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The IR absorption spectrum of the jet-cooled benzoic acid monomer and dimer have been recorded
throughout the 500—1900 ¢ range via ion dip spectroscopy. Both spectra show a wealth of
vibrational modes and the monomer spectrum is remarkably different from that of the dimer.
Density functional theory calculations show quantitative agreement with the experimental data. The
C—0O-H out-of-plane bending vibration in the dimer is poorly reproduced in the theoretical
calculations and a more accurate description of the doubly hydrogen bonded structure is therefore
still needed. ©2003 American Institute of Physic§DOI: 10.1063/1.1622657

I. INTRODUCTION spectroscopy in the spectral region where the X-H
(X=C,0O,N, .. .)stretching fundamentals are found. A re-
Over the last decade a substantial number of experimentaarkable observation is the commonly found, broad, struc-
have been performed to investigate the structure of isolateg, gq absorption around 3000 cfy which is attributed to
molecules of biological interest. These studies include th%trong mixing between the X—H stretching fundamental and
pioneering spectroscopic work of the Levy and SimonsDending overtone modés!®® Finally, Gerhards et al.

roups on, among others, amino acids in the gas phase . I .
gnd gf De Vries or?gas phase nucleobasBisese stgudieli are probed the €=0 stretching vibrations of a protected amino
aeid dimer systen?’

very important as they address the fundamental properties L
isolated molecules by eliminating such influences as the To study other vibrational modes a tunable source of IR

aqueous environment in which they are usually found. mradiation. tha.\t allows one to probe the lower vibrati(?nal en-
nature, molecules are frequently attached to other specid¥dy region is required. Here we present IR absorption spec-
(such as the water molecules mentioned befbyehydrogen troscopic studies with a free electron laser of the smallest
and/or van der Waals bonding. The most notable example gifomatic acid, benzoic aciBA), and its dimer. The BA
this is the double stranded helix of DNA, which is bondeddimer is doubly hydrogen bonded through the carboxylic
through numerous hydrogen bonds. It would now also be oficid group; it has a double minimum potential in the O-H
interest to study the effects of bonding on the structure oftretching coordinate in which the hydrogen atoms of the OH
individual subunits. It has been concluded that bondinggroup can switch synchronously between monomer units. Its
solely by dispersive forces can result in almost no conformahigh symmetry makes the BA dimer a very interesting sys-
tional changes to the different constituehtSor hydrogen tem that can serve as a prototype for doubly hydrogen bond-
bonded molecular systems, however, the structure of the iring, and it has been studied quite extensively using various
dividual monomer units might be significantly altered. technique€®2% From a direct measurement of the IR spec-
Studies involvingdoubly) hydrogen bonded systems in- tra, one can draw conclusions on possible changes in the
clude investigations of the pairing configurations of nucleicyiprational structure upon dimerization of individual BA
acid base paifs'®and some of their analogués'*and of  monomer units. In an earlier study, Stepanitrl. recorded
small acid dimer systemi$~'® Some of these involve IR the matrix isolation spectrum of BA and found substantial
differences between the IR spectra of the monomer and
aElectronic mail: jmbakker@rijnh.nl dimer?* It is unclear, however, what the influence of the
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argon matrix is in such studies and gas phase experiments al T
highly desirable.

-

Il. EXPERIMENT

ts)

uni

The experiment is performed in a molecular beam setup!
as used in previous studi&s;?°and only a brief description
is given here. A sample of benzoic acid is heated to a tem-
perature of 75 °C and seeded into argstagnation pressure
~1 bar). This mixture is then expanded through a 0.5-mm- ¢
diameter nozzle into vacuum via a pulsed valve. Gas pulse™
of about 50us duration are released at a repetition rate of 10
Hz. In the adiabatic expansion the internal degrees of free- :
dom in the molecules are cooled and rotational temperature Laser fluence (arb.units)
of abou 5 K are reached. The expansion conditions enable 600 800 1000 1200 1400 1600 1800
the formation of benzoic acid dimer clusters, which are in- Energy (cm™)
ternally cooled as well. About 4 cm downstream from the o o
source the molecular beam is skimmed and enters a diffeF—IG' 1. Observed IR ion-dip spectrum of the be_nzmc acid monomer. In the

. . . ; . inset the laser fluence dependence of the depletion of the resonances marked
entially pumped Wiley—McLaren type linear time-of-flight it symbols is shown.
(TOF) mass spectrometer.

The molecules in the beam interact with incoming UV
laser beams as well as with an IR laser beam at the crossing For the monomer, the transition to tisg state has been
point of the mutually perpendicular molecular beam axis,reported at 35 955 ciit. The BA monomer undergoes a fast
laser beam axis, and TOF axis. lons are produced in thigtersystem crossing from th, state into the lowest elec-
region and accelerated toward a micro channel gls€P)  tronically excited triplet statel,, a process that takes place
detector, yielding mass spectra with a resolutiorVofA M on a sub-ps time scafé.The lifetime of the triplet state is
~200. The signal from the MCP detector is amplified andrather long, presumably many microseconds. The ArF laser
fed into a 10 bit, 100 Ms/s digital oscilloscope that is readis fired some 100 ns after the excitation laser and thus ionizes
out by a PC. Two digital delay/pulse generators are used tall molecules fromT,. For the benzoic acid dimer, tHg
synchronize the molecular beam to the various laser sources: S, transition is redshifted by 200 cm. Interestingly, the

For the measurement of the IR absorption spectra of théenzoic acid dimer does therefore not exhibit the fast inter-
jet-cooled neutral benzoic acid monomer and dimer, IR iorsystem crossing to the triplet state that is so characteristic for
dip spectroscopyIR-IDS) is employed. lons are produced the monomer and the benzoic acid dimers can be directly
from ground state molecules using a two-color ionizationionized out of theS,; state. As the lifetime of th&, state of
scheme. For this, the molecules are first excited to the vibrahe BA dimer is only 9 ns, the ionizing laser is now fired
tional ground state in the first electronically excited singletalmost simultaneously with the excitation laser.
stateS; using a frequency doubled, Nd:YAG pumped pulsed
dye laserfRhodamine 6G, 5 ns pulses, spectral width around||. RESULTS
0.4 cmi 1), The molecules are then ionized by the light from
an ArF excimer lase(193 nm). A few microseconds before
the excitation laser is fired, the IR laser interacts with the In Fig. 1 a typical ion dip spectrum of the BA monomer
molecular beam. If a vibrational transition is induced by theas recorded with FELIX is displayed. The trace shows the
IR light, molecular population is transferred from the groundion current signal due to BA monomers, corrected for source
state into an excited vibrational state, leading to a depletiomnd UV laser intensity fluctuations. The signal is propor-
of ground state molecules. This results in a dip in the numbetional to the population remaining in the vibrational ground
of produced benzoic acid ions. By measuring the ion yield ofstate after interaction with the IR light. One can identify a
benzoic acid ions, while varying the wavelength of the IRnumber of resonances, of which a few show a population
laser, the ion-dip spectrum is obtained. decrease of more than 50%. In particular, the resonance at

The IR radiation is produced at the Free Electron Lasefl752 cm! can result in a depletion as high as 80%. This is
for Infrared Experiments(FELIX) user facility at our quite an interesting observation, as in the interaction of an
institute®° The temporal output of this 10 Hz, pulsed laserisolated, nondegenerate two-level system with electromag-
system consists of a feys long burst(macropulsg of mi- netic radiation population transfer is limited to 50% the
cropulses. The micropulse spacing within the burst is set to hon-Rabi limi). Apparently, there is an extra channel into
ns. The micropulse duration is set to about 100 opticalwvhich population is transferred after excitation to this vibra-
cycles, which results in a spectral bandwidth of approxi-tional state. One possibility is the occurrence of intramolecu-
mately 0.5% full width at half maximum of the central lar vibrational redistributiolVR), by which vibrational en-
frequency. The frequency range that can be covered extendsgy is redistributed over “dark” states that are iso-energetic
from 40 to 2000 cm?, although only the range from 500 to with the excited vibrational state. Through this coupling, a
1900 cm ! is used in the present study. Typically, energies ofmore than 50% depletion of the ground state population is
up to 100 mJ are reached in the macropulse. possible. Although it appears to be quite unlikely that the BA

b.

o 631cm’
o 710cm’
A 1752 cem?

on current (arl

lon current (arb. units)
o

0

o

A. The benzoic acid monomer
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monomer will exhibit IVR at energies below 1000 chas

e

| :
molecules of thig(still rather limited size simply lack the @C}’ i

OH

required density of states that allows for IVR to take place, _
depletions of over 50% are reached even here. To be able t2
convert the observed ion-dip spectra to IR absorption spec 2
tra, one needs to know the maximum possible depletion sig-&
nal at each frequency, i.e., one needs to know where the§
baseline of the spectrum is. In addition, one needs to verify§

that the observed depletion signals are single-photon event:3 57?17 .
In order to test whether the resonances are due to singleg 0
photon absorptions, the population decrease as a function c-%
laser fluence is measured for a few selected resonances. Thg
is done by varying the laser fluence with a set of fixed-value
attenuators. The results of these measurements are display:

in the inset in Fig. 1, where the population decrease for the
resonances at 631, 710, and 1752 ¢ris plotted as a func-

tion of laser fluence. In a single-photon excitation processIG. 2. Observed IR absorption spectrum of the benzoic acid monomer,
the remaining population in the ground state is described byompared to the calculated IR spectriimwer curve; stick spectrum

a(v) +(1-a(v)) exp(=o(¥)l(v)) = exp(=o(»)I(v) +a(r)[1

—exp(—=a(»)l(v))] in which o is the cross section,the laser

intensity anda the fractional population that remains in the active modes are determined from density functional calcu-
ground state, all functions of frequeney As the observed Ilations using the Becke3LYP functional with Dunning’s
curves are well described by this functional dependence it i995(d,p) basis set, as implemented @aussiaN 983 The
concluded that we indeed deal with single-photon absorpfrequencies in the calculated spectra are scaled by a factor of
tions. In the high laser power limit, the population for all 0.98 to show best agreement with experimental data. The
resonances converges to about 0.1. This could be intrinsic tealculated vibrational modes are visually inspected using
the BA molecule, i.e.a=0.1, but is more likely explained viewing software. Botl{scaled theoretical line positions and

by a slight misalignment of the laser beams, i.e., a nonperfec short descriptioriwhere possibleof the fundamental IR
overlap of the FELIX beam with the UV laser beams. active vibrations are given in Table I.

To rule out a possible scheme where the vibrationally = The theoretical and experimental spectra agree very
excited, electronic ground state molecule is resonantly ionwell, both in line positions and intensities. In particular for
ized via a vibrationally excited level in th®, state, which the line intensities this might be considered rather remark-
could lead to a wrong IR intensity or to an altogether absencable. After all, different vibrational modes are expected to
of a particular resonance, the experiment is also performedxhibit different IVR rates. These different IVR rates would
with a slightly different detection scheme. The IR-IDS spec-then seriously influence the extracted relative cross sections.
tra that are measured with the first UV laser tuned to a vi-The good agreement between the theoretical and experimen-
brationally excited level in thé, state(at 350 cm* from  tally obtained spectra suggests that such influences are mini-
the S, origin) show identical depletions, suggesting that suchmal, however. This is most likely explained by efficient vi-
an alternative detection scheme is highly unlikely. brational redistribution, i.e., rapid IVR, on our experimental

We can now directly interpret the IR-IDS data as a meatime scale.
surement of the IR absorption cross section. In the following  The dominant mode in both spectra is the one experi-
we present results as relative cross sections, as this allows forentally found at 1752 cmt which is readily assigned to
a direct comparison to theoretical calculations. To obtairthe C=O stretching vibration. Most of the other resonances
relative cross sections from the ion dip spectra, the ion signadre also unambiguously assigned to fundamental vibrations.
is corrected for source and UV laser fluctuations to obtain ahere are still two spectral regions where the agreement be-
(nearly constant baseline ion signal, and subsequently théween theory and experiment is less than perfect. The first
natural logarithm from these data is taken, and normalized toegion is that between 550 and 650 ¢ where three dis-
the (relative FELIX fluence. In Fig. 2, the IR absorption tinct resonances are found whereas only two fundamentals
spectrum of the BA monomer obtained in this manner isare expected. It is interesting to note that the two strongest
shown. The observed frequencies of a total of nineteen specbserved modes have line positions that are considerably fur-
tral lines are indicated in the figure and are also listed irther apart than predicted. Such behavior could be the signa-
Table I. The absolute frequency accuracy is about 3tat  ture of a Fermi resonance, however, the two strong theoreti-
the low frequency end of the spectrum, gradually deteriorateal modes are of different symmetry, which rules out a Fermi
ing to 12 cm ! at the high frequency end. The linewidth coupling between the two of thefA.The weak but clearly
observed in the spectrum is almost exclusively determinedbservable resonance at 588 chtould nevertheless still be
by the bandwidth of the laser, and is some 0.5% of thehe result of a Fermi resonance with one of the fundamentals.
FELIX frequency. A possible set of fundamentals that may combine to serve as

In the lower part of Fig2 a calculated IR spectrum is a partner in the Fermi interaction are calculated fundamentals
shown (stick spectrum Frequencies and intensities of IR at 157 and 424 cm'. The second discrepancy between

710

Wy |

600 800 1000 1200 1400 1600 1800
Energy (cm™)
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TABLE I. Observed and theoretical values for the IR active modes of the benzoic acid monomer andrdioner'). Lines observed and attributed to either
monomer or dimer from matrix isolation studiéRef. 24 are listed as well.

Theory
Observed Line position intensity Reference 24 Mode description
Monomer
571 583 71 568 Out-of-plane—O—Hbend
587
631 617 50 628 In-plane ring—C—-Cbend
688 685 6 687 Out-of-plane ring—C—Hbend
710 711 152 711 Out-of-plane rif@—C—Hbend(umbrella modge
767 755 9 767 In-plan€-0—-Hbend, ring deformation
1026 1018 15 1027 In-plane ring—C—-H bend
1063 1068 63 1066 In-plane rirg—C—-H bend
1084 1094 60 1086 In-plane rirg—C—-H bend
1099 1100
1173 1162 94 1169 C—-C-Hehd,C-O-Hbend, both in-plane
1187 1183 147 1185 C—C—Hehd,C-O—-Hbend, both in-plane
1255 1251
1278 1275
1347 1353 131 1347 C—-C—-H [&nd,C-O-Hbend, both in-plane
1387 1383
1455 1444 18 1456 C—C stretch, ring deformation
1591 1595 5 1590 C—C stretch, ring deformation
1609 1615 18 1606 C-C stretch, ring deformation
1752 1767 350 1752 £:0 stretch,C—-O—Hbend
Dimer
510
540 543 130 547 Acid groups asymmetric rocking
664 659 45 670 Acid groups asymmetric scissor
682 681 15 Out-of-plane rinG@—C—Hbend
708 706 163 Out-of-plane ring—C—-Hbend
797 799 22 Acid groups scissor, ring deformation
810 803 17 Out-of-plane rin@—C—Hbend
962 1028 221 960 Out-of-plane acid groG@p-O—Hbend
1022 1018 24 In-plane ring—C—-H bend
1066 1073 24 In-plane rinG—-C—-H bend
1126 1126 8 In-plane rin@—-C—H bend
1176 1166 48 In-plane rin@—C—-H bend
1243
1269
1297 1300 140 1297 C-C—-H k&nd,C-O-Hbend, both in-plane
1322 1324 687 1322 C-C-H kend,C-O-Hbend, both in-plane
1432 1440 76 1430 C-C-H kend,C-0O-Hbend, both in-plane
1453 1446 199 C—-C-Hdnd,C-O-Hbend, both in-plane
1498 1490 50 C-C—Hénd,C-O-Hbend, both in-plane
1591 1593 51 C—C stretch, ring deformation
1618 1615 60 C—C stretch, ring deformation
1709 1710 956 1699 £-0 stretch, in-plane€-O—-Hbend
1824

theory and experiment is found between 1200 andntensities differ somewhat from the present data, but in gen-
1300 cm . As no fundamentals are expected in this regioneral good agreement is found. For completeness, the values
it is very likely that the resonances observed here are condetermined via MI spectroscopy have been included in
bination modes. A possible assignment for the resonance dable I.
1278 cm'! is the combination between the fundamental at
710 cm ! and one of the modes participating in tf@os-
sible) Fermi resonance around 600 ¢h For the resonance
at 1255 cm ! various combinations between strong IR active  As in the case of the BA monomer, the ion dip spectrum
modes and calculated low-lying vibrations could be responef the BA dimer(not shown hereexhibits resonances that
sible. As the latter have never been observed, a definite ashow depletions of up to 100%. The density of states for the
signment is not possible. dimer is considerably larger than that of the BA monomer, so
It is noted that most resonances that are found in thighat already at 500 cit it seems feasible that rapid IVR can
work have been identified by Stepaniabal. in a matrix  occur. It has been verified that the observed depletion signals
isolation (MI) spectroscopy experiment as wé&llThe MI result from a one-photon absorption process and the dimer

B. The benzoic acid dimer
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nl . | mode in the theoretical spectrum at 1028 ¢mThis mode is
@c{ ;;:4@ 1709 the asymmetric out-of-plane bending vibration of the O—H
OO groups. As the hydrogen atoms are directly involved in the

1322

double hydrogen bond, it is not surprising that the theoretical
calculated frequency is overestimated, as the harmonic ap-
proach that is used may no longer be valid. It also shows that
the theoretical model has to be adjusted if one wants to re-
1824 produce hydrogen bonding interactions correctly. The second
discrepancy is for the resonance at 1824 émThis reso-
nance might result from a combination band of the=O
stretching vibration at 1709 cnt with a low frequency in-
termolecular stretching vibration, e.g., the one predicted at
120 cmi L.

One can compare the data presented to here the ones
obtained by Stepaniaat al. in absorption spectroscopy of
Energy (cm”) matrix-isolated BA2* In general, good agreement is found

. o although more lines are found and unambiguously identified
FIG. 3. Observed IR absorption spectrum of the benzoic acid dimer, to-

gether with the calculated IR spectrutower curve; stick spectrum in the present study than in _the M! eXPe”me”t- In cases
where BA monomer and BA dimer vibrational modes over-

lap, the dimer modes often escape observation in the Ml

data are therefore directly presented in the form of relative®XPeriments. This is avoided in the present gas-phase, mass-
cross sections. They are derived from the ion dip spectrum il_s,electlve technique. The Qbserved line positions are tabulated
the same way way as for the BA monomer, as described i Table | and a description of the modes is given. The Ml
the previous section. data of Stepaniaet al. are added for completene¥s.

In Fig. 3 the IR absorption spectrum of the BA dimer is
displayed. Below the experimental data, the correspondinbV- CONCLUSIONS
theoretical spectrum is shown as a stick spectrum. The line The IR absorption spectra of the jet_coo|ed benzoic acid
positions are scaled with the scaling factor that gave the beshonomer and dimer have been recorded in the
match between theoretical and experimental spectra for thep0—1900 cm? region. These spectra were obtained using
monomer, i.e., a factor of 0.98. It is clear from looking at thethe method of IR ion dip spectroscopy. Due to the mass-
experimental data that the Signal-to-noise ratio for the dime§e|ected detection scheme, one can direct]y compare the vi-
spectrum is somewhat worse than for the monomer spegyrational structure of the monomer to that of the dimer, and it
trum, which is solely due to the lower abundance of thejs seen that dimerization leads to a dramatic change in the
dimer in the beam £ 10% relative to the monomer abun- viprational structure. The theoretical methods used to calcu-
dance. late the IR absorption spectrum proved to be very accurate in

The agreement between experimental and theoreticahis mid-IR spectral region, in contrast to earlier studies in
spectra is rather good. From a visual inspection of thehe O—H stretching region. The fact that theoretical calcula-
modes, it is clear that most vibrations in the dimer are besfions clearly fail in the prediction of hydrogen bond affected
described as either a symmetric or an antisymmetric combiyibrations, in this study demonstrated for the O—H out-of-
nation of two monomer vibrations. Of these, only the latterplane bending vibration in the dimer, leads to conclude that

have any significant IR intensity. As in the IR abSOfptionsome fine_tuning in the methods to describe hydrogen_
spectrum of the BA monomer, most resonances are readiljonded systems is imperative.

assigned to fundamental vibrations. The spectrum is domi-

nated by a strong mode at 1709 chnwhich matches the ACKNOWLEDGMENTS

theoretical calculations very well, and which is assigned to
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