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Molecular jet study of the solvation of benzene by methane, 
ethane, and propane8

) 

Mark Schauer and E. R. Bernstein .. . 
Department of Chemistry, Condensed Matter Sciences Laboratory, Colorado State Umverslty, Fort Col/ms, Colorado 80523 

(Received 6 July 1984; accepted 1 October 1984) 

Two color time of flight mass spectroscopy studies of benzene solvated by methane, 
ethane, and propane in a molecular jet have been carried out. Absorption has been 
characterized for both the og and 6~ transitions of benzene (alkane)x (x = 1,2,3 ... ). 
Atom-atom exponential~6 potentials have been employed t~ calculate clu.ster 
geometry and binding energy. Comparisons between calculatIOns and expenm~nts 
allow the identification of specific configurations for the cluster spectroSCOPIC 
transitions. Cluster spectral shifts can also be identified and a correlation between 
the size of the cluster red shift and geometry has been developed. The closer the 
solvent is to the aromatic 1T system of the ring, the larger the red shift. Relative 
intensity data for different clusters has led to a clarification of cluster n~clea~ion. 
Most clusters are formed by the interaction of solvent dimers or larger speCIes WIth a 
solute molecule. 

I. INTRODUCTION 

Supersonic molecular jet expansions are known to 
produce a rich array of van der Waals (vdW) clusters in 
an environment accessible to various spectroscopic tech~ 
niques. l Photoionization time of flight mass spectroscopy 
(TOFMS) is especially useful for the deconvolution of the 
absorption spectra of various clusters in the beam.2 The 
study of large clusters can be carried out with this 
relatively easy mass selective technique and thereby, the 
modeling of condensed phases and aggregated systems 
can be explored. Furthermore, the evolution of the mass 
detected absorption spectrum of a central chromophore, 
as larger clusters are observed, provides some insight into 
nucleation processes and intermolecular interactions in 
condensed phases. 

One readily attainable spectroscopic parameter which 
can be of help in characterizing a cluster is the spectral 
shift for a given transition; that is, the difference in energy 
between a cluster vibronic feature and the comparable 
feature in the isolated solute molecule. It is found that in 
the case of benzene solvated with methane, ethane, or 
propane, the spectral shift depends essentially on the 
cluster geometry. The general geometries of most of the 
small clusters can be deduced from the qualitative analysis 
of the patterns and trends of the spectral shifts, from 
vdW vibronic features, and by analogy with other systems 
for which the geometry is known.3 For many clusters, 
additional information is necessary to deduce cluster 
geometry. One approach is to use high resolution spec~ 
troscopy to obtain the rotational spectra of these clusters.3

,4 

Aside from being technically difficult, this approach usually 
will not yield detailed enough information to reveal the 
exact structures of larger clusters. A simpler and potentially 

.) Supported in part by grants from ONR and ARO-D. 

more useful approach to finding the geometries of larger 
clusters is to use computer modeling of the clusters to 
calculate minimum energy configurations.5 If the low 
energy configurations of a given cluster are consistent 
with spectroscopic data for the system, the spectroscopic 
features of a particular geometry can be identified. The 
assignments help to elucidate the complicated relationship 
between geometry and spectral shift. 

The assignment of spectral features to specific ge~ 
ometries also provides insight into the nucleation process 
in the jet. Solvent molecules may add to benzene one 
molecule per collision, a process we will call homogeneous 
nucleation, or a benzene molecule may bind to a solvent 
cluster to add more than one molecule per collision. This 
latter inhomogeneous nucleation typically results in very 
anisotropic clusters-clusters in which most of the solvent 
molecules are on one side of the ring. Homogeneous 
nucleation can produce relatively isotropic clusters which 
may be thought of as model liquid solution or matrix 
systems.6 However, inhomogeneous nucleation see.ms t.o 
predominate in the formation of the larger clusters In thIS 
study. 

This report will present the spectroscopic results of 
the study of benzene clustered with methane, ethane, and 
propane [Ben(CH4)x, Ben(C2H6)x, Ben(C3Hs)x] together 
with the results of computer modeling of the clusters. 
Attention will be confined in this paper to small clusters 
(x ::5: 3). In a companion paper7 (hereafter, referred to as 
II) the results for toluene clustered with methane, ethane, 
and propane will be presented. The differences and si~i
larities between benzene clusters and toluene clusters Will 
be discussed in II. 

II. EXPERIMENTAL PROCEDURES 

The apparatus and techniques employed in this 
study are largely the same as those previously reported.s 
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Fluorescence excitation experiments were found to be of 
limited utility as the clusters of interest are nearly always 
minority species in the beam. In addition, dispersed 
emission from most of the clusters is weak and complicated 
as noted previously.9 Consequently, only mass selective 
absorption spectra (2-color TOFMS)8,9 will be discussed 
in this paper. 

The optimum nozzle backing pressure is the same 
for all spectra reported in this work (Po -- 100 psi) and 
the nozzle is kept at --300 K throughout these experi
ments. The concentration of solvent in the backing region 
for all systems discussed is 2%. Despite nearly identical 
backing conditions throughout, intensity comparisons 
between species are difficult. The various solvents cluster 
differently and a particular expansion condition can pro
duce different concentrations of multimers for different 
solvents. 

Other changes have been made in the previously 
reported experimental conditions. A Comlinear Corp 
CLC 100 linear amplifier is placed directly after the ion 
detector as required to enhance the weakest signals by a 
factor of 10. The viton O-ring which seals the pulsed 
nozzle has been replaced by a Teflon coated viton O-ring 
to prevent swelling of the O-ring due to absorption of 
benzene. 

Finally, a cost savings of about $20/10 h of laser 
operation time can be realized by recycling the coumarin 
500 laser dye. Most of the undecomposed dye can be 
recovered from the batch of used dye (which lasts about 
20 h) by a single recrystallization from methanol and 
water. Slow evaporation of a dye-methanol solution pro
duces good quality dye crystals; no reduction in perfor
mance is noted for recycled dye. 

The calculation of cluster energy is performed on an 
HP 9845 desktop computer. An atom-atom (exp-6) in
termolecular potential of the form 

A·· 
Eij = - R~. + Hi) exp[-CijRij] 

I} 

is employed in which A, H, and C are parameters and 
Rij is the distance between the ith and jth atoms of 
different molecules. Summing over all pairs of atoms on 
different molecules gives the total intermolecular energy 
of the cluster. 

Parameters used in these calculations are adapted 
from those given in the literature. IO

,11 Parameters deter
mined for methane are used for all of the solvents. The 
values used are given in Table I. 

The minimization routine to find the minimum 
energy configurations involves moving one solvent mol
ecule at a time, a step in each of the translational and 
each of the three rotational degrees of freedom. The new 
energy of the cluster is calculated and compared to the 
previous energy. If the new energy is lower, the step is 
repeated; if it is not lower, the next degree of freedom is 
tried. Although simple, this technique cannot guarantee 
that the absolute minimum energy configuration has been 
found. Consequently, local minima in the potential energy 
surface are often found and one must be careful to sample 

TABLE I. Parameters for the energy expression in the computer modeling 
of the vdW clusters of benzene. 

Eli = -A,JRt + Bli exp[-CuRIiJ 

A em-I Ar 
mol Be=~I) C(A-I} 

Aliphatic-aliphatic" 
C-C 131096 8890 353 3.421 
C-H 47830 7562708 3.94 
H-H 15028 6390 528 4.643 

Aliphatic-aromaticl' 
C-C 156654 15219240 3.5105 
C-H 48231 4990 321 3.805 
H-H 13758 2990 682 4.1915 

Aromatic-aromatic" 
C-C 187 196.5 26053554 3.6 
C-H 48636.1 3292908.9 3.67 
H-H 12596.4 1399600 3.74 

• From the methane-methane parameters of Ref. 11. 
b The parameters are found by combining the benzene-benzene and 

methane-methane parameters as follows: ABm = (AuAmm}I/2, BBm 
= (BuBmm)I/2, CBm = If2(CBB + Cmm). 

< From the benzene-benzene parameters of Ref. 10. 

all of configuration space to be certain that the lowest 
energy configuration has indeed been located. Often in
tuition developed through the study of simpler systems 
can limit the number of possible initial configurations 
that must be sampled. 

The calculated binding energy is the depth of the 
ground state vdW potential well (D:). The measured 
binding energies are Do. The difference between these 
values includes ground and excited state energy differences 
(cluster spectral shifts) and zero point energies. Considering 
the accuracies of the experiments and the calculations, 
these differences are, at present, neglected in the discussion. 

III. RESULTS 

The allowed 6A transition of benzene is intense in 
all of the clusters and is relatively free of influence from 
other transitions. The spectra of the various clusters are 
easily assigned in this region. The 08 region was also 
scanned for each of the clusters. Only clusters with 
symmetry lower than C3 will exhibit a 08 origin peak. 
The presence or absence of the 08 feature of a cluster 
helps to identify the cluster geometry. While vibronic 
transitions higher than 6A of benzene are observed, no 
higher transitions of the clusters are reported because of 
congestion and low intensity of the cluster spectra. 

The assignments for vdW vibrational features given 
below are made to be consistent with previous assignments 
of the aniline-methane,6 and toluene-methane9 systems 
and with assignments given in II. In all of these systems 
the frequencies of the symmetric vdW stretches scale 
appropriately with the masses and force constants (binding 
energies). The vdW bending modes are typically lower in 
energy and intensity than the stretches. Using these 
general guidelines the assignments given below are rea
sonable and fit well into the previous patterns of vdW 
mode frequencies. 
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I I 
-100 0 
RELATIVE ENERGY (WAVENUMBERS) 

FIG. 1. Mass selective absorption spectra of Ben(CH.)" Ben(CH.)2, and 
Ben(CH.h in the region of the 6lJ transition of benzene. The energy 
scale is relative to the Ben 6lJ transition (38608.5 em-I). Peak positions 
are given in Table II. The peak positions for Ben(CH.)3 are not tabulated. 

A. Benzene-methane 

The 6A transition of Ben(CH4)1 is shifted -41 cm-I 

from the benzene 6A (see Fig. 1 and Table II). A progression 
in the vdW stretch is observed with a stretching frequency 
of 32 cm- I. In addition a vdW bend with a frequency of 
27 cm- I is seen. The 08 fo Ben(CH4)I is not observed, 
indicating that the threefold axis of benzene is preserved 
in the Ben(CH4)1 cluster. 

Ben(CH4)2 at 6A reveals two configurations (see Fig. 
1 and Table 11). Configuration I has a spectral shift of 
-81 cm-I, twice that ofBen(CH4)1' A symmetric stretch 
with a frequency of 31 cm-I is noted. Configuration II of 
Ben(CH4)2 evidences a -40 cm-I spectral shift; this 
feature is broader than those of configuration I. 

In the region of the Ben(CH4)2 08 only one peak 

I I 
-100 0 
RELATIVE ENERGY (WAVENUMBERS) 

FIG. 2. Mass selective absorption spectrum of Ben(CH4)2 in the region 
of 08 transition of benzene. The energy scale is relative to the Ben(08 
(38086.1 em-I). The presence of an origin for configuration II of 
Ben(CH4)2 (ca. 38042 em-I) indicates that the threefold axis of benzene 
is destroyed in this geometry. 

with a spectral shift of -40 cm-I is observed (see Fig. 2): 
therefore, configuration I of Ben(C~)2 preserves the 
threefold axis of benzene and configuration II does not. 

The geometries of Ben(CH4) 1,2 can, to a large extent, 
be deduced from the spectra. In Ben(C~)1 the methane 
must rest symmetrically above the ring to preserve the 
threefold axis of benzene. Configuration I of Ben(CH4h 
must have methane symmetrically above and below the 
benzene ring, and configuration II must have both meth
anes on the same side of the ring to produce an asymmetric 
geometry with a nonadditive shift and an induced 08 
transition. 

The computer modeling of these two clusters agrees 
perfectly with the geometries deduced from the spectra 
(see Fig. 3 and Table III). The minimum energy config
uration of Ben(CH4)I preserves the threefold axis of 
benzene. The predicted binding energy is 599 cm-I, a 
value greater than 522 cm-I as required if the 6A is to be 
observed for Ben(C~)I' Two configurations for Ben(C~h 
arise from the computer modeling. One preserves the 
threefold axis of benzene and should have a spectral shift 
twice that of Ben(CH4)I , and the other configuration is 
asymmetric with both methanes on the same side of the 
ring. 

The spectrum of Ben(CH4)3 evidences two configu
rations also. Configuration I has a shift similar to config-

TABLE II. The prominent peaks in the spectra of Ben(CH.)1 and Ben(CH.)2 in the region of 66 
(see Fig. 2). 

Species 

38567.6 
38594.6 
38599.9 
38619.0 

38527.1 
38557.1 
38568.1 

Energy relative 
to Ben 6lJ 

(em-I) 

-41 

-81.4 

-40.4 

Energy relative 
to cluster 66 Assignment" 

0 6lJ 

27.3 6ABA 

32.3 6AVlJ 
51.4 6lJ00 

0 166 

30.6 I6lJV6 

0 II 6lJ 

• B stands for a vdW bend and V stands for the vdW stretch. I and II represent different configurations. 
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I 

+ 
FIG. 3. Minimum energy configurations of Ben(CH4), and Ben(CH4h. 
Atomic positions are given in Table III. Note that the threefold axis of 
benzene is preserved in Ben(CH4), and geometry I of Ben(CH4b but 
not in geometry II of Ben(CH4h. 

uration I ofBen(CH.)2 (see Fig. 1). This geometry probably 
consists of Ben(CH.h configuration II with a methane 
bound symmetrically below the ring for a total shift of 
about -80 cm-I. The other configuration of Ben(CH.h 
probably features all three methanes on the same side of 
the ring to produce a small (-40 cm -I) spectral shift. 
The peaks in the Ben(CH.h spectrum are more diffuse 
than those of Ben(CH4)I,2 indicating that a number of 
slightly different configurations probably exist. The 
Ben(CH4)3 6A spectrum is sufficiently weak that the 08 is 
not to be expected. Calculations were not done for this 
cluster. 

B. Benzene-ethane 

Ben(C2H6)1 shows two different configurations in the 
6A region (see Fig. 4 and Table IV). Configuraton I has a 
spectral shift of -57 cm-I and a long, regular progression 
in the vdW stretch with a frequency of 17 cm -I. Config
uration II has a shift of - 51 cm -I and a stretching 
frequency of 16 cm-I. The spectrum of Ben(C2H6)1 at 
the 08 (see Fig. 5 and Table V) exhibits only the origin 
associated with configuration II and two associated vdW 
bends. The relative intensity of the bends is much larger 
at the origin than at 6A. The vdW stretch is not evident 
at the origin, perhaps due to the similarity of the ground 
and excited state potentials. 

The Ben(C2H6h (see Fig. 4 and Table IV) configu
ration I has a spectral shift of - 5 3 cm -I, at 6A and is not 
seen at the 08. Configuration II of this species reveals a 
spectral shift of -48 cm -I, a stretching frequency of 18 
cm- I, and two bending modes in the 6A region. At the 

origin, only the 08 of configuration II is found with its 
associated vdW bends (see Fig. 5 and Table V); again, no 
stretches are observed. 

The calculations for Ben(C2~)1 agree quite nicely 
with the spectra (see Fig. 6 and Table VI). Two configu-
rations of minimum energy are found: one which preserves 
the threefold axis of benzene, and one which does not. 
The asymmetric configuration is predicted to have a 120 
cm-I larger binding energy. 

TABLE III. The atomic positions for the minimum energy configurations 
of Ben(CH4), and Ben(CRth (see Fig. 3). Coordinates are in A with the 
origin at the center of benzene. The X axis passes through a carbon atom 
of the benzene, the Yaxis bisects a C-C bond of benzene, and the Z axis 
is coincident with the sixfold symmetry axis of benzene. 

Energy 
Atom X (A) Y(A) z(A) (cm-') 

Benzene 
CI -1.395 0 0 
C2 -0.6975 1.208 0 
C3 0.6975 1.208 0 
C4 1.395 0 0 
C5 0.6975 -1.208 0 
C6 -0.6975 -1.208 0 
HI -2.479 0 0 
H2 -1.24 2.147 0 
H3 1.24 2.147 0 
H4 2.479 0 0 
H5 1.24 -2.147 0 
H6 -1.24 -2.147 0 

Ben(CH4), -599 

Ligand 
CI 0 0 3.421 
HI -0.8989 -0.519 3.056 
H2 0.8989 -0.519 3.056 
H3 0 1.037 3.056 
H4 0 0 4.521 

Ben(CH4h Configuration I -1186 

Ligand I 
CI 0 0 3.419 
HI -0.8989 -0.519 3.054 
H2 0.8989 -0.519 3.054 
H3 0 1.037 3.054 
H4 0 0 4.519 

Ligand 2 
CI 0 0 -3.419 
HI -0.8989 -0.519 -3.054 
H2 0.8989 -0.519 -3.054 
H4 0 0 -4.519 

Configuration II -1177 

Ligand 1 
CI 0.695 -0.023 3.44 
HI 0.195 -0.905 3.0123 
H2 1.769 -0.0612 3.209 
H3 0.258 0.8907 3.0123 
H4 0.556 -0.018 4.531 

Ligand 2 
CI -2.778 0.106 3.286 
HI -3.877 0.141 3.301 
H2 -2.396 0.105 4.317 
H3 -2.389 0.9836 2.750 
H4 -2.449 -0.8102 2.774 
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I I 

I I 
-100 0 

RELATIVE ENERGY (WAVENUMBERS) 

FIG. 4. Mass selective absorption spectra of Ben(C2~)1 and Ben(C2H6)2 
in the 6A region of benzene. The energy scale is relative to the Ben 6A 
(38608.5 em-I). The peak positions indicated are tabulated in Table IV. 

The computer modeling of Ben(C21ft;h reveals several 
stable geometries, two of which are presented in Fig. 7 
and Table VII. All geometries involving an ethane on 
either side of the ring must be dismissed since the 
spectrum of Ben(C2H6h in the region of 6A shows no 
configurations with an additive spectral shift with respect 
to Ben(C2H6)1' Only one geometry (labeled I in Fig. 7) is 
found in the computer modeling which preserves the 

][ 

1 I 
-100 0 
RELATIVE ENERGY (WAVENUMBERS) 

FIG. 5. Mass selective absorptoin spectra of Ben(C2H6)I and Ben(C2H6)2 
in the 08 region of benzene. The energy scale is relative to the Ben 08 
(38086.1 em-I). Note that only configuration II exhibits an origin and 
vdW bends. Peak positions are given in Table V. 

threefold axis of benzene. Several other geometries of 
Ben(C2H6)2, which should have spectral'shifts similar to 
that found for configuration II (see Fig. 4), are predicted 
in the computer modeling ofBen(C2H6)2' The most stable 
of these is shown in Fig. 7. 

c. Benzene-propane 

Only one configuration of Ben(C3Hs)1 is clearly 
evident from the spectrum (Fig. 8 and Table VIII). The 
6A peak of this cluster is shifted -72 cm- I from the 
monomer 6A. An intense progression in the stretch is 
evident with a frequency of 24 cm -I. The unassigned 
peak -37 cm- I from the monomer 6A may be due to a 
different configuration, or it may be due to some high 
frequency vdW motion. No 08 peak is observed for this 

TABLE IV, The prominent peaks in the spectra of Ben(C2~)1 and Ben(C2H6n in the region of 6A 
(see Fig, 4). 

Energy relative Energy relative 
Energy to Ben 6A to cluster 6J 

Species (vae em-I) (em-I) (em-I) Assignmen.-

Ben(C2~)1 38551.3 -57.2 0 16J 

38568.0 16.7 16JVJ 

38584.1 32.8 I6JJ1 

38601.6 50.3 I6JV6 
38557.7 -50.8 0 I16J 
38573.8 16.1 I16JVJ 
38589.4 31.7 I16JJ1 
38606.4 48.7 II 6JV6 

Ben(C2~n 38555.6 -52.9 0 I6J 
38560.5 -48.0 0 I16J 
38568.7 8.1 II 6JAJ 
38574.2 13.6 II 6JBJ 
38578.2 17.7 II 6JVJ 
38589.9 29.4 I16JVJBJ 

• A and B represent different vdW bending modes and V stands for the vdW symmetric stretch. I and II 
represent different geometries. 
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TABLE V. The prominent peaks in the spectra of Ben(C2H6)1 and Ben(C2H6h in the og region 
(see Fig. 5). 

Energy relative 
to Ben og 

(em-I) 

Energy relative 
Energy to cluster 08 

Species (vac em-I) (em-I) 

Ben(C2~)1 38039.0 -47.1 0 
38047.3 8.3 
38053.1 14.1 

Ben(C2H6h 38040.2 -45.9 0 
38048.4 8.2 
38053.1 12.9 

• Symbol notation is the same as in Table IV. 

cluster indicating that the cluster geometry preserves the 
threefold axis of benzene. 

The vdW stretch of Ben(C3Hg), seems to have a 
positive anharmonicity for the first two quanta of the 
stretch. Underlying peaks due to slightly different config
urations could be modifying the line shapes of some of 
the peaks to produce this effect. It is difficult to envision 
how the symmetric stretch of the cluster could have a 
positive anharmonicity; however, this possibility cannot 
be dismissed. A similar but much less pronounced effect 
is observed for the stretch of Ben(C2H6),. 

There is no peak in the Ben(C3Hg)2 6A spectrum with 
a shift twice that of Ben(C3Hg),. One configuration of 
Ben(C3Hgh seen in the 6A region has a spectral shift of 
-83 cm-', and a stretching frequency of 23 cm-'. Other 
geometries with smaller spectral shifts are observed. No 
peaks are observed at the cluster 08 position. 

The computer modeling of Ben(C3Hg) , shows several 
possible configuratons. The lowest energy configuration 
possesses the highest symmetry and is pictured in Fig. 9 
(see Table IX). The three hydrogen atoms closest to the 
ring are positioned almost symmetrically above the ring. 
The 08 transition of Ben(C3Hg), is not observed presum
ably due to the approximate threefold symmetry of this 
cluster. The spectrum of Ben(C3Hgh does not show an 
origin either. One example of a Ben(C3Hgh cluster which 
preserves this local symmetry is pictured in Fig. 9. Other 
similar configurations are possible. 

The spectrum of Ben(C3Hg)3 in the 6A region indicates 

I ]I 

X 
FIG. 6. Minimum energy geometries of Ben(C2H6)1. Atomic positions 
are given in Table VI. Note that in geometry I the threefold axis of 
benzene is preserved, but in II it is not. 

Assignmen~ 

II 08 
II AJ 
II BJ 

II 08 
II AJ 
II BJ 

that at least two configurations of this cluster exist (see 
Fig. 10 and Table X). Due to the small spectral shifts, 
the clusters must involve all three solvent molecules 
situated above the ring. The cluster 08 transitions with 
associated vdW bends are seen for both of these configu
rations. No calculations were performed on these clusters. 

IV. DISCUSSION 

The ability to assign geometries to clusters giving 
rise to certain peaks in the spectra leads to a greater 
understanding of both the energetics of the system and 
the process of cluster formation. The relationships between 
geometry and spectral shift will be explored first, followed 
by a discussion of the nucleation processes in the jet. 

A. Spectral shift 

The spectral shift for a cluster is the difference 
between the cluster binding energy in the ground and 

TABLE VI. The atomic positions for the minimum energy configurations 
of Ben(C2H6)1 (see Fig. 6). The benzene coordinates are the same as in 
Table III. 

Atom x (A) Y(A) Z(A) 

Configuration I -654 

Ligand 
CI 0 0 3.398 
C2 0 0 4.928 
HI -0.8989 -0.519 3.033 
H2 0.8989 -0.519 3.033 
H3 0 1.037 3.033 
H4 -0.8989 0.519 5.293 
H5 0 1.037 5.293 
H6 0.8989 0.519 5.293 

Configuration II -778 

Ligand 
C1 -0.173 -0.099 3.527 
C2 1.133 0.653 3.789 
HI -0.639 -0.368 4.486 
H2 0.042 -1.013 2.954 
H3 -0.856 0.544 2.953 
H4 0.918 1.567 4.362 
H5 1.816 0.010 4.363 
H6 1.599 0.622 2.830 

J. Chern. Phys., Vol. 82, No.2, 15 January 1985 
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I 
x ][ 

x 
FIG. 7. Minimum energy geometries of Ben(CZH6)z. Atomic positions 
are given in Table VII. Note that geometry I preserves the threefold 
symmetry of benzene, but geometry II does not. 

TABLE VII. The atomic positions for the minimum energy configurations 
of Ben(CZ~h (see Fig. 7). The benzene coordinates are the same as in 
Table III. 

Energy 
Atom x (A) Y(A) Z(A) (em-I) 

Configuration I -988 

Ligand 1 
CI 0 0 3.396 
C2 0 0 4.926 
HI -0.8989 -0.519 3.031 
H2 0.8989 -0.519 3.031 
H3 0 1.037 3.031 
H4 -0.8989 0.519 5.291 
H5 0 -1.037 5.291 
H6 0.8989 0.519 5.291 

Ligand 2 
CI 0.001 0 8.346 
C2 0.001 0 9.876 
HI -0.8979 -0.518 7.981 
H2 0.8999 -0.518 7.981 
H3 0.001 1.038 7.981 
H4 0.001 -1.038 10.241 
H5 -0.8999 0.518 10.241 
H6 0.8979 0.518 10.241 

Configuration II -1512 

Ligand 1 
Cl -2.624 -1.486 3.000 
C2 -3.177 -1.978 4.339 
HI -3.318 -1.766 2.193 
H2 -1.643 -1.948 2.818 
H3 -2.516 -0.392 3.029 
H4 -4.257 -1.514 4.527 
H5 -3.284 -3.072 4.310 
H6 -2.482 -1.698 5.145 

Ligand 2 
Cl 0.374 -0.391 4.808 
C2 0.771 0.268 3.485 
HI 0.170 -1.458 4.636 
H2 1.196 -0.286 5.530 
H3 -0.528 0.098 5.203 
H4 -0.051 0.163 2.763 
H5 1.674 -0.220 3.091 
H6 0.976 1.336 3.657 

I I 
-100 0 

RELATIVE ENERGY (WAVENUMBERS) 

FIG. 8. Mass selective absorption spectra of Ben(C3Hs)1 and Ben(C3Hs)z 
in the 66 region of benzene. The energy scale is relative to the Ben 66 
(38608.5 em-I). The peak positions indicated are tabulated in Table 
VIII. 

excited states. The shift depends on the polarizability of 
the solvent along the intermolecular bond and on the 
change in polarizability of the solute upon excitation in 
the region (direction) of this bond. The solute polarizability 
may change quite differently for different binding sites on 
benzene to produce different spectral shifts for different 
geometries. 

The spectra of Ben(C~)1.2 (see Fig. 1) demonstrate 
that binding of a methane symmetrically above or below 
the aromatic ring contributes about -40 cm -I to the 
spectral shift of the complex. However, the asymmetric 
binding of two methanes above the ring (yielding an 
observed 08 transition) produces a shift of only -40 cm -I. 
The computer modeling of the asymmetric Ben(C~h 
cluster shows that one of the methanes is largely above 
the ring (although displaced from the center by 0.695 A) 
while the other methane is displaced by 2.778 A from 
the ring center. This latter CH4 is above the midpoint of 
the C-H bond (see Fig. 3 and Table III). If this geometry 
is correct, almost all of the spectral shift of this cluster 
must be due to the interaction of benzene with the 
methane above the ring. The other methane must con-
tribute virtually nothing to the spectral shift even though 
it is bound nearly as tightly to benzene. In fact, the 
asymmetric (II) Ben(C~h cluster has a virtually identical 
binding energy, but a much smaller spectral shift, than 
the symmetric Ben(C~)2 cluster. 

These observations lead to the conclusion that inter-
action of the solvent with the aromatic 11' cloud of benzene 
is responsible for most of the spectral shift even though 
the binding energy may be nearly as large for other 
binding sites. Such a generalization helps to explain the 
spectral shifts of other clusters as well. 
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TABLE VIII. The prominent peaks in the spectrum of Ben(CJi.), and Ben(C3Hsh in the 6A region (see 
Fig. 8). 

Energy relative Energy relative 
Energy to Ben 6A to cluster 6A 

Species (vac em-I) (em-I) (em-I) Assignment" 

Ben(CJis), 38536.5 -72.0 0 6A 

38560.2 23.7 6AVA 
38571.7 35.2 ? 
38585.5 49.0 6AVfi 

38610.2 73.7 6Avg 
38613.9 77.4 ? 

Ben(C3H.h 38526.0 -82.5 0 6A 

38538.0 12.0 6AAA 

38543.9 17.9 6ABA 
38548.7 22.7 6AVA 
38566.4 40.4 6AVABA 
38571.7 45.7 6AVfi 

• A and B represent different vdW bending modes. V represents the vdW symmetric stretch. 

The spectral shifts of the two distinct (symmetric 
and asymmetric) geometries of Ben(C2H6)1 are deduced 
and assigned in Sec. III. The higher symmetry cluster 
(Fig. 6), which preserves the threefold axis of benzene, 
has a larger spectral shift than the lower symmetry cluster 
for which the origin is observed. As in the benzene
methane system, the calculated binding energies for the 
two configurations are virtually identical, yet the asym
metric configuration has a much smaller spectral shift. 

TABLE IX. The atomic positions for the minimum energy configurations 
of Ben(C3H.), and Ben(CJi.h (see Fig. 9). The axes and coordinates of 
benzene are the same as in Table III. 

Apparently, both orientation and position of a solvent 
molecule play an important role in determining the 
spectral shift and binding energy of a cluster of given 
composition. Ethane has a larger polarizability parallel to 
its long axis than perpendicular to it.12 Therefore, the 
orientation of the long axis of ethane with respect to the 

FIG. 9. Minimum energy geometries of Ben(C3Hs), and Ben(C3H8)2. 

Atomic positions are given in Table IX. Note that the threefold symmetry 
of benzene is nearly preserved by the atoms closest to benzene for both 
species. 

Atom 

Ben(C3H.), 

Ligand 
CI 
C2 
C3 
HI 
H2 
H3 
H4 
H5 
H6 
H7 
H8 

Ben(CJish 

Ligand I 
CI 
C2 
C3 
HI 
H2 
H3 
H4 
H5 
H6 
H7 
H8 

Ligand 2 
CI 
C2 
C3 
HI 
H2 
H3 
H4 
H5 
H6 
H7 
H8 

x (A) 

-1.121 
0.267 
0.125 

-1.019 
-1.488 
-1.447 

0.797 
0.838 
1.123 

-0.324 
-0.283 

-1.132 
0.256 
0.114 

-1.030 
-1.499 
-1.458 

0.786 
0.827 
1.112 

-0.335 
-0.294 

-0.229 
-0.170 

1.101 
-1.142 
-0.242 

0.654 
-0.156 
-1.053 

1.143 
1.984 
1.087 
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Y (A) 

0.7975 
0.155 

-1.368 
1.892 
0.491 
0.516 
0.459 
0.484 

-1.830 
-1.532 
-1.507 

0.791 
0.148 

-1.375 
1.885 
0.484 
0.509 
0.452 
0.477 

-1.837 
-1.539 
-1.514 

-0.129 
-0.094 

0.637 
-0.654 

0.900 
-0.658 
-1.123 

0.435 
0.662 
0.108 
1.666 

Z (A) 

3.642 
3.616 
3.644 
3.622 
2.882 
4.430 
2.823 
4.370 
3.625 
2.884 
4.431 

3.637 
3.611 
3.639 
3.617 
2.877 
4.425 
2.818 
4.365 
3.620 
2.879 
4.426 

7.172 
8.700 
9.145 
6.853 
6.783 
6.784 
9.088 
9.087 

10.244 
8.758 
8.757 

-1044 

-1643 
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FIG. 10. Mass selective absorption spectrum of Ben(C1Hs)1 in the 66 
and og regions. The energy scales are relative to the Ben 66 (38 608.5 
em-I) and the Ben 08 (38 086.1 cm-I). Peak positions are given in Table 
X. Note that both geometries of Ben(C3Hs)1 destroy the threefold 
symmetry of benzene. 

plane of the benzene ring, and the position of the center 
of the ethane molecule with respect to the center of the 
benzene ring have considerable effect on both spectral 
shifts and binding energies. The larger spectral shift is 
associated with the solute-solvent relative orientation for 
which the direction of large solvent polarizability is per
pendicular to the plane of the ring, directly over the 
center of the molecular system. The asymmetric config
uration (II) of Ben(C2H6)I has a larger calculated binding 
energy (778 vs -654 cm- I

) and a smaller shift (-51 vs 
-57 cm- I

) most likely arising from a reduced 1I"-system 
interaction but a larger overall benzene-ethane interac
tion. In this configuration the ethane long axis is nearly 
parallel to the plane of the benzene ring. Ethane in these 
two different orientations interacts with benzene as though 
it were two different solvents with different sizes and 
polarizabilities. 

The spectral shifts for the two configurations of 
Ben(C2H6)2 are nearly identical to the shifts for the 
Ben(C2H6). configurations. Based on the calculations, the 
geometries for Ben(C2H6h involve Ben(C2H6). structures 
with a second C2H6 coordinated on the same side of the 
ring as the first C2H6 group; the amount of solvent 11"

cloud overlap is about the same in Ben(C2H6h as in 
Ben(C2H6)1. 

The calculated geometry of Ben(C3Hs). which agrees 
with the spectroscopic data (i.e., no 0& transition, large 
spectral shift) features a large interaction between the 

propane and the 11" system of benzene. The calculated 
configuration is depicted in Fig. 9. This arrangement of 
solute and solvent has approximate high symmetry with 
all three carbon atoms lying near the aromatic 11" system. 
The binding energies and shifts for the Ben(C3Hs)2 clusters 
are also consistent with the above conclusions. 

B. The nucleation process 

The relative intensities of the features of various 
cluster geometries can reveal something of the nucleation 
processes in the molecular jet. The Ben(S)2 data are 
particularly useful in focusing on these processes. In 
general, two geometries can exist for this complex: a 
solvent molecule can be on either side of the ring (isotropic 
cluster) or both solvent molecules can be on the same 
side of the ring (anisotropic cluster). Although homoge
neous nucleation can conceivably create either type of 
cluster, inhomogeneous nucleation can only create aniso
tropic clusters of this size. By examining the relative 
intensities of the spectral features of each type of cluster, 
one can determine the relative concentration of isotropic 
vs anisotropic clusters in the jet. In this way the nucleation 
processes in the jet can be elucidated. 

The spectra of Ben(C2H6)2 and Ben(C3Hs)2 (Figs. 4 
and 8) show that there are virtually no isotropic clusters 
of these species. Since homogeneous nucleation should 
produce both isotropic and anisotropic clusters, inhomo
geneous nucleation appears to be the dominant nucleation 
process for these systems under the present beam condi
tions. By contrast, the Ben(CH4)2 spectrum (Fig. 1) shows 
both isotropic and anisotropic clusters in roughly equal 
numbers. Therefore, homogeneous nucleation does occur 
for the benzene-methane system. 

The lack of homogeneous nucleation in Ben(C2H6)2 

and Ben(C3Hsh indicates that the number of solvent 
monomers relative to dimers and larger solvent clusters 
is probably small for ethane and propane solvents. How
ever, based on the calculated binding energies the relative 
number of methane monomers should also be small. 
Therefore, it is unlikely that enough methane monomers 

TABLE X. The promient peaks in the spectrum of Ben(C3Hsh in the 
66 and 08 regions (see Fig. 10). 

Energy 
(vac cm- I ) 

38538.2 
38558.7 

Energy relative 
to Ben feature 

(cm- I ) 

-70.3 

38 549.1 -59.4 
38562.4 
38572.8 

38017.5 -68.6 
38037.8 

38027.3 -58.8 
38042.2 

Energy relative 
to cluster feature 

(em-I) 

0 
20.5 

0 
13.3 
23.7 

0 
20.3 

0 
14.9 

Assignmen.-

16A 
16ABA 

II 6A 
II 6ABA 
II 6AVA 

log 
I BA 

IIog 
II BA 

• B represents a vdW bending mode. V represents the vdW symmetric 
stretch. I and II stand for two different configurations. 
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exist in the beam to explain the amount of homogeneous 
nucleation observed for Ben(CH4h. 

It is difficult to get data on the relative concentrations 
of molecular clusters in a jet expansion, especially for the 
hydrocarbon systems. Some data are available on the 
concentration of dimers relative to monomers for ethylene 
under rather modest expansion conditions (Po = 5-10 
atm, d = 35 ~m orifice.)13 The apparent ratio of monomers 
to dimers is roughly 4 : 1 for these conditions. The relative 
concentration of clusters scales with (pijd) and thus, our 
expansion conditions will produce a factor of 15 higher 
concentration of clusters. The observed 4: 1 ratio for 
ethylene is, however, heavily distorted by fragmentation 
caused by the electron impact ionization technique: for 
example, almost all observed dimers arise from higher 
clusters. Hence, the actual ratio of monomer to dimer 
neutrals is not well estimated by those methods; dimer 
and higher clusters could easily dominate the distribution 
of species in their expansion and most certainly dominate 
under our more extreme expansion conditions. 

If the homogeneous nucleation of Ben(CH4)2 is not 
occurring through the interactions of methane monomers 
and benzene (and a third body to carry off the binding 
energy),14 this nucleation must be occurring through the 
interaction of dimers (or larger clusters) with benzene. 
Upon interaction with benzene, the methane dimer can 
dissipate part of the binding energy through vibrational 
predissociation (VP). This interactive collision leaves one 
methane bound to benzene while the other methane 
carries off a portion of the excess binding energy. 

The binding energies of the solvent dimers, as well 
as those for benzene with the three solvents, are given in 
Table XI. The values are derived from computer modeling 
of the clusters. The data suggest that only about half of 
the binding energy of a solvent to benzene can be 
dissipated through VP of the solvent dimer. 

If the binding energy does not cause VP of the 
solvent dimer before a third body interacts with the 
complex and carries away the excess binding energy, the 
resultant clusters will be anisotropic. Therefore, the nu
cleation of benzene with ethane and propane is inhomo
geneous because the solvent dimers do not undergo VP 
quickly enough during the collision/formation process. 

Based on the above reasoning, one would expect 
that a large solute-solvent binding energy would result in 
an increased number of homogenously nucleated (isotro
pic) clusters. Evidence is presented in II for the toluene
solvent systems which support this conclusion. 

v. CONCLUSIONS 

Two-color TOFMS studies have been employed to 
determine the general geometry and symmetry of small 
benzene-hydrocarbon clusters: comparison of cluster og 
and 6A transitions makes possible the experimental iden
tification of cluster geometry (symmetry) with spectral 
shift and vibrational features. Through computer modeling 
of van der Waals clusters of benzene and small hydrocar
bons, a correlation between detailed cluster geometry and 

TABLE XI. The ratio of the solvent dimer binding energy to the benzene
solvent binding energy (BE). 

Solvent dimer BE' Benzene-solvent" 
Solvent (em-I) BE (em-I) Ratio 

Methane 277 599 0.47 
Ethane 503 778 0.65 
Propane 789 1044 0.75 

• All values are calculated by computer modeling of the complex. 

spectral features has proven possible. The specific assign
ments lead to a general pattern for the relationship 
between geometry and spectral shift. The spectral shift in 
these systems seems to be largely due to the interaction 
of the solvent with the aromatic 1r-electron system of 
benzene. This would explain the observations that spectral 
shift and calculated binding energy are not directly related. 
Of course, the details of these calculations are a func
tion of the model chosen for the potential (atom-atom 
exp-6). 

The assignment of geometry to clusters with a specific 
spectral shift has also made possible a better understanding 
of the nucleation processes in the jet. We suggest that 
due to the relatively low concentration of solvent mono
mers in the system, homogeneous nucleation can occur 
through the VP of solvent dimers as the dimers interact 
with benzene. If the binding energy of the solvent dimer 
is not small relative to the solute-solvent binding energy, 
VP will not occur and anisotropic geometries of the 
solute-solvent clusters will comprise the major cluster 
species in the beam. 
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