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Infrared spectroscopy of Li„NH3…n clusters for n=4–7
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Infrared spectra of Li�NH3�n clusters as a function of size are reported for the first time. Spectra
have been recorded in the N–H stretching region for n=4→7 using a mass-selective
photodissociation technique. For the n=4 cluster, three distinct IR absorption bands are seen over a
relatively narrow region, whereas the larger clusters yield additional features at higher frequencies.
Ab initio calculations have been carried out in support of these experiments for the specific cases of
n=4 and 5 for various isomers of these clusters. The bands observed in the spectrum for Li�NH3�4

can all be attributed to N–H stretching vibrations from solvent molecules in the first solvation shell.
The appearance of higher frequency N–H stretching bands for n�5 is assigned to the presence of
ammonia molecules located in a second solvent shell. These data provide strong support for
previous suggestions, based on gas phase photoionization measurements, that the first solvation
shell for Li�NH3�n is complete at n=4. They are also consistent with neutron diffraction studies of
concentrated lithium/liquid ammonia solutions, where Li�NH3�4 is found to be the basic structural
motif. © 2006 American Institute of Physics. �DOI: 10.1063/1.2208349�
I. INTRODUCTION

The formation of solvated electrons is a well known and
widely studied phenomenon in solution chemistry.1,2 Classic
examples of solutions containing solvated electrons are those
formed by dissolving alkali metals in liquid ammonia, in
which the unpaired valence electron originally on each alkali
atom detaches and becomes embedded in the solvent me-
dium. These solutions show properties such as high electrical
conductivity and a strong color, which can be directly attrib-
uted to the presence of solvated electrons.

Despite numerous investigations, the details of solvated
electron formation are not fully understood. Insight can po-
tentially be gained from studies of metal-solvent clusters in
the gas phase. Such species may show the onset of properties
demonstrated by bulk solutions while still being small
enough to be tackled by detailed computational modeling,
including quantum chemical calculations. For example,
photoionization studies of alkali-ammonia clusters M�NH3�n,
where M =Li, Na, or Cs, reveal a dramatic reduction in ion-
ization energies in moving from n=0 to 4, with a much
slower decline thereafter such that the ionization energy
tends towards the bulk ammonia limit �which corresponds to
the work function of liquid ammonia�.3–7 These data provide
circumstantial evidence for completion of the first solvation
shell at n=4 and an increased tendency for the unpaired elec-
tron on the alkali atom to transfer into the solvent as n in-
creases. However, any attempt to fully explain the properties
of the clusters will falter without adequate knowledge of
their structures, particularly about the formation of solvent
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shells around the alkali atom. Spectroscopic techniques pro-
vide the key to fully unlock this information.

The spectroscopic study of charged metal-solvent clus-
ters is reasonably well advanced. The advantage of working
with charged clusters is that a complete size selection is pos-
sible through the use of mass spectrometry prior to photon
absorption. Progress in this area has been forged through a
combination of this mass selectivity with laser-based spec-
troscopic techniques. The majority of the work has exploited
photodissociation spectroscopy, in which mass-selective de-
tection of one or more ion fragments is measured as a func-
tion of laser wavelength, thereby conferring high detection
sensitivity. Several research groups have made important and
ongoing contributions in this research field. For example, the
research groups of Farrar and co-workers,8–10 Fuke and
co-workers,11–13 Scurlock et al.,14 and Kleiber and
co-workers15–17 have all successfully used electronic photo-
dissociation spectroscopy to probe clusters of singly charged
metal atoms �particularly alkaline earth metal cations� with a
variety of common laboratory solvents, including water, am-
monia, and methanol. Comprehensive summaries of much of
this work can be found in two reviews.18,19

Infrared photodissociation spectroscopy has recently at-
tracted much attention for probing metal-ion–solvent clus-
ters, since it is a potentially powerful tool for exploring the
structural landscape of the electronic ground state. Lisy and
co-workers have carried out extensive work on clusters de-
rived from alkali cations, in which a solvent molecule is
bound to the cluster rather weakly such that single photon
excitation of high frequency vibrations provides enough en-
ergy for cluster fragmentation. Solvents such as water,20,21

methanol,22 acetone,23 acetonitrile,24 and phenol25 have all
been targeted. Duncan26 and Walker et al.27 have also made
major contributions in this area and have broadened the

scope of IR photodissociation spectroscopy to include not
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only main group clusters but also the solvation of singly
charged transition metal cations. Both single photon absorp-
tion and resonance-enhanced IR multiphoton absorption
have been used to successfully record photodissociation
spectra of these clusters as a function of solvent number. Two
recent reviews provide full details of this elegant work.26,27

Although singly charged cationic clusters are of great
interest, the charge state of the metal ion may not be the one
most normally encountered in bulk solutions. This is cer-
tainly the case for the alkaline earth cations and it is also the
situation for most transition metal ions. To counter this, tech-
niques have been developed in recent years for producing
multiply charged cluster ions. For example, Stace and co-
workers have recently developed a pickup technique for pro-
ducing clusters based on multiply charged metal ions.28,29

Applications of this technique have included the successful
recording of photodissociation spectra of the doubly charged
cluster ions �Ag�pyridine�4�2+ and �Cu�pyridine�4�2+.30 How-
ever, these developments notwithstanding, the majority of
spectroscopic work to date has focused on singly charged
metal-solvent cluster cations.

An alternative approach to studying the solvation of ions
is to focus on clusters where both cation and anion are
present. The study of these uncharged clusters presents very
different challenges from charged clusters. In the case of
metal-solvent clusters, the issue of singly versus multiply
charged ions is avoided, since the metal solute will adopt the
charge state dictated by the solvent, which in the limit of a
large number of solvent molecules should tally with the
charge state in the bulk solution. However, the lack of an
overall charge means it is not possible to mass select a par-
ticular sized cluster in advance of spectroscopic excitation.
As a consequence, spectroscopic studies of neutral solute-
solvent clusters have received much less attention than those
of charged species.

In the specific case of metal-ammonia complexes in the
gas phase, the focus of the present investigation, the work to
date has been restricted almost entirely to clusters with one
or two ammonia molecules attached to the metal atom.
Resonance-enhanced multiphoton ionization �REMPI� spec-
tra of both AgNH3 and Ag�NH3�2 have recently been
recorded.31–33 Schulz and co-workers have used REMPI to
observe the electronic spectrum of NaNH3,34,35 but larger
Na�NH3�n clusters do not appear to yield observable elec-
tronic spectra by this route. An alternative means of record-
ing absorption spectra of Na�NH3�n has been demonstrated
by the same group, the use of a photodissociation
technique.36 In this approach single photon absorption of a
pulsed ultraviolet laser beam is used to photoionize a range
of clusters. A second, tunable pulsed laser is added prior to
the photoionization laser pulse, and any absorption of the
tunable laser beam is registered as signal depletion in a par-
ticular ion mass channel. The assumption here is that the
absorption process leads to photodissociation, thus prevent-
ing some clusters from being photoionized a short time later.
This technique has been used to track the progressive shift of
the first electronic absorption band of Na�NH3�n from the red
�n=1� to the near infrared �n�2�. It was found that at

−1
n=4 the absorption band had shifted to �6300 cm , which
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is almost identical to the wave number of the solvated elec-
tron absorption band in liquid ammonia. Spectra for n=5 and
n=6 yielded essentially the same spectra, the interpretation
of which was that the additional ammonia molecules enter a
second, more remote solvent shell. The only reports of vibra-
tional spectra for alkali-ammonia cluster have been limited
to IR spectra of LiNH3 and NaNH3 trapped in low-
temperature argon matrices.37,38

In this work we report the first mid-infrared spectra of
alkali-ammonia clusters for n�1. This initial study, the first
of several from our laboratory on alkali-solvent clusters, fo-
cuses on lithium-ammonia clusters for the case of n=4–7.
Clusters of this size are likely to span the range of n over
which the first solvation shell is completed and the second
begins to form. We use a technique similar to the photodis-
sociation technique of Schulz and co-workers described
above,36 but operating in the mid-infrared. Spectra have been
recorded in the N–H stretching region, and these have the
potential to provide unique structural information about the
clusters. To aid the extraction of this information, ab initio
calculations have been employed in support of the experi-
ments. As will be shown, the combined spectroscopic and
theoretical data support the conclusion from ionization en-
ergy measurements that the first solvent shell for Li�NH3�n is
complete at n=4.

II. EXPERIMENT

A schematic diagram showing the overall arrangement
of the experimental apparatus is presented in Fig. 1. Details
of the main features of the experiment are described below.

A. Cluster source

Metal-solvent clusters are produced by reaction of metal
atoms with gaseous solvent molecules. The metal atoms
were generated by laser ablation using the focused 532 nm
output of a small Nd:YAG �yttrium aluminum garnet� laser
�Continuum Minilite II�. In the experiments described in this
paper a static ablation target proved to be satisfactory, but the

FIG. 1. Schematic view of the experimental apparatus employed in this
work. The flight tube of the time-of-flight mass spectrometer �TOF MS� is
perpendicular to the plane of the diagram and is therefore not shown.
facility exists for producing alkali metal rods for continuous
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rotation/translation if desired. In either case the ablation tar-
get is made by compressing pieces of lithium at high pres-
sure into an appropriately shaped mold to produce a smooth
outer surface. The metal target is then placed inside a stan-
dard laser ablation fixture made from aluminum. The fixture
is attached to the faceplate of a commercial pulsed valve
�Parker Hannifin General Valve, series 9�, which provides the
source of carrier gas for the experiment. Neat ammonia at a
stagnation pressure of 2 bars was employed for most of the
experiments described here, rather than a mixture of NH3

with inert carrier gas, as the former gave the strongest signals
for clusters with n�4.

The pulsed valve was operated at 10 Hz, with an open-
ing time of 250 �s per shot. The firing of the Nd:YAG ab-
lation laser was synchronized with the valve opening and
appropriately delayed to ensure that the pulse of gas was
over the lithium target as the laser beam hit the metal sur-
face. The resulting gas mixture was then carried along a
mixing channel for approximately 5 mm before expanding
into a vacuum. The source chamber is pumped by a diffusion
pump with a water-cooled baffle operating at an effective
pumping speed of 2000 l s−1. The expanding gas was
skimmed several centimeters downstream of the nozzle by a
skimmer with a 1 mm orifice and then entered into the mass
spectrometer chamber.

B. Time-of-flight mass spectrometer

The time-of-flight mass spectrometer is a homemade
system consisting of a linear flight tube of length 1 m and
equipped with a dual microchannel plate detector �active sur-
face diameter of 18 mm�. The corresponding vacuum cham-
ber is pumped by an 800 1 s−1 turbomolecular pump, which
maintains a base pressure of �10−6 mbar when under full
gas load. Laser beams can enter into the region between the
repeller and central grid of the Wiley-McLaren ion source
through CaF2 windows �oriented at the Brewster angle� lo-
cated on both sides of the vacuum chamber.

C. Laser spectroscopy

Infrared spectra were recorded using a two-laser tech-

FIG. 2. Schematic view of
nique. Ions were produced by intersecting the pulsed mo-
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lecular beam with the frequency doubled output from a
pulsed dye laser �Lambda Physik Scanmate 2E pumped by a
Continuum Surelite II Nd:YAG laser�. The wavelength of
this laser was chosen such that the ions could be produced by
single photon ionization. For spectroscopic experiments, the
UV laser pulse was preceded by the output from a tunable
pulsed infrared laser source. To generate tunable infrared ra-
diation, Raman shifting of the visible output from a pulsed
dye laser �Sirah Cobra Stretch pumped by a Continuum
Surelite I Nd:YAG laser� was employed. Details of the
homemade Raman shifter are given later. The spectroscopic
technique exploits IR-induced dissociation, which leads to a
depletion in the concentration of a cluster of specific size
prior to photoionization. In fact, as discussed later, absorp-
tion of a single IR photon in the N–H stretching region is not
expected to introduce sufficient energy to cause the loss of
one NH3 molecule from small Li�NH3�n clusters,39 where n
�3, but this is possible for larger clusters. When dissociation
occurs, depletion of the cluster abundance is registered by a
decrease in the corresponding cation signal in the mass spec-
trometer.

The IR and UV laser beams were directed into the
vacuum chamber from opposite directions, and care was
taken to ensure that they were spatially overlapped between
the repeller plate and the central grid in the mass spectrom-
eter ion source region. Both beams were mildly focused into
the chamber and possessed typical pulse energies of 1 mJ for
the UV laser and 250 �J for the IR beam. The delay between
the IR and UV pulses was adjusted for optimum signal in
each experiment, but was typically set at 50 ns.

The ion signals were captured by a digital oscilloscope
and transferred to a PC on a shot-to-shot basis. Gating, av-
eraging, and base line subtraction were all carried out in real
time on the PC using bespoke software.

D. Raman shifter

A multipass Raman shifter of the Herriot design was
employed for generating tunable IR radiation. A diagram
showing key features of the Raman shifter is presented in
Fig. 2. The pressure cell is constructed from stainless steel

homemade Raman shifter.
the
and has an overall length of 3 m. Inside the pressure cell the
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end mirrors are 2.5 m apart and consist of planoconcave
gold-coated copper mirrors �Laser Beam Products, UK�,
each with a diameter of 75 mm and a radius of curvature of
1.3 m. To generate IR output near 3000 cm−1, approximately
25 mJ of red laser light from the dye laser was directed into
one end of the Raman cell via a CaF2 window. To obtain a
beam profile as close as possible to Gaussian, the main am-
plifier cell employed in the dye laser was a capillary cell.
Prior to entering the Raman shifter, the beam wave front was
shaped using a mode-matching telescope. This procedure
matches the radius of curvature of the laser beam wave front
to those of the mirrors and was vital to ensure both efficient
Stokes conversion and to prevent damage to the mirror sur-
faces. The latter was avoided because the correct wave front
curvature ensures that the focal point for the periodic refo-
cusing of the beam is confined to the center of the cell. The
Raman cell was filled with pure hydrogen at a typical pres-
sure of 20 bars.

To achieve optimum alignment, one of the internal mir-
rors was equipped with tilting stages to allow two-
dimensional �2D� angle control. Rather than be driven manu-
ally by connections to the exterior of the cell, the mirror
motion was driven internally by motors mounted inside the
Raman cell in combination with a belt-and-pulley system.
These high-torque stepper motors �Phytron, UK� were de-
signed for specialized use at high pressures and mild baking
conditions. To allow safe alignment, the laser spots on the
end mirrors were viewed remotely by a TV camera/monitor
combination. The aim in tweaking the end mirror orientation
was to ensure that the spots were distributed evenly around
both end mirrors. The precise number of laser passes can be
chosen by the operator. A small pickoff mirror �also gold
coated� is located in front of one of the end mirrors. This can
be rotated, also under motorized control, to intercept any of
the beams reflecting off the end mirror. For generating third
Stokes radiation near 3 �m, we normally use 19 passes. The
pickoff mirror sends the beam out through a hole in the cen-
ter of the end mirror and out of the cell through a CaF2

window.
The output from the Raman cell contains unconverted

dye laser fundamental radiation, as well as unwanted Stokes
and anti-Stokes components. The desired third Stokes radia-
tion is separated from other components using an antireflec-
tion coated silicon filter prior to being focused into the mass
spectrometer vacuum chamber. An upper limit of 0.5 cm−1

for the linewidth of the IR radiation has been deduced from
the measurement of the photoacoustic spectrum of ammonia
in a gas cell in the N–H stretching region.

III. COMPUTATIONAL DETAILS

Calculations were carried out using both density func-
tional theory �DFT� and Møller-Plesset perturbation theory
to second order �MP2�, as implemented in GAUSSIAN 03.40

For the DFT calculations the B3LYP functional was used,
and for both MP2 and DFT calculations the basis set chosen
was 6-311+ +G�d , p�. We have recently carried out high
quality ab initio calculations on LiNH3 and Li�NH3�2, in part

to “calibrate” DFT calculations against benchmark large ba-
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sis set MP2 and CCSD�T� results.39 It was found that the
DFT-B3LYP approach, when coupled with a basis set of
triple zeta quality with added polarization and diffuse func-
tions, yields good predictions of equilibrium structures and
vibrational frequencies �with suitable scaling�, and even pro-
vides reasonable estimates of Li–N bond dissociation ener-
gies. The basis set in this work differs from the aug-cc-pVTZ
basis set used in the work described in Ref. 39. The reason
for this difference is that the 6-311+ +G�d , p� basis set is
more computationally efficient than aug-cc-pVTZ, which is
important for the large clusters studied in the present work.
However, our own benchmarking calculations on small clus-
ters show only small differences between the results from
calculations performed using 6-311+ +G�d , p� and aug-cc-
pVTZ basis sets.

To find minima on the potential energy surfaces, a trial-
and-error approach was employed in which conformations
were first sought using low-level calculations, specifically
DFT calculations using a minimal �STO-3G� basis set. Hav-
ing found a minimum, the calculations were then refined
using the full basis set. In some cases this led to a minimum
also being located in the higher-level calculations, but in
other cases the minimum disappeared. All minima were
checked to establish that they were not transition states using
vibrational frequency calculations. This procedure was re-
peated for a wide variety of starting configurations in an
attempt to find as many minima as possible. To confirm the
relative energies of all isomers, the geometry optimizations
were repeated with MP2 calculations starting from the struc-
ture established from the DFT calculations.

IV. RESULTS AND DISCUSSION

A. Mass spectrometry

A typical mass spectrum in the absence of the IR laser
pulse is shown in Fig. 3�a�. The photoionization thresholds
for Li�NH3�n clusters have been measured previously, and it

FIG. 3. Mass spectra recorded for �a� IR laser off and �b� IR laser on. The
UV laser was fixed at 409.5 nm and the IR laser at 3170 cm−1. The two
spectra were recorded on exactly the same vertical scale, so spectrum �b�
shows around 60% depletion in all Li�NH3�n

+ channels �n�4� at the chosen
IR wavelength.
has been found that the thresholds decline as n increases,
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with this decline being particularly marked from n=1→4.3–7

The UV wavelength for the mass spectrum in Fig. 3�a� was
409.5 nm, at which only clusters with n�4 are expected to
be ionized by single photon absorption. Consistent with this
expectation, negligible signals are seen for n=2 and 3, al-
though there is some residual signal in the n=1 mass chan-
nel. The n=1 signal, coupled with a weak peak due to Li+, is
assumed to be the result of a small amount of two-photon
ionization. The dominant signal in the mass spectrum is for
n=4, with progressively weaker contributions up to n=7,
beyond which the ion signal becomes negligibly small.

Ion fragmentation is expected to be negligible in the
photoionization of alkali-ammonia clusters, given the domi-
nance of diagonal and near-diagonal Franck-Condon factors,
as shown in previous photoionization studies.3–7 Conse-
quently, the ion signal in a given mass channel should reflect
the abundance of the neutral cluster at the same mass.

B. Infrared spectroscopy

IR spectra were recorded for each cluster size by mea-
suring the ion signal depletion as a function of IR laser
wavelength in the desired mass channel. The effect of this
depletion process is illustrated in Fig. 3�b�, in which the IR
laser pulse �3170 cm−1� was added just prior to the UV
photoionization pulse. As will be seen below, this IR wave-
length is resonant with vibrational transitions in several clus-
ters. A signal reduction of �60% is seen in the n=4–7 chan-
nels, which is a relatively large effect. Attempts to observe
depletion in the n=1–3 channels by operating at much
shorter photoionization laser wavelengths yielded no detect-
able depletion for these clusters. The absence of IR photo-
dissociation spectra for n=1–3 is assumed to be due to the
relatively large Li–N binding energies for these clusters,
which prevent IR absorption from causing any cluster frag-
mentation. It appears that ammonia molecules are more
weakly bound in larger clusters, as will be discussed again
later, which makes it possible to record IR spectra in the
N–H stretching region for n�4 using the photodissociation
approach.

IR spectra of Li�NH3�n for n=4–7 in the N–H stretching
region are shown in Fig. 4. It is assumed that the change in
ion signal in a particular mass channel contains contributions
only from depletion of the neutral cluster of the same mass.
In principle, fragments from IR-induced laser dissociation
could complicate the assignment. For example, IR photodis-
sociation of Li�NH3�5 will lead to formation of Li�NH3�4,
which can then subsequently be photoionized by the UV
laser pulse. This process in isolation would lead to an in-
crease in the amount of Li�NH3�4

+, in contrast to the IR-
induced depletion assumed here. This ion production could
partly counteract any decrease in ion signal due to photodis-
sociation of Li�NH3�4, which would in turn distort the IR
spectrum. However, these “production” contributions are
small. A demonstration of this is provided by the peak at
approximately 3280 cm−1 seen in the Li�NH3�5 spectrum,
but not seen in the Li�NH3�4 spectrum. If a sizeable propor-
tion of the Li�NH3�4

+ ions were the result of IR photodisso-

ciation of Li�NH3�5 followed by UV photoionization, then a
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positive-going peak in the n=4 spectrum should appear at
the same wave number. There is no evidence of any such
peak above the noise level in this region, suggesting that its
contribution is very small. We therefore conclude that any
potential confusion from photoionization of IR photodisso-
ciation products is negligible. In part this is due to the rather
rapid decrease in cluster abundance in going from n=4→7,
as seen in the mass spectra in Fig. 3. This monotonic decline
in cluster ion intensity aids the separation of IR features from
different sized clusters. In addition, the translational energy
imparted to ions on photodissociation may lead some to es-
cape from the field of view of the microchannel plate detec-
tor, further helping to marginalize ion production signals
from photodissociation products. As a result, we consider the
IR spectra in Fig. 4 to be clean photodepletion spectra for
each cluster size.

Finally, before the spectra of individual clusters are con-
sidered, we point out that intramolecular vibrational redistri-
bution �IVR� in these relatively large clusters is assumed to
be sufficiently rapid to ensure that IR photodissociation is
not vibrational mode selective. The delay between the IR and
UV laser pulses has been varied from �1 ns to several hun-
dred nanoseconds, with no noticeable change in the relative
band intensities. This suggests that IVR is complete on the
subnanosecond time scale, and, as a result, the IR spectra
should accurately profile the IR absorption spectrum for a
given cluster in the N–H stretching region.

1. Li„NH3…4

An enlarged view of the IR spectrum of Li�NH3�4 is
shown in Fig. 5. This spectrum consists of three partly re-
solved, broad bands spanning a relatively narrow region of
100 cm−1 and centered near 3200 cm−1. No other bands are
discernible above the noise level, and scans over the range of
2600–3500 cm−1 have shown no features other than those
shown in Fig. 5�a�. For comparison, free ammonia shows
two N–H stretching fundamentals in its IR spectrum, the

FIG. 4. Infrared spectra of Li�NH3�n for n=4–7. These spectra have been
recorded in ion depletion mode, hence the negative-going peaks.
symmetric and antisymmetric stretches at 3337 and
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3444 cm−1, respectively. Consequently, the N–H stretching
bands for Li�NH3�4 show a marked redshift relative to the
N–H stretches of NH3.

DFT and MP2 calculations were employed to aid the
spectral assignment.41 The only previously published ab ini-
tio calculations on Li�NH3�4, that by Mierzwicki and
Latajka,42 did not provide vibrational frequency predictions
and IR transition strengths. The first step in this part of the
study was to identify the likely isomers for this cluster using
DFT. Four distinct equilibrium structures were identified in
these calculations, as illustrated in Fig. 6. The energy order-
ing of these isomers was determined using both DFT and
MP2 calculations, with relative energies being shown in Fig.
6. The lowest energy isomer is found to consist of four am-
monia molecules in a tetrahedral arrangement around the Li
atom, each NH3 molecule being coordinated to Li via the N
atom. We use the notation 4+0 to refer to this cluster, where
the 4 and 0 refer to the number of solvent molecules in the
first and second solvent shells, respectively. The DFT calcu-
lations by Mierzwicki and Latajka also found this isomer to
be the lowest in energy. Furthermore, previous ab initio cal-
culations on Na�NH3�4 similarly found a tetrahedral structure
to be the most stable.43 In the other, higher energy, isomers,
the ammonia molecules can be separated into first and sec-
ond solvation shell molecules. Thus the second lowest en-
ergy isomer has three ammonia molecules in the inner sol-
vation shell and one in the outer shell. We refer to this as the
3+1 isomer. The outer shell NH3 is hydrogen bonded to a
specific inner shell NH3, rather than “shared” between two or
all three inner shell ammonia molecules. The two remaining
isomers, the 2+2 and 1+3 isomers, possess much higher
energies and are likely to make a negligible contribution to
the spectra described here.

Vibrational frequencies and IR transition line strengths
have been obtained for all four isomers from the DFT calcu-

FIG. 5. An enlarged view of the IR spectrum of Li�NH3�4 in the N–H
stretching region is shown in the upper panel. Beneath the experimental
spectrum are DFT simulations for the 4+0 and 3+1 conformers. As detailed
in the text, the harmonic vibrational frequencies from the DFT calculations
have been scaled by a factor of 0.957. The individual vibrational transitions
have been convoluted with Gaussian profiles �full width at half maximum
�FWHM�=20 cm−1� to generate the simulated spectra above each stick plot.
lations. For comparison with experiment the calculated N–H
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harmonic stretching frequencies for the clusters have been
scaled by 0.957, a multiplier chosen to bring the DFT fre-
quencies of NH3 into best agreement with the known N–H
stretching fundamental frequencies of this molecule. The
DFT calculations predict a strong redshift of the N–H
stretching vibrational frequencies of ammonia molecules in
the inner solvation shell of Li�NH3�4 when compared with
free NH3. In addition, the calculations predict that the IR
absorption strengths for the N–H stretching modes of
Li�NH3�4 are more than two orders of magnitude larger than
those in NH3. Beneath the experimental spectrum in Fig. 5
are simulations based on the DFT results for the 4+0 and
3+1 isomers. Similar findings were obtained for simulations
based on MP2 calculations.

The strongest bands in the simulations are close to the
observed band positions. However, neither simulation suc-
cessfully reproduces the entire experimental spectrum, either
individually or when superimposed. The simulated spectrum
for the 4+0 cluster shows a single strong band accompanied
by a very weak feature at higher wave numbers. The strong
band is due to excitation of the triply degenerate N–H anti-
symmetric stretch, the degeneracy arising from the high iso-
mer symmetry. The position of this band in the simulation is
close to the center of the experimental band profile. The 3
+1 isomer shows more structure in its predicted spectrum,
which at first sight is more encouraging, given the added
structure in the experimental spectrum. Like that of the 4
+0 simulation, the strongest band in the 3+1 simulation falls
within the profile of the bands seen in the experimental spec-
trum. Consequently, one possible assignment of the experi-

FIG. 6. Calculated isomers of Li�NH3�4. The relative energies of the iso-
mers are shown and were obtained from DFT and MP2 calculations, the
latter being shown in parentheses. See text �Sec. III� for further details.
mental spectrum is that it contains contributions from both
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the 4+0 and 3+1 isomers. However, this ignores the fact
that both DFT and MP2 simulations �the latter are not shown
here� for the 3+1 isomer show bands with significant inten-
sities spread over a much wider wave number range than
seen in the experimental spectrum. In addition, we point out
that variations in supersonic expansion conditions, including
different stagnation pressures for neat ammonia and also use
of ammonia diluted in excess argon carrier gas, produced no
changes in relative band intensities in the IR spectrum. Since
the 3+1 isomer is calculated to be in the region of 0.30 eV
higher in energy than the 4+0 isomer, variations in the de-
gree of cooling produced by different expansion conditions
should yield some variation in relative band intensities if
both isomers contributed to the spectrum. Consequently, the
invariance to expansion conditions is further evidence that
the 3+1 isomer does not contribute to the observed spec-
trum. The 2+2 and 1+3 structures can also be neglected on
the basis of their predicted vibrational spectra �not shown
here� and the fact that they possess much higher energies
than even the 3+1 isomer.

One of the defining features of the 3+1 and 2+2 isomers
is the appearance of additional bands of substantial intensity
markedly blueshifted from the strongest band in the DFT
simulations. These additional peaks arise from excitation of
vibrations linked to the presence of an ammonia molecule in
the second solvation shell. For example, the highest fre-
quency band in the 3+1 simulation, labeled E in Fig. 5, is
due to the antisymmetric N–H stretching mode of the ammo-
nia molecule in the inner shell directly hydrogen bonded to
the ammonia in the outer solvation shell. Band D in the
simulation arises from the symmetric N–H stretching vibra-
tion of the outer shell ammonia, while bands B and C are the
symmetric N–H stretches, in and out of phase with each
other, respectively, arising from the two inner ammonia mol-
ecules not directly attached to the outer shell ammonia. Band
A, the weakest band, is associated with the symmetric N–H
stretch of the inner shell ammonia that is hydrogen bonded to
the outer shell ammonia. We deduce from this simulation
that clusters containing ammonia molecules in more than one
solvation shell will show a broad spread of bands, including
some further to the blue than those seen in the experimental
Li�NH3�4 spectrum.

The relatively compact structure in the experimental
spectrum suggests that all four of the ammonia molecules are
located in the inner solvation shell. However, it is also clear
that a precise tetrahedral arrangement of the solvent mol-
ecules around the central Li atom does not account for the
observed spectrum. There are two possible explanations for
this discrepancy. One is that we are observing the spectrum
of a single, low energy, isomer, but the true symmetry is not
fully tetrahedral, leading to loss of some or all of the degen-
eracy in the N–H stretching vibrations, which could account
for the presence of several closely spaced bands. The other
alternative is that there are actually several low energy iso-
mers, all based broadly on a single solvation shell occu-
pancy, but with slightly different structures. We have no evi-
dence for either of these two alternatives from our own
calculations, but the approximations involved and the limita-

tions of trial-and-error searching for isomers in a potentially
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complex conformational landscape mean that we cannot rule
out either possibility. More sophisticated calculations on
Li�NH3�4 would be very welcome to resolve this matter.

2. Li„NH3…5

An enlarged view of the IR spectrum of Li�NH3�5 is
shown in Fig. 7. Three clear features are observed, a very
broad band centered at 3175 cm−1 and two additional, much
narrower bands at 3240 and 3280 cm−1. Based on the discus-
sion earlier for Li�NH3�4, the first impression conveyed by
this spectrum is that the more extensive structure signifies
occupation of a second solvation shell in Li�NH3�5.

As with Li�NH3�4, attempts have been made to identify
the possible isomers of Li�NH3�5, with the aim of simulating
the IR spectrum. Unlike Li�NH3�4, there have been no pre-
viously published ab initio calculations on Li�NH3�5. Four
isomers were also found for Li�NH3�5, with the structures
and relative energies shown in Fig. 8. No isomer has been
found in which all the ammonia molecules lie roughly in the
same solvation shell. As discussed earlier, photoionization
measurements of Li�NH3�n show a marked discontinuity at
n=4, which has been interpreted as due to the complete fill-
ing of the inner solvation shell.4–7 Our calculations and our
IR spectrum are consistent with this suggestion. The lowest
energy isomer can be described as a 4+1 structure, i.e., four
ammonia molecules surrounding the Li atom with an addi-
tional, and more remote, ammonia molecule in what is effec-
tively a second solvation shell. The three higher energy iso-
mers in Fig. 8 can all be described as 3+2 species, although
there are subtle differences in structure in each case. For all
the isomers each outer shell NH3 is hydrogen bonded to a
specific inner shell NH3. Again we emphasize that the iso-
mers in Fig. 8 are those that were found using a simple
trial-and-error approach, but other low energy structures may

FIG. 7. An enlarged view of the IR spectrum of Li�NH3�5 in the N–H
stretching region is shown in the upper panel. DFT-predicted IR spectra for
the 4+1 and 3+2 conformers are shown beneath the experimental spectrum.
As detailed in the text, the harmonic vibrational frequencies from the DFT
calculations have been scaled by a factor of 0.957. The individual vibra-
tional transitions have been convoluted with Gaussian profiles �FWHM
=20 cm−1� to give the simulated spectra above each stick plot.
exist.
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Simulations of the IR spectra follow the pattern seen for
Li�NH3�4. The strongest bands correspond to N–H stretches
of ammonia molecules attached directly to the Li atom and
which are not hydrogen bonded to the outer shell ammonia.
Further to the blue are bands associated with the outer shell
ammonia, which originate from excitation of a N–H stretch-
ing vibration in the outer ammonia or N–H stretching vibra-
tions in the inner shell ammonia that is directly hydrogen
bonded to the outer shell ammonia. Simulations of the
Li�NH3�5 spectrum based solely on the two calculated lowest
energy isomers are shown in the bottom two panels of Fig. 7.
Neither simulation matches the experimental spectrum.
However, the appearance of well-defined bands on the high
wave number side of the spectrum is reproduced, and these
bands are clear signatures of the presence of one or more
ammonia molecules located in a second solvation shell.

3. Li„NH3…6 and Li„NH3…7

These two clusters also show the blueshifted features
observed for Li�NH3�5, although in the case of Li�NH3�7 this
blueshifted absorption lacks the clear structure seen for
Li�NH3�5 and Li�NH3�6. We have not attempted DFT calcu-
lations on Li�NH3�6 and Li�NH3�7 because of the high cost
of such calculations coupled with the expectation of an even
more complex structural landscape than found for the
smaller clusters. However, we can interpret the spectra by
analogy with Li�NH3�5. The strong bands in the

−1

FIG. 8. Calculated isomers of Li�NH3�5. The relative energies of the iso-
mers were obtained from DFT and MP2 calculations, the latter being shown
in parentheses. Calculations on the second highest energy isomer did not
converge at the MP2 level, hence only the DFT relative energy is shown.
�3150–3200 cm region are assigned to absorption by in-
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ner shell ammonia molecules, while the features further to
the blue are assigned to the presence of ammonia molecules
in an outer solvation shell. The lack of resolved features in
the case of Li�NH3�7 is compounded by the low signal inten-
sity for this cluster, but it may also be the result of contribu-
tions from several different isomers, thus smearing out any
potential structure.

C. Solvent shell formation

The IR spectra presented here show that, in the gas
phase, the first solvation shell for Li�NH3�n clusters is full at
n=4. A criticism sometimes leveled at studies of small clus-
ters is that the findings often bear little relationship to the
corresponding bulk material. It is therefore interesting to
compare our findings with structural studies of lithium-
ammonia solutions.

It has long been suggested that the primary solvation
shell in bulk lithium-ammonia solutions contains four ammo-
nia molecules. However, only the most recent structural stud-
ies based on neutron diffraction measurements provide a firm
confirmation of this picture.44,45 Wasse and co-workers have
obtained structural information from neutron diffraction for
solutions of different concentrations. Saturated solutions of
lithium in ammonia contain 21 mol % of lithium, which cor-
responds almost exactly to a Li:NH3 ratio of 1:4. Thus the
Li�NH3�4 cluster is the simplest gas phase analog of a satu-
rated lithium-ammonia solution. The nearest-neighbor dis-
tances determined from an analysis of the neutron diffraction
data show a well-defined primary solvation shell.44 The Li–N
distance was found to be 2.06±0.02 Å, and the average co-
ordination number of each Li atom was found to be 3.5. This
Li–N distance is very similar to the Li–N distance in the
lowest energy isomer of Li�NH3�4 obtained from the DFT
calculations in the present work �2.093 Å�. The neutron dif-
fraction data confirm an approximately tetrahedral arrange-
ment of four ammonia molecules around each atom. How-
ever, the observed N–N distances in this primary solvation
shell were found to be inconsistent with a perfect tetrahe-
dron, and were instead attributed to a distorted tetrahedron.
Interestingly, this matches one of the interpretations of the IR
spectrum of gas phase Li�NH3�4 given earlier; i.e., a single
solvation shell structure occurs, but not with a perfect tetra-
hedral arrangement of the ammonia molecules around the
lithium atom. Thus at face value the structural information
from the saturated solution study seems to agree rather well
with the gas phase spectroscopic data and ab initio calcula-
tions reported in the present work.

In saturated lithium-ammonia solutions virtually all of
the ammonia molecules are locked into primary solvation
shells and there is no possibility of any intershell hydrogen
bonding. In more dilute solutions ammonia molecules lo-
cated outside of the first solvation shell can now hydrogen
bond to ammonia molecules in the first shell. Neutron dif-
fraction studies of these more dilute solutions are challeng-
ing, but in a recent study Thompson et al. have completed a
structural analysis of a solution with 8 mol % of lithium.45

At this lower concentration there is clear evidence for a well-

defined second solvation shell. The ammonia molecules in
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this shell are located at an average distance of �4 Å from
the Li atom. Wasse and co-workers claim that the N atoms in
the second shell reside along the faces and edges of the ap-
proximately tetrahedral primary shell. The calculations in
this work for Li�NH3�5, which is the most “dilute” cluster we
have investigated using ab initio calculations, are inconsis-
tent with the interpretation of the neutron diffraction data.
Although the distance between the Li atom and the second
shell ammonia molecule in the 4+1 isomer is 4.18 Å, which
is close to the neutron diffraction value, the calculations on
Li�NH3�5 show that the second shell ammonia molecule has
a clear preference to hydrogen bond to a single inner shell
ammonia molecule, rather than partake in any shared ar-
rangement with several inner shell ammonia molecules, as
would be the case if it was bound to a face or an edge of the
primary shell “tetrahedron.” It would be interesting to ex-
plore this matter more fully with DFT calculations on larger
clusters to see if the presence of multiple ammonia mol-
ecules in the second shell has any impact on the primary-
secondary shell hydrogen bonding, but such calculations are
likely to be complex and have not been attempted in the
present study.

D. Photodissociation mechanism and cluster
dissociation energies

It has been assumed in the interpretation of the infrared
spectra that single photon infrared absorption is responsible
for the depletion of signal in a given mass channel, rather
than resonance-enhanced multiphoton dissociation
�REMPD�. If single photon absorption is the mechanism for
the observed IR signals, the photon energy must exceed the
Li–N binding energy for a specific cluster. On the other hand,
if REMPD is responsible for the spectra, we would expect to
be able to see IR spectra of clusters with n�3, but no such
spectra have been obtained. The most likely explanation is
therefore that single photon excitation is operational and
only the clusters with n�4 possess a sufficiently weakly
bound ammonia molecule to bring about cluster depletion.

To explore this further, the Li–N bond dissociation ener-
gies of the n=1–5 clusters have been calculated and are
shown in Table I.41 The calculations were performed using

TABLE I. Calculated dissociation energies �for removal of a single ammo-
nia molecule� for n=1–5 clusters.

na
DFT

�this work�
MP2

�this work�
MP2

�Ref. 41�

1 4884 3973 4547
2 4657 3748 3977
3 4858 4314 4512
4 3347 3380 3358
5 1029 837 —

aOnly the lowest energy isomer has been considered for each of the parent
and fragment clusters. The dissociation energies include zero point energy
corrections and have been adjusted for basis set superposition errors using
the counterpoise correction.
the supermolecule approach, i.e.,
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D0�Li�NH3�n� = E�NH3� + E�Li�NH3�n−1� − E�Li�NH3�n� ,

where E represents the total energy of the cluster or fragment
at equilibrium, including the zero point vibrational energy,
and D0 is the dissociation energy for loss of one ammonia
molecule from a given cluster. Both DFT and MP2 calcula-
tions have been employed, and the counterpoise correction
was utilized to remove the basis set superposition error. Only
the lowest energy isomer has been considered in each case.
Also included in Table I are the only other calculated disso-
ciation energies for a series of Li�NH3�n clusters, which was
a MP2 study by Mierzwicki and Latajka using a 6-311
+G�d , p� basis set.42

The results in Table I support the findings of the experi-
ments. Although the calculated dissociation energy depends
on the method and basis set employed, the trends are clear.
For n=1–3 the dissociation energy is far in excess of the
infrared photon energies used in the present work. On the
basis of these findings, we would not expect to see any pho-
todepletion spectra for n=1–3 clusters, which ties in with
the experimental observations. Interestingly, Li�NH3�4 has a
substantially reduced Li–N bond dissociation energy com-
pared with its smaller cousins, despite the additional ammo-
nia molecule entering the same inner solvation shell. This
reduction in binding energy is presumably the result of in-
creased steric hindrance, given that the shell is now full. The
net effect is that the calculated bond dissociation energy for
n=4 falls to a level which is very close to the energies of the
photons absorbed in the experiment. Given the inherent ap-
proximations in the dissociation energy calculations, it is
possible that the infrared photon energies exceed the true
Li�NH3�4 dissociation energy. However, even if the bond dis-
sociation energy is marginally higher than the infrared pho-
ton energy, a fraction of hot molecules in the gas expansion
may possess an internal energy which, along with subsequent
photon absorption, is sufficient to get them above the disso-
ciation limit. We do not at this stage know which of these
scenarios is correct, especially given that we have not been
able to estimate the internal cluster temperatures resulting
from our experiment. However, given that we see a similar
degree of depletion for all four clusters �n=4–7�, the most
likely explanation is that the photon energy for n=4 is al-
ready sufficient for dissociation without any help from inter-
nal energy. In other words, the spectroscopic data point to a
Li–N dissociation energy of �3200 cm−1 for Li�NH3�4,
which is the first experimental determination of this quantity.

Finally, we note that clusters with n�5 will inevitably
possess one or more much more weakly bound ammonia
molecules in the second solvation shell. This is confirmed by
the calculated dissociation energy for removing one ammo-
nia molecule from the lowest energy isomer of Li�NH3�5,
which lies well below the energies of the photons used in the
present work. Thus for n�5 single photon dissociation is
undoubtedly responsible for the observed spectra.

V. CONCLUSIONS

Infrared spectra of alkali-solvent clusters as a function of
size have been recorded for the first time. These spectra pro-

vide information that can be linked to cluster structures and,
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in particular, the completion of the first solvation shell. The
IR spectrum of Li�NH3�4 shows no evidence of any bands
due to ammonia molecules lying outside of the first solvation
shell. In contrast, Li�NH3�5, Li�NH3�6, and Li�NH3�7 all
show the blueshifted absorption features characteristic of
ammonia molecules in a second solvation shell. These data
provide strong evidence that the first solvation shell of
Li�NH3�n clusters is full at n=4. This finding is consistent
with conclusions reached from previous gas phase photoion-
ization measurements, and it is also consistent with structural
information extracted from diffraction studies of bulk
lithium-ammonia solutions.

In addition to providing structural information, the spec-
tra may also be sensitive to the unpaired electron density
distribution across the cluster, in particular through the rela-
tive band intensities. However, extracting such information
will probably require an improved treatment than that em-
ployed in the theoretical component of the present work, and
it has therefore not been explored here. Indeed, a necessary
precondition would be a set of more sophisticated calcula-
tions that can reliably map all of the accessible structural
landscape available to each cluster. We hope that the experi-
mental data presented here will stimulate serious theoretical
effort to model the behavior of a variety of alkali-ammonia
clusters.

Future spectroscopic work in our laboratory is now fo-
cusing on other alkali-solvent clusters as a first step on the
way to studying a wider variety of uncharged solute-solvent
clusters. We already have preliminary data for Na�NH3�n

clusters, and spectra of Li�CH3NH2�n clusters have also been
recently recorded. The results of these and other related stud-
ies in progress will be published at a later date.
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