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Abstract: Among the several weak intermolecular interactions pervading chemistry and biology, the NH-π
interaction is one of the most widely known. Nevertheless its weak nature makes it one of the most poorly
understood and characterized interactions. The present study details the results obtained on gas-phase
complexes of ammonia with various substituted π systems using both laser vibrational spectroscopy and
ab initio calculations. The spectroscopic measurements carried out by applying one-color resonant two-
photon ionization (R2PI) and IR-vibrational predissociation spectroscopy in the region of the NH stretches
yield the first experimental NH stretching shifts of ammonia upon its interaction with various kinds of
π-systems. The experiments were complemented by ab initio calculations and energy decompositions,
carried out at the second-order Møller-Plesset (MP2) level of theory. The observed complexes show
characteristic vibrational spectra which are very similar to the calculated ones, thereby allowing an in-
depth analysis of the interaction forces and energies. The interaction energy of the conformers responsible
for the observed vibrational spectra has the maximum contribution from dispersion energies. This implies
that polarizabilities of the π-electron systems play a very important role in governing the nature and geometry
of the NH-π interaction. The larger polarizability of ammonia as compared to water and the tendency to
maximize the dispersion energy implies that the characteristics of the NH-π interactions are markedly
different from that of the corresponding OH-π interactions.

Introduction

There has been a tremendous interest to obtain information
on the nature of weak intermolecular interactions because they
govern the chemical and physical properties of molecular
systems in the condensed phase.1,2 Gas-phase complexes of
molecules are useful in this context, because they serve as model
systems to investigate isolated intermolecular interactions.
Among the large number of available experimental methods,
high resolution laser spectroscopic studies of molecular com-
plexes produced under ultracold conditions in a supersonic jet
expansion are particularly useful because they enable a sys-
tematic size and isomer specific investigation of the modula-
tion of intermolecular interactions.2,3-13 Apart from providing

accurate insights into the structure and dynamics of these
molecular complexes, they also help to develop, validate, and
refine the theoretical models and approximations employed
to characterize these complexes.2,14 The benefits of such
theoretical models in crystal and material design are well
documented.15,16
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Intermolecular complexes ofπ-systems and ammonia (Am)
are prototypical models of aromatic-amino interactions, which
were first observed in structures of haemoglobin-ligand
complexes.17 Furthermore, these interactions are widely preva-
lent in a number of protein crystal structures.18-20 The recent
elucidation of the crystal structure of the ammonia channels in
a membrane highlights the importance of interactions involving
aromatic residues in the transport of ammonia across the
membrane of a cell.21 However, the structural influence and
functional relevance of these interactions are still a matter of
debate, because little is known about their exact nature.14,22

Amines, in particular ammonia, are generally considered to be
amphoteric; i.e., they can behave as donors or acceptors in terms
of their hydrogen-bonding ability. However, the tendency of
ammonia to act as a proton acceptor is deeply pronounced,
reflecting its large proton affinity.23

An ammonia molecule can interact with an aromatic molecule
either through the formation of a conventional hydrogen bond
with an electron-rich substituent at the aromatic ring (σ-type of
interaction) or by a hydrogen bond with the electron cloud of
the π-system (π-type of interaction). Despite the fairly large
number of theoretical and experimental investigations of
intermolecular complexes containing ammonia, there are rela-
tively few studies on systems exhibiting theπ‚‚‚H-N inter-
actions.24-38 This is because, the relatively small intermolecular
interaction energies of these systems make it very difficult to
characterize them experimentally.24-34 Furthermore, as these

interactions are dominated by dispersion energies, theoretical
calculations are tenuous because electron correlation has to be
explicitly taken into account at a rather high computational
level.35-38

In a number of previous studies, we have extensively
illustrated the modulation of the OH- vibrational frequencies
of π-(water)n complexes as a result of changes in both the
electron density of theπ-system by substituents and by an
incremental addition of water molecules.39,40Given the impor-
tance of ammonia containingπ complexes, we consider it a
fundamental issue to study in a similar way the modulation of
their structures, energies, and vibrational spectra with ammonia
as a result of changes in the details of theπ-system. We employ
the IR/R2PI vibrational spectroscopic method, which is based
on IR-induced vibrational predissociation spectroscopy detected
mass selectively by resonant two-photon ionization mass
spectroscopy (R2PI), to experimentally investigate a number
of π-ammonia complexes{benzene (Bz), fluorobenzene (FBz),
p-difluorobenzene (pDFBz), chlorobenzene (ClBz, toluene
(Tol)} in the region of the N-H stetches.

Among the π-Am complexes exhibiting aπ-H-bonding
interaction, theBz-Am dimer is a frequently studied cluster
system.24-26 Its microwave spectrum indicates the presence of
a π-H-bond between one of the hydrogens of ammonia and the
benzeneπ-system.24 In the experimentally derived structure, the
C3 symmetry axis of ammonia is tilted by about 58° relative to
the benzene C6 axis. While the experimental dissociation energy
of theBz-Am complex has been found to be 1.84( 0.12 kcal/
mol,25 there has been hitherto no investigation on the infrared
(IR) vibrational spectra of this complex.

In addition to the experimental investigation of the vibrational
spectra in the NH-stretch region, we have carried out high-level
ab initio calculations of these complexes. A comparison of the
calculated and experimental vibrational spectra allows the
assignment of the structure of the complexes. Moreover, a
detailed decomposition of the interaction energies was carried
out using the symmetry adapted perturbation theory (SAPT)
method,41-43 to delineate the factors responsible for the stability
of various conformers ofπ-ammonia andπ-water complexes.
For comparison, theoretical results on the interaction of ammonia
with ethene, representing the prototype of an olefinicπ-system,
are included.
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Methodology

Experimental. Details of the experimental setup for the R2PI- and
IR/R2PI-spectroscopy have already been published elsewhere.44,45

Briefly, mixed clusters containing the aromatic chromophore and
ammonia in various mixing ratios are produced in a 10-Hz-pulsed
seeded supersonic expansion with the sample gases diluted at typical
concentrations of 0.01-1% in helium (p0 ) 2 bar). The 1:1 clusters
are ionized via one-color R2PI (1C-R2PI) utilizing the frequency-
doubled output of an excimer pumped, pulsed dye laser. The photo
ions are mass analyzed in a reflectron time-of-flight mass spectrometer.
The amplified (10×) ion signal is digitized in a transient recorder
(LeCroy TR8828C), programmed in multiboxcar mode. The mass
spectra are typically averaged over 100-200 laser pulses.

The R2PI spectrum of a specific ion represents the wavelength
dependence of its ion yield curve. Due to the resonant step in the two-
photon process, it reflects the UV absorption spectrum of the neutral
precursor. A cluster of particular size and structure can be investigated
by tuning the ionization laser to specific transitions in its R2PI spectrum.
The vibrational spectrum of the neutral precursor may be recorded by
utilizing IR/R2PI depletion spectroscopy.44-46 In this technique an IR-
laser pump pulse precedes the UV laser by about 70µs with both lasers
overlapping with the cluster beam. In case a cluster absorbs photons
with energies of one or several quanta of a high-frequency vibrational
mode, it predissociates very fast by IVR resulting in a depopulation
and R2PI-ion signal depletion. An ion-dip spectrum is recorded by
scanning the wavelength of the IR laser with the wavelength of the
probe laser being fixed to the transition of a selected cluster. It represents
part of the vibrational spectrum of the neutral precursor cluster in the
electronic ground state and is termed in the following an IR/R2PI
vibrational spectrum.2

In spite of the mass selectivity R2PI spectra often contain spectral
features from larger fragmenting clusters or from different structural
isomers. To attain both isomer and size selectivity, IR/UV hole burning
spectroscopy may be applied which allows the assigments of the bands
in an R2PI spectrum originating from the same precursor. For this the
wavelength of the IR laser is fixed to a prominent and unique vibrational
band of the species under study while the wavelength of the UV laser
is scanned. The intensity of the transitions in the R2PI spectrum
belonging to the same precursor are decreased similarly, while those
originating from other isomers/sizes will be left unchanged. The
difference spectrum with the IR laser off and on contains then bands
of the absorbing species.

IR laser light is generated by a home-built, injection-seeded OPO
utilizing LiNbO3 crystals and an Nd:YAG pump laser. Typical energies
are about 5 mJ/pulse. The wavelength may be tuned in the range 2.5-
4.0 µm with a bandwidth of 0.2 cm-1. To avoid saturation effects the
IR energy is usually reduced to∼1.5 mJ/pulse. The mildly focused IR
beam was directed coaxially into the supersonic beam, while the beam
of the ionizing laser crosses both beams at a right angle.

Benzene (99.7%) and toluene (99.7%) were purchased from Riedel-
de Haën, fluorobenzene (99.5%) was purchased from Fluka, chloroben-
zene (99%+) andp-chlorofluorobenzene (98%) were purchased from
Acros, p-Difluorobenzene was purchased (99%+) from Janssen, and
1% ammonia in helium was purchased from Messer. All substances
are used without further purification.

Computational Details.Both, the supermolecular (SM) variational
and perturbational (SAPT) methods were employed to investigate the
π-Am complexes described in this study.41-43,47Even though the former

method is conceptually and computationally simple, it does not provide
a (clear) detailed picture of the interaction forces responsible for the
interaction. On the other hand, the latter method provides a physical
picture of the interactions prevailing between the molecules. This is
because of the fact that the SM-interaction energy is evaluated as the
difference of the energy of the complex and the energy of the separated
and isolated monomers, and the SAPT-energy, as a sum of the
individual electrostatic, exchange, dispersion, and inductionenergies.
The calculations are briefly described to aid the discussion of the
computational results.

We initially carried out the geometry optimizations and evaluated
the vibrational frequencies using both the 6-31+G* and aug-cc-pVDZ
basis sets, at the second-order Møller-Plesset (MP2) level of theory.48-51

Given the importance of dispersion interactions in the description of
these complexes, we also carried out calculations using the larger aug-
cc-pCVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets.52 While both
the aug-cc-pVTZ and aug-cc-pVQZ basis set calculations were carried
out using the resolution of identity second-order Møller-Plesset
(RIMP2) level of theory, the latter calculations could be carried out
for the ethene and benzene complexes.53 The effects of the inclusion
of higher levels of correlation on the vibrational frequencies were
examined by carrying out CCSD(T){coupled-cluster with single,
double, and perturbative triple substitutions} calculations on the smaller
ethene-ammonia complex.54 All the electrons were explicitly correlated
in the MP2 and CCSD(T) calculations. For the sake of brevity, the
results obtained at the MP2/aug-cc-pVDZ or higher calculation levels
are discussed. The other results are presented in a supplementary table.

The zero-point vibrational energy (ZPVE) corrections were computed
from frequencies evaluated at the MP2/6-31+G* and MP2/aug-cc-
pVDZ levels of theory. Basis set superposition error (BSSE) corrections
were carried out for all complexes using the counterpoise (CP) method
of Boys and Bernardi.55 Since BSSE also affects the calculated
geometries and vibrational frequencies, we have also carried out BSSE-
corrected geometry optimizations.38,56The BSSE-corrected vibrational
frequencies and the ZPVE corrections were then obtained on the BSSE-
corrected geometries. The SM calculations were carried out using the
GAUSSIAN, TURBOMOLE, and ACES2 suite of programs.57-59

In this study, the SAPT calculations were carried out using the MP2/
aug-cc-pVDZ optimized geometries (obtained from SM calculations)
of all the complexes. The SAPT interaction energy (Eint) can be
approximated as a sum of electrostatic (Ees), induction (Eind), dispersion
(Edisp), and exchange (Eexch) terms. Since BSSE effects are explicitly
included when evaluating the SAPT interaction energies, a comparison
of the BSSE-corrected supermolecular interaction energy (∆Ee

B) and
the SAPT interaction energy (Eint) is appropriate. The SAPT interaction
energy can also be represented as the sum ofEint

(HF) andEint
(corr), where

Eint
(HF) is the sum of all the energy components evaluated at the

Hartree-Fock (HF) level andEint
(corr) is the sum of all the energy

components evaluated at the correlated level. Given the size of the
systems investigated and the level of theory (aug-cc-pVDZ) employed
in this study to evaluate the various energy components, it was not
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feasible to evaluate the computationally demanding higher order
components (n e 3). Hence, one should expect a slight deviation of
the total interaction energies evaluated using SAPT and SM calculations.
This however does not influence the conclusions based on the magnitude
of the individual interaction energy components, as was shown in a
number of recent papers. A detailed description of SAPT and some of
its applications can be found in some recent references.37,38,41-43,60-64

Results and Discusssion

Experimental. Benzene/Ammonia Cluster.The R2PI spec-
trum of theBz-Am cluster, recorded for the Bz+‚NH3 signal
in the vicinity of the vibrationless S1 r S0 electronic transition
(00

0) of benzene (38 086 cm-1), is depicted in Figure 1a. Three
weakly red-shifted bands 1-3 appear for the cluster. This is in
stark contrast to the isolated monomer for which the transition
is symmetry forbidden. As will be justified in the following,
these bands are assigned to the 1:2 complex fragmenting into
the 1:1 ion chanel. The first intense transition of the monomer
is the 60

1 at 38 606 cm-1. The R2PI spectrum of the 1:1 cluster
recorded in this region is depicted in Figure 1b. The energy of
the bands is given relative to the 60

1 transition of the monomer.
As already reported in previous studies,15,24,26ba richly structured
vibrational band pattern shows up.

The band positions are listed in Table 1 together with our
assignment and that from literature. The assignment from an
R2PI spectrum alone may be prone to error, since some bands
may be from larger fragmenting clusters or from different
confomers of the same size. Therefore IR/R2PI vibrational
spectra and IR/UV hole burning scans should clarify ambiguities.
For the latter we recorded the R2PI spectrum with the IR laser
tuned to 3441 cm-1, corresponding to a transition in the
vibrational spectrum assigned to the 1:1 complex (Figure 2a)
as will be discussed below.

Comparing the spectra with the IR laser off and on all bands
which originate from the same precursor should be similarly

depleted. The differential depletion spectrum, which is thus
assigned to the 1:1 complex, is depicted in Figure 1c. In Figure
1b, the spectrum contains on a rather noisy baseline, due to a
weak depletion of a relatively low signal, band 5 as the dominant
one of all the bands and bands 12 and 13 and a broad feature
near band 15. With the IR laser tuned to 3404 cm-1, corre-
sponding to a band assigned in the following to the vibrational
spectrum of the 1:2 complex (Figure 2b), a different differential
spectrum is observed (Figure 1d). Those features which are
missing in Figure 1c as compared to Figure 1b are now the
strongest. The group of bands 1-4 dominates the spectrum.
However broader noisy bands appear where bands 10, 11, and
14-16 appear in Figure 1b. Hence we assign these bands to
the 1:2 cluster, which is detected in the Bz+‚NH3 ion channel
due to fragmentation. From high-resolution R2PI spectra
Rodham et al. assigned bands 14 and 15 located at about+57
cm-1 as the only bands originating from the 1:1 cluster. All
other resonances were attributed by these authors to fragmenting
clusters with more than one ammonia molecule.24

Weyers and co-workers, on the other hand, assigned bands
14 and 15 to intermolecular vibrations of an isomer exhibiting
its vibrational origin at-20 cm-1. They assigned a second
isomer of the 1:1 cluster with an origin starting with band 5,26b

which we assign to the 1:1 complex. Neither the R2PI hole

Figure 1. R2PI spectra measured for Bz+‚NH3 (a) near the vibrationless
S1 r S0 electronic transition (00

0) transition of Bz and (b) near its 60
1

transition. Difference spectra of trace b with the IR-depletion laser tuned
(c) to 3441 cm-1 and (d) to 3404 cm-1.

Table 1. Position of the Bands in the R2PI Spectrum of Bz+·NH3
in Figure 1 and Their Assignment

rel. position in cm-1

of (band)
assignment(s): 1this work,

2Weyers et al.,26b 3Rodham24

Bz 00
0 -21 (1),-16 (2), 1:21, 1:1(I)2

-13 (3) 1:21

Bz 60
1 -19 (1),-17 (2) 1:21, 1:1 (I)2

-13 (3),-10 (4) 1:21
0 (5) 1:11, 1:1 (II)
+6 (6),+12 (7)
+15 (8) 1:21
+17 (9)
+30 (10), 32 (11),+36 (12) 1:21, 1:1 (Ia)2
+43,+44 (13) 1:1,1 1:1 (IIa)2

+52 (14) 1:2,1 1:13, 1:1 (Ib)2
+56 (15) 1:1,1 1:2,2 1:13, 1:1 (Ib)2
+60 (16) 1:2,1 1:1 (Ib)3

Tol -55 (1),-5 (3) 1:1,1 Tπ1
-50 (2),-24 (5),+22(4) 1:1,1 Tπ2
+6 (6)

Figure 2. IR/R2PI spectrum measured for Bz+‚NH3 with the UV laser
tuned to (a) the prominent band 5 in Figure 1b, assigned to the 1:1 complex
and (b) the prominent band 3 in Figure 1b, assigned to the 1:2 complex.
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burning spectra nor the IR/R2PI vibrational spectra gave
evidence for the occurrence of a second 1:1 isomer as assigned
by Mons et al.25 and Weyers.26b However, the second isomer
of the 1:1, assigned by Rodham et al. and Weyers, is clearly a
1:2 complex as is evident from the vibrational spectra discussed
in the following.

Figure 2a represents the IR/R2PI spectrum with the UV laser
tuned to the prominent band 5 in Figure 1b, assigned to the 1:1
complex. Two weak but reproducible absorption bands can be
observed at 3327.8 and 3441.0 cm-1. For comparison the
isolated ammonia65,66 has a symmetric stretching modeν1 at
3336.1 cm-1 and an asymmetric stretching modeν3 at 3443.6
cm-1, both of which are indicated in Figure 2 by the dashed
lines. Relative to these bands the modes of the bonded ammonia
are red-shifted by 8.3 and 2.6 cm-1, respectively. Due to the
existence of only two absorption bands at beam conditions where
larger clusters exist only in spurious amounts, this spectrum is
assigned to theBz-Am complex.

The IR/R2PI spectrum measured for the Bz+‚NH3 ion signal
with the UV laser tuned to the dominant band 3 in Figure 1a or
1b is depicted in Figure 2b. It contains at least four prominent
vibrational bands. Thus it cannot originate from any isomer of
the 1:1 but must be due to a larger complex. Since it appears
already at very low relative concentrations of ammonia in the
beam, when 1+:n > 3 clusters do not appear in the mass
spectrum, we assign this vibrational spectrum to the 1:2
complex. The band positions are listed in Table 2 together with
the spectroscopic shifts. The fact that bands 1 to 3 appear both
in the vicinity of the 60

1 and the 00
0 transition of the monomer

with nearly the same shift indicates that the bands in Figure 1a
are due to fragmentation. For larger complexes the IR/R2PI
spectra, not shown here, consist of mainly two bands at 3323
and 3427 cm-1 which are more strongly red-shifted and broader
than those in Figure 2 and show only a weak size dependence.

Toluene/Ammonia Cluster. The R2PI spectrum of the
systemTol-Am has been reported previously in detail.67,68The
spectrum of the 1:1+ complex is monitored by the yield of the
(NH3)H+ ion. The latter is the product of a dissociative proton-
transfer reaction taking place in the (1:1)+ complex. The R2PI
spectrum is dominated by four absorption bands 1-4. Li and
Bernstein67 assigned these bands to clusters with three and four
ammonia molecules fragmenting after R2PI into the 1:1 ion
channel. IR/UV hole burning spectra, depicted in Figure 3c and
d, were recorded with the IR laser tuned to either 3336.7 cm-1

or 3443.8 cm-1. At these wavelengths either the bands 1 and 3
or the bands 2 and 4 are strongly depleted.

The IR/R2PI spectra measured with the UV laser tuned to
band 1 and band 2, respectively, are depicted in Figure 4a and
4b, respectively. They clearly differ from each other and thus
may be assigned to different species. Since only two or three
bands are observed, the assignment of two 1:1 isomers seems
to be compelling. If the vibrational spectra would be due to
larger complexes additional vibrations should appear and the
R2PI bands should have a different dependence from the
expansion conditions, which is not observed.

(60) Bukowski, R.; Szalewicz, K.; Chabalowski, C.J. Phys. Chem. A1999,
103, 7322.

(61) Milet, A.; Moszynski, R.; Wormer, P. E. S.; van der Avoird, A.J. Phys.
Chem. A1999, 103, 6811.

(62) Visentin, T.; Kochanski, E.; Moszynski, R.; Dedieu, A.J. Phys. Chem. A
2001, 105, 2023. Visentin, T.; Kochanski, E.; Moszynski, R.; Dedieu, A.
J. Phys. Chem. A2001, 105, 2031.

(63) Tarakeshwar, P.; Kim, K. S.; Kraka, E.; Cremer, D.J. Chem. Phys.2001,
115, 6018.

(64) Kim, D.; Hu, S.; Tarakeshwar, P.; Kim, K. S.; Lisy, J. M.J. Phys. Chem.
A 2003, 107, 1128. Kim, D.; Tarakeshwar, P.; Kim, K. S.J. Phys. Chem.
A 2004, 108, 1250.

(65) (a) Spirko, V. Kraemer, W. P. D.J. Mol. Spectrosc.1989, 133, 331. (b)
Angstl, R.; Finsterholzl, H.; Frunder, H.; Illig, D.; Papouek, D.; Pracna,
P.; Rao, K. N.; Schrotter, H. W.; Urban, Sˇ . J. Mol. Spectrosc.1983, 101,
1.

(66) Coy, S. L.; Lehmann, K. K.Spectrochim. Acta A1989, 45, 47.

(67) (a) Brutschy, B.; Janes, C.; Eggert, J.Ber. Bunsen-Ges. Phys. Chem.1988,
92, 435. (b) Eggert, J. Dissertation, Berlin, 1990. (c) Li, S.; Bernstein, E.
R. J. Chem. Phys. 1992, 97, 804.

(68) (a) Thölmann, D.; Gru¨tzmacher, H.Chem. Phys. Lett. 1989, 163 (2, 3),
225. (b) Thölmann, D.; Gru¨tzmacher, H.Chem. Phys. Lett. 1991, 113 (9),
3281.

Table 2. Shifts of the NH Stretching Vibrations of the Different 1:1
Complexes Taken from the IR/R2PI Spectra Measured at Cluster
Specific UV Transitions (Given in Column 1 as Values Relative to
the Transition in the Monomer Indicated in parentheses)a

chromophore R2PI transition of
the 1:1 complex relative to that

in the monomer ∆ν1 (1) ∆ν3 (1) ∆ν3 (2) δ∆ν3

Bz (ν06 ) 38 603) 60
1 ( 0 -8.3 -2.6 0

Tol π1 (ν00 ) 37 477) 00
0 - 55 -9.8 -20.5 +3.7 24.2

Tol π2 (ν00 ) 37 477) 00
0 - 50 -9.8 -8.9 0

FBz (ν00 ) 37 816) 00
0 + 58.7 -3.1 -3.6 0

ClBz (ν00 ) 37 063) 00
0 + 78 -6.6 -15.6 -4.5 11.1

pDFBz (ν00 ) 36 838) 00
0 + 97 -1.9 -11.1 -4.1 7.0

pClFBz (ν00 ) 36 276) 00
0 + 100 -6.1 -3.6 0

a The experimental values of the stretching vibrations of ammonia relative
to the reference values for the two energy regions. The latter are the
symmetricν1 ) 3336.1 cm-1 and the asymmetricν3 ) 3443.6 cm-1 of
ammonia.65 δ∆ν3 is the splitting of the asymmetric vibration in the clusters.
All units are cm-1.

Figure 3. R2PI spectra measured (a) near the vibrationless S1 r S0

electronic transition (00
0) transition for To+‚NH3 and (b) for To+‚(NH3)2.

Difference spectra of trace (a) with the IR-depletion laser tuned in (c) to
3441 cm-1 and in (d) to 3404 cm-1. The spectra in (c) and (d) are assigned
to different isomersTπ1 andTπ2, respectively, of the 1:1 complex.
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Hence we assign each band pair to a different isomer of the
Tol-Am complex, termed in the following isomerTπ1 andTπ2.
In the difference hole burning spectra in Figure 3c, we assign
band 1 as the origin band of isomerTπ1 and band 3 to an
intramolecular vibration of 50 cm-1. Band 2 in Figure 3d is
assigned as the origin of the second isomerTπ2 exhibiting an
intramolecular vibration of 72 cm-1 (band 4). This assignment
will be supported by the results from the calculations. Surpris-
ingly in the vibrational spectrum ofTπ1 (Figure 4a) three bands
appear in the NH stretch region: one near the symmetric mode
ν1 of isolated ammonia and two in the region of the degenerate
asymmetric vibrationν3.

In the cluster the bands at 3423.1 and 3447.3 cm-1 are shifted
by -20.5 and+3.7 cm-1 relative to theν3 mode of the isolated
monomer. The splitting is indicative of a substantial perturbation
of the symmetry of the ammonia molecule when interacting
with toluene. In stark contrast to this, the vibrational spectrum
of theTπ2 isomer (Figure 4b) shows only a single band in this
spectral region at 3434.7 cm-1, corresponding to a shift of-8.9
cm-1. The vibrational bands assigned to the symmetrical
vibrations are located at nearly the same energy for both isomers,
i.e., at 3326.3 cm-1 (-10.0 cm-1) for the Tπ1 and at 3327.3
cm-1 (-9.0 cm-1) for the Tπ2. These red shifted bands are
tentatively assigned to a weak H-bond formed between the
ammonia and the aromatic system of toluene. The weak intensity
of the bands also supports the assumption that stronger H-bonds
do not exist as expected for larger ammonia subcomplexes.
Therefore for both isomers a similar docking H-bond may be
assumed.

Halobenzene/Ammonia Clusters.The R2PI spectra have
been published elsewhere.2 The IR/R2PI spectra recorded with
the UV laser tuned to the transitions assigned to the 1:1 clusters
in the R2PI spectra ofFBz‚Am, ClBz‚Am, andpDFBz‚Am
are shown in Figure 5a-c. The positions of the vibrational
absorption bands and of the vibronic origins excited in the R2PI
spectra are tabulated in Table 2. For comparison we also include
the positions of the bands forp-chlorofluorobenzene-Am, not
shown in Figure 5. The IR/R2PI vibrational spectrum of the
FBz‚Am cluster depicted in Figure 5a was recorded for the 1:1+

ion channel. It shows two sharp and intense bands. The spectrum
of theClBz‚Am cluster was recorded in the ion channel of the
anilinium+ ion, which appears as a product of a fast and nearly
quantitative nucleophilic substitution reaction between chlo-
robenzene+ and ammonia.9,67,68Similar to the spectrum of the
Tπ1 isomer ofTol-Am, the asymmetric vibration is split up
by 11.1 cm-1 (marked with arrows). The spectrum of the
pDFBz‚Am complex resembles only superficially that of the
ClBzAm complex: both clusters exhibit aν3 splitting. However,

Figure 4. IR/R2PI spectra measured with the UV tuned (a) to band 1 and (b) to band 2 in Figure 3a. The solid and dashed lines are the results from the
calculatedπ1- andπ2-isomer. The best fit is represented by a solid line.

Figure 5. IR/R2PI spectra measured (a) forFBz‚NH3, (b) ClBz‚NH3, and
(c) pDFBz‚NH3. The calculated spectra for the respectiveσ, ø, π isomers
are given for comparison. The best fit is represented by a solid line.
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it should be noted that the splitting for ClBz is nearly 50% larger
than that of pDFBz. Surprisingly the spectrum of theFBz‚Am
complex shows only oneν3 mode. We also note that the
observed∆ν1 values forpDFBz‚Am, FBz‚Am, andClBz‚Am
complexes have a linear correlation to the polarizabilities of
the corresponding system. This finding supports an argument
that the interaction ofAm with theseπ-systems is mediated
through theπ-system (π-H bond). This is in contrast to the
spectra ofFBz and DFBz with water, where identical bands
and spectra appear due to the local in-plane H-bond between
water and one F substituent.39a,39b,69

Computational. Several studies have shown that extremely
high-level ab initio calculations are required to reproduce the
experimental geometries and vibrational frequencies of
ammonia.65,66,70-76 Thus, anharmonic frequencies{3337.4 (ν1)
and 3435.1 (ν3) cm-1} evaluated at the CCSD(T)/cc-pVQZ level
are close to the experimental frequencies of 3336.1 (ν1) and
3443.6 (ν3) cm-1.65 In the context of this study, it is interesting
to note that the calculated MP2/aug-cc-pVDZ vibrational
frequencies of 3483.7 (ν1) and 3639.5 (ν3) cm-1 are in close
agreement with the experimentally determined harmonic fre-
quencies of (3485, 3504 cm-1) (ν1) and (3624, 3592 cm-1)
(ν3).66,73,74In the absence of high-level theoretical investigations
detailing the modulation of the NH stretching shifts of ammonia
upon its interaction with various systems, we have evaluated
the interaction energies and the corresponding vibrational
frequencies of a relatively small system (ethene-Am) at several
levels of theory.

Table 3 illustrates that the magnitude of the total interaction
energies of the ethene-Am complex evaluated at the MP2 level

are nearly independent of the size of the basis sets. Thus,
geometry optimizations at the RIMP2/aug-cc-pVQZ level yield
BSSE corrected interaction energies which are very similar to
those evaluated at the MP2/aug-cc-pVDZ level. Even though
one carries out the extremely arduous and time-consuming
BSSE corrected geometry optimizations, the BSSE corrected
interaction energies do not differ substantially. When ZPVE
corrections are carried out, small differences can be noted
in the interaction energies obtained on the BSSE corrected and
uncorrected geometries. Despite the similarity of the inter-
action energies, one can notice substantial differences in the
geometries and the vibrational frequency shifts at various levels
of theory.

It can also be seen from Table 3 that complexation with
ethene leads to a splitting in the doubly degenerateν3 NH
stretching frequency of ammonia. While the absolute values of
the frequencies are extremely dependent on the basis set and
theoretical method, the calculated vibrational shift with respect
to the isolated ammonia monomer is generally more useful for
comparison with the experiment. The calculated harmonic
vibrational frequencies of the ethene-Am complex at the MP2/
aug-cc-pVDZ level are 3476.5 (ν1) and (3631.1, 3639.5) (ν3)
cm-1, respectively. The inclusion of BSSE in the geometry
optimizations and vibrational frequency evaluations leads to very
small changes in the values ofν1 (3477.1 cm-1) andν3 (3630.6,
3635.6 cm-1).

A calculation of the anharmonic vibrational frequencies on
the MP2/aug-cc-pVDZ BSSE corrected geometries of the
ethene-Am complex indicates that the two splitν3 N-H
stretching modes nearly coalesce (3456.5, 3456.8 cm-1). We
would however like to emphasize that this observation is isolated
and no inferences can be made on the spectra of the larger
π-Am complexes. The corresponding anharmonic value ofν1

is 3322.5 cm-1. It is interesting to note that a scaling of the
harmonicν1 andν3, by factors of 0.95 and 0.96, respectively,
yield the corresponding anharmonic values. Similar observations
were made in a recent investigation on comparison of harmonic
frequencies to the corresponding experimental vibrational
frequencies.77

(69) (a) Djafari, S.; Lembach, G.; Barth, H.-D.; Brutschy, B.Z. Phys. Chem.
1996, 195, 253. (b) Djafari, S.; Lembach, G.; Barth, H.-D.; Brutschy, B.J.
Chem. Phys.1997, 107, 10573. (c) Buchhold, K.; Reimann, B.; Djafari,
S.; Barth, H.-D.; Brutschy, B.; Tarakeswar, P.; Kim, K. S.J. Chem. Phys.
2000, 112, 1844. (d) Riehn, C.; Buchhold, K.; Reimann, B.; Djafari, S.;
Barth, H.-D.; Brutschy, B.; Tarakeshwar, P.; Kim, K. S.J. Chem. Phys.
2000, 112, 1170.

(70) Duncan, J. C.; Mills, I. M.Spectrochim. Acta A1964, 20, 523.
(71) Morino, Y.; Kuchitsu, K.; Yamamoto, S.Spectrochim. Acta A1968, 24,

335.
(72) Hoy, A. R.; Mills, I. M.; Strey, G.Mol. Phys.1972, 24, 1265.
(73) Martin, J. M. L.; Lee, T. J.; Taylor, P. R.J. Chem. Phys.1992, 97, 8361.
(74) Bartlett, R.; Del Bene, J. E.; Perera, S. A.; Mattie, R. P.THEOCHEM

1997, 400, 157.
(75) Thomas, J. R.; DeLeeuw, B. J.; Vacek, G.; Crawford, T. D.; Yamaguchi,

Y.; Schaefer, H. F., III.J. Chem. Phys.1993, 99, 403. (76) Pesonen, J.; Miani, A.; Halonen, L.J. Chem. Phys.2001, 115, 1243.

Table 3. Calculated Interaction Energies, Selected Geometrical Characteristics, and Vibrational Frequencies of the Ethene-Am Complex at
Various Levels of Theorya

aug-cc-pVDZ aug-cc-pCVDZ aug-cc-pVTZ aug-cc-pVQZ

MP2 MP2(BSSE)b CCSD(T) MP2 MP2(BSSE)b CCSD(T) MP2 RIMP2 RIMP2

-∆EN
e 2.22 2.12 2.12 2.21 2.13 2.09 2.19 2.18 1.86

-∆EB
e 1.28 1.40 1.13 1.33 1.40 1.30 1.43 1.76 1.63

-∆Ee 1.75 1.76 1.62 1.77 1.77 1.69 1.81 1.97 1.75
-∆E0 0.90 1.00 0.75 0.86 1.03 0.96 1.11 1.12c

Rπ-H(NH3) 2.616 2.828 2.609 2.671 2.822 2.767 2.606 2.617 2.674
Rπ-Hnb(NH3) 4.104 4.242 4.093 4.057 4.203 4.220 4.085 4.102 4.103
Rπ-N(NH3) 3.530 3.609 3.522 3.469 3.615 3.542 3.512 3.544 3.483
-∆ν3 4.5(5) 4.0(5) 0.0(17) 5.9(5) 2.1(5) -0.4(7) 5.4(8)
-∆ν3 8.4(32) 8.9(16) 7.2(1) 9.2(20) 6.9(16) 4.1(1) 14.5(52)
-∆ν1 7.2(14) 6.6(9) 4.1(15) 7.7(12) 4.5(9) 2.9(11) 8.5(15)

a All energies are in kcal/mol, distances are in Å, frequency shifts are in cm-1, and IR intensities are in KM/mol.∆EN
e and∆EB

e represent the supermolecular
binding energy without and with basis set superposition error (BSSE) correction.Ee represents the average of∆EN

e and∆EB
e. ∆E0 represents the zero-point

vibrational energy (ZPVE) corrected∆Ee. Rπ-H(NH3), Rπ-Hnb(NH3), andRπ-N(NH3) are the distances from the center-of-mass of ethene to the ammonia hydrogen
pointing to theπ-system, ammonia hydrogen pointing away from theπ-system, and ammonia nitrogen.∆ν3 and∆ν1 are the vibrational frequency shifts with
respect to the calculated values of ammonia monomer. The corresponding IR intensities are enclosed in parantheses beside them.b BSSE corrections were
explicitly taken into account during geometry optimizations and vibrational frequency evaluations.c ZPVE corrections were made using the frequencies
evaluated at the MP2/aug-cc-pVDZ level.
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Benzene/Ammonia and Toluene/Ammonia.The replace-
ment of the olefinic system (ethene) by an aromatic system (Bz)
(Figure 6) leads to a substantial increase in the magnitude of
the interaction energy (Tables 4 and 5). Much of this increase
can be attributed to the enhanced dispersion energy in theBz-
Am complex. At the MP2/aug-cc-pVDZ level, the ZPVE
corrected interaction energy (∆E0) of the Bz-Am complex is

2.13 kcal/mol, which is close to the experimental estimate of
1.84( 0.12 kcal/mol.25 An RIMP2/aug-cc-pVQZ optimization
of theBz-Am complex yielded a BSSE uncorrected interaction
energy of 3.05 kcal/mol and a BSSE corrected interaction energy
(∆EB

e) of 2.50 kcal/mol. Apart from the fact that the aug-cc-
pVQZ optimized geometries exhibit very small BSSE correc-
tions,78 they are very close to the values obtained at the RIMP2/
aug-cc-VTZ level (Table 5). This seems to indicate that the use
of the larger aug-cc-pVQZ basis set at the MP2 level would

(77) Sinha, P.; Boesch, S. E.; Gu, C.; Wheeler, R. A.; Wilson, A. K.J. Phys.
Chem. A2004, 108, 9213.

Figure 6. Optimized structures obtained for all theπ-Am complexes obtained at the RIMP2/aug-cc-pVTZ level.

Table 4. Calculated Interaction Energies, Selected Geometrical Characteristics, and NH Vibrational Frequency Shifts of Various Conformers
of All the Aromatic π-Am Complexes at the MP2/aug-cc-pVDZ Level of Theorya

Bπ Tπ1 Tπ2 Fπ Fσ Fø Cπ Cσ Cø Dπ Dσ

-∆EN
e 4.45 4.73 5.33 4.27 4.15 4.30 4.53 4.35 4.69 3.75 4.47

-∆EB
e 1.97 2.13 2.69 1.78 2.68 1.81 1.80 2.58 2.01 1.18 2.94

-∆Ee 3.21 3.43 4.01 3.03 3.42 3.06 3.16 3.46 3.35 2.46 3.70
-∆E0 2.13 2.53 3.04 2.15 2.24 2.18 2.34 2.41 2.39 1.74 2.52
Rπ-H(NH3) 2.362 2.385 2.320 2.477 3.872 2.466 2.506 3.800 2.643 2.366 4.337
Rπ-Hnb(NH3) 3.799 3.722 3.661 3.790 5.023 3.930 3.788 4.916 2.878 3.782 5.368
Rπ-N(NH3) 3.383 3.391 3.261 3.474 4.347 3.446 3.493 4.248 3.204 3.386 4.693
RX-H(NH3) 2.371 2.772 2.413
RX-N(NH3) 2.435 3.646 2.400
-∆ν3 8.4(4) 7.4(4) 10.9(5) 7.1(35) 5.7(6) 7.7(23) 6.5(33) 6.2(7) 12.0(7) 2.4(30) 6.2(7)
-∆ν3 10.8(37) 11.1(39) 18.2(35) 8.0(4) 11.5(17) 9.1(15) 9.9(5) 13.7(19) 22.8(6) 9.2(5) 12.3(15)
-∆ν1 7.5(8) 8.1(8) 13.2(13) 5.9(5) 9.0(10) 6.7(6) 5.5(5) 11.1(11) 16.1(5) 3.1(2) 9.4(8)

a RX-H(NH3) andRX-N(NH3) are the distances from the fluorine/chlorine atom in fluorobenzene/chlorobenzene to the hydrogen-bonded ammonia hydrogen
and ammonia nitrogen, respectively. See footnotes of Table 3, for definitions of other terms.

Table 5. Calculated Interaction Energies and Selected Geometrical Characteristics of Various Conformers of All the Aromatic π-Am
Complexes at the RIMP2/aug-cc-pVTZ Level of Theorya

Bπ Tπ1 Tπ2 Fπ Fσ Fø Cπ Cσ Cø Dπ Dσ

-∆EN
e 4.59 4.59 5.30 4.45 4.14 4.58 4.66 4.33 4.72 4.19 4.43

-∆EB
e 2.39 2.55 3.00 2.21 2.80 2.21 2.27 2.77 2.50 1.78 3.04

-∆Ee 3.49 3.57 4.15 3.33 3.47 3.39 3.46 3.55 3.61 2.99 3.73
-∆E0

b 2.41 2.67 3.21 2.45 2.30 2.52 2.65 2.50 2.65 2.27 2.55
Rπ-H(NH3) 2.370 2.392 2.313 2.484 3.844 2.470 2.513 3.719 2.646 2.376 4.297
Rπ-Hnb(NH3) 3.817 3.759 3.915 3.822 4.991 3.434 3.834 4.867 2.962 3.864 5.326
Rπ-N(NH3) 3.380 3.396 3.260 3.479 4.325 3.366 3.504 4.207 3.255 3.355 4.662
RX-H(NH3) 2.365 2.703 2.403
RX-N(NH3) 3.232 3.595 3.243

a See footnotes of Tables 3 and 4, for definitions of various terms.b ZPVE corrections were made using the frequencies evaluated at the MP2/aug-cc-
pVDZ level.
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not dramatically alter the profile of the interaction energies
obtained at the MP2/aug-cc-pVTZ level.

A BSSE corrected geometry optimization and vibrational
frequency evaluation at the MP2/aug-cc-pVDZ level yields a
calculated ZPVE corrected interaction energy of 1.80 kcal/mol
for theBz-Am complex.79 The calculatedRπ-N(NH3) (3.629 Å)
is also in good agreement with the experimentally determined
Rπ-N(NH3) of 3.590( 0.005 Å.18,79As BSSE corrected potential
energy surfaces of theseπ-Am complexes are extremely
shallow, geometry convergence involves hundreds of optimiza-
tion steps. Hence BSSE corrected geometry optimizations have
not been carried out for the other complexes because of the
enormous computational effort involved.

The MP2/aug-cc-pVDZ shift of the NH stretch (ν1 ) -7.5
cm-1) in the Bz-Am complex (Bπ) is nearly similar to the
experimentally observed shift of-8.3 cm-1. Similar to what is
observed in the case of the isolated ammonia monomers, small
deviations can be noted in the case ofν3.73,74,76The idea that a
secondσ conformer ofBz-Am25b might be responsible for the
experimental spectra was ruled out because of its higher energy
and the absence of splitting in theν3 mode (∆ν1 ) -5.0, ∆ν3

) -6.1, -6.3 cm-1).37

The presence of an electron donating substituent like-CH3

in the π-system (toluene) leads to an asymmetry in the nature
of the π-system. As a result, two different conformers are
possible in the case of theTol-Am complex (Figure 6, Table
4). While both conformersTπ1 and Tπ2 exhibit a π-HN
interaction, the latter has an additional weak interaction involv-
ing the nitrogen lone pair and the methyl hydrogen. As can be
seen from Table 5, the higher interaction energy of conformer
Tπ2 can be attributed to higher contributions from both
electrostatic and dispersion energies. The presence of two
distinct isomers in the experimental spectra and the significant
difference in the calculated interaction energies imply that
thermodynamic factors may play a role in conformer stability.
Support for the above argument emerges from the fact that the
calculated MP2/aug-cc-pVDZ thermal free-energy correction of
conformerTπ2 is 0.52 kcal/mol larger than that ofTπ1. While
limitations of the theoretical method employed or the basis set
used may be responsible for the difference in the interaction
energies, it is of interest to note that high-level theoretical
investigation of the various conformers of the water hexamer
carried out using hexaple zeta basis sets also had to invoke
thermodynamic factors to explain the stability of the experi-
mentally observed cage water hexamer.80

Based on the calculated vibrational shifts (Table 4), the UV
bands 1 and 3 of Figure 3 were tentatively attributed to
conformerTπ1 and the UV bands 2 and 4, to conformerTπ2.
The presence of experimental peaks at 49.6 cm-1 and 72.7 cm-1,
assigned to torsional vibrations in the S1, which correspond
to the calculated numbers for the methyl torsion mode in
Tπ1 (48.7 cm-1) and Tπ2 (82.6 cm-1) in the S0 pro-
vides additional proof of our conformational assignments. The
methyl torsion mode inTπ2 appears at high numbers because
the weak hydrogen bond between the ammonia nitrogen and
the methyl group hydrogen hinders the methyl group rota-
tion.

Halobenzene/Ammonia.As mentioned earlier, the presence
of electron-withdrawing substituents such as chlorine or fluorine
on the system provides additional avenues for the binding of
the ammonia molecule. Thus in the case of theClBz-Am and
FBz-Am complexes, three distinct minimum energy conform-
ers can be identified (Figure 6). Apart from conformers
exhibiting a typicalπ-type of interaction (Cπ and Fπ) or a
σ-type of interaction (Cσ andFσ), we also obtain a conformer
exhibiting a hybridπ-σ-type of interaction (Cø andFø). While
a hydrogen bond between the covalently bonded substituent (X
) F, Cl) and the ammonia hydrogens is observed in both theσ
andø conformers, its magnitude is much weaker in the case of
the latter. It can be seen from Tables 4 and 5 that the interaction
energies of all the three conformers are nearly isoenergetic.
While calculations at the MP2/aug-cc-pVDZ level indicate that
the Cσ andFσ conformers are the lowest energy conformers,
those at the RIMP2/aug-cc-pVTZ level indicate that theCø and
Fø conformers are energetically more stabilized. It might
therefore be possible that thermodynamic factors may play an
important role in the experimental observation of different
conformers. Interestingly at the MP2/aug-cc-pVDZ level, the
thermal free-energy correction of theFø conformer is 0.8 kcal/
mol smaller than that of theFσ conformer. It was shown earlier
that the polarizabilities of the system are correlated to the
experimental values of∆ν1 in theClBz‚Am andFBz‚Am and
pDFBz‚Am complexes. The nearly similar values of the
calculated∆ν1 values in theσ conformers, therefore, make it
unlikely that they are responsible for the experimental vibrational
spectra in theClBz‚Am andFBz‚Am complexes. Though the
interaction energies of both theCπ and Cø conformers are
similar (Tables 5 and 6), it can be seen that the experimental
shifts are in better agreement with the calculated vibrational
shifts of theCø conformer than that of theCπ conformer.
Though the calculated vibrational shifts of both theFπ andFø
conformers seem to be in agreement with the experimental shifts,
the latter is more likely the candidate responsible for the
experimental spectra.

(78) Lee, E. P. F.; Wright, T. G.J. Chem. Phys.1998, 109, 157.
(79) Tarakeshwar, P.; Yang, S.; Kim, K. S.; Kraka, E.; Cremer, D. Unpublished

results.
(80) Kim, J.; Kim, K. S.J. Chem. Phys.1998, 109, 5886.

Table 6. MP2 Equivalent Interaction Energy Components of Some of the Aromatic π-Am and π-H2O Complexes Obtained Using the
aug-cc-pVDZ Basis Seta

NH3 H2O

Bπ Tπ1 Tπ2 Fπ Fσ Fø Cπ Cσ Cø Dπ Dσ Bπ Tπ Fπ Fσ Cπ Cσ

-Eint
b 2.03 2.21 2.79 1.85 2.81 1.86 1.88 2.70 2.12 1.29 3.08 2.78 3.25 2.41 3.12 2.51 2.61

-Eint
(corr)c 3.35 3.66 3.89 3.33 1.64 3.35 3.61 2.05 4.25 3.43 1.58 2.57 2.91 2.57 1.19 2.84 1.72

-Ees 2.53 2.72 3.51 2.36 5.02 2.38 2.32 5.09 2.81 1.96 5.41 3.46 4.12 2.99 5.16 3.09 4.54
-Eind 1.31 1.43 1.79 1.29 1.60 1.29 1.36 1.88 1.66 1.37 1.74 1.90 2.43 1.81 1.74 1.75 2.19
-Edisp 4.38 4.75 5.12 4.28 2.82 4.32 4.63 3.29 5.34 4.28 2.86 3.92 4.41 3.77 2.73 4.13 3.09
Eexch 6.18 6.70 7.62 6.09 6.63 6.14 6.42 7.56 7.68 6.31 6.94 6.51 7.72 6.16 6.51 6.46 7.20

a All energies are in kcal/mol.b Eint ) Ees + Eind + Edisp + Eexch. c Eint
(corr) is the sum of all the energy components evaluated at the correlated level.
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In the case of thepDFBz‚Am complex, we obtain only the
π bondedDπ and σ bondedDσ conformers. The depleted
electron density of theπ-system, as a result of the presence of
the second fluorine atom, implies that theDπ conformer is
energetically less stabilized than theDσ conformer. A com-
parison of the calculated and experimental vibrational shifts
however indicates that theDσ conformer gives rise to the
experimental spectra. This difference in binding of theFø and
Dσ isomers is in sharp contrast to the isomers of the corre-
spondingπ-water complexes.39a,40bTherein, theσ conformer
(the water molecule forms an H-bond with the covalently bonded
fluorine atom) is responsible for the experimental vibrational
spectra in the case of both theFBz-water and theDFBz-
water complexes. To rationalize this result, it is useful to
examine the salient factors responsible for the stability of the
π-Am andπ-H2O complexes.

π-Ammonia vs π-Water Complexes.It can be seen from
the magnitude of the total interaction energies{Eint} in Table 6
that theπ-Am complexes are less strongly bound than the
correspondingπ-water complexes. However, the magnitude
of Eint

(corr), which is the sum of all the energy components
evaluated at the correlated level, is much higher in the case of
the ammonia complexes. Apart from indicating the importance
of dispersion energies, this observation also highlights the
importance of the inclusion of electron correlation in calculations
of theseπ-Am complexes. Given the higher electronegativity
of the oxygen atom, the greater interaction energy of the
π-water complexes predominantly emerges from the enhanced
electrostatic (Ees) and induction (Eind) energies. Compared to
theπ-water complexes, the magnitude of the dispersion (Edisp)
energies is much higher in the case of theπ-Am complexes
because of the larger polarizability of ammonia ()2.10× 10-24

cm3) as compared to water ()1.45× 10-24 cm3).

The conformational preference (π, σ, or ø) is governed by
both the electron density and the polarizability of the system.
Thus theπ conformer is not favored in the case of theDFBz-
Am complex because the depleted electron density ofp-
difluorobenzene leads to a smaller electrostatic contribution and
its low polarizability (R ) 9.8× 10-24 cm3) leads to decreased
dispersion energies. On the other hand, the considerably higher
polarizabilities of the otherπ-systems lead to higher dispersion
energies and hence favor theπ or ø conformers.

The π or ø conformers are however not favored in the case
of the water complexes, because the increased electronegativity
of the oxygen atom would bring the water hydrogen much closer
to the π-system (Cπ: Rπ-O ) 3.241 Å, Rπ-N ) 3.493 Å)
because of enhanced electrostatic energies.40b However this
closer approach also leads to an increase in the magnitude of
the repulsive exchange energies. The above finding clearly
establishes that covalently bound halogen substituents apart from
influencing the electron density of the system can also syner-
gistically form hydrogen bonds with proton donors.81 The nature
of the proton donor, however, has a significant role in governing
the resulting geometry of the complex.

Conclusions

The R2PI spectra of different isomers of clusters of benzene
and some of its derivatives with ammonia have been measured
in the region of their vibrational origins of the S1 r S0 transition
of the clusters. For theBz-Am cluster the detailed R2PI
spectrum could be assigned by combination of IR/R2PI and IR/
UV hole burning spectroscopy. In contrast to previous assign-
ments from the literature only one isomer could be identified
for the 1:1 cluster.25,26b Other UV bands which have been
assigned to different isomers are unambiguously assignable to
the 1:2 cluster. Evidence is obtained from the corresponding
IR/R2PI spectra in the region of the NH stretches. By high level
ab initio calculations, a geometry is found in which the ammonia
molecule is located in the center above the benzene ring with
one hydrogen atom pointing toward theπ-electron system. This
so-called π-H-bond was already inferred from microwave
spectra.

For theTol-Am complex, the R2PI spectrum exhibits four
intense absorptions which can be assigned by IR/UV hole
burning spectroscopy as bands from two different isomersTπ1

andTπ2. From ab initio calculations the two isomers are found
to be bound via aπ-H-bond, similar to the benzene-ammonia.
The vibrational spectrum of isomerTπ2 shows the same
absorption pattern like that of theBz-Am cluster with two
bands red-shifted relative to the symmetrical and asymmetrical
stretching vibrations of the ammonia monomer. In the spectrum
of Tπ1 the vibrational mode in the region of the doubly
degenerated asymmetrical vibration is split by 24.2 cm-1. This
can be explained by the loss of symmetry in the H-bonded
complex. The torsional mode of the methyl group is different
in both conformers. There is good correspondence of the
measured modes in the S1 of the conformers with corresponding
modes calculated for the S0.

The spectroscopic analysis ofFBz-Am, DFBz-Am, and
ClBz-Am indicates that the vibrational spectra ofFBz-Am
andDFBz-Am (Figure 5) are very different. Thus, the latter
exhibits a split of the high-frequency mode close to the
asymmetric NH-stretching vibrationν3. This is is contrast to
the spectra ofFBz-water and DFBz-water, which were
practically the same. The complexes ofFBz, ClBz, andDFBz
with water are calculated to have the same geometry, with the
water molecule lying in the plane of the benzene ring building
up a σ-type bond to a halogen atom. With ammonia as the
solvent, thisσ-type bond is found only for theDFBz-Am
complex. The remaining two exhibit a hybridø-type H-bond
(π andσ-type bond, see Figure 6). However it is important to
mention that all three conformers ofFBz-Am andClBz-Am
are nearly isoenergetic at the levels of the calculation carried
out in this investigation. It might be possible that calculations
carried out at higher levels of theory using larger basis sets might
be able to unequivocally identify the ultimate isomer structure
responsible for the experimental vibrational spectra.

The calculated vibrational spectra are very similar to the
experimentally determined ones, thus allowing an analysis of
the interaction forces and energies. A detailed decomposition
reveals that dispersion energies are the major contributors to
the total interaction energies of theπ-ammonia complexes. This
is in contrast to the correspondingπ-complexes with water.
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