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Charge transfer interaction in the acetic acid—benzene cation complex
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Geometrical and electronic structures of the acetic acid—benzene cation compleCQOH)
-(CgHg) ", are studied experimentally and theoretically. Experimentally, a vibrational spectrum of
(CH3COOH)- (CgHg) " in the supersonic jet is measured in the 3000—3680%cregion using an
ion-trap photodissociation spectrometer. An electronic spectrum is also observed with this
spectrometer in the 12000-29600 thmregion. Theoretically,ab initio molecular orbital
calculations are performed for geometry optimization and evaluation of vibrational frequencies and
electronic transition energies. The vibrational spectrum shows two distinct bands in the O—H
stretching vibrational region. The frequency of the strong b@sd7 cm}) is close to that of the

O-H stretching vibration of acetic acid and the weak one is located at 361% @n the basis of
geometry optimizations and frequency calculations, the strong band is assigned to the O—H
stretching vibration of theis-isomer of acetic acid in the hydrogen-bonded compleorizontal
cis-isome). The weak one is assigned to the verticahsisomer where théransisomer of acetic

acid interacts with ther-electron system of the benzene cation. The weakness of the high frequency
band in the photodissociation spectrum is attributed to the binding energy larger than the photon
energy injected. Only hot verticdtansisomers can be dissociated by the IR excitation. The
electronic spectrum exhibits two bands with intensity maxima at 17 500 emd 24 500 cm. The
calculations of electronic excitation energies and oscillator strengths suggest that charge transfer
bands of the verticalransisomer can be observed in this region in addition to a local excitation
band of the horizontatis-isomer. We assign the 17 500 chrband to the charge transfer transition

of the verticaltransisomer and the 24500 cm band to thew— transition of the horizontal
cisisomer. The calculations also suggest that the charge transfer is induced through the
intermolecular € -O=C bond formed between a carbon atom of benzene and the carbonyl oxygen
atom of acetic acid. €2001 American Institute of Physic§DOI: 10.1063/1.1349082

I. INTRODUCTION between fundamental molecules of biological importance is
indispensable particularly for the study of protein structures
Intermolecular interaction is a principal subject of chem-and functions.
istry for understanding the nature of substances and chemical Generation of charge transfer complexes in supersonic
reactions. For example, the O~HD and N-H--O jetis favorable for the studies of the charge transfer interac-
hydrogen-bonding interactions are very important as well agion in a molecule pair, since these are cooled and isolated
hydrophobic interaction in structural biology. In recent yearsfrom solvation. In the electronic spectra of the charge trans-
other types of intermolecular interactions have been recog€’ complexes, new bands appear due to the intermolecular
nized to play important roles in biological macromolecules.charge transfer interaction. Thgse bands are called charge
Derewenda and co-workers reported that not only classicd[@nsfer(CT) bands. An electronic ground state of a charge
hydrogen bonds that involve electronegative nitrogen andf@nsfer ion complex composed of molecules A ang B is
oxygen atoms but also the C~HO hydrogen bond must be descrlbe+d by the wave funct|on,‘lf(~?=z_;1¢(A) Y(B7) .
considered in the determination of protein structdrde Tby(A")#(B). In the case where the ionization potential

. . of A is higher than that of Bla|>|b|. The electronic tran-
C—Ht--O hydrogen bond is also important for cluster SUC-sition from the ground state to an excited sfatescribed by

. . _4 .

tl:1res (ljntha?uegus 's;)Iutmtﬁs. Galllfvan anttlj fDouCgi]hertti/] the wave functionWe=cy(A) #(B*)+dy(A) ¥(B)] ac-
showed that cationr Interactions are frequently found onthe ¢, mpanies the change in intermolecular charge distribution.
surfaces of proteins, exposed to agueous solvation and C&r pands arise from this kind of the transitions. The transi-
cated that charge transfer is "‘QPOftant in an accurate descrifhtermolecular charge transfer and, thereby, the geometrical
tion of the cationsr interaction? These studies suggest that structure of the complex. CT bands of the cation complexes
quantitative understanding of the charge transfer interactiongith two aromatic molecules have been measured by photo-
dissociation spectroscopy® The CT band of the benzene—
dAuthor to whom correspondence should be addressed. Electronic mair:]aphthalene heterodimer cation is observed at 10 87015m
nishi@ims.ac.jp In the spectrum of the benzene-toluene heterodimer ion,
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three CT bands are seen at 8510, 10870, and 1492%.¥m action overwhelms the charge transfer interaction.
Ohashiet al. measured vibrational and electronic spectra of  In the present paper, we report the intermolecular inter-
the benzene—benzyl alcohol heterodimer ion by photodissactions between the carboxyl group and the cationic benzene
ciation spectroscopy and observed the CT band at 10528ng in the acetic acid—benzene heterodimer cation. The ion-
cm L° From the observation of the hydroxyl group stretch-ization potentials of acetic acid and benzene are 1(R&f.
ing vibration free from intermolecular perturbations at 366217) and 9.24 e\!8 respectively. The positive charge is ex-
cm !, the geometrical structure of the cation complex is at-pected to be localized at the benzene ring in the ground state,
tributed to a sandwichlike structure suitable for the chargéecause of the large difference in the ionization potenfials.
transfer interaction. Geometrical structures of these catioifhus we abbreviate the acetic acid—benzene heterodimer cat-
complexes that show the CT bands are characterized witton as (CHCOOH). (CgHg)™ hereafter. Since the carboxyl
overlapping of ther-electron systems of the respective aro-group exists in a large number of biologically important mol-
matic rings. This situation is similar to the benzene dimerecules, understanding of its interaction with ionic molecules
cation that shows intermolecular charge resonafCB) is very important. Molecules with carboxyl groups are ex-
bands in the near-infrared regié®.}? In contrast, the CT pected to show specific hydrogen-bonding interaction with
band is not observed in the spectra of the cation complexesther hydrogen-donating or accepting moleciés->?°
with dominant hydrogen-bonding interactions. The elec-Nonbonding orbitals of the carboxyl group may interact with
tronic spectrum of the benzene—phenol heterodimer catiothe positively chargedr-electron system. We investigate the
shows the lack of the CT bartd.Fuijii et al. observed the geometrical structures and electronic states of {CBIOH)
vibrational spectrum of the benzene—phenol heterodimer(C¢Hg)*, experimentally and theoretically. In order to ob-
ion.2* They found an extremely large redshift and a substantain information on the geometrical structures, the vibra-
tial broadening of the O—H stretching vibrational band. Thetional spectrum of (CHCOOH)- (CgHg)™ was measured in
result indicates that the cation complex has a structure with the 3000—3680 cm' region by using the photodissociation
hydrogen bond between the O—H bond of phenol and thepectroscopy. We also performal initio molecular orbital
m-electrons of benzene. Ohagéii al. reported that no CT calculations. The calculated frequencies of the optimized ge-
band can be seen in the electronic spectrum of the anilineemetries are compared with the experimental spectrum to
benzene heterodimer idn. Aniline—benzene heterodimer clarify the structures of (CRCOOH). (CgHg) ™. On the basis
ions are also reported to have hydrogen-bonded structuresf the optimized geometrical structures, we carried out the
where aniline is bound to benzene throughr#ype hydro- calculations of the electronic transition energies to find the
gen bond® In these dimer ions, the hydrogen-bonding inter-nature of the two broad electronic bands observed in the
12 020-13 405 cm'* and 14 925-29 410 cnt regions.

Il. EXPERIMENT

Figure 1 shows a schematic diagram of the ion trap sys-
. o tem used for the IR photodissociation spectroscopy of cluster
ions. The mixture of acetic acid and benzene was prepared
by flowing the carrier Ar gas over liquid benzene and liquid
acetic acid situated separately in the respective sample fold-
ers. The former was locale2 m away and the latter was 5

Pulsed\ L-Electron-impact cm to a pulsed nozzléGeneral Valve P/N 9-279-900The
Kozl / Ionizer mixture of the sample and the carrier gas was then intro-
duced and expanded into the vacuum chamber through the
pulsed nozzle. The total stagnation pressure was 1.1
Q-Mass X 10° Pa. Neutral clusters were ionized by electron-impact
Filter Ton Bender with an electron energy of 350 eV near the exit hole of the
pulsed nozzle. The ions, (GBOOH). (CgHg) ", of interest
Ion / were selected by a quadrupole mass filter. Then the ion beam
BenderT] N, _Hhv was deflected 90° by a quadrupole ion bender and introduced
e g _“ into a quadrupole ion guide. IR or visible laser beam propa-

gated coaxially along the quadrupole and irradiated the
trapped ions. The excited cluster ions with sufficient energy
for the dissociation can produce benzene monomer cations as
a fragment species. The fragment cations were deflected 90°
by another quadrupole ion bender and mass-analyzed with
the third quadrupole mass filter connected to a secondary
electron multiplier. Photodissociation spectra were obtained
I R T R by recording the yields of the fragments against the excita-
0 S0 cm tion energies. The tunable light source for the IR region was

FIG. 1. Schematic diagram of the vacuum system and the tandem maé%'Optical parametric ogcillato@PQ system (Continuum
spectrometer for photodissociation spectroscopy. Mirage 3000 pumped with an injection-seeded Nd:YAG la-

Quadrupole Filter
Ion Guide

MSP
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ser(Continuum Powerlite 9000 The resolution of the OPO TTTT T I T[T I I T T[Ty T[T TrTjToe
laser was less than 0.02 ¢h This laser system was also 10
used in the 12020-13405 cth(746—832 nm region. A
dye laser(Lambda Physik LPD3000oumped with an exci-

£
=
mer lasefLambda Physik LPX100was used in the 14 925— g 0.8 -
29410 cm! (340—670 nmregion. Spectroscopy grade ace- z
tic acid and benzene were purchased from Wako Pure § 0.6 |-
Chemical Company and used without further purification. 2
g 04}
I1l. COMPUTATIONAL DETAILS %
=
Ab initio molecular orbital calculations were performed g 02 b
using the GAUSSIAN 98w program packadé and the pc s
GAMESS versiorf? of the GAMESS (US) Qc packagé® on com- a
mercial computers. The Pople’s 6-31d3p) basis set was 00 NS iy
employed for all the calculations. The ground state optimized 3000 3200 3400 3600

geometries and their vibrational frequencies were determined
by the CASSCF calculations. Severelectrons were treated
as active electrons and distributed among seven active orbiflG. 2. Vibrational spectrum of (C)LOOH): (CeHe) " in the region of
als. The active orbitals of benzene cation consist of twg 0003680 cm” obtained by photodissociation spectroscopy.
bonding 7 and two antibondingz* orbitals, and those of
acetic acid are a bonding, an antibonding=* and one of
nonbonding orbitals. Geometry optimizations and vibrationa

frequency evaluation were also carried out by the calcula

-1
Wavenumber / cm

fwo bands by fitting two Lorentzian@otted curvesto the
observed data as shown in Fig. 3. The decomposition reveals

tions based on the density functional the@DFT) in which ;[hat thg positions o;the inte_rrJnsive banq alnd the V\;‘eak onel,-( are
Becke’s three-parameter hybrid functiotfaAre combined ocated at 3577 and 3617 cm respectively. Another wea

with the Lee—Yang—ParfLYP) correlation functiondP2° band is also observed in the C—H stretching vibrational re-
(B3LYP) gion. The frequency of the band is 3080 ¢n

+
The ground and excited state energies of the complexecs: |-|I-T~,e cgmplex of (EI@C(}?SH) (CeHe) ~ has two types O; h
with the geometries optimized at the CASSTF) level —Fl DONdS; one IS that of benzene monomer cation and the

were calculated by the state-averaged CASSCF method agiher is that of a.cetic. aCid' In most cases, Fhe-frequenqies of
the second-order multiconfiguration quasidegenerate pertuPhe C—H stretching vibrations OT an_gromahc fing are hlgh.er
bation theory(MCQDPT).2’ For these calculations, we ex- tha_m that of a methyl group. I_t is difficult to obsefve acet.|(.:
tended the active space by adding four electrons and threaecId monomers in supersomclet because of the high Stab'“.ty
orbitals (bonding o, 7, and antibonding=* orbitals to the of 'the cyclic dimers in gas phase. Thus, IR spectra of acetic
active space mentioned above: the state-averagefflc'd monomer species were observed at 150 and 175°C.

CASSCR11, 10 and MCQDPTL1, 10 calculations. In or- Weltner observed three C—H stretching vibrational bands at

33 H
der to know the electron distribution between componen?935' 2983, and 3027 ¢t Haurie and Novak also ob-

molecules in the ground and excited states of isomer com-
plexes, Mulliken population analy$fs3'was carried out for

the respective electronic states. Radiative transition dipole
moments and oscillator strengths between the ground and
excited states were also calculated at the state-averaged
CASSCH11, 10 level. Molecular orbitals shown in this pa-
per were pictured by using MacMolPf.

1.0 0
0.8

0.6
IV. RESULTS AND DISCUSSION

A. Geometrical structures of  (CH;COOH)-(CgHg)*
isomers

0.4

1. Vibrational spectra
Figure 2 exhibits an IR photodissociation spectrum of

0.2

Fragment lon Intensity (arb. units)

(CH,COOH)- (CgHe) * in the region of 3000—3680 cml. 00 B et e
With our OPO system, laser intensity in the region lower il TET T TN SN ST EN N FNREE SR aw
than 3000 cm® was not strong enough to produce any reli- 3500 3550 3600 3650
able photodissociation spectrum of the complex. Three bands Wavenumber / cm’!

are observed in this region. In the O—H stretching vibrational

region, a weak band is also seen on the hlgh frequency Slcfégion. The doublet spectrum is decomposed into two bands by fitting two

Of_ the strongest band. They are located _Closely and Ove_rlafbrentzians(dotted curveswhose centers are at 3577 and 3617 tnThe
with each other. The doublet spectrum is decomposed intéum of these Lorentzians is also shown with a broken line.

G. 3. Decomposition of the vibrational spectrum in the O—H stretching
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served the IR spectrum of gaseous acetic acid where the

(
C—H stretching bands are located 2944, 2996, and 3051 4
cm ! (Ref. 34 in accord with the previously reported fre-
quencies of 2961, 2997, and 3048 ¢thi® respectively. On U

the other hand, the C—H stretching vibrations of benzene

were observed using supersonic jet technique. Using IR-UV

double resonance spectroscopy, Lee and co-workers ob-

served three bands at 3048, 3079, and 3101'dmthe C—H

stretching region of neutral benzeteThey explained the cis-isomer trans-isomer

three bands in terms of the Fermi resonance among one IR-

active C—H stretching vibration and two combination bandéz'G- 4. Two isomers of acetic acid. Thes-isomer (left) is stabilized by
fthe i | ibrati Fuiié .. ob d IR intramolecular hydrogen-bonding interaction between the carbonyl oxygen

of the in-plane vibrations. Fujiet a 0 Serve an SPEC- and the hydroxyl hydrogen; consequently, it is more stable tharréimns

trum of benzene monomer cation using the messengeagomer (right). A black ball stands for a carbon atom, gray one is oxygen,

technique®’ They observed only a single band at 3094 ¢m and white one represents a hydrogen atom.

in the C—H stretching region. According to these investiga-

tions, one can expect the C—H stretching vibrations of acetic i ) )
acid in the region from 2935 to 3051 cthand that of ben- gen. In contrast to this, the hydroxyl grouptodinsisomer is

zene at 3094 cit. In the IR spectrum of (CKCOOH) almost free, therefore the O—H stretching frequency of the
-(CeHg) ", the frequencies of some C—H stretching Vibra_trans-isomer is expected to be higher than that of tie

tions coupled with intermolecular binding can be redshifted”". . .
P g initio molecular orbital calculatior& They reported the fre-

due to the cluster formation. The band at 3080 ¢rob- f the O—H hi brati f thans
served in our spectrum is assigned to a C—H stretching vid“€Nc © the O—H stretching vibration of t@nsisomer

: : 59.6 cm! higher than that of thecisisomer at the
bration of the benzene molecule in (GEDOOH)- (CgHg) *. IS _

The O-H stretching vibration of a carboxyl group is MP2/6—_3lG§i)tIe\t/:I. -ghuli thte \{Vi"?‘k ba_nbd a}[t 361? <t:|h1:an
only responsible for the strong band observed in the regiot!?e assigned 1o the &—H stretching vibration o s

over 3500 cm?. The appearance of the two bands at 3577°0mer in the. cation gomplex. However, only td&isomer .
and 3617 cm’ suggests the two possibilities of either the is observed in the vibrational spectrum of the acetic acid

; . . . monomer th round stat ner f tk
presence of two isomers or Fermi resonance intensity en- onomer because the ground state energy of thas

- . iIsomer is higher than that of thes-isomer. The energy dif-
hancement of a combination band. Here we disregard th?’erence was calculated to be 6.1 kcalimol at the
latter possibility because acetic acid has little pOSSibilityMP2/6-3lG(j D) level® In a comple.x of (CHCOOH)
show[ng any comblnqtlon band at 3.617 clmThe.re 'S o -(CgHg) 7, one can expect the intermolecular interaction of
combination of vibrational frequencies responsible for the

. . . the transisomers with the benzene monomer cation at the
Fermi resonance. In fact, no Fermi resonance band is re-

ported in this regiod*35 Thus the doublet can be originated > 9¢" atoms of the carbonyl and the hydroxyl groups, since

from two distinct geometries of (CIEOOH)- (CHg) *. The the transisomer has the space faceq by the two oxygen at-
. o . : oms for the complex formation. In this case, the total energy
O-H stretching vibration of an acetic acid monomer was

observed at 3577 citt in gas phase by Wilmshurit Haurie of the complex with tha@ransisomer can be lowered much

more than that of theis-isomer. Our assignment should be
and Novak observed the same band at 3583 ‘cth The einforced with theab initio molecular orbital calculations

discrepancy in the frequencies is propably due to the broe}J— ith sufficient reliability.
ness of the band with enhanced rotational envelopes at h|g\p1l
temperatures. The frequency of the strong bé8%&77 cm %)
is just the same as that of the acetic acid monomer and as: Calculated structures and binding energies
signed to the free O-H stretching vibration of Geometry optimizations were carried out with various
(CH3COOH)- (C¢Hg) *. The frequency of the weak band initial structures ofCy symmetry orC, symmetry which in-
(3617 cmY) is 40 cm * higher than that of the strong band. clude one of the two isomers of acetic acid. In consequence,
This suggests that the O—H bond of the isomer is strongethree stationary points were found at the CASECH level.
than that of the 3577 cit band and can be completely free All the optimized structures at these minima hav@sgplane
from hydrogen-bonding. The O—H bond of the carboxylon which the acetic acid molecule is sitting except for two
group is affected by weak intramolecular hydrogen-bondingnethyl hydrogens located symmetrically above and under
interaction with the carbonyl oxygen. The isomer with a ge-the plane. These structures displayed in Fig. 5 are classified
ometry where the intramolecular hydrogen bond is weakemto the two types distinguished by the relative position of
than that of the observed acetic acid monomer species can liee carboxyl group to the benzene ring. One is a horizontal
responsible for the weak band at 3617 ¢m complex in which an acetic acid molecule and a benzene
There are two isomers for the acetic acid monomer agation are situated on the same plane forming hydrogen
shown in Fig. 4: the hydroxyl hydrogen and the carbonylbonds between the carboxyl oxygen and the two hydrogen
oxygen located on the same side of the C—-O single bondtoms of the benzene ring. The other is a vertical complex
(cisisomep and on the opposite sideansisome). The hy-  where the carboxyl plane is at a right angle with the benzene
droxyl group of thecis-isomer is stabilized due to intramo- plane and the carboxyl oxygen directly interacts with the
lecular hydrogen-bonding interaction with the carbonyl oxy-m-electron system of the benzene cation. For each type of the

U

isomer. Turi and Dannenberg studied these isomerstby
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Top view Side view

o )

horizontal cis-isomer PP o€
d FIG. 5. Geometrical structures of
i (CHsCOOH)- (CgHg) ™ optimized at
the CASSCF(7,7)/6-31Glp) level.
(9 The three structuresthe horizontal
cisisomer, the horizontal trans
- ~ isomer, and the verticaransisomej

: < are found to be at minima on the po-
horizontal frans-isomer () Um - M tential surface in agreement with those

- - - obtained at the B3LYP/6-31@(p)
) ) level. Each of these structures is
viewed from the top and the side of
the benzene ring.

vertical trans-isomer (™ )

v
- A

complexes, two isomers containingca-isomer or atranss  and 3053 cm? less stable than the verticahns-isomer be-
isomer of acetic acid are expected. In the case of the horifore and after ZPVE correction, respectively.
zontal complex, both of the isomers are found to have their We also carried out the geometry optimization on the
own optimized geometries. “Horizontalis-isomer” desig- two isomers of acetic acid and a benzene cation. The total
nates the one containing ths-isomer and the other with the energies of these monomer species before and after ZPVE
transisomer is called “horizontaltransisomer.” On the correction are listed in Table Il. As already mentioned, the
other hand, theransisomer is the only structure at a mini- trans-isomer of acetic acid is less stable than tieisomer.
mum of the vertical complex: the verticansisomer. The The repulsive interaction between the hydroxyl hydrogen
vertical cis-sisomer structure exhibits a saddle point with and the methyl group dfansisomer also contributes to the
imaginary frequencies. instability of thetransisomer. As shown in Table Ill, the
The calculated total energies of the optimized structuregnergy gap between thogs- andtransisomers of acetic acid
of (CH;COOH)- (CqHe) ™ and the energies relative to the is 2210 cm* (6.32 kcal/mo) and 2116 cm* (6.05 kcal/mo)
most stable species at the CASSCF(7,7)/6-31@) level at the CASSCF(7,7)/6-31@(p) level before and after
are shown in Table I. We corrected those for zero-point vi-ZPVE correction, respectively. Our result is in good agree-
brational energie€ZPVE) and they are displayed in Table I. ment with the value of 6.1 kcal/mol calculated by Turi and
The most stable complex species is the vertiaisisomer.  Dannenberg at the MP2/6-311 G(d,p) level without
The horizontalcis-isomer is the second stable species andZPVE correctiort® The large energy gap prevents tiens-
2459 and 2621 cimt less stable than the verticalans isomer from being observed in gas and liquid phase.
isomer before and after ZPVE correction, respectively. The  For (CH;COOH)- (C¢Hg)*, the energy gap between the
least stable species is the horizoritahsisomer that is 2936 horizontalcis-isomer and the horizontétans-isomer is also

TABLE |. Total energies(hartre¢ and energy gaps relative to the most stable spe¢ies™) of
(CH;COOH)-(CgHe)* at the CASSCH,7)/6-31G(d,p) and B3LYP/6-31G{,p) levels.

Horizontal cis Horizontaltrans Vertical trans

CASSCKR7,7/6-31G(,p)

without ZPVE correction total energy —458.319 530 —458.317 354 —458.330733
energy gap 2459 2936 0

after ZPVE correction total energy —458.147 229 —458.145 260 —458.159 172
energy gap 2621 3053 0

B3LYP/6-31G(d,p)

without ZPVE correction total energy —461.044 106 —461.040 888 —461.048 177
energy gap 894 1600 0

after ZPVE correction total energy —460.883 041 —460.879 404 —460.885 483
energy gap 536 1334 0
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TABLE II. Total energies(hartre¢ of the benzene monomer cation and TABLE IV. Binding energies(cm 1) of (CH;COOH)-(CgHg)" at the
acetic acid monomers at the CASSCF)/6-31G(d,p) and B3LYP/6- CASSCHK7,7/6-31G(d,p) and B3LYP/6-31Gd,p) levels.
31G(d,p) levels.

Horizontal Vertical
Benzene . . ertcal
monomer Acetic acid cis trans trans
cation cis trans CASSCR?7,7)/6-31G(d,p)
without ZPVE correction —230.442 057 —227.848 701 —227.838 632 after ZPVE correlation 6093 T 10830
after ZPVE correction ~ —230.337 077 —227.782 392 —227.772 750 B3LYP/6.31G(.p)
B3LYP/6-31G(,p) without ZPVE correlation 4487 5926 7526
without ZPVE correction —231.932 185 —229.091 479 —229.081 701 after ZPVE correlation 4225 5502 6836

after ZPVE correction =~ —231.834 320 —229.029 469 —229.020 016

isomer is about 1.4 times stronger than that of the horizontal
shown in Table Ill. The values are 477 ¢m(1.36 kcal/mo) transisomer. This means that the intermolecular interaction
and 432 cm! (1.24 kcallmol at the CASSCF(7,7)/ in the vertical complex has a nature different from the
6-31G(d,p) level before and after ZPVE correction, respec-hydrogen-bonding interaction seen in the horizontal com-
tively. The energy gap of the horizontal cluster is only 20%plexes.
of that of acetic acid at the CASSCF(7,7)/6-31G3{) level The point is that théransisomer of acetic acid is pref-
after ZPVE correction. As we shall see later, the geometricagrable to thecis-isomer not only for the formation of the
differences of the acetic acid isomers from those in the horivertical complex but also for the horizontal complexes. Geo-
zontal clusters are not large enough to explain the drastigietrical change of the component molecules upon the com-
change in the energy gap. Therefore, the large change in thdex formation reflects the change of electron density. Geo-
stabilization energies is attributed to the intermolecular bindmetrical parameters of intermolecular lengths give
ing energies of the horizontal clusters. information on the character of the intermolecular bonding.
Table IV shows the binding energies of the geometryTherefore, let us consider this point from the optimized geo-
optimized complexes of (CY¥OOH)-(CiHg)™ at the metrical parameters of the complex cations and acetic acid
CASSCF(7,7)/6-31G{,p) level. The binding energy is de- monomers. The optimized geometrical parameters of three
fined as the difference of the total energy of ({TMOH)  isomers of (CHCOOH)- (CeHg) " and two isomers of acetic
-(CgHg) ™ from the sum of the component monomer energiesacid at the CASSCF(7,7)/6-316,p) level are collected in
Corrected energies for ZPVE are also shown in Table v.Table V. To start with, we compare those of the horizontal
The binding energy of the horizontalis-isomer is 6315 Ccis-isomer with those of the horizontafansisomer. The
cm ! (18.06 kcal/mol, 0.78 eVand 6093 cm* (17.42 kcal/  C—H bond lengths of the methyl groups of both the horizon-
mol, 0.75 eV before and after ZPVE correction, respec-tal complexes are almost equal to those of the acetic acid
tively. On the other hand that of the horizonteinsisomer ~ monomers. This result indicates that the intermolecular inter-
is 8047 cm?! (23.01 kcal/mol, 1.00 eVand 7777 cm®  action does not affect the electron density of the methyl
(22.24 kcal/mol, 0.96 eWbefore and after ZPVE correction, group. The intermolecular bond lengths between the carbo-
respectively. This indicates that the conformational chang&yl oxygen and the first and the second nearest hydrogen
of the carboxyl group produces large difference in theatoms of the benzene cation are 2.3862 and 2.4508 A, re-
strength of the intermolecular interaction and ttrans spectively, for the horizontatis-isomer. Those for the hori-
isomer is much preferable for the in-plane intermolecularzontal transisomer are 2.3218 and 2.5962 A, respectively.
interaction between acetic acid and benzene monomer cathese indicate that the carbonyl oxygens of both the hori-
ion. The binding energy of the verticatansisomer is zontal complexes form double hydrogen bonds with two of
10984 cm? (31.40 kcal/mol, 1.36 eVand 10830 cm!  the hydrogens of the benzene cations. Because of the hydro-
(30.96 kcal/mol, 1.34 e\Wbefore and after ZPVE correction, 9en bonds at the carbonyl group, the=O bonds of the
respective|y. The intermolecular bond in the vertitans horizontal complexes are Ionger than those of the acetic acid
monomers.
There are important differences between the horizontal
TABLE Ill. Energy gaps(cm™?) between thesis- andtransisomers at the  cis- andtransisomers in the intermolecular interaction of the

CASSCR7,7)/6-31G(d,p) and B3LYP/6-31Gd,p) levels. hydroxyl group with the benzene ring. The C—0O bond of the
Horizontal Acetic acid horizontal cis-isomer is 0.0154_,& shorter than that of the
cluster monomer monomer, while that of the horizontabnsisomer is short-

ened only by 0.0038 A. In addition, the degree of the varia-

CASSCHT, 1/6-31G(@.p) tion of the C—O—Hangle by th lex formation is |
without ZPVE correlation 477 2210 ton of thet.—L-rangie by theé complex formalion IS large
after ZPVE correlation 432 2116 in the horizontalcis-isomer. This is probably due to the re-
BALYP/6-31G.p) pulsion between the hydroxyl group and the benzene ring.

- P
without ZPVE correlation 706 2146 Thg hydroxyl hydrogen and the hydroge_n atoms of benzene
after ZPVE correlation 798 2075 cation repel each other and the repulsion may shorten the
C-0 single bond and enlarge tlie-O—Hangle. In the hori-
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TABLE V. Calculated geometrical parameters of cluster species and acetithe carbonyl oxygen interacts strongly with theelectron
acid monomers at the CASSCF/)/6-31G(,p) level. system of the benzene cation. The binding energy of the

Horizontal Vertical Acetic acid vertical transisomer cannot be explained only by electro-
cluster cluster monomer static interaction like the horizontal complexes, since the
cis trans trans cis trans overlap of nonbonding orbitals of the carbonyl group with
R(C—H)? 10728 1.0728  1.0731 mr-orbitals of benzene cation can change the electronic struc-
R(C—H) 1.0751 1.0751  1.0739 tures. We shall try to give a more detailed discussion on this
R(C=0) 12043 11960 1.1980 1.1951  1.1902 point in a later section.
R(C-0) 1.3231  1.3403 13376  1.3385  1.3441
Egg:g))c f'jggsz f':ggf fé’ggg f?gzg 2'59353 3. Comparison between the results from CASSCF and
R(C—H)* 10800 10791 10789 10802 10796 DFT calculations
R(C-H)® 1.0834  1.0852 1.0853  1.0840  1.0859 Geometry optimizations were also performed at the
a(0-C=0) 122.2394 118.3665 118.6151 1222051 119.9548 B3| YP/6-31G(,p) level. Three optimized geometries are
(C-C=0) 1253561 124.7704 124.5056 125.6422 124.2604 qyqinaq jn agreement with the CASSCF calculations. The
a(C-0-H 110.5537 112.9698 112.5781 108.5520 112.0483 . . N
R(C-H-O—C)! 23862 23218 25457 total energies of these isomers of (§EDOH)- (CgHg) ™ are
R(C-H--O—C)J  2.4508 2.5962  3.4300 listed in Table |I. Those of acetic acid monomers and the
R(C--0=C)" 3.1164  3.1073  2.6170 benzene monomer cation are shown in Table Il. At the
R(C-H--0-C) 41951 25692  4.1248 B3LYP/6-31G(,p) level, the most and least stable species
R(C:--O—C) 51169  3.6232  3.6158

is the verticaltransisomer and the horizontatansisomer,

R(C—H --H-O)" 37452 34351  4.7506 . . . X
( ) respectively. This result agrees with that obtained at the

The shortest bond in the benzene ring. CASSCHK7,7) level. Energy gaps between this- andtrans

:L‘e 'g”%ezt bg”‘i'” ”:_e bef‘dze”e ring. isomers at the B3LYP/6-31@(p) level are listed in Table
e C— ond of acetic aclid. . . _

“The C—H bond of acetic acid in the plane of the carboxyl group. lll. The Value_for the. hprlzomal complex is 798 Cﬁ]aﬁer

®C—H bonds of acetic acid out of the plane of the carboxyl group. ZPVE correction. This is 366 cnt larger than that obtained

fIntermolecular H--O distance between the carbonyl oxygen and the nearesat the CASSCHF,7) level. In contrast, the energy gap

hydrogen atom of the benzene ring. between thetrans and the cisisomers of acetic acid

9YIntermolecular H--O distance between the carbonyl oxygen and the secon o . .
nearest hydrogen atom of the benzene ring. %xhibits similar values at both the levels of the methods:

hintermolecular € -O distance between the carbonyl oxygen and the neares€075 cm* at the B3LYP/6-31Gq,p) level and 2116 cm'

“carbon atom of the benzene ring. at the CASSCHF,7) level after the ZPVE -correction.
'Intermolecular H--O distance between the hydroxyl oxygen and the nearestThe binding energies of (CEOOH)- (CGH6)+ at the
ydrogen atorn of the benzene ring. B3LYP/6-31G(,p) level are shown in Table IV. The inter-
JIntermolecular € -O distance between the hydroxyl oxygen and the nearest . . .

carbon atom of the benzene ring. molecular interaction at the B3LYP/6-31&() level is es-
KIntermolecular H--H distance between the hydroxyl hydrogen and the timated to be weaker than that at the CASSCH level.
nearest hydrogen atom of the benzene ring. However the relative tendency is in the consistent with the

CASSCF calculations; the vertical complex has binding en-
ergy larger than those of the horizontal complexes and the

zontaltransisomer, the hydroxyl hydrogen is on the oppo- transisomer can form stronger intermolecular binding than
site side to the benzene ring and the hydroxyl oxygen whicfhe cis-isomer. The optimized geometrical parameters at the
is partially negatively charged is close to the hydrogen atom83LYP/6-31G@,p) level are collected in Table VI. In-
of benzene cation. Therefore the repulsion mentioned abov&amolecular bond lengths except that of the C—O bond of
is weak in the horizontafransisomer. The intermolecular the verticaltransisomer are estimated to be longer at the
C—H --O-C bond length is 2.5692 A in the horizontedns- B3LYP/6-31G{,p) level relative to those obtained by the
isomer, while that of the horizonta&lis-isomer is 4.1951 A CASSCEF calculations. On the other hand, the intermolecular
The O—G=0 angle is also varied largely in the horizontal distances become short by approximately 0.1 and 0.2 A in
trans_isomer' Th|s Suggests that the hydroxy' Oxygen inter_the horizontatis- and Vertica[rans-isomel’s, reSpeCtively. In
acts with the hydrogen atom of benzene cation and the addgontrast, the intermolecular distance between the benzene
tional hydrogen bond is formed between them in the horifing and the hydroxyl group of the horizontsdns-isomer at
zontal transisomer. Thus the increment in the binding the B3LYP/6-31Gd,p) level is approximately 0.5 A longer
energy of the horizontatransisomer is attributed to this than that obtained at the CASSCF) level.
additional C—H--O-C hydrogen bond and the weakened
hydrogen—hydrogen repulsion. 4.1 Comparison between calculated and observed

The intermolecular binding energy of the vertical com- Vibrational spectra
plex is larger than those of the horizontal complexes where  Table VII shows the calculated frequencies and IR inten-
the double or triple hydrogen bonds are formed, althougtsities of the C—H and O—H stretching vibrations of the three
only one hydrogen atom of the benzene cation is located nedCH;COOH)- (CgHg)© isomers and the two acetic acid iso-
the hydroxyl oxygen in the verticatansisomer. In the ver- mers at the B3LYP/6-31Gl,p) level. The frequencies were
tical transisomer, the carbonyl oxygen interacts with the also calculated at the CASSCF(7,7)/6-38(F) level and
benzene ring from the vertical direction at an intermoleculathey are higher than those obtained at the B3LYP/6-
C---O=C distance as close as 2.6170 A. This indicates thaB1G(d,p) level for all the vibrational modes shown here. In
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TABLE VI. Calculated geometrical parameters of cluster species and aceti®# ABLE VII. Calculated vibrational frequencie&m ) and IR intensities
acid monomers at the B3LYP/6-31&0) level. (km/mol) of cluster species and acetic acid isomers at the
B3LYP/6-31G(d,p) level.

Vertical Acetic acid Vertical
Horizontal cluster ~ cluster monomer Horizontal cluster  cluster Acetic acid monomer

cis trans trans cis trans cis trans trans cis trans
R(C-H)* 10841 10841  1.0828 CHysym.str. 3073 3058 3057 3067 3050
R(C-H) 1.0864  1.0871  1.0861 (acetic acid (0509 (0557 (3.335  (1.85)  (4.319
R(C-0) 1.3387 1.3493 1.3338 1.3575 1.3633 (acetic acidl (0.143 (1.439 (0.006 (5.242 (9.431
R(O-H) 0.9722 0.9693 0.9705 0.9724 0.9677 CHs sym. str. 3188 3188 3193 3185 3181

C
R(C—C)d 1.5020 1.5090 1.5066 1.5073 1.5190 (acetic acidl (4.808 (0.936 (0.528 (5.612 (3.927
R(C-H) 1.0888 1.0887 1.0886 1.0891 1.0891 CHj sym. str. 3212 3209 3208
R(C-H)® 1.0938 1.0953 1.0955 1.0940 1.0957 (benzene cation (2.365 (40.969 (0.044
a(0-C=0) 122.3148 118.4551 119.3970 122.4909 120.0143 CH;, asym. str. 3218 3213 3220
a(C-C=0) 125.6639 124.6081 122.0039 126.0892 124.7190 (be3r12ene cation (19.543 (10.159 (0.072
a(C-0-H 108.3232 111.4904 111.3016 105.8073 110.2626 CHs sym. str 3223 3222 3222
. . str.

R(C—H'O:C)g 2.2557  2.2519  2.3513 (benzene cation (4.103  (2.268  (0.009
R(C—H-0=C)? 23276  2.3208 CHsasym. str. 3230 3231 3232
R(C-O=C)" 2.9897  2.9837 23754 (benzene cation (23.017 (15.089 (0.660
R(C—H“OfC) 4.0674 3.0668 3.9918 CH, sym. str. 3237 3237 3233
R(G-0-C) 50099 41381 33983 (benzene cation (5.840 (4742  (0.598
R(C-H --H-0) 3.5703 4.0295 4.8404 CHs sym. str. 3240 3241 3250
&The shortest bond in the benzene ring. g)er;'zztr:e cation (3155.35825 (ggg ? (33‘;22 3751 3802
The longest bond in the benzene ring. e
“The C—C bond of acetic acid. (acetic acid (51.170 (88.941) (126.532 (43.763 (30.891

9The C—H bond of acetic acid in the plane of the carboxyl group.
€C—H bonds of acetic acid out of the plane of the carboxyl group.
fIntermolecular H--O distance between the carbonyl oxygen and the nearest

hydrogen atom of the benzene ring. CASSCF(7,7)/6-31G{,p) level. At the B3LYP/6-

“Intermolecular H--O distance between the carbonyl oxygen and the second31G(d p) level, twotransisomers also exhibit the O—H vi-

nearest hydrogen atom of the benzene ring. . . . . L
PIntermolecular € -O distance between the carbonyl oxygen and the nearespratlonal frequencies higher than the horizortistisomer.

carbon atom of the benzene ring. These results suggest that the weak band at 3617 can
iIntermolecular H--O distance between the hydroxyl oxygen and the nearestbe attributed to the vertical and/or horizontelnsisomers.
hydrogen atom of the benzene ring. As already mentioned, the verticansisomer is the most

IIntermolecular € -O distance between the hydroxyl oxygen and the neares . : ; ; —1
carbon atom of the benzene ring. Stable species and the horizonti@nsisomer is 3053 cm

Kintermolecular H--H distance between the hydroxyl hydrogen and the |€SS Stable than the verticeinsisomer. Therefore we as-
nearest hydrogen atom of the benzene ring. sign the band at 3617 cm to the O—H stretching vibration
of the verticaltransisomer.

Now we have a problem on the intensities. The intensity
general, the frequencies obtained by DFT are closer to thgitio of the strongest band at 3577 chto that of the weak
experimental values than those calculated by the CASSChand at 3617 cm' cannot reflect the abundance of the hori-
method. Since our main concern in the observed vibrationatontal cis-isomer to that of the verticalransisomer cor-
spectrum is the assignment of the weak band located on thectly. The observed IR spectrum is measured by the photo-
high frequency side of the free O—H stretching vibration, wedissociation spectroscopy that is related to the internal
discuss the relative values of the O—H stretching frequenciegmperature of the complexes and the dissociation thresh-
at each level of the theories. The frequencies of the O-kbids. The calculated binding energy of the vertitans
stretching vibration of théransisomer of acetic acid are 53 jsomer is 4737 and 2611 cm larger than that of the hori-
and 51 cm? higher than those of theisisomer at the zontal cis-isomer at the CASSCF(7,7)/6-31G6¢) and
CASSCF(7,7)/6-31G{,p) and B3LYP/6-31G{,p) levels, B3LYP/6-31G(d,p) levels, respectively. The binding energy
respectively. These values are in good agreement with thRirger than the photon energies is less preferable for the ef-
value of 59.6 cm* calculated by Turi and Dannenberg at the ficiency of photodissociation of the verticalansisomer.
MP2/6-31G¢l) level®® As mentioned in previous section, Only the species in highly vibrationally excited states can
the frequency of the strongest band in the vibrational speccontribute to the photodissociation spectrum in this case.
trum of (CH;COOH)- (CgHg) ™ is 3577 cm ! that is close to
the frequenc_y of theis-isomer of acepc ac!d._ The cqlculated B. Electronic states of (CH;COOH)-(CgHg)* isomers
O-—H stretching frequency of the horizontag-isomer is also )
close to that of theis-isomer of acetic acid at the both lev- 1- Electronic spectra
els. Therefore the strongest band at 3577 tim assigned to The electronic spectrum ofCH;COOH)-(CgHg)™ ob-
the O—H stretching vibration of the horizonteis-isomer. tained by the photodissociation spectroscopy is shown in
The calculated frequencies of the O—H stretching vibrationg-ig. 6. Two distinct maxima are seen in the spectrum. One
of the horizontal and verticairansisomer are 26 and 27 has its intensity maximum around 24 500 cmThe other
cm! higher than that of the horizontalis-isomer at the band begins at 12 000 cthand extends to the 24 500 ¢th
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LA BN BN R LN PR benzene dimer catiol?~'2 The nature of the charge transfer
interaction is highly related to the geometry of the cation
complex.

2. Calculated electronic states

The presence of the two isomer@he horizontal
cisisomer and the \vertical transisome)j  of
(CH3COOH)-(C¢Hg) " is revealed by the vibrational spec-
trum andab initio molecular orbital calculations discussed in
the previous section. We investigate the electronic states of
the two isomers using the multiconfiguration self-consistent

N
»
{

Cross Section (arb. units)

0z Bl field (MCSCB calculations with the active space which con-
j sists of eleven electrons and ten orbitals. The results from the
T A Y T T calculations with MCQDPT are applied for elucidating the
10000 15000 20000 25000 30000 experimental observation. Nakaret al. demonstrated that
Wavenumber / cm’ the firstr—ar transition of cyclopentadiene is calculated to be

5.27 eV at the MCQDPT levéf while the two groups re-
por:ngd the experimental values to be 5(&&f. 41 and 5.34
ev.

The six valencer orbitals in the benzene cation are des-
ignated in the order of energy by, , 75, 73, 7, , m& , and
band, with an intensity maximum around 17 500 ¢riThe g , respectively. The first two are doubly occupied and the
bandwidth of the 17500 cit band is approximately 5000 5 is the singly occupied molecular orbiteBOMO) in the
cm ! and that of the 24500 cnt band is 4000 cm®. The  ground state of the benzene cation. Table VIII shows the
excitation energy of the 24 500 crhband is close to that of CASSCF configurations for the ground and four excited
an local excitationLE) band of a benzene monomer cation states of the horizontatis-isomer. Those of the vertical
observed in the photodissociation spectra of a series dfansisomer are listed in Table IX. In those tables, molecu-
charge resonance and charge transfer complexes with a bdar orbitals are designated by two characters suchasThe
zene catior:®1%-*2However, this assignment is dangerousfirst character(A or B) indicates the component molecule
for the vertical complex because the-7 excited states of (acetic acid or benzene, respectiveiynd the second charac-
the vertical complex can be different from that of the ben-ter designate the type of the molecular orbitalorbital, =
zene monomer cation due to the interaction betweermrbital or nonbonding orbitgl An means the non-bonding
m-electrons of the benzene cation and nonbonding electronwbital of acetic acid. An+Bar;) and (An—Br;) denote
of acetic acid. The band width is approximately 2.5 timesthe intermolecular bonding and antibonding orbitals origi-
wider than those of the LE bands observed in the previousated from one nonbonding orbital of acetic acid and#the
works/ 81012397 | E band of the benzene cation in the orbital of the benzene cation, respectively. Figure 7 shows
horizontal complexes can be embedded under the 24 50@ese orbitals with ther; orbital of the verticatransisomer.
cm ! band. The other band at 17500 chcannot be as- (Aw+Bm;) and (Aw—Br,) also means intermolecular
signed to a LE band of a component molecule, since neithedsonding and anti-bonding orbitals derived frarorbitals of
this benzene cation nor acetic acid exhibits any LE band inhe respective component molecules. The charge distribu-
this region. This suggests the presence of the cluster speciéens between acetic acid and benzene in the respective states
where the electronic states are much different from those odire obtained based on the Mulliken charges listed in Table X.
the component molecules. The change in the electronic statd$ie calculated excitation energies from the ground state to
can be due to the intermolecular charge transfer interactiothe respective excited states and the oscillator strengths of
in the cation complex. The spectral feature with a broad banthe two isomers of(CH;COOH)-(C¢Hg)* are listed in
width remind us a similar broadness of the CR band of arable XI.

FIG. 6. Electronic spectrum of (GJEOOH)-(CgHg)* in the regions of
12 000-13 400 cm* and 15 000—29 600 ch obtained by photodissocia-
tion spectroscopy.

TABLE VIII. Main configurations of the horizontatis-isomer at the CASSQE1,10/6-31G(,p) level.

State  Coefficients B¢ Aw+Bm, Awn—Bw; An Bwm, Bwm; Bwm; Bwi An* Bwg
12A” 0.933 2 2 2 2 2 1 0 0 0 0
2°2A" 0.924 2 2 2 2 1 2 0 0 0 0
12A’ 0.912 2 2 2 1 2 2 0 0 0 0
327" 0.725 2 1 2 2 2 2 0 0 0 0
—-0.330 2 2 2 2 1 1 1 0 0 0
0.312 2 2 1 2 2 2 0 0 0 0
0.267 2 2 2 2 2 0 0 1 0 0
-0.202 2 2 2 2 0 2 0 1 0 0
22A’ 0.912 1 2 2 2 2 2 0 0 0 0
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TABLE IX. Main configurations of the verticaransisomer at the CASSGE1,10/6-31G(d,p) level.

State  Coefficients Bo Aw An+Bm; An-Bmy Bm, Bm; Bwj Bw@f An* Bwj
1°%A’ 0.931 2 2 2 2 2 1 0 0 0 0
12A" 0.916 2 2 2 2 1 2 0 0 0 0
2°2A’ 0.784 2 2 2 1 2 2 0 0 0 0
0.273 2 2 1 2 2 2 0 0 0 0

0.257 2 2 2 2 1 1 0 1 0 0

0.253 2 2 2 2 2 0 1 0 0 0

22A" 0.911 1 2 2 2 2 2 0 0 0 0
32A’ 0.759 2 2 1 2 2 2 0 0 0 0
—0.404 2 2 2 1 2 2 0 0 0 0

0.227 2 2 2 2 2 0 1 0 0 0

The ground state of the horizonteis-isomer is 12A” CASSCF level and 3877 cm at the MCQDPT level. The
and well described by the Hartree—Fock configuration wherescillator strength is computed to be X.50 °. Thus this
the B orbital is SOMO. Thus 97.8% of the positive charge transition is forbidden.
is localized in the benzene ring. On the other hand in the The 1A’ state is well represented by a single configu-
ground state of the verticatansisomer, 4.7% of the posi- ration where the nonbonding orbital of acetic acid is SOMO.
tive charge is transferred to acetic acid. As expected from the configuration, the positive charge is

The first excited state is2\” and well represented by a almost localized on acetic acid in théA’ state. The £A’
single m— excitation of B7,— Bry. The charge distribu- state is predicted to locate at 29 172 ¢mat the CASSCF
tion between the component molecules is similar to that ofevel and 19 211 cm' at the MCQDPT level. The calculated
the ground state. The transition energy from the ground statescillator strength is 0 thus the transition is completely for-
to the 22A” state is estimated to be 4604 c¢hat the  bidden.

The 32A” state comes mainly from a singte-7 exci-
tation configuration of Aw+Bm;)—Bw;. However, the
state also contains a singte-7 excitation of A7—Bm;)

— B3, two singlem—=* excitation ofBm,— B and its
conjugate Bm;—Bas , and a double excitation oBmw,
—Bm; and Bm,—Bmwi . The coefficients of theBr,
—Bm; and theBm;— B excitation have different signs
from each other. According to Mulliken charges, 95.0% of
the positive charge is located on the benzene ring. Therefore
the 32A” state is the local excited state whose main character
is 77— excitation configuration of the benzene cation. The
excitation energy to the %A” state is computed to be 24 848
and 24221 cm' at the CASSCF and MCQDPT levels, re-
spectively. The calculated oscillator strength of 2210 2
shows thisr—r transition is allowed. The result agrees with
the fact that ther—ar transitions are observed in the spectra
of cation complexes with the benzene cation.

The 22A’ state is well described by the singke-m ex-

TABLE X. Charge distributions based on Mulliken charges.

State Acetic acid Benzene

Horizontal cis-isomer

12A" +0.022 +0.978
22pn" +0.022 +0.978
12 +0.990 +0.010
32p” +0.050 +0.950
227 +0.028 +0.972
Vertical transisomer
127 +0.047 +0.953
FIG. 7. Optimized molecular orbitals responsible for the charge transfer 12A" +0.019 +0.981
transitions of the verticaransisomer obtained by the CASSCF calculation. 22p +0.300 +0.700
(An+Bm,;) and (An—Bm,;) denote the intermolecular bonding and anti- 22A" +0.023 +0.977
bonding orbitals originated from one nonbonding orbital of acetic acid and 32A’ +0.697 +0.303

the 7, orbital of the benzene cation, respectively.
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TABLE XI. Calculated excitation energigsm %) and oscillator strength of [T T T T[T T T T[T T T T[T T T
(CH3COOH)-(CgHg) ™.
CT
Excitation energy (vertical trans)
=
State MCQDPT CASSCF  Oscillator strength E‘) \
5}
Horizontal cis-isomer g LE 559 7
22N (m-m) 3877 4604 1.5%10°° 5 (horizontal cis) &
12A"  CT 19211 29172 0 =
32A" (m-m) 24221 24848 2%10°? 3 o i
227’ (o—m) 29542 34168 7%510°° o ~ A *’e\ p)
o a 'Y S )
Vertical trans-isomer '% 2.4 % o
12A" (m—m) 5322 5597 7.x107° © f;.,y - D,
224" CT 11050 23413 58102 F
22p" (o—m) 21397 36 751 Xx10°©
32’ CT 28061 29905 64102 i
13 v Ly v v by s by gy g 10

10000 15000 20000 25000 30000
Wavenumber / cm’

citation configuration oBo— Br3. The charge distribution
shows the ZA’ state is a locally excited state. The excita- FIG. 8. Comparison betweer: the calculated and the observed e_lectronic
tion energy is computed to be 34168 chat the CASSCF o o c D e el to that o the verical
level and 29 542 cm® at the MCQDPT level. The calculated transisomer.
oscillator strength of 7810 ° suggest ther— transition
to the 22A’ state is forbidden. _ . . o

The ground state of the verticansisomer is well rep- The main configurations that give rise to thé/3 state
resented by the Hartree—Fock configuration where SOMO i&re the same to those of th&" state. The principle con-
the B, orbital. Mulliken charges show that 95.3% of the figuration in the'S’ZA’ state is the single excitation oAQ
positive charge is on the benzene ring in the ground state. + B1)— B3 with a coefficient of 0.759. The single exci-

The first excited state is 3A” and well described by a fation of (An—B)—Brs with a weight of —0.404 is the
single m— excitation ofB,— Br. Thus this state corre- second most efficient configuration. The charge distribution
sponds to the 3A” state of the horizontatis-isomer. The shows the_ _§A’ state al_so has the charge transfer character.
charge distribution shows the?A” is a local excited state. |N€ transition energy is computed to be 29905 trand
The transition energy is computed to be 5597 ¢mnd 5322 28061 cm™ at the CASSCF and MCQDPT levels, respec-
cm ! at the CASSCF and MCQDPT levels, respectively.t'VeW- The calculated oscillator strep_gth of &10 2 sug-
The oscillator strength is calculated to be ¥10~°. Thus gests that the charge transfer transition to tHé\3state is
the transition to the A" state is forbidden. allowed.

The 22A’ state comes mainly from the two single exci-
tation of (An—Br;)— B3 with a coefficient of 0.784 and
(An+Br;)—Bars with a weight of 0.273. The two single 3. Comparison between calculated and observed
m—m* excitations oBm,— Bt andBm,— B} also give  Electronic spectra
rise to the ZA’ state. The charge distribution shows that ~ On the basis of the comparison between the observed
30.0% of the positive charge is on acetic acid. Thus the exspectrum of(CH;COOH)-(C¢Hg)* and the spectra of the
citation from the ground state to the’&’ state accompanies charge resonance and charge transfer complexes with a ben-
the charge transfer from the benzene cation to acetic acidene cation, we have assigned in the previous section that the
The transition energy is estimated to be 11050 tmt the LE bands of the benzene cation in the horizontal complex is
MCQDPT level, while that obtained by the CASSCF methodembedded under the 24500 chband. The 17500 cit
is 29172 cm®. The discrepancy in the transition energy band can be attributed to the CT band. The calculated elec-
shows that the recovery of dynamical correlation energy irtronic spectra of the two isomers are obtained using the cal-
MCSCF wave function is important for this state. The calcu-culated transition energies and oscillator strengths mentioned
lated oscillator strength is 5510 2. This indicates that the in previous section. Figure 8 shows the calculated spectrum
charge transfer transition to the’&’ state can be observed. where populations of the two isomers are supposed to be

The 22A” state is well represented by the singter  equal. For comparison, the observed spectrum is also dis-
excitation ofBoc—B1ry. As expected, the Mulliken charge played in Fig. 8. The computational results suggest that only
shows that the 2A” state is a locally excited state. The three electronic transitions can be observed in this region.
calculated excitation energy is 36 751 ¢chat the CASSCF  One is ther—r transition of the horizontatis-isomer and
level and 29542 cm® at the MCQDPT level, respectively. the others are the two charge transfer transitions of the ver-
The results suggest the recovery of the dynamical correlatiotical transisomer. The excitation energy of the-= transi-
energy is also important for this state. The oscillator strengtltiion of the horizontalcis-isomer is estimated to be 24221
is estimated to be 21076, This o— transition is forbid- cm™! at the MCQDPT level and correspond to the observed
den. band at 24 500 cit. By considering the analysis of the vi-
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