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Structure, binding energy, and intermolecular modes for the aniline/
ammonia van der Waals clusters

J. A. Fernandez and E. R. Bernstein
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523-1872

~Received 1 July 1996; accepted 15 November 1996!

Aniline~ammonia!n , n51,2,3, formed in a supersonic jet are investigated spectroscopically, using
two-color mass resolved excitation spectroscopy~MRES!, hole burning spectroscopy~HB!, and by
model potential energy calculations. The large shift in the cluster origin~ca. 875 cm21 for n51!
with respect to the aniline bare molecule origin, and the extent~about 1500 cm21 for the one-to-one
cluster! of the aniline cluster spectra indicate strong interactions between the solute and solvent
molecules in bothS0 andS1 electronic states. A Lennard-Jones–Coulomb 6-12-1 potential is used
to model the intermolecular interactions and predict minimum energy cluster geometries, binding
energies, and van der Waals modes. Comparison between experimental results and calculations
shows the importance of hydrogen bonding interactions for cluster properties. A minimum energy
structure for the cluster is proposed based upon this comparison. ©1997 American Institute of
Physics.@S0021-9606~97!02807-9#

I. INTRODUCTION

The study of van der Waals~vdW! cluster formation in
the gas phase can help in the understanding of the solvatation
process, solution dynamics, and the nucleation and growth of
small clusters. Previous work from our laboratory1 has re-
lated the observed spectroscopic properties of vdW clusters
with spectroscopic properties of cryogenic liquid solutions.
The comparison between gas phase clusters and simple so-
lutions has proved to be useful: it has shed some light on
solute/solvent cage structure and dynamics.1

By employing gas phase supersonic expansions, mol-
ecules can be cooled to temperatures as low as 3 K. At these
temperatures, long range weak forces~dipole–dipole,
dipole–induced dipole! play an important role in the relative
orientation of molecules and their ability to aggregate.
Through mass detected spectroscopy one can select and
study clusters of different stoichiometry. Using such tech-
niques as dispersed emission~DE!, hole burning~HB!, and
two-color mass resolved excitation~MRE! spectroscopy, one
can determine the number of minimum energy conforma-
tions for each cluster stoichiometry, and estimate their geom-
etries and binding energies.

In the past 10 years, a number of studies have been
initiated whose aim has been to determine cluster structures.
Cluster formation between aromatic molecules~aniline,2

benzene,3 toluene4,5! and small polar~NH3, H2O, CH3OH!
and nonpolar~He, Ar, CH4,! solvents has been of particular
interest because the systems serve as models for more com-
plex ones of biological and large molecule interest. A prin-
cipal difference between polar and nonpolar solvent clusters
is the strength of the intramolecular interactions. Interactions
between nonpolar solvents and a solute molecule are gov-
erned by induced dipole–induced dipole dispersive forces6

and weak hydrogen bond formation.7 These interactions
yield small free molecule to cluster shifts of electronic
transitions.8 On the other hand, highly polar solvents can
yield strong hydrogen bond formation and large permanent

multipolar electrostatic interactions9 that engender dramatic
changes~within the limits of the vdW force scale! in the
cluster electronic transition energy with respect to that of the
bare molecule.10 Large shifts in the cluster electronic transi-
tion origin are thereby produced.

In this paper we present a study of the aniline/ammonia
cluster system for up to three ammonia molecules solvating
the aniline molecule. This system is of particular interest
because it suggests the possibility of three distinct limiting
types of van der Waals bonding interactions, all of which are
similar energetically~hundreds of cm21! for the these mol-
ecules. The possible interactions include:~1! the two hydro-
gen donor/acceptor arrangements of aniline and NH3; ~2! the
hydrogen bonding interaction of NH3 through its hydrogen
atoms with the aromaticp-electron density of the aniline
ring; and~3! a polar, multipole moment electrostatic interac-
tion. These energetically similar interactions generate a num-
ber of possible minimum energy structures for aniline/NH3

clusters and the possibility that several isomers will exist for
each cluster size, aniline~NH3!n , n51, 2, 3,... . The sum of
these interactions should lead to a strong van der Waals bond
between the two molecules and, since the nitrogen atom at-
tached to the aniline ring undergoes significant structural re-
arrangement uponS1←S0 excitation, one can anticipate
large shifts in the transition energy for the aniline/NH3

S1←S0 cluster absorption compared to that of the aniline
bare molecule.

Our efforts in this work focus on the elucidation of the
aniline~NH3!1 cluster structure, the cluster binding energies
in both the ground and first excited electronic states, and
cluster vdW mode energies in these states. For that purpose
two different experimental techniques have been employed:
two-color mass resolved excitation spectroscopy and hole
burning spectroscopy. A comparison between experimental
results ~vdW modes and binding energies! and theoretical
calculations based upon Lennard-Jones–Coulomb potentials

3029J. Chem. Phys. 106 (8), 22 February 1997 0021-9606/97/106(8)/3029/9/$10.00 © 1997 American Institute of Physics



is presented, and minimum energy structures are proposed
for the clusters observed.

II. EXPERIMENTAL PROCEDURE

The experimental apparatus has been described
elsewhere.1 Briefly the complexes are formed in a pulsed
supersonic expansion inside a vacuum chamber containing a
time of flight ~TOF! mass spectrometer. The molecular beam
is collimated through a skimmer that passes only the coldest
part of the supersonic jet into the TOF ionization region. In
one-color mass resolved excitation experiments, a Nd/YAG
pumped dye laser system is used for promoting the clusters
to an excited electronic state and ionizing them. In two-color
mass resolved excitation experiments, a second Nd/YAG
pumped dye laser system is used for ionizing the clusters.
Detection is accomplished through a microchannel plate de-
tector for ions with ca. 4.0 keV of kinetic energy. The signal
from the detector is collected by a boxcar integrator and
stored in a computer for further analysis.

Aniline is placed in an in-line trap directly behind the
pulse valve. Solvent molecule typical concentrations are in
the range;0.07 to 1% in a 50–150 psi total expansion gas
backing pressure. The expansion gas for these studies is he-
lium.

III. RESULTS

In Fig. 1 the one-color MRES of~a! aniline~NH3!1 ~b!
aniline~NH3!2 and ~c! aniline~NH3!3 are shown. Only the
cluster with one ammonia molecule presents resolvable
structure, while the higher cluster spectra consist of a broad,
structureless absorption commencing at ca. 1000 cm21 to
lower energy. The displacement of the cluster origins with
respect to that of the bare molecule is large, as might be
anticipated for strong interaction between the two polar mol-

ecules and significant change in the aniline electronic con-
figuration upon S1←S0 excitation, especially about the
a-nitrogen atom.11 Even the aniline~NH3!1 spectrum presents
a complex structure, not totally well solved in some of the
regions. The displacement in the aniline~NH3!2 origin ~about
1800 cm21! is larger than two times the displacement in the
aniline~NH3!1 origin ~about 875 cm21!. On the other hand,
the addition of a third solvent molecule produces a smaller
per added molecule redshift~about 400 cm21! than for the
1:1 stoichiometry cluster, leading to a total 00

0 displacement
of about 2200 cm21.

The aniline~NH3!1 spectrum has its origin redshifted 875
cm21 from the aniline origin~34 032–33 157 cm21!. The
overall structure of this spectrum is quite complex. Features
appearing as doublets and triplets can be found throughout
the spectrum which continues for more than 1000 cm21.
About 400 cm21 from the origin the large number of peaks
renders the spectrum difficult to follow. About 500 cm21

from the origin another sequence of peaks appears, which
extends for an additional 900 cm21. The extension of the
whole spectrum~ca. 1500 cm21! serves as estimate of the
excited state binding energy. Since the aniline~NH3!1 cluster
has a redshift of 875 cm21 with respect to the bare molecule,
a first estimate of the binding energy for the ground state is
ca. 625 cm21. The complex is much more tightly bound in
the excited state than in the ground state. In Table I a list of
the most intense features is given, together with some assign-
ments. These assignments will be demonstrated and dis-
cussed extensively below.

A comparison between the aniline bare molecule spec-
trum and the aniline~NH3!1 spectrum is shown in Fig. 2 in
order to aid in the understanding and assignment of this
spectrum. The intense feature about 500 cm21 from the ori-
gin in the aniline~NH3!1 spectrum coincides fairly well with
the 6a1 vibration of the aniline bare molecule; we assign this
peak as the 6a1 vibration of the complex. The van der Waals

FIG. 1. One-color mass resolved spectrum of aniline~NH3!1, aniline~NH3!2,
and aniline~NH3!3. The spectra are recorded using a 0.23% of NH3 in He at
a total backing pressure of 50 psi. The negative features~;34 031,
;34 440, and 34 540 cm21! are due to detector overload at aniline bare
molecule absorptions.

FIG. 2. Spectra of~a! aniline~NH3!1 and ~b! aniline. The comparison be-
tween them allows one to assign the feature at 504 cm21 in the cluster
spectrum as the 6a1 vibration of the anilineS1 molecule.
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vibrations built on 6a1 seem similar to those found following
the cluster origin. This suggestion is emphasized in Fig. 3, in
which a portion of the aniline~NH3!1 spectrum is divided in
two and placed so that the aniline~NH3!1 00

0 and 6a0
1 regions

of the spectrum are overlapped. A good correlation between
the most intense features of both portions is observed.

No other features corresponding to bare molecule vibra-
tions can be identified in the cluster spectrum. This is not
surprising considering the number of intense van der Waals
features present in the spectrum. This complexity also con-
ceals hot bands and transitions from different cluster con-
formers.

A set of hole burning~HB! experiments is performed in
order to address the issue of the number of conformers
present in the expansion for the one-to-one cluster. With this
technique one can group transitions in series that have their
origin on the same conformer or vibrational level in the
ground state. HB experiments show the existence of two

main series of features each of which are specific to a distinct
ground electronic state vibrational level. Figure 4 depicts the
one-color spectra of the cluster together with the HB spectra
recorded using~a! the feature at 33, 157 cm21 and ~b! the
feature at 33, 187 cm21 as the probe laser transition. As can
be seen, all the intense features in the aniline~NH3!1 spec-
trum are uniquely present in either one or the other of the
two HB traces. These two sets of features alternate in the
composite one-color spectrum. One of these sets of features
is associated with the ‘‘cluster origin’’; the other set can be
due either to a hot band or another conformer.

Cluster conformers or isomers can be distinguished and
identified through a double resonance experiment. If the two
independent spectra identified through HB spectroscopy
~Fig. 4! arise from two vibrational levels of the same cluster
~i.e., are due to hot band and origin transitions!, thenI←S1
excitation for cluster ion creation will require exactly the
same energy. If these two sets of features can be shown to
arise from differentI←S1 transition energies, then they are
due to two distinct ground state clusters or conformers.

Ionization laser energy thresholds for~a! the bare mol-
ecule and~b! the aniline~NH3!1 cluster are shown in Fig. 5.
As can be seen, aniline presents a well defined ionization
threshold at about 28 140 cm21 (I←S100

0). This gives a total
threshold ionization energy of 62 170 cm21 for aniline, com-
pared to previous determinations employing the zero electron
kinetic energy~ZEKE! technique12 ~62 27162 cm21! and
other ionization techniques13 ~62 208610 cm21!. This ion-
ization threshold determination is influenced by the electric
field generated at the time of flight mass spectrometer extrac-
tion plates~4000–3750 V! and is in reasonable agreement
with the previously reported values.

The cluster ionization threshold has a long slope, extend-
ing for over 103 cm21 @see Fig. 5~b!#. This threshold slope is
probably due to a significant change in the cluster structure
upon I←S1 excitation due to the strong solvation of the
aniline cation by the polar ammonia molecule. The energy

FIG. 3. Spectrum of aniline~NH3!1. The upper trace shows the spectrum
around the origin while the lower trace shows the vdW modes built on the
6a1 vibration. Note the good correlation between both sets of vdW modes.

TABLE I. Displacement in cm21 with respect to the origin of the most
intense features in the aniline~NH3!1 spectrum, together with a tentative
assignment for some of the features~see the text for explanation!: bend,
stretch, rot refer to vdw mode approximate characteristics; h. b. refers to hot
band~see Table II!, a, b, c, d, e refer to peaks located in Fig. 7.

Isomer 1 Isomer 2

232 x bend~h. b. a!
218 y bend~h. b. b! 27.6 z rot ~h. b. d!

0 Origin ~33, 157! 0 Origin ~33, 187!
11 x bend~h. b. c! 2.5 z rot ~h. b. e!
63.6 63.6
69.6 68.1
76.7 78.1
132.2
138.7 138.8

142.8
150.9 z stretch 152.4 z stretch
151.9
202.8 215.5
217.0 221.5
224.0 229.6
228.1
285.6 283.6
291.1 289.4
296.7 298.7
302.7
354.2
360.7 358.7
372.4 373.4
424.3
426.3
432.4

491.4
503.5 6a1 496.0

505.1 6a1

536.6
564.6 563.1
570.1 568.1
577.2 573.7

579.3
629.5 632.2
637.8 639.8
650.9 6a11z stretch 649.9 6a11z stretch
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difference between the clusterS1 electronic state and the
cluster ion is ca. 27 500 cm21. This leads to a total approxi-
mate ionization energy for the aniline~NH3!1 of 60 6006500
cm21.

To distinguish features associated with different possible
cluster conformations, a series of spectra with ionization en-
ergy between 27 000 and 28 000 cm21 can be obtained.
Small changes in the intensity of different features are ob-
served as a function of ionization laser energy and these
systematic changes demonstrate the presence of different iso-
mer features in the composite aniline~NH3!1 cluster spec-
trum. Two vibrational progressions~e.g., hot band features!
for a single cluster structure would not show this behavior
and can thus be eliminated as a cause of the many different
cluster transitions.

A comparison between a one-color spectrum~lower
trace! and a two-color spectrum~upper trace! recorded with
an ionization laser energy of 27 400 cm21 is shown in Fig. 6.
The relative intensities of some features undergo small
changes as the ionization energy changes between;33 700
and 27 400 cm21. These intensity differences are indicated
with arrows in the figure. The intensity differences are small
due to spectral overlaps and the broad nature of the cluster
ionization threshold but are nonetheless quite obvious.

A third set of experiments are carried out in order to
provide further corroboration for a multiple isomer assign-
ment of those aniline~NH3!1 features spectra at different rela-
tive temperatures and backing pressures are obtained for the
cluster. Figure 7 depicts~a! a spectrum recorded using a
backing pressure of,2 psi and selecting the hottest part of
the molecular beam and~b! a spectrum recorded using a
backing pressure of 130 psi, an expansion gas of 10% Ar/
90% He and selecting the coldest part of the molecular beam.
The differences in expansion conditions and choice of obser-
vation time should yield spectra reflecting a large tempera-
ture difference for the aniline~NH3!1 clusters formed.

Comparison between the two spectra obtained for the
cluster at widely different temperatures and shown in Fig. 7
demonstrates that two different sets of temperature depen-
dent features are observed for the aniline~NH3!1 clusters.
First, two sets of the features identified by HB and two-color
mass detected spectroscopies also appear in these spectra as
separate and distinct entities. The intensity of the features
built on the high energy origin decrease as the sample tem-
perature is lowered~backing pressure increased!. This latter
identified set of features also changes intensity in unison. A
second set of features to the red of the cluster origin changes
intensity dramatically and almost disappears as the cluster
beam reaches its lowest temperature. These data demonstrate
that the features built on the high energy cluster origin

FIG. 4. Aniline~NH3!1 one-color MRES sandwiched between hole burning
traces. All the intense features in the cluster spectrum are present in either
one or the other of the two HB traces. Probe energies~cm21! are indicated
for each HB spectrum. These probe features correspond to the cluster origin
for the two observed distinct conformers of aniline~NH3!1.

FIG. 5. Ionization laser energy thresholds for~a! aniline and ~b!
aniline~NH3! following S1←S0 00

0 excitation@34 031 cm21 for aniline and
33 157 cm21 for aniline~NH3!1#.
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~33 187 cm21—series 2!, which are identified by HB, two-
color ionization and temperature dependent spectroscopies as
a unique set, are associated with a higher energy
aniline~NH3!1 cluster isomer than are the features that are
built on the lower origin at 33 157 cm21 ~series 1!. Addition-
ally, the separation between these two series of features does
not correspond to any observable hot band feature that ap-
pears to the red of the cluster origin at 33 157 cm21. The true
hot band features to the red of the 33 157 cm21 of course are
much more temperature sensitive than are the higher energy
cluster isomer features identified as isomer 2 in Table I.

IV. STRUCTURE AND VAN DER WAALS
CALCULATIONS

Two sets of calculations are performed in order to find
the minimum energy structure and vdW vibrational modes

for the aniline/NH3 system. Calculational procedures de-
scribed in previous publications4,6,14 are employed. Briefly,
in a first step a Lennard-Jones–Coulomb~6-12-1! potential is
used to describe the interaction between solvent and solute
molecules. The program generates an initial geometry using
a Monte Carlo method by placing the solute molecule at the
origin of the coordinate system and the solvent molecule~s!
randomly around it within a certain ‘‘box’’ size. A conjugate
gradient method15 is then employed to minimize the cluster
energy. The optimization ends with the reaching of a mini-
mum energy structure. Repetition of the method for a large
number of randomly chosen different initial configurations
gives all the potential minima for the system, together with
their statistical weight, energy and structure.

The second set of calculations uses the output of the first
program and gives all the vdW vibrational modes for the
system and their displacement coordinates in a graphical
form.4 The program generates a normal coordinate analysis
of the cluster by employing the FG matrix method of Wilson
et al.16 Assuming that intramolecular vibrations are un-
coupled from the low-frequency intermolecular modes, this
calculation will generate all the intermolecular vibrations and
their eigenvectors.

Calculations of this nature, based on empirical potentials
energy functions that are well parametrized and thoroughly

FIG. 6. Comparison between aniline~NH3!1 two-color spectrum recorded
using an ionization energy of 27 400 cm21 ~upper trace! and the one-color
spectrum. The arrows point to features that experience a significant change
in intensity between the two spectra.

FIG. 7. Aniline~NH3!1 spectra recorded using a backing pressure of,2 psi
of He ~upper trace! and 130 psi He with 10% Ar~lower trace!. The tem-
perature difference between these samples allows one to detect hot bands
~labeled a through e!. The arrows point to all features that experience a
change in intensity for the two sets of experimental conditions. The asterisks
indicate features built on the lower energy origin.
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tested for crystal structure and thermodynamics, have a long
and useful history17 and in general are found to be quite
reasonable18 for condensed phase, cluster, and scattering
problems.19 At the present time, these calculations give re-
sults that qualitatively~and often quantitatively! agree with
experiments for clusters20 and are more reliable than anab
initio approach. We trust that as computer software and hard-
ware advance over the next 10 years or soab initio results
will become more reliable.

The calculations for aniline~NH3!1 give four different
minimum energy structures~see Fig. 8!. Two of them, the
most stable ones, have the NH3 molecule close to the ring,
with its hydrogen atoms pointing toward the ring and appar-
ently ‘‘hydrogen bonding’’ to thep system of aniline. The
principal interaction between the two molecules~ca. 600
cm21! is of a dispersion nature. The NH3 C3 axis is close to
the ring center, but does not pass through it. The only differ-
ence between conformations I and II is the relative position
of the ammonia molecule respect to the hydrogens of the
aniline NH2 group. In the most stable conformation the NH3
and the NH2 hydrogen atoms are in the same side of the ring.
An energy difference of ca. 8 cm21 between these two con-
formations~I and II! is found. Calculations for other aniline/
solvent clusters21 show this to be a typical structure for such
systems and for many other solvent/molecule aromatic clus-
ters, as well.22 For example, the same conformations have
been calculated for aniline~He!1 and aniline~CH4!1 clusters.

While these two structures are predicted to have a distinct
binding energy difference, they have not been distinguished
experimentally.1~b! Most likely the electronic transitions of
the two structures are too close in energy for the available
experimental resolution. The distinction between the two
conformers inpp* excited electronic state should even be
smaller, as the aniline molecule becomes nearly planar with
a much higher barrier to inversion in this state.23 Therefore,
hereafter we will refer to conformers I and II as only one
Structure A.

On the other hand, in spite of similar binding energies
for conformers III and IV of Fig. 8, large differences in their
apparent structure are quite obvious. In conformer III, the
NH3 molecule and the NH2 hydrogen atoms of aniline are on
opposite sides of the ring; in conformer IV the NH3 molecule
and the NH2 hydrogen atoms are in the same side of the
aromatic ring. Even though these structures seem to suggest
that the NH3/aniline interaction is quite different for each of
them, the main interaction for these cluster isomers seems to
be that of strong NH3–NH2 interaction. Structure III suggests
the hydrogen bonding is of the type H2NH•••NH2C6H5,
while conformer IV structure suggests H3N•••HNHC6H5 hy-
drogen bonding. In both structures the two other ammonia
hydrogen atoms apparently bond to thep-electron density of
the aromatic ring. The aniline NH2 moiety mostly acts as a
proton donor in conformer IV and as a proton acceptor in
conformer III. Apparently the H2NH•••NH2C6H5 and
H3N•••HNHC6H5 bonding are of similar energies, as are the
other HNH2•••p-system interactions.

If we assume that the experimental excited state cluster
binding energy for aniline~NH3!1 is roughly ca. 1500 cm21

~see Fig. 1! and that the bare molecule to cluster shift is ca.
875 cm21, then the ground state binding energy is roughly
625 cm21. This is to be compared to the two calculated
ground state cluster binding energies for Structure A and the
other two conformers of 820 and 720 cm21, respectively.
The calculations seem actually to be quite reasonable, even
for this relatively complicated cluster interaction system.

Calculations for the aniline~NH3!2 system find up to 34
minimum energy conformations. This serves to explain the
broad absorption found for the spectrum of this cluster. The
energy stabilization for the most stable conformation is 1808
cm21, higher than two times the binding energy for
aniline~NH3!1 cluster, pointing to a large interaction between
the two NH3 solvent molecules that leads to an increase in
the cluster total binding energy. The redshift for the
aniline~NH3!2 cluster transition is also larger than two times
the one for aniline~NH3!1; however, the lack of a well de-
fined origin for this spectrum prevents an estimate of the
cluster ground state binding energy.

The vdW mode calculation gives very similar energies
for the two most stable conformers~Structure A! as shown in
Table II. The lowest energy mode corresponds to NH3 rotat-
ing about the clusterz axis. The potential energy barrier for
this motion is very low~about 2 cm21!, smaller than the
mode zero point energy, so the vibration becomes a real
rotation and its ‘‘harmonic frequency’’ is not valid. The cal-

FIG. 8. The four minimum energy structures found for aniline~NH3!1, to-
gether with their binding energies.
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culated energy of this internal rotation is an artifact of the
harmonic approximation.

The vibrations of conformer III are similar to those of
Structure A isomers, especially with regard to the four higher
energy modes. Conformer IV is very different from the oth-
ers with regard to the van der Waals modes, as shown in
Table II. Aside from thez-axis rotation for the Structure A
conformer, the other modes of these isomers are reasonably
well represented for at least the harmonic fundamentals; that
is, the potential surface has high barriers for the other cluster
degrees of freedom, even for large amplitude translational
motion.21

Note that these calculations for the van der Waals
stretching mode are typically quite good and often predict
the mode energy to610% even when the calculation is for
the ground electronic state and the observation is for theS1
state of the aromatic ring.

V. DISCUSSION

A. The van der Waals interaction

The results show that the aniline~NH3!1 cluster is more
tightly bond in the excited than in the ground state. This is in
agreement with theoretical considerations. In the Structure
A, the principal interaction between the two molecules is the
dispersion interaction. This interaction will be stronger in the
excited state, as thep system of aniline will be more delo-
calized and thus more polarizable. Hydrogen bonding be-
tween the NH3 hydrogens and the anilinep system serves as
a geometry controlling influence on the final structure, but is
considerably weaker than the dispersion component of the
intermolecular interaction.

For conformers III and IV, a major component of the
interaction is hydrogen bonding between aniline~the NH2
moiety! and NH3 molecule. For conformer III, a delocaliza-
tion of thep system and the lone pair of the aniline N atom
also increases the binding energy.

B. Structure identification and van der Waals modes

HB spectroscopy, hot band studies, and two-color
MRES results show that the aniline~NH3!1 spectrum consist
of two distinct sets of transitions which can be associated
with two cluster isomers. One of these progressions should
be due to the most stable conformer~Structure A! and the
other should be due to either conformer III or IV. The
ground state binding energy for these latter two conforma-
tions is very similar so in principle theirS1←S0 spectral
shifts could also be quite similar. At present only two con-
formers of the aniline~NH3!1 can be identified in the spec-
trum. We have searched for another transition for this cluster
in the region 31 700 to 34 600 cm21 and have not found any
reproducible features other than those shown in Fig. 1.

We next try to match the two isomer spectra of
aniline~NH3!1 with Structure A, and conformers III and IV.
The separation between origins, about 30 cm21, does not
give any clue to this correspondence, because the position of
the two progressions depends on both the ground and excited
state binding energies. The analysis of the hot bands in the
spectrum, however, can be of some help in this identifica-
tion.

The two hot bands to the red of the cluster spectrum
origin ~features a and b in Fig. 7! can give an estimate of the
energy of the lower two ground electronic state vdW vibra-

TABLE II. Calculated vibrational energy~cm21! for the four minimum energy aniline~NH3!1 structures, to-
gether with the experimental values found and the nature of the mode.~B. E.5binding energy!. Each structure
generates six calculated zero energy modes to better than60.1 cm21 in accord with the requirements of Ref. 4.
The strong asymmetry of conformer IV vibrations makes difficult a simple description of the modes:a refers to
a yz rotation1xyz displacement;b refers to axy rotation1xyz displacement,g refers to axz rotation1xyz
displacement;d refers to ayz rotation1xyz displacement.

Structure

I II III IV
B. E: 823 B. E: 815 B. E: 720 B. E: 719
Mode Mode Mode Mode

Calc. Exp. Calc. Exp. Calc. Exp. Calc.

15 z rot 15 z rot 11 z
rot1y
trans

8c 14 a

22 x bend 18a 24 x bend 18 19 x bend 46 x
bend

33 y bend 32 32 y bend 32 34 z rot 56 xz
rot

102 z stret b 102 z stret 103 z stret d 90 b
150 y rot 151 y rot 112 x rot 122 g
160 x rot 157 x rot 204 y rot 174 d

aS1 state: 30 cm21.
bS1 state: 150 cm21.
cS1 state: 10 cm21.
dS1 state: 151 cm21.
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tional modes. The hot bands fall at;218 and232 cm21

with respect to lower energy 00
0 transition for the isomers.

Considering the calculated cluster isomer modes that
might correspond to the218 and232 cm21 hot bands ob-
served we need to ignore the 15 cm21 mode of Structure A
but should consider all the other modes for the conformers.
For conformers III and IV, all modes are true vibrations, at
least for the fundamentals, as the barriers to internal NH3

rotation and translations are high~ca. 100 cm21!. Conse-
quently one can compare the 18 cm21 hot band with the
following modes: 22 cm21 of Structure A; 19 cm21 of con-
former III; and 14 cm21 of conformer IV. If feature b~218
cm21! is assigned to the 19 cm21 mode of conformer III one
should find another mode at211 cm21 ~see Table II—not
observed!. If the conformer IV 14 cm21 mode is assigned as
the 218 cm21 feature, other observed modes are unassign-
able~e.g.,232 cm21!. On the other hand, Structure A seems
to fit well to the observed hot bands with 22 and 33 cm21

modes corresponding to observed218 and232 cm21 hot
bands. We thus concluded that the lower energy origin and
vibronic structures built on it correspond to the spectrum of
Structure A isomers of aniline~NH3!1.

The first vibrational hot band to the blue of the origin
~feature c in Fig. 7! must originate at the same vibrational
level as feature b. This gives us a value for the lowest vibra-
tional mode frequency in the excited state of;30 cm21. This
value is larger than that for the ground state. If the cluster is
more tightly bound in the upper electronic state, the corre-
sponding vibrational energies of the excited state should be
larger than those in the ground state.

Looking at the origin~33 187 cm21! of the second series
of transitions~see Figs. 4 and 7 and Table I!, one can to find
a similar structure as described above, but with different in-
tensities: a main band with two less intense bands, one to the
blue and one to the red. The feature at ca. 2 cm21 to the blue
of this origin ~e! could possibly be the origin of the con-
former IV. But based on its position and temperature depen-
dence, it is most likely a hot band associated with the second
conformer origin.

If these two features~d and e! of Fig. 7 and Table I! are
hot bands, the one to the red is related to a vibration of ca. 8
cm21. This vibration should correspond with a conformer III
vibration at the calculated ground state value of 11 cm21 ~see
Table II!. This assignment helps to identify the second con-
former features, built on the 33 187 cm21 00

0, as the spectrum
of the III structure.

The small vibrational energy for thez-rotation mode of
conformer III also explains the large intensity of thed ande
hot bands compared with their origin. At a temperature of 10
K the population ratio of the 8 cm21 mode to the zero point
level in the ground state, would be;0.57. The feature to the
blue will then be a hot band transition that starts in the same
vibrational vdW mode as the feature~d!, giving a vibrational
frequency of;10 cm21 for that mode in the excited state.
The upper electronic state vibration would be then, as for the
Structure A conformers, higher in energy than the corre-
sponding mode in the lower electronic state. The second
series of features is again indicated as the spectrum of the

conformer III. We tentatively conclude then that no features
are found related to conformer IV.

The totally symmetricz-stretch van der Waals mode@ca.
100 cm21 for ground state aniline~NH3!1 cluster# is typically
a prominent feature in van der Waals mode spectra.24 As we
have shown above, the vibrational frequencies of the excited
electronic state are larger than those of the ground electronic
state~30 cm21 compared to 18 cm21 for the least energetic
vibration of Structure A!. If the symmetric stretch energy is
scaled by 30/18 we find that an intense feature should be
found at about 165 cm21 in the excited state. An excited state
van der Waals strong feature at 151 cm21 from the origin
that can be assigned as theS1 z-stretch mode of cluster
Structure A.

The same arguments can be employed with regard to the
spectra of isomer 2~see Table I!. The stretching mode for the
conformer III ground state is ca. 103 cm21, so the transition
corresponding with this vibration must be a strong feature to
high energy of the progression origin at roughly 00

01150
cm21. A feature at this energy matches the description. This
assignment reinforces the assignment of the isomer 2 fea-
tures to conformer III.

It is not possible to assign more transitions within the
isomer 2 features due to the large number of features in the
spectrum. Most of them appear as doublets and triplets, prob-
ably due to combinations and overtones of different van der
Waals modes.

The large number of features in the spectrum suggests
the occurrence of a large change in cluster structure and po-
tential energy surface upon excitation from the electronic
ground state to the excited electronic state. The Franck–
Condon factors do not favor only the 00

0 transition but rather
a wide range of transitions. The result is long progressions
with features of similar intensity. This change in the cluster
geometry can be observed in the transition from the elec-
tronic excited state to the ionic ground state as well. The
ionization threshold is then a long gradual slope instead a
sharp onset as found for the aniline molecule.

VI. CONCLUSIONS

An investigation of the aniline/ammonia cluster system
is presented. Four different minimum energy conformations
are calculated for the aniline~NH3!1 cluster. Two of these
conformers~I and II! are so similar that one cannot distin-
guish between them experimentally. Experimentally only
two different sets of transitions are observed for this cluster
system so one of the structures, we suggest conformer IV in
Fig. 8, apparently does not appear in the spectrum.

The most stable two conformers~I and II! have the NH3
molecule close to the aromatic ring, with the hydrogen atoms
of the NH3 molecule pointing toward the ring. The principal
interaction between the aniline and the ammonia in this
structure is dispersion. In the other two conformations, the
NH3 molecule is placed close to the NH2 group of aniline.
This group acts as proton donor in one of the conformers
~IV ! and as proton acceptor in the other~III !: conformer III is
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the one assigned to the higher energy set of features~isomer
2!.

The clusters are more tightly bound in the upper elec-
tronic state than in the ground state, due to a delocalization
of the electron cloud in the upper state. The vibrational fre-
quencies for the upper electronic state are also larger than
those for the ground electronic state. The inclusion of an-
other solvent molecule in the cluster increases the cluster
binding energy by more than a factor of 2, due to an inter-
action between solvent molecules, as well as that between
solvent and solute molecules. This additional binding energy
is reflected in the spectral shift for the aniline~NH3!2 clusters.
The aniline~NH3!3 clusters have a higher binding energy than
the aniline~NH3!1,2 clusters but this does not result in an
expected spectral shift of ca. 900 cm21/NH3 solvent mol-
ecule. As NH3 molecules are added to the cluster at further
distances from the site of the transition~aniline nitrogen and
ring p andp* orbitals!, their effect on the cluster transition
energy decreases on a per solvent molecule basis.

ACKNOWLEDGMENTS

One of us~J.A.F.! thanks the Basque Government for a
postdoctoral fellowship. We also thank the U.S. ARO and
U.S. NSF for support of these studies.

1~a! E. R. Bernstein, K. Law, and M. Schauer, J. Chem. Phys.80, 207
~1984!; ibid. 80, 634 ~1984!; ~b! M. R. Nimlos, M. A. Young, E. R.
Bernstein, and D. F. Kelley,ibid. 91, 5268~1989!.

2M. F. Hineman, S. K. Kim, E. R. Bernstein, and D. F. Kelley, J. Chem.
Phys. 96, 4904 ~1992!, B. Coutant and P. Brechignac,ibid. 91, 1978
~1989!; J. L. Knee and P. M. Johnson,ibid. 80, 13 ~1984!; K. Yamman-
ouchi, S. Isogai, and Tsuchiya, Chem. Phys.116, 123~1987!; A. R. Bacon
and J. M. Hollas, Faraday Discuss. Chem. Soc.86, 129 ~1988!.

3B. V. Cheney and M. W. Schulz, J. Phys. Chem.94, 6268 ~1990!; A. J.
Gotch and T. S. Zwier, J. Chem. Phys.96, 3388 ~1992!; ibid. 96, 3402
~1992!; K. Yamanouchi, S. Isogai, and S. Tsuchiya, J. Mol. Struct.146,
349~1986!; R. L. Whetten, K.-J. Fu, and E. R. Grant, Chem. Phys.90, 155
~1984!; A. J. Gotch, A. W. Garrett, D. L. Severance, and T. S. Zwier,
Chem. Phys. Lett.178, 121 ~1991!; A. W. Garrett and T. S. Zwier, J.
Chem. Phys.96, 3402~1992!.

4S. Li and E. R. Bernstein, J. Chem. Phys.97, 792, 804~1992!.
5M. Schauer, K. Law, and E. R. Bernstein, J. Chem. Phys.81, 49 ~1984!;
ibid. 82, 736 ~1985!.

6J. Wanna, J. A. Menapace, and E. R. Bernstein, J. Chem. Phys.85, 1795
~1986!.

7J. L. Brédas and G. B. Street, J. Chem. Phys.90, 7291~1989!; M. Gonohe,
A. Shimizu, H. Abe, N. Mikami, and M. Ito, Chem. Phys. Lett.107, 22
~1984!.

8A. R. W. McKellar, Faraday Discuss. Chem. Soc.73, 89 ~1982!; G. Hend-

erson and G. E. Ewing, J. Chem. Phys.59, 2280 ~1973!; Mol. Phys.27,
903 ~1974!.

9M. Castella, P. Mille´, F. Piuzzi, J. Caillet, J. Langlet, P. Caverie, and A.
Tramer, J. Phys. Chem.93, 3949~1989!.

10See, for example, M. Schmitt, H. Muller, U. Henrichs, M. Gerhards, W.
Perl, Ch. Deusen, and K. Klemermanns, J. Chem. Phys.103, 584 ~1995!.

11A. Amirav, U. Even, J. Jortner, and B. Dick, Mol. Phys.49, 899 ~1983!;
K. Rodeman, B. Brutschy, and H. Baumgartel, Chem. Phys.80, 129
~1983!.

12X. Song, M. Yang, E. R. Davidson, and J. P. Reilly, J. Chem. Phys.99,
3224 ~1993!.

13J. Hager, M. A. Smith, and S. C. Wallace, J. Chem. Phys.83, 4820~1985!;
ibid. 84, 6771~1986!.

14P. O. Moreno, Q. Y. Shang, and E. R. Bernstein, J. Chem. Phys.97, 2869
~1992!.

15W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
Numerical Recipes, Cambridge University, Cambridge, 1990!.

16E. B. Wilson, Jr., J. C. Decius, and P. C. Cross,Molecular Vibrations,
Theory of Infrared and Raman Vibrational Spectra~McGraw-Hill, New
York, 1955!.

17~a! A. I. Kitaigorodskii, Acta Cryst.18, 585 ~1965!, ~b! A. I. Kitaigorod-
skii and K. V. Mirskaya, Kristallografiya9, 174 ~1964!; ~c! D. E. Will-
iams, Science147, 605~1965!; ~d! J. Chem. Phys.45, 3770~1966!; ~e! T.
Shimanouchi, M. Tsuboi, and T. Miyazawa, J. Chem. Phys.35, 1597
~1961!.

18~a! M. J. Ondrechem, Z. Berkovitch-Yellin, and J. Jortner, J. Am. Chem.
Soc.103, 6586~1981!; ~b! M. L. Sage and J. Jortner, J. Chem. Phys.82,
5437 ~1985!; ~c! J. A. Bestwick and J. Jortner,ibid. 68, 2277~1978!; ~d!
ibid. 69, 512 ~1978!; ~e! ibid. 74, 6725~1981!; ~f! ibid. 71, 4737~1979!.

19~a! E. R. Bernstein, J. Chem. Phys.52, 4701~1970!; ~b! E. R. Bernstein,
in Vibrational Spectra and Structure, A Series of Advances, edited by J.
Durig ~Elsevier, New York, 1981;~b! M. Schauer and E. R. Bernstein, J.
Chem. Phys.82, 3722~1985!; ~c! J. A. Menapace and E. R. Bernstein, J.
Phys. Chem.91, 2533~1987!; ~d! E. R. Bernstein, inAtomic and Molecu-
lar Clusters, edited by E. R. Bernstein~Elsevier, New York, 1990!, p.
551; ~e! S. Li and E. R. Bernstein, J. Chem. Phys.95, 1577~1991!; ~f! R.
Disselkamp and E. R. Bernstein,ibid. 98, 4339~1993!; ~g! S. Sun and E.
R. Bernstein,ibid. 103, 4447~1995!.

20~a! S. Leutwyler and A. Schmeizer, J. Chem. Phys.79, 4385~1983!; ~b! J.
Boesiger and S. Leutwyler, Chem. Phys.126, 283 ~1986!; ~c! T. A.
Stephenson and S. A. Rice, J. Chem. Phys.81, 1083 ~1984!; ~d! C.-Y.
Kung, T. A. Miller, and R. A. Kennedy, Philos. Trans. R. Soc. London,
Ser. A324, 223 ~1998!.

21E. J. Bieske, M. W. Rainbird, and A. E. W. Knight, J. Chem. Phys.94,
7019 ~1991!; S. Sun and E. R. Bernstein, J. Phys. Chem.100, 13348
~1996!.

22~a! A. Oikawa, H. Abe, N. Nikami, and M. Ito, J. Phys. Chem.87, 5083
~1983!; ~b! M. F. Hineman, E. R. Bernstein, and D. F. Kelley, J. Chem.
Phys.98, 2516~1993!.

23R. A. Kydd and P. J. Krueger, Chem. Phys. Lett.49, 539 ~1977!; J. M.
Hollas, M. R. Howson, T. Ridley, and L. Halonen, Chem. Phys. Lett.98,
611 ~1983!.

24N. Gonohe, H. Abe, N. Mikami, and M. Ito, J. Chem. Phys.89, 3642
~1985!; M. W. Rainbird, I. M. Atkinson, and A. E. W. Knight,ibid. 91,
752 ~1989!.

3037J. A. Fernandez and E. R. Bernstein: Aniline/ammonian clusters

J. Chem. Phys., Vol. 106, No. 8, 22 February 1997


