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Infrared spectra of the NH stretching vibrations of (NH3)n clusters (n ) 2-4) have been obtained using the
helium droplet isolation technique and first principles electronic structure anharmonic calculations. The
measured spectra exhibit well-resolved bands, which have been assigned to theν1, ν3, and 2ν4 modes of the
ammonia fragments in the clusters. The formation of a hydrogen bond in ammonia dimers leads to an increase
of the infrared intensity by about a factor of 4. In the larger clusters the infrared intensity per hydrogen bond
is close to that found in dimers and approaches the value in the NH3 crystal. The intensity of the 2ν4 overtone
band in the trimer and tetramer increases by a factor of 10 relative to that in the monomer and dimer, and is
comparable to the intensity of theν1 andν3 fundamental bands in larger clusters. This indicates the onset of
the strong anharmonic coupling of the 2ν4 andν1 modes in larger clusters. The experimental assignments are
compared to the ones obtained from first principles electronic structure anharmonic calculations for the dimer
and trimer clusters. The anharmonic calculations were performed at the Møller-Plesset (MP2) level of electronic
structure theory and were based on a second-order perturbative evaluation of rovibrational parameters and
their effects on the vibrational spectra and average structures. In general, there is excellent (<20 cm-1)
agreement between the experimentally measured band origins for the N-H stretching frequencies and the
calculated anharmonic vibrational frequencies. However, the calculations were found to overestimate the
infrared intensities in clusters by about a factor of 4.

I. Introduction

NH3, H2O, and HF are fundamental examples of hydro-
gen-bonded (HB) systems, which differ considerably in HB
strength, HB coordination, and electronic structure of the
constituent molecules. An ammonia molecule has a single lone-
pair orbital and three hydrogen atoms to donate, and is known
to be a weak donor. Ammonia dimers exemplify a weak
(∆Ee ≈ 3 kcal/mol), nonlinear hydrogen bond (see ref 1 and
references therein). The structure of crystalline ammonia
shows that each molecule is a triple donor and an acceptor for
three other protons, which share the same lone-pair orbital of
nitrogen atoms.2 In comparison, water molecules serve as
double donors and double acceptors, according to the number
of hydrogen atoms and lone-pair electron orbitals of the oxygen
atoms. Water dimers exemplify a stronger (∆Ee ≈ 5 kcal/mol),
almost linear hydrogen bond.3,4 The structures of water clusters,
liquid water, and ice are mainly determined by the nearly
tetrahedral arrangement of the H atoms and lone pairs in the
H2O molecules. These analogies and differences stimulated a
lot of interest in ammonia clusters. In comparison to
water clusters, there are relatively few studies of ammonia
clusters.

Gas-phase ammonia molecules have been studied extensively
by microwave, infrared, and Raman spectroscopies.5-14 Am-
monia dimers have been obtained in free jet and studied by
microwave and far-infrared spectroscopies, as well as by double
resonance spectroscopy.15-24 From the high-resolution rotational
spectra several structural parameters of the dimer were obtained
as follows: intermolecular distanceR ) 3.366 Å; orientations
of the axes of the molecules with respect to the intermolecular
axis Θ1 ) 48.6° and Θ2 ) 115.5°, respectively. Thus the
structure of the dimer deviates considerably from that expected
for a linear HB system. This unexpected structure and low
binding energy of the dimer even initiated questions of whether
a hydrogen bond exists at all.23 It was later shown that the
ammonia molecules in the dimer participate in the large
amplitude interchange tunneling motion. Analysis of the spectra
and numerical simulations allowed the reconstruction of the
potential energy surface of the dimer.25-28 The intermolecular
potential was found to have an equilibrium hydrogen-bonded
structure close to linear withΘ1 ) 32.0°, 180° - Θ2 ) 91.5°,
but has a low potential barrier for interchange tunneling motion
of about 24 cm-1.

The structure of the small ammonia clusters has also been
studied from first principles electronic structure calculations.1,29-34

The calculated hydrogen bond in dimers was consistently found
to be close to linear. Ammonia trimer and tetramer clusters were
found to have cyclic structures.1,29,30,32,34Recently, theν1 and
ν3 vibrations of NH3 clusters have been studied using a
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molecular perturbation approach in conjunction with an empiri-
cal pair potential.35 The calculations predict splitting of the
doubly degenerateν3 vibration in dimers and trimers by about
75-100 cm-1, a large shift of theν1 band by about 50-75
cm-1, and a factor of about 20 larger intensity of theν3 band
compared with theν1 band. Earlier ab initio calculations36

predicted a factor of about 80 enhancement in the intensity of
the ν3 and ν1 bands in cyclic ammonia dimer. Nonadditive
effects in ammonia trimers34 were found to be less important
as compared to water clusters.37-39 A recent ab initio study1 of
the structure, energetics, and harmonic vibrational spectra of
small ammonia clusters up to pentamers produced results that
are complementary to the ones of the present study.

The spectra of theν2 umbrella mode of free ammonia clusters
have been studied in the 10µm range18 using the double
resonance IR-FIR technique. The dissociation of clusters upon
infrared excitation with the CO2 laser was used in order to obtain
spectra of theν2 mode in ammonia clusters.40-43 It was found
that the inversion splitting in ammonia dimer is partially
quenched and amounts to 3.7 cm-1 in the ν2 excited state as
compared to 35.7 cm-1 in NH3 molecules. In ref 42 the
deflection by a secondary He beam was used to disperse the
cluster beam, and to measure the spectra of size selected
ammonia clusters. The spectrum of the dimer was found to have
two distinct peaks at 976.9 and 1003.4 cm-1, which were
assigned to excitation of two nonequivalent NH3 molecules in
the dimer. The spectrum of the trimer was found to have one
single peak centered at 1016.3 cm-1, which is consistent with
a cyclic structure. Spectra of theν2 mode of NH3 dimers in He
droplets indicate quenching of the interchange tunneling splitting
in helium.44 Experiments on deflection of the beams of small
ammonia clusters in the inhomogeneous electric field45 revealed
that ammonia clusters larger than dimers are nonpolar, consistent
with the cyclic structures of trimers and tetramers.

The frequency and infrared intensity of the hydrogen bond
bridge stretching vibration are especially sensitive to the strength
and coordination of the bonding in clusters. The infrared
spectrum of single ammonia molecules14 in the N-H stretching
range has two fundamental bands: theν1(A1) symmetric stretch
and the ν3(E) asymmetric stretch. Two other weak bands
correspond to the overtone of the asymmetric bend: 2ν4(A1,l)0)
and 2ν4(E,l)2). The infrared absorption spectra of ammonia
dimers trapped in cryogenic matrixes show three pronounced
bands46,47 which have relatively small shifts of about or less
than 50 cm-1 from the corresponding bands in single ammonia
molecules. Comparison of the integrated absorptivity in the
N-H stretching range of the freshly deposited matrixes with
those after annealing shows the enhancement of absorption in
clusters by a factor of>3.3.46 A more recent study of the
ammonia clusters in noble gas matrixes47 revealed that the
intensity ratio of the N-H stretching modes and the umbrella
bending mode in dimers is a factor of about 5 larger than in
single ammonia molecules. The observed enhancement was
ascribed to the formation of the hydrogen bonds in clusters.
However, the broadening of the spectra and complicated kinetics
of the cluster formation in matrixes did not allow obtaining the
infrared intensities for specific cluster sizes. Surprisingly, only
a few studies of the N-H stretching bands in gas-phase
ammonia clusters are available. The infrared spectra of the large
ammonia clusters (n g 8) in the N-H stretching region have
previously been studied in supersonic beams48 and via slit jet
expansion technique.49 Raman spectra of ammonia clusters
having about 5-50 molecules in seeded supersonic beams have
also been reported.50 The spectra in this size range do not allow

resolution of specific cluster sizes and show broad (δν ≈ 50
cm-1) bands, which have been assigned toν1, ν3, and 2ν4 bands
of ammonia molecules in clusters.

In this paper we report the results of a joint experimental
and theoretical study of the hydrogen bonding as manifested
by the N-H stretching vibrations in small ammonia clusters.
Some preliminary results using the same technique have been
published earlier,51 while the spectra of larger clusters of up to
n ) 900 will be reported elsewhere.52 In this work, ammonia
clusters up to the tetramer have been formed in helium
droplets53-55 and their infrared absorption spectra have been
measured in the range of the N-H stretches of the NH3
molecules (3200-3500 cm-1). With the aid of the theoretical
calculations theν1, ν3, and 2ν4 bands of clusters have been
identified, and their frequencies and infrared intensities have
been obtained. For the dimer and trimer clusters, weak bands
having small shifts with respect to the band origins of the
corresponding bands in single molecules have been assigned
to free N-H stretches of the NH3 molecules. Other bands, which
have larger spectral shifts and a factor of about 4 larger infrared
intensities, have been assigned to the modes having large
amplitudes of vibrations along the hydrogen bond. For the trimer
and tetramer clusters the additional infrared intensity due to
formation of the hydrogen bonds is shared between the
stretchingν1 andν3 and bending 2ν4 bands. The experimental
assignments are compared to the ones obtained by first principles
electronic structure anharmonic calculations for the dimers and
trimers and harmonic calculations for the tetramers. We also
report average structure and rotational constants for the dimer
and trimer clusters.

II. Approach

A. Experimental Details. Clusters of ammonia molecules
were prepared by sequential pickup of single molecules by
helium droplets and studied via infrared laser depletion
spectroscopy.53-57 Helium droplets having an average size of
about 3500 atoms have been obtained upon expansion of4He
gas through a 5µm nozzle at a source pressure ofP0 ) 20 bar
at a temperature ofT0 ) 16 K. The resulting droplet beam is
passed through a 5 cmlong, differentially pumped, scattering
chamber, which was filled with ammonia gas at known pressure.
Due to the fluid state of the helium droplets, molecules captured
in sequence are free to move inside the droplet and within a
short time coagulate to form a cluster, which cools rapidly to
the ambient temperature of the droplets ofT ) 0.38 K.58

The infrared pulsed laser beam obtained from the optical
parametric oscillator-amplifier (Laser Vision, spectral width
0.3 cm-1, pulse duration 7 ns, pulse energy 1 mJ, repetition
rate 20 Hz) was aligned antiparallel to the He droplet beam.
The absorption of a laser photon by encapsulated species is
followed by rapid energy transfer to the host droplets and
subsequent evaporation of He atoms. The total flux of the He
droplet beam is detected by a quadrupole mass filter, which is
adjusted to transmit all masses larger thanM ) 6 u. The mass
spectrometer was equipped with an electron beam ionizer and
was installed about 80 cm downstream from the source of the
droplet beam. The absorption leads to a transient decrease of
the mass spectrometer signal, which is recorded by a fast
digitizer. Linear dependence of the depletion signal with respect
to laser pulse energy has been carefully checked. To calibrate
the laser frequency, a photoacoustic cell filled with ammonia
gas is used. During the experiment the mass spectrometer signal,
the photoacoustic cell signal, and the laser pulse energy are
measured simultaneously.
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B. Computational Details.The geometries of the monomer
through tetramer clusters were optimized at the second-order
Møller-Plesset (MP2) perturbation level of theory with the aug-
cc-pVDZ and aug-cc-pVTZ basis sets.59,60 For the trimer and
tetramer clusters, several isomers were investigated to ensure
adequate sampling of the potential energy surface and to be
able to identify the global minimum. It should be noted that
our approach is similar to the one used in a recent study1 and
it does, in principle, yield the same global and low-lying local
minima. However, we intended to investigate higher lying
networks corresponding to different arrangements and therefore
different IR fingerprints in order to compare with the experi-
mentally measured frequencies and identify the possibility of
their formation. To this end we did not investigate the “tail”
(or “3 + 1”) arrangement of the tetramer (vide infra) as its
vibrational spectrum is already reported.1 The harmonic vibra-
tional frequencies were computed analytically at the MP2 level
of theory with the aug-cc-pVDZ (forn ) 1-4) and aug-cc-
pVTZ (for n ) 1-3) basis sets. Anharmonic calculations were
performed at the second-order perturbation theory,61-66 which
provides closed expressions for most of the spectroscopic
constants needed for obtaining anharmonic frequencies. Starting
from the analytical second derivatives of the electronic energy
at the MP2/aug-cc-pVDZ level of theory with respect to the
nuclear coordinates, the third and semidiagonal fourth deriva-
tives were obtained by a finite difference approach for the
monomer through trimer clusters following the approach sug-
gested by Barone and co-workers.67-69 A recent review70 offers
a critical comparison between this approach and grid-based
methods for the calculation of the anharmonic frequencies of

hydrogen-bonded systems. The calculations were carried out
using the Gaussian 03 suites of electronic structure software71,72

at the National Energy Research Scientific Computing Center
(NERSC) at Lawrence Berkeley National Laboratory.

III. Results

A. Minimum Energy and Vibrationally Averaged Struc-
tures and Vibrational Frequencies. The minimum energy
structures for the ammonia dimer through tetramer clusters are
shown in Figure 1. For the trimer and tetramer several low-
lying local minima are also shown. The different bonding
arrangements for then ) 3 and 4 clusters were investigated in
order to ensure adequate sampling of the potential energy surface
and location of the global minimum. The total (Ee in au) and
binding (∆Ee in kcal/mol) energies of the global and local
minima at the MP2 level of theory with the aug-cc-pVDZ and
aug-cc-pVTZ basis sets are listed in Table A1, where zero-point
corrected binding energies (∆E0 in kcal/mol) are also shown in
parentheses. The cluster binding energies are also indicated in
Figure 1, with the ones including zero-point corrections (∆E0)
denoted in parentheses. The results of our calculations are quite
similar to those obtained recently.1 The minimum energy
structure of the ammonia dimer has one hydrogen bond andCs

symmetry. The doubly hydrogen bonded (cyclic) configuration
of C2h symmetry is a first-order transition state. The trimer
minimum energy structure corresponds to a cyclic homodromic
HB network ofC3h symmetry having three hydrogen bonds, a
structure reminiscent of the water trimer minimum.37 A local
trimer minimum ofCs symmetry having only two hydrogen

Figure 1. Calculated structures of ammonia clusters. The numbers denote the binding energies (∆Ee) in kcal/mol computed at the MP2/aug-cc-
pVDZ level with respect ton gas-phase monomers. Zero-point corrected binding energies (∆E0) are shown in parentheses. The lower picture shows
the unit cell of the crystalline ammonia obtained with neutron scattering measurements adopted from ref 2.
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bonds lies 5.15 kcal/mol higher in energy (cf. Table A1 and
Figure 1) from the global ring trimer minimum. This “open”
trimer structure is also reminiscent of the local water trimer
(d-aa-d) minimum, which also has two hydrogen bonds and
a central molecule acting as a double acceptor (aa) to the two
end donor (d) molecules.73,74 The global minimum for the
ammonia tetramer also corresponds to a ring homodromic
structure ofC4h symmetry, similar to the bonding arrangement
found in the water tetramer.75 Two local minima ofC3 andC3V
symmetry, in which the fragment center of masses are in
tetrahedral arrangements, are local minima lying 3.78 (C3) and
6.16 kcal/mol (C3V) above the globalC4h minimum. (cf. Table
A1 and Figure 1). In comparison, recent studies have suggested1

a four member ring structure which is either flat or has a boat
configuration with energies of about 15.5 kcal/mol similar to
the global minimum of the tetramer. However, the first local

minimum structure was found to have a homodromic three-
member ring with a fourth molecule attached in an asymmetric
position to one of the three molecules. This so-called “tail” (or
“3 + 1”) isomer was found to have a binding energy of 12.6
kcal/mol.

The geometric parameters of the global minima of the clusters
n ) 1-4 are listed in Table A2 for both the equilibrium and
vibrationally averaged geometries. We note the contraction of
the intermolecular N-N separation by 0.091 Å from the dimer
(3.266 Å) to the tetramer (3.175 Å). This is about half the
corresponding contraction (0.177 Å) found for the water dimer
to tetramer clusters,75 and it is consistent with the fact that the
cooperative three-body term is weaker for the ammonia (11%)
than for the water trimer (17%). The effect of vibrational
averaging on the geometric and spectroscopic constants of gas-
phase NH3 is shown in Table A3. In that table the equilibrium

TABLE 1: Harmonic ( ω) and Anharmonic (ν) Frequencies (in cm-1) and IR Intensities (in km/mol) for the Ammonia Clusters
n ) 2-4 at the MP2/aug-cc-pVDZ Level of Theory

(NH3)2, Cs (NH3)3, C3h (NH3)4, C4h

harmonic intensity anharmonic harmonic intensitya anharmonic harmonic intensitya

47 (A′′) 8.5 -21 125 (E′′) 0.0 111 7 (Bu) 0.0
92 (A′) 65.6 45 133 (A′′) 42.4 123 57 (Bg) 0.0

111 (A′′) 41.5 82 145 (E′) 9.1 125 141 (Eg) 0.0
148 (A′) 27.3 119 177 (A′) 0.0 153 146 (Au) 62.8
248 (A′′) 41.7 220 248 (E′′) 0.0 198 152 (Ag) 0.0
398 (A′) 46.7 326 326 (A′′) 82.2 266 167 (Bu) 0.0

1072 (A′) 166.4 986 358 (E′) 128.4 292 169 (Eu) 18.1
1083 (A′) 88.4 1005 550 (A′) 0.0 493 171 (Bg) 0.0
1641 (A′) 12.1 1602 1111 (E′) 191.8 1031 259 (Bu) 0.0
1650 (A′′) 15.0 1607 1144 (A′) 0.0 1054 307 (Eg) 0.0
1654 (A′) 9.8 1608 1639 (E′) 8.8 1581 335 (Bg) 0.0
1673 (A′′) 6.4 1618 1664 (A′) 0.0 1615 356 (Au) 96.0
3447 (A′) 70.7 3310 1677 (E′′) 0.0 1626 449 (Eu) 114.9
3476 (A′) 4.2 3318 1678 (A′′) 21.6 1630 560 (Ag) 0.0
3597 (A′) 67.8 3435 3404 (A′) 0.0 3291 1136 (Bg) 0.0
3628 (A′) 8.4 3451 3421 (E′) 165.2 3293 1145 (Eu) 222.9
3631 (A′′) 0.3 3455 3574 (A′) 0.0 3405 1166 (Ag) 0.0
3632 (A′′) 9.2 3454 3578 (E′) 94.3 3406 1634 (Bg) 0.0

3628 (E′′) 0.0 3448 1645 (Eu) 15.6
3629 (A′′) 12.7 3448 1662 (Ag) 0.0

1678 (Au) 27.4
1683 (Eg) 0.0
1692 (Bu) 0.0
3365 (Ag) 0.0
3384 (Eu) 415.0
3394 (Bg) 0.0
3559 (Ag) 0.0
3562 (Eu) 139.3
3563 (Bg) 0.0
3623 (Bu) 0.0
3624 (Eg) 0.0
3624 (Au) 13.3

a In the case of the doubly degenerate E, modes the infrared intensity is given per degree of freedom. To obtain the total infrared intensities of
the doubly degenerate bands, these numbers are to be multiplied by a factor of 2.

TABLE 2: Calculated Zero-Point Energies and Rotational Constants for the Ammonia Clusters at the MP2/aug-cc-pVDZ Level
of Theory

(NH3)2 (NH3)3 (NH3)4

Ae, cm-1 3.986 596 0.176 074 0.090 695
Be, cm-1 0.173 453 0.176 074 0.090 695
Ce, cm-1 0.171 459 0.091 884 0.004 669
A0, cm-1 4.130 478 0.172 296
B0, cm-1 0.170 286 0.172 296
C0, cm-1 0.168 415 0.089 448
DJ, cm-1 0.119 151× 10-5 0.808 322× 10-6

DJK, cm-1 0.634 669× 10-4 -0.125 009× 10-5

DK, cm-1 0.679 354× 10-3 0.538 115× 10-6

ZPE(harmonic), cm-1 15 615.3 24 069.0 32 259.4
ZPE(fundamental), cm-1 14 810.5 22 851.3
ZPE(anharmonic), cm-1 15 212.9 23 578.6
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quantities are indicated by the subscript “e” whereas the
vibrationally averaged ones are indicated by the subscript “0”.
The effect of the basis set is also indicated by comparing the
results with the aug-cc-pVDZ and aug-cc-pVTZ sets. We
observe a convergence toward the experimentally obtained
values76-78 for the rotational constant and the Wilson centrifugal
distortion constantsDJ, DJK, andDK with increasing the basis
set.

The calculated harmonic (ω) and anharmonic (ν) frequencies
for the NH3 clusters are listed in Table 1. For NH3 the MP2/
aug-cc-pVTZ anharmonic frequencies are within 40 cm-1

(<1%) from the experimentally observed band origins (cf. Table
A3). For NH3 the zero-point-energy correction based on the
fundamentals is 5 cm-1 (aug-cc-pVDZ) and 50 cm-1 (aug-cc-
pVTZ) away from the experimental value of 7214.5 cm-1 (cf.
Table A3). As for the NH stretches, the results with the aug-
cc-pVDZ basis set are fortuitously closer to the experimental
band origins than the ones with the larger aug-cc-pVTZ set,
although the observed differences are quite small. This finding
represents a compromise between feasibility and accuracy and
further justifies the use of the aug-cc-pVDZ basis set in the
calculation of the anharmonic frequencies for clusters. For the
harmonic frequencies, the corresponding IR intensities (in km/
mol) are also given in Table 1. The cluster equilibrium and
vibrationally averaged rotational constants together with the
zero-point-energy corrections based on harmonic, fundamental,
and anharmonic frequencies are listed in Table 2. In that table
the spectroscopic constants in the symmetrically reduced
HamiltonianDJ, DJK, andDK are also listed.

B. Measured Infrared (IR) Spectra. Figure 2 shows a series
of depletion spectra, which were measured at increasing pickup
pressure of NH3, P(NH3). Sharp lines in trace a, which was
obtained at smallP(NH3) ) 0.2 × 10-5 mbar, are the
rovibrational transitions of theν1 andν3 fundamental bands and
the 2ν4 overtone band of single NH3 molecules in He droplets.79

At largerP(NH3) values, strong bands of ammonia dimers and
trimers appear in the spectrum; see trace b. The bands of clusters
are shifted by 5-60 cm-1 with respect to frequencies of the
corresponding bands of the single molecules. Because the shift

of the cluster bands is smaller than the separation of the bands
in single ammonia molecules (about 100 cm-1), we nominally
label cluster bands asν1, ν3, and 2ν4 (note that our results
indicate a strong interaction of theν1 and 2ν4 modes in the
ammonia trimer and tetramer clusters). The spectra for each of
the vibrational bands of the clusters and the assignments of the
observed spectral features are shown in Figure 3. We assign
the strong bands to the vibrations of the donor bridge H-bonded
stretching modes of the clusters, which have been enhanced due
to formation of the hydrogen bonds. The weak peaks close to
the origins of the bands of single ammonia molecules are
assigned to the N-H stretches of the proton acceptor molecules
in dimers and the free N-H stretches in trimers. At larger
P(NH3) the bands of tetramers are shown in trace c of Figure
2. No additional spectral features appear at even largerP(NH3)
values, a fact that indicates that the vibrational shift converges
and the bands of larger clusters appear at approximately the
same frequencies. The frequency shift of theν1 mode saturates
at n ) 3, so trimers and larger clusters contribute to a rather
sharp band atν ) 3316.5 cm-1.

C. Assignment of the Cluster Bands.The assignment of
the bands to particular cluster sizes has been facilitated by
measurements of the pressure dependence of the intensity. Figure
4 shows theP(NH3) dependence of the intensity of the three
spectral features, i.e., atν ) 3457 cm-1 (squares), atν ) 3420
cm-1 (circles), and atν ) 3403 cm-1 (diamonds). At larger
pressure of ammonia in the pickup cell, the broad peaks, which
originate from the larger ammonia clusters (see Figure 2),
contribute to the measured intensities. To eliminate this
contribution from larger clusters, the background signal defined
as the average of the signal measured at both sides of the studied
peaks has been subtracted. It is seen that the intensities reach
their maximum values at different values ofP(NH3), which are
approximately in the ratio of 1:2:3. This ratio is expected for
the pressure dependence of monomers, dimers, and trimers,
respectively. Solid curves in Figure 4 are Poisson fits of the
intensity vs pickup pressure for the monomer, dimer, and trimer
clusters, respectively, as will be described in the following

Figure 2. A series of depletion spectra normalized on the laser pulse
energy as measured at increasing pickup pressure of 0.2× 10-5, 1.0
× 10-5, and 3.4× 10-5 mbar in panels a, b, and c, respectively. Panel
a shows the assignment of strong rovibrational lines of single ammonia
molecules.79 Vertical dashed lines indicate the frequencies of the
vibrational bands of single molecules in He droplets.79

Figure 3. Depletion spectra of ammonia in He droplets in the range
of theν3, ν1 and 2ν4 bands are shown in panels a, b, and c, respectively.
Lower and upper spectra in each panel were measured at pickup
pressures of 1× 10-5 and 2× 10-5 mbar, respectively. The assignment
of strong rovibrational lines of single ammonia molecules and the
assignment of the cluster bands to different cluster sizes is indicated.
Due to overlap of peaks corresponding to the different cluster sizes,
we were not able to assign the band indicated by (*). The origins of
the corresponding bands of single ammonia molecules in He droplets
are shown by dashed lines.79
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section. The good correspondence between the measurements
and the fits supports the assignment of the spectral features to
monomers, dimers, and trimers, respectively. Other bands were
assigned based on the fact that relative intensity of the bands
in the spectra shown in Figures 2 and 3, which originate from
clusters of the same size, is independent ofP(NH3).

Dimers. Four peaks were assigned to dimers in theν3 range;
see Figure 3a. The two peaks at 3420.4 and 3423.1 cm-1 are
associated with a large shift from the band origin of single
molecules at 3443.1 cm-1 and are about a factor of 6 stronger
than the two other peaks at 3431.2 and 3441.5 cm-1. In the
range of theν1 band three stronger peaks and one low-intensity
peak for the dimer are identified; see Figure 3b. The low-
intensity peak at 3334.7 cm-1 was clearly identified in the course
of the study of the inversion splitting of single ammonia
molecules in He droplets (see Figure 4 in ref 79). In the range
of the 2ν4 overtone bands only one weak peak at 3251 cm-1

could tentatively be assigned to the dimer. At smallP(NH3)
this peak is overlapping with a stronger line of single ammonia
molecules at 3250.9 cm-1,79 and at highP(NH3) it is overlapping
with strong peaks of larger ammonia clusters. Therefore, the
relative intensity of the 3251 cm-1 band of the dimer is expected
to be accurate to within a factor of 2. The relative intensities of
the spectral peaks of the cluster bands have been obtained from
the fits of the spectrum by the sum of Lorentz shapes:

whereyo is a baseline,Ak is an integral intensity, andwk is the
width (full width at half-maximum) andνk the origin of thekth
band in the spectrum. We empirically found that the Lorentz
waveform of the fits gave better representation of the spectra.
For comparison, Gaussians provided better fits of the sharp lines
of the monomers, whose line width is limited by the laser source.
The experimentally measured and calculated frequencies and
intensities of the assigned peaks of the dimer are compiled in
Table 3.

Trimers. In the range of theν3 band four spectral features
have been assigned to the trimer. Two strong close-lying peaks
at 3399.2 and 3403 cm-1 have a spectral shift of about 40 cm-1

from the ν3 band origin of single ammonia molecules. As in

the case of the dimer, two weak bands close to theν3 band
origin of single molecules have been assigned to the trimer at
3433.3 and 3444.6 cm-1 toward low frequency. In theν1 range
only one intense band at 3316.5 cm-1 was assigned to the trimer.
In the range of the 2ν4 band two intense bands at 3221 and
3256.5 cm-1 have also been assigned to the trimer. The
frequencies are close to the band origins of the two components
of the 2ν4 overtone of single molecules at 3216.1 cm-1 (l ) 0)
and at 3238.7 cm-1 (l ) 2). When compared to the dimer, where
we could barely identify the overtone bands, the intensity in
the overtone bands in the trimer is comparable to that of the
fundamental bands. The experimentally measured and calculated
frequencies and intensities of the assigned peaks of the trimer
are compiled in Table 4.

Tetramers. Only strong bands could be identified for the
ammonia tetramer in the spectra of Figure 3. All identified bands
have a considerable overlap with bands of smaller and/or larger
clusters. Therefore, the parameters of the bands listed in Table
5 may be associated with considerable error. In particular, the
relative intensities of the bands are estimated to be accurate to
within a 50% error bar.

D. Infrared Intensities of the Cluster Bands.The He droplet
may be viewed as a nanocalorimeter. Upon absorption of a
photon, a number of He atoms proportional to the photon energy
are evaporated. The integral of the depletion signal over the
vibrational band of clusters havingn molecules,In, is propor-
tional to the energy of the absorbed photons,hνn, the infrared
intensity (IRI) of the cluster band,An, and the abundance of
the clusters, [(NH3)n]:

whereC is an amplitude factor. Following previous studies,53,56

the abundance of the clusters havingn molecules in the He
droplet beam is given by the Poisson distribution:

wherez ) øP(NH3) is the average number of pickup events
per droplet,P(NH3) is the pressure of the ammonia gas in the
pickup chamber, andø is a numerical factor. Figure 4 shows
the dependence of the total intensity,In, of the spectral bands
of the (NH3)n (n ) 1-3) clusters versus the ammonia pressure
in the pickup chamber,P(NH3). Each experimental curve in
Figure 4 has been normalized on the sum of the intensities of
the observed bands of the monomers, dimers, and trimers,
respectively, depicted in Figures 2 and 3. The solid curves in
Figure 4 are fits of the experimental curves using eqs 2 and 3.

The ratio of the IRI of the clusters ofn and (n - 1) molecules,
An/An-1, could be obtained from the corresponding intensity ratio
In/In-1. According to eqs 2 and 3

The experimental results indicate that the dependence of the
ratio In/In-1 versusPM is sublinear atPM > 3 × 10-5 mbar. We
attribute this deviation to the effect of the droplet size distribu-
tion and scattering of the droplet beam at high pickup pressure.
Therefore, values ofAn/An-1 were obtained from the average
slopes of theIn/In-1 vs PM at PM e 2 × 10-5 mbar. To obtain
absolute values of the IRI, we used the known IRI of single
molecules ofA1 ) (5.8 ( 0.3) km/mol14 for the ν1 band of
ammonia. In practice, the intensities of the well-resolved (1, 0)

Figure 4. Dependence of the depletion signal,In, on the NH3 pressure
in the pickup cell, as measured for some bands in theν3 range (see
Figure 3a): squares, arR(0,0) line of single molecules atν ) 3457
cm-1; circles, dimer band atν ) 3420 cm-1; diamonds, trimer band at
ν ) 3403 cm-1. Each curve has been normalized on the sum of the
integrated intensities of all spectral peaks in Figure 3, assigned to
monomers, dimers, and trimers. Solid curves are fits according to scaled
Poisson distribution for monomers, dimers and trimers, respectively;
see eqs 2 and 3 in the text.
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r (0, 0) line of NH3 molecules have been measured. Intensities
of the few other lines of theν1 band, which are present at the
temperature of 0.38 K58 in the He droplet, were calculated using
known line strength factors and abundance of nuclear spin
isomers of NH3. The obtained IRIs for different cluster bands
are listed in Tables 3-5. The errors in the IRI values are

estimated to be 20% and 30% for the dimer and trimer clusters,
respectively. The intensity of the ammonia tetramers has been
estimated from the deconvolution of the strongly overlapping
bands; however, as noted earlier it can be associated with a
50% error bar. The accuracy of the IRI of the free N-H stretch
bands is about 50% due to the low intensity of these bands. It

TABLE 3: Band Centers, Widths, Relative Intensities, and Infrared Intensities of the (NH3)2 Bands

ν, cm-1 infrared intensity, km/mol

band experiment calculatione width, cm-1 intensity,c au experiment calculatione

ν3 (Monomer: ν3 ) 3443.1 cm-1, A ) 2.9 km/mol)a

A′′ 3455 0.3
A′′ 3441.5 3454 1.8 0.17 2.5 9.2
A′ 3431.2 3451 1.4 0.16 2.4 8.4
A′ 3423.1 3435 1.7 1c 14.8 27f 67.83420.4 1.5 0.83 12.2

ν1 (Monomer: ν1 ) 3335.8 cm-1, A ) 5.8 km/mol)a

? 3334.7 ? 0.6 0.04 0.6
A′ 3331.8 3318 1.46 0.34 5.0 4.2
A′ 3328.2 3310 2.0 0.77 11.4 16.6f 70.73326.2 1.5 0.35 5.2

2ν4 (Monomer,l ) 2: ν ) 3238.7 cm-1, A ) 0.7 km/mol)a

2ν4 (Monomer,l ) 0: ν ) 3216.1 cm-1, A ) 0.05 km/mol)a

2ν4 3251 3196, 3207d 1.5 0.10 1.5b

a The monomer band origins were taken from ref 79 and infrared intensities from ref 14.b This peak is overlapping with peaks from single
ammonia molecules and larger ammonia clusters and is only tentatively assigned to ammonia dimers.c The areas of the spectral peaks have been
normalized to that for theν ) 3423.1 cm-1 peak.d Two (nondegenerate) bands at 3196 cm-1 and two bands at 3207 cm-1, respectively.e Anharmonic
frequencies.f Sum of the two components.

TABLE 4: Band Centers, Widths, Relative Intensities, and Infrared Intensities of the (NH3)3 Bands

ν, cm-1 infrared intensity, km/mol

band experiment calculationg width, cm-1 intensity,c au experiment calculation

ν3 (Monomer: ν3 ) 3443.1 cm-1, A ) 2.9 km/mol)a

A′′ 3444.6 3448 1.9 0.13 3.0 12.7
E′′ 3448 0
? 3433.3 1.2 0.14 3.3
E′ 3403.0 3406 1.8 1c 22.9 39.4h 188d

3399.2 2.5 0.72 16.5
A′ 3405 0

ν1 (Monomer: ν1 ) 3335.8 cm-1, A ) 5.8 km/mol)a

E′ 3316.5 3293 2.5 1.73 39.7b 330d

A′ 3291 0

2ν4 (Monomer,l ) 2: ν ) 3238.7 cm-1, A ) 0.7 km/mol)a

2ν4 3321.0 3215, 3248e 3.5 1.59 36.4b

2ν4 (Monomer,l ) 0: ν ) 3216.1 cm-1, A ) 0.05 km/mol)a

2ν4 3256.5 3154, 3223f 3.5 0.85 19.5

a The monomer band origin frequencies were taken from ref 79 and infrared intensities from ref 14.b This peak is overlapping with peaks of
larger ammonia clusters and its intensity was deconvoluted using pressure dependence.c The areas of the spectral peaks have been normalized to
that for theν ) 3403 cm-1 peak.d Total intensity of the doubly degenerate mode.e Overtones of the anharmonic bands at 1626 and 1630 cm-1 in
the trimer.f Overtones of the anharmonic bands at 1581 and 1615 cm-1 in the trimer.g Anharmonic frequencies.h Sum of the two components.

TABLE 5: Band Centers, Widths, Relative Intensities, and Infrared Intensities of the (NH3)4 Bands

ν, cm-1 infrared intensity, km/mol

band experiment calculationf width, cm-1 intensity,d au experiment calculation

ν3 (Monomer: ν3 ) 3443.1 cm-1, A ) 2.9 km/mol)a

Eu 3392b 3562 7 0.38 34.8 278e

ν1 (Monomer: ν1 ) 3335.8 cm-1, A ) 5.8 km/mol)a

Eu 3316.5c 3384 2.5 0.25 22.9 830e

2ν4 (Monomer,l ) 2: ν ) 3238.7 cm-1, A ) 0.7 km/mol)a

2ν4 3241b 3 0.97 88.9

2ν4 (Monomer,l ) 0: ν ) 3216.1 cm-1, A ) 0.05 km/mol)a

2ν4 3216b 3.5 1d 91.6

a The monomer band origin frequencies were taken from ref 79 and infrared intensities from ref 14.b These tetramer peaks are overlapped with
peaks of trimers and larger ammonia clusters (n g 5); see Figure 3.c This peak is overlapped with peaks from ammonia trimer; see Figure 3b.d The
areas of the spectral peaks have been normalized to that for theν ) 3216 cm-1 peak.e Total intensity of the doubly degenerate mode.f Harmonic
frequencies.
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is believed that the IRIs obtained in this work are not greatly
perturbed by encapsulation in He droplets. This conjecture is
supported by the fact that the vibrational frequencies53,55,56and
permanent dipole moments80 of molecules in He droplets remain
within about 0.01% and 1% from the corresponding values in
free molecules, respectively.

IV. Discussion

Liquid helium exhibits the most gentle matrix effect due to
the weak interaction of molecules with He atoms. The frequency
shift of the ν1, ν3 bands and 2ν4 bands of single ammonia
molecules in He droplets were found to be in the range of-0.2
to -0.6 cm-1,79 i.e., less than 0.02% from their corresponding
gas-phase values. Due to the small magnitude of the matrix shift,
the measured frequencies in the clusters are expected to be
essentially the same as the gas-phase frequencies. Therefore,
the assignment of the observed spectral bands of the clusters is
based on the calculated frequencies and infrared intensities of
those bands.

A. Dimers. Table 3 shows the comparison of the measured
and calculated anharmonic frequencies of theν1 andν3 bands
in the dimers. The calculations suggest that the ammonia dimer
has a hydrogen-bondedCs structure; see Figure 1. In the dimer
each of theν1(A1) andν3(E) bands are expected to give rise to
two and four components, respectively, according to their
degeneracy. The bands at 3441.5, 3431.2, and 3331.8 cm-1,
which have small shifts from the band origins of theν3 andν1

bands of single NH3 molecules, are assigned to the correspond-
ing vibrations of the acceptor molecules in agreement with the
results of the normal-mode analysis. The intensities of the free
N-H stretch bands are small and comparable to those in the
free molecules. The strong spectral peaks at about 3422 and
3327 cm-1 are assigned to theν3 and ν1 bands of the donor
molecules, which have large amplitudes of vibrations of the
hydrogen-bonded H atom. The intensities of theν3 andν1 bands
are factors of about 9 and 3 larger than the corresponding bands
of single ammonia molecules. The strong enhancement of the
IRI is consistent with the formation of a hydrogen bond in the
dimer. The effect of band enhancement is in qualitative
agreement with the results of calculations although the calculated
IRIs are factors of about 2.5 and 4 larger than the experimental
results, respectively.

Theν3 band has two components of similar intensity, which
have a splitting of about 2.7 cm-1. A natural explanation of the
splitting would be the lifting of the degeneracy of theν3 band
of the donor molecules. However, this explanation is not
supported by the results of the calculations, which suggest a
larger splitting of about 16 cm-1 for the two components of
the ν3 band of the donor molecules. The second band at 3451
cm-1 has a low IRI.

According to the calculations (cf. Table 2) the ammonia dimer
(NH3)2 is a nearly symmetric top with rotational constantsA0

) 4.130 cm-1 andB0 ) 0.170 cm-1. Because the direction of
the N-H-N hydrogen bond is close to the inertiaa-axis of the
complex, we expect the enhanced bands in dimers to be close
to parallel. The rotational structure due to the end-over-end
rotation is not resolved at the laser line width of the present
experiment of∼0.3 cm-1. Therefore, the spectrum of a rigid
symmetric top with the above rotational constants at 0.38 K
should contain a single band.

The splitting of the band could also arise from the inversion
and interchanged splitting in ammonia dimers. The 10µm band
of ammonia dimers in He droplets44 has four components, which
have been assigned to transitions into the inversion- inter-

change components of the splitν2 band of ammonia dimers. It
was concluded44 that the interchange splitting, which has a
magnitude of about 20 cm-1 in the free ground state ammonia
dimers, is quenched to less than 2 cm-1 in He droplets.
Therefore, the observed splitting could be tentatively assigned
to transitions into interchange states in theν3 excited state of
ammonia dimers. According to this interpretation a similar
splitting should be observed for theν1 band of the dimers.
Indeed, theν1 band shows some splitting of about 2 cm-1.

The anharmonic overtones of theν4 dimer fundamentals of
1602, 1607, 1608, and 1618 cm-1 (cf. Table 1) are calculated
at 3196, 3196, 3207, and 3207 cm-1 (for the 2ν4) as listed in
Table 3. These values are within 50 cm-1 of the experimentally
observed band origin for the (2ν4) overtone at 3251 cm-1.

B. Trimers. The spectral trend observed in the dimers
continues for the trimers as well; see Table 4. The global
minimum of the ammonia trimer has a triangular structure of
C3h symmetry; see Figure 1. We assigned two spectral features
at 3444.6 and 3433.3 cm-1 in the spectral range of theν3 band
to free N-H stretches. The calculations place the single A′′
band at 3448 cm-1 close to theν3 band origin of the single
NH3 molecule. The other two bands at 3405 and 3448 cm-1

are of A′ and E′′ symmetry, respectively, and have no infrared
intensity. We were not able to detect any bands due to the free
stretch vibrations of the trimers in theν1 range, in agreement
with calculations that predict that the vibration at 3291 cm-1

of A′ type is not IR active.
The strong bands at about 3401 and 3316.5 cm-1 are assigned

to theν3(E′′) andν1(E′) bands, which are associated with a large
amplitude of vibration of the hydrogen-bonded H atoms. The
calculated IRIs, although in qualitative agreement with the
experimental observations, are by a factor of 5-8 larger than
the experimental results.

Similar to the case for the dimers, theν3 band in the trimers
has two components that have an intensity ratio of about 4:3
and are split by about 3.8 cm-1. The splitting of the E-type
vibrations may indicate some deviation of the structure of the
trimers fromC3h symmetry. We are somewhat puzzled by the
similarity of the splitting of theν3 bands in trimers and dimers.
In the last case the splitting could not be explained by the lifting
of the degeneracy because of the low symmetry of the dimers.
Moreover, no splitting could be identified in the spectra of the
ν1(E′) band of the trimers, which is consistent with the presence
of a C3 axis in the cluster.

According to calculations (cf. Table 2) the ammonia trimer
(NH3)3 is an oblate symmetric top with rotational constants of
B0 ) 0.1723 cm-1 andC0 ) 0.0893 cm-1. In view of the small
values of the rotational constants, no rotational structure is
expected to appear in the spectra at the experimental laser line
width of ∼0.3 cm-1.

The spectra of the trimers show strong peaks in the range of
the 2ν4 band. In comparison, the overtone bands of dimers are
very weak, similar to those in single ammonia molecules.
However, in trimers both the 2ν4(l)2) and 2ν4(l)0) bands have
IR intensities which are comparable to those in the fundamental
bands.

The calculated anharmonic overtones for 2ν4 in the trimer
are 3215 and 3248 cm-1 (overtones of the fundamentals at 1626
and 1630 cm-1) and 3154 and 3223 cm-1 (overtones of the
fundamentals at 1581 and 1615 cm-1). The calculated overtones
are 30-100 cm-1 lower than the results of the measurements,
as seen in Table 4. The observed large intensity of the overtone
bands in the trimers is unexpected. Usually hydrogen bonding
does not lead to any significant increase of the intensity of the
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bending modes. Therefore, we concluded that the nominally 2ν4

band must borrow intensity from the modes which are enhanced
by the hydrogen bonding, i.e.,ν1 andν3 modes. Theν1 mode
is the most probable candidate for this intensity borrowing. In
single molecules, the strength of the vibrational coupling of the
ν1 and 2ν4(l)0) bands amounts to 36.5 cm-1.14 Several factors
contribute to the larger effect of the coupling in the clusters.
The frequency difference between theν1 and 2ν4 modes is
expected to be smaller in clusters. The formation of the hydrogen
bond leads to the decrease of the frequency of theν1 H-
stretching mode, while at the same time the frequency of the
ν4 H-bending mode increases. Our anharmonic calculations at
the MP2/aug-cc-pVDZ level yield frequencies of 3324, 3310,
and 3293 cm-1 for the ν1 mode of the monomer, dimer, and
trimer clusters, respectively. The corresponding calculated
frequencies of theν4 mode are 1604, 1618, and 1630 cm-1 (cf.
Table 1). Therefore, calculations properly account for the
decrease of the frequency difference between the 2ν4 and the
ν1 modes. The formation of the trimer might, however,
contribute to an additional increase of the coupling strength due
to its rigid structure and nonlinearity of the hydrogen bond.

C. Tetramers. Figure 3 suggests that the increase of the
cluster size results in a progressive lowering of the frequency
of theν1 andν3 bands. However, this trend slows down in larger
clusters. The shift of theν3 band of (NH3)4 relative to that for
(NH3)3 amounts to only∼10 cm-1. Theν1 bands of the trimers
and tetramers have essentially the same frequency and could
not be resolved. In larger clusters of sizes ofn ) 5-900, which
are not shown here, the centers of all bands gradually shift
toward lower frequencies and their line widths increase.52

Spectra of the large clusters having about 900 molecules are

very similar to those obtained in ammonia crystals,81 films,82

and aerosol particles.83 In the case of theν3 band about 60% of
the shift from the frequency in single ammonia molecules to
that in condensed phase occurs upon formation of trimers,
followed by much slower convergence in the case of larger
clusters. This may indicate that some structural change is
accomplished upon the formation of trimers. The unit cell of
the crystalline ammonia obtained with neutron scattering
measurements2 is shown in Figure 1. The triangular pattern of
ammonia molecules in the crystal similar to that of an ammonia
trimer can be easily recognized. Thus the ammonia trimer can
be viewed as a primitive hydrogen-bonded unit of solid
ammonia. The calculations indicate that the global minimum
configuration of the (NH3)4 cluster corresponds to a structure
of C4h symmetry. The formation of the cyclic tetramer in He
droplets must include an insertion of the NH3 molecule in the
preformed cyclic ammonia trimer. A similar process has been
previously documented in the case of water clusters formed in
He droplets.84,85 It is not clear a priori if the same insertion
takes place for ammonia clusters; however, the fact that
hydrogen bonding in ammonia is weaker than in water will
probably facilitate this process. Furthermore, the formation of
the higher energy isomers of tetramer, such as the one ofC3

symmetry shown in Figure 1, could not be excluded. The
observation of a rather sharpν1 band in the tetramer spectra is
consistent with the formation of either theC4h or C3 symmetric
isomer. The spectrum of the “tail” (or “3+ 1”) isomer of
(NH3)4

1 was found to have theν1 andν3 bands split by about
20-40 cm-1. Because we did not observe such a splitting pattern
in the spectra in Figures 2 and 3, the formation of this “tail”
isomer of (NH3)4 in He droplets cannot be confirmed. The

TABLE A1: Total ( Ee) and Binding (∆Ee) Energies for the Ammonia Clusters (NH3)n, n ) 1-4a

Ee, au ∆Ee (∆E0), kcal/mol

n aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ

1 (C3V) -56.404 889 87 -56.460 540 92
2 (Cs) -112.815 555 26 -112.926 318 60 -3.62 (-2.13) -3.29 (-1.89)
3 (Cs) -169.225 451 30 -6.77 (-4.31)
3 (C3h) -169.233 665 39 -169.399 110 46 -11.92 (-7.84) -10.97 (-7.02)
4 (C3V) -225.634 971 56 -9.67 (-6.44)
4 (C3) -225.640 916 83 -13.40 (-8.82)
4 (C4h) -225.649 072 92 -18.52 (-12.60)

a The binding energies are computed with respect ton gas-phase monomers. Zero-point corrected binding energies (∆E0) are shown in parentheses.

TABLE A2: Optimal Geometric Parameters at the Equilibrium and Vibrationally Averaged Geometries for the Ammonia
Clusters (NH3)n, n ) 1-4a

n equilibrium geometry vibrationally averaged geometry

1 (C3V) Rf(N-H), Å 1.020 1.033
R(H-N-H), deg 106.30 106.48
δ[H-(N-H-H)], deg 112.97 113.33

2 (Cs) R(N-N), Å 3.266 3.308
Rb(N-H), Å 1.024 1.000
Rf(N-H), Å 1.020 [5] 0.970, 0.967 [2], 0.955 [2]
R(H-N-H), deg 106.78 [2], 106.27 [2], 106.23, 105.97 107.66 [2], 107.61, 105.94 [2], 105.44
δ[H-(N-H-N)], deg (109.80,(123.49 (109.27,(123.38

3 (C3h) R(N-N), Å 3.183 [3] 3.231 [3]
Rb(N-H), Å 1.027 [3] 1.014 [3]
Rf(N-H), Å 1.020 [6] 0.988 [6]
R(H-N-H), deg 106.79 [6], 105.91 [3] 107.08 [6], 105.55 [3]
δ[H-(N-N-N)], deg (101.59 [3], 0.00 [3] (102.47 [3], 0.00 [3]

4 (C4h) R(N-N), Å 3.175 [4]
Rb(N-H), Å 1.029 [4]
Rf(N-H), Å 1.020 [8]
R(H-N-H), deg 106.54 [8], 105.65 [4]
δ[H-(N-N-N)], deg (113.35 [8], 0.00 [4]

a All results shown are obtained at the MP2/aug-cc-pVDZ level of theory. Subscripts “f” and “b” denote the “free” and “hydrogen-bonded”
N-H stretches, respectively. Numbers in brackets denote the total number of the internal coordinates which have the same value due to symmetry.
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infrared spectra of the larger average size clusters (n ) 5-7)52

suggest that theν1 band has a width similar to that inn ) 3
and 4. If the (NH3)4 clusters in He droplets adopt ring structures,
it is reasonable to assume that the ring pattern will persist in
pentamers, but the fifth molecule will occupy an asymmetric
site on that ring. Indeed, a number of such structures have been
proposed in recent calculations.1 The calculated spectra of those
clusters (see Figures 4 and 5 of ref 1) consist of a large number
of lines of comparable intensity. This is in disconcert with the
experimental results of this work, which show that the spectra
of the tetramers and larger clusters are very similar. The structure
of a pentamer having an arrangement of molecules similar to
that in the crystal would consist of two triangular clusters, each
having one common ammonia molecule.

D. Infrared Intensity. In ammonia clusters the formation
of the hydrogen bonds results in the increase of the infrared
intensity (IRI) which is shared between theν1, ν3, and 2ν4 bands.
Therefore, it is useful to calculate the total IRIs of the enhanced
bands per hydrogen bond in cluster (IRIB). In the dimers the
IRIB amounts to (44( 9) km/mol, which is about 4 times larger
than the IRI in a single ammonia molecule. In (NH3)3 and
(NH3)4 the IRIB amounts to (45( 14) km/mol and (59( 30)
km/mol, respectively, which, within the error bars, is the same
as in the dimers. Here the assumption has been made that
tetramers have four hydrogen bonds as in theC4h structure in
Figure 1. TheC3 isomer of the tetramer has three strong and
three weak hydrogen bonds. These may contribute to the
increase of the IRI in a different way, making IRIB ill-defined.
Therefore, we will limit the following discussion to IRIB for
dimers and trimers.

It is instructive to compare the obtained values of the IRIB
with those in the ammonia crystal. From the absorption spectrum
of the crystalline ammonia in the stretching region (3000-3600
cm-1),81 taking into account that each molecule is a triple
donor and triple acceptor,2 the IRIB could be obtained to be
51 km/mol. This result takes into account the common di-
electric correction; i.e., the IRIB was multiplied by a factor of

9n/(n2 + 2)2, wheren ) 1.4 is the refractive index of solid
ammonia in the 3µm spectral range.81 It follows that the IRIB
in ammonia dimers and trimers is the same as in the crystal
within experimental error. This similarity of the IRIB in small
ammonia clusters and in the crystal suggests that the binding
in ammonia is dominated by mainly two-body interactions. This
is consistent with the fact that the three-body term in ammonia
trimer (11%)86 is smaller than the corresponding one in the water
trimer (17%).73-75 Each ammonia molecule has a single lone-
pair orbital. Consequently, even in small clusters the lone pair
of an acceptor molecule is saturated. Our results suggest that
the sharing of the single lone pair with additional donor
molecules in the crystal does not lead to an increase of IRIB.
This is in agreement with the weakness of the HB between
ammonia molecules and indicates that the charge redistribution
in ammonia molecules upon HB formation is small.

In the dimers the IRIB was calculated to beA2
calc ) 139 km/

mol, as compared to the measuredA2
exp ) 44 km/mol. For the

trimers and tetramers the IRIs are calculated to beA3
calc ) 518

km/mol andA4
calc ) 1100 km/mol as compared to the measured

A3
exp ) 135 km/mol andA4

exp ) 238 km/mol. Previous
calcuations1 produced values of the IRI similar to the results of
the present study. These comparisons indicate that calculations
overestimate infrared intensities in ammonia clusters by about
a factor of 4. Moreover, the calculations yield values for the
IRIB in clusters which are a factor of 4 larger than in the crystal,
a result that is probably not realistic. The detailed origin of the
overestimation of the IRI in the calculations is not clear at the
moment. Some error is introduced by the use of the harmonic
approximation and fixed cluster geometry.

V. Conclusions

In this work we studied the infrared spectra and intensities
of the NH stretching vibrations of (NH3)n clusters (n ) 2-4)
using the helium droplet isolation technique. The measured
spectra exhibit well-resolved bands, which have been assigned

TABLE A3: Effect of Vibrational Averaging on the Geometry and Spectroscopic Constants of NH3 and Comparison with
Experimenta

MP2/aug-cc-pVDZ MP2/aug-cc-pVTZ experiment

Ae ) Be (cm-1) 9.790 76 9.978 45
Ce (cm-1) 6.274 27 6.336 12
A0 ) B0 (cm-1) 9.714 28 9.911 78 9.9440b

C0 (cm-1) 6.156 15 6.221 51 6.1960c

DJ (cm-1) 0.714 815× 10-3 0.744 70× 10-3 0.811× 10-3 b

DJK (cm-1) -0.127 05× 10-2 -0.133 07× 10-3 -0.151× 10-2 b

DK (cm-1) 0.730 36× 10-3 0.763 27× 10-3

ω1(A1), cm-1 (I, km/mol) 3480 (4.6) 3503 (3.4)
ω2(A1), cm-1 (I, km/mol) 1045 (131.0) 1037 (139.2)
ω3(E), cm-1 (I, km/mol) 3635 (5.1) 3650 (8.4)
ω4(E), cm-1 (I, km/mol) 1649 (13.3) 1669 (14.3)
ν1(A1), cm-1 3324 3360 3337d

ν2(A1), cm-1 968 959 950d

ν3(E), cm-1 3459 3483 3444d

ν4(E), cm-1 1604 1621 1627d

ZPE(harmonic), cm-1 7547.3 7589.0
ZPE(fundamental), cm-1 7209.3 7264.3 7214.5d

ZPE(anharmonic), cm-1 7419.2 7463.9
Re(N-H), Å 1.020 1.012
Re(H-N-H), deg 106.30 106.77
δe[H-(N-H-H)], deg 112.97 113.92
R0(N-H), Å 1.033 1.024 1.0156b

R0(H-N-H), deg 106.48 106.96 107.17b

δ0[H-(N-H-H)], deg 113.33 114.32 112.15c

a Subscript “e” denotes equilibrium whereas “0” indicates vibrationally averaged quantities. Symbolsω andν indicate the harmonic and anharmonic
frequencies, respectively. The intensities (in km/mol) of the harmonic frequencies are listed in parentheses.b Reference 76.c Reference 77.d Reference
78.
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to theν1, ν3, and 2ν4 modes of the ammonia fragments in the
clusters. Theν1, ν3, and 2ν4 bands of clusters have been
identified, and their infrared intensities have been obtained. In
the dimers and trimers, weak bands exhibiting small shifts with
respect to the band origins of the corresponding bands in single
molecules have been assigned to free N-H stretches of the NH3
molecules. Other bands, which have larger spectral shifts and a
factor of about 4 larger intensities, were assigned to the modes
having large amplitude vibrations along the respective hydrogen
bonds. The assignment of the bands is facilitated by the results
of first principles electronic structure calculations for the
anharmonic spectra of the clusters. In general, there is very good
agreement between the experimentally measured band origins
and the calculated anharmonic vibrational frequencies. Typical
differences between the calculated and experimentally measured
frequencies amount to less than 20 cm-1 (or 0.6%) for the strong
NH stretching fundamental bands.

The dimerization of ammonia leads to an increase of the
infrared intensity by a factor of about 4, caused by formation
of the hydrogen bond. In the trimer the infrared intensity per
hydrogen bond is close to that of the dimer. This is consistent
with the relatively small magnitude (11%) of the three-body
interactions, in agreement with the results of our calculations.
In the trimers and tetramers the intensity of the 2ν4 overtone
band increases by a factor of about 10 relative to that in the
monomer and dimer, and is comparable to the intensity of the
ν1 and ν3 fundamental bands. This indicates the onset of the
strong coupling of the 2ν4 andν1 modes in trimers and larger
clusters. The comparison of the calculated and measured infrared
intensities indicates that the harmonic calculations overestimate
infrared intensities in ammonia clusters by about a factor of 4.
One possible explanation for this discrepancy rests with the
possibility of strong coupling to other modes as a result of the
intermolecular interactions. Models that allow for the coupling
of bond modes in an approximate fashion, such as the harmoni-
cally coupled anharmonic oscillator (HCAO),87-89 have been
previously used to successfully predict the fundamental and
overtone intensities of hydrogen-bonded molecular systems.90-93

The ability of those models to reproduce the experimentally
observed IR intensities for ammonia clusters will be investigated
in future studies.
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