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ABSTRACT: UV-—visible spectroscopic studies of aqueous
hydroquinone (HQ) and 1,4-benzoquinone (BQ) have been
carried out along with classical molecular dynamics (MD) and
quantum calculations. The experimental results confirmed that
HQ is stable in hot compressed water up to at least 523 K at 70
bar, but BQ decomposes at temperatures lower than 373 K,
leading to the formation of HQ and other nonabsorbing
products. Even though benzoquinone is not stable, our study
significantly extended the temperature range of other spectro-
scopic studies, and the spectra of HQ up to 523 K can still be
useful for other studies, particularly those related to organic
species in deep ocean hydrothermal vents. Classical MD
simulations at high temperatures show, as expected, a weakening
of the solute—solvent H-bonding interactions. The dependence

of the maximum absorption of BQ on temperature was also analyzed, although a significant degree of decomposition was
observed in the time frame of our experiments. The shift of the maximum absorption peak of BQ with temperature was

consistent with time-dependent density functional theory calculations.

1. INTRODUCTION

The oxidation of HQ to BQ is one of the few electrochemical
reactions that has been studied at temperatures over the critical
point of water (647.15 K and 220.6 bar). This study showed that
HQ has a good chemical stability under hydrothermal conditions
in acid media up to 658 K at 270 bar, as long as no O, is present in

the solution.'
OH 0
I© 2 qj +2H* + 2e°
OH o]

HQ BQ

On the other hand, other studies have shown that BQ, the
oxidation product of HQ, readily decomposes in the presence of
water at relatively low temperatures.”” For instance, Razimov et
al.’ found that BQ polymerizes in water at temperatures as low as
323 K, with the formation of HQ. Because BQ is stable in organic
solvents below 493 K and does not undergo thermal bulk
polymerization, the authors concluded that the process requires
the presence of H,O or hydroxyl ions to initiate the
polymerization reaction.

Xu et al.” investigated the role of water in the mechanism of
decomposition of BQ under hydrothermal conditions, including
supercritical water (SCW). On the basis of the absence of 2-
hydroxyl-p-benzoquinone and 2,5-dihydroxyl-p-benzoquinone
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in the reaction mixture that could be formed by the reaction of
BQ with HO® radicals from water, the authors concluded that the
BQ_polymerization reaction must follow a reaction pathway
similar to the one proposed by Razimov and co-workers.” In this
model, the activation of quinone molecules takes place via
complexation with water molecules or with hydroxyl ions in
alkaline solutions; the complex is more nucleophilic than the
molecule of quinone, and this explains the electron transfer upon
heating. Free H" radicals, formed as a result of the polymerization
process, can reduce BQ to HQ or result in the formation of
molecular hydrogen, which can also result in the formation of
HQ.

Despite the numerous studies on the BQ/HQ system under
room temperature conditions due to the role of quinone in
biological systems,® as biosensors for monitoring biochemical
reactions,” and, more recently, their potential application in the
field of batteries®” and flow batteries,® to the best of our
knowledge, there is no reported spectroscopic data on HQ or BQ_
at temperatures above the boiling point of water.

The UV/visible spectrum of HQ showed only small changes
on going from room temperature to 523 K, but because BQ
readily decomposes in water at low temperature, a significant
reduction in absorbance is observed in the spectrum of this
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species between room temperature and 373 K. Nevertheless, the
main absorption bands for BQ could be determined from the
differential and normalized spectra.

Tossell” has performed detailed energetic, geometric, and
spectroscopic quantum mechanical (QM) calculations for HQ,
BQ, and their complexes at room temperature, with the goal of
understanding their roles as model components in humic acids.
In this study, we have performed classical molecular dynamics
(MD) simulations using the Amber MD Package10 to study the
solvations of both HQ and BQ at 300 K at 1 bar and 300, 373,
423,473, and 523 K at 70 bar. In addition, linear response time-
dependent density functional theory (TD-DFT) calculations
were carried out with the polarizable continuum model (PCM)""
for describing solvent effects, using Gaussian 09 software.'” Both
the static dielectric constant and optical dielectric constant were
adjusted to the proper values at the corresponding temperatures
and pressures.

2. EXPERIMENTAL AND THEORETICAL METHODS

All chemicals were purchased from Sigma-Aldrich at the highest
available grade and used without further purification: 1,4-
benzoquinone (BQ, >98%; Sigma-Aldrich), hydroquinone
(HQ, >99%; Sigma-Aldrich), and sodium bisulfate monohydrate
(NaHSO,-H,0, 99%; Sigma-Aldrich). Solutions were prepared
by mass using oxygen-free deionized water, with a resistivity of 18
MQ cm, that was prepared by bubbling argon gas (GP-520078A;
Praxair) in an air-tight bottle overnight. The concentrations of
benzoquinone and HQ in the solutions were kept within 10™*
and 107 m to avoid extremely high absorbance values, and
NaHSO, was used to adjust the pH of the solutions.

2.1. High T, p Spectroscopic Cell and Injection System.
The UV-—visible system used to carry out the spectroscopic
measurements is similar in design to the one used by Trevani et
al."” for studying copper ammonia complexation reactions under
hydrothermal conditions. Briefly, the injection system is
composed of a high-pressure (ISCO D-Series) pump (1) that
is used to circulate water through the system at a constant flow
rate (1 cm®/min) under high-pressure conditions, a titanium six-
port valve (2) that allows injection of the solution into the
titanium preheater and cell (3), a high T, p UV—visible cell with
sapphire windows and an optical path length, b, equal to 2.3 cm
(4), two on—off valves that can be used to isolate the cell for
studies without flow (5), and a cooler and back-pressure
regulator (7) at the end of the line to keep the solution (or water)
under high-pressure conditions (Figure 1). The cell and
preheater were heated using an OMEGA temperature controller
(model CSC32) with a thermocouple to control and measure the
temperature of the cell. The pressure was set at 70 bar to ensure
that the solvent was in the liquid phase over the entire
temperature range. Because the polyetheretherketone (PEEK)
loop (80 cm®) used to inject the solution into the cell is relatively
large, a low-pressure peristaltic pump (Masterflex L/S economy
drive) was used to fill the sample loop from an oxygen-free bottle
containing the HQ or BQ_ solutions. Only PEEK, poly-
(tetrafluoroethylene), and titanium were in contact with the
solutions. A Cary S0 spectrophotometer (190—1100 nm) was
used to record the absorption spectra at temperatures between
298 and 523 K. All spectra were recorded at 1 nm wavelength
intervals from 200 to 800 nm, at a scan rate of 2400 nm min "},
using Cary Win UV scan Application software.

2.2. Spectra Collection and Data Treatment. For a
solution of multiple absorbing species, the experimental
absorption data could be analyzed using the Lambert—Beer

Figure 1. UV—visible flow cell and high-pressure injection system: (1)
solution, (2) nitrogen balloon, (3) peristaltic pump, (4) six-port valve,
(5) PEEK injection loop, (6) nitrogen gas, (7) deionized water, (8)
HPLC pump, (9) waste, (10) titanium preheater, (11) titanium cell,
(12) outlet, (13) waste, (14) heater, and (15) ceramic insulation.

law: A(4) = Y&,(4)bC, where A(4) and &;(4) (L mol ™' cm™") are
the absorbance and molar absorptivity of the absorbing species at
wavelength 4, respectively, C; (mol L™') is the molar
concentration, and b (cm) is the optical path length. However,
a different concentration scale, molality (mol/kg of solvent) or
specific molality (m,*; mol/kg of solution), is commonly used in
studies under hydrothermal conditions to account for the
thermal expansion of the solution as the temperature increases.
The expression for the Lambert—Beer law in terms of specific
molality is given by

Ay = Z &(1) bm* (2)

where A(A),, (or A,, in the figures) is the corrected absorbance
A(A)n = A(4)/Psotution- Because the solutions are diluted, and for
the purpose of this work, the density of the solution, pyson (g
cm™), was approximated to that of water at the same
temperature and pressure (0.998, 0.961, 0.920, 0.868, and
0.802 at 298, 373, 423, 473, and 523 K, respectively, at 70 bar)."*

It is worth noting that in the case of HQ, the first few spectra
showed two distinct peaks, one at 4., = 244 nm, assigned to BQ,
due to partial oxidation of HQ to BQ in the first section of the
injection loop, and another at A,,,, = 289 nm, associated with HQ,
in good agreement with other studies.'> A few minutes after the
solution was injected into the cell, only one peak was observed at
289 nm due to HQ. The fact that the absorbance at this
wavelength does not change with time is also an indication that
water has been displaced, and the concentration of HQ in the cell
is equal to that in the original solution.

2.3. Computer Simulations. Classical MD simulations were
performed, using the Amber MD Package,'’ to study the
solvation of both HQ and BQ_ under different conditions of
temperature and pressure.

The water model chosen was TIP4P/2005, which has been
found to perform well under extreme temperature conditions.'®
The system contained one molecule of quinone (either BQ or
HQ) surrounded by 1220 water molecules in a truncated
octahedral box. The required HQ and BQ parameters were
obtained from Hartree—Fock (HF)-level simulations (in
vacuum), using the 6-31G* basis set, and the Restrained
Electrostatic Potential method. This RESP approach involves
calculating the electrostatic potential of a molecule at HE/6-
31G* level of theory, then fitting the classical Coulomb-
electrostatic force field to the quantum-level result. With this
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electrostatic field, the partial charges of the aforementioned
molecule are obtained. In the Amber force field, this is the
standard procedure.'”

The systems were first stabilized at different temperatures and
pressures, using a Langevin dynamics thermostat (g,) and
isotropic position scaling. After stabilization, a run of MD (50 ns,
time step of 2 fs) was performed. The conditions adopted include
300 K at 1 bar and 300, 373, 423, 473, and 523 K at 70 bar.

In addition, linear response TD-DFT calculations were
performed with PCM'" for describing solvent effects, using
Gaussian 09 software.'” Both the static and optical dielectric
constants were adjusted to the proper values at the
corresponding temperatures and pressures,' '’ to simulate the
varying conditions. The basis sets used were 6-311+G and aug-
cc-pvIZ, whereas three exchange correlation functionals were
tested: PBE,*° B3LYP,”' and M06-2X.** Previous results by
Barone et al.”> showed that the combination of the M06-2X
functional with the 6-311+G basis set yielded excellent results for
the spectroscopic properties of quinones at room temperature.
The conditions adopted include 300, 423, and 473 K, all at the
same pressure of 70 bar. The geometries were previously
optimized in vacuo using the PBE functional.

3. RESULTS AND DISCUSSION

3.1. Analysis of Spectral Data. Figure 2 shows the UV—
visible spectra for BQ and HQ in aqueous 0.2 M NaHSO,, after
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Figure 3. Difference spectra (4,,(T) — A,,(373 K)) for 0.07 mM BQ in
0.2 M Na,HSO, at 423, 473, and 523 K and 70 bar. Reference spectrum:
0.07 mM BQ at 373 K. Spectra were corrected to account for the thermal
expansion of the solutions.
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Figure 2. UV—visible corrected spectra for (a) HQ and (b) BQ at 298 K
at 1 bar and 373, 423, 473, and 523 K at 70 bar.

Figure 4. Normalized UV—visible absorption spectra for 0.07 mM BQ_
in 0.2 M NaHSO, under ambient conditions and at 373, 423, and 473 K
at 70 bar.

Table 1. Effect of Solvent Dielectric Constant on the
Wavelength of BQ Absorption Maximum

T P € Amax (nm) (this solvent/e A
(°c) (bar) (H,0)* study) (solvent)” (nm)
25 1 78.5 246 water 246
100 70 57.7 246
150 70 46.3 245 glycerol/42.5 246
200 70 373 244 acetonitrile/37.5 242
methanol/32.7 243
250 70 30.0
iso-octane/1.94 240

“Uematsu and Frank.”* YAhmed and Khan.'

baseline correction using the spectra of a 0.2 M NaHSO, solution
at the same T and p and the density of water to account for
changes in the concentration due to thermal expansion. At room
temperature, the spectrum of HQ (Figure 2a) shows a main
absorption band at 289 nm, and there is a pronounced increase in
absorbance at lower wavelengths; the almost negligible change in
the spectra is an indication of the thermal stability of HQ under
these conditions. At 523 K, the difference in the spectrum of HQ_
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Figure 5. (a) Normalized radial distribution function of water around the O atoms of BQ as a function of temperature. (b) Normalized radial
distribution function of water around the O atoms of HQ as a function of temperature.

is attributed to the presence of oxygen, as a leak was observed on
experiment completion. The position of the absorption band
does not show any significant difference between 298 and 523 K,
despite the dielectric constant of water at the highest temperature
being significantly smaller, and changes in the positions of the
electronic absorption bands can be due to solute—solvent
interactions and hydrogen bonding. This is consistent with the
TD-DFT calculation results, which predict a very small shift in
the absorption bands with temperature in the considered range.

For BQ (Figure 2b), the main absorption band at room
temperature is observed at 244 nm, with a shoulder at a higher
wavelength. The positions of these bands are in good agreement
with those reported for the same (# — 7*) transitions in other
studies under ambient conditions.'

The difference spectra obtained using a low-temperature
spectrum as reference was analyzed to better understand the
extent of changes in the BQ spectra with temperature (Figure 3).
The negative band centered at around 244 nm in Figure 3
indicates that BQ decomposition is almost complete after 15 s at
523 K and 70 bar.

The position of the new band is in excellent agreement with
that of HQ in Figure 2a and the calculated spectra (vide infra).
This finding is in good agreement with the that from the studies
by Razimov et al.” and Xu et al.” However, the conversion is faster
in hot compressed acid media, only a few seconds are required to
convert BQ to HQ and other nonabsorbing condensation
products at 473 K, and the yield of HQ_is also extremely low
when compared to that reported by Xu et al.’, 60% of BQ
conversion after 2 h and a 37% HQ yield in SCW.

Despite BQ_decomposition, the normalized spectra of BQ
instead of the original spectra could be used to investigate the
effect of temperature on the position of the main absorption
band. As shown in Figure 4, there is a there is a blueshift of the
main absorption BQ_band as the temperature increases and
dielectric constant of water decreases.

Ahmed and Khan ' reported a similar blueshift while studying
the solvent effect (solvent polarity or dielectric constant) on the
7w — m* transition energy of benzoquinones at room temper-
ature. An analysis of the solvents used in this study reveals that
some of them have a dielectric constant similar to that of water at
high T and p, allowing a comparison between studies. The results
are summarized in Table 1.

3.2. Simulations. In Figure S, the radial distributions of H
atoms corresponding to water molecules around the oxygen
atoms of HQ and BQ are presented as a function of temperature.
For BQ, a maximum is found near 1.9 A, corresponding to
water—BQ H-bonds; in a similar manner, maxima are found near
1.9 A (—OH from HQ acting as a H-acceptor) and 3.9 A (—OH
from HQ acting as a H-donor). These maxima reduce in intensity
with increasing temperature, meaning there is an average loss of
water coordination around the oxygen atoms of HQ and BQ. A
possible cause for the shift in the spectral maxima in BQ is this
weakening of H-bonds, mainly by stabilization of the molecule’s
ground state over the excited state (thus shifting the transition to
higher energies). Typical snapshots of solvated BQ and HQ
extracted from the MD simulation are shown in Figure 6.

The effect of temperature on the predicted spectra has been
modeled by performing TD-DFT calculations using the PCM
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|(a) Table 3. Simulations of the Effect of Solvent Dielectric
Constant on the Wavelength of HQ Absorption Maximum at
70 bar and Different Temperatures

PBE B3LYP MO06-2X
T (°C) 6-311+G 6-311+G 6-311+G aug-cc-pvIZ
25 280.7 260.8 245.7 256.4
150 280.6 260.8 245.6
200 280.6 260.7 245.6 256.5

“The conditions are the same as those used for BQ spectra simulation.

model to describe the changes in the dielectric constant of the
solvent. The results of these calculations were consistent with the
experiments (Tables 2 and 3). Although the position of the
absorption maxima depends heavily on the exchange correlation
functional used, a blueshift between 300 and 473 K of about 0.8—
0.9 nm is observed for BQ in all cases, whereas for HQ, the shift is
around 0.1 nm. The obtained shift for BQ reproduces the same
trend as that in the experiment; however, probably because of
limitations in the continuum solvent description, the agreement
is not quantitative. On the other hand, the result for HQ is
consistent with the impossibility to measure such a small shift,
thus keeping the maxima in the same position regardless of
temperature.

To account for possible specific H-bonding effects, not taken
into consideration by the PCM model, we performed additional
calculations for BQ (M06-2X functional, 6-311+G basis set) in
which water molecules were explicitly included in the
calculations. Specifically, we have performed calculations in
which the system included one to six water quantum-
mechanically treated molecules. Results indicated that the shift
involving H-bonds depended mainly on how many waters were
coordinated to each oxygen atom of BQ but did not rely on the
geometry of such bonds (e.g., changing the angle in which the
water was coordinating the oxygen did not affect the position of
the absorption maximum predicted by TD-DFT). This allowed
us to perform TD-DFT calculations on each configuration
accessible by the system, making a weighted average of the
obtained spectra. The weights used were obtained from the
original classical MD, counting the times each configuration was
visited. This resulted in a blueshift of 1.1 nm, which, although a
little higher than the shift obtained with BQ alone (0.9 nm), does

not reach the experimental value (3 nm).

Figure 6. Typical snapshots of the MD simulation depicting the first

solvation shell for BQ(a) and HQ(b). 4. CONCLUSIONS
This study showed the potential of UV—visible spectroscopy as
Table 2. Simulations of the Effect of Solvent Dielectric an experimental tool for studying the mechanism of decom-
Constant on the Wavelength of BQ Absorption Maximum at position of benzoquinones under hydrothermal conditions. In
70 bar and Different Temperatures good agreement with previous studies, HQ was shown to be
e ( stable in acid medium up to 473 K at 70 bar; above this

max (M) o

temperature, at 523 K, the decomposition processes can be due
PBE  — Ll s to the presence of oxygen, confirming the findings of Bard’s
T (°C) 6-311+G 6-311+G 6-311+G aug-cc-pvIZ group. The reduction of BQ to HQ has also been confirmed from
25 2847 2672 246.8 247.0 the absorption spectra of BQ_as a function of temperature. The
150 2842 266.8 2463 conversion is not quantitative, but the formation of other
200 283.9 266.4 245.9 2462 absorbing hydroxylated quinones was not observed between 373

“Three functionals (PBE, B3LYP, and M06-2X) and two basis sets (6- and 523 K at 70 bar.
311+G and aug-cc-pvTZ) were used. The classical simulation approach with explicit water at

different temperatures allows us to see how the structure of
solvation changes with temperature. On the other hand,
electronic spectra calculations performed on the basis of TD-

10551 DOI: 10.1021/acs.jpcb.6b07893
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DFT showed good agreement with the experimental results,
obtaining a blueshift of 0.9 nm for BQ (and a smaller blueshift of
0.1 nm for HQ) when changing the temperature from 300 to 423
K. The shift was mainly related to the change in the dielectric
constant of the solvent, which agrees with the results obtained
using different solvents.
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