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Abstract

Rotational isomerization of 2-chlorobenzaldehyde in low-temperature rare-gas matrices has been investigated by vibrational and elec-
tronic spectroscopies with aids of the density functional theory (DFT) and configuration interaction single (CIS) calculations. Infrared
spectrum of the less stabl@cisisomer, produced from the more stalldransisomer upon UV irradiation, is measured with an FT-IR
spectrophotometer. The enthalpy difference betwee®this andO-transisomers is estimated to be7at 0.2 kJ mol! from the tempera-
ture dependence of the infrared band intensities. Analyses of the infrared and electronic absorption spectral changes after UV irradiation and
the phosphorescence spectra measured at various excitation wavelengths suggest that the rotational isomerization occurs via the intersystel
crossing from $to T;. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction underestimated the effect of the intramolecular hydrogen
bond.

ortho- andmeta-substituted benzaldehydes have two pos- ~ One of the purposes of the present study is to estimate
sible rotational isomers around the bond between phenylthe energy difference more precisely from the temperature
and formyl groupsO-trans and O-cis. The population ra-  dependence of the matrix-isolation infrared spectra of this
tio of the isomers of 2-chlorobenzaldehyde was investigated molecule, where the isomer bands can be identified more
by NMR [1], resulting in that only thé-trans isomer ex- clearly.
ists at room temperature. This finding implies tiatrans Another purpose of this study is to elucidate the
is stabilized by an intramolecular hydrogen bond between mechanism of photoinduced rotational isomerization of
the hydrogen atom of formyl group and the chlorine atom, 2-chlorobenzaldehyde using electronic transition spectra.
while the O-cis isomer has a weak repulsive force between The energy curves for the ground and excited states of
the chlorine and oxygen atoms, as showrsaheme 1 the parent molecule, benzaldehyde, have been extensively

On the other hand, Green and Harridg@h analyzed the  studied experimentally and theoreticallg,6]. However,
IR and Raman spectra in the liquid phase and suggested thenany fewer studies have been reported on the excited states
existence of the two isomers, although their spectra were tooof substituted benzaldehydes. For example, Ito ef7a]
broad to distinguish them. investigated the isomerization through the electronically

The torsional barriers for several 2-hologenated benzalde-excited states by supersonic molecular-beam and sensitized
hydes were estimated from the assignment of the torsionalphosphorescence excitation spectroscopy techniques. They
bands measured by far-infrared spectrosd@y]; the bar- concluded that the isomerization for 2-methylbenzaldehyde
rier height and the energy difference between the two iso- occurred on the double-minimum potential surface of the
mers of 2-chlorobenzaldehyde were estimated to be 17.61lowest triplet excited state, although direct observation of
and 2.93kJmoll, respectively[4]. However, this energy  the Ty — S transition was impossible. On the other hand,
difference seems to be unreasonable because they may haviéde vibrational analysis of electronic absorption and emis-

sion spectra folO-trans 2-chlorobenzaldehyde in the gas
* Corresponding author. Tel./fax: 81-42-388-7349. phase was made by Haque and ThegRkyt0], who observed
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O-_H H__O Electronic absorption and emission spectra were
measured with a UV/Vis spectrophotometer (JASCO,
Ubest50) and an emission spectrophotometer (SHIMADZU,
RF-5300PC), respectively. To measure electronic spectra, a
quartz plate cooled at about 18 K by a closed cycle helium
O-trans O-cis refrigeration (IWATANI, compressor PA 101) was used
Scheme 1. instead of a Csl plate.
Density functional theory (DFT) and configuration inter-

action single (CIS) calculations were performed by using
at 25901.7 and 24178.0 cth, respectively. They concluded  the GAUSSIAN 98 prograrfil8] with the 6-314+G** basis
that O-trans was also more stable in the &nd T; states  set. The hybrid density functionfl9], in combination with
thanO-cis. the Lee—Yang—Parr correlation functional (B3LYP)], was

The analyses of photoinduced isomerizations and con-ysed to optimize the geometrical structures in the ground and

formations for several molecules in low-temperature the lowest triplet excited states, while the CIS/6+31G**
matrices have been reportgid—15] However, their mecha-  method was used to calculate vertical electronic transition
nisms were not discussed in detail exceptddrydroxyben- energies.
zaldehyde studied by Morgan et §l5] by IR, UV and
emission spectroscopies; they concluded that photoisomer-
ization occurs below the torsional barrier of the Sate, 3. Results and discussion
while reverse photoisomerization occurs in the 8 S
states. However, they could not make it clear whether the 3 1 |nfrared spectra of O-trans and O-cis isomers
former process occurs via intersystem crossing or internal

_conver_sion_. The presgnt_ paper reports on the photoinduced An infrared spectrum of 2-chlorobenzaldehyde is shown
isomerization of matrix isolated 2-chlorobenzaldehyde by in Fig. 1 with a calculatedO-trans spectral pattern ob-

m_frared and ultravu_)Iet spectro_scoplc methods_ with the tained by the DFT method, where a scaling factor of 0.98
aid of molecular orbital calculapons. The p'otentlal energy \vas used. The observed wavenumbers are summarized and
surfaces of the ground and excited electronic states are es“'compared with the calculated valuesTable 1 The G=O
mate_d from the observe_d spec_tra an_d the r_esu_lts of the Cal'stretching mode was observed at 1710 and 1706'cas a
cu!anops, and thérans—cis rotational |somer|zat|qn _mech_— doublet. The bands appearing around 1390%taiso show
anism is proposed. To our knowledge, no matrix-isolation splitting as well as the bands of 1295/1292, 1059/1056
spectra of 2-chlorobenzaldehyde have yet been published. ;4 719/717 cmt pairs. Some of the remaining bands are
assignable to combination modes.

) i After the spectral measurement, the sample was irradi-

2. Experimental and calculation methods ated by UV radiation through a UV-30 cutoff filteFig. 2

Cl Cl

2-Chlorobenzaldehyde was purchased form Wako Pure
Chemical Industries and used after vacuum distillation.

The sample gas was diluted with argon (Nippon Sanso,

99.9999% purity) or xenon (Tokyo Gas Chemical, 99.999% @

purity) in glass cylinders. The mixing ratio of the sample A

was about 1/2000. For IR measurements, premixed gasess L’LL M
were expanded through a stainless steel pipe (1/8 inchod)% - LJ‘}\MLJ

and deposited in a vacuum chamber on a Csl plate, cooled at&
15K by a closed cycle helium refrigeration (CTI Cryogen-
ics, Model M-22). UV radiation from a super high-pressure
mercury lamp was used to induce photoreaction through a
water filter to remove thermal reactions and cutoff filters, b
UVv-32, UV-31, UV-30 and UV-28 (HOYA), to choose the
wavelength. Infrared spectra of the matrix samples were \ m l | | l L
measured with an FT-IR spectrophotometer (JEOL, Model ' —
JIR-7000). The spectral resolution was 0.5¢mand the 2300 2000 1500 1000 600
number of accumulation was 64. Other experimental details WAVENUMBER / cm’

were reported'elsewhet[&&l?]. To measure dependenc_e Fig. 1. Infrared spectra of 2-chlorobenzaldehyde: (a) observed matrix
of the pOpl"Iatlon ratio on DOZZIe temper_ature, a heatlng spectrum; () HO in the matrix, (b) calculated spectral pattern @trans
system composed of a stainless steel pipe nozzle and @ptained by DFT/B3LYP/6-31+G*, where a scaling factor of 0.98 was
1/4in. sample reserver equipped with a heater was used. used.

ABSO
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Table 1
Observed and calculated vibrational wavenumbers-{grand relative intensities fob-trans and O-cis rotational isomers of 2-chlorobenzaldehyde
O-trans O-cis
Observed Calculate@ Observed Calculated
v Intensity v Intensity v Intensity v Intensity
3098 1.2 3157 1.9 3067 11 3157 1.4
3092 1.0 3151 2.2 3147 4.2
3079 2.7 3141 17 3131 1.5
3070 14 3129 0.9 3114 1.5
2884 8.4 2947 18.4 2852 3.2 2848 42.3
2757 2.1 2826 3.7
2724 1.7 2742 5.3
2709 1.6 2734 10.1
2639 1.9
1710 72.7
1706 100 1729 100 1730 100 1751 100
1597 42.3 1604 25.7 1596 16.0 1605 20.3
1571 9.6 1580 45 1576 5.3 1578 9.1
1480 11.6
1468 10.2 1468 7.1 1474 223 1474 11.4
1454 4.8
1447 19.3 1444 12.6 1445 16.0 1445 3.8
1428 6.6
1414 2.0
1399 6.7 1399 8.6 1404 10.6 1411 6.2
1395 6.4
1393 12.4
1389 11.2
1295 2.7 1315 0.3 1300 6.4 1322 7.3
1292 5.6 1298 9.6
1269 88.6 1265 21.3 1257 43 1258 34
1203 13.6 1195 16.9 1195 12.8 1186 24.1
1194 19.4 1184 5.1
1161 2.3 1163 1.6 1164 0.3 1166 1.0
1119 4.1 1117 3.6 1133 3.2 1132 2.4
1059 30.5 1046 5.9 1074 255 1055 11.4
1056 345
1037 111 1030 15.6 1044 4.0 1041 9.8
1025 45
1003 11 1009 0.5 999 0.8 1004 0.4
987 0 982 0
958 1.0 960 0.4 949 11 948 0.5
868 0 865 0
826 374 818 11.8 846 37.2 839 13.2
760 43.9 759 23.9 755 19.1 755 248
747 3.2 700 0.1
719 18.9 705 7.7 682 6.2 676 8.6
717 17.6
696 0 654 23.4 650 6.4
633 20.1 628 5.3

20bserved in argon matrices.
b Calculated by DFT/B3LYP/6-3%+G**. A scaling factor of 0.98 was used.

shows a difference spectrum between those measured bevibrational wavenumbers of th®-cis isomer are consis-
fore and after the UV irradiation for 10 min, where de- tent with the corresponding calculated values as well as the
creasing and increasing bands represent a reactant and &-transisomer.

photoproduct, respectively. A calculated spectral pattern of

O-trans (down-side) andO-cis (up-side) obtained by the 3.2. Nozzde-temperature dependence of infrared spectra

DFT method is also shown there. It is clear that the cal-

culated spectral pattern reproduces the observed difference It is known that the population ratio of conformational
spectrum satisfactorily. As shown ifable 1 the observed  isomers in the gas phase is maintained in low-temperature
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Fig. 2. A comparison between observed difference spectrum and calculated
spectral pattern: (a) measured before and after UV irradiation through a

@ O-trans
m M -cis
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O-trans l [ ' l ﬁ 393K
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< M
2300 2000 1500 1000 600 \J\‘
453K
WAVENUMBER / ¢cm’™!
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UV-30 cut-off filter for 10 min; product and reactant bands are shown 900 800

above and below, respectively, (b) calculated spectral pattern®-fis WAVENUMBER / cm’!

(up) andO-trans isomers (down) obtained by DFT/B3LYP/6-8%G**,

where a scaling factor of 0.98 was used. Fig. 3. Dependence of infrared spectra of 2-chlorobenzaldehyde in argon

matrices on nozzle temperature.

matrices without redistributiof21]. To estimate the energy In order to estimate the energy difference between the two
difference between the two isomers, nozzle-temperatureisomers, the logarithm of the ratio of the absorbances of the
dependence of infrared spectra was examifégl. 3 shows 846cmr! (O-cis) and the 826 cm! (O-trans) bands was
the infrared spectra of 2-chlorobenzaldehyde in argon ma- plotted versus the inverse of the nozzle temperatukégn4.
trices in the region between 800 and 900¢mThe nozzle The enthalpy difference between the isomers is estimated
temperature was varied from 298 to 483 K. When the nozzle to be 97 & 0.2kJmol ! from the plot by a least-squares
temperature was 298K, only th@-tarns band was ob- fitting. This value is nearly equal to our calculated value,
served at 826 cm', but theO-cis band was too weak to be  11.2 kJmot?, obtained by the DFT method, but more than
observed clearly. As the nozzle temperature increased, thethree times larger (2.9 kJ mol) than the energy difference
intensity of theO-cisband appearing at 846 crhincreased. reported by Miller et al.[4]. Since our matrix-isolation

ln(A O—cis/ A O-trans )
ot

43 I I 1 )
0.0019 0.0021 0.0023 0.0025 0.0027

T /K!

Fig. 4. Logarithmic plot of absorbance ratio versus inverse of nozzle temperéiyrg, and Ap-;-ans represent the absorbances @fcis (846 cmrlt
band) andO-trans (826 cnt! band), respectively. Solid line represents the values calculated by a least-squares fitting.
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spectra can clearly distinguish the two isomer bands, our
present estimate is considered to be more accurate than tha
reported previously. This result is supported by the fact that
the corresponding value for 2-fluorobenzaldehyde was re-
ported to be about 13.4 kJ mdi by an ab initio calculation,
where the Hartree—Fock method with the 6-31®asis set
was used22].

We have also estimated the torsional barrier height
scaled from an energy minimum for the more stable

A

O-trans isomer to be 33.0kJmot by a calculation at the B
DFT/B3LYP/6-31-+G** level. This value is 13 kJ mot 5
higher than the experimental value for non-substituted ben- (5
zaldehyde, 20 kI mot, determined by electron diffraction B
and ab initio calculatiofi23]. This implies that the-trans phosphorescencel |0-0 absorption ransition | Phosphorescence
isomer of 2-chlorobenzaldehyde is stabilized by a hydrogen 28 nm 320
bond between the chlorine atom and the hydrogen atom of
the formyl group. The height of the torsional barrier at the So
ground state, 33.0kJnmot, may be so high that isomer- \ W B
ization cannot occur thermodynamically at the matrix tem- X R —J 97k mol
perature, 15K. A schematic representation of the potential 0w H
surface of the ground electronic state is showfig. 5. &c: '60/
cl

3.3. Electronic transition spectra

O-trans O-cis

Fig. 6 shows the electronic absorption spectra of matrix Fig. 5. Schematic potential energy surfaces of 2-chlorobenzaldehyde for
isolated 2-chlorobenzaldehyde measured before and aftephotoinduced rotational isomerization. The barrier heights @fasd
UV irradiation. The absorption band in the region between T. states are calculated by DFT/B3LYP/6-8:G™, while that of §
280 and 320nm is assigned to the(s ™) < Sy tran- state _is calculated by CIS'/GT%]:.FG**. Energy differences determined
sition, where the vibronic structure is composed of bands experimentally are shown in italic.
appearing at 302.7, 298.8, 295.7, 292.0 and 289.3 nm. When
the matrix sample was irradiated by UV light through a
UV-30 cutoff filter, a spectral change was observed al- absorption in the region between 265 and 290 nm increased
though the absorption dD-cis is mostly overlapped with  slightly. Thus, the absorption coefficient @-cis in this
that of O-trans; the intensities of the 302.7, 298.8 and shorter-wavelength region seems to be larger than that of
292.0nm bands decreased, while the shorter-wavelengthO-trans. This result will be used to explain the reverse

0.6
0.5

0.4

T

0.3

ABSORBANCE

0.2

1 L | 1 I L |

R | L 1 L

280 290 300
WAVELENGTH / nm

310 320 330

Fig. 6. UV absorption spectra of 2-chlorobenzaldehyde in argon matrices measured before (solid line) and after (dotted line) irradiation, vgigre UV |
from super high-pressure mercury lamp through a UV-30 cutoff filter and a water filter was used.
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Fig. 7. Emission spectrum of 2-chlorobenzaldehyde in argon matrices. Excitation wavelength was 300 nm.

photoisomerization fron®-cis to O-trans upon UV irradia- the calculated values foB-cis (1751 cml) and O-trans
tion with a shorter wavelength described in the next section. (1729 cnt!). Our assignment that the longer-wavelength
An emission spectrum of 2-chlorobenzaldehyde mea- progression is due t®-cis is also supported by the CIS
sured by 300nm excitation is shown Mig. 7, where calculation on the vertical transition energies from ®
phosphorescence was observed clearly but no fluorescenceSy; the calculated transition energy f@-trans, 497.5 nm,
The similar emission patterns were obtained by 310, 300, is higher than that foiO-cis, 502.6 nm. The progression
280 and 260 nm excitation. The emission peaks can be di-wavelengths and energy differences are summarized in
vided into two kinds of progressions due to the > S Table 2
transition. We assign the stronger progression composed
of 412.8, 444.0, 480.2, 521.6 and 569.0 nm to @&rans 3.4. Irradiation-wavelength dependence of infrared spectra
isomer. The 412.8nm band, which is consistent with the
phosphorescence value reported by Haque and THaRyr In order to study the photoinduced isomerization and
is assigned to the 0-0 transition, where the energy differ- its reverse process, the dependence of the population
ence between 412.8 and 444.0nm is 1702tnThe other ratio on the irradiation wavelength was examined. The
progression has the 0-0 transition at 435.0 nm, where theO-cigO-trans relative populations of the matrix sample
first vibrational transition energy is 1721 cth We assigned  were found to reach equilibrium within a few minutes after
the weaker progression to ti@cis isomer because the en- the UV irradiation started. The population ratio increased
ergy difference, 1721 cnt, is 19 cnt? higher than that of  as the shorter-wavelength irradiation, UV-32, UV-31 or
O-trans, 1702 cnT!, where this finding is consistent with  UV-30, was used. This is consistent with the fact that the

Table 2
Observed phosphorescence emission bands (nm) and energy differencéy (cm
Progression 1@-trans) Progression 2@-cis)
Emission Assignment Energy difference Emission Assignment Energy difference
412.8 0—0 | 435.0 0—0 B
| 1702 | 1721
444.0 0> 1 - 470.2 01 n
| 1698 | 1683
480.2 02 . 510.6 02 -
| 1653

521.6 0— 3 -
569.0 0— 4 _!
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_ — 3.5. Isomerization mechanism

A schematic representation for the isomerization mech-
anism of 2-chlorobenzaldehyde is shownHig. 5. As de-
scribed inSection 3.2 the rotational barrier height in the

A . ground state was estimated to be about 33 kJtdThis
means that the thermal isomerization in the ground state
is hard to occur at the matrix temperature, 15K. We esti-
mated the torsional barrier height scaled from the energy
minimum of theO-trans isomer in the $ state to be about
22.7kImot?! by the CIS/6-3%+G** method. As shown
above, the photoisomerization froBtrans to O-cis occurs
at least upon UV-32 irradiation. The energy is larger enough
to excite the molecules to the; State but not beyond the
‘ [ ‘ torsional barrier height on the potential. Thus, we conclude
2300 2000 1500 1000 600 that the isomerization does not occur at the sgate. As
WAVENUMBER / ¢m discussed irBection 3.3 no fluorescence was observed for
Fig. 8. Difference spectrum of 2-chlorobenzaldehyde upon the UV irradi- the matrix isolatecD-trans isomer, while the phosphores-
ation through a UV-28 cutoff filter for 10 min subsequent to the UV irra- cence was observed clearly. The observed phosphorescence
diation through a UV-30 cutoff filter for 20 mirD-trans bands increase  INcludes two progressions assignable to the-T S verti-
and O-cis bands decrease. cal transition of theD-trans and O-cis isomers. Then, both
isomers must exist at the minima of the gotential surface.
The DFT calculation predicts th&-cis is more stable than
O-trans by about 1.1 kJ moi! in the T; state. The torsional
absorption maximum of the;8n, 7*) < S electric transi-  barrier height scaled from the minimum Gktrans in the
tion is 302 nm, as shown iRig. 6. T, state is calculated to be 50.6 kJ mél Then, we con-

The matrix sample was irradiated through a UV-30 clude that the rotational isomerization occurs at vibrational
cutoff filter until the relative intensities of the bands for excited states of Tafter the intersystem crossing from S
both O-trans and O-cis isomers were no longer changed. to T;. Since the potential energy surface of thestate has
When the UV-30 cutoff filter was replaced with a UV-28 the high barrier for the isomerization, the species relaxed
filter, the intensities of theO-cis bands decreased and to the bottom of the T state cannot take over the barrier.
those of theO-trans bands increased, as shownhiyg. 8 However, the second isomerization may occur at vibrational
This difference spectrum was obtained by the UV irradi- excited states of §during the intersystem crossing from
ation through the UV-28 filter for 10 min subsequent to T; to . Ito et al.[7] reached a similar conclusion for the
the UV irradiation through the UV-30 filter for 20 min.  isomerization mechanism of 2-methylbenzaldehyde.

The increasing bands are completely identical to the initial  When the matrix material is changed from argon to
spectrum ofO-trans shown inFig. 1 except for the 880  xenon, intersystem crossing is expected to be accelerated
and 2134 cm? bands. Therefore, the photoinduced reverse by the external heavy atom effd@5]. We carried out sim-
process occurs more effectively upon UV-28 irradiation ilar experiments using xenon instead of argon. However,
than UV-30 irradiation. This fact is consistent with the the observed spectra in a xenon matrix were essentially
results of the UV absorption spectra describedSection similar to those observed in an argon matrix. Thus, the
3.3 that the absorption coefficient @-cis around 280nm  heavy atom effect has not been found in this study, which
is larger than that 0O-trans, in contrast to the absorption may be due to that the intersystem crossing to the triplet
around 300 nm. states for 2-chlorobenzaldehyde occurs significantly even

It is known that non-substituted benzaldehyde dissociatesin an argon matrix, where an alternative pathway, that is
into carbon monoxide and benzene upon UV-irradiation internal conversion, seems to be negligible. Acceleration of
via the S state[24]. If a similar photoreaction occurs for  the intersystem crossing pathway by matrix materials, both
2-chlorobenzaldehyde, carbon monoxide and chloroben-xenon and argon, makes it hard to observe the fluorescence
zene could be photoproduced through the s$ate; the reported in the gas phae 10].

Sy (m, ™) < S absorption starts at about 265 nm as shown

in Fig. 6. The 2134cm?! band of the product caused by

UV-28 irradiation is assignable to carbon monoxide. How- 4. Summary

ever, the new peak appearing at 880¢nis unassignable

to any infrared bands of chlorobenzene. Identification Infrared spectra of the less stable rotational isor@exis,

of the co-product remains to be unsolved in the present produced from the more stable on®;trans, have been
study. assigned with the aid of DFT/B3LYP/6-3HG**. The

ABSORBANCE
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enthalpy difference between the two isomers is estimated[11] J. Gebicki, A. Krantz, J. Chem. Soc., Perkin Trans. 2 (1984) 1617.
to be 97 & 0.2kJmolL. The torsional barrier heights on  [12] J. Gebicki, A. Plonka, A. Krantz, J. Chem. Soc., Perkin Trans. 2

the §, T1 and S potential surfaces are obtained to be (1990) 2051.

. [13] H. Kunttu, M. Dahlqgvist, J. Murto, M. Résanen, J. Phys. Chem. 92
33.0, 50.6 and 22.7kJnmot, respectively, by the DFT (1988) 1495,

and CIS calculations. The electronic absorption and phos-[14] M. Dahiquist, M. Hotokka, M. Résanen, J. Phys. Chem. A 101
phorescence spectra have been observed, where the 0-0 (1997) 1260.

transition energies fromg30 T; and § are consistent with ~ [15] M.A. Morgan, E. Orton, G.C. Pimentel, J. Phys. Chem. 94 (1990)
the vertical electronic transition energies obtained by the 7927

] s . . . [16] M. Nakata, S. Kudoh, M. Takayanagi, T. Ishibashi, C. Kato, J. Phys.
CIS/6-3H-4+G** calculation. It is concluded that photoi- Chem. 104 (2000) 11304,

somerization occurs at the vibrational excited states:0f T [17] s. kudoh, M. Takayanagi, M. Nakata, J. Photochem. Photobiol. A
during the intersystem crossing from ® Tj. 123 (1999) 25.
[18] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery, R.E. Stratmann,
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