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Spectroscopic Consequences of Localized Electronic Excitation in Anthranilic Acid Dimer
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The electronic and infrared spectroscopy of anthranilic azi@niinobenzoic acid) dimer has been studied in

a supersonic jet. Fluorescence-dip infrared (FDIR) spectra have been obtained in both the ground and first
excited electronic states. The ground-state FDIR spectrum shows a broad, highly shifted OH stretch absorption
commensurate with a cyclic, doubly hydrogen bonded structure, as has been observed for other carboxylic
acid dimers. Density functional theory calculations predict that the dimer retains the monomer propensity for
the amino group to be adjacent to the carbonyl group of the carboxylic acid, produ€inggeound-state
geometry for the dimer. The presence of the amino group shuts off the double proton tunneling that is present
in benzoic acid dimer. The excited-state FDIR spectrum shows NH stretch fundamentals that are the sum of
the $ and S FDIR spectra of anthranilic acid monomer, indicating that the electronic excitation is localized
on one of the monomers in the excited electronic state. The ultraviolet spectrum of the dimer shows a strong
Franck-Condon progression involving a 58 civibration and many combination bands with this mode.
Comparison with density functional theory calculations indicates that the 58 orode involves the in-

plane geared bend of the two monomer units, which hayimmetry in theC,, ground state. While this non

totally symmetric fundamental appears in the R2P1 andWR hole-burning spectra, the dispersed fluorescence
spectra from the Sorigin, +58 cnt band, and+-118 cnt* band display intensity only in even members of

the 58 cmi® progression. This FranekCondon activity is quantitatively fit by a model in which the excited-

state vibrations are simple sums and differences of localized, shifted harmonic oscillator vibrational wave
functions, producing unresolved/la, tunneling doublets associated with the large barrier that separates the
two minima on the excited-state surface.

I. Introduction

a)
Carboxylic acid dimers have been thoroughly examined over 0 H—0 0 H=Q *
the past several decades. The reason for such intense examina @—/(
tion is the interest in gaining an understanding of the behavior o
of systems containing strong intermolecular hydrogen bonds and
the possibility of double proton transfer in both the ground and

excited states of these systems. Of the many carboxylic acid

¢ H H
dimers that have been studied, the benzoic acid dimer is one of N—n N—n
the most thoroughly studied. The spectroscopy of this dimer 0 0—H| @_«0 """ H=0
has been investigated in both the crystalline phdsand the O—H O
gas phasé&:1° The structure of this cyclic, hydrogen-bonded O-H o H—N
dimer is shown in Figure 1la. As anthranilic acid (Figure 1c) Rotamer I Rotamer II b
contains a carboxyl substituent, it is likely that the dimer of e) H f)
anthranilic acid will form a structure similar to that of benzoic 0 H—0
acid dimer. In the ground state, the hydrogen-bonded benzoic P H_O)_G )_Q
acid dimer possessé&®n symmetry. Early studies of benzoic O—Hor- O
acid dimer in the crystalline phase indicated that electronic N—H Isomer B NH \
excitation of benzoic acid dimer leads to the strengthening of H H o TomerC H
one of the hydrogen bonds, while the other is weakened.
Additionally, the dipole-dipole coupling between the monomers

| [0)

Figure 1. Structures of (a) the cyclic, hydrogen-bonded benzoic acid
. . ] - ) dimer, (b) the $excited-state benzoic acid dimer, proposed in refs 4
Corresponding authors. Phone: (765) 494-5278. E-mall: zwier@ 414 6, (c) two rotamers of anthranilic acid monomer, ane-()three

p“idgjfednﬂ'af’jgf’gg gezg;gr?é-nilo?‘%h%rr:izltlr:yIi\%h@eflsllyc'%flggggghiﬁgfst possible isomers for anthranilic acid dimer arising from the rotamer

MA 01002. monomer structures. A conclusion of this work is that we only observe
* Current address: Department of Chemistry, Columbia University, New isomer A. The asterisk in (b) indicates which monomer is electronically
York, NY 10027. excited.
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in the first excited electronic state was calculated to be less thanboth rotamers were significant, then a mixture efl,| [l -1,

1 cmr 12 with such a weak exciton splitting, even small and Il dimers could be formed (Figure d). In salicylic
asymmetries can lead to localized electronic excitation, and theacid, the corresponding rotamer | is the dominant isomer
S, state of benzoic acid dimer was proposed to be localized on observed in the supersonic expansion, and only tHedimer

one of the monomeric units in the sofitHigh-resolution studies  structure (isomer A) is observed. This was determined by a
of benzoic acid dimer and its deuterated derivatives in the recent fluorescence-dip infrared experiniénin which the
crystalline phase confirmed the occurrence of localized excita- experimental spectrum was compared to the infrared spectra of
tion.4 Taking all of these measurements into account, Baum andisomers A and B calculated at the B3LYP/6-31G(d, p) lédel.
McClure concluded that the cause of the localized excitation is One anticipates a similar circumstance in AA dimer, since only
the fact that the geometry of the benzoic acid dimer in its first rotamer | of AA monomer was observed in the supersonic
excited electronic state is bent as the result of the differing expansiort®

strengths of the intermolecular hydrogen bohdsrepresenta- Second, substitution in the ortho position leads to an
tion of the excited-state geometry predicted by Baum and asymmetry in the double minimum well for proton transfer
McClure is depicted in Figure 1b. involving the carboxylic acid hydrogens, shutting off the

In the condensed phase, localized excitation can be causedtunneling pathway for interdimer double proton transfer near
at least in part, by the different local environments of the the zero-point level. _ _
monomers. However, the electronic spectroscopy of benzoic Finally, the AA monomer shows evidence of undergoing a
acid8 and p-aminobenzoic acid dimers examined in the hydrogen “dislocation” inits first exc!ted singlet state that moves
isolated environment of a supersonic jet has also shown evidencdt Partway from the amine to the imine tautomeric fotfithis
of localized electronic excitation. As in the condensed phase, dislocation involves a substantial geometry change for the entire
the primary evidence is that the mixed OH/OD isomer shows Cchelating ring involved in the intramolecular hydrogen b&hdl.
two resolvable § S; origins due to GHsCOOH*—CgHsCOOD It is @ main goal of the present stu'dy to determine the extent to
and GHsCOOD*—CgHsCOOH. This suggests that, even in the which the structural distortion in the monomer leads to

absence of solvent effects. the electronic excitation is at |eastlocalization of the electronic excitation in the excited state of
partially localized on one or the other monomer in the excited the dimer. If the distortion does localize the electronic excitation,

states. we seek to observe and understand the spectroscopic conse-
guences of that localization. The typical signature of H-atom
or proton transfer is a red shift in the emission from the excited
state. In salicylic acid dimer, the decrease in the magnitude of
this shift relative to that in the monomer was used by Lahmani
et al. to deduce that dimerization weakens the intramolecular
hydrogen bond in salicylic acid due to the presence of the
intermolecular hydrogen bond$.

While the shift in the emission is a useful probe of the excited-
state geometry, it does not give specific information regarding
the type of structural change induced. Furthermore, it can lead
to ambiguity as the magnitude of the red shift decreases in size.
In the present study we probe the hydrogen atom dislocation
via hydride stretch infrared spectroscopy in the excited electronic
state. The spectra obtained show direct evidence for electronic
localization in the excited state. In addition, the vibronic
spectroscopy exhibits a subtle but no less important signature
of electronic localization in the FranelCondon progressions
associated with the intermolecular geared bending mode.

The results of recent high-resolution electronic spectroscopy
on benzoic acid dimer in a supersonic®jsupport the bent
geometry suggested by condensed phase experiments (Figur
1b)# The fitted rotational constants are consistent with an
excited-state structure that is bent by “3wiith respect to the
longitudinal axis of the dimers.The same high-resolution
experiment measured the tunneling splitting associated with
double proton transfer in benzoic acid dimer. It is common to
call this double transfer a proton transfer rather than a hydrogen
transfer, even though the final state is not zwitterionic. We will
retain this terminology in what follows in order to distinguish
it from the hydrogen transfer involving the NHO=C group.

The measured splitting of 110# 7 MHz does not give the
absolute tunneling splitting in either electronic state, but is either
the sum or difference of the tunneling splittings in the two
states® Whether it is the sum or the difference depends on the
relative symmetries of the two states. Previous studies of benzoic
acid crystals with two different dopants determined the tunneling
splitting in the ground state of benzoic acid dimer to be 8.4 Il. Experimental Section

and 6.5 GHz, respectively:** Remmers et al. assumed that  anthranilic acid dimer was studied by means of dispersed
these splittings were similar to that in the isolated molecule, emjssjon, two-color resonance-enhanced two-photon ionization
and from this they inferred that the measured 1.107 GHz spectral R2p|), ground- and excited-state fluorescence-dip infrared
splitting is the difference between the tunneling splittings in (Fp|R), and IR-UV hole-burning spectroscopies. Brief descrip-
the ground and excited electronic stete$his led to the tions of each technique follow.

conclusion that the excited-state barrier was either 20% larger A pjspersed Emission.The apparatus used to obtain the

or 20% smaller than the ground-state barrier. Based on previousgispersed emission spectra has been described previdasty

estimates of the ground-state barrierl00 cn®), it is clear |l be described only briefly here. The sample was heated to
that both states possess a relatively large barrier to protonisg °c to attain a sufficient vapor pressure; the nozzle
transfer® temperature was kept about P& higher than the sample

In anthranilic acid (AA) dimer, the substitution of an WH  temperature. The molecules were seeded into helium gas at a
group in the ortho position on benzoic acid has several stagnation pressure of-3 bar, and the mixture was expanded
interesting consequences for the electronic structure and excitedinto a vacuum chamber through a &® orifice. The supersonic
state dynamics of the dimer. First, the asymmetric substitution expansion was crossed with the frequency-doubled output of
produces two rotamers of the monomer (Figure 1c), which can an Nd:YAG-pumped dye laser approximately 5 mm downstream
lead to multiple isomers of the dimer. The rotamers of anthranilic of the nozzle. Dispersed emission spectra were recorded by
acid monomer are labeled | and Il in Figure 1c, in keeping with exciting a particular transition and detecting the fluorescence
the notation used for salicylic acid monomer (in which the ortho with a photomultiplier tube after dispersing it through a
substituent is OH rather than NH*15 If the populations of monochromator with a dispersion of 4 A/mm.
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B. Two-Color R2PI. To obtain the R2PI spectrum, a
reflectron time-of-flight mass spectrometer, which has been Dimer Origin
described previously, was us&dThe ionization potential of 28233 em’!
anthranilic acid dimer is too large for one-color resonant two-
photon ionization. lonization was achieved by introducing the
fourth harmonic of another Nd:YAG laser (266 nm) in a counter- 499 745
propagating geometry. The relative timing between the two 99 290 732
lasers was controlled with a digital delay generator (SRS 58 118 295 \

441

DG535). Optimum signal was obtained for zero time delay 301
between the two lasers. The two-color R2PI spectrum was

obtained by gating the detector on a particular mass and scanning a)
the UV laser to observe the wavelengths at which enhanced
signal was observed.

C. Fluorescence-Dip Infrared Spectroscopy! 23 Confor-

mation-specific infrared spectra in the ground and excited
electronic states were obtained using fluorescence-dip infrared 7

(FDIR) spectroscopy. A seeded Nd:YAG-pumped optical
parametric converter (LaserVision, KTA based, 10 Hz) was used b
to produce tunable IR radiation from 2200 to 4000 ¢ém
Infrared laser powers of-13 mJ/pulse were typical. The UV
and IR laser beams were spatially overlapped approximately 5
mm from the pulsed valve, and temporally separated by
approximately 100 ns, with the IR preceding the UV. To
generate the ground-state FDIR spectrum, the UV laser was
fixed to a particular vibronic transition in the fluorescence L B N LR R R R EER RS R R
excitation spectrum and the total fluorescence signal was

monitored. Whenever the parametric converter was resonant28200 28400 28600 28800 29000

with an infrared transition in the hydride stretching region, -1

population was removed from the ground vibrational state, Wavenumbers / Cnhll )

which resulted in a depletion in the total fluorescence signal F9ure 2. (a) R2PI spectrum and (b) UV hole-burning spectrum
. . . of AA dimer. The § — & origin occurs at 28 233 cm.

from that level when the UV laser interrogated it. Depletions

were recorded by comparing the total fluorescence signal with

and without the IR laser present using active baseline subtrac-5.iq dimer shown in Figure tef. All calculations were carried

_1
—

tion. out using the Gaussian 98 suite of progras.
In the excited-state FDIR experiment, the UV laser precedes
the IR laser by 1615 ns. The UV laser was tuned to a known |||, Results and Analysis

transition in the R2PI spectrum. The IR laser then promoted

the molecule to higher lying vibrational levels within the excited -~ N ) R ;

electronic state. The rate of radiationless processes in theafvaEg;agt'fnicédsigf:J; Sizc’;";]r:)\';n':i'gu;%lf?e’ Vgg'l?r;]hee;';e
molecule is more rapid at these levels, causing a decrease i el . ; y
the fluorescence quantum yield relative to that of the initially rErlﬂ,r-nl'ngtsﬁ,icmé:kvz,istﬁeecﬂr%%?,;V;t(;] g‘ﬁ lgrlzftiir g;(?r?eafj;?g?
excited level. By detecting the fluorescence signal with a gate (section i C)pThe IR-UV hole-burning scan is somewhat less

positioned late in the fluorescence decay, the infrared absorp -
tions are detected as depletions in the fluorescence signal Wheﬁaturated than_ the R.2P| spectrum _becau_se the LIF probe signal
could be obtained with adequate intensity at somewhat lower

the IR laser is resonant with a vibrational transition in the excited . . -
: . L laser fluence. The feature at 28 233¢ris assigned to the dimer
electronic state. In a fashion similar to that of the ground-state origin, which is red-shifted 349 cm relative to the anthranilic

FDIR technique, the subtraction of the total fluorescence signals _ s
with and without the IR laser present generated the excited- acid monomer origir> No other features were _ob_served tothe
red of this band. The red shift observed is similar to the 237
state FDIR spectrum. cm~1 red shift of the benzoic acid dimer origin relative to that
D. IR—UV Hole-Burning Spectroscopy.In contrast to FDIR of the monome#s
spectroscopy, which tunes the infrared laser while fixing the  n16st of the vibronic structure in the spectrum can be
UV laser, IR-UV hole-burning spectroscopy fixes the IR laser  5ccounted for by progressions and combination bands involving
to a unique IR transition of the dimer while tuning the UV laser ihree intervals of 58~290, and 440 crt. The band near 290
through the laser induced fluorescence (LIF) transitions of oy -1ig actually a triplet of transitions (best seen in Figure 2b)
interest. Only LIF transitions that share the same ground-stateat 290, 295, and 301 crh. We will return to a discussion of
level with this IR transition will appear in the difference thjs splitting after considering the calculated vibrational modes.
spectrum (IR laser or- IR laser off). As we shall see in section III.E, the 290 and 440 étnansitions
E. Calculations. Density functional theory (DFT) calculations  have close analogues in the dispersed emission scans, which
using the Becke3LYP functional with a 6-31G(d,p) basis set can be assigned to in-plane bending modes of the Biktl
were carried out on the ground electronic state of anthranilic COOH groups$
acid dimer to provide a basis of comparison with experimental ~ The strong vibrational progression with a spacing of 58tm
results. Fully optimized structures, harmonic frequencies, and dominates the low-energy region of the spectrum, with bands
IR intensities were calculated for the three isomers of anthranilic appearing at 58, 118, and 176 thnh Many other vibronic

A. Electronic Spectroscopy.The two-color R2PI spectrum
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TABLE 2: Frequencies of Selected Ground- and
Excited-State Vibrations of Anthranilic Acid Dimer

S/ calculated

cm®  cm? Si/em™t assignment
58 58 58 ip geared bend
104 ip shear
110 118 929 ip H-bond stretch
158 99+ 58
177 118+ 58

292 307/308 290/295/301 ip COOH bend
347/358 290/30% 58

Figure 3. Minimum energy calculated structure (B3LYP/6-31G(d,p)) 44 44 441 Nbli ith :

of AA dimer in its ground electronic state, isomer A. The atomic labels 0 3 gggﬁﬂ?ﬁge:trgiﬁo Ip bend or

shown are relevant for the geometric parameters given in Table 1. 499 441+ 58

TABLE 1: Calculated Geometric Parameters for ?gg 573/576 75360 Gar 118+ 441

Anthranilic Acid Monomer and Dimer 745 mixed modes involving ©C=0
calculated anthranilic acid anthranilic acid 790 bend and ring distortion
parameters (rotamer I) dimer (isomer A) 80
Rn-Ha 1.012 A 1.011 A a Calculations were performed on the ground state of anthranilic acid
Rn-Hb 1.006 A 1.006 A dimer at the B3LYP/6-31G(d,p) level. Frequencies have not been scaled.
Ro1-+-Ha 1.924 A 1.925A bBased on Wilson’s notation for the vibrations of benzéne.
Ro2-He 0.971A 1.005 A
Roz--03 2.639 A are similar to those calculated for salicylic acid dimer, 2.645
563-01 é.gong 3-42050'& A.14 In the ground state, the geometry of the anthranilic acid
Doty Tlop Tlo P amino group does not substantially alter upon dimerization, as
O Ntia 120.7 119.9 shown by the small decrease in the Nbbnd length and the
Ona-N—c1 117.7 117.7 small increase of the Ni+-O distance. In salicylic acid, the
On-c1-c2 122.0 122.4 effect of dimerization on the intramolecular hydrogen bond is
ZCHHH gg-% gig considerably greatéf. This is an indication that the intra-

C1-C2-C3 . . . - . . . .

Ocsonrn 1052 1102 molecular hydrogen bond in anthranilic acid is quite weak in

the ground state, as was observed in the FDIR spectrum of AA
2 Calculations were performed at the B3LYP/6-31G(d,p) level. monomeré

Atomic labels are defined in Figure 3. To aid in assigning the observed vibrational features,
» ) L ) ) harmonic vibrational frequencies were calculated for isomer A
transitions display combination bands with this mode. A58cm | qing density functional theory at the B3LYP/6-31G(d,p) level.
mode has begn observed previously in supersonic jet studies ofag these calculations were performed on the ground state of
benzoic acid® and salicylic acid dimerS; both of which are  Aa dimer, the comparison of the calculations with the observed
bound together by two intermolecular hydrogen bonds between g mission spectra is most valid. After the emission spectra have
the carb_oxyl groups of the monomer unlts_ (Figure 1a). Based paap assigned, comparisons may be made with the R2PI
on density fun(;nona] theory (DFT) calculations at the B3LYP/ gnectrym in order to assign the features present there. In all
6-31+(d) level? Florio et al. assigned the 58 chimode of  caqeg previous assignments for related molecules were also
benzoic acid dimer in its electronic ground state to the in-plane 56 Table 2 lists selected vibrations observed in the R2PI and
gearing motion of the monomer units. The fact that this mode gmission spectra, as well as calculated values and normal mode

is also observed in anthranilic acid dimer suggests that the assignments for these vibrations. The low-frequency vibrations
structure of anthranilic acid dimer involves the same hydrogen- (<200 cntl) are due to the six intermolecular modes of the

bopding geometry that is present in benzoic acid and salicylic gimer. The higher energy vibrations 200 cnT?) usually occur
acid dimers. in closely spaced pairs, typically split by a wavenumber or less,

B. Calculations. As mentioned in the Introduction, there are  which correspond to the in-phase and out-of-phase combinations
two possible rotamers of AA monomer, leading to three possible of the monomer modes. For instance, the in-plane monomer
isomers for the hydrogen-bonded dimer (Figure-f)d DFT vibrations generate any/, pair in the dimer, ifCo, symmetry
calculations at the B3LYP/6-31G(d,p) level were performed on is preserved. However, only thg symmetry vibrational levels
all three dimer isomers to determine the lowest energy structure.yill have dipole-allowed transitions from the zero-point level
These results indicate that isomer A (calculated structure shownof the ground state. Furthermore, vibronic coupling of the b
in Figure 3) is more stable than isomers B and C by 2.89 and member of the tunneling doublet can only occur to the A
1.72 kcal/mol, respectively, including zero-point energy cor- excited state, which also is symmetry forbidden in transitions
rections. The greater calculated stability of isomer A (th¢ | from the ground state. As a result, the observed splittings of
dimer), when coupled with the dominance of rotamer I in the some of the bands in the spectrum (e.g., the triad of peaks at
jet, lead us to conclude that isomer A is the form of AA dimer  290/295/301 and the doublets at 732/745 and 790/801) must
present in the supersonic jet. Therefore, this structure is assumethe due to anharmonic mixing betweegvibrational levels in
in the assignments of the observed vibronic features. the B, excited state.

A comparison of the calculated geometric parameters of the C. Fluorescence-Dip Infrared (FDIR) Spectroscopy.The
ground state of AA dimer (isomer A) with those of rotamer | ground-state FDIR spectrum of anthranilic acid dimer obtained
of the monomer is given in Table 1. The carboxyl group, as by fixing the UV laser at the dimer origin (28 233 c#) is
expected, is most affected by dimerization. This is indicated shown in Figure 4a. Two sharp transitions are observed at 3407
by the increase in the €0 and OH bond lengths. The and 3545 cml, which can be attributed to the NH stretch
intermolecular hydrogen bond lengths of AA dimer, 2.639 A, fundamentals of the dimer. These appear very close to the AA
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TABLE 3: Comparison of Observed and Calculated Hydride Stretch Frequencies of Anthranilic Acid Dimer

observed calculated (isomer A) calculated (isomer B)
freq freq intensity freq intensity assignment
3407 3399 190 3431 149 symm NBbtretch
3545 3550 139 3559 149 asymm hlstretch
3000 2998 6902 2827 8225 OH stretch

a Calculations were performed at the B3LYP/6-31G(d,p) level. Frequencies have been scaled by a factor of Blbfizg§uencies are given
in units of cnT?; integrated intensities are in units of km/mol. The dimer hydride stretches are the out-of-phase combinations of the monomer
vibrations.¢ The value given is the approximate center frequency of the 650 bmoad band.

NH, Stretch
3545
NH, Stretch
3407

OH Stretch

Intensity
divided by 50

\
®) |

Illu
i ‘ ‘
I L1 1 I L1 1 I | -] I | ] I | ] I L1

2600 2800 3000 3200 3400 3600
Wavenumbers / cm’

©

spectra of isomers A and B (structures shown in Figure 1d,e)
predicted by harmonic frequency calculations at the B3LYP/
6-31G(d,p) level are shown in Figures 4b,c. The comparison
of the calculated frequencies and intensities with the experi-
mental values is presented in Table 3. The calculations indicate
that the IR band observed at 3407 ¢haorresponds to the out-
of-phase combination of the symmetric Blitretches of the
monomers, while the band at 3545 theorresponds to the out-
of-phase combination of the antisymmetric Nstretches of the
monomers?® The symmetric stretch mode is more affected by
dimerization than the antisymmetric mode; it is blue shifted by
13 cnt! relative to the monomer. This blue shift is presumably
caused by the weakening of the intramolecular HNE=C
hydrogen bonds due to the intermolecular hydrogen bonds
present in the dimer.

The experimental spectrum agrees better with the calculated
spectrum for isomer A than that calculated for isomer B,
although one could not make a distinction between the two based
solely on this comparison. Nevertheless, this comparison
provides confirming evidence that isomer A is responsible for
the dimer features observed in the jet spectrum, as indicated

Figure 4. Comparison of (a) observed ground-state FDIR spectrum eellrli.er by the fact that this is the lowest energy confor'mation.
of anthranilic acid dimer with B3LYP/6-31G(d,p) calculated IR spectra It is interesting to observe, based on the red shift and intensity
of (b) dimer isomer A and (c) dimer isomer B. The calculated XH of voy predicted by the calculations, that the intermolecular
stretch frequencies are scaled by a facto_r Of 0.9528. The intensities thydrogen bonds in isomer B are Stronger than those in isomer
the calculated OH stretches have _b_een divided by a factor of 50 so thatA_ This is consistent with the calculated binding energy for
the other calculated modes are visible. . . .
isomer B (21.5 kcal/mol, zero-point energy corrected) being
greater than that for isomer A (18.1 kcal/mol). This suggests
that isomer B is not present in the expansion only because
rotamer Il of the monomer is not present, with a calculated

monomer ground-state values (3394 and 3542 %rfor the
NH, symmetric and antisymmetric stretch fundamentals, re-
spectively. Since there are two Migroups in the dimer, an
asymmetric structure would produce four NH stretch funda- energy 2.89 kcal/mollabove rotamer |. i

mentals. However, if the dimer retai@s, geometry, only two As the calculated infrared spectra are obtained under the
of these normal modes would have allowed fundamentals (with N@rmonic approximation, they do not reproduce the breadth
b, symmetry), namely, the out-of-phase combination of the Observed in the experimental spectrum for the OH stretch.
monomer symmetric and antisymmetric stretches, occurring at!nstead, a single, intense band is predicted for the out-of-phase
3407 and 3545 cni, respectively. The observation of only two ~ combination of the OH stretches. The examination of benzoic
NH stretch fundamentals in the dimer removes@symmetry acid dimer by Florio et al. indicated that the breadth of the OH

dimer (isomer C) from consideration, since it would have four Stretch band was due to strong anharmonic coupling between
unique, allowed NH stretch fundamentals. the OH stretch and bend mode® As the same hydrogen bonds

The most prominent feature in the ground-state FDIR are present in anthranilic acid dimer, the breadth of the OH

spectrum is the broad, intense band centered at approximatelyf€ature in the IR spectrum for anthranilic acid dimer is
3000 cntt. This band covers a range of 650 thextending presumably due to the same anharmonic coupling. Florio et al.
from approximately 2600 to 3250 crh A similar band has ~ Were able to replicate the general features of the experimental
been observed in the FDIR spectra of both benzoic’zmidl ~ SPectrum by applying a model that included cubic anharmonic
salicylic acid“ dimers, and has been attributed to the out-of- coupling terms in the calculation of the infrared spectrum of
phase combination Gb;ymmetry) of the hydrogen_bonded OH benzoic acid dimetZ7 It is ||ke|y that the application of the
stretches. The frequency of this OH stretch is red shifted by Same procedure for anthranilic acid dimer would account in a

approximately 600 cmt from the OH stretch observed in
anthranilic acid monomer, which occurs at 35927¢/$ This

similar way for the breadth and substructure of the experimental
infrared spectrum, but such a calculation has not been carried

extreme red shift, as well as the breadth and intensity of this out.

band, is characteristic of strongly hydrogen bonded dimers.

D. Excited-state FDIR SpectroscopyThe same broad OH

To confirm the assignments given above, the experimental feature is observed in the excited-state FDIR spectrum, which
ground-state infrared spectrum was compared to the calculateds shown in comparison to the ground-state FDIR spectrum in
results, which have been scaled by a factor of 0.9528. The IR Figure 5. While the OH stretch feature remains relatively
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3545
3407

2600 2800 3000 3200 3400 3600

-1
Wavenumbers / cm
Figure 5. Comparison of (a) ground- and (b) excited-state FDIR spectra
of anthranilic acid dimer. The labeled features correspond to NH
stretching modes.
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Figure 6. Comparison of NH stretch regions of (a) excited-state FDIR
spectrum of anthranilic acid dimer, (b) excited-state FDIR spectrum
of anthranilic acid monomer, and (c) ground-state FDIR spectrum of
anthranilic acid monomer.
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Figure 7. Dispersed emission spectrum that results from exciting the
origin transition of AA dimer. The absolute wavenumber position of

the origin transition is 28 233 cm. The contribution of scattered light

to the signal at the excitation wavelength is negligible. The spectral
resolution is 0.4 nm (2232 cnT?).

the two NH oscillators to decouple. The band at 3460 tim
attributed to the stretching motion of the “free” NH group not
involved in the intramolecular hydrogen bond. The “dislocated”
NH stretch fundamental is shifted to considerably lower
frequencies, and was tentatively assigned to a weak, broadened
transition at 2900 cmt.16

Figure 6 highlights the striking fact that the entire NH stretch
region of the excited-state FDIR spectrum of anthranilic acid
dimer (Figure 6a) appears to be a simple sum of the ground-
and excited-state FDIR spectra of anthranilic acid monomer
(Figure 6b,c). In particular, the positions of the outer two bands
in Figure 6a are within a few wavenumbers (3398, 3544%9m
of the symmetric and antisymmetric Nidtretch fundamentals
of the ground-state monomer (3394, 3544 ¢émnAt the same
time, the transition at 3465 crh in the dimer excited state
spectrum is virtually identical in frequency and band shape to
the free NH stretch fundamental of the excited-state monomer.
This is a clear indication that the electronic excitation is localized
on one of the monomers, so that one has NH stretch funda-
mentals characteristic of the AA monomer excited state, while
the other is essentially unperturbed from its ground-state values.
The fourth NH stretch fundamental due to the dislocated NH
stretch is anticipated to occur near 2900 ¢énif the presence
of the other AA monomer has only a minor effect on the
dislocation. Indeed, a small shoulder on the main OH stretch
band is observed in this region. However, the presence of the
strong, broad OH stretch absorption in this region prevents a
clear assignment.

unchanged in the excited-state spectrum, the NH stretch region E. Dispersed Emission ScansAn overview emission
shows three bands, whereas only two were observed in thespectrum that results from excitation of the origin transition at
ground-state FDIR spectrum. These three stretches occur a8 233 cntis shown in Figure 7. Most of the vibronic structure

3394, 3465, and 3544 crh The comparison of the NH stretch

region of the excited-state dimer spectrum with both the ground-
and excited-state monomer FDIR spectra is shown in Figure 6.

The symmetric and antisymmetric MHstretches of the
ground-state monomer (Figure 6c¢) occur at 3394 and 3542,cm

can be accounted for as progressions and combination bands
with spacings of 116, 292, and 440 cinThese long Franck
Condon progressions lead to a dense, congested spectrum with
a maximum approximately 1800 crhabove the origin. This

is similar to, but slightly less than, the maximum found in the

respectively. By contrast, there is only one NH stretch present monomer (2400 cm).16 In systems capable of proton or

in this region in the excited-state FDIR spectrum of anthranilic

acid monomer (Figure 6b). This occurs because the intramo-

hydrogen atom transfer, the magnitude of this shift is taken as
an indicator that transfer has occurred. For example, in 7-aza-

lecular hydrogen bond of the monomer is strengthened in the indole dimer, which undergoes a double proton transfer in the
excited electronic state due to hydrogen “dislocation”, causing excited state, the emission maximum is red shifted by 10 000
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Figure 8. Dispersed emission spectra that result from exciting the (a)
origin transition and transitions (b) 58, (c) 118, and (d) 99 tabove

the origin in AA dimer. The spectral resolution in all scans was 0.4
nm (22-32 cntl). The contribution to the signal at the excitation
wavenumber (relative wavenumber 0) is 0, 15%, 35%, and 100%
for spectra a, b, c, and d, respectively.

cm~1.28-31|n supersonic jet studies of salicylic acid monomer,
a red shift of approximately 6500 cthhas been observéé3?
The theoretical calculations of Sobolewski and Domcke indicate
that this red shift is a result of a partial transfer, termed a
“hydrogen dislocation” between the ortho OH and carboxylic
acid carbonyl group%>24This red shift is reduced to 3000 ci
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mode involves the in-plane bends of the amino and carbonyl
groups!® The Franck-Condon activity in these modes reflects
the change in geometry in the H-bonded chelating ring associ-
ated with the hydrogen dislocation. The fact that these vibrations
increase in frequency in the dimer indicates stiffening in the
bending potentials of these groups in response to the formation
of the intermolecular carboxylic acid hydrogen bonds. The
calculated, unscaled harmonic vibrational frequencies reflect this
change, shifting from 248 to 307 crthand from 420 to 442
cm1, respectively, upon dimerization. A second vibration with
a calculated vibrational frequency of 443 chtorresponds to
the 6a ring deformation, which may contribute to the intensity
of the 440 cm? band as well.

The other striking feature of Figure 8a is that the first band
in the emission spectrum appears at 116 £na factor of 2
greater than the 58 cri band observed in the R2PI spectrum
(Figure 2a). Furthermore, when the transitions 58 and 118 cm
above the origin are excited (Figure 8b,c), clear changes in the
intensity of transitions at 0, 116, and 232 choccur, but in no
case is there any evidence of transitions at 58 or 176" ¢ne.,
odd multiples of 58 cm?). The 58 and 118 cri bands in the
excitation spectrum were tentatively identified in section I11.B
as the fundamental and first overtone of the geared inter-
molecular bend, a jposymmetry vibration (inCy,) with a
calculated frequency of 60 cth If the AA dimer were to retain
the Con symmetry in the electronic transition, thefindamental
would not be allowed either in excitation or in dispersed
emission. However, the observation is that this fundamental is
observed clearly in the excitation spectrum, but is absent from
the emission spectra.

The excited-state FDIR spectrum provides clear evidence that
the excited-state vibrational wave functions of the NH stretch
modes are localized on the monomer subunits, with one set of
NH stretch fundamentals reflecting a local electronic environ-
ment like the ground electronic state of the monomer, while
the other set of NH stretch fundamentals reflects an excited
electronic state local environment. The question is whether this
electronic localization also manifests itself in the anomalous
vibronic structure in the progressions of the geared inter-
molecular bend.

Early attempts at fitting the FranelCondon intensities for
the set of excitation and dispersed emission scans using a shifted,
harmonic excited-state well for the geared intermolecular bend
were unsuccessful. Attempts were made itk (w'/w)Y2 =
1 or 1A/235 without even qualitative success in the fitting.
However, the model of a single, shifted harmonic well in the
excited state is not correct. In the next section, we present an
alternative model that accounts for the observed Franck

in salicylic acid dimer, which has been interpreted as a reduction Condon profiles for the geared intermolecular bend.

in the geometry change experienced by the atoms in the

We note that the emission spectrum shown in Figure 8d

intramolecular hydrogen-bonded ring due to the intermolecular (excitation of the+99 cni* band) is anomalous. This spectrum

hydrogen bonds formed in the dim&The smaller magnitude
of the red shifts in AA monomer (2400 crf) and dimer (1800
cm™1) suggest a smaller dislocation in the monomer, with a
correspondingly smaller reduction induced by dimerization.

has a false origin at-110 cm! and does have a feature
displaced by 59 cm from the false origin.

F. Exciton Theory in the Presence of Large Intramolecu-
lar Geometry Changes.1. The Electronic Wee Functions.

Spectra a, b, ¢, and d of Figure 8 present the low-energy Exciton theory typically uses products of the monomer electronic

region of a series of dispersed emission scans following
excitation of the origin and the transitions 58, 118, and 99%cm

wave functions as basis functions for the description of the
excited states of a homodimer. The reader is referred to the

above the origin, respectively. As already mentioned, the most recent paper by Mier et al. for a useful introduction to exciton

intense transitions in Figure 8a are at 292 and 440'aabove
the origin. By comparison, the corresponding bands in AA
monomer had frequencies of 252 and 410 &nin an earlier
work on AA monomer, the 252 cm mode was assigned to
the in-plane bend of the carboxyl group, while the 410°&€m

theory and its application to the pyridone dinietf we label

the electronic wave functions for monomers “a” and “b™as

and yy, respectively, then the ground-state wave function for
the dimer isWgq = |yallppl] The close-lying pair of excited
states in the dimer will have excited-state character that depends
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In general, at all points on the two excited-state surfaces, a
first-order description for the excited states will be

IIJl(q!Qa!Qb) = Cl(qua!Qb)llpa* D}I/me
CZ(anerb)lwa b* O

lpZ(q!Qa’Qb) = CZ(qua!Qb)lwa* thblj_
Cl(q!Qa!Qb) | u)a[:uu)b* D (4)

2. Vibrational Wae FunctionsThe forms of the vibrational
wave functions are also affected by electronic excitation. As
mentioned earlier, in the symmetric ground-state structure the
intramolecular modes of the dimer are, to a good approximation,
in-phase and opposite-phase combinations of the monomer
vibrations, leading to closely spaced pairs of vibrations of
differing symmetry. For example, the normal modes of the dimer
associated with the symmetric stretch of theNJfoup in the
monomer are just sums and differences of the localized NH
symmetric stretch coordinates

1

Qdim = \/z

(Qat Q) (5)

state (dashed lines) and excited state (solid lines) of anthranilic acid which are of gand b symmetry, respectively. In the usual way,
dimer. The two-dimensional surface shows the two minima created the vibrational wave function for an energy level withquanta
when one of the monomers (“a” or “b”) undergoes a large geometry modeQ(1) andu, quanta inQ(2) is then a product of these

change upon electronic excitation while the other monomer (“b” or
“a") retains the ground-state structure.

on the vibrational coordinates. For example, in AA dimer, any
excited-state structure wit@,n geometry will have two states
that can be approximated as

1

V2

leading to A and B, symmetry excited states that are delocalized
over the two monomer subunits. Hegigs used to denote the
set of intermolecular coordinates, whi@, and Q, are the
intramolecular coordinates in monomers “a” and “b”, respec-
tively.

However, in the present case, thes&te of the AA monomer
has a geometry that is substantially different from that of the
S state. This will lead to two excited-state minima that are
distorted fromC,, along the set of intramolecular coordinates
Qa or Qp, as shown schematically in Figure 9. If the barrier

W H(0.Q,Q) = —=(vr DO [y, p* D (1)

between these two minima is high enough and/or the intramo-

delocalized wave functions:
Xyl,yz(Qdim(l)anim(z)) =X ul(Qdim(l)) XUZ(Qdim(z)) (6)

In the excited state of the dimer, the localization of the
electronic excitation on one or the other monomer can produce
intramolecular vibrations that are also localized or partially
localized on one of the monomer subunits. Normal mode
analysis about each of these minima produces two sets of normal
modes associated with the two minima. Due to the different
structures of the two minima {a* and a*b), the form of the
normal modes may be different in the two minima. For instance,
in the excited state there are four distinct NH stretch funda-
mentals, two of which are localized ground-state limmetric
and antisymmetric stretch coordinates on the ground-state
monomer, while the other two involve localized motion of the
“free” NH and “dislocated” NH bonds on the electronically
excited monomer. In minimum 1 (localized electronic excitation
on monomer a),Qx5Y1), Qv*S(1), Qs (1), and Q.L,(1) are
appropriate normal coordinates, while in minimum 2 (localized
excitation on monomer b), one should US2), Q/S(2),

F D
lecular geometry changes are large enough, the electronic@ (2), Q°(2).

excitation will be localized on one of the monomers. In the limit
of complete localization, in one well

W (0.Q,7Q%) = [y Oy, )
while in the other
(9.0, = Iy M+ O 3)

Here Q29 and Qu¢ are the values for the intramolecular
coordinates at the ground-state minimum structure @fttand
Q®* are the corresponding minimum energy values for the

If the barrier separating these two minima is sufficiently large
(as we think it is in AA dimer), each vibrational level will be
split by a negligibly small tunneling splitting, with vibrational
wave functions that are sums and differences of the two localized
harmonic wave functions. For example, the tunneling doublet
associated with the levels with quanta in the symmetric NH
stretch has vibrational wave functions that are, to a good
approximation

X,(Q%9 = iz(xyl(Qﬁl)) +7,(Q52) ()

7

Similar expressions hold for the other three NH stretch modes.

intramolecular coordinates in the excited state. The shift in the In the excited-state FDIR spectrum, the NH stretch fundamentals

locations of the two excited state wells will be along the

are then unresolved doublets associated with excitation out of

intramolecular coordinates of only one of the two monomers, the g and k symmetry tunneling doublets to the symmetry-

eitherQ, or Qp (Figure 9).

allowed member of the tunneling doublet withy = 1. Thus,
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b) Figure 10b projects the threg harmonic wells onto a single
E \ \ / / plane in order to picture the/b, tunneling doublets that arise
116 = F—F in the excited state due to the large barrier that separates the
two wells. Note that the treatment of the wave functions for
the geared bend as a sum of localized harmonic oscillators does
0\ \- / 00 not depend on the size df since the two wells and the height

\X/ < of the barrier separating the two wells are determined primarily
t by the much larger changes associated with the intramolecular

\ / coordinatesQintra-
vl a, This simple model already accounts qualitatively for the
/ anomaly that transitions tes’ = 0, 1, and 2 occur in the
58 b, excitation spectrum with a spacing ofs, while only even
/ overtones appear in the dispersed emission spectra, with a

0 A spacing of 3. As the energy level diagram of Figure 10b
shows, for a dipole-allowed B— Ag electronic transition,
Figure 10. (a) Schematic, two-dimensional potential energy surface allowed vibronic transitions out of the ground-state zero-point
for Ag ground electronic state and, Bxcited electronic state of AA  |evel (g symmetry) will be to the @member of each tunneling
dimer. The grgqnd-state harmonic WQII for the gear_ed bend (shown in doublet, producing’” = 0— ¢/ =0, 1, 2, ... transitions in the
red) has its minimum atgg, Qnee™), while the two excited-state wells o vitation spectrum. At the same time, the dispersed emission
have minima atdo — d, —AQinra) and Qo + d, AQinra), Shown in blue . : .
and green, respectively. A large barrier separates the two wells in the SCANS out of these, a/|brat|ona_l levels will be only “? even
excited state (not shown), due to the large change in the intramolecularovertones of the geared bend in the ground electronic state, as
coordinatesQi., as the electronic excitation proceeds from localization 0Observed.
on one or the other monomer. (b) Schematic energy level diagram of 3. Applying the Model to the Geared Intermolecular Bend

the ground-state and excited-state vibrational levels for the geared ProgressionsWe have already argued that the model pictured
intermolecular bend. The three harmonic wells are projected onto a .

single plane in order to picture thg/la, tunneling doublets that arise in Figure _10 accounts_qualltatlv_ely for the tr_an_smon spacings
in the excited state due to the large barrier that separates the two wellsOPserved in the excitation and dispersed emission spectra. Here

we apply this model quantitatively to tlig progressions in the

the vibrational wave functions are still delocalized over the two AA dimer spectra. Our starting point is to assume that the geared
wells; however, since all the amplitude is in the region of these be”‘f retains its frequency in both ground and excited states (58
two minima where electronic excitation is localized, IR excita- M )- A quantitative fit of the FC progressions was ac-
tion will reflect the localization of the electronic excitation on cOMPplished by varying the magnitude of the shiftof the
one or the other monomer. excited-state wells relative to the ground state in order to match

The intermolecular vibrational energy levels and wave I(JFpI gv:;?gt;)e .l(.jhlngelr j’,g\g:ﬂ;s;r?tg gs;p;tlescgruen; ferrr: ;P&’g?é?ms
functions are described in a manner similar to that just used for : '

. S . . ) each of which can be computed in the normal way:
the intramolecular vibrations. The primary difference is that the P y
intermolecular vibrations necessarily involve the motion of both

b,
58 a

=

monomer subunits. We are particularly interested in the geared[X,,.(05)|X,,(ds) 5= i(%srr(qs") 1%,,(0" + d)
intermolecular bend, which is the third lowest frequency V2
vibration, with normal coordinate labeds. In the ground (@), (0" — A (9)

electronic state, there is a single minimum, with vibrational wave
functions given byy,.(gs). In the excited state, the two wells

still produce wave functions that are localized about the two
minima, even if the form of the intermolecular mode is . . -
essentially unchanged in the two wells. While the major burning spectrum and the other dispersed emission scans

geometry changes associated with electronic excitation arequlvmg the geared bend. ) )
intramolecular in character, localized electronic excitation will ~ Figure 11 presents the best fits to the hole-burning spectrum

have a secondary effect on the intermolecular vibrations. Figure @nd the three dispersed emission scans out of'tke0, 1, and
10a presents a schematic, two-dimensional potential energy2 levels in the excited state. The experimental intensity patterns
' t are reproduced for the entire set of data with the shift parameter

surface in which the full set of intramolecular coordinates tha - 35 X
change upon electronic excitation is plotted along one axis D = 1.15 For the geared bend, this value frcorresponds
to a 2.4 angle change (1°2o either side of zero) between the

{Qinra} Vversus the geared intermolecular bend coordimgte d bend minima in th ited A lar ch
On this two-dimensional surface, the position of the two minima two geared bend minima in the excited state. An angular change
of this magnitude in the geared bend is similar to that deduced

along thegs coordinate (shown in blue and green) will be shifted . o -
in the excited state bytd from the ground-state minimum for t_he benzoic acid dimer (33 bﬁsed on the (_:hange n
rotational constants upon electronic excitafériChis small

(shown in red), depending on which monomer is excited; that geometry change along the geared intermolecular bend coor-

is, g(well 1 in blue)= gz* — d andgs(well 2 in green)= qs dinate means that, if it were not for the shift along other
+ d. Then the vibrational wave functions associated with the . - B "
coordinates, the two harmonic wells would “cross” less than

ﬁz?r;eodnil;eg:ci\lll\gtlo?s Sl:g;igrr:d d;f}fre;r%rflclg\s/ecl);‘ \t,\rllies;Idozjahzed 10 cnt! above the bottom of the well, below the zero-point
' P gp § energy ((1/2)((58% 29 cnt1), as shown in the one-dimensional

Once the magnitude af was established, it was used to
calculate the FranckCondon profiles for the IRUV hole-

symmetry: cuts in Figure 10b. This drives home the point that the small
1 geometry change along the geared bend in the AA dimer is not
Xvs(q3) = _(Xv3(QS +d) + XU3(Q3 —d)) (8) responsible for the degree of localization of the vibrational wave

V2

function along this coordinate, because this localization comes
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Figure 11. Expanded views of the (a) RUV hole-burning spectrum
highlighting the progressions in the intermolecular geared bend and
(b) the dispersed emission scans from the electronic orig® cnr?
band, and+118 cm! band. The sticks are the best fit to the

Southern et al.

for the intensities in these bends appearing in the dispersed
emission scan of the 99 crhband in Figure 8d. However, the
same symmetry arguments should not allow the band at110
58 cntl. We have no explanation for, or assignment of, the
emission band at 118 58 cn1?, which may simply be anga
symmetry combination level with no geared bend character.
Finally, it is worth pursuing analogous studies of isotopically
substituted AA dimers that have, symmetry, such as tHéN/
15N or NH,/ND, dimers. According to the model proposed here,
there will now be two allowed electronic transitions dué4g*/
15N and “N/15N*, which correspond to localized electronic
excitation into one of the two wells in Figure 10a. In this
circumstance, the excited-state vibrational wave functions in the
geared bending levels should be localized in one well, and
produce FranckCondon intensity to both even and odd
members of the geared bend in emission.

IV. Conclusions

The excited-state behavior of the hydrogen-bonded dimer of
anthranilic acid has been studied with a combination of
ultraviolet and infrared spectroscopy. The ground-state infrared
spectrum shows an intense, broad OH stretch absorption
characteristic of a H-bonded dimer bound together by two
OH---O=C H-bonds joining the two carboxylic acid groups.
The presence of the amino substituents shuts off the tunneling
splitting due to double proton transfer involving the
OH---O=C groups, which was present in the benzoic acid
dimer® However, these same substituents open the possibility
of excited-state hydrogen dislocation involving the N@=C
group.

Several pieces of spectroscopic evidence support the conclu-
sion that the first excited singlet state of anthranilic acid dimer
has a double minimum potential in which the electronic
excitation is localized on one or the other monomer in the two
wells. This electronic localization is most clearly detected in
the excited-state FDIR spectrum in the region between 3400

experimental data using the excited-state model of two shifted harmonic and 3600 cm?, in which two of the NH stretch fundamentals

oscillators discussed in the text.

mostly from the intramolecular geometry changes along other
coordinates, as shown in Figure 10a.

are the symmetric and antisymmetric pétretches of a ground-
state monomer, while the third fundamental is the “free NH”
characteristic of the excited-state monomer. The vibronic
spectroscopy also shows clear evidence for electronic localiza-

A few comments regarding the proposed model need to betion in an anomalous set of Franelcondon profiles involving

made. First, the calculations were carried out under the
assumption that the excited state is gfgmmetry, so that the
electronic transition (§By) — X(Ay)) is electric dipole allowed.
However, there is a second excited electronic state gf A
symmetry, which is nearby in energy. We do not know a priori
which state is lower in energy,£or B,. We do know that the

S, state would nearly touch the Surface at the top of the barrier

the b, symmetry geared intermolecular bend.

The localization of the electronic excitation in anthranilic acid
dimer is a dramatic consequence of the large geometry change
associated with the excited state of anthranilic acid monomer.
We ascribe this large geometry change to the “hydrogen
dislocation” in the bound NH bond, which affects the geometry
of the entire chelated ring involving the ortho MEind COOH

separating the two minima, somewhere along the diagonal in groups.

the schematic potential energy surface of Figure 9. If the S
state were of 4 symmetry rather than Bsymmetry, then the
b, symmetry member of the tunneling doublet in Figure 10b
would be allowed via vibronic coupling to the,E;, state. To
test this possibility, we have carried out calculations of dhe
progression intensities including vibronic coupling by computing
[@"|Qslv' Omatrix elements and varying the shift in the harmonic
wells in the same way that was done for the dipole-allowed

One can anticipate that the spectroscopic consequences
identified here will be quite general manifestations of electronic
localization in the excited states of dimers. Any time the excited
state of a monomer differs substantially from its ground state,
electronic excitation of the homodimer will lead to a double
minimum excited state in which the electronic excitation is
localized or partially localized on one of the monomers in each
well. When the barrier separating these minima is sufficiently

calculation. However, the intensities in the geared intermolecular large, the vibrational wave functions will reflect the electronic

bend progressions could not be even qualitatively fit when an localization as the vibrational wave functions localize around
Ag upper state was assumed, where the intensities were governethese two minima as well. The intramolecular vibrations may
by vibronic coupling. As a result, we deduce that the upper be split if they change character between ground and excited
state observed in the present study is gERctronic symmetry. state. The intermolecular vibrations will produce Franck

Second, the same type of arguments used to account for theCondon progressions with intensity patterns characteristic of
“pure” geared bend progressions should in principle account the double minimum excited state.
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Finally, the present results on anthranilic acid dimer bear an h(17) Stearns, J. A,; Das, A.; Zwier, T. 8CCP Phys. Chem. Chem.

; i ; i ; ; ; Phys.2004 in press.

interesting _relatlonshlp to those_on b(_anz_0|c acid dimer. In (18) Lahmani, F.- Zehnacker-Rentien, @hem. Phys. Lett1997 271,

benzoic acid monomer, electronic excitation to thestte 6-14.

involves a much smaller geometry chany®ns, because the (19) Smalley, R. E.; Levy, D. H.; Wharton, L1. Chem. Phys1976

amino group responsible for the H-atom dislocation is no longer 64, 3266-3276. _

present. Hence, one anticipates that the two wells in the dimersa(ig)goc_%gzq“”")' E.; Zwier, T. S.; Levy, D. H. Chem. Phys1985

will be displaced by a much smaller amount (Figure 10a). This, " >1y epata, T.: Fujii, A.; Mikami, Nint. Rev. Phys. Chem1998 17,

in turn, will reduce the magnitude of the barrier separating the 331-361.

two wells. In fact, Baum and McClure deduced an exciton  (22) Frost, R. K.; Hagemeister, F. C.; Arrington, C. A.; Zwier, T. S;

splitting of only 0.3 cm! between the Sand $ states, with ~ Jordan, K. D.J. Chem. Phys1996 105 2595-2604.

the Ay state below the Bstate? In this case, the displacement Let‘fi{,g’xaz'g‘fﬂ_'ggfno' H.; Minton, T. K.; Huber, J. REhem. Phys.

along the geared bend coordinate may play a more substantial (24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
role in determining the degree of electronic localization in the M. A; Che%selrznaré, J. R.;JngrzDewskl_, r:/.SG.:Ml_\I/II0nt@lgnﬂ'\tzry,DJ- _A.I, J/t;;;
H H H tratmann, R. E.; Burant, J. C.; appricn, S.; nam, J. ., Daniels, A.
?XCIted state. In fact, the analogous pr_ogres§|0ns in the gea}re .; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
intermolecular bend show anomalous intensity patterns, which \: cammi. R.: Mennucci, B.: Pomelli, C.: Adamo, C.: Clifford, S.:

have not yet been explained adequately. This is an area ripe forOchterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

further investigation.
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