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Abstract

Photolysis of chlorohydroquinone in a low-temperature argon matrix was investigated by Fourier transform infrared spectroscopy with
an aid of hybrid density-functional-theory (DFT) calculation. The new photoreaction pathways via a ketocarbene intermediate produced by
dissociation of hydrogen chloride upon UV irradiation were found, where a five-membered ring ketgrieearmbquinone were produced
from the ketocarbene by Wolff rearrangement and intramolecular hydrogen-atom migration, respectively. The large H/D isotope effect in
the branching ratio for the final products, ketene praenzoquinone, was found in the analysis of the growth behavior of the infrared
bands, implying that the hydrogen-atom migration occurs by tunneling effect.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction A similar experiment was performed for 2-bromphenol
[8]. In this case, 4-bromo-2,5-cyclohexadienone is one of
The photochemistry of halogen-atom substituted phenols the final photoproducts besides FRaheme 2 The latter,
is an important subject in environmental chemistry, becausea minor product, is produced from the same ketocarbene in
highly toxic compounds like dibenzo-dioxin and diben- the photolysis of 2-chlorophenol, while the pathway for pro-
zofuran are produced from the phengls-6]. Our recent  duction of the major product 4-bromo-2,5-cyclohexadienone
study of the photolysis of 2-chlorophenol in low-temperature is rather puzzling because intramolecular migrations of hy-
rare-gas matrices revealed that a five-membered ring keteneglrogen and bromine atoms are required.
compound (2,4-cyclopentadiene-1-ylidenemethanone), here In the present study, we have investigated the pho-
denoted as FK, was produced instead of dibemriexin tolysis of chlorohydroquinone, i.e., hydroxy-substituted
by elimination of hydrogen chloride from 2-chlorophenol 2-chlorophenol, to understand the reactivity of the keto-
[7], asScheme 1This fact is ascribed to the lifetime of carbene produced by elimination of hydrogen chloride in
the ketocarbene intermediate and to its concentration incomparison with the case in 2-chlorophenol. To identify the
matrices. If this intermediate has a long enough lifetime, final products, the measured infrared spectra are analyzed
dibenzop-dioxin is produced by dimerization, while produc-  with reference to the calculated spectral patterns of possi-
tion of FK by the intramolecular electron rearrangement, i.e., ble species by the density-functional-theory (DFT) method.

Wolff rearrangement, overwhelms that of dibenedioxin Our main purpose is to elucidate the competitive reaction
if the lifetime is much shorter. Our conclusion is that the life- pathways for intramolecular hydrogen-atom migration and
time of ketocarbene is too short to produce dibepatioxin Wolff rearrangement of the intermediate in the photolysis

even in low-temperature rare-gas matrices with a relatively of chlorohydroquinone.
high concentration.

2. Experimental and calculation methods

T Cormesponding athor, T/ 81-42-388-7345. Chiorohydroquinone was purchased from Tokyo Chermi-
E-mail addressnecom@cc.tuat.ac.jp (M. Nakata). cal Industry Co. Ltd., and chlorohydroquinodg{-OD) was

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2004.05.033
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Fig. 1. Infrared spectrum of chlorohydroquinone. (a) Observed spectrum
H Br in an argon matrix and calculated spectral patterns for four possible
conformers; (b) TC, (c) CC, (d) TT and (e) CT.

Scheme 2.
) o ] ) tively. These bands exhibit multiple peaks, implying that

synthesized by mixing chlorohydroquinone with an excess more than one conformer exists in the matrix.
amount of RO. Each sample placed in a deposition nozzle  chjorohydroquinone hasis and trans conformations
with a heating system was vaporized at 310 K. Pure argon g,ound the two C—OH bonds, resulting in four possible
(Nippon Sanso, 99.9999% purity) was flowed over the sam- ~qnformers: TC, CC, TT and CT, shown Fig. 2 the
ple, and the flow rate of argon gas was adjusted to obtain st |etter denotesrans (T) or cis (C) hydroguinone, while
sufficient isolation. The mixed gas was expanded through athe second letter denotegans (T) or cis (C) conforma-
stainless steel pipe of 1/16in. in diameter and deposited intion around the H—O—eC—Cl part. A DFT calculation
a vacuum chamber on a Csl plate, cooled at about 16 K by 5t the DFT/B3LYP/6-31+G** level results in that the
a closed cycle helium refrigeration unit (CTI Cryogenics, optimized geometry for TC and CC is more stable than
Model M-22). UV radiation from a superhigh-pressure mer- that for TT and CT because of the intramolecular hydro-
cury lamp was used to induce photoreaction, where awatergen pond between the O-H and C—Cl groups, the relative
filter to remove thermal reactions and UV-28, UV-30 and energies being calculated to be 0 (TC), 0.47 (CC), 12.6
UV-32 short-wavelength cutoff filters (HOYA) to choose (TT) and 13.5kJmai® (CT). The stabilization energy due
irradiation wavelengths were used. Infrared spectra of the ;5 the hydrogen bond is almost consistent with that for
matrix samples were measured with an FTIR spectropho- 2-chlorophenol (13.1kJ mot) [7]. On the other hand, the
tometer (JEOL, Model JIR-7000). The band resolution was energy difference between TC and CC (0.47 kJmhplis
0.5 C”_Tl, and the number of accumulation was 64. Other nearly equal to that for its parent molecule, hydroguinone,
experimental details were reported elsewH8r&0]. where thetrans conformation is more stable than tbis by

*Igenm_ty-funct|onal-th_eory calculations with the 6+3% 0.56 kJ mot™ [14]. According to the Boltzmann distribution
G™ basis set were carried out using the GAUSSIAN 98 pro- |a at the deposition temperature of 310K, the population
gram[11]. The hybrid density functionglL2], in combina-  yatig of TC/CC/TT/CT is calculated to be 100/83.2/0.7/0.5.
tion with the Lee—Yan_g—'Parr correlat.|onfunct|0nal (B3LYP) |t is then reasonable to assume that the observed spec-
[13], was used to optimize geometrical structures. trum is mainly composed of the bands of the TC and CC

3. Results and discussion o (OIN

cl c ol cl
3.1. Infrared spectrum of chlorohydroquinone

Fig. 1(a) shows the infrared spectrum of chlorohydro-  ;-© Oy 1 ° Oy
quinone isolated in an argon matrix at 16 K measured after
deposition and before UV irradiation. The bands appearing ¢ CC TT CT

at around 1500 and 1150 crhare due to the benzene-ring
stretching and in-plane hydrogen bending modes, respec- Fig. 2. Four possible conformations of chlorohydroquinone.
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(©) formation of 3-hydroxy-2,4-cyclopentadiene-1-ylideneme-
thanone, here denoted as HO-FK, is expected as shown in
Scheme 3
2000 1500 ., 1000 700 HO-FK has two conformations around the C—OH bond,
WAVENUMBER / cm transandcis, wherecis is more stable by 3.4 kJ mot. The
Fig. 3. (a) A difference spectrum, after minus before UV irradiation, Calculated spectral patternstedinsandcis HO-FK are com-
through a UV-28 short-wavelength cutoff filter for 1 min. A band marked pared with the observed spectrumFfig. 3. The K bands
with * is due to HO in the matrix. Bands marked with B are assigned to  cgn pe assigned tais but nottrans HO-FK. For example,
p-benzoguinone and K to HO-FK. (b) and (c) Calculated spectral pattems e \wayenumbers and the relative intensity of the bands ap-
for cis andtrans HO-FK, respectively. .
pearing at 1579, 1396 and 1140 chcorrespond to that of
the 1591, 1394 and 1134 crhbands oftis, respectively. No
conformers. The spectral patterns of the four conformers trans bands are observed despite a small energy difference
obtained by the DFT/B3LYP/6-31+G** method are com-  of 3.4kJmot?; for example, the second intense band of
pared with the observed spectrumFiig. 1, where a scaling  transexpected to appear at 1372chis missing in the ob-
factor of 0.98 is used. The calculated patterns of TC and served spectrum. This finding raises the question on whether
CC seem to be consistent with the observed spectrum. Weor not the conformational isomerization around the C—-OH
tried to distinguish the TC and CC bands in the observed bond occurs in a low-temperature rare-gas matrix. Since the
spectrum by raising the matrix temperature from 16 to 28 K isomerization barrier scaled from the potential minimum of
to induce the thermodynamical isomerization between TC transis estimated to be ca. 9.8 kJ mélby the DFT calcula-
and CC, but no spectral change was observed in contrastion, the thermodynamical isomerization frdransto cisin
to the case of hydroquinorig¢4]. Thus, we assumed in the  a low-temperature matrix seems to be diffidaf]. Another
subsequent kinetic analysis that nearly equal amounts ofpossibility is thatransis converted teis by hydrogen-atom

. N . .

the TC and CC bands are overlapped with each other. tunneling, as discussed later $®ction 3.4
The observed and calculated wavenumbers of HO-FK,
3.2. Identification of photoproducts which is a hitherto unknown molecule, are summarized in
Table 1 The 1062 and 913 cmt bands are also assigned
3.2.1. (a) 3-Hydroxy-2,4-cyclopentadiene-1- to HO-FK, although their intensities are much weaker than
ylidenemethanone the rest. The band observed at 2857¢nis assigned to

When the matrix sample was exposed to UV light from the co-product HCI, which interacts with FK as reported
the mercury lamp, the photolysis of chlorohydroquinone oc- elsewherd7].
curred immediatelyFig. 3(a)shows a difference spectrum
between spectra measured after and before 1-min UV irra-3.2.2. (b) p-Benzoquinone—HCI complex
diation through the UV-28 filterA( > 270 nm), where the When a matrix sample was exposed to UV light for a pro-
increasing and decreasing bands are assignable to product®nged time, the intensity of the B bands increased, while
and the reactant, respectively. The sharp and intense bandhat of the K bands, assigned to the HO-FK bands, decreased.
appearing at 2126 cnt, marked with K, is assigned to the Fig. 4 shows spectral changes ranging between 1600 and
C=C=0 stretching vibrational mode of a ketene compound. 2200 cnt!. The growth behavior of the 1659 cth C=0
The 1579, 1396 and 1140 crh bands marked with K are  stretching band is totally different from that of the HO-FK
also assignable to the ketene, since they show the sameC=C=0 stretching band, 2126 cth. The difference between
growth behavior as the 2126 cthband. The bands marked the spectrum measured after UV irradiation for 180 min
with B are assigned tp-benzoquinone, as described later. and that after 60 min is shown iRig. 5(a) The HO-FK

In our previous study of 2-chlorophenol in a low-temper- bands marked with K decreased in this period, while those
ature matrix[7], FK was produced by photodissociation marked with B increased. The pattern of the B bands is
of hydrogen chloride, as shown iBcheme 1If a simi- similar, though not identical, to that gtbenzoquinone re-
lar reaction occurs in the photolysis of chlorohydroquinone, ported in[16—-18] This finding suggests that the B bands
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Table 1
Observed and calculated wavenumbers (in&rof HO-FK, 3-hydroxy-2,4-cyclopentadiene-1-ylidenemethanone, with their relative intensities
Observed Calculated
Cis Trans
v Int. Vv Int. v Int.
3754 45 3768 6.2
3201 0.1 3211 0.2
3190 0.3 3198 0.1
3181 0.0 3156 0.4
2126 100 2158 100 2160 100
1579 11.3 1591 134 1613 6.6
1485 1.3 1479 3.0
1439 1.6 1426 4.0
1396 5.7 1394 5.2 1372 18.1
1293 0.1 1296 5.9
1198 34 1200 0.3
1178 5.9 1182 1.3
1140 15.9 1134 11.8 1138 5.9
1062 2.9 1070 24 1075 1.6
952 0.3 947 1.7
913 2.7 905 2.2 905 2.2
873 0.0 851 0.0
746 6.6 751 6.0
671 1.1 669 14
649 0.0 653 0.8
637 0.9 637 0.5
613 1.3 607 1.2
551 0.8 556 0.5
505 0.2 506 0.0
460 0.3 465 0.5
396 0.9 395 0.7
334 6.5 293 0.3
287 21 204 8.3
135 0.2 135 0.1
102 0.0 99 0.0

aDFT/B3LYP/6—-31+G** level calculation. A scaling factor of 0.98 is used.

are assignable tp-benzoquinone—HCI complex instead of ular hydrogen bond in the-benzoquinone—HCI complex.

p-benzoquinone monomer. The observed and calculated wavenumbers for the monomer
Fig. 5(b) and (c)shows the calculated spectral patterns and the complex are summarizedTiable 2with their rela-

of p-benzoquinone monomer and its complex with HCI, re- tive intensities.

spectively. The hydrogen bond length GQ@-H-CI) of the

optimized geometrical structure for this complex is calcu- 3.3. Mechanism of photoreaction

lated to be 1.85 A, which is shorter than that for HO-FK—HCI

complex (>GC=0-H-Cl, ca. 2.2 A), implying that the hy- The DFT calculation shows thatbenzoquinone is more

drogen bond in the former is stronger than that in the lat- stable thancis HO-FK by 67.3kJmot!. The photoreac-

ter. By a comparison of the observed spectrum with the two tion pathway to producp-benzoquinone and HO-FK from

calculated patterns, we conclude that the B bands are duechlorohydroquinone is summarized §theme 4

to p-benzoquinone—-HCI complex. Especially, the calculated The reaction intermediate, ketocarbene, is produced

pattern for the complex satisfactorily reproduces tt/OC  from chlorohydroquinone by elimination of HCI upon

stretching region around 1700 cf) where the two €0 UV irradiation. This ketocarbene is a common pre-

stretching bands fgp-benzoquinone appearing at 1671 and cursor for HO-FK andp-benzoquinone; the former is

1659 cntt are assignable to the symmetric (1705¢n produced by Wolff rearrangement, as in the photoly-

and the asymmetric (1684 cth) stretching modes; the for-  sis of 2-chlorophenol, while the latter by intramolecular

mer becomes infrared-active by perturbation of the hydrogen hydrogen-atom migration from the hydroxyl group. We

bond with HCI. The infrared band for HCl in the complex ap- assume that CO dissociates from HO-FK, because the

pearing at 2540 cm' shows a band as broad as ca. 40ém 2126 cnt! band decreases while the CO band at 2134%cm

and has a shift as large as ca. 350¢nfrom that of HCI increases after prolonged UV irradiation, as shown in

monomer([7]. These findings support a strong intermolec- Fig. 4.
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Fig. 4. Spectral changes f@rbenzoquinone (B), HO-FK (K) and car-
bon monoxide (CO) upon UV irradiation time. A band marked with *
represents a small amount ob@ in the matrix.

The rate constants definedSitheme £orrespond tayy

x ¢ x |, whereeyy, ¢ andl represent the decadic extinction
coefficient, the reaction quantum efficiency and the UV pho-
ton intensity, respectivelfl19]. This expression for the rate
constants holds in the weak absorption limit, which in our
analysis is applicable to chlorohydroquinone and HO-FK. To
determine the rate constatks ko andks, the dependence of
the absorbance of the 1224, 2126 and 1659%bands as-
signed to chlorohydroquinone, HO-FK apéenzoquinone

ABSORBANCE

1500 1000 700
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Fig. 5. (a) A difference spectrum after 180-min minus 60-min UV irradi-
ation through a UV-28 short-wavelength cutoff filter. See the caption of
Fig. 3 for symbols *, B and K. (b) and (c) Calculated spectral patterns
for p-benzoquinone monomer and its complex with hydrogen chloride,
respectively.
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on the irradiation time was examined. By solving the rate
equations, we obtain the following equations involving the
irradiation timet

AR
Pl [R] = (a0 — aco) x €Xp{—(k1 + k3) X t} + dco,
R
1)
Ax ky
g—[K] = (ap — deo) X —k1+k3—k2
x [exp(—kz x 1) — exp(— (k1 + k3) x t}], )
Ap _ _ _ k3
g—[B]—(ao aOO)Xk1+k3
x [1 — exp{—(k1 + k3) x t}], 3)

where R], [K] and [B] represent the numbers of molecules
for chlorohydroquinone, HO-FK ang-benzoquinone, re-
spectively, obtained from the integrated absorbaége
divided by the corresponding infrared absorption coefficient
ex. Since no experimental information an is available,
the calculated intensities obtained by the DFT method, 187,
1359 and 447 km mot for the 1224, 2126 and 1659 crh
bands respectively, are assumed, where the averaged value
of the TC (137kmmotl) and CC (236 kmmoi') con-
formers is used for chlorohydroquinone. The constant
ap, representing the initial number of reactant molecules,
chlorohydroquinone, can be estimated from #hevalue
measured before UV irradiation. The constagntrepresents
the number of reactant molecules remaining after UV irra-
diation by the distortion of the matrix cage. This constant is
treated as a variable parameter in the least-squares fitting.
The calculated dependence of the relative number of
molecules on the irradiation time, shownFhig. 6 by solid
lines, are consistent with the corresponding observed val-
ues within experimental error. The intensity of the reactant
decreases exponentially, apebenzoquinone is produced
more rapidly than HO-FK. The observed value laf is
roughly twice as large as that &f, as listed inTable 3

3.4. Intramolecular hydrogen-atom migration

The photoinduced hydrogen-atom migration in carbenes
has been investigated by low-temperature matrix-isolation
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Table 2
Observed and calculated wavenumbers (im&nrof p-benzoquinonep-BQ), monomer and complex with hydrogen chloride
Observed Calculated
p-BQ monomet This work Monomer Complex
v Int. v Int. Vo Int. Sym. \ Int.
3151 0 3 3155 0.1
3149 1.0 by 3153 0.2
3133 0 By 3139 0.1
3133 0.4 hy 3138 0.1
254C¢ 23.2 2573 265
1672 70 1671 34.5 1701 0 9@ 1705 26.1
1659 52 1659 100 1699 100 1B 1684 100
1624 15.5 1645 0 A 1641 8.8
1596 9 1597 115 1615 3.8 20 1616 4.5
1371 0 By 1374 0.2
1357 4.7 1371 4 1358 1.1 1 1361 0.7
1301 3 1309 22.6 1295 17.6 b 1303 15.0
1213 0 By 1218 0.1
1145 0 3 1151 0.1
1066 17 1073 16.9 1065 10.0 20 1072 8.4
990 0 g 991 0.0
989 0 & 990 0.0
942 9 943 11.6 929 4.3 1B 930 5.2
886 50 888 49.9 883 18.6 3 882 17.4
766 0 g 764 0.1
759 0 ) 759 0.1
740 0.1 hu 744 0.4
740 0 by 743 0.0
589 0 g 594 0.2
548 18.3
503 2.9 504 1.0 B 508 0.0
496 7.7
447 0 g 452 2.2
445 0 & 447 0.5
407 18 404 5.6 a 408 9.1
330 0 & 331 0.0
219 0 g 217 0.1
117 2.8
93 3.4 By 93 2.1
37 0.2
aRef. [17].

b DFT/B3LYP/6-31+G** level calculation. A scaling factor of 0.98 is used.
¢Broad band assigned to H—CI stretching mode.
d Multiple band splittings — 1755, 1707, 1682, 1672, 1670, 1659 and 164 entlue to Fermi resonance.
€A shoulder band appears at 1353¢m

spectroscopy20-25] For examplep-tolyldiazomethane is
converted too-xylylene viao-tolylcarbene by UV photoly-
sis, as shown irBcheme 5 [20]McMahon and Chapman
examined the H/D isotope effect for the hydrogen migration are converted t@-benzoquinonemonoimine (6-imino-2,4-
and claimed the possibility of hydrogen tunneling.

Table 3

Rate constants (inmirt) for chlorohydroquinone

Normal species

Deuterated species

kg
ko
k3
ki + ks

0.007 + 0.00F
0.013+ 0.003
0.013+ 0.001
0.020+ 0.002

b
b
b

0.022+ 0.003

2Uncertainty represents three times standard derivations in least-

squares fitting.

b Not determined independently.

On the other hand, Tomioka et al. reportedjuinone-
type molecules produced by hydrogen-atom migration. For
example, 2-hydroxyphenylazide and 2-aminophenylazide

cyclohexadiene-1-one) and-benzoquinonediimine (1,2-
diimino-3,5-cyclohexadine), respectivgB2—-24](Scheme k

To solve the question on whether hydrogen-atom migra-
tion in the photolysis of chlorohydroquinone originates from
tunneling, we performed a similar experiment for deuter-
ated chlorohydroquinone. The observed infrared spectrum
of deuterated chlorohydroquinone is very complicated, be-
cause the partially deuterated sample used contained four
isotopic species in the matrix: normal, two kinds of one-OD
(Isotopes | and Il) and two-OD (Isotope Ill) species (see
Scheme Y.
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The infrared spectrum of the O—H and O-D stretching re-
gions, shown irFig. 7, is compared with that of the normal

species. Two bands appear in each region, where the low-
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Fig. 7. Infrared spectra of O—H and O-D stretching regions: (a) normal
and (b) deuterated chlorohydroquinones.

The two bands exhibit splittings due to either the matrix-site
effect or Fermi resonance. One may expect that each of
these peaks can be assigned to the bands of the TC and CC
conformers. This is not the case, however, because the DFT
calculation shows that the wavenumber difference between
TC (3834cnl) and CC (3833 cml) is only 1cntl. The
band shapes of the O—H stretching region for the deuter-
ated species are also very similar. Hence, we assume that
the free O—H stretching band, ca. 3650¢mis composed
of both Normal and Isotope |, while the hydrogen-bonding
O-H stretching band, ca. 3570 ¢ty is composed of both
Normal and Isotope Il. Similarly, we assume that the free
O-D stretching, ca. 2690 cr, is composed of Isotopes I
+ 111, while the hydrogen-bonding bands, ca. 2630¢His
composed of Isotopes IlI.

The population ratio of (Normat Isotope I)/(Isotopes Il

and high-wavenumber bands are assigned to the stretchingt 1) in the sample can be estimated from the observed ab-

modes with and without perturbation of the hydrogen bond
between the O—H (or O-D) and C—CI groups, respectively.

sorbance ratio of the free O—H and O-D stretching modes, if
the corresponding absorption coefficients are known. Using

I Cl v Cl i 0
hv % H
-HCl or -DCI
OH OH OH
O
Normal Isotope 1
OH oD (0] 0
cl cl . . b
—_— _—
-HCl or -DCI
OD OD oD 0
Isotope 11 Isotope 111

Scheme

7.
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Fig. 8. Infrared spectra after 180-min UV irradiation through a UV-28
short-wavelength cutoff filter: (a) normal and (b) deuterated chlorohydro-
quinones. A band marked with * represents a small amount /@ fh

the matrix.

the calculated intensities obtained by the DFT calculation,
about 65kmmot! for Normal and Isotope |, and about
42 kmmol? for Isotopes Il and llI, the population ratio is

Photobiology A: Chemistry 169 (2005) 47-55

and HO-FK. In reality, however, it is impossible because
the bands of the deuterated species are overlapped with
those of the normal species, as showrrig. 8.

As for the possibility of the tunneling isomerization
around the C—OH bond for HO-FK suggeste®grtion 3.2
the tunneling effect has been investigated by low-temper-
ature matrix isolation for the OH torsional modes of several
molecules such as formic acif26-28] 3-hydroxypro-
padienylidene[29] and hydroquinone$14,30,31] If the
cis-transisomerization of HO-FK occurs by tunneling, the
transbands may be observed in the spectrum of the deuter-
ated matrix sample, because the deuterium-atom migration
from trans to cis is slow. However, our infrared spectrum
of a mixture of the normal and three isotope species is too
complicated to detect thteansbands. Complete deuteration
is essential to confirm the tunneling effect in HO-FK.
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estimated to be 2.1 from the observed integrated absorbance

ratio of 3.2 by division of the calculated intensity ratio of
65/42.

When the deuterated matrix sample was exposed to UV
light through the UV-28 cutoff filter, a similar photoreaction
was observed. The D-CI produced by photodissociation
appeared at 1861 cmh. The decreasing rate constant of the
deuterated reactarit; + ks, is thus determined to be 0.022
+ 0.003 from the absorbance change of the 2690'chand
by a least-square fitting. This value is consistent with that
of the O—H stretching band for the normal sample 0.020
+ 0.002. This means that the production rate for the keto-

carbene intermediate is independent of deuteration. On the

other hand, the production rate for the final products, i.e.,
the branching ratio between HO-FK apebenzoquinone,
depends on deuteration as shown Hig. 8 where the
relative intensity ofp-benzoquinone (1659 cm) against
HO-FK bands ( 2126 cm') in the deuterated sample is
smaller than that of the normal sample. The DFT calculation
shows that the €0 stretching band intensities are 476 and
571 kmmot?! for normal p-benzoquinone interacted with
HCI and DCI, respectively, while 454 and 557 km mbl
for p-benzoquinonel with HCI and DCI, respectively.
This suggests that the=© band for the deuterated species
(Fig. 8(b) is stronger than that for the normal species
(Fig. 8(a), if the amounts of the deuterated and normal
species are equal. However, the result is opposite, which
means that the migration of deuterium atom producing
p-benzoquinonek is more difficult than the hydrogen-atom
migration. This phenomenon may in principle be ascribed to
hydrogen-atom tunneling, and our proposition may be veri-
fied by determination df;, ko andks from the growth behav-
ior of the normal and deuterated speciesgfdrenzoquinone
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