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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=1,2,3, formed in a supersonic jet are investigated spectroscopically, using
two-color mass resolved excitation spectrosc@diRES), hole burning spectroscofiiB), and by

model potential energy calculations. The large shift in the cluster of@in875 cm? for n=1)

with respect to the aniline bare molecule origin, and the exgmut 1500 cm! for the one-to-one
clustep of the aniline cluster spectra indicate strong interactions between the solute and solvent
molecules in botls, andS; 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 comparisorl99@ American Institute of
Physics[S0021-960807)02807-9

I. INTRODUCTION multipolar electrostatic interactiohshat engender dramatic

changes(within the limits of the vdW force scalein the

cluster electronic transition energy with respect to that of the
re moleculé® Large shifts in the cluster electronic transi-

The study of van der WaalsrdW) cluster formation in
the gas phase can help in the understanding of the solvatati
process, solution dynamics, and the nucleation and growth on origin are thereby produced
small clusters. Previous work from our laboratbhas re- . : . .

. : In this paper we present a study of the aniline/ammonia
lated the observed spectroscopic properties of vdwW cIusterﬁ ¢ tem f o th : lecul vati
with spectroscopic properties of cryogenic liquid solutiong.S'USter system for up fo three ammonia molecules solvating

The comparison between gas phase clusters and simple dge aniling molecule. This sy.st.e.m is of parti.cullar ir)te.r.est
lutions has proved to be useful: it has shed some light off€Cause it suggests the possibility of three distinct limiting
solute/solvent cage structure and dynanics. types of van der Waals bonding interactions, all of which are

By employing gas phase supersonic expansions, mofimilar energeticallyhundreds of crt) for the these mol-
ecules can be cooled to temperatures as low as 3 K. At theg€ules. The possible interactions includ®: the two hydro-
temperatures, long range weak forcddipole—dipole, gen donor/acceptor arrangements of aniline and;NB) the
dipole—induced dipoleplay an important role in the relative hydrogen bonding interaction of NHhrough its hydrogen
orientation of molecules and their ability to aggregate.atoms with the aromatier-electron density of the aniline
Through mass detected spectroscopy one can select andg; and(3) a polar, multipole moment electrostatic interac-
study clusters of different stoichiometry. Using such tech-tion. These energetically similar interactions generate a num-
niques as dispersed emissi@E), hole burning(HB), and  per of possible minimum energy structures for anilinef/NH
two-color mass resolved excitatighIRE) spectroscopy, one clusters and the possibility that several isomers will exist for
can determine the number of minimum energy conformaggch cluster size, anilifdH,),,, n=1, 2, 3,.... The sum of
tions for each cluster stoichiometry, and estimate their geomgese interactions should lead to a strong van der Waals bond
etries and binding energies. _ between the two molecules and, since the nitrogen atom at-

In the past 10 years, a number of studies have beep, neq (g the aniline ring undergoes significant structural re-
§rrangement upors; S, excitation, one can anticipate
large shifts in the transition energy for the aniline/;NH
S, S, cluster absorption compared to that of the aniline
pare molecule.

Cluster formation between aromatic molecul@miline?
benzen€, toluené® and small polafNH, H,O, CHOH)
and nonpolafHe, Ar, CH,,) solvents has been of particular
interest because the systems serve as models for more co o o
plex ones of biological and large molecule interest. A prin- Our €fforts in this work focus on the elucidation of the
cipal difference between polar and nonpolar solvent cluster@niliN&(NHs); cluster structure, the cluster binding energies
is the strength of the intramolecular interactions. Interactiond? Poth the ground and first excited electronic states, and
between nonpolar solvents and a solute molecule are go@uster vdW mode energies in these states. For that purpose
erned by induced dipole—induced dipole dispersive f&rcestwo different experimental techniques have been employed:
and weak hydrogen bond formatiénThese interactions two-color mass resolved excitation spectroscopy and hole
yield small free molecule to cluster shifts of electronic burning spectroscopy. A comparison between experimental
transitionss On the other hand, highly polar solvents canresults(vdW modes and binding energjeand theoretical
yield strong hydrogen bond formation and large permanentalculations based upon Lennard-Jones—Coulomb potentials
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FIG. 1. One-color mass resolved spectrum of anflitit;);, anilingNH,),,
and anilinéNH,);. The spectra are recorded using a 0.23% of;NHHe at
a total backing pressure of 50 psi. The negative feature84 031,
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FIG. 2. Spectra ofa) aniling(NH;); and (b) aniline. The comparison be-
tween them allows one to assign the feature at 504'cim the cluster
spectrum as thea vibration of the anilineS; molecule.

~34 440, and 34 540 cnd) are due to detector overload at aniline bare
molecule absorptions.

ecules and significant change in the aniline electronic con-
is presented, and minimum energy structures are proposqgyuration upon S;«S, excitation, especially about the
for the clusters observed. a-nitrogen atort! Even the anilinéNH,); spectrum presents
a complex structure, not totally well solved in some of the
regions. The displacement in the aniliNél;), origin (about

The experimental apparatus has been describe&soo cmY) is larger than two times the displacement in the
elsewheré. Briefly the complexes are formed in a pulsed anilineNHy), origin (about 875 cm’). On the other hand,

supersonic expansion inside a vacuum chamber containinthe addition of a third solvgnt molecule Egoduces a smaller
time of flight (TOF) mass spectrometer. The molecular beamP®' addeq molecule redsh(ﬁhbput 400 cm ) than for the

is collimated through a skimmer that passes only the Coldes’l[:1 st0|ch|0metrxlcluster, leading to a tOtEg d@isplacement
part of the supersonic jet into the TOF ionization region. InOf about 22_(_)0 cm- . - .
one-color mass resolved excitation experiments, a Nd/YAG Ihe amlméNHs)_l spectrum has its origin red§h|fted 875
pumped dye laser system is used for promoting the clusterd" from the amlmt_a origin(34 0.32_3.3 157 cm). The

to an excited electronic state and ionizing them. In two-coloroverall .structure of this spectrlum Is quite complex. Features
mass resolved excitation experiments, a second Nd/YAGPPearing as doqblets an.d triplets can be found thrgughout
pumped dye laser system is used for ionizing the clusteré.he spectrumi\llvhlch continues for more than 1000" tm
Detection is accomplished through a microchannel plate deAbOUt 400 cm ™ from the. origin the large number of p_eaks
tector for ions with ca. 4.0 keV of kinetic energy. The signal renders the spectrum difficult to follow. About 500 ch

from the detector is collected by a boxcar integrator anJ“’m the origin anof[her seguence of peaks appears, which
stored in a computer for further analysis. extends for an additional 900 ¢rh The extension of the

_1 .
Aniline is placed in an in-line trap directly behind the Whole spectrumica. 1500 cm’) serves as estimate of the

pulse valve. Solvent molecule typical concentrations are ir?(:XCitGd Ztartﬁ bi?gi;'g e;}efgﬁ Since the ah”mg‘ds)l C|U|5tef|
the range~0.07 to 1% in a 50—150 psi total expansion gas as aredshitt o cnt with respect to the bare molecule,

backing pressure. The expansion gas for these studies is h%—ﬁrSt estimate of the binding energy for the ground state is
lium ca. 625 cm®. The complex is much more tightly bound in

the excited state than in the ground state. In &dkd list of
the most intense features is given, together with some assign-
ments. These assignments will be demonstrated and dis-
In Fig. 1 the one-color MRES ofa) anilingNH,); (b) cussed extensively below.
aniling(NHy), and (c) aniling(NH3); are shown. Only the A comparison between the aniline bare molecule spec-
cluster with one ammonia molecule presents resolvablérum and the anilingNHs); spectrum is shown in Fig. 2 in
structure, while the higher cluster spectra consist of a broadyrder to aid in the understanding and assignment of this
structureless absorption commencing at ca. 1000'ctn  spectrum. The intense feature about 500 tiinom the ori-
lower energy. The displacement of the cluster origins withgin in the anilinéNH,); spectrum coincides fairly well with
respect to that of the bare molecule is large, as might béhe 6a’ vibration of the aniline bare molecule; we assign this
anticipated for strong interaction between the two polar molpeak as the &' vibration of the complex. The van der Waals

Il. EXPERIMENTAL PROCEDURE

Ill. RESULTS
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TABLE |. Displacement in cm® with respect to the origin of the most

intense features in the aniliéH3); spectrum, together with a tentative o0 Aniine(NH,),
assignment for some of the featuresee the text for explanatignbend, 0
stretch, rot refer to vdw mode approximate characteristics; h. b. refers to hot
band(see Table I}, a, b, c, d, e refer to peaks located in Fig. 7.
Isomer 1 Isomer 2
—-32 x bend(h. b. @
-18 y bend(h. b. b -7.6 zrot(h. b. d
0 Origin (33, 157 0 Origin (33, 187 6ay
11 x bend(h. b. 9 2.5 zrot(h.b. e
63.6 63.6
69.6 68.1
76.7 78.1
132.2
138.7 138.8
142.8 ' 0 200 :
150.9 z stretch 152.4 z stretch B 400
151.9 WAVENUMBER (cm™)
202.8 2155 FIG. 3. Spectrum of anilin&H,),. The upper trace shows the spectrum
217.0 2215 around the origin while the lower trace shows the vdW modes built on the
224.0 229.6 6a’ vibration. Note the good correlation between both sets of vdW modes.
228.1
285.6 283.6
291.1 289.4 _ . _ - o
296.7 298.7 main series of features each of which are specific to a distinct
302.7 ground electronic state vibrational level. Figure 4 depicts the
ggg? 4567 one-color spectra of the cluster together with the HB spectra
3724 3734 recorded usinda) the feature at 33, 157 cm and (b) the
424.3 feature at 33, 187 citt as the probe laser transition. As can
426.3 be seen, all the intense features in the an(litié;); spec-
4324 trum are uniquely present in either one or the other of the
) 4914 two HB traces. These two sets of features alternate in the
503.5 é 496.0 :
505.1 @l composite one-color spectrum. One of these sets of features
536.6 is associated with the “cluster origin™; the other set can be
564.6 563.1 due either to a hot band or another conformer.
570.1 568.1 Cluster conformers or isomers can be distinguished and
577.2 5577§’g identified through a double resonance experiment. If the two
629.5 632.2 independent spectra identified through HB spectroscopy
637.8 639.8 (Fig. 4 arise from two vibrational levels of the same cluster
650.9 @’+z stretch 649.9 &'+ 7 stretch (i.e., are due to hot band and origin transitiprthen| —S;

excitation for cluster ion creation will require exactly the
same energy. If these two sets of features can be shown to
arise from different —S, transition energies, then they are
vibrations built on &' seem similar to those found following due to two distinct ground state clusters or conformers.

the cluster origin. This suggestion is emphasized in Fig. 3, in  lonization laser energy thresholds f@ the bare mol-
which a portion of the anilindHs); spectrum is divided in ecule andb) the anilinédNH), cluster are shown in Fig. 5.
two and placed so that the anilithH3); 03 and 633 regions  As can be seen, aniline presents a well defined ionization
of the spectrum are overlapped. A good correlation betweethreshold at about 28 140 ¢rh(l«—S,09). This gives a total

the most intense features of both portions is observed. threshold ionization energy of 62 170 chfor aniline, com-

No other features corresponding to bare molecule vibrapared to previous determinations employing the zero electron
tions can be identified in the cluster spectrum. This is nokinetic energy(ZEKE) techniqué? (62 271+2 cm 1) and
surprising considering the number of intense van der Waalsther ionization techniqué® (62 20810 cm ). This ion-
features present in the spectrum. This complexity also conization threshold determination is influenced by the electric
ceals hot bands and transitions from different cluster confield generated at the time of flight mass spectrometer extrac-
formers. tion plates(4000-3750 VY and is in reasonable agreement

A set of hole burningHB) experiments is performed in with the previously reported values.
order to address the issue of the number of conformers The cluster ionization threshold has a long slope, extend-
present in the expansion for the one-to-one cluster. With thigng for over 1§ cm™! [see Fig. &)]. This threshold slope is
technique one can group transitions in series that have theprobably due to a significant change in the cluster structure
origin on the same conformer or vibrational level in theupon |—S,; excitation due to the strong solvation of the
ground state. HB experiments show the existence of twaniline cation by the polar ammonia molecule. The energy

J. Chem. Phys., Vol. 106, No. 8, 22 February 1997
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difference between the clust&; electronic state and the
cluster ion is ca. 27 500 cri. This leads to a total approxi-
mat? ionization energy for the anilifiéH;); of 60 600+500
cm -

To distinguish features associated with different possible
cluster conformations, a series of spectra with ionization en-
ergy between 27 000 and 28 000 tmcan 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 isoz-gl'00 . T L —
mer features in the composite anilifiHs); cluster spec- 28150 28200
trum. Two vibrational progression®.g., hot band features WAVENUMBER (cm™)
for a single cluster structure would not show this behavior
and can thus be eliminated as a cause of the many different
cluster transitions. Aniline(NH;), I

A comparison between a one-color spectrlower ‘
trace and a two-color spectrurupper tracgrecorded with |
an ionization laser energy of 27 400 chis shown in Fig. 6. | il
The relative intensities of some features undergo small Hiiil & ‘
changes as the ionization energy changes betwez$ 700 il SR
and 27 400 cm'. These intensity differences are indicated WM ‘

Aniline

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.

27000 27500 28600 28500
WAVENUMBER (cm™)
Aniline(NHs):
FIG. 5. lonization laser energy thresholds fda) aniline and (b)
aniling(NH,) following S, S, 03 excitation[34 031 cm? for aniline and
33157 cm for aniling(NH,),].
|
I .
;’;187 ! ‘ : L A third set of experiments are carried out in order to
probe S provide further corroboration for a multiple isomer assign-

ment of those anilingNH,), features spectra at different rela-
tive temperatures and backing pressures are obtained for the
cluster. Figure 7 depictéa) a spectrum recorded using a
backing pressure o&£2 psi and selecting the hottest part of
the molecular beam antb) 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 anilin®H;); 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 anilividy); 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
33200 33400 33600 33800 34000 built on the high energy origin decrease as the sample tem-
perature is loweredbacking pressure increasedhis latter
identified set of features also changes intensity in unison. A
FIG. 4. A”nilri]ne(_NHs)l Ope-color MRES Tandwiched between hole bt!mir!ghsecond set of features to the red of the cluster origin changes
e o o o mao bnees Be  eerta"ftensity dramatically and almost disappears as the cluster
for each HB spectrum. These probe features correspond to the cluster origRi€@M reaches its lowest temperature. These data demonstrate
for the two observed distinct conformers of anifiNety); . that the features built on the high energy cluster origin

1-color|

a)
33,157
probe

WAVENUMBER (cm1)

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



J. A. Fernandez and E. R. Bernstein: Aniline/ammonia,, clusters 3033

Aniline(NH,), Aniline(NH;),

He/2 psi

two-color
A/WW Ar/He/130 psi

e
d
N 2 1 .. N N N 1 . I " 1 1
33100 33200 33300
one-color WAVENUMBER (cm™)
FIG. 7. Aniline(NH3), spectra recorded using a backing pressuredfpsi
of He (upper trace and 130 psi He with 10% Aflower 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.

L . . L for the aniline/NH system. Calculational procedures de-
33600 33700 33800 scribed in previous publicatioh&'4 are employed. Briefly,
WAVENUMBER (cm™) in a first step a Lennard-Jones—Coulo(6kl2-1) potential is
used to describe the interaction between solvent and solute
FIG. 6. Comparison between anilifNH5), two-color spectrum recorded molecules. The program generates an initial geometry using
using an ionization energy of 27 400 Ci(upper tracgand the one-color a Monte Carlo method by placing the solute molecule at the
spectrum. The arrows point to features that experience a significant chang@igin of the coordinate system and the solvent moldsule
in intensity between the two spectra. randomly around it within a certain “box” size. A conjugate
gradient methotf is then employed to minimize the cluster
(33 187 cm—series 2, which are identified by HB, two- energy. The optimization ends with the reaching of a mini-
color ionization and temperature dependent spectroscopies asim energy structure. Repetition of the method for a large
a unique set, are associated with a higher energypumber of randomly chosen different initial configurations
aniline(NH,), cluster isomer than are the features that aregives all the potential minima for the system, together with
built on the lower origin at 33 157 cnt (series ). Addition-  their statistical weight, energy and structure.
ally, the separation between these two series of features does The second set of calculations uses the output of the first
not correspond to any observable hot band feature that aprogram and gives all the vdW vibrational modes for the
pears to the red of the cluster origin at 33 157 ¢nThe true  system and their displacement coordinates in a graphical
hot band features to the red of the 33 157 ¢rof course are  form.* The program generates a normal coordinate analysis
much more temperature sensitive than are the higher energyf the cluster by employing the FG matrix method of Wilson
cluster isomer features identified as isomer 2 in Table I. et al!® Assuming that intramolecular vibrations are un-
coupled from the low-frequency intermolecular modes, this
IV. STRUCTURE AND VAN DER WAALS calculation will generate all the intermolecular vibrations and
CALCULATIONS their eigenvectors.
Two sets of calculations are performed in order to find  Calculations of this nature, based on empirical potentials
the minimum energy structure and vdW vibrational modesenergy functions that are well parametrized and thoroughly

J. Chem. Phys., Vol. 106, No. 8, 22 February 1997
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While these two structures are predicted to have a distinct

CONFORMER I CONFORMER II binding energy difference, they have not been distinguished
B.E.=820cm B.E.= 815 cmd experimentally"® Most likely the electronic transitions of

the two structures are too close in energy for the available

z experimental resolution. The distinction between the two

conformers inr* excited electronic state should even be
smaller, as the aniline molecule becomes nearly planar with
a much higher barrier to inversion in this st&télherefore,
hereafter we will refer to conformers | and Il as only one
Structure A.

On the other hand, in spite of similar binding energies
L l for conformers Ill and IV of Fig. 8, large differences in their

apparent structure are quite obvious. In conformer lll, the

NH; molecule and the Nihydrogen atoms of aniline are on
opposite sides of the ring; in conformer IV the Bkolecule
and the NH hydrogen atoms are in the same side of the
aromatic ring. Even though these structures seem to suggest
CONFORMER Il CONFORMER IV that the NH/aniline interaction is quite different for each of
B.E=720 cm B.E.=719 et them, the main interaction for these cluster isomers seems to
be that of strong NE-NH, interaction. Structure 11l suggests
the hydrogen bonding is of the type,NH---NH,C¢Hs,
while conformer IV structure suggestsht--HNHCgH; hy-
drogen bonding. In both structures the two other ammonia
hydrogen atoms apparently bond to tihelectron density of
the aromatic ring. The aniline NHmoiety mostly acts as a
proton donor in conformer IV and as a proton acceptor in
FIG. 8. The four minimum energy structures found for aniliiey),, to-  conformer Il Apparently the BNH---NH,CsHs and
gether with their binding energies. H;N---HNHCgH; bonding are of similar energies, as are the
other HNH,--- r-system interactions.

If we assume that the experimental excited state cluster

inding energy for anilingH,), is roughly ca. 1500 cm*

tested for crystal structure and thermodynamics, have a Ion?sI ? e
and useful histor and in general are found to be quite ee Fig. 1 and that the bare molecule to cluster shift is ca.
75 cm %, then the ground state binding energy is roughly

reasonabfé for condensed phase, cluster, and scatterin P G
25 cm . This is to be compared to the two calculated

problems'® At the present time, these calculations give re- et .
sults that qualitatively(and often quantitativelyagree with ground state cluster binding energies for Structure A and the
other two conformers of 820 and 720 ch respectively.

experiments for clustef$and are more reliable than a X )
initio approach. We trust that as computer software and hard-"€ calculations seem actually to be quite reasonable, even
for this relatively complicated cluster interaction system.

ware advance over the next 10 years oragoinitio results ’ < )
will become more reliable. Calculations for the anilin®&Hs), system find up to 34
The calculations for anilir@®Hs), give four different minimum energy conformations. This serves to explain the

minimum energy structuresee Fig. 8 Two of them, the broad absorption found for the spectrum of this cluster. The
most stable ones, have the NHholecule close to the ring, ©€Nergy stabilization for the most stable conformation is 1808
with its hydrogen atoms pointing toward the ring and apparM * higher than two times the binding energy for
ently “hydrogen bonding” to ther system of aniline. The anilineNHy); cluster, pointing to a large interaction between
principal interaction between the two molecul&s. 600 the two NH; solvent molecules that leads to an increase in
cm 1) is of a dispersion nature. The NKL; axis is close to  the cluster total binding energy. The redshift for the
the ring center, but does not pass through it. The only differaniline(NHy), cluster transition is also larger than two times
ence between conformations | and Il is the relative positiorthe one for anilinéNHz);; however, the lack of a well de-
of the ammonia molecule respect to the hydrogens of th@ined origin for this spectrum prevents an estimate of the
aniline NH, group. In the most stable conformation the NH cluster ground state binding energy.

and the NH hydrogen atoms are in the same side of the ring.  The vdW mode calculation gives very similar energies
An energy difference of ca. 8 cm between these two con- for the two most stable conforme{Structure A as shown in
formations(l and Il) is found. Calculations for other aniline/ Table Il. The lowest energy mode corresponds to;xétat-
solvent clusters show this to be a typical structure for such ing about the clustez axis. The potential energy barrier for
systems and for many other solvent/molecule aromatic clushis motion is very low(about 2 cm?), smaller than the
ters, as welf? For example, the same conformations havemode zero point energy, so the vibration becomes a real
been calculated for aniliiiele); and anilinéCH,), clusters. rotation and its “harmonic frequency” is not valid. The cal-

STRUCTURE A

J. Chem. Phys., Vol. 106, No. 8, 22 February 1997
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TABLE II. Calculated vibrational energgcm™?) for the four minimum energy anilig®lH,), structures, to-
gether with the experimental values found and the nature of the niBd&.=binding energy. Each structure
generates six calculated zero energy modes to bettertBahcni t in accord with the requirements of Ref. 4.
The strong asymmetry of conformer IV vibrations makes difficult a simple description of the medefers to

a yz rotationt+xyz displacementp refers to axy rotation+xyz displacement;y refers to axz rotation+xyz
displacementp refers to ayz rotation+xyz displacement.

Structure
| 1] 1l v
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 8 14 a
rot+y
trans
22 x bend 18 24 x bend 18 19  x bend 46 X
bend
33 y bend 32 32 ybend 32 34 z rot 56 XZ
rot
102 zstret P 102z stret 103 zstret ¢ 90 B
150 y rot 151 y rot 112 X rot 122 b%
160 X rot 157 X rot 204 y rot 174 S

3, state: 30 cri’.
bs, state: 150 cm.
°s, state: 10 crit.
ds, state: 151 cm.

culated energy of this internal rotation is an artifact of the  For conformers Il and IV, a major component of the

harmonic approximation. interaction is hydrogen bonding between anilifiee NH,
The vibrations of conformer Ill are similar to those of moiety) and NH; molecule. For conformer lll, a delocaliza-

Structure A isomers, especially with regard to the four highetion of the 7 system and the lone pair of the aniline N atom

energy modes. Conformer IV is very different from the oth-also increases the binding energy.

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 isqmers are reasonably s cture identification and van der Waals modes

well represented for at least the harmonic fundamentals; that

is, the potential surface has high barriers for the other cluster HB spectroscopy, hot band studies, and two-color

degrees of freedom, even for large amplitude translationdVIRES results show that the aniliféH3); spectrum consist

motion?! of two distinct sets of transitions which can be associated
Note that these calculations for the van der Waaldvith two cluster isomers. One of these progressions should

stretching mode are typically quite good and often predic® due to the most stable conform@tructure A and the

the mode energy ta10% even when the calculation is for Other Sh0u|d be due to either C0nfOI’mer Il or IV. The

the ground electronic state and the observation is forghe ground state binding energy for these latter two conforma-
state of the aromatic ring. tions is very similar so in principle thei§,«—S, spectral

shifts could also be quite similar. At present only two con-

formers of the anilineNH,); can be identified in the spec-
V. DISCUSSION trum. We have searched for another transition for this cluster
in the region 31 700 to 34 600 crhand have not found any
reproducible features other than those shown in Fig. 1.

The results show that the anilifH,); cluster is more We next try to match the two isomer spectra of
tightly bond in the excited than in the ground state. This is inaniling(NH3); with Structure A, and conformers IIl and IV.
agreement with theoretical considerations. In the Structur@he separation between origins, about 30 &ndoes not
A, the principal interaction between the two molecules is thegive any clue to this correspondence, because the position of
dispersion interaction. This interaction will be stronger in thethe two progressions depends on both the ground and excited
excited state, as the system of aniline will be more delo- state binding energies. The analysis of the hot bands in the
calized and thus more polarizable. Hydrogen bonding bespectrum, however, can be of some help in this identifica-
tween the NH hydrogens and the aniline system serves as tion.

a geometry controlling influence on the final structure, butis  The two hot bands to the red of the cluster spectrum
considerably weaker than the dispersion component of therigin (features a and b in Fig) Zan give an estimate of the
intermolecular interaction. energy of the lower two ground electronic state vdW vibra-

A. The van der Waals interaction
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tional modes. The hot bands fall at—18 and—32 cmi!  conformer Ill. We tentatively conclude then that no features
with respect to lower energyb@ransition for the isomers. are found related to conformer IV.

Considering the calculated cluster isomer modes that The totally symmetriz-stretch van der Waals modlea.
might correspond to the-18 and—32 cm * hot bands ob- 100 cm * for ground state anilin@Hs), clustef is typically
served we need to ignore the 15 cthmode of Structure A  a prominent feature in van der Waals mode spe€trss we
but should consider all the other modes for the conformershave shown above, the vibrational frequencies of the excited
For conformers Ill and 1V, all modes are true vibrations, atelectronic state are larger than those of the ground electronic
least for the fundamentals, as the barriers to internak NHstate(30 cm ' compared to 18 ci' for the least energetic
rotation and translations are higlea. 100 cm?l). Conse- vibration of Structure A If the symmetric stretch energy is
quently one can compare the 18 thhot band with the scaled by 30/18 we find that an intense feature should be
following modes: 22 cm? of Structure A; 19 cm* of con-  found at about 165 cit in the excited state. An excited state
former I1I; and 14 cm™ of conformer IV. If feature (—18  van der Waals strong feature at 151 ¢nfrom the origin
cm 1) is assigned to the 19 cm mode of conformer Ill one that can be assigned as ti$g z-stretch mode of cluster
should find another mode at11 cm * (see Table Il—not Structure A.
observedl If the conformer IV 14 cm! mode is assigned as The same arguments can be employed with regard to the
the —18 cm * feature, other observed modes are unassignspectra of isomer gsee Table)l The stretching mode for the
able(e.g.,—32 cmi ). On the other hand, Structure A seems conformer Il ground state is ca. 103 ¢ so the transition
to fit well to the observed hot bands with 22 and 33 ¢m corresponding with this vibration must be a strong feature to
modes corresponding to observed8 and—32 cmi* hot  high energy of the progression origin at roughl§+150
bands. We thus concluded that the lower energy origin an@M . A feature at this energy matches the description. This
vibronic structures built on it correspond to the spectrum ofassignment reinforces the assignment of the isomer 2 fea-
Structure A isomers of anilifbiHy), . tures to conformer 1.

The first vibrational hot band to the blue of the origin It is not possible to assign more transitions within the
(feature c in Fig. Y must originate at the same vibrational isomer 2 features due to the large number of features in the

level as feature b. This gives us a value for the lowest vibraspectrum. Most of them appear as doublets and triplets, prob-
tional mode frequency in the excited state-e80 cm . This  ably due to combinations and overtones of different van der
value is larger than that for the ground state. If the cluster i§Vaals modes.
more tightly bound in the upper electronic state, the corre- The large number of features in the spectrum suggests
sponding vibrational energies of the excited state should b#he occurrence of a large change in cluster structure and po-
larger than those in the ground state. tential energy surface upon excitation from the electronic
Looking at the origin33 187 cm}) of the second series ground state to the excited electronic state. The Franck—
of transitions(see Figs. 4 and 7 and Table bne can to find Condon factors do not favor only thé Bansition but rather
a similar structure as described above, but with different in2 wide range of transitions. The result is long progressions
tensities: a main band with two less intense bands, one to th@ith features of similar intensity. This Change in the cluster
blue and one to the red. The feature at ca. 2 tto the blue  geometry can be observed in the transition from the elec-
of this origin (e) could possibly be the origin of the con- tronic excited state to the ionic ground state as well. The
former IV. But based on its position and temperature depenionization threshold is then a long gradual slope instead a
dence, it is most likely a hot band associated with the secongharp onset as found for the aniline molecule.
conformer origin.
If these two feature§d and e of Fig. 7 and Table)lare
hot_kzandfs, the one to the red is related to a vibration of ca. § concLUSIONS
cm™ . This vibration should correspond with a conformer Il
vibration at the calculated ground state value of 11 tisee An investigation of the aniline/ammonia cluster system
Table 1l). This assignment helps to identify the second con-s presented. Four different minimum energy conformations
former features, built on the 33 187 ¢M0Y, as the spectrum are calculated for the anilifldHs); cluster. Two of these
of the IlI structure. conformers(l and 1l) are so similar that one cannot distin-
The small vibrational energy for therotation mode of guish between them experimentally. Experimentally only
conformer Il also explains the large intensity of theande  two different sets of transitions are observed for this cluster
hot bands compared with their origin. At a temperature of 106system so one of the structures, we suggest conformer IV in
K the population ratio of the 8 cit mode to the zero point Fig. 8, apparently does not appear in the spectrum.
level in the ground state, would be0.57. The feature to the The most stable two conformegsand Il) have the NH
blue will then be a hot band transition that starts in the samenolecule close to the aromatic ring, with the hydrogen atoms
vibrational vdW mode as the featuf@), giving a vibrational  of the NH; molecule pointing toward the ring. The principal
frequency of~10 cni® for that mode in the excited state. interaction between the aniline and the ammonia in this
The upper electronic state vibration would be then, as for thetructure is dispersion. In the other two conformations, the
Structure A conformers, higher in energy than the correNH; molecule is placed close to the Nidroup of aniline.
sponding mode in the lower electronic state. The secondhis group acts as proton donor in one of the conformers
series of features is again indicated as the spectrum of th@V) and as proton acceptor in the ottigt): conformer il is
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the one assigned to the higher energy set of featiisemer
2).
The clusters are more tightly bound in the upper elec- M. Castella, P. Mille F. Piuzzi, J. Caillet, J. Langlet, P. Caverie, and A.
. . ... _Tramer, J. Phys. Chen83, 3949(1989.
tronic state than in th_e ground state, due to a_delo_cal'zauon’See, for example, M. Schmitt, H. Muller, U. Henrichs, M. Gerhards, W.
of the electron cloud in the upper state. The vibrational fre- Perl, Ch. Deusen, and K. Klemermanns, J. Chem. PHy3.584 (1995.
quencies for the upper electronic state are also larger thanA. Amirav, U. Even, J. Jortner, and B. Dick, Mol. Phyt9, 899 (1983;
those for the ground electronic state. The inclusion of an- égggdema”’ B. Brutschy, and H. Baumgartel, Chem. Pi§s.129
the_r solvent molecule in the cluster increases the c_IusteﬁX_ Song, M. Yang, E. R. Davidson, and J. P. Reilly, J. Chem. P&9s.
binding energy by more than a factor of 2, due to an inter- 3224(1993.
action between solvent molecules, as well as that betweeriJ. Hager, M. A. Smith, and S. C. Wallace, J. Chem. PBgs4820(1985;
solvent and solute molecules. This additional binding energy,id- 84 6771(1986. .
. . . . P. O. Moreno, Q. Y. Shang, and E. R. Bernstein, J. Chem. Bffy2869
is reflected in the spectral shift for the anilihg,), clusters. (1992.
The anilingNH,); clusters have a higher binding energy thanisw. H. press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
the anilingéNH), , clusters but this does not result in an Numerical RecipesCambridge University, Cambridge, 1990

erson and G. E. Ewing, J. Chem. Ph$$, 2280(1973; Mol. Phys.27,
903 (1974.

expected spectral shift of ca. 900 chNH; solvent mol-

ecule. As NH molecules are added to the cluster at further

distances from the site of the transitiGmiline nitrogen and
ring 7~ and 7* orbital9, their effect on the cluster transition
energy decreases on a per solvent molecule basis.
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