kg-1 sodium polyphenolate solutions without and saturated with RF 
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were measured against water as reference. However, the scattering light density of water and 

of the solutes was in a similar range, see Figure A 7 in section 7.10 in the Appendix. Therefore, 

the contrast between the scattering of water and the scattering of sodium polyphenolates was 

too small to yield reliable results. If the concentration of sodium polyphenolates would be at 

least 1 mol·kg-1, the contrast might be sufficient. However, the best RF solubilizing sodium 

polyphenolates were not soluble at this concentration. Only Na-3,4-DiOMe-Cinn was soluble 

above 4 mol·kg-1, but only in presence of RF. Therefore, a reference sample without RF would 

not be accessible for Na-3,4-DiOMe-Cinn and the measurement would not be reliable. Hence, 

SAXS measurements are not appropriate for the analysis of potential aggregation in aqueous 

sodium polyphenolate/RF solutions. A better method for obtaining more certain information 

about potential aggregation might be Small Angle Neutron Scattering. However, this method 

is rather expensive and was not exerted, as the results from section 4.1.2.1.1 show clearly a 

greater effect of the electronic contribution than of the amphiphilic one. 

4.1.2.1.5.3 Conclusion 

The absence of a pronounced correlation in DLS and the absence of an effect of RF on the 

surface tension and CAC of Na-4-OH-3-OMe-Cinn, NaCinn, Na-2-OH-Benz and NaBenz 

negated the inclusion of RF into aggregates. Moreover, sodium polyphenolates increased RF’s 

water-solubility already at low additive concentrations (<0.21 mol·kg-1), while the CACs of them 

were mostly above 0.2 mol·kg-1. On top of that, the bad solubilizing performance of the 

surfactant SDS compared to sodium polyphenolates confirmed that the amphiphilicity of 

polyphenolates cannot be the solubility determining factor. Thus, classical aggregation of 

sodium polyphenolates, which would be comparable to surfactants, does not occur. Instead, 

probably small complexes of RF and polyphenolates are formed. 

 

4.1.2.1.6 Attempt for cocrystallization of riboflavin and aromatic sodium 

carboxylates 

To get more insight into the arrangement of RF and sodium polyphenolates in the solution, 

cocrystallization of RF with different sodium phenolates or phenolic acids was attempted. 

Distinct methods for the synthetization of cocrystals were tried, see section 3.2.2.1.9.  

However, RF and aromatic sodium carboxylate salts or carboxylic acids crystallized always 

apart from each other. Aromatic sodium carboxylates/carboxylic acids crystallized always in 

colorless transparent needles or plates, while RF crystallized as orange and mostly non-

transparent needles, which were ingrown via the edges, see Figure 43. 

As the aqueous solubility of ferulic acid is low compared to the one of sodium ferulate, another 

idea was to precipitated sodium ferulate slowly from an aqueous sodium ferulate solution 

saturated with RF, see section 3.2.2.1.9.4. The precipitation of ferulate equals a reduction of 



 

97 
 

the solubilizing agent for RF. Thus, RF should be precipitated, too, and hopefully via the 

formation of RF-sodium ferulate cocrystals. However, the orange crystals were either not clear 

or too small for an analysis, see Figure 44. The failure to synthesize cocrystals indicates that 

the interactions of RF and sodium polyphenolates are weak and dynamic. 

 

Figure 43: A) Na-3,4-DiOMeCinn/RF stock solution overlayed with acetone: Needles grown together 
radially 0.29 mm x ≤0.01 mm; B) Sodium caffeate/RF stock solution overlayed with acetone: Needles 
grown together radially. C) NaCinn/RF stock solution overlayed with acetone: Needles grown together 
radially; D) Colorless crystals: pure NaCinn 

    

Figure 44: Left: 0.37 mol·kg-1 sodium 
ferulate saturated with RF after 
precipitation with HCl. Right: Many 
tiny needle-shaped ferulic acid and RF 
crystals were obtained. 

 

4.1.2.1.7 Insight in the interaction of riboflavin and aromatic sodium 

carboxylates via NMR spectroscopy  

NMR measurements of RF, of sodium polyphenolates, NaCinn and NaBenz as well as NMR 

measurements of RF in presence of sodium polyphenolates/NaCinn/NaBenz were conducted 

to further evaluate the interactions of RF and sodium polyphenolates. Regarding the 

exponential increase of RF’s water-solubility in presence of polyphenolates and similar 

compounds from section 4.1.2.1.1, deuterium oxide would have been the most reasonable 

solvent for the NMR experiments. However, the solubility of RF in deuterium oxide was as so 

low as in water, so that the NMR signals were too noisy in 1H-NMR and not visible at all in 13C-

NMR. Other typical NMR solvents, such as deuterated acetonitrile, chloroform, methanol, 

ethanol, benzene and acetone solubilized either less or no RF at all. Only in DMSO-d6, RF, 

polyphenolates, NaBenz and NaCinn were sufficiently soluble for 1H-NMR and barely enough 

soluble for 13C-NMR experiments. Although DMSO-d6 is totally distinct from water and might 

even suppress inter- and intramolecular hydrogen bonding, the reduced proton exchange in 
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DMSO-d6 gave access to the hydroxy groups of RF and polyphenolates and to RF’s amine 

group.269 Therefore, DMSO-d6 was used for almost all NMR measurements regarding RF, see 

section 7.11.1 and sections 7.11.3-7.11.8 in the Appendix. Only for the NOESY measurement 

of the 3 mol·kg-1 Na-3,4-DiOMe-Cinn sample saturated with RF, water could be used. 

To still evaluate the interaction of RF with sodium polyphenolates in an aqueous medium, 

additionally NMR measurements of the better water-soluble RF-PO4 in absence and presence 

of sodium ferulate were performed in deuterium oxide. This was possible, because RF-PO4 

comprises the same isoalloxazine ring as RF and RF-PO4 was also solubilized by sodium 

polyphenolates, see section 4.1.2.2. Due to the high water-solubility of RF-PO4, all NMR 

signals in 1H- and 13C-NMR were well resolved, see sections 7.11.2 and 7.11.9 in the Appendix. 

To reach maximum resolution, all NMR samples were prepared via saturation of the deuterated 

solvent with RF, RF-PO4 and/or sodium polyphenolates/cinnamate/benzoate. The signals of 

all NMR spectra were assigned via the splitting, integrals, cross-peaks in the Correlation 

Spectroscopy (COSY), Nuclear Overhauser Effect Spectroscopy (NOESY), Heteronuclear 

Single Quantum Coherence (HSQC) and Heteronuclear Multiple Bond Correlation (HMBC) 

NMR spectrum, via comparison with simulation in ChemDraw 20.0, MestReNova (from 2020) 

and via a comparison with NMR assignments from the literature. In some cases, an increment 

table was used to calculate the chemical shift of the protons/carbons.270–273 The NMR spectra 

and the peak assignment are reported in section 7.11 in the Appendix.  

In section 4.2.1, cross-peaks in the NOESY spectrum were used to study the intra- and 

intermolecular interactions of RF with itself and RF-PO4 with itself. -Stacking and a bent ribityl 

chain were indicated by NOESY measurements of RF-PO4 in pure water, while the NOESY 

spectrum of RF did not exhibit such indications. In case of strong intermolecular interactions 

of RF or RF-PO4 with sodium polyphenolates, a change of the chemical shift Δδ in the 1H- and 

13C-NMR spectrum was supposed relatively to the 1H- and 13C-NMR spectra of the pure 

compounds. Therefore, Δδ was calculated from 1H-NMR and 13C-NMR, see section 7.11 in the 

Appendix. Further, cross-peaks in NOESY NMR spectra were used to evaluate the 

intermolecular interactions of RF or RF-PO4 with sodium polyphenolates in DMSO-d6 and 

deuterium oxide, respectively. As, Na-2-OH-Benz was sufficiently soluble in DMSO-d6, the 

dependence of the 1H- and 13C-NMR signals on the molar ratio of Na-2-OH-Benz and RF was 

also analyzed, see section 4.1.2.1.7.2 below. The observations are briefly reported one after 

another in the sections 4.1.2.1.7.1-4.1.2.1.7.7 for each aromatic sodium salt and summarized 

and interpreted in section 4.1.2.1.7.8.  
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4.1.2.1.7.1 Riboflavin in presence of sodium benzoate 

A saturation of DMSO-d6 with NaBenz and RF resulted in a molar ratio of NaBenz/RF of two. 

In Figure 45 the change of chemical shift of RF’s and NaBenz’s protons and carbons with the 

numeration of the protons/carbons compared to the pure compounds in DMSO-d6 is displayed 

for a molar NaBenz/RF ratio of 2. 

1H-NMR: The splitting of NaBenz’s protons was altered by the presence of RF, see Figure A 

18, Figure A 19 and Table A 81 in section 7.11.3 in the Appendix. The chemical shift of 

NaBenz’s aromatic protons was not considerably influenced by the presence of RF 

(≤ 0.04 ppm), see Figure 45 on the right. Analogously, out of RF’s protons on the isoalloxazine 

ring, only the aromatic proton H2 was deshielded by 0.15 ppm due to the presence of NaBenz, 

whereas the other protons on the isoalloxazine ring were not affected at all, see Figure 45 on 

the left. Further, RF’s hydroxy groups were broadened (H4, H6, H7) and the signal of the 

outermost hydroxy group (H9) disappeared, see Table A 82 in section 7.11.3 in the Appendix. 

RF’s hydroxy group signals of H6, H7 were merged, see Figure A 19 in section 7.11.3 in the 

Appendix. The reason for the deshielding and change of the splitting of the ribityl chain’s 

residual protons (H12, H11, H10) originated most probably from the entire or partial 

deprotonation of RF’s hydroxy groups, see Figure 45 on the left and Figure A 19 in section 

7.11.3 and Figure A 8 in section 7.11.1 in the Appendix.  

13C-NMR: NaBenz’s carbon atoms on the ortho and meta position (C2/6, C3/5) were 

deshielded by ≤ 0.2 ppm, whereas the residual ones were shifted by > 0.4 ppm, see Figure 45 

right and Table A 83 in section 7.11.3 in the Appendix. The para carbon atom of NaBenz C4 

was shifted most by 0.9 ppm upfield. Further, the change of the chemical shift of NaBenz’s 

carbons increased from ortho to meta to para (C2/6 < C3/5 < C4) due to the presence of RF, 

see Figure 45 on the right. Regarding RF, not only its carbon atoms on the ribityl chain were 

obviously shifted by 0.42-0.58 ppm, but also all carbons (except of C9a) in the isoalloxazine 

ring, see Figure 45 on the right and Table A 84. C9 was shifted most by 0.52 ppm out of the 

carbons in the isoalloxazine ring.  

Summary: In 1H-NMR, only the exchangeable hydroxy group protons were deshielded 

significantly, whereas the residual protons of RF and NaBenz were not or just minorly affected 

by the presence of NaBenz or RF. On the other side, the electro-magnetic environment of 

almost all carbon atoms of both molecules was changed minorly to significantly (mainly 

deshielded). 

NOESY: The NOESY spectrum of RF in presence of NaBenz revealed a proximity of NaBenz’s 

protons H2 and H1 to RF’s protons H11 on the ribityl chain, see Figure 46. 
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Figure 45: Change of chemical shift of riboflavin’s signals in presence of NaBenz and change of the 
chemical shift Δδ of NaBenz’s signals in presence of RF in DMSO-d6 in 1H- and 13C-NMR at a molar 
ratio of NaBenz/RF = 2. Blue: shifted downfield/deshielded; magenta: shifted upfield/shielded; orange: 
changed splitting. The corresponding NMR spectra and peak attribution are given in section 7.11.3 in 
the Appendix. 
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Figure 46: NOESY spectrum of sodium benzoate and riboflavin in DMSO-d6 at a molar ratio of 
NaBenz/RF = 2. A) The circled cross-peak indicates an interaction of H11 of RF with H2 of NaBenz; B) 
Stronger zoom revealed the circled cross-peak, which indicated an interaction of H11 of RF with H1 of 
NaBenz. 
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4.1.2.1.7.2 Riboflavin in presence of sodium salicylate 

As Na-2-OH-Benz was sufficiently soluble in DMSO-d6, the dependence of the chemical shift 

of RF’s and Na-2-OH-Benz’s proton and carbon atoms on the molar Na-2-OH-Benz/RF ratio 

was accessible. Therefore, 13C- and 1H-NMR spectra of Na-2-OH-Benz in presence of RF in 

DMSO-d6 at four different molar Na-2-OH-Benz/RF ratios (2, 5, 10 and 50) were conducted, 

see section 7.11.4 in the Appendix. A graphical overview of the maximum change of the 

protons’ and carbons’ chemical shift and the numeration of the atoms are displayed in Figure 

48. 

1H-NMR: The superimposed 1H-NMR spectra of RF and Na-2-OH-Benz in DMSO-d6 at distinct 

molar ratios are reported in Figure 47 A-C. As DMSO-d6 suppresses proton exchange, the 

exchangeable protons of RF and Na-2-OH-Benz gave rise to sharp signals with a well resolved 

splitting, see Figure 47 A and B yellow/blue curve.269 Yet, with increasing Na-2-OH-Benz/RF 

ratio, the exchangeable protons of RF underwent deshielding up to 0.46 ppm as well as peak 

broadening, which finally resulted in a loss of the splitting, see Figure 47 A, B and Figure 48 

on the left. The hydroxy group of Na-2-OH-Benz underwent also peak broadening and a 

crescent deshielding with increasing RF/Na-2-OH-Benz ratio by up to 1.10 ppm, Figure 47 A 

and Figure 48 on the left. The reason for the peak broadening is that water-free DMSO-d6 still 

contains traces of residual water due to its hygroscopicity.274 Apparently, the residual water in 

DMSO-d6 was not sufficient for a hydration or peak broadening of pure compounds’ 

exchangeable protons. Yet, the traces of water were sufficient for a hydration of RF’s ribityl 

chain and Na-2-OH-Benz’s hydroxy group, when Na-2-OH-Benz and RF were dissolved in 

DMSO-d6 together. 

Further, with increasing molar RF/Na-2-OH-Benz ratio, RF induced a crescent shielding of Na-

2-OH-Benz’s aromatic protons by 0.1-0.23 ppm, see Figure 47 C. The protons H2 and H4 next 

to Na-2-OH-Benz’s hydroxy group were shielded most, see Figure 48 on the left. Analogously, 

Na-2-OH-Benz induced at least a slight deshielding of all protons of RF except of the methyl 

groups, see Figure 48 on the left.  

The coupling constants of Na-2-OH-Benz in presence of RF did not correlate with the mole 

ratio of RF/Na-2-OH-Benz, see Table A 86 in section 7.11.4 in the Appendix. In case of RF, 

only the coupling constants of the non-exchangeable protons H5/H8 were weakened due to 

the Na-2-OH-Benz, see Table A 88-Table A 91 in section 7.11.4 in the Appendix.  

13C-NMR: Almost all carbon atoms of RF and Na-2-OH-Benz were shifted due to the presence 

of Na-2-OH-Benz and RF, respectively. Na-2-OH-Benz’s carbon atoms were shielded or 

deshielded by 0.37-1.79 ppm, see Figure 48 on the right. The carbon atoms of RF’s ribityl 

chain were deshielded by 0.22-0-55 ppm and the ones on the isoalloxazine ring were mainly 

deshielded by 0.04 ppm-1.68 ppm., see Figure 48 on the right. 
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Figure 47: 1H-NMR signals of RF and Na-2-OH-Benz in DMSO-d6 at different molar ratios of Na-2-OH-
Benz/RF. The pure spectra of RF and Na-2-OH-Benz are displayed in blue, yellow and purple. A) Full 
spectrum with the hydroxy group of sodium salicylate. B) View of the hydroxy groups on ribityl chain of 
RF. C) View of the aromatic protons of Na-2-OH-Benz.  
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Figure 48: Change of chemical shifts of riboflavin’s and sodium salicylate’s protons and carbons in 1H-
NMR 13C-NMR in presence of Na-2-OH-Benz and RF, respectively, at different molar ratios. Blue: 
deshielding/ shift to low field; Pink: shift to high field; orange: changed splitting. The corresponding NMR 
spectra and peak attribution are given in section 7.11.4 in the Appendix. 

In the following, the change of the chemical shift of RF’s and Na-2-OH-Benz’s protons is 

displayed as a function of the molar ratio of the two molecules, see Figure 49. The change of 

the chemical shift of all of Na-2-OH-Benz’s and RF’s protons increased more or less linearly 

with the molar RF/Na-2-OH-Benz and Na-2-OH-Benz/RF ratio, respectively. In the plot of Δδ 

of Na-2-OH-Benz against the molar RF/Na-2-OH-Benz ratio, a break point is present at the 

ratio 5, see Figure 49 A. A break point is also present in the plot of Δδ of RF against the molar 

Na-2-OH-Benz/RF at ratio 10, see Figure 49 B. 

 

Figure 49: A: Shielding of sodium salicylate’s protons depending on the ratio of riboflavin/Na-2-OH-
Benz. H2 and H5 of Na-2-OH-Benz have an equal change of the chemical shift, hence the curves 
overlap. B: Deshielding of riboflavin’s protons depending on the ratio of Na-2-OH-Benz/RF. 
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Further, in Figure 50 and Figure 51, the change of the chemical shift of RF’s and Na-2-OH-

Benz’s carbon atoms at different molar ratios of Na-2-OH-Benz to RF is visualized. Almost all 

carbons of RF were deshielded more strongly the more Na-2-OH-Benz was present, see 

Figure 50 A and B. On the contrary, only 2 carbons of Na-2-OH-Benz were deshielded due to 

the presence of RF, while the other carbons were shielded. Up to a break point at a molar Na-

2-OH-Benz/RF ratio of 10, the chemical shift of almost all carbon atoms of RF changed linearly 

with the ratio of Na-2-OH-Benz/RF, see Figure 50. Analogously, all Na-2-OH-Benz’s carbons 

were shifted linearly up to a Na-2-OH-Benz/RF ratio of 5 see Figure 51. 

 

Figure 50: Change of chemical shift of riboflavin’s carbons depending on the ratio of Na-2-OH-Benz/RF, 
for the exact values see section 7.11.4. Negative: Deshielding; positive: Shielding. 

 

Figure 51: Change of chemical shift of sodium salicylate carbons depending on the ratio of riboflavin to 
sodium salicylate. The change of the chemical shift, for the exact values see section 7.11.4. Negative: 
Deshielding; positive: Shielding. 

Summary: Until a break point, almost all signals of RF’s and Na-2-OH-Benz’s protons and 

carbons changed linearly with the molar Na-2-OH-Benz/RF or RF/Na-2-OH-Benz ratio, 

respectively.  
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NOESY spectrum: The cross-peak of RF’s aromatic proton H2 with the ribityl chain protons 

H11 and H12 (area (a) in Figure 52) indicates a curved conformation of the RF’s ribityl side 

chain in presence of Na-2-OH-Benz. The cross-peak of the RF’s amine group and its hydroxy 

groups (area (b) in Figure 52), demonstrates once more the hydration of the exchangeable 

groups of RF in presence of Na-2-OH-Benz. 

 

Figure 52: NOESY NMR spectrum of riboflavin in presence of sodium salicylate in DMSO-d6 with a 
molar ratio of Na-2-OH-Benz/riboflavin of 2. a) Interaction of H2 of RF with H11/H12/H8/H5 of RF; b) 
Interaction of amine group with hydroxy groups of RF due to hydration in presence of sodium salicylate. 

4.1.2.1.7.3 Riboflavin in presence of sodium 3-hydroxybenzoate 

The saturation of DMSO-d6 with Na-3-OH-Benz and RF resulted in a molar Na-3-OH-Benz/RF 

ratio of 11. The change of chemical shift of RF and Na-3-OH-Benz’s protons and carbons and 

the numeration of the protons/carbons are given in the structures displayed in Figure 53. 

1H-NMR: RF’s ribityl chain was completely deprotonated in presence of Na-3-OH-Benz, see 

Figure 53 on the left and Figure A 36 in section 7.11.5 in the Appendix. Consequently, the 

splitting of the non-exchangeable protons H11, H12 and H10 was lost and the corresponding 

signals gave rise to singlets. The protons in RF’s isoalloxazine ring H2 (0.18 ppm) and H3 

(0.06 ppm) were shifted only slightly in presence of Na-3-OH-Benz, see Figure 53. 

Analogously, out of Na-3-OH-Benz’s protons, only the hydroxy group proton was deshielded 

by 0.20 ppm, see Figure 53. 

13C-NMR: The carbons on RF’s ribityl chain were deshielded slightly to considerable by 0.11 

– 0.18 ppm, see Figure 53 on the right. Further, almost all carbon atoms on RF’s isoalloxazine 

ring were shifted in different directions, see Figure 53 on the right. Regarding Na-3-OH-Benz, 

all of its carbon atoms were shifted by > 0.1 ppm, see Figure 53 on the right. All carbon atoms 
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except of C1 were deshielded. The change of the carbon atom’s chemical shift increased from 

ortho to meta to para.  

Summary: In 1H-NMR, only the exchangeable protons of RF and Na-3-OH-Benz experienced 

a considerable change of the chemical shift due to the presence of Na-3-OH-Benz and RF, 

respectively. In contrast, almost all carbons of RF and all carbon atoms of Na-3-OH-Benz were 

shifted due to the presence of Na-3-OH-Benz and RF, respectively. 

NOESY: The cross-peak of Na-3-OH-Benz’s hydroxy group and RF’s aromatic protons H2 and 

H3 revealed that Na-3-OH-Benz is indeed directly next to RF, see area (b) in Figure 54. If RF 

and Na-3-OH-Benz perform stacking, then the cross-peaks of the hydroxy group of Na-3-OH-

Benz and with the ribityl chain protons H5, H8, H10, H11 and H12 of RF indicate again a curved 

conformation of the ribityl side chain in presence of sodium polyphenolates, see area (a) in 

Figure 54. 

 

Figure 53: Change of chemical shift Δδ of riboflavin’s protons and carbons in presence of sodium 3-
hydroxybenzoate in DMSO-d6 in 1H- and 13C-NMR and vice versa at a molar ratio of Na-3-OH-Benz to 
RF of 11. Blue: shifted downfield/deshielded; magenta: shifted upfield/shielded, orange: changed 
splitting. The shift of C9a of RF is not certain, as the signal in the spectrum of pure RF in DMSO-d6 was 
hardly visible. The peak attribution and change of the chemical shift are given in section 7.11.5 in the 
Appendix. 
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Figure 54: NOESY NMR spectrum of riboflavin in presence of sodium 3-hydroxybenzoate in DMSO-d6 
at the molar ratio of Na-3-OH-Benz/riboflavin = 11. a) Interaction of ribityl side chain (H5, H8, H10, H11, 
H12) of RF with the hydroxy group of Na-3-OH-Benz. b) Interaction of one aromatic protons (H2/3) of 
RF with the hydroxy group of Na-3-OH-Benz. 

 

4.1.2.1.7.4 Riboflavin in presence of sodium 4-hydroxybenzoate 

A saturation of DMSO-d6 with Na-4-OH-Benz and RF led to a molar Na-4-OH-Benz/RF ratio 

of 2. The change of chemical shift of RF and Na-4-OH-Benz’s protons and carbons relatively 

to the pure compounds in DMSO-d6 and the numeration of the protons and carbons are given 

in the structures displayed in Figure 55. First, many of RF’s protons were broadened and lost 

their splitting pattern due to the presence of Na-4-OH-Benz. As the 1H-NMR spectrum of pure 

Na-4-OH-Benz was also distorted, probably the purchased Na-4-OH-Benz contained traces of 

paramagnetic impurities, which destroyed the coupling of RF’s protons. Nevertheless, an 

evaluation of Na-4-OH-Benz’s influence on RF’s protons was possible. 

1H-NMR: All exchangeable protons of RF were either deshielded or disappeared. The aromatic 

proton H2 of RF was slightly deshielded by 0.14 ppm, whereas H3, H11, H10, H8, H5 and H14 

were not or only scarcely deshielded, see Figure 55 on the left. Regarding Na-4-OH-Benz, only 

its hydroxy group was shielded by 0.20 ppm. Its residual protons were shielded slightly, see 

Figure 55 on the left. Obviously, both Na-4-OH-Benz and RF were hydrated strongly by the 

residual water in DMSO-d6 if the compounds were present in DMSO-d6 together. Due to this 

hydration, a change of the splitting and coupling constants of the protons on the ribityl chain 

was induced, see Figure 55 below, Table A 102 in section 7.11.6 and Table A 77 section 7.11.1 

in the Appendix. 
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13C-NMR: Most of RF’s carbon atoms in the isoalloxazine ring were deshielded by up to 

0.50 ppm. Only the methyl groups were shielded. The methyl group of RF (C12) was shifted 

most by 1.92 ppm upfield, see Figure 55 on the right. Further, all carbon atoms on the ribityl 

chain were deshielded by 0.24-0.53 ppm. Regarding the carbon atoms of Na-4-OH-Benz, the 

one on the hydroxy group (C4) and the one on the carboxylate group (C7) were shifted most 

by 0.21 ppm and 0.14 ppm upfield, respectively. The change of the chemical shift of Na-4-OH-

Benz’s carbon atoms increased from ortho to meta to para. The same order was observed for 

NaBenz and Na-3-OH-Benz in the previous sections 4.1.2.1.7.1. and 4.1.2.1.7.3. 

Summary: Only exchangeable protons of RF and Na-4-OH-Benz were influenced by the 

presence of the Na-4-OH-Benz and RF, respectively. The reason was that the presence of RF 

and Na-4-OH-Benz led to a hydration of Na-4-OH-Benz and RF, respectively. Except of few 

carbon atoms, the presence of RF and Na-4-OH-Benz resulted in a change of almost all of Na-

4-OH-Benz’s and RF’s carbon’s chemical shift, respectively. 

 

Figure 55: Change of chemical shift Δδ of riboflavin’s protons and carbons in presence of sodium 4-
hydroxybenzoate in DMSO-d6 in 1H- and 13C-NMR and vice versa. The molar ratio Na-4-OH-Benz to 
riboflavin equals 2. Blue: shifted downfield/deshielded; magenta: shifted upfield/shielded; orange: 
changed splitting. The corresponding NMR spectra and peak attribution are given in section 7.11.6 in 
the Appendix. 

NOESY: The cross-peaks of RF’s amine and RF’s hydroxy groups with water show again the 

hydration of the two molecules, when being present in DMSO-d6 together with Na-4-OH-Benz, 

see area (a) in Figure 56. The cross-peak of RF’s H5 with the aromatic proton H2 of Na-4-OH-

Benz shows the proximity of Na-4-OH-Benz to the ribityl chain of RF see area (b) in Figure 56. 
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Hence, RF and Na-4-OH-Benz must be close to each other in the solution and induce a strong 

hydration of each other. 

 

Figure 56: NOESY NMR spectrum of riboflavin with sodium 4-hydroxybenzoate in DMSO-d6 at a molar 
ratio of Na-4-OH-Benz/RF = 2. a) Cross-peak between water and RF’s amine and hydroxy groups. b) 
Cross-peak between H2 of Na-4-OH-Benz and H5 of RF. 

 

4.1.2.1.7.5 Riboflavin in presence of sodium vanillate 

The saturation of DMSO-d6 with sodium vanillate and RF resulted in a molar ratio of sodium 

vanillate to RF of 1.3. The change of chemical shift of RF and Na-4-OH-3-OMe-Benz’s protons 

and carbons relatively to the pure compounds in DMSO-d6 and the numeration of the 

protons/carbons are given in the structures displayed in Figure 57. 

1H-NMR: Sodium vanillate did not induce a significant shift of the protons in RF’s isoalloxazine 

ring. Thus, the aromatic proton H2 of RF was the only one being shifted downfield by 0.12 ppm, 

see Figure 57 on the left. Regarding the protons on RF’s ribityl chain, the splitting changed 

and the signals and exchangeable hydroxy groups were deshielded and broadened (H4/H6) 

or disappeared (H7/H9), see Figure 57 on the left. Presumably due to the hydration, the 

coupling of H5 with H8 on the ribityl side chain decreased compared to pure RF in DMSO-d6 

(12.17 Hz with vanillate, 13.65 Hz pure RF in DMSO-d6). The hydroxy group of sodium 

vanillate was slightly deshielded by 0.14 ppm and broadened due to the presence of RF, 

whereas the residual protons of sodium vanillate were scarcely influenced by the presence of 

RF, see Figure 57 on the left. 

13C-NMR: Though the change of the chemical shift in 1H-NMR was only significant for the 

exchangeable groups, all carbon atoms of RF (except C9a as uncertain signal) and all carbons 
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of sodium vanillate were shifted in presence of vanillate and RF, respectively. Due to the 

presence of sodium vanillate, the carbon atoms on the ribityl side chain of RF were deshielded 

by 0.18-0.49 ppm. Additionally, sodium vanillate induced a shift of all carbon atoms on the 

aromatic isoalloxazine ring of RF. C2, C4, C9 were even shifted by 1.97 ppm upfield, 2.94 ppm 

downfield and 0.47 ppm downfield, respectively. Regarding sodium vanillate, all carbon atoms 

were shifted noticeably. The carbon C3 next to the methoxy group of vanillate was shifted most 

(1.01 ppm upfield). 

Summary: Non-exchangeable protons of RF and sodium vanillate were not significantly 

influenced by the presence of sodium vanillate and RF, respectively. In contrast, all hydroxy 

groups of RF and sodium vanillate were either broadened and deshielded or deprotonated due 

to the presence of the other vanillate and RF, respectively. Further, RF and sodium vanillate 

induced mutual a change in the electro-magnetic environment of almost all carbon atoms of 

vanillate and RF, respectively. 

 

Figure 57: Change of chemical shift Δδ of riboflavin’s protons and carbons in presence of sodium 
vanillate in DMSO-d6 in 1H- and 13C-NMR and vice versa. The ratio sodium vanillate to RF equals 1.3. 
Blue: shifted downfield/deshielded; magenta: shifted upfield/shielded; orange: changed splitting. The 
corresponding NMR spectra and peak attribution are given in section 7.11.7 in the Appendix. 

NOESY NMR: At least one of RF’s methyl groups gave rise to a cross-peak with the protons 

H11 on RF’s ribityl chain, see Figure 58. Thus, the ribityl chain is probably curved in presence 

of sodium vanillate. 
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Figure 58: NOESY NMR spectrum of riboflavin in presence of sodium vanillate in DMSO-d6 at a molar 
vanillate/riboflavin ratio of 1.3. Red: Cross-peak of H13 and/or H14 of riboflavin with H11 of riboflavin. 

4.1.2.1.7.6 Riboflavin in presence of sodium cinnamate 

The NMR spectra of NaCinn in DMSO-d6 and of NaCinn in presence of RF in DMSO-d6 at the 

molar NaCinn/RF ratios of 1 and 0.4 and the peak attribution are given in section 7.11.8 in 

Appendix. Due to the low solubility of NaCinn in DMSO-d6, the signal to noise ratio was low in 

13C-NMR. Still, some signals could be attributed. The maximum change of chemical shift of RF 

and NaCinn’s protons and carbons relatively to the pure compounds in DMSO-d6 with the 

numeration of the protons/carbons is displayed in Figure 59. 

1H-NMR: The presence of RF induced only a slight shift of NaCinn’s side chain protons H2 

and H1 by 0.08 and 0.02 ppm downfield. NaCinn’s splitting and coupling constants were not 

altered by the presence of RF, see Table A 109 in section 7.11.8 in the Appendix. Analogously, 

RF’s protons on the isoalloxazine ring were just marginally influenced by NaCinn. Only, H2 

and H3 were scarcely deshielded, see Figure 59 on the left. The exchangeable protons on the 

ribityl chain were deshielded by up to 0.36 ppm, broadened and two signals disappeared 

completely, see Figure A 51 and Figure A 52 in section 7.11.8 in the Appendix. Hence, NaCinn 

led to a hydration of RF. 

13C-NMR: Even after saturation, the signals of RF’s carbon atoms and some of NaCinn were 

very noisy. Therefore, for some carbon atoms of RF two (C2, C10a, C4a) or even three (C1) 

signals would be possible. For C4, C2 and C9a, the shift was not determined as the signal was 

too uncertain. Regarding RF, almost all carbon atoms were shifted due to the presence of 

NaCinn. C6 in the isoalloxazine ring was shifted most by 1.05 ppm downfield, see Figure 59 



 

113 
 

on the right. The carbons on the ribityl chain were all deshielded by 0.22 to 0.38 ppm. For C1 

several signals were obtained. Hence it was either shielded by 0.43 ppm or deshielded by 0.83 

ppm. Further, the NaCinn’s carbon atoms on the side chain were shifted most (0.37 ppm, 

1.19 ppm) and were the only carbons of NaCinn being shielded, see Figure 59 on the right. All 

other carbons were deshielded, out of which the C1 on the carbonyl group was deshielded the 

most by 1.07 ppm.  

Summary: The change of the chemical shift of RF’s non-exchangeable and NaCinn’s protons 

induced by the presence of NaCinn and RF, respectively, was extremely weak. Yet, the 

hydroxy groups of RF were obviously deprotonated due to the presence of NaCinn. In 13C-

NMR, the carbon atoms of NaCinn and RF were clearly shifted due to the presence of RF or 

NaCinn, respectively. However, due to the low signal to noise ratio, the change of RF’s carbon 

atoms in 13C-NMR must be regarded cautious. 

 

Figure 59: Change of chemical shift Δδ of riboflavin’s protons and carbons an in presence of sodium 
cinnamate in DMSO-d6 in 1H- and 13C-NMR and vice versa. The molar ratio of NaCinn to RF equals 1 
for the shifts of the protons of RF and 0.4 for the shift of the protons of NaCinn. Blue: shifted 
downfield/deshielded, magenta: shifted upfield/shielded, orange: splitting changed. The corresponding 
NMR spectra and peak attribution are given in section 7.11.8 in the Appendix. C2 of RF was probably 
shielded, but it disappeared in the noise, therefore a certain change of the chemical shift was not 
determined. 

NOESY: Unusual cross-peaks of RF and NaCinn were not observed in the NOESY NMR 

spectrum of NaCinn with RF at a molar ratio of 1, see Figure A 57 and Figure A 58 in section 

7.11.8 in the Appendix. 
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4.1.2.1.7.7 Sodium riboflavin 5’-monophosphate in presence of sodium ferulate 

in deuterium oxide 

To evaluate the change of the chemical shift of RF due to the presence of the sodium 

polyphenolates, NMR spectra of RF-PO4, comprising the same molecular backbone, with the 

water-soluble sodium ferulate in deuterium oxide at a molar ferulate/RF-PO4 ratio of 5.5 were 

recorded, see section 7.11.9 in the Appendix for the spectra and peak attribution. To have a 

reference peak in 13C-NMR, a tube with DMSO-d6 was inserted. The numeration of the protons 

and carbon atoms of sodium ferulate and RF-PO4 is reported in Figure 60 on the right. The 

change of the chemical shift of RF-PO4’s and sodium ferulate’s protons and carbon atoms due 

to the presence of sodium ferulate and RF-PO4, respectively, is displayed in the same figure. 

1H-NMR: Due to proton exchange in deuterium oxide, all exchangeable groups were not visible 

and were not regarded for the evaluation. The non-exchangeable protons of RF-PO4 were 

shifted only slightly due to the presence of sodium ferulate (≤ 0.15 ppm), see Figure 60 on the 

right. On the other side, the non-exchangeable protons of sodium ferulate were obviously 

shielded by 0.15-0.34 ppm, see Figure 60 on the left. 

13C-NMR: Sodium ferulate induced a change of all of RF-PO4’s carbon atoms, see Figure 60 

on the right. C5’ was the only carbon on the ribityl phosphate chain, which was shielded. The 

residual carbons on the ribityl phosphate chain were deshielded. In the isoalloxazine ring, the 

aromatic carbons C8, C4a, C4, C6 were shifted most (up to 1.14 ppm) due to the presence of 

sodium ferulate. Both methyl groups of sodium RF-PO4 were deshielded slightly by 0.12 ppm. 

Regarding sodium ferulate, all of its carbon atoms were shielded due to the presence of RF-

PO4 (0.3-0.56 ppm), see Figure 60 on the right.  

Summary: Although the protons of RF-PO4 were not considerably affected by sodium ferulate, 

all of RF-PO4’s carbon atoms were visibly shifted in up- or downfield. In case of sodium ferulate, 

all of its protons and carbon atoms were shielded considerably due to the presence of RF-PO4. 
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Figure 60: Change of chemical shift Δδ of the protons and carbon atoms of riboflavin 5’-monophosphate 
sodium salt and sodium ferulate due to the presence of sodium ferulate and riboflavin 5’-monophosphate 
sodium salt, respectively, in deuterium oxide. The molar ratio sodium ferulate to RF-PO4 equals 5.5. 
Blue: shifted downfield/deshielded and magenta: shifted upfield/shielded. For the corresponding NMR 
spectra and peak attribution see section 7.11.9 in the Appendix 

NOESY: The NOESY spectrum of RF-PO4 in presence of sodium ferulate comprises artefacts 

distributed symmetrically around the peak on the diagonal line. These artefacts were even 

present after repetition of the experiment and new preparation of the sample. At the distinct 

molar ratio of sodium ferulate/RF-PO4 of 10, the artefacts were still present. An analysis with 

Rotating frame Overhauser Enhancement Spectroscopy led also to the same artefacts. A 

possibility was that sodium ferulate comprised paramagnetic impurities, which gave rise to 

such artefacts. Yet, a change of the distributor of the sodium ferulate salt (abcr, sodium ferulate 

95 %) did not prevent the artefacts in presence of RF-PO4. Therefore, only certain cross-peaks 

are marked in the NOESY spectrum in Figure 61. The cross-peak of the aromatic proton H2 

of RF-PO4 with the protons H11 and H12 on the ribityl phosphate chain indicates a curved 

ribityl phosphate chain in presence of sodium ferulate, see area (a) in Figure 61. The proton 

H2 has also a common cross-peak with water, which might result from the curved ribityl 

phosphate chain due to its strong hydration because of the hydroxy groups and phosphate 

group, see area (b) in Figure 61. Additionally, the cross-peak of the proton H3 on the 

isoalloxazine ring with H8, H10, H11 and H12 on the ribityl phosphate chain of RF-PO4 

indicates a stacking of RF-PO4 with itself and a curved ribityl phosphate chain, see areas (a) 

and (b) in Figure 61. Further, the cross-peak of one of RF-PO4’s protons H11 and H12 on the 

ribityl phosphate chain with the methoxy group of sodium ferulate was observed, see area (c) 
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in Figure 61. Thus, in spite of the strong hydration of the ribityl phosphate chain, sodium 

ferulate seems to be in the near environment of the curved chain. 

 

Figure 61: NOESY NMR spectrum of riboflavin 5’-monophosphate sodium salt in presence of sodium 
ferulate at a molar ratio of sodium ferulate/RF-PO4 = 5.5 in deuterium oxide. a) H2 with H11/12 of RF-
PO4; b) H2 of RF-PO4 with deuterium oxide; a/b) H3 of with H8/H10/H11/H12 of RF-PO4; c) H11/H12 of 
RF-PO4 with the methoxy group of sodium ferulate. 

4.1.2.1.7.8 Summary 

In Figure 62, the protons and carbons atoms of RF, sodium benzoate derivatives and of 

NaCinn experiencing a change of the chemical shift due to the presence of benzoate 

derivatives/cinnamate and RF, respectively, are marked. 

1H-NMR: Because the purchased DMSO-d6 was water-free, the exchangeable protons of RF 

and Na-2-OH-Benz, Na-3-OH-Benz, Na-4-OH-Benz and Na-4-OH-3-OMe-Benz in DMSO-d6 

exhibited sharp signals of a well-defined splitting pattern, see in section 7.11 in the Appendix. 

Yet, all sodium polyphenolates as well as NaBenz and NaCinn induced a deshielding and peak 

broadening of the hydroxy groups and of the amine group of RF in DMSO-d6, see section 7.11 

in the Appendix. Sometimes, only the splitting was lost, while the presence of NaBenz, Na-4-

OH-Benz, sodium vanillate and NaCinn resulted in a disappearance of some of RF’s hydroxy 

group signals. On the other side, RF induced a peak broadening and deshielding of the hydroxy 

groups of Na-2-OH-Benz, Na-3-OH-Benz, Na-4-OH-Benz and sodium vanillate, too, see 

section 7.11 in the Appendix. As DMSO is hygroscopic, even “water-free” DMSO-d6 contains 

residual amounts of water.274 Usually, such low amounts of water do not lead to a hydration of 

exchangeable groups. Thus, RF or sodium polyphenolates alone in DMSO-d6 were not 
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sufficiently hydrated to endure a loss of their exchangeable groups. Yet, apparently the traces 

of water were attracted by RF and the sodium salts, if the compounds were dissolved in DMSO-

d6 together. 

Additionally, a cross-peak of the non-exchangeable aromatic proton H2 on the isoalloxazine 

ring of the RF-analogue RF-PO4 with water was present in the NOESY spectrum of RF-PO4 in 

presence of sodium ferulate in deuterium oxide, while there was no such cross-peak in the 

NOESY spectrum of pure RF-PO4 in absence of sodium ferulate. This means, RF-PO4 and 

sodium ferulate induced a mutual hydration of each other in deuterium oxide, too. These 

observations are in line with the mutual increase of the water-solubility of RF and sodium 

polyphenolates observed in section 4.1.2.1.1.  

Due to the hydration of the ribityl chain in presence of sodium polyphenolates, the non-

exchangeable protons (H11, H12, H10, H8, H5) were also deshielded in presence of most 

sodium polyphenolates. Analogously, on the phosphate chain of RF-PO4, all carbon atoms 

were deshielded except of the one directly next to the phosphate group (C5’). Thus, the 

hydration of RF and RF-PO4 by sodium polyphenolates induced deshielding of RF’s and RF-

PO4’s protons and carbon atoms on the ribityl chain. However, nor the degree of proton 

exchange (deprotonation/deshielding) neither the change of the chemical shift correlated with 

the solubilization power of sodium polyphenolates for RF in water from section 4.1.2.1.1 

Further, the non-exchangeable protons of RF and RF-PO4 were affected only scarcely by all 

aromatic sodium carboxylate salts. Analogously, the aromatic protons of NaBenz, Na-2-OH-

Benz, Na-3-OH-Benz, Na-4-OH-Benz, sodium vanillate and NaCinn were shifted only 

marginally (≤ 0.23 ppm), too. In the case of NaCinn, the side chain protons H1 and H2 were 

also only slightly deshielded (0.02 and 0.08 ppm). Consequently, in DMSO-d6, the non-

exchangeable protons of RF and the ones of the aromatic sodium carboxylates experienced 

only a slight change of the electro-magnetic field due the presence of the aromatic salt and 

RF, respectively. Regarding the NMR experiments with RF-PO4 in deuterium oxide, all protons 

of sodium ferulate were shielded by 0.15-0.34 ppm, see Figure 60 in section 4.1.2.1.7.7. Still, 

sodium ferulate did not induce a noticeable change of the chemical shift of RF-PO4’s aromatic 

protons. Nevertheless, the slight change of the chemical shift shows specific interactions 

between RF or RF-PO4 and aromatic sodium carboxylates. 

13C-NMR: RF induced a slight change of the chemical shift of almost all carbon atoms of 

aromatic sodium carboxylates. Only in the case of Na-4-OH-Benz and NaCinn, not all carbon 

signals were shifted by the presence of RF, see Figure 45, Figure 48, Figure 53, Figure 55, 

Figure 57 and Figure 59 on the right. Analogously, RF-PO4 induced a shielding of all of sodium 

ferulate’s carbon atoms. Yet, such as in proton NMR, there was no correlation between the 

shift’s direction or value and the aqueous solubilization power of the compounds for RF, see 

section 4.1.2.1.1. This might be due to the fact that the solubilization of RF seemed also to 
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depend on the hydration of its solubilizer and NMR experiments were carried out in DMSO-d6 

and not in water, where the solubilization curves were recorded.  

Further, out of the carbon atoms in Na-4-OH-3-OMe-Benz, the one next to the methoxy group 

(C3) was shifted most due to the presence of RF. Interestingly, methoxy groups improved the 

aqueous RF solubilizing power of sodium polyphenolates, see section 4.1.2.1.1. Additionally, 

for NaBenz, Na-3-OH-Benz and Na-4-OH-Benz, the chemical shift in 13C-NMR was changed 

due to the presence of RF in DMSO-d6 more for the carbon atoms in para than meta position 

and for carbon atoms in meta position more than in ortho position, see Figure 45, Figure 53 

and Figure 55 in the sections 4.1.2.1.7.1, 4.1.2.1.7.3 and 4.1.2.1.7.4. This correlates to the 

increase of the solubilization efficiency by a substitution of sodium polyphenolates with 

hydroxy/methoxy groups from ortho to meta to para from section 4.1.2.1.1. Moreover, the 

aromatic sodium salts led also to a change of almost all of RF’s and RF-PO4’s carbons’ 

chemical shift. Hence, the interaction of RF or RF-PO4 with sodium polyphenolates seemed to 

include the entire carbon backbone. 

 

Figure 62: Change of the chemical shift of riboflavin’s proton and carbon atoms due to the presence of 
sodium polyphenolates, sodium cinnamate or benzoate in DMSO-d6. B: Change of the chemical shift of 
the protons and carbons of sodium benzoate derivatives, benzoate and of cinnamate due to the 
presence of riboflavin in DMSO-d6 

Note: In the case of HOMO-LUMO interactions, which are supposed to be the origin of charge 

transfer complexes, the electron density of both complexants should theoretically increase and 

lead to a shielding of the protons.275,276 However, some protons were deshielded. One reason 

therefore might be the oversize of RF compared to polyphenolates and that the aromatic 

backbone of RF comprises heteroatoms, which might complicate the HOMO-LUMO 

interaction. Yet, the main reason for this inconsistent shielding or deshielding of the protons 

and carbons is probably that the -system driven solubilization of RF and the copigmentation 

were observed in aqueous samples, while NMR experiments were carried out in DMSO-d6. 

DMSO-d6 is known to interact strongly with other compounds via hydrogen bonding and to 
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weaken intermolecular interactions. Consequently, DMSO-d6 might hinder the attractive 

interactions of RF with sodium polyphenolates. 

NOESY: A NOESY spectrum of an aqueous 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution saturated 

with RF, where the signal to noise ratio was good, could be recorded, see Figure 63. As 

NOESY has a detection limit of 5 Å and common distances for -stacked compounds are 3.46-

3.85 Å, the cross-peaks of RF’s and Na-3,4-DiOMe-Cinn’s protons along the entire molecules 

affirm a -stacked arrangement of RF and Na-3,4-DiOMe-Cinn in aqueous solution, see Figure 

63.249,277–280 

 

Figure 63: NOESY spectrum of an aqueous 3 mol·kg-1 sodium 3,4-dimethoxycinnamate solution 
saturated with riboflavin. a) Cross-peaks of the ribityl chain protons H12 and H11 with H5/8, H2/3, 
H13/14 of RF and with H2, H5, H3, H4, H1 and with the methoxy groups of Na-3,4-DiOMe-Cinn; b) 
Cross-peaks of H8/5 of riboflavin with H11, H12, H2/3, H13/14 of RF and with H2, H5, H3, H4, H1 and 
with the methoxy groups of Na-3,4-DiOMe-Cinn; c) Cross-peaks of the aromatic protons H2/3 of RF with 
H13/14, H11, H12, H8/5 of RF and with H2, H3 H5, H4, H1 and with the methoxy groups of Na-3,4-
DiOMe-Cinn; d) all protons of Na-3,4-DiOMe-Cinn interact with each other. 

Further, the NOESY NMR spectrum of Na-2-OH-Benz with RF in DMSO-d6 and the one of 

sodium vanillate with RF in DMSO-d6 indicated a curved ribityl side chain of RF in presence of 

these sodium polyphenolates, see Figure 64 A and B. The NOESY spectrum of RF and Na-3-

OH-Benz revealed a proximity of the non-exchangeable protons of RF’s ribityl side chain (H12, 

H11, H10, H8, H5) to the hydroxy group of Na-3-OH-Benz, see Figure 64 C. As RF and sodium 

polyphenolates perform -stacking (see section 4.1.2.1.1), the cross-peak of Na-3-OH-Benz’s 

hydroxy group with H2 of RF might be induced due to the proximity of these protons because 

of a stacked arrangement of the two molecules. If so, then the interaction of Na-3-OH-Benz’s 
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hydroxy group with the non-exchangeable ribityl side chain protons indicated again a curved 

conformation of the ribityl side chain. Additionally, the cross-peaks of at least one proton of 

Na-3-OH-Benz, NaBenz and Na-4-OH-Benz showed that RF and sodium polyphenolates are 

directly next to each other when being dissolved in DMSO-d6, see Figure 64 D, E. 

 

Figure 64: Interactions derived from the NOESY spectra: A-C) Indications for a curved ribityl side chain 
from the NOESY NMR spectra in DMSO-d6: A) RF in presence of Na-2-OH-Benz at a molar ratio of Na-
2-OH-Benz/RF = 2. B) RF in presence of an equimolar amount of sodium vanillate. C) RF in presence 
of Na-3-OH-Benz at a molar ratio of Na-3-OH-Benz/RF = 11. C-E) Indications for direct proximity of RF 
to sodium polyphenolates: D) RF in presence of NaBenz with a molar NaBenz/RF ratio = 2, E) RF in 
presence of Na-4-OH-Benz with a molar Na-4-OH-Benz/RF ratio = 2. See section 4.1.2.1.7.2 for A, 
section 4.1.2.1.7.5 for B, section 4.1.2.1.7.3 for C, section 4.1.2.1.7.1 for D and section 4.1.2.1.7.4 for 
E. 

In conformity to this, the NOESY spectrum of the well water-soluble riboflavin analogue RF-

PO4 confirmed a curved ribityl phosphate chain in deuterium oxide in the presence of sodium 

ferulate, see Figure 65 A below. Additionally, cross-peaks in the NOESY spectrum of RF-PO4 

in the absence and presence of sodium ferulate indicated -stacking of RF-PO4 with other RF-

PO4 molecules, see Figure 65 B and Figure 119 in section 4.2.1. As RF and RF-PO4 both 

comprise the same aromatic backbone, RF probably also performs stacking with other RF 

molecules in aqueous solution of aromatic sodium carboxylates, see section 4.2.1. 

Further, the cross-peak of sodium ferulate’s methoxy group with H11/H12 of RF-PO4 

demonstrates once more the proximity of the ribityl chain to polyphenolates, see Figure 65 C. 
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Figure 65: Intramolecular interactions of RF-PO4 and intermolecular interaction of RF-PO4 with sodium 
ferulate retrieved from cross-peaks in the NOESY NMR spectrum from Figure 61. The blue protons 
interact with the orange proton. Molar ratio of sodium ferulate/RF-PO4 = 5.5. A) Indication of a curved 
ribityl phosphate chain; B) Indication of anti-stacking; C) Indication of a proximity of sodium ferulate’s 
methoxy group and the ribityl phosphate chain. 

To summarize, although the chemical shift of RF’s and of the aromatic sodium salts’ protons 

changed only slightly for non-exchangeable protons, almost all signals of their exchangeable 

protons were shifted, broadened or disappeared. Additionally, almost all carbon atoms of RF 

and of the aromatic sodium salts were influenced by the presence of the sodium salts and RF, 

respectively. Consequently, the entire molecules are affected by the prevalent interactions, 

and RF and sodium polyphenolates are stronger hydrated when being dissolved together than 

when being dissolved separately in DMSO-d6 and deuterium oxide.  

Moreover, concentration dependent measurements of RF’s and Na-2-OH-Benz’s chemical 

shift revealed a break point (molar Na-2-OH-Benz/RF ratio), above which the slope of the 

curves flattened out, see Figure 49-Figure 51 in section 4.1.2.1.7.2. As stacking of sodium 

polyphenolates and RF was already proofed in the section 4.1.2.1.1, this break point might 

correspond to a saturation concentration for a complexation. With its three aromatic rings, RF 

is larger than Na-2-OH-Benz and thus about two times more Na-2-OH-Benz might be required 

to reach this break point for RF. The low dependence of the chemical shift on the ratio of RF 

and Na-2-OH-Benz indicated weak interactions of the RF and Na-2-OH-Benz in DMSO-d6. 

Similarly, the small change of the chemical shift by the presence of aromatic sodium 

carboxylates or RF affirms weak interactions of the tested aromatic sodium salts with RF and 

RF-PO4 in DMSO-d6 and deuterium oxide This observation correlates to the one of reversible 

copigmentation of RF and some sodium polyphenolates, which also indicated weak 

interactions of RF and aromatic sodium carboxylates, see section 4.1.2.1.1. 

(i) The change of the chemical shift of almost all carbon atoms of RF, of RF-PO4 and of the 

aromatic sodium salts, when being in dissolved together, (ii) the relatively weak changes of the 

non-exchangeable protons’ chemical shift, (iii) the break point of the linear increasing change 

of the chemical shift of the protons and carbons of RF and Na-2-OH-Benz at the molar Na-2-

OH-Benz/RF ratios 10 and 5, (iv) the increasing change of the chemical shift of NaBenz’s, Na-
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3-OH-Benz’s and Na-4-OH-Benz’s carbon atoms from ortho to meta and para position and (v) 

the strong change of the chemical shift of sodium vanillate’s methoxy group due to the 

presence of RF are further indications for -stacking of RF/RF-PO4 with the aromatic sodium 

salts. 

As sodium polyphenolates solubilize RF, and because a curved ribityl chain was observed in 

the presence of three sodium polyphenolates, the high solubility of RF-PO4 in water might be 

not only due to the phosphate group, but also due to the curved ribityl phosphate chain. In 

case of a curved ribityl chain, RF and RF-PO4 would be more compact, so that water bonding 

network should be less disturbed. Consequently, the mutual increase of the aqueous solubility 

of RF and sodium polyphenolates might partially arise from the conformational change of RF’s 

ribityl chain, which itself could originate from -stacking of RF and sodium polyphenolates. 

 

4.1.2.1.8 Photostabilization of riboflavin in aqueous polyphenolate 

solutions 

As described in section 2.7, RF is highly photolabile, which results either in a degradation of 

the vitamin yielding mainly to lumichrome or in the loss of other vitamins or antioxidants due 

to their photosensitization by RF.  

Polyphenolic acids are well-known for their antioxidant and radical scavenging properties. 

They were reported to quench RF’s single and triplet state in aqueous water/acetonitrile 

solutions, on diffusion scale.10,83,84 Their antioxidant properties often correlate with their radical 

scavenging power.84 As choline polyphenolates exhibit even stronger antioxidant properties 

than the corresponding polyphenolic acids, the corresponding sodium polyphenolates were 

supposed to provide a photostabilizing effect on RF, too.268  

As -complexation of vitamin K3 with 1-hydroxy-2-naphthoic and 6-hydroxy-2-naphthoic acid 

was already documented to slow down the photodegradation of the aromatic vitamin, the -

complexation of RF and sodium polyphenolates might enable further photoprotection of RF.196 

Being directly attached to riboflavin in the -complex, polyphenolates might quench the 

vitamin’s excited singlet or/and triplet state directly after RF’s excitation.10 Moreover, the 

extension of RF’s absorption spectrum due to stacking with polyphenolates might open further 

relaxation pathways to RF. Besides this, polyphenolates presumably induce a change and 

rigidity to RF’s ribityl chain, which might alter the hydrogen bonding ability of the sugar chain 

and provide another possibility to RF’s photostabilization. The effect of polyphenolates on the 

ribityl chain might thereby correlate to the π-stacking of riboflavin and polyphenolates. As 

polyphenolates and RF copigmented only at high concentrations, extended π-complexation of 

the biocompounds might occur only at high concentrations of both compounds due to a higher 

collision probability in solution. If the π-complexation of RF and polyphenolates is indeed 
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reversible upon dilution and if one can expect a potential effect of π-complexation on RF’s 

photostability, a photostabilization of RF by polyphenolates might depend on both of the 

compounds’ concentration. Therefore, it was necessary to test the photostability of riboflavin 

in lowly concentrated (=diluted) and highly concentrated aqueous polyphenolate solutions. 

RF’s photostability was monitored using HPLC with a UV-Vis-detector in diluted aqueous 

polyphenolate solutions and in some concentrated polyphenolate solutions to see if there is a 

distinct stabilization process in the diluted and concentrated regime. RF’s photostability was 

then compared to the one in pure water. Additionally, the photoproducts of RF in pure water 

and the photoproducts of RF being photodegraded in an aqueous ferulate and cinnamate 

solution were determined via LC-MS analysis at the central analytical department of the 

University of Regensburg. To get a better insight into the photoprotective mechanism of 

sodium polyphenolates for RF, the oxygen content of aqueous sodium polyphenolate solutions 

with and without riboflavin was additionally measured by means of a Clark electrode. To the 

same purpose, the photostability of RF was evaluated in the presence of NaBenz, NaCinn and 

choline cinnamate. 

4.1.2.1.8.1 Diluted aqueous systems 

For the diluted systems, the photodegradation of RF in aqueous solution was monitored in the 

presence of different antioxidant and non-antioxidant derivatives of NaBenz and NaCinn as 

well as in presence of one salting-in and -out agent at the three molar additive/riboflavin ratios 

6, 25 and 50. Ratio 6 and 25 were investigated because like this the photodegradation of RF 

could be compared to the concentrated sodium ferulate, caffeate, cinnamate and vanillate 

samples saturated with RF in section 4.1.2.1.8.2. Because NaCinn accelerated the 

photodegradation of RF unexpectedly, additionally, the photostability of RF in presence of 

choline cinnamate was measured. The initial concentration of RF in all diluted samples was 

48 mg·kg-1 and thus near RF’s maximum amount allowed in non-alcoholic beverages 

(≈ 50 mg·kg-1) to see if polyphenolates would be applicable for the stabilization of RF in 

beverage formulations. After all, sodium polyphenolates might be used for the stabilization and 

solubilization of RF in food, beverage and pharmaceutical products. 

At all three tested molar ratios, sodium polyphenolates induced a photostabilization of RF in 

an aqueous neutral solution, see Figure 66-Figure 68. The photostabilization increased with 

increasing molar polyphenolate to RF ratio (ratio: 6 < 25 < 50), as it would be expected in the 

case of a quenching reaction, which prevents the photodestruction of RF through a 

degradation of the stabilizer. Although antioxidant properties of polyphenolic acids depend on 

the position, type and number of methoxy and hydroxy groups on the aryl ring and on the 

length of the aromatic backbone (COOH < CH2COOH < CH=CHCOOH), the photostabilizing 

effect at ratios 6 and 25 was similar for all polyphenolates tested.84 Though the 

photostabilization of RF at ratio 50 did also not depend on the position and number of the 
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hydroxy and methoxy groups on the aryl ring, sodium benzoate derivatives exhibited slightly 

weaker photostabilizing properties than sodium cinnamate derivatives, see Figure 66. Thus, 

substituted sodium benzoate derivatives enabled a conservation of 2-2.7 times more RF than 

in pure water after 8 h of illumination with an LED-plant lamp, while sodium cinnamate 

derivatives allowed keeping 3-4 times more RF compared to the pure water sample after the 

same time. This is in line with the higher antioxidant and scavenging properties of cinnamic 

acid derivatives compared to benzoic acids derivatives.84 

 

Figure 66: A) Photodegradation of riboflavin in pure water and in aqueous systems comprising of sodium 
or choline salts of sodium benzoate and cinnamate as well as their derivatives, in presence of sodium 
thiocyanate and sodium dihydrogen phosphate. B) Degradation of benzoate and cinnamate derivatives 
upon illumination of the samples. All samples comprised 48 mg·kg-1 riboflavin at a molar 
additive/riboflavin ratio of 50. 

 

Figure 67: A) Photodegradation of riboflavin in pure water and in aqueous systems comprising of sodium 
or choline salts of sodium benzoate and cinnamate as well as their derivatives. B) Degradation of 
benzoate and cinnamate derivatives upon illumination of the samples. All samples comprised 48 mg·kg-1 
riboflavin at a molar additive/riboflavin ratio of 25. 
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Figure 68: A) Photodegradation of riboflavin in pure water and in aqueous systems comprising of sodium 
or choline salts of sodium benzoate and cinnamate as well as their derivatives. B) Degradation of 
benzoate and cinnamate derivatives upon illumination of the samples. All samples comprised 48 mg·kg-1 
riboflavin at a molar additive/riboflavin ratio of 6. 

Further, owing to its antioxidant properties, the salting-in agent, NaSCN, performed similarly 

to sodium benzoate derivatives.281 However, NaSCN exhibited a weaker RF solubilizing 

potential (section 4.1.2.1.1) and its photostabilizing properties are still worse when compared 

to sodium cinnamate derivatives. Hence, NaSCN was not further investigated. 

Consequently, the strongest photostabilization of RF in the diluted polyphenolate-RF systems 

was observed in presence of Na-3,4-DiOMe-Cinn, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOH-

Cinn, see Figure 66-Figure 68. Regarding the color of the sample comprising Na-4-OH-3-OMe-

Cinn at the molar sodium ferulate/RF ratio 6, one can see that already the lowest stabilizer/RF 

ratio resulted in a considerable preservation of the initial color, see Figure 69. 

 

Figure 69: Color change of RF after illumination with an LED plant lamp for 15 h. A) Fresh water 
saturated with RF, B) Aqueous sample comprising sodium ferulate and RF at a molar ratio of 6 after 
illumination for 15 h C) RF in pure water after illumination for 15 h. 

However, all Na-3,4-DiOH-Cinn samples turned brown already after few hours and even if 

stored in the dark, see Figure 70 right. Even in absence of RF, aqueous Na-3,4-DiOH-Cinn 

solutions turned brownish after few hours in the dark. The reason was an oxidation of caffeate, 

see section 4.1.2.1.8.3. Thus, Na-3,4-DiOMe-Cinn and Na-4-OH-3-OMe-Cinn are the best 

photostabilizers for RF in diluted aqueous neutral medium.  

Comprising no antioxidant power, NaBenz and the salting-out agent Na2PO4 did not influence 

RF’s photodegradation speed, see Figure 66 A. Yet, sodium and choline cinnamate 

accelerated the photodegradation of RF and even more with increasing cinnamate/RF ratio, 

see Figure 66 A-Figure 68 A. Thus, after 2 h of illumination > 80% of RF were lost compared 

to the fresh cinnamate samples leading to a total discoloration, see Figure 70 left.  
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A)  B)  C)  

Figure 70: Color change of aqueous riboflavin (48 mg·kg-1) samples at pH 7 upon illumination of the 
samples with an LED-plant lamp: A, B: In presence of sodium cinnamate at a molar NaCinn/RF ratios 
of 25 (A) and 50 (B). From left to right: for 8 h, 2 h, 1 h and 0 h. C: In presence of sodium caffeate at a 
molar caffeate/RF ratio of 50. From the left to the right: 0 h, 9 h and 16 h. 

As mentioned above, polyphenolates might stabilize RF via the photosensitization of the 

polyphenolates leading to their degradation. Thus, the concentration of the polyphenolates as 

well as the one of NaBenz and NaCinn was monitored during the photoexperiments.  

Having no influence on the photodegradation speed of RF, NaBenz was not degraded during 

the whole illumination process, see Figure 66 B. Analogously, NaCinn and choline cinnamate 

seemed to be completely stable at the molar ratios 25 and 50, see Figure 66 B and Figure 67 

B. Yet, the analysis of the cinnamate samples with ratio 6 showed that cinnamate is clearly 

degraded in presence of RF, although cinnamate exhibited no photoprotective effect on RF at 

all, see Figure 68 B. Consequently, the apparent stability of cinnamate at the ratios 25 and 50 

was certainly covered by the excess of NaCinn and choline cinnamate compared to RF. As 

the samples comprising NaCinn and choline cinnamate behaved more or less equally, the 

acceleration of RF’s photodegradation was dependent on the cinnamate anion and not on the 

cation. LC-MS analysis of the NaCinn samples comprising 48 mg·kg-1 RF at an NaCinn/RF 

ratio of 25 after 15 h of illumination showed that NaCinn reacted with RF. Many distinct adducts 

of RF with two and up to four cinnamate molecules were formed in addition to the usual 

photodegradation products of RF – LC and CDRF, see Table A 121 in the Appendix. 

Further, all polyphenolates tested, degraded during the illumination, see Figure 66-Figure 68. 

The order of the polyphenolate’s degradation at the molar ratio 50 was: NaBenz < NaCinn < 

Na-4-OH-3-OMe-Benz ≈ Na-4-OH-3,5-DiOMe-Benz < Na-2-OH-Benz < Na-3,4-DiOMe-

Cinn ≈ Na-3,4-DiOH-Cinn < Na-4-OH-3-OMe-Cinn. Thus, the higher the antioxidative 

properties of the polyphenolate, the faster the degradation of the polyphenolate. This is logical, 

as the antioxidant properties of polyphenolic acids correlate with their scavenging ability.84 

 

4.1.2.1.8.2 Concentrated systems 

The photostability of RF was also investigated in aqueous solutions of highly concentrated 

aromatic sodium carboxylates. In particular, aqueous 3.00 mol·kg-1 NaBenz, 0.58 mol·kg-1 

NaCinn, 1.00 mol·kg-1 Na-4-OH-3-OMe-Benz, 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn and 

2.10 mol·kg-1 Na3,4-DiOMe-Cinn solutions were saturated with RF and stored next to the 

window or in a dark box for 17 weeks. Sodium vanillate and ferulate are well-known quenchers 

of RF’s excited singlet and triplet state, while NaBenz and NaCinn possess no quenching 
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ability.10 The concentration of the potential stabilizer was chosen as high as possible to have 

comparable molar stabilizer/RF ratios. The aromatic sodium carboxylate solutions were 

prepared either at the limit of their water-solubility (Na-4-OH-3-OMe-Cinn, NaCinn, Na-4-OH-

3-OMe-Cinn) or to have at least ≈ 70 % water content (NaBenz, Na-3,4-DiOMe-Cinn), so that 

the system could count as an aqueous solution. The molar sodium carboxylate to RF ratios 

ranged only from 5 to 35, although the absolute concentrations of the aromatic sodium 

carboxylate and RF ranged from 0.37 and 3 mol·kg-1. The reason therefore is an increase of 

the solubilizing efficiency with the concentration of the aromatic sodium carboxylate due to its 

hydrotropic solubilization of RF, see section 4.1.2.1.1.  

First, no precipitate was observed for neither of the five aqueous aromatic sodium carboxylate 

solutions saturated with RF during the storage process. Only, in the presence of NaBenz, a 

minor amount of RF precipitated already after 5 weeks of storage in the dark due to 

oversaturation. But further RF was not lost after 5 weeks. 

The color of the concentrated aqueous sodium polyphenolate solutions saturated with RF, in 

particular sodium vanillate, ferulate and Na-3,4-DiOMe-Cinn, after 17 weeks of storage in the 

dark and next to the window was the same as the one of the fresh samples, see Figure 71. 

However, the NaCinn and NaBenz samples stored next to the window exhibited a darker 

coloration with longer storage, while the samples stored in the dark became a bit brighter than 

the fresh samples. Thus, regarding only the evolution of the samples’ color, NaBenz and 

NaCinn seemed to exhibited either a weaker or no photostabilizing effect on RF, while the true 

sodium polyphenolates preserved the color in the concentrated regime. Nevertheless, after 

dilution of the samples stored next to the window for 17 weeks with water to comparable 

concentrations of RF, the color of all five aromatic sodium carboxylate solutions was almost 

similar for the human eye. Therefore, the absolute RF content was determined via the 

absorbance at 449 nm with a UV-Vis-spectrophotometer after calibration, see Figure 72 A.  

 

Figure 71: Aqueous aromatic sodium carboxylate solutions saturated with riboflavin freshly prepared 
and after storage next to the window exposed to the sun and storage in the dark for 17 weeks. Bottom 
right: Color of the concentrated samples stored next to the window for 17 weeks after dilution with water 
(0.6 mmol·kg-1 riboflavin). 
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In contrast to RF in the diluted solutions from the previous section, no or almost no RF was 

lost in the concentrated Na-4-OH-3-OMe-Benz, Na-3,4-DiOMe-Cinn, Na-4-OH-3-OMe-Cinn 

and NaCinn samples for up to 8 weeks. Only in the presence of NaBenz, RF photodegraded 

in a rather linear manner. Regarding the remaining RF content relatively to the fresh samples 

in Figure 72 B, Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn 

obviously preserved the sample’s yellow coloration totally for at least 4 months. In line with the 

absence of a photostabilization of RF in the diluted NaBenz sample from the previous section, 

RF was photodegraded fastest in the concentrated NaBenz solution.  

Unexpectedly, NaCinn retarded RF’s photodegradation. Thus, after 4 months being exposed 

to the sun, ca. 90 % of RF was left. This observation goes against the acceleration of RF’s 

photodegradation in the diluted aqueous NaCinn solution, see section 4.1.2.1.8.1 and Table A 

121 in the Appendix. 

 

Figure 72: Color-stability of riboflavin in concentrated aromatic sodium carboxylate solutions at molar 
stabilizer/RF ratios between 5 and 35 stored next to the window. The theoretical concentration of RF is 
given as absolute concentration (A) and relatively to the RF content in the corresponding fresh solution. 
The concentrations were: 3.00 mol·kg-1 NaBenz - 0.58 mol·kg-1 NaCinn – 1.00 mol·kg-1 Na-4-OH-3-
OMe-Cinn - 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn - 2.10 mol·kg-1 Na3,4-DiOMe-Cinn. 

For more clarity, the UV-Vis-spectra of the concentrated aromatic sodium carboxylate solutions 

saturated with RF were recorded from 300 to 550 nm during the storage in the dark and next 

to the window, see Figure 73. In the presence of Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-

Cinn, Na-3,4-DiOMe-Cinn, NaCinn and NaBenz, RF was entirely stable for at least 4 months 

when being stored in the dark. 

In correlation to the undisturbed photodegradation of RF in the concentrated NaBenz sample, 

the UV-Vis-spectrum of the NaBenz sample resembled the theoretically main photoproduct of 

RF in neutral aqueous solutions – lumichrome – more, with proceeding storage next to the 

window, see Figure A 92 in the Appendix. In conformity to the photostabilization of RF in 

concentrated aqueous NaCinn, Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn and Na-3,4-

DiOMe-Cinn solutions, the UV-Vis-spectrum of these samples did not change qualitatively. 
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Figure 73: UV-Vis-spectra of riboflavin in aqueous sodium carboxylate solutions directly after the 
preparation and 8 or 17 weeks after storage in the dark and next to the window exposed to the sun. 

As RF is primarily photodegraded upon successive cleavage of its ribityl chain, some 

photoproducts have the same or similar UV-Vis-spectrum as RF. Hence, despite the 

considerable stabilization of the sample’s color in highly concentrated NaCinn, Na-4-OH-3-

OMe-Benz, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn solutions, other molecules 

absorbing at the same wavelength might be present in the samples. 

Therefore, the photostability of RF in some highly concentrated aqueous solutions of aromatic 

sodium carboxylates was additionally analyzed via HPLC with a UV-Vis-detector. 

A sample with Na-3,4-DiOMe-Cinn was not prepared, as its photostabilizing effect on RF 

resembled the one of Na-4-OH-3-OMe-Cinn in the diluted and concentrated systems. Samples 



130 
 

comprising NaBenz were also not analyzed, as NaBenz had no considerable effect on RF’s 

photodegradation in the diluted and concentrated samples. In particular, a 0.37 mol·kg-1 

sodium ferulate (Na-4-OH-3-OMe-Cinn), a 0.60 mol·kg-1 sodium caffeate (Na-3,4-DiOH-Cinn), 

a 1.05 mol·kg-1 sodium vanillate (Na-4-OH-3-OMe-Benz), and a 0.59 mol·kg-1 NaCinn solution 

saturated with RF were illuminated with an LED plant lamp for one day and then stored next 

to the window. The aromatic sodium carboxylate solutions were prepared at their solubility limit 

to have maximum probability for -complexation due to the high polyphenolate concentration. 

Saturation of the Na-4-OH-3-OMe-Cinn, Na-3,4-DiOH-Cinn Na-4-OH-3-OMe-Benz and 

NaCinn samples resulted in 56.2 ± 0.3 mol·kg-1, 32.51 ± 0.08 mol·kg-1, 27.6 ± 0.1 mol·kg-1 and 

43.3 ± 0.2 mol·kg-1 RF, respectively. Despite of a strong variation of the absolute sodium salt 

concentrations, the molar sodium salt/RF ratio ranged only from 6, 10, 22 to 27 for Na-4-OH-

3-OMe-Cinn, Na-3,4-DiOH-Cinn, NaCinn and Na-4-OH-3-OMe-Benz, respectively. Hence, 

regarding the molar ratio, the concentrated samples can be compared to the diluted ones from 

the previous section. This time not just RF, but also the stabilizer was quantified via the UV-

Vis-absorption of the analytes after separation with HPLC, see Figure 74.  

No or almost no RF was lost in the concentrated aromatic sodium carboxylate samples after 

illumination of the samples for 24 h with an LED plant lamp, see Figure 74 A and C. Hence, 

RF in these concentrated aromatic sodium carboxylate samples was more stable than 

dissolved RF in pure water from the previous section. The closed sample were then exposed 

to the sun for several weeks by putting them next to the window during summer. Congruent to 

the quantification of RF via simple UV-Vis-measurements, all samples still comprised > 84 % 

RF after 8 weeks being exposed to the sun. 

After 12 weeks of exposure to the sun, Na-4-OH-3-OMe-Benz turned out as the best stabilizing 

agent (91 ± 1 % remaining riboflavin), followed by Na-3,4-DiOH-Cinn (76.6 ± 0.3 % remaining 

riboflavin), Na-4-OH-3-OMe-Cinn (ca. 80 % remaining riboflavin) and NaCinn (54.1 ± 0.3 % 

remaining riboflavin). Because Na-4-OH-3-OMe-Cinn was one of the best stabilizers in the 

diluted systems, the sample comprising ferulate was analyzed until almost all RF was 

destroyed, which happened after 24 weeks of exposure to the sun (11 % remaining riboflavin). 

The stronger photostabilizing effect of Na-4-OH-3-OMe-Benz compared to Na-3,4-DiOH-Cinn 

and Na-4-OH-3-OMe-Cinn indicated that the stabilization of the phenoxyl radical formed during 

the free radical scavenging reaction of polyphenolic acids is not decisive for the 

photostabilization of RF in concentrated aqueous polyphenolate systems.83,268  

Analogously, the photostabilizing effect of NaCinn confirmed that a stabilization of the quinone 

or phenoxyl radical state by methoxy/hydroxy groups is not required for the antioxidant and 

scavenging action of polyphenolic acids towards RF in concentrated in the concentrated 

regime. 

Regarding the stabilizers themselves, more than 94 % of NaCinn and Na-4-OH-3-OMe-Benz 

of their initial amount were left in the samples after 12 weeks of exposure to the sun, see Figure 
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74 B and D. In contrast, the content of Na-4-OH-3-OMe-Cinn and Na-3,4-DiOH-Cinn 

corresponded to ≤ 25 % of the initial stabilizer concentration, see Figure 74 B and D. Thus, 

the photostabilization of RF in concentrated polyphenolate solutions does not necessarily 

involve a degradation of the stabilizer. The strong loss of Na-4-OH-3-OMe-Cinn and Na-3,4-

DiOH-Cinn can be explained by their strong antioxidant properties, as sodium ferulate and 

caffeate solutions stored in the dark turned brownish in absence of RF after few days due to 

the dimerization and trimerization of ferulate and caffeate via autooxidation, see section 

4.1.2.1.8.3.89,97,282,283 The assumption of the oligomerization of ferulate and caffeate was 

affirmed by the increasing foaming potential upon gentile shaking of the samples with longer 

storage of the samples. Nevertheless, the browning of sodium ferulate seemed to be slowed 

down by the presence of RF, which was not the case for sodium caffeate. 

In contrast, the concentrated samples comprising Na-4-OH-3-OMe-Benz and NaCinn 

saturated with RF did neither show an increasing foaming potential nor did they exhibit a 

distinct coloration after 12 weeks of storage next to the window. 

 

Figure 74: Photodegradation of riboflavin in aqueous concentrated solutions of aromatic sodium 
carboxylate salts. Despite the strong variation of the four stabilizers’ concentrations, similar molar 
stabilizer/riboflavin ratios were obtained via saturation of the aqueous stabilizer solutions with riboflavin. 
A) and B) percent of riboflavin and stabilizer left relatively to the fresh samples. C) and D) corresponding 
concentration of riboflavin and of the stabilizer during the storage. 
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Though RF’s photodegradation was slowed down considerably in relative terms, the huge 

amount of RF in the concentrated samples might cover up the relative loss of this vitamin. 

Consequently, the absolute loss of RF will be considered in the following. Note that the 

improvement of RF’s photostability in concentrated aqueous systems is compared to the one 

in diluted aqueous system, although the diluted samples were only illuminated with a weak 

LED plant lamp, while the concentrated samples were exposed to the sun during summer. 

Thus, RF was exposed to a more intense light in the concentrated samples. Therefore, RF’s 

photostability in aqueous concentrated aromatic sodium carboxylate solutions compared to the 

diluted ones was even underestimated. 

In the concentrated Na-4-OH-3-OMe-Benz solution, no RF was lost for at least 8 weeks of 

storage next to the window, see Figure 74 above. After 12 weeks, only 3.6 mmol·kg-1 RF was 

degraded, while at least 13 mmol·kg-1 RF should have been lost with the same degradation 

speed of RF as in the diluted Na-4-OH-3-OMe-Benz sample with the molar ratio 25. Thus, at 

comparable molar ratios, RF was 3.6 times more stable in the concentrated sodium vanillate 

(c(vanillate) = 1.05 mol·kg-1; molar ratio: 27) solution than in the diluted one (c(vanillate) = 

0.0032 mmol·kg–1; molar ratio: 25). 

Similarly, RF was completely stable in the concentrated Na-3,4-DiOH-Cinn sample for at least 

5 weeks. After 8 weeks, 2.9 mmol·kg-1 of RF were destroyed although having only a molar 

ratio of 10. In the diluted Na-3,4-DiOH-Cinn sample with a Na-3,4-DiOH-Cinn/RF ratio of 25 

after 8 weeks of storage, 5.8 mmol·kg-1 RF should have been. Thus, at the beginning of RF’s 

photodegradation, the concentrated system was 2 times more efficient than the diluted Na-3,4-

DiOH-Cinn sample at higher molar stabilizer/RF ratio. 

Analogously, 1.5 times more RF was left in the concentrated Na-4-OH-3-OMe-Cinn system 

than it would have been theoretically in the diluted system after 8 weeks at the same molar 

ratio of 6. The remaining RF in the concentrated ferulate system after 20 weeks of exposure 

to the sun (75 %; 42.34 ± 0.01 mmol·kg-1) corresponded even to 2.5 times more RF than RF 

would have been left with the degradation speed in the diluted system at the same molar ratio 

of 6. However, once ferulate was degraded completely, RF was almost instantly destroyed 

after 24 weeks, see Figure 74 C and D. 

Comparing the diluted NaCinn sample at the molar ratio 25 with the concentrated one 

comprising a molar ratio of 22 after 5 weeks, 27.7 mmol·kg-1 RF should be destroyed 

completely if the degradation was as fast as in the diluted system. However only 4.23 

mmol·kg-1 RF were degraded in the concentrated sample. Moreover, in pure water theoretically 

at least 10 mmol·kg-1 RF would be lost after 5 weeks. Thus, RF was at least 2.5 times more 

stable in a concentrated aqueous NaCinn solution than in pure water. 

Consequently, concentrated neutral aqueous solutions of aromatic sodium carboxylate salts, 

and thus also sodium polyphenolates exerted a strong photostabilizing effect on RF for at least 



 

133 
 

5 to 12 weeks depending on the stabilizer. The stabilizers were not necessarily degraded due 

to the stabilization of RF. 

4.1.2.1.8.3 LC-MS analysis of the photodegradation products 

In neutral to acidic aqueous solutions, RF is mainly photodegraded to lumichrome. 

Cyclodehydroriboflavin and carboxymethylflavin are also formed via formylmethylflavin as 

intermediate.178 However several other compounds may be formed, see Figure 9.8  

Because polyphenolates exhibited a photoprotective effect on RF in diluted and concentrated 

aqueous solutions, they might also alter the photodegradation products of the vitamin. 

Regarding the potential application of polyphenolates as solubilizers and stabilizers in food 

and beverages, it is important to know the primary degradation products in presence of 

polyphenolates. Hence, the diluted sodium ferulate and NaCinn samples at the molar 

additive/RF ratio 25 were analyzed via LC-MS after illumination with an LED-plant lamp for 

15 h. The degradation products of RF, sodium ferulate and cinnamate in the diluted systems 

at ratio 25 were assigned via the molar mass obtained from LC-MS and due to their 

characteristic absorption spectrum. To have a reference the photoproducts of RF formed in 

pure water were also determined. The absorption spectrum of CDRF, CMF and FMF 

resembled the one of RF because all three compounds consist of the same aromatic 

unit.165,284,285 Only the absorption spectrum of LC was different, see Figure A 92 in the 

Appendix.  

LC-MS analysis revealed LC as main degradation product, if RF dissolved in pure water 

(saturation) was illuminated with an LED-plant lamp for 5 h. CDRF, 3-(7,8-Dimethyl-2,4-dioxo-

3,4-dihydrobenzo[g]pteridine-10(2H)-yl) propanoic acid, FMF and CMF were also detected in 

minor amounts, see Table A 119 in the Appendix. Thus, all expected photoproducts induced 

via successive cleavage of the ribityl chain were formed. 

The main photoproduct of the samples comprising RF and sodium ferulate or NaCinn was also 

LC, see Table A 120 and Table A 121 in the Appendix. Minor amounts of CDRF, CMF and 

FMF were also formed.  

Knowing the elution order and the UV-Vis-spectrum of RF, CDRF, CMF and LC from LC-MS 

analysis, CDRF, CMF and mainly LC could be identified in the chromatograms of all 

photodegraded polyphenolate/RF solutions in the diluted and concentrated regime, see Figure 

A 93-Figure A 101 in the Appendix. Consequently, sodium polyphenolates can be expected to 

have no significant influence on the main photodegradation products of RF in aqueous neutral 

medium.8,158,163,178 

Sodium ferulate was found undergo dimerization and trimerization during the illumination of 

the aqueous ferulate/RF sample, see Table A 120 in the Appendix. Additionally, the formation 

of adducts consisting of one RF molecule with two or three ferulate molecules was detected. 
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In contrast to sodium ferulate, NaCinn reacted exclusively with RF leading to adducts 

consisting of one RF molecule and two or three cinnamate molecules, see Table A 121 in the 

Appendix. This explains, why the photodegradation of RF was accelerated in the presence of 

NaCinn in the diluted systems from section 4.1.2.1.8.1. 

To see, why the sodium caffeate samples turned brown during the storage in the dark, an 

aqueous sample of 0.40 mol·kg-1 sodium caffeate was let open for 4 h while stirring 

continuously. LC-MS analysis revealed the formation of at least two distinct caffeic acid dimers, 

see Table A 122 in the Appendix. The reason therefore is the dimerization of caffeate, which 

usually occurs enzymatically in plants but can also be due to autooxidation.282,283,286 

Dimerization and trimerization of polyphenolic acids is a natural process that takes place via 

the formation of quinones and semiquinones as intermediates and is responsible for the brown 

coloration of fruits and vegetables upon cutting them. 83,286–290 For ferulic acid it was revealed 

that half of its antioxidant potential was lost upon dimerization.89 This is also the reason, why 

RF degraded in the concentrated sodium ferulate sample despite the formation of ferulic acid 

oligomers after almost all sodium ferulate was lost, see Figure 74 in section 4.1.2.1.8.2.  

Despite the lack of studies regarding the absorption of polyphenolic acid dimers/trimers into 

the blood, they are of natural occurrence. Thus, dehydrodiferulic acid is present in wheat germ, 

young shoots of Lolium multiflorium and rice endosperm. Moreover, plant cell walls comprise 

ferulic acid dimers in small amounts, where they are supposed to act as antimicrobial and 

antifungal agents to protect the plants.290–292 Aside of this, ferulate oligomers are supposed to 

participate in the termination of the expansion of cell wall growth and cell wall stiffening, to 

influence the thermal stability of cell wall adhesion and the texture of cooked fruits and 

vegetables, to influence the gelling properties of pectins and arabinoxylans.293 Recently, 

polyferulic acid was investigated as potential active ingredient for cancer therapy and claimed 

to have no considerable toxic potential.97 

Hence, the oligomerization of sodium polyphenolates due to autooxidation and due to the 

photosensitization by RF should not constitute a problem for the application of polyphenolates 

as solubilizing and stabilizing agents for RF in aqueous medium in food, beverage and 

pharmaceutical formulations. 

 

4.1.2.1.8.4 Oxygen content in aqueous solutions of potential riboflavin 

stabilizers 

After excitation to its triplet state, RF can react with triplet oxygen to singlet oxygen. Singlet 

oxygen was reported to be responsible for the degradation of RF to 2,3-butanedione and to be 

involved in reactions photosensitized by RF.8,154,294 Thus, a high oxygen content might be 

partially responsible for the photodegradation of RF in aqueous solutions. In section 4.1.1, 
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polyphenolates were discussed as salting-in/-out agents for the hydrophobic di(propylene 

glycol) n-propyl ether. Simple inorganic salts are able to reduce the oxygen content in water 

slightly.295 Hence, together with their antioxidant properties, salting-out properties of sodium 

polyphenolates might reduce the oxygen content in aqueous solutions and thus protect RF not 

only by their radical scavenging properties but also via the reduction of the oxygen content.233 

Therefore, the oxygen content of aqueous solutions comprising distinct sodium polyphenolates 

or the non-antioxidant NaCinn was determined with a Clark electrode. The results were 

compared to sodium chloride (NaCl), to see if the organic sodium carboxylates have a similar 

effect on the oxygen saturation of aqueous solutions as the inorganic salt.  

Sodium polyphenolates showed distinct impact on the oxygen content, see Figure 75 A. While 

some sodium salts decreased the oxygen content strongly, others did not induce any change 

at all. The sodium salts can be order according to the oxygen saturation: pure water = Na-2-

OH-Benz = Na-4-OH-Benz = Na-3,5-DiOH-Benz = NaCinn = Na-4-OH-3-OMe-Benz = NaCl > 

Na-4-OH-3-OMe-Cinn > Na-2,3-DiOH-Benz > Na-3,4-DiOH-Benz > Na-3,4-DiOH-Cinn > Na-

3,4,5-TriOH-Benz. For compounds decreasing the oxygen content, the oxygen content was 

lower when being applied at higher concentrations. At least two hydroxy groups or one hydroxy 

group next to a methoxy group were necessary to see a reduction of the oxygen content. With 

increasing number of hydroxy groups on the aryl ring, the oxygen content was reduced more 

strongly. Hydroxy groups acted stronger on the oxygen content than methoxy groups. 

Substituted cinnamates reduced the oxygen content more strongly than the corresponding 

benzoates. The reason therefore is probably that Na-4-OH-3-OMe-Benz and Na-3,4-DiOH-

Benz comprise a smaller conjugated electronic system compared to the corresponding 

cinnamates, which is crucial for the stabilization of the phenoxyl radical and for the action of 

polyphenolates as antioxidants.83,84  

Further, the oxygen content was different depending on the position of the hydroxy group on 

the aryl ring (Na-3,5-DiOH-Benz, Na-2,3-DiOH-Benz and Na-3,4-DiOH-Benz). Neighbored 

hydroxy groups induced a strong reduction of the oxygen content while separate ones did not 

induce any change.  

The salting-out of oxygen by inorganic salts and NaCl is known to be considerably less 

pronounced than the reduction of the oxygen content by some of the polyphenolates, see 

Figure 75 A. Moreover, the reduction of the oxygen content in aqueous solutions by inorganic 

salts was reported to be independent of the ion strength and typical salting-out properties and 

to originate rather from specific interactions.51,295 Hence, the decrease of the oxygen content 

by sodium polyphenolates with at least two hydroxy groups does not correlate with their salting-

out properties, see section 4.1.1. Instead, the oxygen reduction by sodium polyphenolates 

correlated to their antioxidant properties. The antioxidant properties of polyphenolic acids with 

neighbored hydroxy groups are known to be stronger than the ones of polyphenolates with 

non-neighbored hydroxy groups. Moreover, as in our oxygen content measurements, the 
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antioxidant properties of polyphenolic acids increase with increasing number of hydroxy 

groups.85 Hence, sodium polyphenolates do not exert a salting-out effect on oxygen, but react 

with it due to their antioxidant properties. 

Because riboflavin is also an antioxidant, the oxygen content of water and some aqueous 

sodium polyphenolate solutions was also measured in after saturation with riboflavin, see 

Figure 75 B. However, riboflavin did not alter the oxygen content in water nor in the 

polyphenolate solutions tested. (The reason for the lower oxygen content in the Na-3,4-DiOH-

Benz and Na-3,4-DiOH-Cinn sample saturated with riboflavin was that the oxygen content was 

already strongly fluctuating without riboflavin, see Figure 75 B.) 

 

Figure 75: A) Oxygen content of organic aromatic sodium carboxylate salt and sodium chloride solutions 
B) Oxygen content of organic aromatic sodium carboxylate salt in absence and presence of riboflavin 
(saturation). 
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4.1.2.1.8.5 Conclusion 

As expected, RF’s photodegradation was impeded by the presence of sodium polyphenolates. 

With increasing polyphenolate/RF ratio (6 < 25 < 50), sodium polyphenolates exerted a 

stronger photostabilizing effect on RF in diluted aqueous sodium polyphenolate samples 

comprising 48 mg·kg-1 RF. Like this, RF could be preserved 2-4 times longer in aqueous 

solution. 

In spite of comparable molar stabilizer/RF ratios, in concentrated aqueous sodium 

polyphenolate solutions, RF’s photostability was completely superior to the one in the diluted 

solutions. Hence aqueous concentrated sodium vanillate, ferulate, 3,4-dimethoxycinnamate, 

and caffeate solutions enabled to preserve > 84 % of the initial RF concentrations even after 

8 weeks of exposure to the sun by storage next to the window. This considerable 

photostabilization of RF in the concentrated sodium polyphenolate systems is in line with the 

fact that only polyphenolic acid concentrations > 0.3 mol·L-1 enabled to quench 90 % of RF’s 

excited singlet state and thus prevented the population of the excited triplet state almost 

completely.10 

However, the strong photostabilization of RF in the concentrated aqueous NaCinn sample, 

with NaCinn being neither an antioxidant nor a radical scavenger, showed that radical 

scavenging properties of sodium polyphenolates are probably not the only reason for the 

considerable photostabilization of RF in the concentrated polyphenolate regime. Therefore, 

the oxygen content in the diluted and concentrated samples was analyzed. The polyphenolate 

concentration in the diluted polyphenolate/RF solutions was less than 10 mmol·kg-1, while 

polyphenolate concentrations higher 0.1 mol·kg-1 were required to decrease the oxygen 

content considerably. Hence, the photostabilization of RF in the diluted systems did not 

originate from the oxygen reducing properties of sodium polyphenolates, see sections 

4.1.2.1.8.1 and 4.1.2.1.8.4. Instead, the reduction of the oxygen content in the diluted 

polyphenolate/RF samples was found to be based on the antioxidant activity of polyphenolates 

reported in literature, see section 4.1.2.1.8.4. Additionally, Na-4-OH-3-OMe-Cinn was as 

efficient as Na-3,4-DiOH-Cinn in the diluted system, although Na-3,4-DiOH-Cinn decreased 

the oxygen content much more. Hence, not a reduction of the oxygen content, but radical 

scavenging properties as in the case of polyphenolic acids are responsible for the 

photostabilizing effect of polyphenolates on RF in the diluted regime, see Table 16.10,179 This 

is also the reason, why NaBenz and NaCinn had no photostabilizing effect on RF in the diluted 

systems, see section 4.1.2.1.8.1. 

In the concentrated systems, the oxygen content did not correlate either with the 

photostabilizing power of Na-3,4-DiOH-Cinn, Na-4-OH-3-OMe-Cinn and Na-4-OH-3-OMe-

Benz, see Table 16. However, RF’s photodegradation was slowed down considerably in the 

concentrated systems, while it was only slightly slowed down in the diluted samples. With 

ferulic, caffeic and vanillic acid and their corresponding choline salts being already known for 
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their scavenging properties, a photostabilization of RF was expected.10,268 Yet, these three 

sodium polyphenolates behaved similarly in the concentrated samples, while Na-4-OH-3-

OMe-Benz was less photoprotective than Na-4-OH-3-OMe-Cinn and Na-3,4-DiOH-Cinn in the 

diluted samples. Additionally, NaCinn stabilized RF in the concentrated system despite the 

absence of quenching abilities and oxygen lowering properties, while NaCinn destabilized RF 

in the diluted system due to a reaction, see Table 16. Hence, in contrast to the diluted 

polyphenolate systems, the scavenging properties cannot be the only reason for the 

considerable photostabilization of RF in concentrated sodium polyphenolate solutions.  

Table 16: Observations from oxygen content measurements and photo-degradation 
experiments of riboflavin in presence of sodium polyphenolates and cinnamate in the diluted 
and concentrated system. 

Compound Oxygen content Concentrated system Diluted system 

NaCinn No change Stabilization Destabilization 

Na-4-OH-3-OMe-Benz No change Stabilization Weak stabilization 

Na-4-OH-3-OMe-Cinn Nearly no decrease Stabilization Strong stabilization 

Na-3,4-DiOMe-Cinn Not analyzed Stabilization Stabilization 

Na-3,4-DiOH-Cinn Strong decrease Stabilization Strong stabilization 

 

While Na-4-OH-3-OMe-Cinn and Na-3,4-DiOH-Cinn degraded during the illumination of the 

concentrated RF/polyphenolate samples, Na-4-OH-3-OMe-Benz and NaCinn protected RF 

being stable themselves, see Figure 74 D in section 4.1.2.1.8.2. Obviously, RF’s 

photostabilization in the concentrated system does not include a destruction of the 

photoprotectant. Thus, the photostabilization of RF in the concentrated polyphenolate systems 

did neither correlate with the oxygen content, nor with the radical scavenging properties of 

sodium polyphenolates, see Table 16.84 

As NaCinn exerted a photostabilizing effect on RF while having no antioxidant properties, and 

because NaCinn is almost not photodegraded, its stabilizing effect on RF can result from two 

possibilities. On the one hand, the -complex of RF and NaCinn (see section 4.1.2.1.1) might 

absorb the photodestructive wavelengths and allow a non-photodestructive relaxation to RF’s 

ground state.296 On the other hand, the proximity of NaCinn and RF in the -complex might 

impede inter- and intramolecular hydrogen bonding of RF’s ribityl chain (see section 

4.1.2.1.7.8), which is responsible for its photodegradation.8  

Although NaCinn stabilized RF in highly concentrated samples, this solubilizer should be 

avoided for RF, as it reacted with RF and accelerated its photodegradation in the diluted 

aqueous samples. Despite of its photostabilizing power, Na-3,4-DiOH-Cinn should be also 

avoided in formulations comprising RF, if a change in the product’s color is not desired. As 

NaBenz exerted no photostabilizing properties at all, this compound can be used only for to 

assist the solubilization of RF. With regard to their photostabilizing power, sodium ferulate, 

vanillate and 3,4-dimethoxycinnamate are promising solubilizing agents for riboflavin in 

aqueous neutral solutions, see Figure 76. As concentrated sodium polyphenolate solutions 
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saturated with RF regained their photolability upon simple dilution with water, RF’s reactivity 

required for its biochemical redox activity should not be blocked by the photostabilization of 

the RF in concentrated polyphenolate solutions. 

 

Figure 76: Schematic representation of RF’s photostabilization by sodium polyphenolates 

 

4.1.2.1.9 Compatibility of sodium polyphenolates with beverage 

ingredients 

As sodium polyphenolates are omnipresent in human daily nutrition, because their LD50 values 

are rather high (Table 1 in section 2.6) and because benzoic acid and its derivatives are 

already food admitted (normal usage up to 500 mg·kg-1; maximal usage up to 2000 mg·kg-1).20, 

sodium polyphenolates constitute potential solubilizing and stabilizing agents for food, 

beverages and pharmaceuticals. Especially in sport beverage formulations, RF is commonly 

used due to its vitamin functions and because of its yellow color. 

As seen in section 4.1.2.1.1 and 4.1.2.1.8, precipitation and photodegradation of RF 

comprising beverages could be prevented or at least slowed down using sodium 

polyphenolates. Yet, sodium polyphenolates comprise a carboxylate group and OH- as well as 

OMe-groups, which might interact via complexation with divalent cations.297 Such an 

interaction might lead to the precipitation of the sodium polyphenolates and also cause a 

precipitation of RF. Moreover, an acidic pH value of many beverages might cause precipitation 

of sodium polyphenolates due to a shift of the acid-base equilibrium to the protonated side, 

which would cause a loss of the polyphenolate’s solubilizing power. Therefore, the 

compatibility of the sodium polyphenolate/RF mixtures was tested using the sports drink recipe 

of BASF. Like this, the compatibility of divalent cations, the pH resistance and the compatibility 

with other beverage ingredients could be simultaneously tested. Therefore, concentrated 

solutions comprising aromatic sodium carboxylates saturated with RF were diluted with the 

sports drink formulation from BASF to obtain a final RF concentration of 50 mg·kg-1 (max. 



140 
 

permitted RF content in non-alcoholic beverages3). The stability against discoloration and 

precipitation of the samples stored next to the window and in the dark was monitored by the 

eye for 3 weeks to prevent kinetically retarded precipitation, see Figure 77 and Table 17. 

Although the pH in the sports drink was ca. 3.5, dilution led to polyphenolic acid concentrations 

below their water solubility and precipitation was not observed in most samples. Moreover, 

sodium precipitation and discoloration were not observed for most sodium polyphenolate 

formulations for several days. As suggested from the photostability measurements of RF in 

diluted aqueous solutions of NaBenz and NaCinn from section 4.1.2.1.8.1, the samples 

comprising NaBenz and NaCinn were discolored already after 2 days exposed to the sun and 

after 11 days of storage in the dark. Consequently, NaBenz and NaCinn did not alter the 

photostability of RF compared to the sports drink. 

Analogously to the results from section 4.1.2.1.8, sodium caffeate should not be used for the 

stabilization of RF, as the samples turned brown. In line with the photostabilizing power of 

sodium polyphenolates observed in section 4.1.2.1.8.1, sodium polyphenolates prevented the 

total discoloration of the samples for at least 6 days. Sodium vanillate and 3,4-

dimethoxycinnamate turned out as the best stabilizing agents, preventing total discoloration 

for 12 days and 17 days, respectively. Except of the samples comprising NaBenz, NaCinn and 

Na-3,4-DiOH-Cinn, samples stored in the dark kept their color for at least three weeks. 

Consequently, sodium polyphenolates should be compatible with common beverage 

formulations and keep their photostabilizing effect on RF. 

As most of the tested aromatic sodium carboxylates did not precipitate in presence of calcium, 

the concentration of this divalent cation might be too low. To be sure that calcium would no 

induce precipitation, the water-solubility of the usual, well-soluble and fast dissolving calcium 

source in beverages, calcium lactate, was determined in pure water and in an aqueous 

0.37 mol·kg-1 sodium ferulate solution, which was saturated with RF. The solubility of calcium 

lactate in water was 84-85 g·L-1 = 15 399 mg·L-1. This corresponds to > 10 times more Ca2+ 

ions than in drinks fortified with calcium.298–302 The solubility of calcium lactate was not altered 

by sodium ferulate or RF. Consequently, even at high concentration of the divalent calcium 

ion, its interaction with polyphenolates should not constitute a problem for formulation of 

beverages.297 
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Figure 77: Example for the judgement of the color due to photo-degradation of RF in presence of sodium 
polyphenolates (here sodium ferulate) in the sports drink formulation from BASF, see Table 17 
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Table 17: First until fourth column: polyphenolate (NaPP) , its concentration in the stock solution saturated with RF prior to dilution, the molar ratio and RF concentration in 
the solutions prior to dilution; the NaPP concentration in the stock solution was chosen due to the following criteria: *max. solubility without RF; ** max. solubility with RF; # 
best ratio; C only soluble in combination with RF; + higher concentrations too viscos for stirring/filtration; (X): vanillate: for higher c(salt) precipitation of salt after several days 
- Na-4-OMe-Benz: for higher c(salt) worse ratio – ferulate/Na-2-OH-Benz: for higher c(salt) precipitation of salt after several days. After dilution with the sports drink, all 
samples comprised 50 mg·kg-1 RF. Fifth column: ✓✓ = Instant solubilization; ✓ = White precipitation (NaCinn, Na-3,4-DiOMe-Cinn), but solubilized upon short shaking;  = 
Instant precipitation of salt as needles, no re-solubilization after further dilution and shaking. The last two columns describe the observed coloration change of the diluted 
samples during three weeks of storage at ambient light and in the dark. Most samples did not undergo a color change when being stored in the dark. ✓ = good photo-
stabilization; ✓✓ = very good photo-stabilization;  = no photo-stabilization or acceleration of photo-degradation or brown coloration. For the judgement of the coloration see 
Figure 77. 

Salt Salt(mol·kg-1) Ratio(NaPP/RF) RF(mmol·kg-1) Precipitation? Ambient light Dark 

NaBenz*,# 3.00 24.8 120.86 ✓✓ 1 d: Very pale yellow                 
2 d: Colorless 

11 d: Pale 
yellow 

Na-2-OH-Benz(X) 2.00 13.0 150.46 ✓✓ 3 d: Pale yellow     6 d: 
Colorless✓✓ 

 

Na-4-OH-Benz*,# 2.93 14.0 209.51 ✓✓ 3 d: Pale yellow     6 d: 
Colorless✓✓ 

 

Na-2-OMe-Benz*,# 0.92 432.9 2.37 ✓✓ 14 d: Pale yellow  18 d 
Colorless✓✓ 

 

Na-4-OMe-Benz# 1.15 57.0 20.39  - 
 

Na-3,4-DiOMe-Benz**,# 0.88 36.5 31.38 ✓✓ 14 d: Pale yellow  18 d: 
Colorless✓✓ 

 

Na-3-OH-4-OMe-Benz*,# 1.05 24.5 45.32 ✓✓ 12 d: Colorless✓✓ 
 

Na-4-OH-3,5-DiOMe-Benz# 2.73 9.0 325.24 ✓✓ 3 d: Pale yellow     6 d: 
Colorless✓ 

 

Na-3,4,5-OH-Benz*,# 0.57 21.3 27.19 ✓✓ 4 d: Pale yellow     6 d: 
Colorless✓ 

 

NaCinn**,# 0.59 16.4 36.18 ✓ 1 d: Very pale yellow 
2 d: Colorless 

11 d: Pale 
yellow 

Na-4-OH-3-OMe-Cinn*,# 0.37 6.2 59.70 ✓✓ 3 d: Pale yellow         
6d: Colorless✓ 
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Na-3,4-DiOH-Cinn**,# 0.40 7.2 51.35 ✓✓ Few hours: Brown Few hours: 
Brown 

Na-3,4-DiOMe-Cinn+,C 1.3 6.0 224.62 ✓ 2 d: Less yellow 
10 d: Pale yellow✓✓ 
17 d: colorless 

White 
precipitate 
(salt) after 
8 d 

Na-2-OH-Cinn+,C 1.07 9.0 119.19 ✓✓ 6 d: Instantly 
colorless✓✓ 

 

Na-4-OH-Cinn*,# 0.74 7.0 107.97 ✓✓ 3 d: Pale yellow✓  6 d: 
Colorless 
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4.1.2.1.10 Conclusion 

RF was successfully solubilized with polyphenolates. Leading to a slightly worse molar 

solubilizer to RF ratio than sodium polyphenolates, the better water-solubility of choline 

polyphenolates compared to sodium polyphenolates enabled higher absolute water-solubility 

of RF. Still, so far, sodium polyphenolates are the best solubilizing agents for RF. Hence, the 

best sodium polyphenolates Na-4-OH-3,5-DiOMe-Cinn and Na-3,4-DiOMe-Cinn solubilized 

> 228 and > 176 times more RF in water than the well-known salting-in agent NaSCN at an 

additive concentration of 1 mol·kg-1. The hydrotrope SXS solubilized also less RF than most 

polyphenolates tested. Moreover, the standard surfactant SDS solubilized less RF than most 

substituted sodium benzoate derivatives and less RF than all sodium cinnamates. Hence, at 

its highest concentration tested, SDS (0.4 mol·kg-1) solubilized > 18 times, > 14 times and > 14 

times less RF than Na-4-OH-3,5-DiOMe-Cinn, Na-3,4-DiOMe-Cinn and Na-4-OH-3-OMe-

Cinn, respectively. Even nicotinamide, which is commonly applied as solubilizer for RF, 

solubilized > 72 times and > 55 times less RF than Na-4-OH-3,5-DiOMeCinn and Na-3,4-

DiOMe-Cinn, respectively, at an additive concentration of 1 mol·kg-1.182  

Thus, the increase of RF’s aqueous solubility by sodium polyphenolates is superior to the one 

of a common salting-in agent, of a hydrotrope, of a surfactant and even superior to the one of 

the common RF solubilizer nicotinamide.182,254 Finally, gallate, which was patented as potent 

RF solubilizer for injections, increased RF’s aqueous solubility 4.15 times and 2.9 times less 

than Na-4-OH-3,5-DiOMe-Cinn and Na-3,4-DiOMe-Cinn at 0.67 mol·kg-1 of the additive 

(corresponding to the water-solubility of sodium gallate in the presence of RF due to the mutual 

increase in solubility).254 

The best sodium polyphenolates from this research, Na-3,4-DiOMe-Cinn, Na-4-OH-3,5-

DiOMe-Cinn, Na-4-OH-3-OMe-Cinn and Na-2,4,6-TriOH-Benz, increased the solubility of RF 

> 2000 times, > 1400 times, > 240 times and > 65 times at the highest tested additive 

concentration of 4.34 mol·kg-1, 1.62 mol·kg-1, 0.56 mol·kg-1 and 0.08 mol·kg-1, respectively, 

see Table 18.  

In presence of the same four sodium polyphenolates, the best molar additive/RF ratios were 

obtained, see Table 18. In mass ratios, Na-4-OH-3-OMe-Cinn, Na-3,4-DiOMe-Cinn, Na-4-OH-

3,5-DiOMe-Cinn and Na-2,4,6-TriOH-Benz enabled the best solubilization efficiency of 3.6, 

3.5, 2.7 and 2.3, respectively.  

The solubilization curve of the water-insoluble Na-3,4-DiOMe-Cinn with RF could not be 

continued, because the samples were too viscous and stirring with a magnetic agitator was 

not possible anymore. The RF solubility curves in presence of Na-4-OH-3,5-DiOMe-Cinn were 

not continued, because this polyphenolate was rather expensive. Na-2,4,6-TriOH-Benz was 

not tested either until its solubility limit, as it was supposed that this compound is usable only 

for pharmaceutical terms such as Na-2-OH-Benz. Thus, Na-4-OH-3,5-DiOMe-Cinn and Na-
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2,4,6-TriOH-Benz might result in an even better additive/RF ratio, if solutions with higher 

additive concentrations would be saturated with RF.  

These best sodium polyphenolates increased RF’s water-solubility even comparable to a 

covalently bound sodium phosphate group (RF-PO4 103 ± 8 mmol·kg-1). 

The molar additive/RF ratio decreased, when samples with higher additive concentration were 

saturated with RF. Thus, lower additive concentrations were not sufficient to reach a low 

number of additive molecules per one RF molecules. If aqueous samples comprising high 

additive concentrations were saturated with RF and then diluted with water to keep the low 

molar additive/RF ratio, neither RF nor the polyphenolates precipitated. Precipitation did not 

occur for at least 4 weeks. Thus, once RF was solubilized by sodium polyphenolates, it did not 

precipitate even after dilution.  

Table 18: Maximum solubility of RF and best molar ratio obtained with the most efficient sodium 
polyphenolates for the aqueous solubilization of riboflavin at the given additive concentration. 

Additive Solubility of riboflavin ratio(additive/riboflavin) 

Na-2,4,6-TriOH-Benz 18 ± 1 mmol·kg-1 at 0.08 mol·kg-1 4.5 at 0.08 mol·kg-1 

Na-4-OH-3,5-DiOMe-Cinn 380 mmol·kg-1 at 1.62 mol·kg-1 4.2 at 1.02 mol·kg-1 

Na-3,4-DiOMe-Cinn 560 ± 20 mmol·kg-1  
at 4.34 mol·kg-1 

5.8 at 1.09 mol·kg-1 

Na-4-OH-3-OMe-Cinn 67 ± 2 mmol·kg-1 at 0.56 mol·kg-1 6.3 at 0.37 mol·kg-1 

The trends observed from the solubilization of RF with sodium polyphenolates and structurally 

related compounds in water are depicted in Figure 78. The solubilizing power of 

polyphenolates was found to be mostly independent of their amphiphilicity. A strong 

solubilizing power was observed, when the polyphenolate was substituted with functional 

groups exerting a positive mesomeric effect. Reversible copigmentation coupled with a mutual 

solubilization of RF and some polyphenolates, and the independence of the solubilizing power 

on the polyphenolate’s water-solubility pointed to -stacking of RF and polyphenolates instead 

of classical aggregative solubilization. In accordance to this, (i) the lack of a correlation in DLS, 

(ii) the absence of an effect of RF on surface tension curves of polyphenolates, (iii) the bad 

performance of SDS compared to most polyphenolates and (iv) the absence of an MHC in the 

solubilization curves denied an aggregation driven solubilization of RF. Instead, (i) NMR 

measurements showing again the mutual hydration of polyphenolates and RF, (ii) the alteration 

of the chemical shift of most aromatic carbon and proton atoms and (iii) cross-peaks in the 

NOESY spectrum indicating a distance of Na-3,4-DiOMe-Cinn and RF in water < 5 Å 

confirmed -stacking of RF and polyphenolates.  

-Stacking of RF and polyphenolates is probably also the reason for the better performance of 

polyphenolates being substituted symmetrically with hydroxy and/or methoxy groups on the 

aryl ring. Thus, A. Fusina evidenced also a better solubilizing power of the more symmetric 

phloroglucinol to solubilize quercetin in water by -complexation than of the actually better 
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water-soluble and pyrogallol.265 Presumably, a symmetric arrangement of the substitutents on 

the hydrotropes’ aryl ring leads to a more homogeneous distribution of the delocalized 

electrons in the aryl ring and thereby facilitates -stacking. 

The reason for the mutual solubilization of RF and polyphenolates originates probably from the 

complexation and partially from an altered ribityl side chain conformation due to the stacking. 

In general, the interaction of RF and polyphenolates appeared to be rather weak, as the 

copigmentation was easily reversible and RF did not alter the surface tension of aqueous 

aromatic sodium carboxylate solutions. A comparison of RF from Carl Roth with two distinct 

batches from BASF revealed that not only the solubility of RF in pure water but also the 

solubility of RF in presence of sodium polyphenolates is dependent on the distributor and 

batch. Thus, the solubility of RF varied up to 20-50 % depending on the distributor/batch of 

RF, see section 4.1.2.1.2 and 4.2.1. Reasons therefore might be impurities or distinct crystal 

structures of RF. Nevertheless, the magnitude of the solubilizing power of sodium 

polyphenolates was still roughly maintained. 

 

Figure 78: Effect of a functionalization of an aryl backbone, as present in natural sodium polyphenolates, 
on their riboflavin solubilizing power in water. The solubilization power increases from brown to orange 
and green.  pH ≈ 7 (indicator paper) 

Further, analogous to their corresponding acids, sodium polyphenolates photostabilized RF 

about 2-4 times compared to pure water in diluted solutions comprising 48 mg·kg-1 RF and for 

several weeks in concentrated solutions, see section 4.1.2.1.8. Although the photostabilizing 

mechanism was not elucidated, samples in the diluted regime were found to follow distinct 

rules than the one in the concentrated regime. Thus, the stabilizing power of aromatic sodium 

carboxylates in the diluted samples followed the antioxidative power of polyphenolic acids, as 

cinnamate derived polyphenolates stabilized RF better than benzoate derived ones and 

NaBenz and NaCinn exerted no photostabilizing effect. On the contrary, the photostabilization 

of RF in samples comprising high concentrations of polyphenolates or NaCinn was 

independent of the antioxidative power, as the non-antioxidant and non-scavenger NaCinn 
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photostabilized RF. As the copigmentation of RF and polyphenolates was reversible, the 

strong photostabilization of RF in aqueous concentrated polyphenolate and NaCinn solutions 

might be induced by the stacking. 

The reversible photostabilization of RF by sodium polyphenolates via simple dilution might be 

useful for pharmaceutical practice. Thus, polyphenolate enriched injections or capsules with 

RF would be completely stable against photodegradation and oxidation of RF and stable 

against photosensitization of other pharmaceutically active molecules by RF, while RF would 

regain its bioactivity upon dilution in the blood cycle. 

Finally, sodium polyphenolates were compatible with the sports drink beverage formulation 

from BASF, where they kept their photostabilizing power on RF. Consequently, aromatic 

sodium carboxylates constitute cheap, edible, and green bi-functional solubilizers for RF, 

preventing not only the photodegradation of RF, but also photosensitization of other valuable 

ingredients in aqueous beverages, see Figure 79. 

 

 

 

Figure 79: Molecular arrangement of RF in the crystal and in aqueous solution 
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4.1.2.2 Lumichrome and sodium riboflavin 5’-monophosphate 

To further understand the function of the ribityl chain, three aqueous solutions comprising 

0.37 mol·kg-1 medium or good sodium polyphenolates saturated with LC or RF-PO4 were 

prepared. The change of the sample’s color from transparent (LC in water) to yellow and 

orange in the case of lumichrome in presence of Na-4-OH-3-OMe-Benz and Na-3,4-DiOMe-

Cinn, revealed an interaction of LC with the two sodium polyphenolates, see Figure 80 a-c. In 

the case of RF-PO4 the samples exhibited similar coloration (orange – red – almost black) as 

the ones comprising RF and sodium polyphenolates. Thus, LC and RF-PO4 both underwent 

copigmentation with sodium polyphenolates, such as RF did, see section 4.1.2.1.1. 

Consequently, LC and RF-PO4 must be in direct contact with sodium polyphenolates in 

aqueous solution and not just surrounded by polyphenolates. 

 

Figure 80: a) Lumichrome in water (saturation), b) Lumichrome in 0.858 mol·kg-1 Na-4-OH-3-OMe-Benz 
(saturation) at Na-4-OH-3-OMe-Benz’s solubility limit in water, c) Lumichrome in 3 mol·kg-1 Na-3,4-
DiOMe-Cinn as maximum possible concentration of Na-3,4-DiOMe-Cinn due to impedance of the 
stirring and filtering process for higher concentrations (saturation). 

To further analyze the interaction of sodium polyphenolates with RF’s isoalloxazine ring, other 

sodium polyphenolate-like compounds were tested as solubilizers for LC, too, see Figure 81 

left. When applied at 0.2 mol·kg-1, all aromatic solubilizers, which increased RF’s solubility, 

increased the water-solubility of LC. The solubilizers can be ordered according to their LC 

solubilizing power: NaBenz < NaCHC < NaButyrate < NaValerate < Na-4-OH-3-OMe-Benz < 

NaCinn < Na-2,4-Pentadienoate < Na-4-OH-3-OMe-Cinn < Na-3,4-DiOMe-Cinn, see Figure 

81. NaBenz was better for RF than CHC, and Na-3,4-DiOMe-Cinn and Na-2,4-Pentadienoate 

had a similar solubilization power for RF, whereas CHC was better for LC and Na-3,4-DiOMe-

Cinn was better than Na-2,4-Pentadienoate for LC, see Figure 81 right. Nevertheless, the 

overall solubilization trends were the same for RF and LC, see Figure 81 right and section 

4.1.2.1.1. 

NaValerate solubilized 66 % more LC than NaButyrate. However, despite the improvement of 

LC’s water-solubility by an elongation of the hydrophobic chain, this increase was nothing 

compared to the increase of LC’s solubility via introduction of a total conjugation 

(NaValerate→Na-2,4-Pentadienoate), see Figure 81. Moreover, despite of its lower 

amphiphilic character NaCinn solubilized even 208 % more LC than NaButyrate, and Na-2,4-

Pentadienonate increased the solubility of LC by > 1300 % more than NaValerate. Hence, a 

conjugation of the solubilizer – leading to its planarity and to a huger interaction surface – 

boosts the solubility of LC in water. Consequently, just as in the case of RF, the solubilization 
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power increased with increasing chain length and even more in presence of a conjugation over 

the entire molecule.  

Remarkably, the factors for the increase of LC’s and RF’s water-solubility were also in the 

same scale, see Figure 81 right. This and the almost identical order of the additives according 

to their solubilizing power indicate that the isoalloxazine ring is implemented strongly into the 

underlying solubilization mechanism of LC or RF with sodium polyphenolates. Thus, the 

isoalloxazine ring is crucial for the interaction with sodium polyphenolates. This is in line with 

the observation of reversible copigmentation of RF and LC with sodium polyphenolates, with 

the strong dependence of RF’s and LC’s solubility on the extension of the polyphenolates’ 

conjugated electronic system and with the NMR measurements of RF and RF-PO4 in presence 

of aromatic sodium carboxylates. 

 

Figure 81: A) Water-solubility of lumichrome in water and in presence of 0.2 mol·kg-1 sodium 
polyphenolates and related compounds in water. Exact value in Table A 75 in section 7.8. B) Solubility 
increase of lumichrome and riboflavin by means of sodium polyphenolates relatively to the water-
solubility of lumichrome (blue) and riboflavin (red), respectively. 

Because the investigated system was very simple, a comparison of the difference of the 

change of the free solubilization energy of RF and LC G** in presence of sodium 

polyphenolate(-like) compounds via equation 17 and 18 from section 3.2.2.6 allowed 

evaluating the function of the ribityl chain in the interactions between the isoalloxazine ring and 

sodium polyphenolates, see Figure 82 A. The hugest difference between LC and RF was 

observed for NaCHC. The small NaCHC, having no conjugated electronic system, can only 

interact via hydrophobic interactions and hydrogen bonding with LC and RF. Compared to RF, 

NaCHC is rather small. Hence, imagining the solubilization of LC and RF via aggregation of 

NaCHC around LC or RF, much more NaCHC molecules would be needed in case RF than in 

case of the smaller LC molecule. Therefore, the solubility of LC was increased more by NaCHC 

than the one of RF. 

Further, though having the same molecular backbone as NaCHC, the conjugated NaBenz 

increased the solubility of RF more than the one of LC. Consequently, the interactions via the 

A B 
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electronic system are strong enough to compensate the sterical disturbance of the ribityl chain 

for the solubilizer to approach RF. This finding was reinforced by the smaller G** for Na-2,4-

Pentadienoate than for NaValerate. Although Na-2,4-Pentadienoate increased LC’s solubility 

more than the one of RF, the electronic interactions with the isoalloxazine ring were strong 

enough to compensated the sterical hinderance by the ribityl chain at least a bit compared to 

NaValerate, see Figure 82 A. Hence, not only the stacking or dispersive interactions at the 

isoalloxazine ring, but also arrangement of the two solubilizers around the small LC compared 

to the bigger RF might be the reason for the much better performance of the latter NaCHC and 

NaValerate solubilizers with LC. Above all RF is harder to be embraced into aggregative 

structures. 

In general, it is evident that for sterical demanding compounds, ∆𝐺 of RF and LC differed more 

than for smaller solubilizers (Na-4-OH-3-OMe-Cinn > Na-4-OH-3-OMe-Benz, NaValerate > 

NaButyrate; Na-2,4-Pentadienoate > NaCinn; Na-3,4-DiOMe-Cinn > Na-4-OH-3-OMe-Cinn), 

Figure 82 A. Rather small solubilizers seemed still to be able to approach RF when comprising 

a conjugated electronic system over the entire molecule. Thus, the ribityl chain of RF hinders 

the interaction of the isoalloxazine ring with the solubilizers. 

 

Moreover, the effect of sodium vanillate, ferulate and 3,4-dimethoxycinnamate on the water-

solubility of RF was compared to the effect of these compounds on LC’s and RF-PO4’s water-

solubility. The solubility of RF, LC and RF-PO4 in presence of 0.37 mol·kg-1 sodium 3,4-

dimethoxycinnamate, ferulate and vanillate is displayed in Figure 82 C. 

The solubilization power of Na-3,4-DiOMe-Cinn and Na-4-OH-3-OMe-Cinn differed by 26 % in 

the case of LC, whereas it was similar in the case of RF and even flipped in the case of the 

RF-PO4. Thus, an increasing sterical demand of the solubilizer (vanillate → ferulate → 3,4-

dimethoxycinnamate) and of the solute (RF → LC → RF-PO4) led to a weaker increase of the 

solute’s water-solubility. Remembering the NMR results from section 4.1.2.1.7.8, which 

indicated a curved conformation of the ribityl side chain of RF and RF-PO4 in presence of 

sodium polyphenolates, the ribityl and ribityl phosphate side chain probably hinders the 

approach of polyphenolates to the isoalloxazine ring. This is probably also one reason, why 

amphiphilic compounds increase the solubility of the smaller and less hydrophilic LC more than 

the solubility of the sterically more demanding RF. 

Although the water-solubility of RF-PO4 was increased by sodium polyphenolates, it was not 

in the scale of RF and LC, see Figure 82 C. Thus, 0.37 mol·kg-1 sodium vanillate increased 

the water-solubility of RF-PO4 by 1.7 times, and 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn and Na-

3,4-DiOMe-Cinn increased the water-solubility of RF-PO4 only by 3 and 2.6 times, respectively. 

On the contrary, the water-solubility of RF was increased by 206 times with 0.37 mol·kg-1 Na-

4-OH-3-OMe-Cinn and 220 times with 0.37 mol·kg-1 Na-3,4-DiOMe-Cinn.  
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Figure 82: A: Change of the molar Gibbs enthalpy for the solubilization △△G upon introduction of a 
ribityl chain to LC in presence of sodium polyphenolates and structurally related compounds for aqueous 
0.2 mol·kg-1 solutions of the solubilizer. B: Factor for the increase in solubility of lumichrome, riboflavin 
and riboflavin 5’-monophosphate via dissolution in a 0.37 mol·kg-1 sodium vanillate, ferulate and 3,4-
dimethoxycinnamate solution compared to their corresponding solubility in water. C: Influence of the 
side chain on the isoalloxazine ring on the solubility of LC, RF and RF-PO4 in presence of 0.37 mol·kg-1 
aqueous sodium polyphenolate solutions. 

The reason for the low increase of RF-PO4’s water-solubility compared to the one of RF is 

presumably of RF-PO4’s high solubility in pure water due to the strong hydration of its 

phosphate group.42 Thus, RF-PO4 (103 ± 8 mmol·kg-1) is around 350 times more water-soluble 

than RF. Consequently, for a similar increase of RF-PO4’s solubility as of RF’s and LC’s 
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solubility, 350 times more solubilizer molecules would be required than in the case of RF or 

LC. Hence, the solubility of RF-PO4 cannot be increased by a similar factor as in the case of 

RF or LC, whose aqueous solubility differs only by a factor of 8. Moreover, although the water-

solubility of RF was increased more than the one of sodium RF-PO4, the absolute solubility of 

RF did not exceed the one of RF-PO4. Even in presence of 0.37 mol·kg-1 Na-4-OH-3-OMe-

Cinn, less RF was solubilized than sodium RF-PO4 in pure water. Only high concentrations of 

Na-3,4-DiOMe-Cinn and Na-4-OH-3,5-DiOMe-Cinn were able to increase RF’s water-solubility 

above the one of RF-PO4 in pure water, see Table A 53 and Table A 54 in section 7.5 in the 

Appendix. 

Despite the apparently low relative increase of RF-PO4’s water-solubility by sodium 

polyphenolates, the absolute solubility was increased strongly. Hence, 0.37 mol·kg-1 of Na-4-

OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn were sufficient to solubilize up to 305 ± 3 mmol·kg-1 

and 270 ± 22 mmol·kg-1 RF-PO4 in water, corresponding to 145.9 g·kg-1 and 129.1 g·kg-1, 

respectively. Consequently, the molar ratio and especially the weight ratio of sodium 

polyphenolates to RF-PO4 was almost up to 10 times lower in the case of RF, see Table 19. 

Thus, the application of sodium polyphenolates as solubilizing agents is not just interesting for 

RF, but also for RF-PO4, especially because a minimum weight ratio of 0.55 was reached in 

presence of 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn. 

Table 19: Molar ratio and weight ratio of sodium polyphenolate (NaPP) to RF and sodium polyphenolate 
to RF-PO4 after saturation of 0.37 mol·kg-1 sodium polyphenolate solutions with RF and RF-PO4. 
ratio = c(RF)/c(polyphenolate) or ratio = c(RF-PO4)/c(polyphenolate). 

NaPP Molar ratio 

(NaPP/RF-PO4) 

Molar ratio 

(NaPP/RF) 

 Weight ratio 

(NaPP/RF-PO4) 

Weight ratio 

(NaPP/RF) 

Na-4-OH-3-OMe-Benz 2.2 51.4  0.86 26.0 
Na-4-OH-3-OMe-Cinn 1.2 6.3  0.55 3.6 

Na-3,4-DiOMe-Cinn 1.4 5.9  0.66 3.6 

As the solubilization of LC and RF-PO4 with sodium polyphenolates was not exactly the same 

as the one of RF, DLS measurements of LC and RF-PO4 in water in absence and presence of 

two of the best riboflavin-solubilizers (Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn) were 

conducted to definitely exclude solubilization of LC and RF-PO4 via an inclusion in aggregates. 

The concentration of the polyphenolates was 0.37 mol·kg-1 corresponding to the solubility of 

Na-4-OH-3-OMe-Cinn in water. Regarding Figure 83, the correlation functions were strongly 

fluctuating around the baseline for the samples comprising LC and for the ones comprising 

RF-PO4. Consequently, DLS measurements showed no indications for potential self-

assemblies of sodium ferulate and 3,4-dimethoxycinnamate in presence of LC or RF-PO4. This 

was expected, as the interaction of RF, LC and RF-PO4 with sodium polyphenolates are based 

on their -system. 
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Figure 83: DLS correlation curves of lumichrome (A) and riboflavin 5’-monophosphate sodium salt (B) 
in pure water and in water in presence of 0.37 mol·kg-1 sodium ferulate and 3,4-dimethoxycinnamate. 
(0.37 mol·kg-1 is the solubility of sodium ferulate in water). 

 

4.1.2.3 Vitamin K3 

4.1.2.3.1 Solubilization 

Similar to RF and LC, vitamin K3 exhibits a poor water-solubility probably due to stacking of 

the planar vitamin K3 molecules in the crystal, see Figure 84.198 As aromatic sodium 

carboxylates turned out as efficient hydrotropes for RF, LC and RF-PO4, sodium 

polyphenolates as cheap, natural, potentially edible, water-soluble antioxidants might also act 

on the water-solubility of vitamin K3. Of advantage for the usage of polyphenolic acids or their 

salts in animal husbandry would be that durum wheat bran, which consists mainly of ferulic 

acid, administered to cows is known to improve the milk and cheese production and to improve 

the milk’s quality as well as its shelf-life.73,74 Moreover, ferulic acids is already patented as feed 

supplement for beef cattle due to its positive effect on the meat quality.108 Comprising further 

various health benefits, polyphenolic acids might constitute important solubilizing and 

stabilizing agents for vitamin K3 and thus facilitate the liquid administration of vitamin K3 in 

animal husbandry.19,73,91–97 

 

Figure 84: Molecular structure and nomination of the protons of vitamin K3 for NMR analysis. 

Zhu et al. observed cocrystallization of vitamin K3 with the aromatic 1-hydroxy-2-naphthoic 

acid and 6-hydroxy-2-naphthoic acid via -stacking, which was accompanied by 

copigmentation and an increased water-solubility of vitamin K3 in aqueous phosphate buffer 
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at pH 6.8.196 Comprising a similar aromatic backbone, sodium polyphenolates might also 

increase the water-solubility of vitamin K3, as they already did in the case of RF, LC and RF-

PO4, see sections 4.1.2.1.1 and 4.1.2.2. Hence, the water-solubility of vitamin K3 in absence 

and presence of several polyphenolate(-like) compounds with distinct sizes of the conjugated 

electronic system was measured with the help of UV-Vis- or quantitative NMR spectroscopy. 

Only the solubility of vitamin K3 in pure water and in NaCHC solutions was determined via UV-

Vis-measurements, as the solubility of the vitamin was below the detection limit of 1H-NMR. 

Prior to the quantification of vitamin K3, the samples’ color allowed making already conclusions 

on the interactions with aromatic sodium carboxylates. Saturation of water with vitamin K3 

resulted in a colorless sample due to the absorption of vitamin K3 in the ultraviolet region. Yet, 

copigmentation leading to a redshift of the absorbance spectrum was observed for the samples 

comprising NaCinn, Na-2,4-Pentadienoate, NaValerate and NaButyrate, Na-4-OH-3-OMe-

Cinn and Na-3,4-DiOMe-Cinn saturated with vitamin K3, see Figure 85 A.188 Only, NaCHC and 

NaBenz did not induce a change in the color, see Figure 85 A. On the contrary, Na-4-OH-3-

OMe-Cinn, Na-3,4-DiOMe-Cinn induced even a red coloration after saturation with vitamin K3, 

see Figure 85 A. Thus, vitamin K3’s electronic -system was near enough to the -system of 

aromatic sodium carboxylates in aqueous solution to experience a change of the absorption 

spectrum.263,303 The bathochromic shift of the absorption spectrum was dependent on the 

concentration of vitamin K3 and on the concentration of the aromatic sodium salts, see Figure 

85 B. Hence, upon simple dilution with water, the UV-spectrum of vitamin K3 in water was 

regained, although the molar ratio of the aromatic sodium salt to vitamin K3 ratio did not 

change, see Figure 85 B. 

 

Figure 85: A) From left to right: Vitamin K3 in pure water, vitamin K3 in an aqueous 0.37 mol·kg-1 sodium 
benzoate, sodium cinnamate, sodium 5-phenyl-2,4-pentadienoate, sodium ferulate, sodium 3,4-
dimethoxycinnamate solution. All samples were saturated with vitamin K3. B) UV-Vis-spectrum of 
sodium ferulate (NaFer), vitamin K3 (saturation) and vitamin K3 in presence of sodium ferulate at a 
constant molar ratio of 19.4 at distinct sodium ferulate concentrations. 
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Further, the solubility of vitamin K3 in aqueous sodium carboxylate solution was determined 

via UV-Vis-absorbance measurements after saturation with vitamin K3. The vitamin’s water-

solubility in presence of aromatic and one non-aromatic sodium salts at neutral pH (tested with 

indicator paper) is displayed in Figure 86. As Na-2,4-Pentadieonate was not solubilized above 

0.2 mol·kg-1, the solubilization curve could not be obtained for higher concentrations. The 

water-solubility of vitamin K3 amounted to 0.68 ± 0.03 mmol·kg-1. All sodium salts, including 

the ones undergoing no copigmentation with vitamin K3, increased the water-solubility of 

vitamin K3 in a rather exponential manner, see Figure 86 A) and B). The solubilizers are 

ordered according to their solubilizing power in Figure 86 at the bottom. 

 

Figure 86: Top: Solubility of vitamin K3 in water in absence and presence of aromatic sodium salts and 
sodium cyclohexane carboxylate. A) Enlarged view; B) entire view. Bottom: Performance for the 
solubilization of vitamin K3 in water. Top left: best solubilizing agent, Bottom right: worst solubilizing 
agent. 

The solubility of vitamin K3 increased with increasing conjugation and with the hydrophobic 

chain length (NaBenz < NaCinn < Na-2,4-Pentadieonate; NaButyrate < NaValerate). As in the 

case of RF in section 4.1.2.1.1, the non-aromatic NaCHC increased the solubility of vitamin K3 

scarcely (+13 % at 0.5 mol·kg-1 NaCHC), while the aromatic NaBenz tripled the water-solubility 

of vitamin K3, when applied at the same concentration. Analogously, an extension of the 

conjugation to the carboxylate side chain was sufficient to increase vitamin K3’s water-

solubility by 3 times in the case of Na-2,4-Pentadieonate compared to NaValerate.  
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Although an increased amphiphilicity improved the solubility of vitamin K3 (NaBenz < 

NaButyrate < NaValerate), even the less amphiphilic but completely conjugated NaCinn 

solubilized significantly more vitamin K3 than NaValerate. The equal solubility of vitamin K3 in 

presence of 0.58 mol·kg-1 NaCinn and NaValerate can be explained by the limitation of 

NaCinn’s water-solubility to 0.58 mol·kg-1. 

Further, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn solubilized vitamin K3 more efficiently 

than the more amphiphilic Na-2,4-Pentadieonate. Thus, a disruption of the solubilizer’s 

amphiphilicity via implementation of a hydroxy and methoxy group to the aryl ring improved 

the solubilizing properties of the sodium salt. Consequently, the solubilizing mechanism of 

vitamin K3 is not in line with the one of DPnP from section 4.1.1. Instead, the aqueous 

solubilization of vitamin K3 by means of aryl carboxylates is strongly promoted by the size of 

the aromatic system and only minorly influenced by amphiphilicity.  

Additionally, aromatic sodium carboxylate salts did not only solubilize vitamin K3, but were 

solubilized by the vitamin, too. Thus, Na-3,4-DiOMe-Cinn was never entirely soluble in water, 

but vitamin K3 enabled to keep 3 mol·kg-1 of the sodium salt in water for at least one month. 

Analogously, the water-solubility of Na-2,4-Pentadienoate was increased from 0.1 mol·kg-1 to 

approximately 0.2 mol·kg-1 in presence of the vitamin being stable against precipitation for at 

least 1 day. The solubility of NaValerate was also increased from 0.5 mol·kg-1 to at least 

0.58 mol·kg-1 being stable for at least 1 day. The reversible bathochromic shift of vitamin K3’s 

absorption spectrum, the mutual solubilization and the strong dependence of vitamin K3’s 

water-solubility on the size of the aromatic -system coupled with a lower dependence on the 

solubilizer’s amphiphilicity point to an interaction of the planar aromatic sodium carboxylates 

with vitamin K3 via -stacking. 

Out of the solubilizers tested, 3 mol·kg-1 Na-3,4-DiOMe-Cinn increased the solubility of vitamin 

K3 up to 388 times followed by 0.37 mol·kg-1 sodium ferulate increasing vitamin K3’s water-

solubility 28 times. The molar polyphenolate to vitamin K3 ratios were 11.5 and 19.4, 

respectively. Thus, sodium benzoate and cinnamate derivatives enabled to solubilize by 

several factors more vitamin K3 than 1-hydroxy-2-naphthoic acid and 6-hydroxy-2-naphthoic. 

Nevertheless, the experiments are not completely comparable, as Zuh et al. adjusted a fixed 

molar ratio of the solubilizer and vitamin K3. Thus, 1-hydroxy-2-naphthoic acid and 6-hydroxy-

2-naphthoic might even perform better. Still, the solubilizers of Zuh et al. would be maximum 

suitable for pharmaceutical applications, while sodium polyphenolates might be applied for 

food and nutritional supplement.196  

Compared to dichloromethane (the best solvent for vitamin K3), the 3 mol·kg-1 Na-3,4-DiOMe-

Cinn solution solubilized 53 times less vitamin K3 per mole of the corresponding solvent. 

However, comparing only the vitamin K3/dichloromethane ratio to the one of vitamin K3/Na-

3,4-DiOMe-Cinn, Na-3,4-DiOMe-Cinn was only 2.45 times worse than the potentially 

carcinogenic dichloromethane.197 
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Moreover, the solubilizing power of the 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution was 

approximately the same as the one of a binary water/ethanol (28/72 (w/w)) mixture, while the 

water/hydrotrope ratio was 18.5 in the case of a 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution and 1 

in the case of the binary water/ethanol mixture.193 Hence, the Na-3,4-DiOMe-Cinn solution was 

even more efficient than water/ethanol mixtures. 

4.1.2.3.2 NMR analysis 

To evaluate the interaction of vitamin K3 with aromatic sodium carboxylates further, the change 

of the proton’s chemical shift was investigated depending on the concentration of the best 

solubilizer Na-3,4-DiOMe-Cinn in non-deuterated water. Therefore, the change of the chemical 

shift of Na-3,4-DiOMe-Cinn’s protons upon saturation with vitamin K3 was determined for a 

0.2 mol·kg-1 and for a 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution, see Figure 87. The presence of 

vitamin K3 led to a slight shielding of all protons of Na-3,4-DiOMe-Cinn’s by 0.08 – 0.17 ppm. 

Thus, all protons of Na-3,4-DiOMe-Cinn were exposed to a slightly increased electron density 

after saturation with vitamin K3. The aromatic protons H3, H4 and H5 were affected most, see 

Figure 87. Although the molar Na-3,4-DiOMe-Cinn to vitamin K3 ratio was 1.3 times lower for 

a 3 mol·kg-1 solution saturated with vitamin K3 than for the 0.2 M Na-3,4-DiOMe-Cinn solution, 

vitamin K3 showed almost no effect on the protons of Na-3,4-DiOMe-Cinn in the 3 mol·kg-1 

solution, Figure 87 top. The reason therefore is probably stacking of Na-3,4-DiOMe-Cinn with 

other Na-3,4-DiOMe-Cinn molecules due to the high concentration of this polyphenolate.255 In 

any case, vitamin K3 induced an upfield shift of Na-3,4-DiOMe-Cinn’s protons and thus 

increased the electron density of its protons. 
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Figure 87: 1H-NMR spectrum of an aqueous 3 mol·kg-1 (top) and 0.2 mol·kg-1 (bottom) sodium 3,4-
dimethoxycinnamate solution in the absence of vitamin K3 and saturated with vitamin K3. Red: protons 
of 3,4-dimethoxycinnamate; blue: protons of vitamin K3. Proton H1 of vitamin K3 was covered by the 
aromatic protons of 3,4-dimethoxycinnamate. Water peak: 4.8 ppm. 

Further the chemical shifts of vitamin K3’s protons were evaluated when increasing the 

concentration of different aromatic sodium carboxylates see Figure 88 top. The chemical shift 

of vitamin K3’s methyl group decreased with the concentration depending on the type of 

solubilizer, see Figure A 71-Figure A 76 in Appendix. Hence, all aromatic solubilizers increased 

the electron density of vitamin K3’s protons. The 1H-NMR spectrum of pure vitamin K3 in water 

after saturation was not analyzable, as the signal to noise ratio was too low. Hence, the change 

of vitamin K3’s protons’ chemical shift was determined via comparison of its protons’ chemical 
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shifts in presence of 0.2 mol·kg-1 Na-3,4-DiOMe-Cinn in water to vitamin K3’s protons in an 

aqueous 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution, see Figure 88 at the top. The protons of 

vitamin K3 were shielded more strongly with increasing concentration of Na-3,4-DiOMe-Cinn. 

The shift of H1 was not detectable due to an overlap of this protons with the ones of Na-3,4-

DiOMe-Cinn. However, H2 and the methyl group of vitamin K3 were clearly shielded by ca. 

0.36 ppm, see Figure 88 top. Though the aromatic protons of H3, H4 and H5 of Na-3,4-DiOMe-

Cinn’s were also shielded with increasing Na-3,4-DiOMe-Cinn concertation, the reason for this 

strong shielding was the strong change of Na-3,4-DiOMe-Cinn’s concentration and not the 

presence of vitamin K3, see Figure A 70 in the Supplementary Material.  

The change of the chemical shift of Na-3,4-DiOMe-Cinn’s protons upon saturation with vitamin 

K3 for a 0.2 mol·kg-1 solution and the change of vitamin K3’s protons upon the increase of the 

Na-3,4-DiOMe-Cinn concentration from 0.2 mol·kg-1 to 3 mol·kg-1 are visualized in Figure 88 

at the bottom. Apparently, the aromatic protons of vitamin K3 and its Na-3,4-DiOMe-Cinn were 

affected most by the interaction of vitamin K3 with Na-3,4-DiOMe-Cinn. This correlates with 

the observation from section 4.1.2.3.1 that the size of the conjugated electronic system is 

important to act as an efficient solubilizer for vitamin K3 in water. As Na-3,4-DiOMe-Cinn was 

present in solution in 10 to 14 times higher concentration than vitamin K3, Na-3,4-DiOMe-Cinn 

showed a greater impact on the chemical shift of vitamin K3. Finally, the shielding of the 

protons of vitamin K3 and of aromatic sodium carboxylates in NMR point to an increased 

electron density of the protons, which confirms the stacking of vitamin K3 and its aromatic 

solubilizers. 
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Figure 88: Top: Superimposed 1H-NMR spectra of aqueous 0.2 mol·kg-1(–), 0.37 mol·kg-1 (–), 
0.5 mol·kg-1 (–), 3 mol·kg-1 (–) sodium 3,4-dimetoxycinnamate solutions saturated with vitamin K3. 
Bottom left: Change of the chemical shift of Na-3,4-DiOMe-Cinn’ protons in a 0.2 mol·kg-1 aqueous 
solution upon saturation with vitamin K3; bottom right: Change of the chemical shift of vitamin K3’s 
protons when regarding the 0.2 mol·kg-1 and 3 mol·kg-1 solution saturate with vitamin K3. Yellow: 
strongest change; grey: least change. 

As the aromatic protons of Na-3,4-DiOMe-Cinn were affected most by the presence of vitamin 

K3, a NOESY NMR spectrum of an aqueous 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution saturated 

with vitamin K3 was recorded to evaluate the proximity of the two aromatic compounds after 

the solubilization. The NOESY spectrum exhibited several cross-peaks, see Figure 89. 

Although, Na-3,4-DiOMe-Cinn’s protons interacted with the protons of other Na-3,4-DiOMe-

Cinn molecules, the reason therefore was probably the high concentration of Na-3,4-DiOMe-

Cinn, as the same cross-peaks were also observed in the absence of vitamin K3, see Figure 

A 77 in the Appendix. 

The protons giving rise to cross-peaks between Na-3,4-DiOMe-Cinn and vitamin K3 are 

visualized in Figure 89 at the bottom. Because H1 of vitamin K3 was covered by H3 and H5 of 

Na-3,4-DiOMe-Cinn, cross-peaks were not visible for H1, see Figure 88 at the top. Yet, the 

protons of vitamin K3’s methyl group exhibited cross-peaks with all protons of Na-3,4-DiOMe-

Cinn, see Figure 89. Similarly, the protons H2 of vitamin K3 gave rise to cross-peaks with all 
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protons of Na-3,4-DiOMe-Cinn (H3, H4, H5, 2xOMe) except for the ones on the carboxylate 

side chain (H1, H2).  

As NOESY enables a view of maximum of 5 Å and typical distances for -stacked compounds 

are 3.46-3.85 Å, NOESY and NMR measurements affirm the existence of specific molecular 

-interactions between vitamin K3 and aromatic sodium carboxylates.249,277–280 

 

 

Figure 89: Top: NOESY NMR spectrum of an aqueous 3 mol·kg-1 sodium 3,4-dimethoxycinnamate 
solution saturated with vitamin K3. The cross-peaks of vitamin K3’s protons with the ones of dimethoxy 
cinnamate (a-d) are visualized below. The blue protons have a cross-peak with the yellow marked 
protons. Conclusions for H1 of vitamin K3 were not possible, as the proton was covered by the signal 
of H3 and H5 of Na-3,4-DiOMe-Cinn. 
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4.1.2.3.3 Photostabilization of vitamin K3 in aqueous sodium 

polyphenolate solutions 

Another disadvantage of the handling of vitamin K3 is its light induced dimerization, see Figure 

90. Zhu et al. observed a photostabilizing effect of 1-hydroxy-2-naphthoic acid on vitamin K3 

in aqueous solution. They claimed that -stacking of the vitamin with the acid was the reason 

for the prevention of this dimerization and thus inactivation the vitamin function.196 

 

Figure 90: Dimerization of vitamin K3 

The copigmentation and NMR analysis of vitamin K3 with sodium polyphenolates proofed -

stacking of vitamin K3 with phenolic acids, see sections 4.1.2.3.1 and 4.1.2.3.2. Moreover, 

sodium polyphenolates slowed down the photodegradation of RF in diluted aqueous solutions 

and concentrated sodium polyphenolate solutions enabled even a longtime stabilization of RF 

against photodegradation, which seemed to be independent of the polyphenolates’ radical 

scavenging properties. Thus, sodium polyphenolates might exhibit a photostabilizing effect on 

vitamin K3, too. Therefore, content of vitamin K3 was monitored in pure water, in an aqueous 

0.37 mol·kg-1 NaBenz, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn solution by means of 

NMR and UV-Vis-spectroscopy. 0.37 mol·kg-1 solutions of the sodium carboxylates were used 

as this is the maximum water-solubility of Na-4-OH-3-OMe-Cinn to have comparable samples. 

After saturation with vitamin K3, one part of the samples was stored in the dark, while the other 

part was put next to the window exposed to the sun. The stability in presence of NaBenz was 

investigated, because NaBenz and NaCinn had a photostabilizing effect on RF in the 

concentrated solutions without antioxidant properties, see section 4.1.2.1.8.2. Na-3,4-DiOMe-

Cinn and Na-4-OH-3-OMe-Cinn were chosen, because they were the best solubilizers in 

section 4.1.2.3.1. 

The sample comprising vitamin K3 in pure water became slightly turbid exhibiting a pink touch 

already after few hours of exposure to the sun, see Figure 91. The reason therefore was the 

dimerization of vitamin K3 leading to the formation of the water-insoluble dimer.196 
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Figure 91: Stability of vitamin K3 in pure water: A) after 4 h; B) After one day. 

The sample comprising 0.37 mol·kg-1 NaBenz saturated with vitamin K3 turned turbid and pink, 

too. Additionally, a reddish precipitate was observed. Presumably, the precipitate was formed 

only in presence of NaBenz and not in pure water because the concentration of vitamin K3 in 

presence of NaBenz was higher. 

       

Figure 92: Stability of vitamin K3 in an aqueous 0.37 mol·kg-1 sodium benzoate solution: A) Exposed to 
the sun after 24 h; B) stored in the dark after 9 days; C) stored in the dark after 44 days. 

Regarding vitamin K3 in pure water, almost 50 % of vitamin K3 (0.32 mmol·kg-1) were 

degraded after 30 h of storage next to the window, see Figure 93. The samples stored in the 

dark underwent also a loss of vitamin K3. Yet, the degradation of vitamin K3 in the dark was 

slower and neither turbidity nor pink coloration or precipitation were observed on the samples 

stored in the dark. 

NaBenz had no influence on the degradation of vitamin K3. Thus, about 0.4 mmol·kg-1 vitamin 

K3 was lost after 30 days in the samples stored in the dark and next to the window, see Figure 

93. The reason therefore might be the absence of radical scavenging properties or too weak 

attractive interactions with vitamin K3. 

 

Figure 93: Stability of vitamin K3 in water and in an aqueous 0.37 mol·kg-1 sodium benzoate solution 
(NaBenz) when stored in the dark and next to the window exposed to the sun. 
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The 0.37 mol·kg-1 Na-4-OH-3-OMe-Cinn solution stabilized vitamin K3 in relative terms. Yet, 

after 7 days of storage next to the window, 5.52 mmol·kg-1 vitamin K3 were lost, while with the 

degradation speed of vitamin K3 in pure water only 1.16 mmol·kg-1 should have been lost, see 

Figure 96 B. The samples stored next to the window and the ones stored in the dark exhibited 

an oily film on the surface already after 4 days and were completely turbid after 9 days, see 

Figure 94 and Figure 96 A. Na-4-OH-3-OMe-Cinn samples stored in the dark lost vitamin K3 

as fast as the ones stored next to the window, see Figure 94. The reason for the rapid 

degradation of the Na-4-OH-3-OMe-Cinn was the oxidation of sodium ferulate leading to its 

oligomerization and thus to a loss of the solubilizer.293 Hence, sodium ferulate is not an 

appropriate hydrotrope for vitamin K3’s solubilization for more than four days. 

 

Figure 94: Stability of vitamin K3 in an aqueous 0.37 mol·kg-1 sodium ferulate solution: A) fresh sample; 
B) oily film observed for samples stored next to the window and in the dark after 4 days; C) after 9 days 
of storage. 

In contrast, the samples comprising vitamin K3 in presence of 0.37 mol·kg-1 Na-3,4-DiOMe-

Cinn were stable against precipitation and turbidity for at least 26 days. On day 27, a slight 

turbidity and precipitate were observed, which did not proceed considerably when regarding 

the samples after 44 days of storage, see Figure 95. 

 

Figure 95: Stability of vitamin K3 in an aqueous 0.37 mol·kg-1 sodium 3,4-dimethoxycinnamate solution: 
A) fresh sample; B) after 44 days of storage. 

In relative terms, Na-3,4-DiOMe-Cinn stabilized vitamin K3 considerably. Even after one 

month, still 84 ± 4 % of vitamin K3 (21.1 ± 0.7 mmol·kg-1) were present in the samples stored 

in the dark and next to the window, see Figure 96 A and C. In absolute terms, Na-3,4-DiOMe-

Cinn slowed down the photodegradation of vitamin K3 just slightly, see Figure 96 B. Thus, with 

the photodegradation speed of the pure water sample, 4.48 mmol·kg-1 vitamin K3 should have 

been degraded. However, in presence of 0.37 mol·kg-1 Na-3,4-DiOMe-Cinn, 13 % less vitamin 

K3 was degraded, see Figure 96 B. (Note: The sample comprising vitamin K3 in pure water 

was analyzed on a cloudy day, while the one comprising Na-3,4-DiOMe-Cinn was exposed to 

the bare sun.) 
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Regarding the samples stored in the dark, less vitamin K3 was lost than in the samples stored 

next to the window; see Figure 96 C. Thus, in the samples stored in the dark, still 97 ± 2 % 

vitamin K3 was present after 27 days, and 90 ± 2 % vitamin K3 was present after 36 days, see 

Figure 96 C. Still in absolute terms, theoretically 0.79 mmol·kg-1 vitamin K3 would have been 

lost in pure water after 27 days, while 0.74 mmol·kg-1 vitamin K3 were lost in the Na-3,4-

DiOMe-Cinn sample, see Figure 96 D. Thus, vitamin K3 was slightly stabilized in the Na-3,4-

DiOMe-Cinn solution for almost one month. However, after one moth, the degradation of 

vitamin K3 was accelerated, leading to a faster loss of the vitamin then it would have been in 

the pure water sample. 

Finally, Na-3,4-DiOMe-Cinn can be used to increase the solubility of vitamin K3 considerably 

for ca. 1 month without considerable precipitation of the vitamin. However, for longtime 

storage, the samples should be stored in the dark. 

 

 

Figure 96: Stability of vitamin K3 in pure water and in an aqueous solutions comprising 0.37 mol·kg-1 
sodium ferulate and 3,4-diemthoxycinnamate. A) and B) Samples were stored next to the window 
exposed to the sun; C) and D) Samples were stored in a dark box. 
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4.1.2.3.4 Conclusion 

As vitamin K3 was solubilized in aqueous medium by the aromatic 1-hydroxy-2-naphthoic acid 

and 6-hydroxy-2-naphthoic acid due to -stacking, the better water-soluble aromatic sodium 

polyphenolates were supposed to act similarly.196 Indeed, all tested sodium benzoate and 

cinnamate derivatives increased the water-solubility of vitamin K3 exponentially. An extension 

of the conjugated -electron system was more dominant for the solubilization of vitamin K3 in 

water than the hydrophobicity of the solubilizer. Additionally, aromatic sodium carboxylates 

with an extended electronic -system underwent reversible copigmentation with vitamin K3 

leading to a bathochromic shift of vitamin K3’s absorption spectrum. Although the solubilizing 

efficiency increased with increasing concentration of the aromatic sodium salts, neither the 

vitamin nor the solubilizer precipitated upon dilution of the samples with water, as it was the 

case for RF in section 4.1.2.1.1. NMR analysis of Na-3,4-DiOMe-Cinn solutions saturated with 

vitamin K3 showed stronger shielding of the protons placed directly on the aryl rings and 

revealed a distance ≤ 5 Å between the two bio-compounds in solution. Taking additionally into 

account the typical -stacking distances (3.46-3.85 Å), -stacked complexation of vitamin K3 

with aromatic sodium carboxylates in aqueous solution was concluded from NOESY 

measurements.277,279,280 The complexation is probably also the reason for the mutual 

solubilization observed for vitamin K3 and some aromatic sodium carboxylates. 

The best solubilizing agents tested, sodium 3,4-dimethoxycinnamate and sodium ferulate, 

increased vitamin K3’s water-solubility 388 times and 28 times, respectively. In contrast, 

cocrystallization of vitamin K3 with 6-hydroxy-2-naphthoic acid from the research of Zhu et al. 

allowed increasing the water-solubility of vitamin K3 only 1.5 times.196 Moreover, 3 mol·kg-1 

Na-3,4-DiOMe-Cinn enabled a higher absolute water-solubility of vitamin K3 than a covalently 

bound bisulfite group, which is usually used for improving vitamin K’s solubility in animal 

husbandry.304 

As sodium polyphenolates, cinnamate and benzoate stabilized the photolabile RF in aqueous 

neutral medium at high concentrations of the stabilizer probably due to -interactions, they 

were thought to exert photostabilizing properties on vitamin K3, too.84 Thus, relatively to vitamin 

K3 in pure water, the stability of vitamin K3 was observed for samples comprising 0.37 mol·kg-1 

sodium ferulate, 3,4-dimethoxycinnamate and NaBenz stored in the dark and exposed to the 

sun. However, the three aromatic salts did not alter the stability of vitamin K3 in the dark and 

under light. Thus, sodium ferulate can be used only for the solubilization of vitamin K3 for four 

days, as oxidation of ferulate led to a fast precipitation and turbidity of the sample stored in the 

dark and next to the window. Sodium 3,4-dimethoxycinnamate, as the best solubilizing agent, 

allowed keeping up high concentrations of vitamin K3 in the dark (97 ± 2 %) and exposed to 

the sun (84 ± 4 %) for 27 days. However, for longtime storage, the samples should be stored 

in the dark. Regarding the omnipresence of polyphenolic acids, sodium ferulate and Na-3,4-
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DiOMe-Cinn constitute potential solubilizers for vitamin K3 for the preparation of aqueous 

husbandry supplements. Moreover, such as nicotinamide, aromatic sodium carboxylates might 

also improve the solubility of menadione bisulfite further due to complexation.185 Due to their 

antioxidant properties and because of their positive effect on the quality and shelf-life of milk 

and meat, polyphenolates might be useful multifunctional solubilizers for aromatic additives in 

animal husbandry in general.73,74,108 

Nevertheless, polyphenolic acids are well-known for their antithrombic properties. Thus, the -

complexation of vitamin K3 might counteract the coagluative properties of vitamin K3.16,186 

Consequently, further studies on the interaction of vitamin K3 with polyphenolates in the 

organism should be performed. 

 

4.1.2.4 Folic acid 

Folic acid – the synthetic form of folate – belongs to the B vitamins and is also known under 

the names vitamin B9, pteroil (mono)-glutamic acid, see Figure 97. The photosensitive and 

very slightly water-soluble vitamin is involved in the synthesis and methylation of DNA, in 

homocysteine metabolism and in several biochemical reactions, such as the production of red 

globules in children.305,306 The sparing water-solubility of folic acid (1.6 mg·kg-1 at 25 °C) seems 

contradicting regarding the molecular structure of folic acid, which comprises many potential 

hydrogen bonding sites.307,308 The reason for the sparing solubility of the aromatic vitamin might 

be the strong hydrogen bonding network between neighbored folic acid molecules in the 

crystal, but also the intermolecular -stacking of the pteridine ring and phenyl ring of folic acid 

at a distance of 3.28 Å.307,309 As the sparing water-solubility of the aromatic vitamins RF and 

vitamin K3, which also perform -stacking in their crystalline state, was overcome using 

aromatic sodium carboxylates, folic acid’s sparingly low solubility in water might be improved 

by sodium polyphenolates, too, see sections 4.2.1 and 4.1.2.3.198 

 

Figure 97: Molecular structure of folic acid 

Therefore, the water-solubility of folic acid was determined in presence of three sodium 

polyphenolates comprising medium, good and very good solubilizing properties regarding the 

solubilization of RF from section 4.1.2.1.1 and in presence of sodium carboxylates with distinct 

chain length and conjugation using saturation experiments.  



168 
 

First, the solubility of folic acid in water was determined to be 0.025 ± 0.004 mmol·kg-1 

(11 ± 2 mg·kg-1). This is in line with the solubility provided by Sigma Aldrich (10 mg·L-1 at 0 °C). 

Comprising pKa values below 8.38, the deprotonation of the exchangeable groups leads to a 

high solubility of folic acid in aqueous alkaline solution (50 g·L-1 in 1 mol·kg-1 NaOH 

solution).308,310 To prevent a pH effect on the solubility, the pH value of all solutions before 

saturation with folic acid was tested with indicator paper to be constantly neutral. 

While the samples comprising folic acid in pure water was colorless, saturation of 0.37 mol·kg-1 

aqueous Na-4-OH-3-OMe-Benz, Na-4-OH-3-OMe-Cinn and Na-3,4-DiOMe-Cinn solutions 

with folic acid resulted in copigmentation leading to yellow solutions, see Figure 98. Hence, 

the interactions of sodium polyphenolates with folic acid should be similar to the ones between 

polyphenolates and RF, RF-PO4, LC and vitamin K3, see sections 4.1.2.1.1, 4.1.2.2 and 

4.1.2.3. 

As in the case of RF from section 4.1.2.1.1, only the sodium salt of the polyphenolic acids 

induced copigmentation, while the polyphenolic acid did neither induce copigmentation nor 

improve the water-solubility of folic acid, see Figure 98 on the right. Thus, saturation of water 

comprising 0.37 mol·kg-1 ferulic acid – being largely over the solubility of ferulic acid and hoping 

for mutual solubilization – with folic acid resulted in a colorless solution after filtration. Hence, 

the sodium salt of polyphenolic acids was required to observe a significant change in the color 

and increase of the vitamin’s solubility. 

As in the case of RF-PO4, 0.37 mol·kg-1 solutions of Na-4-OH-3-OMe-Cinn (50 ± 4 mmol·kg-1; 

molar ratio 7.2) solubilized more folic acid than Na-3,4-DiOMe-Cinn (22 ± 4 mmol·kg-1, molar 

ratio 17). Na-4-OH-3-OMe-Benz solution solubilized 13.9± 0.3 mmol·kg-1 (molar ratio of 26.6). 

Thus, an elongation of the hydrophobic chain length to Na-4-OH-3-OMe-Cinn increased the 

solubility further by a factor of 3.6. 
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Figure 98: A) Solubility of folic acid in pure water and in aqueous 0.37 mol·kg-1 sodium vanillate, ferulate 
and Na-3,4-DiOMe-Cinn (from left to right) solutions. The solubility in pure water was too low 
(0.025 ± 0.004 mmol·kg-1), so that the column is not visible. B) Attempt to solubilize folic acid in water 
comprising 0.37 mol·kg-1 ferulic acid. C) Solubility of folic acid in pure water and in aqueous NaButyrate, 
NaValerate, NaCinn and Na-2,4-Pentaidenoate solutions. D) Solubilization power  

To clarify if the solubilization mechanism of folic acid was also strongly dependent on the 

electronic system of the sodium polyphenolates as in the case of RF, LC and vitamin K3 or if 

it followed classical solubilization processes from section 4.1.1, the solubility of folic acid was 

determined in presence of four sodium polyphenolate-related compounds comprising distinct 

hydrophobic chain lengths and electronic systems, see Figure 98 C. In line with the 

solubilization curves regarding RF and vitamin K3, the solubility of folic acid increased with 

increasing concentration of the solubilizer, see section 4.1.2.1.1 and 4.1.2.3.1. Despite of a 

shorter hydrophobic side chain, NaCinn solubilized significantly more folic acid than 

NaButyrate. Hence, the more developed conjugation of NaCinn contributed more to the 

solubilization of folic acid than the increased amphiphilicity of NaButyrate. The importance of 

the solubilizer’s aromatic systems is even more obvious when regarding Na-2,4-Pentadienoate 

in relation to NaValerate, see Figure 98 C. Though having the same backbone, Na-2,4-

Pentadienoate solubilized 23-36 % more folic acid than NaValerate when regarding additive 

concentrations from 0.2 to 0.4 mol·kg-1.  

Nevertheless, the solubility of folic acid increased even more when increasing the hydrophobic 

chain length from NaButyrate to NaValerate (17-120 %) when regarding additive 
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concentrations from 0.2 to 0.4 mol·kg-1. Hence, the solubilization process of folic acid depends 

more on the hydrophobic chain length. NOESY measurements of an aqueous 3 mol·kg-1 Na-

3,4-DiOMe-Cinn solution saturated with folic acid, revealed several cross-peaks between the 

protons of folic acid and the polyphenolates, see Figure 99. Hence, folic acid and aromatic 

sodium carboxylates are at least intermittently maximum 5 Å away from each other in solution, 

which is the reason for the observation of copigmentation.249,277–280 However, upon dilution with 

water, the samples became colorless. Thus, the -complexation of sodium polyphenolates with 

folic acid is reversible and only strongly developed at high polyphenolate concentrations. 

 

 

Figure 99: Top: NOESY spectrum of an aqueous 3 mol·kg-1 Na-3,4-DiOMe-Cinn solution saturated with 
folic acid. a) Cross-peaks of methoxy groups of Na-3,4-DiOMe-Cinn with the protons H4, H5, H6, H8, 
H10 and H11 of folic acid; b) cross-peaks of H1 and H4 of Na-3,4-DiOMe-Cinn with H5, H6, H10 and 
H11 of folic acid; c) cross-peaks of H3 and H5 of Na-3,4-DiOMe-Cinn with H5, H6, H10 and H11 of folic 
acid; d) cross-peaks of H2 of Na-3,4-DiOMe-Cinn with H5, H6, H10 and H11 of folic acid. Bottom: The 
blue marked protons gave rise to cross-peak with yellow marked ones and the green marked protons 
gave rise to cross-peaks with the orange marked protons. For the 1H-NMR spectrum see Figure A 78 in 
the Appendix. 

Finally, reaching a molar solubilizer to folic acid ratio of 7.2 corresponding to a weight ratio of 

3.5, sodium ferulate was the best solubilizing agent for folic acid tested and increased the 

water-solubility of folic acid by almost 2000 times. Taking into account the photoprotective 
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effect of caffeic acid, ferulic and p-coumaric acid reported by Wusigale et al., other polyphenolic 

acids and sodium polyphenolates might constitute not only valuable solubilizing but also 

photostabilizing antioxidants for folic acid.306,311 

 

4.1.2.5 Evaluation of the solubilization of aromatic natural 

compounds by means of polyphenolates in water 

Sodium polyphenolates were revealed as efficient hydrotropes for RF, LC, RF-PO4, vitamin K3 

and folic acid. Solubility curves with RF, vitamin K3 and folic acid revealed an exponential 

increase of RF’s, vitamin K3’s and folic acids’ water-solubility with the concentration of aromatic 

sodium carboxylates. Thereby, the solubilization of RF, LC, RF-PO4, vitamin K3 and folic acid 

was strongly influenced by the size and type of the electronic -system of the solubilizer. 

Despite a similar order of the solubilization power of sodium polyphenolates for the 

solubilization of RF, LC, vitamin K3 and folic acid in water, the extent to which the bio-

compounds’ solubilization depended on the electronic configuration of the solubilizer differed. 

Thus, the introduction of a complete conjugation on NaValerate (NaValerate →Na-2,4-

Pentadienoate) increased RF’s solubility by 936-1852 %, vitamin K3’s solubility by 210 % and 

the solubility of folic acid only by 23-36 %. Still, polyphenolates increased the water-solubility 

of folic acid ca. 10 times more than the one of RF and vitamin K3, although folic acid was the 

least soluble compound out of the three vitamins, see Figure 100. Thus, sodium ferulate 

applied at 0.37 mol·kg-1 increased the solubility of vitamin K3 28-fold, the one of RF 220-fold 

and the one of folic acid 2000-fold.  

An elongation of the hydrophobic chain from sodium 4-phenylbutyrate to sodium 5-

phenylvalerate improved the solubility of vitamin K3 by 70-160 % and the one of folic acid by 

17-120 %, while RF was least affected by the elongation (28-29 %). Thus, the solubility of folic 

acid can be modified more when increasing the hydrophobic chain length, while the solubility 

of RF and vitamin K3 was increased more with increasing size of the conjugated electronic 

system of the solubilizer, see Figure 100. As sodium polyphenolates exerted salting-in 

properties on the basis of their amphiphilicity (section 4.1.1), aggregation of polyphenolates 

around folic acid was assumed at first. However, often more amphiphilic compounds turned 

out as worse solubilizers, see section 4.1.2.1.1. Sterics could not be either the reason for the 

huge effect of polyphenolates on folic acid’s water-solubility, as folic acid is bulkier than RF 

and vitamin K3. Solubilization experiments with RF, LC and RF-PO4 showed that sterically 

more demanding substitutents weaken the solubilizing power of polyphenolates, see section 

4.1.2.2. In the end, the reason for the stronger effect of aromatic solubilizers on folic acid than 

on RF or vitamin K3 could not be revealed. 

In the case of RF, LC and RF-PO4, the presence of larger aggregates was denied via DLS and 

surface tension measurements. Instead, reversible copigmentation upon dilution with water 
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was observed for RF, RF-PO4, LC, vitamin K3 and folic acid when being dissolved in 

concentrated aqueous aromatic sodium carboxylate solutions. The copigmentation 

phenomenon might originate from HOMO-LUMO interactions of the sodium polyphenolates, 

constituting electron-rich -donors, and RF, LC, RF-PO4, vitamin K3 and folic acid, which would 

be then -acceptors due to the presence of keto groups and/or a pyrimidine rings.296,312 

Researchers claim that HOMO-LUMO interactions are only important for the absorption of light 

and not for the stability of -complexes in the ground state. Thus, the reason for the electron 

dependent solubilizing mechanism are rather optimized dispersion forces due to the enlarged 

interaction surface of the planar aromatic molecules and maybe an increase of the water 

entropy. Moreover, attractive electrostatic interactions between the aromatic rings due to a 

quadrupole moment on the aromatic rings might also contribute to the copigmentation and to 

the increase in solubility, see Figure 3 in section 2.5.54 In any case, -complexation of aromatic 

sodium carboxylates with RF, vitamin K3 and folic acid was confirmed via the strong 

dependence of the biocompounds’ water-solubility on the size and type of the solubilizer’s -

system and via NMR measurements, see sections 4.1.2.1.1, 4.1.2.1.7, 4.1.2.3 and 4.1.2.4. 

The (i) reversibility of the copigmentation upon dilution, (ii) the absence of copigmentation for 

low polyphenolate and vitamin concentrations, (iii) the absence of a change in surface tension 

of polyphenolate solutions upon saturation with RF, (iv) the weak shift of the chemical shift in 

NMR and (v) the failure to generate cocrystals of RF with sodium polyphenolates indicated 

weak and dynamic interaction between the aromatic solute and aromatic sodium carboxylates.  

Further, the photostabilization of RF by sodium polyphenolates in the diluted and even more 

in the concentrated aqueous polyphenolate solutions, proved that the strong hydrotropic 

solubilizing power of polyphenolates via complexation can coexist with their photostabilizing 

properties. Thus, the conversion of polyphenolic acids to the sodium salts did not prevent their 

action as radical scavengers. Consequently, more than 90 % of the absorbance at RF’s 

absorption maximum and > 84 % of RF could be preserved for 8 weeks using concentrated (≥ 

370 mM) aqueous solutions of sodium 3,4-dimethoxycinnamate, vanillate and ferulate.  

Regarding additionally the antioxidant properties of polyphenolic acids, sodium polyphenolates 

can be seen as multifunctional hydrotropic solubilizing agents.84 
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Figure 100: Factor for the increase of the water-solubility of folic acid, riboflavin and vitamin K3 in 
presence of 0.37 mol·kg-1 of Na-4-OH-3-OMe-Benz, Na-3,4-DiOMe-Cinn and Na-4-OH-3-OMe-Cinn 
and in presence of 0.2 mol·kg-1 of the residual aromatic sodium carboxylate in the diagram. 

Further, the aromatic drug caffeine is well known for -stacked aggregation, see Figure 101. 

However, aggregation of this aromatic drug is supposed to limit its bioavailability and is 

therefore subject of current research.313 An increased solubility of a drug might increase the 

probability for absorption. As aromatic sodium carboxylates managed to improve the water-

solubility RF, RF-PO4, LC, vitamin K3 and folic acid, which also stack in their crystalline form, 

they were thought to improve the solubility of caffeine, too. Thus, quantitative 1H-NMR analysis 

was used to see, if sodium polyphenolates could be used as solubilizers for caffeine, too. 

Indeed, the water-solubility of caffeine (0.106 mol·kg-1) could be enhanced to 0.551 mol·kg-1 

and 741 ± 21 mmol·kg-1 using 0.37 mol·kg-1 Na-4-OH-3-OMe-Benz and Na-4-OH-3-OMe-

Cinn, respectively, see section 7.11.12 for the NMR spectrum. Contrary to RF, RF-PO4, LC, 

vitamin K3 and folic acid, copigmentation was not observed in the case of caffeine. This might 

be due to the smaller aromatic moiety. In any case, the shielding of caffeine’s protons by 

sodium ferulate and vanillate proved a significant interaction, which is certainly the reason for 

the enhancement of caffein’s water-solubility, see Figure A 79 in section 7.11.12. 

As the water-solubility of partially water-soluble aromatic drugs was greatly enhanced by 

sodium polyphenolates, polyphenolates might also act on the solubility of the blue pigment 

indigo, which is widely known for its insolubility in water and in most common organic solvents 

due to -stacked aggregation, see Figure 101.314 However, the pigment could not be dissolved 

in aqueous sodium polyphenolate solutions (0.37 M Na-4-OH-3-OMe-Cinn; 3 M Na-3,4-
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DiOMe-Cinn). Hence, even after stirring for several days, the solution did not exhibit even a 

minor blue touch. Probably, the large aromatic system of indigo was too large and thus the 

Van-der-Waals interactions between two indigo molecules are far beyond Van-der-Waals 

interactions of indigo and aromatic sodium polyphenolates. Moreover, the hydrophobicity of 

indigo might additionally contribute to the failure of sodium polyphenolates in its solubilization. 

 

Figure 101: Molecular structure of caffeine and indigo 

Therefore, a brief experiment was performed with the water-insoluble curcumin, which is a 

hydrophobic colorant and was supposed be less planar than indigo – at least in its keto-form. 

An aqueous solution comprising 3.00 mol·kg-1 Na-3,4-DiOMe-Cinn was saturated with 

curcumin. As curcumin is not soluble in water, the sample should be uncolored, if no curcumin 

was dissolved, while it should be orange in the case of a solubilization of curcumin by the 

polyphenolate. Na-3,4-DiOMe-Cinn managed the solubilization of the hydrophobic natural 

colorant curcumin in water, see Figure 102. Although curcumin was not quantified due to time 

reasons, the intensification of the sample’s orange color upon longer stirring showed that 

curcumin’s solubilization is apparently retarded compared to the solubilization of the more 

hydrophilic RF, vitamin K3, folic acid and caffeine, where the maximum solubility was reached 

already after one hour of stirring when using ultrasonication. Because the curcumin content 

was so low that a dilution of the samples with water by the factor >1:10 resulted in a very pale 

coloration, polyphenolates might rather be used a cosolubilizers for curcumin in aqueous food 

formulations, see section 4.1.3. As curcumin could be still dissolved in water using Na-3,4-

DiOMe-Cinn, the reason for the failure in solubilizing indigo is probably its strong stacking with 

other indigo molecules and not its hydrophobicity. 

               

Figure 102: Molecular structure of curcumin and aqueous 3 M Na-3,4-DiOMe-Cinn solution saturated 
with curcumin. Left: 2 h; right: 5 days stirring. 

Regarding Figure 100 above, sodium ferulate appears as the best solubilizing agent, if 

mixtures of RF, vitamin K3 and folic acid are desired. As this polyphenolate increased also the 

solubility of caffeine by a factor of 7, the compatibility of the four pharmaceutically important 
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drugs RF, vitamin K3, folic acid and caffeine was tested. It also was of interest to see, if 

polyphenolates can solubilize several solutes simultaneously via a similar mechanism. As all 

solutes are aromatic and because the solubilization of RF, vitamin K3 and folic acid was 

considerably influenced by the size and type of the solubilizer’s conjugated -system, a 

competition of the four drugs for sodium ferulate and thus a decrease of the drugs’ solubility 

relatively to the pure sodium ferulate solution was expected. Therefore, a 0.37 mol·kg-1 

aqueous sodium ferulate solution was saturated with caffeine, vitamin K3, folic acid and RF, 

whose solubility was then determined via quantitative NMR analysis, see Figure 103. The 

corresponding NMR spectra are given in section 7.11.13 in the Appendix.  

As seen in the previous sections, 0.37 mol·kg-1 sodium ferulate improved the water-solubility 

of RF, caffeine, vitamin K3 and folic acid by a factor of 220, 7, 28 and 2000, respectively, see 

Figure 103. Matching up with the expectation, RF’s solubility in the aqueous sodium ferulate 

solution was decreased by vitamin K3, folic acid and caffeine, Figure 103 A. Thereby, vitamin 

K3 reduced the solubility of RF least, while caffeine reduced RF’s solubility most by a factor of 

4. Moreover, all mixtures comprising caffeine exhibited the lowest RF content of 15-

18 mmol·kg-1. 

Contrary to the expectation, the solubility of caffeine in the aqueous 0.37 mol·kg-1 sodium 

ferulate solution was not altered by the presence of RF and folic acid alone, see Figure 103 B. 

Yet, if vitamin K3 was added, the solubility of caffeine in the 0.37 mol·kg-1 sodium ferulate 

solution was increased, see Figure 103 B. The mixture comprising all four drugs resulted in 

the highest solubility of caffeine content (860 ± 10 mmol·kg-1). 

In line with the hydrotropic effect of vitamin K3 on caffeine, vitamin K3’s solubility in the 

0.37 mol·kg-1 sodium ferulate solution was only increased in the presence of caffeine, 

regardless of whether RF and folic acid were present in the mixture, see Figure 103 C. 

Thereby, in the absence of caffeine, RF and folic acid had no effect on the water-solubility of 

vitamin K3 in the sodium ferulate solution. Nevertheless, RF and folic acid promoted the 

solubility of vitamin K3 in the sodium ferulate solution further in the presence of caffeine. Thus, 

caffeine alone doubled the solubility of vitamin K3 (41 ± 3 mmol·kg-1), while folic acid with 

caffeine, RF with caffeine, and folic acid together with RF and caffeine increased the solubility 

of vitamin K3 in the 0.37 mol·kg-1 sodium ferulate solution up to 50 mmol·kg-1, see Figure 

103 C.  

Similar to caffeine, the solubility of folic acid in the 0.37 mol·kg-1 sodium ferulate solution was 

improved by the presence of vitamin K3, see Figure 103 D. Yet, although RF and caffeine 

alone had no effect on the solubility of folic acid, the presence of RF and/or caffeine reduced 

the solubility of folic acid in the sodium ferulate solution even in presence of vitamin K3. 

Nevertheless, 41.5 ± 5.5 mmol·kg-1 folic acid could be dissolved in a mixture comprising all 

four drugs, see Figure 103 D. 
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Although the solubility of RF and folic acid in an aqueous 0.37 mol·kg-1 sodium ferulate solution 

was reduced in the presence of caffeine, vitamin K3 and folic acid or RF, respectively, > 60 

times RF and > 1660 times folic acid were dissolved in the aqueous sodium ferulate mixtures 

comprising RF, caffeine, vitamin K3 and folic acid than in pure water, see Figure 103 A-D. In 

the same sodium ferulate solution comprising the four drugs, the solubility of caffeine and 

vitamin K3 was 16 % (= 8 times water-solubility) and 179 % (= 78 times water-solubility) higher 

than in the sodium ferulate solution without other drugs, respectively.  

As the total amount of the solubilized solutes (= total solute content in the 0.37 mol·kg-1 sodium 

ferulate solution comprising all four drugs subtracted by the solubility of all solutes in pure 

water) accounts for 865 mmol·kg-1, less than 0.5 sodium ferulate molecules are required to 

solubilize one solute in the multi-drug solution. The low sodium ferulate content compared to 

the number of solute molecules indicates that sodium ferulate cannot surround the solutes, but 

must interact directly with the molecules. Further, summing up the solubility of each drug 

dissolved separately in the sodium ferulate solution, the combination of the four drugs in the 

sodium ferulate solution allowed solubilizing 100 mM more solutes in total. Thus, the 

combination of the drugs induced a synergistic effect on the total number of solute molecules 

in the 0.37 mol·kg-1 sodium ferulate solution.  

Apparently, vitamin K3 was most compatible with other drugs, as it decreased the solubility of 

RF in an aqueous 0.37 mol·kg-1 sodium ferulate solution only by 15 %, and increased the 

solubility of folic acid and caffeine in an aqueous 0.37 mol·kg-1 sodium ferulate. In general, 

vitamin K3 and caffeine seemed to promote each other’s solubility in the sodium ferulate 

solution. In the case of caffeine, this was not surprising, as caffeine was already postulated to 

have a hydrotropic potential.315 However, this result goes further, as a mutual hydrotropy of 

vitamin K3 and caffeine was observed. The improvement of vitamin K3’s and caffeine’s water-

solubility by the presence of caffeine and vitamin K3, respectively, can originate from facilitated 

hydrotropy or from a complexation of the two solutes. To know if sodium ferulate is required 

for the mutual increase of the water-solubility of caffeine and vitamin K3, the solubility of vitamin 

K3 and caffeine in pure water (saturation) was determined via 1H-NMR analysis, see Figure A 

91 in section 7.11.13. The water-solubility of caffeine was increased 1.2 times by the presence 

of vitamin K3 (pure water: 106 mmol·kg-1; water + vitamin K3: 126 ± 3 mmol·kg-1). Caffeine 

itself increased also the water-solubility of vitamin K3 by a factor of 10.5 (pure water: 

0.68 ± 0.03 mmol·kg-1; water + caffeine: 7.1 ± 0.1 mmol·kg-1). Thus, in pure water, vitamin K3 

and caffeine solubilized each other. Moreover, the solution exhibited a yellow coloration, while 

caffeine or vitamin K3 alone in pure water were colorless. Thus, complexation is probably the 

reason for the mutual increase of the two drugs’ solubility in aqueous solution. 

Yet, if 0.37 mol·kg-1 sodium ferulate was present in the solution, the solubility of caffeine and 

vitamin K3 was even further increased. Thus, caffeine and vitamin K3 promoted each other’s 

water-solubility in the absence and in the presence of sodium ferulate, but sodium ferulate 
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enabled a better solubility of the two solutes, which acted as solubilizer for one another. Hence, 

vitamin K3 and caffeine did not promote the hydrotropic power of sodium ferulate. Instead, the 

two solutes dissolved each other in solution, each solute being the hydrotrope of the other and 

being dissolved additionally by sodium ferulate. This phenomenon, when the hydrotropic action 

is improved by an additive, is called facilitated hydrotropy. The origin of the effect here is that 

sodium ferulate solubilized vitamin K3 and caffeine, which then solubilized even more caffeine 

and vitamin K3, respectively. 

 

Figure 103: Water-solubility of riboflavin (A), caffeine (B), vitamin K3 (C) and folic acid (D) in a 
0.37 mol·kg-1 sodium ferulate solution and in a 0.37 mol·kg-1 sodium ferulate solution saturated with 
other aromatic drugs. Solubility in pure water: riboflavin: 0.27 ± 0.02 mol·kg-1; vitamin K3: 
0.68 ± 0.03 mmol·kg-1; folic acid: 0.025 ± 0.004 mmol·kg-1; caffeine 106 mmol·kg-1; N = number of 
experiments. 

Further, reversible copigmentation was still present and thus stacking interactions between 

RF, folic acid and vitamin K3 with sodium ferulate still occurred, if applied in mixtures with other 

aromatic drugs, see Figure 104. The less intense coloration of the samples comprising RF in 

presence of the other drugs compared to the sample in absence of other drugs is in line with 

the decreased RF content from Figure 103 A. Hence, the interactions of sodium ferulate with 

RF, vitamin K3, folic acid and caffeine are probably similar to the ones in the sodium ferulate 

solution without other drugs. 
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Regardless the solubilizing mechanism, RF, vitamin K3, caffeine and folic acid could be 

solubilized in an aqueous 0.37 mol·kg-1 sodium ferulate solution alone and in combination with 

each other. As sodium polyphenolates were found to solubilize several aromatic 

biocompounds, they might constitute also an important role as biochemical solubilizers in 

animals and plants.  

 

Figure 104: Color of a 0.37 mol·kg-1 sodium ferulate solution 
saturated with caffeine, riboflavin, vitamin K3 and folic acid 
alone or in combination. Upon dilution with water, the 
samples comprising RF became yellow and the residual 
ones became colorless. 

 

4.1.3 Sodium ferulate as potential cosurfactant and -

complexer 

In the previous two sections, aromatic sodium carboxylates were exposed to act as hydrotropic 

solubilizers based on their amphiphilicity or based on their conjugated electronic -system. As 

even the hydrophobic curcumin could be dragged into an aqueous solution, a cosurfactive 

behavior of polyphenolates was assumed. To test, if polyphenolates may also act as 

cosurfactants, aqueous solutions comprising sodium ferulate and the standard surfactant SDS 

or the biological dispersant sodium cholate were saturated with a hydrophobic solute. Sodium 

ferulate was chosen, because this polyphenolate turned out as the best compromise, regarding 

the increase in solubility of RF, vitamin K3 and folic acid in Figure 100 above. To simplify the 

detection, the hydrophobic solute was chosen to be Sudan blue II, so that UV-Vis absorbance 

of the dye could be used for quantification. Further, the compatibility of the hydrophobic and 

water-insoluble Sudan blue II with RF, which underwent a distinct solubilization mechanism, in 

surfactant/sodium ferulate systems was tested to know if two solutes of a distinct polarity are 

compatible. 



 

179 
 

4.1.3.1 Cosurfactive promotion of the micellization of sodium 

dodecyl sulfate by sodium ferulate  

While Sudan blue II was not water-soluble at all, the solubility of this hydrophobic dye increased 

with the concentration of SDS, see Figure 105 left and on the right A. When regarding Figure 

105 on the right C, the CMC of SDS can be seen as the onset of the solubilization, because a 

very subtle blue coloration could be observed. Consequently, micellization of SDS is required 

to solubilize Sudan blue II. As DLS and surface tension measurements did not reveal 

significant structuring affinity of aromatic sodium carboxylates in aqueous solutions (section 

4.1.1.2), the hydrophobicity of the Sudan blue II was presumably the reason why sodium 

ferulate alone could not solubilize Sudan blue II, see Figure 105 on the right B. However, the 

observation of a more intense blue coloration in the aqueous sample comprising SDS at its 

CMC and 0.37 mol·kg-1 sodium ferulate, indicated a decrease of the surfactant’s CMC by 

sodium ferulate and hence cosurfactive action of ferulate. 

     

Figure 105: Left: SDS solutions saturated with Sudan blue II (from left to right: 8 mmol·kg-1, 
37 mmol·kg-1, 0.1 mmol·kg-1, 0.2 mmol·kg-1 and 0.4 mmol·kg-1); Middle: Solutions saturated with Sudan 
blue II: A) pure water, B) aqueous 0.37 mmol·kg-1 sodium ferulate solution, C) aqueous 8 mmol·kg-1 
SDS solution. D) aqueous sample containing 8 mmol·kg-1SDS and 0.37 mmol·kg-1 sodium ferulate. 
Right: Molecular structure of Sudan blue II. 

On account of this, one might wonder if the -system driven solubilization of aromatic solutes 

from section 4.1.2, competes with the cosurfactive action of sodium ferulate. Therefore, in the 

following, the solubility of Sudan blue II was measured in aqueous solutions comprising SDS, 

and SDS/sodium ferulate mixtures in absence and presence of RF via UV-Vis-spectroscopy. 

Simultaneously, the solubility of RF in these solutions was determined. The concentration of 

sodium ferulate was kept at 0.37 mol·kg-1 in mixtures with SDS, see Figure 106.  

As already known from section 4.1.2.1.1, SDS increased the water-solubility of RF in a non-

linear way, see Figure 106 blue curve. Although Sudan blue II alone did not alter the water-

solubility of RF due to Sudan’s insolubility in water, the hydrophobic dye increased the solubility 

of RF in aqueous SDS solutions more strongly than SDS alone, see Figure 106 yellow and 

bright blue curve. A reason for this synergistic effect of Sudan blue II and SDS might be the 

aromaticity and thus planarity of Sudan blue II, which might lead to attractive interactions of 

Sudan blue II with RF and facilitate RF’s enclosure into SDS micelles. 

However, SDS lowered the water-solubility of RF in solutions comprising 0.37 mol·kg-1 sodium 

ferulate, see Figure 106 red and black curve. Interestingly, the reduction of RF’s solubility in 

ferulate/SDS systems occurred between the CMC and 37 mmol·kg-1 of SDS and the solubility 

of RF was not further reduced for higher concentrations of SDS. Thus, in ferulate/SDS/RF 
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solutions, a certain number of ferulate molecules seems to support the micellization of SDS by 

filling up the empty places in the micelles. 

Saturation with Sudan blue II in 0.37 mol·kg-1 sodium ferulate solutions reduced the solubility 

of RF more strongly with increasing SDS concentration than SDS alone in a sodium ferulate 

solution, see Figure 106 black curves. Consequently, Sudan blue II either competes with RF 

for sodium ferulate or it promotes the implementation of sodium ferulate in the micellization of 

SDS. 

Regarding now Figure 106 B, SDS increased the solubility of Sudan blue II linearly. Sodium 

ferulate and/or RF alone were not able to solubilize Sudan blue II. Yet, in presence of SDS, 

sodium ferulate increased the solubility of Sudan. Interestingly, RF alone and RF in 

combination with sodium ferulate improved the solubility of Sudan blue II in SDS comprising 

solutions even further. As the curves “SDS + RF” and “SDS + 0.37 M NaFer + RF” are equal, 

RF – and not sodium ferulate – seems to dominate in the synergistic interaction with SDS, see 

Figure 106. 

 

Figure 106: Solubility of A) RF and B) Sudan blue II in aqueous solutions of sodium dodecyl sulfate and 
sodium ferulate (NaFer) in absence and presence of Sudan blue II and RF, respectively. Yellow point: 
Water saturated with RF and Sudan blue II. All samples were saturated with RF and/or Sudan blue II. 

To get further insight into the solubilization mechanism, DLS and conductivity measurements 

of aqueous 0.37 mol·kg-1 sodium ferulate solutions with or without SDS in the absence and 

presence of RF (saturation) were performed. Since Sudan blue II absorbs at the same 

wavelength, where the DLS laser operates, it was not possible to record DLS correlation 

functions in presence of Sudan blue II. DLS correlation functions of aqueous solutions 

comprising either 0.37 mol·kg-1 sodium ferulate and/or 0.37 mol·kg-1 SDS in absence and in 

presence of RF are displayed in Figure 107. At 0.37 mol·kg-1, sodium ferulate did not exhibit a 

significant structuring potential, while SDS induced structuring. RF did not alter the correlation 

functions of pure sodium ferulate or pure SDS solutions. Yet, the presence of sodium ferulate 

in an aqueous SDS solution induced a doubling of the correlation compared to pure SDS in 

water, which is in line with the higher solubility of Sudan blue II in sodium ferulate/SDS mixtures 
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compared to pure SDS solutions. However, saturation of an aqueous solution comprising 

0.37 M sodium ferulate and 0.37 M SDS with RF resulted in a regain of the correlation function 

as in the absence of sodium ferulate. Thus, RF acted as anti-structuring agent in aqueous 

sodium ferulate/SDS solutions. This is in agreement to the reduction of RF’s water-solubility in 

presence of sodium ferulate by SDS and shows the competition of RF and SDS for sodium 

ferulate from Figure 106. 

Also, in conformity to the structure reducing power of RF, sodium ferulate did not induce a 

better solubilization of Sudan blue II compared to the sample comprising only RF and SDS 

saturated with the Sudan blue II from Figure 106. Yet, the structure deteriorating effect and 

passivity of RF on the structuring potential of SDS and sodium ferulate contradicts the 

observation of an increased solubility of Sudan blue II in presence of RF in aqueous solutions 

comprising SDS, see the curves “SDS” and “SDS + RF” in Figure 106. As the hydrophobic dye 

is aromatic, - and dispersive interactions of the dye with RF might be a reason for this effect. 

 

Figure 107: DLS correlation functions of aqueous sodium ferulate and sodium dodecyl sulfate solutions 
in absence and presence of RF (saturation). 

Further, conductivity measurements showed that the presence of RF induced a slight decrease 

of the absolute conductivity of aqueous solutions comprising sodium ferulate (NaFer + RF, 

NaFer + SDS + RF, NaFer+ SDS + RF + Sudan), while RF did not alter the conductivity of 

solutions comprising SDS in absence of sodium ferulate, see Figure 108 A. It can be assumed 

that the complexation of RF and sodium ferulate retards the propagation of sodium ferulate 

through the solution. Thus, if RF has the choice between sodium ferulate and SDS, RF 

interacts rather with sodium ferulate than with SDS. Consequently, RF is associated with 

sodium ferulate, as seen in section 4.1.2.1. Moreover, the very weak decrease of the absolute 

conductivity of sodium ferulate by RF indicates the formation of very small aggregates, which 

is in line with the absence of larger structures of sodium ferulate and RF by DLS, surface 

tension and SAXS from section 4.1.2.1.5. Moreover, with decreasing concentration, the 

reduction of the conductivity of solutions comprising sodium ferulate by RF becomes smaller, 
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see Figure 108 A and B. This emphasizes once more the weak and reversible interactions of 

RF and sodium ferulate proposed in section 4.1.2.1.10.  

In contrast to RF, Sudan blue II had no impact on the absolute conductivity at all, which 

originates probably also from the dye`s poor solubility in water even in presence of SDS and 

sodium ferulate. 

The CAC of sodium ferulate and the CMC of SDS were determined via the intersect of the 

linear parts of the curves in Figure 108 A and B. As surfactants form more defined aggregates 

than hydrotropes, the CMC of SDS was clearly visible as a crinkle, while the CAC of sodium 

ferulate was indicated by a curved section in the conductivity curve. Consequently, the CMC 

of SDS could be determined more precisely than the CAC of sodium ferulate, see Figure 108 

C and D. 

While the CMC of SDS was significantly reduced by sodium ferulate, the CAC of ferulate 

seemed to be slightly elevated even though not significantly by SDS, see Figure 108 C and D. 

This originates most probably from the participation of sodium ferulate to the micellization of 

SDS and is in line with the increased solubility of Sudan blue II and with the increased 

structuring in sodium ferulate/SDS mixtures seen via DLS. As the participation of sodium 

ferulate in the micellization of SDS means a lower availability of sodium ferulate for RF, the 

presence of SDS caused a dropdown of RF’s solubility in aqueous sodium ferulate solutions.  

Further, Sudan blue II and RF had no impact on the CMC of SDS, but increased the CMC of 

SDS in the SDS/sodium ferulate mixture slightly, see Figure 108 C and D. Simultaneously, the 

CAC of sodium ferulate in presence of SDS was significantly increased by RF, Sudan blue II, 

and by the combination of the two colorants. Regarding the complexation of RF and sodium 

ferulate and the absence of an aggregative solubilization of RF by ferulate, an increase of the 

CMC of SDS due to RF is not surprising. However, the hydrophobic dye, Sudan blue II, seems 

to prevent the interaction of SDS with sodium ferulate, too. As RF and Sudan blue II did not 

alter the CMC of SDS in the absence of sodium ferulate and because the copigmentation of 

sodium ferulate with RF was not influenced by SDS, the increased CAC of sodium ferulate 

originates probably from complexation of RF and/or Sudan with sodium ferulate. Nevertheless, 

because Sudan blue II was not solubilized in a pure sodium ferulate solution and because 

Sudan blue II was only soluble above the CMC in aqueous SDS in absence of ferulate, one 

can assume that the hydrophobic solute is primarily dissolved in micelles of SDS or in mixed 

SDS/ferulate micelles. Finally, a reddish color was observed for the samples comprising RF, 

sodium ferulate and SDS together. Thus, despite the competition of RF and SDS for sodium 

ferulate, RF and sodium ferulate interacted on a molecular scale via complexation. 

Consequently, sodium ferulate can act as cosurfactant and hydrotropic complexing agent 

simultaneously. 
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Figure 108: A) and B) Entire and enlarged view of the conductivity, respectively; C) and D) Critical 
micellar concentration of SDS and critical aggregate concentration of sodium ferulate, respectively, in 
aqueous solutions comprising sodium ferulate and/or SDS in presence and absence of RF and/or Sudan 
blue II for a molar ratio of ferulate/SDS of one. The RF and Sudan blue II content is different for each 
sample, as the samples were saturated with the two colorants to see a maximum effect. The 
determination of the CAC and CMC is represented in pink in A and B. (pairwise t-test: * = p ≤ 0.05; *** 

= p  ≤  0.001; triplicates) 

 

4.1.3.2 Action of sodium ferulate on the solubilizing and structuring 

potential of sodium cholate 

Food approved bile extracts consist of a mixture of so-called bile salts, which are classified as 

surfactants. Bile salts are crucial biological emulsifiers required for the dispersion of lipids. Due 

to cost reasons and because of an easier handling of a pure compound, this section dealt with 

the solubilizing properties of sodium cholate, which is a prominent representative of bile salts, 

see Figure 109 left. In contrast to common surfactants, bile salts consist of a cholesterol 

backbone with a weakly pronounced separation of a rather rigid unpolar steroid ring from the 

polar hydroxy and carboxylate functions on the concave side of the molecule, see Figure 109 

right.  

Despite of their indisputable self-assembling properties, bile salts do not have a clearly 

pronounced CMC, such as typical surfactants do, but rather several CMC-like and CAC-like 
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transitions, where the aggregation number and aggregate’s structure change. This is reasoned 

in their rigidity and wide distribution of the polar unit, which prevents dense packing of the bile 

salts. As a consequence, the aggregation number of bile salts (4-8 molecules) is about ten 

times lower than the one of the typical surfactant SDS (50-80 molecules). Up to now, the 

aggregate structure and the micellar and aggregative transitions of bile salts depending on 

their concentration are intensively investigated.316,317 Many researchers reported that cholate 

forms dimers close to its CMC at 13-18 mM, which then further aggregate at concentrations 

above 100 mM due to intermicellar interactions.317–319 

 

Figure 109: Molecular structure of sodium cholate with its polar (blue) and unpolar (red) moieties.316 

Although also not allowed as food additive in the European Union, bile salts and extracts are 

common dispersants in the US.320 Moreover, due to the association of bile salts with drugs, 

bile salts and derivatives are widely used in pharmaceutical formulations. Thus, for the 

preparation of Valium® MM, glycocholic acid is applied to solubilize the tranquilizer diazepam 

in mixed micelles of this bile acid derivative with soy lecithin. Analogously, the formulation of 

the multivitamin supplement Cernevit® was based on the dispersion by bile salt derivatives.14 

As sodium ferulate promoted increased solubility of a hydrophobic compound further due to its 

cosurfactive effect on SDS, and because bile salts are known to form mixed micelles with 

surfactants, sodium ferulate and cholate might undergo a synergistic aggregation too. Cholate 

is in particular of interest due to its green origin and its weaker toxicity. Moreover, it is important 

to know, if sodium ferulate exhibits cosurfactive properties in presence of a less amphiphilic 

and more rigid surfactant forming unconventional “micelles”.  

Therefore, the solubility of Sudan blue II and/or of RF was determined in aqueous systems 

consisting of either sodium cholate or sodium ferulate/cholate (molar ratio 1:1) mixtures, see 

Figure 110. As in the sodium ferulate/SDS system, RF was solubilized by sodium cholate, but 

RF’s solubility in aqueous sodium ferulate solutions was reduced by the bio-dispersant. In 

contrast to the sodium ferulate/SDS system, where the reduction of RF’s solubility stopped for 

SDS concentrations above its CMC, the solubility of RF was decreased continuously with the 

concentration of sodium cholate. Thus, sodium cholate has a higher affinity to sodium ferulate 

than SDS.  

Further, congruent to the sodium ferulate/SDS system, Sudan blue II improved RF’s solubility 

in aqueous cholate solutions, but reduced it further in aqueous sodium ferulate solutions 
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comprising sodium cholate, see Figure 110 A and B. Yet, RF was solubilized more than 10 

times worse by sodium cholate than by SDS if Sudan blue II was present, see Figure 106 B 

and Figure 110 B. 

In contrast to the sodium ferulate/SDS system, RF had no influence on the water-solubility of 

Sudan blue II in presence of sodium cholate and the combination of sodium ferulate with 

sodium cholate reduced the solubility of the hydrophobic dye. Saturation of sodium 

ferulate/cholate solutions with RF allowed increasing the solubility of Sudan blue II slightly, but 

the solubility of the hydrophobic solute was still beneath the one in absence of sodium ferulate. 

Thus, sodium ferulate exerts an anti-solubilizing effect on the hydrophobic dye in sodium 

cholate solutions and sodium cholate simultaneously decreases the solubility of RF in sodium 

ferulate solutions. 

DLS measurements should reveal the reason for the reduction of RF’s and Sudan blue II’s 

water-solubility in the sodium ferulate/cholate system, see Figure 110 D. Although sodium 

ferulate improved the structuring of sodium cholate, such as in the sodium/ferulate/SDS 

system, the resulting correlation function was strongly fluctuating and about half as high as the 

one in the sodium ferulate/SDS system, see Figure 110 D. Hence, if Sudan blue II is embedded 

into sodium cholate aggregates, the solubility of this hydrophobic dye should either be 

maintained or increased in presence of sodium ferulate. Yet, UV-Vis-measurements showed 

a decrease of its solubility. 

Further, RF reduced the structuring in the system comprising sodium cholate and sodium 

ferulate strongly, see Figure 110 D, but increased the solubility of Sudan blue II relatively to 

the sodium ferulate/sodium cholate system. Consequently, the correlation function of the DLS 

signal did not correlate to the solubility of Sudan blue II. Analogously, the weak increase of the 

correlation function of sodium cholate by the presence of sodium ferulate, does not correlate 

to the strong decrease of RF’s solubility compared to pure aqueous sodium ferulate solutions, 

see Figure 106 A and Figure 110 A and D. Thus, sodium cholate seems to form less defined 

self-assemblies than SDS, while it reduces the solubility of RF in presence of sodium ferulate 

to the same extent as SDS. 
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Figure 110: A) Water-solubility of riboflavin depending on the concentration of sodium cholate or ferulate; 
B) Enlarged view of A); C) Water-solubility of Sudan blue II represented by the absorbance depending 
on the concentration of sodium cholate; D) DLS correlation function of aqueous solutions comprising 
sodium ferulate and/or cholate in pure water and saturated with RF and/or Sudan blue II. If cholate and 
ferulate were present in the solutions together, the sodium ferulate concentration was kept constant at 
0.37 mol·kg-1. 

To check, if the reduction of RF’s and Sudan blue II’s water-solubility by sodium cholate and 

ferulate, respectively, interrelates to the strong interaction of sodium cholate and ferulate, 

which could prevent their action as solubilizers, conductivity measurements were performed, 

see Figure 111. First, as in the sodium ferulate/SDS system, RF decreased the absolute 

conductivity of solutions comprising sodium ferulate. As copigmentation of RF and sodium 

ferulate was also observed in presence of SDS and sodium cholate, neither SDS nor sodium 

cholate cut the interaction of sodium ferulate and RF entirely. 

Further, a CMC was not observed for sodium cholate. Instead, all samples comprising sodium 

cholate exhibited a broad curve, which is typical for aggregates showing a CAC. Although 

sodium cholate is often referred to be a biosurfactant, its low aggregation numbers are indeed 

rather comparable to the ones of a hydrotrope. Thus, many contradicting data on the CMC and 

CAC of sodium cholate are reported showing the complex action of cholate.316,317 

Nevertheless, because the propagation velocity in an electric field decreases only by ca. 30 % 

in the case of self-assembly to dimers, while it decreases by 86 % in the case of an aggregation 
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number of 50, conductivity is a precise technique for the determination of a CMC induced by 

of larger aggregates and not for the determination of dimers as in the case of sodium cholate. 

Moreover, due to sodium cholates secondary aggregation, it was not possible to distinguish 

between the CAC of sodium ferulate and cholate. Hence, a common CAC was determined 

using the intersect between the two linear part of the conductivity curves, see Figure 111. 

The CAC of sodium cholate was not altered by the presence of RF, which is congruent to the 

absence of an alternation of the CMC of SDS by RF. Yet, in absence of RF, Sudan blue II 

reduced the CAC of sodium cholate significantly by ca. 15 mmol·kg-1. This was not the case 

for SDS. The reason therefore is probably the stronger structuring affinity of SDS in absence 

of the hydrophobic dye due to SDS’s stronger developed amphiphilicity, while sodium cholate 

forms rather small assemblies. Apparently, RF acts as structure breaker, as the CAC of sodium 

cholate samples comprising Sudan blue II and RF was the same as of cholate in pure water. 

The CAC of sodium ferulate and sodium cholate was significantly decreased by sodium cholate 

and ferulate, respectively. The CAC of 121±2 mmol·kg-1 in the sodium cholate/ferulate system 

was more in the region of sodium cholate. Thus, the reason for the reduced solubility of RF 

and Sudan blue II due to the presence of cholate and ferulate, respectively, is certainly the 

formation of small mixed aggregates of sodium ferulate and sodium cholate, which prevents 

the interaction of ferulate with RF and of cholate with Sudan blue II. The increase of the CAC 

in the sodium ferulate/cholate system upon saturation with RF and/or Sudan blue II shows the 

competition of RF and sodium cholate for sodium ferulate and the competition of Sudan blue 

II and sodium ferulate for sodium cholate. As the CAC of all sodium ferulate/cholate systems 

is beneath the CAC of sodium cholate in pure water, the attractive interactions of RF and 

Sudan blue II are apparently not sufficient to separate sodium ferulate and cholate, as it was 

already indicated by the reduction of RF’s and Sudan blue II’s water-solubility by cholate and 

sodium ferulate, respectively, in Figure 110 A and C. The continuous decrease of RF’s 

solubility in aqueous sodium ferulate solutions with increasing concentration of sodium cholate 

compared to the constant solubility of RF in aqueous sodium ferulate solutions above a certain 

SDS concentration indicates also that sodium ferulate is more involved in the interaction with 

sodium cholate than in the one with SDS. 

Consequently, mixed aggregation of sodium ferulate and sodium cholate deteriorates their 

solubilizing power as complexing agent and emulsifier, respectively. Therefore, sodium 

ferulate should be prevented in formulations of sodium cholate. 
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Figure 111: A) Conductivity and B) Critical aggregate concentration of sodium cholate and sodium 
ferulate in aqueous solutions comprising sodium ferulate and/or sodium cholate in presence and 
absence of RF and/or Sudan blue II for a molar ratio of ferulate/cholate of one. The RF and Sudan blue II 
content was different for each sample, as the samples were saturated with the two colorants to see a 
maximum effect. The determination of the CACs represented in pink. (pairwise t-test: * = p ≤ 0.05; ** 

= p  ≤  0.01; *** = p  ≤  0.001; triplicates) 

 

4.1.3.3 Conclusion 

As expected, Sudan blue II was primarily solubilized via micellization, because the onset of its 

solubilization in aqueous SDS solutions is the CMC of SDS. Because sodium ferulate (i) 

decreased the CMC of SDS, (ii) increased the structuring of SDS, (iii) lowered thereby the 

onset of Sudan blue II’s solubilization and (iv) increased the solubility of Sudan blue II further, 

the polyphenolate exhibits cosurfactive properties promoting the micellization of SDS, see 

Figure 112. As the CAC of sodium ferulate/SDS samples was increased by Sudan blue II, one 

part of sodium ferulate is supposed to interact with Sudan blue II on a molecular scale. 

However, sodium ferulate did not solubilize the dye in the absence of SDS. Thus, the increase 

of sodium ferulate’s CAC might be explained by associations of sodium ferulate and Sudan 

blue II, which are embedded into the SDS micelles. In any case, the interaction of SDS and 

Sudan blue II with sodium ferulate competes with the interaction of RF with sodium ferulate 

and leads to a considerable reduction of RF’s solubility in aqueous sodium ferulate solutions.  

On the contrary, RF improved the solubility of Sudan blue II in aqueous solutions comprising 

SDS or SDS and sodium ferulate. A reason for the latter case might be a reduction of the 

attractive interactions between sodium ferulate and SDS, which could enable a better contact 

of Sudan blue II to the hydrophobic moiety of SDS. However, this was not further investigated. 

In any case, sodium ferulate’s cosurfactive action on SDS increased the solubility of a 

hydrophobic solute while RF’s water-solubility was partially deteriorated. As RF’s solubility still 

exceeded >100 times RF’s solubility in pure water, the sodium ferulate/SDS system can be 

considered as a powerful formulation to solubilize hydrophobic and -stacked compounds 

simultaneously, see Figure 112. 
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Figure 112: Cosurfactive support of sodium dodecyl sulfate by sodium ferulate 

El-Khordagui reported that the polyphenolate sodium salicylate exhibits also cosurfactive 

properties on the self-aggregation of SDS in aqueous solution. He studied the influence on the 

surface tension, on the Krafft point, and on the CMC of SDS depending on the concentration 

of sodium salicylate. The cosurfactive power of sodium salicylate was more developed for 

concentrations below the polyphenolate’s CAC. Thus, the surface tension and the CMC were 

decreased in the case of salicylate concentrations <0.5 M, while the trend was inverted for 

salicylate concentrations >0.5 M.321 Consequently, salicylate’s self-aggregation inhibited the 

micellization of SDS. If sodium ferulate behaves similar to sodium salicylate, sodium ferulate 

may exert even stronger cosurfactive action on SDS when applying lower ferulate 

concentrations. However, RF’s water-solubility in such a system might be further decreased 

compared to the sodium ferulate solution without surfactant. 

As sodium ferulate and Sudan blue II might undergo complexation such as it was shown for 

aromatic sodium carboxylates with RF, LC, RF-PO4, vitamin K3 and folic acid, the reduction of 

RF’s water-solubility in aqueous ferulate/SDS solutions might be less pronounced when using 

a non-aromatic hydrophobic solute instead of Sudan blue II. Imagining Sudan blue II being a 

hydrophobic drug or vitamin, such as vitamin E or D, the cosurfactive action of sodium ferulate 

coupled with its complexation of aromatic solutes might help to formulate multi-vitamin 

preparations. Although SDS is food approved by the US Food & Drug Administration, in the 

European Union, the surfactant is allowed only for medicinal purpose or for exterior 

applications as E487, such in ointments, cosmetics or toothpaste.320,322 Thus, sodium 

ferulate/SDS formulations constitute a rather green option for drugs, cleaning agents and for 

the removal of cosmetic products than for food and beverage formulations. 
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The slight increase of sodium cholate’s structuring and the significant decrease of its CAC by 

sodium ferulate proofed interactions between the two bio-molecules, too. However, the 

interaction between the two molecules was obstructive for their solubilizing power. While, upon 

saturation with Sudan blue II, RF’s solubility was decreased similarly to the sodium 

ferulate/SDS system, contrary to the sodium ferulate/SDS system, the solubility of Sudan 

blue II was reduced by the presence of RF in the sodium ferulate/cholate system. Probably, 

the larger interaction surface between the rigid cholesterol backbone of sodium cholate and 

the planar benzyl ring of sodium ferulate resulted in too strong attractive interactions between 

the two bio-compounds. Although the sodium ferulate/sodium cholate system turned out as 

worse formulation to dissolve Sudan blue II and RF, the two solutes were still dissolved in 

higher quantities than in pure water. Thus, sodium cholate/sodium ferulate mixtures might still 

be used to dissolve slightly hydrophobic compounds together with aromatic ones. This might 

be especially useful for the preparation of surfactant-free drug formulations. 
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4.2 Further solubilization techniques for riboflavin 

4.2.1 Solubility limiting factors of riboflavin 

In general, solubilization can be limited by several factors. On the one hand, a molecule might 

be too hydrophobic and possess to less hydrogen bonding sites in order to interact with a 

solvent. However, the poor solubility of riboflavin cannot be increased significantly by only 

adjusting the solvent’s polarity and hydrogen bonding capacity, although RF is quite polar and 

offers several hydroxy groups and two keto groups as potential hydrogen bonding partners, 

see Table 3 and Figure 113. Hence, this was not valid for RF.  

 

Figure 113: Sigma profile of riboflavin obtained from COSMOthermX.323 

Further, being a medium sized molecule, the conformation of the ribityl chain might be decisive 

for RF’s solubility, as the entropy of the surrounding solvent may be affected differently if the 

ribityl chain is stretched or bent. Yet, solubility starts actually already from the solid state of a 

potential solute. If the interactions of the solute with itself in the crystal are too strong, the 

crystal structure will not be disrupted and the compound may be insoluble though the 

interactions of the solute and solvent may be actually favorable. Hence, first the water-solubility 

of RF from distinct distributors was determined followed by an analysis of riboflavin’s 

arrangement in the crystal, which was followed by a short analysis of the impact of the ribityl 

chain on RF’s water-solubility. 

Although the solubility of riboflavin in water is essential for the life of animals, plant and 

mushrooms, the water-solubility of riboflavin is reported to depend on its crystal morphologies 

by Sigma Aldrich.180 Therefore, the water-solubility of RF from two batches from Carl Roth 

(97 %), two batches from BASF (> 97 %) and one batch from TCI( Lot. 35FLH) was analyzed, 

see Figure 114 and Table 20. The solubility of the distinct RF-types ranged from 0.192 to 

0.287 mmol·kg-1 and thus differed by almost 50 %. The determined solubilities correlate with 

the ones provided in Table 3 and by Sigma Aldrich.180 This shows that the solubilization of RF 

cannot only dependent on the solvent, but depends apparently on the crystalline morphology 

of RF. 
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Table 20: Water-solubility of RF from TCI 
and two batches from Carl Roth and from 
BASF. T = 23 °C. The first batch from Carl 
Roth was prepared in duplicate. The other 
samples were prepared in triplicate. 

Compound c(RF) (mmol·kg-1) 

Roth Batch 1 0.287 ± 0.002 

Roth Batch 2 0.27 ± 0.02 

BASF-Batch 1 0.259 ± 0.004 

BASF-Batch 2 0.212 ± 0.001 

TCI 0.192 ± 0.008 

 

 

 

Hence, RF crystals were synthesized from the liquid diffusion (or anti-solvent) method from a 

water/acetonitrile solution (50/50 (w/w)) saturated with either cinnamic or 3,4-

dimethoxycinnamic acid and RF. This solution was overlayed with acetonitrile as antisolvent. 

Cinnamic and 3,4-dimethoxycinnamatic acid were supposed to act as weak hydrotropes for 

riboflavin due to the salting-in power of their corresponding sodium salts, see section 4.1.1. A 

hydrotrope was required, as otherwise riboflavin would precipitate too fast with increasing 

acetonitrile concentration, which would cause opaque and too tiny orange crystals. However, 

Single Crystal X-Ray analysis required transparent crystals of an appropriate size. On the other 

side, the acid and not the sodium salts of cinnamic and 3,4-dimethoxycinnamic acid were used, 

because of their low aqueous (< 1% (w/w)) solubility, which should prevent too high 

solubilization of RF in water that could hinder the precipitation and thus crystallization of RF. 

Both samples resulted in transparent yellow needles, see Figure 115 A and B. Using this 

method, separate single crystals of RF were still rare. Instead, most RF crystals were attached 

to each other radially, as it was already reported by Sakate.127,324 Cinnamic acid and 3,4-

dimethoxycinnamic acid crystallized apart from RF upon evaporation of acetonitrile as 

unformed colorless plates and transparent needles, respectively. 

 

Figure 115: A) Riboflavin crystal needles in presence of cinnamic acid. B) Riboflavin crystal (size: 
660 µm x 20 µm) in presence of 3,4-dimethoxycinnamic acid. The crystals were obtained by the liquid 
diffusion method (saturation of water/acetonitrile (50/50 (w/w)) with cinnamic or 3,4-dimethoxycinnamic 
acid and riboflavin followed by an overlay with acetonitrile). 

Figure 114: Water-solubility of RF from TCI and two 
batches from Carl Roth and from BASF. T = 23 °C. 
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The crystal structures of RF obtained in presence of cinnamic and 3,4-dimethoxycinnamic acid 

were similar. The RF molecules were arranged parallelly to each other, see Figure 116 and 

Figure 117. The aromatic isoalloxazine rings of two adjacent RFs were slightly displaced 

relatively to each other, so that the pyrimidine ring of one RF overlapped with the benzene ring 

of another RF. The shortest distance between two RF molecules (center of pyrimidine ring – 

benzene ring) was 3.643 Å if crystallized from the cinnamic acid sample and 3.313 Å if 

crystallized from the 3,4-dimethoxycinnamic acid sample, see Figure 116. This is in agreement 

with the postulation of Guerain et al. Guerain et al., who proposed a stacked arrangement of 

RF in the crystal at an intermolecular distance of 3.591 Å via powder diffraction images, which 

were interpreted with DFT calculations.219 Thus their simulation matches with this primary 

experimental data. Additionally, the distance between two RF molecules is in line with the 

stacking distance of other flavin derivatives (3.3 Å to 3.6 Å).325 Due to the displaced 

arrangement of the isoalloxazine rings, the distance of the plane formed by the middle aromatic 

ring of RF in the crystal obtained in presence of cinnamic acid is slightly longer (5.309 Å), see 

Figure 116. 

Moreover, the ribityl chain of each RF molecule in the crystals was stretched and syn-oriented 

to the neighbored ribityl chain. Despite a potential uncertainty regarding the position of the 

hydrogen atoms due to their low electron density, in both RF crystals, two potential hydrogen 

bonds are supposed to be formed between the hydroxy groups (OH7–OH6 = 1.84(3) Å, OH9–

OH4 = 2.11(3) Å in the RF crystal synthesized in presence of cinnamic acid and OH7–OH6 = 

1.82(4) Å, OH9–OH4= 2.19(3) Å) in the RF crystal synthesized in presence of 3,4-

dimethoxycinnamic acid, see Figure 116. Comparing the two crystals, the hydrogen bonding 

distance deviated by only 1.1 % for OH7 – OH6 and 3.7 % for OH9 – OH4, respectively. Another 

hydrogen bond might be formed between OH6 and OH9 (2.129 Å). Additionally, the amine 

group on the pyrimidine ring forms a hydrogen bond with at least one hydroxy group on the 

ribityl chain (OH4 – NH1 = 2.099 Å), see Figure 116. All of potential hydrogen bonds are in the 

magnitude of typical OH···H-bonds.326  

Thus, hydrogen bonding of RF with other RF molecules in the crystal might contribute at least 

partially to the low solubility of RF in various solvents. However, hydrogen bonding of the ribityl 

chain as main solubility limiting factor seems absurd regarding the low solubility of RF in polar 

protic solvents due to RF’s many hydrogen bonding sites. 

Probably, -stacking and thus dispersive interactions are mainly responsible for the low affinity 

of RF for solubilization. In particular, stacking of synthetic flavins was already reported by R. 

Cibulka et al.. Although stacking could be reduced by a modification of flavins with a space 

demanding group, the crystal images of the flavin derivatives pointed still an aggregation of 

them.325 Consequently, -stacking due to dispersive interactions of RF with other RF molecules 

appears as a reasonable explanation for the all-embracing poor solubility of RF. 
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Figure 116: Crystal structure of pure RF needles obtained via the liquid diffusion method from a 
water/acetonitrile (50/50 (w/w)) solution in presence of cinnamic acid with distances given in Å. 

 

Figure 117: Crystal structure of pure RF needles obtained via the liquid diffusion method from a 
water/acetonitrile (50/50 (w/w)) solution in presence of 3,4-dimethoxycinnamic acid. 

Although the ribityl chain of riboflavin states certainly not the major solubility determining factor, 

it may still influence the water-solubility of the vitamin. Thus, the solubility of LC corresponding 

more or less to RF without a ribityl chain and the solubility of ribose was compared to the one 

of RF, see Figure 118. 

 

Figure 118: Molecular structure of ribose. 

The aqueous solubility of LC was found to be approximately 8 times lower than the one of RF, 

see Table 21. The reason for the lower solubility of LC is the ribityl chain offering 4 hydroxy 

groups as hydrogen bonding partners. In water, the movement of the ribityl chain in water and 

its sterical demand might also weaken the aggregation of RF compared to LC. Although, 

hydrogen bonding of RF’s ribityl chain observed in the crystal might be partially responsible for 

RF’s poor water-solubility, the high solubility of ribose, which might also form hydrogen bonds 
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in its crystalline form, refutes that the potential hydrogen bonds found in the riboflavin crystal 

contribute significantly to the solubility limitation. 

The change of the molar Gibbs enthalpy for solubilization G upon introduction of a ribityl 

chain to LC and the addition of an isoalloxazine ring to ribose – both leading to RF – was 

estimated with equation 16 in section 3.2.2.6, see Table 21.327 The modification of the 

isoalloxazine ring with a ribityl chain facilitates the solubilization only by 5.05 kJ·mol-1 

corresponding to ca. twice the energetic amount of the thermal energy at room temperature. 

On the contrary, the introduction of a planar isoalloxazine ring to ribose disfavored the 

solubilization by 19.28 kJ·mol-1. Thus, the isoalloxazine ring contributes approximately 4 times 

more to RF’s solubility than the ribityl chain. Consequently, the hydration and hydrogen 

bonding of the ribose unit are not sufficient to influence the solubility problem of the 

isoalloxazine ring considerably. 

Thus, (i) the low water-solubility of LC, (ii) the minor effect of the ribityl chain on RF’s solubility 

and (iii) the strong loss in solubility upon induction of an isoalloxazine ring to ribose, confirm 

that dispersive interactions leading to -stacking and not the hydrogen bonding in the ribityl 

chain are the main reason for the poor solubility of RF in water. 

Table 21: Solubility of ribose, riboflavin and lumichrome in water. Last column: 
Change of the molar Gibbs energy of solubilization upon implementation of an 
isoalloxazine ring to ribose or a ribityl chain to lumichrome. 

Compound c(compound) (mmol·kg-1) △△G(ribityl chain) (kJ·mol-1) 
Ribose 679.2 328 Ribose → RF: 19.28 
RF 0.27 ± 0.02 LC → RF: - 5.05 

LC 0.035 ± 0.002  

To analyze the state of RF in water, Nuclear Overhauser Enhancement Spectroscopy 

(NOESY) was conducted. As the solubility of RF in deuterium oxide was not sufficient to have 

cross-peaks in the NOESY spectrum, the NOESY spectrum of RF was recorded in deuterated 

dimethyl sulfoxide (DMSO-d6) after saturation. However, the NOESY spectrum did not reveal 

any hints for -stacking of RF with itself in DMSO-d6, see Figure A 13 and section 7.11.1. 

Regarding the NOESY of RF in DMSO-d6, the ribityl chain of RF is probably stretched in 

DMSO-d6. Still, due to the too poor solubility of RF in DMSO-d6 and water certain assumptions 

could not be retrieved. 

Therefore, a NOESY spectrum of the better water-soluble RF-PO4 (103 ± 8 mmol·kg-1) – 

comprising the same aromatic backbone – in deuterium oxide was recorded, see Figure 119 

and section 7.11.2. The cross-peak of H2 with H11 and H2 with H12 of RF-PO4 indicated a 

bent conformation of the ribityl chain in deuterium oxide, see Figure 119 A. 

Additionally, cross-peaks between H3 and H10, H8, H5 and H13 of RF-PO4 in deuterium oxide 

suggested at least an intermittent anti-stacked orientation of RF-PO4 in deuterium oxide, as 

H10 is an interior sugar chain proton and thus hardly accessible unless the molecule 

undergoes stacking. Note, the cross-peak of H3 with H13 might also arise from strong coupling 
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due to the aromaticity. In case of antiparallel stacking of RF-PO4 in deuterium oxide, the cross-

peaks of H3 with H11 and H12 points again to a curved conformation of the ribityl chain, see 

Figure 119 B. Comprising the same aromatic backbone and a similar ribityl chain to RF-PO4, 

one can expect that RF performs -stacking in aqueous solution. This is confirmed by the fact 

that the strongly hydrated phosphate group of RF-PO4 should normally improve the contact of 

the RF-PO4 with water and thus to rather weaken the stacking interactions of RF-PO4 with 

itself.329,330 On the other hand, the hydration of the phosphate group might influence the 

conformation of the ribityl chain of RF-PO4. Hence, conclusions on the ribityl chain 

conformation of RF from the one of RF-PO4 were not possible. 

To summarize, Single Crystal X-Ray Analysis of a RF crystal and NOESY measurements 

revealed a -stacking of riboflavin with other riboflavin molecules in its solid state and in water 

as the main solubility limiting factor. 

 

Figure 119: Top: NOESY NMR spectrum of RF-PO4 in deuterium oxide (saturation): (a) Cross peak of 
H2 with H11, H12, H10, H13, H14, H8 and H5. (b) Cross-peak of H3 with H13, H14, H10, H8, H5, H11, 
H12. Bottom: A) Proton interaction indicating a curved ribityl chain in deuterium oxide; B) Proton 
interaction indicating anti-stacking arrangement of two RF-PO4 molecules to each other and a bent ribityl 
chain. 
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4.2.2 Solubilization of riboflavin in presence of riboflavin 5’-

monophosphate sodium salt in water 

The results in section 4.2.1 showed that RF stacks with other RF molecules in aqueous 

solution. Comprising the same aromatic backbone, RF was supposed to stack with RF-PO4 in 

water, too. Due to a strongly hydrated phosphate group, RF-PO4 possesses a good water-

solubility despite of stacking.44 If RF-PO4 stacks with RF, the strongly hydrated sodium 

phosphate group of RF-PO4 might lead to a solubilization of potential RF-RF-PO4 aggregates 

and thus increase the solubility of RF while keeping the one of RF-PO4 constant. Therefore, 

the solubility of RF was determined in an aqueous sample, which was prior saturated with RF-

PO4. If the solubility of RF would be increased by the presence of RF-PO4, it would mean that 

the solubility of RF-PO4 should be higher than its solubility in pure water (103 ± 8 mmol·kg-1). 

However, the saturation of water with RF-PO4 and RF did not change the total content of RF-

PO4 (98 ± 6 mmol·kg-1). Thus, RF-PO4 did not change the solubility of RF in water. One reason 

therefore might be that the increase of RF’s solubility is so low that it is covered by the high 

amount of RF-PO4 in solution. Another reason therefore is probably the weaker hydration of 

potential RF-PO4-RF stacking complexes. Thus, RF-PO4 was found to perform stacking with 

an anti-orientation of the ribityl chain in water. Hence a loss of an anti-oriented ribityl phosphate 

group of RF-PO4 of potential RF-PO4 aggregates due to an aggregation with RF might be the 

reason, why RF-PO4 cannot solubilize RF, as then the aggregate could not be hydrated 

strongly from two sides. 

4.2.3 Attempt for the disruption of RF-RF-stacking via thermal 

energy 

RF was found to perform stacking with other RF molecules but also with sodium 

polyphenolates, see sections 4.2.1 and 4.1.2.1.1. Sodium polyphenolates increased RF’s 

water-solubility exponentially with the solubilization being strongly dependent on the electronic 

system of sodium polyphenolates. Thus, the higher the sodium polyphenolates concentration 

prior to saturation with RF was, the less sodium polyphenolate molecules were required to 

dissolve RF in water. Logically, RF should have been precipitated upon dilution with water, as, 

for saturation of solutions with lower sodium polyphenolate concentrations, more 

polyphenolates per RF were required for RF’s solubilization. However, this was not the case, 

as the solution were stable in the dark for several months without precipitation of RF. As 

described in section 4.2.1, the attractive interactions between two RF molecules might be very 

high due to dispersive interactions and prevent the solubilization of RF in water. However, once 

RF was solubilized by polyphenolates, it did not aggregate again. Because stacking 

interactions are rather weak (2 kJ·mol-1 to 8 kJ·mol-1)331,332, RF might not aggregate or 

precipitate again after a thermal disruption of the RF molecules, too. 
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Thus, stacking of RF with other RF molecules might be weakened with increasing temperature 

enabling a better access for solubilizers to separate the RF molecules completely from each 

other. Hence, aqueous sodium polyphenolate solutions were saturated with RF at a high 

temperature (90 °C), cooled down to room temperature (23 °C) and filtered, to see if the 

saturation temperature influenced the solubility of RF. As not all sodium polyphenolates are 

heat stable, one top candidate for RF solubilization - sodium ferulate - was not tested due to 

fast oxidation. Solubilizers comprising distinct solubilizing power were tested and compared to 

the surfactant SDS. To achieve maximum accuracy, the solubilizers were tested at their 

solubility limit or at a concentration, where the solubilizer did not precipitate upon heating. SDS 

was applied at two distinct concentrations, to be comparable to NaButyrate and Valerate and 

to know if a change of the concentration has an effect on the result. Consequently, aqueous 

solutions of 3 mol·kg-1 Na-3,4-DiOMe-Cinn and NaBenz, 0.858 mol·kg-1 Na-4-OH-3-OMe-

Benz, 0.1 mol·kg-1 Na-2,4-Pentadienoate, 0.2 mol·kg-1 SDS and 0.4 mol·kg-1 NaButyrate, 

NaValerate and SDS were saturated with RF at 90 °C via stirring at 450 rpm in the dark for 

1 h.  

At 90 °C, the solubility of RF did not change in presence of medium and good solubilizers [Na-

2-OH-Benz (medium), Na-4-OH-3-OMe-Benz (medium) and Na-3,4-DiOMe-Cinn (best)] 

compared to the sample preparation at 23 °C, see Figure 120 A. In the case of Na-2,4-

Pentadienoate less RF was solubilized via saturation at 90 °C compared to 23 °C, see Figure 

120 B. The reason was, the decrease of Na-2,4-Pentadienoate’s water-solubility with 

increasing temperature leading to a loss of the solubilizer at high saturation temperatures. In 

presence of “bad” RF solubilizers comprising a lower conjugation and flawless amphiphilicity, 

the saturation at 90 °C (SDS, NaBenz, NaValerate, NaButyrate) resulted in a significant 

increase of the RF’s water-solubility compared to the samples prepared via saturation at 23 °C, 

see Figure 120 A and B.  

An explanation for this result might be a weakening of the stacking between the RF molecules 

by means of the thermal energy, which could facilitate an interaction with RF or an 

embracement of RF by solubilizer molecules. In presence of sodium polyphenolates being 

medium to good solubilizers, all polyphenolate molecules might be occupied by RF already, 

whereas in presence of weak solubilizers, free solubilizer molecules might still be available. 

This was reinforced by the observation of the same solubility of RF in presence of 0.2 mol·kg-1 

and 0.4 mol·kg-1 SDS at saturation at 90 °C, whereas different concentrations of SDS led to 

different solubilities of RF at 23 °C, see Figure 120 B. As the solubility of RF in presence of 

good and medium RF solubilizers after saturation at 23 °C was still far beyond the solubility in 

presence of weak solubilizers after thermal treatment, further investigations of the thermal 

influence on the interactions between RF, polyphenolates and water were not attempted. 
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Figure 120: A) Water-solubility of riboflavin at 23 °C (RT) and 90 °C in presence of 3.0 mol·kg-1 NaBenz, 
Na-3,4-DiOMe-Cinn, 0.858 mol·kg-1 Na-4-OH-3-OMe-Benz and 0.937 mol·kg-1 Na-2-OH-Benz. B) 
Water-solubility of riboflavin at 23 °C (RT) and 90 °C in presence of 0.4 mol·kg-1 NaButyrate, NaValerate, 
SDS, 0.2 mol·kg-1 SDS and 0.1 mol·kg-1 Na-2,4-Pentadienoate; (pairwise t-test: *** p = 0.001; * p = 
0.05); Number of measurements = 3. 

 

4.2.4 Solubilization of RF by means of other natural additives 

As the mechanism of cofactor binding of flavins by flavoenzymes involves stacking interactions 

between the aromatic residues of tyrosine, tryptophan or histidine at the cofactor binding site 

and the isoalloxazine ring of the flavin60, and because aromatic sodium carboxylates, tyrosol, 

phloroglucinol, the salting-in agent NaSCN and the surfactant SDS improved the solubility of 

RF in water, other aromatic or hydrotrope-like compounds might also increase RF’s water-

solubility. Hence, natural aromatic and non-aromatic hydrotropic compounds were tested 

regarding the aqueous solubilization of RF. If the additive was sufficiently soluble, an additive 
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concentration of 0.37 mol·kg-1 (solubility limit of sodium ferulate in water) was used. Otherwise, 

lower concentrations were applied, see Table 10 in section 3.3.1.3. However, not all additives 

were completely dissolved at the applied concentrations. In such cases, the samples were still 

saturated with RF hoping for a mutual solubilization as it was observed in the case of RF and 

aromatic sodium carboxylates in section 4.1.2.1. 

As reported in section 4.1.2.3 and 4.1.2.4, vitamin K3 and folic acid were also solubilized via 

an -system driven solubilization mechanism by sodium polyphenolates. Moreover, as 

explained in section 4.1.2.1.1, RF and sodium polyphenolates solubilized each other. Hence, 

these two poorly water-soluble vitamins, as well as the slightly soluble aromatic hesperidin, L-

tyrosine and ellagic acid were thought to potentially undergo a mutual increase of the water-

solubility with RF. However, saturation of water with RF and these five compounds did not 

result in any change RF’s water-solubility.  

Moreover, the sparing water-soluble biotin was supposed to have slight aggregative potential 

and the possibility for hydrogen bonding with RF. Yet, saturation of water with biotin and RF 

did not alter RF’s solubility, too. 

The next aromatic and non-aromatic but hydrotropic compounds increased RF’s water-

solubility by less than 2 times: ATP, pyroglutamic acid and its sodium salt, adenine, adenosine, 

thiamine hydrochloride and thiamine, L-proline, γ-valerolactone, rutin, saccharine, and L-

histidine, see Table A 74 in the Appendix. However, this increase of RF’s solubility is not at all 

comparable to the one in the presence of polyphenolates from sections 4.1.2.1.1 and 4.1.2.1.4. 

On this account it is worth to mention that pyroglutamic acid solubilized RF more efficiently at 

pH 1 than at pH 3. Investigating the hydrotropic potential of pyroglutamic acid, A. Fusina also 

reported pyroglutamic acid to act more strongly on the solubility of the aromatic solutes, 

disperse red 13 and quercetin, at lower pH values. He supposed the formation of a salt of 

pyroglutamic acid with the solutes at low pH values to be the reason for the improved water-

solubility of disperse red 13 and quercetin.265 However, RF’s amine group is not likely to be 

protonated due to its participation in the flavin’s overall conjugation. Instead, the low pH might 

lead to a protonation of the hydroxy groups of the ribityl chain and thereby increase RF’s 

solubility. This, would explain the weak influence of pyroglutamic acid on RF’s water-solubility 

comparable to the one of the salting-in agent sodium thiocyanate or to the water/ethanol 

system, which enabled to alter the hydrogen bond network of water to improve RF’s solubility. 

Further the aromatic compounds, ethyl vanillin, caffeine, pyridoxine, Tetra-Na-NADPH, vanillyl 

alcohol, L-tryptophan, sodium saccharine, 3-indolsulfonic acid, fulvic acid, 3-indolepropionic 

acid, and resveratrol triphosphate trisodium salt were compared to the surfactant SDS, to 

NaBenz, NaCHC, as well as to the polyphenolates Na-3,4,5-TriOH-Benz and Na-4-OH-3-

OMe-Cinn, see Figure 123 or Table A 74 in the Appendix. All of the latter aromatic compounds 
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increased the solubility of RF and copigmented with RF leading to an orange to reddish sample 

color, see Table A 74 in the Appendix. 

Out of these compounds, resveratrol triphosphate trisodium salt, solubilizing 

47.6 ± 0.5 mmol·kg-1 RF, was mostly comparable to the best sodium polyphenolates from 

section 4.1.2.1.1, see Table A 74 in the Appendix. However, the sample comprising resveratrol 

was basic. Due to the fast degradation of RF in alkaline medium, resveratrol triphosphate is 

not recommended as solubilizing agent and the increase of RF’s solubility might originate from 

the deprotonation of the ribityl chain’s hydroxy groups.8 

Further, the weak performance of vanillyl alcohol and ethyl vanillin compared to sodium 

vanillate, showed once more the importance of the carboxylate group for a good solubilizing 

efficiency, as it was observed in section 4.1.2.1.1, see Figure 121 and Table A 74 in the 

Appendix 

Tetra-Na-NADPH and pyridoxine solubilized considerable amounts of RF, while fulvic acid was 

even worse than NaBenz, see Figure 121, Figure 123 and Table A 74 in the Appendix. Caffeine 

solubilized RF considerably, too. Believing the molecular dynamic simulation of Cui Y., caffeine 

dissolves RF via stacked aggregation to reduce the contact with water, which enables to 

restore the native water-structure.315 The interaction of RF with caffeine might correlate with 

the reduction of riboflavin in the plasma when drinking coffee.333  

Nevertheless, Tetra-Na-NADPH, pyridoxine and caffeine solubilized RF comparable to the 

surfactant SDS and thus were worse than Na-3,4,5-TriOH-Benz and were therefore not further 

investigated. 

 

Figure 121: Molecular structures of natural aromatic compounds increasing the solubility of riboflavin. 

Interestingly, indole derivatives ranged from bad to good solubilizers, see Figure 123. They 

are ordered according to their solubilizing power for RF in water in Figure 122. Out of the tested 

indole derivatives, L-tryptophan and indoxyl sulfate were the best solubilizers, being better 

than Na-3,4,5-TriOH-Benz and even almost on the level of Na-4-OH-3-OMe-Cinn. Saccharine 
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was worse than the two, but still almost as good as SDS. Although, except of the alpha amino 

group, 3-Indolepropionic acid had almost the same molecular structure as L-tryptophan, this 

compound was tremendously worse than L-tryptophan, solubilizing just as much RF as the 

non-aromatic hydrotrope NaCHC. On the contrary, the alpha amino group of L-tyrosine, led to 

a weaker solubilizing power of this amino acid compared to Na-4-OH-Prop, see Figure 123 

and Figure 28 A. The reason for this opposite effect of the amino group on the solubilizing 

power of indole and benzoate derivatives was not clear. According to A. Fusina, tryptophan 

was not able to improve the water-solubility of quercetin and disperse red although these two 

compounds are certainly limited in their water-solubility not only by their hydrophobicity but 

also due to their -stacking interactions.265 Thus, the reason for the opposite effect of the amino 

group on the solubilizing power of indole and benzoate derivatives are most probably specific 

dispersive or hydrogen bonding interactions. This effect was not further investigated, because 

sodium polyphenolates were still more promising solubilizing agents for RF than indole 

derivatives. 

Finally, L-tryptophan and indoxyl sulfate were the only RF solubilizing agents, which reached 

solubilizing power comparable to good sodium polyphenolates, such as Na-4-OH-3-OMe-

Cinn. Yet, due to their toxicity these latter two indoles could be used for pharmaceutical, but 

not for food applications.334 

 

Figure 122: Riboflavin solubilizing power of indole derivatives and tyrosine. Indoxyl sulfate: indoxyl 
sulfuric acid was obtained by neutralization of the potassium salt with hydrochloric acid. 

  

Figure 123: Water-solubility of riboflavin in the presence of natural additives. 
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Sugars were also supposed to have an impact on RF’s water-solubility. Although Grundl et al. 

revealed sugars as salting-out agents in phase transition temperature measurements of binary 

water/DPnP systems, the hydroxy groups on RF’s ribityl chain might undergo hydrogen 

bonding with the ones of sugars leading to a potential dissolution of RF due to the strong 

hydration of sugars.51 Therefore, the influence of the two most common mono-sugars, glucose 

and fructose was briefly investigated for sugar concentrations up to 0.40 mol·kg-1, see Figure 

124. Interestingly, concentrations <0.2 mol·kg-1 led to a salting-out of RF, while higher 

concentrations of both sugars increased RF’s water-solubility. A reason for this concentration 

dependent salting-in and -out effect of glucose and fructose might be that RF is occupied by 

sugar molecules leading to a salting-out at low concentrations, while high sugar concentrations 

enable enough possibilities for hydrogen bonding of the sugar molecules with RF and solubilize 

RF due to their strong hydration. Glucose did not increase the solubility of RF compared to 

pure water even when applied at 0.4 mol·kg-1. On the contrary, using 0.4 mol·kg-1 fructose – 

corresponding to ca. 7 wt.% fructose – the water-solubility of RF could be raised by 24 %. 

Consequently, fructose is an elegant option to prevent the precipitation of RF from juices dyed 

with RF, as juices can comprise a fructose content up to 65.35 g·L-1.335 Nevertheless, the 

solubilizing power of fructose was not at all in the range of sodium polyphenolates and, contrary 

to polyphenolates, fructose exerts probably no photostabilizing properties on RF. Thus, sugars 

were not further investigated.  

 

Figure 124: Solubilization of riboflavin with sugars in water 

As aromatic charged molecules, anthocyanins were supposed to solubilize RF, too. 

Solubilization of RF with anthocyanins or proanthocyanidins would be interesting for the 

preparation of multivitamin supplements and colored juices. Supposing that the grape extract 

and OPC complex consist only of cyanin chloride, approximately 10 mmol·kg-1 solutions of an 

anthocyanin-rich grape extract and of an OPC complex 200 from Greenline products were 

prepared. All anthocyanin/proanthocyanidins were not water-soluble. The samples were still 
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saturated with RF hoping for a mutual solubilization of RF and of the anthocyanins. While the 

pure cyanin chloride showed almost no effect of RF’s water-solubility, the grape extract and 

OPC complex increased RF’s solubility 3.7 times, see Figure 125. Consequently, an 

anthocyanin mixtures are required to see a significant increase of RF’s water-solubility. The 

poor solubility of anthocyanins in water was probably the reason, why these compounds did 

not increase the water-solubility of RF over 1 mmol·kg-1. Based on the assumption of having 

maximum 10 mmol·kg-1 anthocyanin, the grape extract and OPC complex samples from Figure 

125 exhibit a maximum molar anthocyanin/RF ratio of 13. Although, the grape extract and OPC 

complex increased the solubility of RF less than sodium polyphenolates, they constitute 

healthy antioxidant solubilizing agents for RF. The only disadvantage of 

anthocyanins/proanthocyanidins is that they might be photosensitized and thus degraded by 

RF.10 As sodium polyphenolates quench RF’s excited singlet and triplet state on diffusion 

scale, photosensitization of anthocyanin/proanthocyanidins could be probably avoided using 

anthocyanin/proanthocyanidins in combination with sodium polyphenolates.10 However, in this 

research, the combination of anthocyanins/proanthocyanidins and sodium polyphenolates to 

solubilize RF was not tested in this research. 

 

Figure 125: Solubilization of riboflavin in aqueous solutions of anthocyanins 

Finally, the aromatic natural compounds L-tryptophan, indoxyl sulfate, sodium saccharine, 

caffeine, pyridoxine, fulvic acid Tetra-Na-NADPH as well as extracts of anthocyanin/ 

proanthocyanidins increase the solubility of RF significantly. The sugars glucose and fructose 

were seen to induce a salting-out of RF at low concentrations and fructose induced a salting-

in of RF at higher sugar concentrations >0.20 mol·kg-1. Nevertheless, sodium and choline 

polyphenolates are largely more efficient solubilizer for RF in aqueous medium, see section 

4.1.2.1.1. 
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4.2.5 Solubility and photostability of riboflavin in 

water/ethanol/triacetin systems 

RF comprises keto and hydroxy groups as potential hydrogen bonding sites, see Figure 113 

in section 4.2.1. Thus, NaSCN and NaH2PO4 induced salting-in and -out of RF, respectively, 

see section 4.1.2.1.1.  

Degot P. managed to solubilize the hydrophobic curcumin sufficiently so that it could be 

extracted from Curcuma Longa using the green, sustainable, bio-degradable and food-

approved surfactant-free microemulsion of water/ethanol/triacetin. By changing the ratio 

between the three bio-solvents, the polarity and hydrogen bonding capacity of the resulting 

binary or ternary mixture can be adjusted. Triacetin was thought to be an appropriate oily 

phase, because RF is rather polar and a too hydrophobic oil was supposed to have a counter 

effect on RF’s solubility. Ethanol should serve as cosolvent to improve the miscibility of triacetin 

and water.13 Thus, in this edible system, the solubility of RF was supposed to be potentially 

increased more than with simple salting-in agent NaSCN.13 If it would be possible to solubilize 

enough RF in the mixture and to dilute the final mixture to reach an ethanol content < 0.05%, 

the resulting edible/drinkable formulation would be even alcohol-free according to the 

European Union. Hence the solubility of RF was determined in the binary water/ethanol and 

ethanol/triacetin systems and then in the ternary water/ethanol/triacetin system. As RF is 

known to degrade faster in non-polar solvents, the decreased solvent polarity due to ethanol 

and triacetin might induce a destabilization of RF under light relatively to pure water.8 Thus, 

the photodegradation of RF was additionally monitored in the binary water/ethanol and 

ethanol/triacetin systems with a plant LED lamp. 

In the binary water/ethanol system, the solubility of RF increased synergistically with increasing 

ethanol content reaching a maximum solubility of RF at 50 wt.% ethanol and decreased again 

with further increasing ethanol content, see Figure 126. At the maximum, 

0.919 ± 0.002 mmol·kg-1 RF, corresponding to 3.4 times the solubility of RF in pure water, were 

dissolved.  

At 50 wt.%, which corresponds to a molar water/ethanol ratio of 2.5, ethanol lost its ability as 

hydrotrope for RF, although water was still the main phase. pH measurements revealed a point 

of inversion and thus the equivalence point of the acid-base equilibrium at 50 wt.% ethanol, 

see Figure 126. Consequently, the binary water/ethanol structure undergoes a strong 

structural change at 50 wt.% ethanol. The reason for the synergistic solubilization of RF might 

be that water and ethanol interactions reach their maximum at ca. 60 wt.% ethanol resulting in 

an “ideal” mixture.336 At ca. 60 wt.% ethanol, water-water and ethanol-ethanol interactions 

should be as strong as water-ethanol interactions. Due to the absence of significant structuring 

of binary water/ethanol mixtures, ethanol can be regarded as cosolvent for < 50 wt.% 

ethanol.250,337 For concentrations ≥ 60 wt.% ethanol, ethanol can be regarded as solvent. 
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As RF is known to degrade faster in organic solutions than in water, which might disfavor the 

usage of ethanol/water mixtures for the solubilization of RF, binary mixtures of water/ethanol 

were illuminated with a LED plant lamp to see the impact of the solvent constitution on RF’s 

photodegradation speed.8 For concentrations < 50 wt.% ethanol, RF’s photodegradation 

followed zero order kinetics. Right at RF’s maximum solubility in the binary water/ethanol 

mixtures (50 wt.% ethanol), the photodegradation kinetics of RF increased from zero order to 

two first order. A further change into second order degradation happened ≥ 90 wt.% ethanol. 

Thus, the structural change in the binary water/ethanol solutions at 50/50 (w/w) influenced also 

the photodegradation kinetics. Consequently, the 60/40 (w/w) water/ethanol mixture appears 

as most reasonable solvent mixture to keep the photodegradation of RF at zero order and the 

solubility of RF near its maximum in the binary water/ethanol system. The corresponding rate 

constants and plot of RF’s photodegradation are reported in Figure A 102 A-C and Table A 

123 in section 7.12 in the Appendix. 

 

Figure 126: Solubility of riboflavin in the binary water/ethanol system, pH-value of the binary solvent 
mixture and first/second order rate constants for the photodegradation of riboflavin in the binary 
mixtures. 

Owing to its poor solubility in hydrophobic solvents, RF’s solubility in pure ethanol and binary 

ethanol/triacetin mixtures was below the solubility of RF in pure water, see Figure 126 and 

Figure 127. Above 60 wt.% triacetin, RF’s solubility was beneath the detection limit of UV-Vis-

spectroscopy. Thus, these points were not investigated. Nevertheless, a synergistic increase 

of RF’s solubility was observed resulting in a maximum at 60-80 wt.% ethanol, see Figure 127. 

A minimum of the second order rate constant was also observed near 60-80 wt.% ethanol. A 

plot of the binary solvent’s hydrogen bond donor/acceptor ratio shows that the ratio is 1-2 at 

this minimum, see Figure 127. Hence, a structural change of the hydrogen bonding network is 

probably the reason for the maximum solubility and minimum of the second order rate constant 

near 70 wt.% ethanol.  
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Thus, the optimum of RF’s solubility in the binary ethanol-water system and in the 

ethanol/triacetin system coincides with an acceleration of RF’s photodegradation. LC-MS 

analysis at the Central analytical department and UV-Vis-spectra revealed lumichrome as main 

photoproduct of RF in water, ethanol, in the binary water/ethanol mixtures, and in the binary 

ethanol/triacetin mixtures. The only difference was that CDRF was formed in pure water, while 

it was not detected via LC-MS in systems comprising ethanol. CDRF is formed via 

cycloaddition of RF’s ribityl chain to the phenyl ring. As the orientation of the ribityl chain is 

decisive for the formation of CDRF, ethanol and triacetin certainly alter the hydrogen bonding 

network compared to pure water. Thus, the synergistic increase of RF’s solubility and its 

destabilization are most probably both due to the alternation of the water’s activity and of its 

hydrogen bond network. 

 

Figure 127: Solubility of riboflavin in binary ethanol/triacetin mixtures, second order rate constants for 
the photodegradation of riboflavin in the binary mixtures and molar ratio of ethanol triacetin, assuming 
6 hydrogen bond acceptor possibilities on triacetin. 

Because RF’s solubility exhibited a synergistic increase in both binary systems, the solubility 

of RF was quantified in ternary mixtures along a constant water/ethanol ratio 50/50 (w/w) and 

then along a constant ethanol/triacetin ratio 60/40 (w/w), see Figure 128. As expected, judging 

from RF’s rather polar structure, the solubility of this vitamin reached its maximum at high water 

content and ethanol content. Using the ternary water/ethanol/triacetin mixture of the 

composition 40/36/24 (w/w/w), a maximum solubility of RF 1.18 mmol·kg-1 (fractional solubility: 

0.038 mol·mol-1) was reached, corresponding to ca. 4.3 times (7.8 times higher regarding 

molar fractional solubility) water-solubility of RF. Although the ternary water/ethanol/triacetin 

solutions are completely food permitted, RF’s solubility was increased only minorly. For a 

sufficiently yellow coloration of the final formulation, an increase of RF’s solubility by the factor 

50 would be required so that a 1:100 dilution with an aqueous solution would result in a 

beverage counting as alcohol-free in the European Union (≤ 0.5 vol.%). Hence, 

water/ethanol/triacetin systems can be used only for alcoholic formulations. 
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Figure 128: Solubility of riboflavin in the ternary water/ethanol/triacetin system. 
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5 Conclusion and Outlook 

In this research, sodium salts of aromatic carboxylic acids were introduced as versatile natural 

solubilizers. Aromatic sodium carboxylates can act as salting-in and -out agents in the 

(anti)hydrotrope range, which can be adjusted via modification of the aryl ring with methoxy 

and hydroxy groups. The salting-in/-out properties of aromatic sodium carboxylates were in 

agreement with the classical hydrotrope theory and independent of the hydrotrope’s tendency 

to form self-assemblies.33,233,250 

On top of that, polyphenolates constitute multifunctional solubilizers for aromatic, poorly water-

soluble and partially lipophilic vitamins. Thus, polyphenolates accelerated the dissolution and 

increased the water-solubility of riboflavin, vitamin K3, and folic acid exponentially with the 

polyphenolate concentration. Especially in the case of RF, but also in the case of vitamin K3 

and folic acid, the solubilization was strongly promoted by the type (mesomeric effect) and size 

of the conjugated electronic -system of aromatic sodium carboxylates. Moreover, the 

aromatic bio-compounds RF, lumichrome, RF-PO4, vitamin K3 and folic acid underwent 

copigmentation with aromatic sodium carboxylates. The more electron-rich the solubilizer was, 

the stronger was the bathochromic shift of the absorption spectrum of the solutes, suggesting 

HOMO-LUMO interactions of sodium polyphenolates with the latter aromatic solutes. As the 

copigmentation was reversible upon simple dilution with water, the interactions of aromatic 

sodium carboxylates and the tested aromatic solutes can be considered as rather weak.  

Further investigations with DLS and surface tension measurements on the solubilizing 

mechanism of RF ruled out the presence of larger aggregates and structuring. NMR analysis 

pointed to direct proximity of the solutes to the aromatic sodium carboxylates in aqueous 

solution suggesting -complexation of RF, vitamin K3 and folic acid with aromatic sodium 

carboxylates. According to solubility and NMR measurements, the complexation of RF/RF-PO4 

and aromatic sodium carboxylates induced a mutual hydration. Additionally, NMR results 

suggested also a curved ribityl side chain of RF and RF-PO4 in the presence of aromatic 

sodium carboxylates. Indications for a curved ribityl side chain of RF in pure water were not 

found. Solubilization experiments with RF, RF-PO4 and LC proofed that sterics influence the 

solubilizing power of aromatic sodium carboxylates. Thus, a -stacking induced change of the 

ribityl chain’s conformation might also contribute to the strong influence of the solubilizer’s 

efficiency on the water-solubility of RF. An alternation of the ribityl side chain conformation 

upon -stacking of RF and aromatic sodium carboxylates could be also one reason for the 

mutual solubilization and for the improved hydration of RF and its solubilizers, when being 

dissolved together.  

Sodium ferulate and 3,4-dimethoxycinnamate turned out to be the best and most efficient 

solubilizers for RF, vitamin K3 and folic acid. Using 0.37 mol·kg-1 sodium ferulate and 
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1.30 mol·kg-1 3,4-dimethoxycinnamate, a water-solubility of RF of 60 ± 1 mmol·kg-1 and 

225 ± 7 mmol·kg-1 at a molar solubilizer/RF ratio of 6.2 and 5.8, respectively, could be 

maintained stable against precipitation for several months. Accepting a minorly worse molar 

solubilizer/RF ratio, the solubility of RF could be increased by more than 2000 times 

(560 ± 20 mmol·kg-1, ratio 7.8) using 4.34 mol·kg-1 sodium 3,4-dimethoxycinnamate.  

The water-solubility of vitamin K3 rose from 0.68 ± 0.03 mmol·kg-1 to 19.2 ± 1.5 mmol·kg-1 and 

263 ± 23 mmol·kg-1 using 0.37 mol·kg-1 sodium ferulate and 3.00 mol·kg-1 3,4-dimethoxy-

cinnamate, respectively. The water-solubility of folic acid could be increased 2000 times 

(50 ± 4 mmol·kg-1, molar ferulate/folic acid ratio of 7.2) using 0.37 mol·kg-1 sodium ferulate. 

However, probably due to steric hindrance, 3,4-dimethoxycinnamate solubilized folic acid only 

half as efficiently as ferulate.  

Thus, the size of the solubilizer’s hydrophobic moiety was less important than the conjugated 

electronic system for the solubilization of RF. In contrast, the solubilizer’s amphiphilicity was 

more significant for the solubilization of vitamin K3 and even more in the case of folic acid. 

Nevertheless, sodium ferulate was one of the best solubilizers for all three vitamins. 

RF undergoes fast photodegradation, whereby 0.27 ± 0.02 mmol·kg-1 RF can be destroyed 

within 1 day in pure water. Thus, aromatic sodium carboxylates as well-known radical 

scavengers were tested as potential photostabilizing agents for RF. In diluted solutions of 

aromatic sodium carboxylates comprising 48 mg·kg-1 RF near the limitation for non-alcoholic 

beverages, RF’s photodegradation was retarded by OH-and OMe-substituted benzoates and 

cinnamates (molar stabilizer/RF ratio 6 < 25 < 50). Cinnamate derivatives retarded RF’s 

photodegradation up to 3-4 times relatively to RF in pure water. Substituted benzoates 

retarded the degradation only up to 2-2.7 times. RF’s photodegradation in the diluted 

polyphenolate samples was consistent with the antioxidant and radical scavenging properties 

of polyphenolic acids.84 At comparable molar stabilizer/RF ratios as in the diluted systems, 

high concentrations of polyphenolates (>0.3 mol·kg-1)  stabilized RF against photodegradation 

for several weeks. Counterintuitively, sodium and choline cinnamate stabilized RF in water 

when applied at high concentrations but destabilized RF in diluted cinnamate solutions. Thus, 

the photostabilizing mechanism in the concentrated polyphenolate/RF solutions cannot be the 

same as the one in the diluted ones. Nevertheless, the oxygen content in the samples 

comprising aromatic sodium carboxylates was independent of their photostabilization of RF in 

the diluted as well as in the concentrated regime. Additionally, sodium cinnamate possesses 

neither antioxidant nor radical scavenging properties. Therefore, a reason for the unexpectedly 

strong photostabilizing effect of cinnamate and for the stronger photostabilizing effect of 

polyphenolates in the concentrated samples might be  -stacking. 

Regarding this concentration dependent solubilization and stabilization of RF and the -

interactions with aromatic sodium carboxylates, the action of polyphenolates might even go 
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beyond their potential competitive action to apoproteins of enzyme, which originates from the 

interaction of the phenolic OH-groups with flavin adenine dinucleotide.127,174 As the redox 

potential of flavins depends strongly on the intermolecular interactions with other molecules, 

such as stacking, hydrophobic effects, hydrogen bonding and other electrostatic interactions, 

aromatic sodium carboxylates might be crucial participants in the regulation of RF’s redox 

potential and thus help to control RF’s reactivity in biological systems.62  

Moreover, the concentration dependent photostabilization of RF might be advantageous for 

the stabilization of RF during storage as RF’s degradability could be reactivated simply via 

dilution after digestion or injection in the blood. 

The photostabilization of RF may be also used to prevent the photosensitization of other 

compounds by RF, which might cause an off-flavor or alter the color of products.10 As RF is 

also used commonly as coloring agent, most sodium polyphenolates constitute a non-toxic, 

natural, green and cheap alternative to stabilize RF against precipitation and to preserve its 

color and vitamin function for a longer period of time.  

However, in the case of vitamin K3, polyphenolates can be only used for the stabilization of 

higher concentrations of the vitamin and not for its photostabilization. 

As counterpart to the inorganic sodium, the solubility enhancement of RF by polyphenolates 

was also monitored in presence of the strongly hydrated choline as counterion. As a 

nutraceutical, choline could upgrade food, dietary supplement and pharmaceutical 

formulations. Being hygroscopic, choline polyphenolates exhibited a considerably higher 

water-solubility enabling a stronger absolute increase of RF’s water-solubility. Choline 

polyphenolates solubilized RF following an almost identical electron-driven mechanism as 

sodium polyphenolates and were only minorly less efficient than the corresponding sodium 

salts. Thus, choline polyphenolates may constitute valuable solubilizers or dispersers for 

drugs.267 

Moreover, RF, lumichrome, vitamin K3, and folic acid did not precipitate upon dilution of 

concentrated polyphenolate solutions saturated with these solutes, although the solubilizing 

power of polyphenolates decreased with decreasing polyphenolate concentration. Thus, 

polyphenolates might be used to accelerate the dissolution process of drugs by the dilution of 

pre-solubilized high concentrated polyphenolate/drug solutions. 

Aside of sodium polyphenolates, other solubilizing techniques for RF were approached. Thus, 

-stacking of RF with other RF molecules was attempted to be overcome using thermal 

disruption of the dispersive interactions. RF was solubilized in aqueous solutions of aromatic 

sodium carboxylates or SDS at 90 °C, in the hope that the high temperature would separate 

the RF molecules and that slow cooling to room temperature would result in a kinetic 

stabilization. In the presence of medium to well performing aromatic solubilizers, the solubility 
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of RF was not further increased by this thermal method. Yet, in presence of weak solubilizers 

(sodium 4-phenylbutyrate, 5-phenylvalerate and sodium dodecyl sulfate), RF’s solubility could 

be increased by 2-3 times being stable against precipitation for at least 1 week. Still, medium 

and well performing aromatic sodium carboxylates solubilized several times more RF when 

saturating at 23 °C than when applying the thermal solubilization in the presence of weak RF 

solubilizers. Thus, from an applicative view thermal disruption of the attractive interactions 

between RF molecules was too inefficient and not further investigated.  

Moreover, other natural aromatic and hydrotropic non-aromatic compounds were found to 

improve riboflavin’s water-solubility. However, except for L-tryptophan and indoxyl sulfate, 

none of the potential solubilizers could keep up with the strong solubilizing power of sodium 

polyphenolates. Nevertheless, the commonly used food additives saccharine, caffeine, L-

proline, L-histidine and fructose can be used to solubilize riboflavin in beverages and food. 

Especially, fructose constitutes a great alternative solubilizer for RF, as fructose concentrations 

similar to the ones in juices improved RF’s water-solubility by 24 %. 

Although -stacking of RF with other RF molecules in its crystalline form was revealed to be 

the main solubility determining factor, the salting-in and -out effect of sodium thiocyanate and 

sodium dihydrogen phosphate, respectively, indicated that hydrogen bonding can influence 

RF’s water-solubility. A possibility to act on the ribityl chain conformation is the alternation of 

the solvent’s hydrogen bond network. Therefore, the solubility of riboflavin in the ternary 

water/ethanol/triacetin mixture was measured to see, if only simple changes in the hydrogen 

bonding capacity and polarity of the solvent can improve riboflavin’s solubility comparably to 

polyphenolates. However, RF’s solubility was increased only by 4.3 times in a 

water/ethanol/triacetin 40/36/24 (w/w/w) solution. In consideration of the limitation of riboflavin 

for non-alcoholic beverages and its color intensity, even upon dilution, this RF concentrate 

cannot be categorized as alcohol-free. Although this formulation would be applicable for the 

stabilization of yellow coloration in alcoholic beverages, riboflavin’s photodegradation kinetics 

is increased by one or two orders in ethanol/triacetin formulations compared to pure water.  

Consequently, currently, polyphenolates are undisputedly the best solubilizers for riboflavin in 

aqueous solutions.  

As sodium polyphenolates solubilized also caffeine and even minor amounts of the water-

insoluble curcumin, they can be seen as general solubilizers for aromatic compounds. Hence, 

the compatibility of the widely applied drugs RF, vitamin K3, folic acid caffeine in a 

0.37 mol·kg-1 sodium ferulate solution was tested to see if the aromatic drugs compete for the 

solubilizer. Indeed, the solubility of RF and folic acid in an aqueous 0.37 mol·kg-1 sodium 

ferulate solution was reduced in the presence of caffeine, vitamin K3, and folic acid or RF, 

respectively. On the contrary, 16 % more vitamin K3 and 179 % more caffeine were soluble in 

the sodium ferulate solution comprising RF, folic acid, caffeine, and vitamin K3 than in absence 



 

213 
 

of other drugs. Saturation of a 0.37 mol·kg-1 sodium ferulate solution with the four drugs 

simultaneously enabled to dissolve > 50 times more RF, > 1660 times more folic acid, 8 times 

more caffeine, and 78 times more vitamin K3 than in pure water. Thus, despite a similar 

solubilizing mechanism of sodium ferulate in the solubilization of the four drugs, RF, vitamin 

K3, folic acid, and caffeine could be solubilized in the aqueous sodium ferulate solution largely 

over their solubility in pure water. Consequently, sodium polyphenolates might be even applied 

to prepare solutions composed of several poorly aromatic solutes, which are dissolved via 

complexation with the polyphenolate. Thereby, the observation of facilitated hydrotropy of 

sodium ferulate with vitamin K3 and caffeine, showed that the two solutes might even act as 

each other’s co-solubilizer – presumably also due to complexation. This might be useful for 

pharmaceutical medication and for multivitamin supplements, where a low solubilizer content 

is desired.  

Additionally, the polyphenolate, sodium ferulate, turned out to have cosurfactive properties 

enhancing the structuring in an aqueous SDS solution, decreasing the CMC of SDS, reducing 

the onset of the solubilization of the hydrophobic aromatic dye Sudan blue II and increasing 

the water-solubility of the dye. Moreover, sodium ferulate’s cosurfactive action was found to 

be compatible with its action as complexation agent for the aromatic solute RF. Although the 

presence of SDS and of the hydrophobic dye reduced the solubility of RF in aqueous ferulate 

solutions, RF’s water-solubility was still more than 100 times surpassed. According to El-

Khordagui, sodium salicylate exhibited a similar effect on SDS as sodium ferulate, which 

showed a dependence of the self-association of SDS on the concentration of the aromatic 

cosurfactant.321 Thus, the synergy of sodium ferulate and SDS might be even stronger for 

distinct molar ratios of the two solubilizers. 

The biological emulsifier sodium cholate, which is less amphiphilic and more rigid than SDS, 

was less compatible with sodium ferulate, as sodium ferulate and sodium cholate deteriorated 

each other’s solubilizing power on Sudan blue II and RF, respectively. Nevertheless, sodium 

ferulate reduced the CAC of cholate and increased the structuring slightly. Hence, future 

studies should also investigate the cosurfactive action of aromatic sodium carboxylates on the 

self-aggregation of surfactants depending on their amphiphilicity and rigidity. 

 

Undisputedly, sodium polyphenolates are green, natural, non-toxic, potentially edible, 

photostabilizing and cheap solubilizers offering the action as salting-in/-out agents in the 

(anti-)hydrotrope range, the action as -complexation-driven solubilizers and the action as 

cosurfactive supporters of other solubilizers. The broad (co)solubilizing modes of aromatic 

carboxylic acids might be the reason for the widespread of these biological compounds in the 

plant kingdom, where they constitute an important role in allelopathy and plant defense.68–70 

Their versatile solubilizing properties might also be the reason for their sundry nutraceutical 
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effects.19,79,80 Thus, such as salting-in acting superchaotropic boron clusters were proofed to 

act as membrane carriers, due to their salting-in/-out properties, sodium polyphenolates might 

support the transport of target molecules through membranes.251 Moreover, the similar salting-

in power of sodium cinnamate, salicylate and o-coumarate to the biological emulsifier cholate, 

indicates a function of these three carboxylate salts as biological dispersants.252 Regarding 

additionally the effect of aromatic sodium carboxylates on the cloud point of water/DPnP 

mixtures and the potential importance of polyphenolates and other aromatic sodium 

carboxylates as bio-solubilizers, a change of the environmental temperature might have a 

considerable influence on the solution chemistry in biological systems.233  

Further, the strong effect of aromatic carboxylates on the water-solubility of RF, RF-PO4, LC, 

vitamin K3, folic acid, and caffeine and the acceleration of the aromatic solute’s dissolution by 

aromatic carboxylates indicate that aromatic carboxylates might influence the bioavailability of 

other biological aromatic compounds, too. Their solubilizing power could be altered via 

changes in the pH value or by the transformation of polyphenolates into other metabolites.65,100–

102 Future research should focus on the importance of the salting-in and -out actions of aromatic 

carboxylate in biological systems near to membranes, on the interaction of aromatic solutes 

with sodium carboxylates in cells and on the effect of aromatic sodium carboxylates on the 

surfactive and hydrotropic action of biological surfactants and hydrotropes. 
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Major outcome: 

➢ Aromatic sodium carboxylates were found to have salting-in/-out, hydrotropic, and 

cosurfactive properties in aqueous solution. 

➢ Although the salting-in/-out properties on DPnP are dominated by the polyphenolate’s 

amphiphilic character, aggregation was refuted. Specific molecular interactions are 

responsible for the salting-in/-out effect of polyphenolates on DPnP. Two 

polyphenolates were even comparable to a biological emulsifier. 

➢ The hydrotropic properties of polyphenolates enabled to increase the water-solubility 

of aromatic solutes (riboflavin, RF-PO4, lumichrome, vitamin K3, folic acid, caffeine, 

curcumin) considerably due to -complexation. Facilitated hydrotropy was observed 

when solubilizing vitamin K3 and caffeine together in presence of one polyphenolate. 

Still, in mixtures of several aromatic solutes, some solutes compete for the 

polyphenolate. 

➢ In the particular case of riboflavin, polyphenolate-riboflavin complexes were found to 

be more hydrophilic than the biocompounds alone. Aside of the complexation, a reason 

therefore might be the observed alternation of the average ribityl chain conformation 

by polyphenolates. 

Simultaneously, polyphenolates photostabilized riboflavin at low as well as high 

concentrations of both polyphenolates and riboflavin. Riboflavin’s photostabilization 

was found to underly a distinct mechanism in the “diluted” and “concentrated” regime 

and did not considerably depend on the antioxidant properties of polyphenolates. In the 

diluted regime the photostabilization was provided by radical scavenging. In the 

concentrated regime the photostabilization might originate from the -stacking and 

change of the ribityl chain conformation. 

➢ The common polyphenolate – sodium ferulate – was exposed as cosurfactant for 

sodium dodecyl sulfate solution as ferulate promoted the structuring of the surfactant 

in aqueous solution, decreased its CMC, and increased the water-solubility of a 

hydrophobic solute. Although sodium cholate’s CAC was reduced by sodium ferulate, 

too, the low effect on its structuring and reduction of the water-solubility of the 

hydrophobic dye refuted a significant cosurfactive action of the polyphenolate in 

presence of the bio-solubilizer. 

➢ Moreover, sodium polyphenolates can act as cosurfactant and -complexing 

hydrotrope simultaneously but the mechanisms are competitive. 

➢ Besides this, several other hydrotropes and techniques were tested to improve 

riboflavin’s water-solubility. The major solubility limiting factor of riboflavin was exposed 

to be its aggregation. Nevertheless, modification of the hydrogen bond possibilities can 

slightly improve riboflavin’s water-solubility. 
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7 Appendix 
 

7.1 Calibration curves for UV-Vis-absorbance 

measurements 

Table A 1: Calibration curve for riboflavin in water at the UV-Vis-
spectrophotometer at 449 nm. 

Slope (AU·kg·mmol-1) Intercept (AU) Correlation coefficient R2 

12.353 0.0028 0.9999 
12.394 0.0057 0.9999 

12.133 0.0025 0.9998 

averaged averaged  
12.3 ± 0.1 0.004ׅ ± 0.001  

 

Table A 2: Calibration curve for lumichrome in water at the UV-Vis-
spectrophotometer at 386 nm. 

Slope (AU·kg·mmol-1) Intercept (AU) Correlation coefficient R2 

12.5 0.019 0.9784 
11.6 0.068 0.9937 

11.0 0.081 0.9957 

averaged averaged - 
11.7 ± 0.6 0.05 ± 0.03 - 

 

Table A 3: Calibration curve for RF-PO4 in water at the UV-Vis-
spectrophotometer at 445 nm. 

Slope (AU·kg·mmol-1) Intercept (AU) Correlation coefficient R2 

11.02 0.003 0.9998 
11.01 0.005 0.9999 

11.21 0.002 0.9998 

averaged averaged - 
11.08 ± 0.003 0.09 ± 0.001 - 

 

Table A 4: Calibration curve for vitamin K3 in water at the UV-Vis-spectrophotometer at 
336 nm. 

Slope (AU·kg·mmol-1) Intercept (AU) Correlation coefficient R2 

2.5867 0.0109 0.9995 

2.6391 0.0060 0.9999 

2.6286 0.0100 0.9999 

averaged averaged  

2.62 ± 0.009 0.009 ± 0.002  
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Table A 5: Calibration curves for riboflavin in the binary water/ethanol 
system at the UV-Vis-spectrophotometer at 449 nm. 

Ethanol/water (w/w) Slope/(AU·kg·mmol-1) Intercept / AU 

0 11.8 ± 0.2 0.006 
10 12.3 ± 0.1 0.003 

20 12.2 ± 0.5 0.007 

30 11.9 ± 0.3 0.000 

40 12.16 ± 0.04 0.016 

50 11.0 ± 0.1 -0.001 

60 10.8 ± 0.2 0.017 

70 10.37 ± 0.05 0.007 

80 10.26 ± 0.06 0.016 

90 9.3 ± 0.5 0.011 

100 8.84 ± 0.06 0.023 

 

Table A 6: Calibration curves for riboflavin in the binary ethanol/triacetin 
system at the UV-Vis-spectrophotometer at 449 nm. 

Ethanol/triacetin (w/w) Slope/(AU·kg·mmol-1) Intercept / AU 

40/60 11.13 ± 0.04 0.010 
50/50 10.62 ± 0.09 0.020 

60/40 10.34 ± 0.08 0.009 

70/30 10.00 ± 0.2 0.007 

80/20 9.41 ± 0.05 0.020 

90/10 9.3 ± 0.6 0.009 

 

Table A 7: Calibration curves for riboflavin in the ternary water/ethanol/triacetin 
system at a fixed water/ethanol ratio 1:1 (w/w) at the UV-Vis-spectrophotometer at 
449 nm. 

Water/ethanol/triacetin (w/w) Slope/(AU·kg·mmol-1) Intercept / AU 

45/45/10 11.6 ± 0.5 -0.006 
40/40/20 11.3 ± 0.4 -0.006 

35/35/30 11.68 ± 0.6 -0.006 

30/30/40 12.1 ± 0.2 0.015 

25/25/50 12.06 ± 0.06 -0.007 

20/20/60 12.4 ± 0.3 -0.006 

15/15/70 11.98 ± 0.05 -0.007 

10/10/80 13.0 ± 0.1 0.016 

 

Table A 8: Calibration curves for riboflavin in the ternary water/ethanol/triacetin 
system at a fixed ethanol/triacetin ratio of 6:4 (w/w) at the UV-Vis-spectrophotometer 
at 449 nm 

Water/ethanol/triacetin (w/w) Slope/(AU·kg·mmol-1) Intercept / AU 

0/60/40 10.34 ± 0.08 0.009 
10/54/36 10.7 ± 0.1 -0.006 

20/48/32 10.4 ± 0.2 -0.023 

30/42/28 11.28 ± 0.03 -0.005 

40/36/24 11.39 ± 0.2 0.004 

50/30/20 12.33 ± 0.09 0.002 

60/24/16 12.1 ± 0.2 -0.003 
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70/18/12 12.5 ± 0.1 0.017 

80/12/8 12.78 ± 0.09 0.018 

90/6/4 13.37 ± 0.05 0.017 

 

7.2 Single Crystal X-ray analysis of riboflavin 

7.2.1 Riboflavin crystal obtained in presence of 3,4-dimethoxy-

cinnamic acid 

C17H20N4O6, Mr = 376.37, orthorhombic, P212121 (No. 19), a = 5.31333(5) Å, b = 

15.11045(13) Å, c = 20.03449(17) Å, α = β = γ = 90°, V = 1608.51(2) Å3, Z = 4, Z' = 1, 

µ(Cu Kα) = 1.009, 16921 reflections measured, 3236 unique (Rint = 0.0260), which were used 

in all calculations. The final wR2 was 0.0812 (all data) and R1 was 0.0292 (I≥2 𝜎(I)). 

 

Table A 9: Compound characterization of the riboflavin crystal obtained from 
a water/acetonitrile (50/50 (w/w)) solution saturated with 3,4-
dimethoxycinnamic acid and riboflavin. 

Parameter Obtained value Parameter Obtained value 

Formula  C17H20N4O6  Z  4  

𝝆calc. (g·cm-3) 1.554  Z'  1  

µ·mm-1  1.009  𝝀 (Å) 1.54184  

Formula Weight  376.37  Radiation type  Cu Kα  

Color  Clear yellow  𝜽𝒎𝒊𝒏 (°) 3.664  

Shape  Prism-shaped  𝜽𝒎𝒂𝒙 (°) 75.054  

Size (mm3) 0.28×0.04×0.03  Measured Refl's.  16921  

T (K) 123.01(10)  Indep't Refl's  3236  

Crystal System  orthorhombic  Refl's I≥2 𝝈(I)  3105  

Flack Parameter  0.2(2)  Rint  0.0260  

Hooft Parameter  0.06(5)  Parameters  328  

Space Group  P212121  Restraints  6  

a (Å) 5.31333(5)  Largest Peak  0.424  

b (Å) 15.11045(13)  Deepest Hole  -0.335  

c (Å) 20.03449(17)  GooF  1.038  

α (°) 90  wR2 (all data)  0.0812  

β (°) 90  wR2 0.0801  

γ (°) 90  R1(all data)  0.0309  

V (Å3) 1608.51(2)  R1 0.0292  

 

Table A 10: Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for the riboflavin crystal obtained from a 
water/acetonitrile (50/50 (w/w)) solution saturated with 3,4-dimethoxycinnamic 
acid and riboflavin. Ueq is defined as 1/3 of the trace of the orthogonalized Uij. 

Atom x y z Ueq 

O4 6079(3) 5757.2(9) 6020.6(7) 18.4(3) 
O6 12784(3) 6098.0(10) 4901.2(7) 20.2(3) 
O2 13984(3) 8843.7(10) 7656.8(7) 22.6(3) 
O5 10762(3) 7489.1(9) 5706.8(7) 19.7(3) 



246 
 

O3 4133(3) 7269.8(11) 6725.0(7) 23.4(3) 
O1 8930(90) 9300(30) 9390(20) 28(4) 
N1 7216(3) 6998.0(11) 7856.4(8) 16.8(4) 
N4 10559(3) 7959.7(11) 7710.7(8) 18.6(4) 
N3 11227(4) 9133.6(11) 8492.9(9) 19.7(4) 
N2 5906(3) 7867.2(11) 9041.9(8) 18.0(4) 
C12 8595(4) 7708.8(13) 8064.6(10) 16.7(4) 
C9 7771(4) 8132.0(13) 8674.9(10) 17.7(4) 
C15 7070(4) 6632.5(13) 5964.2(10) 16.0(4) 
C11 12002(4) 8644.7(13) 7936.7(10) 19.2(4) 
C1 5224(4) 6680.3(13) 8238.5(9) 17.1(4) 
C10 9159(4) 8943.7(14) 8881.4(10) 21.1(4) 
C13 7891(4) 6592.2(13) 7207.8(10) 17.6(4) 
C2 3839(4) 5919.3(14) 8072.8(10) 20.0(4) 
C5 2621(4) 6828.0(14) 9240.0(10) 18.7(4) 
C4 1265(4) 6087.0(13) 9078.2(10) 19.5(4) 
C14 6757(4) 7129.3(13) 6628.7(10) 17.1(4) 
C3 1934(4) 5617.0(13) 8485.2(10) 20.1(4) 
C6 4618(4) 7135.4(13) 8838.8(10) 17.9(4) 
C17 10153(4) 6181.6(14) 5052.9(10) 18.0(4) 
C16 9821(4) 6600.1(13) 5739.8(10) 16.4(4) 
C8 -828(4) 5762.0(14) 9519.2(11) 22.0(4) 
C7 582(5) 4778.3(14) 8306.0(11) 25.6(5) 
O1A 8430(40) 9426(13) 9339(8) 27(2) 

 

Table A 11: Anisotropic displacement parameters (×104) for the riboflavin crystal obtained from a 
water/acetonitrile (50/50 (w/w)) solution saturated with 3,4-dimethoxycinnamic acid and riboflavin. The 
anisotropic displacement factor exponent takes the form: -22[h2a*2 × U11+ ... +2hka* × b* × U12] 

Atom U11 U22 U33 U23 U13 U12 

O4 16.7(7) 19.7(7) 18.7(7) -0.8(5) -1.8(6) -2.0(6) 
O6 17.5(7) 21.2(7) 21.7(7) 1.5(6) 4.6(6) 1.2(6) 
O2 18.2(8) 27.6(7) 22.1(7) 2.4(6) 2.5(6) 1.8(6) 
O5 19.3(7) 18.5(7) 21.3(7) 1.4(5) -1.7(6) -2.3(6) 
O3 17.4(8) 33.8(8) 19.1(7) -0.8(6) 0.5(6) 7.6(6) 
O1 28(8) 27(7) 30(5) -12(5) 12(6) -1(6) 
N1 18.7(8) 18.4(8) 13.4(7) -1.8(6) -1.2(7) 3.5(7) 
N4 18.7(9) 20.6(8) 16.6(7) 0.2(6) 0.5(7) 3.3(7) 
N3 19.4(9) 19.0(8) 20.8(8) -1.9(7) 1.3(7) -2.5(7) 
N2 19.2(9) 18.6(8) 16.2(7) -0.5(6) -0.9(7) 1.3(7) 
C12 17.6(10) 16.9(9) 15.7(9) 0.9(7) -1.0(8) 5.5(8) 
C9 19.5(10) 18.5(9) 15.1(8) -0.6(7) -1.2(8) 2.8(8) 
C15 15.9(9) 17.4(9) 14.6(9) 0.0(7) -1.9(8) 0.3(8) 
C11 19.5(10) 21.0(9) 16.9(9) 3.6(7) -0.5(8) 4.0(8) 
C1 17.4(9) 18.8(9) 15.2(8) 1.5(7) -1.8(8) 3.6(8) 
C10 21.4(10) 20.9(9) 21.0(9) -1.2(7) 1.0(9) -1.5(8) 
C13 19.3(10) 20.0(9) 13.4(9) -2.1(7) -0.1(8) 3.0(8) 
C2 22.5(11) 19.6(9) 18.0(9) -1.7(7) -2.7(8) 2.9(9) 
C5 21.6(10) 19.9(9) 14.6(9) -0.8(7) -0.7(8) 2.0(8) 
C4 18.0(10) 21.9(9) 18.7(9) 3.6(7) -4.0(8) 1.4(8) 
C14 15.5(10) 19.7(8) 16.2(9) -0.7(7) -0.5(8) 3.0(8) 
C3 21.3(11) 20.0(9) 18.9(9) 1.2(7) -6.3(8) 1.8(8) 
C6 19.7(10) 17.9(8) 16.2(9) 0.5(7) -3.1(8) 2.4(8) 
C17 15.6(10) 20.4(9) 18.2(9) 0.9(7) 0.7(8) 0.8(8) 
C16 17.0(9) 15.9(8) 16.3(9) 2.5(7) -1.1(8) 1.1(8) 
C8 20.1(11) 23.2(10) 22.6(10) 3.1(8) -1.1(9) -1.4(9) 
C7 28.6(13) 22.9(10) 25.3(10) -2.7(8) -3.2(10) -2.9(9) 
O1A 23(4) 25(4) 32(2) -13(2) 11(3) -6(3) 
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Table A 12: Bond lengths in Å for the riboflavin crystal obtained from a water/acetonitrile (50/50 (w/w)) 
solution saturated with 3,4-dimethoxycinnamic acid and riboflavin 

Atom Atom Length (Å) Atom Atom Length (Å) 

O4 C15 1.428(2) C12 C9 1.448(3) 

O6 C17 1.436(3) C9 C10 1.490(3) 

O2 C11 1.230(3) C15 C14 1.537(3) 

O5 C16 1.435(2) C15 C16 1.530(3) 

O3 C14 1.423(3) C1 C2 1.405(3) 

O1 C10 1.16(4) C1 C6 1.422(3) 

N1 C12 1.366(3) C10 O1A 1.234(16) 

N1 C1 1.392(3) C13 C14 1.539(3) 

N1 C13 1.481(2) C2 C3 1.384(3) 

N4 C12 1.317(3) C5 C4 1.370(3) 

N4 C11 1.365(3) C5 C6 1.410(3) 

N3 C11 1.399(3) C4 C3 1.429(3) 

N3 C10 1.377(3) C4 C8 1.503(3) 

N2 C9 1.297(3) C3 C7 1.500(3) 

N2 C6 1.363(3) C17 C16 1.525(3) 

 

Table A 13: Bond angles for the riboflavin crystal obtained from a 
water/acetonitrile (50/50 (w/w)) solution saturated with 3,4-dimethoxycinnamic 
acid and riboflavin. 

Atom Atom Atom Angle (°) Atom Atom Atom Angle (°) 

C12 N1 C1 120.76(16) N3 C10 C9 114.19(17) 

C12 N1 C13 117.62(17) O1A C10 N3 123.2(6) 

C1 N1 C13 121.61(17) O1A C10 C9 122.5(6) 

C12 N4 C11 118.97(17) N1 C13 C14 110.38(17) 

C10 N3 C11 125.10(18) C3 C2 C1 120.80(18) 

C9 N2 C6 117.70(17) C4 C5 C6 122.01(19) 

N1 C12 C9 116.30(18) C5 C4 C3 118.16(19) 

N4 C12 N1 119.15(17) C5 C4 C8 121.14(19) 

N4 C12 C9 124.55(19) C3 C4 C8 120.69(19) 

N2 C9 C12 125.00(19) O3 C14 C15 107.23(16) 

N2 C9 C10 118.35(18) O3 C14 C13 111.11(17) 

C12 C9 C10 116.64(18) C15 C14 C13 110.66(16) 

O4 C15 C14 110.10(15) C2 C3 C4 120.94(19) 

O4 C15 C16 110.25(16) C2 C3 C7 119.08(19) 

C16 C15 C14 111.93(16) C4 C3 C7 120.0(2) 

O2 C11 N4 120.96(19) N2 C6 C1 122.09(19) 

O2 C11 N3 119.1(2) N2 C6 C5 118.38(18) 

N4 C11 N3 119.97(19) C5 C6 C1 119.54(19) 

N1 C1 C2 123.41(18) O6 C17 C16 109.88(16) 

N1 C1 C6 118.06(18) O5 C16 C15 108.45(15) 

C2 C1 C6 118.50(19) O5 C16 C17 107.85(15) 

O1 C10 N3 119(2) C17 C16 C15 112.88(16) 

O1 C10 C9 125(2)     
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Table A 14: Torsion angles for the riboflavin crystal obtained 
from a water/acetonitrile (50/50 (w/w)) solution saturated with 
3,4-dimethoxycinnamic acid and riboflavin. 

Atom Atom Atom Atom Angle (°) 

O4 C15 C14 O3 -68.0(2) 

O4 C15 C14 C13 53.3(2) 

O4 C15 C16 O5 -178.47(15) 

O4 C15 C16 C17 62.1(2) 

O6 C17 C16 O5 65.5(2) 

O6 C17 C16 C15 -174.68(16) 

N1 C12 C9 N2 2.6(3) 

N1 C12 C9 C10 -176.04(18) 

N1 C1 C2 C3 177.67(19) 

N1 C1 C6 N2 0.6(3) 

N1 C1 C6 C5 -179.61(17) 

N1 C13 C14 O3 -51.6(2) 

N1 C13 C14 C15 -170.59(17) 

N4 C12 C9 N2 -176.88(19) 

N4 C12 C9 C10 4.5(3) 

N2 C9 C10 O1 11(3) 

N2 C9 C10 N3 175.07(19) 

N2 C9 C10 O1A -8.6(15) 

C12 N1 C1 C2 -175.80(18) 

C12 N1 C1 C6 2.1(3) 

C12 N1 C13 C14 -80.6(2) 

C12 N4 C11 O2 172.90(18) 

C12 N4 C11 N3 -7.3(3) 

C12 C9 C10 O1 -171(3) 

C12 C9 C10 N3 -6.2(3) 

C12 C9 C10 O1A 170.1(15) 

C9 N2 C6 C1 -1.6(3) 

C9 N2 C6 C5 178.65(18) 

C11 N4 C12 N1 -177.01(17) 

C11 N4 C12 C9 2.5(3) 

C11 N3 C10 O1 167(3) 

C11 N3 C10 C9 1.7(3) 

C11 N3 C10 O1A -174.5(15) 

C1 N1 C12 N4 176.01(17) 

C1 N1 C12 C9 -3.5(3) 

C1 N1 C13 C14 98.4(2) 

C1 C2 C3 C4 2.2(3) 

C1 C2 C3 C7 -177.19(19) 

C10 N3 C11 O2 -174.96(19) 

C10 N3 C11 N4 5.3(3) 

C13 N1 C12 N4 -5.0(3) 

C13 N1 C12 C9 175.49(18) 

C13 N1 C1 C2 5.3(3) 

C13 N1 C1 C6 -176.86(17) 

C2 C1 C6 N2 178.58(18) 

C2 C1 C6 C5 -1.6(3) 

C5 C4 C3 C2 -2.3(3) 



 

249 
 
 

C5 C4 C3 C7 177.09(19) 

C4 C5 C6 N2 -178.67(19) 

C4 C5 C6 C1 1.5(3) 

C14 C15 C16 O5 -55.6(2) 

C14 C15 C16 C17 -174.99(16) 

C6 N2 C9 C12 -0.1(3) 

C6 N2 C9 C10 178.55(18) 

C6 C1 C2 C3 -0.2(3) 

C6 C5 C4 C3 0.4(3) 

C6 C5 C4 C8 178.93(19) 

C16 C15 C14 O3 168.99(16) 

C16 C15 C14 C13 -69.7(2) 

C8 C4 C3 C2 179.19(19) 

C8 C4 C3 C7 -1.4(3) 

 

Table A 15: Hydrogen fractional atomic coordinates (×104) and equivalent 
isotropic displacement parameters (Å2×103) for the riboflavin crystal obtained 
from a water/acetonitrile (50/50 (w/w)) solution saturated with 3,4-
dimethoxycinnamic acid and riboflavin. Ueq is defined as 1/3 of the trace of the 
orthogonalized Uij. 

Atom x y z Ueq 

H3 3475.96 6808.06 6880.5 35 

H14 7628.6 7714.53 6598.9 21 

H17A 9480(40) 5600(16) 5020(11) 11(5) 

H17B 9350(50) 6539(16) 4699(12) 19(6) 

H13A 7210(50) 5974(17) 7200(11) 18(6) 

H5A 2300(50) 7120(18) 9621(13) 20(6) 

H7A 1370(60) 4520(20) 7921(15) 37(8) 

H6 13400(60) 6600(20) 4765(16) 41(9) 

H16 10720(50) 6301(15) 6040(12) 14(6) 

H8A -2430(60) 5700(20) 9279(14) 33(8) 

H8B -1160(60) 6150(20) 9876(15) 37(8) 

H2 4230(50) 5581(16) 7656(12) 19(6) 

H13B 9780(60) 6606(18) 7191(12) 25(6) 

H5 11890(70) 7470(20) 6053(18) 51(10) 

H3A 12160(60) 9550(20) 8626(14) 30(7) 

H15 6130(40) 6962(15) 5633(11) 12(5) 

H8C -460(60) 5180(20) 9730(14) 36(8) 

H7B 730(60) 4360(20) 8680(15) 36(8) 

H7C -1210(80) 4890(20) 8252(17) 50(9) 

H4 5020(60) 5720(20) 5777(15) 31(8) 
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7.2.2 Riboflavin crystal obtained in presence of cinnamic acid 

C17H20N4O6, Mr = 376.37, orthorhombic, P212121 (No. 19), a = 5.30940(10) Å, b = 

15.11770(10) Å, c = 20.0373(2) Å, α = β = γ = 90°, V = 1608.31(4) Å3, Z = 4, Z' = 1, µ(Cu Kα) = 

1.009, 14730 reflections measured, 3253 unique (Rint = 0.0222), which were used in all 

calculations. The final wR2 was 0.0664 (all data) and R1 was 0.0263 (I≥2 𝜎(I)). 

 

Table A 16: Compound characterization for the riboflavin crystal obtained from 
a water/acetonitrile (50/50 (w/w)) solution saturated with cinnamic acid and 
riboflavin. 

Parameter Obtained value Parameter Obtained value 

Formula  C17H20N4O6  Z  4  

𝝆calc. (g·cm-3) 1.554  Z'  1  

µ·mm-1  1.009  𝝀 (Å) 1.54184  

Formula Weight  376.37  Radiation type  Cu Kα 

Color  clear yellow  𝜽𝒎𝒊𝒏 (°) 3.663  

Shape  needle-shaped  𝜽𝒎𝒂𝒙 (°) 74.975  

Size (mm3) 0.22×0.03×0.02  Measured Refl's.  14730  

T (K) 123.00(10)  Indep't Refl's  3253  

Crystal System  orthorhombic  Refl's I≥2 𝝈(I)  3077  

Flack Parameter  -0.22(7)  Rint  0.0222  

Hooft Parameter  -0.25(6)  Parameters  324  

Space Group  P212121  Restraints  0  

a (Å) 5.30940(10)  Largest Peak  0.191  

b (Å) 15.11770(10)  Deepest Hole  -0.152  

c (Å) 20.0373(2)  GooF  1.037  

α (°) 90  wR2 (all data)  0.0664  

β (°) 90  wR2 0.0652  

γ (°) 90  R1(all data)  0.0288  

V (Å3) 1608.31(4)  R1 0.0263  
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Table A 17: Fractional Atomic Coordinates (×104) and Equivalent 
Isotropic Displacement Parameters (Å2×103) for the riboflavin crystal 
obtained from a water/acetonitrile (50/50 (w/w)) solution saturated with 
cinnamic acid and riboflavin. Ueq is defined as 1/3 of the trace of the 
orthogonalized Uij. 

Atom x y z Ueq 

O4 6068(3) 5756.7(8) 6020.8(7) 15.0(3) 

O6 12776(3) 6097.7(9) 4900.2(7) 16.5(3) 

O2 13988(3) 8844.8(9) 7657.9(7) 18.6(3) 

O5 10763(3) 7487.5(8) 5707.0(7) 15.6(3) 

O3 4120(3) 7264.1(9) 6725.1(7) 19.8(3) 

O1 8528(3) 9401.8(10) 9348.5(8) 30.2(4) 

N1 7218(3) 6997.8(10) 7856.4(7) 13.7(3) 

N4 10558(3) 7960.9(10) 7710.8(8) 15.0(3) 

N3 11231(3) 9134.5(10) 8492.7(8) 16.2(3) 

N2 5908(3) 7869.0(9) 9042.0(8) 14.2(3) 

C12 8597(4) 7709.7(11) 8066.0(9) 13.3(4) 

C9 7775(4) 8133.5(12) 8673.7(9) 14.5(4) 

C15 7075(3) 6631.9(11) 5965.1(9) 12.4(3) 

C13 7893(4) 6595.0(12) 7207.4(9) 13.9(4) 

C11 11999(4) 8645.7(12) 7937.0(9) 15.7(4) 

C1 5226(4) 6680.9(11) 8238.9(9) 13.7(4) 

C2 3837(4) 5920.4(12) 8074.7(9) 15.9(4) 

C4 1269(4) 6087.0(12) 9077.6(9) 15.6(4) 

C10 9160(4) 8945.2(12) 8881.8(9) 17.2(4) 

C6 4620(4) 7135.3(11) 8837.2(9) 14.3(4) 

C14 6760(4) 7125.6(12) 6628.9(9) 13.6(4) 

C3 1933(4) 5617.8(12) 8485.9(10) 16.3(4) 

C5 2620(4) 6828.0(12) 9240.0(9) 15.3(4) 

C17 10153(3) 6180.9(12) 5053.6(9) 14.3(4) 

C16 9816(3) 6599.1(11) 5739.4(9) 12.9(3) 

C8 -830(4) 5760.5(13) 9519.6(10) 17.6(4) 

C7 585(4) 4777.8(12) 8304.6(10) 21.5(4) 
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Table A 18: Anisotropic Displacement Parameters (×104) for the riboflavin crystal obtained from a 
water/acetonitrile (50/50 (w/w)) solution saturated with cinnamic acid and riboflavin. The anisotropic 
displacement factor exponent takes the form: -22[h2a*2 × U11+ ... +2hka* × b* × U12]. 

Atom U11 U22 U33 U23 U13 U12 

O4 13.1(6) 16.1(6) 15.8(6) -1.1(5) -1.0(5) -1.8(5) 
O6 14.0(7) 16.6(6) 18.9(7) 1.6(5) 4.5(5) 1.4(5) 
O2 14.9(7) 23.9(6) 17.0(6) 1.6(5) 2.0(5) 1.9(6) 
O5 14.7(7) 14.8(6) 17.3(6) 1.9(5) -1.3(6) -2.6(5) 
O3 14.8(7) 30.4(7) 14.1(6) -3.2(5) -0.4(6) 8.5(6) 
O1 33.0(9) 28.1(7) 29.5(8) -16.2(6) 14.7(7) -12.3(7) 
N1 15.8(8) 14.4(7) 11.0(7) -1.3(5) -0.7(6) 2.9(6) 
N4 14.9(8) 16.7(7) 13.5(7) 0.1(6) -0.2(6) 3.6(6) 
N3 15.8(8) 16.0(7) 16.7(8) -2.7(6) 2.0(6) -1.9(7) 
N2 14.5(8) 14.7(7) 13.4(7) -0.9(5) -1.4(6) 1.1(6) 
C12 14.0(9) 13.0(8) 12.8(8) 0.2(6) -1.3(7) 4.6(7) 
C9 16.3(9) 15.3(8) 11.9(8) -0.4(7) -1.2(7) 2.2(7) 
C15 13.4(8) 13.1(8) 10.6(8) 1.2(6) -2.0(7) 0.4(7) 
C13 16.0(9) 15.4(8) 10.3(8) -2.0(6) -1.0(7) 2.3(7) 
C11 17.0(9) 17.3(9) 12.7(9) 2.7(6) -1.0(7) 4.5(7) 
C1 14.1(8) 16.0(8) 11.0(8) 1.6(6) -2.2(7) 2.6(7) 
C2 19.1(10) 15.0(8) 13.5(8) -2.0(6) -3.0(7) 1.6(8) 
C4 14.5(9) 17.6(8) 14.7(9) 3.4(7) -3.2(7) 1.7(7) 
C10 17.7(9) 17.5(8) 16.5(9) -1.6(7) 0.9(8) -1.0(7) 
C6 16.1(9) 14.6(8) 12.1(8) -0.4(6) -3.3(7) 1.9(7) 
C14 11.0(9) 16.0(8) 13.9(9) -0.3(6) -0.6(7) 2.4(7) 
C3 17.2(10) 15.5(8) 16.2(9) 0.9(7) -5.7(8) 1.2(7) 
C5 17.1(9) 16.2(8) 12.5(8) -0.6(7) -1.2(7) 2.2(7) 
C17 12.4(9) 17.0(8) 13.4(8) 1.4(7) 0.6(7) 1.4(7) 
C16 12.9(8) 12.1(8) 13.6(8) 2.3(7) -1.1(7) -0.1(7) 
C8 16.0(10) 18.9(9) 17.9(9) 2.1(7) -1.5(8) -1.9(8) 
C7 24.6(11) 18.5(9) 21.5(10) -2.7(7) -3.3(9) -4.6(8) 

 

Table A 19: Bond lengths for the riboflavin crystal obtained from a water/acetonitrile (50/50 (w/w)) 
solution saturated with cinnamic acid and riboflavin. 

Atom Atom Length (Å) Atom Atom Length (Å) 

O4 C15 1.431(2) C12 C9 1.444(2) 

O6 C17 1.432(2) C9 C10 1.490(3) 

O2 C11 1.232(2) C15 C14 1.534(2) 

O5 C16 1.436(2) C15 C16 1.525(2) 

O3 C14 1.430(2) C13 C14 1.533(3) 

O1 C10 1.210(2) C1 C2 1.405(3) 

N1 C12 1.368(2) C1 C6 1.419(2) 

N1 C13 1.480(2) C2 C3 1.382(3) 

N1 C1 1.391(2) C4 C3 1.426(3) 

N4 C12 1.317(2) C4 C5 1.369(3) 

N4 C11 1.365(2) C4 C8 1.507(3) 

N3 C11 1.397(2) C6 C5 1.412(3) 

N3 C10 1.378(3) C3 C7 1.502(3) 

N2 C9 1.299(2) C17 C16 1.523(2) 

N2 C6 1.366(2)    
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Table A 20: Bond Angles for the riboflavin crystal obtained from a water/acetonitrile (50/50 (w/w)) 
solution saturated with cinnamic acid and riboflavin. 

Atom Atom Atom Angle (°) Atom Atom Atom Angle (°) 

C12 N1 C13 117.65(16) C3 C2 C1 121.00(17) 

C12 N1 C1 120.58(15) C3 C4 C8 120.58(17) 

C1 N1 C13 121.76(16) C5 C4 C3 118.36(18) 

C12 N4 C11 118.83(16) C5 C4 C8 121.05(17) 

C10 N3 C11 125.02(16) O1 C10 N3 122.71(17) 

C9 N2 C6 117.47(16) O1 C10 C9 123.31(18) 

N1 C12 C9 116.51(16) N3 C10 C9 113.98(16) 

N4 C12 N1 118.95(16) N2 C6 C1 122.23(17) 

N4 C12 C9 124.54(17) N2 C6 C5 118.15(16) 

N2 C9 C12 124.99(17) C5 C6 C1 119.62(17) 

N2 C9 C10 118.11(16) O3 C14 C15 107.16(15) 

C12 C9 C10 116.89(17) O3 C14 C13 111.06(16) 

O4 C15 C14 109.95(14) C13 C14 C15 111.00(14) 

O4 C15 C16 110.47(14) C2 C3 C4 120.79(17) 

C16 C15 C14 112.15(15) C2 C3 C7 118.96(17) 

N1 C13 C14 110.75(15) C4 C3 C7 120.24(18) 

O2 C11 N4 120.99(17) C4 C5 C6 121.81(17) 

O2 C11 N3 118.85(17) O6 C17 C16 110.15(15) 

N4 C11 N3 120.16(17) O5 C16 C15 108.50(14) 

N1 C1 C2 123.49(17) O5 C16 C17 107.84(14) 

N1 C1 C6 118.12(16) C17 C16 C15 113.15(15) 

C2 C1 C6 118.36(17)     

C3 C2 C1 121.00(17)     

 

Table A 21: Torsion Angles for the riboflavin crystal obtained 
from a water/acetonitrile (50/50 (w/w)) solution saturated with 
cinnamic acid and riboflavin. 

Atom Atom Atom Atom Angle/° 

O4 C15 C14 O3 -67.61(18) 

O4 C15 C14 C13 53.8(2) 

O4 C15 C16 O5 -178.56(14) 

O4 C15 C16 C17 61.81(18) 

O6 C17 C16 O5 65.28(18) 

O6 C17 C16 C15 -174.71(14) 

N1 C12 C9 N2 2.8(3) 

N1 C12 C9 C10 -176.05(16) 

N1 C13 C14 O3 -51.5(2) 

N1 C13 C14 C15 -170.61(15) 

N1 C1 C2 C3 177.66(17) 

N1 C1 C6 N2 0.5(3) 

N1 C1 C6 C5 -179.54(16) 

N4 C12 C9 N2 -177.02(17) 

N4 C12 C9 C10 4.2(3) 

N2 C9 C10 O1 -5.2(3) 

N2 C9 C10 N3 175.02(17) 
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N2 C6 C5 C4 -178.62(17) 

C12 N1 C13 C14 -80.7(2) 

C12 N1 C1 C2 -175.82(16) 

C12 N1 C1 C6 2.1(2) 

C12 N4 C11 O2 172.62(16) 

C12 N4 C11 N3 -7.4(2) 

C12 C9 C10 O1 173.67(19) 

C12 C9 C10 N3 -6.1(2) 

C9 N2 C6 C1 -1.4(3) 

C9 N2 C6 C5 178.61(17) 

C13 N1 C12 N4 -5.0(2) 

C13 N1 C12 C9 175.21(16) 

C13 N1 C1 C2 5.4(3) 

C13 N1 C1 C6 -176.61(15) 

C11 N4 C12 N1 -177.03(16) 

C11 N4 C12 C9 2.7(3) 

C11 N3 C10 O1 -177.96(19) 

C11 N3 C10 C9 1.8(3) 

C1 N1 C12 N4 176.18(16) 

C1 N1 C12 C9 -3.6(2) 

C1 N1 C13 C14 98.09(19) 

C1 C2 C3 C4 2.1(3) 

C1 C2 C3 C7 -177.16(17) 

C1 C6 C5 C4 1.4(3) 

C2 C1 C6 N2 178.59(16) 

C2 C1 C6 C5 -1.5(3) 

C10 N3 C11 O2 -174.86(17) 

C10 N3 C11 N4 5.2(3) 

C6 N2 C9 C12 -0.2(3) 

C6 N2 C9 C10 178.57(16) 

C6 C1 C2 C3 -0.3(3) 

C14 C15 C16 O5 -55.52(18) 

C14 C15 C16 C17 -175.15(14) 

C3 C4 C5 C6 0.4(3) 

C5 C4 C3 C2 -2.2(3) 

C5 C4 C3 C7 177.12(17) 

C16 C15 C14 O3 169.05(15) 

C16 C15 C14 C13 -69.53(19) 

C8 C4 C3 C2 179.21(17) 

C8 C4 C3 C7 -1.5(3) 

C8 C4 C5 C6 178.99(17) 

 

 

 

 

 

 



 

255 
 
 

Table A 22: Hydrogen Fractional Atomic Coordinates (×104) and Equivalent 
Isotropic Displacement Parameters (Å2×103) for the riboflavin crystal obtained 
from a water/acetonitrile (50/50 (w/w)) solution saturated with cinnamic acid and 
riboflavin. Ueq is defined as 1/3 of the trace of the orthogonalized Uij. 

Atom x y z Ueq 

H17A 9360(50) 6552(14) 4717(12) 21(6) 

H5A 2300(40) 7174(14) 9646(12) 12(5) 

H15 6140(40) 6960(14) 5646(10) 13(5) 

H17B 9500(40) 5579(13) 5028(10) 6(5) 

H13A 7270(50) 5980(16) 7202(11) 20(6) 

H13B 9740(50) 6610(14) 7183(11) 14(5) 

H14 7650(50) 7710(15) 6599(11) 18(6) 

H8A -1110(50) 6135(16) 9887(13) 29(6) 

H16 10800(40) 6236(13) 6077(11) 18(5) 

H2 4250(40) 5610(13) 7664(11) 14(5) 

H6 13360(50) 6584(17) 4776(13) 28(7) 

H8B -2390(50) 5660(15) 9280(13) 27(6) 

H3A 12200(50) 9597(18) 8631(13) 33(7) 

H8C -450(50) 5191(16) 9738(13) 29(6) 

H3 4000(60) 7654(17) 7030(15) 38(8) 

H7A 1410(50) 4485(15) 7898(13) 27(6) 

H7B -1230(60) 4889(17) 8224(13) 32(7) 

H7C 800(50) 4333(17) 8691(14) 41(8) 

H5 11920(60) 7515(18) 6042(16) 44(8) 

H4 4960(60) 5699(17) 5728(14) 37(8) 

 

 

7.3 DLS correlation functions of sodium polyphenolates in 

water at 10 °C 

 

Figure A 1: DLS correlation functions of 0.5 mol·kg-1 sodium polyphenolates and related compounds in 
water at 10 °C. Additionally, Na-2-OH-Benz was measured at 0.6 mol·kg-1 in water and in the 

water/DPnP system. τ = lag time, time delay for the detection. The samples were prepared in duplicate. 
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7.4 NMR measurements of Na-4-OH-3-OMe-Cinn dissolved 

in the binary water/DPnP system 

1H-NMR measurements of Na-4-OH-3-OMe-Cinn – as representative for a medium salting-in 

behavior – in presence and absence of DPnP were conducted. Because DPnP is liquid, its 1H-

NMR spectrum was recorded without any solvent, see Figure A 2. For the reference, Na-4-

OH-3-OMe-Cinn was dissolved in deuterium oxide instead of water to keep the water peak 

small, see Figure A 3. Additionally, 1H-NMR, COSY and NOESY spectra of Na-4-OH-3-OMe-

Cinn (0.2 mol·kg-1) in the water/DPnP (45/55 (w/w)) mixture) were recorded, see Figure A 4 - 

Figure A 6. The numeration of the protons and the corresponding NMR spectra with the peak 

attribution are displayed in Figure 21. The peaks were assigned using the splitting, the integrals 

and cross-peaks in the COSY spectrum of the water/DPnP (45/55 (w/w)) mixture containing 

0.2 mol·kg-1 Na-4-OH-3-OMe-Cinn from Figure A 6. The peak attribution is reported in Table 

A 23 - Table A 26.233 

 

Figure A 2: 1H-NMR spectrum of DPnP.233 
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Figure A 3: 1H-NMR spectrum of sodium ferulate (Na-4-OH-3-OMe-Cinn) in deuterium oxide 

(saturation).233 

 

Figure A 4: 1H-NMR spectrum of 0.2 mol·kg-1 Na-4-OH-3-OMe-Cinn in a water/DPnP mixture 
(45/55 (w/w)). Red: Protons of Na-4-OH-3-OMe-Cinn; black: Protons of DPnP.233 



258 
 

 

Figure A 5: Superimposed 1H-NMR spectra of Na-4-OH-3-OMe-Cinn in deuterium oxide, of pure DPnP 
and of a water/DPnP (45/55 (w/w)) mixture containing 0.2 mol·kg-1 Na-4-OH-3-OMe-Cinn. Red: 
Spectrum of Na-4-OH-3-OMe-Cinn; blue: Spectrum of DPnP; dark red: Spectrum of Na-4-OH-3-OMe-
Cinn in the water/DPnP mixture.233 

 

Figure A 6: COSY spectrum of a water/DPnP (45/55 (w/w)) mixture containing 0.2 mol·kg-1 sodium 
ferulate. Red: Protons of sodium ferulate; black: Protons of DPnP.233 
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Table A 23: Attribution of the protons of Na-4-OH-3-OMe-Cinn to the 1H-NMR signals in 
deuterium oxide with the corresponding splitting and coupling constants J. dd = doublet of 
doublets.233 

Proton δ (ppm) Number of protons Splitting J (Hz) 

1 6.96 1 doublet 4J(1-2) = 1.99 
2 6.88 1 dd 3J(2-3) = 8.26, 4J(1-2) = 1.99 

3 6.69 1 doublet 3J(2-3) = 8.26 

a 7.13 1 doublet 3J(a-b) = 15.95 

b 6.19 1 doublet 3J(a-b) = 15.95 

OMe 3.70 3 singlet - 

 

Table A 24: Attribution of the protons of 0.2 mol·kg-1 sodium Na-4-OH-3-OMe-Cinn in the 
water/DPnP (45/55 (w/w)) mixture to the 1H-NMR signals with the corresponding splitting and 

coupling constants J. △ = change of the chemical shift relatively to Na-4-OH-3-OMe-Cinn 

dissolved in pure deuterium oxide from Table A 23. Left: deshielding.233 

Proton δ (ppm) Number of protons Splitting J (Hz) △δ (ppm) 
1 7.05 1 singlet - Left: 0.09 
2 6.91 1 doublet 3J(2-3) = 8.25 Left: 0.03 

3 6.72 1 doublet 3J(2-3) = 8.25 Left: 0.03 

a 7.20 1 doublet 3J(a-b) = 15.96 Left: 0.07 

b 6.23 1 doublet 3J(a-b) = 15.96 Left: 0.04 

OMe 3.74 3 singlet - Left: 0.04 

 

Table A 25: Attribution of the protons of DPnP (no additional solvent) to the 1H-NMR signals with the 
corresponding splitting and coupling constants J. dd = doublet of doublets.233 

Proton δ (ppm) Number of protons Splitting J (Hz) 

1 1.10 3 triplet 3J(1-2) = 7.45 
2 1.73 2 multiplet - 

3 3.53 2 multiplet - 

5 3.53 2 multiplet - 

6 3.77 1 multiplet - 

7 1.29 3 doublet 3J(7-6) = 6.87 

9 3.53 2 multiplet - 

10 3.99 1 septet 3J(10-OH) = 15.34; 3J(10-11) = 5.94; 

3J(10-9) = 6.61-10.87 

11 1.26 3 doublet 3J(11-10) = 5.94 

OH (4.19) 1 dd 4J(OH-11;9) = 3.53; (J = 36.40) 

 

Table A 26: Attribution of the protons of DPnP in the water/DPnP (45/55 (w/w)) mixture with 0.2 mol·kg-1 
Na-4-OH-3-OMe-Cinn to the 1H-NMR signals with the corresponding splitting and coupling constants J. 
td = triplet of doublets; ”d” = pseudo-doublet; For H6 and H10 a high coupling constant was obtained, 

which is typical for a geminal coupling, though no geminal proton is present for both. △ = change of 

the chemical shift relatively to pure DPnP from Table A8. Left: deshielding; right: shielding.233 

Proton δ (ppm) Number of protons Splitting J (Hz) △δ (ppm) 
1 0.84 3 td 3J(1-2) = 7.65 Right: 0.26 
2 1.50 2 td 3J(2-1) = 7.65 Right: 0.23 

3 3.34 2 multiplet - Right: 0.19 

5 3.34 2 multiplet - Right: 0.19 
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6 3.58 1 “d” J = 40.94 Left: 0.33 

7 1.11 3 singlet - Right: 0.18 

9 3.34 2 multiplet - Right: 0.19 

10 3.83 1 “d” J = 31.16 Right: 0.16 

11 1.00 3 triplet 3J(11-10) = 7.73 Right: 0.26 

OH (4.52) 1 singlet -  

 

7.5 Tables on the aqueous solubilization curves of riboflavin 

in presence of different additives 

Table A 27: Solubilization of RF in water by means of sodium cyclohexane carboxylate (NaCHC). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.799 0.61 0.02 0.230 0.009 2317.2 
0.666 0.59 0.06 0.22 0.02 2057.4 

0.400 0.421 0.006 0.158 0.002 2649.3 

0.266 0.367 0.008 0.138 0.003 2756.9 

0.133 0.31461 0.00002 0.118408 0.000009 2985.8 

0.067 0.28 0.01 0.105 0.004 4547.0 

 

Table A 28: Solubilization of RF in water by means of sodium benzoate (NaBenz). After subtraction of 
the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the additive 
and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

2.997 121 - 45.5 - 24.9 
1.041 7.3 0.2 2.75 0.06 148.1 

0.971 6.27 0.05 2.36 0.02 162.0 

0.902 5.51 0.07 2.07 0.02 172.2 

0.833 4.80 0.09 1.81 0.03 183.8 

0.763 4.128 0.009 1.554 0.003 197.9 

0.694 3.669 0.006 1.381 0.002 204.2 

0.625 3.11 0.04 1.17 0.01 219.8 

0.555 2.65 0.02 0.998 0.006 233.1 

0.486 2.20 0.01 0.829 0.005 251.2 

0.416 1.90 0.08 0.72 0.03 254.8 

0.347 1.508 0.005 0.567 0.002 280.4 

0.278 1.239 0.008 0.466 0.003 286.4 

0.208 0.969 0.008 0.365 0.003 297.7 

0.139 0.775 0.006 0.292 0.002 274.9 

0.069 0.544 0.006 0.205 0.002 253.3 
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Table A 29: Solubilization of RF in water by means of sodium terephthalate. After subtraction of the 
aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the additive and 
RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.952 7.048 0.008 2.653 0.003 140.4 
0.714 6.19 0.01 2.330 0.005 120.6 

0.595 4.2 0.2 1.58 0.08 151.2 

0.476 3.0740 0.0002 1.15696 0.00007 169.7 

0.381 2.145 0.004 0.807 0.001 203.1 

0.286 1.452 0.008 0.547 0.003 241.5 

0.190 0.900 0.007 0.339 0.003 302.1 

0.095 0.4 0.1 0.16 0.04 637.8 

 

Table A 30: Solubilization of RF in water by means of sodium salicylate (Na-2-OH-Benz). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.937 30 1 11.3 0.6 31.4 
0.874 27.7 0.3 10.4 0.1 31.9 

0.812 22.8 0.2 8.57 0.08 36.1 

0.749 19.4 0.1 7.31 0.03 39.1 

0.687 16.3 0.2 6.15 0.08 42.8 

0.625 13.8 0.2 5.18 0.09 46.3 

0.562 11.6 0.1 4.35 0.03 49.8 

0.500 8.5 1.1 3.2 0.4 61.0 

0.437 7.4 0.1 2.80 0.03 61.0 

0.375 5.7 0.1 2.13 0.03 69.6 

0.312 4.7 0.3 1.75 0.11 71.1 

0.250 3.20 0.03 1.20 0.01 85.3 

0.187 2.25 0.01 0.847 0.002 94.6 

0.125 1.41 0.02 0.53 0.01 109.5 

0.062 0.9 0.4 0.3 0.1 105.7 

 

Table A 31: Solubilization of RF in water by means of sodium 3-hydroxybenzoate (Na-3-OH-Benz). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

2.498 119 2 44.7 0.6 21.1 
1.249 22.9 0.1 8.62 0.04 55.2 

0.999 15.5 0.8 5.8 0.3 65.6 

0.874 12.2 0.9 4.6 0.3 73.4 

0.750 8.8 0.4 3.3 0.1 88.2 

0.625 6.4 0.2 2.41 0.09 101.8 

0.500 4.56 0.06 1.72 0.02 116.5 

0.375 2.89 0.01 1.088 0.005 143.1 

0.312 2.30 0.03 0.86 0.01 154.0 
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0.250 1.72 0.06 0.65 0.02 172.4 

0.187 1.25 0.03 0.47 0.01 191.7 

0.125 0.89 0.01 0.33 0.00 202.1 

0.062 0.58 0.03 0.22 0.01 199.3 

 

Table A 32: Solubilization of RF in water by means of sodium 4-hydroxybenzoate (Na-4-OH-Benz). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.937 19.4 0.8 7.3 0.3 49.0 
0.874 18 1 6.6 0.4 50.6 

0.812 14.4 0.1 5.42 0.04 57.4 

0.749 12.1 0.2 4.6 0.1 63.4 

0.687 10.7 0.2 4.0 0.1 66.0 

0.625 8.6 0.3 3.2 0.1 74.9 

0.562 7.3 0.4 2.8 0.1 79.4 

0.500 5.79 0.05 2.18 0.02 90.6 

0.437 4.87 0.04 1.83 0.02 95.0 

0.375 3.67 0.03 1.38 0.01 110.2 

0.312 2.949 0.003 1.11 0.00 116.6 

0.250 2.19 0.04 0.82 0.01 130.4 

0.187 1.604 0.005 0.604 0.002 140.4 

0.125 1.06 0.03 0.40 0.01 157.3 

0.062 0.63 0.01 0.237 0.004 173.9 

 

Table A 33: Solubilization of RF in water by means of sodium 2-methoxybenzoate (Na-2-OMe-Benz). 
After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above its aqueous solubility, as the 
additive’s solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

5.168 53.8 0.1 20.23 0.05 96.6 
4.594 59.3 0.7 22.3 0.3 77.8 

4.020 33 4 12 1 122.2 

3.445 29.1 0.5 10.9 0.2 119.7 

2.871 20.8 0.3 7.8 0.1 139.8 

2.297 13.79 0.01 5.191 0.005 169.9 

1.723 7.94 0.03 2.99 0.01 224.6 

1.436 5.7 0.2 2.16 0.09 262.5 

1.148 3.79 0.05 1.43 0.02 326.6 

0.919 2.37 0.06 0.89 0.02 436.7 

0.689 1.68 0.03 0.63 0.01 487.4 

0.574 1.4 0.1 0.52 0.04 514.7 

0.459 1.05 0.02 0.40 0.01 586.0 

0.287 0.74 0.03 0.28 0.01 606.8 

0.230 0.70 0.04 0.27 0.01 528.8 

0.172 0.546 0.004 0.206 0.002 623.4 

0.115 0.429 0.002 0.161 0.001 723.5 

0.057 0.375 0.002 0.141 0.001 547.3 
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Table A 34: Solubilization of RF in water by means of sodium 3-methoxybenzoate (Na-3-OMe-Benz). 
After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above its aqueous solubility, as the 
additive’s solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

5.168 321.7 0.9 121.1 0.4 16.1 
4.594 366 7 138 3 12.5 

4.020 214 1 80.5 0.4 18.8 

3.445 154.20 0.05 58.04 0.02 22.4 

2.871 119 1 44.8 0.5 24.1 

2.297 78.6 0.5 29.6 0.2 29.3 

1.723 47.64 0.03 17.93 0.01 36.4 

1.148 23.3 0.5 8.8 0.2 49.9 

0.919 14.5 0.1 5.45 0.05 64.6 

0.689 9.42 0.03 3.54 0.01 75.3 

0.574 7.08 0.03 2.66 0.01 84.3 

0.459 4.91 0.04 1.85 0.01 99.0 

0.287 3.0 0.1 1.12 0.06 106.0 

0.230 1.936 0.003 0.729 0.001 137.9 

0.172 1.452 0.004 0.547 0.002 145.7 

0.115 1.05 0.03 0.40 0.01 147.0 

0.057 0.68 0.02 0.25 0.01 141.3 

 

Table A 35: Solubilization of RF in water by means of sodium 4-methoxybenzoate (Na-4-OMe-Benz). 
After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above the additive’s aqueous 
solubility, as its solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

2.871 30.3 0.2 11.42 0.07 95.5 
2.297 29.92 0.06 11.26 0.02 77.5 

1.723 26.57 0.04 10.00 0.01 65.5 

1.436 24.2 0.4 9.1 0.2 60.0 

1.148 20 1 7.7 0.5 57.1 

0.919 15.96 0.03 6.01 0.01 58.6 

0.689 10.1866 0.0002 3.8339 0.0001 69.5 

0.574 7.72 0.05 2.91 0.02 77.1 

0.459 5.45 0.03 2.05 0.01 88.7 

0.287 2.90 0.01 1.092 0.003 109.1 

0.230 2.18 0.003 0.821 0.001 120.1 

0.172 1.61 0.004 0.607 0.002 128.3 

0.115 1.14 0.02 0.43 0.01 131.6 

0.057 0.68 0.01 0.254 0.002 141.7 
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Table A 36: Solubilization of RF in water by means of sodium 2,3-dihydroxybenzoate (Na-2,3-DiOH-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above the additive’s aqueous 
solubility, as its solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

2.271 10.0 0.3 3.8 0.1 233.1 
1.704 7.57 0.04 2.85 0.01 233.5 

1.136 6.1 0.2 2.29 0.06 195.7 

0.909 5.7 0.3 2.1 0.1 167.2 

0.681 4.92 0.01 1.852 0.005 146.6 

0.568 5.02 0.04 1.89 0.01 119.4 

0.454 4.576 0.007 1.722 0.003 105.5 

0.341 4.79 0.02 1.802 0.006 75.4 

0.227 5.08 0.02 1.911 0.008 47.2 

0.114 2.3 0.1 0.85 0.05 57.3 

0.057 0.970 0.002 0.365 0.001 81.1 

 

Table A 37: Solubilization of RF in water by means of sodium 2,4-dihydroxybenzoate (Na-2,4-DiOH-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

2.271 48.3 0.9 18.2 0.4 47.3 
1.704 48.4 1.4 18.2 0.5 35.4 

1.136 41.4 0.3 15.6 0.1 27.6 

0.909 41.6 0.2 15.7 0.1 22.0 

0.681 55.3 0.5 20.8 0.2 12.4 

0.568 38.4 0.5 14.5 0.2 14.9 

0.454 25.7 0.4 9.7 0.2 17.9 

0.341 15.6 0.1 5.86 0.05 22.3 

0.227 7.96 0.08 2.99 0.03 29.6 

0.114 3.08 0.01 1.159 0.005 40.4 

0.057 1.49 0.01 0.560 0.003 46.6 

 

Table A 38: Solubilization of RF in water by means of sodium 3,4-dihydroxybenzoate (Na-3,4-DiOH-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.852 31 3 12 1 27.4 
0.795 26.2 0.9 9.8 0.4 30.7 

0.738 22.5 0.6 8.5 0.2 33.2 

0.681 19.2 0.7 7.2 0.3 36.0 

0.625 15.1 0.5 5.7 0.2 42.2 

0.568 12.4 0.3 4.7 0.1 46.7 

0.511 10.5 0.1 4.0 0.1 49.8 

0.454 8.7 0.2 3.3 0.1 53.8 

0.398 7.022 0.005 2.643 0.002 58.9 
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0.341 5.407 0.008 2.035 0.003 66.3 

0.284 4.16 0.03 1.57 0.01 72.9 

0.227 3.0 0.2 1.1 0.1 81.7 

0.170 2.20 0.07 0.83 0.03 88.1 

0.114 1.45 0.01 0.548 0.003 95.9 

0.057 0.82 0.01 0.308 0.004 103.3 

 

Table A 39: Solubilization of RF in water by means of sodium 3,5-dihydroxybenzoate (Na-3,5-DiOH-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.852 40.4 0.3 15.2 0.1 21.2 
0.795 36 1 13.5 0.4 22.3 

0.738 31 1 11.7 0.6 23.9 

0.681 25.6 0.4 9.6 0.1 26.9 

0.625 21.5 0.3 8.1 0.1 29.4 

0.568 18.2 0.7 6.9 0.3 31.7 

0.511 14.39 0.08 5.41 0.03 36.2 

0.454 12.5 0.4 4.7 0.1 37.2 

0.398 9.71 0.09 3.65 0.03 42.1 

0.341 7.58 0.09 2.85 0.03 46.6 

0.284 6.10 0.05 2.30 0.02 48.7 

0.227 4.39 0.09 1.65 0.03 55.1 

0.170 2.86 0.02 1.08 0.01 65.8 

0.114 1.86 0.07 0.70 0.02 71.5 

0.057 0.99 0.03 0.37 0.01 78.3 

 

Table A 40: Solubilization of RF in water by means of sodium 3,4-dimethoxybenzoate (Na-3,4-DiOMe-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above additive’s aqueous solubility, 
as its solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.882 31.42 0.03 11.82 0.01 28.3 
0.784 30.1 0.6 11.3 0.2 26.3 

0.588 19.57 0.03 7.36 0.01 30.5 

0.490 13.4 0.4 5.1 0.1 37.2 

0.392 10.13 0.09 3.81 0.04 39.7 

0.294 6.77 0.04 2.55 0.02 45.2 

0.245 6.2 0.1 2.32 0.04 41.6 

0.196 5.0 0.4 1.9 0.1 41.2 

0.147 3.49 0.08 1.31 0.03 45.6 

0.098 2.08 0.01 0.782 0.005 54.2 

0.049 1.33 0.04 0.50 0.02 46.1 
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Table A 41: Solubilization of RF in water by means of sodium 2,3-dimethoxybenzoate (Na-2,3-DiOMe-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

4.898 60 5 23 2 82.0 
3.918 30 13 11 5 134.0 

2.939 22 1 8.3 0.4 135.2 

2.449 11.396 0.005 4.289 0.002 220.1 

0.980 2.5 0.3 1.0 0.1 430.0 

0.784 1.70 0.02 0.64 0.01 548.6 

0.686 1.45 0.02 0.54 0.01 582.5 

0.588 1.301 0.002 0.490 0.001 569.8 

0.490 1.09 0.02 0.41 0.01 593.9 

0.392 0.85 0.02 0.32 0.01 676.5 

0.294 0.69 0.01 0.260 0.004 699.3 

0.245 0.62 0.01 0.234 0.004 696.9 

0.196 0.51 0.01 0.192 0.003 817.9 

0.147 0.48 0.02 0.18 0.01 702.4 

0.098 0.43 0.08 0.16 0.03 594.9 

0.049 0.426 0.002 0.160 0.001 313.7 

 

Table A 42: Solubilization of RF in water by means of sodium 2,4-dimethoxybenzoate (Na-2,4-DiOMe-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

3.918 53.0 0.2 19.95 0.08 74.3 
2.939 44.7 0.3 16.8 0.1 66.2 

2.449 64 8 24.2 2.9 38.3 

1.959 33.3 0.5 12.5 0.2 59.3 

0.980 11.42 0.05 4.30 0.02 87.9 

0.784 8.18 0.07 3.08 0.02 99.0 

0.686 6.9 0.2 2.59 0.09 103.8 

0.588 5.54 0.02 2.09 0.01 111.5 

0.490 4.39 0.03 1.65 0.01 118.8 

0.392 3.25 0.09 1.23 0.03 131.3 

0.294 2.174 0.005 0.818 0.002 154.3 

0.245 1.85 0.02 0.70 0.01 154.6 

0.196 1.48 0.02 0.56 0.01 162.5 
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Table A 43: Solubilization of RF in water by means of sodium 3,5-dimethoxybenzoate (Na-3,5-DiOMe-
Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above additive’s aqueous solubility, 
as its solubility was increased by RF, too. The salt Na-3,5-DiOMe-Benz was never entirely solubilized. 
∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

3.918 214 30 80 10 18.3 
2.939 261 5 98 2 11.3 

2.449 195 1 73.3 0.4 12.6 

1.959 139.9 0.9 52.7 0.3 14.0 

1.469 86.2 0.5 32.5 0.2 17.1 

0.980 46.2 0.3 17.4 0.1 21.3 

0.784 36.2 0.7 13.6 0.3 21.8 

0.588 23.4 0.1 8.80 0.04 25.4 

0.490 17.4 0.3 6.5 0.1 28.7 

0.392 12.36 0.05 4.65 0.02 32.4 

0.294 8.4 0.1 3.18 0.05 36.0 

0.196 6.0 0.5 2.3 0.2 34.1 

0.098 2.30 0.02 0.866 0.009 48.2 

0.049 1.127 0.010 0.424 0.004 57.1 

 

Table A 44: Solubilization of RF in water by means of sodium vanillate (Na-4-OH-3-OMe-Benz). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. Violet: Additive concentrations above the additive’s aqueous solubility, as its 
solubility was increased by RF, too. After 2 days, vanillate might precipitate from the samples with > 
1.105 mol·kg-1 vanillate saturated with RF. Thus, RF probably enlightens a kinetic solubilization of RF 
leading to a supersaturation of water with vanillate. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

1.262 52 3 20 1 24.4 
1.210 49 4 19 1 24.6 

1.157 49 3 18 1 23.9 

1.105 45 2 17.1 0.6 24.5 

1.052 39 3 15 1 27.1 

0.999 39 4 15 2 25.5 

0.947 35 3 13 1 27.4 

0.894 29.8 0.2 11.22 0.09 30.3 

0.842 27.2 0.2 10.22 0.08 31.3 

0.789 23.7 0.2 8.92 0.09 33.7 

0.736 22.5 0.5 8.5 0.2 33.2 

0.684 20.3 0.9 7.6 0.3 34.1 

0.631 17.6 0.1 6.62 0.04 36.4 

0.579 15.2 0.1 5.72 0.04 38.8 

0.526 12.9 0.2 4.84 0.08 41.8 

0.473 10.7 0.2 4.04 0.09 45.3 

0.421 9.07 0.08 3.41 0.03 47.8 

0.368 7.2 0.1 2.71 0.05 53.0 

0.316 5.89 0.01 2.215 0.005 56.2 

0.263 4.59 0.01 1.727 0.005 60.9 
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0.210 3.47 0.02 1.305 0.006 65.8 

0.158 2.475 0.003 0.931 0.001 71.6 

0.105 1.564 0.007 0.589 0.003 81.3 

0.053 0.808 0.008 0.304 0.003 97.7 

0.028 0.539 0.004 0.203 0.002 103.3 

0.006 0.341 0.004 0.128 0.001 78.1 

0.003 0.308 0.001 0.1160 0.0006 73.0 

 

Table A 45: Solubilization of RF in water by means of sodium syringate (Na-4-OH-3,5-DiOMe-Benz). 
After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above the additive’s aqueous 
solubility, as its solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

2.726 300 20 114 9 9.0 
2.272 220 10 84 4 10.2 

1.817 164 1 61.5 0.5 11.1 

1.363 120 4 45 2 11.4 

0.909 55 7 21 3 16.7 

0.636 39 2 14.6 0.8 16.5 

0.545 33.7 0.6 12.7 0.2 16.3 

0.454 26.6 0.9 10.0 0.3 17.3 

0.363 19.2 0.5 7.2 0.2 19.2 

0.273 13.2 0.3 5.0 0.1 21.0 

0.227 15 5 6 2 15.3 

0.182 7.1 0.1 2.66 0.04 26.8 

0.136 5.0 0.2 1.89 0.06 28.8 

0.091 3.1 0.1 1.17 0.04 32.0 

0.045 1.42 0.01 0.53 0.00 39.6 

 

Table A 46: Solubilization of RF in water by means of sodium cinnamate (NaCinn). After subtraction of 
the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the additive 
and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.588 36 1 13.6 0.5 16.4 
0.529 30 4 11 1 17.7 

0.470 24 4 9 1 20.1 

0.411 20 4 7 2 21.3 

0.353 17.8 0.3 6.7 0.1 20.1 

0.294 12 2 4.6 0.9 24.6 

0.235 9.6 0.9 3.6 0.3 25.3 

0.176 5.9 0.6 2.2 0.2 31.3 

0.118 4.0 0.9 1.5 0.3 31.8 

0.059 1.7 0.4 0.6 0.2 40.8 

0.029 0.9 0.3 0.3 0.1 49.1 
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Table A 47: Solubilization of RF in water by means of sodium o-coumarate (Na-2-OH-Cinn). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

1.074 119.2 0.4 25.8 0.1 9.0 
0.860 81 3. 17.4 0.6 10.7 

0.752 69.4 0.9 15.0 0.2 10.9 

0.645 53.3 0.1 11.53 0.02 12.1 

0.537 39.4 0.4 8.52 0.08 13.7 

0.430 27.9 0.7 6.0 0.1 15.6 

0.322 19 1 4.1 0.3 17.1 

0.269 13.05 0.08 2.82 0.02 21.0 

0.215 9.5 0.5 2.1 0.1 23.3 

0.161 6.3 0.1 1.36 0.02 26.8 

0.107 3.59 0.01 0.777 0.002 32.3 

0.054 1.58 0.03 0.34 0.01 40.9 

 

Table A 48: Solubilization of RF in water by means of sodium m-coumarate (Na-3-OH-Cinn). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

2.149 438 8 164.8 2.9 4.9 
1.074 157 1 59.1 0.4 6.9 

0.860 113 2 42.5 0.8 7.6 

0.752 92 2 34.6 0.7 8.2 

0.645 73.2 0.7 27.5 0.3 8.8 

0.537 53.0 0.8 19.9 0.3 10.2 

0.430 38 1 14.4 0.4 11.3 

0.322 23.4 0.2 8.81 0.07 13.9 

0.269 17.49 0.01 6.583 0.004 15.6 

0.215 12.7 0.2 4.80 0.07 17.2 

0.161 7.93 0.08 2.99 0.03 21.0 

0.107 4.84 0.09 1.82 0.04 23.5 

0.054 1.958 0.005 0.737 0.002 31.8 

 

Table A 49: Solubilization of RF in water by means of sodium p-coumarate (Na-4-OH-Cinn). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.806 124 15 47 5 6.5 
0.752 114 6 43 2 6.6 

0.698 98.9 0.8 37.2 0.3 7.1 

0.645 88 5 33 2 7.3 

0.591 70.8 0.7 26.6 0.3 8.4 

0.537 66 1 24.7 0.4 8.2 

0.484 54 5 20 2 8.9 
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0.430 42 1 15.8 0.5 10.3 

0.376 38 1 14.4 0.6 9.9 

0.322 29 2 10.9 0.6 11.2 

0.269 24 2 9.1 0.7 11.2 

0.215 16.1 0.1 6.07 0.05 13.5 

0.161 10.7 0.7 4.0 0.3 15.5 

0.107 6.7 0.1 2.52 0.05 16.7 

0.054 1.8 0.3 0.66 0.10 36.0 

 

Table A 50: Solubilization of RF in water by means of sodium 4-methoxycinnamate (Na-4-OMe-Cinn). 
After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above the additive’s aqueous 
solubility, as its solubility was increased by RF, too. The salt Na-4-OMe-Cinn was never entirely 
solubilized. Yet, RF enabled a solubilization up to 0.6 mol·kg-1.  ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.599 31 5 12 2 19.2 
0.500 29.9 0.4 11.3 0.1 16.8 

0.400 36.9 0.9 13.9 0.4 10.9 

0.250 26.0 0.2 9.77 0.07 9.7 

0.200 22 2 8.3 0.6 9.2 

0.150 12.16 0.04 4.58 0.01 12.6 

0.100 6.85 0.01 2.58 0.01 15.2 

0.050 3.0 0.1 1.13 0.04 18.3 

 

Table A 51: Solubilization of RF in water by means of sodium ferulate (Na-4-OH-3-OMe-Cinn). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. Violet: Additive concentrations above the additive’s aqueous solubility, as its 
solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

1.388 44 2 16.4 0.8 32.1 
0.925 51 5 19 2 18.2 

0.740 54 1 20.2 0.5 13.9 

0.555 67 2 25.1 0.6 8.3 

0.463 66 2 24.7 0.8 7.1 

0.370 60 1 22.5 0.4 6.2 

0.324 48 5 18 2 6.7 

0.278 37.2 0.6 14.0 0.2 7.5 

0.231 29 3 10.8 0.9 8.1 

0.185 19.1 0.2 7.20 0.06 9.8 

0.139 14.21 0.08 5.35 0.03 10.0 

0.093 8.9 0.9 3.4 0.3 10.7 

0.046 3.1 0.1 1.17 0.04 16.4 

0.028 1.86 0.06 0.70 0.02 17.5 

0.011 0.86 0.03 0.32 0.01 18.7 

0.006 0.57 0.03 0.21 0.01 18.6 

0.003 0.43 0.03 0.16 0.01 17.6 
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Table A 52: Solubilization of RF in water by means of sodium caffeate (Na-3,4-DiOH-Cinn). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. Violet: Additive concentrations above the additive’s aqueous solubility, as its 
solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.597 109 1 41.1 0.4 5.5 
0.547 96 5 36 2 5.7 

0.497 86 6 32 2 5.8 

0.447 71.6 0.6 26.9 0.2 6.3 

0.398 56 4 21 2 7.2 

0.348 46 4 17 2 7.6 

0.298 30 3 11 1 9.9 

0.249 24 4 9 2 10.3 

0.199 17.2 0.3 6.5 0.1 11.7 

0.149 14 3 5 1 10.9 

0.099 5.9 0.4 2.2 0.2 17.5 

0.050 3.0 0.3 1.1 0.1 17.9 

0.028 1.5 0.1 0.56 0.04 22.7 

0.006 0.63 0.09 0.24 0.03 15.4 

0.003 0.34 0.08 0.13 0.03 42.5 

 

Table A 53: Solubilization of RF in water by means of sodium 3,4-dimethoxycinnamate (Na-3,4-DiOMe-
Cinn). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. Violet: Additive concentrations above the additive’s aqueous 
solubility, as its solubility was increased by RF, too. The salt Na-3,4-DiOMe-Cinn was never entirely 
solubilized. Yet, RF enabled a solubilization > 4 mol·kg-1. The solubilization was not continued for higher 
additive concentrations due to the too high viscosity of the samples, which hindered the stirring and 
filtering process. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

4.344 560 20 209 9 7.8 
3.910 500 10 186 5 7.9 

3.475 500 60 190 20 7.0 

3.041 399 1 150.1 0.2 7.6 

2.606 358 0 135 0 7.3 

2.172 370 20 138 7 5.9 

1.738 280 10 105 4 6.2 

1.303 225 7 85 3 5.8 

1.086 190 10 71 5 5.8 

0.869 123 1 46.5 0.3 7.1 

0.652 111 2 41.6 0.6 5.9 

0.434 71 3 27 1 6.1 

0.348 50 6 19 2 6.9 

0.261 40 3 15 1 6.6 

0.217 37 2 13.9 0.8 5.9 

0.174 24 1 9.1 0.5 7.3 

0.130 17.7 0.4 6.7 0.1 7.5 

0.087 12 2 4.4 0.6 7.6 

0.043 4.9 0.6 1.8 0.2 9.4 
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Table A 54: Solubilization of RF in water by means of sodium 4-hydroxy-3,5-dimethoxycinnamate (Na-
4-OH-3,5-DiOMe-Cinn). After subtraction of the aqueous solubility of RF, the molar ratio was calculated 
from the molar concentration of the additive and RF. Violet: Additive concentrations above the additive’s 
aqueous solubility, as its solubility was increased by RF, too. The salt (Na-4-OH-3,5-DiOMe-Cinn) was 
never entirely solubilized. Yet, RF enabled a solubilization > 1.6 mol·kg-1. The solubilization was not 
continued for higher additive concentrations because the chemical was expensive. ∆c(RF) = standard 
deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

1.625 381 - 143 - 4.3 
1.218 276 - 104 - 4.4 

1.015 243 - 92 - 4.2 

0.812 179 - 67 - 4.5 

0.609 135 - 51 - 4.5 

0.406 74 - 28 - 5.5 

0.325 62.8 0.7 23.6 0.3 5.2 

0.162 27.5 1.3 10.4 0.5 6.0 

0.081 13.0 0.5 4.9 0.2 6.4 

 

Table A 55: Solubilization of RF in water by means of sodium gallate (Na-3,4,5-TriOH-Benz). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. Violet: Additive concentrations above the additive’s aqueous solubility, as its 
solubility was increased by RF, too. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.677 38 2 14.2 0.6 18.0 
0.625 30 2 11.3 0.9 21.1 

0.573 27 2 10.2 0.9 21.3 

0.521 22.7 0.5 8.5 0.2 23.2 

0.469 18.7 0.6 7.0 0.2 25.5 

0.416 15.9 0.4 6.0 0.2 26.6 

0.364 12.7 0.2 4.8 0.1 29.2 

0.312 10.1 0.4 3.8 0.2 31.7 

0.260 8.2 0.1 3.10 0.04 32.7 

0.208 6.0 0.5 2.2 0.2 36.6 

0.156 4.6 0.6 1.7 0.2 35.9 

0.104 3.3 0.2 1.25 0.08 34.2 

0.052 1.4 0.1 0.52 0.03 46.7 

 

Table A 56: Solubilization of RF in water by means of sodium 4-hydroxypropionate (Na-4-OH-Prop). 
After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar 
concentration of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

3.189 124 2 46.7 0.6 25.8 
2.657 106 5 40 2 25.0 

2.126 70.8 0.1 26.66 0.05 30.1 

1.594 42.5 0.1 16.0 0.0 37.7 

1.063 36.1 0.5 13.6 0.2 29.7 

0.850 12.63 0.03 4.75 0.01 68.8 



 

273 
 
 

0.638 7.98 0.03 3.00 0.01 82.7 

0.531 5.93 0.02 2.23 0.01 93.9 

0.425 4.140 0.006 1.558 0.002 109.9 

0.319 2.89 0.04 1.09 0.01 121.9 

0.213 1.65 0.01 0.620 0.005 154.4 

0.106 0.87 0.01 0.326 0.005 177.9 

0.053 0.5235 0.0002 0.1970 0.0001 209.7 

 

Table A 57: Solubilization of RF in water by means of sodium xylene sulfonate (SXS). After subtraction 
of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the 
additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

1.921 21.42 0.09 8.06 0.03 90.8 
1.441 13.1 0.2 4.93 0.07 112.2 

0.720 4.490 0.006 1.690 0.002 170.7 

0.384 1.992 0.007 0.750 0.003 223.1 

0.192 0.985 0.004 0.371 0.001 268.6 

0.096 0.59 0.01 0.223 0.005 298.7 

0.048 0.437 0.005 0.165 0.002 287.1 

 

Table A 58: Solubilization of RF in water by means of sodium thiocyanate (NaSCN). After subtraction of 
the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the additive 
and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

4.000 15.6 0.9 5.9 0.3 261.6 
3.500 9.75 0.09 3.67 0.03 369.2 

3.000 6.6 0.1 2.48 0.04 473.8 

2.500 4.59 0.06 1.73 0.02 578.1 

2.000 2.95 0.05 1.11 0.02 746.9 

1.500 1.81 0.01 0.681 0.005 974.8 

1.000 1.0659 0.0003 0.4012 0.0001 1256.4 

0.750 0.787 0.008 0.296 0.003 1449.6 

0.500 0.578 0.004 0.218 0.001 1622.8 

0.400 0.50494 0.00005 0.19005 0.00002 1702.5 

0.300 0.457 0.002 0.1722 0.0009 1600.6 

0.200 0.395 0.001 0.1486 0.0004 1603.5 

0.100 0.310 0.001 0.1167 0.0005 2502.9 
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Table A 59: Solubilization of RF in water by means of sodium 5-phenylvalerate (NaValerate). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. Violet: Additive concentrations above the additive’s aqueous solubility, as its 
solubility was increased by RF, too. For additive concentrations > 0.2 mol·kg-1 a part of RF and the 
additive precipitated within 1-2 weeks. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.400 2.903 0.008 1.093 0.003 151.9 
0.200 1.3 0.1 0.48 0.04 200.8 

0.100 0.8 0.2 0.30 0.09 194.6 

0.050 0.6 0.1 0.21 0.05 171.9 

0.025 0.38 0.04 0.14 0.01 234.7 

 

Table A 60: Solubilization of RF in water by means of sodium 5-phenyl-2,4-pentadienoate (Na-2,4-
Pentadienoate). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from 
the molar concentration of the additive and RF. Violet: Additive concentrations above the additive’s 
aqueous solubility, as its solubility was increased by RF, too. For additive concentrations > 0.1 mol·kg-1 
a part of RF and the additive precipitated with 1-2 weeks. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.400 30 1 11.3 0.4 13.4 
0.200 25 4 9 2 8.2 

0.100 11.6 0.8 4.4 0.3 8.8 

0.050 3.3 0.7 1.2 0.2 16.5 

0.025 2.7 0.6 1.0 0.2 10.3 

 

Table A 61: Solubilization of RF in water by means of sodium 3,5-bis(trifluoromethyl)benzoate (Na-3,5-
DiCF3-Benz). After subtraction of the aqueous solubility of RF, the molar ratio was calculated from the 
molar concentration of the additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

1.071 32.9 0.2 12.39 0.08 32.8 
0.535 8 1 3.2 0.4 65.9 

0.286 3 1 1.2 0.4 97.9 

0.143 0.84 0.01 0.315 0.004 251.9 

 

Table A 62: Solubilization of RF in water by means of sodium dihydrogen phosphate (NaH2PO4). ∆c(RF) 
= standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

4.000 0.019 - 0.007 - 
3.500 0.034 - 0.013 - 

3.000 0.040 - 0.015 - 

2.500 0.070 0.006 0.026 0.002 

2.000 0.076 0.004 0.029 0.001 

1.500 0.121 0.002 0.046 0.001 

1.000 0.156 0.001 0.0585 0.0002 

0.750 0.179 0.002 0.067 0.001 

0.500 0.17 0.02 0.063 0.006 

0.400 0.202 0.002 0.076 0.001 
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0.300 0.212 0.002 0.080 0.001 

0.200 0.216 0.006 0.081 0.002 

0.100 0.27 0.03 0.10 0.01 

 

Table A 63: Solubilization of RF in water by means of sodium 4-phenylbutyrate (NaButyrate). After 
subtraction of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration 
of the additive and RF. Violet: Additive concentrations above the additive’s aqueous solubility, as its 
solubility was increased by RF, too. For additive concentrations > 0.2 mol·kg-1 a part of RF and the 
additive precipitated with 1-2 weeks. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.400 2.24 0.06 0.84 0.02 203.0 
0.200 0.99 0.02 0.372 0.007 278.5 

0.100 0.58 0.01 0.218 0.005 323.1 

0.050 0.415 0.007 0.156 0.003 343.7 

0.025 0.329 0.002 0.1237 0.0009 426.5 

 

Table A 64: Solubilization of RF in water by means of sodium dodecyl sulfate (SDS). After subtraction 
of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the 
additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.400 4.1 0.1 1.54 0.04 104.3 
0.200 1.99 0.05 0.75 0.02 116.0 

0.100 1.37 0.04 0.52 0.02 90.7 

 

Table A 65: Solubilization of RF in water by means of sodium 2,4,6-
trihydroxybenzoate. After subtraction of the aqueous solubility of RF, the molar ratio 
was calculated from the molar concentration of the additive and RF. Violet: Additive 
not soluble, turbid solution. Thus, RF solubilized the additive, too. ∆c(RF) = standard 
deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

0.08 18 1 6.8 0.4 4.5 

 

Table A 66: Solubilization of RF in water by means of tannin. After subtraction of the aqueous solubility 
of RF, the molar ratio was calculated from the molar concentration of the additive and RF. ∆c(RF) = 
standard deviation. 

c(additive)  
(mol·kg-1) 

c(RF) 
(mmol·kg-1) 

Δc(RF) 
(mmol·kg-1) 

c(RF) 
(g·kg-1) 

Δc(RF)  
(g·kg-1) 

Molar ratio 
(additive/RF) 

0.2 36.33005 2.39912 13.6735409 0.90295679 5.54630401 

0.1 13.28533 1.9415 5.00019965 0.73072236 7.68324737 

0.05 7.14973 1.27319 2.69094388 0.47919052 7.26772708 

0.01 2.56348 0.29734 0.96481697 0.11190986 4.36018627 

0 0.286 0.02 0.10764182 0.0075274 0 
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Table A 67: Solubilization of RF in water by means of choline cinnamate. After subtraction of the 
aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the additive and 
RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

5.97 150 4 57 1 39.8 
4.97 103 6 39 2 48.3 

3.98 77 3 29 1 52.1 

3.58 75 2 28.2 0.9 48.0 

3.18 69 4 26 1 46.6 

2.79 63 1 23.7 0.5 44.4 

2.39 56.8 0.9 21.4 0.3 42.2 

1.99 53 4 20 1 38.1 

1.59 43 1 16.3 0.4 36.9 

1.19 33.9 0.4 12.8 0.2 35.5 

0.99 31.8 0.3 12.0 0.1 31.5 

0.80 23.8 0.3 9.0 0.1 33.8 

0.72 21 1 7.9 0.5 34.5 

0.64 19 2 7.0 0.6 34.7 

0.56 18 1 6.70 0.41 31.8 

0.48 13.8 0.1 5.18 0.04 35.4 

0.40 11.3 0.6 4.2 0.2 36.2 

0.32 8.0 0.1 3.02 0.04 41.0 

0.24 6.1 0.1 2.31 0.04 40.6 

0.20 5.4 0.7 2.0 0.3 39.0 

0.16 4.2 0.3 1.6 0.1 40.6 

0.12 3.3 0.2 1.25 0.07 39.2 

0.08 3 1 1.2 0.4 28.4 

0.04 1.9 0.3 0.7 0.1 24.2 

 

Table A 68: Solubilization of RF in water by means of choline 4-OH-3-OMe-Cinn. After subtraction of 
the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the additive 
and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

5.05 227 14 85 5 22.3 
4.04 180 4 68 1 22.4 

3.37 160.4 0.8 60.4 0.3 21.0 

3.03 156 6 58.8 2.2 19.4 

2.69 155.54 0.07 58.54 0.02 17.3 

2.36 150 4 57 1 15.7 

2.02 141 2 52.9 0.6 14.4 

1.68 129 0 48.422 0.001 13.1 

1.35 115 2 43.3 0.7 11.7 

1.01 102.3 0.1 38.49 0.05 9.9 

0.84 94 3 35 1 9.0 

0.67 70.8 0.8 26.6 0.3 9.5 

0.64 80 7 30.2 2.8 8.0 

0.61 68 1 25.6 0.5 8.9 

0.57 65.7 0.2 24.71 0.08 8.7 
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0.54 59 2 22.4 0.6 9.1 

0.50 52.8 0.9 19.9 0.4 9.6 

0.47 51 2 19.3 0.9 9.2 

0.44 52 3 20 1 8.4 

0.40 45 1 17.1 0.4 8.9 

0.37 44 1 16.5 0.5 8.5 

0.34 42 3 16 1 8.0 

0.30 37 3 14 1 8.3 

0.27 29 4 11 1 9.3 

0.24 26 5 10 2 9.0 

0.20 20.8 0.3 7.8 0.1 9.8 

0.17 15 1 5.8 0.5 11.1 

0.13 11.6 0.2 4.37 0.08 11.9 

0.10 8.3 0.9 3.1 0.3 12.6 

0.07 5.1 0.2 1.92 0.08 13.9 

0.03 2.54 0.06 0.96 0.02 14.8 

 

Table A 69: Solubilization of RF in water by means of choline 3,4-dimethoxybenzoate. After subtraction 
of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the 
additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

3.50 42 1 16.0 0.5 83.1 
3.15 43.0 0.3 16.2 0.1 73.8 

2.80 40 2 14.9 0.8 71.4 

2.45 34.74 0.07 13.07 0.03 71.2 

2.10 31 1 11.8 0.4 67.9 

1.75 29 1 11.0 0.4 60.3 

1.40 25.3 0.9 9.5 0.4 56.0 

1.05 20.658 0.004 7.775 0.001 51.6 

0.70 15.1 0.7 5.7 0.3 47.4 

0.56 12.0 0.1 4.53 0.04 47.6 

0.42 8.64 0.02 3.251 0.007 50.3 

0.35 7.4 0.2 2.77 0.06 49.4 

0.18 3.58 0.07 1.35 0.02 52.9 

0.14 2.86 0.02 1.076 0.008 54.2 

0.11 2.26 0.07 0.85 0.02 52.8 

0.07 1.49 0.03 0.56 0.01 57.3 

0.04 1.0 0.1 0.38 0.05 47.5 

 

Table A 70: Solubilization of RF in water by means of choline 3,4,5-trihydroxybenzoate. After subtraction 
of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the 
additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

3.66 55 2 20.8 0.6 66.7 
3.29 52 1 19.7 0.5 63.1 

2.93 51 2 19.2 0.8 57.7 
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2.56 49.6 0.9 18.7 0.3 51.9 

2.20 41 3 15 1 54.4 

1.83 38 1 14.3 0.4 48.7 

1.46 31.8 0.5 12.0 0.2 46.4 

1.10 21.8 0.7 8.2 0.3 51.0 

0.73 16 1 5.9 0.5 47.6 

0.59 12 2 4.7 0.7 48.3 

0.44 8.8 0.7 3.3 0.3 51.6 

0.37 7.1 0.4 2.7 0.2 53.7 

0.18 3.5 0.6 1.3 0.2 57.1 

0.15 2.7 0.4 1.0 0.1 60.7 

0.11 2.10 0.09 0.79 0.03 59.9 

0.07 1.54 0.09 0.58 0.04 57.5 

0.04 0.90 0.09 0.34 0.03 57.6 

 

Table A 71: Solubilization of RF in water by means of choline 3,5-dihydroxybenzoate. After subtraction 
of the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the 
additive and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

3.89 54 2 20.4 0.7 72.1 
3.50 48.5 0.4 18.2 0.1 72.6 

3.11 47.0 0.3 17.7 0.1 66.5 

2.72 44 2 16.4 0.6 62.9 

2.33 38.1 0.8 14.3 0.3 61.6 

1.94 34 1 12.7 0.5 58.1 

1.55 28.3 0.5 10.6 0.2 55.5 

1.17 20.7 0.6 7.8 0.2 57.2 

0.78 13.5 0.3 5.1 0.1 58.5 

0.62 10.7 0.2 4.04 0.09 59.4 

0.47 8.7 0.4 3.3 0.1 55.2 

0.39 6.4 0.1 2.42 0.05 63.1 

0.19 3.3 0.3 1.2 0.1 65.1 

0.16 2.32 0.02 0.873 0.008 75.8 

0.12 1.748 0.001 0.6580 0.0004 78.9 

0.08 1.21 0.02 0.454 0.007 82.9 

0.04 0.739 0.009 0.278 0.003 82.8 

 

Table A 72: Solubilization of RF in water by means of choline 4-OH-3-OMe-Benz. After subtraction of 
the aqueous solubility of RF, the molar ratio was calculated from the molar concentration of the additive 
and RF. ∆c(RF) = standard deviation. 

c(additive)  

(mol·kg-1) 

c(RF) 

(mmol·kg-1) 

Δc(RF) 

(mmol·kg-1) 

c(RF) 

(g·kg-1) 

Δc(RF)  

(g·kg-1) 

Molar ratio 

(additive/RF) 

5.53 41.1 0.2 15.47 0.09 135.3 
3.69 41 6 16 2 90.0 

3.32 44 2 16.4 0.9 76.6 

2.95 42 1 15.8 0.4 70.9 

2.58 37.0 0.2 13.91 0.09 70.3 

2.21 33.89 0.02 12.756 0.008 65.8 

1.84 34 1 12.7 0.5 55.0 
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1.47 24.4 0.3 9.2 0.1 61.0 

1.11 19 2 7.2 0.8 58.8 

0.92 14 0 5 0 66.6 

0.74 12.4 0.5 4.7 0.2 60.6 

0.55 10.9 1.0 4.1 0.4 51.9 

0.52 10.3 0.5 3.9 0.2 51.4 

0.48 9.3 0.9 3.5 0.4 53.1 

0.44 9 1 3.3 0.5 52.4 

0.41 7.6 0.2 2.86 0.09 55.3 

0.37 7.0 0.2 2.62 0.09 55.0 

0.33 6.4 0.8 2.4 0.3 54.3 

0.29 5.0 0.2 1.89 0.09 62.1 

0.26 4.3 0.2 1.63 0.06 63.4 

0.22 3.59 0.08 1.35 0.03 66.6 

0.18 3.2 0.1 1.20 0.05 62.9 

0.15 2.50 0.09 0.94 0.03 66.2 

0.11 1.86 0.01 0.699 0.004 69.6 

0.07 1.31 0.02 0.492 0.008 71.1 

0.04 0.873 0.001 0.3285 0.0005 61.1 

 

 

7.6 Effect of polyphenolates with different cations 

Table A 73: Aqueous solubilization of RF in the presence of 0.37 mol·kg-1 ferulate salts, see Figure 37. 
The first value (NaFer) represents the reference – the RF solubility with 0.37 mol·kg-1 sodium ferulate in 
water without other additives. In the first column the appearance of the ferulate solution prior to 
saturation with RF is given. In the last column the solubility of RF is given relative to the reference. 

△c(RF) = standard deviation of RF’s water-solubility; Fer = ferulate. 

Additive Appearance c(RF) 
(mmol·kg-1) 

△c(RF) 

(mmol·kg-1) 

Molar ratio 
(additive/RF) 

solubility rel. 
to NaFer (%)  

NaFer Clear 56 3 6.7 0.0 

CholineFer Clear 44 1 8 -21.4 

KFer Turbid 37 5 10 -34.2 

ArginineFer Turbid 24 2 15 -56.7 

MeglumineFer Turbid 20 2 19 -64.2 
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7.7 Solubilization with other additives 

Table A 74: Water-solubility of riboflavin in the presence of 0.37 mol·kg-1 additives. If the additives were 
not soluble at a concentration of 0.37 mol·kg-1, lower concentrations were used or water was saturated 
(sat.) with the additive. The appearance and approximate pH value of the solution were documented 

prior to saturation with riboflavin. △c(RF) = standard deviation of RF’s water-solubility. 

Additive Appearance c(RF) 
(mmol·kg-1) 

△c(RF) 

(mmol·kg-1) 

Molar ratio 
(additive/RF) 

pH 

Riboflavin in pure water Clear 0.27 0.02 
 

6/7 

Biotin (50 mM) Turbid 0.277 0.003 5584 4 

Vit. K3 sat. Turbid 0.279 0.004 - 6 

Folic acid sat. Turbid 0.276 0.004 - 6 

Ellagic acid sat. Turbid 0.266 0.006 - 6 

L-Tyrosine (80 mM) Turbid 0.277 0.005 8630 6 

Hesperidin (80 mM) Turbid 0.281 0.005 5981 6 

L-Proline Clear 0.305 0.008 9905 6 

L-Histidine (80 mM) Clear 0.326 0.002 1377 7 

NaPyroglutamate Clear 0.343 0.002 4960 3 

Saccharine Turbid 0.347 0.001 4710 2 

Rutin (80 mM) Turbid 0.349 0.004 993 6 

ATP (80 mM) Clear 0.3664 0.0007 813 3 

Thiamin x HCl (300 mM) Clear 0.37 0.01 819 3/4 

Adenine (80 mM) Clear 0.391 0.007 648 6 

γ-valerolactone Clear 0.423 0.006 850 7 

Pyroglutamic acid Clear 0.43 0.01 2233 1 

Thiamine + NaOH (80 mM) Clear 0.491 0.009 358 8 

Adenosine (80 mM) Turbid 0.51 0.01 330 6 

Pyridoxin x HCl Clear 0.605 0.008 612 3 

Ethyl vanillin sat. Turbid 0.74 0.01 - 5 

Caffeine (80 mM) Clear 0.905 0.006 125 6 

Caffeine (370 mM) Clear 1.17 - 411 6 

Pyridoxine + NaOH Clear 1.22 0.02 387 8 

Tetra-Na-NADPH (100 mM) Clear 1.6 0.7 76 7/8 

Vanillyl alcohol sat. Turbid 1.64 0.06 - 6 

L-Tryptophan (80 mM) Turbid 2.30 0.01 39.4 6 

Indoxyl sulfate (0.1 M) Clear 3.49 0.03 31 2 

Indoxyl sulfate (0.1 M) Clear 3.58 0.06 31 7 

3-Indolepropionic acid (0.1 M) Clear 3.49 0.03 2174 5 

NaSaccharine Clear 0.313 0.005 114 7/8 

Resveratrol-Tri-PO4 (185 mM) Clear 47.6 0.5 3.9 >8 
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7.8 Solubilization of lumichrome 

Table A 75: Water-solubility of lumichrome in the presence of sodium polyphenolates 
and related compounds and in pure water. 

Additive 
c(lumichrome) 

(mmol·kg-1) 
Additive 

c(lumichrome) 
(mmol·kg-1) 

Water 0.035 ± 0.002 Na-4-OH-3-OMe-Benz 0.42 ± 0.01 

NaBenz 0.08 ± 0.01 NaCinn 0.573 ± 0.006 

NaCHC 0.19 ± 0.02 Na-2,4-Pentadienoate 4.41 ± 0.04 

NaButyrate 0.186 ± 0.003 Na-4-OH-3-OMe-Cinn 4.5 ± 0.2 

NaValerate 0.31 ± 0.05 Na-3,4-DiOMe-Cinn 7.1 ± 0.3 

 

7.9 Solubilization of folic acid 

Table A 76: Solubility of folic acid in water in the absence and presence of aromatic sodium carboxylates, 
molar additive/folic acid ratio and factor for the increase in the water-solubility compared to pure water. 

Additive c(folic acid) (mmol·kg-1) Ratio Factor 

Pure water 0.025 ± 0.004  
  

0.2 M NaButyrate 9.1 ± 0.4  21± 1 364 

0.37 M Na-4-OH-3-OMe-Benz 13.9 ± 0.3 26.6 ± 0.6 556 

0.2 M NaCinn 17.6 ± 0.6 11.4 ± 0.4 704 

0.2 M NaValerate 20 ± 2 10 ± 1 800 

0.37 M Na-3,4-DiOMe-Cinn 22 ± 4 17 ± 3 880 

0.2 M Na-2,4-Pentadienoate 24.9 ± 0.9 8.0 ± 0.3 996 

0.37 M Na-4-OH-3-OMe-Cinn 50 ± 4 7.2 ± 0.5 2000 

 

7.10 SAXS measurements 

 

Figure A 7: SAXS measurements of 0.30 mol·kg-1 aqueous sodium polyphenolates solutions without 
riboflavin and saturated with riboflavin. The signal to noise ratio was low, thus aggregates could not be 
detected. 
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7.11 NMR Measurements 

7.11.1 Riboflavin in DMSO6 

 

Figure A 8: 1H-NMR spectrum of riboflavin in DMSO-d6 (saturation). 

 

Figure A 9: 13C-NMR spectrum of riboflavin in DMSO-d6 (saturation). 
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Table A 77: Attribution of 1H-NMR signals to RF atoms, see Figure A 8.The COSY, NOESY, HSQC and 
HMBC spectrum were used for validation of the attribution see Figure A 10-Figure A 13. s = singlet, d = 
doublet, t = triplet, m = multiplet. 

Proton δ (ppm) Number of protons Splitting J (Hz) Attribution via 

1 11.34 1 s - Shift 

2 7.90 1 s - HSQC 

3 7.86 1 s - HSQC 

4 (OH) 5.11 1 d 3J(4-11) = 4.95 HMBC 

5/8 4.92 1 t 2J(5-8) = 10.51 HSQC, Integral, 

Shift 

6 (OH) 4.86 1 d 3J(6-11) = 4.68 HMBC 

7 (OH) 4.79 1 d 3J(7-10) = 5.84 HMBC 

8/5 4.60 1 d 2J(8-5) = 13.65 COSY 

9 (OH) 4.49 1 t 2J(9-11) = 5.68 Splitting/HMBC 

10 4.25 1 m Not resolved COSY 

11 3.64 3 m Not resolved COSY 

12 3.46 1 m Not resolved COSY 

13 2.47 3 s - HSQC 

14 2.39 3 s - HSQC 

 

Table A 78: Attribution of 13C-NMR signals to RF carbon atoms 
from Figure A 9. The atoms attributed via HSQC are indicated 
in brackets, see Figure A 9. C9a was not certain, as the noise 
was too strong. 

Carbon δ (ppm) Carbon δ (ppm) 

4 159.99 9 117.22 (HSQC) 

10a 155.50 3‘ 72.81 (HSQC) 

2 152.57 4‘ 73.29(HSQC) 

5a 145.96 2‘ 68.80 (HSQC) 

4a 136.42 5‘ 63.12 (HSQC) 

8 135.67 1‘ 47.11 (HSQC) 

7 134.30 12 20.76 (HSQC) 

9a* 134.01/128.07 17 18.77 (HSQC) 

6 130.39 (HSQC) 
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Figure A 10: COSY spectrum of riboflavin in DMSO-d6 (saturation). The following interactions were 
visible: H12 with H9/11; H11 with H6/H4/H10/H12/H9; H10 with H8/H5/H11; H8 with H5/H10. 

 

Figure A 11: HSQC spectrum of riboflavin in DMSO-d6 (saturation). The protons could be attributed to 
the following carbons atoms: (a) C17 to H14 and C12 to H13 - (b) C5’ to H12 and C5’/C3’/C4’ to H11 - 
(c) C2’ to H10 - (d) C1 to H8/5 - (e)C6 to H3 - (f)C9 to H2. 
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Figure A 12: HMBC spectrum of riboflavin in DMSO-d6 (saturation). The following cross peaks are 
visible: (a) C3’/C4’-H12 and C3’/C4’-H11 and C5’/C3’/C4’-H9 and C4’/C2’/C1’-H7 and C4’-H6 and 
C4’/C2’/C3’-H4 – (b) C9/C6/C9a/C7/C8/C5a/C4a-H13/14 – (c) C12/C17/C6/C9a/C7/C8/C5a/C4a/C9-
H2/3 – (d) C4a/C4-H1. 

 

Figure A 13: NOESY spectrum of riboflavin in DMSO-d6 (saturation). The interactions of the sugar chain 
were marked with a circle. The interactions, which were depicted in Figure A 10 above, are visible in the 
NOESY spectrum, too. Additionally, a cross-peak between H10 and H7 was found. Therefore, H7 
belonged to the OH-group nearest to the isoalloxazine ring. 
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7.11.2 NMR experiments with riboflavin 5’-monophosphate 

sodium salt in deuterium oxide 

 

Figure A 14: 1H-NMR spectrum of riboflavin 5’-monophoshpate sodium salt in deuterium oxide 
(saturation). 

 

Table A 79: Attribution of 1H-NMR signals from Figure A 14 to RF-PO4 protons via the chemical shift δ, 
the integrals, the splitting and coupling constants. The right column shows the interactions observed 
from the NOESY spectrum in Figure 119. vis. = visible, s = singlet, d = doublet, t = triplet, m = multiplet. 

Proton δ (ppm) Number of protons Splitting J (Hz) NOESY 

1 Not vis. 1 - - 
 

2 7.57 1 s - H13, H10 
H8, H5 

3 7.30 1 s - H14 

4 (OH) Not vis 
 

- - 
 

5 4.85 1 t 2J(5-8) = 12.72 H2 

6 (OH) Not vis - - - 
 

7 (OH) Not vis - - - 
 

8 4.46 1 d 2J(8-5) = 14.60 H2 

10 4.23 1 m 
 

H2 

11 3.94 3 m 
  

12 3.76 1 m 
  

13 2.33 3 s - H2 

14 2.18 3 s - H3 
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Figure A 15: 13C-NMR spectrum of riboflavin 5’-monophosphate sodium salt in deuterium oxide 
(saturation). To have a reference an NMR tube with DMSO-d6 was inserted. 

 

Table A 80: Attribution of 13C-NMR signals from Figure A 15 to RF-PO4 carbons via the chemical shift 
δ, the HSQC and HMBC spectrum from Figure A 16 and Figure A 17. C3’ and C5’ gave rise to two 
signals probably due to different degrees of protonation and different conformations of the ribityl chain. 

Carbon δ (ppm) HSQC HMBC 

4 159.20 
  

2 156.39 
 

H3, H14, H13 

10a 149.75 
  

4a 138.44 
 

H2, H13, H14 

5a 148.44 
  

8 132.70 
 

H2, H13 

7 132.26 
 

H3, H14 

9a 130.26 
  

6 128.99 H3 
 

9 115.98 H2 H13 

4‘ 71.48 H11/12 H11, H12 

3‘ 70.44/70.37 H11/12 
 

2‘ 68.27 H10 
 

5‘ 64.93/64.88 H11/12 H12 

1‘ 46.48 H8 / H5 
 

12 19.71 H13 H2, H14 

17 17.58 H14 H3, H13 
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Figure A 16: HSQC NMR spectrum of riboflavin 5’-monophosphate in deuterium oxide (saturation). To 
have a reference in 13C-NMR tube with DMSO-d6 was inserted. 1H-NMR was conducted in deuterium 
oxide only. The following cross peaks are present: a) H14/H13 with C17/C12, b) H2 with C9; H3 with 
C6, c) H5 and H8 with C1’, d) H11 with C5’, C3’, C4’ and H10 with C2’. 

 

Figure A 17: HMBC NMR spectrum of riboflavin 5’-phosphate sodium salt in deuterium oxide 
(saturation). To have a reference in 13C-NMR tube with DMSO-d6 was inserted. 1H-NMR was conducted 
in deuterium oxide only. The following cross peaks are present: a) H14 with C12 and H13 with C17, b) 
H13 with C9, C8, C4a, C2 and H14 with C7, C4a, C2, c) H12 with C5’ and H11/H12 with C4’, d) H3 with 
C17 and H2 with C12, e) H3 with C7, C2 and H2 with C8, C4a. 

 



 

289 
 
 

7.11.3 Riboflavin in presence of sodium benzoate in DMSO-d6 

 

Figure A 18: 1H-NMR of sodium benzoate in DMSO-d6 (saturation). 

 

Figure A 19: 1H-NMR spectrum of sodium benzoate and riboflavin (RF) in DMSO-d6 (saturation) at a 
molar ratio of NaBenz/RF = 2. Red: Protons of NaBenz; Black: Protons of RF. 
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Figure A 20: 13C-NMR spectrum of sodium benzoate in DMSO-d6 (saturation). 

 

 

Figure A 21: 13C-NMR spectrum of sodium benzoate and riboflavin (RF) at a molar ratio of 
NaBenz/RF = 2 in DMSO-d6. Red: Carbons of NaBenz; Black: Carbons of RF. 
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Table A 81: δexp: Chemical shift of sodium benzoate’s protons in DMSO-d6 from Figure A 18 chemical 
shift of the protons of NaBenz in the presence of riboflavin at a molar ratio of 2 in DMSO-d6 from Figure 
A 19. Δδ: Change of the chemical shift of the protons of NaBenz due to the presence of RF relatively to 
NaBenz in pure DMSO-d6. Fifth column: Splitting for pure NaBenz and in presence of RF. The protons 
of NaBenz were assigned via the integrals. Left = deshielding/shift downfield; Right = shielding/ shift 
upfield. 

 NaBenz NaBenz/RF = 2   

Proton δexp (ppm) δexp (ppm) Δδ (ppm) Splitting 

1 7.87 7.91 Left: 0.04 multiplet 

2 7.26 7.29 Left: 0.03 multiplet 

 

Table A 82: δexp: Chemical shift of the protons of riboflavin at a molar ratio of sodium benzoate/RF = 2 
in DMSO-d6 from Figure A 19. Δδ: Change of the chemical shift RF’s protons due to the presence of 
NaBenz relatively to RF in pure DMSO-d6 from Figure A 8. Fourth/fifth column: Splitting and coupling of 
RF’s protons in presence of NaBenz. Left = deshielding/shift downfield; Right = shielding/ shift upfield, 
vis. = visible, s = singlet, d = doublet, t = triplet, m = multiplet. 

Proton δexp (ppm) Δδ (ppm) Splitting J (Hz) 

1 11.40 Left: 0.06 s  

2 8.05 Left: 0.15 s  

3 7.87 - s  

4 (OH) 6.02 Left: 0.91 s  

5 4.97 Left: 0.05 t 2J(5-8) = 11.44 

6 (OH) 5.56 Left: 0.70 s  

7 (OH) 5.56 Left: 0.77 s  

8 4.66 Left: 0.06 d 2J(8-5) = 13.41 

9 (OH) Not vis. - -  

10 4.27 Left: 0.02 td 3J(10-7) = 9.50; 3J(10-11/8/5) = 2.72 

11 3.67 Left: 0.03 m  

12 3.51 Left: 0.05 m  

13 2.46 - s  

14 2.38 - s  

 

Table A 83: δexp: Chemical shift of sodium benzoate’s carbon atoms in DMSO-d6 from Figure A 20, 
chemical shift of NaBenz’s carbon atoms at a molar ratio of NaBenz/riboflavin of 2 in DMSO-d6 Figure 
A 21. δcalc: Calculated chemical shift of NaBenz’s carbon atoms in DMSO-d6. Δδ. Change of the chemical 
shift of the carbon atoms of NaBenz due to the presence of RF relatively to NaBenz in pure DMSO-d6. 
Left = deshielding/shift downfield; Right = shielding/ shift upfield. 

  NaBenz NaBenz/RF = 2  

Carbon δcalc (ppm) δexp (ppm) δexp (ppm) Δδ (ppm) 

7 - 169.79 170.44 Left: 0.65 

4 133.3 140.63 139.73 Right: 0.90 

6/2 130.1 128.98 129.08 Left: 0.10 

1 130.9 128.44 128.91 Left: 0.47 

5/3 128.4 127.00 127.16 Left: 0.16 
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Table A 84: Attribution of 13C-NMR signals of riboflavin (RF) in the presence 
of sodium benzoate in DMSO-d6 (δexp) from Figure A 21 and change of the 
chemical shift Δδ due to the presence of NaBenz at a molar ratio of 
NaBenz/RF = 2 relatively to RF in pure DMSO-d6 from Table A 78 in section 
7.11.1. Left = deshielding/shift downfield; Right = shielding/ shift upfield. All 
RF signals were very weak and hardly observable. If signals were hardly 
visible, they were set in brackets. For C2 two signals were observed. 

Carbon δexp (ppm) Δδ (ppm) Carbon δexp (ppm) Δδ (ppm) 

4 160.14 Left: 0.15 9 117.74 Left: 0.52 

10a 155.73 Left: 0.23 4‘ 73.78 Left: 0.49 

2 152.94/150.71 Left: 0.37 
(Right: 1.86) 

3‘ 73.09 Left: 0.28 

5a 144.43 (Right: 1.53) 2‘ 69.38 Left: 0.58 

4a 136.66 Left: 0.24 5‘ 63.54 Left: 0.42 

8 135.96 Left: 0.29 1‘ 47.69 Left: 0.58 

7 134.04 Right: 0.26 12/17 20.77 - 

9a 132.26 (Right: 1.75) 17 /12 18.87 Left: 0.10 

6 130.61 Left: 0.22    

 

 

7.11.4 Riboflavin in presence of sodium salicylate in DMSO-d6 

 

Figure A 22: 1H-NMR spectrum of Na-2-OH-Benz in DMSO-d6 (saturation). 
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Figure A 23: 1H-NMR spectrum of Na-2-OH-Benz with riboflavin in DMSO-d6 at a molar ratio of Na-2-
OH-Benz/RF = 2. 

 

Figure A 24: 1H-NMR spectrum of Na-2-OH-Benz with riboflavin in DMSO-d6 at a molar ratio of Na-2-
OH-Benz/RF = 5. 
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Figure A 25: 1H-NMR spectrum of Na-2-OH-Benz with riboflavin in DMSO-d6 at a molar ratio of Na-2-
OH-Benz/RF = 10. 

 

Figure A 26: 1H-NMR spectrum of Na-2-OH-Benz with riboflavin in DMSO-d6 at a molar ratio of Na-2-
OH-Benz/RF = 50. 
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Table A 85: Chemical shift δexp (ppm) of sodium salicylate’s protons in 
DMSO-d6 and at the molar ratios of Na-2-OH-Benz/riboflavin of 2, 5, 10 
and 50 in DMSO-d6, see Figure A 22 - Figure A 26. 

Proton Na-2-OH-Benz Ratio 50 Ratio 10 Ratio 5 Ratio 2 

1 15.22 15.55 15.62 16.09 16.32 

2 7.88 7.76 7.73 7.67 7.65 

3 7.23 7.18 7.17 7.14 7.12 

4 6.75 6.68 6.67 6.62 6.57 

5 6.70 6.64 6.63 6.60 6.60 

 

Table A 86: Splitting and coupling constants (Hz) of sodium salicylate’s protons in absence and 
presence of riboflavin at different molar ratios of Na-2-OH-Benz to RF in DMSO-d6 retrieved from Figure 
A 22 - Figure A 26. s = singlet, dd = doublet of doublets, ddd = doublet of doublets of doublets. 

 Splitting Na-2-OH-Benz Ratio 50 Ratio 10 Ratio 5 Ratio 2 

H1 s - - - - - 

H2 dd 
3J(2-5) = 7.70 
4J(2-3) = 1.82 

3J(2-5) = 7.60 
4J(2-3) = 1.81 

3J(2-5) = 7.62 
4J(2-3) = 1.85 

3J(2-5) = 7.57 
4J(2-3) = 1.85 

3J(2-5) = 7.58 
4J(2-3) = 1.85 

H3 ddd 

3J(3-5) = 9.01 
3J(3-4) = 7.15 
4J(3-2) = 1.82 

3J(3-5) = 9.03 
3J(3-4) = 7.20 
4J(3-2) = 1.85 

3J(3-5) = 9.08 
3J(3-4) = 7.14 
4J(3-2) = 1.85 

3J(3-5) = 9.08 
3J(3-4) = 7.26 
4J(3-2) = 1.85 

3J(3-5) = 9.07 
3J(3-4) = 7.06 
4J(3-2) = 1.85 

H4 dd 
3J(4-3) = 7.15 
4J(4-5) = 0.98 

3J(4-3) = 7.20 
4J(4-5) = 1.11 

3J(4-3) = 7.14 
4J(4-5) = 1.09 

3J(4-3) = 7.26 
4J(4-5) = 1.09 

3J(4-3) = 7.06 
4J(4-5) = 1.12 

H5 ddd 

3J(5-3) = 9.01 
3J(5-2) = 7.70 
4J(5-4) = 0.98 

3J(5-3) = 9.03 
3J(5-2) = 7.60 
4J(5-4) = 1.11 

3J(5-3) = 9.08 
3J(5-2) = 7.62 
4J(5-4) = 1.09 

3J(5-3) = 9.08 
3J(5-2) = 7.57 
4J(5-4) = 1.09 

3J(5-3) = 9.07 
3J(5-2) = 7.58 
4J(5-4) = 1.12 

Table A 87: Change of the chemical shift Δδ (ppm)of Na-2-OH-
Benz protons due to the presence of riboflavin at different mole 
ratios of Na-2-OH-Benz to RF in DMSO-d6 relatively to Na-2-OH-
Benz in pure DMSO-d6, see Table A 85. Left = deshielding/shift 
downfield; Right = shielding/ shift upfield. 

Proton Ratio 2 Ratio 5 Ratio 10 Ratio 50 

1 Left: 1.10 Left: 0.87 Left: 0.40 Left: 0.33 

2 Right: 0.23 Right: 0.21 Right: 0.15 Right: 0.12 

3 Right: 0.11 Right: 0.09 Right: 0.06 Right: 0.05 

4 Right: 0.18 Right: 0.13 Right: 0.08 Right: 0.07 

5 Right: 0.10 Right: 0.10 Right: 0.07 Right: 0.06 

Table A 88: Attribution of riboflavin protons in presence of sodium salicylate 
in DMSO-d6 (δexp) at a molar ratio of Na-2-OH-Benz/RF = 2 from the 1H-
NMR spectrum, see Figure A 23. J = coupling constants; s = singlet, d = 
doublet, t = triplet, m = multiplet. 

Riboflavin with Na-2-OH-Benz in DMSO-d6 at ratio 2 

Proton δexp (ppm) Number of protons Splitting J (Hz) 

1 11.34 1 s - 

2 7.93 1 s - 

3 7.89 1 s - 

4 (OH) 5.17 1 d 3J(4-11) = 4.81 

5 4.94 1 t 2J(5-8) = 13.00 

6 (OH) 4.91 1 d 3J(6-11) = 4.17 

7 (OH) 4.85 1 d 3J(7-10) = 5.82 

8 4.53 1 d 2J(8-5) = 13.33 
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9 (OH) 4.53 1 t 2J(9-11) = 5.50 

10 4.26 1 m Not resolved 

11 3.65 3 m Not resolved 

12 3.46 1 m Not resolved 

13 2.48 3 s - 

14 2.40 3 s - 

 

Table A 89: Attribution of riboflavin protons in presence of sodium salicylate in 
DMSO-d6 (δexp) at a molar ratio of Na-2-OH-Benz/RF = 5 from the 1H-NMR spectrum, 
see Figure A 24. J = coupling constants; s = singlet, d = doublet, t = triplet, m = 
multiplet. 

Riboflavin with Na-2-OH-Benz in DMSO-d6 at ratio 5 

Proton δexp (ppm) Number of protons Splitting J (Hz) 

1 11.35 1 s - 

2 7.94 1 s - 

3 7.89 1 s - 

4 (OH) 5.24 1 d 3J(4-11) = 4.37 

5 4.95 1 t Overlap with other peak 

6 (OH) 4.99 1 d 3J(6-11) = 3.95 

7 (OH) 4.91 1 d 3J(7-10) = 5.77 

8 4.64 1 d 2J(8-5) = 13.88 

9 (OH) 4.60 1 t 2J(9-11) = 5.74 

10 4.26 1 m Not resolved 

11 3.65 3 m Not resolved 

12 3.47 1 m Not resolved 

13 2.47 3 s - 

14 2.40 3 s - 

 

Table A 90: Attribution of riboflavin’s protons in presence of sodium 
salicylate in DMSO-d6 (δexp) at a molar ratio of Na-2-OH-Benz/RF = 10 from 
the 1H-NMR spectrum, see Figure A 25. J = coupling constants; s = singlet, 
d = doublet, t = triplet, m = multiplet. 

Riboflavin with Na-2-OH-Benz in DMSO-d6 at ratio 10 

Proton δexp (ppm) Number of protons Splitting J (Hz) 

1 11.43 1 s - 

2 7.97 1 s - 

3 7.90 1 s - 

4 (OH) 5.49 1 s - 

5 4.98 1 t 2J(5-8) = 13.13 

6 (OH) 5.22 1 s - 

7 (OH) 5.14 1 s - 

8 4.67 1 d 2J(8-5) = 13.13 

9 (OH) 4.81 1 s - 

10 4.29 1 m Not resolved 

11 3.68 3 m Not resolved 

12 3.52 1 m Not resolved 

13 2.46 3 s - 

14 2.38 3 s - 
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Table A 91: Attribution of riboflavin’s protons in presence of sodium 
salicylate in DMSO-d6 (δexp) at a molar ratio of Na-2-OH-Benz/RF = 50, see 
Figure A 26. J = coupling constants; s = singlet, d = doublet, t = triplet, 
m = multiplet. 

Riboflavin with Na-2-OH-Benz in DMSO-d6 at ratio 50 

Proton δexp (ppm) Number of protons Splitting J (Hz) 

1 11.47 1 s - 

2 8.00 1 s - 

3 7.92 1 s - 

4 (OH) 5.58 1 s - 

5 4.99 1 t 2J(5-8) = 12.15 

6 (OH) 5.31 1 s - 

7 (OH) 5.23 1 s - 

8 4.70 1 d 2J(8-5) = 12.15 

9 (OH) 4.89 1 s - 

10 4.31 1 m Not resolved 

11 3.70 3 m Not resolved 

12 3.54 1 m Not resolved 

13 2.46 3 s - 

14 2.38 3 s - 

 

Table A 92: Change of the chemical shift Δδ of riboflavin protons 
in presence of sodium salicylate at different molar ratios of Na-2-
OH-Benz to RF in DMSO-d6. The change of the chemical shift was 
calculated from the data in Table A 88 - Table A 91 using the NMR 
spectrum of RF in pure DMSO-d6 from Figure A 8 as reference. 
Left = deshielding/shift downfield; Right = shielding/ shift upfield. 

Proton Ratio 2 Ratio 5 Ratio 10 Ratio 50 

1 Left: < 0.01 Left: 0.02 Left: 0.09 Left: 0.13 

2 Left: 0.03 Left: 0.05 Left: 0.08 Left: 0.10 

3 Left: 0.03 Left: 0.04 Left: 0.04 Left: 0.07 

4 (OH) Left: 0.05 Left: 0.13 Left: 0.37 Left: 0.46 

5 Left: 0.02 Left: 0.03 Left: 0.06 Left: 0.08 

6 (OH) Left: 0.06 Left: 0.13 Left: 0.36 Left: 0.45 

7 (OH) Left: 0.06 Left: 0.12 Left: 0.35 Left: 0.44 

8 Right: 0.07 Left: 0.04 Left: 0.07 Left: 0.10 

9 (OH) Left: 0.04 Left: 0.11 Left: 0.32 Left: 0.40 

10 Left: 0.01 Left: 0.02 Left: 0.05 Left: 0.07 

11 Left < 0.01 Left: 0.01 Left: 0.05 Left: 0.06 

12 Left: < 0.01 Left: 0.02 Left: 0.06 Left: 0.08 

13 Left: < 0.01 Left: 0.01 Left: 0.01 - 

14 Left: < 0.01 Left: < 0.01 Left: 0.01 Right: 0.01 
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Figure A 27: 13C-NMR spectrum with Na-2-OH-Benz in DMSO-d6 (saturation). 

 

Figure A 28: 13C-NMR spectrum of Na-2-OH-Benz/RF at the molar ratio 2 in DMSO-d6. 
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Figure A 29: 13C-NMR spectrum of Na-2-OH-Benz/RF at the molar ratio 5 in DMSO-d6. 

 

Figure A 30: 13C-NMR spectrum of Na-2-OH-Benz/RF at the molar ratio 10 in DMSO-d6. 
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Figure A 31: 13C-NMR spectrum of Na-2-OH-Benz/RF at the molar ratio 50 in DMSO-d6. 

 

Table A 93: Attribution of 13C-NMR signals of Na-2-OH-Benz in DMSO-d6 (δexp) from Figure A 27. The 
calculated chemical shift was determined with an increment table.273 

Carbon δcalc (ppm) δexp (ppm) 

7 - 173.36 

2 157.00 162.31 

4 134.9 132.23 

6 131.7 130.77 

1 120.8 120.06 

5 118.3 117.00 

3 115.8 116.13 
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Table A 94: δexp: Attribution of sodium salicylate carbon atoms to 13C-NMR signals in presence of riboflavin 
in DMSO-d6 at the molar ratios of Na-2-OH-Benz/RF = 2, 5, 10 and 50. Δδ: Change of the chemical shift 
Δδ of Na-2-OH-Benz carbons due to the presence of RF at the different molar ratios relatively to Na-2-OH-
Benz in pure DMSO-d6. The corresponding NMR spectra are displayed in Figure A 28 - Figure A 31. Left = 
deshielding/shift downfield; Right = shielding/ shift upfield. 

 δexp (ppm) Δδ (ppm) 

Carbon Ratio 2 Ratio 5 Ratio 10 Ratio 50 Ratio 50 Ratio 10 Ratio 5 Ratio 2 

7 171.57 171.87 172.50 172.86 Right: 0.50 Right: 0.86 Right: 1.49 Right: 1.79 

2 162.90 162.72 162.41 162.33 Left: 0.02 Left: 0.10 Left: 0.41 Left: 0.59 

4 131.28 131.41 131.73 131.92 Right:0.31 Right: 0.50 Right: 0.82 Right: 0.95 

6 129.92 129.99 130.23 130.43 Right:0.34 Right: 0.54 Right: 0.78 Right: 0.85 

1 120.50 120.34 120.08 120.03 Right: 0.03 Left: 0.02 Left: 0.28 Left: 0.44 

5 115.84 116.02 116.43 116.65 Right: 0.35 Right:  0.57 Right: 0.98 Right: 1.16 

3 115.76 115.77 115.86 115.94 Right: 0.19 Right: 0.27 Right: 0.36 Right: 0.37 
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Table A 95: Left: Attribution of riboflavin carbon atoms to 13C-NMR signals in presence of sodium salicylate 
in DMSO-d6 (δexp) at the molar ratios of Na-2-OH-Benz/RF = 2, 5, 10 and 50. Right: Change of the chemical 
shift Δδ of RF carbons due to the presence of Na-2-OH-Benz at different ratios relatively to RF in pure DMSO-
d6 from Figure A 9. The NMR spectra are displayed in Figure A 28 - Figure A 31. Left = deshielding/shift 
downfield; Right = shielding/ shift upfield. 

 δexp (ppm) Δδ (ppm) 

Carbon Ratio 50 Ratio 10 Ratio 5 Ratio 2 Ratio 2 Ratio 5 Ratio 10 Ratio 50 

4 160.46 160.21 160.02 159.99 - Left: 0.03 Left: 0.22 Left: 0.47 

10a  155.99 155.76 155.56 155.52 Left: 0.02 Left: 0.06 Left: 0.26 Left: 0.49 

2 150.86 150.84 150.86 150.88 Right: 1.70 Right: 1.72 Right: 1.70 Right: 1.68 

5a 146.52 146.30 146.05 146.00 Left: 0.04 Left: 0.09 Left: 0.34 Left: 0.56 

4a 136.64 136.67 136.75 136.78 Left: 0.36 Left: 0.33 Left: 0.25 Left:0.22 

8 136.07 135.92 135.76 135.73 Left: 0.06 Left: 0.09 Left: 0.25 Left: 0.40 

7 134.26 134.11 134.03 134.01 Right:  0.29 Right: 0.27 Right: 0.19 Right: 0.04 

9a 132.34 132.21 132.13 132.12 Not determined, carbon of RF not certain 

6 131.28 130.73 130.69 130.67 Left: 0.28 Left: 0.30 Left:0.34 Left: 0.89 

9 117.60 117.60 117.51 117.49 Left: 0.27 Left: 0.29 Left: 0.38 Left:0.38 

4‘ 73.66 73.62 73.58 73.58 Left: 0.29 Left:0.29 Left:0.33 Left: 0.37 

3‘ 73.03 72.95 72.85 72.83 Left: 0.02 Left 0.04 Left: 0.14 Left: 0.22 

2‘ 69.24 69.08 68.90 68.85 Left: 0.05 Left: 0.10 Left:0.28 Left:0.44 

5‘ 63.45 63.42 63.40 63.41 Left: 0.29 Left: 0.28 Left: 0.30 Left: 0.33 

1‘ 47.66 47.52 47.34 47.30 Left: 0.19 Left: 0.23 Left: 0.41 Left: 0.55 

12  20.85 20.79 20.76 20.77 - < 0.01 Left: 0.03 Left: 0.09 

17 18.90 18.84 18.78 18.77 < 0.01 < 0.01 Left: 0.07 Left: 0.13 
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7.11.5 Riboflavin in presence of sodium 3-hydroxybenzoate in 

DMSO-d6 

 

Figure A 32: 1H-NMR spectrum of sodium 3-hydroxybenzoate in DMSO-d6 (saturation). 

 

Figure A 33: COSY NMR spectrum sodium 3-hydroxybenzoate in DMSO-d6 (saturation). 
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Figure A 34: HSQC NMR spectrum of sodium 3-hydroxybenzoate in DMSO-d6 (saturation). 

 

Figure A 35: HMBC NMR spectrum of sodium 3-hydroxybenzoate in DMSO-d6 (saturation). 
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Table A 96: Attribution of 1H-NMR signals of sodium 3-hydroxybenzoate in DMSO-d6 (δexp) from Figure 
A 32. The signals were attributed via the splitting, coupling constants, COSY, HSQC and HMBC NMR 
spectra as well as by comparison with the calculated shift from an increment table.273 (*) Coupling not 
visible due to similarity to coupling of H1 and H4. For COSY, HSQC and HMBC spectrum see Figure A 
33 - Figure A 35. s = singlet, t = triplet, dd = doublet of doublets; ddd = doublet of doublets of doublets, 
dt = triplet of doublet. 

Proton δcalc (ppm) δexp (ppm) Splitting J (Hz) COSY HSQC HMBC 

OH - 10.12 s - 
   

1 7.55 7.48 dd 4J(1-4) = 1.26 
4J(1-2) = 2.63 

H2 C2 C2/C6/C1/C3/C7 

2 6.95 6.76 ddd 4J(2-4) = 1.14 
4J(1-2) = 2.59 
3J(2-3) = 7.87 

H3/H1 C4 C2/C6/C3 

3 7.32 7.05 t 3J(2-3) = 7.87 
3J(3-4) = 7.61 

H2/H4 C5 C3/C1/C2/C4/C7 

4 7.66 7.35 dt 4J(1-4) = 1.26 
3J(3-4) = 7.61 
4J(2-4) = * 

H3 C6 C2/C5/C7 

 

 

Figure A 36: 1H-NMR spectrum of riboflavin and sodium 3-hydroxy benzoate in DMSO-d6 at a molar 
ratio of Na-3-OH-Benz/RF = 11. Red: Protons of Na-3-OH-Benz; Black: Protons of RF. 
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Table A 97: Attribution of 1H-NMR signals sodium 3-hydroxybenzoate in presence of riboflavin in DMSO-
d6 (δexp) at a molar ratio of 11 (Figure A 36) and change of the chemical shift Δδ of the protons of Na-3-
OH-Benz due to the presence of RF relatively to Na-3-OH-Benz in pure DMSO-d6 from Table A 96  Left 
= deshielding/shift downfield. 

Proton δexp (ppm) Δδ (ppm) 

OH 10.32 Left: 0.20 

1 7.52 Left: 0.04 

2 6.80 Left: 0.04 

3 7.07 Left: 0.02 

4 7.39 Left: 0.04 

 

Table A 98: Attribution of 1H-NMR signals riboflavin in the presence of sodium 3-hydroxybenzoate in 
DMSO-d6 (δexp) at a molar ratio of Na-3-OH-Benz/RF = 11 from Figure A 36 and change of the chemical 
shift Δδ of riboflavin’s protons due to the presence of RF relatively to RF in pure DMSO-d6 from Figure 
A 8. The splitting and coupling of RF in DMSO-d6 is given in the rightest two columns. Left = 
deshielding/shift downfield; Right = shielding/ shift upfield. s = singlet, d = doublet, t = triplet, 
m = multiplet, vis. = visible. 

Proton δexp (ppm) Δδ (ppm) Splitting J (Hz) Splitting 
pure RF 

Jpure RF (Hz) 

1 Not vis. - - - s - 

2 8.08 Left: 0.18 s - s - 

3 7.92 Left: 0.06 s - s - 

4 (OH) Not vis. - - - d 3J(4-11) = 4.95 

5 5.00 Left: 0.08 s - t 2J(5-8) = 10.51 

6 (OH) Not vis. - - - d 3J(6-11) = 4.68 

7 (OH) Not vis. - - - d 3J(7-10) = 5.84 

8 4.72 Left: 0.12 d 2J(8-5) = 10.42 d 2J(8-5) = 13.65 

9 (OH) Not vis. - - - t 2J(9-11) = 5.68 

10 4.32 Left: 0.07 d 3J(10-7) = 5.89 m m 

11 3.73 Left: 0.09 m - m m 

12 3.57 Left: 0.09 m - m m 

13 2.46 - - - s - 

14 2.36 Right: 0.03  - s - 
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Figure A 37: 13C-NMR spectrum of sodium 3-hydroxybenzoate in DMSO-d6 (saturation). 

 

Figure A 38: 13C-NMR spectrum of riboflavin in presence of sodium 3-hydroxybenzoate in DMSO-d6 at 
a molar ratio of Na-3-OH-Benz/RF = 11. Red: Carbons of Na-3-OH-Benz; Black: Carbons of RF. 
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Table A 99: δexp: Chemical shift of the carbon atoms of sodium 3-hydroxybenzoate in DMSO-d6 
(saturation) from Figure A 37, chemical shift of the carbons of Na-3-OH-Benz in presence of RF in 
DMSO-d6 at a molar ratio of Na-3-OH-Benz/RF = 11 from Figure A 38. The carbons were attributed  via 
the HSQC/HMBC spectrum (Figure A 34, Figure A 35) and comparison with the theoretical shift δcalc.273 
Δδ: Change of the chemical shift in comparison to Na-3-OH-Benz in pure DMSO-d6. 
Left = deshielding/shift downfield; Right = shielding/ shift upfield. 

 Na-3-OH-Benz Na-3-OH-Benz/RF = 11  

Carbon δcalc (ppm) δexp (ppm) δexp (ppm Δδ (ppm) 

7 - 170.82 171.22 Left: 0.40 

3 155.3 157.10 157.27 Left: 0.17 

1 132.5 141.16 140.89 Right: 0.27 

5 130.0 127.84 128.01 Left: 0.17 

6 122.5 119.77 119.89 Left: 0.12 

2 117.5 116.50 116.65 Left: 0.15 

4 120.7 116.11 116.44 Left: 0.33 

 

Table A 100: Attribution of 13C-NMR signals of riboflavin in presence of sodium 3-hydroxybenzoate in 
DMSO-d6 at a molar ratio of Na-3-OH-Benz/RF = 11 (δexp) from Figure A 38 and change of the chemical 
shift Δδ relatively to RF in pure DMSO-d6 (saturation) from Figure A 9. For some carbons (C4, C2, C5a, 
C4a) two signals were found, hence two shifts are given. Left = deshielding/shift downfield; Right = 
shielding/ shift upfield, vis. = visible. *not certain signal in spectrum of pure RF in DSMO-d6 hardly 
visible. 

Carbon δexp (ppm) Δδ (ppm) 

4 161.57/160.47 Left: 1.58-0.48 

2 150.76/152.74 Right: 1.80, Left: 0.17 

10a 154.83 Right: 0.67 

5a 146.63/145.50 Right: 0.46, Left: 0.67 

4a 138.16/137.20 Left: 1.74-0.78 

8 136.53 Left: 0.86 

7 134.31 Left: 0.01 

9a* 132.09 Right: 1.92 

6 Not vis. Not vis. 

9 Not vis. Not vis. 

3‘ 73.62 Right: 0.11 

4‘ 73.18 Left: 0.81 

2‘ 69.47 Left: 0.67 

5‘ 63.54 Left: 0.42 

1‘ Not vis. Not vis. 

12 20.79 Left: 0.03 

17 18.92 Left: 0.15 

 

 

 

7.11.6 Riboflavin in presence of sodium 4-hydroxybenzoate in 

DMSO-d6 

Na-4-OH-Benz in presence of RF led to a distortion of the NMR signals. Only an additive/RF 

ratio of 2 led to reliable results. The corresponding 1H-NMR spectrum and the attribution of the 

signals to the protons are given in Figure A 40 and Table A 101. 
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Figure A 39: 1H-NMR spectrum of sodium 4-hydroxybenzoate in DMSO-d6 (saturation). 

 

Figure A 40: 1H-NMR spectrum of riboflavin in presence of sodium 4-hydroxybenzoate in DMSO-d6 at 
the molar ratio of Na-4-OH-Benz/RF = 2. Red: Protons of Na-4-OH-Benz; Black: Protons of RF. 

Table A 101: Attribution of 1H-NMR signals from Figure A 39 to sodium 4-hydroxybenzoate protons in 
DMSO-d6 (δexp) with the help of an increment table (δcalc).273 Attribution of the signals of Na-4-OH-Benz 
in presence of riboflavin at a molar ratio of 2 in DMSO-d6  (δexp) from Figure A 40. The splitting and 
coupling constants were equal for Na-4-OH-Benz with and without RF. Δδ: Change of the chemical shift 
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of Na-4-OH-Benz due to the presence of RF in DMSO-d6 (*) overlap with signal H1 of RF, see Table A 
102. Right = shielding/ shift upfield, s = singlet, d = doublet. 

 Na-4-OH-Benz Na-4-OH-
Benz/RF = 2 

For pure Na-4-OH-Benz 
and with RF  

 

Proton δcalc (ppm) δexp (ppm) δexp (ppm) Splitting J (Hz) Δδ (ppm) 

OH - 10.65 10.45* s - Right: 0.20 

1 7.99 7.76 7.73 d 3J(1-2) = 8.50 
4J(1-1) = 1.97 

Right: 0.03 

2 6.88 6.70 6.67 d 3J(1-2) = 8.50 
4J(2-2) = 2.00 

Right: 0.03 

 

Table A 102: Attribution of 1H-NMR signals from Figure A 40 to riboflavin’s protons (ratio of Na-4-OH-
Benz/RF = 2) and change of the chemical shift Δδ of RF protons due to the presence of Na-4-OH-Benz 
in DMSO-d6 relatively to RF in pure DMSO-d6 from the Table A 77 in section 7.11.1 in the Appendix Last 
column: Splitting of the signals of RF signals in presence of Na-4-OH-Benz. (*) overlap with signal of 
OH-group of Na-4-OH-Benz, see Table A 101. Left = deshielding/shift downfield; Right = shielding/ shift 
upfield, vis. = visible, s = singlet; Quotation marks: pseudo-doublet/quartet, due to similar coupling 
constants. 

Proton δexp (ppm) Δδ (ppm) Splitting 

1 11.00* Right: 0.34 s (broad) 

2 8.04 Left: 0.14 s (broad) 

3 7.86 - s (broad) 

4 (OH) 5.88 Left: 0.77 s (broad) 

5 4.95 Left: 0.03 s (broad) 

6 (OH) 5.56 Left: 0.70 s (broad) 

7 (OH) Not vis. Not vis. - 

8 4.65 Left: 0.05 s (broad) 

9 (OH) Not vis. Not vis. - 

10 4.26 - s (broad) 

11 3.66 Left: 0.02 „d“ 

12 3.50 Left: 0.04 „q“ 

13 Not vis. Not vis. - 

14 2.39 - s (broad) 
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Figure A 41: 13C-NMR of sodium 4-hydroxybenzoate in DMSO-d6 (saturation). 

 

Figure A 42: HSQC spectrum of DMSO-d6 saturated with Na-4-OH-Benz. 
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Figure A 43: 13C-NMR of riboflavin in presence of sodium 4-hydroxybenzoate in DMSO-d6 at a molar 
ratio of Na-4-OH-Benz/RF = 2. Red: Carbons of Na-4-OH-Benz; Black: Carbons of RF. 

 

Table A 103: δexp: Chemical shift of sodium 4-hydroxybenzoate in DMSO-d6 from Figure A 41, chemical 
shift  of the protons of Na-4-OH-Benz in presence of riboflavin in DMSO-d6 at a molar ratio of Na-4-OH-
Benz/RF of 2 from Figure A 43.For the attribution of Na-4-OH-Benz carbons of Na-4-OH-Benz in DMSO-
d6, the HSQC spectrum (Figure A 42) and the theoretical shift δcalc were used.273 Δδ: Change of the 
chemical shift of Na-4-OH-Benz carbons in presence of RF relatively to Na-4-OH-Benz in pure DMSO-
d6. Left = deshielding/shift downfield; Right = shielding/ shift upfield. 

 Na-4-OH-Benz Na 4-OH-Benz/RF = 2  

Carbon δcalc (ppm) δexp (ppm) HSQC δexp (ppm) Δδ (ppm) 

7 - 170.94  170.80 Right: 0.14 

1 123.3 129.99  130.08 Left: 0.09 

5/3 115.8 113.95 H2 113.89 Right: 0.06 

6/2 131.7 130.80 H1 130.79 - 

4 160.2 159.14  158.93 Right:0.21 
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Table A 104: Chemical shift  δexp of the carbon atoms of riboflavin in presence of sodium 4-
hydroxybenzoate in DMSO-d6 from Figure A 43 and change of the chemical shift Δδ at a molar ratio of 
Na-4-OH-Benz/RF = 2 compared to RF in pure DMSO-d6 from Figure A 9. Left = deshielding/shift 
downfield; Right = shielding/ shift upfield. (*) overlap of C6 of RF with C6/2 or C1 of Na-4-OH-Benz, see 
Table A 103. 

Carbon δexp (ppm) Δδ (ppm) Carbon δexp (ppm) Δδ (ppm) 

4 160.35 Left: 0.36 9 Not vis. - 

10a 152.84 Left: 0.27 4‘ 73.82 Left: 0.53 

2 155.77 Left: 0.27 3‘ 73.07 Left:0.26 

5a (146.46) Left: 0.50 2‘ 69.12 Left: 0.32 

4a (136.75) Left: 0.33 5‘ 63.55 Left: 0.43 

8 (136.07) Left: 0.40 1‘ 47.35 Left: 0.24 

7 Not vis. - 12/17 18.84 Right: 1.92 

9a Not vis. - 17 /12 18.65 Right: 0.12 

6 * - 
   

 

 

7.11.7 Riboflavin in presence of sodium vanillate in DMSO-d6 

 

Figure A 44: 1H-NMR spectrum of sodium vanillate in DMSO-d6 (saturation). 
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Figure A 45: 1H-NMR spectrum of sodium vanillate and riboflavin in DMSO-d6 (saturation) at a molar 
ratio of Na-4-OH-3-OMe-Benz/RF = 1.3. Red: Protons of sodium vanillate; Black: Protons of riboflavin. 

 

Table A 105: δexp: Chemical shift of the protons of sodium vanillate in DMSO-d6 from Figure A 44 with 
the corresponding coupling constant, chemical shift of the protons of sodium vanillate in DMSO-d6 at a 
molar ratio of sodium vanillate/riboflavin = 1.3 from Figure A 45 with the corresponding coupling 
constants. The protons were attributed via the calculated chemical shift δcalc. Splitting referring to both 
pure sodium vanillate and in presence of riboflavin, as the splitting was equal for both. Δδ:  Change of 
the chemical shift of sodium vanillate protons due to the presence of RF relative to sodium vanillate in 
pure DMSO-d6. Left = deshielding/shift downfield, s = singlet, d = doublet, dd = doublet of doublets. 

 vanillate vanillate/RF = 1.3   

Proton δcalc 
(ppm) 

δexp 
(ppm) 

J (Hz) δexp 
(ppm) 

J (Hz) Splitting Δδ 
(ppm) 

OH - 9.13 - 9.27 - s Left: 0.14 

OMe - 3.74 - 3.75 - s Left: 0.01 

1 8.61 7.43 4J(1-2) = 1.72 7.45 3J(1-2) = 1.8 d Left: 0.02 

2 8.2 7.31 4J(1-2) = 1.72 
3J(2-3) = 8.12 

7.34 3J(1-2) = 1.8 
3J(2-3) = 8.14 

dd Left: 0.03 

3 7.02 6.66 3J(2-3) = 8.12 6.69 3J(2-3) = 8.14 d Left: 0.03 
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Table A 106: δexp: Chemical shift of the protons of riboflavin in presence of sodium vanillate at a molar 
ratio of sodium vanillate/RF of 1.3 with the corresponding splitting and coupling from Figure A 45.Δδ: 
Change of the chemical shift of RF protons in presence of vanillate in comparison to RF in pure DMSO-
d6 from Figure A 8. Left = deshielding/shift downfield, s = singlet, d = doublet, t =triplet, dd = doublet of 
doublet, m = multiplet, vis. = visible. 

Proton δexp (ppm) Splitting J (Hz) Δδ (ppm) 

1 11.34 s (broad) - - 

2 8.02 s - Left: 0.12 

3 7.89 s - Left: 0.03 

4 (OH) 5.71 s (broad) - Left: 0.60 

5 4.95 t 2J(5-8) = 12.17 Left: 0.03 

6 (OH) 5.33 s (broad) - Left: 0.47 

7 (OH) Not vis. s (broad) - - 

8 4.64 d 2J(8-5) = 12.17 Left: 0.04 

9 (OH) Not vis. - - - 

10 4.26 dd 3J(10-7) = 9.47, 3J(10-5/8) = 3.09 - 

11 3.65 m (but different) - - 

12 3.47 m (but different) - - 

13 2.48 s - - 

14 2.40 s - - 

 

 

Figure A 46: 13C-NMR spectrum of sodium vanillate in DMSO-d6 (saturation). 
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Figure A 47: HSQC NMR spectrum sodium vanillate in DMSO-d6 (saturation). For the cross-peaks see 
Table A 107. 

 

Figure A 48: HMBC NMR spectrum of sodium vanillate in DMSO-d6 (saturation). For the cross peaks 
see Table A 107. 
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Figure A 49: 13C-NMR spectrum of sodium vanillate and riboflavin in DMSO-d6 (saturation) at a molar 
ratio of Na-4-OH-3-OMe-Benz/RF = 1.3. Red: Carbons of sodium vanillate; Black: Carbons of riboflavin. 

 

Table A 107: δexp: Chemical shift of the carbon atoms of sodium vanillate in DMSO-d6 from Figure A 46, 
chemical shift the carbon atoms of sodium vanillate in DMSO-d6 in presence of riboflavin at a molar ratio 
of 1.3 from Figure A 49. Δδ: Change of the chemical shift of the carbons of sodium vanillate due to the 
presence of RF. The carbon atoms were attributed via cross peaks in the HSQC and HMBC NMR 
spectrum (Figure A 47, Figure A 48) and with the help of a theoretical shift δcalc.273 

 sodium vanillate vanillate/RF = 1.3  

Carbon δcalc (ppm) δexp (ppm) HMBC HSQC δexp (ppm) Δδ (ppm) 

7 - 169.34 H1, H2 - 169.55 Left: 0.21 

4 159.8 146.19 H1, H2, H3, OMe - 146.36 Left: 0.17 

6 135.9 122.23 H1 H2 122.43 Left: 0.20 

3 125.1 129.59 H3 - 130.60 Right: 1.01 

1 123.5 124.96 - - 125.55 Left: 0.59 

5 116.0 113.99 H2 H3 114.17 Left: 0.18 

2 131.9 113.15 H2 H1 113.10 Right: 0.05 

OMe - 55.31 OMe OMe 55.34 Left: 0.02 
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Table A 108: δexp: Chemical shift of the carbon atoms of riboflavin in presence of sodium vanillate in 
DMSO-d6 from Figure A 49 at a molar ratio of vanillate/RF = 1.3. Δδ: Change of the chemical shift Δδ at 
a molar ratio of vanillate/RF = 1.3 compared to RF in pure DMSO-d6 from Figure A 9. Left = 
deshielding/shift downfield; Right = shielding/ shift upfield. 

Carbon δexp (ppm) Δδ (ppm) Carbon δexp (ppm) Δδ (ppm) 

4 162.93 Left: 2.94 9 117.69 Left: 0.47 

10a 155.55 Left: 0.05 4‘ 73.78 Left: 0.49 

2 150.60 Right: 1.97 3‘ 72.99 Left: 0.18 

5a 146.07 Left 0.11 2‘ 69.16 Left: 0.36 

4a 136.75 Left: 0.33 5‘ 63.53 Left: 0.41 

8 135.75 Left: 0.08 1‘ 47.52 Left: 0.41 

7 134.01 Right: 0.29 12/17 20.69 Right:0.07 

9a 132.18 Right: 1.83 17/12 18.78 - 

6 130.60 Left: 0.21 
   

 

 

7.11.8 Riboflavin in presence of sodium cinnamate in DMSO-d6 

 

Figure A 50: 1H-NMR spectrum of sodium cinnamate in DMSO-d6 (saturation). 
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Figure A 51: 1H-NMR spectrum of riboflavin and sodium cinnamate in DMSO-d6 at a molar ratio of 
NaCinn/RF = 0.4. Red: Protons of NaCinn; Black: Protons of RF. 

 

Figure A 52: 1H-NMR spectrum of riboflavin and sodium cinnamate in DMSO-d6 at a molar ratio of 
NaCinn/RF = 1. Red: Protons of NaCinn; Black: Protons of RF. 
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Figure A 53: 13C-NMR spectrum of sodium cinnamate in DMSO-d6 (saturation). 

 

Figure A 54: 13C-NMR spectrum of riboflavin and sodium cinnamate in DMSO-d6 at a molar ratio of 
NaCinn/RF = 0.4. Red: Carbons of NaCinn; Black: Carbons of RF. 
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Figure A 55: 13C-NMR spectrum of riboflavin and sodium cinnamate in DMSO-d6 at a molar ratio of 
NaCinn/RF = 1. Red: Carbons of NaCinn; Black: Carbons of RF. 

 

Figure A 56: COSY NMR spectrum of sodium cinnamate in DMSO-d6 (saturation). 
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Figure A 57: NOESY NMR spectrum of sodium cinnamate in DMSO-d6 (saturation). 

 

Figure A 58: NOESY NMR spectrum of riboflavin and sodium cinnamate in DMSO-d6 at a molar ratio of 
NaCinn/RF = 1. 
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Figure A 59: HSQC NMR spectrum of sodium cinnamate in DMSO-d6 (saturation). 

 

Figure A 60: HMBC NMR spectrum of sodium cinnamate in DMSO-d6 (saturation). 



324 
 

 

Figure A 61: HSQC NMR spectrum of sodium cinnamate and riboflavin in DMSO-d6 at a molar ratio of 
NaCinn/RF = 1. 

 

Figure A 62: HMBC NMR spectrum of riboflavin and sodium cinnamate in DMSO-d6 at a molar ratio of 
NaCinn/RF = 1. 
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Table A 109: δexp: Chemical shift of the protons of sodium cinnamate from Figure A 50, chemical shift 
of NaCinn’s protons in DMSO-d6 from Figure A 51 and Figure A 52 at the molar NaCinn/riboflavin ratios 
0.4 and 1. Δδ: Change of the chemical shift of NaCinn’s protons in presence of RF at the molar ratios 
0.4 and 1 relatively to NaCinn in pure DMSO-d6. Last three columns: Splitting pattern, coupling constants 
and attribution of the protons for the NMR spectra were equal for both molar ratios. The chemical shift 
of the protons was attributed via the splitting, the coupling constants, the COSY NOESY, HSQC and 
HMBC NMR spectra (Figure A 56-Figure A 62) and with the help of the calculated shift δcalc.273 Left = 
deshielding/shift downfield, d = doublet, td = triplet of doublets, tt = triplet of triplets. 
 

NaCinn NaCinn/RF = 
0.4 

NaCinn/RF = 
1 

General information for all spectra 

Proton δcalc 
(ppm) 

δexp 
(ppm) 

δexp 
(ppm) 

Δδ 
(ppm) 

δexp 
(ppm) 

Δδ 
(ppm) 

Splitting/ 
J (Hz) 

Attributed 
by 

1 6.60 6.36 6.38 Left: 
0.02 

6.37 - d 3J(1-2) = 15.91 Integral 
Coupling 

2 8.04 7.07 7.15 Left: 
0.08 

7.10 Left: 
0.03 

d 3J(1-2) = 15.91 Integral 
Coupling 
HMBC 

3 7.16 7.46 7.47 - 7.47 - td 3J(3-4) = 7.22, 
4J 3-5) = 1.56 

Splitting 
Integral 
NOESY:H2/1 
COSY: H4;  
HMBC 

4 7.29 7.33 7.33 - 7.33 - tt 3J(3/5-4) = 7.17 Splitting 
Integral 
COSY: H3/5 

5 7.32 7.25 7.26 - 7.25 - tt 3J(4-5) = 7.21, 
4J(3-5) = 1.56 

Splitting 
Integral 

 

Table A 110: δexp: Chemical shift of the carbon atoms of sodium cinnamate in DMSO-d6 from Figure A 
53, chemical shift of the carbon atoms of sodium cinnamate at a molar ratio of NaCinn/riboflavin of 0.4 
and 1 from Figure A 54 and Figure A 55. Δδ: Change of the chemical shift of NaCinn’s carbons of NaCinn 
in presence of riboflavin relatively to NaCinn in pure DMSO-d6. Left = deshielding/shift downfield; Right 
= shielding/ shift upfield. In Brackets: Signal not certain due to strong noise for pure NaCinn in DMSO-
d6. The signals were attributed via the HSQC and HMBC spectrum from Figure A 59-Figure A 62 and 
with calculated chemical shift δcalc.273 

 NaCinn NaCinn/RF = 1 NaCinn/RF = 0.4 
 

δcalc 
(ppm) 

δexp 
(ppm) 

HSQC HMBC δexp 
(ppm) 

Δδ 
(ppm) 

HSQC HMBC δexp 
(ppm) 

Δδ 
(ppm) 

C1 
 

169.31 
 

H1,H2 169.93 Left: 
0.62 

- - 170.38 Left: 
1.07 

C4 136.1 145.82/ 
144.16* 

- - Not vis. - - - 144.22 (Left: 
0.06) 

C3 144.7 136.82 H2 H3, 
H4,H1 

136.78/ 
136.68 

Right: 
0.14 

H2 H4,H1 136.50/ 
136.45 

Right: 
0.37 

C2 116.5 130.42 H1 - 130.27 Right: 
0.15 

H1 - 129.23 Right: 
1.19 

C8/
C6 

126.7 128.59 H4 H4 128.60 - H4 H4 128.63 Left: 
0.04 

C7 125 127.81 H5 H3 127.92 Left: 
0.11 

H5 H3 128.08 Left: 
0.27 

C9/
C5 

126.7 126.87 H3 H2, 
H3,H5 

126.92 Left: 
0.05 

H3 H3,H5, 
H2 

127.00 Left: 
0.13 
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Table A 111: δexp: Chemical shift of the protons of riboflavin in presence of sodium cinnamate from 
Figure A 51 and Figure A 52 at a molar ratio of NaCinn/RF of 0.4 and 1 in DMSO-d6. Δδ: Change of the 
chemical shift of RF in presence of NaCinn relatively to RF in pure DMSO-d6 from Figure A 8. The 
splitting was equal for both molar ratios, the coupling for both ratios is given in the last two columns. Left 
= deshielding/shift downfield; Right = shielding/ shift upfield, s = singlet, d = doublet, t = triplet, 
m = multiplet. 

 NaCinn/RF = 0.4 NaCinn/RF = 1  NaCinn/RF = 0.4 NaCinn/RF = 1 

Proton δexp 
(ppm) 

Δδ 
(ppm) 

δexp 
(ppm) 

Δδ 
(ppm) 

Splitting J (Hz) J (Hz) 

1 11.34 - 11.34 - s   

2 7.96 Left: 0.06 7.98 Left: 0.08 s   

3 7.88 Left: 0.02 7.89 Left: 0.03 s   

4 (OH) 5.39 Left: 0.28 5.47 Left: 0.36 s (broad)   

5 4.94 Left: 0.02 4.95 Left: 0.03 t J2(5-8) = 11.68 J2(5-8) = 11.75 

6 (OH) 5.04 Left: 0.18 5.11 Left: 0.25 s (broad)   

7 (OH) - -  - -   

8 4.63 Left: 0.03 4.63 Left: 0.03 d J2(8-5) = 13.40 J2(8-5) = 13.75 

9 (OH) - -  - -   

10 4.25 - 4.25 - d J3(10-7) = 9.72 J3(10-7) = 8.98 

11 3.64 -- 3.64 - m   

12 3.46 - 3.46 - m   

13 2.48 - 2.48 - s   

14 2.39 - 2.40 - s   

 

Table A 112: δexp: Chemical shift of the carbon atoms of riboflavin in presence of sodium cinnamate 
in DMSO-d6 at a molar ratio of NaCinn/RF of 1 from Figure A 55. Δδ: Change of the chemical shift 
of riboflavin due to the presence of NaCinn in DMSO-d6 relative to RF in pure DMSO-d6 from Figure 
A 9. “Left = deshielding/shift downfield; Right = shielding/ shift upfield; Shifts in brackets, are not 
certain as the signal to noise ratio was too low. For C1’, C4a, C2 and C10a several peaks were 
found. 

Carbon δexp (ppm) Δδ (ppm) Carbon δexp (ppm) Δδ (ppm) 

4 160.00 - 9 117.60 Left: 0.38 

10a 155.87/155.55 Left: 0.05-0.37 4‘ 73.67 Left: 0.38 

2 150.86/149.29 (Right: 1.71) 3‘ 73.06 Left: 0.25 

5a 146.02 Left: 0.06 2‘ 69.02 Left: 0.22 

4a 136.78/136.68 Left. 0.26-0.36 5‘ 63.46 Left: 0.34 

8 135.59 Right:0.08 1‘ 47.94/47.12/46.68 Left: 0.83; 

Right: 0.43 

7 134.01 Right: 0.29 12  20.72 Right: 0.04 

9a 132.26 (Right: 1.75) 17  18.77 - 

6 131.44 Left: 1.05    
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7.11.9 Riboflavin 5’-monophosphate sodium salt in presence of 

sodium ferulate in deuterium oxide 

 

Figure A 63: 1H-NMR spectrum sodium ferulate in deuterium oxide (saturation). 

 

Figure A 64: 1H-NMR spectrum of riboflavin 5’-monophosphate with sodium ferulate in deuterium oxide 
at a molar ratio of Na-4-OH-3-OMe-Cinn/RF-PO4 = 5.5. Red: Protons of sodium ferulate; black: Protons 
of RF-PO4 sodium salt. 
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Table A 113: Attribution of the protons of sodium ferulate in deuterium oxide to the 1H-NMR signals 
from Figure A 63 with corresponding the splitting and coupling constants. The shift was also 
compared with the theoretical shift δcalc from an increment table.273 d = doublet; dd = doublet of 
doublets; s = singlet. 

Proton δcalc (ppm) δ (ppm) Number of protons Splitting J (Hz) 

1 6.73 6.96 1 d 4J(1-2) = 1.99 

2 7.77 6.88 1 dd 3J(2-3) = 8.26, 4J(1-2) = 1.99 

3 6.50 6.69 1 d 3J(2-3) = 8.26 

a 8.04 7.13 1 d 3J(a-b) = 15.95 

b 6.58 6.19 1 d 3J(a-b) = 15.95 

OMe  3.70 3 s - 

 

Table A 114: Attribution of the protons of riboflavin 5‘-monophosphate sodium salt at a molar ratio of 
sodium ferulate/RF-PO4 = 5.5 from Figure A 64 in deuterium oxide. Δδ: Change of chemical shift 
compared to the signals of pure RF-PO4 due to the presence of sodium ferulate in deuterium oxide from 
the Figure A 14. Left = deshielding/shift downfield; Right = shielding/ shift upfield; J = coupling constant; 
s = singlet, d = doublet, m = multiplet, vis. = visible * overlap with signal of deuterium oxide. 

Proton δexp 

(ppm) 

Number of protons Splitting J (Hz) Δδ (ppm) 

1 Not vis. 1 - - - 

2 7.47 1 s - Right: 0.10 

3 7.37 1 s - Left: 0.07 

4 (OH) Not vis. 1 - - - 

5  4.7* 1 - * Right: 0.15 

6 (OH) Not vis. 1 - - - 

7 (OH) Not vis. 1 - - - 

8 4.36 1 d 2J(8-5) = 13.50  Right: 0.10 

10 4.29 1 m 2J(8-5) = 10.05 Left: 0.06 

11 3.93 3 m 
 

- 

12 3.77 1 m 
 

- 

13 2.28 3 s - Right: 0.05 

14 2.17 3 s - - 

 

Table A 115: Attribution of sodium ferulate’s protons at a molar ratio of sodium ferulate/RF-PO4 = 5.5 in 
deuterium oxide from Figure A 64. ∆δ: Change of chemical shift of sodium ferulate’s protons due to the 
presence of RF-PO4 relative to sodium ferulate in pure deuterium oxide from Figure A 63 and Table A 
113. Right = shielding/ shift upfield, s = singlet, d = doublet. 

Proton δexp (ppm) Number of protons Splitting J (Hz) Δδ (ppm) 

1 6.62 1 s - Right: 0.34 

2 6.58 1 d 3J(2-3) = 8.30 Right: 0.30 

3 6.45 1 d 3J(2-3) = 8.30 Right: 0.24 

a 6.83 1 d 3J(b-a) = 16.04 Right: 0.30 

b 5.91 1 d 3J(b-a) = 16.04 Right: 0.28 

OMe 3.55 3 s - Right: 0.15 
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Figure A 65: 13C-NMR spectrum of sodium ferulate in deuterium oxide (saturation). To have a reference 
an NMR tube with deuterated dimethyl sulfoxide was inserted. 

 

Figure A 66: HSQC NMR spectrum of sodium ferulate in deuterium oxide (saturation). To have a 
reference signal, an NMR tube with deuterated dimethyl sulfoxide was inserted to record the 1H and 13C-
NMR spectrum. 



330 
 

 

Figure A 67: HMBC NMR spectrum of sodium ferulate in deuterium oxide (saturation). To have a 
reference signal, an NMR tube with deuterated dimethyl sulfoxide was inserted to record the 1H- and 
13C-NMR spectrum. 

 

Figure A 68: 13C-NMR spectrum of sodium riboflavin 5’-monophosphate with sodium ferulate in 
deuterium oxide at a molar ratio of ferulate/RF-PO4 = 5.5. To have a reference signal an NMR tube with 
deuterated dimethyl sulfoxide was inserted to record the13C-NMR spectrum. Red: Carbons of sodium 
ferulate; black: Carbons of RF-PO4. 
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Figure A 69: HSQC NMR spectrum of aromatic sodium ferulate carbon atoms at a molar ratio of 
ferulate/sodium riboflavin 5’-monophosphate = 5.5 in deuterium oxide. To have a reference signal, an 
NMR tube with deuterated dimethyl sulfoxide was inserted to record the 13C-NMR spectrum. 

 

Table A 116: Attribution of 13C-NMR signals from Figure A 65 to sodium ferulate’s 
carbon atoms via the cross-peaks in the HSQC spectrum from Figure A 66 and 
HMBC from Figure A 67. The purchased ferulate was not entirely deprotonated. 
Thus, the acid’s signal was also visible at 159.32 ppm. 

Carbon δcalc (ppm) δ (ppm) HMBC HSQC 

1 - 175.14 (acid: 159.32) Ha, Hb - 

7 147.0 146.59 OMe, H3 - 

8 140.8 145.92 H3, H2, H1 - 

3 144.7 140.08 Hb, H2, H1 Ha 

4 129.6 126.70 Ha, Hb, H1, (H2), H3 - 

5 120.0 121.11 Hb, H3 H2 

2 116.5 120.42 H1, Ha Hb 

6 115.5 114.58 H2, H1 H3 

9 110.7 109.78 Ha, Hb, H2, H3, OMe H1 

m-OMe - 54.77 OMe OMe 
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Table A 117: Attribution of the carbon atoms of sodium riboflavin 5’-monophosphate in presence of 
sodium ferulate in deuterium oxide at a molar ratio of ferulate/RF-PO4 = 5.5 from Figure A 68. ∆δ: 
Change of chemical shift compared to the ones in absence of sodium ferulate from Figure A 15. Left = 
deshielding/shift downfield; Right = shielding/ shift upfield. C3’ and C4a were present as two signals. 

Carbon δexp (ppm) Δδ (ppm) Carbon δexp (ppm) Δδ (ppm) 

4 159.73 Left: 0.53 9 115.61 Right: 0.37 

2 156.74 Left: 0.35 4‘ 71.66 Left: 0.18 

10a 149.60 Right: 0.15 3‘ 70.74/70.68 Left: 0.30 

4a 139.45/138.21 Left: 1.01; Right: 0.23 2‘ 68.57 Left: 0.30 

5a 148.34 Right: 0.10 5‘ 64.09 Right: 0.84/0.79 

8 133.84 Left: 1.14 1‘ 46.64 Left: 0.16 

7 131.89 Right: 0.37 12 19.83 Left: 0.12 

9a 130.63 Left: 0.37 17 17.70 Left: 0.12 

6 129.49 Left: 0.50    

 

Table A 118: Attribution of sodium ferulate’s carbon atoms in presence of sodium riboflavin 5’-
monophosphate in deuterium oxide at a molar ratio of ferulate/RF-PO4 = 5.5 from Figure A 68. ∆δ: 
Change of chemical shift compared to the signals in absence of RF-PO4 from Figure A 65. Right = 
shielding/ shift upfield; The carbons were identified via the HSQC spectrum in Figure A 69. C9 was 
present as two signals. 

Carbon δ (ppm) Δδ (ppm) HSQC 

1 174.66 Right: 0.48 - 

7 146.12 Right: 0.47 - 

8 145.45 Right:0.47 - 

3 139.52 Right: 0.56 Ha 

4 126.29 Right: 0.41 - 

5 120.62 Right: 0.49 H2 

2 120.09 Right: 0.33 Hb 

6 114.14 Right: 0.44 H3 

9 109.22; (110.70) Right: 0.56 H1 

m-OMe 54.47 Right: 0.30 OMe 
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7.11.10 Vitamin K3 

 

Figure A 70: Superimposed 1H-NMR spectrum of an aqueous 0.2 mol·kg-1 and 3 mol·kg-1 sodium 3,4-
dimethoxycinnamate solution. Red: protons of 3,4-dimethoxycinnamate. The arrows show the change 
of the chemical shift due to the variation of the concentration. Water peak: 4.8 ppm. 

 

Figure A 71: Superimposed 1H-NMR spectra of distinct aqueous solutions of sodium 5-phenyl-2,4-
pentadieonate solutions saturated with vitamin K3. Protons of vitamin K3: blue; protons of sodium salt: 
red. Water peak: 4.8 ppm. 
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Figure A 72: Superimposed 1H-NMR spectra of distinct aqueous solutions of sodium benzoate solutions 
saturated with vitamin K3. Protons of vitamin K3: blue; protons of sodium salt: red. H2 of vitamin K3 is 
covered by the aromatic protons of NaBenz. Water peak: 4.8 ppm. 

 

Figure A 73: Superimposed 1H-NMR spectra of distinct aqueous solutions of sodium ferulate saturated 
with vitamin K3. Protons of vitamin K3: blue; protons of sodium salt: red. Water peak: 4.8 ppm. 
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Figure A 74: 1H-NMR spectrum of distinct aqueous solutions of sodium 4-phenylbutyrate saturated with 
vitamin K3 in water. Protons of vitamin K3: blue; protons of sodium salt: red. 

 

Figure A 75: 1H-NMR spectrum of distinct aqueous solutions of sodium cinnamate saturated with vitamin 
K3 in water. Protons of vitamin K3: blue; protons of sodium cinnamate: red. Water peak: 4.8 ppm. 
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Figure A 76: 1H-NMR spectrum of distinct aqueous solutions of sodium 5-phenylvalerate saturated with 
vitamin K3 in water. Protons of vitamin K3: blue; protons of sodium salt: red. Water peak: 4.8 ppm. 

 

Figure A 77: NOESY spectrum of an aqueous 3 mol·kg-1 sodium 3,4-dimethoxycinnamate sample. (a) 
Cross-peaks of the methoxy groups with all aromatic protons; (b) Cross peaks between all aromatic 
protons. 
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7.11.11 Folic acid 

 

Figure A 78: 1H-NMR spectrum of folic acid (saturation) in an aqueous 3.0 mol·kg-1 Na-3,4-DiOMe-Cinn 
solution. 
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7.11.12 Solubility of caffeine in aqueous sodium vanillate 

solutions 

 

Figure A 79: 1H-NMR spectrum of caffeine (saturation) in pure water (A) and in an aqueous 0.37 mol·kg-1 
sodium vanillate (B) and sodium ferulate (C) solution. Protons of caffeine: blue; protons of vanillate and 
ferulate: red. 
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7.11.13 Compatibility of riboflavin, vitamin K3, folic acid and 

caffeine in an aqueous sodium polyphenolate solution 

Due to an overlap with other peaks and due to the huge solvent signal, some protons were not 

found in the spectra of this section. Note that the ferulate content differed slightly from sample 

to sample, although the mother solution was the same. The reason was that water was trapped 

in the powder, which was removed via filtration. 

 

Figure A 80: 1H-NMR spectrum of caffeine and folic acid (saturation) in an aqueous 0.37 mol·kg-1 sodium 
ferulate solution. Protons of caffeine: blue; protons of folic acid: black; protons of ferulate: red. 
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Figure A 81: 1H-NMR spectrum of caffeine and riboflavin (saturation) in an aqueous 0.37 mol·kg-1 
sodium ferulate solution. Protons of caffeine: blue; protons of riboflavin: orange; protons of ferulate: red. 

 

Figure A 82: 1H-NMR spectrum of caffeine and vitamin K3 (saturation) in an aqueous 0.37 mol·kg-1 
sodium ferulate solution. Protons of caffeine: blue; protons of vitamin K3: green; protons of ferulate: red. 
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Figure A 83: 1H-NMR spectrum of folic acid and vitamin K3 (saturation) in an aqueous 0.37 mol·kg-1 
sodium ferulate solution. Protons of folic acid: black; protons of vitamin K3: green; protons of ferulate: 
red. 

 

Figure A 84: 1H-NMR spectrum of folic acid and riboflavin (saturation) in an aqueous 0.37 mol·kg-1 
sodium ferulate solution. Protons of folic acid: black; protons of riboflavin: orange; protons of ferulate: 
red. 
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Figure A 85: 1H-NMR spectrum of vitamin K3 and riboflavin (saturation) in an aqueous 0.37 mol·kg-1 
sodium ferulate solution. Protons of vitamin K3: green; protons of riboflavin: orange; protons of ferulate: 
red. 

 

Figure A 86: 1H-NMR spectrum of caffeine, vitamin K3 and riboflavin (saturation) in an aqueous 
0.37 mol·kg-1 sodium ferulate solution. Protons of caffeine: blue; protons of vitamin K3: green; protons 
of riboflavin: orange; protons of ferulate: red. 
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Figure A 87: 1H-NMR spectrum of folic acid, vitamin K3 and riboflavin (saturation) in an aqueous 
0.37 mol·kg-1 sodium ferulate solution. Protons of folic acid: black; protons of vitamin K3: green; protons 
of riboflavin: orange; protons of ferulate: red. 

 

Figure A 88: 1H-NMR spectrum of caffeine, vitamin K3 and folic acid (saturation) in an aqueous 
0.37 mol·kg-1 sodium ferulate solution. Protons of caffeine: blue; protons of vitamin K3: green; protons 
of folic acid: black; protons of ferulate: red. 
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Figure A 89: 1H-NMR spectrum of caffeine, riboflavin and folic acid (saturation) in an aqueous 
0.37 mol·kg-1 sodium ferulate solution. Protons of caffeine: blue; protons of folic acid: black; protons of 
riboflavin: orange; protons of ferulate: red. 

 

Figure A 90: 1H-NMR spectrum of caffeine, vitamin K3, riboflavin and folic acid (saturation) in an 
aqueous 0.37 mol·kg-1 sodium ferulate solution. Protons of caffeine: blue; protons of vitamin K3: green; 
protons of folic acid: black; protons of riboflavin: orange; protons of ferulate: red. 
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Figure A 91: 1H-NMR spectrum of caffeine and vitamin K3 in water (saturation). Protons of caffeine: 
blue; protons of vitamin K3. 

 

7.12 Photodegradation of riboflavin 

 

Figure A 92: UV-Vis-absorption spectrum of riboflavin and lumichrome in water. 
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Table A 119: LC-MS results for the photodegradation of riboflavin in pure water (saturation) after 
illumination with an LED-plant lamp for 5 h. 

M-H+ (g·mol-1) Photodegradation products Formula Intensity in ion extract 

377.1457 Riboflavin C17H20N4O4 105 

243.0878 Lumichrome C12H10H4O2 105 

301.0931 Carboxymethylflavin C14H12N4O4 103 

375.1302 Cyclodehydroriboflavin C17H18N4O6 104 

315.1086 

3-(7,8-Dimethyl-2,4-dioxo-

3,4-dihydrobenzo[g]pteridin-

10(2H)-yl) propanoic acid 

C15H14N4O4 104 

285.0983 Formylmethylflavin C14H12N4O3 104 

 

Table A 120: LC-MS results for the photodegradation of riboflavin (48 mg·kg-1) in presence of sodium 
ferulate at a molar ratio of 25 after illumination with an LED-plant lamp for 15 h. The photodegradation 
products with molar mass 570 and 705 seemed to be adducts of ferulic acid and riboflavin. RF = 
riboflavin. 

M-H+ (g·mol-1) Photodegradation products Formula Intensity in ion extract 

369.0983 (at least 4 
different types) 

2 x ferulic acid – H2O – H2 C20H18O8 105 

243.0876 Lumichrome C12H10H4O2 104 

301.0931 Carboxymethylflavin C14H12N4O4 103 

375.1299 Cyclodehydroriboflavin C17H18N4O6 103 

570.1978 Adduct of: RF + ferulic acid C30H24N4O7 104 

705.1944 
Adduct of 4x ferulic acid – 4x 
H2O 

C38H34O12 104 

 

Table A 121: LC-MS results for the photodegradation of riboflavin (48 mg·kg-1) in presence of sodium 
cinnamate at a molar ratio of 25 after illumination with an LED-plant lamp for 15 h. *Probably 
dimers/trimers/tetramers of cinnamic acid with riboflavin and decomposition products of riboflavin, as 
riboflavin has four nitrogen, while some of the degradation products have only two. RF = riboflavin. 

M-H+ (g·mol-1) Photodegradation products Formula Intensity in ion extract 

425.1714 * C23H24N2O6 103 

676.2648 * C39H37N3O8 103 

692.2612 * C39H37N3O9 103 

793.3437 3x cinnamic acid + RF - CO C44H48N4O10 103 

889.3403 * C46H52N2O16 103 

847.3189 * C46H46N4O12 103 

243.0876 Lumichrome C12H10N4O2 103 

375.1299 Cyclodehydroriboflavin C17H18N4O6 103 

 

Table A 122: LC-MS results for the oxidation of sodium caffeate in water. 

M-H+  
(g·mol-1) 

Photodegradation products Formula 
Intensity in ion 
extract 

313.0730 
403.0673 

2x caffeic acid -H2O - CO 
2x caffeic acid 

C18H14O8 / [C18H14O8]+ 

HCOO)- 103 
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Figure A 93: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in Millipore 
water upon illumination with an LED-plant lamp. 

 

Figure A 94: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium caffeate solution at a molar caffeate/riboflavin ratio of 6 upon illumination with an LED-plant 
lamp. CDRF = cyclodehydroriboflavin; CMF = carboxymethylflavin. 
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Figure A 95: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium 3,4-dimethoxycinnamate solution at a molar Na-3,4-DiOMe-Cinn/RF ratio of 25 upon illumination 
with an LED-plant lamp. CDRF = cyclodehydroriboflavin; CMF = carboxymethylflavin. 

 

Figure A 96: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium benzoate solution at a molar NaBenz/RF ratio of 50 upon illumination with an LED-plant lamp. 
CDRF = cyclodehydroriboflavin; CMF = carboxymethylflavin. 
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Figure A 97: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium cinnamate solution at a molar NaCinn/RF ratio of 6 upon illumination with an LED-plant lamp. 
CDRF = cyclodehydroriboflavin; CMF = carboxymethylflavin. 

 

Figure A 98: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium ferulate (Na-4-OH-3-OMe-Cinn) solution at a molar ferulate/riboflavin ratio of 6 upon illumination 
with an LED-plant lamp. CDRF = cyclodehydroriboflavin; CMF = carboxymethylflavin. 
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Figure A 99: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium salicylate (Na-2-OH-Benz) solution at a molar Na-2-OH-Benz/RF ratio of 50 upon illumination 
with an LED-plant lamp. CDRF = cyclodehydroriboflavin; CMF = carboxymethylflavin. 

 

Figure A 100: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium syringate (Na-4-OH-3,5-DiOMe-Benz) solution at a molar Na-4-OH-3,5-DiOMe-Benz /RF ratio 
of 25 upon illumination with an LED-plant lamp. CDRF = cyclodehydroriboflavin; CMF = 
carboxymethylflavin. 
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Figure A 101: Chromatographic evolution of the photodegradation of riboflavin (48 mg·kg-1) in aqueous 
sodium vanillate (Na-4-OH-3-OMe-Benz) solution at a molar Na-4-OH-3-OMe-Benz/RF ratio of 6 upon 
illumination with an LED-plant lamp. CDRF = cyclodehydroriboflavin; CMF = carboxymethylflavin. 
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Figure A 102: Photodegradation of riboflavin in binary water/ethanol systems (A-C) and in the binary 
ethanol/triacetin system (D). 

 

Table A 123: Zero, first and second order rate constants for the photodegradation of riboflavin in the 
binary water/ethanol and ethanol/triacetin system. 

Water/ethanol (w/w) k0 (mol·kg-1·s-1)  Ethanol/triacetin (w/w) k2 (kg·mol-1·s-1) 

100/0 -5.396·10-9  90/10 3.806 
90/10 -7.119·10-9  80/20 3.237 

80/20 -1.212·10-8  70/30 3.139 

70/30 -1.767·10-8  60/40 3.103 

60/40 -2.567·10-8  50/50 3.422 

Water/ethanol (w/w) k1 [ln(mol·kg-1)·s-1]  40/60 3.748 

50/50 -5.787·10-5    
40/60 -6.826·10-5    

30/70 -7.392·10-5    

20/80 -8.791·10-5    

Water/ethanol (w/w) k2 (kg·mol-1·s-1)    

10/90 1.094    
0/100 5.363    
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7.13 High pressure liquid chromatography 

7.13.1 Elution methods 

Table A 124: Left: Elution method for the RP-18 column from Knauer. Riboflavin: 27.2 min. Right: Elution 
method for the RP-18 column 4.6 Nucleodur C18 Isis 5 µm. Riboflavin: 28 min. Solvent A = Millipore 
water with 0.1 vol.% trifluoroacetic acid; solvent B = acetonitrile. 

Time (min) Solvent A (%) Solvent B (%)  Time (min) Solvent A (%) Solvent B (%) 

15 90 10  10 95 5 

40 80 20  15 90 10 

50 80 20  35 90 10 

53 90 10  40 80 20 

60 90 10  50 80 20 

    60 10 90 

    62 10 90 

    70 95 5 

    75 95 5 

 

Table A 125: Elution method for the RP-18 column 4.6 Nucleodur C18 Isis 5 µm. Folic acid was eluted 
at 19.7 min. Solvent A = Millipore water with 0.1 vol.% trifluoroacetic acid; solvent B = acetonitrile. 

Time (min) Solvent A (%) Solvent B (%) 

15 95 5 

30 90 10 

35 90 10 

37 10 90 

39 10 90 

42 95 5 

 

7.13.2 Calibration curves for riboflavin 

The concentration of RF was determined the RP-18 column from Knauer or with the RP-18 

column 4.6 Nucleodur C18 Isis 5 µm. Because of RF’s poor water-solubility, only a calibration 

for low RF concentrations would be possible. To have a wider detection range (six points 

between 0.1 mmol·kg-1 and 2 mmol·kg-1 riboflavin), the two calibration solutions for the RP-18 

column from Knauer were prepared in an aqueous 9.97 g·kg-1 sodium ferulate solution, see 

Table A 126. 

For the quantification of the compounds with the RP-18 column 4.6 Nucleodur C18 Isis 5 µm, 

two calibration curves of RF in an aqueous solution of 9.97 g·kg-1 sodium caffeate as solubilizer 

were recorded (seven points between 0.1 mmol·kg-1 and 2 mmol·kg-1 riboflavin), see Table A 

127. Each concentration of one calibration curve was injected three times. The HPLC 

measurement setup is given in section 3.7.  
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Table A 126: Calibration curves for riboflavin in an aqueous sodium ferulate 
solution for the RP-18 column from Knauer at 445 nm. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

6.769 -0.02 1 

6.714 -0.01 0.9999 

averaged averaged - 

6.74 ± 0.03 0.017 ± 0.007 - 

 

Table A 127: Calibration curves for riboflavin in an aqueous sodium 
caffeate solution for the RP-18 column 4.6 Nucleodur C18 Isis 5 µm at 
445 nm. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

6.745 -0.02 1 

6.708 -0.10 0.9994 

averaged averaged - 

6.73 ± 0.02 0.06 ± 0.04 - 

 

7.13.3 Calibration curves for aromatic sodium salts 

Two calibration curves of the sodium caffeate, ferulate, salicylate, benzoate, vanillate, 

cinnamate, syringate and 3,4-dimethoxycinnamate in water were recorded with the RP-18 

column 4.6 Nucleodur C18 Isis 5 µm, see Table A 128-Table A 135. Therefore, each 

concentration of one calibration curve was injected twice. The solutions were prepared via 

dissolution of the salt in water or via neutralization of the corresponding acid with self-made 

sodium hydroxide solution. 

Table A 128: Calibration curves for sodium caffeate in water for the RP-
18 column 4.6 Nucleodur C18 Isis 5 µm at 323 nm. Due to the high 
oxidative sensitivity of caffeate, the deviation of the calibration curves 
was nearly 9 %. Seven points from 0.1-12 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

5.57 0.1 0.9983 

5.46 0.74 0.9977 

averaged averaged - 

5.51 ± 0.06 0.4 ± 0.3 - 

 

Table A 129: Calibration curves for sodium cinnamate in water for the 
RP-18 column 4.6 Nucleodur C18 Isis 5 µm at 270 nm. Six points from 
0.1-1 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

10.51 0.1 0.9999 

10.599 0.1 0.9998 

averaged averaged - 

10.55 ± 0.05 0.091 ± 0.005 - 
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Table A 130: Calibration curves for sodium vanillate in water for the RP-
18 column 4.6 Nucleodur C18 Isis 5 µm at 292 nm. Six points from 0.12-
13 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

3.036 0.18 0.9999 

2.992 0.24 0.9998 

averaged averaged - 

3.01 ± 0.02 0.21 ± 0.03 - 

 

Table A 131: Calibration curves for sodium ferulate in water for the RP-18 
column 4.6 Nucleodur C18 Isis 5 µm at 323nm. Five points from 0.46-
2.3 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

10.455 -0.171 0.9970 

9.897 0.05 0.9977 

averaged averaged - 

10.2 ± 0.3 

3 

0.1 ± 0.1 - 

 

Table A 132: Calibration curves for sodium salicylate in water for the RP-
18 column 4.6 Nucleodur C18 Isis 5 µm at 302 nm. Six points from 0.1-
8 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

1.915 0.025 0.9982 

2.014 0.071 0.9993 

averaged averaged - 

1.96 ± 0.05 0.05 ± 0.02 - 

 

Table A 133: Calibration curves for sodium benzoate in water for the RP-
18 column 4.6 Nucleodur C18 Isis 5 µm at 273 nm. Eight points from 0.1-
10 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

0.5053 0.056 0.9990 

0.5043 0.046 0.9998 

averaged averaged - 

0.5048 ± 0.0005 0.051 ± 0.005 - 

 

Table A 134: Calibration curves for sodium syringate in water for the RP-
18 column 4.6 Nucleodur C18 Isis 5 µm at 274 nm. Seven points from 0.1-
8 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

5.543 0.22 0.9997 

5.617 0.20 0.9998 

averaged averaged - 

5.58 ± 0.04 0.21± 0.01 - 
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Table A 135: Calibration curves for sodium 3,4-dimethoxycinnamate in 
water for the RP-18 column 4.6 Nucleodur C18 Isis 5 µm at 323 nm. Five 
points from 0.43-2.5 mmol·kg-1. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

9.458 0.305 0.9987 

9.255 0.495 0.9987 

averaged averaged - 

9.4 ± 0.1 0.4 ± 0.1 - 

 

 

7.13.4 Calibration curves for folic acid 

Table A 136: Calibration curves for folic acid in an aqueous sodium vanillate 
solution for the RP-18 column 4.6 Nucleodur C18 Isis 5 µm at 290 nm. 

Slope (V·s kg·mmol-1) Intercept (V·s) Correlation coefficient R2 

11.132 -0.0312 0.9999 
10.852 0.0045 0.9992 

10.616 -0.0112 0.9998 

averaged averaged - 
10.9 ± 0.2 -0.01 ± 0.01 - 
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