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Resonant two-photon ionization (R2PI) spectra of benzeawetic acid binary clusters BAwith n = 1-6

are reported. The results indicate that cluster formation from acetic acid vapor proceeds mainly via the
association of preformed hydrogen-bonded dimers. The spectral shift of the BA complex is consistent with
m-hydrogen bonding interaction with the benzene ring. The spectral shifts of theamhBAs clusters are
consistent with a predominantly dispersion interaction which is enhanced upon electronic excitation of the
benzene molecule. Spectroscopic evidence for the formation of ((Cels)- (CH;COOH), clusters, withn =

4 and 6, is presented. The direction and magnitude of the spectral shift indicate thgHieNz and the
CeHe:-+(CH3COOHY), structures are retained in the multicomponent clusters, suggesting no perturbations due
to the weak GHe:--Ne interaction.

1. Introduction (AH°® ~ —14 kcal/mol), it is generally assumed that the dimer

. __is the only important associated species in the vapor phase of
Gas-phase binary clusters composed of nonpolar aromatics

nd polar or hvdrogen-bonded molecul nstitute valuabl acetic acid® Thus, the vapor is considered as an equilibrium
and poiar or hydrogen-bonde olecules constitute valuable ;. re of monomers and cyclic dimers with no contributions
models to study the role of intermolecular interactions in the

evolution of the rich equilibrium and dynamical behaviors from higher-order cluster$. However, several reports have

known for the condensed phase systénfsSome examples of provided evidence for the existence of acetic acid polymers

i i 5,19,22 i
these systems include clusters of a benzene molecule Wi'[hIarger .than dimers in the vapor phasé: Questions
water?~10 methanof and acetonitril& molecules. The study regarding the structures of higher-order clusters and whether

of these clusters provides microscopic information which can e liquid contains chainlike, hydrogen-bonded oligomers or
lead to a molecular level understanding of many important Cyclic dimers remain unsolvei?:27:31.32
condensed phase phenomena such as bulk solvation, solvent Fundamental insight into the intermolecular interactions
caging, diffusion, nucleation, microphase separation, and phaseamong acetic acid molecules and between acetic acid clusters
transitions. and benzene can be obtained by studying the binarydiAsters
Benzene-acetic acid binary clusters {A,) represent an  containing a single benzene molecule and multiple acetic acid
interesting subclass of the aromatjpolar clusters where the  molecules. Here we report a spectroscopic study of the binary
polar molecules are known to form stable dimers in the gas BA, clusters withn = 1 through 6, using resonant two-photon
phase. Dimerization of acetic acid has been extensively studiedionization, time-of-flight mass spectrometry (R2PI-TOFMS).
in the gas phase for more than fifty yea#s3? Due to the The general objective of the present work is to attempt to answer
stability of the cyclic dimer involving two hydrogen bonds some of the important questions related to the gas-phase
association of acetic acid molecules. Among these questions is
* Corresponding author. whether the cluster formation from an associated vapor such as
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acetic acid proceeds via clustering of dimers, or monomers doublet assigned to the origin of the Baluster which, upon
formed from dissociated dimers? Another question is how does photoionization, fragments by the loss of multiple acetic acid
the strong hydrogen bonding interaction in the acetic acid dimer molecules and appears in the lower mass channels B#th

affect its interaction with the benzene molecule?
In this letter we report the R2PI spectra of the Béusters
in the vicinity of the § transition of the isolated benzene

n =5, 4, 2, and 1. Far to the blue of th¢ Gansition of
benzene, a weak peak locatedtdt52 cn can be tentatively
assigned to the BA complex as shown in Figure 1b. This origin

molecule, where benzene serves as a chromophore for the acetibelongs to a FranckCondon intermolecular progression [van
acid clusters. The perturbations imposed on the benzefje’s 6 der Waals (vdw)] with other transitions at 168 and 184 &m

vibronic transition can provide information on the extent of

In addition, other intermolecular vibrations appear at 174, 192,

interactions between benzene and acetic acid molecules in bottBnd 209 cm. The assigned origin152 cnt?) and all the
the ground and excited electronic states. We also present thentermolecular bands appear in the benzene mass channel with

observation of a benzet{Ble) complex, and report spectroscopic
evidence for the formation of benzefiMe)(acetic acid)
clusters witn = 4 and 6. The BNe-A,, clusters represent novel
composite interactions involving the “weak” benzerie and
the “stronger” benzeneacetic acid tetramer or hexamer
interactions.

2. Experimental Section

Binary benzeneacetic acid clusters are generated by pulsed
adiabatic expansion in a supersonic cluster beam app&fetus.

stronger intensities than in the BAhannel as shown in Figure
1b. This indicates efficient loss of acetic acid from the BA
complex upon photoionization. From the total ion intensities
of identical features in the BAand B" mass channels, the
fragmentation efficiency of the BA— B* process can be
estimated as 75%.

In the BA,™ channel, a weak doublet red shifted by 63/61
cm! is assigned to the origin. This origin possesses a long
progression of bands assigned to the excitation of the intermo-
lecular vibrational modes of the BACluster [the first doublet
in the progression appears-ab6/—54 cnt?, followed by three

The essential elements of the apparatus are jet and beanelatively strong (s) bands at30, —3, and 22 cm? and two
chambers coupled to a time-of-flight mass spectrometer. The\eak (w) bands at 47 and 72 ci Two other long,

binary clusters are formed in a Heeeded jet expansion, and
probed as a skimmed cluster beam in a collision-free high

intermingled vdw progressions are also observed/—42 (s),
—26 (W), —9 (w), —12 (s), 12 (s), 28 (s), 55 (w), and 75 (w)

vacuum chamber with a delay between synthesis and probe (i.e.cm~1:; and —44/—42 followed by —17 (w), 12 (s), 35/38 (s),

the neutral beam flight time) on the order of 1 ms. During
operation, a vapor mixture of benzene and acetic acid (Aldrich,
99.9% purity), in He (ultrahigh purity, Spectra Gases 99.999%)
at a pressure of-28 atm is expanded through a conical nozzle
(100 um diameter) in pulses of 266800 us duration at
repetition rates of 58 Hz. The jet is skimmed and passed into
a high vacuum chamber, which is maintained at 8078 to

2 x 1077 Torr. The collimated cluster beam passes into the
ionization region of the TOF mass spectrometer where it

59/62 (w), 88 (s), and 116 (s) ci. The very rich intermo-
lecular Franck-Condon activity of the BA cluster indicates a
large change in the geometry of the cluster following the
electronic excitation of the cluster.

In the BAs™ channel, an origin (doublet) with a much larger
red shift ~101/~99 cnm?) appears with two well-defined vdw
progressions with small band spacings of 7érf+-101/~99,
—94/-93, —87/-85, —80/~79, —76/-75, —68/-67, and
—62/—61 cnt?], and 10 cn1! [—-101/99 followed by—91/

intersects a laser pulse from a frequency-doubled dye laser. The_gg _go/—~79, and—72/~71 cnt 1. Fragmentation by a loss

tunable radiation is provided by a dye laser (Lambda Physik

of single acetic acid from the photoionized BAcluster results

FL3002) pumped by an excimer laser (Lambda Physik LPX- iy the appearance of frequencies corresponding to the BA
101). Coumarin 503 (Exciton) dye laser output passes through g ster in the BA™ mass channel.

a -BaB;0O, crystal (CSK Co.) to generate a continuously
tunable frequency-doubled output of £& pulses. The spatially
filtered (using a set of four quartz Pellin-Broca prisms)
ultraviolet radiation is adjusted to minimize three photon
processes while still providing sufficient ion current (photon
power densityx~ 10° W/cn¥). The cluster ions formed by the
R2PI are electrostatically accelerated in a two-stage acceleratio
region (300-400 V/cm), and then travel a field-free region (170
cm in length) to a two-stage microchannel-plate detector.
Deflection plates are used to compensate for the cluster beal
velocity. The TOF spectrum is recorded by digitizing the
amplified current output of the detector with a 500 MHz digitizer
(LeCroy 9350A) and averaged over 50 pulses.

3. Results

A strong doublet origin for the BAcluster appears in the
BA,* channel, blue shifted from the benzerﬂpo@igin by 14/
16 cnmt, and accompanied by two well-resolved vdw progres-
sions [a strong progression at 24/26, 33/35, 42/43, and 53/55
cm1, intermingled with a weaker progression at 17/19, 27/29,
and 36/38 cml]. Other small vdw bands also appear at 40, 45,

r\51, and 56 cmt.

In the BAs™ channel, no characteristic features can be

mHnambiguously assigned to the BAluster due to the weak

signal levels, which result from the very low concentration of
the BAg cluster in the beam. The major features observed in
this channel are due to fragmentation products from thg BA
cluster, which appear at15/—13 and—7 cnt 1. However, a
weak doublet at-87/—85 cnt! can be tentatively assigned to
the BAg origin, followed by two vdw bands at73/~72 cnt?

Figure 1a presents the one-color, mass-selected R2PI spectrand—61/—62 cni™. In the BAs* channel, we assign two strong

obtained by monitoring the ion intensities in the BAmass
channels witm = 1 to 6 as the dye laser is scanned from 38500
to 38 760 cm'. The zero of the scale is taken to be the
frequency of the §—S 6(1) vibronic transition for the bare
CsHe molecule (38611 cm).3> No characteristic spectral
features are observed in the BA&hannel within the frequency
shift (Av) of =100 to+150 cn1. The small doublet observed

origins at—15/~13 cnt! (origin I, with vdw bands at 5/7 and
23/25 cnt) and—7/—4 cn ! (origin 1, with a vdw doublet at
14/17 cnrd),

Figure 2 displays the integrated ion intensities of the,BA
mass channels as a functionrofithin the region of—110 to
4150 cm! from the § transition of benzene. The integrated
ion intensities are corrected for fragmentation of the photoion-

at Av = —15/—13 cnT! appears at the same frequencies as the ized clusters by summing the ion intensities appearing at the
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Figure 1. (a) One-color resonant two-photon ionization spectra g¢fs@CHs;COOH), BA,, with n = 1 through 6. (b) One-color resonant two-
photon ionization spectrum of theslds(CH;COOH) complex, BA, monitoring the Band BA" mass channels.

same frequency in channely @nd g + 1), and assigning them  resonance absorption region of the clusters, with the even
to the higher mass channel { 1). The resulting data reveals clusters 2, 4, and 6 being more abundant than the odd clusters
strong even/odd alternation in the ion intensities within the 1, 3, and 5.
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Figure 2. Integrated ion intensities of thegBs(CH;COOH), mass . W/LNW
channels, BA', as a function oh within the region—110 to +250 0 ' ' ‘ ‘ : ‘ '
cm* with respect to the $transition of GHe. -10 0 10 20 30 40 50 60
. . -1
Wavelength (nm) Relative Shift (cm™)
2592 2500 2588 Figure 4. One-color resonant two-photon ionization spectrum of the
Benzenes Ne BenzenesNe CeHe(CHsCOOH), cluster, BA, generated using (a) He, or (b) Ne, as
84 a) 6P a carrier gas in the supersonic expansion.
£ clusters, no changes are detected in the R2PI spectra when using
2 . Ne as a carrier gas instead of He.
& 4
z 4. Discussion
=
£ 2] 2 ] The observation of a strong even/odd alternation in the
s integrated ion intensity within the absorption region of the,BA
B | | | clusters indicates that clustering of preformed dimers is the
® 01 '! major association channel in the nucleation kinetics of super-
% 97 98 99 100 101 40 20 0 20 40 saturated acetic acid vapor. The formation of Béusters
Mass (amu) Relative Shift (cm™) containing an even number of acetic acid molecules is therefore
Figure 3. Mass spectrum of the &8ls:(Ne) complex. One-color @ result of multiple association of the hydrogen-bonded dimers.
resonant two-photon ionization spectrum of thg4&(Ne) complex. We assume that the presence of benzene does not change the

clustering mechanism of acetic acid vapor (typically the B/A

Some new features are observed only when using Ne as theratio in preexpansion mixture #10~4). The high concentration
carrier gas in the supersonic expansion instead of He. The firstof acetic acid dimer in the preexpansion vapor mixture is
feature is the appearance of a new mass peaikz#8, as shown expected to enhance the formation of the even clusters by the
in Figure 3a, corresponding to theKs-(Ne) complex. This sequential addition of dimers. It should be clear that the
complex shows a single origin red shifted from thgt@nsi- clustering of dimers could lead to the formation of intact
tion of benzene by 4.9 cm as shown in Figure 3b. This tetramers and higher clusters by hydrogen bonding either as
assignment is in agreement with previous work using laser- cyclic or open chain structures. The small intensity of the BA
induced fluorescence where thgHg:(Ne) red shift has been  cluster can be explained by a fast depletion of the BA clusters
estimated as-35 cm1.36:37 The second feature observed only through the generation of BAand BA; by the addition of acetic
when using Ne as a carrier gas is the appearance of new peak&cid monomer and dimer, respectively. This does not normally
in the BA;+ and BAs™ mass channels corresponding to red shifts happen in clustering of unassociated vapors since the monomer
of ~4 cnr! from the BA; and BA origins (only origin 1l of concentration is typically too high to result in any significant
the BAg cluster). The red shifted peaks also appear in the depletion effect.
accompanied vdw modes of the assigned origins, as shown in  The spectral shifts from thql)@rigin of the isolated benzene
Figure 4 for the BA cluster. The appearance of these new red- molecule imposed by acetic acid clusters provide information
shifted bands depends on the Ne pressure in the expansion vapaon the nature of the intermolecular interactions within the binary
mixture. At the lowest neon pressure used in the supersonicclusters. The strong blue shift observed for the BA clusted52
expansion (10 psi), no additional peaks are observed. We assigrem™1) is consistent with hydrogen bonding interaction between
the new red-shifted doublets observed in theyBAnd the BA* the OH group of acetic acid and theelectron system of the
mass channels togHg-(Ne) (CHzCOOH), and GHeg*(Ne)(CHs- benzene ring. For example, benzene complexes with BH;-
COOHY) clusters, respectively. Upon photoionization, these OH, HCI, and CH{ exhibit blue shifts of 52, 44, 125, and
clusters fragment efficiently (100%) by loss of a Ne atom and 179 cn1?, respectively.1:383% The efficient fragmentation
appear in the BA" and BAst mass channels. It is interesting observed for the BA complex following photoionization is a
to note that the attachment of a Ne atom appears to be moredirect consequence to thehydrogen bonded geometry in the

pronounced for the BAand BAs clusters. For the BAcluster, neutral complex. The structural change from thdaydrogen
the absence of sharp peaks in the R2PI spectrum makes itbonding in the neutral species to the predominantly-idipole
difficult to conclusively rule out the formation of thesBs: interaction in the ionized species involves a great strain, which

(Ne) (CH3COOHY), cluster. However, for the BA, BAand BAs leads to efficient fragmentation.
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