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I. INTRODUCTION AND OBJECTIVES 
  
Solar energy can be converted to electricity by photovoltaic cells or to 

thermal energy by solar collectors.  Many organisms, such as plants, 

perform photosynthesis producing high energy compounds, e.g. 

carbohydrates, and they have a continuous energy supply in this way. There 

have been many attempts to mimic natural photosynthesis and convert solar 

energy into fuels starting from the 1970's1. Such systems could be used 

theoretically to store solar energy by producing a reasonable quantity of H2 

or other small molecule fuels. 

Photosystems that have a band gap larger than 3 eV (semiconductors or 

organometallic compounds) only use the UV range of the solar spectrum. 

The efficiency of these systems is questionable. Artificial photosynthetic 

cells can use two photosystems similarly to the Z-scheme of their natural 

counterparts. Since the band gap can be much lower (1-2 eV) in such 

systems their effective spectra is extended to the visible range while still 

being able to perform water splitting. Water splitting requires 2-3 eV of 

energy that includes the activation and kinetic overpotential2.  A good 

example of shuttle mediators is the plastoquinone-plastoquinol redox couple 

in naturally occurring photosynthetic electron transports. However, a 

comparative study on benzoquinone derivatives as possible redox mediators 

in such systems is lacking.  

It was recently demonstrated that the photoreaction of 2,6-dichloro-1,4-

benzoquinone produced O2 and dichloro-hydroquinone. This finding raises 

the possibility to use direct photoreduction of quinones in artificial 

photosynthetic systems. 

Redox mediators in solar energy conversion systems must fulfil a set of 

criteria including low overpotential in electrode reactions, fast electron 
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transfer rate, fast diffusion, photoresistance and insensitivity to reactive 

oxygen species. Characterization of potential redox mediators thus must 

include the assessment of their electrochemical and photochemical 

properties. 

Our aim was to study the photoreactions of different 1,4-benzoquinone 

derivatives having electron withdrawing or electron donating substituent(s) 

with spectrophotometric and pH-stat methods, spectrofluorimetric 

approaches, and using a photoreactor designed by our research group. 

It was among our goals to develop a simplified actinometric method in 

order to assess the photon flux of light sources used in our study.  

We aimed to investigate the electrochemical properties of different 

quinone/quinol redox systems. 

In order to understand the effect of oxidizing compounds formed by 

excitation of 1,4-benzoquinones and of reactive oxygen species that may 

form in artificial photosystems, we aimed to conduct kinetic studies  on the 

1,4-benzoquinones – H2O2 reactions. 
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LIST OF ABBREVIATIONS 

 
Q: 1,4-benzoquinone; Q-H2: 1,4-hydroquinone; Q-OH: 2-hydroxy-1,4-

benzoquinone; QMe: 2-methyl-1,4-benzoquinone; QMe-H2: 2-methyl-1,4-

hydroquinone; QMe-OH: 2-methyl-5-hydroxy-1,4-benzoquinone; QMe2: 

2,6-dimethyl-1,4-benzoquinone; Q(MeO)2: 2,6-dimethoxy-1,4-benzo-

quinone; Q(MeO)2-H2: 2,6-dimethoxy-1,4-hydroquinone; QMe(MeO)2: 

2,3-dimethoxy-5-methyl-1,4-benzoquinone; QMe(MeO)2-H2: 2,3-

dimethoxy-5-methyl-1,4-hydroquinone; Q-2,5-Cl2: 2,5-dichloro-1,4-benzo-

quinone; Q-2,5-Cl2-OH: 2,5-dichloro-3-hydroxy-1,4-benzoquinone; Q-2,6-

Cl2: 2,6-dichloro-1,4-benzoquinone; Q-2,6-Cl2-OH: 2,6-dichloro-3-

hydroxy-1,4-benzoquinone; QR: quinones having -R functional group; QR-

H2: 1,4-hydroquinones having -R functional group; QR-OH: hydroxy-1,4-

benzoquinones having -R functional group; 

  
Equations (8) and (9): qp: photon flux; NA: Avogadro constant; V: volume 

of the illuminated solution; 365: differential quantum yield of the 

actinometer at wavelength 365 nm; 390: molar absorption coefficient for the 

actinometer at wavelength 390 nm; l: optical path length; cFe(II): Fe(II) 

concentration; C: ratio of the actual and relative energies for the instrument 

( relEEC  / ); h: Planck constant; c: speed of light 

 
Equations (10) and (11): c0: initial concentration of the reactant; 

Aλ
ini

and A λ
fin : initial and final absorbances detected at the wavelength of 

the detection, AΦ
ini and AΦ

fin : initial and final absorbances measured at the 

illumination wavelength, β: ratio of the path length of illumination and 

detection, ξ  : kinetic reaction coordinate 
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II. EXPERIMENTAL METHODS 
 
Aqueous solutions of 1,4-benzoquinone derivatives were prepared using 

triply ion exchanged (Millipore) water. 

Kinetic studies of the formation and the decomposition of hydroxy 

quinones were performed by UV-Vis spectrophotometry. A Shimadzu UV-

1601 double beam spectrophotometer with UV-Probe software was used for 

measuring the spectrum of the hydroxyquinone product. Only one 

wavelength at the maximum absorbance in the visible range was used to 

follow the reaction. For the oxidation reactions of Q at higher hydrogen 

peroxide concentrations (0.09-0.18 mol dm-3), rapid kinetic experiments 

were carried out in an Applied Photophysics DX-17 MV stopped-flow 

instrument with photomultiplier tube as the detector. 

Kinetic studies of the photochemical reaction of QR derivatives were 

carried out by an AnalytikJena SPECORD S600 diode array 

spectrophotometer and ABU 91 AUTOBURETTA RADIOMETER 

COPENHAGEN pH stat instrument equipped with a UV lamp. Moreover, 

this type of reactions were performed by a photochemical reactor combining 

an Avantes Avaspec-2048 CCD spectrophotometer and a LED radiation 

source. 

Spectrophotometric titrations were carried out for the determination of 

the pKa values of the QR-OH. They were produced during the 

photochemical reaction with a Spectroline FC-100/F UV-A lamp emitting at 

365 nm in a thermostatted sample holder. Carbonate free argonated KOH 

solution was used during pH stat measurements. 

Spectrofluorimetry was used to analyze the fluorescence emission 

spectra of Q-H2 and QMe-H2 and to follow the formation of Q-H2 during 
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the photoreaction of Q. The fluorescence spectra were recorded with a Jasco 

FP-8500 fluorimeter. 

The least squares fitting of the measured data during 

spectrophotometric titration and kinetic experiments was carried out using 

the general fitting software MicroMath SCIENTIST. 

To identify the decomposition products of QMe-OH, 1H-NMR 

spectroscopy and GC-MS measurements were carried out. 1H-NMR spectra 

were measured on a BRUKER DRX 400 instrument. For the evaluation of 

the spectra, the MestReNova NMR software was used. GC-MS 

measurements were carried out using a Shimadzu GCMS-QP2010plus 

system and the compounds were identified by using NIST05 library spectra. 

Cyclic voltammetric measurements were performed to determine the 

formal potential values of the quinone/hydroquinone redox systems, the 

pKa1 values of Q-H2, QMe(MeO)2-H2, QCl-H2, and heterogeneous electron 

transfer rate constant of Q-H2 and QMe(MeO)2-H2 on platinum electrode. 

During the experiments, platinum was used as the working electrode and 

counter electrode, while the reference electrode was an Ag/AgCl electrode. 

The cyclic voltammograms were obtained by means of a Metrohm VA 746 

Trace Analyzer equipped with 747 VA Stand. For the analysis of the 

voltammograms, the CACYVO program was used.  

For the pH measurements of the benzoquinone solutions, a Metrohm 

hydrogenion selective glass electrode connected to an ABU 93 Triburette 

potentiometric titrator or mobile pH meter was used. 
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STRUCTURAL FORMULA OF THE STUDIED 1,4-BENZOQUINONE 

DERIVATIVES 
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III. SCIENTIFIC ACHIEVEMENTS 

 
1. We determined the kinetic properties of H2O2 oxidation of Q, QMe and 

QCl.  

  
The formation and decomposition of the reaction was monitored at the 

wavelength of absorbance maximum of QR-OH in the visible range (Figure 

1). The high excess of H2O2 assured the constant concentration of the oxi-

dizing agent. The pH of the solution was maintained at constant values 

using phosphate buffer in excess. The kinetic traces were fitted based on the 

kinetic scheme expressed with equations (1) and (2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: 
Kinetic trace during the reaction Q–H2O2 at 25.0 °C; c(Q) = 8.7×10-4 mol dm-3;  
c(H2O2) = 0.54 mol dm-3; pH = 6.52; □ : experimental data; ▬ : fitted curve 
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0

0.2

0.4

0.6

0.8

1

1.2

0 2000 4000 6000 8000
0

0.2

0.4

0.6

0.8

1

1.2

0
0.2
0.4
0.6
0.8

1
1.2

0 200 400 600 800

Time, s

Ab
s 

(4
80

 n
m

)

Time, s

Ab
s 

(4
80

 n
m

)



Photochemical and Redox Properties of 1,4-Benzoquinones 

 8

The fitted parameters were the molar absorption of QR-O–, and the 

apparent rate constants k1, k2 and k3. 

Based on our results, the formation of QR-OH can be expressed as follows: 

  

(3) 

 

The rate limiting step was the reaction of QR with the deprotonated 

form of H2O2 (HO2
–) which was preceded by the fast pre-equilibrium of 

H2O2 deprotonation. 

 

 (4) 

 

 (5) 

 

The rate constants (k1), the molar absorbances of QR-O–, and the pKa values 

of QR-OH based on spectrophotometric titration are listed in Table 1. 
 

 

 
Quinone 

derivative k1, s–1 pKs (QR-OH) (QR-O–), 
dm3 mol–1 cm–1

QMe (3.460.01) × 109 4.50.4 817±20 (490 nm) 
Q (1.230.02) × 108 3.40.1 1703±88 (480 nm) 

QCl (1.490.03) × 107 2.80.6 823±10 (510 nm) 
 Q-2,6-Cl2 2.7 × 107 * 1.80.6 2530±60 (524 nm) * 

 

 

The 1H-NMR measurements of the reaction products suggest that QMe-OH 

decomposes to aliphatic fragments. 

Table 1: The k1 values of the formation of QR-OH, pKa values of QR-OH and molar 
absorbance () of its deprotonated form at 25.0 °C; *: literature data  

   2
,

22 HOHOH 2O2HsK

OHOQRHOQR 22
b   k

]H[
]OH][QR[]QR[ 22

111 
 kkv 
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2. We calculated the activation parameters of the rate limiting step of H2O2 

oxidation of Q, QMe, QCl and Q-2,6-Cl2. 

 
Temperature dependent experiments were carried out at in the temperature 

range between 10-40 °C (Figure 2). The rate constant (kb) of the rate 

limiting process of  Q, QMe, QCl, Q-2,6-Cl2 oxidation with H2O2 was 

calculated from the fitted k1 and the temperature dependent Ka values of 

H2O2 (6, 7). 

 

 and (6, 7) 

  

This kb value was used to express the activation energy, activation enthalpy, 

and activation entropy (Ea, H‡, and S‡, respectively) from the Eyring and 

Arrhenius plots (Table 2). 

 

 

 

 

 

 

  

 

 
 

Quinone 
deivative Ea,  kJ mol1 ‡,  kJ mol1 S‡,  J mol1 K1 

QMe 18.40.4 15.90.4 -1291 
Q 15.31.3 12.91.3 -1274 

QCl 8.90.6 6.50.6 -1282 
 Q-2,6-Cl2 5.50.3 3.00.3 -1421 

Table 2: Activation parameters of the rate limiting step for the formation of QR-OH  

Figure 2: 
Kinetic curves measured at 
different temperatures for the 
reaction QMe–H2O2; c(QMe) = 
9.5 × 10-4 mol dm-3, c(H2O2) = 
0.58 mol dm-3, pH = 6.39 
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3. We developed a simplified actinometric measurement method to assess 

the photon flux of light sources. 

 
The ferrioxalate actinometric method recommended by the IUPAC 

guidelines was simplified. We omitted the addition of coordination ligand 

after completing the actinometric reaction and instead of that, we measured 

directly the spectral changes that follow the photoreduction of Fe(III) to 

Fe(II) in the UV range by spectrophotometry (Figure 3).  

 

 

 

 

 

 

 

We analyzed the photon flux of the light sources of the diode array 

spectrophotometer in parallel measurements and we found that the relative 

error of the new method is significantly lower (6%) than that of classical 

actinometry (9%). The new method is based on continuous monitoring of 

the actinometric reaction process thus it enables stability measurements of 

the light sources. In the case of monochromatic light, equation (8) can be 

used to calculate the photon flux that enters a given reaction volume, while 

in case of polychromatic light, equation (9) was used to compute a photon 

flux spectrum (symbols are listed in the abbreviation part).    
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4. We constucted a special photochemical reactor combining a fiber-optic 

spectrophotometer for monitoring the photodecomposition of 1,4- 

benzoquinone derivatives. 

 
In order to study photoreactions in a controlled geometry setup, we 

designed and built a photoreactor. The reactor consists of a holder 

compatible with a 12.5×12.5×45 mm quartz cuvette that can be irradiated 

from the top using a LED light source (Figure 4). The boreholes on the 

opposite sides of the housing support the collimating lenses and the fiber 

optics of the spectrophotometer used to follow the reaction process. The 

fiber optics connects the detector and the light source of the photometer to 

the reactor. As the photon flux of the spectrophotometer is insufficient to 

drive the photoreaction, it does not interfere with the LED induced reaction. 

Thorough stirring of the sample must be assured during the whole 

photochemical process. The cell holder is made out of brass thus enabling 

magnetic stirring. The LED light sources are controlled by a personal 

computer, thus different intensities and irradiation time profiles can be set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: 
Cell holder of the photoreactor; a: LED light source; b: collimating lenses; c: optical fiber 
 

a 

b 

c 
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5. We determined the quantum yield for the photodecomposition of Q, QCl, 

Q-2,5-Cl2 and Q-2,6-Cl2 induced by a LED400. 

 
The process of the photoreaction of QCl, Q-2,5-Cl2 and Q-2,6-Cl2 was 

followed in unbuffered solution at the absorption maximum wavelength of 

the deprotonated form of their hydroxy derivative. In the case of Q, the pH 

in unbuffered aqueous solution is similar to the pKa of Q-OH, thus the 

kinetic trace at the isobestic wavelength of the Q-OH and Q-O– + H+ 

process was used to determine the quantum yield (Table 3). The fitted 

model was based on equations (10) and (11) (symbols are listed in the 

abbreviation part). 

 
 

  (10) 
 
  

(11) 
 
 
 
 
 
 

 Q QCl Q-2,5-Cl2 Q-2,6-Cl2 

400 0.34 1.11 1.34 1.10 

qn,p(Vc0)-1, s-1 (1.760.05) 

× 10-3 
(5.700.09) 

× 10-3 
(2.080.02) 

× 10-3 
(5.650.05) 

× 10-3 
ini
λA  0.0444 

(425 nm) 
0.0275 

(510 nm) 
0.145 

(524 nm) 
0.0161 

(524 nm) 
fin

λA  0.386 
(425 nm) 

0.815 
(510 nm) 

0.908 
(524 nm) 

0.848 
(524 nm) 

iniA
(400 nm) 0.0300 0.0579 0.184 0.110 

finA
(400 nm) 0.505 0.297 0.351 0.167 

qp, s-1 7.7 × 1015 7.7 × 1015 2.8 × 1015 7.7 × 1015 
 2.5 

  finini

ini
ξβAβAξn

ξAAξ
Aξ

Vc
Φq

dt
dξ finini








 

)1(
)1(101 )1(

0

p,

finini ξAAξA   )1(

Table 3: Quantum yield for the decomposition of QR and parameters derived from 
fitting and used for curve fitting; T = 25.0 °C 
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6. We monitored the formation of Q-OH and Q-2,6-Cl2-OH selectively 

based on their spectral and acid-base characteristics. 

 
The photoreactions were induced by a UV lamp and the reaction process 

was followed by spectrophotometry and pH-stat titration. The quantum 

yield of QR-OH formation at 365 nm wavelength was determined using the 

initial rate method (Equation 12). The kinetic traces were evaluated using 

the molar absorbance of QR-O– (Table 1). 

The results of pH-stat titration measurements of photoreactions did not 

show a significant difference from those obtained by spectrophotometry 

(Table 4). These results show that H+ formation is attributable solely to 

deprotonation of QR-OH, thus the amount of base consumed during the pH-

stat measurement reflects the concentration of QR-OH. 

 
 (12) 
 

   
 
 
 

 
Quinone derivative Q Q-2,6-Cl2 

Spectrophotometric 
method 
=2.5 

 0.07 0.40 
vini, mol dm-3 s-1 6.75 × 10-8 2.28 × 10-6 
qp, s-1 9.54 × 1015 9.54 × 1015 

pH-stat method 
pH≈pKa(QR-OH) + 2 
=1.77 

 0.08 0.47 
vini, mol dm-3 s-1 8.05 × 10-8 3.39 × 10-6 
qp, s-1 2.7 × 1017 2.7 × 1017 

iniA
 (365 nm) 0.029 0.39 

 iniβA
ini V

Φq
v  101p

Table 4: Initial rate and quantum yield for the formation of QR-OH and the initial 
absorbances measured at the wavelength of the illumination; T = 25.0 °C 
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7. We measured the fluorescence spectral characteristics of Q-H2 and QMe-

H2. 

 
Both Q-H2 and QMe-H2 show an 

excitation maximum at 290 nm and 

a fluorescence emission peak at 

330 nm in aqueous solution. The 

fluorescence emission was used to 

follow QR-H2 formation during the 

photoreaction of QR. However, the 

absorption spectra of QMe and Q 

overlap with the fluorescent emission of its QR-H2, causing a strong internal 

filter effect. To assess the extent of this effect we measured mixtures of 

QMe and QMe-H2 in different ratios. We found that in samples diluted to 

5×10-5 mol dm-3 ([QR-H2]+[QR]), the inner filter effect was diminished and 

the fluorescence emission showed linear correlation with the QR-H2 

concentration regardless of the QR fraction in the solution (Figure 6). 

Irradiating such dilute QR solutions would result in very slow reaction 

progress. Irradiating samples of 1×10-3 mol dm-3 Q, then diluting them 20× 

before fluorimetry, we assessed the quantum yield of Q-H2 formation: 0.21. 
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Figure 5: Fluorescence emission spectrum 
of  QMe-H2; ex = 290 nm 

Figure 6: Analysis the correlation between c(QMe-H2) and the fluorescence intensity in the 
presence of QMe 
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8. We determined the dependence of formal potential of  Q/Q-H2, 

QMe/QMe-H2, Q(MeO)2/Q(MeO)2-H2, QMe(MeO)2/QMe(MeO)2-H2, 

QCl/QCl-H2, Q-2,6-Cl2/Q-2,6-Cl2-H2 from the nature of substituents and 

assessed the pKa1 in case of Q-H2, QMe(MeO)2-H2 and QCl-H2. 

 
The pH independent parts of Pourbaix diagrams derived from cyclic 

voltammetric measurements of unbuffered solutions of QR were compared 

(Figure 7). We found that the higher the electropositivity of substituents the 

lower the formal potential of that given QR/QR-H2 was.  

We determined the pKa1 values of Q-H2, QMe(MeO)2-H2 and QCl-H2 

by measuring the pH dependence of their formal potential values in 

buffered solutions (9.7; 11.3; 8.2, respectively). We found that the 

minimum of the peak separations is in agreement with pKa1 values. The 

pKa1 values are also in linear correlation with the formal potentials of 

QR/QR-H2 redox systems (Figure 8). A similar correlation was published 

for the semiquinone/quinone systems. 

Figure 7: Pourbaix diagrams of QR/QR-
H2 redox systems; T = 25.0 °C; 
▲: Q-2,6-Cl2; ●: QCl; ■: Q; ♦: QMe; ●: 
QMe(MeO)2; ■: Q(MeO)2 

Figure 8: The log10 Ka values of QR-H2 
as a function of 0 for QR/QR-H2;  
T = 25.0 °C; *: log10 Ka from literature 
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9. We assessed the diffusion constant and the heterogeneous electron 

transfer rate constant of Q-H2 and QMe(MeO)2-H2 on platinum electrode. 
 
The cyclic voltammograms of   Q/Q-H2, and QMe(MeO)2/QMe(MeO)2-H2 

redox systems were studied at different sweeping rates. The diffusion 

constants were derived from the diffusion controlled part of the Ep-lg v 

function for Q-H2 and QMe(MeO)2-H2 based on the Randles-Sevcik method 

(Figure 9).  

The heterogeneous electron transfer rate constants on the Pt electrode 

were also determined using the peak potential depending part on the 

sweeping rate of this function, according to Nicholson and Shain (Table 5).    
 
 
 
 
  
 

Quinone derivative D, cm2 s-1 ks, cm s-1 
Q/Q-H2 1.63 × 10-6 0.031 

QMe(MeO)2/QMe(MeO)2-H2 2.02 × 10-6 0.035 

Figure 9: Peak potentials of QMe(MeO)2/QMe(MeO)2-H2 redox system (Ep) as a 
function of  log10 of scan rate (v, mV s-1); T = 25.0 °C 

Table 5: Diffusion coefficients and heterogeneous electron transfer 
rate constant for  QR/QR-H2 at 25.0 °C  
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10. We found a linear correlation between the k1 of QR – H2O2 reactions, 

the activation energy for the rate determining step of this reaction, the 

formal potential of QR/QR-H2 redox systems and the pKa values of QR-OH. 

 
We found that the electron withdrawing or electron donating property of 

different substituents influenced the rate and the activation energy of QR – 

H2O2 reaction significantly, the formal potential of QR/QR-H2 redox 

systems and the pKa of QR-OH. These values correlate to each other upon 

different substituents, which suggests that these values are determined by 

common structural background and can be shifted as a function of the 

substituents electronegativitiy (Figures 10 and 11).  
 
 

Figure 10: Linear correlation 
between log10 k1 values for QR–
H2O2 reactions (y-axes,♦); log10 Ks 
values of QR-OH (y-axes,□) and 
formal redox potential of the  
QR/QR-H2 systems (x-axes);  
T = 25.0 °C 

Figure 11: Linear correlation 
between activation energy for the 
rate limiting step of QR – H2O2 
reaction and the Hammett-like 
substituent constants () derived 
from pKa values of QR-OH;  
T = 25.0 °C  
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IV. POSSIBLE APPLICATIONS OF THE RESULTS 

 
Our studies revealed that photoreactions of photosensitive QR lead to the 

formation of QR-OH. The quantum yields of the QR-OH and QR-H2 varied 

between different R substituted derivatives. These results show that 

photosensitive quinones (Q, QMe, QCl, Q-2,5-Cl2, Q-2,6-Cl2) cannot be 

used for solar energy conversion. 

The photosensitivity of Q(MeO)2 and QMe(MeO)2 is minor, their 

photoreaction is far from being efficient. 

In natural photosynthetic systems, plastoquinone, a 1,4-benzoquinone 

derivative, is one of the most important mediators between the two 

photosystems. One form of artificial photosynthetic cells following the Z-

scheme uses soluble redox mediators between semiconductor based 

photosystems (O2 and H2 evolving systems) to connect the electrochemical 

chain.  

Our results show that non-photosensitive quinones like QMe(MeO)2 

may be used in artificial photosynthetic systems as redox mediators (Figure 

12). The Q(MeO)2-H2  or QMe(MeO)2-H2 oxidation and H+ reduction 

together has a substantially lower energy requirement than complete water 

splitting (the gap between the redox potentials of QR/QR-H2 and H+/H2 

redox systems). Thus combining solar irradiation with electrolysis could be 

an efficient way to produce H2 (Figure 13). On platinum electrodes, the 

overpotential of H2 generation is only 0.07 volts. The oxidation and 

reduction overpotential of Q(MeO)2 and Q(Me(MeO)2 is low at neutral and 

basic unbuffered solution, and higher at acidic condition that lower the 

efficiency of reoxidation. 
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Figure 12: Artificial photosynthetic system 
containing quinone mediator based on the Z-

scheme 

Figure 13: Light assisted electrolytic 
cell for water splitting containing 

quinone as mediator 
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