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ABSTRACT. The high bond dissociation energy of C–C σ-bonds presents a challenge to chemical 

conversions in organic synthesis, polymer degradation, and biomass conversion that require 

chemoselective C–C bond cleavage at room temperature. Dye-sensitized photoelectrochemical 

cells (DSPECs) incorporating molecular organic dyes could offer a means of using renewable solar 

energy to drive these types of energetically demanding chemoselective C–C bond cleavage 

reactions. This study reports the solar light-driven activation of a bicyclic aminoxyl mediator to 

achieve C–C bond cleavage in the aryl-ether linkage of a lignin model compound (LMC) at room 

temperature using a donor–π-conjugated bridge–acceptor (D–π–A) organic dye-based DSPEC 

system. Mesoporous TiO2 photoanodes surface modified with 5-[4-

(diphenylamino)phenyl]thiophene-2-cyanoacrylic acid (DPTC) D–π–A organic dye were 

investigated along with a bicyclic aminoxyl radical mediator (9-azabicyclo[3,3,1]nonan-3-one-9-

oxyl, KABNO) in solution with and without the presence of LMC. Photophysical studies of 

DPTC with KABNO showed intermolecular energy/electron transfer under 1 sun illumination 

(100 mW·cm−2). Under illumination, the D–π–A type DPTC sensitized TiO2 photoanodes 

facilitate the generation of the reactive oxoammonium species KABNO+ as a strong oxidizing 

agent, which is required to drive the oxidative C–C bond cleavage of LMC. The 

photoelectrochemical oxidative reaction in a complete DSPEC with KABNO afforded C–C bond 

cleavage products 2-(2-methoxyphenoxy)acrylaldehyde (94%) and 2,6-dimethoxy-1,4-

benzoquinone (66%). This process provides a first report utilizing a D–π–A type organic dye in 

combination with a bicyclic nitroxyl radical mediator for heterogeneous photoelectrolytic 

oxidative cleavage of C–C σ-bonds, modeled on those found in lignin, at room temperature.
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INTRODUCTION

Lignin is one of the most abundant natural aromatic resources on earth and is recognized 

as a potential feedstock for alternative fuels and chemicals.1 Lignin valorization requires a cost 

effective means of driving the energy intensive conversion of lignin to value-added monomeric 

chemicals (e.g., vanillin, catechol, and phenol) that are important raw materials for the production 

of bioplastics, adhesives, and pharmaceuticals.2-9 In addition, lignin is reported as a precursor for 

a polymeric composite that can be used for various energy applications.10-13 Phenolic aromatic 

units are abundant in lignin and connected by aliphatic C–C and/or C–O σ-bonds, which are the 

targeted linkages for most lignin degradation strategies (Fig. 1a).14 In the past few years, C–C 

and/or C–O bond cleavages in lignin model compounds or real lignin have been performed using 

various reaction methods including retro-aldol reaction,2, 15 catalytic aerobic oxidation,3, 4, 14, 16, 17 

hydrogenation,5 TEMPO-mediated oxidation (TEMPO = 2,2,6,6-tetramethyl-1-piperidine N-

oxyl),6 electrocatalytic oxidation,7 and photocatalytic oxidation/reduction.8, 18 Among these, we 

first reported the photoelectrocatalytic oxidation of lignin model compounds and real lignin using 

a polypyridyl based Ru(II) complex chromophore coated mesoporous TiO2 photoanode with a 

hydrogen atom transfer mediator (e.g., N-hydroxyphthalimide) in a dye-sensitized 

photoelectrochemical cell (DSPEC) under solar light illumination at room temperature.19 

Traditionally, DSPECs have targeted solar-driven water oxidation/reduction for the production of 

solar fuels in aqueous media.20-22 Notably, Ru polypyridyl complexes have been extensively 

studied with co-catalysts for water oxidation or reduction reactions, solar energy conversion, and 

solar fuel production.23-25 However, these Ru based complexes share the drawback of high 

materials cost and the limited ability to tune the HOMO and LUMO energy levels as compared to 
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organic dyes.26 Metal-free organic dyes containing a donor–π-conjugated bridge–acceptor (D–π–

A) structure offer promising alternatives as the photocatalyst for the light-driven oxidative C–C 

bond cleavage of lignin in the DSPEC system because of their high molar absorption coefficient, 

tunable redox potentials, and facile synthesis.27 To our knowledge, oxidative cleavage of C–C 

bond in lignin or related model compounds in a DSPEC at room temperature has not been explored 

to date using D–π–A type organic chromophores. 

 

Figure 1. (a) Schematic representative structure of real lignin (left) and a dimeric lignin model 

compound (LMC) containing abundant aryl ether linkage (right), and (b) illustration of DPTC 

anchored on mesoporous structured TiO2 for solar light-driven oxidative cleavage of LMC in 

combination with a bicyclic nitroxyl mediator, 9-azabicyclo[3,3,1]nonan-3-one-9-oxyl (KABNO). 
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Direct electrochemical oxidative C−O and/or C−C bonds cleavage of lignin model species has 

been widely studied.28-30 However, this approach requires high applied bias to deliver sufficient 

overpotential (e.g., 1.45 V vs. SCE) resulting in the formation of unwanted oxidation and 

degradation products.31 Electrolysis in the presence of a nitroxyl mediator (e.g., TEMPO) 

provides an alternative approach that lowers by several hundred mV the required overpotential 

compared with the direct oxidation of the lignin model compound or real lignin degradation.32, 33 

For example, the Stahl research group found that monocyclic TEMPO and its derivatives 

facilitated the oxidation of secondary benzylic alcohol or aliphatic primary alcohol groups in lignin 

under sufficient electrochemical bias.34 In addition, the use of bicyclic nitroxyls (e.g., 2-

azaadamantane N-oxyl and KABNO) showed significant oxidation activity for primary and/or 

secondary alcohol oxidation due to their favorable catalytic properties.35-37 However, bicyclic 

nitroxyls species have not been as extensively studied in a DSPEC system even though they have 

been known as effective alcohol oxidation agents since the 1960s.35, 38 To complement these dark 

electrochemical and electrocatalytic approaches, our study presents the next step in lowering the 

electrical energy (e.g., < 0.5 V vs. Ag/Ag+) needed to achieve chemoselective C–C bond cleavage 

of lignin by harnessing solar energy at room temperature using an organic dye-based DSPEC 

incorporating a bicyclic nitroxyl mediator. As shown in Fig. 1b, this article describes the use of 

D–π–A type organic dye-sensitized TiO2 photoanodes in combination with a bicyclic nitroxyl 

mediator, 9-azabicyclo[3,3,1]nonan-3-one-9-oxyl (KABNO), to carry out C–C bond cleavage of 

aryl-ether linkages in a phenolic lignin model compound (LMC) under simulated solar 

illumination at room temperature. The 5-[4-(diphenylamino)phenyl]thiophene-2-cyanoacrylic 

acid (DPTC) D–π–A organic dye featuring a triphenylamine (TPA) donor, cyanoacrylic acceptor 
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moiety, and carboxylic anchoring group was chosen as a typical D–π–A typed dye, which is widely 

used in dye-sensitized solar cells because of its high molar extinction coefficients in the visible 

range.39 In addition, the redox potential of KABNO is a good match for the HOMO level of DPTC 

as shown in Fig. 1b. The KABNO•/+ couple exhibits a relatively high redox potential compared to 

other N-oxyl species of 200 mV vs. Fc+/Fc in acetonitrile with 0.1 M LiClO4.40 Fig. 1b gives a 

schematic overview of the solar-light-driven selective C–C bond cleavage process studied here 

involving 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol as the 

LMC, the DPTC sensitized TiO2 photoanode (FTO/TiO2/DPTC), and solution dissolved KABNO 

under 1 sun illumination. This phenolic LMC structure contains the most abundant aryl ether 

linkage type found in native lignin.

Experimental Section

Materials. 5-[4-(diphenylamino)phenyl]thiophene-2-cyanoacrylic acid was purchased from 

Dyenamo. Fluorine-doped tin oxide glass was purchased from Hartford Glass Co., Inc. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was purchased from TCI. 9-

Azabicyclo[3,3,1]nonan-3-one-9-oxyl was purchased from Sigma-Aldrich. The LMC, 1-(4-

hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol, was purchased from SY 

Innovation and used without further purification or modification.

Fabrication of DPTC-immobilized mesoporous TiO2 photoanode (FTO/TiO2/DPTC). The 

photoanodes were fabricated and modified according to previous studies.19, 41, 42 All FTO glass was 

cleaned by sonicating it with detergent, distilled water, and the mixture of acetone, isopropyl 

alcohol, and ethanol (1:1:1 ratio), separately, in an ultrasonic bath for 20 min. The mesoporous 

structured TiO2 layer was prepared by doctor blading a TiO2 paste (approximately 20 nm TiO2) 
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onto a clean FTO glass slide followed by annealing at 500 C for 30 min.43-45 Then, after cooling 

down to 80 oC, the annealed TiO2 films (FTO/TiO2) were immersed in a 0.5 mM DPTC solution 

in anhydrous ethanol for 4 h at room temperature. The FTO/TiO2/DPTC films were rinsed with 

anhydrous ethanol and dried and stored in a sealed vial prior to use.

Characterization Methods. UV-visible absorption spectra of FTO/TiO2/DPTC films were 

collected using a Thermo Scientific Evolution 220 UV-vis spectrometer. Emission spectra 

measurement was performed using an Edinburgh FLS 980 steady state fluorimeter. The AFM 

images of bare FTO/TiO2 and FTO/TiO2/DPTC films were obtained with tapping mode of 0.7 Hz 

using the MultiMode-8 and RTESP-300 tip (Bruker Co.). All cleavage products were characterized 

by NMR, GC-FID (Shimadzu 2010 GC), and GC-MS (Q Exactive GC Orbitrap GC-MS/MS with 

TriPlus RSH autosampler). 1H-NMR, 13C-NMR, and 2D 1H-13C heteronuclear single quantum 

coherence (HSQC) NMR were used for the structural analysis of LMC before and after 

photoelectrochemical reaction by using a Bruker AVANCE III HD 800 MHz equipped with TCI 

Cryo probe. The HSQC NMR spectra were processed using Bruker TopSpin 4.1.4 software. After 

the completion of the reaction, all reaction mixtures were precipitated by a 1:1 mixture of ethyl 

acetate and hexane to remove the TBAPF6 electrolyte. Then, the products were dissolved in CDCl3 

with dimethyl sulfoxide (DMSO) as an internal standard for NMR analysis. The conversion yield 

of the cleavage products was obtained by GC-FID fitted with a 30 m × 0.25 mm i.d. capillary 

column and AOCI205 autosampler. Helium gas was used as a carrier gas and the GC-FID system 

was held at 65 ℃ for 3 min. The temperature was ramped from 65 to 300 ℃ with a heating rate of 

10 ℃/min, and kept at 300 ℃ for 5 min. The concentration of each product was determined based 

on the product calibration curve with the internal standard DMSO. The cleavage products were 

confirmed by GC-MS. The GC-MS system was held at 40 ℃ for 3 min, and then the temperature 
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was gradually increased from 40 to 300 ℃ with a heating rate of 10 ℃/min, and then held at 300 

℃ for 20 min. 

Electrochemical measurements. All electrochemical measurements were performed in 

acetonitrile solution with 0.1 M TBAPF6 as a supporting electrolyte using a single compartment 

three-electrode cell including a Pt wire counter electrode, a Ag/Ag+ quasi reference electrode, and 

FTO/TiO2/DPTC films as the working electrode. Voltammograms were recorded at a scan rate of 

50 mV·s-1 and potentials were reported with ferrocene/ferrocenium (Fc/Fc+) as an external 

reference after calibration of the Ag/Ag+ quasi reference. Photocurrent-time trace measurements 

were conducted at light intervals of 60 s on/off with an applied voltage of +0.4 V vs. Ag/Ag+
 under 

1 sun illumination (100 mW·cm−2). Light irradiation was provided by an AM1.5 solar simulator 

(ABET TECHNOLOGIES). The temperature in the photoanode was maintained at ambient 

temperature by cooling with forced air using an electric fan. 

Photoelectrocatalytic oxidation of LMC. All lignin model compound (LMC) degradation 

studies were performed using an LSH-7320 ABA LED Solar Simulator (ORIEL) with 1 sun 

AM1.5G (100 mW·cm−2) light intensity for 24 hours under an applied voltage of +0.4 V vs. 

Ag/Ag+. The light intensity was measured using a THORLABS PM400 optical power meter with 

a S415C thermal power sensor head. The electrolyte solution contained 3 mM KABNO and 8 mM 

LMC in 20 mL of acetonitrile with 0.1 M TBAPF6. A specifically designed Teflon cell suitable 

for back-illumination was used to assemble all the organic dye-sensitized DSPECs. 
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RESULTS AND DISCUSSION 

The photophysical properties of DPTC were studied in the presence or absence of KABNO in 

acetonitrile solution. The UV–visible absorption and emission spectra of DPTC show a broad 

absorption and emission with peak maximum at λ ≈ 385 and 525 nm, respectively (Fig. 2a). It is 

noted that the absorption approximately between 380 to 500 nm corresponds to the charge transfer 

from the triphenylamine donor to the cyanoacrylic acid acceptor unit.46, 47 The steady-state 

emission intensity of DPTC decreases as the concentration of KABNO increases from 0 to 1.2 

mM (Fig. 2b), which indicates that the emission from the photoexcited DPTC was quenched by 

the presence of KABNO. On the basis of emission quenching in Fig. 2b, the Stern-Volmer 

quenching constant value obtained approximately Ksv ~ 5.5 × 102 M−1. This emission quenching 

implies that intermolecular energy/electron transfer between the photoexcited DPTC and KABNO 

occurs. This could result in the formation of oxidized KABNO+ following photoexcited charge 

transfer between DPTC* and KABNO.48 On the basis of this quenching, we expect that 

photoexcited electron from DPTC* is injected to the TiO2 photoanode generating DPTC+ which 

then drives the formation of oxoammonium KABNO+ by interfacial hole transfer in the DSPEC.

Cyclic voltammetry (CV) was carried out in acetonitrile to study the relative redox potentials of 

KABNO and LMC using a glassy carbon working electrode. KABNO showed stable redox 

behavior with E1/2 = 0.54 V vs. Ag/Ag+ (Fig. S1a); however, an irreversible anodic wave was 

observed for LMC with Epa = 0.76 V vs. Ag/Ag+ (Fig. S1b) which is consistent with other 

studies.31, 49 The addition of 3 mM of LMC to the KABNO solution results in both increased 

current at the anodic peak of the KABNO wave (Epa = 0.56 V vs. Ag/Ag+, Fig. 2c) and the loss of 

the cathodic wave for KABNO on the return scan. Both observations are consistent with the 

catalytic oxidation of LMC by KABNO+ in solution after its formation by interfacial electron 
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transfer. 31, 32, 37, 50, 51 These results reveal that KABNO+ can effectively oxidize the alcohol groups 

in LMC, and it demonstrates the importance of nitroxyl mediators (i.e., KABNO) in lowering the 

activation energy for converting the LMC to the corresponding ketone/aldehyde as reported in 

previous studies.52

Figure 2. (a) UV−vis absorption (solid) and emission (dash) spectra of DPTC in acetonitrile. 

Emission spectrum was obtained with excitation at λex = 380 nm. (b) Emission quenching for 

DPTC with KABNO (conc. = 0 – 1.2 mM). (c) CV of KABNO and LMC in 0.1 M TBAPF6 

acetonitrile solution. The experiment was performed using a glassy carbon working electrode, Pt 

counter electrode, and Ag/Ag+ reference electrode in the dark. 
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To fabricate a DPTC-sensitized photoanode, mesoporous TiO2 films with a thickness of ~6 µm 

were deposited on FTO substrates.42 The DPTC dye was adsorbed onto the FTO/TiO2 films 

(FTO/TiO2/DPTC) from 0.5 mM ethanol solution at room temperature. Fig. 3a shows the 

absorption spectrum with λmax ≈ 410 nm of the FTO/TiO2/DPTC surface corresponds to the charge 

transfer from a TPA donor to cyanoacrylic acceptor unit. This maximum absorption band of DPTC 

at the interface of the FTO/TiO2 film displays a similar absorption band with ~420 nm in ethanol 

solution (Fig. S2). This absorption band is shifted to a shorter wavelength (i.e., blue-shift) 

compared to DPTC in ethanol solution due to the adsorption on the TiO2 surface.19 The plane view 

topographies of the bare FTO/TiO2 and FTO/TiO2/DPTC films were further characterized by 

atomic force microscopy (AFM) (Fig. S3). AFM analysis of the FTO/TiO2/DPTC films revealed 

a smoother surface with roughness, Rrms = 24 nm (Rrms: root mean square), compared to that of the 

FTO/TiO2 films (Rrms = 28 nm). These results indicate that the DPTC dye is successfully anchored 

onto the TiO2 surface. 
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Figure 3. (a) UV-vis spectrum of FTO/TiO2/DPTC (inset: picture of a FTO/TiO2/DPTC electrode). 

(b) CVs of FTO/TiO2/DPTC (black), the same with 3 mM KABNO (blue), and the mixture of 3 

mM KABNO and LMC (red) in 0.1 M TBAPF6 acetonitrile. 
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To investigate the electrochemical response of FTO/TiO2/DPTC films in the absence or presence 

of KABNO and LMC, CVs were performed in 0.1 M TBAPF6 acetonitrile solution, as shown in 

Fig. 3b. The CV of FTO/TiO2/DPTC exhibits steady redox behavior, with a redox couple at E1/2 = 

0.76 V vs. Ag/Ag+ (black voltammogram). In the presence of KABNO, the voltammogram shows 

corresponding redox potential peaks at E1/2 = 0.50 V vs. Ag/Ag+ (blue voltammogram), while the 

mixture of KABNO and LMC in acetonitrile solution exhibits increased anodic current at a high 

applied bias > 1.2 V vs. Ag/Ag+ (red voltammogram). The increase in peak current for the 

KABNO anodic wave in the red voltammogram and the absence of cathodic peaks for KABNO 

and DPTC on the return scan are consistent with the oxidizing equivalents generated ultimately 

resulting in the oxidation of LMC.52 In other words, the formation of KABNO+ occurs at 0.64 V 

vs. Ag/Ag+; however, the cathodic peak for the reduction of KABNO+ back to KABNO expected 

at 0.37 V vs. Ag/Ag+ does not appear because of the reaction of KABNO+ with LMC in solution. 

As a control experiment and for further comparison, a CV of the FTO/TiO2/DPTC film was 

performed with only LMC in solution as shown in Fig. S4.
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Figure 4. (a) Photocurrent-time trace of FTO/TiO2/DPTC (black) with different concentration of 

KABNO (red: 1.5 mM, blue: 3.0 mM, and pink: 5.0 mM). (b) Chronoamperograms of the 

FTO/TiO2/DPTC electrode in the presence of increasing concentration of KABNO from under 

illumination from time 0 to 1 min. Photocurrent-time trace of FTO/TiO2/DPTC (c) with 3 mM 

KABNO (black) and the mixture of 3 mM KABNO and LMC (red), (d) with different 

concentration of KABNO (black: 1.5 mM, red: 3.0 mM, and blue: 6.0 mM) at 3 mM LMC, and 

(e) the photocurrent densities with the period of between 5 and 6 min. (f) Energy diagram of the 

mesoporous TiO2, DPTC, and KABNO components of system. CB and VB indicate the 

conduction band and valance band potential of TiO2, respectively. All photocurrent-time trace 

experiments performed in 0.1 M TBAPF6 acetonitrile solution with an applied bias of 0.4 V vs. 

Ag/Ag+ under 1 sun illumination.
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The photocurrent transient experiments with FTO/TiO2/DPTC in the presence of KABNO 

and/or LMC in solution are shown in Fig. 4. Increasing the KABNO concentration from 0, 1.5, 

3.0, to 5.0 mM in 0.1 M TBAPF6 acetonitrile solution resulted in increasing photocurrent densities 

of 10, 53, 133, and 197 μA·cm−2, respectively (Fig. 4a). The increased photocurrents with 

increasing [KABNO] suggest that light-driven electron transfer from KABNO to oxidized DPTC+ 

dye occurs following charge injection from DPTC* to the conduction band of mesoporous TiO2. 

According to the photocurrent experiments, the total consumed charge passed during the 

photocurrent measurements showed 1.5, 5.8, 14.9, and 19.7 mC with increasing [KABNO] of 0, 

1.5, 3.0, and 5.0 mM KABNO, respectively (Fig. 4b). The linear increase in charge passed shows 

that DPTC dye is capable of generating the activated KABNO+ as a strong oxidizing mediator for 

lignin oxidation under visible light illumination. To probe LMC oxidation in this DSPEC system, 

3 mM of LMC was added to the solution in the presence of KABNO under the same 

photoelectrochemical conditions. Interestingly, the photocurrent significantly increased up to ~603 

μA cm−2 (Fig. 4c). As a control experiment, the photocurrent was measured for FTO/TiO2/DPTC 

with 3 mM LMC and no KABNO (Fig. S5). With LMC in solution, the photocurrents do increase 

compared to blank electrolyte (no LMC and KABNO). The lower observed photocurrent (~210 

μA cm−2) with only 3 mM LMC in solution compared to that of the mixture of LMC and KABNO 

(603 μA cm−2) demonstrates that the maximum photocatalytic activity requires the presence of 

both LMC and KABNO. The substantial increase in photocurrent is attributed to the effective 

oxidation of LMC by the oxoammonium species KABNO+ generated at the FTO/TiO2/DPTC 

surface under 1 sun illumination. Interestingly, reproducible current spikes are observed in the first 

30 s of illumination in the presence of both KABNO and LMC. To gain further insight into 

transient spikes in Fig. 4c, we performed additional experiments with varying concentration of 
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KABNO to understand better the conditions that cause the current spikes. In Fig. 4d, the KABNO 

concentration is varied from 1.5 to 6.0 mM while [LMC] is constant. Fig. 4e shows a magnified 

view of the photocurrents between 5 and 6 min. Based on these observations, the transient 

photocurrent peaks appear when the LMC concentration is the same or higher than [KABNO]. 

Upon close inspection of the current spike at the 6.0 mM KABNO condition (blue), a growth in 

photocurrent is still observed following the start of illumination, but peaks at a shorter time (~ 5 s) 

after the start of illumination. As shown in Fig. 4e, the photocurrent transients can be characterized 

by four stages: I) photocurrent onset and initial decay, II) delayed increase in photocurrent reaching 

a peak, III) a second decay period following the peak, and IV) steady state photocurrent at longer 

(> 30 s) illumination times. While these states are most obvious in the 1.5 mM and 3.0 mM 

experiments (black and red), the 6.0 mM KABNO (blue) shows similar behavior but with shorter 

periods for each stage. We interpret the behavior of the photocurrent in each stage as reflective of 

the reductants present in the double layer. Initially (stage I), only KABNO is present and the 

photocurrent decays as a diffusional gradient establishes under illumination. As the concentration 

of oxoammonium increases from the oxidation of KABNO, the reaction with LMC produces 

reductants not initially present either by the generation of KABNOH or the intermediates formed 

after reaction of the LMC with KABNO+. This increase in reductant concentration in the double 

layer as a result of chemical reaction of the photochemically generated KABNO+ causes an 

increase in the photocurrents (stage II) that peak and gradually decline as all the LMC in the double 

layer is consumed (stage III). After sufficient time (stage IV), diffusional gradients of KABNO 

and LMC establish and the system reaches a steady state that, in the presence of equal or greater 

concentration of KABNO, depends on the bulk concentration of LMC (compare 3.0 mM (red) 

and 6.0 mM (blue) data sets in Fig. 4e). 
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While the number of N-oxyl species near the electrode is constant, the reaction of one equivalent 

KABNOH (R2NOH) at the electrode to give KABNO+ delivers two electron equivalents. Only 

KABNO should be present at the start of illumination, and the formation of some amount of 

KABNOH as a result of reactions in solution with LMC and KABNO+, and then the oxidation of 

KABNOH to KABNO+ at the photoanode, could explain the growth in photocurrent immediately 

following the start of illumination. Taken together, these results demonstrate the effective 

photoelectrochemical transformation of LMC proceeding by the following steps: (i) light 

absorption and photoexcited electron injection from DPTC* to the conduction band of TiO2, (ii) 

hole transfer between oxidized DPTC+ and KABNO to form the oxoammonium species KABNO+ 

in solution, (iii) oxidation of LMC by KABNO+ ([KABNO]ox), and (iv) regeneration of KABNO 

([KABNO]red Fig. 4f) and the C–C cleaved products A and B.
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Figure 5. (a) Aliphatic and (b) aromatic region of 2D HSQC NMR spectra of the LMC before 

(left) and after (right) the photoelectrolysis reaction. (c) Photoelectrocatalytic C–C bond cleavage 

reaction of a phenolic lignin model compound at the FTO/TiO2/DPTC incorporating KABNO at 

room temperature. The yields for A and B were determined by GC-FID analysis of the reaction 

mixtures relative to dimethyl sulfoxide (DMSO) as an internal standard. 
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In line with our previous studies, the presence of a chromophore, nitroxyl mediator, and light 

are all required to perform the effective photocatalytic oxidation of LMC at room temperature.19, 

48, 53 To better understand the products formed during the photocatalytic oxidation of LMC, a 24 

h continuous illumination experiment with LMC and KABNO in acetonitrile with 0.1 M TABPF6 

was performed. The photocatalytic conversion products were identified using GC-MS and NMR 

analyses. Cleavage products 2-(2-methoxyphenoxy)acrylaldehyde A and 2,6-dimethoxy-1,4-

benzoquinone B were obtained after the 24 h reaction at room temperature based on the results of 

GC-MS analysis (Fig. S6) and 1H and 13C NMR (Fig. S7). These products were further confirmed 

with two-dimensional 1H-13C heteronuclear single quantum coherence (2D-HSQC) NMR analysis 

(Fig. 5a-b). In the aliphatic region, the -aryl ether linkage of LMC was identified at δC/δH 

72.27/4.94 ppm (A), δC/δH 86.66/4.15 ppm (A), and δC/δH 60.14/3.91-3.67 ppm (A). These 

peaks significantly decreased after the 24 h illumination. This observation indicated C–C and/or 

C–O bond cleavage of the -aryl ether linkage of LMC. For further elucidation of the degradation 

of LMC, the chemical shifts in the aromatic region were identified. The chemical shifts of G2 

(δC/δH 111.57/6.93 ppm), G5 (δC/δH 120.27/6.95 ppm), G6 (δC/δH 123.49/7.05 ppm), and S2/6 (δC/δH 

102.23/6.62 ppm) were observed with the original LMC prior to illumination. However, after the 

reaction, most of these chemical shifts were not detected. Instead, new chemical shifts from the 

cleavage products A and B appeared at A1 (δC/δH 121.09/6.95 ppm), A2 (δC/δH 112.93/6.99 ppm), 

A5 (δC/δH 126.24/7.18 ppm), A6 (δC/δH 122.05/7.04 ppm), A’ (δC/δH1/δH2 107.34/5.26/5.07 ppm), 

B2/6 (δC/δH 107.34/5.85 ppm), and the aldehyde peak (δC/δH 186.91/9.44 ppm). The characteristic 

signals of A and B are consistent with our previous report.52 The yields of product A and B were 

quantitatively monitored by GC-FID with DMSO as an internal standard (Fig. S8). As Fig. 5c 

presents, after 24 h illumination at room temperature, yields of 94% for A and 66% for B were 
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obtained. This result is consistent with our previous study where, under aerobic conditions, product 

B could be further oxidized by the oxoammonium form of KABNO+ which decreased the 

measured yield.52 The trace amount of oxidized LMC (1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-

methoxyphenoxy)propane-1-one) was also observed at δC/δH 106.48/7.41 ppm (oxidized S2/6) and 

δC/δH 84.35/5.35 ppm (shifted A due to the oxidized  ) as shown in the inset in Fig. S9. Thus, 

the above NMR and GC characterizations of the cleavage products after illumination give strong 

evidence for the selective Caryl–Cα bond cleavage of LMC. We were unable to conduct 

recyclability tests on the same FTO/TiO2/DPTC photoanode after reaction due to the degradation 

of the DPTC dye at the TiO2 interface. 

Figure 6. Proposed mechanism for oxidative C–C bond cleavage to give products A and B in the 

DSPEC system by using the FTO/TiO2/DPTC photoanode and KABNO (R2NO•) in the presence 

of LMC. 
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Based on the proposed mechanism presented for Caryl–Cα cleavage in aryl ether linkages of a 

phenolic LMC in a related DSPEC system,43 Fig. 6 illustrates the possible mechanism using the 

DPTC-sensitized photoanode and KABNO in the presence of LMC at room temperature under 1 

sun illumination. The brief overall sequence is as follow: (1) the DPTC deposited on the surface 

of photoanode forms an excited-state DPTC*, which is sufficiently reducing to sensitize the TiO2 

surface after absorption of visible light; (2) electron injection from DPTC* to the conduction band 

of TiO2 yields DPTC+ and TiO2 (e-); (3) DPTC+ oxidizes KABNO (R2-NO•) to form KABNO+ 

(R2-N+=O) and reform the ground state DPTC; (4) one equivalent of KABNO+ preferentially 

oxidizes the primary alcohol (Cγ−OH) of LMC to give Int 1 which leads to the formation of 

product B; (5) abstraction of the phenolic hydrogen atom by R2-NO• gives the possible LMC 

intermediate radical resonance structures Int 2 and Int 3; (6) reaction of intermediate Int 3 with 

an additional equivalent of KABNO and KABNO+ would then result in the formation of 

pentacyclic intermediate Int 4; (7) dissociation of Int 4 with the consumption of 1 equivalent of 

KABNO+ and reformation of KABNO results in Caryl–Cα cleavage and formation of products A 

and B.

CONCLUSION

Organic dyes have been widely used in dye-sensitized solar cells as an alternative to transition 

metal complex chromophores. This study confirmed visible light-driven chemoselective Caryl–Cα 

bond cleavage in a phenolic LMC at room temperature by incorporating the bicyclic niroxyl 

mediator KABNO and D–π–A type organic dye (DPTC). We investigated intermolecular charge 

transfer between KABNO and DPTC in solution and at the interface of FTO/TiO2. The 

FTO/TiO2/DPTC photoanode generates significant photocurrent density in the presence of 
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KABNO and LMC under visible light illumination in acetonitrile electrolyte. This D–π–A type 

organic dye-based photoelectrochemical process with KABNO requires lower applied bias 

compared to related electrochemical or electrocatalytic approaches and this avoids overoxidation 

or uncontrolled degradation of the LMC. As a result, LMC was selectively oxidized in the DSPEC. 

We anticipate that this system can be further improved and adapted by considering the use of other 

organic dyes and by tuning the relative redox levels of the various components in the DSPEC. 

Future work will focus on the preparation of more efficient and chemically stable donor-linker-

acceptor components and modifying the dye structure to better match its redox potential to that of 

the nitroxyl mediator.
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