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Intramolecular hydrogen atom tunneling in 2-chlorobenzoic acid has been investigated by low-temperature
matrix-isolation infrared spectroscopy with the aid of density functional theory calculation. Infrared spectra
of two relatively stablesyn isomers, SC and ST, were observed in argon and xenon matrixes. When the
matrix samples were annealed after deposition, the isomerization from ST to SC occurred around the benzene-
carboxyl bond. Two less stableanti isomers, AT, which has an OH‚‚‚Cl intramolecular hydrogen bond, and
AC, which has no OH‚‚‚Cl bond, were produced from SC and ST upon UV irradiation. When the matrix
samples were kept in the dark after UV irradiation, AT and AC changed to ST and SC, respectively, by
spontaneous isomerization around the C-O axis in the carboxyl group. The rate constants of isomerization,
AT f ST, in a Xe matrix were estimated from the absorbance changes at various matrix temperatures. The
rate constants showed a drastic decrease in deuteration of the hydrogen atom of the carboxyl group. The
relationship between the rate constants and the matrix temperature did not follow the Arrhenius law. These
findings lead to the conclusion that the isomerization of ATf ST and ACf SC in low-temperature rare-gas
matrixes proceeds through intramolecular hydrogen atom tunneling.

Introduction

It is one of the important subjects in physical chemistry and
biochemistry to clarify the role of hydrogen atom tunneling in
the isomerization around the C-O bonds of alcohols and acids.
A number of recent rare-gas matrix-isolation studies have shown
that isomerization through hydrogen tunneling occurs in aliphatic
carboxylic acids such as formic acid,1-3 acetic acid,1,4,5 and
propionic acid.1,6 As shown in Scheme 1, at least two isomers,
synandanti, are conceivable for these acids, where the latter is
less stable because of the repulsion between the nonbonded
electron pairs of two oxygen atoms in the carboxyl group. It
was concluded that the more stable isomer,syn, for the above-
mentioned compounds changed to the corresponding less stable
isomer,anti, upon infrared (IR) irradiation and then returned
to the original isomer in the dark through hydrogen tunneling.
Similar isomerization due to hydrogen tunneling after UV-
induced isomerization was reported on aromatic alcohols and
acids such as hydroquinone,7 chloranilic acid,8 and tetrachlo-
rohydroquinone9 in low-temperature rare-gas matrixes.

It seems to be important to study the hydrogen tunneling in
molecules containing intramolecular hydrogen bonds, which
causes a significant change on the asymmetric potential surfaces
in relation to bothsynandanti isomers. For example, theanti
instead ofsyn isomer of 2-chloroacetic acid is stabilized by
intramolecular OH‚‚‚Cl bonding, lowering the energy difference
between the two isomers. Then the barrier of isomerization from
the anti isomer is raised too high to induce the isomerization
through hydrogen tunneling in the dark,10-12 in contrast to acetic
acid, a parent molecule for 2-chloroacetic acid, which shows
isomerization due to the hydrogen tunneling.

In the present study, the isomerization of 2-chlorobenzoic
acid, hereafter denoted as 2CBA, has been examined by low-

temperature rare-gas matrix-isolation IR spectroscopy and
density functional theory (DFT) calculation. Benzoic acid, a
parent molecule of 2CBA, was studied by electron diffraction
in the gas phase13 and in rare-gas matrixes by IR spectros-
copy,14,15 where only thesyn isomer was detectable. These
results seem to be reasonable because theanti isomer is
destabilized by repulsion between the two hydrogen atoms of
the OH group and the benzene ring, as shown in Scheme 2.
The potential energy of theanti isomer increases, and then the
barrier height of isomerization from theanti isomer becomes
smaller and facilitates the tunneling isomerization. Therefore,
even if theanti isomer is produced upon IR and/or vis-UV
irradiation, it would immediately change to thesyn isomer
through hydrogen tunneling. The lifetime of the less stable
isomer should be too short to be detectable by electron
diffraction or standard IR spectroscopy, as mentioned above.

If this explanation is true, theanti isomer of 2CBA, which is
stabilized by the OH‚‚‚Cl intramolecular hydrogen bond, should
be detectable because the tunneling rate is slower, i.e., the
lifetime of theanti isomer is longer, than that of benzoic acid.
In fact, a few IR bands of a less stable isomer for 2CBA in the

* To whom correspondence should be addressed. Fax:+81-42-388-
7349. E-mail: necom@cc.tuat.ac.jp.

SCHEME 1

SCHEME 2

7041J. Phys. Chem. A2007,111,7041-7047

10.1021/jp0717600 CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/28/2007



CdO and O-H stretching regions were observed in CCl4

solution16 or in the gas phase.17 However, no report on the
mechanism of photoisomerization or tunneling isomerization has
yet been investigated.

In the present study, we first examine the UV-induced
photoisomerization of 2CBA to identify four possible isomers
including two less stable isomers that have never been reported
(see Figure 1). Then we study the tunneling isomerization from
the less stable isomers to the more stable isomers. The rate
constants of isomerization for the normal and deuterated samples
are determined in kinetic analyses at various matrix tempera-
tures. The dependence of the rate constants on the matrix
temperature and the H/D isotope effect on the rate constants
have provided us with a clue as to the mechanism of the
isomerization caused by hydrogen tunneling.

Experimental and Calculation Methods

A sample of 2CBA was purchased from Tokyo Chemical
Industry Co. Ltd. A deuterated sample of 2-CBA-OD was
synthesized by mixing 2CBA in acetone with an excess amount
of D2O. A solid sample of normal or deuterated species dried
in a glass vacuum system was placed in a stainless steel pipe
nozzle with a heating system. Pure Ar (Taiyo Toyo Sanso,
99.9999% purity) or Xe (Tokyo Gas Chemical, 99.999%) was
flowed over the sample heated to ca. 320 K, where the flow
rate of the rare gas was adjusted by a needle valve to obtain a
suitable sample/rare gas ratio. The mixed gas was expanded
through a stainless steel pipe and deposited in a vacuum chamber
on a CsI plate cooled at 9 K by a closed-cycle helium refrigerator
(Iwatani, model CW303). Matrix samples were warmed at a
rate of 1 K/1 min, held for 10 min at 27 K, and then cooled to
9 K at the same rate in annealing. UV radiation from a super-
high-pressure mercury lamp (Ushio, SX-UI-500HQ) was used
to induce photoisomerization. A water filter was used to remove
thermal reactions, and an LU0250 short-wavelength cutoff filter
(Asahi Spectra Co. Ltd.) was used to select the irradiation
wavelength (λ > 240 nm). IR spectra of the matrix sample and
spectral changes due to photoisomerization and tunneling
isomerization were measured with an FTIR spectrophotometer
(JEOL, JIR-WINSPEC50). The spectral resolution was
0.5 cm-1, and the accumulation number was 64. Other experi-
mental details are reported elsewhere.18,19

DFT calculations were performed using the Gaussian03
program20 with the 6-31++G** basis set. Beck’s three-
parameter hybrid density functional,21 in combination with the
Lee-Yang-Parr correlation functional (B3LYP),22 was used
to optimize the geometrical structures and to obtain IR spectral
patterns.

Results and Discussion

Optimized Geometries.The four isomers of 2CBA, shown
in Figure 1, were optimized at the DFT/B3LYP/6-31++G**
calculation level. We call these isomers SC, ST, AT, and AC,

where the former letter,syn (S) or anti (A), means the
conformation of the hydrogen atom of OH against the oxygen
atom of the carboxyl group, and the second letter,cis (C) or
trans(T), means that of the oxygen atom of the carboxyl group
against the chlorine atom. The optimized geometrical structures
of SC, ST, and AC were found to be nonplanar, the dihedral
angles of which are calculated to be 11.5°, 162.5°, and 53.9°,
respectively. On the other hand, the geometrical structure of
AT is planar, probably because of the OH‚‚‚Cl hydrogen bond.
Böhm reported the dihedral angles of SC and ST to be 20° and
157°, respectively, at the DFT/B3LYP/6-311++G** level,16

which are consistent with the results of our calculation. A similar
calculation was performed for 2-fluorobenzoic acid, 2FBA, by
Nandi,23 who reported that the carboxyl groups of the twosyn
isomers were in the plane of the benzene ring. Since the fluorine
atom is far from the oxygen atom in 2FBA, the repulsion
between the fluorine and oxygen atoms seems to be negligible.
In contrast, the twosynisomers of 2CBA are nonplanar, which
indicates that the distance between the oxygen and chlorine
atoms in 2CBA is so close that the repulsion between these
atoms cannot be ignored.

It is found that SC is the most stable isomer. The energies of
ST, AT, and AC relative to SC are calculated to be 0.24, 9.92,
and 23.44 kJ mol-1, respectively. The twoanti isomers, AT
and AC, are less stable than the twosyn isomers, SC and ST,
as described in the Introduction by the repulsion between the
lone pairs of the two oxygen atoms in the carboxyl group,
although AT is stabilized by the intramolecular hydrogen bond.
Then the order of relative energies for the four isomers shown
in Figure 1, SC< ST < AT < AC, seems to be reasonable.

IR Spectra of SC and ST in Rare-Gas Matrixes.An IR
spectrum of 2CBA in an argon matrix is shown in Figure 2a.
Two CdO stretching bands clearly appear in the region of
1700-1800 cm-1, implying the existence of two isomers.
Judging from the populations calculated with an assumption of
the Boltzmann distribution law using the above-mentioned
relative energies, all the bands appearing in the spectrum can
be assigned to the more stable isomers SC and ST but neither
AT nor AC.

To distinguish the twosyn isomer bands, the matrix sample
was annealed from 9 to 27 K. A difference spectrum between
the spectra measured before and after the annealing is shown
in Figure 2b, where the scale of absorbance is expanded by 3

Figure 1. Four isomers of 2-chlorobenzoic acid optimized at the DFT/
B3LYP/6-31++G** level. The numbers in parentheses represent the
relative energies (kJ mol-1). The broken line represents an intramo-
lecular hydrogen bond.

Figure 2. IR spectra of 2-chlorobenzoic acid in an argon matrix. (a)
Observed spectrum after deposition. The band marked with an asterisk
is due to CO2 in the atmosphere. (b) Difference spectrum between the
spectra measured after and before annealing. (c) Calculated spectral
patterns of SC (up) and ST (down), where scaling factors of 0.95 and
0.98 are used inside and outside the OH stretching region, respectively.
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times that in Figure 2a. Figure 2c shows the calculated spectral
patterns obtained by the DFT calculation, where the peaks of
SC and ST are drawn on the upper and lower sides, respectively.
The scaling factor of 0.95 is used for the OH stretching in
consideration of anharmonicity and 0.98 otherwise. Since the
observed difference spectrum, Figure 2b, is consistent with the
calculated spectral pattern, Figure 2c, it can be concluded that
the second stable isomer ST changes to the most stable isomer
SC by the annealing. Then almost all the peaks appearing in
Figure 2a are clearly assigned to SC and ST, as listed in Table
1. These assignments support the assumption proposed by
Barnes24 that thermal rotational isomerization around a single
bond occurs over a barrier height lower than 8 kJ mol-1 at a
matrix temperature higher than 27 K; the barrier height from
ST to SC is estimated to be 7.51 kJ mol-1 in our calculation.

A deuterated sample was used to assess the reliability of our
vibrational assignments. Figure 3a shows an IR spectrum for
deuterated 2-CBA in an Ar matrix, where the D/H isotope ratio
is 50-70% and the IR bands of normal species are subtracted
from the observed spectrum computationally. The observed
increasing and decreasing bands in the difference spectrum
between the spectra measured before and after annealing, Figure
3b, can be assigned to the deuterated SC and ST isomers,
because the corresponding calculated spectral patterns shown
in Figure 3c reproduce the observed spectrum as closely as those
for the normal species. The observed and calculated wavenum-
bers and relative intensities of deuterated SC and ST are
summarized in Table 1 together with those of the normal species.

IR Spectra of AT and AC Produced upon UV Irradiation.
To observe the IR spectra of less stable unknown isomers, the
matrix sample was exposed to UV radiation emitted from a
super-high-pressure mercury lamp through an LU0250 short-
cutoff filter (λ > 240 nm) after annealing. A difference IR

TABLE 1: Observed and Calculated Wavenumbers (cm-1) and Relative Intensities of SC and ST in an Argon Matrix

SC ST

normal deuterated normal deuterated

calcdb calcdb calcdb calcdb

obsda ν̃ int obsda ν̃ int obsda ν̃ int obsda ν̃ int

3574, 3565 (s) 3581 30 3076 1 3557, 3551 (s) 3565 23 3065 1
3076 0 3061 1 3065 1 3060 1
3061 1 3048 3 3060 0 3047 2
3049 3 3034 1 3048 2 3033 1
3034 1 2637, 2627 (s) 2687 19 3034 1 2624, 2619 (s) 2674 15

1766 (s) 1767 100 1762, 1754 (s) 1760 100 1744 (s) 1742 100 1738 (vs) 1734 100
1597 (w) 1607 10 1598 (w) 1607 10 1602 (w) 1608 11 1601 (w) 1607 12

1579 5 1579 5 1577 1 1577 1
1481 (w) 1476 10 1481 (w) 1476 10 1474 3 1473 4
1438 (w) 1438 7 1435 (w) 1438 7 1441 (m) 1440 16 1441 (w) 1439 15
1341 (w) 1335 29 1312 (s) 1321 18 1360 (m) 1356 33 1331 (s) 1320 55

1308 2 1273 38 1310 1 1326 (s) 1307 25
1266 3 1262 (s) 1263 37 1260 4 1254 1

1179, 1176 (s) 1173 41 1168 1 1187 (s) 1185 41 1166 0
1162 (m) 1167 16 1144 (w) 1142 4 1166 1 1127 1
1143 (w) 1140 15 1104 (w) 1100 6 1124 3 1125 (m) 1121 12
1103, 1101, 1098 (s) 1092 23 1046 3 1113 (s) 1113 29 1055 (w) 1042 4

1047 3 1048 (s) 1033 25 1055 (w) 1042 4 1040 (w) 1036 7
1048 (s) 1032 35 986 2 1041 (w) 1036 9 999 (m) 991 15

985 0 987 (w) 981 23 986 0 986 0
959 0 959 1 964 0 964 0
869 0 869 0 871 0 871 0
790 0 788 1 789 0 788 1
777 4 759 3 776 6 765 (w) 756 6

749, 747 (s) 745 25 749, 747 (s) 744 22 751 (s) 747 25 750 (w) 745 20
686 (w) 688 8 681 4 688 (w) 689 4 681 2

678 9 664 4 678 (w) 680 8 665 2
631 (m) 625 13 596 (w) 588 18 626 (m) 622 10 593 (w) 585 13

581 23 521 4 596 16 527 4
521 3 492 16 525 3 492 18
489 1 459 15 485 0 461 15
442 1 435 6 447 3 444 14

a The symbols in parentheses represent the relative intensities: s, m, and w denote strong, medium, and weak, respectively.b Calculated at the
DFT/B3LYP/6-31++G** level. Scaling factors of 0.95 and 0.98 are used in the regions higher and lower than 3000 cm-1, respectively.

Figure 3. IR spectra of deuterated species of 2-chlorobenzoic acid in
an argon matrix. (a) Observed spectrum after deposition. The band
marked with an asterisk is due to CO2 in the atmosphere. (b) Difference
spectrum between the spectra measured after and before annealing. (c)
Calculated spectral patterns of deuterated SC (up) and deuterated ST
(down), where a scaling factor of 0.98 is used. The observed bands of
the normal species are subtracted computationally.
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spectrum between the spectra measured after and before the 60
min irradiation is shown in Figure 4a, where the product bands
increase and the reactant bands, i.e., SC and ST, decrease. Figure
4b shows the calculated spectral pattern of AT. The scaling
factor of 0.95 is used in the O-H stretching region and 0.98
otherwise. The dense bands appearing at 1353, 1344, 1324, and
1311 cm-1 are assignable to the most intense band for a mixed
mode of in-plane COH bending and C-O stretching, which may
be split by the Fermi resonance with a combination band of
out-of-plane COH bending, ca. 550 cm-1, and out-of-plane C-H
bending, ca. 750 cm-1. Since the calculated spectral pattern
reproduces the increasing bands satisfactorily when the above-
mentioned splitting is considered, we conclude that SC and ST
change to AT by UV irradiation. The observed and calculated
wavenumbers and relative intensities of AT are summarized in
Table 2.

The spectral changes of the deuterated species in an argon
matrix due to UV-induced photoisomerization are also shown
in Figure 4c. Most of the observed bands can be assigned to
AT by comparison of the observed spectrum with the corre-
sponding calculated spectral pattern in Figure 4d. The strongest
band observed at 1298 cm-1, which is split in the spectrum of
the normal species, corresponds to the calculated band at
1285 cm-1; the band splitting due to Fermi resonance seems to
be avoided by deuteration. The observed and calculated wave-
numbers and relative intensities for the deuterated AT are
summarized with the results of the normal species in Table 2.

The difference spectrum, Figure 4c, shows additional bands
unassigned to AT in the O-D and CdO stretching regions.
The 2667 and 1790 cm-1 bands correspond to the calculated
2708 and 1806 cm-1 bands of deuterated AC shown in Figure
4e, suggesting that another less stable isomer, AC, exists with
AT in the matrix after UV irradiation. On the other hand, no
IR bands of AC were observed in the spectrum of the normal
species, as mentioned above. Hence, we assume that the rate
of hydrogen tunneling is so fast that AC changes to SC before
the measurement of the IR spectrum but that the rate of

deuterium atom tunneling is so slow that the IR bands of AC
are observable. Further evidence for the hydrogen tunneling is
presented in the next section. The observed and calculated
wavenumbers and the relative intensities of deuterated AC are
summarized in Table 2. This is the first observation of the less
stable isomers of 2-CBA, AT, and AC.

Isomerization Due to Hydrogen Atom Tunneling. When
the argon matrix sample was kept in the dark for 300 min after
60 min of UV irradiation (λ > 240 nm), a spectral change due
to isomerization from AT to ST was observed, as shown in
Figure 5a. The increasing and decreasing bands in the dark are
on the upper and lower sides, respectively. The former is
assigned to ST while the latter is assigned to AT on the basis
of the vibrational analysis described above.

Three origins for the isomerization from AT to ST in the
dark are conceivable: (1) IR-induced isomerization by the IR
radiation emitted from an FT-IR spectrophotometer, (2) thermal
isomerization over the rotational barrier around the C-OH bond
at 9 K, and (3) hydrogen tunneling for the OH group. Origin 1
can be ruled out because the measured isomerization rate was
unchanged when the IR beam of the spectrophotometer was
cut off before and after the spectral measurement. Origin 2 can
also be eliminated, because our DFT calculation of the barrier
height for the rotational isomerization around the C-O bond,
32.76 kJ mol-1, is too high to enable thermal isomerization at
9 K.24 Hence, we ascribe the isomerization from AT to ST to
hydrogen tunneling. To confirm this assumption, we compare
the isomerization rate constants of normal species with those
of deuterated species at various matrix temperatures in argon
and xenon matrixes as follows.

Figure 6 shows difference IR spectra in the O-H and O-D
stretching regions for the normal and deuterated species in argon
matrixes, respectively. The upper spectrum was obtained from
the spectra measured after and before 60 min of UV irradiation,
where the increasing bands are assigned to AT. When the matrix
sample was kept in the dark for 300 min at 9 K, the O-H
stretching bands of normal AT, 3487 and 3477 cm-1, decreased
with an increase of ST. On the other hand, the intensity of the
O-D stretching mode of AT, 2579 cm-1, remained unchanged.
These findings suggest a large isotope effect on tunneling
isomerization.

A weak band of 2667 cm-1 of AC decreased, and a small
band of 2630 cm-1 of SC increased in the dark. This may also
be due to hydrogen tunneling in the carboxyl group. The rate
of tunneling for the normal species is too fast to be measurable
in the IR bands of AC, but that for the deuterated species is so
slow that the IR bands of deuterated AC were observed, as
reported above.

To answer the question on whether the Arrhenius plot is linear
or nonlinear, the relationship between the isomerization rate in
the dark and the matrix temperature was examined by using
the total area of the splitting bands for the O-H mode in a Xe
matrix. The decays of AT obtained at eight matrix temperatures
between 9 and 45 K are plotted in Figure 7, where the observed
values are normalized to make the area measured before the
sample was placed in the dark unity. As the matrix temperature
is higher, the decay rate is larger. In striking contrast, the O-D
stretching band of the deuterated species was remarkably
unchanged even at 45 K.

The observed data were analyzed by a least-squares fitting
by

Figure 4. Spectral changes due to photoisomerization of 2-chloroben-
zoic acid in an argon matrix. (a) Difference spectrum of the normal
species between the spectra measured after and before 60 min of UV
irradiation after annealing. (b) Calculated spectral pattern of AT. (c)
Difference spectrum of deuterated species between the spectra measured
after and before 60 min of UV irradiation. (d, e) Calculated spectral
patterns of deuterated AT and deuterated AC, respectively.

A ) (A0 - A∞) exp(-kt) + A∞ (1)
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whereA0 represents the absorbance measured before the sample
was placed in the dark. In this kinetic analysis, part of the
molecules in the rigid matrix sites were found to remain at
infinite time without isomerization. Similar phenomena were
sometimes observed in conformational changes in low-temper-
ature rare-gas matrixes.25 Then we estimatedA∞ as the absor-
bance of nonreactive species in eq 1. The solid lines drawn in

Figure 7 represent the calculated values obtained by a least-
squares fitting, where both sides of eq 1 were divided byA0 for
normalization. The calculated values are found to be consistent
with the observed values within experimental error. The obtained
rate constant,k, and the ratioA∞/A0 at the matrix temperature
between 9 and 45 K are listed in Table 3. TheA∞/A0 ratios are
smaller at higher matrix temperatures. A probable reason is that
the matrix sites inhibiting isomerization are loosened at higher
matrix temperatures. On the other hand, the rate constants are
larger at higher matrix temperatures. The obtained values for

TABLE 2: Observed and Calculated Wavenumbers (in cm-1) and Relative Intensities of AT and AC in an Argon Matrix

AT AC

normal deuterated deuterated

calcdb calcdb calcdb

obsda ν̃ int obsda ν̃ int obsda ν̃ int

3487, 3477 (s) 3490 51 3068 2 3060 1
3069 1 3062 0 3051 3
3062 0 6050 2 3037 1
3050 2 3037 1 3027 0
3037 1 2579 (s) 2623 37 2667 (m) 2708 9

1768 (s) 1770 76 1767, 1763 (s) 1765 100 1790 (s) 1806 100
1607 7 1601 (w) 1607 9 1605 6
1577 1 1577 2 1581 3
1468 3 1469 (w) 1468 4 1476 9

1440 (s) 1437 10 1441 (s) 1437 12 1437 7
1353, 1344, 1324, 1311 (s) 1326 100 1311 1 1300, 1294 (m) 1312 9

1310 0 1298 (s) 1285 99 1275 (m) 1267 18
1263 1 1252 (m) 1252 12 1256 (s) 1250 79
1208 2 1166 1 1166 0
1166 0 1131 (m) 1127 8 1134 4

1118 (s) 1117 3 1117 (m) 1114 5 1114 (m) 1108 29
1114 4 1042 4 1040 4
1042 3 1019 7 1053 (m) 1033 25
1019 6 991 0 981 0
989 0 965 0 947 1
965 0 958 (s) 946 6 911 6
867 0 869 0 865 0
783 1 788 (w) 776 6 776 11

790 (w) 776 5 773 0 763 3
749 (m) 732 9 746 (s) 732 16 743 17

684 4 678 (w) 678 6 697 1
634 1 651 1 679 4
627 0 628 1 623 3
541 17 504 0 552 2
515 0 480 2 466 6
467 4 439 9 434 6
441 2 426 4 388 5

a The symbols in parentheses represent the relative intensities: s, m, and w denote strong, medium, and weak, respectively.b Calculated at the
DFT/B3LYP/6-31++G** level. Scaling factors of 0.95 and 0.98 are used in the regions above and below 3000 cm-1, respectively.

Figure 5. Spectral changes in an argon matrix kept in the dark. (a)
Difference spectrum between the spectra measured after and before
storage in the dark for 60 min at 9 K subsequent to the 60 min UV
irradiation. Bands marked with a dagger and an asterisk are due to
H2O in the matrix and CO2 in the atmosphere, respectively. (b)
Calculated spectral patterns of ST (up) and AT (down).

Figure 6. IR bands in the O-H and O-D stretching regions for normal
and deuterated 2-chlorobenzoic acid in an argon matrix. (a) Difference
spectrum between the spectra measured after and before 60 min of
UV irradiation after annealing. (b) Difference spectrum between the
spectra measured after and before storage in the dark for 300 min at
9 K after UV irradiation for 60 min.
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the rate constants were used to confirm the Arrhenius plot, log
k vs T-1. The relationship betweenk and T-1 is found to be
nonlinear, as shown in Figure 8. These results lead to the
conclusion that the isomerization from AT to ST is caused by
hydrogen tunneling as well as the isomerization from AC to
SC (see Scheme 3).

4. Summary

Isomerization of 2-chlorobenzoic acid has been studied by
low-temperature matrix-isolation IR spectroscopy with the aid
of DFT/B3LYP/6-31++G**. The IR spectra of the two stable
isomers, SC and ST, were observed after deposition and
distinguished from each other by annealing. A less stable isomer,

AT, which has a OH‚‚‚Cl intramolecular hydrogen bond, was
produced by UV irradiation. In a deuterated sample, the IR
spectra of the least stable isomer, AC, were observed with AT
by UV irradiation. When the matrix sample was kept in the
dark after UV irradiation, both processes of isomerization, AT
f ST and ACf SC, occurred. A drastic H/D isotope effect
on the rate of isomerization in the carboxyl group was found.
The rate constants of isomerization from AT to ST in a Xe
matrix, estimated at various matrix temperatures, showed that
the dependence on the matrix temperature deviates from the
Arrhenius law. These findings lead to the conclusion that these
isomerizations in the dark are caused by hydrogen atom
tunneling.
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