
 

 

Synthesis, Characterization and Application of 
New Functional Materials 

 

 

Dissertation 

 

 

Zur Erlangung des Doktorgrades der Naturwissenschaften 

Dr. rer. nat. 

an der Fakultät für Chemie und Pharmazie  

der Universität Regensburg 

 

 

vorgelegt von 

Alex Abramov 

aus Nowokuibyschewsk, Russland 

 

 

Regensburg 2021 

 



 

 

  



 

 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Die Arbeit wurde angeleitet von:   Prof. Dr. David Díaz Díaz 

       Prof. Dr. Oliver Reiser 

Promotionsgesuch eingereicht am:  25. November 2021 



 

 

  



 

 

Der experimentelle Teil der vorliegenden Arbeit wurde in der Zeit von 

Januar 2018 bis August 2021 unter der Leitung von Prof. Dr. David Díaz 

Díaz und Prof. Dr. Oliver Reiser am Lehrstuhl für Organische Chemie der 

Universität Regensburg angefertigt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Besonderer Dank gilt Herrn Prof. Dr. David Díaz Díaz für die Überlassung 

der äußerst interessanten Themen und Projekte, sowie für die vorbildliche 

Betreuung, Unterstützung und Förderung. 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my grandmother 

Спасибо, что показалa мне мир. 

 

 

 

 

 

 

 

  



 

 

 



I 
 

 

1. Summary ............................................................................................... 1 

2. Introduction .......................................................................................... 5 

2.1 Introduction to Polymer Science[1,2]................................................................... 5 

 The Origins of Polymer Science ................................................................. 5 

 Homo- and Copolymers .............................................................................. 6 

 Classification of Polymers........................................................................... 7 

 Stimuli-responsive Polymers ...................................................................... 8 

 References ............................................................................................... 11 

2.2 The Prospect of Photochemical Reactions in Confined Gel Media .............. 13 

 Photodimerization ..................................................................................... 16 

 Triplet Fusion Upconversion ..................................................................... 18 

 Photooxidation .......................................................................................... 25 

 Photoreduction ......................................................................................... 27 

 Trifluoromethylation .................................................................................. 32 

 Conclusions and Perspective ................................................................... 36 

 References ............................................................................................... 38 

3. Main part ............................................................................................. 41 

3.1 Effect of Reaction Media on Photosensitized [2+2]- Cycloaddition of 

Cinnamates ................................................................................................................. 41 

 Abstract .................................................................................................... 43 

 Introduction ............................................................................................... 44 

 Results and Discussion ............................................................................ 46 

 Conclusion and Outlook ........................................................................... 57 

 Experimental Part ..................................................................................... 58 

 References ............................................................................................... 64 

 Additional Information ............................................................................... 67 

3.2 A pH-Triggered Polymer Degradation or Drug Delivery System by Light-

Mediated Cis/Trans Isomerization of o-Hydroxy Cinnamates ................................ 69 

 Abstract .................................................................................................... 71 

 Introduction ............................................................................................... 72 

 Results and Discussion ............................................................................ 74 

 Conclusion ................................................................................................ 79 



II 
 

 

 Experimental Part .................................................................................... 80 

 References .............................................................................................. 82 

 Additional Information .............................................................................. 84 

3.3 An air-tolerant polymer gel-immobilized iridium photocatalyst with pumping 

recyclability properties ............................................................................................. 85 

 Abstract .................................................................................................... 87 

 Introduction .............................................................................................. 88 

 Results and Discussion............................................................................ 90 

 Conclusion and Outlook ........................................................................... 96 

 Experimental Part .................................................................................... 97 

 References .............................................................................................. 98 

 Additional Information ............................................................................ 100 

3.4 Biopolymers as sustainable metal bio-adhesives ....................................... 103 

 Abstract .................................................................................................. 105 

 Introduction ............................................................................................ 106 

 Results and Discussion.......................................................................... 108 

 Conclusion and Outlook ......................................................................... 112 

 Experimental Part .................................................................................. 113 

 References ............................................................................................ 115 

3.5 Thermoresponsive Shape-Memory Hydrogel Actuators Made by 

Phototriggered Click Chemistry ............................................................................. 117 

 Abstract .................................................................................................. 119 

 Introduction ............................................................................................ 120 

 Results and Discussion.......................................................................... 123 

 Conclusion and Outlook ......................................................................... 135 

 Experimental Part .................................................................................. 136 

 References ............................................................................................ 141 

3.6 Methionine-Based Carbon Monoxide Releasing Polymer for the Prevention 

of Biofilm Formation ............................................................................................... 145 

 Abstract .................................................................................................. 147 

 Introduction ............................................................................................ 148 

 Experimental Part .................................................................................. 151 

 Results and Discussion.......................................................................... 157 



III 
 

 

 Conclusion and Outlook ......................................................................... 163 

 References ............................................................................................. 165 

4. List of Abbreviations........................................................................ 169 

5. Curriculum Vitae .............................................................................. 173 

6. Acknowledgments ........................................................................... 177 

7. Declaration ....................................................................................... 179 



IV 
 

 

  



V 
 

 

Preface 

During the dissertation process, most of the results have already been 

published. These are summarized in this thesis often with literal citations 

and the same images. To avoid accusations of plagiarism, at the beginning 

of each chapter a register gives the license number, proper reference to the 

journals, and who was involved to which extent at a specific topic 

abbreviated in capital letters. Also on the first page of each chapter 

TOC/graphical abstracts and cover pictures are depicted, where available.   

At the beginning of this thesis, a summary of all chapters is given, followed 

by a general introduction to the functional materials being used and since 

this work investigates different topics, each chapter includes a short 

introduction about the current state of the art. 

To ensure uniform design of this thesis, the results are written in the same 

text settings and the numeration of compounds, tables, figures and 

schemes begins anew.  
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1. Summary 

This thesis comprises six chapters that deal with the synthesis, 

characterization, and application of new functional materials.  

The introduction is divided into two parts. The first gives a short overview of 

the definition and classification of polymers leading focus to stimuli-

responsive polymers. The second part gives a brief overview of the 

classification and the functionality of gels. It provides a deeper insight into 

the literature of their use in chemistry as a confinement nanoreactor 

material.  

The first chapter describes the outcome of photosensitized [2 + 2]-

cycloaddition reactions of various cinnamates compared in different 

reaction media, including homogeneous organic solutions under inert 

conditions, degassed water, and aerated physical gels. The reactions were 

performed under LED blue light (λmax = 455 nm) irradiation and 

[Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 (1.0 mol%) as photocatalyst. The processes 

were optimized taking into consideration solvent, gelator, and substrate. 

Comparative kinetics analyses, as well as the effect of the reaction media 

on the diastereoselectivity of the process, were evaluated during this 

investigation. In a number of cases, carrying out the reaction in a less polar 

solvent, like toluene or highly polar solvent, like water had a tremendous 

impact on the diastereoselectivity of the process, pointing towards an effect 

on the stabilization of the putative diradical intermediate in this medium.  

The next five chapters are dealing with the synthesis, characterization, and 

functionalization of (bio)polymer materials. 

The second chapter describes a new methodology for the pH-triggered 

degradation of polymers or for the release of drugs under visible light 

irradiation based on the cyclization of ortho-hydroxy-cinnamates (oHC) to 

coumarins. The key oHC structural motif can be readily incorporated into 

the rational design of novel photocleavable polymers via click chemistry. 

This main-chain moiety undergoes a fast photocleavage when irradiated 

with 455 nm light provided that a suitable base is added. A series of 
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polyethylene glycol-alt-ortho-hydroxy cinnamate (polyethylene glycol 

(PEG)n-alt-oHC)-based polymers were synthesized and the time-dependent 

visible-light initiated cleavage of the photoactive monomer and polymer was 

investigated in solution by a variety of spectroscopic and chromatographic 

techniques. The photo-degradation behavior of the water-soluble 

poly(PEG2000-alt-oHC) was investigated within a broad pH range (pH = 2.1-

11.8), demonstrating fast degradation at pH 11.8, while the stability of the 

polymer is greatly enhanced at pH 2.1. Moreover, the neat polymer showed 

long-term stability under daylight conditions, thus allowing its storage 

without special precautions. In addition, two water-soluble PEG-based drug-

carrier molecules (mPEG2000-oHC-benzhydrol/phenol) were synthesized 

and used for drug delivery studies, monitoring the process by UV-vis 

spectroscopy in an ON/OFF intermittent manner. 

The third chapter describes a novel methacrylate-based cross-linked 

polymer gel bearing an iridium photocatalyst that showed air tolerance and 

pumping recyclability features through its tunable swelling and deswelling 

ability. The photocatalytic activity of the polymer gel was demonstrated in 

an E-to-Z isomerization reaction and in an azide-alkene [2 + 3] 

cycloaddition. 

The fourth chapter describes the use of biopolymers, such as sodium 

alginate, as a sustainable adhesive binder for several metals and high-

density polyethylene. A standard pull test and peel test was performed with 

disks, made of different material and size. Adhesive failure was investigated 

by varying the amount of applied alginate solution, drying time, drying 

temperature, the effect of surface area, and the nature of the adherend. 

Alginate adhesion was remarkably strong, relatively general, and sensitive 

to the presence of water. A brief comparison with other biopolymers is also 

provided. 

The fifth chapter describes the design and synthesis of a new series of 

hydrogel membranes composed of trialkyne derivatives of glycerol 

ethoxylate and bisphenol A diazide (BA-diazide) or diazide-terminated 

PEG600 monomer via a Cu(I)-catalyzed photoclick reaction. The water-
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swollen hydrogel membranes displayed thermoresponsive actuation and 

their lower critical solution temperature (LCST) values were determined by 

differential scanning calorimetry. Glycerol ethoxylate moiety served as the 

thermoresponsive component and hydrophilic part, while the azide-based 

component acted as the hydrophobic comonomer and most likely provided 

a critical hydrophobic/hydrophilic balance contributing also to the significant 

mechanical strength of the membranes. These hydrogels exhibited a 

reversible shape-memory effect in response to temperature through a 

defined phase transition. The swelling and deswelling behavior of the 

membranes are systematically examined. Due to the click nature of the 

reaction, easy availability of azide and alkyne-functional monomers, and the 

polymer architecture, the glass transition temperature (Tg) was easily 

controlled through monomer design and crosslink density by varying the 

feed ratio of different monomers. The mechanical properties of the 

membranes were studied by universal tensile testing measurements. 

Moreover, the hydrogels showed the ability to absorb a dye and release it 

in a controlled manner by applying heat below and above the LCST. 

The last chapter describes the design and synthesis of a water-soluble 

methionine (methionine methacryloyloxyethyl ester (METMA)) and 

poly(ethylene glycol methyl ether methacrylate) containing block-copolymer 

via reversible addition-fragmentation chain transfer (RAFT) polymerization 

and the attachment of the CORM (tricarbonyldichlororuthenium(II) dimer 

[Ru2Cl4(CO)6]) in the methionine side chain units. Inductively coupled 

plasma optical emission spectrometry (ICP-OES) and FT-IR confirmed the 

presence of CORM molecules in the polymer. The time-dependent CO 

release from CORM conjugated block-copolymer was investigated by a 

myoglobin assay. This CORM conjugated block-copolymer slowly and 

spontaneously released CO with sustained-release kinetics. Moreover, this 

CO-releasing polymer was able to prevent biofilm formation against 

Pseudomonas aeruginosa. 
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2. Introduction 

2.1 Introduction to Polymer Science[1,2] 

 The Origins of Polymer Science 

Since the beginning of life, polymers have been existing in the natural form 

of DNA, RNA, polysaccharides, and proteins and played a crucial role in the 

evolution of organisms. In the early times, humans have exploited the 

physical and chemical properties of such biopolymers for clothing, shelter, 

tools, weapons, writing materials, etc. Nevertheless, the early stages of the 

polymer industry commonly are accepted as being the 19th century when 

the first modifications of naturally occurring polymers were made, speaking 

of which T. Hancock and C. Goodyear discovered the modification and 

improvement of properties of natural rubber to produce hard materials such 

as hard rubber, ebonite, or vulcanite.[3,4] Meanwhile, C. Schönbein was able 

to prepare cellulose nitrate, also called guncotton, that was used as an 

explosive and later was modified by A. Parkes to form Parkesine[5], which 

was developed into celluloid by J. and I. Hyatt and became a great 

commercial success.[6] By the twenties of the 20th-century, polymers were 

thought of as physically associated aggregates which was finally changed 

by the work of H. Staudinger[7] and P. Flory[8], who provided the theoretical 

background, that polymers were composed of large macromolecules 

containing repeating units of simple chemical molecules linked together by 

covalent bonds. Usually, the macromolecules have a linear skeletal 

structure represented by a chain with two ends, but there are also many 

with non-linear structures shown in Figure 1, such as branched, network 

polymers, dendrimer, and hyperbranched polymers. 

 

Figure 1: Skeletal structures of linear, cyclic, and non-linear polymers. 

Ring polymers consist of closed linear polymers with no chain ends and 

different properties compared to their linear counterparts. Branched 
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polymers consist of a main chain with side chains of significant length 

bonded to the main chain at junction points and are characterized in terms 

of the number and size of the branches. Network polymers consist of three-

dimensional structures formed by crosslinking each chain by a sequence of 

junction points. Such polymers are called crosslinked and are characterized 

by their degree of crosslinking, which is directly related to the number of 

junction points per unit volume. Additionally, there are more elaborate 

skeletal structures like dendrimers consisting of highly branched 

macromolecules with a well-defined molar mass and structure, and 

hyperbranched polymers which differ from dendrimers by a less well-

defined molar mass and structure.  

 Homo- and Copolymers 

While the definition of homopolymers includes the use of one repeating unit, 

sometimes also referred to as a structural unit, if it consists of more than 

one monomer, the use of two different repeating units calls for a copolymer. 

They are classified either as statistical/random, alternating, block, or graft 

copolymers depending on the arrangement of the repeating units to one 

another along the polymer chain. 

 

Figure 2: Classification and nomenclature of homo- and copolymers. 

Statistical copolymers are copolymers with a distribution of repeating units 

following some statistical rule, while random copolymers are a special type 

of statistical copolymers with a truly random distribution of repeating units. 

Alternating copolymers consist of only two types of repeating units which 

are alternating along the polymer chain and block copolymers inhere only 
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longer sequences of the same repeating units, called blocks. Graft 

copolymers contain branches with repeating units of different compositions 

than the main chain, which are added on to the main chain macromolecule 

in a later process.  

 Classification of Polymers 

One way to classify polymers is summed up in Figure 3. First, they are 

differentiated by their response to physical stress into three groups: 

thermoplastics, elastomers, and thermosets, while thermoplastics can be 

further categorized into crystalline and non-crystalline (amorphous). 

Thermoplastics usually are linear or branched polymers that can be melted 

upon heat application and thus can be molded and remolded multiple times. 

 

Figure 3: Classification of polymers. 

In general, crystallization in thermoplastics is not easily achievable because 

cooling from liquid to solid state requires substantial ordering of the highly 

entangled macromolecules but those who unexceptionally crystalize are 

usually semi-crystalline with both crystalline and amorphous regions. The 

melting temperature Tm characterizes the crystalline phases of such 

polymers above which they can be transformed into desired objects by 

conventional polymer-processing techniques. However, most 

thermoplastics are amorphous, incapable to crystallize, and are 

characterized by their glass transition temperature Tg. At this temperature, 

they transition from glass state (hard) to rubber state (soft) and show the 

beginning of chain motion at a molecular level, while below Tg the polymer 

chains are incapable of movement. Both polymer-specific values Tm and Tg 

increase with higher intermolecular interactions and polymer chain stiffness. 

Polymers

Thermoplastics

Crystalline Amorphous

Elastomers Thermosets



8  Introduction 

 

 

Elastomers usually are crosslinked polymers that can be easily stretched 

and recovered in their original form if the applied stress is removed. This 

property is based on a permanent lower crosslinking density of their 

molecular network that allows them to become extended upon deformation 

while preventing them from being liquid and flow (Figure 4).  

 

Figure 4: Stretching of an elastomer. Junction points marked red.  

Thermosets normally also are crosslinked polymers with the difference of a 

higher degree of crosslinking which yields in rigid materials with restricted 

chain motion on a molecular level. Like elastomers, they do not become 

fluid upon heat application but rather decompose. 

 Stimuli-responsive Polymers 

Stimuli-responsive macromolecules or “smart” polymers have gained 

growing interest from industry and academia.[9-12] Their response to 

environmental changes (Figure 5), stimuli causes also changes in the 

physical and chemical properties, which lead to their rearrangement or 

changes in dimensions, aggregation states, interactions as well as 

structures.  

 

Figure 5: Classification of stimuli-responsive polymers. 

Among all those stimuli, temperature attracted the most historical attention, 

for example, some polymers show a lower critical solution temperature 
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(LCST), below which the polymer chains and solvent molecules are miscible 

for all compositions. One of the most extensively studied temperature-

responsive polymers is poly(N-isopropyl acrylamide)[13,14] (pNIPAm) has a 

close to physiological temperature LCST at ~32 °C.  

 

Figure 6: Graphical representation of thermoresponsive LCST behavior of pNIPAm. 

Above the LCST solvated pNIPAm polymer chains undergo a 

conformational transition from an outstretched random coil to a more 

compact water-excluded globular conformation (Figure 6). By modification 

of the polymer composition the LCST and thus the coil to globe transition 

can be thermodynamically controlled by copolymerization with a hydrophilic 

or hydrophobic monomer which shifts the LCST to higher or lower 

temperatures, respectively. Likewise, multi-stimuli responsive polymers can 

be designed by introducing new functional groups into the single-responsive 

polymer. For example, pH responsiveness can be achieved by incorporating 

ionizable groups like acids and tertiary amines into the macromolecule due 

to their capability of proton donation/acceptance upon environmental pH 

change. Correspondingly, the integration of light-responsive monomers into 

the material ensures the generation of a material sensitive to photon 

exhibition. Popular examples are azobenzene, o-nitrobenzyl, and truxillic 

acid shown in Figure 7. The response of polymers containing these groups 
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can be a result of light-triggered isomerization (e.g., azobenzene) or a 

photocleavage of the active group (e.g., o-nitrobenzyl, truxillic acid). 

 

Figure 7: Popular light-responsive groups. 
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2.2 The Prospect of Photochemical Reactions in Confined Gel Media 

 

Reprinted with permission from Acc. Chem. Res. 2019, 52, 7, 1865–1876. Copyright 2019 American Chemical 

Society. 
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Evolution took millions of years to optimize confined natural environments 

such as cells for precise control over kinetics and selectivity in advanced 

chemical reactions. Inspired by this scientists all over the world developed 

artificial nanoreactors based on hierarchical self-assembly of low-

molecular-weight (LMW) molecules through noncovalent interactions (e.g., 

hydrogen-bonding, van der Waals, charge-transfer, dipolar, π−π 

stacking).[1,2] Within this framework, photochemistry is a major profiteer for 

reactivity in confined spaces, including for example mesoporous inorganic 

materials,[3] microemulsions,[4] micelles,[5−7] vesicles,[8] lipid bilayers[9] 

foams,[10] polyelectrolyte nanoparticles,[11] and gels.[12,13] Generally, the 

proper confinement of reactants can improve photochemical processes by 

enhancing key properties such as the lifetime of redox intermediates and 

light absorption.[14,15] Another nonconventional nanoreactor among the 

above-mentioned are supramolecular gels[16] which conventionally are 

made of self-assembled through noncovalent interactions LMW compounds 

(i.e., gelators). Surface tension and capillary forces are responsible for the 

immobilization of the liquids into the cavities of the self-assembled solid 

matrices resulting in the appearance and mechanical properties of solid-like 

materials. An effective entanglement of 1D-strands of the molecules 

commonly of nanometer diameter and millimeter lengths generates the 3D-

network, which is stabilized through numerous junction points and is 

increasing the viscosity of the medium by factors up to 1010. These 

materials display gel-to-sol phase transitions triggered by a variety of 

external stimuli responses (e.g., temperature, irradiation, pH, ionic strength, 

etc.), which is an important advantage for the recycling of the gel media. It 

is crucial to emphasize that aerobic environments do not affect the imposing 

efficiency of biochemical processes that occur in nature. This way potential 

deactivation pathways can be prevailed by natural nanoreactors while 

enhancing the desired chemical route. In this sense supramolecular gels 

with high specific surface areas, stimuli-responsive reversibility, functional 

tunability and good diffusion properties embody the potential to mimic 

compartmentalization of complex natural systems for the performance of 

photochemical reactions. Additionally, the viscoelastic properties of gel-
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based materials may also help to reduce overconcentration and overheating 

effects compared to rigid systems like crosslinked polymer gels. Herein, a 

brief insight into the potential advantages of carrying out photochemical 

processes in gels as confining and nonconventional reaction media is 

provided. Photopolymerization, photoinduced gelation processes,[17] and 

other catalytic reactions (i.e., without using light irradiation) inside gel media 

are out of the scope of this paragraph.[18] 

 Photodimerization 

Motivated by the desire of gaining control of product selectivity, the well-

established photodimerization of acenaphthylene (ACN) has been studied 

in different nanoreactor systems such as nano-capsules, micellar media, 

polymeric systems, zeolites, clay environments, or liquid crystalline 

systems.[19,20] Bhat and Maitra showed for the first time that ACN 

photodimerization (Figure 1) in supramolecular hydrogels made of LMW bile 

acids as reaction media took place with higher selectivity than that in 

homogeneous solution.[21] Specifically, this group reported photo-dimer 

ratios, syn/anti (2/3) 3−10 times higher than the ratio in aqueous or micellar 

solutions [sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide 

(CTAB), etc.]. Furthermore, when this reaction was further investigated by 

using different gelators (Figure 1, gelators 4-7), the syn/anti dimer ratios 

were found to be largely dependent on the hydrogel rheological properties. 

Thus, the gels with highest rigidity also showed the highest product 

selectivity, following the order 6 > 5 > 7 > 4.  
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Figure 1: Photodimerization reaction of acenaphthylene (1) (top) carried out in supramolecular 

hydrogels made of different LMW gelators 4-7 (bottom). Anti/syn dimer ratios obtained with each 

gelator are given in brackets. 

In 2009, Shinkai et al. studied the photodimerization of anthracene 

carboxylic acid inside a binary gelator based on 3,4,5-tris(n-

dodecyloxy)benzoylamide substituted D-alanine (Figure 2).[22] Interestingly, 

the results revealed that only two products (anti and syn head-to-head) were 

obtained in the gel matrix, differing from the production of the four different 

[4 + 4] cyclodimers in cyclohexane solution. These early studies put in the 

spotlight the potential of gel networks to drastically influence the selectivity 

of photoinduced processes. 
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Figure 2: Schematic representation of [4 + 4] photo-cyclodimerization of 2-anthracenecarboxylic acid 

in the free state (top) and in the cyclohexane gel of binary system 8 (bottom) showing the products 

obtained in each case. 

 Triplet Fusion Upconversion 

Photon upconversion (UC) based on triplet−triplet annihilation (TTA) has 

attracted considerable interest during the past decade due to its low 

excitation power density demand (ambient sunlight) and readily tuneable 

excitation and emission wavelengths. Indeed, it is also a safer, practically 

and economically more viable option than commercial UV sources. This 

technology, which has been successfully applied in different areas such as 

photocatalysis, photovoltaics, artificial photosynthesis, optics, etc., is 

capable of transforming visible into UV light involving a bimolecular system 

(i.e., a sensitizer or donor and an emitter or acceptor) and the connection of 

multistep photochemical pathways (Figure 3). Briefly, after the absorption of 

low-energy photons (hν1), the triplet excited state (T1) of the donor 

(sensitizer) is produced by intersystem crossing (ISC) from the singlet 

excited state (S1). Subsequently, triplets of the acceptor (emitter) are 

populated by triplet−triplet energy transfer (TTET) from the triplets of the 

sensitizer (Dexter mechanism). When two acceptor molecules in their triplet 

states are capable of colliding during their lifetime, a higher singlet energy 
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level is formed by TTA and, consequently, generates delayed upconverted 

fluorescence (hν2).[23]  

 

Figure 3: Simplified Jablonski diagram illustrating the mechanism of TTA-UC showing the main 

energy levels involved in the process (S = singlet, T = triplet). Reprinted with permission from ref 13. 

Copyright 2015 Royal Society of Chemistry. 

The most efficient TTA-UC processes are usually carried out in solution 

phase because they allow fast diffusion of excited molecules. However, one 

of the key requisites of TTA-UC in solution is the anaerobic conditions of the 

reaction medium due to efficient triplet quenching by oxygen. Therefore, 

proper sealing of the reaction vessel must be ensured for TTA-UC in 

solution.[24] In order to block oxygen diffusion, the TTA-UC process has been 

applied under aerated conditions by using different solid polymers or 

viscous liquids as support material.[25−27] However, such solid polymer film 

or thick matrixes sometimes limit the diffusion of excited triplet molecules, 

requiring a high-power incident photon source to maintain a certain 

concentration of excited triplet states. Therefore, development of new 

support materials that show oxygen-blocking capability and simultaneously 

allow efficient TTA-UC of the incorporated donor/acceptor couple under low-

power excitation appears to be a challenging task. In this context, 

employment of viscoelastic gel could fulfil the abovementioned criteria, 

opening a new research area to study the TTA-UC process for the different 

combinations of suitable donor and acceptor. Simon et al. encapsulated 

Pd(II) mesoporphyrin IX and 9,10-diphenylanthracene (DPA) as UC 

chromophore pair into a DMF/DMSO based covalently cross-linked 
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organogel prepared from poly(vinyl alcohol) and hexamethylene 

diisocyanate (HMDI) (Figure 4).[28] The cross-linked organogel possessed 

good mechanical integrity, high molecular mobility, and high optical quality 

with a transmittance of above 95% in the visible range and additionally 

provided protection against triplet state quenching by oxygen. 

 

Figure 4: Graphic representation of the structure of the upconverting organogels studied and 

chemical structures of the constituents used. The photoactive material consists of a continuous 

polymer network and a liquid organic phase in which the upconverting chromophores are dissolved. 

Adapted with permission from ref 28. Copyright 2015 Royal Society of Chemistry. 

The UC quantum yield[29] increased from >0.6 (under ambient conditions) to 

14% (under oxygen-free conditions). Meanwhile, Schmidt et al. also 

reported TTA-UC in a supramolecular tetralin organogel made of 1,3:2,4-

bis(3,4-dimethylbenzylidene) sorbitol (DMDBS) and containing palladium 

tetraphenylporphyrin and DPA as UC pair.[30] In the same year, Kimizuka et 

al. developed a very efficient TTA-UC process in a supramolecular 

organogel system under aerobic conditions and low-power excitation.[31] 

N,N′-Bis- (octadecyl)-L-boc-glutamic diamide (LBG) was used as gel matrix, 

which can form a stable gel in a wide variety of polar and nonpolar solvents 

due to the formation of hydrogen bonds between the amide moieties and 

van der Waals interactions between the long aliphatic chains of the gelator 

molecules (Figure 5A).[32] The well-known bimolecular system consisting of 

platinum octaethylporphyrin (PtOEP, donor) and DPA (emitter) was chosen 

in this study as a suitable TTA-UC pair.[29,33] Excitation of the 

PtOEP/DPA/LBG ternary gel system (air saturated state) with 532 nm green 
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laser light caused an upconverted emission at 435 nm, which was similar to 

that of DPA fluorescence when directly excited with UV light (375 nm). A 

threshold excitation intensity of 1.48 mW cm−2 was observed under aerobic 

conditions, lower than the solar irradiance of 1.6 mW cm−2 at 532 ± 5 nm.  

 

Figure 5A: Schematic representation of the structural unit of the UC ternary gel system made of a 

donor−acceptor pair and a LMW gelator, and proposed TEM mechanism occurring inside the self-

assembled gel fibres. Adapted with permission from ref 31. Copyright 2015 American Chemical 

Society. 

Interestingly, the intensity of DPA upconverted emission remained almost 

unchanged even after exposure to air for 25 days. The upconversion 

quantum yield values under anaerobic and air saturated conditions were 

found to be 2.7% and 1.5%, respectively. Enhancement of the acceptor 

concentration under air-saturated conditions gave rise to an increment in 

the upconversion quantum yield value to ca. 3.5%. An exceptionally high 

oxygen blocking efficiency of 78% was determined from the ratio between 

the measured lifetime of acceptor triplets for deaerated (228 ms) ternary 

gels and that for the air-saturated ternary gels. Additionally, the authors also 

showed that UC emission intensity gradually decreased and reached an 

almost constant value above the gel-to-sol transition. This fact was 

confirmed using the temperature responsive nature of the fibrous gel 

network. The disruption of the network upon increasing the temperature 

caused the quenching of the excited triplet species due to dissolved oxygen. 

Furthermore, a few more combinations of UC pairs were introduced into the 

supramolecular gel nanofibers, which enabled some efficient near red-to-
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cyan, green-to-blue, IR-to yellow, and blue-to-UV wavelength conversions 

(Figure 5B).  

 

Figure 5B: Photographs of the UC cogels in air saturated DMF. Typical UC pairs were used to form 

ternary gels allowing efficient (from top to bottom) near IR-to-yellow, red-tocyan, green-to-blue, and 

blue-to-UV wavelength conversions. For all cases: [donor] = 670 μM (except [PtOEP] = 33 μM); 

[acceptor] = 6.7 mM; [LBG] = 13.3 mM. Adapted with permission from ref 31. Copyright 2015 

American Chemical Society. 

Importantly, measurements of the diffusion constant of DPA triplets at 

different temperatures, as well as studies in different solvents, confirmed a 

TTA mechanism based on the triplet energy migration (TEM) in the 

supramolecular organized molecular assembly. This concept involves the 

integration of donor molecules in the gel fibres (supported by electron 

microscopy data) with densely accumulated acceptor molecules, where the 

excitation of donor molecules is followed by donor-to-acceptor TTET, TEM 

through the acceptor arrays and TTA of excited acceptors. In other words, 

a proximate preorganization of donor-acceptor and acceptor−acceptor 

arrangements is crucial for favourable energy transfer processes and TEM 
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in the absence of free molecular diffusion. Such synergistic integration of 

donor-acceptor pairs in nanofibrous aggregates has been identified as 

reminiscent of the biological photon-harvesting apparatuses where 

excitation light energy is effectively harvested and converted in the array of 

photosynthetic pigments embedded in the bio-membranes.[31] The same 

research group also designed a novel amphiphilic acceptor molecule 

(Figure 6), which contained a solvophobic multiple-amide-substituted 9,10-

diphenylanthracene unit and solvophilic alkyl chains, both units attached via 

L-glutamate linkers.[34]  

 

Figure 6: Schematic illustration of the basic self-assembly structure made of an amphiphilic acceptor 

molecule (top, left) in the presence of donor molecules (PtOEP), which bind to the self-assemblies 

by solvophobic interaction. Photoexcitation of donor molecules by green light induces donor-to-

acceptor TTET, followed by TEM among the acceptor molecules, leading to efficient TTA and 

consequent upconverted blue emission. Adapted with permission from ref 34. Copyright 2015 Nature 

Publishing Group. 

The presence of amide bonds in the linker helped to promote cross-linking 

via hydrogen bonding among the networks and also introduced chirality for 

better molecular orientation and thermal stability. When this organogel was 

doped with PtOEP, an efficient TTA-UC with high UC quantum yield (30% 

± 1%) was obtained under ambient conditions. Interestingly, no upconverted 

emission was observed from the frozen chloroform solution of DPA-PtOEP 

without the acceptor self-assembly at 77 K. This can be explained because 

molecular diffusion is restricted at frozen conditions, resulting in large 
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intermolecular distance between chromophores and hence no energy 

migration and TTA takes place. Additionally, different important materials 

such as gels and solid films made of above-mentioned acceptor and donor 

were investigated as a TTA-UC system in the presence of air demonstrating 

the versatility of the current design.[34] Examples of TTA-UC in aqueous 

environments are scarce, essentially due to insolubility of chromophores 

and deactivation of excited triplets by dissolved oxygen molecules. In order 

to overcome these problems, Kimizuka et al. have very recently developed 

an air-stable photon upconverting hydrogel, which was formulated based on 

the concept of synergistic biopolymer-surfactant interactions.[35] The overall 

gel system consisted of gelatine, Triton X-100, sulfonated DPA (DPAS) as 

acceptor, and PtOEP as a donor (Figure 7).  

 

Figure 7: Schematic representation of G-TX-DPAS-PtOEP co-assembly in photon upconverting 

hydrogel. Donor (PtOEP) and acceptor (DPAS) molecules are accumulated in the nonpolar domains 

of gelatin-TX100 hydrogel. The photoexcitation of donor is followed by a sequence of donorto-

acceptor triplet−triplet energy transfer (TTET), triplet energy migration (TEM), triplet−triplet 

annihilation (TTA) among the acceptor molecules, and upconverted fluorescence from the acceptor 

excited singlet state. Adapted with permission from ref 35. Copyright 2018 American Chemical 

Society. 

They established that the nonpolar surfactant domains constructed by 

definite organization of donor and acceptor chromophores, concomitantly 

shielded with dense gelatine hydrogen-bond networks prevented O2 

penetration in the matrix. The UC efficiency was found to be 13.5%, which 

is to date the highest UC efficiency reported for air-saturated aqueous UC 

systems. Furthermore, the versatility of this strategy was demonstrated by 

studying the TTA-UC process in other biopolymers such as sodium alginate 
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and agarose. Here, UC efficiencies were comparable to the gelatine based 

hydrogel. The use of biopolymer-based hydrogels as advanced light-

harvesting systems opens some new potential applications in 

pharmaceutical, cosmetic, and detergent industries. 

 Photooxidation 

In recent years, photooxidation processes inside nanoreactors such as 

micelles,[36] mesoporous molecular sieves,[37] and oil-in-water emulsions,[38] 

among others, have attracted much attention due to the possibility of 

tailoring additional functionalities, functionalities, organization and 

orientation of catalytic species, controllable molecular diffusion, large 

surface area to volume ratios, reduction of overheating and 

overconcentration, and the possibility of modeling and mimicking 

photoinduced processes in nature at the micrometer and sub-micrometer 

level. Our research group studied for the first time the photooxidation of 1-

(4-methoxyphenyl)ethanol catalyzed by riboflavin tetraacetate (RFT) under 

air using visible light inside different soft gel matrixes based on either LMW 

gelators or different biopolymers (Figure 8).[39] In this report, different 

approaches were adopted in order to achieve a tunable well-defined 

nanoreactor. In the first approach, the catalyst was physically immobilized 

into several bio-based polymers such as methylcellulose (14), κ-

carrageenan (15), gelatin (16), and several LMW gelators (Figure 8, 

compounds 5−12) to investigate their possible effects on both selectivity 

and reaction kinetics. Surprisingly, cyclohexane-based bis-amide based 

organogels made in CH3CN afforded full conversion (100%) within 60 min 

in the absence of thiourea (proton transfer agent) in comparison with the 

solution phase where thiourea was needed to achieve 69% conversion in 

120 min. In addition, the kinetics of the photocatalytic process suggested a 

dependence between the mechanical properties of the matrix and the 

efficiency of the reaction. For example, gels consisting of dense fibrillar 

networks with relatively high strength (confirmed from scanning electron 

microscopy (SEM) and rheological measurements) usually showed the 

lowest reaction rates. 
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Figure 8: Illustration of riboflavin tetracetate-catalysed photooxidation of 1-(4-methoxymethyl)ethanol 

using blue visible light inside gel media (top) made of different types of gelators including low and 

high molecular weight compounds 5, 6, and 9-16 (bottom). Adapted with permission from ref 39. 

Copyright 2013 Royal Society of Chemistry. 

It is also worth mentioning that the chemical integrity and gelation propensity 

remained unchanged even after several cycles of reuse. In comparison to 

this approach, the reaction rates decreased significantly when other 

strategies were adopted to incorporate the photocatalyst into the gel 

network, for example, using a gelator molecule with covalently tethered 

photocatalyst or employing a combination of photocatalyst and 6-methyl-

1,3,5-triazine-2,4-diamine to form a highly fluorescent H-bonded gelator. 

Overall, the results derived from this study supported the existence of 

favorable interactions between gel fibers and substrates or catalyst. 
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 Photoreduction 

The photoreduction of aryl halides under mild conditions involving visible 

light as energy source, room temperature, ambient pressure, and air 

atmosphere is one of the most challenging tasks in photoredox catalysis. 

The bond dissociation energy of PhBr (BDEPhBr = 3.6 eV), which is 

significantly higher than the maximum energy of a single visible photon (3.1 

eV), together with high reduction potentials makes the search for new 

activation methodologies necessary. In this sense, TTA-UC has been found 

to be a suitable tool for activating stable aryl halides under mild conditions 

in solution.40 Although hydrodebromination of aryl halides was successfully 

achieved, the general method experienced low photocatalyst stability, and 

oxygen-free atmosphere was a crucial requirement. In order to overcome 

these limitations, we envisioned LMW organogels as suitable confining 

media for such photoreactions under milder conditions. Thus, we reported 

the first intragel photoreduction of aryl halides via a TTA mechanism. The 

gel network provided a stable microenvironment for the challenging 

multistep process under aerobic conditions, at room temperature, and 

without additional additives. Specifically, intragel photoreductions of aryl 

halides in air were investigated using PtOEP (sensitizer)-DPA (emitter) pair 

in supramolecular gel networks made of N,N′-bis(octadecyl)-L-boc-glutamic 

diamide (G-1) or N,N′- ((1S,2S)-cyclohexane-1,2-diyl)didodecanamide (G-

2).[41] Photoreduction of 4-bromoacetophenone to acetophenone catalysed 

by the TTA-UC system was achieved after 2 h laser irradiation at 532 nm, 

yielding 58% of the desired product and nearly quantitative mass balance 

(Figure 9A).  
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Figure 9: (A) Scheme of photoreduction of 4-bromoacetophenone performed in gels made of LMW 

gelators G-1 and G-2. (B) Photographs of doped solutions before and after irradiation showing 

decolorization caused by degradation of PtOEP (left) and photographs of doped gel before and after 

irradiation (right). Adapted with permission from ref 41. Copyright 2015 Royal Society of Chemistry. 

Interestingly, the success of this approach was also perceptible to the naked 

eye. When the reaction was performed in aerated DMF, complete 

decolorization of the original pink solution was observed after irradiation due 

to decomposition of PtOEP by diffused molecular oxygen. In contrast, there 

was no change in the pink colour in gel phase, supporting the hypothesis of 

an efficient confinement effect of the gel network, preventing any quenching 

of the excited species by dissolved oxygen (Figure 9B). Importantly, the 

results obtained in aerobic gel phase were comparable to those obtained in 

solution under strict inert atmosphere. Furthermore, rheological 

measurements of the gel matrix before and after laser irradiation 

demonstrated also the preservation of the gel integrity in terms of thermal 

and mechanical properties. A series of control experiments supported the 

reaction mechanism depicted in Figure 10.  
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Figure 10: Plausible mechanism for visible light photoreduction of aryl halides at RT in air based on 

the combination of TTA-UC, SET and HAT processes inside the gel medium shown in Figure 9. 

Reprinted with permission from ref 41. Copyright 2015 Royal Society of Chemistry. 

The intragel photoreduction of aryl halides takes place by successive TTA, 

single electron transfer (SET), and H atom transfer (HAT) processes. The 

green-to-blue conversion begins with the selective irradiation at 532 nm of 

the sensitizer PtOEP. Then, after fast ISC, the PtOEP triplet, 3(PtOEP)*, is 

efficiently quenched by DPA through triplet−triplet energy transfer (TTET) 

to generate long-lived DPA triplets, 3(DPA)*, restoring PtOEP. Then, triplet 

energy migration (TEM) through the acceptor arrays in the supramolecular 

gel network induces the annihilation of 3(DPA)* molecules affording the 

upconverting fluorescence, 1(DPA)*. These species then induce SET to the 

electrophilic aryl halides, forming the unstable radical anions ArX•−, which in 

turn undergo fragmentation into the corresponding aryl radicals Ar• and 

anions X−. Finally, the product Ar−H is generated in a reduction reaction 

through rapid HAT from DMF. Oxidation of the resultant DMF• radical occurs 

by an exergonic back-electron transfer (BET), regenerating DPA and 

leading to highly electrophilic DMF+ species, which are further hydrolysed 

into volatile products upon workup. Control experiments in non-proton-

donor solvents such as benzene showed no conversion of the starting 

material, thus discarding the possibility of Ar• trapping by gelator molecules 

through N−H abstraction. Interestingly, all the foregoing learning can be 

applied to other challenging air-sensitive photoredox catalytic reactions 

involving C−C bond formation. Very recently, our group has reported the 

proof of concept[42] achieving selective functionalization of aryl halides using 
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rhodamine-6G (Rh-6G)[43] as a photocatalyst under aerobic conditions in gel 

media, affording the desired products with comparable results to those 

obtained under strict inert conditions. The reaction is based on the 

application of different colors of visible light, which allows tuning the redox 

potential of Rh-6G. For example, the ground state of the Rh-6G radical 

anion (Rh-6G•−) formed upon photoirradiation under green-light irradiation 

in the presence of an electron donor (e.g., DIPEA) has a reduction potential 

of −1.0 V vs SCE. However, subsequent irradiation of Rh-6G•− with blue 

light generates the corresponding excited radical anion (Rh-6G•−*), which 

displays a reduction potential of −2.4 V vs SCE. As molecular oxygen 

quenches very efficiently the excited states of the Rh-6G radical anions (Rh-

6G•−*), an oxygen-free environment has been strictly required to carry out 

these reactions. We demonstrated that this practical limitation can be easily 

overcome by replacing solution with a viscoelastic gel medium upon 

addition of a certain amount of LMW gelator into the reaction mixture. 

Initially, the reaction was carried out by using 2-bromobenzonitrile (1) as 

test substrate, N-methylpyrrole (25) as trapping agent, Rh-6G as 

photocatalyst, N,N′- diisopropylethylamine (DIPEA) as electron donor, N,N′- 

bis(octadecyl)-L-Boc-glutamic diamide (G-1) as gelator, and DMSO as 

solvent (Figure 11). The reaction carried out in aerated DMSO solution at 

room temperature under blue LED irradiation resulted in very low yield (5%) 

of the desired coupling product. In sharp contrast, when the same reaction 

was carried out in the presence of G-1 gelator, the yield of the reaction 

significantly increased to 53%. The yield of the reaction can be improved 

further by increasing the concentration of G-1 (15 g/L), and the amount of 

DIPEA with respect to reactant molecule. 
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Figure 11: (A) Substrate scope of intragel cross-coupling reactions between bromo compounds and 

trapping agents. Conditions: Bromocompounds 19−21 (0.1 mmol), trapping agents 24−27 (5−18 

equiv), Rh-6G (15 mol %), DIPEA (2.2 equiv), G-1 (15 g·L−1 ), DMSO, air, RT, λex = 455 nm, reaction 

time 24−96 h. Inset picture on the right, Typical appearance of a gel made of G-1 in DMSO loaded 

with catalyst, substrate, and DIPEA. (B) Chromoselective 1- or 2-fold substitution reactions. (C) 

Sequential substitution reactions. All yields correspond to isolated products. Adapted with permission 

from ref 42. Copyright 2018 American Chemical Society. 

The use of other LMW gelators, such as (S,S)-dodecyl-3-[2(3-dodecyl-

ureido)-cyclohexyl]urea or N,N′-((1R,2R)-cyclohexane-1,2-diyl)-

didodecanamide, provided comparable results during the photoredox 

reductive arylation with slight differences in their final yields. Nevertheless, 

when 1,3:2,4-bis(3,4-dimethylbenzylidine)-sorbitol was used as a gelator, 

the formation of the reduction by-product was totally suppressed. Detailed 

reaction kinetics data supported the effect of the gel network on the reaction 

rates. In addition, when 1,4-dibromo-2,5-difluorobenzene was irradiated 

with green light (λex = 530 ± 15 nm) in the presence of Rh-6G, DIPEA, and 

N-methylpyrrole, only the corresponding monosubstituted product was 

formed. The monosubstituted derivative is the only product obtained since 

activation of the second bromide substituent is not possible by Rh-6G 

(reduction potential of Rh-6G ca. −1.0 V vs SCE), even with higher catalyst 

loading. In contrast, when the reaction was performed under blue light 

irradiation, the significant increase of the reduction potential of Rh-6G•−* 
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enabled the formation of the disubstituted product in good yields (Figure 

11C). Additionally, this light color-guided photocatalytic arylation can also 

be performed in a sequential manner in aerated gel media (Figure 11C). At 

first, the substrate ethyl 2-bromo-(4- bromophenyl)acetate (39), which has 

two different carbon− halogen bonds (i.e., benzylic and aryl), leads to 

dehalogenation at the benzylic position upon irradiation with green light, 

affording the corresponding product 40 in modest yield. Subsequent 

activation of the aryl-bromide bond of product 40 under blue-light irradiation 

enabled the formation of the desired product 42 in good yield. In contrast to 

the observations made with the intragel TTA-UC process, comparative SEM 

images of undoped gels, gels loaded with the corresponding photocatalyst, 

and gels loaded with the photocatalyst and substrates, before and after 

irradiation, indicated that the incorporation of the substrates caused 

apparently a higher impact on the fibrillar morphology of the xerogel network 

than the photocatalysts alone. These results suggested that in this scenario 

there is not a spontaneous incorporation of the photocatalyst inside the gel 

fibres. It is worth mentioning that the separation of the gelator in these 

reactions is achieved by simple dilution−filtration or column 

chromatography.[42] 

 Trifluoromethylation 

Fluorinated and trifluoromethylated compounds have become widespread 

and indispensable drugs in our modern society.[44] The incorporation of 

fluorine atoms into drug candidates has major effects on the 

physicochemical and biological properties of the parent molecule. For 

instance, the inductive effects of the trifluoromethyl-group enhance 

bioavailability by reducing the basicity of neighbouring amines.[45] In 2001, 

Macmillan et al. reported a photocatalytic method to carry out the 

trifluoromethylation of a broad range of arenes and heteroarenes. This 

strategy is based on the use of Ru(phen)3Cl2 as photocatalyst, which 

generates trifluoromethyl radicals (•CF3) via concomitant reduction of triflyl 

chloride (TfCl) upon light irradiation (λex = 455 ± 15 nm).[46] The proposed 

mechanism suggests the formation of a cyclohexadienyl radical from the 

corresponding arene, which generates a cyclohexadienyl cation upon 
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oxidation. Finally, deprotonation of the cyclohexadienyl cation takes place 

in the presence of K2HPO4, leading to the formation of the targeted 

trifluoromethyl arene. As this method also requires a strict inert oxygen-free 

atmosphere, we recently optimized different gel formulations to carry out 

trifluoromethylation of arenes under aerobic conditions.[42]  

 

Figure 12: Substrate scope of intragel trifluoromethylation of 5- and 6-membered (hetero)arenes with 

TfCl. Conditions: (hetero)arenes 25, 43-54 (0.25 mmol), TfCl (2-4 equiv), photocatalyst (Ru(phen)3Cl2 

(for 5-membered rings) or Ir(Fppy)3 (for 6-membered rings) (catalyst loading, 1 mol % for 5-

membered heteroarenes and 6-membered arenes; 2 mol % for 6-membered heteroarenes), K2HPO4 

(3 equiv), G-1 (10 g L−1 ), 2.5 mL of MeCN, air, RT, λex = 455 ± 15 nm (for (Ru(phen)3Cl2) or 365 ± 

15 nm (for Ir(Fppy)3), reaction time = 24-48 h. Picture on the right, typical appearance of a gel made 

of G-1 in MeCN loaded with Ru(phen)3Cl2/Ir(Fppy)3, substrate, and K2HPO4. Reprinted with 

permission from ref 42. Copyright 2018 American Chemical Society. 

Specifically, a series of electron-rich 5-membered heteroarenes (25, 43-46) 

and also electron-deficient 6-membered heteroarenes (50-52) were 

transformed to the targeted products in the presence of G-1 gelator (Figure 

12) under aerated conditions in reasonable yields compared to those 

obtained in solution under an inert atmosphere. Furthermore, when the 

same reaction proceeded in solution in the presence of gelator G-1 at a 

concentration marginally below the critical gelation concentration (CGC), 

the final obtained product yields were ∼10−15% lower compared to the 
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reaction carried out in gel phase at a concentration above the CGC. This 

makes sense if we consider that the oxygen-blocking efficiency achieved 

with the gel network is fully developed (i.e., above the CGC). However, the 

product formation under these conditions supports the existence of 

intermolecular interactions within some domains of the gel network or a 

beneficial effect of the enhanced viscosity reducing the oxygen diffusion. 

The latter was also supported by the formation of the reaction product in 

aerated frozen solution, albeit in ca. half yield compared to that observed in 

gel at room temperature. Apparently, even a non-fully-meshed network may 

offer some interfaces to protect against oxygen deactivation compared to 

bulk solution. Interestingly, a series of detailed kinetic and spectroscopic 

studies under different conditions indicated that in this case the 

photocatalyst is not shielded inside gel nanofibers from dissolved oxygen 

effectively. Contrary to the observations made in TTA-based reactions, the 

results of this study indicated that the photocatalyst underwent oxygen 

quenching as it is dissolved in the solvent pools trapped between the gel 

nanofibers. In this situation, and in contrast to free diffusion in solution, the 

oxygen initially trapped in the gel, which has been proven to be still reactive, 

should go through numerous entangled fibres to quench active species 

compartmentalized in other solvent pools. In addition, although local 

consumption of dissolved oxygen could potentially occur during 

photoirradiation, its effect has not been observed in phosphorescence 

decay curves. Moreover, the gel network slows down significantly the 

diffusion of external oxygen through the gel-air interface, thus preventing a 

fast deactivation of excited species generated after the initial 

photoexcitation of the catalyst. Recently, Li and co-workers described a 

metal-free strategy for trifluoromethylation of inactivated six-membered 

(hetero)- arenes under UV or visible light irradiation.[47] In this method, 

sodium triflinate (CF3SO2Na, Langloies reagent) acts as a source of 

trifluoromethyl radicals (•CF3) and diacetyl acts as a radical initiator, also 

requiring an inert atmosphere. We have recently described our preliminary 

results regarding a similar trifluoromethylation reaction of inactivated six-

membered (hetero)arenes under aerobic conditions using supramolecular 
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gels as confining media.[48] When the reaction was performed under inert 

atmosphere conditions with vigorous stirring, the overall yield was 96% 

favouring the monosubstituted product (i.e., monosubstituted 79%, 

disubstituted 17%, Figure 13).  

 

Figure 13: Model intragel photoinduced trifluoromethylation of 1,3,5-trimethoxybenzene 67 

performed in gel media made using different LMW gelators (G1-G4). 

The overall yield decreased to only 37% when the reaction was carried out 

under aerobic conditions. However, when the same reaction was performed 

in gel matrix under aerobic conditions the overall yield increased to 85%. It 

is worth mentioning that the yields and selectivity of this process are 

governed by several variables such as use of different light sources, LMW 

gelators (G1-G4, Figure 13) and gelator concentration. For instance, a 

maximum amount of monosubstituted product 68 (93%) was obtained when 

the gelator G-1 was used at a concentration of 25 g L−1 and provided full 

conversion with a percentage ratio 68:69 > 13:1. This was ascribed to the 

faster rate of oxygen diffusion below the optimal gelator concentration 

leading to the quenching of excited state intermediates, which cause a 

decrease in the overall reaction yield. Similarly, above the optimal 

concentration of the gelator the diffusion of reactants molecules into the gel 

matrix were restricted due to the compact nature of the reaction media 

causing a decrease in the overall product yield. 
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 Conclusions and Perspective 

During the last few years, several groups have demonstrated the potential 

of gel networks as confining reaction media to perform photochemical 

processes under conditions milder than those required in homogeneous 

solution. Gel media has features that can be advantageous including easy 

preparation and processability of the material, broad spectrum and rapid 

availability of gelator molecules, low gelator concentrations, large active 

surface areas, and reversible stimuli-responsive nature, which is important 

for reutilization purposes. Apart from that, the photochemical reactions do 

not require any thermal trigger (that could lead to breakage of the gel matrix) 

to initiate reactions. In principle, confined spaces (e.g., solvent pools, inner 

part of the nanofibers) within the gel medium increase the local 

concentration of reactants and may positively influence the reaction 

outcome inside the soft nanoreactors through specific binding or 

interactions with gel fibres. Several photochemical reactions such as 

photodimerization, photo-oxidation, TTA-UC/SET-mediated 

photoreduction, and trifluoromethylation reactions have been successfully 

carried out in gel media under aerobic conditions, affording the desired 

products in comparable yields to those obtained in homogeneous solution 

under rigorously inert conditions. Although this approach is just at its 

inception and additional fundamental studies are still required to establish 

the different kinds of molecular interactions between reactants and gel 

matrices, there is no doubt that nonconventional gel media can provide a 

versatile platform for the discovery of new reaction pathways and facilitate 

the way that photochemical reactions are traditionally carried out in 

academia and industry. The correct choice of gelators, reactants, solvent, 

and conditions for the assembly of these gelators is essential for controlling 

conversion, kinetics, and selectivity of intragel photoinduced reactions. In 

other words, fitting the reactant in a specific alignment in the solvent pool of 

the gel matrix and making a specific reaction pathway is a great and 

motivating challenge ahead for the scientific community. In addition, it is 

important to carry out studies that will allow meaningful comparisons with 

other confined systems. With remarkably similarities with the efficiency of 
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biochemical reactions in confined spaces (e.g., cell) under aerobic 

conditions, viscoelastic gel media seems to be a promising candidate to 

facilitate important photochemical reactions under very mild conditions and 

accelerate high-throughput screening of photocatalysts. 
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 Abstract 

The outcome of photosensitized [2 + 2]-cycloaddition reactions of various 

cinnamates has been compared in different reaction media, including 

homogeneous organic solutions under inert conditions, degassed water, 

and aerated physical gels. The reactions were performed under LED blue 

light (λmax = 455 nm) irradiation and [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 (1.0 

mol%) as photocatalyst. The processes were optimized taking into 

consideration solvent, gelator, and substrate. Comparative kinetics 

analyses, as well as the effect of the reaction media on the 

diastereoselectivity of the process, were evaluated during this investigation. 

In a number of cases, carrying out the reaction in a less polar solvent, like 

toluene or highly polar solvent, like water had a tremendous impact on the 

diastereoselectivity of the process, pointing towards an effect on the 

stabilization of the putative diradical intermediate in this medium. Moreover, 

while for reactions run in homogeneous solution oxygen needs to be 

excluded, no erosion in yield is observed when the photoadditions were run 

in aerated gel media. 
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 Introduction 

The bimolecular photocycloaddition reaction[1] have attracted great scientific 

attention due to its applications in numerous fields such as optical data 

storage,[2-4] material science,[5-7] cell biology[8-10] and organic synthesis. [11-13] 

Moreover, stereospecific cyclobutanes are widespread compounds usually 

found in numerous natural products, insects and microbial species 

possessing biological activities with potential therapeutic applications. [14-17] 

Some of the most prominent examples of cinnamic acid and styrene derived 

dimers include, for instance, truxic acid, piperarborenine D, endiandrin A 

and magnosalin (trans). 

In general, several atom economic methods[18,19] have been developed for 

the synthesis of cyclobutane derivatives. Among those, thermally activated 

methods[20] have been scarcely reported, while the photochemical pathway 

utilizing UV light has been known for decades. [21] In contrast, photocatalysis 

using visible-light was mainly influenced by Yoon and co-workers, who 

synthesized a wide range of cyclobutanes compounds based on olefins and 

enones.[22-27] Concurrently with a report by Wu and coworkers, [28,29] some 

of us have developed an efficient photo mediated intermolecular [2+2]-

cycloaddition reaction between simple cinnamates or styrenes based on 

strong π-π stacking interactions of the aryl groups and a diradical transition 

state yielding only two diastereomers regioselectively (head-to-head 

products).[28] Despite the very good yields observed for this dimerization, 

the diastereoselectivity was found to vary significantly depending on the 

electronic properties of the aryl group and the steric effects of the ester 

group of the substrates. 

Previous work by Pattabiraman's group on the stereomeric outcome of the 

dimerization of cinnamates showed that the manipulation of the 

environment by using non-covalent interactions within macrocyclic 

cavitands can direct the outcome of the [2 + 2]-photocycloaddition 

reaction.[30] A similar approach was published by Ramamurthy and co-

workers, where they templated the photodimerization with a water-soluble 

palladium nanocage[31] or curcubit[8]uril and γ-cyclodextrin. [32] Furthermore, 
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the impact of hydrogel and micellar media on the photodimerization of 

acenaphthylene has been also studied by Maitra and co-workers.[33] 

Interestingly, their results showed that the syn-to-anti ratio was greater in 

the gel-bound state compared to solution, suggesting that the selectivity 

apparently is correlated with the rigidity of the gels. 

In this work, we hypothesized that a further stabilization of the benzylic 

radicals’ transition state by changing the reaction environment may lead to 

an improvement of the diastereomeric outcome of the [2 + 2]-cycloaddition 

reaction. For this purpose, we designed our study around different solvents 

for the reaction. The polarity of the solvent system can have a stabilizing 

effect on the transition state species and to push this concept one step 

further, also different kinds of low molecular weight gelators were introduced 

into the system to investigate how they can provide additional interactions 

aiming to perform the reaction under air without significant losses of yields. 

  



46  Main part 

 

 

 Results and Discussion 

Substituted cyclobutanes are accessible via photodimerization of 

cinnamates using visible-light triplet sensitization, which was proposed to 

proceed through diradical formation[28,29] (Figure ). The practical importance 

of this strategy lies on the prevalence of strained cyclobutane structures in 

a variety of natural products with biological activity.[16] Moreover, a major 

advantage of photocatalyzed [2 + 2]-cycloadditions of cinnamates by energy 

transfer does not depend on the lifetime of the excited state of the 

photocatalyst, and not on the redox potential of the substrates. In particular, 

the use of 1.0 mol% of [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 and blue light (λmax = 

455 nm; LED455) irradiation under inert gas atmosphere was found to be 

optimal to achieve a large variety of substituted cyclobutanes in high yields 

under mild conditions without external additives. Only head-to-head 

products were obtained with this methodology, which was rationalized by 

strong π-π stacking of the arene moieties. 

 

Figure 1. General scheme of visible light mediated [2 + 2]-cycloaddition reaction in different reaction 

media studied in this work. Ir-catalyst = [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6. 

The stereoselectivity of the reaction is a consequence of the reversible 

dimerization of 1 to A and its subsequent irreversible collapse to the 

diastereomers 2 and 3. If the latter is slowed down, A can be populated in 

its sterically least crowded arrangement which then leads preferentially to 
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the all-trans δ-isomer 2. Thus, the stereoselectivity was found to be 

dependent on the stabilization of the benzylic radicals: Electron poor 

substrates were converted to 2 and 3 unselectively, while electron rich ones 

undergo a slower ring closure and thus allowing an equilibration to the most 

thermodynamically favored all-trans arrangements.[28] 

In order to evaluate the feasibility of this process using supramolecular gels 

as reaction media, aiming at an improvement of the diastereoselectivity for 

electron deficient cinnamates 1b-e, five different LMW gelators G1-G5 were 

preliminary selected (Figure 2) based on (1) their ability to gel suitable 

solvents for the [2 + 2]-cycloaddition reactions (e. g. DMF, toluene, CH3CN) 

at different concentrations, (2) the stability of the gels after the incorporation 

of reactants and catalysts, and (3) their inertness under irradiation 

conditions. Moreover, the selected gelators offer different modes of self-

assembly involving various types of non-covalent interactions (e. g. 

hydrogen-bonding involving for example amide (G1, G2), (thio)urea (G3, 

G5) and alcohol functions (G4), π-π stacking between aromatic rings (G5), 

hydrophobic interactions between long aliphatic chains (G1-G3, G5)), which 

not only influence the stability of the networks, but they can also interfere 

with the intermolecular interactions associated to the selectivity observed 

for the [2 + 2]-cycloaddition in solution. Thus, diverse self-assembly patterns 

are expected to influence, at least to some extent, the course of the 

chemical reactions performed in gel media even when the solvent is the 

same. 



48  Main part 

 

 

 

Figure 2. LMW gelators selected for this study: N,N′-bis(octadecyl)-L-Boc-glutamic diamide (G1), N-

((1R,2R)-2-undecanamidocyclohexyl)undecanamide (G2), (+)-(R,R)-dodecyl-3-[2-(3-dodecyl-

ureido)cyclohexyl]urea (G3), 1,3 : 2,4-dibenzylidene-D-sorbitol (G4), 4-(dodecyloxy)-N-((4-

(dodecyloxy)phenyl)carbamothioyl)benzamide (G5). 

Preliminary comparative experiments were carried out at room temperature 

(RT) with substrates 1a-b (in DMF solution (Figure  and Table 1, entries 2 

and 5) and in gel made of bis-amide glutamic acid-based gelator G1 (c = 15 

g L−1) in DMF (Table 1, entries 1, 4, 5-6). LED blue light (LED455) was used 

as irradiation source and [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 (1.0 mol%) as 

photocatalyst. 

Table 1. Control experiments.[a] 

Entry Substrate Gelator Atm. Conv. (%)[b] Yield (%)[c] d.r. (2/3)[b] 

1 1a G1 O2 100 85 88:12 

2 1a - N2 100 85 87:13 

3[d] 1a - O2 - 63 90:100 

4 1b G1 O2 100 82 65:35 

5 1b - N2 100 85 57:43 

6[e] 1a G1 O2 0 - - 

7[f] 1a G1 O2 0 - - 

[a] Reaction conditions: Cinnamate (0.5 mmol), photocatalyst [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 (1.0 mol%), dry DMF 

(1 mL), G1 (15 g L−1), LED455, 24 h, RT. Abbreviations: Atm.=atmosphere; conv. = conversion; d.r. = 

diastereomeric ratio (2 = δ-diastereomer; 3 = β-diastereomer).  

[b] Determined by 1H NMR analysis of the reaction crude.  

[c] Isolated yield.  

[d] Values taken from ref. [28], Table 1, entry 1. 

[e] Experiment in the absence of catalyst.  

[f] Experiment in the absence of irradiation. 
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The results revealed that the [2 + 2]-cycloaddition reaction of these 

cinnamates in gel under aerobic conditions proceeds with significantly 

higher yields compared to analogous conditions in DMF solution (Table 1, 

entry 1 vs. 3). Inert conditions are required in solution to rival the results 

obtained in gel (Table 1, entry 1 vs. 2; entry 4 vs. 5) in terms of 

regioselectivity, kinetics, conversion and yield. No reaction occurred in the 

absence of either Ir-catalyst or blue light irradiation (Table 1, entries 6-7). 

With these results in hand, we focused our attention on the influence of the 

gel medium on the diastereomeric ratio by using different LMW gelators 

(G1-G5) and cinnamate 1a (R1=H) as model substrate (Table 2). Both the 

gelator concentration and the solvent were modified in order to optimize the 

reaction conditions in gel media. The results suggested that both 

parameters are important, and they should be evaluated simultaneously 

during the optimization experiments of photoredox processes in gel. Thus, 

a good balance in terms of lower gelation concentration, conversion and 

diastereoselectivity was obtained with the gel systems increasing the 

diastereoselectivity from 87 : 13 in solution to 89 : 11 (entry 10) in stable gel 

media. However, from Table 2 it is evident that depending on the parameter 

of interest there is some flexibility within these conditions. 

Furthermore, due to the presence of substrates and catalyst which do not 

take part of the supramolecular gel network, it should be kept in mind that 

the minimum gelator concentration suitable for the experiments does not 

necessarily correspond to the critical gelation concentration (CGC), being 

defined as the minimum gelator concentration required to form a pure gel in 

a given solvent. In general, the incorporation of external additives tends to 

tilt the metastable equilibrium of a supramolecular gel towards the most 

stable thermodynamic phase (e. g. crystallization, precipitation) over time. 

[13,15] Such a reduced gel stability could be compensated, at least to a certain 

extent, by increasing the gelator concentration. The effect of the solvent on 

the d.r. 2 : 3 was assessed more in detail taking substrate 1a (R1=H) and 

gelator G1 as a model system (Table 3). 

https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/open.202000092#open202000092-tbl-0001
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Table 2. Screening of solvents, gelators and gelator concentrations for the [2 + 2]-cycloaddition of 

substrate 1a (R1 = H).[a] 

Entry Solvent Gelator (g۰L-1) Conv. (%)[b] d.r. (2/3)[b] 

1 DMF G1 (15) 100 88:12 

2 CH3CN G1 (15) 100 87:13 

3[c] Toluene G1 (15) 100 93:7 

4 DMF G1 (30) 100 88:12 

5 DMF G2 (15) 100 88:12 

6 Toluene G2 (15) 46 88:12 

7 DMF G3 (5) 100 88:12 

8 DMF G3 (10) 100 87:13 

9[d] Toluene G3 (10) - - 

10 Toluene G4 (5) 85 89:11 

11[c] CH3CN G4 (15) 100 86:14 

12 Toluene G4 (10) 63 89:11 

13 Toluene G4 (20) 95 89:11 

14 CH3CN G5 (15) 96 86:14 

15[c] DMF G5 (20) 89 88:12 

16[c] Toluene G5 (20) 84 91:9 

17[c] Toluene G5 (40) 49 91:9 

[a] Reaction conditions: Cinnamate 1a (0.5 mmol), photocatalyst [IrdF(CF3)ppy2(dtb-bpy)]PF6 (1.0 mol%), 

solvent (1 mL), LED455, 24 h, RT, air. Abbreviations: Conv. = conversion; d.r. = diastereomeric ratio (2 = δ-

diastereomer; 3 = β-diastereomer). 

[b] Determined by 1H NMR analysis of the reaction crude. 

[c] Gel melted (unstable)  

[d] No gel formation. 

Similarly to solution, different solvents in aerated gel media also affects to 

some extent the d.r. The lowest diastereoselectivity was found in DMSO 

(d.r. = 83 : 17), while toluene and methylene chloride afforded the highest 

selectivity (d.r. = 91 : 9). Ratios within this range were found for 

cyclohexane, acetonitrile, DMF and acetone. It should be emphasized that 

this behavior is not necessarily extrapolated to other gelators and/or 

substrates. Overall, these results demonstrate that photoredox reactions in 

supramolecular gel systems may be modulated by changing the LMW 

gelator and/or the solvent for a given substrate. 
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Table 3. Solvent screening for [2 + 2]-cycloaddition of 1a in gel made of G1. [a] 

Entry Solvent Gelator Conv. (%)[b] d.r. (2/3)[b] 

1 DMSO G1 (15) 72 83:17 

2 Cyclohexane G1 (20) 100 88:12 

3 CH3CN G1 (15) 99 89:11 

4 DMF G1 (15) 100 88:12 

5 Acetone G1 (15) 100 91:9 

6 Toluene G1 (20) 100 93:7 

7 DCM G1 (20) 100 91:9 

[a] Reaction conditions: Cinnamate 1a (0.5 mmol), photocatalyst [IrdF(CF3)ppy2(dtb-bpy)]PF6 (1.0 mol%), dry 

solvent (1 mL), LED455, 24 h, RT, in air. Abbreviations: Conv. = conversion; d.r. = diastereomeric ratio (2 = δ-

diastereomer; 3 = β-diastereomer); DCM = dichloromethane. 

[b] Determined by 1H NMR analysis of the reaction crude. 

Applying the best reaction conditions found for 1a, i. e. highest 

diastereoselectivity for systems in which a stable gel can be formed, we 

evaluated the outcome of the photodimerization for substrates 1b-1f in gel 

media (Table 4), which had given poor selectivities in homogeneous 

solution.[28] For all substrates the diastereoselectivity could be slightly 

increased by carrying out the reactions in gel media rather than in the 

respective solvent alone. In general, the use of gel media has a greater 

effect in polar solvents like DMF or CH3CN on the diastereoselectivity than 

in unpolar solvents (toluene), suggesting a greater stabilization of diradical 

intermediate A in the latter. 

Table 4. Substrate screening in solution and in gel media under different conditions.[a] 

Entry Substrate Solvent Gelator Conv. (%)[b] d.r. (2/3)[b] 

1 1a Toluene - 100 89:11 

2 1b DMF - 100 57:47 

3 1b CH3CN - 100 68:32 

4 1b Toluene - 100 83:17 

5 1b DMF G1 (15) 100 65:35 

6 1b DMF G3 (5) 100 64:36 

7[c] 1b Toluene G4 (5 - 20) - - 

8[d] 1b CH3CN G5 (10) 100 72:28 

9 1c DMF - 100 60:40 
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10 1c Toluene - 100 75:25 

11 1c DMF G1 (15) 100 64:36 

12 1c DMF G3 (5) 100 64:36 

13 1c Toluene G4 (5) 100 84:16 

14[d] 1c CH3CN G5 (10) 100 72:28 

15 1d DMF - 100 68:32 

16 1d Toluene - 86 79:21 

17 1d DMF G1 (15) 100 72:28 

18 1d DMF G3 (5) 100 69:31 

19 1d Toluene G4 (5) 72 80:20 

20[d] 1d CH3CN G5 (10) 100 75:25 

21 1e DMF - 97 54:46 

22 1e Toluene - 92 80:20 

23 1e DMF G1 (15) 95 56:44 

24 1e DMF G3 (5) 96 56:44 

25 1e Toluene G4 (5) 96 81:19 

26[d] 1e CH3CN G5 (10) 91 62:38 

27 1f DMF - 23 75:25 

28 1f DMF G1 (15) 28 76:26 

29 1f DMF G3 (5) 30 76:24 

30 1f Toluene G4 (5) Traces (<1) - 

31[d] 1f CH3CN G5 (10) 34 68:32 

[a] Reaction conditions: Cinnamate (0.5 mmol), photocatalyst [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 (1.0 mol%), solvent 

(1 mL), LED455, 24 h, RT. Reactions in solution were carried with dry solvents out under strict nitrogen atmosphere, 

while those performed in gel were performed under aerobic conditions. Abbreviations: Conv. = conversion; d.r. = 

diastereomeric ratio (2 = β-diastereomer; 3 = β-diastereomer). 

[b] Determined by 1H NMR analysis of the reaction crude. 

[c] No gel formation.  

[d] The gelator concentration in this case was reduced to 10 g L−1 due to solubility problems compared to substrate 

1a (entry 5). 

For all substrates the diastereoselectivity could be increased significantly by 

carrying out the reactions in a less polar solvent (toluene) compared to 

previously used DMF, suggesting a greater stabilization of the diradical 

intermediate A in the first.[28] In comparison to that, gel media showed a 

rather small effect on the diastereomeric outcome of the reaction and 

tended to have a relatively greater impact in polar solvents like DMF or 
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CH3CN than in unpolar solvents (toluene). In agreement with this rational, 

we found that the reactions proceed efficiently on water, increasing the 

amount of the cis-diastereomer, which is presumably the kinetically 

preferred one (Table 5). The most dramatic result was obtained with 

substrates 1b (R1=CO2Me) and 1c (R1=CN), for which the d.r. was inverted 

in favor to the cis product 3 (β-diastereomer) (Table 5, entries 4-5). 

Moreover, under these conditions the catalyst loading could be efficiently 

decreased from 1.0 mol% to 0.02 mol% while maintaining the conversion 

≥95 % (Table 5, entry 3). Surprisingly, although substrate 1e (R1=NO2) was 

poorly converted on water (11 %) even after 72 h (Table 5, entry 7), only the 

cis diastereomer 3 was obtained. In sharp contrast, the reaction of this 

substrate in homogeneous DMF solution afforded the corresponding 

diastereomers 2 : 3 with a d.r. of 57 : 47.[28] 

Table 5. Substrate screening in homogeneous aqueous solution. [a] 

Entry Substrate Solvent Conv. (%)[b] d.r. (2/3)[b] 

1[c] 1a H2O 0 - 

2 1a H2O 99 75:25 

3[d] 1a H2O 95 78:22 

4 1b H2O 100 38:63 

5 1c H2O 94 38:63 

6 1d H2O 95 51:49 

7[e] 1e H2O 11 0:100 

8 1f H2O 100 70:30 

[a] Reaction conditions: Cinnamate (0.5 mmol), photocatalyst [IrdF(CF3)ppy2(dtb-bpy)]PF6 (1.0 mol%), distilled 

degassed H2O (1 mL), LED455, 24 h, RT, nitrogen atmosphere. Abbreviations: Conv. = conversion; d.r. = 

diastereomeric ratio (2 = δ-diastereomer; 3 = β-diastereomer). 

[b] Determined by 1H NMR analysis of the reaction crude. 

[c] Control experiment in the absence of catalyst. 

[d] 0.02 mol% catalyst. 

[e] The same result was obtained after 72 h. 

Note: Reactions could be scaled up to 1.1 mmol of substrate without detriment in the yield and selectivity. 

These results motivated us to test the reaction also in a series of aqueous 

micellar systems. However, the results indicated no effect of the micelles on 

the outcome of the reaction (see ESI, Table S1). 
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Standard kinetics studies using 1a as model substrate showed second-

order reactions in both homogeneous solution and gel media (Figure 3). 

Reactions in both DMF solution and in gel media made of DMF/G1, 

DMF/G2, DMF/G3 and CH3CN/G5 displayed comparable turnover 

frequencies (TOF) within the range 7-8×10−2 min−1 and half-life times (t1/2) 

about 6-8 h. Comparing the kinetics parameters with those from the 

reactions in degassed water, we found a much faster reaction time for the 

latter with a TOF of 22.9×10−2 min−1 and a half-life of 2.9 h. In sharp contrast, 

reactions performed in toluene/G4 as gel medium were slowed down to TOF 

and half-life values of 1.6×10−2 min−1 and 29.9 h, respectively. 

 

Figure 3. Second order kinetics of the [2 + 2]-cycloaddition model reaction in different reaction media. 

Reaction conditions: Cinnamate 1a (0.5 mmol), [IrdF(CF3)ppy2(dtb-bpy)]PF6 (1.0 mol%), solvent 

(DMF, toluene, CH3CN or H2O) (1 mL), LED455, RT. Reactions in solution were carried with dry 

solvents out under strict nitrogen atmosphere, while those performed in gel were performed under 

aerobic conditions. Rate constants, k, are given in (× 10-2) M-1 h-1; half-lives, t1/2, are given in h. 

Additional kinetics parameters are available from the authors upon request. 

Studies of the thermal stability of the gel systems revealed that those with 

the highest influence on d.r., i. e. toluene/G4 and CH3CN/G5, also showed 

the highest gel-to-sol transition temperatures (Tgel) (i. e. 90 °C and 76 °C, 

respectively) (Table 6, entries 4-5). In contrast, DMF/G1, DMF/G2 and 

DMF/G3 aerated gels, which caused the least impact on d.r., displayed Tgel 

values ≤64 °C (Table 6, entries 1-3). This apparent correlation is similar to 

that previously observed for the photodimerization of acenaphthylene in 

hydrogels.[33] 



Main part  55 

 

 

Table 6. Gel-to-sol transition temperature (Tgel) of the gels prepared with the different gelators. 

Concentrations and solvents correspond to those used in the experiments. 

Entry Substrate Solvent (1 mL) Tgel (°C) 

1 G1 (15) DMF 50 ± 2 

2 G2 (15) DMF 60 ± 2 

3 G3 (5) DMF 64 ± 2 

4 G4 (5) Toluene 90 ± 2 

5 G5 (10) CH3CN 76 ± 2 

 

Table 7 and Figure 4 summarize the influence of the surrounding media 

(i. e. inert homogeneous solution and aerated gel) on the d.r. and isolated 

yields of the [2 + 2]-cycloaddition reaction under optimized conditions for 

each substrate and reaction medium. The lowest impact was observed on 

styrene (1f) bearing the electron richest double bond, followed by substrate 

1a (R1=H), where the increment in diastereomeric excess (d.e.) going from 

water or DMF solution to less polar solvent toluene or gel is higher than for 

1f. Substrates 1b (R1=CO2Me), 1c (R1=CN), 1d (R1=CF3) and 1e (R1=NO2) 

having the electron poorest double bonds, showed the highest influence of 

the surrounding environment, being the mentioned increment of d.e. ca. 6 

to 9 times higher compared to 1f.  

 

Figure 4. Diastereomeric excess (d.e.) obtained for substrates 1a-1f in different reaction media as 

described in Table 7. 
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Overall, the foregoing results suggest a potential stabilizing effect of less 

polar environments (toluene, gel media) on the transition state providing 

more time to equilibrate before ring closure, which results in higher yields of 

the sterically most favorable trans isomer. Finally, it is worth mentioning that 

the [2 + 2]-cycloaddition could also be scaled up in aerated gel media. For 

instance, the reaction with 1.0 mmol of substrate 1d (R1=CF3) in toluene/G4 

gel in air afforded the desired product in ca. 80 % isolated yield and 60 % 

d.e. 

Table 7. Influence of gel media on the diastereomeric ration (d.r.) under optimized conditions.[a] 

Substrate 
 

    

 

 

1a 1b 1c 1d 1e 1f 

Reaction in homogeneous solution 

d.r.[b] 

(yield) [c] in H2O 

75:25 

(85%) 

38:63 

(81%) 

38:63 

(80%) 

51:49 

(81%) 

-[f] 

-[d] 

70:30[g] 

-[d] 

d.r.[b] 

(yield) [c] in DMF 

87:13 

(85%) 

57:47 

(85%) 

60:40 

(85%)[e] 

68:32 

-[d] 

54:46 

(86%)[c] 

75:25 

(92%)[c] 

d.r.[b] 

(yield) [c] in toluene 

89:11 83:17 75:25 79:21 80:20 - 

Reaction in gel media 

d.r.[b] 

(yield) [c] 

[gelator/ 

solvent] 

89:11 

(75%) 

G4/ 

toluene 

72:28 

-[d] 

G5/ 

CH3CN 

84:16 

(74%) 

G4/ 

toluene 

80:20 

(78%) 

G4/ 

toluene 

81:19 

(75%) 

G4/ 

toluene 

76:26 

-[d] 

G1/ 

DMF 

[a] Reaction conditions: Cinnamate (0.5 mmol), photocatalyst [IrdF(CF3)ppy2(dtb-bpy)]PF6 (1.0 mol%), solvent 

(1 mL), LED455, 24 - 72 h, RT, gelator (i.e. G1 (15 gL-1), G4 (5 gL-1), G5 (10 gL-1)). Reactions in solution were 

carried with dry solvents out under strict nitrogen atmosphere, while those performed in gel were performed under 

aerobic conditions. Unless otherwise indicated, all conversions determined by 1H NMR analysis of the reaction 

crude were  95%.  

[b] Diastereomeric ratio (2 = δ-diastereomer; 3 = β-diastereomer). Determined by 1H NMR analysis of the crude. 

[c] Isolated yield. 

[d] Not-isolated. 

[e] From reference [18]. 

[f] Diastereomeric ratio not determined. Conversion = 12%. 

[g] Conversion = 89%. 
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 Conclusion and Outlook 

[2+2]-Cycloadditions of cinnamates can be efficiently carried out in solution 

under LED blue light (λmax = 455 nm) irradiation using 1.0 mol% of 

[Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 as photocatalyst under inert atmosphere. 

This study demonstrates that such photoredox processes can also be 

performed under aerobic conditions using supramolecular gels as reaction 

media instead of standard homogeneous solutions under inert conditions. 

In general, kinetics parameters in both solution and gel environments are 

comparable, while the diastereomeric ratio of the trans and cis 

diastereomers of the formed substituted cyclobutanes was found to be 

highly dependent on the polarity of the environment increasing highly from 

polar solvents (water, DMF) to less polar (toluene, gel media) in favor of the 

trans product. Thus, the reaction media provides some degree of 

stabilization of the biradical intermediate A, slowing down the ring closure 

step and, hence, facilitating the equilibration towards the sterically most 

favorable all-trans arrangements. A judicious balance between solvent and 

LMW gelator allows carrying out the reactions without detriment in 

conversion, kinetics and regioselectivity compared to inert homogeneous 

solutions, and in most cases even with slight improvement in 

diastereoselectivity. Furthermore, the [2+2]-cycloaddition reaction was also 

found to proceed on degassed water with much lower catalyst loading (0.02 

mol%), albeit with a decrease, and in some cases inversion, of the 

diastereoselectivity. As a general trend, polar solvents greatly increase the 

kinetic of the [2+2]-cycloaddition but also increase the formation of the cis-

diastereomer 3. This suggests that the biradical A is less stabilized in polar 

media, since it does not benefit from polar effect. Overall, the results from 

this study, together with the facile operation of the method with aerated gels, 

might be relevant for future process automatization, especially for high-

throughput screening of potential photocatalysts for similar photoredox 

reactions. 
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 Experimental Part 

 Material and Methods 

Unless otherwise specified, all reagents, starting materials and solvents 

(p.a. grade) were purchased from commercial suppliers (i. e. ABCR, Acros, 

Sigma-Aldrich, TCI or Merck) and used as received without further 

purification. Cinnamates 1a, 1e, 1f were purchased from Sigma-Aldrich. 

Synthesis of starting materials requiring oxygen- or moisture-sensitive 

reagents were carried out using flame-dried glassware, degassed solvents 

and Schlenk lines. We have previously characterized most reaction 

products reported in this paper, being the spectroscopic data identical to 

those reported.[28] For the sake of clarity, 1H NMR data for all known 

compounds as well as full characterization of new compounds 1d, 2d and 

3d are included in this section. 

Thin-layer chromatography (TLC) analyses were performed using pre-

coated TLC-sheets ALUGRAM® Xtra SIL G/UV254. Visualization was 

accomplished with UV light (λmax=254 nm). 

Column chromatography and flash chromatography were performed using 

silica gel with particle size 63-200 μm and 40-63 μm, respectively, as the 

stationary phase. 

High-resolution mass spectra (HRMS) were obtained according to the 

IUPAC recommendations (2013) from the central analytic mass 

spectrometry facilities of the Faculty of Chemistry and Pharmacy at the 

University of Regensburg. 

NMR spectra were recorded with a Bruker Avance 400 (1H NMR: 400 MHz, 

13C NMR: 101 MHz, 19F NMR: 376 MHz) or a Bruker Avance 300 (1H NMR: 

300 MHz, 13C NMR: 75 MHz, 19F NMR: 282 MHz). Chemical shifts (δ) are 

reported in parts per million (ppm) relative to residual solvent peak (CDCl3, 

7.26 ppm). Coupling constants (J) are given Hertz (Hz). The following 

notations are used to indicate the multiplicity of the signals: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet. 
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Photochemical reactions were performed using a custom-made set-up[16] 

with an array of suitable LEDs (3.5 V, 700 mA), i. e. λex = 455 ± 15 nm, 

connected to a power supply. The irradiation device was equipped with a 

stainless-steel jacket to maintain refrigeration of the vials. The distance 

between the LEDs and the reaction vials was adjusted to 0.9 ± 0.1 cm. The 

apparatus also allows magnetic stirring of the reaction mixtures. The 

reported yields are referred to the isolated compounds unless otherwise 

stated. Oxygen- and moisture-free reactions were carried out with dry and 

degassed solvents, as well as glassware subjected to several evacuation 

(vacuum)/refill (nitrogen) cycles. 

Gels were prepared in 5 mL snap glass vials having a specific amount of 

the desired gelator and solvent (p.a. grade). The mixture was gently heated 

with a heat gun until the solid material was dissolved. The resulting isotropic 

solution was allowed to cool down to RT affording the corresponding gels. 

No control over temperature rate during the heating-cooling process was 

applied. Double-distilled water was purified additionally using a Millipore 

water-purifying system (Merck) prior usage. 

Tgel values were determined using a calibrated thermoblock at a heating rate 

of ca. 5 °C/min. [34] The temperature at which the gel started to break was 

defined as Tgel with an estimated error of ±2 °C after several heating-cooling 

cycles. Each measurement was made at least by duplicate and the average 

value reported. 

 Synthesis of photocatalyst and gelators 

Iridium catalyst, [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 ((dF(CF3)ppy=2-(2,4-

difluorophenyl)-5-trifluoromethylpyridine, dtb-bpy=4,40-di-tert-butyl-2,20-

dipyridyl), was synthesized according to the procedure described by Reiser 

and co-workers[35] and the NMR data were in agreement with the 

literature.[35] 

Gelators N,N’-bis(octadecyl)-L-Boc-glutamic diamide G1,[36] N-((1R,2R)-2-

undecanamidocyclohexyl)undecanamide G2,[37] (+)-(R,R)-dodecyl-3-[2-(3-

dodecyl-ureido)cyclohexyl]urea G3,[38] 1,3 : 2,4-dibenzylidene-D-sorbitol 

G4,[39] and 4-(dodecyloxy)-N-((4-
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(dodecyloxy)phenyl)carbamothioyl)benzamide G5[40] were synthesized 

according to literature procedures, being NMR spectroscopic data in 

agreement with the literature.[36-40] 

 General Procedure for the Synthesis of Cinnamates 

Cinnamates 1b-d were prepared by means of Horner-Wadsworth-Emmons 

(HWE) reaction. Typically, potassium tert-butoxide (0.84 g, 7.5 mmol, 1.5 

equiv) was slowly added to a solution of triethyl phosphonoacetate (1.68 g, 

7.5 mmol, 1.5 equiv) in anhydrous THF (50 mL) under a nitrogen 

atmosphere at 0 °C. The resulting mixture was allowed to stir for 1 h, 

followed by slow addition of the desired aldehyde (5.0 mmol, 1.0 equiv; i. e. 

methyl 4-formylbenzoate for 1b; 4-formylbenzonitrile for 1c; 4-

(trifluoromethyl)benzaldehyde for 1d) over 5 min. The mixture was stirred 

for 1 h at 0 °C, and then for 1 h at RT. The progress of the reaction was 

monitored by TLC analysis. After complete consumption of the starting 

material, the reaction was quenched by addition of saturated ammonium 

chloride solution (50 mL) and extracted with EtOAc (3×50 mL). The 

combined organic layers were washed with brine (20 mL), dried over 

anhydrous Na2SO4, and concentrated in vacuo. Purification of the crude 

reaction mixture was achieved by silica gel column chromatography using 

hexane/EtOAc solvent mixtures to yield the desired cinnamates (1b-d). 

Methyl (E)-4-(3-ethoxy-3-oxoprop-1-en-1-yl)benzoate (1b):[28] 1H NMR 

(300 MHz, CDCl3) δ 8.03 (d, J=8.4 Hz, 2H), 7.68 (d, J=16.1 Hz, 1H), 7.56 

(d, J=8.3 Hz, 2H), 6.50 (d, J=16.0 Hz, 1H), 4.26 (q, J=7.1 Hz, 2H), 3.91 (s, 

3H), 1.33 (t, J=7.1 Hz, 3H). 

Ethyl (E)-3-(4-cyanophenyl)acrylate (1c):[28] 1H NMR (300 MHz, CDCl3) δ 

7.69 (d, J=16.0 Hz, 1H), 7.65-7.59 (m, 4H), 6.51 (d, J=16.0 Hz, 1H), 4.28 

(q, J=7.1 Hz, 2H), 1.35 (t, J=7.1 Hz, 3H). 

Ethyl (E)-3-(4-(trifluoromethyl)phenyl)acrylate (1d): White solid. Mp 

35±1 °C. Rf=0.34 (19 : 1 hexane : EtOAc). 1H NMR (300 MHz, CDCl3) δ 7.69 

(d, J=16.0 Hz, 1H), 7.65-7.59 (m, 4H), 6.51 (d, J=16.0 Hz, 1H), 4.28 (q, 

J=7.1 Hz, 2H), 1.35 (t, J=7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 166.44, 

142.72, 137.85, 131.72 (q, J=32.7 Hz), 128.17, 125.87 (q, J=3.8 Hz), 
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120.86, 120.23 (q, J=272.3 Hz), 60.83, 14.30. 19F NMR (282 MHz, CDCl3) 

δ −63.34. HRMS (ESI+) calculated for C12H11F3O2 (M)+: 244.0711; Found: 

244.0699 (M)+. 

 General Procedure for the Intermolecular [2+2]-Cycloadditions 

An oven-dried 5 mL vial was loaded with [Ir{dF(CF3)ppy}2(dtb-bpy)]PF6 (5 

mg, 0.001 mmol), the needed amount of gelator G1–G5 (0.5–1.5 wt.%), 

solvent (1 mL) and the corresponding substrate (0.5 mmol). The vial was 

equipped with a rubber septum and the mixture was subjected to ultrasound 

treatment for 1 min, and then gently heated with a heat gun (heating level 3 

out of 10) until a clear solution was obtained. After formation of the gels 

upon cooling down the mixtures to RT, the vials were placed under 455 nm 

LED light irradiation for 24 h. After this time, the vials were heated again 

with a heat gun (heating level 3 out of 10) until complete dissolution of the 

gel, and 8 drops of the resulting solution were taken for NMR analysis. Brine 

was added to the crude product mixture (5 mL), and the mixture was 

extracted with EtOAc (3×5 mL). The combined organic layers were dried 

over anhydrous Na2SO4 and concentrated in vacuo. Purification of the crude 

product was achieved by flash silica gel column chromatography using 

hexane/EtOAc mixtures affording the desired cinnamates. 

Diethyl 3,4-diphenylcyclobutane-1,2-dicarboxylate (2a/3a):[28] The titled 

compound was prepared following the general protocol using 3-phenyl-2-

propenoic acid ethyl ester and G4 (0.5 wt.%) in toluene (1 mL). Rf 

(2a/3a)=0.44/0.33 (9 : 1 hexane : EtOAc). 

2a: 1H NMR (300 MHz, CDCl3) δ 7.39–7.20 (m, 8H), 4.21 (q, J=7.1 Hz, 4H), 

3.77 (d, J=9.6 Hz, 2H), 3.46 (d, J=9.5 Hz, 2H), 1.28 (t, J=7.1 Hz, 6H). 

3a: 1H NMR (300 MHz, CDCl3) δ 7.39–6.89 (m, 10H), 4.40 (d, J=6.1 Hz, 

2H), 4.21 (q, J=7.1 Hz, 4H), 3.83 (d, J=6.0 Hz, 2H), 1.29 (t, J=7.1 Hz, 6H). 

Diethyl 3,4-bis(4-(methoxycarbonyl)phenyl)cyclobutane-1,2-

dicarboxylate (2b/3b): [28] The titled compound was prepared following the 

general protocol using 3-phenyl-2-propenoic acid ethyl ester and G5 (1.0 

wt.%) in CH3CN (1 mL). Rf (2b/3b): 0.45/0.34 (7 : 3 hexane : EtOAc). 
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2b: 1H NMR (300 MHz, CDCl3) δ 8.00 (d, J=8.4 Hz, 4H), 7.35 (d, J=8.3 Hz, 

4H), 4.21 (q, J=7.1 Hz, 4H), 3.90 (s, 6H), 3.79 (d, J=9.6 Hz, 2H), 3.48 (d, 

J=9.5 Hz, 2H), 1.27 (t, J=7.1 Hz, 6H). 

3b: 1H NMR (300 MHz, CDCl3) δ 7.77 (d, J=8.5 Hz, 4H), 6.99 (d, J=8.4 Hz, 

4H), 4.47 (d, J=6.1 Hz, 2H), 4.21 (q, J=7.1 Hz, 4H), 3.92 (d, 2H), 3.84 (s, 

6H), 1.28 (t, J=7.1 Hz, 6H). 

Diethyl 3,4-bis(4-cyanophenyl)cyclobutane-1,2-dicarboxylate (2c/3c): 

[28] The titled compound was prepared following the general protocol using 

3-phenyl-2-propenoic acid ethyl ester and G4 (0.5 wt.%) in toluene (1 mL). 

Rf (2c/3c): 0.16/0.8 (4 : 1 hexane : EtOAc). 

2c: 1H NMR (300 MHz, CDCl3) δ 7.64 (d, J=8.4 Hz, 4H), 7.38 (d, J=8.3 Hz, 

4H), 4.22 (q, J=7.1, 4H), 3.78 (d, J=9.5 Hz, 2H), 3.45 (d, J=9.5 Hz, 2H), 1.28 

(t, J=7.1 Hz, 6H). 

3c: 1H NMR (300 MHz, CDCl3) δ 7.43 (d, J=8.3 Hz, 4H), 7.02 (d, J=8.3 Hz, 

4H), 4.48 (d, J=6.1 Hz, 2H), 4.22 (q, J=7.1 Hz, 4H), 3.80 (d, J=5.9 Hz, 2H), 

1.28 (t, J=7.2 Hz, 6H). 

Diethyl 3,4-bis(4-(trifluoromethyl)phenyl)cyclobutane-1,2-

dicarboxylate (2d/3d): The titled compound was prepared following the 

general protocol using 3-phenyl-2-propenoic acid ethyl ester and G4 (1.5 

wt.%) in toluene (1 mL). These products were isolated and separated for 

confirmation. Rf (2d/3d): 0.29/0.18 (9 : 1 hexane : EtOAc). 

2d: White solid. Mp 78 ± 1 °C. 1H NMR (300 MHz, CDCl3) δ 7.60 (d, J=8.1 

Hz, 4H), 7.40 (d, J=8.1 Hz, 4H), 4.22 (q, J=7.0 Hz, 4H), 3.80 (d, J=9.6 Hz, 

2H), 3.47 (d, J=9.5 Hz, 2H), 1.28 (t, J=7.1 Hz, 6H). 13C NMR (75 MHz, 

CDCl3) δ 172.01, 144.50, 129.67 (q, J=32.7 Hz), 127.18, 125.77 (q, J=3.8 

Hz), 122.25, 77.46, 77.03, 76.61, 61.38, 46.52, 44.60, 14.22. 19F NMR (282 

MHz, CDCl3) δ −63.02. HRMS (ESI+) calculated for C24H23F6O4 (M+H)+: 

489.1501; Found: 489.1499 (M+H)+. 

3d: Yellowish oil. 1H NMR (300 MHz, CDCl3) δ 7.38 (d, J=8.1 Hz, 4H), 7.04 

(d, J=8.1 Hz, 4H), 4.49 (d, J=6.3 Hz, 2H), 4.22 (q, J=7.2 Hz, 4H), 3.82 (d, 

J=6.0 Hz, 2H), 1.29 (t, J=7.1 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 171.83, 



Main part  63 

 

 

142.37, 129.17, 128.74, 128.01, 127.25, 127.00, 125.76, 125.20 (q, J=3.7 

Hz), 122.16, 61.34, 44.56, 43.35, 14.18. 19F NMR (282 MHz, CDCl3) δ 

−63.08. HRMS (ESI+) calculated for C24H23F6O4 (M+H)+: 489.1501; Found: 

489.1501 (M+H)+. 

Diethyl 3,4-bis(4-nitrophenyl)cyclobutane-1,2-dicarboxylate (2e/3e):[28] 

The titled compound was prepared following the general protocol using 3-

phenyl-2-propenoic acid ethyl ester and G4 (1.5 wt.%) in toluene (1 mL). Rf 

(2e/3e): 0.2/0.16 (10 : 1 hexane : EtOAc). 

2e: 1H NMR (300  Hz, CDCl3) δ 8.22 (d, J=8.8 Hz, 4H), 7.46 (d, J=8.8 Hz, 

4H), 4.24 (q, J=7.3, 6.9 Hz, 4H), 3.86 (d, J=9.5 Hz, 2H), 3.50 (d, J=9.5 Hz, 

2H), 1.29 (t, J=7.1 Hz, 6H). 

3e: 1H NMR (300 MHz, CDCl3) δ 8.01 (d, J=8.8 Hz, 4H), 7.11 (d, J=8.8 Hz, 

4H), 4.57 (d, J=6.1 Hz, 2H), 4.24 (q, J=7.1 Hz, 4H), 3.86 (d, J=6.0 Hz, 2H), 

1.30 (t, J=7.1 Hz, 6H). 

1,2-Diphenylcyclobutane (2f/3f):[28] The titled compound was prepared 

following the general protocol using 3-phenyl-2-propenoic acid ethyl ester 

and G1 (1.5 wt.%) in DMF (1 mL). Note: Compounds 2f and 3f are also 

commercially available. Rf (2f/3f): 0.43 (19 : 1 hexane : EtOAc). 

2f/3f: 1H NMR (300 MHz, CDCl3) δ 7.43-7.24 (m, 7H, trans/cis), 7.22-7.00 

(m, 3H, trans/cis), 4.11 (m, 2H, cis), 3.73-3.61 (m, 2H, trans), 2.55 (m, 2H, 

trans/cis), 2.47-2.33 (m, 4H, trans/cis), 2.31-2.16 (m, 4H, trans/cis). 

 

 

 Additional information can be found in the ESI on the enclosed CD 

or in the ESI of the paper. 
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 Additional Information 

Initially, the 2+2 cycloaddition was also performed in hydrogels and micellar 

media (compare Table 7 with Table 8 and Table 9). These results led to the 

conclusion that the reaction is working in water with the substrates 1a-d,f 

without any need for additional nanoreactors. The conversion of substrate 

1e in water was always low (< 13%) and the change of the surfactant had 

no beneficial impact on that (Table 9, entry 7, 9, 11, 13). In summary, the 

influence of hydrogels and surfactants on the diastereomeric ratio compared 

to pure water was inexistent or in the best cases very low. 

Table 8. Influence of a hydrogel on the diastereomeric ratio (d.r.).[a] 

 

Entry Substrate Solvent Soft medium  Conv.[b] (%) d.r.[b] (1/2) 

1 1a H2O/DMSO (9:1) DBC (3 gL-1) 95 76:24 

2 1a H2O/MeOH (9:1) CAR (20 gL-1) 99 78:22 

[a] Reaction conditions: Cinnamate (0.5 mmol), photocatalyst [IrdF(CF3)ppy2(dtb-bpy)]PF6 (1.0 mol%), solvent 

(1 mL), LED455, 24 h, RT, hydrogel.  Reactions in solution were carried out with dry solvents under strict nitrogen 

atmosphere.  

[b] Diastereomeric ratio (2 = δ-diastereomer; 3 = β-diastereomer). Determined by 1H NMR analysis of the crude. 
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Table 9. Influence of a surfactant on the diastereomeric ratio (d.r.).[a] 

 

Entry Substrate Solvent Soft medium  Conv.[b] (%) d.r.[b] (1/2) 

1 1a H2O TPGS-750-M 97 75:25 

2[c] 1a H2O/toluene TPGS-750-M 99 78:22 

3[d] 1b H2O TPGS-750-M 100 38:62 

4[c][d] 1c H2O/toluene TPGS-750-M 99 38:62 

5 1d H2O TPGS-750-M 100 50:50 

6[c] 1f H2O/toluene TPGS-750-M 100 77:23 

7[d] 1e H2O TPGS-750-M 7 0:100 

8 1a H2O SDS 100 75:25 

9[d] 1e H2O SDS 13 20:80 

10 1a H2O NaDCH 100 67:33 

11[d] 1e H2O NaDCH 6 0:100 

12 1a H2O CATBr 100 67:33 

13[d] 1e H2O CATBr 10 0:100 

14 1a H2O Tween 80 100 67:33 

[a] Reaction conditions: Cinnamate (0.5 mmol), photocatalyst [IrdF(CF3)ppy2(dtb-bpy)]PF6 (1.0 mol%), solvent 

(1 mL), LED455, 24 h, RT, surfactant (concentration: five times cmc). Reactions in solution were carried out with 

dry solvents under strict nitrogen atmosphere.  

[b] Diastereomeric ratio (2 = δ-diastereomer; 3 = β-diastereomer). Determined by 1H NMR analysis of the crude. 

[c] Toluene (0.25 mL) added. 

[d] Cinnamate (0.25 mmol). 
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 Abstract 

A new methodology for the pH-triggered degradation of polymers or for the 

release of drugs under visible light irradiation based on the cyclization of 

ortho-hydroxy-cinnamates (oHC) to coumarins is described. The key oHC 

structural motif can be readily incorporated into the rational design of novel 

photocleavable polymers via click chemistry. This main-chain moiety 

undergoes a fast photocleavage when irradiated with 455 nm light provided 

that a suitable base is added. A series of polyethylene glycol-alt-ortho-

hydroxy cinnamate (polyethylene glycol (PEG)n-alt-oHC)-based polymers 

are synthesized and the time-dependent visible-light initiated cleavage of 

the photoactive monomer and polymer is investigated in solution by a 

variety of spectroscopic and chromatographic techniques. The photo-

degradation behavior of the water-soluble poly(PEG2000-alt-oHC) is 

investigated within a broad pH range (pH = 2.1-11.8), demonstrating fast 

degradation at pH 11.8, while the stability of the polymer is greatly enhanced 

at pH 2.1. Moreover, the neat polymer shows long-term stability under 

daylight conditions, thus allowing its storage without special precautions. In 

addition, two water-soluble PEG-based drug-carrier molecules (mPEG2000-

oHC-benzhydrol/phenol) are synthesized and used for drug delivery 

studies, monitoring the process by UV-vis spectroscopy in an ON/OFF 

intermittent manner. 
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 Introduction 

Since the inception of polymer science, chemists strived to design stimuli-

responsive macromolecules, also referred to as “smart” polymers, which 

have gained interest from industry and academia alike. The exposure of the 

material to environmental changes such as temperature, pH, redox, 

enzyme, voltage, gas, mechanical force, and light causes alterations in the 

physical and chemical properties, which leads to changes in dimensions, 

aggregation states, interactions, as well as structures.[1] Among those 

stimuli, light has attracted the most attention due to its availability, high 

efficiency, clean character, and the possibility for easy spatiotemporal 

control.[2,3] Light-induced processes that start/stop by switching on/off the 

light not only produce fewer by-products as no additional reagents are 

involved, but also allow the tuning of relevant parameters such as light 

intensity or irradiation time and wavelength. In this context, light-cleavable 

polymers are of special value:[3] Their ability to easily degrade into smaller 

fragments upon irradiation bears the promise for many applications 

including drug release,[4] biomacromolecule delivery, nanocontainers, and 

self-healing materials.[5] Ideally such polymers should be cleavable by 

visible rather than UV light to allow better compatibility especially with 

biological materials, but at the same time should be stable under daylight 

conditions to allow long-term storage without the necessity for special 

precautions. 

Coumarins and their derivatives[6] are known for their biological applications, 

such as antitumor,[7] antioxidant,[8] anti-HIV[9] as well as for their utilization 

as sensitizers,[10] for fluorescent sensors[11] and light-emitting diodes.[12] 

They can be synthesized by cyclization of ortho-hydroxy-(Z)-cinnamates, 

while the corresponding ortho-hydroxy-(E)-cinnamates are also suitable 

starting materials but require a preceding E/Z-double bond isomerization. 

However, there are only few reports to achieve this isomerization 

photochemically, either initiated by UV-light[13] or mediated by visible light 

utilizing organic[14] or noble transition-metal based photocatalysts (Figure 

1).[15] 
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Herein, we report that this transformation can be triggered under basic 

conditions (i.e., pH > pKa of the phenolic residue) in the visible light region 

of the spectrum, notably without the necessity of employing any 

photocatalyst. Based on this strategy, novel ortho-hydroxy-cinnamates 

(oHC)-bis(alkyne)-based monomers suitable for click chemistry are 

developed, which can be transformed to stimuli-responsive polymers 

allowing its degradation at basic pH under visible light irradiation. 

 

Figure 1. Commonly used strategies for photo mediated synthesis of coumarins. 

More compatible would be the photodegradation triggered by visible light, 

which poses the challenge to avoid a background process, given the 

ubiquitous presence of this stimulus. Thus, we set out to develop a system 

that can be degraded by visible light but only upon an initial activation: 

Featuring oHC as a photocleavable unit within a polymer, we report here 

their catalyst free, efficient degradation under visible light conditions upon 

adjusting the pH to >7. We began our investigation questioning whether 

deprotonation of the acidic phenolic hydroxy group (pKa = 10) could 

enhance the push-pull character of the conjugated system resulting in a 

redshift of the absorbance, which would allow the direct activation of the 

molecule by visible light. 
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 Results and Discussion 

Choosing 1a as a model substrate (Table 1), we established that indeed no 

formation of the coumarin product 2a is observed either upon irradiation at 

455 nm without the addition of base N,N-diisopropylethylamine (DIPEA) or 

in the presence of a base without irradiation (entries 1, 2). In contrast, full 

conversion to 2a could be achieved when substoichiometric amounts of 

DIPEA (20 mol%, entry 3) or tBuOK (20 mol%, entry 4) were used. These 

results are in line with UV-vis spectroscopy data of 1a (Figure S10, Table 

S1, Supporting Information), showing a bathochromic shift from ≈390 to 470 

nm when moving from acidic (pH 2.1) to basic (pH 11.8) conditions. Under 

the optimized conditions, substrates 1b-1g could also be transformed to the 

corresponding coumarins 2b-2g upon irradiation at 455 nm (Table 1), going 

along with a bathochromic shift upon addition at DIPEA (Figure S10, 

Supporting Information). Remarkably, substrates 1f and 1g, were converted 

almost quantitatively into the desired compounds 2f and 2g with no signs of 

cross reactivity that could have been caused by the extra double or triple 

bond. 

Table 1. Catalyst free, visible light mediated coumarin synthesis.[a] 

 
Entry Substrate Conditions Conversion (%)[b] 

1 1a No DIPEA N.R. 

2 1a DIPEA, no irradiation N.R. 

3 1a DIPEA 100 

4 1a tBuOK instead of DIPEA 100 

[a] Reaction conditions: 0.25 mmol 1a-g, DIPEA (20 mol%) in 1 mL MeCN. Irradiation with λ = 455 nm for 2-6 h. 

[b] Based on 1H NMR. Abbreviation: N.R. = no reaction detected. 
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Having established the facile cyclization of oHCs through the combination 

of basic pH and visible light, we envisioned the possibility of applying this 

concept to the design of novel photo-cleavable main-chain polymers. Thus, 

poly(polyethylene glycol-alt-ortho-hydroxy cinnamate, polyethylene glycol 

(PEG)n-alt-oHC) 3a with short PEG200 chains to allow the detailed analysis 

of the polymer and its degradation product by 1H NMR analysis (Figure 

S1A,B, Supporting Information) was assembled via copper(I)-catalyzed 

azide alkyne cycloaddition “click” reaction of oHC-bis(Alk) 1g and PEGn-

diazides (Figure 2, left). Analogously, the synthesis of a water-soluble 

polymer 3b featuring PEG2000 chains (Mw = 56.3 k (PDI of 2.2) estimated by 

GPC) was readily achieved. UV-vis spectroscopy confirmed the ability of 

the molecule to absorb visible light upon pH-change due to a bathochromic 

shift (Figure 3). Under acidic pH-values, λ(1)
max is located at 330 nm 

compared to basic conditions under which a λ(1)
max value of 384 nm fading 

into the visible light region was observed (Figure 3). 

 

Figure 2. Left: Synthesis and visible light mediated photodegradation of 3a/3b; Reaction conditions: 

1g, PEGn-bis(azide), CuI, DMF, 70 °C, 16 h. Right: Time-dependent photocyclization of 3b followed 

by 1H NMR spectroscopy monitoring the CH2 (g1/g2) junctions (for detailed information see Fig. S1). 

For benchmark purposes, we established that the photo-cyclization of 

monomer 1g and polymer 3a to its coumarin counterparts 2g (Figure S3, 

Supporting Information) and 4a (Figure S4, Supporting Information) in the 

presence of DIPEA can be conveniently analyzed by 1H NMR spectroscopy, 

monitoring for 3a the disappearance of the CH2-junction groups (Figure 2, 

blue/red circles) and the appearance of the benzylic protons of the cleaved 

triazole unit in 4a. Full cleavage was achieved within 40 min of irradiation at 
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455 nm LED light for both compounds (Figure S5, Supporting Information). 

The photo-initiated degradation of the water-soluble polymer 3b, thus 

potentially relevant for biological applications, was subsequently 

investigated at five different pH values (pH = 2.1, 5.5, 6.5, 7.4, and 9.2), 

which were specifically selected to simulate those found at the digestive 

system, intracellular acidic pH, cancer cells, physiological pH, and colon, 

respectively. The pKa of 8.6 was determined for 3b by UV-vis spectroscopy 

monitoring the pH dependent formation of its corresponding alkoxide 

(Figure S8, Supporting Information). The shelf stability of the polymer 3b 

was analyzed by 1H NMR spectroscopy with regard to the formation of 4b. 

The material was stored under exclusion of light for ten months and on a 

working bench under daylight exposure in an Eppendorf cup for five days. 

In both cases no degradation of the material 3b was observable.  
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Figure 3. UV-vis spectra of 3b in 0.1M HCl/KCl buffer pH 2.1 and 0.1M Britton-Robinson buffer pH 

11.8. 

The photoinduced cleavage in 3b could not only be monitored by NMR 

spectroscopy (Figure 2, right) following the lines established for 3a, but also 

by UV-vis, fluorescence spectroscopy, or GPC analysis. 

Representative illustrations are provided in Figure 4, full details can be 

found in the Supporting Information. In line with our model study (cf. Table 

1), the photocleavage of 3b to the corresponding coumarin 4b is pH-

dependent, reaching full conversion after 20 min at pH 9.2, after 30 min at 

physiological pH 7.4, and after 120 min at slightly acidic pH 6.5. In contrast, 

for the photocleavage process at pH 2.1 only 30% conversion was reached 
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after 120 min of irradiation (Figure 4A; Figure S6, Supporting Information). 

As an alternative application we envisioned that water-soluble and 

photocleavable drug-carrier molecules can be developed. The design was 

based on the combination of methylated PEG (Mn = 2000) for enhanced 

water solubility and an ortho-hydroxycinnamate core as the alcohol 

uncaging group. The synthesis of 5 was carried out with readily available 

synthons (see Scheme S3, Supporting Information), aiming at the release 

of phenol and diphenylmethanol serving. This selection simulated both 

phenolic drugs (e.g., propofol, tetrahydrocannabinol, cannabidiol, morphine, 

buprenorphine, nalbuphine, etorphine, etc.) and benzylic alcohol containing 

drugs (e.g., terfenadine, ancymidol, fesoterodine, mefloquine, halofantrine, 

quinine, etc.).  
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Figure 4. Photocleavage process of 3b A) at different pH levels using 0.1M carbonate buffer (pH 

9.2), 0.01M PBS buffer (pH 7.4, 6.5, and 5.5) and 0.1M HCl/KCl buffer (pH 2.1); determined by 1H 

NMR, B) in 0.01M PBS buffer (pH 6.5) monitored by UV-vis spectroscopy, C) in 0.01M PBS buffer 

(pH 6.5) monitored by fluorescence spectroscopy exciting at 410 nm, and D) in 0.01M PBS buffer 

(pH = 6.5) monitored by GPC. GPC traces showing a decrease in molecular weight (Mw) with 

increasing irradiation time. 
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5a and 5b were subjected to a photocleavage process under visible light 

irradiation in an ON/OFF intermittent manner at physiological pH 7.4 in 

0.01M phosphate-buffered saline (PBS) buffer. Fast release of the alcohol 

from either 5a or 5b should only occur upon a photo-triggered trans-to-cis 

isomerization followed by cyclization, and it should stop when the irradiation 

is interrupted and only resume when the light stimulus is reapplied. In order 

to demonstrate this behavior, we monitored the absorbance of 5a/5b in 

response to periodic light irradiation at λ = 455 nm (Figure S9, Supporting 

Information) as well as in dark as a control-experiment. Indeed, when the 

irradiation was turned on for 1 min, a rapid decrease for the characteristic 

peak of the phenolate at 391 nm in the absorbance spectra was observed, 

indicating again the successful coumarin formation with concurrent alcohol 

release. Furthermore, when the irradiation was switched off, the process 

also stopped as indicated by no change in the absorbance over a 2 min time 

period (Figure 5). 
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Figure 5. Normalized UV absorption of 5a/5b at 391 nm after irradiation with visible light (λ = 455 

nm) in 0.01M PBS buffer (pH = 7.4) in an off and on intermittent manner. 

  



Main part  79 

 

 

 Conclusion 

In conclusion, we have demonstrated that a variety of coumarins can be 

easily synthesized in almost quantitative yields via a catalyst free, visible 

light mediated isomerization/cyclization sequence, taking advantage of a 

UV-to-vis bathochromic shift of oHC under basic conditions. This 

methodology enables the preparation of dual pH- and photo-responsive 

(PEGn-alt-oHC)-based polymers, which undergo a controlled 

photocleavage under exposition to visible light at slightly basic pH. This 

approach was applied to both non-water- and water-soluble polymers in two 

proof of concept studies toward degradable polymers and drug delivery. 

Further studies to ensure full biocompatibility of the fragments generated 

are currently under way aiming at applications in medicinal chemistry. Other 

fields such as lithography, polymer cross-linking, or biotechnology might 

benefit from this methodology as well. 
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 Experimental Part 

 General Procedure for the Synthesis of Coumarins 2 

In an 8 mL vial equipped with a magnetic stir bar 2-hydroxy cinnamates 1 

(0.25 mmol) and 20 mol% DIPEA in acetonitrile (1 mL) were added. The vial 

was closed with a septum and subjected to three freeze-pump-thaw cycles 

for degassing and subsequently irradiated with a LED (λEx = 455 nm) for 4 

h. Evaporation of the solvent and purification on silica (hexanes/EtOAc) 

gave the desired compound 2. 

 Photocleavage of 3b to 4b Monitored by 1H NMR 

In a septum-sealed vial equipped with a magnetic stirrer 3b (100 mg) in a 

suitable buffer (2 mL) was degassed by bubbling with a stream of N2 for 15 

min. Afterward, the vessel was irradiated (λEx = 455 nm) for 2 h, while 0.2 

mL samples were collected into Eppendorf cups during a given time interval. 

The collected samples were freeze-dried until complete removal of water, 

dissolved in 0.6 mL of CDCl3 and the soluble part was subjected to 1H NMR 

spectroscopy. The shift of g1 and g2 peaks (Figures S1, S6, Supporting 

Information) was monitored over time. 

1H NMR of the corresponding degradation product 4b after irradiation: 1H 

NMR (300 MHz, CDCl3) δ 7.91 (s, 1H), 7.83 (s, 1H), 7.64 (d, J= 9.5 Hz, 1H), 

7.39 (d, J= 9.2 Hz, 1H), 7.00–6.85 (m, 2H), 6.26 (d, J= 9.5 Hz, 1H), 5.26 (s, 

2H), 4.78 (s, 2H), 4.56 (dt, J= 8.1, 5.0 Hz, 4H), 3.94–3.81 (m, 4H), 3.77–

3.45 (m, 186H). 

 Photocleavage of 3b to 4b Monitored by UV-vis Spectroscopy 

In a septum-sealed vial equipped with a magnetic stirrer 100 mg of 3b in 2 

mL 0.1M Britton-Robinson buffer (pH = 6.50) was degassed by bubbling 

with a stream of N2 for 15 min. Afterward, the vessel was irradiated (λEx = 

455 nm) for 2 h, while 0.20 mL samples were taken in a 10 min interval for 

60 min and one last sample at 120 min and filled up to 1 mL with 0.1M 

Britton-Robinson buffer (pH = 11.8) and used as stock solutions. The 

samples were diluted with 0.1M Britton-Robinson buffer (pH = 11.8) to 62 

µM and were measured. 
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 Photocleavage of 3b to 4b Monitored by Fluorescence 

Spectroscopy 

In a septum-sealed vial equipped with a magnetic stirrer 100 mg of 3b in 2 

mL 0.1M Britton-Robinson buffer (pH = 6.5) was degassed by bubbling with 

a stream of N2 for 15 min. Afterward, the vessel was irradiated (λEx = 455 

nm) for 2 h, while 0.20 mL samples were taken in a 10 min interval for 60 

min and one last sample at 120 min and filled up to 1 mL with 0.1M Britton-

Robinson buffer (pH = 11.8) and used as stock solutions. The samples were 

diluted with 0.1M Britton-Robinson buffer (pH = 11.8) to 1.55 nM and 

measured. 

 

 

 Additional information can be found in the ESI on the enclosed CD 

or in the ESI of the paper. 
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 Additional Information 

Initially, the substrate scope of the catalyst-free, visible light mediated 

coumarin synthesis contained three more substrates 1h-j. These were 

either not converting to the corresponding products (2j), had low yields (2h) 

or had many additional byproducts (2i) during the reaction process. 

Furthermore, it was found that irradiating the Wittig substrates directly 

during the reaction gave rise to the corresponding coumarins in one pot,.  

 

Figure 6. Additional substrates for the catalyst-free, visible light mediated coumarin synthesis. 
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3.3 An air-tolerant polymer gel-immobilized iridium photocatalyst 

with pumping recyclability properties 
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 Abstract 

A novel methacrylate-based cross-linked polymer gel bearing an iridium 

photocatalyst showed air tolerance and pumping recyclability features 

through its tunable swelling and deswelling ability. The photocatalytic 

activity of the polymer gel was demonstrated in an E-to-Z isomerization 

reaction and in an azide-alkene [2 + 3] cycloaddition. 
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 Introduction 

Nowadays, one of the world’s major challenges is to master climate change 

generated by the population’s unsustainable energy demands. This fossil 

energy dependence must be overcome due to the vehement global pollution 

problems and continuous increasing levels of CO2 emissions. In this 

context, the development of renewable and sustainable energy sources and 

materials is vital. In organic synthesis, conventional synthetic approaches 

for organic transformations often call for harsh reaction conditions, 

unsustainable high energy reagents, or simply were impossible to achieve. 

Visible light photo redox catalysis, a powerful synthetic tool that blossomed 

within the last decade, has provided solutions for some of these 

challenges.[1-4] Aiming at robust and sustainable processes, new catalysts 

have been explored such as inorganic semiconductors like TiO2
[5,6] or 

carbene nitride[7] offering higher stabilities, organic heterocyclic dyes[8] 

being relatively low in cost, and transition-metal based complexes[9,10] being 

most versatile including inexpensive copper[11-13] were introduced. The most 

eclectic photoactive transition-metal complexes being unfortunately also the 

highest in price (based on iridium and ruthenium) with loadings typically 

around 1 mol% unfulfilled large-scale application demands, and the 

development of novel efficient recyclable materials became desirable. [14]  

A variety of strategies for catalyst heterogenization like metal-

photosensitizer-bonded polymers,[15] photosensitizer cross-linked 

polymers,[16,17] amphiphilic micellar polymers[18] and homogeneously 

operating systems, [19,20] which are using precipitation, filtration, and phase 

separation techniques, respectively.  

In this context, confined reaction media became popular due to their 

biomimetic characteristics and beneficial effects, especially in the field of 

photochemistry.[21] Mesoporous inorganic materials,[22] microemulsions,[23] 

micelles,[18] vesicles,[24] polymersomes,[25] lipid bilayers,[26] foams,[27] 

polyelectrolyte nanoparticles,[28] and gels[21] have been studied extensively, 

whereas, to the best of our knowledge, swellable translucent crosslinked 

polymers have not been explored for this purpose.  
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Polyethylene glycol (PEG) and PEG-based materials are appreciated for 

their biocompatibility and are widely used in biomedical and pharmaceutical 

applications.[29] In this work, we demonstrate a novel sponge-like pumping 

recycling mechanism based on a crosslinked organo-/hydrogel made of 

PEG methyl ether methacrylate (PEGMA) and 3-azidopropyl methacrylate 

(AzpMA) as monomers, and di(ethylene glycol) dimethacrylate (DEGDMA) 

as the crosslinking moiety. Choosing a PEG-based system as a 

compartmentalized biomimetic reaction media offers many advantages like 

high versatility and tunability, great swelling ability and nontoxicity. This 

versatile platform enables the immobilization of an alkyne-based catalysts 

utilizing click chemistry.  

In this study, the above-mentioned platform was used to access 

thermodynamically less stable geometrical Z-alkenes via a photochemical 

pumping mechanism that proceeds via photo catalyzed isomerization of the 

thermodynamic E-alkene.[30] Additionally, this catalytic platform was used to 

initiate a strain driven chemo-selective cycloaddition of alkyl azides with 

unstrained cycloalkenes.[31] in which the catalytically active cross-linked 

polymer gel could be recycled and reused for five cycles.  
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 Results and Discussion 

At the outset, we aimed to develop a heterogeneous catalyst system 

operable in polar solvents including water with the ability to recycle the 

material in a beneficial for future automated applications. 

 

Figure 1. Synthetic approach towards the crosslinked polymers G1-G3(Ir). 

Cross-linked copolymer gels G1-G3 were synthesized by conventional 

radical polymerization of PEGMA300 and AzpMA monomers in the presence 

of DEGDMA as a cross-linker and AIBN as the initiator in dry DMF as a 

solvent at 70 °C (Figure 1). Two copolymer gels were synthesized with pre-

set [Monomer]/[DEGDMA]/[AIBN]=200/2/0.5; but the feed compositions of 

two monomers, [PEG-MA300]/[AzpMA] varied during copolymer gel 

synthesis. 

Table 1. Synthesis if the crosslinked copolymer gels G1-G3 from PEGMA300 and AzpMA and the 

immobilization of Ir(ppy)2(h5yppy) toward G1(Ir)-G3(Ir). 

Gels [PEGMA300] / [AzpMA] in 
feed 

Gelation time 
(min) 

Monomer conversion 
(%)[c] 

w/w 
(%)[d] 

G1(Ir)[a] 90/10 10 93 2.0 

G2(Ir)[a] 97/3 10 95 0.9 

G3(Ir)[b] 90/10 30 94 2.0 

[a] Gelation reactions were carried out using [Monomer]/[DEGDMA]/[AIBN]=200/2/0.5 for 16 h.  

[b] Gelation reactions were carried out using [Monomer]/[DEGDMA]/[AIBN]=400/2/0.5 for 16 h.  

[c] Monomer conversion was determined using the gravimetric method by comparing the weight of purified dry 

gel with respect to the weight of the monomer in the feed. 

[d] Determined by ICP-OES. 

The theoretical content of the azide-moiety in G1(Ir)-G3(Ir) as calculated 

based on the initial polymerization ratio and accordingly the Ir(ppy)2(h5yppy) 



Main part  91 

 

 

amount was calculated. The immobilization reaction of the catalyst for the 

three sets of gels is summarized in Table 1 whereby, the content of iridium 

is given and is supported by ICP-OES data of each gel. 

In the FT-IR spectra of G1 and G1(Ir) gels (Figure S5), the characteristic 

absorption peaks of strong stretching vibrations of C-Hx at 2872 cm-1 and 

the corresponding bending vibrations at 1452 cm-1 are depicted. The 

stretching vibrations of aliphatic ether (C-O) and carbonyl (C=O) groups 

appeared at 1102 cm-1 and 1728 cm-1, respectively. The strong azide 

(N=N=N) stretching was found at 2101 cm-1 and decreased after 

immobilization of Ir(ppy)2(h5yppy) with the polymer. In contrast, the 

stretching vibration of the double bond (C=C) from the newly formed 1,2,3-

triazol moiety was visible after immobilization at 1628 cm-1. 

 

Figure 2. Image of DMF swollen cross-linked polymer gel materials before (left) and after (right) 

immobilization of Ir(ppy)2(h5yppy). 

The solvent uptake behaviour of G1(Ir) was investigated in various solvents 

with different solvent polarity, such as H2O (polar protic, ε = 80), CH3CN 

(polar aprotic, ε = 37.5), DMSO (polar aprotic ε = 46.7), DMF (polar aprotic, 

ε = 37), acetone (polar protic, ε = 21), hexane (nonpolar aprotic ε = 1.9) and 

also a 4:1 mixture of DMSO/H2O. Swelling ratios (SR) were calculated at 

room temperature by taking the measured amount of gel and immersing it 

in the solvent for 24 h. Then gel was taken out from the solvent, quickly 

blotted with moist tissue paper, and weighed (see ESI). The results of the 

solvent uptake ratio of gels are summarized in Figure S6. It has been 

observed that G1(Ir) showed maximum solvent uptake in CH3CN, H2O, and 

DMF. The swelling capacity of the crosslinked polymergel G1(Ir) is 410 %, 

400 %, and 300 % for DMF, water, and CH3CN, respectively.  
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The ability of the material to swell in polar solvents is related to polar pockets 

formed during the polymerisation process. The lyophilized material shows 

fractally folded shapes when observed on SEM micrographs, consisting of 

larger superordinate folded structures in the micromillimeter range scale 

(Figure 3). These formations themselves contain fibrillar creases in the 

range of approximately 200 nm stretching out through the whole material 

comprising smaller narrow grooves and slots in the range of 10–50 nm. 

 

Figure 3. SEM micrographs of G1(Ir). 

The gel-immobilized catalysts allowed a convenient setup to carry out 

catalytic reactions making use of the swelling/deswelling properties of the 

material (Figure 4). In the loading step, the substrates, which were pre-

dissolved in a polar solvent like DMF, DMSO, CH3CN or H2O were added 

to a septum closed vial containing the cross-linked polymer gel (G1-3(Ir)) 

with a syringe, upon which the gel soaked and swelled to its maximum 

capacity. In the reaction step, the gel system was subjected to irradiation, 

initiating the reaction inside the pores of the swollen material. Subsequently, 

the gel was washed several times with a 1:1 mixture of acetone/hexanes to 

collect the products by simple diffusion and deswelling of the material. In 

the last step, the gel material was subjected to vacuum for drying and 

shrinking to its original form, closing one pumping cycle routine. 

200 nm 100 nm
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Figure 4. Pumping recycling setup for the iridium catalysts immobilized on cross-linked polymer gel 

support. 

Using this setup, the catalytic activity of iridium-catalyst functionalized 

cross-linked polymer gel, was evaluated (Table 2 and Table 3). The visible 

light induced isomerization reaction of E-cinnamyl acetate (E)-1 to Z-

cinnamyl acetate (Z)-1 with DIPEA and Ir(ppy)3 in degassed CH3CN 

reported by Weaver et al.[30] yielded 88 % (entry 1). The yield stayed in a 

comparable range of 80 % (entry 2) when the reaction was performed in 

G1(Ir) (62 mg, 0.6 mol% cat.) under air. When these aerobic conditions 

were applied to the homogeneous counterpart the yields dropped to 47 % 

(entry 3) suggesting an oxygen blocking effect of the gel material. This is 

known for low molecular weight gelator (LMWG) based nanoreactors in 

photo-induced processes, where it is attributed to the higher viscosity of the 

gel material offering confined solvent pools between the nanofiber matrix 

restricting the oxygen diffusion.[32-34] The immobilization of Ir(ppy)3-moiety is 

crucial for the catalysis, exemplified by the usage of a cross-linked polymer 

gel without any immobilized catalyst, which gave no reaction at all (entry 4). 
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Another property of the gel catalyst G1(Ir) is its usability in water. The 

outcome of the reaction performed in G1(Ir) and pure dist. water showed 

equivalent results (entry 5 and 6). Carrying out the reaction in G1(Ir) (entry 

2) and G3(Ir) (entry 7), which has a less dense cross-linking by the factor of 

two (cf. Figure 1), gave rise to 80 % and 79 % of the (Z)-1, respectively, 

suggesting no effect of pore size of the material on the product outcome. 

Performing the reaction without any irradiation in the crosslinked materials 

enabled no isomerization and product formation (entry 8). 

Table 2. Control reactions and recycling of the isomerization reaction. 

 
Entry Atm. Medium / soltent Cycle Yield (%)[a] Leeching (%)[b] 

1 N2 0.7 mol% Ir(ppy)3 (CH3CN) - 88 - 

2 air G1(Ir) (CH3CN) 1 80 12 

3[c] air 0.7 mol% Ir(ppy)3 (CH3CN) - 47 - 

4 air G1 (CH3CN) - 0 - 

5 air G1(Ir) (H2O) - 60 - 

6 N2 0.7 mol% Ir(ppy)3 (H2O) - 57 - 

7 air G3(Ir) (CH3CN) - 79 - 

8[d] air G1(Ir) (CH3CN) - 0 - 

9 air G1(Ir) (CH3CN) 2-5 78-62 7-5 

Reaction conditions: Substrate (0.25 mmol) with DIPEA (10 mol%) in G1(Ir)/G3(Ir) (62 mg with 0.6 mol% cat.) 

and CH3CN (0.2 mL), 3 h of irradiation with λ = 455 nm at r.t. 

[a] Determined by 1H NMR analysis (see Figure S2). 

[b] Determined by ICP-OES. 

[c] Conducted without degassing. 

[d] Reaction in the dark. 

With the control reactions done, the isomerization reaction was subjected to 

a repetitive performance inside of the cross-linked material for five times. 

The yields decreased from 80 to 62 % within five cycles and the leaching 

was found to be 12 and 7 % in the first two cycles and stayed constant 

around 5 % for the remaining experiments, while the initial catalyst loading 

of G1(Ir) (0.6 mol%) is comparable to conditions stated by Weaver et al. 

(0.7 mol% of Ir(ppy)3). 
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Table 3. Control reactions and optimisation of the [2+3] cycloaddition. 

 
Entry Atm. Medium / soltent Cycle Yield (%)[a] Leeching (%)[b] 

1 N2 4:1 DMF/H2O 100 - 83[b] 

2 air G2(Ir) (4:1 DMF/H2O) 98 1 80[c] 

3 air G2(Ir) (4:1 DMF/H2O) 89-57 2-5 90-15[c] 

Reaction conditions: 2 (0.25 mmol) and 3 (3 equiv.) in G2(Ir) (68 mg with 0.3 mol% cat.) and 4:1 DMF/H2O (0.2 

mL), irradiation with λ = 455 nm at r.t. for 2 h.  

[a] Determined by 1H NMR analysis (see Figure S3).  

[b] Data from ref. [5].  

[c] Determined by 19F NMR analysis using fluorobenzene (0.25 mmol) as internal standard (see Figure S4).  

Inspired by the positive results the gel catalyst G2(Ir) was tested for a light-

driven [2+3] cycloaddition of 4-fluorobenzyl azide 2 and an unstrained 6,7-

dihydro-5H-benzo[7]annulene 3. In a degassed 4:1 mixture of DMF/water 

with 1.2 mol% Ir(ppy)3 loading as reported by D. Weaver et al.[31] yielded 

83 % of product 4 (entry 1). Pleasingly, the reaction performed also well 

when conducted in the cross-linked polymer G2(Ir) in DMF/H2O (4:1) 

mixture under air (entry 2) achieving full conversion like in the solution 

phase (entry 1) but with four times less cat. loading (0.3 mol%). Moreover, 

G2(Ir) was applied in 4 more cycles to this reaction (entry 3). The yields 

dropped from 90 to 53 % during the subsequent three cycles and showed 

the limitations of the material during the fifth run with a yield of 15 % as a 

result of ineffective catalyst concentration due to the leaching observed. 

Nevertheless, in 5 cycles a total turnover number (TON) of 983 was 

achieved, comparing favourably to the TON (69) by employing Ir(ppy)3 

directly.  
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 Conclusion and Outlook 

In summary, a novel recycling pumping setup was developed based on a 

simple approach of using a swellable/shrinkable cross-linked polymer 

material. The organo-/hydrogel was made of poly(ethylene glycol) methyl 

ether methacrylate (PEGMA) with 3-azidopropyl methacrylate (AzpMA) as 

monomers and di(ethylene glycol) dimethacrylate (DEGDMA) as the cross-

linking moiety. This platform enabled the grafting of an iridium catalyst 

(Ir(ppy)2(h5yppy) containing an alkyne group via an alkyne-azide [3+2] click 

reaction. To benchmark the gel catalysts, the photocatalytic E to Z 

isomerization reaction and a [2+3] cycloaddition with a benzyl azide and an 

unstrained alkene was evaluated, which takes place inside of the pores of 

the solid material. The reactions were comparable to these done in solution 

with homogeneous Ir(ppy)3 with respect to yields and reaction times but did 

not require an inert atmosphere. Recycling and reuse of the catalytically 

active cross-linked organogel was possible for up to five cycles, being 

determined by catalyst leaching (5-16% per cycle), which poses the major 

limitation of the approach described. Nevertheless, the facile synthesis of 

the gel-based iridium catalyst combined with the novel pumping recycling 

setup appears to be promising to design recyclable materials for future 

automated applications and technological advancement in photocatalysis. 
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 Experimental Part 

 Additional information can be found in the ESI on the enclosed CD 

or in the ESI of the paper. 
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 Additional Information 

The initial approach toward a functionalized crosslinked Ir(ppy)3 containing 

polymer gel was accomplished with a radical polymerization of PEGMA, a 

methacrylate ester of Ir(ppy)3-CH2-OH (Figure 5), AIBN, and DEGDMA 

(Figure 6).  

 

Figure 5. Synthesis of Ir(ppy)3-MC. 

This radically polymerized pre-modified version of the crosslinked gel rG(Ir) 

was also able to carry out the isomerization reaction from Table 2 but with 

lower yields and almost no recyclability properties. It was assumed that 

during the polymerization process, emerging radicals deactivated the 

catalyst via alkylation of the ligands, presumably through radical addition1, 

which led to lower yields. A major change to the structure of the ligands 

could also have a destabilizing effect on the higher populated states during 

excitation leading to bond rupture with the main degradation pathway of 

dissociation of one ppy ligand2 and resulting in no recyclability properties.  

 

Figure 6. Synthetic approach toward a functionalized Ir(ppy)3-MC containing crosslinked polymer gel 

rG(Ir). 

 
 

1 J. J. Devery, J. J. Douglas, J. D. Nguyen, K. P. Cole, R. A. Flowers, C. R. J. Stephenson, 
Chem. Sci. 2015, 6, 537. 
2 S. Schmidbauer, A. Hohenleutner, B. König, Beilstein J. Org. Chem. 2013, 9, 2088. 
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A consequence of these assumptions led to the synthesis of a clickable 

version of the crosslinked gels G1-G3 bypassing the contact of the catalyst 

with radicals during the introduction to the catalytical system. Because these 

findings were based on assumptions, which were difficult to prove inside of 

a crosslinked polymer material, but the workaround led to a successful 

project, it was removed from the main work. 
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3.4 Biopolymers as sustainable metal bio-adhesives 

 

This chapter has been published in: 

Maiti, B.; Abramov, A.; Finn, M. G.; Díaz, D. D. Biopolymers as Sustainable 

Metal Bio‐adhesives. J. Appl. Polym. Sci. 2020, 49783. 

DOI:10.1002/app.49783 

Author contribution: 

AA and BM performed all the experiments in equal proportions. AA, BM, 

and DDD wrote the manuscript. All authors contributed to the scientific 

discussion of the results.  
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 Abstract 

We describe the use of biopolymers, such as sodium alginate, as a 

sustainable adhesive binder for several metals and high-density 

polyethylene. A standard pull test and peel test was performed with disks, 

made of different material and size. Adhesive failure was investigated by 

varying the amount of applied alginate solution, drying time, drying 

temperature, effect of surface area, and the nature of the adherend. Alginate 

adhesion was remarkably strong, relatively general, and sensitive to the 

presence of water. A brief comparison with other biopolymers is also 

provided.  
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 Introduction 

During the last decade, great emphasis has been placed on the need to 

improve the sustainability of industrial chemical products and processes. 

Bio-based materials are increasingly attractive because of their enhanced 

environmental footprint.[1] This is as true for adhesives as for any other class 

of materials.[2] Adhesives usually contain a polymer that either covalently 

links to the material or uses extensive physiochemical attraction forces to 

enable a connection. Often the adhesive is applied in solution and the 

adhesive joint is formed during or after solvent evaporation. 

A good example is provided by epoxy-diamine materials that are used in a 

wide variety of applications including in metal adhesives and paints.[3-5] 

Liquid monomers, or unreacted epoxide groups in the polymers, can react 

with metallic surface oxide/hydroxide groups to form chemical bonds 

between the polymer and the surface during curing, thus enhancing 

adhesion. Roughening of the metal surface, such as by etching, 

anodization, plasma treatment, or acid treatment, enhances the production 

of a metal oxide layer and thereby covalent and noncovalent interactions 

with the adhesive polymer. This was nicely illustrated by Yoshida and Ishida 

in their exploration of the cure behavior on copper, steel, and aluminum 

surfaces of commercially available Epon 828 epoxy resin, consisting of a 

typical diglycidal ether from epichlorohydrin and bisphenol A.[6-8] 

Polyurethanes constitute another important class of metal adhesives.[9,10] 

In both cases, a switch from organic solvents to water-soluble or high solid 

adhesives would avoid harmful evaporation during production as well as 

maintain lifetime and minimize disposal costs and environmental problems. 

Natural products are a versatile source of water-soluble materials that can 

function as adhesives. Well-known representatives include dextrin, gelatine, 

casein, and starches.[11] For example, Imam et al. formulated a replacement 

for phenol-formaldehyde resin using starch, polyvinyl alcohol, and 

hexamethoxymethylmelamine with citric acid as catalyst.[12] The 

advantages of this system included its formaldehyde-free nature, low cost, 

and lack of environmental footprint, since starch could be obtained in large 
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amounts from commodity crops. Other examples of water-soluble bio-based 

adhesive materials include the scleroprotein collagen, which is collected 

from animal tissue and has been used for thousands of years.[13] 

We focus here on alginates as inexpensive, biodegradable, and 

biocompatible anionic polysaccharides with low toxicity. Alginate is widely 

used as a food additive, and has also been employed in such varied 

materials applications as binders for composite wood- and cotton fiber-

based building insulation materials,[14] additives to improve the adhesive 

strength of polyamide adhesive (Fix™),[15] and in hydrogel adhesives for cell 

encapsulation.[16,17] 

Inspired by these reports but noticing a lack of testing of simple alginate, we 

explored sodium alginate as an adhesive binder for several metals and high-

density polyethylene (HDPE). Simple pull and peel tests (Figure 1) were 

performed with different disks using different variables, such as amount of 

applied alginate solution, drying time, drying temperature, surface area, and 

the material being adhered. 

 

Figure 1. Illustration of adhesive strength measurements by (a) pull test and (b) peel test. 
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 Results and Discussion 

A standard pull test was repeated multiple times with brass disks using 

different amounts of applied alginate solution (Table S1, Figure 2). When 

the amounts of adhesive were insufficient to cover all the metal surface (25, 

50, and 75 mg), the amount of weight tolerated before failure varied widely. 

In contrast, use of 100 mg of alginate solution (7.0 mg + 93 mg water), 

sufficient to completely cover the adherent metal surfaces, provided for 

consistently strong bonding. The drying time of this alginate adhesive after 

surface contact proved to be an important factor: poor results were 

observed when the brass plates were tested at 6 or 24 h after application of 

the adhesive (Table S2, Figure 3). However, after 48 h, all the test samples 

were properly dried, and all exceeded the maximum load that could be 

measured with our apparatus. The drying time could be shortened by curing 

adhered disks in an oven at 60°C for 12 h, giving the same maximum load-

bearing performance. Alginate adhesion of brass disks retained full strength 

after standing for at least 2 weeks under ambient conditions, or at 90 °C for 

3 days. However, the adhered blocks were released by delamination of the 

adhesive after 20 min soaking in water. 

 

Figure 2. Effect of amount of alginate on adhesive failure. 
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Figure 3. Effect of drying time on adhesive failure (pull test, 4 cm diameter brass plates). 

The use of low- versus high-molecular weight alginate at 2 wt% (the 

maximum concentration for high molecular-weight alginate in water) did not 

seem to make much difference in adhesive performance, but more studies 

are necessary to definitively explore this variable. All other experiments 

described here were performed with low molecular-weight alginate. 

As expected, the contact surface area was found to have a large impact on 

adhesion strength as measured by the peel test, which is more sensitive to 

failure by crack propagation.18 We tested seven materials (six metals and 

HDPE, Figure 4, Tables S3 and S4) and found alginate to provide excellent 

resistance against the pull test for all of them over the larger surface area 

(4 cm diameter), and for all but polyethylene with the smaller surface contact 

(2 cm diameter). The peel test revealed significant differences: aluminum, 

brass, and copper provided strong adhesion with the larger disks, but no 

material performed well when subjected to peel testing with smaller disks 

(Table S5 and Table S6). In all cases, pre-treatment by light sanding and 

strong acid was necessary for effective adhesion (Figure S1). 

https://onlinelibrary.wiley.com/doi/full/10.1002/app.49783#app49783-bib-0018
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Figure 4. Adhesion of different metals and surface areas. (a) Pull test. (b) Peel test. HDPE, high-

density polyethylene; SST, stainless-steel. 

Additionally, we have investigated other biopolymers on adhesive failure 

(Figure S2) and found that alginate, Hyal, and gelatin provide excellent 

resistance against the pull test, whereas dextran and methyl cellulose 

showed comparatively lower adhesive strength. For comparative purposes, 

we also used commercially available UHU-metal glue, which showed the 

same maximum load-bearing performance. 

Examination of disk surfaces after adhesion and pull test separation 

revealed patterns of adhesive failure (characterized by separation of the 

adhesive from the disc surface), rather than cohesive failure (Figure 5). 

Fourier Transform Infrared (FTIR) spectroscopy of adhesive material 

removed after this failure (Figure 6) showed only small variations in the 

position of the characteristic carboxylate asymmetric stretching band at 

approximately 1596 cm−1, suggesting no significant difference from the 

expected metal (sodium or other) carboxylate moiety.[19] Unfortunately, 

FTIR cannot provide meaningful information on the failure mechanism. 

While it is likely to involve intermolecular interactions involving the 

carboxylate residues, only a tiny proportion of the total number of 

carboxylate groups would be affected during adhesive failure. Furthermore, 

a primary determinant of the observed peak position is the counterion, and 

in our case (unlike examples of cation exchange[19]) the cation remains 

sodium throughout. Nevertheless, some plausible failure modes may 

include, at least, (a) rupture of intermolecular interactions, such as between 

surface metal-hydroxyls and adhesive carboxylate groups; and (b) 
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plasticization of the adhesive layer under stress, presumably with the 

assistance of water vapor adsorbed from the air. 

 

Figure 5. Different material surfaces (4 cm diameter) after pull test failure. 

 

Figure 6. FTIR spectra of pure sodium alginate (alg) and scratched alginate sample from the different 

metal plates after failure. 
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 Conclusion and Outlook 

These data show that simple solutions of sodium alginate serve as effective 

adhesives for a variety of metal surfaces and are somewhat less powerful 

but still substantial adhesives for polyethylene. To our knowledge, this is the 

first description of such a phenomenon, although it is not surprising given 

the fact that alginate contains many functional groups able to interact 

noncovalently with oxidized or acid-etched surfaces. Adhesion requires 

drying, either slowly at room temperature or faster at elevated temperatures, 

and the adhesive interaction can be disrupted by treatment with water. 

Alginates warrant further study as potential inexpensive and strong metal 

adhesives when extended curing times can be tolerated. 
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 Experimental Part 

 Materials 

Alginates having low molecular weight (viscosity: 4–12 cps, 1% in H2O at 

25 °C) and high molecular weight (viscosity: 1000–1500 cps, 1% in H2O at 

25 °C) were obtained from Sigma–Aldrich and Alfa Aesar, respectively. 

Methyl cellulose (MeCel, viscosity: 400 cps), gelatin (from pocine skin, gel 

strength 300, type A) were obtained from Sigma–Aldrich. Dextran 40 (Mw-

40,000) was obtained from TCI. Sodium hyaluronate (Hyal) gifted by 

Novozymes Biopharma, Denmark. The commercial metal glue used for 

comparison (brand name UHU-Metal) was obtained from UHU GmbH & Co, 

Bühl, Germany. Copper, brass, aluminum, titanium, steel, cast iron, and 

HDPE test samples were prepared by the workshop of Universität 

Regensburg, Germany. Each material was obtained in the form of 4 cm 

diameter rods and were cut into 1.5 cm equal pieces, drilled to make a hole 

in the middle, and equipped with a hook for pull test measurements. 

 Surface and sample preparation 

Each metal surface was cleaned by brief sanding with aluminum oxide 

sanding paper (120 followed by 180 grit) to remove surface contaminants, 

followed by exposure to concentrated H2SO4 for 1 min and then rinsing with 

water, ethanol, and acetone. Alginate solutions in distilled water were 

freshly prepared before use. Previous experiments showed very similar 

results with phosphate-buffered saline buffer. The surfaces were glued by 

applying different concentrations of alginate solution to one of the two 

adherends, which was then immediately placed in contact with the other 

adherend, and the materials were then allowed to dry for the prescribed 

period of time. Failure load testing was performed in two modes (pull test 

and 90° peel test, Figure 1) by hanging weights from the hook for 1.5 min, 

increasing by increments of 2.5 kg from 1 to 28.5 kg. 
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 Additional information can be found in the ESI on the enclosed CD 

or in the ESI of the paper. 
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 Abstract 

This article describes the design and synthesis of a new series of hydrogel 

membranes composed of trialkyne derivatives of glycerol ethoxylate and 

bisphenol A diazide (BA-diazide) or diazide-terminated PEG600 monomer 

via a Cu(I)-catalyzed photoclick reaction. The water-swollen hydrogel 

membranes display thermoresponsive actuation and their lower critical 

solution temperature (LCST) values are determined by differential scanning 

calorimetry. Glycerol ethoxylate moiety serves as the thermoresponsive 

component and hydrophilic part, while the azide-based component acts as 

the hydrophobic comonomer and most likely provides a critical 

hydrophobic/hydrophilic balance contributing also to the significant 

mechanical strength of the membranes. These hydrogels exhibit a 

reversible shape-memory effect in response to temperature through a 

defined phase transition. The swelling and deswelling behaviour of the 

membranes are systematically examined. Due to the click nature of the 

reaction, easy availability of azide and alkyne functional-monomers, and the 

polymer architecture, the glass transition temperature (Tg) is easily 

controlled through monomer design and crosslink density by varying the 

feed ratio of different monomers. The mechanical properties of the 

membranes are studied by universal tensile testing measurements. 

Moreover, the hydrogels show the ability to absorb a dye and release it in a 

controlled manner by applying heat below and above the LCST. 
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 Introduction 

Stimuli-responsive polymers have received much attention over the years 

due to their biomimetic behaviour and diverse range of potential applications 

in different fields, such as drug delivery[1-3] tissue engineering,[4] 

biosensing,[5] smart coatings,[6] biomimetic devices,[7] etc. Stimuli-

responsive materials rapidly change their thickness, swelling, colour, 

dimension, and/or other physical properties with small changes in the 

external stimuli such as temperature, pH,[8] light,[9,10] mechanical force,[11] 

magnetic field,[12] etc. Among those materials, smart thermoresponsive 

materials have attracted much more attention as they are widely used for 

various biomedical applications.[13] The most discussed and studied 

thermoresponsive polymer is poly(N-isopropylacrylamide) (PNIPAAm).[14,15] 

It has a lower critical solution temperature (LCST) of around 32 °C, which is 

close to body temperature (37 °C), being very useful for biomedical 

applications.[16] Other example of thermoresponsive polymers are poly(N,N-

diethylacrylamide) (PDEAAm),[17] which has an LCST of 33 °C, and poly(N-

vinylcaprolactam) (PVCL),[18] which has an LCST of 32 °C, poly[2-

(dimethylamino)ethyl methacrylate] (PDMAEMA)[19] with an LCST of around 

50 °C and poly(ethylene glycol) (PEG), also known as poly(ethylene oxide) 

(PEO), whose LCST spans the range from 20 to 90 °C depending on the 

number of ethylene oxide units present in the polymer chain.[20] 

Furthermore, an emerging and important type of thermoresponsive 

polymers is called shape-memory polymers (SMPs). It is important to 

mention that shape-memory polymers are also a special class of stimuli-

responsive materials, which can spontaneously deform and reform their 

original shapes upon exposure to temperature as well as to other external 

stimuli such as pH,[21] light,[22] etc. Shape-memory hydrogels (SMHs) 

comprise of soft SMP capable of up taking and retaining a large amount of 

water. In recent years, SMHs have been used in various high-tech 

applications such as sensors,[23] artificial muscles,[24] actuators,[25] soft 

robotics,[26] and in vivo treatments.[27] In general, SMHs contain two types of 

cross-links, one that serves for holding the permanent shape and the other 

one that is responsible for fixing the temporary shapes, allowing for the 
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recovery of their original shape by formation and breakage of reversible 

cross-links. In literature, when the shape of the material changes due to a 

change in temperature, it is called a thermally induced shape-memory 

effect. The traditional thermoresponsive SMHs usually contain hydrophobic 

interactions,[28,29] hydrogen bonding, and electrostatic interactions, being 

the shape-memory effect established on reversible formation and 

deconstruction of the above mentioned physical interactions upon exposure 

to heat. Osada and co-workers have synthesized a water swollen shape-

memory hydrogel by copolymerizing acrylic acid and n-stearyl acrylate 

(SA), wherein the shape-memory effect was found to be due a reversible 

order-to-disorder transition of crystalline alkyl groups.[30,31] Gong and co-

workers have reported a multistimuli sensitive shape-memory hydrogel 

consisting of dansyl groups and polyacrylamide, which displayed dual and 

triple shape-memory properties.[32] The reversible hydrophobic aggregation 

and disaggregation between dansyl groups in response to the pH or 

temperature change were found to be responsible for the observed 

molecular switches. Jiao and co-workers reported a novel SMH made of N-

vinylpyrrolidone and acryloxy acetophenone (AAP).[33] In this case, 

reversible formation of π–π interactions among benzene rings in the AAP 

units were described as responsible for the shape-memory effect. Although 

there are many studies reported in the literature over the last two decades 

on thermoresponsive materials and new fabrication techniques, it continues 

being a great challenge the development of new shape-memory hydrogels, 

which could meet more complex requirements for different advanced 

applications. 

Herein, we present a new family of thermoresponsive hydrogel membranes 

by combining a glycerol ethoxylate-based trialkyne and diazide monomers 

via photo-triggered Cu(I)-catalysed click chemistry. The LCST of the 

obtained water swollen hydrogel membranes were investigated by 

differential scanning calorimetry (DSC). As far as we are aware, this is the 

first time that a glycerol ethoxylate moiety is used to induce a 

thermoresponsive behaviour of polymer membranes depending on the 

hydrophilic to hydrophobic ratio. In this work, reversible shape-memory 
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effect of the membrane was induced and investigated according to 

controlled changes in the temperature. Furthermore, swelling and 

deswelling behaviours of the hydrogel membranes were systematically 

examined by varying the feed ratio between azide and alkyne monomers. 

Additionally, thermal properties of the membranes were studied using 

thermogravimetric analysis (TGA) and DSC. The mechanical properties of 

the synthesized membranes were studied by UTS measurements. 

Moreover, the hydrogels showed the ability of absorbing a model dye and 

releasing it in a controlled manner, which was studied by UV-vis 

spectroscopy below and above the corresponding LCST value. 
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 Results and Discussion 

 Synthesis and Characterization of Cross-Linked Membranes 

In this study, we employed a photoinitiator, 2,2-dimethoxy-2-

phenylacetophenone (DMPA), and a PMDETA copper-chelating click 

ligand. The photochemical redox reduction of Cu(II) to transiently generated 

Cu(I) enables the subsequent click reaction.[34] Several cross-linked 

membranes and polymers P1-P11 were synthesized (Scheme 1) by varying 

both the nature of the azide and alkyne monomers as well as their 

stoichiometry (Table 1). 

 

Scheme 1. Synthesis of glycerol ethoxylate-based cross-linked polymers P1-P11 via Cu(I)-assisted 

azide-alkyne photoclick reaction. 

Figure 1 illustrates the FT-IR spectra of the BA-diazide, trialkyne of glycerol 

ethoxylate and their corresponding click polymers at different ratio of the 

components. The transmittance at 2101 cm−1 of BA-diazide monomer can 

be ascribed to the stretching frequency of azide group, whereas the peak at 

3245 cm−1 and 2114 cm−1 corresponds to C-H and -CΞC- bond stretching 

frequencies of the alkyne groups of the glycerol ethoxylate moiety. In case 

of P1 and P2 polymers, the alkyne content was significantly high with 

respect to the equivalent of the azide group in the polymer, resulting in the 

appearance of a peak at 2114 cm−1. Additionally, for P3 and P4 the azide 
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content was higher with respect to the alkyne content, resulting in the 

appearance of a peak at 2101 cm−1. 

Table 1. Summary of different click reactions carried out in this work. 

Polymer[a] Alkyne: azide 
ratio 

Nature of the polymer LCST 
(°C) 

Tg SRe (%) 

P1 1:1 Cross-linked 
membrane 

41[b] -27.9 99 

P2 1:0.5 HB polymer 39.2[c] -41.7 - 

P3 0.5:1 Cross-linked 
membrane 

44.6[b] -7.2 45 

P4 0.2:1 HB polymer - -4.3 - 

P5 1:1 Cross-linked 
membrane 

ND[b] -47.5 1035 

P6 1:0.5 HB polymer ND[c] -41.9 - 

P7 0.5:1 Cross-linked 
membrane 

ND[b] -48.3 375 

P8 0.2:1 HB polymer ND[c] -52.9 - 

P9 1:1 Cross-linked 
membrane 

30.6[a] -38 140 

P10 0.5:1 HB polymer 41[b] -54 - 

P11 1:0.5 Cross-linked 
membrane 

53.7[a] -22 71 

[a] Different polymers made by click reaction. Abbreviations: HB, hyperbranched polymer; ND, not determined. 

[b] LCST determined from DSC. 

[c] LCST determined from and UV-vis. 

Similar characteristic transmittance peaks were found for P5-P8 (Figure S1, 

Supporting Information). A detailed analysis of the polymer structure was 

further confirmed by 1H NMR (Figure 2 and Figure S2, Supporting 

Information). Figure 2 illustrates the NMR analysis of BA-diazide, trialkyne 

of glycerol ethoxylate and polymer P2. Successful incorporation of BA-

diazide monomer into the copolymers was confirmed from the presence of 

proton resonances around 6.47, 5.20 ppm, corresponding to the aromatic 

proton along with the additional triazole signal at 7.8 ppm in the 1H NMR 

spectra of the polymer. To establish the versatility of the membrane 

preparation method, we also synthesized some other polymers comprising 

different types of azide and alkynes (Scheme 1). 
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Figure 1. FT-IR spectra of a) BA-diazide, b) 1a, c) P4, d) P3, e) P2, and f) P1. 

 

Figure 2. 1H NMR spectra of a) trialkyne, b) BA-diazide, and c) HB polymer (P2) in CDCl3. 

 Thermoresponsive Behaviour of Membranes 

Since PEG-based polymers exhibit thermoresponsive behaviours, we also 

expected to observe a similar response in our resulting cross-linked 

membrane.[35,36] The LCSTs of the cross-linked membranes were measured 

by DSC and the results are summarized in Figure 3. Exothermic peaks in 

the thermograms represent the LCST where heat is required to break the 

intermolecular hydrogen bonds between water molecules and polymer 
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chains. Figure 3 indicates that the LCST of P1 is higher compared to P3. 

Similar results were also obtained for P9 and P11. It is expected that the 

incorporation of more hydrophobic comonomers or cross-linker will 

decrease the amount of intermolecular hydrogen bonding, resulting in less 

heat being required for breaking the hydrogen bonds, resulting in a 

decrease of the LCST. However, in our case the cross-linking density was 

found to influence the LCST of the synthesized hydrogels. In case of P1 and 

P9 cross-linking density is more than P3 and P11 as more amount of cross-

linker (1a) was used for P1 and P9. The distance between interacting 

segments of polymer chains decreased with increasing the cross-link 

density of the membrane, which enhances the repulsive hydration forces 

resulting in decrease of the LCST.[37,38] 

 

Figure 3. DSC curves of different hydrogel membranes. 

In contrast, in the case of polymers P5-P8, we observed no phase transition 

below 80 °C as both the azide (PEG600) and trialkyne (1a) were hydrophilic 

and we could not go beyond this temperature due to the slow evaporation 

of water. Additionally, polymers such as P2 and P10 were water soluble and 

LCST was determined by UV-vis spectroscopy (Figure S3, Supporting 

Information). We observed that the solution was slowly transformed from 

transparent to opaque by increasing the temperature, according to a 

thermoresponsive response of the polymers due to the glycerol ethoxylate 

moiety. In case of polymer P6, no LCST was observed due to the presence 
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of glycerol ethoxylate as well as PEG (600 g mol−1) moieties, which 

increases the overall hydrophilicity of the polymer. 

 Swelling Kinetics 

The swelling ratios (SRe) of different sets of cross-linked membranes were 

investigated in deionized (DI) water at 22 °C. SRe were calculated using 

Equation (1) at room temperature by placing a weighed amount of the 

hydrogel in water for 24 h to reach the equilibrium swelling. Then, the 

swelled gel was taken out from the water, wiped with moist tissue paper and 

weighed (Figure 4). The SRe values of all the hydrogels are represented in 

Table 1. As shown in Figure 4a, the P1 gel showed higher SRe compare to 

P2 membrane due to the presence of higher content of hydrophilic glycerol 

ethoxylate moiety. A similar trend was also found for P8 and P10 gel where 

P8 gel showed higher SRe compared to P10 membrane (Table 1 and Figure 

S4, Supporting Information). It is also important to mention that in case of 

P5, where both the azide and alkyne were hydrophilic, the gel showed ten 

times more SRe than P1 and P9 having the same azide and alkyne ratio. 

Figure 5 shows how the size of the membrane increased after swelling. 

 

Figure 4. Comparison of equilibrium swelling ratios for a) P1 and P3, and b) P5 and P7 at 22 °C as 

a function of time. 
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Figure 5. a) P1 membrane before and b) after swelling in water after 24 h. 

 Deswelling Kinetics 

The deswelling of hydrogel membranes are shown in Figure 6. The 

deswelling kinetics of previously swollen hydrogel samples were studied by 

examining the % of water retention as a function of the water absorption 

time in hot water (50 °C). The plots indicate that the deswelling rate of the 

hydrogel samples obviously depends on the feed ratio of the two different 

monomers. For all the membranes, the water retention dropped quickly in 

the early stage of heating and then decreased slowly since the driving force 

for deswelling was gradually reduced upon the dehydration of the gels and 

reached its maximum. It is worth noting that membranes having higher 

amount of glycerol ethoxylate moiety had a stronger affinity for water 

molecules, while also acting as a water-releasing channel when dehydration 

happened, thereby helping the network to shrinkage more sufficiently. For 

example, after 60 min, the water retention of the P3 hydrogel was reduced 

to about 50%, whereas that of P1 hydrogel reached a steady-state value of 

30% (Figure 6). Similarly, P9 hydrogel was reduced to about 50%, whereas 

that of P11 hydrogel reached a steady-state value of 30%. Additionally, the 

thermosensitive deswelling behaviour of the membranes is also due to the 

alternation in hydrophilicity to hydrophobicity of the polymer network. On 

immersion of P1/P3 hydrogel into hot water at 50 °C, the outside region of 

the membrane would be affected first and the hydrophobic interactions 

among the hydrophobic groups in the outmost region become stronger, 

resulting in a rapid shrinkage of the outmost surface and a formation of a 

dense skin layer. Once this skin layer is formed, the free water molecules in 

the membrane are prevented from diffusing out, which results in the slow 
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response rate.[39,40] However, the incorporation of the hydrophilic chains, 

glycerol ethoxylate moiety, could inhibit the formation of the dense skin 

layer, and the hydrophilic chains act as releasing channels for water 

molecules when the collapse occurs.[41] The more glycerol ethoxylate 

moiety is introduced into the hydrogel network, the more water releasing 

channels would be formed. Therefore, the deswelling rate increases with 

the increase of the glycerol ethoxylate moiety content from P3 to P1. 

 

Figure 6. Comparison of water retention upon deswelling of different membranes: a) P3 and P1, b) 

P11 and P9. 

 Thermal Properties 

The TGA and derivative thermogravimetric curves (DTGs) were used to 

determine the thermal behavior such as weight loss, residual char level, 

etc., at a certain temperature. The degradation behavior of cross-linked 

membranes was investigated by TGA analysis (Figure 7) and summarized 

in Table S1 (Supporting Information). As shown in Figure 7, for P6 and P8, 

the initial weight loss step seen below 200 °C is mostly due to the loss of 

other solvent or water absorbed by the hygroscopic membrane. The major 

weight loss took place in between 300 and 400 °C, may be due to the 

degradation of the 1,2,3-triazole moiety and polymer backbone.[42] 

However, in case of P4 and P8 polymers, we observed a degradation peak 

at 252 °C (Figure 7b) maybe due to the presence of small residues of 

unreacted excess of BA-diazide. 
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Figure 7. a) TGA and b) DTG thermograms of different polymers. 

The influence of different stoichiometry of azide and alkyne during 

polymerization on the glass transition temperature of the dried membrane 

was determined by differential scanning calorimetry and the results are 

summarized in Figure 8. For instance, the Tg of P1, P2, P3, and P4 are 

−27.9, −41.7, −7.2, and −4.3 °C, respectively. The value of glass transition 

temperature (Tg) of the polymer is summarized in Table 1 and it depends on 

the mobility/flexibility of the polymer chain, i.e., the higher the flexibility, the 

lower the Tg is. In our materials, the mobility of the polymer chain depends 

on the amount of glycerol ethoxylate moiety present in the membrane. In 

the case of P1 and P2 the amount of glycerol ethoxylate moiety is higher 

compared to P3 and P4, and the amount of glycerol ethoxylate chain is 

present in the following order P2 > P1 > P3 > P4 (Table 1). However, for P5 

to P8 polymers, we used both glycerol ethoxylate (1000 g mol−1) and 

divalent PEG (600) as trialkyne and diazide components, respectively. 

Herein, divalent PEG (600) is more flexible than glycerol ethoxylate. In case 

of polymers P5 to P8, divalent PEG (600) is in the driver seat to control the 
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mobility of the polymer chain. The amount of divalent PEG (600) chain is 

present in the following order P8 > P7 > P5 > P6, while Tg values follow an 

inversed order (−52.9 °C < −48.3 °C < −47.5 °C < −41.9 °C) (Table 1). 

 

Figure 8. DSC plots of dry cross-linked membranes and polymers. 

 XRD Analysis of the Membranes 

Furthermore, the amorphous structure of the membranes was confirmed by 

wide-angle X-ray scattering (WAXS; Figure S5, Supporting Information), 

which showed diffraction peaks at 2θ = 20.14 for P3, 20.9 for P2, P5, and 

P11, respectively. 

 Tensile Testing of the Membranes 

Tensile testing was performed in order to investigate the mechanical 

properties of the synthesized membranes (Figure 9). To measure the tensile 

properties of the cross-linked membrane, with varying % glycerolethoxylate 

moiety, the membranes were subjected to axial loading at a constant 

crosshead speed (5 mm min−1) until failure. From an average of five replicas 

with independent specimens for each membrane, the Young's modulus (E), 

elongation at break (εbreak), and ultimate tensile strength (UTS) of the 

materials were determined and summarized in Table 2. 
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Figure 9. Variation of the a) stress at break, b) elongation at break, and c) Young's modulus with 

different membranes. 

Table 2. Comparison of tensile properties of different membranes. 

Membrane E (MPa) ε break (%) σ (MPa) 

P1 0.9 ± 0.1 154 ± 9 2.8 ± 0.1 

P3 4.8 ± 0.4 91 ± 23 15.2 ± 3.4 

P7 1.4± 0.1 138 ± 12 4.1 ± 0.3 

P9 1.5 ± 0.3 148 ± 6 5.3 ± 0.8 

P11 6.3 ± 0.8 51 ± 10 8.1 ± 1.6 

 

In general, the mechanical strength of P3 was found to be much better than 

that of P1 and P7 (Figure 9), exhibiting higher tensile strength and young 

modulus. This can be attributed to the percentage of hard segment, which 

was higher for P3 than for P1, or to the rigidity of such segment when 

percentages are identical, which is higher for P3 than for P7. As expected, 

the rigidity and percentage of the hard segment affects the elongation 

capacity, which was lower for P3 than for P1 and P7. Despite these 

observations, the strain capacity of P3 was higher than 80%, evidencing 

that the elasticity is significant. Differences between P9 and P11 were 

ascribed to the cross-linking degree. Thus, the strength of these 

membranes increases with the cross-linking degree, while the elongation 

capacity decreases. As expected, the mechanical properties of P9 and P11 

were comparable to those of P7 and P3, respectively. It should be noted 

that all these systems are formed from flexible azide monomers and, 

therefore, their mechanical performance is predominantly influenced by the 

cross-linking degree. The elongation at break (Figure 9b) and, especially, 

the Young modulus (Figure 9c) were higher than those typically observed 

for lyophilized hydrogel membranes. 



Main part  133 

 

 

 Thermoresponsive Shape-Memory Properties 

In general, shape-memory hydrogel membranes can display two different 

types of cross-links. One constitutes a covalent network, which is 

responsible to maintain their permanent shape. The other type is a physical 

reversible network, which is able to fix their temporary shape. In this 

investigation we have applied phototriggered Cu(I)-catalyzed click 

chemistry to fix the original shape and weaker the hydrogen bonds between 

polymer chains and water molecules, as well as hydrophobic-hydrophobic 

interactions between the polymer chains act as reversible interactions to 

provide shape-memory and shape recovery properties. To study the 

thermoresponsiveness of our system, the membrane was immersed into DI 

water for 24 h. Then, the swollen membrane was placed in hot water (50 

°C) resulting in a bending actuation (Figure 10) and movie in the Supporting 

Information). When we placed the membrane once again in cold water (22 

°C), the membrane returned to its original state within 45 s. At a temperature 

below the transition temperature, hydrogen bonding interactions between 

the polymer chain and water molecules serve to lock a permanent shape of 

the swollen membrane, whereas above the critical temperature, hydrogen 

bonds were weakened and the hydrophobic-hydrophobic attractions 

predominated, resulting in a collapse and aggregation of macromolecular 

chains. Herein, we were able to control and repeat the shape-memory for 

at least 5 cycles. As shown in Figure 9 and in the video (Supporting 

Information), the shape recovery took place very quick with a recovery time 

below 50 s, achieving completely reproducible shape-memory effects. 

 

Figure 10. Photographs that represent the macroscopic temperature induced shape-memory 

behavior of P1 membrane. 
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 Dye Absorption and Dye Release Study 

It is well known that stimuli-responsive polymeric materials can be used for 

the controlled release of encapsulated molecules. This prompted us to test 

our thermoresponsive hydrogel membranes as temperature-controlled 

delivery systems using rhodamine B (RB) as a model dye. To load RB inside 

the hydrogel membranes, a small piece of the desired dried hydrogel film 

was placed inside a 2 mL (1 × 10−5 M) solution of RB, and the absorbance 

was recorded at different time intervals. Figure 11a shows that the dye 

absorption capacity increased with increasing time, reaching the equilibrium 

after 24 h. Specifically, the dye absorption efficiency of P1 was 86% after 

24 h. Additionally, in vitro release of absorbed RB in PBS (pH 7.4) solution 

was evaluated over time at two different temperatures, below (37 °C) and 

above LCST (50 °C). The results showed a slightly higher % release for P1-

based membrane at 50 °C compared to that obtained at 37 °C (Figure 

11b).[43,44] 

 

Figure 11. a) UV-vis dye absorption spectra at different times. b) Drug release at different 

temperatures (37 and 50 °C) in PBS buffer (pH 7.4). 
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 Conclusion and Outlook 

In this study, we have successfully synthesized a series of 

thermoresponsive, rigid and strong SMHs containing a trialkyne derivative 

of glycerol ethoxylate via Cu(I)-catalyzed photoclick reaction. To the best of 

our knowledge, this is the first report describing the use of glycerol 

ethoxylate moiety to induce a controlled thermoresponsive behaviour 

depending on the feed ratio of other hydrophobic comonomers (azides) 

during the click photopolymerization. The gel with the highest content of 

hydrophilic glycerol ethoxylate moiety showed the highest SRe. We 

proposed that the observed shape-memory effect is due to the reversible 

formation and breakage of the hydrogen bonds between water molecules 

and polymer chains, as well as the hydrophobic interactions between 

polymer chains, in response to the temperature. We also investigated the 

release of an encapsulated model dye below and above the LCST, being 

the percentage of released dye much faster above the LCST compared to 

that obtained below LCST. We believe that this strategy will help to increase 

the list of tuneable shape-memory hydrogels and promote the design of 

novel shape-memory systems for different biomedical applications. 
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 Experimental Part 

 Materials 

All reagents and solvents were purchased from commercial suppliers and 

used as received: Glycerol ethoxylate (average Mn = 1000 g mol−1), 

polyethylene glycol (Mn = 600 g mol−1), sodium azide (≥ 99.5%), sodium 

hydride (60% dispersed in mineral oil), propargyl bromide (80%), 

hexamethylene diisocyante (≥ 99%), and CuSO4·5H2O (98%) were 

purchased from Sigma-Aldrich. Bisphenol A diglycidylether (BPA, 98%), 

2,2-dimethoxy-2-phenylacetophenone (DMPA, > 98%) and N,N,N′,N′′,N′-

pentamethyldiethylenetriamine (PMDETA, > 98%) were purchased from 

TCI Europe. Methanesulfonoyl chloride (98%) was purchased from Alfa 

Aesar. Triethyl amine (Et3N, ≥ 99%) and ammonium chloride (NH4Cl, ≥ 

99.5%) were purchased from Merck. 

 Instrumentation 

Blak-Ray B100 UV lamp was used to perform the photoclick reactions. 1H 

NMR spectra were acquired in a Bruker 300 spectrometer operating at 300 

MHz at 25 °C. FT-IR (Cary 630) spectroscopy was carried out on a 

spectrometer, equipped with a Diamond Single Reflection ATR-System. 

DSC studies were performed on TA Instruments Q100 series (TA 

instruments, New Castle, DE, USA) with Tzero technology equipped with a 

refrigerated cooling system (RCS, TA instruments, New Castle, DE, USA). 

Calibration of the DSC was performed with indium and sapphire disks. Runs 

were conducted at 10 °C min−1 from room temperature to 150 °C, under a 

flow of dry nitrogen using a sample weight of ≈5 mg. Mettler Toledo DSC1 

STARe at 10 °C min−1 from room temperature to 150 °C. Thermogravimetric 

(TGA) and differential thermogravimetric (DTGA) data were acquired with a 

Q50 thermogravimetric analyzer of TA Instruments (New Casttle, DE, USA) 

under air atmosphere at a heating rate of 10 °C min−1. Rigaku Smart Lab 

powder diffractometer having Cu Kα = 1.54059 Å radiation was used for 

recording X-ray diffraction (XRD) spectra. The UV-vis spectroscopic study 

was carried out using a Perkin-Elmer Lambda 35 UV–vis 

spectrophotometer. 
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 Synthesis of Cross-Linked Membranes 

In a typical example, compound 1a (0.28 mmol, 0.30 g), compound 1b (0.28 

mmol, 0.122 g), CuSO4·5H2O (2 mol% of 1a) PMDETA (2 mol% of 1a), and 

DMPA (4 mol% of 1a) were dissolved in MeOH (1.5 mL). Subsequently, the 

maximum amount of methanol was removed under vacuum and the sample 

was irradiated with UV light (365 nm) for 10 min followed by annealing at 

100 °C for 3 h. Then, the obtained hydrogel was washed by using 0.02M 

ethylenediaminetetraacetic acid (EDTA) disodium salt solution overnight to 

remove the Cu salt (note: EDTA disodium salt solution was replaced by 

fresh solution three to four times during this period until no more blue color 

due to the extraction of metal ions was observed). Subsequently, the 

membrane was repeatedly washed with DI water and dried in a vacuum 

oven at 90 °C for 2 d. 

 Determination of LCST 

The LCSTs of the hydrogel membranes were measured using DSC. 

Membranes were allowed to swell completely for at least 24 h in DI water. 

The membrane surface was gently wiped with wet tissue paper to remove 

the extra water. The sample was sealed in the T-zero pan and the mass 

was noted and carefully placed along with a reference pan on the heater. 

Samples were then heated from room temperature to 70 °C at a rate of 2 

°C min−1 under a dry nitrogen atmosphere. For water soluble polymers, 2 

mg mL−1 polymer solution was prepared and transferred to a UV cuvette. 

Then, the turbidity of the solution was measured using a UV-vis 

spectrophotometer by monitoring the % transmittance (%T) changes at λ = 

500 nm. The temperature was slowly increased from 25 to 70 °C and 

equilibrated the sample for 5 min at the measurement temperature and the 

%T value at 500 nm was recorded. The LCST was identified where a 

reduction of 50%T of the polymer solution was noticed. 

 Measurement of Swelling Kinetics 

The equilibrium SRe is defined as the ability to absorb water by the gel 

matrix with respect to its dry weight until a constant value is reached. The 
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swelling behaviour of the hydrogel membranes was studied by gravimetric 

analysis at room temperature (22 °C). A small piece of the corresponding 

hydrogel membrane was placed in a 20 mL vial and immersed in DI water. 

Then, the swollen hydrogel membrane was carefully taken out from the vial, 

wiped with wet tissue paper to remove the excess surface water and 

weighed on a dry glass Petri dish at different time intervals. The SRe was 

calculated using Equation (1) 

Swelling ratio (SRe %) =  
Wt − Wd

Wd
× 100 

where Wt corresponds to the weight of the swollen hydrogel at time t and 

Wd is the weight of the dry hydrogel. 

 Measurement of Deswelling Kinetics 

The deswelling study was carried out gravimetrically above the LCST of the 

hydrogel membranes. Typically, a small piece of the hydrogel was first 

immersed in water at 22 °C until the equilibrium swelling was reached. The 

equilibrated hydrogels were immediately transferred to a hot water bath at 

50 °C. Then, the hydrogels were taken out from the hot water at different 

time intervals and weighed after wiping off the excess surface water by 

moist tissue paper. The deswelling study of each sample was carried out at 

least two times and the values were averaged. A small piece of swollen 

hydrogel, after reaching the equilibrium swelling at 22 °C, was transferred 

to beakers containing hot water at 50 °C. At different time intervals, the 

weight of the hydrogel was determined after wiping off the excess surface 

water by moist tissue paper. Water retention was calculated by using 

Equation (2) 

Water retention =  
Wt − Wd

Wo−Wd
 

where Wt is the weight of the hydrogel at time t and W0 is the weight of the 

swollen hydrogel below the LCST at equilibrium. 
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 Tensile Testing 

Mechanical properties were evaluated with a Zwick Z2.5/TN1S testing 

machine with integrated testing software (testXpert, Zwick). The 

deformation rate for stress-strain assays was 5 mm min−1. Dog bone shaped 

tensile specimens were prepared for measurements according to the 

following dimensions: overall length, 30 mm; gage length, 10 mm; width, 1 

mm. Measurements were done at least five times for each sample, results 

being averaged and the corresponding standard deviations considered. An 

important factor in mechanical tests is good sample grip, which is 

particularly difficult when the specimens are formed by sticky and soft 

hydrogel membranes. The strategy used to overcome this challenge 

includes the utilization of elastic materials to help grip the samples (i.e., to 

reduce the pressure of grip). 

 Dye Absorption and Dye Release Study 

A known amount of the hydrogel membrane was placed into a 20 mL vial 

containing 2 mL of RB aqueous solution (1 × 10−5 M). The concentration of 

RB in the solution was recorded at constant intervals of time using a UV-vis 

spectrophotometer at a wavelength of 560 nm. The final concentration of 

the dye in the solution was calculated according to the Beer-Lambert law (A 

= ε⋅c⋅l, where A is the absorbance of the dye at a certain absorption 

wavelength in solution, ε is the molar extinction coefficient, and l is the path 

length of the incident light). The final concentration of the dye in the solution 

was obtained by the Beer-Lambert equation, which ultimately determined 

the colour removal efficiency (RE) of the dye via Equation (3) 

%CRE =
Ci − Cf

Ci
× 100 

where Ci represents the initial concentration of the dye in the solution and 

Cf corresponds to the final concentration of the dye in the presence of the 

adsorbing gel. 

For drug release study, a known amount a preswollen dye-absorbed 

hydrogels was first rinsed with PBs buffer (1 mL) and placed into a vial 
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containing fresh PBS buffer (2 mL). The vials containing the hydrogels were 

transferred to a 50 °C or 37 °C water bath and the absorbance of the solution 

was determined at different time intervals. 

 

 

 Additional information can be found in the ESI on the enclosed CD 

or in the ESI of the paper. 
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3.6 Methionine-Based Carbon Monoxide Releasing Polymer for the 
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 Abstract 

Carbon monoxide (CO) is being increasingly appreciated as a major 

physiological gasomediator and plays significant roles in different biological 

activities. However, site-specific delivery of this toxic gas faces major 

difficulties in the healthcare system in terms of unavailability of appropriate 

equipment for delivery. A well-known and most studied carbon monoxide 

releasing molecule (CORM) is tricarbonyldichlororuthenium(II) dimer 

(Ru2Cl4(CO)6). However, its use as a therapeutic agent is restricted due to 

its poor water solubility and a short half-life. In order to solve this issues we 

have designed and synthesized a water-soluble methionine (methionine 

methacryloyloxyethyl ester (METMA)) and poly(ethylene glycol methyl ether 

methacrylate) containing block-copolymer via reversible addition-

fragmentation chain transfer (RAFT) polymerization and attached the 

CORM in the methionine side chain units. Inductively coupled plasma 

optical emission spectrometry (ICP-OES) and FT-IR confirms the presence 

of CORM molecule into the polymer. The time-dependent CO release from 

CORM conjugated block-copolymer was investigated by a myoglobin 

assay. This CORM conjugated block-copolymer slowly and spontaneously 

released CO with sustained-release kinetics. Moreover, this CO-releasing 

polymer was able to prevent biofilm formation against Pseudomonas 

aeruginosa. 
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 Introduction 

For decades, carbon monoxide (CO) has been known as a silent killer 

because it hinders the oxygen flow in the blood system by strongly binding 

with hemoglobin. However, CO molecule has now been established as 

important, endogenously produced, signaling molecules in the mammalian 

cells. CO is produced in every mammalian cell through the oxidation of 

heme by heme oxygenase.[1-3] CO molecule plays a significant role in the 

prevention of lung inflammation,[4] control of gastrointestinal contractile 

activity,[5] protect and preserve organs during transplantation procedures, 

pulmonary hypertension, and is also used as an antibacterial and anticancer 

agent. It also acts as vasodilators in the cardiovascular system.[2] Several 

methodologies have already been adopted so far for efficient CO delivery 

at desired location of the body. Direct inhalation of CO gas at low 

concentrations is effective against ischemic lung injury and other diseases. 

But direct inhalation was proved to be a nonspecific approach and 

sometimes harm the other healthy tissues. Moreover, a special kind of 

regulating equipment is necessary to properly control the amount of CO gas 

inhaled. These technical difficulties inspire the chemists to think about the 

development of CO-releasing molecules (CORMs) as a therapeutic drug for 

CO delivery in living organisms.[6-7] The most well-known commercially 

available CORMs are inorganic transition metal carbonyl complex, 

[Mn2(CO)10] (CORM-1) and [RuCl2(CO)3]2 (CORM-2). These CORMs are 

able to release CO in low amounts and used for a wide range of biomedical 

applications focusing mainly on cardiovascular dysfunction,[8,9] antimicrobial 

activity,[10] etc.[11] There are also a number of different potential triggers to 

release CO from the metal complexes such as photochemical,[12-14] thermal, 

chemical,[15] enzyme-triggered,[16] etc. However, these two CORMs were 

poorly water-soluble and CO release was too fast (t1/2 ≈ 1min) which 

prevents them for further clinical uses. To overcome this solubility problem, 

Motterlini and co-workers synthesized a new water soluble Ru-carbonyl 

complex consist of glycinate moiety [Ru(CO)3(glycinate)] (CORM-3). It is 

also capable of releasing CO under physiological conditions and showed 

vaso-dilatative, anti-inflammatory, renoprotective, and antiapoptosis effects 
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in preclinical studies. The half-life of CO release from CORM-3 was found 

to be dependent on different media as well as temperature in which the 

release was studied, for example 1 min in PBS buffer (37 °C), 2.3 min in 

PBS buffer (30 °C) and 3.6 min in human plasma.[17,18] However, the clinical 

use of CORM-3 as a therapeutic agent is still problematic because of its 

short half-life in different media. These drawbacks can be overcome by 

attaching CORMs to the biocompatible systems, like polypeptides, protein 

cages, nanoparticles, metal-organic frameworks, polymers and dendrimers. 

[19] Kunz and co-workers reported a new photo-CORM conjugate system 

composed of 2-hydroxypropyl methacrylamide (HMPA) and 

bis(pyridylmethyl)amine ligand to bind photoactive Mn(CO)3.[20] The 

advantage of a photo-triggered CO-releasing moiety is that using light as 

the external stimuli one can regulate the dosage of CO release to the 

desired target. Hubbell and co-workers prepared CO-releasing micelles 

from triblock copolymers composed of a hydrophilic poly(ethylene glycol) 

block, a poly(ornithine acrylamide) block containing Ru(CO)3Cl(ornithinate) 

moieties, and a hydrophobic poly(n-butylacrylamide) block. The CO- 

release from micelle was much slower than CORM-3. This CORM 

conjugated polymer can be used for immunotherapy.[21] Recently, Boyer’s 

group synthesized water-soluble deblock-copolymer consisting of 

poly(oligoethylene glycol methyl ether acrylate) and poly(vinylbenzyl 

chloride) with variety thiol moieties where CORM-2 component was 

covalently attached.[22] The half-lives and the CO-releasing capacity were 

dependent on different thiol structure. Moreover, the half-lives of polymer 

conjugated CORM-2 (t1/2 ≈ 90 min) is higher compared to the parent CORM-

2 (t1/2 ≈ 90 min). They also synthesized another slightly different deblock-

copolymer P(OEGA)-b-P(4VP), again with the hydrophilic polymer 

poly(oligoethylene glycol methyl ether acrylate) and the hydrophobic 

polymer poly(4-vinylpyridine) with a CORM-2 component.[23] This deblock-

copolymer was able to form micelle under certain pH. The aim of using these 

polymers was to enhance the water solubility and half-lives of CORM-2. 

Inspired from the above results we have designed and synthesized an 

amino acid based water soluble methionine and poly(ethylene glycol methyl 
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ether methacrylate) containing block-copolymer via RAFT polymerization 

followed by attachment of CORM-2.[24] The time dependent CO release from 

this CORM conjugated block-copolymer was investigated by standard 

myoglobin assay. This CORM conjugated block-copolymer have showed 

comparatively higher half-life time than CORM-2. Moreover, this water-

soluble CO-releasing polymer are capable of preventing biofilm formation of 

against Pseudomonas aeruginosa. We believe that the presented strategy 

will help to contribute to the ongoing research to develop efficient CO-

releasing delivery vehicle for bioapplications. 
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 Experimental Part 

 Materials and Methods 

 Boc-L-methionine (Boc-L-Met-OH, 99%,), 4-dimethylaminopyridine 

(DMAP, 99%, TCI), anhydrous N,N′-dimethylformamide (DMF, 99.9%, 

Alfa Aesar), dicyclohexylcarbodiimide (DCC, 99%, Alfa Aesar) and 2-

hydroxyethyl methacrylate, sodium dithionite (Na2S2O4, Sigma), 2-

hydroxyethyl methacrylate (HEMA, 97%, Sigma) trifluoroacetic acid 

(TFA, 99.5%, Sigma), were used without any further purification. 

PEGMA (Mw 300 g/mol, Aldrich, 99%) were purified through a basic 

alumina column prior to polymerization. The Azobisisobutyronitrile 

(AIBN, Sigma, 98%) radical initiator was purified by recrystallization 

from methanol. Myoglobin (Mb) from equine skeletal muscle (Sigma) 

and tricarbonyldichlororuthenium(II) dimer (Ru2(CO)6Cl4, Sigma) were 

used as received. The synthesis of 4-cyanopentanoic acid 

dithiobenzoate (CTP) was conducted according to an earlier reported 

procedure.[25] Synthesis of methacryloyloxyethyl ester monomer 

(METMA) as described elsewhere.[2] 

 Instrumentation 

Size Exclusion Chromatography (SEC) was used to determine the 

molecular weights and molecular weight distributions (polydispersity 

index, Ð) of polymers and the instrument contains a Waters 1515 

pump, a Waters 2414 refractive index (RI) detector and three μ-

styragel separation columns with a continuous porosity of 102−105 Å, 

in THF at 30 °C at 1.0 mL min−1 flow rate. The instrument was 

calibrated by using poly(methyl methacrylate) (PMMA) standards. 1H 

NMR spectra were recorded in a Bruker 300 spectrometer operating 

at 300 MHz at 25 °C. FT-IR (Cary 630) spectroscopy was carried out 

on a spectrometer, equipped with a Diamond Single Reflection ATR-

System. For ICP-OES determination of Ru content, a Thermo Fisher 

iCAP 6500 device was used. Plasma conditions were 1150 W power, 

1.5 L min−1 support gas stream, 0.5 L min−1 spray gas stream and 12 

L min−1 cooling gas stream. 
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 Synthesis of PMETMA MacroCTA 

A typical RAFT polymerization procedure is as follows: methionine 

methacryloyloxyethyl ester (METMA) (1.025 g, 2.6 mmol), CTP (49.81 mg, 

0.13 mmol), AIBN (4.05 mg, 0.024 mg), and 4.0 g DMF were added to a 20 

mL septa sealed glass and purged with N2 gas for 15 min. The reaction vial 

was placed at 70 °C and after 9 h the polymerization reaction was quenched 

by cooling the vial in ice-cold water bath. The polymer P(Boc-METMA) was 

purified by reprecipitation in hexanes at least five to six times (from acetone 

solutions) and dried under high vacuum for overnight. 

 Synthesis of block-copolymers 

A typical block copolymerization procedure is described as follows: PEGMA 

(0.5 g, 1.6 mmol), P(Boc-METMA) macro-CTA (Mn,GPC = 4900 g/mol, Ð = 

1.12, 84.0 mg, 0.016 mmol), AIBN (0.54 mg, 0.003 mmol), and DMF (2.0 g) 

were added in a 20 mL polymerization and purged with N2 gas for 15 min. 

The reaction vial was put in a reaction block at 70 ºC for 7.5 h. The resulting 

block-copolymer, P(Boc-METMA-b-PEGMA), was purified as mentioned 

above for the homopolymer. Attachment of CORM (Ru2(CO)6Cl4) to the 

block-copolymer  

 
Scheme 1. Synthesis of methionine-based CO releasing block-copolymer.  

A MeOH solution of tricarbonyldichlororuthenium (II) dimer (0.5 equiv. with 

respect to the METMA unit) was added dropwise to a MeOH solution of 

P(Boc-METMA-b-PEGMA) (1.0 equiv.). The reaction was stirred for 24 h at 

room temperature under nitrogen atmosphere in the absence of light 

(Scheme 1). The reaction medium was precipitated in hexanes and 

centrifuged (4000 rpm for 10 min). 

HOOC

NC

S

O
O

n
S

O

O

HN

O

O

S

HOOC

NC

O

O

O

S

O
O

m n

b

S

O

3/4

O

O

HN

O

O

S

HOOC

NC

O

O

O

S

O
O

m n

b

S

O

3/4

O

O

H3N+

S+

OC

Ru

Cl

CO

Cl

CO

2. TFA, DCM

1. Ru(CO)6Cl4, MeOHPEGMA300

AIBN, DMF



Main part  153 

 

 

 Deprotection of CORM attached block-copolymer 

1.50 mL TFA was added to the solution containing 0.15 g of polymer in 1.50 

mL DCM in a 20 mL glass vial. The solution was stirred for 3 h at room 

temperature. After the reaction, TFA and DCM was evaporated and polymer 

was precipitated four times in diethyl ether (from acetone solutions), and 

finally dried under vacuum for overnight. 

 Study of CO release by myoglobin assay by UV-vis 

Myoglobin assay was done according to the previously reported procedure 

with slight modification.[25] Myoglobin (Mb) from equine skeletal muscle was 

freshly prepared (2 mg/mL) in phosphate buffer solution (0.01M, pH = 7.4). 

Then nitrogen was slowly bubbled through the solution for 20 min to 

degassed the solution. A freshly prepared solution of sodium dithionite (24 

mg/mL) at 1:10 dithionite/Mb (v/v) was added to this degassed solution to 

convert met-Mb to deoxy-Mb. Additionally, two control solution were made, 

the negative control a deoxy-Mb solution (0% CO-Mb), and the positive 

control (100% CO-Mb) obtained by bubbling pure CO gas into deoxy-Mb 

solution. Then polymer stock solutions (made in PBS buffer) was added to 

the deoxy-Mb solution to maintain final concentrations of 20 μM. This 

solution was quickly transferred to a UV cuvette and then 300 μL of light 

mineral oil was added on the top of the solution to prevent CO escaping or 

the myoglobin being oxygenated. The absorption was recorded at room 

temperature at predetermined time points using a UV-vis 

spectrophotometer, measuring between 500 and 600 nm. The amount of 

MbCO formed can be calculated using the formula as reported 

elsewhere.[25] 

c(MbCO)  =  (
A(t)

l
−

A(t = 0)

l
) .

1

Ɛ540 nm(MbCO) − A(t = 0)/c0(Mb) ∙ l
          Eq. (1) 

with A(t) = absorption at time t, A(t = 0) = absorption at time t = 0, l = path 

length of the cuvette. 

The concentration of MbCO was calculated and plotted against different 

time points. By applying a suitable fit function, the plateau level of the MbCO 

concentration was determined, and subsequent division by the initial 
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concentration of CO-releasing compound gave equivalents of CO liberated. 

The half-life was determined from the graph by using an approximated 

exponential fit 𝑦 = 𝑦𝑜 + 𝐴𝑒𝑅𝑜𝑥, the half-life could be calculated for a first order 

kinetic with the formula: 𝑡1/2 = 𝑙𝑛2/ - 𝑅o. 

 Growth inhibition and biofilm prevention assays  

The laboratory strain P. aeruginosa PAO1 was used to characterize the 

effects of CO-releasing polymers on planktonic growth and biofilm 

formation. For the preparation of overnight cultures: A single colony of a P. 

aeruginosa strain was cultured overnight in 10 mL of Luria Bertani (LB) 

medium at 37 °C and then further diluted by 1:200 freshly prepared M9 

minimal medium (containing 48 mM Na2HPO4, 22 mM KH2PO4, 9 mM NaCl, 

19 mM NH4Cl, 2 mM MgSO4, 20 mM glucose, and 100 mM CaCl2, pH 7.0). 

1 mL of the M9 media were pipetted into each of the 24-well plates as 

required. Prior to incubation, the bacterial medium was inoculated with CO-

releasing compounds, while control wells were left untreated.  

 
Figure 1. 1H NMR spectra of (A) P(Boc-METMA) (B) P(Boc-METMA-b-PEGMA-CORM) and (C) 

P(NH3
+-METMA-b-PEGMA-CORM).  

Treatments were added to the wells, each from a 10 μL aliquot of a stock 

solution at the appropriate concentration previously sterilized by passing 
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through a 0.22 μm pore size filter. CO-releasing and non-CO polymers were 

dilute in DMSO to yield a concentration of 200 and 400 μM. The plates were 

incubated at 37 °C with shaking at 180 rpm in an orbital shaker-incubator 

(model OM11, Ratek, Boronia, Australia), and the biofilms were allowed to 

grow for up to 6.5 h.[26-28] After incubation, the planktonic biomass was 

quantified by removing the supernatant, and then its OD595 was measured. 

The remaining biofilm was washed once with PBS (1 mL) before the addition 

of 0.03% crystal violet stain made from a 1:10 dilution of Gram Crystal Violet 

(BD™) in PBS.[29] The plates were incubated on the bench for 20 min before 

the wells were washed twice with PBS (1 mL each).[30] The amount of the 

remaining crystal violet stained biofilm was quantified by adding 1 mL of 

100% ethanol followed by measuring OD595 of the homogenized 

suspension.  

 Bacterial cell viability assay 

The Gram-negative bacterial strain of P. aeruginosa (PAO1) was employed 

to characterize the bactericidal efficiency, PAO1 biofilm were grown in the 

presence of CO-releasing polymers in the same method as stated above. 

The overnight culture was then diluted (1:200) in freshly prepared M9 

minimal medium, and the suspension was aliquoted (1mL per well) into 24-

well plates in the presence of the various added polymers. These treatments 

include non-CO polymers such like P(NH3
+-METMA), P(NH3

+-METMA-b-

PEGMA) were prepared at a final concentration of 400 μM, with the 

exception of CO-releasing polymer P(NH3
+-METMA-b-PEGMA-CORM) 

were prepared at a concentration of 400 and 200 μM. The control wells were 

left untreated, whereas 10 μL aliquot from the respective stock solution were 

added into the well as appropriate after passing through a 0.22 μm pore size 

filter. The plates were incubated at 37 °C for 6.5 h. The biofilm viability 

analysis was determined by a drop plate method. Once incubation and 

irradiation were completed, the bacterial culture was thoroughly removed 

from each well. The well was washed twice with sterile PBS to ensure the 

removal of loosely attach bacteria. 1 mL of sterile PBS was pipetted into 

each of the well followed by ultrasonication (150 W, 40 kHz; Unisonics, 
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Australia) for 20 min. The suspension containing biofilm cells were serially 

diluted in sterile PBS and plated onto LB agar. 

3000 2500 2000 1500 1000

N-H (amide II)

Wavenumber (cm)-1

(A)

(B)

(C)

 

 

 
Figure 2. FT-IR spectra of (A) P(Boc-METMA-b-PEGMA); (B) P(Boc-METMA-b-PEGMA-CORM) 

and (C) P(NH3
+-METMA-b-PEGMA-CORM). 

 

 

Figure 3. UV-Vis spectral change of reduced Mb to Mb-CO in presence of CORM-2 conjugated block-

copolymer P(NH3
+-METMA-b-PEGMA-CORM) in aqueous phosphate buffer solution of Mb. B) CO 

release from CO-releasing polymers versus time in reduced myoglobin solution (the amount of CO 

was normalized per METMA unit). 

Biofilm colonies were counted using the aid of a colony counter and biofilm 

colony-forming units (CFU) were calculated after overnight incubation at 37 

°C. CFU values were determined using triplicate experiments.  
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 Results and Discussion 

 Synthesis and characterization of CORM-conjugated polymer 

Polymerization reactions of METMA were carried out in DMF at 70 °C using 

AIBN as a radical initiator and CTP as a chain transfer agent (CTA) at 

[METMA]/[CTP]/[AIBN] ratios 15: 1 : 0.2. The size exclusion chromatogram 

(SEC) (Figure S1) of the P(Boc-METMA) polymer showed unimodal 

refractive index (RI) traces with a narrow molecular weight distribution (Mw 

= 4900 g/mol, Ð = 1.12). Theoretical number average molecular weight 

(Mn,theo) was calculated from the conversion data using the following 

equation: Mn,theo = (([METMA]/[CTP] × molecular weight (Mw) of METMA × 

conversion) + (Mw of CTP)). Mn,GPC and Mn,theo values (Table S1) are in good 

agreement, indicating feasibility to control the molecular weight during the 

RAFT polymerization of METMA. P(Boc-METMA) homopolymer was 

characterized by 1H NMR in DMSO (Figure 1A), where characteristic peaks 

for the different protons in the repeating unit of the polymer are observed. 

The phenyl moiety at the chain ends of P(Boc-METMA) was observed at 

7.4-7.9 ppm. Number-average molecular weight (Mn,NMR) was determined 

by comparison of the integration areas from the chain end phenyl proton at 

7.4-7.5 ppm (2H) and the repeating unit protons at 4.1-4.5 ppm (5H). 1H 

NMR analysis indicated 14 repeating units of METMA and Mn,NMR of 5200 

g/mol.  

In the next step, P(Boc-METMA) homopolymer was used as macro CTA for 

block copolymerization with PEGMA (Scheme 1).  Here also, we did not 

notice any high molecular weight species from bimolecular termination 

reactions in SEC traces and Đ remains narrow (1.22). The SEC traces 

shifted from lower molecular weight distribution to higher molecular weight 

distribution (4900 g/mol to 21700 g/mol) confirming the formation of block-

copolymer. The Mn,GPC values for these block-copolymers are somewhat 

lower than the Mn,theo values determined from conversion data. This could 

because of morphology the block-copolymer in solution or the used 

conventional calibration curve to determine Mn,GPC values.[24] The NMR 

spectra of the block-copolymers confirmed the presence of the signals 

associated with each block (Figure 1B). From the integration ratio of Boc 
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protons (From METMA unit) at 1.4 ppm to the –OCH3 protons in the 

PPEGMA block at 3.39 ppm, the numbers of PEGMA units in the 

corresponding block-copolymers were calculated using this following 

formula: DPn (PEGMA) = (I3.39/3)/(I1.43/9) × DPn (METMA).Then, Mn,NMR 

values were determined by using the following formula: molecular weight 

(Mw) of P(Boc-METMA) macro-CTA + DPn (PEGMA) × Mw of MacroCTA). 

 Attachment of CORM-2 to polymer 

Then homopolymer as well as block-copolymer were subsequently reacted 

with tricarbonyldichlororuthenium(II) dimer (CORM-2) in dry methanol. The 

reactions were stirred for overnight at room temperature under a nitrogen 

atmosphere in dark. After the completion of the reaction MeOH was 

evaporated and precipitated in diethyl ether, which resulted in P(Boc-

METMA-CORM) and P(Boc-METMA-b-PEGMA-CORM). The IR spectra of 

the CORM-2 conjugated polymers showed an additional band in the region 

from 1900-2100 cm-1 characteristic of CO compared with the pure polymer, 

confirming attachment of CORM2 to the polymer. Next, the Boc protecting 

group was deprotected using trifluoroacetic acid (TFA) and purified by 

precipitated in diethyl ether. The removal of Boc group was confirmed by 

the disappearance of the signal at 1.42 ppm of 1H NMR spectra of P(NH3
+-

METMA-b-PEGMA-CORM) (Figure 1C) and P(NH3
+-METMA-CORM) 

(Figure S2). In the FT-IR analysis of P(METMA-CORM) or PMETMA-b-

PEGMA-CORM), the absorption peak at 1519 cm-1 due to the N-H 

deformation (amide II band) disappeared in P(NH3
+-METMA-CORM) and P 

(NH3
+METMA-b-PEGMA-CORM). Additionally, FT-IR analysis was also 

used to confirm the presence of a CO peak after deprotection of CORM 

conjugated block-copolymer P(METMA-b-PEGMA-CORM) by the presence 

of signals in the region between 1800 and 2100 cm−1 (Figure 2C). After Boc 

group deprotection P(NH3
+-METMA-b-PEGMA-CORM) was water soluble 

but P(NH3
+-METMA-CORM) was insoluble in water (Table S2). 

Furthermore, ICP-OES technique was used to determine 

the % of the Ruthenium content of P(NH3
+-METMA-b-PEGMA-CORM) 

polymer (Table S3). The amounts determined by ICP-OES were in. good 



Main part  159 

 

 

agreement with the theoretical values, which confirm the high yield of this 

reaction. 

 
Figure 4. Effect of (P(NH3

+-METMA-b-PEGMA-CORM) on P. aeruginosa PAO1 biofilm formation. 

(A) normalized values of PAO1 present in planktonic and (B) biofilm were grown in multi-well plates 

for 6.5 h in the presence of the polymers and different concentration of polymer. Treatments were 

incubated in the presence of 1 × 108 CFU mL-1 of bacteria. Note: #1 = 200 μM and #2 = 400 μM, 10 

μL of the stock solution consisting of the polymers were added into the bacterial culture. Planktonic 

biomass was determined by measuring the OD595 of the supernatant; biofilm biomass was 

determined by crystal violet staining. Error bars represent standard error (n = 3). Statistical 

significance was evaluated via one-way ANOVA test (* p < 0.1, **** p < 0.0001, ns = not significant 

(p > 0.05)). 

 Study of CO release by myoglobin assay 

Next, the release of CO from (P(NH3
+-METMA-b-PEGMA-CORM) was 

investigated using the myoglobin assay as previously reported. Freshly 

prepared sodium dithionite is used to reduce Fe(III) to Fe(II) in 

oxymyoglobin to deoxymyoglobin. In this assay, CORM-conjugated polymer 

is added to a solution of reduced deoxy-myoglobin (Deoxy-Mb), which can 

trap liberated CO to form carbonmonoxymyoglobin (MbCO). Deoxy-Mb 

shows an absorption maximum at 557 nm, and there are new absorptions 

at 540 and 577 nm from MbCO. Therefore, using these signals, CO release 

was monitored by UV−vis spectroscopy (Figure 3). During the CO release, 

the formation of carboxymyoglobin (MbCO) is confirmed from the increasing 

peaks of MbCO at 540 and 577 nm and the decreasing absorption of deoxy-

Mb at 557 nm in the visible spectra region. It is important to mention that 

CORM-2 release CO very fast and half-life is around 1 min, whereas 
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CORM-2 conjugated polymer liberated CO slowly with a half-life of 

approximately 120 min, which clearly demonstrates the advantage of our 

approach. Since the release of CO is triggered by a ligand exchange 

between Ruthenium bound CO and free H2O molecules, the release rate 

depends exclusively on water diffusibility to Ruthenium complex. Herein, the 

steric crowding around Ruthenium moiety caused by the polymer could 

prevent the accessibility and diffusion of water molecules, which results in 

a significant decrease in CO release rate which is also similar to that 

reported by Boyer and co-workers.[22] 

 Inhibition of bacterial growth and biofilm formation 

Nosocomial infections in the intensive care units are a severe problem to 

the public health and 30% of nosocomial infections are due to the P. 

aeruginosa. The high rate of these infections is mostly because of the 

increased antibiotic resistance of P. aeruginosa over a large number of 

antibiotics. As the previous report demonstrated that CORM-2 and other 

CORMs can inhibit bacterial growth, we also examined the ability to inhibit 

the growth of P. aeruginosa by using our CO-releasing polymer.[31] P. 

aeruginosa biofilm growth and formation were investigated at different 

concentrations of CO releasing polymers as well as non-CO releasing 

polymers (used as control). The bacteria were incubated in the presence of 

polymers for 6.5 h in minimal M9 medium. After 6.5 h, the planktonic 

biomass was first determined by measuring the OD595 of the supernatant. 

The treatments that involve CO-releasing polymer P(NH3
+-METMA-b-

PEGMA-CORM) showed strong inhibition of planktonic bacterial growth at 

200 and 400 μM with 74% and 93% reduction in planktonic biomass, 

respectively, compared to the control experiments (i.e., untreated, polymers 

without CORM) (Figure 4A; Table S4). These results are comparable to that 

induced by the positive controls using CORM-2 and other CORM at these 

concentrations.[31-33] As expected, the polymers without CORM moieties, i.e. 

P(NH3+-METMA) and P(NH3
+-METMA-b-PEGMA) displayed no activity 

against the planktonic bacteria which suggest these polymers do not have 

antimicrobial activity. Biofilm biomass was determined by crystal violet (CV) 

staining followed by a measurement at OD595 as described in the 
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literature.[34] The results obtained from the biofilm staining using CV show 

that increasing concentration of CO-releasing polymers from 200 µM to 400 

µM lead to a significant increase of biofilm inhibition from 69 to 87%, 

respectively. P(NH3
+-METMA) and P(NH3

+-METMA-b-PEGMA) (non-CO 

releasing polymers were used as a negative control) did not prevent the 

biofilm growth of P. aeruginosa (Figure 4B). 

 
Figure 5. Bactericidal activity of the various polymers and different concentrations of (P(NH3

+-

METMA-b-PEGMA-CORM) only with negative control DMSO against P. aeruginosa PAO1 biofilm. 

Treatments were performed using 1 × 108 CFU mL-1 of bacteria. Note: #1 = 200 μM and #2 = 400 

μM, 10 μL of the stock solution consisting of the polymers were added into the bacterial culture. All 

bactericidal activities were determined by colony-forming unit (CFU) analysis upon 6.5 h of 

incubation. Statistical significance was evaluated via one-way ANOVA test (** p < 0.01, **** p < 

0.0001, ns = not significant (p > 0.05)). Data are representative of at least three independent 

experiments. 

 Bactericidal effect of CO-releasing polymers on PAO1 cell viability 

The bactericidal effect from the CO releasing polymers against P. 

aeruginosa (PAO1) biofilm were assessed using colony-forming unit (CFU) 

assay via drop plate method. PAO1 biofilms were grown in the same 

manner as in the biofilm inhibition study for 6.5 h. As depicted from Figure 

5, P(NH3
+-METMA-b-PEGMA-CORM) #1 and #2 reduced the number of 

viable PAO1 cells by 99 and 99.9% relative to the untreated well. 

Unsurprisingly, treatments with non-CO releasing polymers did not display 

any notable reduction in biofilm CFU. Results from both the CV staining 
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assay and CFU study suggest that CO releasing polymers present strong 

antibacterial properties. 
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 Conclusion and Outlook 

In summary, CORM-conjugated polymers were designed and synthesized 

for the sustainable CO delivery. In comparison with small CO releasing 

molecules, these polymers present several advantages. Unlike many 

CORMs including CORM-2 and others which are not soluble in water and 

require the use of organic solvent such as DMSO, our CO releasing 

polymers are soluble in water and biological media to a very good extent 

which is beneficial for bio-applications. Additionally, these polymers show 

slower rate of CO release than that of CORM compounds. The polymer 

architecture reduces the water accessibility, which allows it to significantly 

extend the half-life of these compounds. Because of this sustainable release 

of CO, CO-releasing polymers display a higher inhibition of biofilm formation 

against P. aeruginosa. Future work will focus on using these polymers as 

coating on medical devices for prevention of biofilm formation. 
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 Additional information can be found in the ESI on the enclosed CD 

or in the ESI of the paper. 
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4. List of Abbreviations 

Å angström 

A ampere 

AAP acryloxy acetophenone  

AIBN azobisisobutyronitrile 

ANOVA analysis of variance 

ATR attenuated total reflection 

BA bisphenol A 

BPA bisphenol A diglycidylether  

CD compact disc 

CFU colony-forming units  

CGC critical gelation concentration  

CO carbon monoxide 

CORM carbon monoxide releasing molecule 

CRE colour removal efficiency  

CTA chain transfer agent  

CTP 4-cyanopentanoic acid dithiobenzoate 

CV crystal violet  

DCC dicyclohexylcarbodiimide 

DCM dichlormethane 

DEGDMA di(ethylene glycol) dimethacrylate  

DI deionized  

DIPEA N,N-diisopropylethylamine  

DMAP 4-dimethylaminopyridine 

DMF N,N′-dimethylformamide  

DMPA 2,2-dimethoxy-2-phenylacetophenone 

DMSO dimethyl sulfoxide 

DSC differential scanning calorimetry  

DTGA differential thermogravimetric analysis 

EDTA ethylenediaminetetraacetic acid 

ESI electronic supporting information 
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EtOAc ethyl acetate 

FTIR Fourier transform infrared spectroscopy  

GPC gel permeation chromatography 

HB hyperbranched polymer 

HDPE high-density polyethylene 

HEMA 2-hydroxyethyl methacrylate  

HIV human immunodeficiency viruses 

HMPA 2-hydroxypropyl methacrylamide 

HRMS high-resolution mass spectra  

HWE Horner-Wadsworth-Emmons reaction 

Hz herz 

ICP-OES inductively coupled plasma optical emission spectrometry 

LB Luria Bertani  

LCST lower critical solution temperature  

LED light-emitting diode 

LMW low molecular weight 

LMWG low molecular weight gelators 

METMA methionine methacryloyloxyethyl ester  

MHz megaherz 

Mw molecular weight 

ND not determined 

NMR nuclear magnetic resonance 

OD optical density 

P(OEGA) poly(oligoethylene glycol methyl ether acrylate) 

oHC ortho-hydroxy-cinnamate 

PAO P. aeruginosa  

PBS phosphate-buffered saline  

PDEAAm are poly(N,N-diethylacrylamide) 

PDI polydispersity index 

PDMAEMA poly[2-(dimethylamino)ethyl methacrylate]  

PEG poly(ethylene glycol)  
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PEGMA poly(ethylene glycol) methacrylate 

PEO poly(ethylene oxide) 

PMDETA N,N,N′,N′′,N′-pentamethyldiethylenetriamine 

PMETMA poly(methionine methacryloyloxyethyl ester 

PMMA poly(methyl methacrylate) 

PNIPAAm poly(N-isopropylacrylamide)  

PVCL poly(N-vinylcaprolactam) 

RAFT reversible addition-fragmentation chain transfer  

RB rhodamine B 

RCS refrigerated cooling system  

RE removal efficiency  

RI refractive index  

RT room temperature ~22 °C 

SEC size exclusion chromatography  

SEM scanning electron microscopy 

SMH shape-memory hydrogel 

SMP shape-memory polymer 

SR swelling ratio 

SST stainless steel 

TFA trifluoroacetic acid  

TGA thermogravimetric analysis 

THF tetrahydrofuran 

TLC thin-layer chromatography 

TOF turnover frequency 

TON turnover number 

UTS ultimate tensile strength  

UV-vis ultraviolet–visible spectroscopy 

V volt 

4VP 4-vinylpyridine 

W watt 

WAXS wide-angle X-ray scattering  
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XRD X-ray diffraction  
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