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The combined effects of size and temperature on the stable structures of water clusters doped with
one ammonium molecule have been investigated theoretically using an empirical potential and
density-functional theory �DFT� calculations. Global optimization with Monte Carlo methods has
been performed using an explicit intermolecular potential based on the Kozack–Jordan polarizable
model. Putative lowest-energy structures based on this empirical potential are reported. Our results
indicate a high propensity for the NH4

+ impurity to be fully solvated by water molecules.
Clathratelike patterns are formed for clusters containing more than 11 molecules. Local
reoptimizations of candidate structures carried out at the DFT level with the B3LYP hybrid
functional and the 6-311+ +G�d , p� basis set confirm the general trends obtained with the
intermolecular potential. However, some reorderings between isomers often due to zero-point
energy corrections are found in small clusters, leading to stable geometries in agreement with other
first-principles studies. Temperature effects have been assessed using a simple harmonic
superposition approximation for selected cluster sizes and using dedicated Monte Carlo simulations
for �H2O�20NH4

+. The clusters are found to melt near 200 K, and possibly isomerize already below
50 K. The free energy barrier for core/surface isomerization of the impurity in the 21-molecule
cluster is estimated to be only a few kcal/mol at 150 K. The vibrational spectroscopic signatures of
the clusters obtained from the electronic structure calculations show the usual four O–H stretching
bands. As the cluster size increases, the double acceptor-single donor band near 3700 cm−1

increasingly dominates over the three other bands. While we do not find conclusive evidence for a
O–H stretching spectroscopic signature of the ammonium impurity to be in the core or at the surface
in the 20-molecule cluster, a possible signature via the N–H stretching bands is suggested near
2800–2900 cm−1. In the larger �H2O�49NH4

+ cluster, the impurity is slightly more stable at the
surface. © 2008 American Institute of Physics. �DOI: 10.1063/1.2987304�

I. INTRODUCTION

Protonated water complexes are key elements to disso-
ciation and transport phenomena in aqueous chemistry and
biological systems. In addition to their fundamental chemical
relevance, protonated water clusters play an important role in
a number of areas, including atmospheric sciences,1–6

astrophysics,7 and biology.8 It is therefore not a surprise that
protonated water clusters have received extensive attention
from both the experimental and theoretical communities dur-
ing the past decades. Early experiments focused primarily on
the binding energies and relative abundances of �H2O�nH+

clusters of different sizes, especially near the magic number
n=21.9–11 After years of investigations and relative contro-
versy, there is now general agreement about the cage struc-
ture of this cluster, the extra proton being more likely located
at the surface.12–18

From a theoretical point of view, the study of protonated
water clusters faces two main challenges. First, water clus-
ters have a very complicated energy landscape consisting of
many competing structures.19 This was suggested by several

studies at various levels of electronic structure theory,20–24

but became clearer after the sampling issue could be tackled
using empirical potentials.25–31 For instance, graph theory in-
dicates that more than 30 000 symmetry-distinct hydrogen
bond topologies can be found for the �H2O�20 cluster with
dodecahedral arrangement of oxygen atoms, providing as
many likely candidates as local minimum structures.32 More
specific to the case of protonated clusters, a second difficulty
lies in the numerous bonding sites of the extra proton, and
the possible formation of Zundel33 complexes.

Neutral water clusters doped with an ammonium mol-
ecule are also convenient for size selection in experimental
measurements. Small �H2O�nNH4

+ clusters, n=1–6, have
been studied by vibrational predissociation spectroscopy34–36

aimed at determining the stable structures. In larger clusters,
magic numbers have been reported37,38 to occur at n=20 and
n=27 and, more recently,39 at n=52 and 54. This shift of one
water molecule with respect to �H2O�nH+ clusters was inter-
preted as the likely replacement of the hydronium ion by
NH4

+ in the protonated water cluster, hence sharing its struc-
tural features.

While the extra proton can be delocalized in protonateda�Electronic mail: fcalvo@lasim.univ-lyonl.fr.
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water clusters, it is expected to be essentially localized on the
ammonium molecule, reflecting its higher proton affinity of
204 kcal/mol versus only 165 kcal/mol for water.40,41 Despite
showing simpler chemistry, water clusters doped by a single
ammonium impurity have been comparatively poorly inves-
tigated except at small sizes and near the magic number
n=20. At semi-empirical,42 Hartree–Fock and post-Hartree–
Fock levels,43–53 several authors looked for the stable struc-
tures and solvation properties of �H2O�n�NH3�H+ with
n=1–6. More recently, density-functional theory �DFT� cal-
culations have been performed as well.36,38,54–56 These works
generally confirmed the preferred location of the proton on
the ammonia molecule rather than on any of the water mol-
ecules, and indicated that isomers appear at size n=4. The
calculated vibrational spectra of these small species, usually
obtained from static geometries but also from explicit mo-
lecular dynamics trajectories53 have now reached agreement
with experimentally available measurements.34–36

Concerning larger �H2O�nNH4
+ clusters, Khan57 investi-

gated the case n=20 in dodecahedral cage configurations us-
ing ab initio calculations at the Hartree–Fock, MP2, and
DFT levels. This study concluded that the core and surface
bonding sites of the ammonium molecule in this cluster are
very close in energy. However, it should be noted that all
surface molecules in the structures considered by this author
have a dangling OH bond, making them rather unrealistic.
Based on quantum chemical calculations and on comparison
with spectroscopic measurements, Diken et al.38 found pref-
erential attachment of the ammonium at the surface of the
20-molecule cluster. More recently, the DFT calculations
performed by Schmidt et al.39 supported this more stable
surface location of NH4

+.
Because they relied on an explicit treatment of electronic

structure, the aforementioned studies have not attempted a
systematic and unbiased search of the stable configurations
of �H2O�nNH4

+ clusters, especially at sizes away from magic
numbers. Despite the development of increasingly sophisti-
cated electronic structure methods to describe interactions in
aqueous media,58 efficient sampling can only be addressed
by simpler models. Explicit, classical potentials are thus in-
valuable for surveying the low-energy parts of the energy
landscape, eventually refining the results at more sophisti-
cated levels of theory.

Empirical potentials for the water-ammonium system
have been mostly used for studying the rotation dynamics of
NH4

+ solvated in bulk water, known from NMR measure-
ments to be fast.59,60 The small barrier of about 2 kcal/mol
involved in this rotation was initially met with some surprise
because the shell of surrounding water molecules was
thought to bind significantly with the ammonium ion. Sev-
eral theoretical works have since then tried to tackle this
problem using a variety of methods, paying a particular at-
tention to the coordination of NH4

+ at zero or finite
temperature.61–69 However, no general consensus has been
reached so far from the computational side.

Our first objectives in the present article are to achieve
global optimization of �H2O�nNH4

+ clusters and to cover a
broader size range than in previous work. For this global
optimization task, we use a polarizable model inspired by

previous potentials developed for water by Kozack and
Jordan70,71 �KJ� and for ammonium by Dang.65 A unified
potential is built here along the lines of the KJ potential, in
which both H2O and NH4

+ molecules are modeled at the same
level of complexity. This potential has been partly reparam-
etrized based on the detailed DFT results obtained by Brugé
et al.66 on small �H2O�nNH4

+ clusters, n=1–5.
Besides mass spectrometry, information on the structural

properties of �H2O�nNH4
+ clusters essentially originates from

infrared spectroscopy measurements.34–36,38 Recent progress
in cooling techniques have led to significant improvements,
allowing a much clearer geometrical characterization. As in
the case of protonated water clusters,12,13 variations in the
stretching frequencies of dangling O–H bonds have been
used to infer structural candidates.72 We also trace here the
possible structural signatures by computing vibrational spec-
tra of �H2O�nNH4

+ clusters using standard DFT. While our
results generally agree with the measurements, they also sug-
gest that the interpretation of O–H stretching bands may be
ambiguous, preventing their use as a strong structural probe
for medium-size clusters.

Two other aspects influence the stable structures of water
clusters, namely, quantum vibrational delocalization and fi-
nite temperature. The numerous soft modes can lead to sig-
nificant zero-point effects, as illustrated by Burnham et al.73

on the water hexamer. In the case of �H2O�nNH4
+ clusters, we

show below that quantum nuclear effects also shuffle the
ordering of the isomers. Temperature effects contribute to the
broadening �and possible shifting� of infrared bands, but they
can also affect the relative stabilities of the various isomers
through changes in entropy. The thermodynamical properties
of water clusters have been heavily investigated in the past,
particularly with empirical models such as TIP4P �Refs. 25
and 74–77� and assuming classical statistical mechanics.
Even though it has become possible to carry out finite-
temperature studies of water using first-principle
methods,78,79 such simulations remain practically limited.
Quantum statistics are another computational burden, and
have been accounted for on very few occasions.80–82 To get
more insight into both quantum vibrations and finite-
temperature effects on the stability of the smaller
�H2O�nNH4

+ clusters, we have used the harmonic superposi-
tion approximation,19 previously employed in the classical
case by Wales and Ohmine25 for pure water clusters. Monte
Carlo �MC� simulations using our empirical potential are
also performed for the magic size n=20 to quantify the
isomerization cost of the ammonium impurity for crossing
between the surface and the core of the cluster.

The article is organized as follows. In Sec. II, we present
the method chosen for the optimization problem, starting
with our adaptation of the KJ water potential combined with
the Dang model for the ammonium molecule. The global
minimization results obtained for all clusters �H2O�nNH4

+

�1�n�24� using this potential are then discussed. In Sec.
III, the low-energy structures obtained with the empirical
potential have been checked and refined using DFT minimi-
zations with a hybrid functional and a large basis set. We also
show that some structures are stabilized upon including zero-
point effects. The influence of temperature on the structural
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properties of �H2O�nNH4
+ clusters is discussed in Sec. IV. In

particular, we focus on the magic cluster �H2O�20NH4
+ by

emphasizing the role of the temperature on the ammonium
mobility. Spectroscopic properties in the infrared domain are
discussed in Sec. V for the smaller clusters n�21. Section
VI illustrates some results obtained for the structural proper-
ties of a larger cluster, �H2O�49NH4

+. Finally, we briefly sum-
marize and conclude in Sec. VII.

II. GLOBAL OPTIMIZATION

Our structural study relies on unbiased global optimiza-
tion using an explicit intermolecular potential, aimed at sam-
pling the low-energy regions of the potential energy land-
scape. The stable isomers are then refined using methods
involving an explicit treatment of electronic structure. Be-
cause this work is a first part of a more general project on
pure and doped water clusters, we have chosen a well estab-
lished potential developed for water by Kozack and Jordan,70

which was further extended for treating protonated water by
the same authors.71

A. Polarizable potential

The KJ potential relies on a four-site rigid model for the
water molecule, carrying four partial charges on the three
atoms and an extra site M located on the symmetry axis
toward the hydrogens. Two molecules interact via direct
Coulomb forces, as well as repulsion-dispersion forces taken
as a simple Lennard–Jones �LJ� form between the M sites. In
addition, the KJ potential is polarizable and each site M is
given a molecular polarizability of 1.47 Å3, leading to ex-
plicit many-body interactions. The details of the KJ potential
and the characteristics of the water molecule in this model
can be found in the original reference.70

Consistently with the KJ model, a five-site rigid model
was chosen to describe the ammonium impurity. The Dang
potential developed for liquid phase simulations65 provided a
basis for our own potential. In this model, the nitrogen atom
of the NH4

+ molecule carries a LJ center interacting with the
water sites M. Instead of the five atomic polarizable sites in
the original Dang potential, a single molecular polarizability
of 1.174 Å3 was attributed to the nitrogen atom only.65 The
partial charges carried by the hydrogen and nitrogen atoms
were taken as the original values of the Dang potential,
namely, qH= +0.464 and qN=−0.856. The alteration in the
polarization interactions lead us to adjust the LJ parameters.
In this purpose the DFT calculations carried out by Brugé et
al.66 were used as a reference. A standard least-square fitting
procedure provided the optimal LJ parameters � and � that
best reproduce the hydration energies and the hydrogen bond
distances between the ammonium hydrogens and the water
oxygens in small �H2O�nNH4

+ clusters, n=1–5. These opti-
mal parameters are �=3.7466 Å and �=0.0736 kcal /mol,
respectively.

B. Optimization methods

Global optimization of water clusters is notoriously
difficult.28,83–88 In particular, different potentials are known
to produce different low-energy structures.28,86,87 Efficient

methods to sample the rugged energy landscape of water
clusters include genetic algorithms84,86 and Monte Carlo
+minimization, e.g., basin hopping.28,87 Here this method
was carried out using several series of 104 MC moves that
were further subjected to local gradient optimization. Fol-
lowing Wales and Hodges,28 the MC moves involved either
translational coordinates �50%� or rotational coordinates
�50%� in order to improve the search for the optimal hydro-
gen bond network.

In addition to basin hopping, we have also carried out
parallel tempering MC �Ref. 89� simulations, together with
periodic quenching, to get a better confidence in the overall
results. These simulations were performed with 40 replicas
and a geometric progression of the replica temperatures in
the range of 2–300 K. Each simulation consisted of several
successive runs of 106 cycles per replica, and was stopped
once no new global minimum was found during the last five
simulations. In the propagation of the trajectories, swaps be-
tween configurations at adjacent replicas were attempted
with 10% probability after each MC cycle. Configurations
periodically stored from the low-temperature replicas were
finally quenched to provide additional low-energy minima to
the set gathered by basin-hopping optimization.

C. Results

The lowest-energy structures found for �H2O�nNH4
+

�1�n�24� using global MC optimizations are reported in
Fig. 1.

The structures found in previous quantum chemical
studies34,36,43–56,66 are reproduced for clusters containing up
to four water molecules. In particular, isomers other than the

(1) (2) (3) (4) (5)

(6) (7) (8) (9) (10)

(11) (12) (13) (14) (15)

(16) (17) (18) (19) (20)

(21) (22) (23) (24)

FIG. 1. �Color online� Lowest-energy structures found for �H2O�nNH4
+ clus-

ters using the intermolecular polarizable potential.
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global minimum appear at this size.35,36,54,56 The structures
obtained at sizes n=5 and 6, however, sometimes differ from
those obtained from these electronic structure calculations.
For �H2O�5NH4

+, Brugé et al.66 reported a global minimum
with a majority of single acceptor �A� water molecules, while
our most stable structure has three single acceptor/single do-
nor �AD� molecules, in agreement with the more recent work
by Lee et al.55 The global minimum found by Jiang et al.,54

which was based on a rhombus with two dangling water
molecules, was found as a higher-lying isomer with our po-
tential.

The most stable structure found for �H2O�6NH4
+ only has

AD water molecules, leading to two-dimensional rings or
cyclic clusters linked by the ammonium impurity. It lies
among the lowest isomers recently reported by Karthikeyan
et al.53 Single and double rings �H2O�nNH4

+ clusters were
experimentally observed by Wang et al.36 in free jet expan-
sions. From n�7, the clusters exhibit three-dimensional ge-
ometries dominated by the double acceptor/single donor
�AAD� and single acceptor/single donor motifs. Distorted
cuboid structures are then found for 7�n�9, with the am-
monium molecule lying at a corner. A similar pattern has
been theoretically found in pure28,83,87 and protonated15,29

water clusters. Clathratelike patterns are obtained for clusters
containing more than 11 water molecules. Our results indi-
cate that the most stable trapping site of NH4

+ has the ion
fully embedded inside a water cluster rather than being
located at the surface. In particular for the magic number
n=20, the lowest-energy structure of �H2O�20NH4

+ is a 512

clathrate and corresponds to a core located impurity. For this
cluster, additional optimizations were carried out with the
ammonium molecule at the surface. The lowest-energy struc-
ture of this kind was found to lie about 4 kcal/mol above the
most stable minimum with an interior impurity �see Table II�.
Finally, as the cluster grows further beyond n=20 water mol-
ecules, a second hydration shell is progressively built while
preserving the clathrate structure of the first shell. Factors
influencing the relative stabilities of core/surface isomers
will be discussed in more details below.

III. FIRST-PRINCIPLES CALCULATIONS

For the purpose of modeling and simplifying the sam-
pling of the energy landscape, the empirical potential used in
the previous section treated both water and ammonium as
rigid molecules. We now further refine the low-energy iso-
mers obtained with this potential using all-electron quantum
mechanical methods, with no assumption about molecular
flexibility or fixation of the proton on the ammonium.

A. Calculation details

The polarizable potential used in the previous section to
sample the low-energy regions of the energy landscape is
approximate in many respects, starting with the assumption
of rigid molecules. We have locally reoptimized the stable
isomers predicted by this potential using DFT. These first-
principles calculations have also been carried out to deter-
mine the vibrational spectra in the infrared range, in order to
compare our results with experimental measurements.34–36,38

All geometry and vibrational frequency calculations
were carried out using the Becke3–Lee–Yang–Parr �B3LYP�
hybrid functional.90,91 We chose for the present �H2O�nNH4

+

clusters a standard Pople-type Gaussian basis set92–95 includ-
ing polarization and diffuse functions, namely, 6-311+
+G�d , p�. This choice was motivated by its ability to repro-
duce measured vibrational frequencies. Previous
calculations94–96 on NH4

+ at the B3LYP and MP2 levels with
various basis sets have shown that the smaller basis set
6-31+G�d� overestimates the experimental frequencies97–99

by about 100 wavenumbers. Because the basis set used in
this study is already quite large for use with systems contain-
ing tens of H2O molecules, we do not expect basis set super-
position errors �BSSEs� to alter the results significantly.56 In
addition, the extent of BSSE corrections needed to reach
experimental agreement for ionic water complexes has been
debated.55,100,101 However, we have checked that the ordering
between isomers was not affected by these errors, correcting
for BSSE following the scheme of Boys and Bernardi.102 In
the so-called counterpoise procedure, the BSSE for each
monomer is estimated as the difference between its energies
calculated with its own basis set or with the basis of the
whole complex. The total BSSE correction is then taken as
the sum over all fragments. The GAUSSIAN03 series of pro-
grams were used for these DFT calculations.103

All minima obtained with our empirical potential remain
stable upon local reoptimization using DFT. Hence the
differences arising from the two approaches are essentially
different orderings between isomers.

B. Results

From the total energy E��H2O�nNH4
+� of the cluster and

the energies E�H2O� and E�NH4
+� of the bare molecules, the

formation energy is defined simply as

�E�n� = E��H2O�nNH4
+� − E�NH4

+� − nE�H2O� ,

all energies being evaluated in local minimum geometries.
The molecular energies E�H2O� and E�NH4

+� obtained with
the 6-311+ +G�d , p� basis set are reported in Table I. For
each cluster size n, up to ten lowest-energy minima obtained
with the empirical potentials were locally reoptimized at the
DFT level, and the harmonic vibrational frequencies were
calculated for all resulting minima. The BSSE correction
amounts to around 4 kcal/mol at size n=5, and about 26
kcal/mol at size n=20. Although significant in large clusters,
these corrections do not depend too strongly on the isomer
considered. In particular, no reordering between isomers was
found upon including the BSSE correction in the formation
energies for the cases of �H2O�5NH4

+ and �H2O�9NH4
+ de-

tailed below. Hence we have omitted these corrections in
Table I. However, we will include them later on in our dis-
cussion of the more sensitive case of �H2O�20NH4

+.
Table I summarizes the formation energies obtained for

the global minima with the empirical potential and the DFT
calculations. Smaller formation energies found at the DFT
level for other minima are indicated as such. This situation
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actually concerns most sizes. The contribution of the zero-
point energy �ZPE� correction, as obtained from DFT at the
harmonic level, is also tabulated.

In absence of zero-point correction, and except for the
two smallest sizes n�2, the hydration energies obtained
with the polarizable empirical potential underestimate the
first-principles results. Looking at the �H2O�49NH4

+ cluster
�discussed below�, the underestimation amounts to about
10%, not including BSSE corrections. Considering that most
of the hydration energy comes from the interaction between
water molecules in this large cluster, the discrepancy can
probably be attributed to the parametrization of the KJ po-
tential, rather than to the specific model used for NH4

+.
More interestingly, the B3LYP/6-311+ +G�d , p� calcula-

tions lead to a frequent reordering of the isomers predicted
by our potential. However, it should be noted that the DFT
global minimum is also very low when calculated with the
polarizable potential since it lies within about 1 kcal/mol
above the empirical global minimum. Exceptions are for the
�H2O�5NH4

+ and �H2O�6NH4
+ clusters, for which the empiri-

cal and DFT minima strongly contrast with each other. These
clusters will be further discussed below.

Figure 2 shows the lowest-energy structures found for
�H2O�nNH4

+ clusters �1�n�24� using DFT that differs from
the empirical global minima. The most notable changes in
geometry are found for the smaller clusters n=5 and n=6,
and result from the ZPE corrections. The contribution of the
ZPE, which was noted earlier,36 also affects the smaller clus-
ter at n=4. Without including the ZPE, the most stable struc-
ture found for �H2O�4NH4

+ is a rhombus in which the ammo-
nium is only threefold hydrated. As in the case of

�H2O�5NH4
+, the changes in geometry are thus characterized

by the lower coordination of the ammonium ion found at the
DFT level.

The most stable structures found for n=5 are based on a
rhombus with both methods, and do not compare with the
structure reported by Brugé et al.66 based on Car–Parrinello
molecular dynamics, even though they agree with other DFT
investigations.34,36,54 At size n=6, the double ring structure
found with the empirical potential is replaced by a single
ring geometry with three dangling water molecules, the am-
monium being still fourfold hydrated. This structural change
driven by zero-point effects agrees with the recent ab initio
study by Karthikeyan et al.53

For cluster sizes in the range n=7–9, the empirical and

TABLE I. Hydration energies �kcal/mol� of the lowest-energy structures of �H2O�nNH4
+ clusters �1�n�24 and

n=49�. The DFT energies were calculated using the B3LYP functional and the 6-311+ +G�d , p� basis set,
except �H2O�49NH4

+, for which the smaller basis set 6-31+G�d� was used. The DFT hydration energies are
given without and with the harmonic ZPE correction, and without BSSE correction. The two bottom entries are
the DFT/ 6-311+ +G�d , p� energies of the isolated water and ammonium molecules.

n Model DFT With ZPE n Model DFT With ZPE

1 −18.30 −22.01 −20.20 13 −171.84 −186.39 −150.44
2 −35.00 −40.13 −36.40 13 −171.24 −186.74 −151.45
3 −50.20 −55.50 −50.12 14 −182.90 −199.99 −161.60
4 −63.89 −68.58 −61.77 15 −195.86 −207.82 −166.38
4 −62.48 −69.72 −61.12 15 −194.70 −211.34 −170.58
5 −75.74 −82.02 −71.98 16 −208.69 −223.22 −178.33
5 −72.73 −82.67 −72.18 16 −208.25 −223.54 −178.64
6 −87.35 −95.06 −81.84 17 −220.35 −237.39 −189.97
7 −99.33 −108.74 −92.15 18 −234.29 −251.51 −200.73
7 −98.85 −109.39 −92.74 18 −234.12 −251.90 −201.02
8 −111.33 −122.29 −101.20 19 −244.83 −261.70 −208.49
8 −111.01 −121.13 −102.63 19 −244.26 −265.03 −211.98
9 −123.77 −135.23 −111.98 20 −258.29 −280.06 −223.17
9 −123.07 −136.62 −112.83 21 −267.38 −290.24 −231.45
10 −135.52 −147.51 −121.53 22 −279.02 −303.72 −241.49
10 −135.22 −148.32 −122.84 23 −290.34 −313.12 −248.41
11 −147.12 −161.70 −132.96 24 −303.91 −328.71 −259.99
12 −159.38 −173.74 −141.89
12 −159.18 −173.99 −142.16 49 −596.78 −689.01 −540.54
H2O −76.46 −76.44 NH4

+ −56.92 −56.87

(5) (6) (7) (8)

(9) (10) (12) (13)

(15) (16) (18) (19)

FIG. 2. �Color online� Lowest-energy structures found for �H2O�nNH4
+ clus-

ters at the DFT/B3LYP/6-311+ +G�d , p� level, after including the harmonic
ZPE contribution. Only the isomers differing from the global minima found
with the intermolecular potential are shown.
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DFT structures differ only quantitatively but show the same
pattern, the DFT structures being somewhat less compact. At
sizes n=10–13, the DFT geometries display a marked
cuboid character, whereas the empirical structures are precur-
sors of the clathrate cage. The appearance of these precursors
is slightly delayed to size n=15 when described from first
principles. The general cage structure found for n=15–19 is
preserved upon DFT reoptimization.

Despite these minor structural differences, the calcula-
tions involving explicit electronic structure show reasonable
agreement with the results obtained using the polarizable po-
tential. However, before attempting any comparison with ex-
perimental measurements based on spectroscopic observ-
ables, we have also quantified the possible role of
temperature on the stable cluster structures.

IV. FINITE TEMPERATURE PROPERTIES

Beyond the intrinsic level of theory and modeling, the
stable structures of pure or doped water clusters are also
sensitive to factors such as zero-point effects, thermodynam-
ics, and also kinetics. In this section we consider the possible
role of temperature on the relative stability of different iso-
mers of selected cluster sizes, through the simple but insight-
ful harmonic superposition approximation.

We have also further investigated the core/surface com-
petition in the �H2O�20NH4

+ cluster, by characterizing the free
energy profile related to the distance of the ammonium im-
purity from the cluster center of mass. For this purpose we
have performed additional parallel tempering MC simula-
tions.

A. Harmonic superposition approximation

The superposition approximation formally partitions the
configuration space into its attraction basins in the energy
landscape. The thermodynamical properties at equilibrium
are obtained by summing over these basins.19 This method is
particularly useful for including the quantum effects of vi-
brational delocalization on the classical statistics obtained
from sampling the energy landscape.104,105 For a given sys-
tem for which a set ��� of isomers is known, the canonical
partition function at temperature T is written as

Z�T� = �
�

n�Z��T� , �1�

in which the factor n� accounts for the possible existence of
permutation-inversion isomers. The problem consists in esti-
mating the individual partition functions Z�, or equivalently
the isomer-specific densities of states. General methods have
been proposed in the classical case,106,107 but in the present
work we limit the discussion to the simple harmonic approxi-
mation of quantum oscillators. Anharmonic corrections can
be further included from the knowledge of higher order en-
ergy derivatives.108,109 For a N-atom cluster in local mini-
mum �, there are 3N−6 vibrational modes with frequencies
���,i , i=1. . .3N−6� and the corresponding harmonic parti-
tion function reads

Z��T� = exp�− E�/kBT��
i

exp�− ���,i/2kBT�
1 − exp�− ���,i/kBT�

, �2�

where we have denoted E� the energy of isomer � at its
minimum. While the first exponential term on the right-hand
side of Eq. �2� accounts for the internal energy of isomer �,
the remaining contribution written as a product represents
the entropic contribution, and also accounts for the zero-
point correction in the numerator. From the set of frequen-
cies ���,i�, energies �E��, and purely geometrical factors
�n��, the equilibrium probability that the cluster lies in iso-
mer � is p�=n�Z� /Z.

We have applied the harmonic superposition method to
two selected �H2O�nNH4

+ clusters with n=5 and n=9, respec-
tively. For each cluster, the energies and frequencies of all
isomers have been obtained using the same explicit treatment
of electronic structure as described in Sec. III, that is DFT/
B3LYP with the 6-311+ +G�d , p� basis set.

The ten lowest-energy isomers obtained for the smaller
cluster �H2O�5NH4

+ are represented in Fig. 3 and sorted ac-
cording to their hydration energies. Their ordering with the
polarizable potential, also indicated on this figure, is quite
different from the DFT ordering. However, all isomers lie
within about 2.6 kcal/mol of each other. The three lowest-
energy isomers are very close to each other, which somewhat
mitigates that the empirical global minimum is only the third
lowest DFT minimum. The two most stable structures are
closely related to each other, and differ by the location of the
single acceptor water molecule bound to another water mol-
ecule. As was discussed in Sec. III, structures with a four-
hydrated ammonium ion are not the most stable isomers. In
particular, the structure considered by Brugé et al.66 lies only
at fourth rank �second rank with the polarizable potential�.
However, the variety of structures shown in Fig. 3 is more
similar to those reported by Jiang et al.54

The effects of temperature are illustrated on the canoni-
cal probabilities of visiting the four lowest DFT isomers, as
represented in the bottom of Fig. 3. The probabilities of vis-
iting the six remaining isomers never exceed a few percents,
even at 300 K, and they have been omitted from this graph.

In the �H2O�5NH4
+ cluster, the two lowest-energy iso-

mers are found in comparable proportions at about 30 K, and
these isomers dominate up to 250 K, above which the fourth
isomer becomes competitive. The poor contribution of the
third isomer, while energetically stable, is due to its lower
entropy related to higher vibrational modes. Conversely, iso-
mers 1, 2, and 4 have rather floppy modes of the single
acceptor water molecule. The present calculation indicates
that, under normal experimental conditions, the �H2O�5NH4

+

cluster mainly consists of its two first rhombus-based iso-
mers in the approximate 65%/35% ratio, the other structures
being negligibly populated. This mixing will have important
consequences on the spectroscopic observables.

Before turning to our second example of �H2O�9NH4
+,

the cluster at n=5 was further considered in order to quantify
the cost of moving the proton of the ammonium onto a water
molecule. Early Hartree–Fock quantum chemical
calculations49 suggested that the proton would be completely
transferred to a water molecule in both �H2O�3�NH3�H+ and
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�H2O�4�NH3�H+. Most of our attempts to stabilize the proton
on a water molecule at the B3LYP/6-311+ +G�d , p� level
were unsuccessful due to the spontaneous migration of the
proton back to the ammonia along successive formations of
hydronium ions. One stable conformation could eventually
be obtained with a stable Eigen complex, as shown in Fig. 3,
separated from other ammonium-bound structures. However,
its energy is much higher than the global minimum by about
93 kcal/mol. Thus we do not expect conformations with the
proton localized on a water molecule to be significantly
populated at such small cluster sizes. This matches the con-
clusions of the dynamical study by Cheng,41 in which the
proton was found to naturally transfer from hydronium to
ammonia in small �H2O�nNH4

+ clusters.
The nine lowest-energy isomers found for the

�H2O�9NH4
+ cluster are shown in Fig. 4, along with their

ordering with the polarizable model. These isomers generally
share a common structural pattern consisting of a square fac-
ing a pentagon and one dangling water molecule. The global

DFT minimum geometry does not have this single acceptor
water molecule, and contrary to most other isomers the am-
monium impurity is only threefold hydrogen bonded to the
cluster. Its energetic stability is quite substantial �near 0.9
kcal/mol�, whereas the five next isomers lie in a restricted
energy range �0.3 kcal/mol�.

The variations with temperature of the probabilities of
visiting the six lowest-energy isomers are also displayed in
Fig. 4. In agreement with its energetic stability, the global
minimum is the most stable up to 300 K. The five next iso-
mers contribute with comparable amounts, and compete sig-
nificantly with the global minimum above 200 K. While the
smaller �H2O�5NH4

+ cluster essentially exhibits simple
isomerization, the higher-lying isomers of �H2O�9NH4

+ can-
not be neglected at this temperature.
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0 50 100 150 200 250 300
T (K)

0

20

40

60

80

100

P
ro

ba
bi

lit
y

(%
)

(1)

(2)

(3)

(4)

(H2O)5NH4
+

FIG. 3. �Color online� The ten lowest-energy isomers of �H2O�5NH4
+. The

isomers are ordered according to their DFT energy �underlined numbers�,
and their ordering in the polarizable model is given in italics. The formation
energies are indicated in kcal/mol. The structure labeled WB has the extra
proton localized on water molecules through the formation of an Eigen
complex. The bottom panel shows the equilibrium probabilities of visiting
the four lowest-energy isomers obtained with the harmonic superposition
approximation as a function of temperature.
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FIG. 4. �Color online� The nine lowest-energy isomers of �H2O�9NH4
+. The

isomers are ordered according to their DFT energy �underlined numbers�,
and their ordering in the polarizable model is given in italics. The formation
energies are indicated in kcal/mol. The bottom panel shows the equilibrium
probabilities of visiting the six lowest-energy isomers obtained with the
harmonic superposition approximation as a function of temperature.
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B. Monte Carlo simulations

The cluster �H2O�20NH4
+ has far too many isomers to

attempt a harmonic superposition approach based on DFT
properties. The most stable surface-impurity minimum,
which lies about 4 kcal/mol above the core-impurity mini-
mum, remains the least stable of these two isomers after
reoptimizing with DFT �see also a more detailed discussion
below in Sec. V B�. However, temperature effects may di-
rectly influence the favored location of the impurity, espe-
cially near the melting phase change. Using MC simulations,
we have investigated the thermal stability of the ammonium
impurity in the cluster as a function of temperature.

The energy landscape of the �H2O�20NH4
+ cluster is ex-

pected to be as rough as that of the pure 20-molecule water
cluster.19 Analyzing the results of our parallel tempering MC
simulations, we could not find evidence for a possible struc-
tural transition involving the ammonium impurity going
from the core to the surface of this cluster. Nevertheless,
when initiated from the lowest isomers with the impurity in
the core or at the surface, these simulations provide indepen-
dent estimates of the cluster melting point, defined here as
the temperature at which the impurity becomes thermally
delocalized inside the entire cluster volume. The simulations
consisted here of 40 replicas with temperatures distributed
following two regular progressions in the ranges 5–100 and
100–300 K by steps of 5 and 10 K, respectively. For each
trajectory �108 MC steps and 107 extra equilibration steps�
the distance d of the nitrogen atom to the cluster center of
mass was monitored.

From the simulation initiated at the global minimum ge-
ometry �with a core NH4

+ impurity�, the two-dimensional his-
tograms p�d ,E� of distance d and potential energy E were
recorded for further reweighting analysis.110 Here we assume
that in the vicinity of the melting point, both the core and
surface states of the cluster will be partly sampled by our
simulations, while such a sampling would be much more
difficult at low temperatures.

After reweighting, the histograms p�d ,E� are trans-
formed into temperature-dependent probabilities p�d ,T� of
finding the NH4

+ impurity at distance d from the center of
mass. This quantity is best discussed in terms of the potential
of mean force, defined as a Landau free energy according to

F�d,T� = − kBT ln p�d,T� .

The variations of F with d are shown in Fig. 5 at the three
temperatures T=150, 190, and 230 K. We have also repre-
sented in Fig. 5 the thermal average 	d
�T� for clusters hav-
ing the ammonium impurity in the core or at the surface at
the beginning of the simulation.

The average distance 	d
 smoothly increases �core impu-
rity cluster� or decreases �surface impurity cluster� until both
values merge to 	d
�1.9 Å near T�210 K. The sharp
variations exhibited by 	d
 occur at about 190 K, which gives
us an estimate of the melting range, in agreement with other
thermodynamical indicators such as the internal energy �re-
sults not shown�.

The free energy profile F�d ,T� at 150 K shows two main
basins near the core �d�0.2 Å� and near the surface �d

�3.6–4.1 Å�. The free energy difference between these ba-
sins is comparable to the energy difference �about 4 kcal/
mol� between the two isomers. The barrier between the ba-
sins is not significantly higher, and barely exceeds 5 kcal/mol
at this temperature. At the melting point, the surface isomers
are only 2 kcal/mol less stable in free energy than the core
isomers. More importantly, the impurity can now be partly
stabilized in intermediate regions of the cluster, as seen from
the shallow basin near d�2.5 Å. The free energy barrier is
strongly reduced below 2.5 kcal/mol. Finally, at 230 K, the
free energy only shows a single very broad minimum corre-
sponding to the melted state.

The barrier of E†�2.5 kcal /mol for core/surface
isomerization is rather moderate, making it easy to cross at
190 K. A simple transition state theory estimate of the cross-
ing rate k�	0 exp�−E† /kBT�, with 	0�1 ps−1 a typical at-
tempt frequency, gives k0�10−4 ps−1 at 190 K. These results
show that temperature effects enhance the chances that the
ammonium impurity is located on the surface of the water
cluster. Purely entropic effects play an additional but similar
role, the number of surface sites being larger than in core
isomers. Combined together, these two effects may be suffi-
cient to explain the favored surface location of NH4

+ in water
clusters suggested by recent experiments.38,39

V. SPECTROSCOPIC SIGNATURES

We mainly focus our spectral study on the O–H stretch-
ing vibrational region �3600–3800 cm−1� in order to carry
out a detailed structural analysis of clusters �H2O�nNH4

+ with
5�n�21. To facilitate comparison with experiments,34–36,38

the calculated harmonic frequencies have been scaled by a
constant factor f and broadened using Lorentzian linewidths
of ten wavenumbers. The scaling factor results from the lack
of static electron correlation effects in DFT, and approxi-
mately corrects for the tendency of single-determinant wave
functions to overestimate bond dissociation energies. The
linewidth roughly matches the experimental broadenings in
the free O–H stretch bands.
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FIG. 5. �Color online� Landau free energy as a function of the distance d of
the NH4

+ impurity inside the �H2O�20 cluster, obtained with the polarizable
model and MC simulations at three temperatures. The inset shows the aver-
age value 	d
 obtained from MC simulations, initiated from structures with
the impurity in the core or at the surface.
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The empirical scaling factor f depends on both the func-
tional and the basis set. For the present DFT calculations
using the B3LYP functional and the 6-311+ +G�d , p� basis
set, the optimum value was taken as f =0.9604, as recom-
mended by various authors,111,112 based on benchmark calcu-
lations on many molecules. The density-functional calcula-
tions provided the positions of the vibrational lines and the
intensities at maximum.

As will be seen below, our calculations of the vibrational
spectra lead to conclusions similar to those obtained from
previous studies12,13 on protonated water clusters �H2O�nH+.
In particular, the O–H stretching region splits into a multiplet
of bands at small cluster sizes �n�8�, simplifying into a
doublet at intermediate sizes �9�n�19�, and eventually
merging into a single band as n reaches the magic size 20.

A. „H2O…5NH4
+ and „H2O…9NH4

+

We first consider the infrared spectra of small clusters,
for which the equilibrium state is described using the har-
monic superposition approximation detailed in Sec. IV A.
From this approach, the statistical weights of the various
isomers are estimated using their static properties, namely,
energies and vibrational frequencies. The linewidth of
10 cm−1 being a fixed parameter in our calculations, we do
not account for additional temperature broadening effects.

Figure 6 shows the infrared spectra calculated for the
cluster �H2O�5NH4

+ at the two temperatures T=100 K and
200 K, as well as the individual contributions of the four
lowest-energy isomers.

Four distinct free O–H band locations, labeled A, AAD,
AD, and A on the figure, are found for this cluster. The two
outer A bands correspond to the symmetric �3660 cm−1� and

asymmetric �3750 cm−1� stretching vibrations of a water
molecule in a single acceptor configuration. The strong in-
tensity of these modes suggests open or cyclic structures, in
agreement with the configurations shown in Fig. 3. The two
intermediate bands near 3695 and 3730 cm−1 are associated
with the stretching vibrations of water molecules in double
acceptor/single donor and single acceptor/single donor con-
figurations, respectively. The frequencies of these four bands
do not vary appreciably with cluster size, however their rela-
tive intensities exhibit clear variations.

Figure 7 shows the vibrational spectra of �H2O�9NH4
+

calculated at the same two temperatures of 100 and 200 K, as
well as the decomposition into the contributions of the six
lowest-energy isomers. At 100 K, only two distinct free O–H
bands corresponding to AAD and AD configurations are
clearly identified in this part of the infrared spectrum. The
corresponding frequencies of these two modes are closer to
those calculated for the smaller cluster. The most intense
band is found for the O–H stretching of the AAD water mol-
ecules. This is directly related to the stable geometry of this
cluster �see Fig. 7�, which is dominated by AAD molecules.
However, upon increasing the temperature, a small contribu-
tion of the symmetric and antisymmetric O–H stretching vi-
brations labeled A in Fig. 7 is found at 200 K. These modes
are clearly associated with the emergence of isomers other
than the global minimum at this temperature �see Fig. 4�
even though the global minimum remains the most abundant
isomer. Consistently with the calculated spectrum, these five
isomers have in common a single acceptor water molecule.

The infrared spectrum near the O–H stretching bands
was also calculated for the lowest-energy minima of larger
�H2O�nNH4

+ clusters with 10�n�19. The results �not
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FIG. 6. �Color online� Calculated vibrational spectra of �H2O�5NH4
+ in the

3600–3800 cm−1 range. A 10 cm−1 broadening is used for each frequency.
Upper panel: Spectrum averaged over all isomers at 100 and 200 K. The
four main O–H stretching bands are assigned a type A, AD, or AAD, ac-
cording to the nature of the O–H vibration �see text for details�. Lower
panel: Isomer-resolved spectrum for the four lowest-energy structures.
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FIG. 7. �Color online� Calculated vibrational spectra of �H2O�9NH4
+ in the

3600–3800 cm−1 range. A 10 cm−1 broadening is used for each frequency.
Upper panel: Spectrum averaged over all isomers at 100 and 200 K. The
four main O–H stretching bands are assigned a type A, AD, or AAD, ac-
cording to the nature of the O–H vibration �see text for details�. Lower
panel: Isomer-resolved spectrum for the six lowest-energy structures.
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shown� are essentially similar to those reported in Fig. 7 for
�H2O�9NH4

+, and display two main bands corresponding to
the AAD and AD motifs.

The present results agree with the experimental measure-
ments by Wang and co-workers34–36 and by Diken et al.:38

The four A, AD, and AAD bands found for n=5 evolve into
only two intense AAD and AD bands for clusters containing
n=9 water molecules or more.

B. The core/surface dilemma: „H2O…20NH4
+

and neighboring sizes

We now return to the case of the magic number n=20,
for which we have carried out similar spectroscopic calcula-
tions. However, our aim here is to compare the spectral sig-
natures of the two most stable isomers having the ammonium
impurity either in the core or at the surface of the
�H2O�20NH4

+ cluster, as provided by our global optimizations
with the empirical potential.

Considering the special status of this cluster, the DFT
minimizations were repeated using the B3LYP hybrid func-
tional with different basis sets, namely, 6-31+G�d� and
6-311+ +G�d , p�. Additional single-point calculations were
carried out using perturbation theory �RIMP2 �Refs. 113 and
114�� with both 6-311+ +G�d , p� and aug-cc-pVDZ �Refs.
115 and 116� basis sets, including BSSE corrections.

The most stable trapping site of NH4
+ in the water cluster

is identified by the hydration energy �E, possibly including
the zero-point correction in the case of the DFT minimiza-
tions. The formation energies obtained at the various levels
of theory are listed in Table II for the surface and core iso-
mers. For an easier comparison, the hydration energies ob-
tained with the empirical potential are also given.

The most stable conformation of �H2O�20NH4
+ is found

with the ammonium ion in the core of the clathrate cage at
all levels of theory, irrespective of the inclusion or neglect of
ZPE and BSSE corrections. The energy difference between
the two isomers lies in the range of 1–4 kcal/mol depending
on the calculation level. These values are comparable to the
barrier for core/surface isomerization estimated in Sec. IV B,
hence the surface structure could well be preferred over the

core structure simply due to entropic effects. The greater
energetic stability of the core isomer is at variance with the
results of other DFT calculations.38,39 They are in better
agreement with the ab initio results obtained by Khan,57 who
found that the core and surface isomers of �H2O�20NH4

+ were
nearly degenerate. However, it should be noted that the sur-
face isomer considered by this author has its four H atoms
contributing to the hydrogen bond network, in contrast with
the lowest surface configurations found in both the present
work and in the study by Diken et al.38 This makes a full
comparison with Khan’s results somewhat less relevant. We
finally note that the lowest structure found by Diken and
co-workers is actually slightly lower in energy than our best
surface structure �when calculated at the DFT+ZPE level�,
however it is not more stable than our core global
minimum.117

A possible discrimination between core and surface iso-
mers was suggested by Diken et al.38 based on differences in
the mid-IR spectra. We have represented in Fig. 8 the vibra-
tional spectrum calculated in the broad range 0–4000 cm−1,
for both core and surface isomers of �H2O�20NH4

+, but also
for the most stable structures obtained at sizes n=19 and 21.
The geometries found for these clusters correspond to a fully
solvated ammonium impurity.

The O–H stretching bands in the 3600–3800 cm−1 do-
main are highlighted in the bottom panel of Fig. 8. Accord-
ing to our DFT calculations, the AAD/AD doublet previously
found in the O–H stretching region persists throughout the
size range 9�n�19. However, the AD band is no longer
seen for clusters having 20 or more water molecules, irre-
spective of the impurity location in the cluster. Strikingly, the
spectra obtained for the core and surface isomers of
�H2O�20NH4

+ are very similar, and do not show any specific
signature. These results only partially agree with the other
DFT calculations by Diken et al.38 We likewise find that the
core isomer of �H2O�19NH4

+ has a clear AD band, while the
surface isomers of �H2O�20NH4

+ and �H2O�21NH4
+ do not.

However, the core isomer of the same cluster, which is found
at the present level of calculation to be more stable than the
surface isomer, also does not have such a spectroscopic sig-

TABLE II. Formation energies �in kcal/mol� of the two lowest-energy isomers of �H2O�20NH4
+ found with the

impurity either in the core or at the surface of the cluster. The DFT calculations have been performed with two
basis sets, and possibly completed with ZPE and BSSE �on top of ZPE� corrections. Additional single-point
RIMP2 energy calculations using second-order perturbation theory with the 6-311+ +G�d , p� and aug-cc-pVDZ
basis sets are also reported, with additional BSSE corrections �not including ZPE�.

Location
of impurity

Method
of calculation Basis set

Hydration energy
�kcal/mol�

With ZPE
�kcal/mol�

With BSSE
�kcal/mol�

Core Potential −258.29
Surface Potential −254.51
Core DFT/B3LYP 6-31+G�d� −302.24 −242.41 −202.81
Surface DFT/B3LYP 6-31+G�d� −300.88 −240.64 −200.85
Core DFT/B3LYP 6-311+ +G�d , p� −280.06 −223.17 −196.75
Surface DFT/B3LYP 6-311+ +G�d , p� −278.05 −220.96 −194.61
Core RIMP2 6-311+ +G�d , p� −296.45 −230.94
Surface RIMP2 6-311+ +G�d , p� −293.51 −228.56
Core RIMP2 aug-cc-pVDZ −362.48 −320.53
Surface RIMP2 aug-cc-pVDZ −361.22 −320.28
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nature. A possible explanation for the difference with the
DFT results of Diken et al.38 might come from the different
structure of the core species considered by these authors.
Even then, our results suggest, as in the case of pure water
clusters, that the infrared signature associated with O–H
stretching does not provide sufficient evidence for a com-
plete structural characterization of �H2O�nNH4

+ clusters.
Despite this rather deceptive result, we have further ana-

lyzed the vibrational spectra near the N–H stretching bands.
A geometric signature could be anticipated here due to the
dangling N–H bond in surface structures, whereas the am-
monium is fourfold hydrated when in the core. Unfortu-
nately, the free N–H band is found near 3340 cm−1 at the
present level of calculation, which falls right into a back-
ground of strong O–H stretching transitions. Nevertheless,
interesting differences are seen in the 2800–3100 cm−1 do-
main, highlighted in the inset in the upper panel of Fig. 8. In
this figure the difference between core and surface isomers is
striking, transitions being found near 2800–2900 cm−1 only
in the latter case. These bands are related to the existence of
a dangling N–H bond in the surface isomer, whereas the
ammonium molecule is fourfold hydrogen bonded in the
other core isomers. These results might open a more sensi-
tive way toward structural characterization of fully hydrated
�H2O�nNH4

+ clusters.

VI. EXAMPLE OF A LARGER CLUSTER

It takes a significant number of molecules for a water
cluster to exhibit crystalline features.85 Using the TIP4P po-
tential and the more sophisticated TTM2 rigid model, Ka-
zimirski and Buch85 found that clusters containing up to 293
water molecules lie below this crystalline crossover size,
showing an amorphous character, only the largest cluster
showing some crystalline core. These conclusions have been
revised by Bandow and Hartke,88 who found based on the
flexible version of the TTM2 that relaxed ice structures were
competitive already above 90 molecules. In any case, the
dodecahedral structures obtained previously for cluster sizes
below n=21 are clearly far below this crystalline crossover.

As an attempt to investigate the structural preferences of
the ammonium impurity in larger water clusters, global op-
timization MC simulations have been performed for the
�H2O�49NH4

+ cluster using both basin hopping �105 local op-
timizations� and parallel tempering �ten sets of 106 MC
cycles per replica followed by systematic quenching�. Con-
sidering the huge number of stable minima on the energy
landscape of this cluster, we cannot be confident that our
very limited searches have produced the actual global mini-
mum. However, because we initiated our searches from
structures with the impurity located in the core or at the
surface, we believe that our survey has been complete
enough to distinguish low-energy isomers belonging to these
important classes.

The most stable surface and core structures found for the
�H2O�49NH4

+ cluster are represented in Fig. 9. This figure
also displays the correlation between the isomer energy and
the distance d of the nitrogen atom for all structures obtained
from the MC optimizations. This plot clearly shows the ex-
istence of two series of low-lying isomers with energy below
−585 kcal /mol corresponding to the ammonium either near
the core �d�1.2 Å� or at the surface �d�4.2 Å�. Minima

0 1000 2000 3000 4000

Frequency (cm
-1

)

In
te

ns
ity

(a
rb

.u
ni

ts
)

19 (core)

20 (core)

21 (core)

20 (surface)

2800 2900 3000 3100

3600 3650 3700 3750 3800

Frequency (cm
-1

)

In
te

ns
ity

(a
rb

.u
ni

ts
)

19 (core)

20 (core)

21 (core)

20 (surface)

A

AAD

AD
A

FIG. 8. �Color online� Calculated vibrational spectra of �H2O�nNH4
+ clusters,

n=19–21. For n=20, the ammonium impurity can be located in the core or
at the surface. The upper panel shows the entire spectra in the range of
0–4000 wavenumbers. The inset highlights the N–H stretching region near
2800–3100 cm−1. The lower panel emphasizes the O–H stretching bands
near 3600–3800 cm−1, with the same labeling as in Figs. 6 and 7.
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among each of these branches mainly differ in their hydro-
gen bond network. The global minimum is found at
−596.78 kcal /mol with the ammonium located at the sur-
face. The lowest-energy minimum with the ammonium in the
core is only at −594.99 kcal /mol. Both minima are three-
dimensional compact structures containing square, pentago-
nal, and hexagonal outer faces that are also found in pure
water clusters.85 Noteworthy, the NH4

+ impurity is fourfold
coordinated in these two structures.

Even though the success of global optimization can be
questioned for such clusters, the present findings show that
surface and core structures tend to become energetically
similar as size increases. The surface impurity found for this
species could thus reconcile our results with the conclusions
reached by previous theoretical investigations about the pre-
ferred location of ammonium in water clusters.38,39

The most stable isomers of �H2O�49NH4
+ were further

reoptimized using DFT with the B3LYP hybrid functional.
For this rather large system, the basis set was restricted to the
smaller 6-31+G�d� set in order to reach convergence in the
electronic structure within reasonable computer time. Upon
local optimization, the surface isomer has a formation energy
of about −689.01 kcal /mol, significantly lower than the core
isomer �−686.79 kcal /mol�. This energy difference slightly
decreases after including the zero-point vibrational energy
�−540.54 kcal /mol versus −539.07 kcal /mol for the surface
and core isomers, respectively�.

The infrared spectra were also computed with 10 cm−1

linewidth, but with the scaling factor f =0.9735 previously
used in Ref. 38 at this same level of theory. The spectra for
the two structures are quantitatively similar in the range of
2800–2900 cm−1 and near 3700 wavenumbers �results not
shown�. In particular, a single AAD band dominates the
spectrum in the O–H stretching region. Concerning N–H
stretching, no frequency is found in the 2800–2900 cm−1

range, consistently with the ammonium impurity being four-
fold hydrogen bonded in this large cluster.

VII. SUMMARY AND CONCLUSION

One of our ultimate goals is to determine the thermal
properties of charged water clusters and to characterize their
resistance to evaporation. These species consist either of
pure but protonated water clusters, or water molecules doped
with a charged impurity. The latter case, with the ammonium
molecule as the impurity, was investigated first for the rela-
tively simpler modeling of its intermolecular interactions.
Contrary to protonated water clusters, the proton in
ammonium-water clusters essentially localizes on the ammo-
nium ion, making explicit empirical potentials usable for this
problem.

In the present work, we have investigated the stable
structures of �H2O�nNH4

+ clusters using a variety of theoret-
ical methods. Global optimization of candidate structures
was first performed using a polarizable potential adapted
from the KJ water potential70,71 and from the Dang model for
ammonium.65 Global optimization was carried out using MC
sampling with local minimizations. The stable structures
were subsequently reoptimized using DFT with the B3LYP

hybrid functional and the relatively large 6-311+ +G�d , p�
basis set. ZPE corrections obtained from these DFT calcula-
tions were also considered, at the harmonic level. Using the
superposition approximation, the relative stability of various
isomers at finite temperature was also quantified.

The global minima found for �H2O�nNH4
+ are generally

similar to the stable structures known for pure protonated
water clusters, and consist of arrangements of square and
pentagonal faces forming irregular cuboids, and evolving
into clathratelike cages as the number of molecules reaches
the dozen. A dodecahedral cage is obtained at size n=20,
with clear precursors already seen at n=15. Our calculations
suggest that the NH4

+ molecule is energetically more stable
when fully hydrated at the center of the cluster. In particular,
dedicated optimizations of stable structures for the magic
number n=20 with the impurity either at the core or at the
surface confirm that the core isomer is more stable by a few
kcal/mol. However, at size n=49 the ammonium molecule
preferably binds near the surface of our putative global mini-
mum, even though the most stable core isomer is less than 2
kcal/mol lower in energy.

For many sizes, some reordering between isomers occurs
after reoptimizing them using DFT, starting from empirical
potential geometries. However, the empirical and DFT global
minima are generally close in energy, indicating that our po-
tential is not too unrealistic. The contribution of the ZPE
may induce some reorderings, particularly at the small sizes
n=4–6. In agreement with previous quantum chemical
calculations,36,49,53–56 several isomers with noticeably differ-
ent geometries lie within less than one kcal/mol from each
other.

Due to this competition, temperature effects are found to
influence cluster structure significantly at small sizes. The
�H2O�5NH4

+ cluster, in particular, has two related isomers
based on the same rhombus pattern, which remain stable up
to about 200 K. The global minimum of �H2O�9NH4

+, on the
other hand, stays the most stable isomer up to 200 K. This
temperature is also found as the melting temperature of the
larger �H2O�20NH4

+ cluster, as inferred from additional MC
simulations.

In order to compare with available measurements,34–36,38

the vibrational spectra were computed in the infrared range
using DFT with appropriate frequency scaling factors and a
fixed broadening of ten wavenumbers. Our results agree well
with experimental data, and also with theoretical calculations
�most often at the DFT level�.36,38,54 In particular, in the O–H
stretching region of 3600–3800 cm−1, the four bands corre-
sponding to single acceptor, single acceptor/single donor,
and double acceptor/single donor motifs are seen to evolve
for 5�n�19 into two main AAD and AD bands, before
eventually the AAD band dominates. Relating now these
bands to the location of the ammonium impurity in the clus-
ter, two different isomers were found to have common spec-
troscopic identities in the 3600–3800 cm−1 range. This
questions the conclusions reached by Diken et al.38 about the
location of NH4

+ in the water cluster on O–H stretching fre-
quencies. However, looking at the 2800–3100 cm−1 range,
the presence of dangling N–H bonds of a surface impurity
was clearly identified, suggesting an alternative experimental
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probe. One possible source for the discrepancy between our
results and the conclusions reached by Diken et al.38 could
lie in that the experiments performed by these authors may
not sample an equilibrium distribution of isomers.

Among the results obtained in this work, the most salient
one is probably the very similar binding energies of the sur-
face and interior sites of the ammonium molecule in
medium-size water clusters. This conclusion somewhat con-
trasts with some calculations of other groups.38,39 The com-
petition between isomers is primarily driven by the differ-
ences in water-water and water-ammonium interactions.
However, as in protonated water clusters, the outer or inner
location of the impurity readily affects the overall energetic
stability via different polarization contributions. This compe-
tition is already apparent in small clusters such as
�H2O�4NH4

+ or �H2O�5NH4
+. Our selection of structures

strongly relies on the global optimization results based on an
empirical potential, even though we tried to remove some of
this bias by reoptimizing structures with a surface impurity
but a higher energy. For the water-ammonium part, the em-
pirical potential was partly fitted to reproduce the detailed
DFT results obtained by Brugé et al.66 However, as shown
by previous groups36,54,55 and by our own B3LYP/6-311+
+G�d , p� calculations, the stable structure reported by these
authors for �H2O�5NH4

+ is far from being the lowest, and
even lacks an extra hydrogen bond. However, before fitting
again the parameters of the ammonium interaction, it would
be useful to ascertain the electronic structure benchmark cal-
culations on those small clusters using alternative quantum
chemistry methods. Besides, the water-water part was taken
without modification from KJ �Refs. 70 and 71� and should
perhaps be revised.

Beyond structural properties, a natural extension of this
work would be to characterize the evaporation dynamics of
water-ammonium clusters, in relation with nucleation phe-
nomena. Several theoretical approaches are available to
study unimolecular dissociation, including dynamical nucle-
ation theory118 and phase space theory.119 Both approaches
are statistical and based on ideas from transition state theory.
Their application heavily requires ingredients such as free
energies or densities of states, which can all be computed
using appropriate simulation techniques, provided that the
potential energy surface can be prone to efficient sampling.
This emphasizes the need for accurate intermolecular
potentials.
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