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A B S T R A C T

In this paper we propose an alternative strategy to produce green hydrogen in a more sustainable way than 
standard water electrolysis, where a substantial amount of the electrical energy is wasted in the oxygen evolution 
quite often simply released in the atmosphere. The HER (hydrogen evolution reaction) is effectively coupled with 
the oxidation of guaiacol at the anode, leading to the simultaneous production of H2 and valuable guaiacol 
oligomers. Significative points i) a substantial decrease of the potential difference for the HER, 0.85 V with 
guaiacol ii) HER is accompanied by the production of industrially appealing and sustainable guaiacol based 
oligomers iii) guaiacol oxidation runs efficiently on carbon-based surfaces like graphite and glassy carbon, which 
are cheap and not-strategic materials. Then, the electrochemical oxidation mechanism of guaiacol is studied in 
detail with in-situ EPR measurements and post-electrolysis product characterization: LC-DAD, LC-MS and NMR. 
Experimental results and theoretical calculations suggest that guaiacol polymerization follows a Kane-Maguire 
mechanism.

1. Introduction

Green hydrogen is gaining more and more attention as the ideal en
ergy carrier, since it can be produced via water electrolysis and yields 
water as the combustion product [1].Because of that, the use of 
hydrogen as a fuel or energy vector is considered a key strategy for a 
decarbonized energy infrastructure. Furthermore, the increasing avail
ability of efficient renewable photovoltaic and wind (electric) energy 

industrial installations will make green hydrogen production even cleaner 
and cheaper in the next future. The challenge green hydrogen is facing 
today lies in the cost of the high energy requirement for the electro
chemical water splitting. The conventional water electrolysis process 
involves two half-reactions: oxidation at the positive electrode (anode) 
with oxygen evolution (OER) and reduction at the negative electrode 
(cathode) with hydrogen production (HER). Useful levels of H2 pro
duction via conventional water electrolysis can only be achieved with an 
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electrical energy input greater than 45 kWh/kg H2 [2] and approxi
mately 15 kg water/kg H2 [3]. For this reason, research efforts are still 
needed to improve the energy efficiency of electrolyzers. Some 
not-conventional solutions, such as the thermal activation of the elec
trolytic process [4], or exploiting spin control [5–9] have been proposed. 
However, heating leads again to a significant increase in energy costs. 
Furthermore, in water electrolysis the desired product (H2) is produced 
at the cathode, while gaseous oxygen is generated at the anode [2]. 
Although pure O2 is used in various industrial applications and has some 
economic value, oxygen harvesting and storage require plant sophisti
cation and a corresponding capital investment. As a consequence, oxy
gen is often simply released into the atmosphere. Thus, the lower utility 
of the anodic process, combined with the intrinsic energy requirement 
for the OER, calls for a different strategy to make the anodic process 
productive and profitable. This can be achieved by coupling hydrogen 
reduction at the cathode with oxidative processes that yield valuable 
chemicals. In this work we propose to couple HER with guaiacol 
oxidation as a sacrificial anodic process. Guaiacol is a non-toxic 
o-methoxyphenol derived from guaiacum or lignin pyrolysis. Due to 
its properties it finds industrial application across various sectors [10]. 
For example, it serves as a precursor for guaifenesin in cough syrups, it 
possesses antiseptic and local anesthetic properties, and it is used as a 
flavoring agent, either directly or after modification such as in the 
synthesis of vanillin [11]. The present study is based on a seminal paper 
by Papouchado on the guaiacol electrochemical oxidation, where the 
reported onset potential for guaiacol oxidation is found much lower than 
the thermodynamic OER onset potential needed for water splitting 
(+1.23 V [2]). Moreover, the formation of para-coupled guaiacol olig
omers was suggested to be the main product following guaiacol oxida
tive coupling [12]. In this paper the HER efficiency is analysed in tight 
comparison to an in-depth characterization of the oxidation products. 
The guaiacol oligomer production is suggested to follow a 
Kane− Maguire mechanism [13–18]. The evolved hydrogen gas volume 
is also collected as a function of time to determine the process dynamics 
and faradic efficiency.

2. Experimental

2.1. Chemicals

Reagent grade potassium chloride (KCl, ≥ 99.5 %), phosphoric acid 
(H3PO4, 85 %) and sodium bicarbonate (NaHCO3) were purchased from 
Carlo Erba Reagents. Food grade guaiacol (≥99 %), dichloromethane 
(DCM, 99.9 %), tetrabutylammonium hexafluorophosphate (TBAHFP, 
98 %), perchloric acid (HClO4, 60 %) and deuterated chloroform 
(CDCl3) were purchased from Sigma Aldrich. Sulfuric acid (H2SO4, 96 
%) was purchased from J. T. Baker. Trifluoroacetic acid (TFA, ≥ 98.0 %) 
was purchased from Fluka. Magnesium sulphate (MgSO4, 99.5 %) was 
purchased from Alfa Aesar. Biosolve HPLC-S grade, acetonitrile (MeCN) 
was used to prepare eluent solutions for HPLC analysis. All chemicals 
were used without further purification.

2.2. Electrochemical experiments

Electrochemical experiments were conducted with a PalmSens4™ 
potentiostat, typical three electrodes measurements were carried out in 
a cell equipped with a glassy carbon rod (GC, diameter = 1.96 mm, 
length = 2.5 cm) or a graphite lead as the working electrode (WE, 
diameter = 1.93 mm, length = 13 cm), a Pt wire as the counter electrode 
(CE, diameter = 0.50 mm, length = 8 cm) and a Ag/AgCl/KClsat elec
trode as the reference electrode (RE). For EPR measurements two Pt 
wires were used as both the WE and the CE. The software used to operate 
the potentiostat, record and process data was PSTrace 5.9. The efficiency 
of different electrode materials was probed in screening experiments: 
several cyclic voltammetry and chronoamperometry were carried out 
using different electrode materials. Pt, Au, GC and graphite were all 

Fig. 1. CV curves of an aqueous solution of guaiacol 0.5 mM, TFA 1 mM and 
KCl 10 mM, recorded in the − 0.2 to +1.2 V potential range, at a potential scan 
rate of 100 mV/s, starting from +0.4 V (OCP). Glassy carbon as working 
electrode, Pt wire as counter electrode, Ag/AgCl KClsat as reference electrode. 
The arrow indicates the start and the direction of the CV scans.

Fig. 2. 4 h chronoamperometry at +0.8V of an aqueous solution of guaiacol 10 
mM, TFA 20 mM, KCl 0.2 M. Graphite lead as working electrode, Pt wire as 
counter electrode, Ag/AgCl KClsat as reference electrode.

Fig. 3. The volume of hydrogen produced during electrolysis of an aqueous 
solution of guaiacol as a function of time. Guaiacol 10 mM, TFA 20 mM, KCl 
0.2 M at +0.8 V for 105 min. Graphite lead as working electrode, Pt wire as 
counter electrode, Ag/AgCl/KClsat as reference electrode.
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tested as WE for the oxidation of guaiacol. Among these, graphite per
formed the best, meaning that higher currents were measured at the 
same voltages. Similarly, Pt and GC counter electrodes were compared 
too. GC in particular was characterized by a substantial decrease in ef
ficiency, i.e. lower current values. Thus, the best performing couple of 
electrodes for electrolysis was found to be graphite as WE (OER) and Pt 
(HER) as the CE.

2.2.1. Bulk electrolysis
For bulk electrolysis measurements 2 mL of an aqueous solution of 

guaiacol (10 mM), TFA (20 mM) and KCl (0.2 M) were electrolyzed for 4 
h at constant +0.8 V. To maximize the electrode’s surface-to-volume 
ratio, the solution was poured into a flame-sealed Pasteur pipette, and 
the graphite lead electrode was used as the WE. A Pt wire and an Ag/ 
AgCl/KClsat were used as CE and RE respectively.

2.2.2. Hydrogen co-production
Measurement of hydrogen co-production: 8 mL of an aqueous solu

tion of guaiacol (10 mM), TFA (20 mM) and KCl (0.2 M) were electro
lyzed for 105 min at constant +0.8 V. A graphite working electrode was 
used as the WE, a Pt wire as the CE, and the potential applied was 
monitored using an Ag/AgCl/KClsat RE. The volume of hydrogen gas 
produced at the CE during electrolysis was measured by embedding the 
Pt wire in a flame-sealed graduated pipette. The pipette was filled with 
the guaiacol solution during the experimental setup, then the displace
ment of liquid due to gas evolution was recorded within 15 min time 
intervals.

2.3. UV–vis and UV–vis spectroelectrochemistry

UV–Visible spectra of the oxidized guaiacol solution were recorded 
using a PerkinElmer Lambda 650 UV–Vis spectrometer in the spectral 
range 800 ÷ 200 nm using a dual-beam configuration and 1 cm quartz 
cuvettes. The first stages of the electrolysis were monitored via UV–Vis 
spectroelectrochemistry. The electrolysis was performed in the quartz 
cuvette using a graphite lead as the WE, a Pt wire as the CE and an Ag/ 
AgCl/KCl sat as the RE. Oxidation potential was set at +0.8 V, and the 
UV–Vis spectrum of the solution was recorded at each 1-min chro
noamperometric step.

Fig. 4. Chromatograms of a 20-fold diluted sample of an aqueous solution of guaiacol 10 mM, TFA 20 mM and KCl 0.2 M, before (dashed line) and after (solid line) 4 
h of constant potential electrolysis at +0.8V. A) chromatogram recorded at 275 nm, B) magnification of A, C) chromatogram recorded at 385 nm, D) chromatogram 
recorded at 495 nm.

Fig. 5. UV–Vis spectrum of the molecule featuring a retention time (r.t.) of 
3.944 min.

A. Severini et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 124 (2025) 345–354 

347 



2.4. LC-DAD and LC-MS

Products of guaiacol oxidation were separated via liquid chroma
tography and characterized by comparing theoretical UV–Vis spectra of 
the expected oxidation products with the recorded experimental UV–Vis 
spectra. Separation and spectra acquisition were performed with a LC 
Agilent 1050 series equipped with a quaternary low pressure LC pump 
and a multi-channel Diode Array Detector: liquid chromatography- 
UVVisDiodeArray (LC-DAD). LC-DAD runs were performed on a 20- 

fold diluted sample of the electrolyzed solution of guaiacol -see para
graph Electrochemical experiments-. Retention time (r.t.) for unreacted 
guaiacol was confirmed by injecting an aqueous solution of guaiacol that 
was not electrolyzed. Separation was carried out on a reversed-phase 
column, Alltech™ C18, 5 μm particle size, 150 × 2.1 mm, using a bi
nary gradient elution program: solvent A: 0.1 % H3PO4 in Milli-Q® 
deionized water and solvent B, MeCN. The elution linear gradient was 
set as follows: 20 % B 1 min, 95 % B 20 min, 95 % B 5 min, 20 % B 2 min, 
20 % B 6 min for a total gradient program duration of 34 min. Solvents 
were thoroughly degassed before elution. Sample was injected by a 
manual Rheodyne valve, 7725i model, with a 10 μL fixed loop. The LC 
column was kept at ambient temperature with an eluent flow of 0.3 mL/ 
min. Diode-array detection was set to collect spectral data in the range of 
220–500 nm. Single chromatograms were recorded at 275 nm, 385 nm 
and 495 nm. The Agilent Chemstation, LC rev. A, software was used for 
the system setup and signal acquisition. Characterization of electrolysis 
products was carried out via liquid chromatography-mass spectrometry 
(LC-MS) using a micro-LC Agilent 1200 series equipped with an ESI 
interface and an ion trap mass analyser, Agilent 6310A model. A 
reversed-phase column, ZORBAX® SB C18, 3.5 μm particle size, 30 ×
2.1 mm, was used. The separation was carried out in isocratic elution 
mode with 20 % A (0.1 % Formic Acid, 10 mM Ammonium Acetate in 
Milli-Q® deionized water) and 80 % B (MeCN) mobile phase. The in
jection volume was set to 20 μL with a mobile phase flow of 0,2 mL/min. 
The temperature of the nitrogen stream for de-solvation was set to 
350 ◦C. The mass analyser was set to scan a range of m/z from 80 to 500 
amu. Both positive and negative potentials applied to the ESI interface 
were investigated, but ionization only occurred at positive potentials.

Fig. 6. A) TIC (total ion current) chromatogram: 20-times diluted sample of an aqueous solution of guaiacol 10 mM, TFA 20 mM and KCl 0.2 M. Black line (before), 
red line (after) 4 h constant potential electrolysis at +0.8 V. B) Mass spectrum of the species eluting at 0.7 min (guaiacol); C) Mass spectrum of the species eluting at 
2.7 min D) Mass spectrum of the species eluting at 4.0 min.

Fig. 7. UV–Vis spectra of an aqueous solution of guaiacol 1 mM, TFA 2 mM and 
KCl 0.1 M recorded at the beginning (blank, pink line) and after each minute of 
CA experiment. The dashed line represents the calculated spectra of (5). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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2.5. EPR

In-situ EPR electrochemistry spectra were recorded at 295 K on a 
Bruker EMX X-band spectrometer equipped with a Bruker SHQ reso
nator and a PalmSens4™ potentiostat equipped with two Pt wires as 
both working and counter electrode. Two sample solutions were pre
pared with 1) 52 % of guaiacol, 45 % TFA and 3 % TBAHFP by weight 
and 2) 50 % by weight of both guaiacol and 60 % HClO4. The spectra 
were simulated using EasySpin [19]. Pulsed-EPR spectra were recorded 
on a Bruker Elexys E580 spectrometer equipped with a dielectric ring 
resonator (ER 4118X-MD4) housed in a Cryogenic Cryogen-free variable 
temperature cryostat. During the measurements, the resonator was 
over-coupled to minimize ringdown following the application of the 
microwave pulses. The electron spin echo (ESE)-detected EPR spectra 
were measured at T = 10 K using a Hahn echo sequence (π/ 2 − τ − π −

τ − echo) while sweeping the field with τ = 200 ns. X-band electron 
nuclear double resonance (ENDOR) measurements were carried out at 
10 K by employing the Davies pulse sequence (π − RF − π/ 2 − τ − π −

τ − echo) with tπ = 200 ns and tRF = 14000 ns [20].

2.6. NMR

1H NMR spectra were recorded with a Bruker FT-NMR AV-Neo 400 
spectrometer operating at 400 MHz. Chemical shifts are reported in ppm 
compared to the signal of CDCl3 (7.26 ppm). MestReNova 14.2.1–27684 
software was used to process and analyse spectra. Samples for 1H NMR 
analysis were prepared as follows: the electro-oxidized solution of 
guaiacol was first neutralized with a saturated NaHCO3 solution, then 
transferred into a separatory funnel where the products were extracted 
with DCM (3 x 4 mL). The combined organic phases were then washed 
with brine and trace water was removed by drying over MgSO4. The salt 
was removed by filtration over silica and the sample was concentrated 
by rotary evaporation. A drop of concentrated sample was then diluted 
in an NMR tube with 400 μL of CDCl3.

2.7. Calculation details

All the theoretical results reported herein were performed in the 
framework of ab initio quantum mechanical based methods. For each 
species all possible oxidation states and spin multiplicity were consid
ered. Unless stated otherwise, calculations were performed using C1 
symmetry and unrestricted wave function with GAMESS [21] and Firefly 
Rev 8.20 [22] programs (Firefly is partially based on the GAMESS (US)8 
source code). For each structure reported as stationary state shown in 
the PES versus reaction coordinates plot, reaction paths A, B, C, and D, 
molecular geometries were obtained by full optimization carried out at 
the B3LYP/6-31+G* level of the theory. To account for solute− solvent 
interaction, geometry optimization was carried out by using the Barone 
and Cossi’s polarizable conductor model (CPCM) [23,24]; the latter is 
based on Tomasi’s Polarized Continuum Model (PCM) [25]. The 

Fig. 8. a) Room-temperature CW-EPR spectra of a 50 % guaicol solution in 60 % HClO4 at different time intervals (0, 30 min, 3 h); b) Room-temperature CW-EPR 
spectra recorded at different time intervals (0, 30 min, 3 h) of bulk electrolysis of a solution of guaiacol (52 % guaiacol: 45 % TFA: 3 % TBATFB by weight) subjected 
to in-situ bulk electrolysis at a constant potential of +0.8 V, Pt wires as both the WE and CE; c) Pulsed EPR spectrum of the electrolized guaiacol solution recorded at 
10 K; d) 1H Davies ENDOR spectrum of the electrolized guaiacol solution. The spectrum was recorded at a magnetic field corresponding to the maximum echo 
intensity (Fig. 8c) at 10 K. The frequency scale on the x-axis reports the deviation of the resonance lines from the 1H Larmor frequency, νH.

Table 1 
Spin Hamiltonian parameters derived from the simulation of EPR and ENDOR 
experiments. All hyperfine values in MHz.

giso A|| A⊥ aiso T

2.0036 7.5 1.5 3.5 2
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stability of all the species was checked by Hessian calculation.

3. Results and discussion

3.1. Electrochemical evidence

3.1.1. Cyclic voltammetry measurements
Fig. 1 shows the cyclic voltammetry (CV) curves of an aqueous so

lution of guaiacol (0.5 mM) in 1 mM TFA and 10 mM KCl. The potential 
was scanned in the range from − 0.2 to +1.2 V, starting from +0.4 V 
(which is the open circuit potential, OCP), at a scan rate of 0.1 V/s using 
GC as the working electrode.

The current measured in the first reduction forward scan (blue line) i. 
e. from +0.4 to − 0.2 V is extremely low (about 50 μA). Then, in the 
following first oxidation scan (black line) i.e. from − 0.2 V to +1.2 V, a 
minor peak is present at about +0.45 V, which is followed by a promi
nent one around +0.83 V. The oxidation reaction underlying the pres
ence of the current peak at +0.83 V is the oxidation of guaiacol, which is 
in good agreement with previous studies [12]. Then, in the backward 
scan from +1.2 V to − 0.2 V (orange line) the presence of a “new” major 
current peak centered at +0.2 V is noted. The latter is not present in the 
first reduction scan, so it is due to the reduction of species formed during 
the former oxidation cycle. The same applies for the oxidation peak at 
+0.54 V which dramatically increases after the first forward scan in the 
oxidation regime. This current peak assignation will be developed 
further on and confirmed by CV measurements at different potential 
scan windows, vide infra and in the Supporting Information (Fig. S1). 
Upon cycling, the oxidation peak at +0.83 V decreases in intensity and 
shifts towards less positive potentials, namely +0.75 V, while the 
oxidation peak at +0.54 V shifts in the opposite direction. This is 
possibly due to two different and competitive processes 1) to a 
decreasing efficiency in the guaiacol diffusion from the solution (po
larization concentration); 2) the fouling of the electrode surface due to 
the start in the deposition of guaiacol oligomers, that screens it from the 
solution. The polymer is formed during the oxidation process and is not 
soluble in water, therefore it sticks to the electrode. During the CV 
measurements the solution turns into a brownish red color. The same 

behavior is observed during electrolysis experiments. Once the electro
chemical potential is switched off, the color slowly reverts to pale 
pink-yellow, and over time a dark brown solid precipitate. This suggests 
that the oxidation product is a brown finely dispersed solid that settles 
slowly, or a possible equilibrium between two forms in solution, a col
oured one and a colorless one. In the latter hypothesis, one of the species 
involved in the equilibrium might be insoluble, so it forms slowly then 
precipitate. The same coloration did not occur in the narrow-range CV 
measurement (see Supporting Information, Fig. S1) nor in a 30 min 
chronoamperometry at + 0.60 V (not shown). Moreover, hydrogen gas 
evolution from the CE is observed only upon reaching a +0.80 V po
tential. This confirms that guaiacol’s oxidation is the main process 
taking place at +0.83 V.

3.1.2. Bulk electrolysis (chronoamperometry)
Fig. 2 shows a typical i vs t curve of a long-term (4 h) chro

noamperometry (CA) experiment of a 10 mM guaiacol aqueous solution 
in 20 mM TFA and 0.2 M KCl base electrolyte. The CA is run at a constant 
oxidation potential of +0.8 V. The latter is selected according to the CV 
results shown in Fig. 1.

The CA oxidation current follows a monotonically decrease as a 
function of time. Indeed, the analysis of the CV curves, recorded as a 
function of the potential scan rate, shows that the electrochemical re
action underlying the presence of the +0.8 V main oxidation peak is 
diffusion limited (see Supporting Information, Fig. S2 and Fig. S3). The 
current passing between the electrodes reaches a plateau after about 60 
min. After 4 h of CA, a deposit is observed on the WE surface, which 
eventually lead to the passivation of the electrode. This explains the 
decrease in current observed in the CVs shown in Fig. 1.

3.1.3. HER volume harvesting
Fig. 3 shows the volume of hydrogen produced at the CE (4 cm of Pt 

wire immersed in the solution, diameter = 0.50 mm) during electrolysis 
of guaiacol at +0.8 V: HER at the cathode and simultaneous sacrificial 
oxidation of guaiacol at the anode. Hydrogen evolution is faster and 
almost linear with time during the first hour.

This is due to progressive passivation of the anode caused by 

Fig. 9. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.04 (dd, 2H, J1 = 2 Hz, J2 = 8 Hz, Ar–H), 7.02 (d, 2H, J = 2, Ar–H), 6.95 (d, 2H, J = 8, Ar–H), 5.59 (s, 2H, Ar-OH), 3.95 
(s, 6H, ArOCH3). Solvent peaks: 7.26 ppm (s, CDCl3) and 5.30 ppm (s, residual DCM).
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formation and deposit of insoluble guaiacol oligomers on the electrode’s 
surface (vide supra). This drawback could be easily corrected by simple 
continuous mechanical cleaning and collection of the guaiacol oxidation 
products. From the volume of hydrogen evolved we estimated a Faradaic 
Efficiency (FE) of 75.5 % for the process of hydrogen evolution, calcu
lation details are reported in the Supporting Information.

3.2. LC-DAD and LC-MS chromatography

Products formed during electrochemical oxidation of guaiacol were 
analysed using liquid chromatography-UVVisDiodeArray (LC-DAD) and 
liquid chromatography-mass (LC-MS) chromatography, with the aim to 
characterize the composition of the chemical products formed upon 
oxidation. Fig. 4 A (dashed line), shows a single peak in the 

Scheme 1. Mechanism for the formation of guaiacol trimers, starting from electro-oxidation of guaiacol.

Fig. 10. Potential Energy Surface (PES) versus reaction coordinates plot of the 
species illustrated in Scheme 1. Calculations are performed with gaussian 16 at 
the UB3LYP/6-31+G* level of the theory. Geometry optimization was carried 
out by using the Barone and Cossi polarizable conductor model (CPCM).

Fig. 11. Comparison in energy of different anions considered in step B of 
Scheme 1. Additional details concerning the guaiacol oxidation molecular 
mechanism are reported in Section 4 of the Supporting Information.
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chromatogram at about 5.35 min that is guaiacol: the corresponding 
UV–vis spectrum (reported in the Supporting Information, Fig. S4) 
shows an absorption peak at 275 nm, in agreement with the theoretical 
spectrum of guaiacol and with spectra reported in the literature [26].

In the LC-DAD chromatogram of the electrolyzed solution (Fig. 4B, 
solid line), the peak of guaiacol is slightly shifted by 0.4 min. We exclude 
it is another reaction product because the UV–Vis spectrum associated 
with the peak is superimposable to that of guaiacol (see Supporting In
formation, Fig. S4). Moreover, some low-intensity peaks are present, 
meaning that various species are produced upon electrolysis. Notably, 
two coloured species have formed, having elution times of 2.49 min and 
3.45 min. The first one absorbs at 385 and 495 nm (Fig. 4C and D), the 
latter absorbs only at 385 nm (Fig. 4C). The latter two species are more 
hydrophilic than guaiacol, thus retained for a shorter time. Remarkably, 
the UV spectrum of the species eluting at 3.944 min (Fig. 5) is super
imposable to one reported in literature for the reduced form of a 
guaiacol dimer (i.e., 3,3′-dimethoxy-4,4′-dihydroxybiphenyl) [27].

To gain additional data about the structure of the oxidation products, 
we analysed the electrolyzed solution, as well as the guaiacol standard 
solution, using LC-MS chromatography. Fig. 6 shows LC-MS results, two 
species are eluted at retention times of 2.7 and 4.0 min (Fig. 6A).

These times do not correspond to any peak observed in the LC-DAD 
analysis since the chromatographic conditions were different. Interest
ingly, the mass spectra of both chromatographic peaks show the same 
m/z signal of 391 and 413 (Fig. 6C and D). The first one could be an 
ionized open-chain trimer bound to a sodium cation; the second one 
might be the sodium salt of the same trimer (see Supporting Information, 
Figs. S5 and S6, showing the experimental spectra and the possible 
relevant ion structures). It is possible that two isomers have formed, 
having slightly different polarities therefore eluting at different reten
tion times. Remarkably, the pristine solution of non-electrolyzed 
guaiacol is ionized to a less extent (Fig. 6B), showing only a small 
peak at 0.7 min having a MS signal of 123, which might be guaiacol that 
lost a hydride anion in the ESI oxidation process. The same species 
(unreacted guaiacol) is also present in the electrolysed sample.

3.3. UV–vis spectroelectrochemistry

Fig. 7 sets out the dependence of product formation on oxidation 
time. The electrolysis was performed in-situ in a quartz cuvette, at +0.8 
V, using a graphite lead as the WE, a Pt wire as the CE and a Ag/AgCl/ 
KClsat as the RE. As can be seen in Fig. 7 (red line) after the first minute a 
coloured product has formed.

The oxidized species absorb in the range 350–650 nm, showing a 
maximum at 388 nm and a shoulder at around 490 nm. The intensity of 
the absorption band increased after each 1-min chronoamperometric 
step, until it reached a plateau after 4 min. Further oxidation steps did 
not lead to an increase in the absorbance of the solution. The absorption 
maxima wavelength and the overall shape of the UV–Vis spectrum of the 
electrolysed solution is in good agreement with data reported in litera
ture for the enzymatic oxidation of guaiacol [27,28]. Main spectral 
pattern is attributed to the presence of 3,3′-dimethoxy-4,4′-bipheno
quinone (5), which is unstable and spontaneously reduces to 3, 
3′-dimethoxy-4,4′-dihydroxybiphenyl (6).

3.4. EPR results

CW-EPR experiments were performed upon oxidation of a guaiacol 
solution with 60 % HClO4 (50 % by weight of both guaiacol and hy
drochloric acid solution). Immediately after mixing the solution turned 
blue and after a few minutes the reaction mixture reached a deep blue 
colour. EPR spectra were recorded at different time intervals after 
mixing and showed a single isotropic resonance centered at g = 2.0036, 
which is typical for carbon centered radicals (Fig. 8a). EPR measure
ments were also conducted on a pure guaiacol sample subjected to in-situ 
bulk electrolysis. The in-situ electrochemical EPR spectrum was recorded 

at different time intervals under a constant applied potential of +0.8 V 
using two Pt wires as both the WE and the CE. The spectrum grows in 
intensity as a function of time and is characterized by the same g factor 
observed in the case of the chemically oxidized system (Fig. 8b), sug
gesting that the same species is formed. Since the CW-EPR spectra show 
an unstructured line, Pulsed-EPR and ENDOR (Electron Nuclear DOuble 
Resonance) experiments have been carried out in order to obtain more 
details on the structure of the formed radical. The 1H Davies ENDOR 
spectrum recorded at 10 K at a magnetic field position corresponding to 
the maximum of the echo (Fig. 8c) is shown in Fig. 8d, which shows a 
single, well-resolved axial hyperfine pattern with maximum coupling of 
7.5 MHz. The full hyperfine tensor, as determined by spectral simula
tion, is reported in Table 1. Decomposition of the hyperfine tensor in the 
isotropic and anisotropic components provides an isotropic (aiso) and 
dipolar (T) hyperfine coupling of 3.5 MHz and 2 MHz, respectively.

Based on the magnetic point-dipole approximation, the average 
distance of the order of 0.34 nm is estimated between the unpaired 
electron and the 1H spins. The detection of a single hyperfine coupling 
implies that the 1H nuclei present within the molecular scaffold of the 
radical species are all magnetically equivalent.

3.4.1. 1H NMR characterization
Fig. 9 shows the 1H NMR spectrum of the product of guaiacol electro- 

oxidation extracted from the reaction mixture.
A singlet of area 6 (at 3.95 ppm) implies the presence of two methoxy 

groups and a broad band of area 2 (at 5.59 ppm) is due to the presence of 
two hydroxyl groups. As for the 6 aromatic protons: 2 of them (the 
doublet at 6.95 ppm) have a coupling constant that is coherent with a 
meta-coupling (J = 8 Hz), 2 (the doublet at 7.02 ppm) have a coupling 
constant that is coherent with an ortho-coupling (J = 2 Hz), the third 
signal, the doublet of doublets at 7.04 ppm, couples with both (J1 = 2 
Hz, J2 = 8 Hz). Considering 3 protons per ring, and the fact that sub
stituents of guaiacol are in ortho, two of the ring protons are adjacent, 
the third is separated by one position: the carbon atom bearing the C–C 
bridge between the two rings. Chemical shifts and multiplicity splitting 
pattern confirm the symmetry the para-coupled dimer of guaiacol: 3,3′- 
dimethoxy-4,4′-dihydroxybiphenyl (6). These NMR data are in good 
agreement with those reported by Hwang et al. where the enzymatic 
guaiacol oxidation was studied [28].

3.5. Oxidation mechanism

Scheme 1 shows the single elementary steps considered in the 
polymerization of guaiacol. The elementary steps are inspired by the 
Kane− Maguire mechanism [13,14]. The overall scheme is similar to the 
one reported by Hwang et al. for the enzymatic oxidation of guaiacol 
[28]. Four different reaction paths are considered. Path A is the simple 
one-electron oxidation of guaiacol (1) leading to the relevant radical 
cation (2); in principle this is a reversible step. Suitable experimental 
conditions such as low temperature, very fast potential scan in cyclic 
voltammetry (CV), ultradry and oxygen free solvent, could allow to re
cord a reversible or quasi-reversible voltammogram. Path B is a possible 
route for the coupling reaction, leading to the neutral radical species (3) 
by the dissociation of the hydroxylic O–H proton. (3) is a crucial reactive 
species in the supposed radical C–C coupling mechanism. Remarkably, a 
proton dissociation reaction is the key step. We will address explicitly 
the role of A− in Fig. 10 [29]. The simplest follow-up reaction (path C) 
involves two radicals (3γ) and yields a stable closed-shell dimer, (5), via 
intermediate (4). Path D final product is the closed-shell dimer (6). An 
additional pathway that allows the formation of the peroxide might take 
place, but since it was studied in a previous work [18] and is highly 
reactive we did not focus on it. The formation of the trimer follows the 
same steps described before: starting from the dimer (6) it forms the 
radical cation (7, see Scheme S1), then it loses one hydrogen atom 
yielding the neutral radical (8, see Scheme S1)), which can combine 
with another monomer radical (3) to form the trimer (10).
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Ionization energies were calculated for the monomer (1), the dimer 
(4) and the trimer (9, see Scheme S1) using the B3LYP-631+G(d) 
functional. Results suggest that the dimer is the first to be oxidized (with 
an IP of 7.049 eV) then the trimer (7.074 eV) and the monomer comes 
last (7.79 eV). This indicates that the production of the trimer is fav
oured. In Fig. 10 we show the calculated potential energy pattern of the 
principal components of the mechanism proposed in Scheme 1.

The overall process is downhill in energy if we consider the biphenyl 
species 6 as the final product, contrary to what was proposed (5) by 
Papouchado et al. [12]. Proton dissociation from 2 to the neutral radical 
3 is uphill in energy, so we consider it to be nonspontaneous. Inclusion of 
explicit solvation effect contribution (continuum solvation water cpcm 
model) lowers the dissociation energy of 1 by 32 kcal/mol, with a 
relaxed scan, which is an energy barrier too high to allow a spontaneous 
proton dissociation (at 298 K). A completely different picture is obtained 
when the electrolyte anion (A− ) is considered. Fig. 11 shows the 
relaxed-scan PES concerning the proton dissociation assisted by three 
different anions: trifluoroacetate, sulphate and chloride anions. The 
elementary reaction considered is 2 + A− → 3 + HA. The overall process 
is downhill in energy with CF3COO− and HSO−

4 , and slightly uphill with 
Cl− . In all three cases the intermediate is more stable than the products, 
by 20, 15 and 4 cal/mol respectively, which are energy differences low 
enough to allow the formation of the neutral radical 3. Once formed, 3 
exists in three resonance forms, all of which can couple forming the 
dimer. We focused our study on 3γ homocoupling, that yields the 
para-para dimer.

4. Conclusions

An efficient Hydrogen evolution is observed during the electrolysis of 
acid solution of guaiacol (sacrificial reagent) in water. HER coupled with 
the guaiacol electrochemical oxidation was characterised in depth 
comparing both experimental results (CVs, chromatography, UV–Vis, 
EPR, 1H NMR) with theoretical modelling. Remarkably, HER of the 
acidic guaiacol aqueous solution takes place at a much lower voltages, 
with respect to conventional water splitting, while maintaining a 75.5 % 
Faradaic efficiency. The amount of hydrogen production is a linear 
function of time for the first hour of electrolysis, as substantiated by 
kinetic measurements (volume of evolved hydrogen vs. time).

In a nutshell, the electrolysis of the acidic guaiacol aqueous solution 
is characterized by four main benefits. 

1. a substantial decrease of the potential difference for the HER, 0.85 V 
with guaiacol vs. the minimum thermodynamic 1.23 V potential 
difference needed when coupling the HER with the sluggish OER in 
the water electrolysis.

2. HER is accompanied by the production of industrially appealing 
guaiacol-oligomers, contributing further to decreasing the cost of 
hydrogen production. It must be noted from the industrial/economic 
point of view that oligo-guaiacol derivatives exhibit significant 
reduced toxicity with respect to polyphenols, i.e. they are more 
sustainable fine chemical intermediates, while maintaining desirable 
technological properties in the large-scale production of plastics and 
resins [[30–34]].

3. As it is well known the main contribution to the overpotential in 
water electrolysis is due to the OER sluggish process, and catalysers 
are needed to improve efficiency [5–9,35], see also for instance 
Chapter 16 in Ref. [36]. Whilst guaiacol oxidation runs efficiently on 
not-precious carbon-based surfaces like graphite and glassy carbon.

4. Finally, due to the completely different chemistry, there is not any 
hydrogen peroxide formation.
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