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High resolution ultraviolet spectroscopy has been used to investigate the rotationally resolved
excitation spectrum of the first singlet—singlet transition in the benzoic acid dimer. The measured
spectrum consists of two overlapping components. The corresponding lines in the two components
are shown to originate in different levels of the ground state potential separated by a tunneling
splitting produced by concerted proton exchange between the two subunits forming the dimer. The
frequency separation between the two components is equal to the difference between the tunneling
splittings in the ground and the excited electronic state. This frequency separation is found to be
1107+=7 MHz. From the analysis, it is estimated that the barrier for proton tunneling changes by
about 20% upon electronic excitation. The structure of the dimer in the ground state is determined
to be linear, while in the excite®, state it is slightly bent (3.421.7°). © 2000 American
Institute of Physicg.S0021-960600)01724-4

I. INTRODUCTION a-axes of the monomers are colinear. The structure of the
dimer can then be characterized by a single distanadich
Hydrogen bonded systems play an important role inis here taken to be the distance between the center of mass of
many chemical and biological processes. These processes g dimer and the center of mass of either monomer unit. The

often governed by proton transfer, which has been extengy, tautomers of the benzoic acid dimer can be intercon-
sively studied throughout the last decades. Of special intereg e by concerted proton transfer.

is the issue of proton tunneling and how much it contributes | the description of a general asymmetric proton-

to these processes. Carboxylic dimers are well suited SYStemS nsfer potential, it is necessary to introduce two constants,

to stu_dy mtermqlecular proton tunneling since the constitu-, | asymmetry parameter and a tunneling matrix element.
ents in these dimers are connected by two intermolecul

. he asymmetry parameter is defined to be the energy differ-
hydrogen bonds. The displacement of the two protons occurs y yp . . 9y
. . . énce between the lowest level in one potential well and that
in concert, and can be described by a single transfer coordi- . - : .
. . . S . In the other in the limit that the tunneling matrix element
nate in a double minimum potential, which is symmetric for__ . . .
. . , . vanishes. The tunneling matrix element couples these two
an isolated dimer. From infrared measurements, the barrier . . . )
west levels, and is defined so that it equals the tunneling

for proton transfer has been determined to lie between 6400 " "~ ™ - .
and 6900 crii® for both formic acid and acetic acid dimérs. splitting in the limit that the asymmetry parameter vanishes.
The benzoic acid dimer has been extensively studied in

Because these barriers are so high, the tunneling splittings . ) B
are small, and their measurement will require high resoluYarous condensed phase en\_nronmérﬁé.ln these cases,

tion. Microwave spectroscopy has been used to measure tig€ tWo benzoic acid units will experience different local
rotational spectra of several hydrogen bonded bimolecule€nVironments, and the double-minimum potential will be

two different molecules combined by two intermolecular hy-aSymmetric. In the pure benzoic acid crystathe asymme-
drogen bonds to form an asymmetric polar complésafor- [y parameter is found to be 60 crh Due to the asymmetry,
tunately, cyclic carboxylic dimers are centrosymmetric, andhe Population at very low temperatures will be highly con-
have no permanent dipole moment. Therefore, they cann&entrated in the deeper potential well. It is only in cases
be studied by microwave spectroscopy. where the tunneling matrix element is comparable(do
The benzoic acid dimer as well consists of two monomedarger than the asymmetry parameter that both wells will be
units connected by two hydrogen bonds. The two hydrogefpopulated. In such cases, the tunneling matrix element can be
bonds stabilize the dim&f by about 6000 cm!. Conse- determined. This has been done for benzoic acid crystals
quently, at low temperatures, only dimers are present. Théoped with dye molecules. In that case, the asymmetry is
dimer structure is illustrated in Fig. 1. When the dimer isreduced to about 1 cit for the benzoic acid dimers that are
formed, the structure of the monomers is assumed to remainearest neighbor to a dye molectiteThe tunneling matrix
unchanged. The two monomer units are coplanar. In thelement is found to be relatively independent of the nature of
ground electronic state, the molecule is linear; that is, thehe dopant. For thioindigo-doped benzoic acid crystals, a
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FIG. 1. The structure of the benzoic acid dimer in the grodadand

electronically excited statéh). The star denotes the monomer unit that has FIG. 2. The potential describing double proton transfer in the benzoic acid
been excited. Also shown i) are the definitions of the parameters that are dimer. Localized excitation breaks the symmetry of the poterttéal but
used to characterize the structure of the benzoic acid dimés;the angle ~ coupling between the two asymmetric potentials leads to two symmetric
between the longitudinal axis of the dimer and that of the monomer unitpotentials (b). The coupling shown in(c) can be induced by excitation
while r is the distance from the center of mass of the monomer unit to theexchangehorizontal arrowsor by v inversion(diagonal arrows

center of rotation(i.e., the center of mass of the dimer having a linear

configuration.

2(b). This is similar to the description of the interconversion
tunneling in(HF), and (HCCH), (Ref. 32 and of the tun-
value of 8.4 GHz was found, while a value of 6.5 GHz wasngling dynamics in the ammonia diméRef. 33.
obtained if selenoindigo was the dopaht’ No value has The coupling in the benzoic acid dimer can be induced
been reported yet for the tunneling splitting in an isolatedyy exchange of the excitation from one unit to the offsere
benzoic acid dimer. The benzoic acid monomer has beepig. 2(c)]. Also inversion along the in-plane intermolecular
studied by microwave spectroscoffybut since the dimer is ;7" coordinate can induce coupling between the two poten-
centrosymmetric it cannot be studied with the same techiials, The localized excitation increases the basicity of the
nique. excited unit and decreases its acidity so that it will act as a
Comparison of experimental results with theoreticalproton acceptor, while the nonexcited unit will act as a pro-
studies shows that the proton transfer is strongly coupled tgyn donor. This causes the dimer to bend alongitheoor-
motion of the heavy nuclei, i.e., the whole benzoic acidginate, as is shown in Fig(1).5°As a result of the bend, an
frame rearranges itself slightly as the protons tunnel betweegngular parameter is requirgith addition tor) to character-
the two benzoic acid units. From experimental resWdisi-  jze the structure of the dimer in tf® state. Here this pa-
vation energy and OH stretching vibration frequendyie  rameter, denotedr, is taken to be the angle between the
potential barrier has been estimdtad be 1850 cm™. In 4 axis of the dimer and tha-axis of the excited monomer.
performing severahb initio calculations, geometry optimi-
zation of the transition state, a step which lowers the calcu-
lated potential barrier, was found to be necessary to repro; expeRIMENT
duce the estimated potential barffér. This implies that a
multidimensional potential is necessary to reproduce the ob- A molecular beam in combination with a high resolution
served feature® 2’ UV excitation source was used to measure the rotationally
Very few studies on isolated benzoic acid dimers haveesolved fluorescence excitation spectrum of the benzoic acid
been reported® 31 For free dimers, the two constituents are dimer. The apparatus has been extensively described
equivalent and consequently the potential describing the preelsewheré? In brief, the molecular beam is formed by flow-
ton tunneling is symmetric. The lowest singlet—singlet tran-ing a carrier gas over the benzoic acid sanipleka), which
sition, S;«—S,, is located at 35724 cnt. This is a =* is kept at 120°C. The beam is subsequently expanded
—1r transition, analogous to th%82u<—lAlg transition in  through a 0.15 mm quartz nozzle, which is kept at a slightly
benzene. Isotope studies show that the excitation is essehigher temperature. In the expansion region, the dimers are
tially localized in one of the monomer unit$® The two  formed. Neon rather than argon was used as the carrier gas.
constituents are no longer equivalent after electronic excitathis choice was made to avoid consuming too high a per-
tion, thus the symmetry of the dimer is broken$p. The  centage of the benzoic acid monomers in the formation of
potential for proton transfer will be given by an asymmetric clusters with the carrier gas. At the same time, use of neon
potential, schematically given in Fig(d&. However, since insures sufficient rotational cooling is achieved.
no distinction can be made as to which of the two molecules  The molecular beam is skimmed twice in a differential
in the dimer is excited, the symmetry in the potential surfacgpumping system and crosses the UV laser beam at right
must be restored. In general, the two potentials are couple@ngles at about 30 cm from the nozzle. To insure collision-
which gives rise to a symmetric potential depicted in Fig.free conditions, the pressure in the detection chamber is kept
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below 10 ® mbar. The total undispersed fluorescence is im-states. On the other hand, if the energy ordering is reversed,
aged onto a photomultiplier, which is connected to a photorthenA will be the difference of the tunneling splittings in the
counting system interfaced with a computer. upper and lower electronic states. This is the case for the
UV radiation at 280 nm is generated by intracavity fre- lower energy transitions in Fig. 4. Wheth&ris the sum or
quency doubling of a cw single frequency ring dye laserdifference depends on the symmetry of the upper stata-
operating with Rhodamine 110. By ugima 2 mmthick tive to that of the ground state
Brewster cut BBO crystal, 0.15 mW of tunable UV radiation To determine the value ofA accurately, the auto-
is obtained with a bandwidth of 3 MHz. For relative fre- correlation of the spectrum is calculated using the correlation
quency calibration, a temperature-stabilized Fabry—Perot intheorent® The experimental spectrum is correlated with it-
terferometer with a free spectral range of 75 MHz is usedself and the area of overlap between the two spectra is cal-
For absolute frequency calibration, the iodine absorptiorculated as a function of the relative shift of the two spettra.
spectrum® was recorded simultaneously. The autocorrelation spectrum, given in Fig. 5, shows three
The resolution of the spectrometer is determined by thesharp maxima: at zero frequency shift, where the spectra
geometry of the fluorescence collection optics and by theverlap exactly, and at-1107 MHz as well as at-1107
residual Doppler width arising from the angular spread of theMHz, where the frequency shift between the two compo-
molecular beam. The latter depends on the carrier gas used tents equals- A and —A. From this analysis, it was deter-
form the molecular beam, and is about 16 MHz when argommined thatA =1107+7 MHz.
is used. Since neon is about twice as light as argon, we The observed excitation spectrum is very dense and no
expect a Gaussian contribution to the linewidth of 23 MHz.

Il. RESULTS

The high resolution UV excitation spectrum of tiSg _
«— S, transition of the benzoic acid dimer is given in the
lower panel of Fig. 3.

It can be clearly identified as a composite of tixdype T
components with selection rulesK,= *=1. The frequency S,
separation between corresponding lines in the two compo- N
nents is here denoted by (defined to be positive This A

separation appears to be constant in the spectrum for all pairs -
of corresponding lines. As is shown in Fig. 4, the two tun-

neling states in the ground state potential have opposite pari-

ties; the same is true for the two tunneling states in the ex-

cited state potential. Each of the twmstype components

A

arises from transitions originating in a different tunneling v
level of the ground state potential. Since the parity must A\ YN

change in an electric dipole transition, it is clear that the +

transitions for the two different components must also end on .
different tunneling states in the excited state potential. Con- -4 o

sequently, if the energy ordering of the two parity levels in
the ground and excited states is the same. as is the case ﬁ#? 4. Allowed transitions between tunneling levels in the ground and
’ electronically excited state potentials. The parity has to change upon elec-

the higher energy trans_itions giyen in_Fig. 4, therwill be ~ tronic excitation. For illustration purposes, parities as well as barrier heights
the sum of the tunneling splittings in the two electronic (and tunneling splittingsare chosen arbitrarily.
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TABLE |. Rotational constants of the benzoic acid dimer in the ground and
electronically excited state. The calculated constants are determined for a
linear configuration witlr =3.58 A in the ground state and a bent configu-
ration with @=3.4° andr =3.60 A in the excited state. See text. All values
are given in MHz.

10,0

1107 MHz
g Experimental Calculated
2, ~ (2A-(B+C))
£ So-state A" 192316) 1928.9
o B” 127(8) 127.9
c” 1148) 120.0
S,-state AA —15(10) —-12.48
A(B+C) -1.57) -1.16

)
Frequency [GHz}

FIG. 5. The autocorrelation spectrum of t8g—S, transition of the ben-  from the O - - O distance determined by Broughaghall’

zoic acid dimer. The spacing between the sharp peaks in the middie is the, ey to check the linearity of the ground state, the angle
frequency separatiod between corresponding transitions in the two differ- . . . . .
ent components that make up the spectrum. The separation between neigh-defined in Fig. 1 was Var.'ed- If th_e rOtat'onal constants for
boring broad peaks is approximately equal 2A— (B+C)]. the S, state are to be consistent with those given in Table I,
then the dimer cannot be bent by more than 5.1° in the
ground state.
. . o : : For the excited state, a bent structure has been
single transition can be distinguished. It is therefore impos- 30 : .
. . " “suggested’ For this state, botlh and « were varied. As
sible to make a full assignment of the spectrum and fit the
compared to the ground state values, both parameters must

rotational constants of the ground and the electronically ®Xpa increased in order to reproduce the experimental determi-

cited state in the conventional manner. However, the spec-_.. : o
o nations of the rotational constants. The largeis in the

trum shows some very characteristic features. In the autocor- ; : i .
round state, the smaller is the increase required ugpon

relation spectrum, a series of broad peaks appear with a% ; o
approximately constant spacirigee Fig 3. Each of these electronic excitation.
bp y P 8 9> If a linear ground state is assumed, then the excited state

peaks is formed from a particulak-stack; that is, it is . . o
. o .~ value ofa must fall in the range from 1.7° to 5.1° in order to
formed from a series of blende@-branch transitions origi- ; . . .
LT : ) obtain rotational constants that are in agreement with those
nating in ground state levels with the saig; these tran- . . :
. . given in Table |. The value of increases by from 0.01 to
sitions have the same value AK,. The spacing between 0.03 A

K-stacks is approximately equal {A—(B+C)], but it . . .
. : Very good agreement with the experimental spectrum is
also depends weakly oAA. The width of each stack is . . .
obtained for a linear ground state structure witequal to

determined byA(B+C). Throughout the spectrum, a num- 3.58 A and an excited state structure that is bent by 3.4° with

% distance of 3.60 A. The rotational constants that are cal-

culated from these structures are given in Table I, while the
upper part of Fig. 3 shows a simulation using these con-
stants.

corresponding td® and R branch transitions that originate
from levels with the sam&, and have the sam&K,. The
interval between these lines depends Bi{C") andA(B
+C). Consequently, in spite of the fact that it is not possible
to assign individual transitions in the spectrum, a great de
of information can be extracted. By comparing the experif-a]k/' CONCLUSION
mental spectrum with spectra simulated for various values of The experimental spectrum of the benzoic acid dimer
the molecular parameters, a range of acceptable values hekearly reveals a tunneling splitting due to proton transfer in
been determined for each rotational constant excepfdr the ground and electronically excited state. A spectrum con-
and AC, for which a value for the sumA(B+C) has been sisting of two rigid rotor components is found with a split-
determined instead. The results for the rotational constanting of A=1107+7 MHz. No gas phase measurements of
are given in Table I. The origin of the transition that has thethe tunneling splittings in the benzoic acid dimer have been
lowest frequency has been determined at 35728@BR5  previously reported. The tunneling matrix element for the
cm 1, ground state of benzoic acid crystals doped with different
By using the experimental results in Table | and thedye molecules was determined to be 8.4 GHz and 6.5 GHz,
rotational constants of the monomer as determined by micrarespectively:!?! If these values are used as an estimate of
wave spectroscop¥, values forr anda can be estimated for the tunneling splitting in the ground state of the isolated
both theS, and S; states and considerable insight into thedimer, the frequency separatiagh equals the difference in
structure can be obtained. the tunneling splittings in the ground and electronically ex-
As was indicated in Sec. |, the ground state is assumedited states. It follows that transitions are made between the
to be linear. The value afcan be determined from its effects lower tunneling level in the ground state potential and the
on B” and C”; from the values of these constants given inlower tunneling level in the excited state potenti@pper-
Table | it was found that=3.622+0.147 A. This resultis in  to-upper transitions form the other component of the spec-
very good agreement with the value foof 3.58 A deduced trum) This can occur only if the energy ordering of the two
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