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Infrared spectroscopy of large ammonia clusters as a function of size
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We have measured the vibrational spectra of large ammonia �NH3�n clusters by photofragment
spectroscopy in the spectral range from 3150 to 3450 cm−1 for the average sizes �n�=29, 80, 212,
447, and 989 and by depletion spectroscopy for �n�=8. The spectra are dominated by peaks around
3385 cm−1 which are attributed to the asymmetric �3 NH-stretch mode. Two further peaks between
3200 and 3260 cm−1 have about equal intensity for �n�=8 and 29, but only about 0.40 of the
intensity of the �3 peak for the larger sizes. The spectra for the smallest and largest size agree with
those obtained by Fourier transform infrared spectroscopy in slit jet expansion and collision cells,
respectively. By accompanying calculation we demonstrate that the energetic order of the spectral
features originating from the bending overtone 2�4 and the symmetric NH-stretch �1 in the range
from 3150 to 3450 cm−1 is changed between n=10 and 100, while the asymmetric NH-stretch �3

only exhibits a moderate redshift. The reason is the coupling of the ground state modes to the
overtones. © 2006 American Institute of Physics. �DOI: 10.1063/1.2345057�
I. INTRODUCTION

Ammonia is an important solvent molecule which is able
to form hydrogen bonded networks. In addition, it is a
prominent component of the atmospheres of several planets
in the solar system.1 It condenses into a cubic lattice with six
nearest neighbors, all of which are hydrogen bonded.2 Each
of the three hydrogen atom donors forms a single bond and
the lone pair of the nitrogen accepts another three bonds. A
sensitive probe of this hydrogen bonded network is usually
the spectroscopy of the vibrational NH-stretch mode which
undergoes a redshift upon the hydrogen bonding. A closer
inspection of the corresponding energy range between 3200
and 3500 cm−1 reveals that, aside from the expected asym-
metric stretch �3�E�� and symmetric stretch �1�A1��, also the
overtone of the asymmetric bending mode 2�4�A1�+E�� is
experimentally observed in this spectral region. It is coupled
by a Fermi resonance to the �1 mode. Therefore it is very
instructive to compare the frequencies of the spectral origins
of the gas phase molecule NH3 for the infrared absorption,
�3=3444 cm−1, �1=3336 cm−1, and 2�4=3217 and
3240 cm−1,3,4 with those of the crystalline solid, �3

=3375 cm−1, 2�4=3290 cm−1, and �1=3210 cm−1.5–7 Aside
from the already mentioned redshift for �3, we notice that the
ordering in the energy between �1 and 2�4 has been reversed.
This assignment has been discussed at length in the
literature,6 but based on the intensity distributions and the
corresponding Raman spectra there is now general agree-
ment about it.8 Similar conclusions have been drawn for the
liquid. Here the Fermi resonance between the �1 and the 2�4

mode was analyzed and, from the temperature dependence of
the lines, the same ordering was determined.9 We also note
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that in the IR spectra of the condensed phase the intensity of
the �3 mode is much larger than that of the two other modes,
in contrast to the gas phase spectrum of the molecule where
all three modes show roughly equal intensity.

Although the reverse ordering of the two modes between
the gas and the condensed phase is now well established, a
consistent explanation of the effect was to our knowledge not
yet presented. Here the behavior of ammonia clusters comes
into play. There is currently great interest in ammonia clus-
ters. Infrared spectra of small complexes were measured for
the umbrella10 and the NH-stretch11 mode. Large aerosol
particles12 and clusters solvated in helium droplets13 have
been measured in the region of the NH-stretch vibration. In
addition, Raman spectra are available.14 They should defi-
nitely exhibit this effect in detail when the size is gradually
increased. But most of these data do not vary the sizes over
an appreciable range. An exception are the measurements in
helium droplets which cover sizes up to �n�=900, but with a
preference for the smaller ones.13 Theoretically, we recently
calculated the IR spectra of small ammonia clusters up to n
=20 and found that the two stretching modes display a red-
shift, while the umbrella bending mode �2 is blueshifted,
since its motion perpendicular to the bond direction weakens
the hydrogen bond.15,16 Thus a simple picture might explain
the reverse ordering of the two modes. The �1 and the �3 as
stretching modes shift to smaller energies, to the red, while
2�4 as bending mode shifts to larger energies, to the blue,
upon increasing the cluster size and thus the hydrogen bond-
ing network. At a particular range of cluster sizes the two
spectral patterns should cross.

To investigate this model, we have measured the IR
spectra of ammonia clusters in the range from
3150 to 3450 cm−1 for the average sizes from �n�=8 to 989.

In this way we cover, for the first time, the whole range from
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small aggregates to aerosol particles. Aside from the spec-
trum for �n�=8 which is obtained by depletion spectroscopy,
we apply the method of photofragment spectroscopy which
was pioneered by Vernon et al.17 and recently also success-
fully applied to large water clusters.18 The size distributions
are known from another technique introduced by us, the dop-
ing with sodium atoms.19 To analyze these measurements we
also had to extend our calculations to larger cluster sizes and
to include the overtone of the asymmetric bending mode 2�4.
As will be shown in detail, the calculations and the measure-
ments confirm the predicted crossover of the redshifted �1

and the nearly constant 2�4 mode. In the calculations, which
were based on the model described in Ref. 15, the coupling
to closely lying overtones had to be taken into account to
observe this behavior.

II. EXPERIMENTAL METHODS

The experiments have been carried out in a molecular
beam machine which has been described in detail
previously.20,21 The large ammonia clusters are produced in a
supersonic expansion of pure ammonia vapor at 0.45–6 bars
through nozzles of conical shape with diameters of 60 and
90 �m, opening angles of 20.4° and 41°, and lengths of 2
and 6 mm. The average size of the cluster distribution is
determined by applying the recently developed method of
doping the cluster by the pickup of Na atoms.19 In this way
the cluster can be ionized free of fragmentation by single
photons close to the threshold. The clusters follow a log-
normal distribution with a width which approximately corre-
sponds to the average size. Based on a series of such results
we have derived a scaling law19 which relates the mean clus-
ter size �n� to the source conditions of the expansion in the
spirit of the well known scaling laws derived by Hagena for
rare gases and metals.22,23 The key parameter that correlates
the flow which produces the same cluster size is given by

� = n0dqT0
� �0 � q � 1� . �1�

Here n0, T0, and d are the source density, nozzle temperature,
and nozzle diameter. For ammonia clusters we get q=0.704
and �=−3.300. For nozzles with conical shape and an open-
ing angle of 2�, the nozzle diameter d has to be replaced
by deff=0.933/ tan �. It is convenient to reduce the length
and energy scale by introducing the reduced parameter
�*=� / �rch

q−3Tch
� �, with rch=3.20 Å and Tch=3510 K. Then we

are able to present the relation of the average cluster size �n�
with the reduced source parameter �* by a simple power law:

�n� = D� �*

1000
�a

, �2�

with D=1.09 and a=1.246. In this way the sizes of ammonia
clusters generated in adiabatic nozzle expansions can be cal-
culated from the source parameters. The results are listed in
Table I.

The vibrational spectra of the large ammonia clusters
�NH3�n are measured in the following schematic experimen-
tal arrangement. The pulsed infrared optical parametric os-
cillator �OPO� output crosses the cluster beam in a quasicol-

linear configuration under a small angle of 3° and is tuned in
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a frequency range of 3100–3460 cm−1 with a bandwidth of
0.2 cm−1. The laser fluence was kept constant at 250 mJ/cm2

in a single pulse. If a vibrational mode of the clusters is
excited, the energy is redistributed and leads to the decay of
the cluster. For these large clusters the detection of the frag-
ment is much more appropriate than the depletion method
usually used for small clusters.24 Therefore the detector, a
rotatable quadrupole mass filter with a continuous electron
bombardment ion source, is positioned at an angle � of 3°
with respect to the ammonia cluster beam. A chopper allows
digital lock-in measurements to discriminate the signal of the
continuous ammonia cluster beam from background. Neutral
fragments are leaving the clusters and thereby diverging
from the direction of the ammonia cluster beam. Then they
are detected as enhancement of the signal following the laser
pulse in the time resolved ion signal of the tuned masses. For
the smallest cluster size �n�=8 a slightly different procedure
is used. Here the conventional depletion spectroscopy is
applied24 with the detector placed at 0° and the mass filter
tuned to the mass �NH3�5H+. In this way, all neutral cluster
contributions n�6 are precluded. Because of possible
fragmentation processes,25 the average value is estimated to
�n�=8. This procedure implies a partial size selection which
does not explicitly depend on the source condition. We have
used the conditions of experiment 1 of Table I for this
experiment.

III. EXPERIMENTAL RESULTS

The vibrational modes of the ammonia clusters are ex-
cited by the pulsed IR radiation and the resulting predisso-
ciation is detected by counting the emitted fragments. The
result obtained for the average cluster size �n�=80 and the
excitation at 3380 cm−1 is shown in Fig. 1. Because of the
electron impact ionization, protonated ions appear. The frag-
ment with the smallest mass has the largest intensity and the
distribution decreases monotonically with increasing mass.
Such a result is expected from statistical considerations, as
was demonstrated in extensive calculations for water
clusters.18 Interestingly, this result is different from the ex-
perimental findings for water clusters in this size range
where the maximum was observed for water hexamers.18 For
measuring the infrared spectra, the quadrupole mass filter
was tuned to the mass of �NH3�5H+. This is a compromise
between the larger intensity at the smaller masses and the
lower background from hydrocarbons at larger masses. We
note that, because of fragmentation problems by the electron
impact ionization, the most probable neutral precursor is

25

TABLE I. Beam data.

Property Expt. 1 Expt. 2 Expt. 3 Expt. 4 Expt. 5

Nozzle diameter d ��m� 90 90 90 90 60
Opening angle 2� �deg� 41 41 41 41 20.4
Nozzle length �mm� 2 2 2 2 6
Nozzle temperature �K� 307 307 307 307 307
Pressure �bar� 0.45 1.0 2.2 4.0 6.0
Average size �n� 29 80 212 447 989
�NH3�7.
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As further check of the process we have measured the
dependence of the fragment ion signal �NH3�5H+ on the clus-
ter size at the excitation of the NH-stretching mode at
3380 cm−1. The result is presented in Fig. 2. We observe a
pronounced size dependence. The distribution rises from
�n�=20 to about �n�=80, and then falls off to �n�=200 where
a change in the slope occurs. A possible explanation for the
size dependence is simply the size of the fragment. For such
a large fragment, low-coordinated molecules are energeti-
cally favored, since a smaller number of bonds have to be
broken. Therefore the increase of the IR intensity with clus-
ter size can be explained by the increasing number of under-
coordinated molecules. Based on the results of Ref. 16 Sec.
IV we estimate the number of undercoordinated �from two-
to five-coordinated� molecules to 15 for n=16 and 69 for
n=100. This trend, however, continues, although somewhat
weakened for n=500 and n=1000 where 225 and 357 under-
coordinated molecules are counted, respectively. Apparently,
the intensity goes down after n=100. This decrease is ex-
plained by the increasing number of six-coordinated mol-
ecules which appear at the expense of the undercoordinated
ones at the surface. In the investigated size range the percent-
age of undercoordinated molecule decreases from 94% for
n=16 over 69% for n=100 to 45% for n=500 and 36% for
n=1000. Thus these two conflicting trends are responsible
for the maximum in the intensity as function of the cluster

FIG. 1. Measured intensity dependence of the cluster ion fragment size. The
encircled mass was used in the experiment.

FIG. 2. �Color online� Measured cluster size dependence of the photofrag-
−1
ment intensity at the infrared frequency of 3385 cm .
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size. We note that the preference for undercoordinated mol-
ecules in the detection process leads to a preferred sensitivity
to the surface, since most of these molecules are found in the
surface region. Their fraction is 100% for the small clusters
and about 85% around the cluster size of n=1000.

We have measured the vibrational predissociation spec-
tra after the excitation in the infrared spectral range from
3150 to 3450 cm−1. The average cluster sizes include �n�
=8, 29, 80, 212, 447, and 989. The results are presented in
Fig. 3. The spectra for all sizes, aside from the two smallest
ones, are dominated by the peak at 3385 cm−1. For the aver-
age sizes �n�=29 and �n�=8 we observe about equal inten-
sity of this peak and peaks between 3200 and 3270 cm−1.
Signals in this wave number range are also present at the
other sizes from �n�=80 to �n�=989 but with about 40% of
the intensity of the peak at 3385 cm−1. This peak, which is
attributed to the asymmetric NH-stretching mode, does not
change the position over the measured size range. A shoulder
at 3400 cm−1 which is present at the smaller cluster sizes
disappears for the larger clusters. The two peak structure in
the range from 3210 to 3270 cm−1 is more or less present
over the whole size range measured.

We can compare the present data taken at the smallest
and largest cluster sizes with those obtained by Fourier trans-

FIG. 3. �Color online� Measured IR fragment spectra detected at �NH3�5H+

for the average sizes indicated. The spectrum at the bottom is taken by
depletion. The positions of the three vibrational modes in this frequency
range are marked by bars, at the bottom, for the gas phase spectrum of a
single molecule, and, at the top, for the condensed phase. These are the
asymmetric NH-stretch mode �3, the symmetric NH-stretch mode �1, and
the overtone of the asymmetric bending mode 2�4.
form infrared �FTIR� spectroscopy in slit jet expansions of
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Liu et al.11 and in collision cells by Jetzki et al.12 This is
quite interesting, since the FTIR data exhibit the correct ab-
sorption properties, while the present data obtained by deple-
tion or fragment spectroscopy measure a convolution of the
absorption and the subsequent dissociation process. The
comparison for �n�=8 is shown in Fig. 4. Given the different
expansion conditions and the different methods of data sam-
pling, the agreement is remarkable. The spikes in the FTIR
data are monomer lines which can be easily assigned to the
marked position of the three vibrational modes. The two
lines in the range of the 2�4 mode and the lowest wave
number �1 mode coincide with the cluster modes and lead to
a better resolution in the FTIR experiment,11 but the general
features of the three groups of lines are identical. From the
depletion data we explicitly know that no clusters n�6 are
present in the beam. This provides us also with a lower limit
for the cluster size of the FTIR jet experiment. The outer-
most monomer lines above 3400 cm−1 belong to the �3

mode. The redshift of the cluster modes is clearly observed.
The next four monomer lines between 3310 and 3380 cm−1

are indications of the �1 mode. The lines below 3260 cm−1

are caused by the overtone of the 2�4 mode. Since we do not
know at this moment which of the cluster peaks belongs to
which mode, we have to postpone the discussion of the di-
rection of the shifts after the presentation of the results of the
theory.

The comparison at the upper end of the size scale is
shown in Fig. 5. The result of the fragment spectroscopy of
the present work for �n�=989 agrees well with the measured
curve of the aerosol particles of the radius R=2 nm which
corresponds to an average size of �n�=1027.12 The positions
and the widths of the peaks at 3380 and 3210 cm−1 are
nearly identical. They are attributed in this size range by
comparison with the condensed phase data to the asymmetric
�3 and the symmetric �1 mode, respectively. The intensity in
between is attributed to the 2�4 mode. Even the trend in the
intensity ratio of the peaks at 3210 and 3380 cm−1 is repro-
duced with 0.25 for the FTIR and 0.38 for the fragment
experiment.

This is a notable result. There is a big difference com-

FIG. 4. �Color online� Comparison of the present data for �n�=8 �upper
panel� with those obtained in slit expansion by the FTIR jet method of Ref.
11 �lower panel�. The narrow peaks marked by bars are rotational lines of
the monomer NH3 belonging to the indicated vibrational modes.
pared to the results of water clusters for which the spectra
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measured by fragment spectroscopy differ appreciably from
those obtained in collision cells by FTIR spectroscopy.18,26

The reason for this behavior is the pronounced sensitivity of
the cluster fragment spectroscopy to the outer surface. It
originates from the fact that the measured fragment mass
�H2O�4H+ had the largest intensity and that the surface re-
gion was amorphous compared to the interior of the cluster.
Both properties favor the formation of large connected low-
coordinated molecules at the surface. For ammonia clusters
both conditions are not fulfilled. The structure for the larger
clusters is also crystalline at the surface27 and the smallest
fragment size has the largest intensity �see Fig. 1�. Neverthe-
less for ammonia clusters in the present experiment, there is
a certain sensitivity to the surface left which is caused by the
large fragment mass and the subsequent preference of under-
coordinated molecules as was discussed earlier. But it is
much less pronounced than in the case of water clusters.

A different way to look at this problem is to calculate the
ratio of the intensity of the �1 and the 2�4 mode to the �3

mode. The results give for the measurements of Fig. 3 2.02
for �n�=8, 1.36 for �n�=29, 0.83 for �n�=80, 1.00 for �n�
=212, 0.92 for �n�=447, and 0.86 for �n�=989. As expected,
the intensity of the �3 mode becomes more and more signifi-
cant. The value for the smallest cluster is in good agreement
with the very precise most recent measurement of this ratio
of 2.2 of the transition moments of the monomers.28 The one
for the largest cluster agrees well with the ratio 0.94 which is
obtained for the FTIR spectra of the aerosol particles of the
average size �n�=1027.12 The ratios for the larger clusters
from �n�=80 onwards are within the experimental errors the
same. This is a clear indication that they are dominated by
surface effects. In contrast, in the aerosol experiments of
Jetzki et al.12 this ratio drops from 0.94 for the 2 nm to 0.72
for the 4 nm and to 0.48 for the 10 nm particles. This trend
continues finally to the results of the crystalline solid where
still lower values around 0.35 are observed.5,7 The reason is
a cancellation of the effective oscillatory dipole of the �1

mode in the highly symmetric arrangement of the molecules
5

FIG. 5. �Color online� Comparison of the present data for �n�=989 �lower
panel� with those obtained in collision cells of Ref. 12 �upper panel�. The
estimated sizes of the FTIR experiment refer to the curves from top to
bottom. The spectrum of the aerosol particle of the radius 2 nm corresponds
to the average size �n�=1027.
in the unit cell of the crystal. Consequently this trend is not

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



133403-5 Spectroscopy of large ammonia clusters J. Chem. Phys. 125, 133403 �2006�
observed for the amorphous solid phase7 where the intensity
of the �1 and the 2�4 mode slightly exceeds that of the �3

mode. A similar trend is observed by the width of the peak of
the �3 mode at 3385 cm−1. It is quite broad for the clusters up
to n=1000 and becomes very sharp for the crystal. In this
sense our data confirm the conclusions of Jetzki et al.12 that
the decreasing width of the peak at 3380 cm−1 and decreas-
ing intensity of the peak at 3210 cm−1 for larger cluster sizes
are caused by reduced influence of surface effects.

The good agreement of the present data with FTIR ex-
periments in the limit of small and large cluster sizes gives
us confidence that the data in between are also reliable and
can be used to explain the change in the infrared signature of
ammonia clusters.

IV. THEORETICAL METHODS AND RESULTS

The calculations included �1� computations of the mini-
mal energy structures of the clusters using stochastic meth-
ods and simulated annealing embedded in classical molecu-
lar dynamics simulations, and �2� quantum calculations of
the line shift of the vibrational spectra employing a model
based on perturbation theory.29,30 The NH3–NH3 intermo-
lecular potential used in our calculations is the site-site
model of Impey and Klein.31 The NH3 monomer is consid-
ered rigid. Each molecule features four electrostatic interac-
tion sites and additional Lennard-Jones interactions between
the N atoms. It was extensively used in molecular dynamics
simulation of the liquid and reproduces the x-ray and neutron
diffractions satisfactorily.32

Our formalism for the frequency shifts of molecular
clusters29,30,33 is based on the idea of treating the anharmonic
intramolecular force field and the intermolecular potential as
perturbation of the molecular vibration, described in the nor-
mal mode approach. It was successfully applied to several
systems, including ammonia clusters up to n=20.15,16 For a
homogeneous cluster formed of n molecules, the first order
frequency shifts 	�mi

�1� relative to a particular vibrational
mode m of the monomer i were shown to result by solving an
eigenvalue problem:

	
m���

	
i�=1

n � �2U

2�qmi�qm�i�
− hc	�mi

�1�
mm�
ii��cm�i�,mi = 0,

i = 1,2, . . . ,n . �3�

The perturbation matrix elements are expressed in terms of
the curvature �2U /�qmi�qm�i� of the intermolecular potential
U. qmi is the normal coordinate associated with normal mode
m of molecule i. In the case of a degenerate mode both m
and m� belong to the subspace � of the considered normal
mode, while for a nondegenerate mode m
m�.

The second order line shifts can be explicitly expressed
as

	�mi
�2� = 	

m�,m���

	
i�,i�

cm�i�,micm�i�,mi
*

	�m�i�,m�i�
�2� , �4�

where the coefficients cm�i�,micm�i�,mi
* are components of the

eigenvectors yielded by the eigenvalue problem �3�, and the
�2�
partial contributions 	�
m�i�,m�i�

are given by

Downloaded 22 Oct 2006 to 130.63.180.147. Redistribution subject to
	�m�i�,m�i�
�2�

= −

i�i�

2hc
	

r

1

�r

�U

�qri�
�m�m�r

+
1

4�hc�2 	
r��

	
j

1

�m − �r


�2U

�qm�i��qrj

�2U

�qm�i��qrj

−
1

4�hc�2	
r

	
j

1

�m + �r

�2U

�qm�i��qrj

�2U

�qm�i��qrj
. �5�

Here �m and �m�m�r are harmonic frequencies and cubic
force constants, respectively. The most significant second or-
der contributions are generally due to the first term, coupling
the generalized intermolecular forces −�U /�qri� with the cu-
bic intramolecular force constants �m�m�r.

As a first step in incorporating the intramolecular force
field in our perturbative frequency shift approach, the normal
mode analysis of the ammonia monomer is carried out by the
GF �kinetic and force constant� matrix method of Wilson et
al.34 In a second step, the transformation of the intramolecu-
lar force field from valence to normal coordinates is done by
the L-tensor formalism of Hoy et al.,35 yielding anharmonic
monomer frequencies and transformed cubic force constants
�m�m�r. In particular, the intramolecular interactions within
the NH3 monomer are modeled by the anharmonic valence
force field of Morino et al.36 This intramolecular force field
is not able to reproduce the experimental transition dipole
moments of the �1 mode �d=0.0263 D� and the �3 mode
�d=0.0184 D�.28 They are with d=0.0446 D and d
=0.193 D, respectively, too large.

The equilibrium structures of the small ammonia clusters
�n=2, 4, 10, and 20� have been determined by stochastic
minimization of the total interaction energy, considering the
clusters as being composed of rigid monomers. Actually, the
local energy minima have resulted from optimizing the posi-
tions of the mass centers and the orientations �specified by
Euler angles� of the molecules, starting from random initial
configurations. Several tens �up to hundreds� of thousands of
minimizations are necessary to obtain the global minimum
for a particular cluster size and, with a view to calculate the
averaged IR spectra, we have stored the lowest couple of
hundreds of configurations.

The equilibrium configurations of the larger clusters con-
sidered in this study �n=100, 500, and 1000� have been de-
termined by simulated annealing embedded in molecular dy-
namics. The initial configuration of each cluster species was
chosen to be a sphere cut from crystalline ammonia �see Ref.
37�. After an initial uniform heating at temperatures up to
200 K �by assigning random, properly normalized velocities
to all molecules�, the crystal spheres were relaxed for about
20 ps, by removing 0.01% of the total kinetic energy at each
time step. By following this procedure, we have prepared
100 configurations for �NH3�100, 5 for �NH3�500, and 1 for

�NH3�1000. The limiting �lowest and highest� binding ener-
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gies of the equilibrium structures retained for the averaging
of the calculated IR spectra are listed in Table II.

The basic idea of our IR-frequency calculations is to add
the first and second order frequency shifts to the experimen-
tal monomer frequencies corresponding to each normal
mode. A novel aspect in the present calculations, as com-
pared to previous applications of our approach, is that the
second order frequency shifts couple the considered normal
mode not only with all other fundamental modes but also
with their closest overtones, thus explicitly accounting also
for Fermi resonances. However, it should be stressed that the
first order frequency shifts remain unaffected. Concretely,
the presence of the overtones implies that in Eq. �5� the
fundamental frequencies �r appear as multiples, too. Intu-
itively, one might expect the additional resonant contribu-
tions to simply increase the frequency shifts, but this is not
the case. In fact, they achieve a fine tuning of the total fre-
quency shifts.

The beneficial effect of including the overtones can be
judged by the example of the �1 mode in the case of the most
stable isomer of the size n=100. The corresponding average
first order frequency shift equals −17 cm−1. Discarding 2�2,
3�2, and 2�4 �the overtones to be coupled with �1�, the sec-
ond order shift amounts to −150 cm−1, while including these
overtones results in −102 cm−1. Having in view that the fre-
quency shift from gas to crystalline solid is −126 cm−1, by
neglecting the couplings to the overtones the total frequency
shift appears to be overestimated due to the second order
contributions.

In the case of 2�4, where the gas to crystalline solid
frequency shift is 73 cm−1, the tremendous importance of
including the overtones is even more apparent. The calcu-
lated average first order frequency shift for the most stable
isomer of size n=100 is found to be 8 cm−1. By not consid-
ering the overtone coupling, the second order shift results to
be negative �−18 cm−1�, yielding a negative total shift,
whereas, by including the effect of the overtones, the second
order shift amounts to 32 cm−1, resulting in a positive total
frequency shift, as expected.

Another aspect worth mentioning is that the line spec-
trum for a given cluster size was averaged over the whole
ensemble of computed cluster configurations. The cluster
distribution according to the binding energies was assumed
to be of Boltzmann type, corresponding to an equilibrium

TABLE II. Binding energies �in kJ/mol� of the �NH3�n clusters for the most
stable isomers, En

1, and for the highest energy isomer considered in the
averaging process of the IR spectra, En

high. Nconfig is the number of configu-
rations retained in the averaging of the IR spectra, corresponding to a tem-
perature of 200 K and relative Boltzmann weights larger than 10−3.

n En
1 En

high Nconfig

2 −11.655 −7.8393 6
4 −52.850 −41.380 953
10 −190.84 −179.36 796
20 −441.19 −429.72 216
100 −2 614.99 −2 611.09 4
500 −14 440.8 −14 431.6 2
1000 −30 031.6 1
temperature of 200 K.
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Figure 6 shows the ensemble-averaged IR spectra for the
considered NH3 clusters obtained by applying our perturba-
tive frequency shift approach to the nondegenerate symmet-
ric stretch mode �1, the doubly degenerate asymmetric
stretch mode �3, and the overtone 2�4 of the doubly degen-
erate asymmetric bending mode. While the two NH-
stretching modes exhibit the expected redshift caused by the
hydrogen bonded system, the overtone of the asymmetric
bending vibration shows a nearly constant behavior. It is also
interesting to note that the redshift of the two NH-stretching
modes is more pronounced for the small cluster sizes be-
tween n=2 and n=10 compared to that of the larger clusters.
In conclusion, the results clearly demonstrate that there is a
mixing between the redshifting �1 mode and nearly constant
2�4 mode which starts already around n=10 and is definitely
over after n=100. We note that the intensities are not reliable
because of the intramolecular force field of the monomer. To
come close to the experimental values28 one has to divide the
given numbers by 100.

The main role in the crossing of �1 and 2�4 can be as-
cribed again to the second order frequency shifts. For the
most stable isomers of sizes n=10, 20, and 100, the average
first and second order contributions corresponding to �1 are
�−7,−12,−17� cm−1 and �−76,−89,−102� cm−1, respec-
tively. It is apparent that both the largest contributions and
the shift increase originate from the second order. As for 2�4,
the average first and second order contributions for the same

−1 −1

FIG. 6. Calculated IR spectra of ammonia clusters of the sizes indicated.
The different modes 2�4, �1, and �3 are marked in white, black, and gray,
respectively.
isomers are �10,9 ,8� cm and �30,32,32� cm , respec-
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tively. Thus, the main explanation for the crossing of �1 and
2�4 modes results from the finding that, as opposed to �1,
both the first and second order frequency shifts for 2�4 are
very little sensitive to the cluster size, rendering a roughly
constant total frequency shift.

V. DISCUSSION

The measured spectra of Fig. 3 alone did not allow us to
derive some conclusions about the way in which the position
of the three bands, involved in the investigated wave number
region, changed. All measured cluster sizes exhibit a peak of
large intensity at 3385 cm−1, two peaks at 3220 and
3260 cm−1, and some weaker intensities in the range of
3320 cm−1. From the comparison of the result of the largest
clusters with the condensed phase we know which modes
these peaks correspond to. From the comparison of the
smallest cluster with results of the single molecule only the
position of the �3 could be obtained in an unambiguous way.

The calculations of Fig. 6, however, provide this answer.
The problem here is how we can trust the results in view of
the fact that we have to deal with the spectrum of a compli-
cated hydrogen bonded manifold of up to 1000 molecules.
Firstly there is the reliability of the interaction potential. We
use for simplicity an effective two-body potential which has
been fitted to liquid properties. It will not be very reliable for
small clusters. Secondly, we have to find the correct mini-
mum configuration and eventually account for the different
isomers which will contribute. We do that in the present ap-
proach by averaging over a set of isomers. Thirdly, we have
to calculate the frequency shift in a reliable way. We apply
perturbation theory with degenerate states included. This has
the advantage of being able to include also the coupling to
the overtone, but it is per definition not so well suited for
strong coupling cases. Fourthly, the intramolecular force
field is not able to reproduce the measured monomer inten-
sities. This will mainly affect the intensities but not the po-
sitions.

With all these caveats in mind, we will compare the
measurements with the calculations for selected cluster sizes,
the largest, the smallest, and one in the middle. The results
are shown in Fig. 7. Although the agreement between experi-
ment and theory is only qualitatively correct, it is good
enough to assign the measured spectra and to pin down the
origin of the measured peaks. It is obvious that the feature at
3385 cm−1 has to be attributed to the asymmetric stretch
mode �3. The peak at the smallest size measured is a little bit
broader and more structured than those of the other two
sizes. These details are well reproduced by the calculations.
For the two larger cluster sizes the absolute shift is predicted
to be a bit too large by about 20 cm−1 and the width is too
narrow compared to the experiment. But it is definitely clear
that these peaks correspond to the �3 mode.

The more interesting region is that of the overlapping
2�4 and �1 bands. At the largest cluster size �n�=989 the
peak at 3215 cm−1 is caused by the symmetric stretching �1

mode and the peak at 3260 cm−1 has to be attributed to the
overtone of the asymmetric bending mode 2�4. This is also

the assignment which follows from the results of the con-
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densed phase. A very interesting result is that obtained for
�n�=80. Here theory and experiment agree in the sense that
in both cases a broad spectrum without specific structures is
observed. The reason is a crossover of the redshifting sym-
metric stretch mode �1 and the nearly constant overtone of
the asymmetric bending mode 2�4. They completely mix in
this size range. At the smallest cluster size measured, �n�
=8, the most redshifted peak at 3230 cm−1 originated from
the overtone of the asymmetric bending mode 2�4. The peak
at 3260 cm−1, however, is, according to the calculation, al-
ready caused by a mixture of the 2�4 bending and the sym-
metric stretching mode �1. Surprisingly, the weaker peak at
3320 cm−1 is due to the �3 mode and not to the �1 mode
whose monomer frequencies lie in this range. This result
definitely clarifies that the peak structure of the experiment
in the wave number range from 3200 to 3300 cm−1 which
looks very similar has, however, to be traced back to differ-
ent vibrational modes for different cluster sizes. According to
the calculations, the mixing already starts around n=8 and is
finished after n=100. We note that this interpretation of the
origin of the lines for the large clusters is in agreement with
the general interpretation of the corresponding spectra of the
aerosol particles12 and the condensed phase.6,9 It is also in
agreement with the results of the coherent anti-Stokes Ra-
man spectroscopy �CARS� spectra of ammonia clusters in
the size range of several tens of molecules which exhibit

−1 14

FIG. 7. �Color online� Comparison of measured and calculated spectra of
ammonia clusters for the sizes indicated. In the calculations the different
modes 2�4, �1, and �3 are marked in white, black, and gray, respectively.
The bars at the bottom and the top indicate the positions of the vibrational
modes of the monomer and the solid, respectively.
broad spectra and a peak of the �1 mode around 3204 cm .
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VI. CONCLUSIONS

In conclusion, we measured the evolution of IR spectra
of ammonia clusters in the range of the NH-stretching vibra-
tions as function of their size between n=8 and n=1000. By
combining photofragment spectroscopy with the size deter-
mination by doping the ammonia cluster with sodium atoms,
reliable results have been obtained. The experiments are ac-
companied by calculations of the vibrational spectra which
are based on a model which allows us to include the coupling
to the overtones of the different modes. From this calculation
we definitely know the correct assignment of the spectra. In
the size dependence of these spectra, there occurs a very
interesting exchange in the wave number positions of the
symmetric stretch vibration �1 with the overtone of the
asymmetric bending motion 2�4 between n=10 and 100. Our
calculations clearly demonstrate that the coupling between
the ground state and the overtones is responsible for this
crossing of the redshifting �1 and the nearly constant 2�4

mode. This is similar to the Fermi resonances which had
already been evoked to explain part of the ammonia mono-
mer spectra4 and those of liquid ammonia.9 Apparently, it is
also operating in ammonia clusters in the complete size
range covered by the present experiment and the accompa-
nying calculations.
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