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1 Introduction and Outline 

1.1 NMR spectroscopy as a tool in photochemistry 

In the last decade photocatalysis has emerged as one of the major research fields in 

chemistry[1ï4]. Especially synthetic applications present an impressive amount of 

research and novel approaches[5]. But to sustain this growth a fundamental 

understanding of the underlying mechanisms in photocatalytic reactions is of utmost 

importance[6]. Besides the dominating methods to investigate photocatalytic processes 

such as (ultrafast) UV/Vis spectroscopy[7ï11] and EPR spectroscopy[12,13], NMR 

spectroscopy has established itself as a valuable and complementary method. Since the 

discovery of the photo-chemically induced dynamic nuclear polarization (photo-CIDNP) 

effects, which can yield information about the initial photoexcitation[14,15] in the early 

1960s, NMR has evolved into a versatile tool in photochemistry that can provide 

information about solvent effects[16], aggregation[17] and intermediates[18ï23] in 

photocatalytic reactions. The second chapter of this thesis serves as an elaborate 

introduction of NMR as a tool in photochemistry. In a first part, this chapter discusses 

established approaches in photo-NMR such as ex situ and in situ NMR illumination 

techniques as well as common light sources. Furthermore, a range of special illumination 

setups and techniques are presented, which push the boundaries of illumination NMR. In 

the second part, case studies focusing on in situ illumination NMR are presented 

addressing the topics of homogeneous and heterogeneous photocatalysis, 

photoswitches, photoinitiated polymerizations and new concepts for in situ illumination 

NMR in detail. In addition, the evolution of NMR in photocatalysis is surveyed ranging 

from first recordings of reaction profiles to the elucidation of complex reaction 

mechanisms.  

Although NMR has established itself as a valuable tool to study photocatalytic systems, 

there is still room for improvements in terms of methods and applications. The third 

chapter supports this statement and introduces a triple combination of UV/Vis 

spectroscopy, NMR spectroscopy and in situ illumination (UVNMR-illumination) as a new 

tool for the investigation of photosystems. This fully automated system enables the 

simultaneous investigation of UV/Vis and NMR active species i.e. paramagnetic and 

diamagnetic species (with the additional option to illuminate the sample in case of 

photosystems). As a result, for the first time, time coherent reaction profiles from UV/Vis 

and NMR can be plotted against each other under the same conditions. The applicability 
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of this UVNMR-illumination setup is verified by the investigation of two test systems from 

the research fields of photowswitches and photocatalyis. First, the isomerization 

behavior of a photoswtichable spiropyran[24] is surveyed at different temperatures and 

second, a consecutive photoinduced electron transfer (ConPET) process is analyzed[25]. 

The fourth chapter continues the studies from chapter three and dwells deeper into the 

investigations of ConPET processes. The principle of ConPET relies on the ability of the 

respective photocatalyst to use the energy of two photons for chemical reactions[25,26]. 

Therefore, the photocatalyst needs the ability to form stable radical anions (or radical 

cations), which can be excited a second time resulting in excited radical anions with 

increased redox potentials. ConPET processes have gained much popularity in 

synthesis[25ï30] but the mechanistic proposal of the two photon excitation was highly 

discussed after its initial presentation. Recently, the mechanism of ConPET could be 

verified for the photocatalyst rhodamine 6G by means of single molecule 

spectroscopy[31], but the mechanistic proposal for the initial ConPET process, which 

describes the dehalogenation of aryl haldies with perylene bisimide (PDI) as 

photocatalyst was lately challenged[32]. Therefore, this chapter investigates this PDI 

promoted reaction in detail by means of elaborate UVNMR-illumination, in situ NMR 

illumination and UV/Vis spectroscopic studies. These examinations yielded insights 

about electron-donor-acceptor (EDA) complexes, the generation of the stable PDI radical 

anion and the presence of a long initiating phase, which suggests various interaction of 

PDI with itself. Combining these results, a new mechanistic proposal could be presented, 

which is based on physical interactions (stacks/aggregates) between PDI and the PDI 

radical anion.  

Chapter five presents a cooperative study, which focused on the development and 

investigation of the light induced activation of C-OCF3 bonds. The chapter first describes 

the design of a synthetic approach, which suggested that after C-OCF3 activation, 

fluorophsogene is liberated in situ and further incorporated into various substrates. 

Therefore, extensive mechanistic studies were carried out, which included ex situ and in 

situ illumination NMR studies, transient spectroscopy and radical trapping experiments to 

check this hypothesis. Combining these different and complementary mechanistic 

methods, an elaborate mechanistic proposal could be made, which confirms the in situ 

liberation of fluorophosgene and is i.a. based on the detection of a charge-transfer 

complex of the photocatalyst, the unambiguous assignment of fluorophosgene-substrate 

intermediates and the identification of an unproductive water-dependent dark cycle.  
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1.2 NMR in drug discovery 

G-protein coupled receptors are important, ubiquitous, transmembrane structures in our 

body[33]. They present the biological target molecule of around 25 % of all available drugs 

on the market[34,35] and up to date over 800 GPCRs could be identified[36]. Hence, 

besides desire to understand the mechanistic behavior of these complex biological 

targets, there is an ongoing demand to identify new, active substances with ever 

increasing selectivity and activity.  

In the last decades, NMR spectroscopy has established itself as one of the most spread 

and effective tools in drug discovery and is employed in every phase of drug design 

ranging from full assignment of the identified target molecule[37], early fragment 

screening[38ï41] to detailed structure activity relationship studies[37,38] and in vivo imaging 

tests[42]. Therefore, it is no surprise that also GPRCs as high priority structures have 

been objects of major interest for NMR spectroscopic studies[43]. Yet, GPCRs present 

themselves as challenging endeavors for solution NMR due to their nature as 

transmembrane proteins, which makes them difficult to stabilize and due to their 

inherently high molecular weight, which can be a major issue in solution NMR. Especially 

the investigation of GPCRs in parental membrane systems has been rarely presented. 

Parental membranes that incorporate GPCRs (e.g. from SF9 or HEK cells) are closer to 

the natural environment of GPCRs than artificial membranes or nanodiscs but usually 

lack the stability of the GPCR inside the membrane. Despite this drawback several 

systems were published in the last years[44,45]. These studies focused on ligand based 

NMR techniques such as saturation transfer difference (STD) and interligand NOE 

pharmacophore mapping (INPHARMA). Ligand based NMR methods are usually 

independent of the molecular weight of the biological target[38,39] and therefore fit to 

investigate GPCRs in membrane systems. The last chapter of this thesis, first surveys 

common ligand based NMR methods and their characteristics. Second, a ligand based 

NMR study focusing on STD (and INPHARMA) of the human Histamine-H2 receptor 

(H2R), which is incorporated in a parental membrane system (from SF9 cells) is 

presented. The chapter discusses preparative sample preparation, buffer systems as 

well as practical considerations of ligand based NMR experiments. In addition, extensive 

STD studies are conducted, which probe the effects of known, commercially available 

H2R antagonists such as ranitidine and famotidine and the hormone histamine in 

presence of membrane systems with and without H2R.  
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2.1 Abstract 

In the last decade, photochemical and photocatalytic applications have developed into 

one of the dominant research fields in chemistry. However, mechanistic investigations to 

sustain this enormous progress are still relatively sparse and in high demand by the 

photochemistry community. UV/Vis spectroscopy and EPR spectroscopy have been the 

main spectroscopic tools to study the mechanisms of photoreactions due to their higher 

time resolution and sensitivity. On the other hand, application of NMR in photosystems 

has been mainly restricted to photo-CIDNP, since the initial photoexcitation was thought 

to be the single key to understand photoinduced reactions. In 2015 the Gschwind group 

showcased the possibility that different reaction pathways could occur from the same 

photoexcited state depending on the reaction conditions by using in situ LED illumination 

NMR. This was the starting point to push the active participation of NMR in 

photosystems to its full potential, including reaction profiling, structure determination of 

intermediates, downstream mechanistic studies, dark pathways, intermediate 

sequencing with CEST etc. Following this, multiple studies using in situ illumination NMR 

have been reported focusing on mechanistic investigations in photocatalysis, 

photoswitches, and polymerizations. The recent increased popularity of this technique 

can be attributed to the simplicity of the experimental setup and the availability of low 

cost, high power LEDs. Here, we review the development of experimental design, 

applications and new concepts of illuminated NMR. In the first part, we describe the 

development of different designs of NMR illumination apparatus, illuminating from the 

bottom/side/top/inside, and discuss their pros and cons for specific applications. 

Furthermore, we address LASERs and LEDs as different light sources as well as special 

cases such as UVNMR(-illumination), FlowNMR, NMR on a Chip etc. To complete the 

discussion on experimental apparatus, the advantages and disadvantages of in situ LED 

illumination NMR versus ex situ illumination NMR are described. The second part of this 

review discusses different facets of applications of inside illumination experiments. It 

highlights newly revealed mechanistic and structural information and ideas in the fields of 

photocatalyis, photoswitches and photopolymerization. Finally, we present new concepts 

and methods based on the combination of NMR and illumination such as sensitivity 

enhancement, chemical pump probes, experimental access to transition state 

combinations and NMR actinometry. Overall this review presents NMR spectroscopy as 

a complementary tool to UV/Vis spectroscopy in mechanistic and structural 

investigations of photochemical processes. The review is presented in a way that is 

intended to assist the photochemistry and photocatalysis community in adopting and 
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understanding this astonishingly powerful in situ LED illumination NMR method for their 

investigations on a daily basis. 
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2.2 Introduction 

In the last decade, light-driven chemistry and particularly the photocatalytic applications 

have witnessed a nearly exponential growth[1ï6]. This growth can be attributed to 

multiple factors, (i) increased awareness among chemists of the use of solar energy,  

(ii) availability of low cost and high power LEDs covering the whole spectral range,  

(iii) generalization of concepts in visible light photoredox catalysis coupled with quick 

follow up by chemists for synthetic applications and (iv) recognition of the advantages of 

photochromic systems in modulating physical and chemical properties of molecules or 

materials. 

Despite this enormous growth in photochemical applications, structural and mechanistic 

investigations are still sparse and in high demand from the photochemistry community. 

To sustain this growth it is necessary to study the underlying mechanisms of 

photochemical processes and to have evidence-driven reaction development and 

optimization. Historically, UV/Vis spectroscopy[7ï12] and EPR spectroscopy[13ï15] 

have been the main spectroscopic tools used to study the mechanisms of photoreactions 

due their higher time resolution and sensitivity. The combination of regular and ultrafast 

UV/Vis spectroscopy provides information about the chromophore and its photoexcited 

states[11], the formation of electron donor acceptor (EDA) complexes [16ï18], and 

energy transfer to other species[19]. EPR has been used to observe radical species 

(paramagnetic species) in chemical processes[13]. Compared to these methods, 

traditional NMR methods have inherently lower time resolution and sensitivity, and 

therefore fail to characterize photoexcited states. However, the discovery of the 

photo-CIDNP effects has facilitated NMR participation in the mechanistic elucidation of 

photoreactions via indirect detection of radical pairs and biradicals[20,21]. Applications of 

photo-CIDNP NMR were and are still further explored to follow the connecting pathways 

among precursors, paramagnetic intermediates and products[22]. The use of LASER 

pulses in photo-CIDNP NMR has enabled time resolved photo-CIDNP measurements to 

access life times of short lived radical pair species[23]. Despite this huge impact of 

photo-CIDNP NMR in photoreactions, the full potential of NMR methods in terms of 

structure elucidation of intermediates has not so far been tapped in photocatalysis. On 

the other hand, many NMR methods are well established in mechanistic investigations of 

chemical reactions and dynamics despite the inherent limitations of traditional NMR 

spectroscopy such as low sensitivity and time resolution. Particularly in situ NMR has 

been successfully applied in the detection of intermediates[24,25], studies of weak 
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interactions[26,27], aggregation[28] and to extract kinetic and thermodynamic data for 

regular organic reactions[29,30].  

The biased, limited applicability of traditional NMR methods in photoreactions has mainly 

been due to a prevalent focus on mechanistic studies in photocatalysis investigating 

initial photoexcited states and short radical species. The downstream pathways and 

intermediates after the initial photoexcitation were most often overlooked.  

In 2015, the Gschwind group proved for the first time the possibility of different reaction 

pathways starting from the same photoexcited state by using in situ LED illumination 

NMR [31]. This investigation showed that downstream pathways and intermediates can 

be just as important to understand photocatalytic mechanisms as insights into the initial 

photoexcitation. This remarkable observation led to two changes in photomechanistic 

studies: (i) inclusion of mechanistic investigations of downstream pathways and 

intermediates in photocatalysis, and (ii) possible opportunities to expand the applicability 

of NMR methods to their full potential in mechanistic and structural investigation of 

photochemical processes.  

The emergence of low cost, high power LEDs for in situ illumination NMR further boosts 

the applicability of in situ LED illumination NMR in photoreactions. Subsequently the 

Gschwind group has extensively used and showcased the in situ LED illumination NMR 

technique in mechanistic investigations of various photocatalytic reactions, by effectively 

incorporating both traditional and advanced NMR methods [31ï35]. In addition they have 

also developed sequential light-on and light-off sequences, which give critical information 

about light-dependent and dark pathways as well as light-dependent intermediates [32]. 

There are also significant in situ LED illumination investigations reported from other 

groups. Thiele's group has explored the technique to study different types of 

photochromic systems[36]. Recently Merck has adopted the technique to measure 

quantum yields and to carry out an elaborate study of the mechanism of photoinduced 

iron complex catalyzed reactions[37,38]. Hawker's group has explored the technique for 

light-induced controlled radical polymerization[39ï41]. Duckett's group has developed 

and applied an in situ LASER photochemical pump for hyperpolarization and kinetic 

measurement of organometallic compounds[42,43]. Recently, this simple yet more 

effective technique of in situ illumination NMR has received more attention from the 

synthetic community of both academia and industry.  

In this review we give an overview of the methodology developed so far for in situ 

illumination NMR. We then discuss the pros and cons of the various methods, and 

highlight important applications of NMR illumination in photochemistry, photocatalysis, 
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photochromic systems and photopolymerizations, and more particularly in mechanistic 

studies of photochemical processes. To keep this review to a moderate size, we mainly 

focus on high resolution solution NMR, which highlights new advantages and concepts. 

We excluded photo-CIDNP studies from the application part, as good reviews and book 

chapters are already available in the literature exclusively focusing on 

photo-CIDNP[20,21,44]. We also excluded biomolecular studies from this review. 

The review is mainly organized into two parts: illumination methodology for NMR 

spectroscopy and applications of illumination NMR. The methodology part will discuss 

different illumination sources and the development of the most common experimental 

designs, while also showcasing some special arrangements exclusively designed for 

photo-NMR. The application part is further divided into subsections, discussing 

homogenous photocatalysis, heterogeneous photocatalysis, light-assisted CRP 

polymerization, photoswitches and new concept/method developments. 
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2.3 Illumination methodology for NMR spectroscopy 

2.3.1 Illumination sources in NMR spectroscopy 

Basically, every option of illumination source, including our sun, has found its way into 

photochemistry and photocatalysis[45ï48]. For the combination of NMR spectroscopy 

with illumination mainly LASERs[22,49ï57], xenon halogen lamps[58ï61] and 

LEDs[31,36,39,62ï66] are employed. Looking back at four decades of illuminated NMR, 

most of the typical designs use LASERs and/or LEDs. Additionally, these illumination 

sources represent the two extremes in terms of light intensity, costs, maintenance, and 

application fields. Therefore, this review concentrates in the following on LASERs and 

LEDs and does not discuss xenon lamps explicitly. First the principle illumination sources 

and then their incorporation into the various experimental arrangements is presented.  

2.3.1.1 LASERs as illumination source in NMR spectroscopy 

Light amplification by stimulated emission of radiation (LASERs) presented the first 

dominating illumination source that was combined with NMR spectroscopy. This is, of 

course, attributed to beneficial properties inherent to LASERs for photochemical 

applications [67]. Especially two properties set LASERs apart from the available halogen 

lamps or light bulbs at that time, namely monochromatic wavelength emission[68] and 

extremely high light intensity. The monochromatic emission allows for irradiation of 

photoactive species with maximum selectivity. This is of special importance in mixtures 

of photoactive compounds with different absorption windows. Furthermore, LASERs can 

be precisely incorporated into various optical designs without appreciable power 

dissipation. This enables both full control over the optical output and high light intensities. 

As an additional advantage, LASER systems were continuously improved as LASERs 

found their way into every field of research within the sciences e.g. physics[68], physical 

chemistry[69], biology[68,70,71] and medicine[68,70,71]. This demand led to a strong 

response from industry resulting in many commercially available LASER designs, 

LASER bundles, and optics that e.g. promote efficient coupling to fiber optics and can be 

individually adapted to the investigated system. As a result, LASERs provide optimal 

properties regarding output power, pulse amplitudes and time resolution even without 

any homemade modifications. Especially the very high light intensity of LASERs is a key 

point for many investigations in photochemistry, because the behavior of photosystems 

is generally proportional to the light intensity in terms of kinetics (photoreactions) and 

photo-CIDNP effects[72]. As a result, LASERs can overcome critical sensitivity 
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problems. Especially, in photo-CIDNP and time resolved photo-CIDNP studies the 

requirement for high light intensities and extremely high time-resolution has made 

LASERs the light source of choice during recent decades[20,49,73ï75]. 

However, experiments with LASERs have several drawbacks, too. First of all, they are 

very costly in comparison to other illumination sources. For example, today one LED can 

be purchased for a few Euros while even the price of cheap LASER is easily higher than 

1000 Euro. This is especially an issue when multiple excitation wavelengths and 

therefore multiple LASERs are required for a project, as this further increases costs. In 

addition, experiments with LASER usually involve highly sensitive equipment using 

various lenses and mirrors[23,76,77]. Hence, they require careful adjustment and fine 

tuning for every experiment to provide optimal results.  

Special issues for the application of LASERs arise for mechanistic investigations and 

reaction profiles in batch photocatalysis. Here, the ability of LASERs to maximize the 

light output rather poses a restriction than an overall benefit, because all photocatalysts 

will ñphotobleachò (photodegrade) under prolonged light exposure[78ï80]. Especially for 

slow batch reactions (hour to day timescale) employing homogeneous, small molecule 

photocatalysts, LASERs can literally ñburn holesò into the investigated samples, 

hampering prolonged investigations and reaction profiles of the same sample1. Flow 

systems, micro reactors or rotation of the NMR tube can circumvent these problems 

connected with photobleaching using a new region of the sample for each LASER shot. 

As a result, in these designs, the high light intensity of LASERs can be an advantage 

also in photocatalysis. Another issue for NMR mechanistic investigations of 

photocatalytic reactions with LASERs is the direct comparability with synthetic results 

concerning e.g. yields, reactivities, and stereoselectivities, since most of the synthetic 

applications are conducted with LEDs[1,3,45,81ï83]or xenon lamps[81] and not with 

monochromatic LASERs. 

In summary, LASERs provide the strongest light source with utmost wavelength 

selectivity and time resolution. Therefore, in photosystems requiring these light 

specifications, such as photo-CIDNP or time resolved photo-CIDNP effects, LASERs are 

the logical and optimal method of choice. For mechanistic investigations of slow 

photocatalytic batch reactions the power of LASERs is not always beneficial mainly due 

                                                
1
 From the authorsô experience, new high power LED sources used in synthesis are also reaching 

power outputs that simply destroy the photocatalysts instead of further accelerating the 
investigated reaction. 
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to photobleaching of the catalysts. Therefore, in photocatalysis, sometimes the high 

costs of LASERs cannot be justified by additional mechanistic insights. 

2.3.1.2 LEDs as illumination source in NMR spectroscopy 

Light emitting diodes (LEDs) emerged as the second dominating illumination source for 

NMR investigations within the last decade. This trend is well-grounded for several 

reasons. The first one is Haitzô law, which predicted an exponential growth in LED output 

power in combination with an exponential decline in costs for LEDs[84,85]. This 

prediction was even surpassed during the last decades resulting in availability of a vast 

number of high power LEDs at low costs ranging from the UV-C throughout the whole 

VIS region and even to the IR regime[86,87]. The second reason was the emergence of 

photocatalysis as a skyrocketing new research field in chemistry[1ï3,5,6,88ï90] and the 

increased level of interest of the community to discover new photoswitchable 

systems[91ï94]. Third, already the first NMR investigation in photocatalysis by the 

Gschwind group showed that after an identical photoexcitation, totally different 

mechanistic pathways are possible and NMR is able to add mechanistic information not 

accessible to time resolved UV/Vis spectroscopy[31]. This and other studies showed the 

importance of the mechanism downstream from the photoexcitation step, and paved the 

way to extended NMR investigations in photocatalysis[32ï34,38]. Besides investigations 

solely focused on NMR spectroscopy, NMR is also often used in a supporting role or in 

the expansion of insight to photosystems previously probed using synthesis, UV/Vis or 

EPR. Hence, especially comparability of batch/flow synthesis and NMR based 

investigations is important. Since most of the investigations in synthesis are conducted 

with LEDs as illumination source[1,3,45,81ï83] it is only natural that NMR spectroscopy 

would follow in the same manner. Furthermore, LEDs are almost insignificant in cost  

(< 3ú in the Vis region per LED can be easily found online). As most LED-NMR designs 

allow for quick exchange of LEDs, it is affordable and easy to assemble an arsenal of 

LEDs providing every wavelength from deep UV to the near IR region. Additionally, LEDs 

can be operated in a pulsed mode instead of continuous illumination. Using short light 

pulses (ms range), one can significantly increase the applied current through the LED. 

This results in higher light output of the LED for the duration of the pulse. For example, 

the Gschwind group showed that the recommended maximum current for continuous 

operation of a blue light Cree XP-E2 LED can be increased nine fold using a pulse width 

of 1 ms[95]. Simultaneous photo-CIDNP experiments revealed that the increase of the 

current is still directly proportional to the light output, indicating that time resolved  

photo-CIDNP studies might also be accessible with LEDs. This makes LEDs the  
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ñall-rounderò for the investigation of photosystems by NMR as they can be used  

straight-forwardly for every system, e.g. photoreactions, photoswitches and steady state 

photo-CIDNP. In addition, LED-based designs usually donôt require any adjustment or 

optimization on each run in the way that would be needed for LASERs as LEDs are 

much more robust. This makes LED-based apparatus very flexible, cheap and  

straight-forward.  

Nevertheless, LEDs also have some restrictions and disadvantages. Although, LEDs are 

nowadays ubiquitous, they havenôt found their way into the sciences in a similar way as 

LASERs yet. This results in a lack of commercially available high precision equipment to 

set up LED illumination systems so far. As a consequence most NMR-LED illumination 

apparatus is still built in house. Only recently, a first commercially available system has 

been presented online by GoldstoneScientific. Many of the home built designs were 

published in the last decade[39,95ï97]; they are all unique in their own way and will be 

discussed more thoroughly in section 2.3.2 and 2.4. 

A second serious problem with LEDs is their varying output power that can deviate by 

±50 %, as well as significant deviations of peak wavelengths (±10 nm), which can be 

found in datasheets for the different LEDs. In-house-performed measurements 

determining output power and peak wavelength showed that even purchased LEDs from 

the same manufacturer-batch and -type can still have significant deviations  

(±20 %; ±5 nm). This, of course can massively impede reproducibility of any investigation 

if an LED has to be replaced. Hence, it is of the utmost importance to carefully choose 

the LED by production number at purchase to guarantee that all LEDs are from the same 

batch. The batch properties of LEDs can usually be accessed in their datasheet provided 

by the manufacturer. This significantly increases reproducibility, but we would still 

recommend to measure output power and peak wavelength individually for every LED in 

order to achieve good results.  

Additionally, LEDs in the UV-C and UV-B region (> 320 nm) need special considerations, 

although they are not the main focus in photochemistry/-catalysis. To date, the costs of 

UV-C and UV-B LEDs can be up to several hundred Euros for the highest output powers, 

negating the main benefit of LEDs as cost efficient illumination source. Furthermore, 

from the authorsô experience these LEDs can pose serious challenges when it comes to 

heat dissipation, raising the need for special LED boards and larger cooling 

blocks/systems to avoid reduced output powers and potential shifts of the wavelength 

maximum. 
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For the comparison of LEDs to LASERs it has to be mentioned that a narrower 

bandwidth rivaling that of LASERs can also be achieved with LEDs employing various 

high- and low-pass filters in customized setups as an upgrade option, if high wavelength 

specificity is needed. However, the use of filters results in a significantly reduced LED 

output power (up to >90 % as wavelength selectivity increases, from the authorsô 

experience).  

In summary, LEDs are a cheap, flexible and easy to use illumination source that can be 

used in every photo-NMR application yielding reliable and reproducible results. 

Disadvantages of LEDs are mostly that they require home-built apparatus; they have 

limited reproducibility between different LEDs and a reduced cost-efficiency ratio for 

LEDs in the UV-C, UV-B (and IR) range. Furthermore, if maximum light intensity is 

needed, LEDs still donôt compete with LASERs. However, if light intensity isnôt a limiting 

or major factor, LEDs represent the ideal choice for investigations of photosystems.  

2.3.2 Illumination approaches in photo-NMR 

Next to the choice of the illumination source, it is crucial to decide how to properly guide 

the light to/into the investigated sample. This review will present various experimental 

designs that can be divided into two main, light-guiding groups: ex situ and in situ 

illumination. Ex situ illumination describes the execution of, for example, the 

photoreaction in an external vessel after which small aliquots or the whole reaction 

mixture are transferred to the NMR tube/system. In contrast, the term in situ illumination 

implies the initial reaction container (e.g. the NMR tube) is also used for the NMR 

investigations and placed inside the NMR spectrometer before illumination. Hence, an in 

situ sample is a totally closed system allowing for mechanistic studies without any 

interference due to sampling. 

It should be noted that some unique situations such as flow experiments canôt be 

unambiguously categorized as either ex situ or in situ, and these are discussed in detail 

in section 2.4.  

2.3.2.1 Ex situ illumination in photo-NMR 

The ex situ illumination approach for the investigation of photosystems by NMR 

comprises the execution of a photoprocess in an external container from which small 

samples or the whole mixture are taken at certain, defined points and inserted into to the 

NMR spectrometer for further measurement. Especially for the investigation of 
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photoreactions and photoswitches on a minute to hour to day time-scale, ex situ 

illumination can be the method of choice. On the other hand, ex situ illumination is not at 

all recommended for studies that investigate short lived transient species, such as in 

photo-CIDNP studies[20].  

Ex situ illumination is definitely the most straightforward method to investigate a 

photoreaction by NMR spectroscopy as it doesnôt require any special apparatus or 

modification of the NMR spectrometer or other NMR components in any way. The big 

advantage here is the fact that the reaction container for the photoreaction is exactly the 

same as that used in the synthetic batch approach[32,34]. This can eliminate the issue of 

comparability between synthesis and analytics, offering the same sample volume and 

concentration, the same light intensity/light source and the ability to stir the sample. The 

ex situ approach has also proved itself indispensable if gases are essential reactants. A 

lot of photocatalytic systems require aerobic conditions as they are dependent on oxygen 

as terminal oxidant[90,98ï100]. In contrast to open ex situ approaches, in closed in situ 

arrangements all the oxygen is rapidly consumed and as a result the catalytic cycle 

stops, the overall conversion is low, comparability to synthesis is a problem, and 

valuable information on oxygen dependent intermediates is lost. Gases are also often 

generated as reaction products in photocatalysis, e.g. decarboxylations generate CO2 

and diazonium salts often liberate N2 [1,6]. In such cases, an ex situ arrangement can be 

easily adjusted to provide a continuous supply/exhaust of gas, whereas for most in situ 

arrangements this is very complicated to achieve. Therefore, ex situ NMR reaction 

profiles are ideal to monitor the overall reaction progress of the major reactants and 

products especially if gases play a role. Furthermore, ex situ NMR investigations can 

also be used as an ñend-point-assayò to screen reactions conditions by analyzing the 

crude mixture after illumination[34].  

Of course, ex situ NMR investigations also have some drawbacks. The main issue is 

dead time. At least a minute passes from taking a sample from the reaction vial, 

transferring it to the NMR tube and NMR spectrometer to the acquisition of an NMR 

spectrum, even if the process is optimized[32,34]. Hence, information on short lived2 

intermediates can be completely lost and in some cases even tracking the overall 

reaction progress might be impeded if the investigated reaction is very fast (minute time 

scale)[101]. From the authorsô own experience, some reactions already showed ~30 % 

conversion at the measurement of the starting point, by just carrying the sample from the 

lab to the NMR spectrometer while exposing it to ambient light. Hence, it is 

                                                
2
 Here, short lived refers to a second to minute time scale. 
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recommended to always keep the investigated samples shaded from external light 

sources, i.e. to wrap the sample in aluminum foil and/or to use ambered NMR tubes. 

Furthermore, some reactions show induction periods of several minutes resulting in a 

delayed product or intermediate formation. Such induction periods are easily missed in 

experiments with ex situ approaches, especially if the delay prior to the initial timepoints 

is too long. For example, the ex situ and in situ reaction profiles in Fig. 1 and Fig. 2 both 

show the product formation of 3a. The in situ profile (Fig. 2) 3a clearly shows a sigmoidal 

progression, whereas in the ex situ profile (Fig. 1) the sigmoidal progression in the 

formation of 3a is not detected due to the long time delay between the first measurement 

points. Clearly, information from induction periods can be critical for a correct 

interpretation of mechanistic data and also in cases such as in situ formation/modulation 

of the catalytic species[102] or in presence of interfering substances (e.g. O2 quenching 

the excited state of the photocatalyst), which have to be consumed before the reaction 

can start [103]. 

Another concern is the act of sample taking. One new NMR sample has to be prepared 

for each new timepoint, as online monitoring is not possible. This restricts the number of 

points that can be taken as the investigated sample is depleted over time. Many 

photoreactions are executed in a very low volume of 0.2-2 mL[83,104ï106], and 

upscaling might be an issue as optical density can be a problem at larger volumes[4]. A 

conventional 5 mm NMR tube needs a sample volume of at least 400 ɛL (preferably  

600-700 ɛL) to provide good NMR spectra. As a consequence, direct sample extraction 

of the full NMR volume required is sometimes not an option in photoreactions. To 

circumvent this, one can take small aliquots from the reaction vial (10-100 ɛL) and dilute 

them with the corresponding solvent for NMR measurements[34]. This can increase the 

number of points provided by one sample tremendously, but it also poses the threat that 

dilution might change the conditions inside the sample, and in addition severe sensitivity 

problems can arise. Depending on the dilution factor, concentrations inside the sample 

can be changed by an order of magnitude and this most probably shifts key reaction 

intermediates below the NMR detection limit, since even highly populated intermediates 

are often only present to around 10 % or less (relative to the initial  concentration of the 

starting material)[32,34]. Furthermore, introducing new solvent can carry additional 

water, oxygen and/or other impurities into the sample, potentially damaging reaction 

intermediates and disturbing the mechanistic pathway. 

Another, second option is to prepare several separated samples (e.g. 6x1-2 mL vials) for 

parallel reactions (Fig. 1; bottom left)[32]. This allows one to take the full required NMR 

volume at every timepoint. A disadvantage of using parallel samples is the usual 
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systematic error of sample preparation (slightly different volumes, concentrations, 

possible degree of water and/or oxygen etc.) that may affect the acquired results. When 

parallel illumination sources are used, a photoreaction specific error might also build up; 

as mentioned in section 2.3.1.2 power output and peak wavelength of LEDs can 

significantly differ and thus the reaction progress within the different vials might vary, as 

photoreactions are usually proportional the light exposure[72].  

 

Fig. 1: The ex situ illumination approach to investigate the photocatalytic Aza-Henry 

reaction of isoquinolines by NMR[32]. Samples are directly taken from the batch reaction 

to be recorded in the NMR spectrometer. Due to the aerobic conditions, one can readily 

detect intermediate 6, which stems from the reaction of 1 with O2 as terminal oxidant and 

is not observed with ñquasiò anaerobic in situ conditions (see Fig. 2). Spectra measured 

at 600 MHz.  

For the investigation of photoswitches, ex situ NMR is rather limited and heavily 

dependent on the system. If the state of the photoswitch induced by light is stable or if 

thermal back isomerization is slow (> minutes) tests can be executed. But for many 

photoswitches thermal back isomerization is fast and these switches require direct 

monitoring of the process with in situ illumination NMR[107,108].  

In summary, ex situ NMR illumination investigations are a flexible and straightforward 

approach to study slow photoreactions, starting material and product profiles as well as 

long lived photoswitches to screen reaction conditions. Therefore, ex situ studies are an 

attractive choice for the tracking of photoreactions, since only the typical apparatus for 

photochemical reactions/catalyses is required. Furthermore, ex situ is so far a basic and 

indispensable tool in case gasses (oxygen, nitrogen etc.) are involved in the reaction, 
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either as starting materials, terminal oxidant or products. On the other hand, ex situ 

illumination fails for the detection of short lived reaction intermediates and is 

inappropriate for photosystems such as photoswitches with fast thermal back relaxation 

or photo-CIDNP studies. To study very short lived intermediates, dark cycles and 

photoswitches etc. in situ NMR studies are recommended.  

2.3.2.2 In situ illumination in photo-NMR 

Photo-NMR investigations are referred to as in situ illumination, if the initial reaction 

container (e.g. the NMR tube) is used for the NMR investigations and placed inside the 

NMR spectrometer from the beginning. Therefore, especially when illuminated from 

inside the tube (see section 2.3.2.2.2), the sample represents a closed system for the 

whole duration of the illumination and the conducted reaction is not exposed to any 

outside factors besides light. This excludes the introduction of possible systematic errors 

arising from sample transfer such as the introduction of water and oxygen or the loss of 

gaseous products. Typical examples from the authorsô group are photoreactions which 

require triethylamine (TEA) or N,N-diisopropylethylamine (DIPEA) as sacrificial electron 

donors[34,108]. Both release acetaldehyde as a secondary product during the reaction. 

From the authorsô experience, most of or all acetaldehyde is lost during ex situ sample 

transfer, because it is gaseous at room temperature. During in situ illumination the same 

acetaldehyde is readily monitored3. The big advantage of in situ illumination is the ability 

to monitor any NMR detectable process online and to start NMR acquisition immediately 

after or during the illumination. This makes it possible to gain access to short lived or 

transient species on the NMR time scale, which would be elusive with the ex situ 

illumination approach. Furthermore, many more timepoints can be collected, providing 

refined reaction profiles compared to ex situ illumination (Fig. 1 vs Fig. 2). Another big 

advantage of in situ setups is the possibility to automate the process instead of having to 

carry out tedious manual sampling. Besides the hardware required for NMR acquisition, 

the NMR console generally possesses custom Real-time Clock Pulse (RCP) outputs, 

which can be connected to external systems e.g. the illumination device [95,108]. Hence, 

the NMR console can be used as a central control hub triggering and sequencing all 

external, connected systems. In terms of photo-CIDNP studies and the investigation of 

photoreactions this means absolute time control over the interplay of data acquisition 

and illumination. In situ measurements also allow for detailed investigations of 

photoswitches with a short thermal back-isomerization. Here, two options are possible 

                                                
3
 It should be noted that at very high concentrations of acetaldehyde, information can also be lost 

in the in situ setups because bubbles may form.  
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for investigating the structure and properties of a thermally unstable photostate. For 

photoswitches that do not decompose under prolonged light exposure, the unstable state 

can be detected under continuous illumination, i.e. in the photostationary state (PSS). In 

case of degradation of the photoswitch under continuous illumination or too fast thermal 

back-isomerization at room temperature, the NMR spectrometer can be used as a 

cooling unit. Then, the thermal back-isomerization can be decreased or even stopped 

using very low temperatures and the thus the stabilized state can be investigated in 

depth even after short illumination times[107,108].  

Of course, in situ illumination also comes with some restrictions and drawbacks. The first 

one is a reduced light intensity compared to ex situ batch reactions. Although in situ 

illumination setups have improved over the last decades, they still lose large amounts of 

light due to fiber optics or mirror systems (especially LED setups usually lose at least  

80 % of the initial light intensity)[95,96]. As a result, reaction times of photoreactions can 

be significantly slower compared to ex situ illumination. From the authorsô experience, 

reactions are usually slower by a factor of 2-3 when carried out in situ. In addition, there 

might be issues if some reaction components, e.g. starting materials and/or 

intermediates, are not completely soluble or precipitate during the reaction. Because of 

the absence of stirring, insoluble reaction components or products elude NMR detection, 

sink to the bottom of the tube, and are not further available for the reaction. As a result 

not only are the NMR profiles incomplete but confusing offsets of in situ and synthetic 

batch reactions may occur. For some in situ arrangements, sample spinning is still 

possible (especially if the illumination is from the bottom/side see section 2.3.2.2.1). But 

in the authorsô experience spinning is not enough to keep most of the precipitating 

components within the region of the rf coils. Furthermore, arrangements illuminating from 

the top or bottom have a serious problem with optical density because the light has to 

penetrate a couple of centimeters in order to illuminate the whole sample (see section 

2.3.2.2.1 and 2.3.2.2.3). Another drawback of in situ systems is their limited commercial 

availability, although this issue might be slowly removed.  
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Fig. 2: The in situ illumination approach to investigate the photocatalytic Aza-Henry 

reaction of isoquinolines by NMR[32]. The whole reaction is executed inside the NMR 

tube, enabling much more detailed monitoring of the reaction progress compared to the 

ex situ approach (see Fig. 1). Here, illumination is provided by a glass fiber connected to 

an LED illumination source. The glass fiber is directly introduced into the NMR tube via a 

coaxial glass insert and is sandblasted at its bottom to provide uniform illumination. 

Spectra measured at 600 MHz. 

In terms of specific experimental arrangements for providing in situ illumination, it is no 

surprise that the first in situ designs were already developed in the 1970/80s for the 

investigation of photo-CIDNP effects. These were improved over the years and today 

three approaches can be distinguished for in situ illumination:  

ü illumination from the bottom/side (Fig. 3 B) 

ü illumination from the inside (Fig. 3 A/1) 

ü illumination from the top (Fig. 3 A/2) 

Illumination from the top/inside most often involves direct connection to the NMR tube 

with light being guided through the sample bore of the magnet. In contrast, illumination 

from the bottom/side usually requires modifications of the NMR probe, with light literally 

passing though the probe, and typically lacks direct connection to the NMR tube. 

Although being improved over the years, newer designs still follow these approaches to 

illuminate the sample, and most of them will be discussed in the following.  
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Fig. 3: Principal approaches for in situ irradiation of an NMR sample illuminating from the 

top, inside, side or bottom. A) Illumination from the top/inside. The optical systems are 

sometimes connected to the NMR tube and led through the sample bore. B) Illumination 

from the bottom/side. The fiber optics are led through the probe to enable light access to 

the NMR sample. Optionally, the designs (both from bottom/side and top) can include 

mirror systems (2) in addition to or instead of fiber optics (1).  

2.3.2.2.1 Illumination from the bottom or side 

One of the first in situ illumination designs was introduced by Kapteinôs group in 

1978[109,110]. Here, an argon ion LASER was incorporated into the probe of a Bruker 

360 MHz spectrometer, illuminating the sample from the bottom for the investigation of 

photo-CDINP effects in proteins. Even in 1978, illumination control was already 

automated via the NMR console, providing this advantage of in situ illumination. In 1981 

Miller et al. presented a comparable arrangement, which also illuminated the sample 

from the bottom with the help of a nitrogen LASER[111]. The design of Kapteinôs group 

was later improved again in 1982[21]. The newer version switched from illumination 

through the bottom to illumination from the side (Fig. 4). Here, the NMR probe was 

equipped with a quartz glass stick, which mounted a cylindrical mirror inside the NMR 

spectrometer in order to guide the light. This improved the light transfer from the argon 
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LASER to the sample, because now the illumination focused directly on the NMR 

sensitive region within the rf coils, reducing optical density problems. These two principal 

approaches to illuminate the sample from the bottom or through the side of the NMR 

tube remained throughout the years. Newer designs, e.g. as presented by the 

Duckett[42,43] and Gscheidt[77,112] groups, differ only in the type of LASER or how the 

mirror/glass rod system is put together. Similar illumination types from the bottom are 

also employed in special arrangements such as FlowNMR-illumination, NMR on a  

Chip-illumination and UVNMR. These arrangements of illumination are described below 

in section 2.4.  

 

Fig. 4: Schematics of the experimental design for photo-CIDNP experiments presented 

by the Kaptein group in 1982[21], in which light enters through a hole drilled in the NMR 

probe. The setup utilizes a quartz glass light guide and a cylindrical mirror to illuminate 

the sample from the side in the region of the rf coils. The sample can be spun to increase 

field homogeneity, and the full sample volume is provided for measurements, because 

no inserts etc. are needed inside the NMR tube. 

In general, in situ illumination from the bottom or side has the advantage of a fixed light 

source and hence illumination pathway. This increases reproducibility of the results and 

avoids the need for any equipment to be attached to the NMR tubes. Hence, it is 

possible to spin the sample, which increases field homogeneity and possibly keeps some 

insoluble material necessary for further conversion in the region of the rf coils. 

Furthermore, spinning can be used to improve homogeneous illumination for 

arrangements with continuous illumination from the side. It is also possible to couple the 
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spinning frequency with intense light pulses to use fresh compartments of the sample 

and thus avoid photobleaching. On a practical note, sample preparation doesnôt have to 

be changed compared to a regular NMR measurement. This is especially advantageous 

for samples, which are air and/or moisture sensitive and have to be prepared in a glove 

box or under inert atmosphere. There, the handling for in situ designs with inner tubes is 

far more laborious. Additionally, illumination of a regular NMR sample provides the full 

sample volume in the region of the rf coils, whereas this can be significantly reduced in 

some in situ designs where illumination is from the inside. This is an advantage in terms 

of NMR sensitivity, but the experimenter has to be very careful about optical density 

issues.  

As an unavoidable disadvantage, to the authorsôknowledge all actual in situ designs with 

illumination from the bottom/side need modified NMR probes. For the insertion of the 

illumination guide holes have to be drilled, potentially damaging the costly probe. In 

addition, for illumination from the bottom, and still more so when from the side, it is 

increasingly difficult to accommodate the hardware needed for illumination as modern 

spectrometers and probes are much more geometrically constrained[23]. Therefore, 

most often simple, old and/or cheap probes are used, which do not provide the highest 

level of NMR performance. Furthermore, modification of the probe significantly reduces 

experimental flexibility as there is most often only one modified probe available at one 

particular field strength. As a result, such designs are valuable for groups focusing on 

special aspects of photocatalysis, photoswitches or photo-CIDNP limited to defined 

molecular classes. In addition, designs that illuminate from the bottom might have some 

real issues regarding optical density, especially in photocatalysis. The distance from the 

bottom of the NMR tube to the top of the sample can be several centimeters (4-5 cm). 

According to Lambert Beer`s law an exponential decrease of light intensity from bottom 

to the top takes place, which is expected to be significant over this distance. Depending 

on the individual concentration and absorbance of the investigated system, sometimes 

the light might barely reach the active layer between the rf coils; however diffusion and 

especially convection helps overcome this problem. 

In summary, in situ illumination from the bottom or side is a reliable illumination approach 

with good reproducibility due to a fixed light path. As a result it is ideal for long term 

investigations of similar or comparable systems. But, in situ illumination from the 

bottom/side comes with the unavoidable necessity for major probe modifications 

(drilling), with the potential for damage to the costly probe.  
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2.3.2.2.2 Illumination from the inside 

Experimental designs using illumination from inside the sample were developed shortly 

after the first experiments using illumination from the bottom or side. A first approach by 

Lerman et al. was presented as early as 1980[113]. It described the use of a 0.4 mm 

thick and 30 m long quartz optical fiber with the raw end of the fiber directly placed in the 

NMR tube above the region of the rf coils and the other end connected to a krypton 

LASER. This concept was picked up and elaborated by Berliner et al in 1984[114]  

(Fig. 5 A). They also employed an optical fiber (0.2 mm, compared to the 0.4 mm of 

Lerman et al.), but instead of putting the fiber directly into the solution they additionally 

inserted a 2 mm stem coaxial insert which hosted the optical fiber. Furthermore, the end 

of the fiber was stripped to improve illumination and was positioned at the center of the rf 

coils, which yielded the best illumination results (however, since the end of the fiber was 

stripped but not treated any further, most if not all of the light is still emitted downwards 

through the tip of the fiber). In some of their samples they raised the light fiber and the 

coaxial glass insert above the region of the rf coils to avoid shimming problems. This 

version of ñinside illuminationò essentially represented the state of the art for two 

decades, and the only modification was a special arrangement adding a flow/injection 

setup through the NMR tube introduced and refined by the Hore group from 1997 to 

2003[115ï117]. In 2000 the Schwalbe group improved the homogeneity of illumination 

inside the NMR tube by placing a pencil shaped quartz Shigemi tip just below the tip of 

the optical fiber[118ï120]. Another step to improve illumination from the inside was 

shown by Kuprov et al. in 2004[121]. By etching the end-part of the optical fiber inside 

the NMR tube the light output of the fiber was switched from downward to uniform 

illumination in all directions. Furthermore, the position of the fiber itself was changed 

such that the fiber covered the whole region of the rf coils, rather than being positioned 

with its tip being either above the rf coils or at their center (see also Fig. 5 A vs B). This 

resulted in a uniform illumination of the whole active region along the z-axis during NMR 

measurements.  

When LEDs were introduced as an alternative light source (see section 2.3.1.2), several 

groups started also to combine LEDs and glass fibers for in situ inside illumination, but to 

the authorsô knowledge havenôt published the experimental designs explicitly. However, 

in these designs typically shutters were used between the LEDs and the glass fiber to 

switch the light-on and -off. Due to this spacing a lot of the light was lost for the 

illumination of the sample and the main drawback of these early combinations of LEDs 

and glass fibers was the very low light intensity, which hampered investigations in 



Illumination methodology for NMR spectroscopy 

29 

photosystems. Here, the breakthrough came when the Gschwind group developed an 

LED glass fiber combination that offered a huge increase in light output [95]. In this 

optimized design, the main innovation was that the LED was directly attached to the 

optical fiber and that even the silicon lens of the LED was removed in order to minimize 

the distance between LED and glass fiber. This reduction of distance compared to the 

shutter-based design resulted in an increase of light intensity by around a factor of  

30. Furthermore, it was shown that the edging of the end tip of the glass fiber can be 

achieved by sandblasting instead of using hazardous compounds like hydrofluoric and 

sulfuric acid. It is also possible to treat the end of the glass fiber with a diamond file 

and/or abrasive paper. Sandblasting can easily blast off fiber tips with a small diameter 

(< 1 mm) while diamond files give one much more control over the roughening process 

and do not break the glass fiber so easily. Roughening with a diamond file or abrasive 

paper can be performed with an illuminated fiber tip, which gives a constant visual 

confirmation of the level of abrasion. This optimization of the homogeneous illumination 

from the tip again results in a factor around 3 in increased illumination intensity 

compared to a raw fiber in the region of the rf coils. A further factor important for the light 

intensity is the heating up of the LED during illumination, which restricts the LED 

performance for continuous illumination or long, strong light pulses. Therefore, the LED 

itself was set on a customized cooling block for heat dissipation while being powered by 

a home-built transistor unit. Additionally, the Gschwind group showed that by using short 

light pulses followed by delays the LED can be made to ñovershootò to increase the 

temporal light output, which is in principle similar to the effects of duty cycles in NMR. 

This combination of reasonable light intensities for photocatalysis, low costs for the LED 

setup, non-hazardous treatment of the fiber tip, and the ability to obtain valuable 

mechanistic insight into photocatalysis[31] paved the way for a comeback of in situ 

photo-NMR in photocatalysis and photoswitches. The design has been widely adopted 

and was reproduced multiple times[64,122,123]. It was even reproduced in industry  

e.g. Merck[37,38,64] and AstraZeneca (personal communication). By now the apparatus 

can be bought commercially online (GoldsteinScientific). In 2017 Dolinski et al. showed, 

that the glass fiber can also be centered in the NMR tube with a cheap Teflon insert as 

an option to replace the coaxial glass inserts of the previous designs[39].  
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Fig. 5: Schematics for in situ illumination from the inside of the NMR tube. A) In situ 

illumination setup presented by Berliner et al. in 1985[114] B) In situ illumination setup 

presented by Gschwind et al. in 2013[95]. The main difference is the positioning and 

treatment of the end tip of the glass fiber, which only covers half the rf coil region and 

only illuminates downwards in the Berliner design, while in the Gschwind design it covers 

the whole rf region and illuminates in all directions due to sandblasting of the fiber tip. 

The biggest advantage of illumination from the inside compared to other in situ designs 

(top, bottom, side) is its flexibility. The apparatus requires no modification of any NMR 

hardware, especially not of the probe. Within minutes, a user can take the apparatus to 

any available solution NMR spectrometer, at any field strengths and with any  

cryo-probes, to start investigations under illumination. The time required to set up 

experiments is mostly determined by the sample preparation and is nearly analogous to 

the sample preparation time needed for batch reactions. However, when inert and/or 

water free conditions are required, the handling of the glass fiber inside the glove box is 

more laborious. Another advantage is the high degree of uniform illumination. Due to the 

treatment of the fiber tip, the light is emitted in all directions throughout the sample and 

reaches the whole region within the rf coils. It is interesting to consider the advantages 

and disadvantages of using the coaxial insert. One might argue that it is a disadvantage, 

as the active sample volume is reduced significantly. But this might also be a blessing in 

disguise for photoreactions, since the active layer that the light has to penetrate is also 
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reduced significantly[51]. For example, using a 5 mm NMR tube (usual inner diameter of 

4 mm) with a 1 mm diameter glass insert results in a length of the light path through the 

sample of 1.5 mm. Switching to a 3 mm diameter glass insert reduces the length of the 

light path to 0.5 mm (meanwhile the sample volume needed in the NMR tube goes from 

~450 ɛL to ~300 ɛL). This can eliminate or at least reduce complications arising for 

highly concentrated samples when the optical density is too high, which is a significant 

issue for designs illuminating from the top or bottom4. It also enables the use of 

comparable concentrations to the synthetic approach, which is often a problem for other 

techniques such as UV/Vis spectroscopy. Furthermore, this approach can also decrease 

the time needed for full product conversion, as the same amount of light can be used for 

a reduced sample volume (note that some photoreactions take up to 12-24 h in batch 

and in situ the light intensity is further reduced). The same principle is of course valid for 

photoswitches in order to reach the photostationary state (PSS) as fast as possible. 

Another advantage of the glass insert is that it can be straightforwardly cleaned after the 

reaction. The insert is very robust and can be cleaned like any other glassware. In 

contrast, if the glass fiber is put directly into the reaction solution, it also has to be 

cleaned after every reaction, increasing the risk of breaking the sensitive fiber. 

Furthermore, direct use of the fiber in solution might lead to local, extreme temperatures 

on the surface of the fiber. This can result in side reactions and/or contamination of the 

glass fiber. Similar to other in situ designs, full automation for the interplay of illumination 

and NMR acquisition is standard.  

Nonetheless, in situ illumination from the inside still has some drawbacks compared to 

other in situ systems. Due to the positioning of the glass fiber throughout the rf coils, 

shimming can be an issue as the glass fiber is never perfectly straight. Sometimes the 

sample has to be repositioned (lifted up and down) in order to get good shimming 

results. But from the authorsô experience, this is rather an issue with older consoles 

(TCUII and older for Bruker systems) and almost a negligible issue on newer systems 

(AvanceNeo). Next, due to the coaxial glass insert, the active volume in the region of the 

rf coils is reduced. As mentioned before, this can also be seen as an advantage but can 

of course also be a disadvantage if very low concentrations are investigated and S/N 

becomes a limiting factor. Additionally, as the fiber is directly attached to the NMR tube, 

sample spinning is not possible and reactions requiring or producing gases are 

problematic. Due to the glass insert there is usually almost no free space left in the NMR 

tube. Hence, gas input, removal or storage is hardly possible for high sample 

                                                
4
 It is to be noted, that the insertion of a quartz glass insert can also be used for in situ illumination 

from the side to decrease optical density issues[110]. 
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concentrations with the designs shown in Fig. 5. However, the authorsô experiences with 

reactions that produce gases (decarboxylations etc.) showed that so far such a gas 

evolution inside the sample only pushed some drops of the reaction mixture through the 

Parafilm out of the NMR tube, without damaging the apparatus. Additionally, gas bubbles 

can form, which cause a deterioration in the line width due to field inhomogeneity. 

However, if carrying out such experiments, please consider that the effect and 

destructiveness of gas evolution can be extremely different depending on the individual 

reaction and the design of the LED apparatus.  

In summary, in situ illumination from the inside is extremely flexible and can be used with 

any solution NMR spectrometer. In addition, it provides a high degree of uniform 

illumination and the use of a glass insert can reduce optical density issues and reaction 

times. In contrast, insertion of the glass fiber can cause some problems with shimming 

and gas-forming reactions can be an issue at high concentrations. But the success and 

spread of illumination from the inside clearly shows that it has by now established itself 

as the main approach to investigate photocatalysis and photoswitches by NMR 

spectroscopy. 

2.3.2.2.3 Illumination from the top 

In 2005, Kuprov et al. developed a dedicated LASER system with illumination from the 

top to study time resolved photo-CIDNP effects (Fig. 6)[23]. The design used a 

mirror/prism system to guide the light of a 355 nm, high power Nd:YAG LASER into the 

NMR sample, through the sample bore. This mirror/prism approach is similar to 

mirror/prism systems from the bottom (see section 2.3.2.2.1) but avoids the need for 

probe modifications and hence adds the flexibility to use any solution NMR spectrometer. 

The high power Nd:YAG LASER is capable of creating 100 mJ, 10 ns light pulses to 

achieve maximum sensitivity for time resolved photo-CIDNP effects. This created the 

necessity for this mirror/prism system, because with these power outputs the 100 mJ 

pulses literally destroyed optical fiber systems such as those usually used for illumination 

systems that lead through the sample bore. Other options to guide the light, e.g. long, 

fused silica light pipes and liquid light guides were also ruled out due to other issues 

such as impractical handling or high losses of light. The design uses three prisms to 

redirect the LASER beam directly into the NMR magnet from the top. The NMR tube 

hosts a 20 cm, fused silica rod with polished ends for two reasons. First, it effectively 

transfers the light into the sample and second, it serves as an airtight seal to protect 

oxygen sensitive samples. It is to be noted that these glass rods can also be damaged 

by the high power output of the LASER, making it necessary to replace them regularly. 
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But they are easily replaced and of low cost. In addition, the equipment is also 

automated to control the interplay of light pulses and NMR acquisition. 

 

Fig. 6: The LASER system with illumination from the top as described by Kuprov et al. 

for time resolved photo-CIDNP experiments[23]. The design uses a 355 nm Nd:YAG 

LASER and the emitted light is guided via a prism system, which requires three prisms. 

The NMR tube is filled with a fused silica rod, which acts both as a light guide and airtight 

seal for oxygen sensitive samples. The NMR console is used as a central control hub to 

automate the interplay of NMR acquisition and light pulses.  

The biggest advantage of such a design using illumination from the top is its flexibility, 

similarly to in situ illumination from the inside. It can be used with any solution NMR 

spectrometer, albeit setting up experiments takes longer than with fiber-based designs 

because the prism system has to be adjusted regularly due to horizontal drift of the 

magnet. In addition, the use of prisms is the only approach that can withstand a 

prolonged exposure to high power LASERS.  

But in contrast, the approach of illumination from the top has issues in terms of optical 

density. Similar to illumination from the bottom (see section 2.3.2.2.1), the light has to 

pass through outer parts of the sample before reaching the sensitive region between the 

rf coils. Especially for highly concentrated samples, the light might not penetrate deeply 

enough to actually reach the active layer effectively.  

In summary, Kuprov et al. presented a highly flexible LASER-based design, which can 

be used with any solution NMR spectrometer. The design provides tremendous light 

output and presents an ideal tool for the investigation of time resolved photo-CIDNP 

effects. 



Combination of illumination and NMR  

34 

2.4 Other illumination approaches and special apparatus for photo-

NMR 

2.4.1 UVNMR 

The first special case we examine in this section is that of UVNMR. Although this 

apparatus doesnôt include any illumination besides the light from UV/Vis measurements, 

it still merits coverage in this review for two reasons. First, it is a direct precursor of the 

UVNMR-illumination design discussed elsewhere in this review, and second, it 

introduces UV/Vis to NMR, which is a widely used analysis tool in photochemistry. In 

2009 Tolstoy et al. introduced this novel combination of NMR and UV/Vis spectroscopy, 

which allowed the simultaneous acquisition of NMR and UV/Vis spectra from the same 

sample inside the NMR spectrometer[124]. Here, the NMR probe was equipped with a 

guiding channel that allowed for insertion of a commercially available UV/Vis reflection 

probe. This is similar to designs already discussed using illumination from the bottom 

(see section 2.3.2.2.1), but instead of an optical light guide fiber it uses optical UV/Vis 

fibers. This UV/Vis reflection probe consists of seven optical fibers. Six fibers act as 

illumination fibers connected to a halogen/deuterium light source that promote the 

investigated molecules from ground to excited state. The seventh (last) fiber takes care 

of the UV/Vis detection as it is connected to an UV/Vis spectrometer (Fig. 7 A). Each 

individual fiber has a diameter of 200 ɛm. The design reported in 2009 used a regular 

NMR tube for the measurements, but the design of the NMR tube was changed in 

2011[125]. The initial regular NMR tube was manually modified by replacing the 

originally round bottom by a flat, polished glass bottom to provide a better transition from 

sample to reflection dip probe. The NMR tube was placed centrally, directly above the 

UV/Vis reflection probe. The design requires a reflective system to guide the light from 

the six illumination fibers back into the detection fiber. In this case an optical 

polytetrafluoro-ethylene (PTFE) insert was chosen which is directly inserted into the 

NMR tube. The shape of the insert was also optimized between 2009 and 2011 resulting 

in a flat bottomed cylindrical insert that is mounted on top of two small spacers (Fig. 7 B). 

This refined reflective system leads to a fixed active layer of 0.2 mm for the UV/Vis 

measurements (= optical path length 0.4 mm), while not affecting the active layer for 

NMR measurements between the rf coils.  
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Fig. 7: Schematics of the UVNMR design presented by Tolstoy et al.[124,125] A) The 

NMR probe head has a drilled hole for a fiber based UV/Vis reflection dip probe 

connected to a UV/Vis spectrometer and a D-Hal-light source. B) Details of the 

NMR/UV/Vis arrangement inside the magnet. The tube is modified with a flat quartz 

glass bottom which is placed right on top of the reflection dip probe. The design used 

optical PTFE for reflection of the UV/Vis light leading to an optical path length of 0.4 mm.  

This UVNMR system is optimal for the investigation of thermodynamic equilibria,  

e.g. hydrogen bond systems, as was shown by Tolstoy and Limbach et al. [125], and it 

provides reliable and reproducible UV/Vis and NMR results. On the other hand this 

arrangement has the typical restrictions and inconveniences of all experiments 

employing illumination from the bottom (see section 2.3.2.2.1). The first is the need to 

drill through the NMR probe, with the risk of damage and the usual restriction in terms of 

different field strengths, cyro-probes etc. Apart from the hardware complications there is 

the complication that within the sample under investigation, the active layer of UV/Vis 

and the bulk compartment used for NMR measurements are basically separated,  

i.e. diffusive exchange is very limited. For static equilibria this is not an issue; however in 

the case of dynamic systems such as reactions, deviations of the reaction progress 

between the two compartments might be possible. 

It should be mentioned that a UVNMR design existed before the system of Tolstoy et al. 

mentioned by Gaeva et al. in 2006[61]. Here, a commercially available UV/Vis dip probe 

was put raw into an NMR tube, which also allowed the acquisition of NMR and UV/Vis 

spectra from the same system. This design was used to investigate a stable spiro-based 

photoswitch which was subjected to ex situ illumination beforehand[61]. Hence, this 
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arrangement could be described as a combination of NMR, UV/Vis spectroscopy and ex 

situ illumination, although the combination of all three was sequential rather than 

simultaneous. Unfortunately, this design was only very briefly described, therefore will 

not be discussed further here. 

In summary, the UVNMR experimental design discussed here constitutes a valuable 

combination of UV/Vis and NMR spectroscopy and is ideal for the investigation of static 

systems. Many of the required parts of the apparatus are commercially available and 

reasonably straightforward to put together. The approach comes with some 

disadvantages, such as the need to drill through the NMR probe as well as a 

questionable performance regarding dynamic systems, but is the clear method of choice 

for investigations of static systems by UV/Vis and NMR spectroscopy. 

2.4.2 UVNMR-illumination  

In 2018, the Gschwind group published a new combination of UV/Vis spectroscopy, 

NMR spectroscopy and illumination termed UVNMR-illumination[108]. This experiment 

essentially elaborates and combines two existing systems; their in situ NMR illumination 

unit [95] and the UVNMR design introduced by Tolstoy et al.[124,125]. The new design 

focused on four areas:  

ü making dynamic systems accessible for UVNMR measurements 

ü introducing illumination to the combination of NMR and UV/Vis spectroscopy to 

enable investigations in photochemistry 

ü providing a highly flexible system that can be used with any solution NMR 

spectrometer 

ü introducing automation for the simultaneous control of UV/Vis measurements, 

NMR measurements, and illumination 

The organization of components inside of the NMR tube was inspired by our in situ NMR 

illumination system[95]. A regular, 5 mm, thin walled NMR tube (optionally ambered to 

reduce the effect of transient light if investigating photosensitive systems) serves as 

reaction vessel (Fig. 8 A). A coaxial glass insert with an inner diameter of 3 mm provides 

space for optical systems. Here, the insert is filled with two optical fiber systems. First, it 

hosts an illumination fiber with a cleared and sandblasted or abraded tip which guides 

light from an LED directly into the sample under investigation. Secondly, a commercially 

available UV/Vis reflection dip probe is positioned right next to the illumination fiber. This 

dip probe is essentially a fiber bundle consisting of 7 fibers, where 6 fibers effect 
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illumination and are attached to a halogen/deuterium illumination source. The seventh 

fiber is connected to a UV/Vis spectrometer (Avantes) and works as a detection fiber. All 

7 fibers in the reflection dip probe have a diameter of 100 ɛm. The resulting fiber bundle 

occupies 1 mm in diameter inside the glass insert. An optical PTFE insert at the bottom 

of the NMR tube is used as a reflector. The position of the coaxial glass insert is variable 

due to a customized, airtight screw cap; hence the distance between UV/Vis reflection 

dip probe and reflector can be adjusted at will. A distance between reflection dip probe 

and reflector of 1 mm is recommended, resulting in an active layer of 2 mm for the 

UV/Vis measurements.  

The NMR console (Bruker) was used as a central control unit to combine NMR, UV/Vis 

and illumination. It is directly connected to the UV/Vis spectrometer and the illumination 

by cables carrying two, individual Real-time Clock Pulse (RCP) outputs of the IPSO unit 

(Fig. 8 B). The RCP outputs operate on Transistor-Transistor Logic (TTL) and send 

either an up or down (ñyesò or ñnoò) signal to an external source. Therefore, the LED can 

be remotely switched on and off by the first TTL signal. Furthermore, the second TTL 

signal triggers a single measurement at the UV/Vis spectrometer. The signal switch from 

up to down can be executed by command lines anywhere in the NMR pulse sequence. 

Hence, illumination, UV/Vis and NMR measurements can be sequenced at will. Of 

course, manual control of illumination, UV/Vis spectrometer and NMR or separate usage 

of all three aspects is also an option.  

It should also be noted that the NMR spectrometer can be used as heater or cooling unit 

giving the option to acquire UV/Vis spectra over a large temperature range (here tested 

in the range 180-323 K). 
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Fig. 8: Schematics of the UVNMR-illumination design introduced by the Gschwind 

group[125] A) The optionally ambered NMR tube hosts a coaxial quartz glass insert 

which contains two fiber optical systems: a fiber for illumination connected to an  

LED-illumination device and a UV/Vis reflection dip probe connected to a UV/Vis 

spectrometer and a D-Hal-lamp. Optical PTFE is used as a reflector. The measured path 

length can be adjusted manually and is usually around 2 mm. B) Schematics of all 

devices involved for the UVNMR-illumination experiment. The NMR console acts as 

central control unit triggering light on/off as well as the NMR and UV/Vis measurements.  

This design was successfully applied in dynamic systems such as photocatalysis and for 

the investigation of photoswitches. Additionally, the goals were fulfilled to present a 

flexible, automated UVNMR unit that gives the additional option of sample illumination. 

The system consists of mostly commercially available parts and needs no modification of 

the NMR spectrometer. 

Although expanding possible applications for UVNMR (and illumination) this design also 

comes with some restrictions and room for improvement. It should be noted that the 

Lambert-Beer-law canôt be taken into account directly as the optical PFTE has diffuse 

reflection properties hampering absolute quantification by UV/Vis spectroscopy; 

however, relative quantification works. But this is only an issue for paramagnetic species 

because the NMR measurements can of course be used for quantification of all 

diamagnetic components. Furthermore, it is challenging to keep the distance from the 

coaxial quartz glass insert to the PTFE reflector constant between separate experiments 

and shimming is sometimes affected just by the sheer number of objects inside the tube.  

In summary, the Gschwind group presented a triple combination of NMR, UV/Vis and 

illumination, which can be employed for static and dynamic systems including 

photochemical systems such as photocatalysis and photoswitches. The arrangement 
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can be used with any solution NMR spectrometer and can be fully automated if 

necessary. 

2.4.3 FlowNMR-illumination 

FlowNMR has recently been a field of increased attention and application, both in high 

field NMR spectroscopy and bench top NMR systems[126,127]. Mainly focusing on 

reaction monitoring, it is no surprise that some FlowNMR systems were combined with 

illumination making FlowNMR accessible for photoinduced systems. Simpsonôs group in 

2016/17[59,128] and Hintermairôs group in 2018[97] recently developed FlowNMR-

illumination systems and showed their application in photochemistry. Simpsonôs group 

combined a commercially available 250 ɛL injection FlowNMR probe (Bruker) with a 

home built illumination system employing a xenon light source from OceanOptics next to 

the reaction container. This approach combines the main advantages of ex situ and in 

situ NMR illumination studies. Due to the external reaction container, stirring and high 

light exposure is possible, while still keeping the reaction in a closed system and 

enabling online monitoring. A drawback of Simpsonôs design is the need of a FlowNMR 

probe decreasing the flexibility of the system. The FlowNMR-illumination design 

presented by the Hintermair group circumvents this issue by inserting the whole flow 

system from above through the sample bore (Fig. 9) [97]. This design utilizes an 

InsightMRflow tube from Bruker inside the magnet, an HPLC pump (JASCO PU-2085 

Plus), a reaction container and an LED light source and combines all in a single system. 

This arrangement is not permanently bound to one spectrometer, since the flow tube is 

inserted from the top.  

Another flow system, specialized for the investigation of photo-CIDNP effects, was 

presented by Fedin et al. in 1999[76]. The design initially collects the sample in a 

photochemical cell inside an auxiliary magnet (0-70 mT). Here, the sample is irradiated 

witch an excimer LASER at 308 nm to build up photo-CIDNP polarization. Afterwards to 

sample is transferred into the NMR spectrometer for acquisition. The transfer time is 

around one second.  
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Fig. 9: Schematics of the FlowNMR-illumination design presented by Coombes et al.[97] 

The reaction vessel is directly illuminated and connected to a flow system, which leads 

through the NMR spectrometer enabling online monitoring of the reaction.  

Such FlowNMR-illumination systems provide unprecedented accuracy for online 

monitoring of photoreactions combined with high light exposure, but the flow systems 

also come with some drawbacks. It is apparent that these systems require very high 

volumes in comparison to the regular ex situ and in situ approaches. Just the tubing in 

Hintermairôs group setup holds ~5 mL, and reaction volumes of around 20 mL are 

recommended[97]. This might be an issue in terms of cost (some photocatalysts cost 

hundreds to thousands of Euros even in the milligram range). Most synthetic 

photoreactions are conducted in the low mL range (0.2-2 mL [83,104ï106]) and 

straightforward increase to 20 mL might not work. On a related note, Dutta et al. 

mentioned that cleaning of the flow system can be troublesome and time 

consuming[128].  

In summary, the FlowNMR-illumination systems present a fascinating, new tool for the 

investigation of photoreactions that shows significant advantages compared to the 

regular ex situ and in situ approaches. The designs combine online monitoring with a 

homogenous reaction mixture under high light exposure. But one has to take care the 

investigated system is suited to the approach in terms of cost and scalability of the 

reaction due to the high volume requirements.  
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2.4.4 NMR on a Chip-illumination  

Another field of research that gained more attention in recent years is the miniaturization 

of NMR probes and detection volumes, often called ñNMR on a Chipò. In 2018 the 

Gomez and Velders groups described the combination of their customized NMR on a 

Chip probe with two fiber guided illumination designs, which can be operated either 

statically or in flow[96]. The first arrangement shows the applicability of illumination 

systems for NMR on a Chip by generating various photo-CIDNP effects. Here, the rf 

microcoils are embedded within a Vis-transparent, polydimethylsiloxane (PDMS) 

polymer[129], which in turn is placed on a 3D-printed polylactic acid (PLA). The Chip 

system described allows for volumes in the low ɛL range. A 1 mm internal diameter 

optical fiber is directly inserted into the PLA holder resulting in an effective distance of  

2 mm from fiber end to NMR detected layer. The glass fiber itself is attached to a low 

power LASER emitting at 455 nm. With this initial design it could be shown that 

restrictive parameters in photo-CIDNP investigations like uniform illumination of the 

sample and increasing optical density for highly concentrated samples can be 

circumvented effectively.  

In the same year the Gomez and Velders groups presented a second fiber-based design 

which improved the overall light output of the initial setup and also introduced LED 

illumination as a second illumination option besides LASERs (Fig. 10 A)[63]. 

Furthermore, the field of application was extended to include investigation of 

photoreactions. The Chip system also varied changing from a PDMS polymer to glass 

Chips made from D263 glass, which showed a transmission of >90 % in the investigated 

wavelength regions. This new Chip version also allowed for significantly lower volumes, 

transitioning from the ɛL to the nL range (detection volume: 25 nL) and thereby 

minimizing optical density effects[63]. Analogous to the first system, the Chip was placed 

on top of a customized Chip holder, while the optical fiber system was switched from a 

glass to a plastic optical fiber system. This created the opportunity to upscale 

significantly the fiber diameter to 5 mm (compared to 1 mm in the previous glass fiber 

design). The fiber diameter is considerably wider than the inner diameter of the microcoil 

(250 ɛm). As a result, critical obstacles such as non-uniform illumination are easily 

overcome beside the increased light output of the thicker fiber. The fiber is fixed on the 

NMR Chip holder right above the NMR detection volume by a customized adapter. The 

ñinputò end of the plastic fiber is either attached to a LASER or LED illumination setup. 

The light LASER Diode (LD) system was mounted in a collimation tube to focus the 

emitted light directly into the optical fiber. A Teflon frame was used to align the LASER 
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beam. This LED illumination design deserves somewhat more attention as it is a novel 

approach using the power of an LED array rather than just a single LED, thereby 

increasing potential light transmission into the investigated sample significantly. In total 

28 LED bulbs are mounted on a customized, printed circuit board (PCB) and the LEDs 

are interconnected in blocks of six. A hole is drilled in the center of the PCB 

accommodating the optical fiber. A concave mirror was placed in front of the LED array 

to focus the emitted light back into the core of the fiber system (Fig. 10 B). PCB and 

mirror were placed in an adjustable aluminum box, which allowed for flexible positioning 

of all components by a railing system. In addition, the aluminum box is equipped with a 

fan to dissipate heat. 

 

Fig. 10: A) Schematics of the NMR on a Chip illumination setup introduced by Velders et 

al. The NMR magnet contains a customized NMR microfluidic probe operating in the ɛL 

to nL scale[63]. The probe also provides space to host fiber optics with diameters from  

1-5 mm for directly illuminating the sample on the Chip system. B) Schematic 

representation of the LED illumination system used by the Gomez and Velders groups. A 

concave mirror is used to collimiate the light of 28 LEDs in a single fiber, which 

drastically increases the light output to the investigated sample. 

The Gomez and Velders groups presented practical combinations of illumination and 

NMR on a Chip[63,96]. The systems can be operated in flow or can be investigated as a 

static sample with very small volumes (nL-ɛL). Furthermore, the designs are available for 

different Chip sizes and materials and have been tested with different fiber sizes and 

LEDs or LASERs. Due to the favorable ratio of sample to illumination source diameter 

(light source >>> sample) and high light intensities, obstacles such as non-uniform 

illumination and optical density can be avoided. This was demonstrated on various 

systems ranging from photo-CIDNP investigations to the observation of photoreactions. 

Yet, a downside is that essentially every part of the apparatus is manually modified or 
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self-made from the start, ranging from the probe head over the NMR on a Chip system to 

the whole illumination setup. The Chip system itself can be produced very cheaply using 

3D printing. Despite that, combination of the system with commercial NMR on a Chip 

designs (e.g. Bruker) might be an issue in the future.  

In summary, NMR on a Chip with illumination expands the combination of NMR and 

illumination systems considerably, providing very high light intensities and significantly 

reduced optical density issues while only requiring very low amounts of sample (nL-ɛL). 

2.4.5 EPRNMR-illumination 

In 2017 the Bennati group[130] presented an interesting triple combination of low field 

NMR, EPR spectroscopy and illumination. Just like UVNMR-illumination, it combines two 

prominent spectroscopic methods and can readily provide information about diamagnetic 

and paramagnetic species, in addition to the option to illuminate the sample.  

This triple combination of EPR, NMR spectroscopy and LASER flash illumination was 

used to create optically driven liquid DNP effects within the solvent after excitation of a 

fullerene nitroxide system, which replaced microwave irradiation. 

2.4.6 Illumination apparatus for solution state NMR to study heterogeneous 

photocatalysis  

Besides homogeneous photocatalysis, heterogeneous photocatalysis with TiO2 as 

photoactive substance has seen tremendous growth in recent years[98]. Hence, it is no 

surprise that NMR studies also focused on the investigation of these interesting systems. 

Especially the Mills et al. group presented a variety of approaches to open the field of 

heterogeneous photocatalysis for investigations with high resolution solution NMR 

spectroscopy. Since 2011 the Mills et al. group have reported the use of sol-gel titanium-

coated NMR tubes to investigate heterogeneous, photocatalytic systems monitoring 

oxidations and C-C coupling reactions (see section 2.5.2)[58,131ï133]. To uniformly 

coat the NMR tube a few drops of a self-made titanium paste are put into the NMR tube 

and spread by shaking. Then the tube is placed in a mechanical spinner and rotated at 

1000 rpm for 5 min. Subsequent application of vacuum followed by a drying process at 

450 °C for 90 minutes completes the coating process. 

The photoreactions investigated are conducted completely inside the NMR tube with a 

reaction volume of 1 mL[58,133]. To deliver light into the sample the Mills group 

presented two distinct approaches (Fig. 11). The first is illumination of the whole NMR 
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tube outside the NMR spectrometer in a customized UV-photoreactor[133]. Here, the 

photoreactor consists of two sets of 6 x 8 W black light UV lamps (365 nm) arranged in a 

hemispherical cylinder. In combination, the two hemispheres completely envelop the 

irradiated NMR tube. Furthermore, the NMR tube is connected to a mechanical spinner, 

which increases homogeneous illumination. Additionally, an aluminum reflector around 

the photoreactor maximizes light output. After illumination starts the NMR tube is 

periodically taken from the photoreactor to the NMR spectrometer to conduct the NMR 

investigations[133]. The second illumination approach is the in situ illumination of the 

sample with fiber optical systems from within the NMR tube[58]. This approach is similar 

to the in situ illumination of NMR tubes from the inside presented in section 2.3.2.2.2. 

However, in this case, the coaxial quartz glass insert is omitted because the solvents 

used (e.g. water) are not detrimental to the glass fiber. A xenon-arc lamp combined with 

a monochromator provides light at 365 nm[58]. Both approaches come with the pro and 

cons of other systems that are investigated by ex situ and in situ illumination (see section 

2.3.2). Ex situ illumination ensures a higher light exposure but cannot be used to detect 

short lived intermediates due to the dead-time for the transfer to the NMR spectrometer. 

In situ illumination provides real-time, online information from the system but has 

significantly reduced light output. Additionally, for the systems investigated by Mills et al. 

oxygen was needed as a reactant, which can only be present at low concentration in the 

in situ system, resulting in significantly diminished concentration of all reactants (down to 

1 mM)[58].  
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Fig. 11: Schematic representation of the titanium dioxide coated NMR tubes for 

heterogeneous photocatalysis described by Mills et al. The whole NMR tube is uniformly 

coated with a TiO2 sol gel film with a thickness of approximately 5 ɛm[58,133]. Mills et al. 

described two illumination approaches to conduct the photoreactions. Under option 1 the 

whole NMR tube is illuminated outside the spectrometer by putting the NMR tube into a 

UV-photoreactor, which also allows for tube spinning ensuring homogeneous 

illumination[133]. Under option 2 the sample is illuminated in situ inside the NMR tube by 

utilizing fiber optics analogous to the designs discussed in section 2.3.2.2.2[58].  

A design similar to the in situ approach of Mills et al.[58] was used by Wang et al. in 

2016[60]. It also utilizes fiber optics located inside the NMR tube, but instead of one fiber 

that is sandblasted at the tip it uses a bundle of 7 fibers that only illuminate downwards 

and are placed above the sample. Furthermore, instead of a fixed coating, they used 

Pd/TiO2 micro-particles which float inside the reaction solution. 

In summary, Mills and Wang et al. showed that heterogeneous photocatalysis can be 

readily approached with high resolution, solution NMR spectroscopy: Using TiO2 coating 

or particles and ex situ and in situ NMR illumination approaches, they provided new 

insights into photoreactions using TiO2 as photoactive species.  
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2.4.7 Illumination apparatus for solid state NMR 

Combinations of NMR and illumination have also found their way into solid state NMR 

spectroscopy, enabling a considerable number of research topics and approaches. 

However, giving a detailed description of this area would go beyond the scope of this 

review.  

An interesting combination of illumination and solid state NMR was presented by Hwang 

et al. in 1997/98[134,135]. Here, a special, home-built NMR probe was used based on a 

design of Gay et al.[136]. This was further elaborated by the introduction of a light pipe 

into the probe which directly emitted the light into the sample through a small gap  

(10 mm) in the rf coils (Fig. 12 A). The light pipe was connected to a 300 W xenon-arc 

lamp (ILC Technology), which was combined with a dichroic mirror to confine the emitted 

wavelength to the desired range.[134,135] The reactions investigated using this 

approach mainly focused on systems with TiO2 as photoactive species[137ï142]. 

Another handy approach was presented by the Matysik group in 2017 describing an 

aerodynamic field-cycling arrangement[143]. Here, an optical fiber is used to illuminate 

the sample from the side but illumination and measurements actually are conducted at 

different positions and at different times inside the magnet. A gas flow system lifts the 

sapphire rotor up to the position of the glass fiber where illumination takes place. 

Afterwards, the gas flow stops, the rotor is positioned back in the stator, and spinning 

and NMR measurements start. This design was used to test the magnetic field 

dependence of solid state photo-CIDNP effects and thus to draw conclusions on the 

field-dependent behavior of solids. 

A UVNMR combination was also introduced to solid state NMR in 2004 by Hunger et al. 

(Fig. 12 B)[144]. The design is based on a 7 mm MAS NMR probe from Bruker, which 

was remodeled to fit an injection/flow system presented by Horvath et al. in 1995 [145]. 

Additionally, the MAS rotor was equipped with a quartz glass window, which allowed for 

the combination of the MAS rotor with a UV/Vis reflection dip probe. This approach was 

used to track the conversion of methanol on dealuminated zeolite[144].  
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Fig. 12: Schematics of different NMR-illumination systems for solid state NMR A) 

Schematics of Hwang et al. showing a home-build MAS probe modified to accommodate 

an optical pipe system to deliver light into the sample[134]. B) Schematics of the UV/Vis 

solid state NMR combination by Hunger et al. showing a modified MAS probe to include 

a reactant flow system as well as a quartz glass window, which is connected to a UV/Vis 

reflection dip probe[144]. 



Combination of illumination and NMR  

48 

2.5 Applications of photo-NMR 

2.5.1 Homogeneous photocatalysis 

LED-based NMR illumination devices are simple and powerful tools, which provide 

access to valuable and rich kinetic and structural insights into photochemical reactions at 

atomic resolution. 

2.5.1.1 Flavin catalyzed photo oxidation of benzyl alcohol 

Until 2015, the in situ illumination NMR technique was mostly applied to observe photo-

CIDNP effects; this was consistent with the common consensus view, that the key to 

understand photochemistry lies entirely in the initial photoexcitation step. In 2015, the 

Gschwind group determined reaction profiles for a photocatalytic reaction by using in situ 

LED illumination NMR, which revealed strongly solvent dependent rates and yields, 

resulting from the modulation of the electron transfer mechanism in a flavin catalysed 

photoreaction [31]. For the first time, this study proved that two different reaction 

pathways can arise from an identical photoexcited state during photocatalysis depending 

on the experimental conditions. Despite the extensive and excellent ultra-fast time 

resolved UV/Vis spectroscopic mechanistic studies by Dick and Riedle[11], this switch 

between an inefficient one-electron transfer mechanism and a more effective two-

electron transfer mechanism had not previously been uncovered. This work showed that, 

in spite of its inherent limitations, such as low time resolution and insensitivity, NMR 

spectroscopy can provide information about photocatalytic mechanisms that are key to 

the reaction outcome but were not accessible from UV/Vis spectroscopy. Therefore, this 

study has changed the approach of photosynthetic practitioners to include investigation 

of the downstream pathways after the photoexcitation step in photocatalytic mechanistic 

studies. Thus, this remarkable observation by NMR in photocatalytic mechanistic studies 

successfully complements UV/Vis studies, and more importantly it encourages a more 

active use of NMR spectroscopy in mechanistic investigations of photocatalysis. 

In principle, flavin derivatives are known to catalyse diverse biochemical reactions and 

can act as both one-electron and two-electron mediators in redox reactions depending 

on the stability of the semiquinone radical inside the protein[146]. In synthetic 

photocatalysis flavin derivatives are well explored and the mechanism of flavinȤcatalysed 

photooxidation of benzylic alcohol has been studied in-depth by time resolved UV/Vis 

spectroscopy[11], revealing the initial photoexcited states and the significance of triplet 
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states for product formation (Fig. 13). However, whether one or two flavin molecules are 

necessary to conduct the overall two-electron, two-proton reaction was unclear. UV/Vis 

spectroscopy is perfectly adequate to monitor events within the photocatalyst, but is 

most often blind to events within the substrate or product. As a result, the reason for the 

highly solvent dependent rate and yield was not previously understood. 

 

Fig. 13: Detailed photocatalytic cycle of RFTAȤcatalysed photo oxidation of benzyl 

alcohol obtained by complementary data from UV/Vis and in situ illumination NMR. The 

initial excited states and radicals are detected by UV/Vis spectroscopy. Complementary 

kinetic information about substrate, product, RFTA (catalyst) and reduced RFTA-H2 was 

obtained from NMR. Photo-CIDNP effects corroborate UV/Vis studies via detection of 

radical pairs.  

In contrast, NMR spectroscopy is inadequate to detect directly the initial photoexcited 

states but works well to detect diamagnetic substrates and products. To connect the 

substrate/product cycle and the photocatalytic cycle it was in addition necessary to make 

the photocatalyst transformation NMR-detectable (Fig. 13). For this purpose, we selected 

riboflavin tetraacetate (RFTA) as photocatalyst for the oxidation of methoxy benzyl 

alcohol (MBA) in two solvents, CD3CN (slow reaction) and CD3CN/D2O (1:1; fast 

reaction). To interrupt the catalytic cycle, which means observing and following the 

reduced form of the catalyst, the samples were deoxygenated and the recovery of the 

reduced photocatalyst was interrupted. In each solvent both photo-CIDNP and NMR 

kinetic data of substrate, product, oxidized and reduced form of the photocatalyst were 

acquired using the Gschwind group in situ illumination NMR approach (blue LED light, 

see Fig. 14). 
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In pure CD3CN, the authors observed photo-CIDNP effects in the catalyst, which 

corroborated the presence of zwitterionic radical pairs in the reaction pathway as had 

been predicted by UV/Vis studies[11] (Fig. 14 G). For the photo-CIDNP signals of RFTA 

and reduced RFTA-H2, the typical and expected opposite phase was detected 

characteristic of the two halves of the catalytic cycle and corroborating the longer lived 

triplet state being the reactive pathway. By far more informative, i.e. complementary to 

the UV/Vis spectroscopy results, were the observed kinetic NMR data, since our efficient 

LED in situ illumination approach provides a light intensity strong enough for photo-

CIDNP effects and simultaneously low enough to be non-destructive even to small 

homogeneous photocatalysts in solution. Therefore, we could record a full reaction 

profile by NMR and to the best of the authorsô knowledge this was the first full in situ 

NMR reaction profile recorded of a homogeneous photocatalysis reaction. The data in 

pure CD3CN, presented in Fig. 14 E, shows a 1:1 linear relationship in the initial kinetics 

between conversion from RFTA into RFTA-H2 and the increase of the benzyl aldehyde 

product. Thus, just the plain NMR-detected reaction kinetics of starting material, product 

and catalyst conversion revealed a formal twoȤelectron process in pure CD3CN (as this 

requires one molecule of RFTA for one molecule of MBA oxidation), which could not be 

established by UV/Vis spectroscopy.  

In the case of CD3CN/D2O (1:1), no photo-CIDNP effects were detected, most probably 

due to rapid separation of the zwitterion radical pair followed by individual counterion 

stabilization. Upon illumination, the classical NMR spectra showed broadened peaks for 

both RFTA and RFTAȤH2, whereas peaks for starting material, product, and solvent 

remained sharp. These broadened peaks from both RFTA and RFTAȤH2 remained even 

after illumination was turned off. Similar observations of distance-dependent line 

broadening with respect to a radical centre had already been made for flavin 

mononucleotide (FMN) ring systems in deoxygenated solutions and indicate an 

exchange line broadening with a semiquinone radical. By far more exciting was the 

kinetic NMR data shown in Fig. 14 F for reaction in CD3CN/D2O. Compared to pure 

CD3CN, an extremely fast product formation (i.e 50 % yield just in 10 min compared to  

4 hours in CD3CN, Fig. 12 F), an almost immediate, complete drop of the RFTA signals 

and a slightly delayed formation of the reduced RFTAȤH2 were detected. This reaction 

profile is characteristic for the presence of an NMR silent, stabilized intermediate. Based 

on the line broadening and the reaction profile, the authors deduced the presence of an 

anionic semiquinone radical intermediate, which was additionally confirmed by UV/Vis 

spectroscopy. Thus, again just based on the reaction profiles, it was revealed that RFTA 

in CD3CN/D2O acts as a formal one-electron oxidation agent for the oxidation of MBA. 
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The comparison between the two solvents shows that the mechanism between one-

electron and two-electron transfer pathways can be switched even after an identical 

photoexcitation step, depending on the experimental conditions.  

 

Fig. 14: Mechanistic elucidation of two solvent dependent mechanisms starting from the 

same RFTA excited state by in situ illumination NMR reaction profiles. In CD3CN an 

inefficient two-electron transfer is detected, while the addition of water allows for an 

efficient one-electron transfer mechanism. Spectra measured at 600 MHz. 

Overall, this study shows several key aspects of modern mechanistic investigations in 

photocatalysis. No doubt, time-resolved UV/Vis remains key method for characterising 

the initial photoexcited states. However, NMR spectroscopy is the method of choice to 

investigate reaction pathways downstream from the initial photoexcitation, and even 

plain NMR-based kinetic profiles of starting materials, products and/or catalyst 

conversion can reveal information inaccessible to UV/Vis studies. This study showed the 

initial excited states and downstream mechanism both have equal importance for the 
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effectiveness of a photocatalytic reaction. That means UV/Vis and NMR spectroscopic 

investigations provide complementary information and should be combined in modern 

photocatalytic studies. In addition, if possible and necessary, other spectroscopic 

methods such as EPR should be included to gain further direct information about radical 

species. This study demonstrated a complementary and strengthening approach of 

combined spectroscopic methods in flavin derivative photocatalysis. 

2.5.1.2 Photocatalytic cross-dehydrogenative coupling reaction 

After highlighting the significance of obtaining in situ illumination NMR reaction profiles of 

reactants, products, and the photocatalyst for mechanistic investigation in a flavin 

photocatalytic reaction, in 2016 the Gschwind group raised the potential of the in situ 

illumination NMR technique to investigate the next level of complexity [32]. For the first 

time, this work involved observation, monitoring and structural characterization of 

multiple intermediates in photocatalytic reactions, requiring a far higher degree of 

photocatalytic conversion and NMR sensitivity. Additionally, these studies highlighted 

new ideas for accessing additional mechanistic information, such as the application of 

sequential light-on and -off techniques. These sequential steps enabled the Gschwind 

group to differentiate between light-dependent and light-independent pathways, as well 

as to address the need of the photocatalyst for light-dependent pathways or the stability 

of intermediates towards light. Another remarkable output of this study was to showcase 

the potential of in situ illumination NMR to differentiate between hydrogen atom transfer 

pathways and proton transfer pathways, which complements UV/Vis studies (it was not 

observable by UV/Vis spectroscopy) and had never been addressable previously.  

The photocatalytic cross-dehydrogenative coupling (CDC) reaction of  

N-aryltetrahydroisoquinolines (THIQ) is one of the most exploited reactions for various 

synthetic transformations [147,148]. Many intermediates have previously been 

detected[147,149ï151]. However, the sequence of these intermediates remained 

ambiguous, and especially the question of hydrogen atom transfer (HAT) versus proton 

transfer remained unsolved. By combining extensive NMR studies with UV/Vis studies, 

EPR and synthetic applications the Gschwind group revealed a highly complex 

mechanistic picture of this reaction, involving overall five parallel reaction pathways. For 

this very detailed mechanistic investigation of the photocatalytic cross-dehydrogenative 

coupling (CDC) reaction of N-aryltetrahydroisoquinolines (THIQ), both in situ and ex situ 

LED illumination NMR were combined (Fig. 15 A and 15 B). During the initial 

investigations using classical solvents such as DMF and in situ LED illumination, the 

oxygen dependent reaction stopped after the consumption of all the oxygen dissolved in 
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solution, which resulted in very low yields (lack of oxygen) and restricted any further 

investigations of intermediates. Realising the anaerobic nature of the in situ setup, the 

solvent was switched to nitromethane to replace oxygen as the terminal oxidant. This 

made it possible additionally to observe the influence of oxygen on mechanistic 

pathways, intermediates, rates and yields.  

 

Fig. 15: A) Reaction profile obtained from ex situ illumination under aerobic conditions. 

B) Reaction profile obtained from in situ illumination under anaerobic conditions. Spectra 

measured at 600 MHz. 

For the in situ anaerobic reaction conditions with nitromethane as terminal oxidant, two 

key intermediates could be identified, the dimer of THIQ 4 and the first ring opened 

intermediate 5, which had not previously been detected (Fig. 15 B). Formation of both 

intermediates and product were suppressed by addition of TEMPO, indicating a radical 

mechanism for intermediate formation and a deprotonation pathway with nitromethane 

as terminal oxidant. Under aerobic reaction conditions in the ex situ approach a 

significantly faster reaction process was observed. This was due to O2 causing increased 

efficiency of catalyst turnover via oxidation of the catalyst and further involvement of the 

amine radical cation in follow up reactions. This was evident as it was possible to 

observe an additional relatively highly concentrated intermediate THIQ-OOH 6  

(Fig. 15 A), which was later shown to be produced via a hydrogen atom abstraction 

pathway (see Scheme 1 B) Furthermore, the appearance of THIQ dimers and the 

intermediate 5 proved again an unexpected deprotonation of amine cation radicals  

(Fig. 15 A) even in aerobic conditions. This was significant as amine cation radicals are 

prone to oxidation in presence of O2, which is the thermodynamically favourable process 

((Ered(O2/O2Åï) = ī0.75 V vs SCE (Eox(Et2N
ïÅCHCH3/Et2N

+ƏCHCH3) = ī1.12 V vs SCE) 

) and shows that with nitromethane as solvent both principal pathways, the oxygen 

dependent and the nitromethane induced, are active. 

To elucidate the effect of light on the mechanistic pathway of the intermediates, 

sequential light-on/off experiments were carried out in both aerobic and anaerobic 

conditions. From reaction profile information, optimal time periods were selected to 
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accumulate high amounts of intermediates prior to switching off the light. The observed 

reaction profiles show directly which of the intermediates require light for their further 

transformation and which are light-independent. Thus, Fig. 16 reveals that the 

intermediates 5 and 6 transform into product via a light-independent reaction, while the 

concentration of dimer 4 remains constant in the dark. Additional investigations with and 

without photocatalyst showed that for dimer 4, a whole photocatalytic oxidation step is 

required (Fig. 16 C). Beside the detection of reaction intermediates and their kinetic 

profiles in classical mechanistic studies using NMR spectroscopy, these light-on/off 

studies are unique in photocatalytic systems and add extremely valuable information for 

determining mechanisms.  

 

Fig. 16: Reaction profiles during the light-on and -off sequences under anaerobic in situ 

illumination A) and aerobic ex situ illumination B) and light-on/off dimer kinetics C). 

Spectra measured at 600 MHz.  

Another big question in photocatalysis is how the photoreaction proceeds even in the 

absence of photocatalyst, which is quite often observed, albeit most often together with a 

photocatalytic reaction at a reduced speed. These photocatalyst-free reactions occur 

most often due to the formation of an electron donor acceptor (EDA) complex, which 

itself allows for a very slow, inefficient electron transfer (see Scheme 1 A background 

reaction in the dark). Upon illumination electron transfer is by far faster (see Scheme 1 B 

light-induced background reaction). However the key question is the potential of these 

uncatalyzed pathways to prevent electron back transfer. Therefore, exactly this point was 

studied. The formation of an EDA complex between THIQ and MeNO2 was quickly 

evident as the addition of THIQ to the colourless nitromethane 2a resulted in a pale 

yellow mixture. Furthermore, and most importantly, in the absence of oxygen these 

background reactions stopped while in the presence of oxygen iminium ion 2 and THIQ 

hydroperoxide 6 appeared as reaction intermediates. That means, firstly, that for an 

effective uncatalyzed reaction the electron has to be transferred to a third partner  

(here O2) to prevent electron back transfer. Second, the O2
Åï acts exclusively as a 
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hydrogen atom acceptor and induces the iminium pathway, while the radical pathway is 

absent and no dimer 4 or open intermediate 5 appears; these observations were also 

corroborated by additional investigations. 

 

Fig. 17: The reaction profile of this photoreaction in absence of photocatalyst shows the 

formation of an EDA complex between THIQ and MeNO2 under aerobic conditions. 

Spectra measured at 600 MHz. 

Overall, from this extensive NMR study of the photocatalyzed Aza-Henry reaction of  

N-aryltetrahydroisoquinolines, five parallel mechanistic reaction pathways were 

elucidated, which are summarized in Scheme 1. For the first time, separate pathways for 

hydrogen atom transfer and proton transfer were revealed for a photocatalytic reaction. 

While oxygen as terminal oxidant induces hydrogen atom abstraction, nitromethane as 

terminal oxidant initiates a radical pathway that splits again into two paths, depending on 

the radical recombination partner. Furthermore, two photocatalyst-free reactions could 

be identified, with the light-induced reaction being by far more effective. We believe that 

in photocatalysis such complex reaction schemes with several parallel pathways each 

having different reaction rates/effectiveness occur by far more frequently than is realised. 

However, the investigation described here shows that an in-depth mechanistic 

investigation can reveal most of them. 
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Scheme1: Detailed mechanistic pathway of the photocatalyzed Aza-Henry reaction of N-

aryltetrahydroisoquinolines.  

 

2.5.1.3 Photoinduced and Lewis acid activated selective single C(sp3)-F bond 

cleavage in trifluoromethylarenes 

Fluorine containing organic molecules have been the subject of special interest, 

particularly in the pharmaceutical industry[152]. Therefore, the development of 

economical, catalytic routes for the generation of fluoro-organic molecules under mild 

conditions is in high demand. Especially, a single C-F bond cleavage starting from a CF3 

group furnishing aryldifluoroalkyl compounds represents an important but so far elusive 

synthetic conversion in photocatalysis. In 2017, the Gschwind group studied a new 

synthetic protocol developed by the König group for the selective monodefluorination of 

trifluoromethylarenes under mild conditions using a combination of visible light 

photocatalysis and Lewis acid activation (Fig. 18 A) [33]. The mechanistic investigation in 

this work highlights the application of the in situ LED illumination NMR technique to 

visualize the Lewis acid/base activation in a reaction via 11B, 19F and 1H NMR 

measurements.  

This study was designed to test the possibility of activating trifluoromethylarenes by 

photocatalytic SET reduction to convert them into their corresponding radical anion. 
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From this radical anion, F- could be removed by Lewis acid activation of the borenium 

cation TMP-Bpin+ formed in situ as Lewis acidic activator. The main objective of this 

study was to elucidate the nature of the activation step involved in this unusual 

photocatalysis. Screening studies revealed that both pinacolborane (HBpin) and the 

sterically hindered, Ŭ-H atom-free amine 2,2,6,6-tetramethylpiperidine (TMP) are 

essential for an effective reaction (no product formation occurs without HBpin or TMP). 

Therefore, the in situ illumination NMR studies concentrated on the identification of the 

HBpin and TMP derived intermediates and the observation of the interactions between 

the substrates and these Lewis acid base pairs. The identification and assignment of the 

various 11B signals were the main challenges of this study. Due to the small chemical 

shift range of the 11B signals combined with their broader linewidths no direct 

magnetization transfer from neighbouring NMR active nuclei could be detected, making it 

necessary to synthesize accessible intermediate species and side products to allow valid 

assignments to be determined. Furthermore, for the identification of additional transient 

species, important information about their combined chemical shifts (11B, 1H, 13C, 19F) 

were taken from the reaction kinetics. This made the in situ detection and identification of 

the borenium cationic species (13', Lewis acid activation) possible (Fig. 18 B, top), which 

was identified as the crucial activator in the reaction pathway. This was confirmed by 11B 

spectra of the independently prepared borenium species (Fig. 18 B, bottom), while 1H-1H 

NOESY spectra confirmed directly the existence of the protonated species (Fig. 18 C). It 

was also possible to verify an interaction between the neutral substrate 

trifluoromethylarenes and the borenium cationic species 13 via 1H-1H NOESY spectra. 

However, this showed an interaction mainly with the ïCN group and not with the CF3 

group. Therefore, the interaction between the key CF3 group and the Lewis acid activator 

most probably occurs at the stage of the NMR-invisible radical anion after the 

photoreduction step. Combining these key points with data from other synthetic 

mechanistic investigations, such as radical quenching and trapping, the authors 

proposed the catalytic cycle shown in Fig. 18 D.  
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Fig. 18: (A) Optimised reaction conditions for visible light-mediated photocatalysed and 

Lewis acid activated aryldefluoroalkylation. (B) Identification of the in situ generated 

borenium cationic species 13' by comparing the 11B NMR spectra of the photocatalytic 

reaction (top) and the independently synthesised TMP-Bpin+ 13 (bottom). The 

elimination of the F- ion from the reduced radical substrate is the key step in the reaction. 

(C) The 1H-1H NOESY spectrum shows the interaction between the activated Lewis acid 

and CN side of the substrate not the CF3 group (see green dotted lines compared to red 

empty circles. This suggests that the interaction with the CF3 group takes place on the 

level of the radical anion. (D) Overall proposed photocatalytic cycle including the 

description of Lewis acid activation, based on the observed NMR and synthetic 

evidence. Spectra measured at 600 MHz. 

2.5.1.4 Visible-light-mediated liberation and in situ conversion of fluorophosgene 

In 2019, in collaboration with B. Kºnigôs group, the Gschwind group presented 

mechanistic studies of the photocatalytic in situ generation and conversion of 

fluorophosgene using a combination of extensive ex situ and in situ NMR studies, 
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transient spectroscopy and radical trapping experiments[34]. The impact of this study on 

synthetic work was that it made the activation of C-OCF3 bonds under mild photocatalytic 

conditions accessible. The innovation of this reaction was the nature of the activated 

reactive species, being the anion and not the radical in a reductive photocatalysis. In 

typical reductive photocatalytic mechanisms the initial radical anions fragment into 

unreactive ionic leaving groups such as halides, pseudo halides or cyanides, while the 

remaining neutral radicals are predominant in the productive reaction pathway. In 

contrast, this reaction was designed to generate such a highly reactive ionic species 

(here: trifluoromethanolate; O-CF3
-) that the productive reaction pathway is propagated 

by the anion instead of the radical. Trifluoromethanolate fragments into F- and 

fluorophosgene, which in turn yields an NMR-detectable key intermediate with various 

starting materials (e.g. aminoethanols) and later on the desired products.  

 

Fig. 19: Reaction scheme for the initial optimization and test reactions for the overall 

NMR investigation used by the Gschwind and König groups[34]. General reaction 

conditions: 15a (0.1 mmol); 16b (1.05 equiv); 17 (2 mol %); DIPEA (3 equiv) in CD3CN 

under inert atmosphere irradiated by 400 nm light.  

Synthetic optimization, including screening of photocatalysts, starting materials and 

amount of base led to the following synthetic conditions: trifluoromethoxybenzene (16b) 

as fluorophosgene precursor, 17 as photocatalyst and DIPEA as electron donor. 

Furthermore, photoexcitation was achieved by irradiation at 400 nm and the reaction was 

conducted in acetonitrile under inert atmosphere at room temperature (300 K for NMR 

investigations). Regarding the mechanistic investigations, first transient spectroscopy 

probed the initial photoexcitation. Only with the high concentrations applied under 

synthetic conditions (2 mM) does the photocatalyst 17 form a CT-complex dimer 

(consisting of the radical cation and anion of 17). DIPEA then quenches the radical 

cation of 17 (Fig. 20 A). As a consequence, the radical anion of the photocatalyst is able 
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to reduce 16b to its radical anion. This radical anion of 16b subsequently fragments into 

trifluoromethanolate and a benzonitrile radical, which could be readily detected by radical 

trapping experiments with N-methylpyrrole and allylbenzene (Fig. 20 B). Next, the power 

of NMR spectroscopy came into full effect by detecting various downstream 

intermediates and products (see Fig. 20 C and D). First, ex situ and in situ NMR reaction 

profiles corroborated the fragmentation of trifluoromethanolate into fluorophosgene via 

detection of F-. Next, in situ reaction kinetics showed the conversion of the starting 

material into benzonitrile (16b Ą 19). Furthermore, one key intermediate F-I was 

detected stemming from the reaction of the liberated fluorophosgene and starting 

material 15a, which could be assigned unambiguously with support from 19F-13C HSQC 

and 1H-19F HMBC spectra. The reaction progression also suggested this carbonylfluoride 

intermediate F-I as a direct precursor to the desired product 18a. A second intermediate 

OC-I was key to understanding a second parallel downstream process after the 

photoexcitation step. In this parallel mechanism, the starting material 15a reacts with 

acetaldehyde, which is an unavoidable secondary product of DIPEA, to form the 

intermediate OC-I. Further ex situ NMR tests and in situ kinetics provided evidence that 

OC-I is in a water-dependent equilibrium with the starting material 15a, allowing for 

continuous formation of the product 18a from OC-I as long as fluorophosgene is 

provided. Ex situ NMR tests also showed that addition of extra water can almost 

completely suppress the formation of OC-I resulting in a cleaner and accelerated 

reaction.  
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Fig. 20: Overview of the mechanistic investigations described by the Gschwind and 

König groups[34]. A) Transient spectroscopy yielded a Stern-Volmer plot showing the 

quenching of the 17 radical cation by increasing DIPEA concentration; as a result the 17 

radical anion is free in solution and available for further reactions e.g. with 16b. B) 

Radical trapping experiments showed the presence of a benzyl radical. C) and D) 

Combined ex situ and in situ NMR spectroscopy give a detailed insight into the reaction 

progression of all diamagnetic reactants and products, resulting in the detection of 

various intermediates (OC-I and F-I). Spectra measured at 600 MHz (C) and 500 MHz 

(D).  

These mechanistic investigations combining NMR spectroscopy, transient spectroscopy 

and radical trapping experiments enabled a comprehensive picture to be obtained for the 

dominant reaction pathway and revealed an off-cycle equilibrium in the dark that retards 

the reaction. In Fig. 21 the full mechanistic cycle is given. First, 17 is excited under light 

exposure of 400 nm LEDs. A resulting CT-complex dimer leads to the generation of 17Å+ 

and 17Å-. 17Å- is quenched by 16b yielding 16bÅ- which readily fragments into an aryl 

radical and trifluoromethanolate. The trifluoromethanolate decomposes into 

fluorophosgene and F-. The nucleophilic, starting material 15a reacts with the available 

fluorophosgene resulting in a carbonylfluorine-intermediate (F-I) and downstream, 
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intramolecular cyclization leads to the desired product 18a. 17Å+ is regenerated under 

consumption of DIPEA. The aryl radical forms benzonitrile 19 by abstraction of hydrogen 

from DIPEA. The main pathway is accompanied by a second, off-cycle pathway. 

Stemming from DIPEA, acetaldehyde is liberated downstream which can react with 15a 

to give OC-I. The intermediate OC-I is in a water-dependent equilibrium with 15a and as 

long as fluorophosgene is provided 18a can be generated from OC-I. 

Overall, combining different and complementary mechanistic methods, in this study 

nearly every step in a complex photocatalytic reaction could be elucidated. In addition, a 

parallel pathway leading to a side product was revealed. However, once the reaction 

mechanism had been understood, it became possible to reduce significantly the 

influence of this off-cycle equilibrium, especially the influence of water. 

 

Fig. 21: Mechanistic proposal of the in situ liberation of fluorophosgene determined by 

the Gschwind group in cooperation with the König group[34]. A combination of NMR 

spectroscopy, transient spectroscopy and radical trapping gave insight into every step of 

the reaction ranging from the initial excitation to the final product formation.  
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2.5.1.5 Photoinduced McMurry-type reaction 

Very recently, the König group developed an unprecedented photocatalytic  

McMurry-type reaction (Fig. 22), in which an unexpected transformation from 

benzaldehydes into stilbene derivatives occurred instead of the expected straightforward 

ketyl radical coupling [35]. This led the Gschwind group to carry out an extensive in situ 

LED NMR spectroscopic study to understand this unusual reaction pathway. One of the 

biggest challenges faced in this work was the fact that regular NMR reaction profiling of 

intermediates could not be used because there were multiple reaction intermediates 

present at extremely low concentration. The reaction utilizes a diboron reagent, which in 

principle can be used as an NMR reporter to follow the reaction pathway. However, from 

the Gschwind groupsô previous experience we knew (see section 2.5.1.3) that the 

interpretation of transient 11B NMR signals demands intensive synthesis of individual 

intermediates to validate the assignment of the intermediates and that 11B is quite 

insensitive. Therefore, the strategy was to use a substrate with selective 13C labelling at 

the reaction centre (carbonyl position) enabling the chemical modulations predominantly 

at the carbonyl positon to be followed. In addition, this approach complemented our 

recently introduced use of the popular Chemical Exchange Saturation Transfer (CEST) 

technique to reaction mechanisms of small molecules[25], which was applied here for 

the first time in mechanistic studies of photocatalysis. First, proton coupled and 

decoupled 13C measurements were used as the main methods to characterize transient 

intermediates assisted by theoretical calculations. This simple but very effective method 

allowed direct specification of the number of protons at the reaction centre within the 

intermediates, enabling their partial characterization.  

 

Fig. 22: Reaction scheme for photoinitiated carbonyl-metathesis: deoxygenative 

reductive olefination of aromatic aldehydes via photoredox catalysis.  

The measured 13C NMR spectrum from an in situ LED illuminated NMR experiment after 

18 h of irradiation is shown in Fig. 23 A. The spectrum shows multiple peaks, including 

several very low intensity signals corresponding to the different intermediates. 

Assignments for key intermediates in addition to the starting materials and products are 

highlighted. A systematic analysis was carried out to assign these active intermediates. 

Initially, the broadened line corresponding to the carbonyl of the benzaldehyde substrate 
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suggested the formation of a ketyl radical that was in fast exchange with benzaldehyde 

on the NMR time scale. However, an additional broadened peak of a transient 

intermediate was also observed at around 75 ppm (Fig. 23 B), which could not initially be 

assigned or connected with any other exchanging species. Therefore, the CEST method 

was applied to identify the chemically exchanging species (Fig. 23 B'). Surprisingly, the 

broadened chemically exchanging peak identified via CEST linked the substrate 

benzaldehyde and the line broadened intermediate, which was later assigned to a  

3-membered cyclic key intermediate (F). This was the first intermediate detected by 

NMR in this photocatalysis reaction, and this showed that CEST can be used as a high-

sensitivity variant of EXSY to identify the sequence of intermediates in a reaction. In 

addition, it showed that CEST can be effectively applied even in a two-step exchange 

process mediated via a short lived radical species. The structure of this first 3-membered 

cyclic key intermediate (F) was characterized by measuring 1H coupled and decoupled 

13C spectra at low temperature and was corroborated by theoretical calculations  

(Fig. 23 B). This was the first report of detection of this intermediate, which had not been 

possible by traditional NMR methods due to its transient nature. Subsequently, the next 

connected carbanion intermediate (G) was detected with the use of coupled and 

decoupled 13C spectra and theoretical calculations (Fig. 23 C). The subsequent 

intermediate H was identified via parallel synthesis of the pure compound (Fig. 23 D). To 

get an impression of the complexity of the reaction mixtures under investigation and the 

multitude of species with similar chemical shifts or possible chemical shift combinations 

in such photocatalytic reactions, a 1H-13C HSQC of the reaction mixture is presented in 

Fig. 24. The extent of chemical shift overlap is not dissimilar to that expected for small 

proteins, and without specific 13C labelling as applied in this study, assignments would 

have been extremely difficult to make. Furthermore, this demonstrates that an 

assignment strategy using exclusively chemical shifts from theoretical calculations to 

identify the intermediates would be insufficient. Therefore, the authors recommend 

including all possible additional information from the sequence of the intermediates, as 

here, from CEST experiments and parallel synthesis of pure compounds. 
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Fig. 23: (A) The in situ LED NMR 13C spectrum of the reaction mixture after 18 h of 

illumination reveals an extremely complex mixture of species in this McMurry type 

reaction; the assigned peaks are marked with corresponding colours. (B) Transient 

intermediate F, stabilized and characterized at 270 K from 1H decoupled and coupled 13C 

spectra. (B') 13C CEST spectra connecting benzaldehyde and primary key intermediate 

F. (C) Identification of Ŭ-oxyboryl carbanion G from 13C and 1H chemical shifts. (D) NMR 

identification of another intermediate H in the reaction mixture, using 13C chemical shift. 

Spectra measured at 600 MHz. 

 

Fig. 24: Comparison of in situ LED NMR 1H-13C HSQC spectra of a pure intermediate H 

(left) and the reaction mixture (right). The high number of peaks and the overlap of peaks 

even in this 2D spectrum of the reaction mixture illustrates the extent of the complexity in 

studying reaction intermediates. In the reaction mixture, the intermediates G and H as 

well as the product P are marked. Spectra measured at 600 MHz field.  
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By combining these sequential intermediates observed in in situ LED illumination NMR 

experiments along with evidence obtained from quenching and synthetic studies, the 

following photocatalytic cycle (Fig. 25) was proposed. Initially the B2pin2 

(Bis(pinacolato)diboron) activates the substrate aryl aldehyde, which undergoes single 

electron transfer (SET) reduction by the photocatalyst. In the next step, the reduced 

radical anion binds to the base reacted B2pin2, which forms intermediate E or F in the 

key step of the reaction. The connectivity between F and the substrate was evaluated by 

CEST NMR. The intermediate F on undergoing ''boraBrook'' rearrangement forms 

intermediate G, which was again detected by NMR. The carbanion G reacts again with 

B2pin2 and forms H, which was also observed by NMR. In a subsequent step 

intermediate H reacts with the base CS2CO3 to form the carbanion I. In the last step 

carbanion I binds to another aryl aldehyde substrate to form stilbene derivatives.  

 

Fig. 25: Proposed photocatalytic cycle for photoinitiated carbonyl-metathesis newly 

developed by the Gschwind group, based on in situ NMR studies, synthesis of proposed 

intermediates and quenching experiments. 

2.5.1.6 Photoinduced dark catalytic cycle 

In 2018, another impressive application of in situ LED illumination NMR in mechanistic 

studies was reported by Lehnherr et al from Merck[38]. One of the main highlights of this 

study was the first use of in situ LED illuminative NMR to observe the dynamics of a 

gaseous species (here CO) during the reaction. In general, generation of large amounts 

of gases inside the NMR tube often causes severe problems, e.g. inhomogeneity 

(shimming problems), backward reaction and possible escape of gas, which makes it 

difficult to observe. Here, the generated gaseous species is from the pre-catalyst 

equilibrium and not from the product formation. Therefore, only tiny amounts of gas are 

produced and the closed system used for illumination is an advantage rather than a 
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disadvantage. The advantage of the closed system was later extended to ex situ 

synthesis as well. 

In this work, the authors carried out a systematic investigation to understand the reaction 

mechanism of their newly developed photoinduced iron-catalyzed cycloisomerization of 

alkynols to cyclic enol ethers using in situ LED-NMR. The four possible products of this 

catalytic reaction are shown in Fig. 26 and obtaining selectivity especially for the desired 

product 24a was very challenging. The reaction was catalysed by the iron carbonyl 

complex LFe(CO)3 (L = tetraphenylcyclopentadienone represented as cat·CO in  

Fig. 27 A). It was known to the authors that the pre-catalyst LFe(CO)3 needs to be 

activated by removing one of the CO groups. This could be achieved either by (1) heat, 

(2) oxidant (e.g., Me3NO), or (3) light. The details of the selectivity and the yield under 

different conditions are tabulated below (Table 1 and 2). Without light, either the wrong 

selectivity or low yields were obtained. However, by using light the authors could obtain 

100 % selectivity and yield for 24a. Surprisingly, N2 purging, which was an established 

method to remove CO, could only achieve 45 % conversion. In contrast, the closed 

vessel, which used light to remove CO, resulted in 100 % conversion. This intrigued the 

authors to further investigate the effect of light. 

 

Fig. 26: Possible product distribution for cycloisomerization of alkynol. Here 24a is the 

kinetic product, 27a and 25a are thermodynamic products. 
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Table 1 Testing different conditions for selectivity and yield without light.  

 

 

Table 2 Testing N2 purge and solvent effect on yield and selectivity with light.  

 

 

 

 

 

 

Initially, the authors hypothesized that the light induces CO dissociation from the  

pre-catalyst LFe(CO)3 generating a functional catalyst containing both a Lewis acidic and 

a Lewis basic moiety, as shown in the mechanism in Fig. 27 A. To validate this proposal, 

the authors first measured the quantum yield of value 3 using their earlier developed 

actinometer [37] and eliminated any solvent effects on the selectivity via testing the 

reaction in both CD2Cl2 and toluene, obtaining the same results (Table 2). Next, they 

measured in situ NMR kinetic profiles of reactant and products under continuous 

illumination, yielding the results shown in Fig. 27 B. The reaction profile obtained showed 

No temp 

[°C] 

oxidant base 2a:3a:4a Yield 

% 

1 RT Me3NO ï 96:1.4:2.8 25 

2 RT ï K2CO3 90:1.7:8.0 7 

3 RT Me3NO K2CO3 99:0.05:0.8 24 

4 RT ï ï 0:0:100 5 

5 70 Me3NO ï 3.5:32:65 100 

6 70 ï K2CO3 91:3.9:4.7 31 

7 70 Me3NO K2CO3 96:4.0:0.15 14 

8 70 ï ï 0:0:100 8 

No ɚ 

nm 

condition solvent 2a:3a:4a Yield 

 [%] 

1 450 N2 purge d8-toluene 100:0:0 45 

2 450 closed 

vial 

d8-toluene 100:0:0 100 

3 450 closed 

vial 

CD2Cl2 99:0.05:0.8 100 
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an induction period, which was in line with the prediction that the initial CO dissociation 

generates the activated catalyst LFe(CO)2. Furthermore, from the observed sharp peaks 

in the NMR spectra throughout the reaction, they concluded that paramagnetic species 

were absent.  

 

Fig. 27: (A) Postulated photoinduced catalytic cycle, describing pre-activation of the 

catalyst and also the presence of both Lewis acidic and Lewis basic moieties. (B) 

Observed reaction profile for product and reactant concentrations; the initial induction 

period indicates pre-activation of the catalyst. (C) Visualization of photoinduced 

activation of the catalyst by the dynamics of bound and unbound in situ 13CO during the 

light-on and -off steps. The initial increase in free 13CO suggests a pre-activation light-

induced step via removal of CO group. The increase in bound CO during the light-off 

period indicates a deactivation step in the dark. The shaded area corresponds to the 

period with the light-off. Spectra measured at 500 MHz. 

To check the effect of the light, the authors also obtained a reaction profile for reactant 

and product during a sequential light-on, light-off and light-on sequence (Fig. 27 B). 

When the light was switched off after the initial illumination, the rate of the reaction 

decreased but did not stop completely, indicating the presence of a dark reaction 
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pathway. Turning the light-on again, the reaction rate accelerated significantly after an 

induction period. Using labelled 13CO, the authors could also monitor the free 13CO  

(ŭC = 184.2 ppm) and catalyst bound 13CO (ŭC = 208.8 ppm) during this sequence (Fig. 

27 C). The dynamics of CO showed i) during illumination an increase in free CO and a 

decrease in bound CO; ii) after turning off the light, a gradual decrease of free CO and a 

gradual increase of bound CO; iii) on turning the light-on again an increase in free CO 

and a decrease of bound CO similar to that during the initial illumination period. From 

these observations, the authors concluded that illumination mainly helps in activating the 

catalyst by removing the CO group. Further, the reaction proceeds even in the dark. 

However, free CO deactivates the catalyst by binding back on the catalyst under dark 

conditions. This was in line with the observed quantum yield value of 3. That means that 

after activation of the catalyst each molecule on average can go through 3 catalytic 

cycles before CO binds back on the catalyst in the dark. 

To validate the hypothesis that an activated catalyst acts as both Lewis acidic and Lewis 

basic moiety, the authors carried out DOSY experiments at a high concentration of 

catalyst (22.5 mM) under continuous illumination. As expected, the authors observed a 

small diffusion coefficient matching with a dimer structure, as shown below, which 

strongly supports their hypothesis that their activated catalyst has a dual Lewis acidic 

and Lewis basic character. 

 

Fig. 28: Possible catalyst dimer structure depicting both Lewis acidic and Lewis basic 

moieties. 

Overall, in this elegant study the authors managed to observe quantitatively the gaseous 

species during a photocatalysis reaction, which is very challenging using closed in situ 

illumination setups. Furthermore, using the signature of the 13CO dynamics during a 

light-on and -off sequence, they accessed critical information about the activation and 

deactivation of the photocatalyst. 
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2.5.2 Heterogeneous catalysis 

In general, the use of semiconductor photocatalysts (SPCs) in synthesis has gained 

immense interest due to their high surface area and activity. Common SPCs are TiO2 

and doped-TiO2. In addition to high level selectivity and performance under mild 

conditions, SPCs are non-degradable and reusable. Based on SPCs, many organic 

synthetic applications such as formation of carbonïcarbon and carbonïheteroatom 

bonds as well as cyclisation, reduction and oxidation reactions have been reported in the 

literature. 

2.5.2.1 Photocatalytic oxidation of toluene inside the NMR tube 

In general, the progress of a SPC reaction is monitored by ex situ sampling of the 

reaction mixture and subsequent analysis using HPLC and/or NMR. NMR monitoring of 

heterogeneous reaction mixtures, particularly of photocatalytic heterogeneous reaction 

mixtures, is very difficult due to the inhomogeneity of the solution. Hence, it most often 

requires ex situ purification and filtering before the NMR measurements. This procedure 

is very time consuming as it requires pre-treatment. Furthermore, it is error prone, 

especially for following the reaction progress. To overcome these problems, in 2012 Mills 

and OôRourke reported the development of a smart solution based on an in situ NMR 

method [133]. This study highlights the first NMR reaction monitoring and reaction profile 

of a heterogeneous photocatalytic reaction using the NMR tube as a reaction vessel (see 

section 2.4.6). In this new approach, the inner surface of the NMR tube was coated with 

a thin layer of semiconductor material (in this case TiO2, shown in Fig. 29 A). Then, the 

photocatalysis was carried out inside the NMR tube but outside the NMR spectrometer to 

allow for ex situ illumination with light from the outside of the tube. For mixing, the NMR 

tube was agitated by fixing it to a stirrer and for measurements the stirring was regularly 

interrupted and the NMR tube was transferred into the NMR spectrometer. The authors 

illustrated this method using the oxidation of toluene catalysed by TiO2 in CD3CN. The 

recorded 1H spectra of the reaction mixture at different time points are shown in  

Fig. 29 B. The toluene concentration [(t, 7.24 ppm), (d, 7.17 ppm), (t, 7.14 ppm)] reduces 

with time, as the toluene is oxidised to benzaldehyde [(s, 9.98 ppm), (d, 7.87 ppm),  

(t, 7.66 ppm), (t, 7.55 ppm)], which in turn is further oxidised to benzoic acid  

[(d, 7.97 ppm), (t, 7.59 ppm), (t, 7.46 ppm)]. The authors also observed a minor peak at 

7.3 ppm corresponding to benzene, which was generated in negligible amounts. The 

maximum amount of benzaldehyde and benzoic acid observed are 27% (45 min) and 

41% (75 min), respectively. Based on the observed reaction profile (Fig. 29 C), the 
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authors proposed the mechanism shown in Fig. 29 D. The initial hydroxide radicals are 

generated from TiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 29: Heterogeneous photocatalytic oxidation of toluene: (A) Photograph of the 

NMR tube with TiO2 coating on the inner surface. (B) 1H NMR spectra at different times 

of irradiation. (C) Reaction profile of substrate toluene (¶), products benzaldehyde (o) 

and benzoic acid (ƴ), and sum of all these concentrations (x). The decrease in 

concentration of the sum of all these species potentially indicates degradation. (D) 

Proposed mechanism for the oxidation. Spectra measured at 500 MHz.  

This study shows that detailed NMR monitoring of heterogeneous photocatalytic 

reactions is possible. The approach discussed here operates without any ex situ 

sampling or additional treatments, such as filtering. 

A B 

D C 
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2.5.2.2 TiO2, catalysed C-C coupling 

In a subsequent study, Mills and OôRourke applied their titania-coated in situ NMR 

method to investigate a detailed mechanism for the photocatalytic carbonïcarbon 

coupling of phenoxyacetic acid with N-substituted maleimides[131]. This study also 

highlights the advantages of systematically studying the individual photochemical and 

photocatalytic reactions of each reactant. This enabled the authors to understand and 

modulate the observed product distribution in the desired hetero carbonïcarbon coupling 

reaction. In principle, this heterogeneous photocatalysed reaction should give both the 

hetero adduct 28 and the cyclic heteroproduct 29 (Fig. 30 A). However, the NMR 

analysis revealed additional products 30, 31 and the maleimid dimer 33 (Fig. 30 A). To 

understand these side reactions, the authors studied the photochemical and the 

photocatalytic reactions of two substrates (phenoxy acetic acid and N-substituted 

maleimide) individually. In the case of phenoxyacetic acid without photocatalyst, the 

authors did not observe any absorbance at 365 nm and, as expected, no photochemical 

reaction was observed. Upon addition of TiO2, the authors observed a photocatalytic 

reaction of phenoxyacetic acid to yield anisole 30 and 1,2-diphenoxyethane 32  

(Fig. 30 B). The second reactant, N-substituted maleimide, itself absorbs at 365 nm and 

undergoes a photochemical 2+2 addition reaction without photocatalyst to yield the dimer 

33. In the presence of TiO2, the N-substituted maleimides undergo an additional 

photocatalytic reaction to give N-succinimide 31. Thus, in the presence of TiO2 both 

products 30 and 31 are generated (Fig. 30 C). All of these individual reactions are 

competitive during the photocatalytic carbonïcarbon coupling of phenoxyacetic acid with 

N-substituted maleimides (Fig. 30 A).  
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Fig. 30: (A) Observed product distribution in photocatalytic C-C coupling of 

phenoxyacetic acid with N-substituted maleimides. Individual photochemical reactions of 

the substrates reveal side reactions: (B) Photochemical reaction of phenoxyacetic acid 

and its 1H NMR spectra measured during the reaction. (C) Photochemical reaction of  

N-substituted maleimides and its 1H NMR spectra measured during the reaction. Spectra 

measured at 400 MHz.  

 

Fig. 31: Photocatalytic C-C coupling of phenoxyacetic acid with N-substituted 

maleimides: (A) Monitoring of the product formation via 1H NMR spectra. (B) Proposed 

mechanism for the expected main products. Spectra measured at 400 MHz.  

Therefore, the authors attempted to reduce this side product formation and to improve 

the yield of the desired C-C couplings by switching off the direct photochemical reaction 

of maleimid dimer III. This was done by using their earlier developed sol-gel titania 

coated NMR tubes. They irradiated the TiO2 layer from outside, which worked not only as 

a catalyst but also as a UV filter. This minimised the direct absorbance by the  
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N-N-substituted maleimides and their side reaction, resulting in improved hetero  

C-C coupling yields. Further, by varying the SCP material composition they could even 

obtain different product distributions. Overall they obtained their highest yield of 74 % 

hetero C-C adduct 28 by using sol-gel and coating the inner side of the NMR tube (glass 

container) with 100 % anatase titania. The in situ NMR spectra of the optimized 

photocatalytic reaction are shown in Fig. 31 A. 

This study shows the occurrence of multiple parallel reaction pathways in heterogeneous 

photocatalysis, which leads to a complex product distribution. By a systematic 

investigation using coated NMR tubes from which detailed mechanistic information was 

obtained, the authors were successful in improving the catalytic process.  

2.5.3 Photoassisted polymerization reactions 

2.5.3.1 Rapid monitoring of visible light-mediated controlled polymerization 

The development of controlled radical polymerization (CRP) techniques facilitated the 

design of complex polymers with predefined molecular weight and low dispersity. Among 

these, the visible-light mediated CRP technique particularly attracted immense interest 

due to its mild operational conditions and spatiotemporal control[153]. In this regard in 

situ LED NMR plays a vital role in studying and optimizing these light assisted CRP 

reactions. In 2017, Craig J. Hawker and his group showed for the first time the 

application of in situ LED NMR experiments to monitor polymerization reactions[40]. For 

this purpose, the authors developed an in situ LED NMR arrangement suitable for 

polymerization monitoring with illumination from the top/inside (see Fig. 32 B). This study 

showed the significance of reaction profiling and the sequential light-on/off technique for 

temporal control and optimization of the polymerization conditions.  

Initially, the authors investigated the controlled radical polymerization of  

N,Nǋ-dimethylacrylamide (DMA, as the monomer) and 2-(butylthiocarbonothioyl) 

propionic acid (BTPA, as the chain transfer agent) (Fig. 32 A). In this light-assisted CRP 

reaction, tris(2,2-bipyridyl)dichlororuthenium(II) (Ru(bpy)3Cl2) was used as a water-

soluble photocatalyst for a photoelectron transfer reversible additionïfragmentation chain 

transfer (PET-RAFT) polymerization. It was known that the presence of oxygen in the 

reaction solution retards the propagation of the polymerization. Therefore, initial 

degassing was necessary for fast polymerization. Alternatively, the authors hypothesised 

that sodium ascorbate could be used to accelerate polymerization, since sodium 

ascorbate can reduce singlet oxygen. To validate this hypothesis, they carried out 
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systematic in situ LED-NMR reaction profiling (Fig. 32 C). This showed an initial 

induction period, which was followed by an accelerated polymerization (best seen on the 

blue curve in Fig. 32 C). This induction period was due to the presence of oxygen. After 

the reduction of oxygen by sodium ascorbate the polymerization process strated. Next 

they tested the effect of light intensity on the reaction rate and dispersity. The 

polymerization rate increased almost linearly with the light intensity (Fig. 32 C and 32 D). 

However, an increase in dispersity was also observed with increasing light intensity (Fig. 

32 D). Therefore, this study showed that the light intensity has to be optimized to obtain 

a good balance between high rates and low dispersity. The authors also tested the 

temporal control of the reaction by using sequential light-on and -off steps (Fig. 32 B) 

within an in situ LED illumination NMR arrangement. In contrast to the systems with dark 

reaction pathways discussed previously (see section 2.5.1.2), here no reaction in the 

dark was detected, resulting in excellent temporal control (Fig. 32 E).  

 

Fig. 32: In situ NMR monitoring of PET-RAFT. A) Reaction scheme. B) In situ LED NMR 

sample apparatus. C) Reaction kinetics at different light intensities, where M0 and MT are 

the concentration of the monomer at time zero and T, respectively. D) Apparent 

propagation rate constants (kp
app) and dispersity of the resulting polymers with respect to 

light intensity. E) Temporal control testing. 

Overall, the authors successfully developed an in situ illumination NMR experimental 

design and protocol for monitoring and optimizing visible light mediated polymerization 

reactions. This allowed the authors to implement precise on and off light cycles and 

accurately measure the corresponding kinetics of polymerization in an easy and fast 

way. This in turn enabled them to verify their proposed hypothesis and thereby 

A B 

C D E 
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accelerate polymerization of an oxygen-containing reaction mixture by using reductive 

additives. 

2.5.3.2 Light-on/off studies of photo-mediated controlled radical polymerization 

As mentioned above, controlled radical polymerization (CRP) reactions have offered 

great control in synthesising diverse polymers. Temporal control is an important 

characteristic of CRPs. In addition to other stimuli, application of light to carry out CRPs 

is advantageous[153]. Light-assisted CRPs can provide greater temporal control than 

other stimuli as it is particularly easy and fast to turn on and off the light. However, the 

presence of additional dark pathways can complicate the temporal control in these 

reactions.  

After initial validation of the in situ LED NMR method for monitoring polymerization (see 

section 2.5.3.1), the Hawker team next investigated three different types of light-induced 

CRP polymerization reactions as well as thesuitability of different conditions for temporal 

control[41]. To check the presence of dark pathways in these light-induced CRP 

polymerizations, the authors applied light-on and -off sequential procedures, which 

facilitated monitoring and improved the temporal control of the processes. Three different 

types of light-initiated controlled polymerized reactions were investigated: photoinduced 

electron/energy transfer reversible additionïfragmentation chain transfer (PET-RAFT) 

polymerization, CuȤfree atom transfer radical polymerization (Cu-free ATRP) and  

Cu-mediated atom transfer radical polymerization (ATRP).  

For PET-RAFT temporal testing, the authors carried out the polymerization of methyl 

acrylate (MA) in DMSO (Fig. 33 A). After an induction period due to consumption of 

residual oxygen, thekinetics showed linear conversion (up to 30-40 %). On application of 

sequential light-on and -off steps in the linear region, nearly ideal temporal control was 

shown, i.e. during light -off almost no polymerization occurred and upon light-on a linear 

reaction progress was observed (Fig. 33 D). Next, the authors tested the temporal 

control in a Cu-free ATRP for the polymerization of methyl methacrylate and observed a 

similar temporal control as in the case of RFTA (Fig. 33 B and D). One significant 

difference was that the rate of the reaction was significantly faster in PET-RFTA than in 

the Cu-free ATRP polymerization. 
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Fig. 33: Temporal control in CRPs. PETȤRAFT polymerization (left; blue) A) 

polymerization scheme for methyl acrylate (MA) and 

tris(2,2ǋȤbipyridyl)dichlororuthenium(II) hexahydrate. B) Polymerization reaction profile. C) 

Temporal control testing for the PETȤRAFT. CuȤfree ATRP (right; green) D) 

polymerization of methyl methacrylate (MMA) and 10Ȥphenylphenothiazine. E) 

Polymerization reaction profile. F) Temporal control testing. Spectra measured at 600 

MHz. 

However, in the third reaction, the Cu-mediated ATRP polymerization in organic 

solvents, the reaction does not completely shut down during light-off steps, i.e. temporal 

control was not achieved (Fig. 34 B). This revealed the presence of a dark pathway in 

the third reaction. In fact this was due to the existence of residual Cu(I) even in the dark, 

which was responsible for the residual polymerization. To enhance the temporal control 

in this Cu-mediated ATRP, immediate consumption of Cu(I) was needed. Therefore, the 

authors screened for different ligands, and for combinations of aqueous solvent and salts 

such as CuBr2 and NaBr for the immediate consumption of Cu(I). For a combination of 

CuBr2 and NaBr in aqueous solution, excellent temporal control was achieved in in situ 

LED-NMR (Fig. 34 B). 
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Fig. 34: Switching off the dark pathway: (A) CuȤmediated polymerization of poly(ethylene 

glycol) methyl ether acrylate (PEGA) macromonomers. (B) Temporal control testing by 

sequential light-on and -off steps under different conditions. Spectra measured at 600 

MHz. 

Overall the study highlights the advantages of the in situ LED illumination NMR 

technique in monitoring and optimizing light-stimulated CRP reactions. Even in the 

presence of unwanted dark cycles the authors were able to suppress these dark 

pathways by changing reaction conditions. 

2.5.4 Photoswitches 

Another research group that recently started using in situ LED illumination NMR 

experiments extensively is that of Thiele [36,39,62,107]. Beside a few applications in 

polymerizations and photocatalysis [122,154,155], so far they mainly focussed on 

photochromic switches due to their importance in polymers, materials, and molecular 

machines. Significant examples include the investigation of multi photoisomers and 

rotamers[36,62] which cannot be studied by UV-Vis spectroscopy. Each study 

highlighted different advantages of the in situ LED illumination NMR technique over ex 

situ and UV/Vis spectroscopy, which are discussed in the following section. Another 

special type of photoswitch from the Herges group for spin multiplicity modulation is also 

discussed in section 2.5.5.1. 

2.5.4.1 Spiropyran ź merocyanine 

In 2016, the Thiele and Gschwind groups in collaboration explored the in situ LED 

illumination NMR technique to study meta stable photochromic systems [107]. In this 

B 
B 
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work they tested in situ kinetic measurements versus ex situ measurements and also 

different light sources for the in situ experiment. The study showcases the advantages of 

in situ LED illumination NMR over ex situ NMR in terms of kinetic measurements and the 

acquisition of longer, conventional 13C and 2D NMR spectra for meta stable isomers, 

which would otherwise not be possible in ex situ illumination due to fast thermal back 

isomerization. The study also highlights the combined application of low temperature and 

continuous light illumination to enhance the population of the meta stable photoisomer. 

The authors chose a spiropyran photochrome system for the investigation, which on 

illumination switches between a closed spiropyran form and an open merocyanine form 

(Fig. 35 A). Spiropyran photochrome based applications in materials, polymers and MRI 

agents are well explored to modulate their physical and chemical properties[155,156] 

However, the underlying structureȤproperty relationship of this lightȤresponsive 

spiropyranȤpolymer was poorly understood. This was due to the missing structural and 

kinetic information of the open meta stable merocyanine form. To understand this 

structureȤproperty relationship of the spiropyran photoswitch, both ex situ and in situ 

techniques were applied to measure kinetics during light-on and  

-off experiments as well as 2D experiments.  

Upon irradiation with light at 365 nm, the cyclic form of spiropyran 34 switches to the 

thermally less stable and more conjugated open merocyanine form 35 (Fig. 35 A). Due to 

the thermal instability of the metastable merocyanine (halflife as low as 13 s), this 

unstable molecule was very difficult to study by ex-situ NMR. 
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Fig. 35: (A) Spiropyran ª merocyanine photoswitch. (B) Thermal relaxation of the meta 

stable merocyanine back to the spiropyran after 10 min of ex situ irradiation. (C) in situ 

LED illumination (LED ɚ = 365 nm) NMR monitoring the spiropyran ring opening, the PSS 

and the thermal relaxation of the meta stable merocyanine. (D) 2D HMBC NMR 

spectrum of spiropyran 34 (intense signals) and merocyanine 35 (signals in the box) in 

DMFȤd7 at 255 K under continuous irradiation. Spectra measured at 600 Hz.  

On extensive screening of the reaction in different solvents, a maximum half life time of 

402 s for merocyanine in DMSO was found, which facilitated acquisition of ex situ NMR 

data. However, from the ex situ NMR studies in DMSO after irradiation of spiropyran for 

10 min it was possible to monitor the thermal back reaction (Fig. 35 B). From the in situ 

LED NMR setup, as expected more information could be obtained, including the ring 

opening kinetics, the PSS and also the thermal back reactions (Fig. 35 C and Table3). 

This highlights the advantages of the in situ arrangement over ex situ NMR in studying 

photochromic systems. In both ex situ and in situ studies, the authors could obtain rate 

constants and half-life times for the meta stable merocynanine by exponential curve 

fitting, which shows similar thermal relaxation (Table 3). The influence of concentration 

and different light sources on the rate and half life time of merocyanine was tested in the 

in situ setup. At higher concentrations, a slightly higher rate and a shorter halflife for the 

merocyanine were observed (Table 3). Furthermore, in the in situ experiment, replacing 

the LED with a UV lamp resulted in a slightly slower rate and a longer halflife.  
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Table 3: Measured thermal relaxation of merocyanine after irradiation with different light 

sources at different concentrations in DMSOȤd6 at 300 K; the starting points corresponds 

to the arrows in Fig. 35 C. 

Irradiation 

procedure 
Concentration 

Light 

source 
10ī3 k1/s  Ű½/min R2 

ex situ NMR 0.59 wt.% UV lamp 2.36 Ñ 0.14 4.90 0.99 

ex situ NMR 0.36 wt.% UV lamp 2.16 Ñ 0.16 5.35 0.99 

ex situ NMR 0.20 wt.% UV lamp 1.91 Ñ 0.19 6.05 0.97 

in situ NMR 0.30 wt.% UV lamp 1.76 Ñ 0.06 6.56 0.97 

in situ NMR 0.30 wt.% 
LED 

365 nm 
1.99 Ñ 0.08 5.81 0.99 

UV/VIS 0.05 mg/ml UV lamp 1.7 6.80 0.99 

 

In the next step, the very challenging task of measuring 2D NMR experiments for the 

meta stable form in the in situ arrangement was achieved. For that, a significant 

concentration of merocyanine 35 over a longer period of time is required. This was 

achieved by a combination of continuous irradiation and low temperature measurements. 

Due to the low temperature the thermal back relaxation was reduced and also partial 

stabilization of merocyanine 35 was achieved. Thus, by continuous irradiation at 255 K a 

constant, significant concentration of merocynanine was maintained. This allowed 13C 

chemical shifts and 2D HSQC, HMBC, and NOESY spectra of merocynanine to be 

obtained for the first time. The measured HMBC spectra are shown in Fig. 35 D; the blue 

rectangle frames the peaks of merocynanine 35. 

In this investigation the in situ LED illumination NMR measurements were validated 

against ex situ NMR measurements using the example of a spiropyran ª mesocyanine 

system, highlighting some advantages of the in situ LED illumination NMR regarding 

initial kinetics, PSS and low temperature stabilisation of thermally metastable isomers.  
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2.5.4.2 Multiple-state photochromic system 

After validation of the in situ illumination LED-NMR technique for the investigation of 

photochromic systems, the Thiele group expanded the method to investigate more 

complex photoswitches, e.g. multiple state photochromic systems [62]. Despite the 

extensive application of UV/Vis spectroscopy in the study of photochromic systems, the 

spectral overlap of some of the multiple state photoswitches is so severe that UV/Vis 

spectroscopy fails to distinguish the multiple photoisomers or to analyse their 

photokinetic properties. For example, the UV/Vis spectra of benzene-1,3,5-

tricarboxamide (BTA) 36 is shown in Fig. 36 B. Here, the authors took the advantage of 

high resolution NMR spectroscopy to carry out a systematic investigation that 

successfully identified multiple photoisomers and measured their photokinetic properties. 

Very impressively, the authors obtained both kinetic and thermal stability data for all the 

photoisomers. 

As a model system for NMR investigation, exactly this benzene-1,3,5-tricarboxamide 

(BTA) 36 with three azobenzene units (Fig. 36 A) was chosen, which shows four 

photoisomers, i.e all trans(ttt), trans-trans-cis(ttc), trans-cis-cis(tcc) and all cis(ccc) (Fig. 

37). As expected, at thermal equilibrium the authors observed mainly the ttt isomer and 

a minor proportion of the ttc isomer (7%) (Fig. 37 A). After in situ NMR UV irradiation for 

3.5 hrs, the ccc isomer was observed as the most populated (Fig. 37 B). After several 

days in the dark, additionally the other two isomers (ttc, tcc) were observed (Fig. 37 C). 

The aromatic and NH protons of benzene-1,3,5-tricarboxamide in BTA 36 showed well 

resolved chemical shifts for all four photoisomers. To assign the overlapping azobenzene 

peaks, the authors applied state of the art assignment techniques including 2D ASAP 

HSQC and BIRD pureshift HSQC, HMBC and also 1H-15N experiments.  
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Fig. 36: UV/Vis spectral overlap of multiple state photoswitches (A) Chemical structure 

of the most stable photoisomer of BTA 36 at room temperature before irradiation. (B) 

The UV/Vis spectra of a 4 µM solution of BTA 36 before and during the irradiation with 

UV light (ɚ = 365 nm) in DMSO show the severe overlap of the absorption that prevents 

any further investigation.  

 

 

 

 

 

 

 

Fig. 37: Controlled in situ 1H NMR visualization of multiple state photoisomers of BTA 36 

in DMSO-d6 at 300 K. A) Prior to irradiation the ttt isomer is the major component. B) 

After 3.5 h of continuous in situ irradiation with UV light (ɚ = 365 nm) the ccc isomer is 

the major component. C) Several days after turning off the UV light source a mixture of 

all four isomers was obtained. Spectra measured at 600 MHz.  

The excellent separation of the 1H chemical shifts of the 4 photoisomers shown in  

Fig. 37, allowed the authors to measure the kinetics of all photoisomers during both 

irradiation and thermal relaxation (Fig. 38 A and 38 B). During the irradiation, the 

concentration of the initial major isomer ttt decreased exponentially and it subsequently 

disappeared completely (halflife 11 h), whereas ttc increased suddenly upon switching 

on the irradiation and then gradually decreased to 1 %. Both tcc and ccc increased 
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exponentially after start of the illumination and later reached saturation values of 13% 

and 83%, respectively. 

 

 

 

 

  

 

 

Fig. 38: (A) Kinetics of photoisomers during continuous irradiation with UV light (ɚ = 365 

nm), extracted from the integrals of the resonances H11 in DMSO-d6. The dashed line in 

the beginning indicates the start of illumination (B) Kinetics of photoisomers during 

thermal relaxation in DMSO-d6 at 300 K. Measured at 600 MHz.  

However, the authors observed more complex kinetic behaviour during the thermal back 

reaction, as shown in Fig. 38 B. The initial major populated ccc isomer drops 

exponentially reaching almost zero. In contrast, tcc and ttc initially increased 

exponentially reaching maxima of 43 % and then decreased. However, tcc and ttc 

develop at different rates; tcc develops far faster than ttc. The kinetic pattern obtained 

showed a linear dependence on the number of cis moieties in the isomer, i.e. the higher 

the number of cis units, the faster the corresponding thermal back relaxation (see  

Table 4). This indicates independent isomerization events for all three double bonds, 

possibly due to the larger distance between the azo units. From the rates so obtained the 

authors could back-calculate the concentrations of all four isomers at thermal 

equilibrium, which for two isomers are below the NMR detection limit (see Table 5). 
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