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Experimental and theoretical study of benzene (acetonitrile ),
clusters, n=1-4

M. Samy El-Shall,? George M. Daly,” and Douglas Wright
Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia 23284-2006

(Received 9 January 2002; accepted 15 March 2002

Well-resolved spectra of benzene—acetonitrile binary clusterg,BAith n=1-4 have been
obtained by the(one-coloj resonant two-photon ionization technique using the benzeBg s

—Ayyg 08 and 6% resonances. The spectra reveal a rapid increase in complexity with the number of
acetonitrile molecules in the cluster, associated with van der Waal modes and isomeric forms. While
only single cluster origins are found for the benzene—aceton{®ife and the BA clusters, two

and four distinct isomers are identified for the Band BA, clusters, respectively. The origins of the

BA and BA, clusters are blueshifted with respect to the free benzene molecule by 38acuh 26

cm 1, respectively. Monte CarlMC) simulations reveal two types of isomeric structures of the
BA,, clusters. The clusters containing an even number of the acetonitrile moléBAlgsBA,, and

BAg) are dominated by acetonitrile anti-parallel paired dimers. The &#ster consists of a cyclic
acetonitrile trimer parallel to the benzene ring. In thesBAusters, the acetonitrile molecules are
assembled in a cyclic trimef a paired dimer configuration or in two paired dimers single
monomer structure. The R2PI spectra, in conjunction with the MC structural models and simple
energetic arguments, provide a reasonably compelling picture of the spectroscopic and dynamical
phenomena associated with dipole pairing molecular cluster system200®@ American Institute

of Physics. [DOI: 10.1063/1.147631]7

I. INTRODUCTION ety of solvent interactions with the conjugated
7,9,11-31 ; ;

_ __m-systenP’% Its high symmetry reduces the complexity
A_molecular level unQerstandmg of the solvent effects MNof the spectral assignments and the absence of a permanent
chemical reactions requires detailed knowledge of solute—;. : : . :
. : : ; . dipole moment restricts the interactions with atoms or non-
solvent interactions including the size dependence of the . . .
polar molecules to exclusively dispersive forces. In benzene

spectral shifts and the evolution of intermolecular mode
14 . M, clusters (BM), where M, are heavy rare gas atoms,
frequencies Gas phase molecular clusters provide models .
npolar or weakly polar molecules, a redshift has been ob-

for such interactions since the size effect and the degree N 4 in the electronic t i thin the clust lati
complexity of the interaction potentials can be systematicatllf'erve In the electronic transition within the cluster relative

. . 7
varied in well-defined systenfs:®The influence of stepwise '© (€ same transition in the free benzene moleEdien

solvation on both the ground and the excited electronic staté5€S€ Systems, the spectral shifts originate essentially from
of a solute molecule can be probed by studying moleculaflisPersive and inductive interactions and the enhanced stabi-

clusters composed of a single “solute” molecule and Se_Iization of the excited state has been rationalized in terms of

lected numbers of “solvent” molecules. The solvent mol- iNcreased polarization interaction between the excited ben-

ecules can be chosen in such a way to present a wide ran%@”e molecule and the solvent specig&?* On the other
of intermolecular interactions which may result in small per-hand, in hydrogen bonding clusters, BSvhere S is a hy-
turbations of the electronic states of the solute molecule or iifogen_donor molecule such as ,®**** CH;OH,*
large changes in the structure and electronic properties suéiHCl,* HCL,** and CHCOOH* a blueshift has been ob-
as those associated with charge-transfer and excimer interagerved thus indicating a decrease in the binding energy of the
tions. Such studies have been advanced by the developmedtister upon the electronic excitation of benzene. These clus-
of powerful techniques, which enables one to isolate ultraters have been the subject of systematic studies by Zwier’s
cold clusters containing a “solute” chromophore and se-group and continue to attract much attention from both ex-
lected numbers of “solvent” molecules. Among these tech-perimental and theoretical group$:=2°**~*!These studies
niques, resonant two-photon ionizatidiR2P)) has been have established several characteristic features for the clus-
extensively used as a selective spectroscopic tool for thters of benzene with hydrogen bonding molecules, which in
study of molecular clusters of various sizes andturn have enhanced the current understanding of these
compositiong~16:18-27 systems:34~*! Among these features are the blue spectral
Many cluster studies have utilized benzene as a protoshifts in small clusters which seem to increase with increas-
typical aromatic solute chromophore for the study of a vari-ing hydrogen bonding ability of the solvent molecules, the
gradual switch to red shifts in larger clusters, the tendency of
dAuthor to whom correspondence should be addressed. the solvent molecules to form a hydrogen bonding network
Ppresent address: Purdue Pharma L.P., Ardsley, New York 10502. in a one-sided structural type, and the very efficient fragmen-
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tation of the photoionized clusters which has been inter- -
preted as a direct consequence of the hydrogen bonding t
the benzene ring.It is not clear, however, if these features
are unique to hydrogen bonding clusters or are probably tc
be expected for most clusters where the interactions amoni
the solvent molecules are dominated by electrostatic forces
For a full understanding of these systems, it is therefore de- Neutral Cluster
sirable to study clusters of benzene with highly polar solvent Cluster beam
molecules that are not capable of forming a hydrogen- From gas line | N \ -
bonding network. — - ] M oms | !
The particular system of interest in the present study, I e ' |
. . . i R Pulsed Nozzlg P20 ot | P07 torr I
consists of a single benzene molecy® interacting with 0.1 mm
acetonitrile molecules, Ai.e., BA, with n=1-4. In contrast
to water, acetonitrile is unable to participate in relatively
strong hydrogen bonding to the-system of benzene since
the hydrogen bonding interactions via the methyl group a_rq':IG. 1. Experimental setup for the cluster beam time-of-flight and quadru-
very weak. However, the presence of the cyano group withyole mass spectrometers.
its electron withdrawing ability is expected to activate the
methyl hydrogens for specific interactions with the benzene
ring.*? Acetonitrile clusters have already been the subject o
both experimental and theoretical studi&s>® Because of
the large dipole moment of acetonitri(8.9 D), the interac-
tions within these clusters are dominated essentially b
dipole—dipole forces, and the lowest energy structures refleq
the favorable antiparallel pairing of the molecular dipoles.8

. _ —10 Hz. The composition of the benzene—acetonitrile vapor
Molecular dynamlcs(MD)_ and Mont_e_CarIo(MC) _stud|es mixture is controlled by bubbling He through two separate,
have shown that the antiparallel pairing of the dipoles ma

lead to riaid solidlike struct t the lust th y[emperature controlled glass bubblers containing samples of
cad torgid solidlike structures o even clusters wi benzene and acetonitrile. It is found in repeated experiments
melting transition temperatures considerably higher tha

That cold BA, clusters can be generated with minimum con-
those of then-odd clusters®>! Acetonitrile clusters contain- ‘ g

) . . . ) tributions of (benzeng}containing clusters in the beam by
ing a benzene molecule raise the interesting question qf

. sing a benzene—acetonitrile vapor mixture of approximately
whether the structural features observed in the neat cIustei 10 ratio, which in turn is mixed in He at a total pressure of

would be retalned in the presence of benzene, and Wh?thgratm, thus giving benzene/acetonitrile/He seed ratios of ap-
the spectral shifts of B clusters would provide any evi- roximately 1:10:500. The jet is skimmed and passed into a
dence for the dipole pairing and the associated even/od igh vacuum chamber, which is maintained at B0 8—

character observed in the neat clusters. If the dipole—dipolgxloq Torr. The colli;nated cluster beam passes into the

interaction between the acetonitrile molecules is Strongefonization region of the TOF mass spectrometer where it

than the dipole-induced dipole interaction between aceton'l’ntersects a laser pulse from a frequency-doubled dye laser.

trile and benzene, then little changes are to be expected inthﬁwe tunable radiation is provided by a dye lageambda

gross structural feature of the clusters when benzene Chr?"hysik FL3002 pumped by an excimer laseiLambda

mophore is placed within the acetonitrile clusters. The eX'Physik LPX-101. Coumarin 500Exciton) dye laser output

amination of this and other related questions is the subject Oéasses through A-BaB,0, crystal(CSK Co) to generate a
e

the p?[resent Wofrl(ﬁ Whlc? Q[resefnts_thle LeSIUItSdg_E_UltraV'O| ontinuously tunable frequency-doubled output of 48
spectroscopy of the Bfclusters fom=1-4. In addition, we pulses. The spatially filteredusing a set of four quartz

examine the structural properties of the Balusters with Pellin—Broca prisms ultraviolet radiation is adjusted to

n:_1—6 using MC simulations. T_he COT“b'F‘a“O” of _the ex'fminimize three photon processes while still providing suffi-
p.e.nme.ntal resu_lts and struc_tural investigations prow_des SUfsient ion currentphoton power density=1¢° W/cr?). The
ficient information to establish some novel conclusions ONsser system has0.10 cm * bandwidth at 40 000 cit (250
these clusters. nm). The cluster ions formed by the R2PI are electrostati-
cally accelerated in a two-stage acceleration red@®0—
400 V/cm), and then travel a field-free regidi40 cm in
Binary benzene—acetonitrile clusters are generated blength to a two-stage microchannel-plate detector. Deflec-
pulsed adiabatic expansion in a supersonic cluster beamon plates are used to compensate for the cluster beam ve-
apparatus®31°*%The essential elements of the apparatudocity. The TOF spectrum is recorded by digitizing the am-
are jet and beam chambers coupled to a time-of-flight masglified current output of the detector with a 500 MHz
spectrometer. The binary clusters are formed in a He-seedetigitizer (LeCroy 9350A and averaged over 200 pulses. In
jet expansion, and probed as a skimmed cluster beam in @&dition to R2PI, the BAcluster beam is detected coaxially
collision-free high vacuum chamber with a delay betweerby a quadrupole mass spectromdtextrel C-50 with an El
synthesis and probge., the neutral beam flight timen the  source, which is used to characterize the overall composition

Micro Channel Detector

TOF Tube
1 meter

Cluster ions

TOF plates El lonizer

Skimmer '
1 Imm Lens Stack

Excimer Laser > Dye Laser

E)rder of one millisecond. During operation, a vapor mixture
of benzene and acetonitril@ldrich, 99.9% purity, in He
ultrahigh purity, Spectra Gases 99.999%G a pressure of
—8 atm is expanded through a conical noz@d€0 um
iam) in pulses of 200—30@s duration at repetition rates of

Il. EXPERIMENT
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IIl. COMPUTATIONAL DETAILS

——
O
SN

Cluster interaction energies were calculated from site—
site potentials of the form,

2
age” Ay Ci
rij r12 6 |

onaonb
( T

Asab=zi 2

lon Intensity

whereAe,y is the interaction energy between two molecules
a andb, and theA;; and C;; can be expressed in terms of
Lennard-Jones’s and &’s as A;;=4¢;0+% and C;; =4¢;0?

and the combining ruléd A;=(A;A;j)Y and Cj
=(C;iCj;)"? were used. They; are the partial charges as-
signed to each site anglis the magnitude of the electron
charge. This form was used for all site—site interactions, be-
tween like and unlike molecules. The potential parameters
and molecular geometry for benzene were taken from Jor-
genseret al®’ (OPLS 12-site potential and for acetonitrile
these were taken from Bohmt al>® (six-site model. The
starting structures were obtained by beginning from the

of the beam, including such species as acetonitrile clusters. . o : :
minima for the pure acetonitrile clusters obtained in our pre-

(An), which are transparent in the laser spectroscopy EXPe(ious study!® and then allowing a benzene molecule to con-
ments. The use of the quadrupole mass spectrometer in the\\se onto the “cluster surface” t=10"° K. Each cluster
current investigation has proven useful in quantitatively opyag gradually warmed from this initial configuration.

tllelng the cluster beam conditions for the SpeCieS of inter- Minima on the potentia| surface were located by the fol-
est in the spectroscopic experiments. Figure 1 illustrates thwing procedure. Beginning from a lattice fragment or a
experimental setup with the two mass spectrometers used frevious minimum, the cluster was expanded by scaling the
these experiments. coordinates and giving each molecule a rather large random

Relative Shift (cm™)

FIG. 2. (a) One-color R2PI spectrum of benzeneg;H3) in the region of the
1Bzu<—1A1g transition. (b) High resolution of the § band of GHg, m/z
=78. (c) Splitting of the & band in*3CCsH, (one *3C isotope in GHg,
m/z=79).
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FIG. 4. One-color R2PI spectra measured in the ben@@heenzendacetonitrilg (BA) and benzengacetonitrild, (BA,) mass channels relative te) the
63 and (b) the @ transitions of benzene.

displacement(up to 5 A) and rotation(up to 180j. The channel corresponding to benzenesig). The spectrum is
resulting random configuration was then allowed to relaxpresented in relative frequency with respect to the forbidden
into minima by making the usual small random displace-origin. The strongest feature in the spectrum corresponds to
ments and rotations and allowing only new configurationshe €} transition at 523 cm*.>” The other major features of
that are lower in energy than the preceding configuration. {he spectrum are due to hot bands as well as excitations to
Eventually a minimum will be reached, and when 6000~ 01tone and combination bands. In addition, three minor
15000 consecutive trial configurations fail to find a Strucwrefeatures(marked with asteriskscorrespond to BA clusters

of lower energy, the configuration is identified as a candidat?
L . hat fragment to the benzene mass channel. These features
for a minimum on the surface. Subsequently, in a separate

calculation, each candidate is run at £K to confirm that a will b? dISCUSSEd_ in the next section. 1 )
minimum has in fact been locatdthe energy and intermo- Figure 2b) displays the benzeneyeband under high

lecular distances were staplend to be sure that the bottom resolution where the, Q, andR branches are clearly visible,
of the well has been reached. If there was any downwar@nd the center position of the multipléQ branch is as-
drift in the energy, the cluster was run at oK until there  signed to the origin of the $band (38 611 cni). Starting
was no further drift to six decimal places. For each clustefrom the benzene’s vibronic ground stai®&;, symmetry,
composition, B4, typically 200—400 “quenches” from ran- transitions in this region are to states of vibronic symmetry
dom Configurations were performed. Most individual minimaElu, In princip|e, an asymmetrica| distribution of atoms
were located numerous times, although the calculatiogpgoyt theCg axis would lift this degeneracy, producing a
method does not allow statistical data to be extracted fronymgq)| splitting of the transitiof’ This is clearly seen in Fig.
the minima frequencies for a cluster of given composition. 2(c) which exhibits the R2PI spectrum of benzene obtained
V. RESULTS AND DISCUSSION E)y r_nonitorir_19 the channel corresponding 8€CsHg (one

' 3C isotope in GHg, M/z=79). The spectrum shows that the
A. The benzene mass channel replacement of &C with a'3C in the benzene ring results in

The two resonance excitations used in the present exdufficient lowering of the symmetry to remove the degen-
periments are $and the § transitions of benzerf®.Figure ~ eracy of the § band, causing a splitting of 2.5 cth in
2(a) exhibits the R2PI spectra of benzene in the region of thexcellent agreement with the spectrum reported by BYsel.
1BZU<—1A1g transition obtained by monitoring the mass Similarly, the % splitting can also be produced by an asym-
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TABLE |. Spectral features observed in the BA and BAass channelen/z=119 and 160 amu, respectivily
B=benzene, A acetonitrile, F=fragment, vdw-van der Waals mode.

Shift (cm™?) from the Relative Shift (cm™) from the
65 of benzene Assignment intensity cluster’s origin
BA
25.9 F (BA) 5.7
27.2 F (BA) 5.3
37.2 BA origin 100.0 0
42.9 F (BA) 8.2
59.2 vdw 6.0 21.6
69.4 vdw 4.6 31.8
75.0 vdw 4.5 37.4
77.6 vdw 4.0 40.0
131.1 vdw 10.9 93.5
132.3 vdw 10.7 94.7
1335 vdw 115 95.9
BA,
-13.7 F (BA) 10.0
-12.7 F (BA) 9.7
1.3 F (BA) 10.7
41 F (BAS) 14.8
25.9/27.2 BA origin 100/95
47.7 vdw 5.9 21.2
49.0 vdw 9.8 22.5
50.3 F (BA) 10.7
51.4 F (BA) 9.6
54.1 vdw 12.2 27.6
55.6 vdw 11.6 29.1
59.1 vdw 7.4 32.3
60.4 vdw 5.6 33.9
66.0 vdw 6.2 39.5
67.5 vdw 7.6 41.0
77.4 vdw 6.0 50.9
78.9 vdw 6.5 52.4
110.1 vdw 12.8 83.6
111.2 vdw 16.2 84.7
112.7 vdw 10.6 86.2
114.6 vdw 5.0 88.1

metrical distribution of clustering atoms or molecules aroundand BA, clusters, respectiveﬁ?. The effects of fastsubmi-

the C¢ axis of benzene as will be shown below. croseconilion fragmentation are clearly evident in Figa}
where the features associated with Ba&nd BA clusters also
B. Spectra of n=1 and 2 clusters appear in the lower channels of B and B", respectively.

Figure 3 exhibits the mass spectra of the cluster bearfrurthermore, the doublet peak assigned to the, Bluster
obtained at two different wavelengths for a typical expansior@PPears in the B channel with more intensity than in the
of benzene:acetonitrile:He mixture with a relative concentraB A channel. This suggests that the —(n—2) " fragmen-
tion ratio of 5:16:1000, respectively. At 258.74 nm, the 1:1tation process in the BA, cluster is more efficient than the
complex (BA) is the most abundant ion observed while atusualn™—(n—1)" process typically observed in the one-
258.82 nm the BA ion becomes the most abundant. This iscolor R2PI experiments.

a direct result of the resonance ionization where the neutral  The R2PI spectra in thejregion of the benzene mono-
clusters are selectively ionized via their distinct resonancéner obtained by monitoring the mass channels of tHé\B
transitions. The significant intensity of the benzene ion is @nd B"A, clusters are shown in Fig.(#). The spectra are
result of van der WaalgvdW) fragmentation from larger very similar to the § spectra displayed in Fig.(d. The
BA, and B, clusters. features assigned to th% Besonances of the BA and BA

Figure 4a) presents the R2PI spectra obtained by moni<lusters are readily observed in th§ fegion at+37 cm !
toring the mass channels corresponding to, B"A, and  and +24 cmi ! relative to the benzene forbidder8 Band.
BTA, in the & region of the benzene monomer betweenThe observed intensity ratios of thg @ the & absorption
38550 and 38750 cnt. The BA channel shows a single bands of the BA and BAclusters are 0.08 and 0.10, respec-
intense peak blue shifted relative to thg tBansition of the tively. In calculating these ratios, contributions from more
benzene by 37.6 cit. The B" A, channel exhibits a doublet than one mass channel are added in cases where the resonant
at 25.9/27.2 cm® also to the blue of the benzen% Band. features appear in the lower mass channels as a result of fast
These features are identified as thfgrésonances of the BA ion fragmentation.
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FIG. 5. (a) The dependence of the ion intensity assigned to the BA andd#sters on the benzene/acetonitrile pressure ratio in the pre-expansion mixture.
(b) Electron impact mass spectra of the benzene—acetoriBdi¢ cluster beam obtained with B:A pressure ratio in the pre-expansion mixture @bp)land
75:1 (bottom).

Comparing the §and the (3 features, it is noticeable tion of acetonitrile in the pre-expansion mixture, the cluster
that the BA band that is clearly split in theé65hows no beam is dominated with benzene clusterg)(Bnd benzene
splitting in the (8 transition. Also, in both cases, several clusters containing a single acetonitrile moleculgAR The
weaker features appear on the blue side of the origin and afR2PI features of these clusters, @8 are redshifted relative
assigned to the excitation of the intermolecular vdW of theto the free benzene molecule and therefore they present no
clusters. Among these features are four relatively strongnterference problem that could arise from the fragmentation
bandglabeledv in Fig. 4a)] centered around 59, 69, 78, and process BA—B™A. The spectroscopy of the B series in
132 cm! for BA and 55, 60, 67, and 112 crh for BA, comparison with pure benzene clusters has been presented
(relative to the § band of benzeneThe relative frequencies and discussed in a recent reptht.
and tentative assignments of the BA and Bfeatures are The assignment of the 37.6 cthband to the origin of
listed in Table I. the BA complex is consistent with the results of the

To examine the dependence of the R2PI spectra on th&-cyanonapthaleng1-CNN)—acetonitrile compleX® The
composition of the cluster beam we measured the relativBuorescence excitation spectra of the complex revealed the
intensity of the @ bands assigned to the BAnd BA as a  existence of two isomers associated with the spectral features
function of the relative concentration of benzene: acetonitrileat —175 and 39 crii* relative to the § transition of 1-CNN
in the pre-expansion vapor mixture. The results, displayed imt 31400 cm™. The redshifted apectrum was assigned to the
Fig. 5@, show that the intensities of B\ and B"A, de-  antiparallel arrangement of the dipoles of the cyano groups
crease monotonically as the concentration of acetonitrilén 1-CNN and acetonitrile. This dipole—dipole interaction is
relative to that of benzene decreases in the pre-expansigxpected to be larger in the excited state. The blueshifted
mixture. Furthermore, as the B\, intensity decreases no spectrum was assigned to a conformation involving prefer-
new features appear in either the BA or the B channel, whickential interaction of acetonitrile methyl group with the un-
could be assigned, to the BA complex. This is evident in Figsubstituted ring of 1-CNN? This structure is very similar to
5(b) which shows the cluster ion distribution obtained by Elthe benzene—acetonitrile structure and therefore, the blue-
ionization at two different beam compositions with B:A pres- shift of 37.6 cm* with respect to the aromatic chromophore
sure ratios of 1:1 and 75:1. It is clear that the beam generated observed in both cases.
from the expansion of a vapor mixture containing 75:1 mole
ratio of B:A contains negligible concentration of the BA
species. This provides further evidence that the R2PI spectr% Spectra of n=3 and 4 clusters
obtained from the same beam by monitoring thieABchan- The R2PI spectra obtained by monitoring the mass chan-
nel must be due to the BA complex and not as a result of iomel corresponding to the B\; cluster in the regions of the
fragmentation from higher clusters. The consistency betweehenzene @and Cg transitions are displayed in Fig.(d.
the El and the TOF results indicates that the ion distributiond’hese spectra are far more complicated than the spectra of
observed are qualitatively related to the concentrations of ththe n=1 and 2 complexes partially because of the appear-
neutral clusters in the beam. ance of several new features which could either be assigned

It is also important to note that at a very low concentra-to conformational isomers or to vdW intermolecular modes.



J. Chem. Phys., Vol. 116, No. 23, 15 June 2002

(a)

Benzene (acetonitrile) , clusters

v
Ml A

it 1
6,

lon Intensity

00

0

|

lon Intensity

Relative Shift (cm™)

BA,
1

WW\/\W

anmﬂ MWMM "y

-50 -25 0 25 50 75 100 5

o
J

T

125 150

I
v 0%

0 25 50 75 100 125 150
Relative Shift (cm™)

10259

FIG. 6. One-color R2PI spectra measuredadnthe BA; and (b) the BA, mass channels relative to thg énd the @ transitions of benzene.

TABLE Il. Spectral features observed in the BAnd BA, mass channelém/z=201 and 242 amu, respec-
tively), B=benzene, Aracetonitrile, =fragment, vdw=van der Waals mode.

Shift (cm™?) from Relative
the 6.% of benzene Assignment intensity
BA;

—13.8~12.6 Origin BA; isomer | 60/58

1.4/4.1 Origin BA isomer Il 52/100
41.8 F (BA) 142
44.4 F (BA) 120
46.9 F (BA) 35
50.3 F (BA) 84
51.7 F (BA) 71
55.9 F (BA) 40
58.4 F (BA) 36
65.9 F (BA) 32
68.5 F (BA) 36
79.3 F (BA) 21
91.8 F (BA) 28
99.5 F (BA) 21

BA,

-31.8 F (BA) 31
—8.6/-7.5 Origin BA, isomer | 45
-5.1 vdw isomer | 34
—-4.3 vdw isomer | 46
2.9 vdw isomer | 29
8.2 Origin BA, isomer || 52
12.3 vdw isomer Il 29
21.5 vdw isomer | 27
27.8 vdw isomer Il 39
41.8/44.4 Origin BA isomer I 100/90
50.4/51.7 Origin BA isomer IV 73/68
55.9 vdw isomer I 39
58.4 vdw isomer Il 33
65.9 vdw isomer IV 35
68.4 vdw isomer IV 41
79.4 vdw isomer IV 27
91.8 vdw isomer IV 32
99.5 vdw isomer Il 24

110.9 vdw isomer I 26
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T BA 6(b)] at 42 and 50 cm® with respect to the benzene origin.

o g EA pAY 4 These peaks exhibit the expecte§l $plitting as shown in
M“M Fig. 6(b) (top) and (/6 intensity ratios of about 8% and
e . ' . . : 6%, respectively. The relative frequencies and tentative as-

' ' 'BA ) — BA signments of the BAand BA, features are listed in Table II.
Bas i * Figure 7 displays the overall R2PI spectra recorded in the
benzene and the BAmass channels with=1-4.

»  BA
D. Spectral shifts

‘ . ' . The spectral shifts relative to th% 6rigin of the isolated
oA BA benzene molecule imposed by acetonitrile clusters provide
information on the nature of the intermolecular interactions
within the binary clusters. A redshift is usually observed in
clusters where the dispersion energy is the predominant in-
teraction energy because of the increase in the molecular
polarizability in the excited state relative to the ground
state3233|n the case of acetonitrile clusters, the binding en-
50 25 0 25 50 75 100 125 150 ergy is mainly due to electrostatic dipole—dipole interaction.
Relative Shift (cm™) Monte Carlo and molecular dynamics calculations have
shown that the intermolecular interactions in small acetoni-
FIG. 7. One-color R2PI spectra measured in the,Bdass channels with  trile clusters (=2-9) are dominated by configurations in
n=1-4, relative to the $transition of benzene. which the molecular dipoles are aligned in an antiparallel
fashion®*®! If the assumption is made that the presence of
the benzene molecule will not significantly alter the favor-
In addition, ion fragmentation appears to be more proable dipole—dipole interaction among the acetonitrile mol-
nounced in then=3-5 clusters. For example, the featuresecules, then the shift of the electronic origins of the BA
appearing in the BA; channel are due to both the BAnd  clusters can be related to the interaction between the paired
BA, clusters. In the §spectrum the most intense low energy acetonitrile dipoles and the benzene ring.
feature is assigned to thg ibronic origin of one geometri- The moderate blueshift observed for the BA cluggt.6
cal isomer of the BA cluster (isomer BA-I). This feature c¢m™?) is consistent with weak hydrogen bonding interaction
exhibits a small splitting of about 1.2 citthus giving rise to  between the Ckl group of acetonitrile and ther-electron
a doublet at—12.6 and—13.8 cm* from the benzene$ system of the benzene rifig.For example, benzene com-
band. Another strong doublet appears at 1.4 and 4.2 ¢m plexes with HO, CH;OH, CH;COOH, HCI, and CHG
the blue of the § of benzene and is assigned to a secondexhibit blueshifts of 52, 44, 152, 125, and 179 ¢m
isomer of the BA cluster(isomer BA;-11). respectively?: =253t is interesting, however, to note that the
The 6(1) origin of the BAs-1 isomer(—12.6/~13.8 cm %) addition of a second wat€wV) or methanol(M) molecule to
appears with very weak intensity in theg @pectrum. The the BW or to the BM complex results in a greater blueshift.
small splitting observed in theéaransition(fvl cm ') does  For example, the spectral shifts of Bvénd BM, clusters
not appear in the 8)spectrum and the ratio ofgtﬁ(l) isonly relative to the é origin of the isolated benzene molecule are
2%. The situation is completely different for isomer Il where 75 and 80 cm?, respectivelf>?* On the other hand, the
the two features at-1.4 and 4.2 cm* are clearly observed addition of a second acetonitrile molecule to the BA complex
in the (8 spectrum with an average intensity ratio of moreinduces a red shift of- 12 cmi ! relative to the 38 cm! shift
than 8% relative to the(])GSpectrum. of the BA complex. The shift continues toward the red since
The & and @ spectra recorded in the'B\, channel are the two isomers of the BAcluster(BA;-I and BA-11) ex-
shown in Fig. @b). It is clear that the features to the blue of hibit origin shifts of 1.5 and-13.6 cm ?, respectively. This
those assigned to the BAcluster appear at the exact sametrend seems to switch over in the B&luster where the four
frequencies in the BA, channel indicating that they repre- assigned isomers BAI, BA,-1I, BA ,-1Il, and BA,-V dis-
sent absorption features of the Baluster. The most promi- play origin shifts of—8, 8.2, 41.8, and 50.4 cm, respec-
nent features in the BA, channel at-8.6/—7.5, 8.2, 41.8/ tively. This can be explained based on the evolution of the
44.4, and 50.4/51.7 can be assigned to four geometricatructures of these isomers. Based on the structure of the
isomers of the BA cluster (BA4-1, BA4-1l, BA4-1ll, and  acetonitrile dimer, the BAcluster is expected to have two
BA,4-1V, respectively. The peaks to the red of the BA  antiparallel(head-to-tail acetonitrile molecules placed above
isomer (with a relatively strong feature at31.8 cmi®) ap-  the benzene ring. This structure maximizes the dipole—dipole
pear in the B Ag channel and therefore, are assigned to thenteraction between the two acetonitrile molecules and re-
BA; cluster or other higher clusters. Several weaker featuresults in optimum interaction between the paired dipoles and
are assigned to vdW modes associated with the isometie benzene ring. The differential redshift upon the addition
BA,-1, BA4-Il, BA4-IIl, and BA4-IV. The two strongest of the second acetonitrile molecule is attributed to the weak-
isomers BA-11l and BA,-1V appear in the @spectrun{Fig. ening of the hydrogen-bonded interaction between the me-

lon Intensity
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TABLE Ill. Fragmentation probabilities of the BAcluster ions.

%

Fragmentation channel Parent, stifm %) 65 03
BAt BT BA (37.6 31 17
BA; —BA™ BA, (25.9/27.2 10.6 8.8

—B* BA, (25.9/27.2 35 21
BA; —BAJ BA; isomer 1(—13.8/12.6 42 36

—BA; BA; isomer 11(1.4/4.9 48/41 28/20
BAZ—>BA3+ BA, isomer 11l (41.8/44.4 36

—B* BA, isomer IIl (41.8/44.4 50

—BAjJ BA, isomer 1V (50.4/51.7 25

—BAJ BA, isomer IV (50.4/51.7 16

—B* BA, isomer IV (50.4/51.7 45

thyl group of acetonitrile and the benzene ring as a result ofparentl,, and daughters,,_;, | ,_», etc) at the laser wave-
maximizing the favorable dipole pairing with the second ac-length of a specific spectral resonance and normalizing to the
etonitrile molecule. Unlike the case of water or methanol, thesum overd ,+1,_,+---, etc. The results expressed as a per-
second acetonitrile molecule is incapable of forming a strongent of the parent ion intensity are shown in Table IIl. Within
hydrogen bond with the acetonitrile molecule attached to thehe two photon’s energy limit, 31% and 17% of the 8
benzene ring. It appears that the energy gain by the aligrcomplex fragment into the benzene mass channé) (@on
ment of the acetonitrile dipoles in an antiparrallel COﬂfiQUFa-photoionization via the &and the @ resonance excitations,
tion above the benzene ring is more than that resulting fromespectively. The relatively efficient fragmentation observed
the interaction of a second acetonitrile molecule with thefor the BT A complex following photoionization is a direct
weakly hydrogen bonded BA complex. The pairing of theconsequence to the-hydrogen bonded geometry in the neu-
acetonitrile dipoles in the BAcluster requires changes in the 3] complex. The structural change from thehydrogen
B:A ipteraction which results in weakening of the hydmg?”bonding in the neutral species to the predominantly ion-
bonding between the methyl hydrogens and the benzene ringjpole interaction in the ionized species involves a great
The increased redshift of the BAIl isomer may reflect  gyain which leads to efficient fragmentation. However, the
a geometry where the acetonitrile trimer forms a cyclic Struc'fragmentation of the BA complex is much less than that of
ture above the benzene ring. This structure is expected @ o gr\w or B* M complexes, where almost 100% fragmen-
enhance the dispersion interaction, which typically results inong \were observed. This is consistent with the assumption

. '33 g ege . .
redhspectrallshlftéz. '-r:hde' possibility of hlavrl]r_lg four |somerrs] that the hydrogen-bonding interaction via the methyl group
of the BA, cluster with different spectral shifts suggests t alot acetonitrile to the benzene ring is much weaker than that

the.structures of these |so_mers may mvolvg _dn‘fgrent Co,mb'between water or methanol with benzene.
nations of hydrogen bonding and dipole pairing interactions. The major fragmentation route of the'B., cluster is the

It is interesting to note that isomer BAV exhibits a blue loss of acetonitrile dimef35% and 21% via the 3§and the

i:gt ;Zat Ss’? ;Ezrtl){[htévgzl\t/hiiosrzg g;:,z;t?ﬁ?ltﬁer;r?if 08 excitations, respectivelythrough the apparent BA,
y sugg P —B™ process. However, it should be pointed out that based

a!cetonltrlle mol_e(?ules, one pair on each side of the benzengn the densities-of-states of the species involved, RRKM cal-
ring. The MC minimum energy structures of the Bélusters

will be presented and discussed in Sec. IVF. culations would predicF that the most portgble and.fastest
path for such process is'"®\,—B*A—B". Since the ion-

ization energy of the clusters goes down, the added excess

E. Fragmentation of the ionized clusters energy in the cluster causes further continued fragmentation.
The excitation of the benzeness,;— B,, 6% resonance As a result of the fast continuous evaporation, the overall

in BA,, clusters by one-color R2R259.00 nm deposits ex- B Ax—B"A—B" process has higher probabilities than the

cess energy of at least 0.35 eV in the resulting cluster ioingle B"A,—B"A process where the measured probabili-

depending on the ionization energy of the cluster. The ionidies via the § excitation are 35% and 10.6%, respectively.

state of the benzene molecule in the Bduster is prepared The trend of increasing fragmentation as the cluster size in-

according to the Franck—Condon distribution, while the resgreases continues for the BAcluster where the BA;

of the cluster relaxes structurally in a time-dependent manner+B ™A, channel exhibits 42% and 48% fragmentation prob-

about the benzene ion. Because this relaxation releases eapilities via the § resonance of the two isomers, respec-

ergy, the actual cluster ionization threshold is lower than thatively. The two strongest isomers of the BA&luster show

of the isolated benzene molecule, and the additional energgignificant fragmentations down to the"Bhannel. The loss

is imparted to the cluster ion B\, thus promoting frag- of four acetonitrile molecules can be considered as sequential

mentation via solvent evaporation from the cluster. evaporation of single acetonitrile molecules from theAg
Fragmentation probabilities are measured by comparingluster. It is interesting to note that the BAV isomer shows

the absolute integrated intensitigsat various mass channels sequential fragmentations into the"B;, B*A,, and B
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2 \K‘\ - a) >\/ //>‘<.
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}f - BA;-(2) BAs-(3)
!
”4’ e) f) N
: } i_‘ ? ? QXK
BA(2) ! A
- Hf\
FIG. 8. Monte Carlo optimized structures of the BA and BdAusters. Y’* L
BA;-(4) BA;-(5)

mass channel®5%, 16%, and 45%, respectivglyvhile the  FIG. 9. Monte Carlo optimized structures of the Aluster and the five
BA,-1Il isomer fragments only to the BA; and B" mass  lowest energy structures of the BAluster.

channels(36% and 50%, respectivelyThe dynamics of

evaporation may be influenced by the specific arrangements ) ] o

of acetonitrile molecules with respect to the benzene ringBA2-(1) structure is—10.0 kcal/mol with the contribution
However, the present experiments do not provide direct infrom the interaction t_)etween the tvyo z?\ce_ztonltrlle molecules
formation on the dynamics of solvent evaporation. It will be 8 ~9.6 kcal/mol. This latter value is similar to the interac-
interesting to study the evaporation processes in the neutrdP" €nergy(—5.7 kcal/mo} obtained upon removal of the
clusters. For example, the evaporation of dimers from acetd?€nzene from the BA(1) structure followed by relaxation
nitrile clusters has been suggested to explain the anomalo® the remaining A structure. This indicates that the pres-
slow nucleation rates of supersaturated acetonitrile vapors &ce of the benzene molecule does not significantly alter the

compared to the rates predicted by the classical theory gitructure of the acetonitrile dimer. This reflects the stronger
nucleatiorf’-49 dipole—dipole interaction in the acetonitrile dimer as com-

pared to the weaker dipole-induced dipole interaction be-
tween acetonitrile and benzene.
The BA, structure where each acetonitrile molecule lies
1. Benzene (acetonitrile) and benzene (acetonitrile) at opposite sides of the benzene rjB#\,-(2) shown in Fig.
8(c)] has a much higher enerdgy-7.6 kcal/mo) than the
BA,-(1) structure(—10.0 kcal/mol. It should be noted that
the BA,-(2) structure is not compatible with the spectral

F. Structures of isomers

The MC structure for the BA complex obtained by the
guenching procedure described in Sec. Il is shown in Fig
8(a). The acetonitrile molecule sits above the benzene ring, 1
with the methyl group close to, but not exactly above, the hift of 26/27 cm* observed for the BA cluster. Based on

ring center. The distance between the center-of-mass of tHle additive role of spectral shifts, one would expect a shift

=1
benzene and acetonitrile molecules is 3.79 A. The total inpf 52/54 cm ~ for the BA,-(2) structure. Therefore, the low-

teraction energy calculated according to the site—site poter{a-St energy '.3/3'(1) §tructure is assigned to the gltluster

tials of Eqg. (1) (Bohm 6-site potential for acetonitrile and and is consistent with the observed spectral shit.

Jorgensen OPLS 12-site potential for benzeise —3.70 o

kcal/mol, with the Coulomb energy accounting for 58% of 2- Bénzene (acetonitrile) 5

this interaction energy. This structure reproduces most of the  Using the MC quenching technique, ten structures were

major features of thab initio fully optimized structure at the found within a 10% energy range of the lowest energy iso-

HF-6-31G* level % mer of the BA cluster(—16.4 to—14.9 kcal/mo). The five
The equilibrium structure of the BAcluster[ BA,-(1)] lowest energy isomers along with the structure of the A

is shown in Fig. &). In this structure, the two acetonitrile cluster are shown in Fig. 9; and the interaction energies are

molecules exhibit a structure very similar to the equilibriumlisted in Table IV. The lowest energy isomer BA1) con-

structure of the acetonitrile dimer calculated in the absencsists of an acetonitrile trimer in a21 (dimermonomer)

of the benzene molecule. The total interaction energy of théT” shape structure placed on the same side of the benzene
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TABLE IV. Total interaction energiesH.,) of the Monte Carlo structures signed to two isomers of the cluster, BAand BAg-11. Both

of the GHg(CH3CN), clusters calculated using the OPLS potentiaéf. . .
57) for benzeng12-site and the Bohm potentigRef. 58 for acetonitrile structures Bé'(l) and B'A3'(4) are compauble with the

(6-sito). redshifted BA-I isomer(—12.6/—13.8 cmi ) where the dis-
persion interaction is expected to dominate the interaction
Structure Cluster ~ Erora, keal/mol energy in these structures. Structure 8) is assigned to

BA CeHg(CH5CN) 3.70 the second isomer BAll that exhibits a very small blueshift

A, (CH5CN), 5.65 (2/4 cmY). This structure allows for the sequential addition
BA2-(1) CeHe(CH:CN), 9.99 of a fourth acetonitrile molecule to the other side on the
BA2-(2) 1.62 benzene ring thus, forming a BAstructure with one aceto-

A (CH:CN)3 10.80 nitrile dimer on each side of the benzene ring.

BA;s-(1) CoHg(CHCN)3 16.37
BAs-(2) 16.17
BAs-(3) 15.84
BA;-(4) 15.76
BA;-(5) 15.50 3. Benzene (acetonitrile) ,

A, (CHsCN), 19.43 Fourteen structures were found within a 10% energy
BA,-(1) CeHg(CHsCN), 24.59 range of the lowest energy isomer of the Béluster(—24.6
BA,~(2) 24.52 to —22.0 kcal/mol. The six lowest energy isomers along
BA,-(3) 23.82 ) T
BA,-(4) 2374 with the structure of the Acluster are shown in Fig. 10; and
BA,-(5) 23.68 the interaction energies are listed in Table IV. The structure
BA,-(6) 23.64 of the acetonitrile tetramer consists of two antiparallel pairs

at right angles to each other with total interaction energy of

BAs-(1) CoHo(CHCN)s 30.98 —19.43 kcal/mol. The presence of the benzene ring does not
BAs-(2) 30.74 - .
BA.-(3) 30.60 al_ter the structure of the acetonltrll_e tetramer as shown in
BAs-(4) 30.39 Fig. 10b), where the lowest energy isomer of the Bélus-
BAs-(5) 30.34 ter, BA;-(1), retains the structures of the two A pairs. It is
also clear that although all the A molecules are on the same
gﬁs:g L H(CHCN) gg-ig side of the benzene ring, only one of the two pairs is attached
BAZ-(Z) R 39.38 to the ring. The next isomer, BA(2), hasalso two A pairs
BA4-(3) 39.09 at right angles to each other, but the benzene ring has attach-
BAg-(4) 38.84 ment to both pairs. The BA(3) isomer still has all of the A
BAs-(5) 38.80 molecules on the same side of the benzene, but one of the A
BAg-(6) 38.72 molecules now reaches the plane of the benzene. Isomer

BA,-(4) presents an interesting structure where the four A
molecules are nearly coaxial, and the plane of benzene is
roughly perpendicular to the axes of the A molecules. The
ring. The A pair of the A trimer is the nearest to the ben- four A molecules form a rectangular quartet and all nearest
zene ring. The structure of the acetonitrile trimer is almosteighbors are antiparallel, but those diagonally across from
unchanged in the presence or absence of the benzene rir@ne another are parallel. In the next isomer,B), the A
For example, the total interaction energy of the ;B@) molecules start to wrap around the benzene ring with an
structure is—16.4 kcal/mol with the contribution from the antiparallel pait A on one side of the benzene and a single
interaction among the acetonitrile trimer &40.7 kcal/mol. A on the other side. This structure can be formed by the
This energy component is similar to the interaction energyaddition of one A molecule to the BA(5) structure, which
obtained upon removal of the benzene from the;BA) was assigned to the BAisomer that exhibits a small blue
structure followed by relaxation of the remaining &truc-  shift (2/4 cm ). The addition of one acetonitrile molecule to
ture (—10.8 kcal/mo). The BAs-(2) isomer is very similar the other side of the benzene ring in structure;BA) is
to the BAg-(1) structure(A; exists in a 2+ 1 configuration  expected to induce a blue shift similar to that of the BA
except that the unpaired acetonitrile molecule is now theomplex(38 cmi 1). Using the additive role, one expects the
nearest to the benzene ring. The B£3) isomer represents resulting BA,-(5) structure to exhibit a blue shift of 40/42
an alternating head to tail configuration among the three acsm *. It is interesting to note that one of the four isomers
etonitrile molecules in a non planar structure above the berassigned to the BAcluster(isomer BA-111) exhibits a blue-
zene ring. In the BA-(4) isomer the three acetonitrile mol- shift of 42/44 cm* and therefore, structure BA(5) is as-
ecules form more of a cyclic structure than a2 “T” signed to the BA-lll isomer. The next BA isomer
shape structure. The BA(5) isomer, unlike all others, [BA,-(6)], consist of two A pairs, one above and the other
shows that the three acetonitrile molecules are all antiparallddelow the plane of the benzene ring. Based on the additive
and wrap around the benzene ring. The “upper” androle, one expects isomer BA6) to exhibit twice the blue
“lower” acetonitrile molecules both attach to the benzeneshift of the BA, cluster(26/26 cm1). Interestingly, isomer
ring much as in the BA structure. BA,-1V shows a blue shift of 50/52 cit, and therefore,
The observed spectral shifts of the Béluster were as- structure BA-(6) is assigned to the BAIV isomer.
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T BAL) f)

Y./' ] \{ FIG. 10. Monte Carlo structures of the
/\ A, cluster and the six lowest energy
\\ structures of the BAcluster.

e
B

4. Larger clusters, benzene (acetonitrile) 5 and benzene The structures obtained for the BAluster are very dif-
(acetonitrile) ¢ ferent from those of the BAcluster. All the isomer found for

Figures 11 and 12 display the six lowest energy strucihe BAg cluster show that all the A molecules are clearly on

tures of the BA and BA; clusters, respectively, and the cor- the same side of the benzene ring. The pairing of A mol-
responding interaction energies are listed in Table IV. Mos€cules is aimost always clear in all the isomers as shown in
of the structures of the BAisomers are irregular with no F19- 12. These isomers differ mostly in the way the three A
symmetry features especially in comparison to the neighbo@irs arrange themselves and how the benzene ring is at-
ing BA, isomers. In all the isomers found for the BAlus-  tached. For example, isomers BA1) and BA-(2) repre-
ter, the acetonitrile molecules wrap around the benzene arfNt three stacked A pairs in alternating perpendicular orien-
do not lie on one side of the benzene ring. Isomer,§A)  (@tions. Isomers B4 (3) and BA-(4) show that two of the

consists of one A pair and a head-to-tail arrangement of the

remaining three A molecules. Isomer BA2) hasvery simi-

lar structure except the three A molecules tend to form a a) \/é; b) *‘><
cyclic structure on one side of the benzene ring. Isomer

- i
BA;-(3) consists of two A pairs, one on each side of the ring _{:?/ oy \21

and the fifth A molecule in the plane of benzene. The forma- N%/

tion of a cyclic structure from three A molecules appears —r* /X
again in isomer BA-(4) with the remaining A pair on the BAs~(1) BAs—(2)
other side of the benzene ring, very similar to isomer

BAs-(2). Isomers BA-(5) and BA-(6) represent two A 9 & d)

pairs, one on each side of the ring and the fifth A molecule in e (’ &
or perpendicular to the plane of the benzene ring. It is inter- \\\ )

esting to note that one of the A pairs in the B£6) isomer F»F<

! A\O\‘
forms an up—down—up structure with the fifth A molecule. ‘7\\. >\ “/l\ v“j\

This structure wraps around the benzene and joins an anti-

parallel A pair on the other side of the ring. In general, the BAs) BAAY
isomers obtained for the BAcluster can be classified to €) e ) }\
three structural classes. The first class represents head-to-tail- \{
type of interaction among the A molecules which wrap %»ﬁ;;;f gy,

consists of two A pairs with the fifth A molecule within the
benzene planfisomers BA-(3), BAs-(5), and BA-(6)].
The final class consists of a cyclic A trimer on one side of the

benzene and an A pair on the other sjdg®mers BA-(2) FIG. 11. Monte Carlo structures of the six lowest energy structures of the
and BAs-(4)]. BA; cluster.

around the benzene rifgsomer BA-(1)]. The second class ; .- k.ﬂ{\ ';L,

BAs—(5) BAs—(6)
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trile molecules(BA,, BA,, and BAs) are dominated by

a) /.,f/ :‘/\ b) o "‘[\ acetonitrile anti-parallel paired dimers. The Bé&luster con-
, A } sists of a cyclic acetonitrile trimer in parallel configuration to
?“JXX@{ 7/\ \\, the benzene ring. In the BAclusters, the acetonitrile mol-
\f' ‘ ecules are assembled in a cyclic trintex paired dimer
structure, or in two paired dimefsa single monomer con-
BA(D) BAs(2) figuration. The R2PI spectra, in conjunction with the MC
¢) d) structural models and simple energetic arguments, provide a
:‘F ,&* r reasonably compelling picture of the spectroscopic and dy-
éL T ;.:(QE namical phenomena associated with dipole pairing molecular
S 'ﬁ&_ cluster systems.
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