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Highlights 

 Photocatalytic degradation of triethanolamine in the presence of oxygen leads to the 
formation of stable glycolaldehyde that can reduce NADH+ cofactor molecules. 

 Spatial and temporal decoupling of triethanolamine photo-oxidation and NAD+ reduction 
minimizes back oxidation of the newly formed NADH.  

ACCEPTED M
ANUSCRIP

T



 2 

 Triethanolamine, apart from playing a role of a precursor for reducing agent, maintains the 
alkalinity of the solution to ensure reduction power of glycolaldehyde. 
 

 
Abstract 

Triethanolamine is a widely used model electron donor that enables a fast screening of the photocatalyst parameters 

in both, homogeneous and heterogeneous scenarios. We report a new role of triethanolamine in heterogeneous 

photoregeneration of cofactor molecules – nicotinamide adenine dinucleotide (NADH) – using state-of-the-art 

heterogeneous photocatalysts. In contrast to the common model involving the light-induced electrons and holes 

generation to reduce the substrate and oxidize triethanolamine simultaneously, we identified glycolaldehyde as a stable 

product of triethanolamine degradation capable of reducing NAD+. Triethanolamine, apart from playing a role of a 

precursor for reducing agent, maintains the alkalinity of the solution to drive the reduction. Our findings offer a fresh 

insight into the triethanolamine-assisted photocatalysis because glycolaldehyde as such have generally been neglected 

in mechanistic considerations. Moreover, a spatial and temporal decoupling of the photocatalyst from the substrate 

reduction reaction minimizes the product re-oxidation, thus implying a relevant feature for the real-world applications 

using a continuous flow setting. 

 

Keywords: NADH photoregeneration; cofactor; triethanolamine; microporous conjugated polymer; glycolaldehyde 

 

1. Introduction 

Back in 1978 Grätzel and coworkers have proposed the tertiary aliphatic amine 

(triethanolamine, TEOA) as an electron donor in their pioneering works on photocatalytic 

hydrogen evolution reaction.[1] Since then, TEOA has developed to become a flagship electron 

donor in the field of homogeneous photocatalysis.[2–8] The chemistry behind TEOA oxidation 

comprises a non-trivial multistep process that depends on the experimental conditions and involves 

the generation of positively charged aminyl radical that undergoes deprotonation to form  a carbon-

centered radical that eventually decomposes to glycolaldehyde (GA) and diethanolamine 

(DEAO).[1,9,10] The mechanistic understanding of TOEA oxidation in homogeneous systems 

stimulated the use of this sacrificial agent in the heterogeneous hydrogen evolution from water 

[11] or reduction of CO2.[12]  

Interestingly, TEOA has also been extensively applied in photobiocatalytic processes such 

as non-enzymatic regeneration of cofactor molecules [13–28] (e.g., NADH) using 

chemical,[29,30] electro-[31–36] and photochemical approaches.[13–16,18–20,25,27,37–43] The 
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focus has been drawn on the photocatalysts development to increase the efficiency of cofactor 

photoregeneration, as it dependents on electronic properties of the material (e.g., band gap energy) 

and the surface reaction sites that control the energy flow under the action of light. The list of 

suitable photocatalysts is relatively long and includes inorganic semiconductors,[44] organic 

dyes,[13] polymers,[14] and plasmonic nanoparticles.[15,27,28] Virtually all the proposed 

photocatalysts follow the standard photoregeneration pathway that involves the light-induced 

generation of electrons and electron holes within the photocatalyst that drive the simultaneous 

NAD+ reduction and TEOA oxidation on the photocatalyst surface, respectively (Fig. 1a). 

However, drawing particular attention to the architecture and composition of the photocatalyst 

might blur the whole picture of the photochemical process itself, especially the role of TEOA. Its 

chemical transformation in a photocatalytic mixture can substantially alter the light-induced 

energy flow, leading to a scenario unrelated to the photocatalytic mechanism in question but to the 

process driven by unexpectedly formed intermediates.  

 

Fig. 1 Schematic illustration of cofactor (NADH) photoregeneration mechanism using semiconductor photocatalyst 

and TEOA as an electron donor. (a) Commonly accepted reaction route postulating simultaneous TEOA oxidation 

and NAD+ reduction on the material surface (one-pot process). (b) Proposed alternative reaction pathway involving 

TEOA oxidation to glycolaldehyde - an intermediate able to reduce NAD+ even after the light and photocatalyst 

removal. The molecular oxygen plays a role of an electron acceptor (two-stage process). 

 

Herein we provide an experimental evidence that TEOA photooxidation and NAD+ 

reduction are not necessarily coupled processes. We observed that the pre-irradiation of TEOA 

solution in the presence of state-of-the-art photocatalysts including conjugated microporous 
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polymer,[45] graphitic carbon nitride (g-C3N4), platinum nanoparticles (PtNP) and titanium 

dioxide (TiO2) leads to the formation of glycolaldehyde , which induces NADH regeneration in 

the dark, even after the photocatalyst removal (Fig. 1b). We observed that NAD+ reduction to 

NADH by glycolaldehyde could be suppressed by lowering the pH below 8 or by the oxygen 

removal from the mixture. Our findings suggest that TEOA, apart from playing a role of the 

chemical feedstock of an actual reducing agent (glycolaldehyde), maintains the required high pH 

of the mixture ensuring the reduction power of glycolaldehyde. 

 

 

 

 

2. Experimental 

2.1 Materials and reagents 

The following were purchased from Sigma-Aldrich: TiO2 nanopowder (<100 nm), -

Nicotinamide adenine dinucleotide sodium salt, -Nicotinamide adenine dinucleotide reduced 

disodium salt hydrate, Triethanolamine (99.0 %), Diethanolamine (98.0 %), Glycolaldehyde 

dimer, Polyvinylpyrrolidone (MW = 10k), Potassium tetrachloroplatinate (II), Sodium 

borohydride (ReagentPlus 99 %), Sodium hydroxide, Potassium phosphate monobasic, 

Hydrochloric acid (37 %),  Perchloric acid (70 %), 2,4-Dinitrophenylhydrazine, Sodium ethoxide, 

Benzene (99.8%). Reagents purchased from Scharlab: Ethanol (96 %). 

 

2.2 Materials synthesis 

The polymer (PHTT_DMP) was synthesized as described by Tobin et al.[45] and graphitic 

carbon nitride was synthesized according to the procedure published by Zhang et al.[46] 

Polyvinylpyrrolidone (PVP) stabilized platinum nanoparticles were synthesized via a simple wet 

chemistry route at room temperature. Briefly, freshly prepared NaBH4 (100 L, 7 mM) was 
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injected to the aqueous solution (9.9 mL) containing PVP (22 mg) and K2PtCl4 (1 mM). The 

primarily pale straw-colored solution turned grey indicating the formation of PtNP.  

 

2.3 Materials Characterization 

  The diffuse reflection spectra were taken with Maya2000 Pro (Ocean Optics) 

spectrophotometer equipped with a reflection probe (Ocean Optics, QR400-7-UV-BX) located in 

6.35 mm holder using a diffuse reflectance standard (PTFE, WS-1) as a reference. Scanning 

electron microscopy (SEM) images were acquired using JEOL JSM-6490LV scanning electron 

microscope operated at accelerating voltage of 15 kV in FEI mode. Transmission electron 

microscopy (TEM) images were acquired using JEOL JEM-1400PLUS. The UV-Vis spectra of 

liquid samples were collected using a scanning diode-array UV-Vis spectrophotometer Agilent 

8453 or JASCO V-770 UV-Vis spectrophotometer. Nuclear magnetic resonance (NMR) 

measurements were performed with AVANCE III Bruker 500. Fluorescence lifetime 

measurements was done using Olympus IX71 confocal microscope system equipped by Princeton 

Instruments piezoscanners, 485 nm ps diode laser and single photon avalanche diode detectors 

(Micro Photon Devices). 

 

2.4 Photochemical regeneration of cofactor molecules – “one-pot reaction”.  

All experiments were carried out using the setup consisting of a glass water-cooled mini-

reactor, equipped with magnetic stirring (Fig. S1). Mili-Q water was used for preparing solutions. 

The reaction mixture (5 mL) containing PHTT_DMP (0.2 mg/mL), phosphate buffer (0.1 M, pH 

= 8), NAD+ (1 mM) and TEOA (1 M) was incubated for 15 minutes in the dark. The mixture was 

irradiated using visible/infrared light source (MI-150TM, Dolan-Jenner Industries, 150 W) for 2 

hours in aerobic conditions (if not stated differently). For the spectral profile of the lamp see Fig. 

S2. The light power density was 230 mW/cm2 (if not stated differently). To determine NADH 

regeneration kinetics, an aliquot was collected every 20 minutes, centrifuged and the absorbance 

was measured immediately (Fig. 2a). Each experiment was repeated 3 times.  

 

2.5 Cyclic regeneration of NADH in the dark (one-pot process).  
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The reaction mixture (5 mL) containing PHTT_DMP (0.2 mg/mL), phosphate buffer (0.1 M, 

pH = 8), NAD+ (1 mM) and TEOA (1 M) was incubated for 15 minutes in the dark and then  

irradiated for one hour with visible/infrared light (1). The polymer was removed through 

centrifugation and the supernatant absorbance was measured every 15 minutes for one hour in the 

dark (2). Finally, the solution was mixed back with the polymer and irradiation/incubation cycle 

was repeated twice (Fig. 2c).  

 

2.6 Regeneration of cofactor molecules in the dark – “two-stage reaction”. 

The reaction mixture containing the desired amount of photocatalyst (2 mg/mL), phosphate 

buffer (0.1 M, pH = 8) and TEOA (1 M) (or diethanolamine (DEOA), 1 M) was incubated for 15 

minutes in the dark. The mixture was irradiated with visible / infrared light source in aerobic 

conditions (if not stated differently) at 230 mW/cm2 for 2 h. In TiO2 experiment an ultraviolet light 

source was used (VL-6.LC, Vilber, 6 W, λ = 365 nm). For the reaction with PtNP the irradiation 

time was extended to 5 h. After each reaction, the resulting solution was centrifuged to remove the 

photocatalyst, then 1 mM NAD+ was added in the dark and the absorbance was monitored for 1 h 

(if not stated differently) (Fig. 3a). 

2.7 Long-term activity of photoactivated TEOA.  

We investigated the long-term reducing properties of photoactivated TEOA through 

incubating the pre-irradiated TEOA solution (2 h irradiation in the presence of polymer) at room 

temperature and applying it for NAD+ reduction in the dark at time intervals. The reducing activity 

decay was determined based on the NADH concentration measurements performed after an hour 

from NAD+ addition. 

 

2.8 Reduction of NAD+ by glycolaldehyde. 

Three samples were prepared. These contained: [1] NAD+ (1 mM) and glycolaldehyde dimer 

(0.1 M); [2] NAD+ (1 mM), glycolaldehyde dimer (0.1 M) and TEOA (1 M); and [3] NAD+ (1 

mM) and TEOA (1 M). The absorption spectrum of each sample was recorded after 10 min of 

incubation in the dark. A similar experiment was performed to evaluate the pH influence on the 
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rate of NAD+ reduction by GA. A set of samples containing NAD+ (1 mM) and glycolaldehyde 

dimer (0.1 M) with varying pH (between 8 and 12) was prepared using NaOH as the base. The 

absorption spectrum of each sample was recorded after 10 min incubation in the dark. A control 

experiment was carried out in the absence of GA, that is, NAD+ was incubated for 10 min at the 

same pH values from aforementioned range. 

 

2.9 Inhibition of NAD+ reduction.  

In a typical two-stage process, NAD+ (1 mM) was added to two different solutions containing 

pre-irradiated TEOA. After 20 minutes of incubation the pH of one of the samples was decreased 

to 7.5 by HCl addition (0.92 M). In contrast, the same volume of water was added for the control 

sample. Absorbance measurements were continued for another 40 minutes and the absorbance 

values were recalculated taking into account the dilution factor. 

 

2.10 NADH regeneration in anaerobic conditions.  

Prior to the start of the reaction, oxygen was removed from the mixture through nitrogen 

bubbling for 15 min. For another 15 min, N2 was flown through the reactor in order to remove 

oxygen from the gas phase above the reaction mixture. The reactor was then closed and the reaction 

mixture was irradiated.  

 

2.11 NMR samples preparation.  

The sample containing TEOA (1 M), g-C3N4 (2 mg/mL) and phosphate buffer (0.1 M) was 

irradiated for 6 h and centrifuged to remove the polymer followed by NMR measurement. Two 

control samples were measured: TEOA (1 M) in buffer (0.1 M) and GA (0.1 M).  

 

3. Results and discussion 

Although our central hypothesis involving the role of glycolaldehyde in cofactor regeneration 

is valid for a wide range of photocatalysts (vide infra), for the sake of simplicity we initially 
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conducted our study using a conjugated microporous polymer (PHTT_DMP) (Fig. S3, inset, Fig. 

S4). Such materials have been shown as strong candidates for numerous heterogeneous 

photocatalytic processes[47] including cofactor regeneration,[14] reactive oxygen species 

production[48] and hydrogen generation.[49] Our metal-free photocatalyst possesses a relatively 

low band gap of ~1.9 eV, thus absorbing the light in the visible spectral range (Fig. S3). 

In a typical one-pot process, irradiation of the mixture (spectral rage: 400 – 1200 nm, Fig. 

S2) containing TEOA, NAD+ and the polymer leads to gradual NADH regeneration. The 

concentration of NADH at given irradiation time was evaluated by removing an aliquot from the 

mixture followed by centrifugation and UV-Vis characterization of supernatant (Fig. 2a). Since 

NADH exhibits a characteristic absorption band at 340 nm (molar absorption coefficient 6220 M-

1cm-1), UV-Vis spectroscopy facilitates a quantitative determination of the reaction efficiency. As 

the peak at 340 nm could correspond to NAD dimer as well,[50] the NMR measurement of the 

supernatant was performed to confirm NADH formation (Fig. S5).  

 

 

After two hours of irradiation, the NADH concentration reached ~ 0.1 mM, corresponding to 10 

% of conversion (Fig. 2b). 
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Fig. 2 Cofactor regeneration in one-pot process. (a) Typical one-pot process that involves sample irradiation for a 

given period of time and subsequent separation of supernatant for an immediate evaluation of NADH concentration. 

(b) Time-dependent NADH regeneration under irradiation (orange curve) and control experiment in which 

photocatalyst and cofactor is stored in the dark (green curve). (c) Scheme of alternate light and dark steps in which 

NADH regeneration is monitored continuously (1 hour) during the dark period in the absence of polymer. After each 

dark step, the regenerated NADH and the polymer are combined for the subsequent light step. (d) Time-dependent 

NADH regeneration monitored during each dark step (2). The gaps between dark steps correspond to light steps (1).  

 

 Several control experiments were conducted in the one-pot reaction. We observed that 

increasing the polymer concentration (0 – 0.7 mg/mL) and light power density (0 – 310 mW/cm2) 

lead to the increase in NADH concentration (Fig. S6, S7). The linear dependence of regenerated 

NADH from both parameters suggests an electron-driven chemical process with no other 

mechanism, such as heating involved. The requirement for both, the polymer and TEOA in 

cofactor regeneration was confirmed by irradiation (2 h) of the mixture containing NAD+ with 

either TEOA or the polymer, in both cases resulting in no NADH formation. (Fig. S8).  

ACCEPTED M
ANUSCRIP

T



 10 

 To our surprise, NADH regeneration continued in the dark. To evaluate the kinetics of this 

process, we alternated light and dark stages: after one-hour exposure to visible light (220 mW/cm2) 

the mixture was centrifuged and the supernatant absorbance was monitored by UV-Vis 

spectroscopy for one hour. The supernatant was then mixed with the polymer and moved back into 

the photoreactor to perform a subsequent cycle (Fig. 2c). Alternated light and dark stages revealed 

a linear increase of NADH concentration in the solution during the dark period (Fig. 2d), 

suggesting that TEOA undergoes the chemical transformation to produce intermediate species that 

are responsible for cofactor regeneration in the dark. 

To exclude a potential involvement of the polymer degradation products in cofactor 

reduction in the dark we also used a range of other materials that had previously been proposed 

for photocatalytic one-pot NADH regeneration and claimed to comply with the common reaction 

mechanism. In doing so, we redesigned our experimental framework by implementing a two-stage 

process (Fig. 3a). Briefly, the mixture containing the photocatalyst and TEOA was irradiated 

either with visible or UV light (depending on the photocatalyst), followed by the photocatalyst 

removal through centrifugation or filtration and finally addition of NAD+ to the pre-irradiated 

supernatant. Along with PHTT_DMP, we tested graphitic carbon nitride as an example of another 

semiconductor polymer, commercially available TiO2 nanopowder (10 nm) as a conventional 

semiconductor oxide, and polyvinylpyrrolidone-stabilized Pt nanoparticles (1.7 ± 0.8 nm, Fig. S9, 

S10). Fig. 3b shows that NAD+ indeed undergoes reduction regardless of the photocatalyst used 

in the pre-irradiation step, suggesting again that TEOA is a feasible source of the active species in 

cofactor regeneration process. 
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Fig. 2 Two-stage photocatalytic NADH regeneration. (a) Scheme of the experimental process: the pre-irradiated 

TEOA is separated from the photocatalyst followed by addition of NAD+ for subsequent evaluation. (b) NADH 

regenerated in a two-step process using various photocatalysts: polymeric semiconductors, PHTT_DMP and graphitic 

carbon nitride using visible light (2 h irradiation), inorganic semiconductor - TiO2 using UV light (365 nm) and 

platinum nanoparticles using visible light (5 h irradiation). 

 

Next, we performed a series of experiments in which we modulated TEOA concentration 

and irradiation time in the two-stage process. With the increase of TEOA concentration from 0 to 

1 M, the amount of NADH one hour after NAD+ addition increased linearly to reach 15 % 

conversion (Fig. S11). A similar linear NADH evolution was observed with the increase of 

irradiation time from 0 to 120 min, showing an increase of initial reduction rate from 0.02 to 2.27 

M/min, respectively (Fig. S12). Prolonged irradiation of 120 min led to 100 % NADH 

regeneration (0.1 mM). These experiments confirm that the reactive species responsible for NAD+ 

reduction arise from TEOA ‘photoactivation’ in the presence of the polymer. Therefore, the higher 

the initial TEOA concentration and irradiation time, the more reactive species produced per time 

unit and consequently, the higher the NADH regeneration rate.  
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 The product of triethanolamine oxidation - glycolaldehyde is a known substrate in the 

enzymatic process that invovles glycolaldehyde dehydrogenase and resulting in NADH and 

glycolate formation.[51] Glycolaldehyde has also been shown to reduce silver ions to colloidal 

silver [52] and Au (III) to Au (I) in the two-electron process [53] being oxidized to glyoxal or 

glycolic acid [54]. Following this reasoning, we hypothesized that the holes generated within the 

valence band of our photocatalyst oxidize TEOA molecules leading to production of GA that 

subsequently oxidizes to glyoxal or glycolic acid in the light-independent process donating 

electrons to NAD+ to form NADH.  

 To test our central hypothesis, we performed experiments with the use of commercially 

available glycolaldehyde (in the absence of the photocatalyst and light). We checked the ability of 

GA to reduce NAD+ molecules in the presence of TEOA. We also prepared control samples 

containing only NAD+ and GA or NAD+ and TEOA. The analysis performed after 10 min of 

incubation revealed the presence of NADH only in the sample containing both, TEOA and GA 

(Fig. 4a), confirming the role of GA as a reductant in NAD+ regeneration.  

 An important observation was that the presence of 1 M TEOA in the mixture of NAD+ and 

GA raised the pH to 10.5, as compared to the solution with no TEOA (pH = 8).  Then we 

hypothesize that: TEOA maintains the pH at which the redox potential of GA is sufficient for NAD+ 

reduction. To test this hypothesis, we examined the reduction of NAD+ by GA at pH ranging 

between 8 and 12 (adjusted by NaOH). With increasing pH, the NADH concentration exhibited a 

sigmoidal increase to reach 100 % reduction at pH = 12 (Fig. 4c). In the absence of GA no NADH 

regeneration took place at given reaction time, regardless of the pH. To further assess the pH role 

in photocatalytic NADH regeneration (two-stage process), we lowered the pH from 10.5 to 7.5 via 

the addition of concentrated HCl to the mixture containing pre-irradiated TEOA and NAD+ which 

inhibited the NADH regeneration (Fig. 4d). Thus, we postulate that in our photocatalytic NADH 

regeneration, TEOA provides with both, the source of reducing agent (GA) and the environment 

alkalinity required to activate NAD+ reduction. 
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Fig. 4 Identification of glycolaldehyde as an active reducing agent. (a) Selective chemical reduction of NAD+ in the 

mixture of GA and TEOA after 10 minutes incubation. (b) NADH photoregeneration in two-stage process using TEOA 

or DEOA as an electron donor. (c) Chemical reduction of NAD+ by GA at different pH values, revealing higher 

effectiveness of the process in alkaline conditions. Lack of NADH in the absence of GA confirms its critical role in 

cofactor reduction. (d) Inhibition of NADH regeneration (two-stage process) through pH lowering. (e) NMR spectra 

of initial TEOA, after 6 h irradiation with g-C3N4 (orange curve) and pure GA in buffer. (* - aromatic products of g-

C3N4 photodegradation). 

 

 Since diethanolamine is a known product of TEOA decomposition that can be oxidized 

to GA, we evaluated the use of diethanolamine as an electron donor in the two-step process. As 

expected, NAD+ was regenerated in the presence of pre-irradiated DEOA which may indicate 

that GA is also a product of DEOA oxidation (Fig. 4b). In presence of DEOA, however, the 

NADH concentration is 30 % lower as compared to TEOA. This is because the complete 
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oxidation of one TEOA molecule can theoretically yield three molecules of GA while one 

DEOA molecule will yield only two GA molecules which, in turn, leads to the less effective 

NADH regeneration process.  

 The presence of GA in the pre-irradiated sample containing TEOA and the photocatalyst 

was confirmed by 1H-NMR measurements of the initial and irradiated TEOA solution, as well as 

the pure GA as a control (Fig. 4e). Since the amount of GA generated in a typical process was 

barely detectable, we doubled the amount of photocatalyst (g-C3N4) and prolonged the irradiation 

time to 6 h. While TEOA does not exhibit any peak in the region between 10 and 7 ppm, three new 

peaks occur in the spectrum of the irradiated sample. The peak located at ~ 9.5 ppm, also present 

in the pure GA spectrum, characteristic for aldehydic compounds confirms the presence of GA in 

the pre-irradiated mixture. The two remaining peaks located between 8.5 and 7.5 ppm (marked 

with stars) may indicate the formation of aromatic products of g-C3N4 photodegradation in the 

presence of TEOA.  

 In order to correlate the amount of generated glycolaldehyde from TEOA and amount of 

NADH we performed colorimetric detection GA. In doing so, the pre-irradiated mixture of TEOA 

was exposed to both, NAD+ and a colorimetric assay (for details see SI – Fig. S13). We observed 

that pre-irradiation of 1 M TEOA gives ~100 μM of GA, while exposing the same solution to 

NAD+ leads to the formation of ~300 μM of NADH.  Bearing in mind the fact that regeneration of 

NAD+ is a two-electron process, the 1:3 molar ratio suggests the donation of 6 electrons by each 

GA molecule. This may indicate that GA undergoes a multi-electron oxidation to oxalic acid 

(through glyoxal and glyoxylic acid)[54] loosing 2 electrons on each reaction step, thus providing 

with 6 electrons per 1 GA molecule.  

The remaining question is the identity of the real electron acceptor during the 

photochemical TOEA degradation. Skrabalak et al.[52] have demonstrated that thermal 

decomposition of ethylene glycol in the presence of oxygen leads to the formation of 

glycolaldehyde that is an actual reducing agent in polyol silver nanoparticles synthesis. The 

anaerobic conditions contribute to the limited silver nanoparticles formation while saturating the 

reaction mixture with O2 increases nanoparticles concentration in the final mixture. We 

hypothesized that oxygen can play the role of an electron acceptor also in TEOA degradation. To 

evaluate this statement, we compared the NADH regeneration efficiency in the presence and 

absence of air, in both, one-pot and two-stage modes. (Fig. 5). Although the residual amount of 
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oxygen was present in the mixture after bubbling it with N2 for 15 min (Fig. S14), the term 

“anaerobic conditions“ was used throughout the article for the sake of simplicity. In anaerobic 

conditions, the NADH concentration was nearly 8 and 3 times lower as compared to aerobic 

conditions for one-pot and two-stage reactions, respectively, suggesting an active role of oxygen 

in TEOA photooxidation. To further confirm it we measured the emission decay time of the 

polymer in the presence of TOEA under aerobic and anaerobic conditions observing its increase 

from 0.75 to 1.94 ns upon oxygen removal. These results show that the polymer promotes the 

electron transfer from TEOA to O2 molecules adsorbed on the material surface leading to the 

formation of singlet oxygen (1O2) and/or superoxide (O2
•-) in a similar fashion as described by 

Tobin et al.[48] 

 

 

Fig. 3 Oxygen as an electron donor in photocatalytic glycolaldehyde formation. (upper) Comparison of the reaction 

efficiency obtained in one-pot and two-stage reactions in both, aerobic and anaerobic conditions showing higher 

NADH concentrations reached in the presence of air which confirms that oxygen takes part in this. (lower) Oxygen-

dependent emission decay time of PHTT_DMP in the presence of TEOA (1 M) upon excitation at 480 nm. Removal 

of oxygen increases the decay time. 

 

ACCEPTED M
ANUSCRIP

T



 16 

Interestingly, the cofactor concentrations obtained in the two-stage mode are higher as 

compared to the one-pot process. In the presence of the photocatalyst, the as-reduced NADH can 

be oxidized back to NAD+ on the material surface. As a matter of fact, we showed in another 

control experiment that irradiating NADH only in the presence of the polymer for 1 h leads to 

approximately 40 % decrease in NADH concentration (Fig. S15). In the two-stage process, the 

backward reaction is excluded since there is no contact between the polymer and the cofactor.  

 

4. Summary 

In summary, we revisited the role of triethanolamine in the photocatalytic regeneration of 

cofactor molecules (NADH) by showing its dual functionality: as a precursor of glycolaldehyde - 

the real reductor of NAD+and a strong base ensuring the high pH to provide the sufficient reducing 

power of glycolaldehyde. The chemical stability of glycolaldehyde formed in the photochemical 

process allowed us to develop a new experimental model that comprises two steps: pre-irradiation 

of TEOA in the presence of the photocatalyst and dark reduction of cofactor molecules after the 

photocatalyst removal. Such a spatial and temporal decoupling of redox half-reactions eliminates 

the issues of an eventual NADH re-oxidation on the photocatalyst surface. In addition, the pre-

irradiated mixture exhibits the long-term activity demonstrated by performing NADH regeneration 

using the solution stored for 11 days (Fig. S16). Revealing of oxygen’s role as an electron donor 

in the photochemical process, conditioning the formation of glycolaldehyde, was another 

significant contribution. From a broader perspective, our finding shows that photoactivation of 

inexpensive TEOA leads to production of a valuable chemical feedstock of relevance in organic 

chemistry and biology. For example, glycolaldehyde is an important intermediate in formose 

reaction that involves the autocatalytic synthesis of biologically-relevant sugars (e.g. ribose) from 

formaldehyde as a starting material. 
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