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a  b  s  t  r  a  c  t

Photochemistry  of  molecular  complexes  of  hydroquinone  (HQ)  with  water,  HQ–(water)n,  were  investi-
gated  by  matrix-isolation  FTIR  spectroscopy  with  aids  of density  functional  theory  (DFT)  calculations.
The  HQ  monomer  did  not  show  any  photo-reactivity  at 350 nm  but  was  photolyzed  at  300  nm.  The
HQ–(water)n complex  was found  to be  chemically  transformed  into  p-benzoquinone  (BQ)–(water)n with
the 350  nm  irradiation.  The  experimental  threshold  wavelength  is  almost  comparable  to  the  S –S tran-
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ater complex

hoto-oxidation
ydroquinone
enzoquinone
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sition  energy  of  HQ–(water)2 estimated  by  a time-dependent  DFT  calculation.  The  observation  indicates
that  two  water  molecules  make  electron-donated  hydrogen-bonds  with  HQ  and  assist  the  photooxidation
of  HQ  to BQ.

© 2011 Elsevier B.V. All rights reserved.
olid Ne matrix

. Introduction

Scheme 1 represents well-known reversible redox reac-
ions, which chemically interconvert 1,4-hydroquinone (HQ),
emiquinone radical, and p-benzoquinone (BQ). The reaction sys-
em serves as one prototype model for biological electron transfers
orking in photonic synthesis and respiration [1].  The reaction
echanisms in solutions have been studied with the thermo-

ynamic characterization. The redox reactions are also induced
y changing the pH value as well as by radiolysis or photolysis
2–4]. The intermediate semiquinone radical having a characteristic
ing structure between aromatic HQ and non-aromatic quinonoid
ings has attracted molecular scientists, and the step-wised redox
eactions have been investigated in solutions using several spec-
roscopic experiments and theoretical calculations [5–15]. For
xample, Beck and Brus reported the production of semiquinone
adical by photo-reducing BQ in aqua [14,15] or photo-oxidizing
Q in aqua [15]. The photo-reduction process has been proposed

o occur through hydrogen abstraction by triplet BQ, while the
ydrogen atom elimination is responsible for the oxidation of HQ.
lthough the photoinduced hydrogen-atom elimination seems to

ccur easily by the UV photolysis of HQ, the photoreaction has
ot been observed for gaseous HQ and therefore the semiquinone
adical has not been detected in the gas phase up to date. Then,
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the difference between the photochemical reaction mechanisms in
the gas and liquid phases indicates that HQ requires any solvated
molecules for the photooxidation. In contrast to Scheme 1, the sim-
ilar photoinduced step-wised oxidation process (Scheme 2) was
observed in a low-temperature matrix [16]. “Scheme 1” becomes
“Scheme 2” by replacing O-atoms by the isoelectronic NH radicals.

In the present study, we  have performed the photolysis of HQ
monomer in a low-temperature Ne matrix but could not identify
any photoproduct assigned to semiquinone radical or BQ. The pho-
tochemistry of HQ in the cryogenic inert gas matrix was found to
be different from the photo-oxidation process reported for HQ in
aqueous solution, which may  imply that the photo-oxidation of HQ
needs some assistance such as hydration. The HQ–(water)n com-
plex was  found to be chemically transformed into p-benzoquinone
(BQ)–(water)n with the 350 nm irradiation. We  then studied the
photochemistry of HQ–(water)n complexes as fundamental com-
positional units of aqueous HQ, and we  could detect aqueous BQ as
the photoproduct. The reaction mechanisms are discussed on the
basis of the observation.

2. Experimental and calculation methods

A small amount of 1,4-hydroquinone or p-benzoquinone (Tokyo
Chemical Industry) was  placed in a stainless steel pipe nozzle
equipped with a heating system. The HQ solid sample was heated

at about 330 K, and the HQ vapor was mixed with carrier gas of
pure Ne or Ne containing water. The BQ solid sample was evapo-
rated at room temperature and mixed with carrier gas. The flow
rate of the carrier gas was adjusted so to enable us to record the IR

dx.doi.org/10.1016/j.jphotochem.2011.08.016
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:akai.n.ab@m.titech.ac.jp
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Scheme 1. Reversible redox reactions of 1,4-hydroquinone (HQ)/semiquinone
radical/p-benzoquinone (BQ) systems.
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Table 1
Relative energies and S1–S0 transition wavelengths of HQ–(water)n (n = 0–2) esti-
mated at the B3LYP/6-31++G** level.

Relative energies/kJ mol−1

(numbers of hydrogen
bond)

Wavelengths
corresponding to the S1–S0

transition/nm

HQ
Trans 0 265
Cis  0.6 270

HQ–(water)1

“Dt” 0 (1) 331
“Dc” 0.4 (1) 333
“At”  11.1 (1) 267
“Ac” 12.2 (1) 268

HQ–(water)2

“ADc” 0 (3) 281
“ADt” 0.2 (3) 281
“DtD” 15.1 (2) 357
“DcD” 15.4 (2) 358
“AtD” 22.4 (2) 315
“AcD” 22.9 (2) 316
cheme 2. Photoinduced one-way oxidation of 1,4-diaminobenzene/4-
minoanilino radical/2,5-cyclohexadiene-1,4-diimine systems.

pectra of isolated samples. The gas mixtures were expanded into
 vacuum chamber through a stainless steel pipe and deposited on
 CsI plate cooled by a closed-cycle helium refrigerator (Iwatani,
ryomini) at ca. 6 K. A combination of the UV radiation from a
enon lamp (Asahi Spectra, Max-302uv) with appropriate short-
avelength cut-off filters was used as a light source for photolysis.

Infrared spectra of the matrix isolated samples were measured
ith an FTIR spectrophotometer (Jeol, SPX 200ST). The spectral res-

lution was 0.5 cm−1 and the accumulation number was  100. Other
xperimental details were reported elsewhere [17].

Density functional theory (DFT) calculations were performed
sing the Gaussian 09 program with the 6-31++G** basis set [18].
he hybrid density functional at B3LYP [19,20] was  used to optimize
eometrical structures and to calculate their vibrational frequen-
ies. The time-dependent DFT (TD-DFT) calculation was used to
stimate vertical transition energies.

. Results and discussion

.1. Structures of hydroquinone–water complexes

The geometrical structures of HQ monomer and its water-
omplexes have been studied by laser spectroscopy with quantum
hemical calculations [21–26].  We  recalculated the optimized
tructures of HQ–(water)n complexes at the B3LYP/6-31++G**
evel. The resultant structures of the monomer and complexes,
Q–(water)1,2, are shown in Fig. 1, and their relative energies with

he wavelengths corresponding to the S1–S0 vertical transitions are
ummarized in Table 1. We  use “a combination of alphabets” to
pecify HQ–water complex by (1) an OH-conformation within HQ
trans-form abbreviated as “t” or cis-form as “c”) and (2) a type of
Q hydrogen-bonded with water (proton-donating type abbrevi-
ted as “D” or proton-accepting type as “A”).

According to the B3LYP/6-31++G** level calculation [27], the
nergy difference of HQ–(water)1 complexes comes from differ-

nt hydrogen-bond structures of “D” and “A”. It is recognized in
able 1 that the “Dt” structure is more stable by 11 kJ mol−1 than
At” though the difference between “Dt” and “Dc” is less than

 kJ mol−1. As illustrated in Fig. 1b, the hydrogen-bond lengths
“AtA” 34.7 (2) 261
“AcA” 37.1 (2) 262

between HQ and water are estimated at 1.87 Å for “Dt”/“Dc”,
which are shorter by ∼0.1 Å than 1.97 Å for “At”/“Ac”. The OH
bond lengths within HQ are 0.98 Å for “Dt”/“Dc”, which are a lit-
tle longer than 0.97 Å for “At”/“Ac” or HQ monomer. Our DFT
calculation reproduces essentially the same HQ–(water)1 geom-
etry as reported one [23]. It is noticed that more stable “Dt”/“Dc”
structures have much smaller S1–S0 vertical energies. Those ver-
tical transition energies of “Dt”/“Dc” are smaller by ∼7500 cm−1

than that of HQ monomer, though the corresponding transition
energies are essentially the same for “At”/“Ac” or HQ monomer.
Table 1 lists the wavelengths corresponding to the S1–S0 transition
to be 331–333 nm for “Dt”/“Dc”, which is definitely longer than
267–268 nm for “At”/“Ac”. The red-shifted electronic absorption
expected for the complexes of “Dt”/“Dc” structures are supposed
to be weak judging from a fact that the large energy shifts have not
been observed in the gas phase [23,26].

Eight stable structures for HQ–(water)2 are shown in Fig. 1c, and
the relative energies are listed in Table 1, together with the wave-
lengths corresponding to the S1–S0 vertical transitions. The most
stable “ADt”/“ADc” structure is of a ring-type with three hydro-
gen bonds. The second stable “DtD”/“DcD” structures have two
hydrogen bonds so that HQ acts as a double proton-donor or a
double electron acceptor (Fig. 1c). The S1–S0 transition energies
of “DtD”/“DcD” are red-shifted by ∼9500 cm−1 from the S1–S0 gap
of HQ monomer. The electronic absorption bands of “DtD”/“DcD”
are then estimated to appear at 357 and 358 nm, respectively
(Table 1). It suggests that only the red-shifted absorption bands
of “DtD”/“DcD” are separated from those of the other six structures
of HQ–(water)2.

Fig. 2 shows HOMOs and LUMOs of HQ–(water)n (n = 0, 1, and
2). Each molecular orbital of the S1 state is characterized by an
admixture of the respective LUMO and other molecular orbitals.
The large shift in the S1–S0 transition energy may  be explained
by characteristics of LUMO. It is noticed that the LUMOs of com-
plexes including “D” water are localized on the water molecules,
while the LUMOs of “At” and “AtA” complexes are essentially
the same as the �* orbital of HQ monomer. This computational
result indicates that charge transfer state characters are generated
for the electronically excited S1 states of the water-complexes,
though the details are not well understood yet. Although the

HOMO–LUMO transition are expected to be forbidden, the elec-
tronic transitions may  be induced by perturbation as described
later. The �–�* transition energies of “Dt”, “Dc”, “DtD” and “DcD”
correspond to the wavelengths of 273, 273, 276 and 276 nm,
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ig. 1. Structures of HQ–(water)n (n = 0, 1, 2) complexes. The numbers in parenth
onomer, (b) HQ–H2O complex and (c) HQ–(H2O)2 complex.

espectively, which are comparable with 265–270 nm of HQ
onomer. The S1–S0 transitions of HQ with “A”-waters are char-

cterized by the �–�* transition and their transition wavelengths
lso are close to that of HQ monomer.

The complex structures of HQ–(water)n (n ≥ 3) will contain

ssentially one of the eight HQ–(water)2 structures shown in Fig. 1c.
he transition energies of such larger complexes are expected to
eflect the hydrogen bond types of HQ–(water)2. It means that
are hydrogen bond length (in Å) estimated at the B3LYP/6-31++G** level. (a) HQ

the S1–S0 transition energy of larger complexes is similar with
that for one of eight water–HQ–water structures. In fact, the S1–S0
transitions of HQ with “D”-waters are of the HQ-to-water charge
transfer type and are located at largely red-shifted wavelengths.
The HQ–(water)2 core structure might be important in the photo-

chemistry of larger water-complexes of HQ.

One must be careful to use the relative energies listed in Table 1.
The relative energy is mainly controlled by two  factors, (1) the



N. Akai et al. / Journal of Photochemistry and Photobiology A: Chemistry 223 (2011) 182– 188 185

F r (a) 

w ion.

n
H
t
h
t
M
s
H

3

H

ig. 2. Graphical picture of molecular orbitals. HOMO and LUMO are illustrated fo
hite  colored orbitals correspond to positive and negative phases of the wavefunct

umber of hydrogen bonds and (2) “A”/“D” structures. Among eight
Q–(water)2 complexes, two “ADc” and “ADt” structures contain

hree hydrogen bonds, while the other six structures have only two
ydrogen bonds. This is the reason why the “ADc” and “ADt” struc-
ures are listed as the lowest among the HQ–(water)2 complexes.

ore importantly, the core structure will be essentially one of the
ix structures (“DtD”, “DcD”, “AtD”, “AcD”, “AtA”, and “AcA”), when
Q–(water)n (n ≥ 3) complex becomes larger.
.2. IR spectra of hydroquinone monomer and the water-complex

Fig. 3 shows the matrix isolation IR spectra of HQ monomer and
Q–water complexes in solid Ne. The trans- and cis-conformers of
HQ monomer in the trans-form, (b) HQ–(water)1, and (c) HQ–(water)2. Black and

HQ were spectroscopically separated in argon and xenon matrices
upon UV irradiation [27]. But in the present study using a cryogenic
neon matrix, we could not identify the two isomers and then the
trans/cis isomerization was not observed. The HQ monomer has
some intense sharp IR bands at 759 (C–O stretching), 1250 (C–H in-
plane bending) and 1520 (C–H in-plane bending) cm−1 as shown in
Fig. 3a. These HQ bands are close to the reported bands measured in
different matrixes within 2 cm−1 [27]. The sharp and intense C–O–H
bending band at 1159 cm−1 was  reported for trans-HQ in an Ar

matrix [27], but the corresponding 1165 cm−1 band in a Ne matrix
was  broad and accompanied by several sidebands at the blue-side.

With increasing water concentration, the IR bandwidths of HQ
become broad but any new band of HQ–water complexes does
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Fig. 3. Infrared spectra of HQ monomer and HQ–(water)n complexes isolated in a
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Fig. 5. Comparison of experimental and simulated infrared difference spectra rele-
vant to the UV-light induced reactions of HQ monomer and HQ–(water)n complexes.
Two  difference spectra of HQ in a 3% water/Ne matrix are shown: The spectrum (a) is
the  same as Fig. 3b, and the spectrum (b) was obtained by the 325 nm irradiation for
30 min. The simulated IR spectra (c) are composed of the positive bars of BQ product
and the negative bars of HQ–(water)2 reactants in the “DtD” and “DcD”, where all
eon matrix. The water/Ne dilution ratios were (a) 0%, (b) 1%, (c) 2% and (d) 3%. A
race of water impurity was  recognized in (a).

ot appear as shown in Fig. 3b–d. The 1600 cm−1 band is mainly
ue to the bending mode of H2O, which is accompanied by the
630 cm−1 satellite band due to (H2O)n. The water multimer bands
ecome stronger with increasing the water/Ne dilution ratio. Possi-
ly, the complex bands due to HQ–(water)n are buried in the broad
600 and 1630 cm−1 bands. It will be expected greater contribution
f HQ–(water)n complexes with increasing the water concentra-
ion. In fact, the spectral shape of Fig. 3d becomes broader than
hose of Fig. 3a, which will be confirmed by the negative signals
Figs. 4 and 5) observed in the photolysis experiments described
ater. In the matrix made by the water/Ne ratio of 3%, larger com-

lexes of HQ–(water)n (n ≥ 3) generated are expected to contain
Q–(H2O)2 core structures illustrated in Fig. 1c.

ig. 4. Infrared spectra relevant to UV-light induced reactions of HQ monomer and
Q–(water)n complexes. Difference spectra of HQ in a pure Ne matrix upon the
00 nm irradiation for 15 min  (a), and HQ in a 3% water/Ne matrix upon the 350 nm

rradiation for 80 min  (b). The negative and positive signals originate with reactant(s)
nd  product(s), respectively. Two reference IR spectra of BQ were recorded in a 3%
ater/Ne matrix (c) and in a pure Ne matrix (d). The band marked with asterisk in

b) is due to unidentified photoproducts.
calculated wavenumbers are adjusted by a scaling factor of 0.98. The band marked
with asterisk is assigned to unidentified photoproducts.

3.3. UV light induced reactions of HQ monomer and HQ–(water)n

complexes

Fig. 4a and b shows difference spectra recorded upon the UV-
light irradiation of HQ monomer and HQ–(water)n complexes,
respectively, isolated in Ne matrixes. HQ monomer did not show
any photochemical change upon the 350 nm irradiation, but photo-
decomposed at 300 nm as shown in Fig. 4a. The HQ monomer was
photolyzed with the production of unknown species correspond-
ing to weak positive bands (1699, 1663, 1550, 1132 cm−1 etc.).
The positive bands were assigned to neither BQ nor semiquinone
radical, which were reported upon the 266 nm light irradia-
tion of HQ in aqueous solution [15]. It turns out that BQ or
semiquinone radical is not produced in the UV photolysis of HQ
monomer. Naturally, any photo-product was  not generated in the
UV photolysis of pure (water)n complexes, which did not contain
HQ.

Fig. 4b indicates that HQ–(water)n complex is transformed into
some product(s) upon the 350 nm irradiation. The positive bands
at 1660, 1550, 1317, 1079, 943 and 889 cm−1 are assigned to the
photoreaction product(s). The intense 1660 cm−1 band is definitely
assigned to a quinonoid C O stretching mode, which may  imply
that the product is BQ. However, the positive bands of Fig. 4b are
slightly different from those of BQ measured in an Ar matrix [28],
and then we measured the IR spectra of BQ and BQ–(water)n in a
Ne matrix. Fig. 4c and d shows the matrix isolation IR spectra of
BQ in 3% water/Ne and pure Ne matrices, respectively. Almost all
bands in Fig. 4c would be identified as BQ–(water)n and (water)n

complexes. Except for the 1550 cm−1 band, the positive product
bands observed in Fig. 4b correspond to the BQ–(water)n bands. It
is then concluded that BQ–(water)n are produced upon the 350 nm
irradiation of HQ–(water)n.
The negative bands in Fig. 4b accord with those of the
HQ–(water)n complexes, which are shown in Fig. 3. The strong
bands around 1600 cm−1 assigned as the water bending mode of
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Q–(water)n complexes. HQ–(water)n complexes are surely the
hoto-reactant to generate the HQ–(water)n product. As described
arlier in this paper, HQ–(water)2 isomers of “DtD” and “DcD”
tructures are predicted to absorb longer-wavelength lights around
60 nm (Table 1), which supports our experimental observation
hat the photo-reaction takes place at wavelengths around 350 nm.
he HQ chromophore of additionally hydrated HQ–(water)n (n ≥ 3)
ill have essentially the same chromophore as HQ–(water)2 in the

DtD” and “DcD” structures. Then, HQ–(water)n (n ≥ 3) complexes
ontaining the HQ–(water)2 core in the “DtD” and “DcD” structures
lso will absorb UV light near 350 nm.

In Fig. 5, we compare two experimental difference spectra (a
nd b) with the simulated spectrum (c). Two difference spectra of
Q in a 3% water/Ne matrix were obtained upon the irradiation at

a) 350 nm and (b) 325 nm.  The 325 nm irradiation results in the
pectral measurement easily to identify the reactant and product
pecies of the present interest. The spectral patterns of the observed
ifference spectra shown in Fig. 5a and b are similar with each other.
ig. 5c shows the simulated IR spectra composed of the positive
ars due to BQ product and the negative bars due to HQ–(water)2
eactant as “DtD” and “DcD”. The agreement between experiment
nd simulation seems reasonably good. It is important that the
2O bending mode of the complexes calculated around 1588 cm−1

eproduces the 1600 cm−1 band in the experimental spectrum.
he correspondence relation supports that the HQ–(water)n is the
hoto-reactants responsible for the BQ–(water)n products. We  con-
lude that the 1550 cm−1 band is not due to BQ–(water)n, because
1) the IR intensity patterns are different for different photolysis
avelengths (Fig. 5a for 350 nm and Fig. 5b for 325 nm)  and (2)

he 1550 cm−1 band does not appear in the simulated spectrum
Fig. 5c).

We  attempted to detect semiquinone radical and semiquinone
adical anion expected as the photoproducts by hydrogen-atom
limination and proton transfer reactions. But we  could not identify
uch species. Radical species produced by hydrogen-atom elimina-
ion reaction is known to be consumed through the recombination
ith hydrogen-atom diffusing and to recover the parent molecules

n solid Ne [29,30].  But we could not find any positive or negative
eak in the dark or even after annealing. Such an H-elimination
rocess does not seem to occur in the present photolytic
ystem.

.4. On the UV absorption of HQ–(water)n complex

It turns out that the HQ to BQ photooxidation does not occur
s the unimolecular primary process in the UV photolysis but pro-
eeds as water-mediated process through the hydrogen-bonded
omplex formation with HQ. The S0 states of the HQ monomer and
he water-complexes are mainly characterized by the � orbitals
n the aromatic ring as shown in Fig. 2. On the other hand, the
UMOs of the water-complexes are localized on the water moi-
ties though the LUMO of HQ is the �* orbital on the ring. As
escribed previously, the S1–S0 transition energies for the “Dt”
nd “DtD” complexes are apparently lower than the correspond-
ng energies of HQ monomer or other water-complexes such as
At” and “AtA” (Table 1). The S1 states of “Dt” and “DtD” are mainly
haracterized by the intermolecular charge-transfer states gener-
ted by promoting an electron from the HOMO on the HQ ring to
he LUMO localized on water. Although the S1–S0 transitions are
orbidden in nature, it would be slightly induced by perturbations
rom matrix medium and/or the complex vibration. The �–�* tran-

itions of “Dt” and “DtD” are estimated to be 273 and 276 nm,  which
re similar with those of HQ monomers. It indicates that the �–�*
ransitions of the complexes do not occur upon the irradiation light
t 350 nm.
obiology A: Chemistry 223 (2011) 182– 188 187

We  expected to detect semiquinone radical and BQ from HQ
or HQ–(water)n complexes upon the UV-light irradiation before
we started a series of experiments. But any band assigned as
semiquinone radical was  not recognized among the photoproducts
under various water/Ne dilution conditions. The B3LYP calculation
suggests that a molecular system of semiquinone radical–H–H2O,
even if it is formed from the UV-irradiation, is unstable and returns
to the stable HQ–water pair through hydrogen atom backward
transfer. In the present experiments, we observed the production
of BQ as the photoproduct but could not identify the interme-
diate semiquinone radical shown in Scheme 1. The HQ to BQ
photooxidation seems to occur through a reaction mechanism
with transferring two  H-atoms from one HQ to two H-bonded
water molecules. We  tentatively conclude that the photooxi-
dation occurs by a two H-atom dissociation process of water
–HQ–water.

4. Summary

The UV photoreaction product from HQ–(water)n isolated in a
Ne matrix was  investigated by IR spectroscopy with aids of DFT cal-
culations. The HQ–(water)n complex was found to be chemically
transformed into BQ–(water)n with the 350 nm irradiation, while
HQ monomer did not yield BQ upon the UV light irradiation. The TD-
DFT calculation suggests that the photoreaction originates with the
water-complex of HQ–(water)n. The S1–S0 transition wavelength of
HQ–(water)2 complexes in the “DtD” and “DcD” structures, is cal-
culated to be largely red-shifted from that of HQ monomer, which
is satisfactorily consistent with the experimental results for the
photoreaction from HQ–(water)n to BQ.
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