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INTRODUCTION

Many experimental [1–5] and theoretical [6–13]
works have been devoted to studying the structure,
thermodynamic properties, and spectra of small water
clusters, because they play important roles in various
phenomena, including ion solvation, as well as the
processes of dissolution in biological and chemical
systems [14, 15].  complexes have been
experimentally studied with the help of the methods of
microwave and IR spectroscopy [16], as well as ab ini�
tio calculations [17]. The structure and thermody�
namic and kinetic properties of  com�
plexes, where n = 1 and 2, have been investigated in
[18]. The data obtained in [19] suggest that at least
four water molecules must be present in a cluster to

provide its dissociation yielding  and  ions.
The dissociation is determined by proton transfer from
one water molecule to an ammonium molecule. The�
oretical information that includes data on the struc�

ture and dissociation energy of ⋅⋅⋅ ⋅⋅⋅

systems, where n = 5, 8, 9, and 21, has been obtained
in [20]. The free energy increments resulting from dis�
sociation diminish with an increase in the number of
water molecules in the clusters. As the number of water
molecules in both dissociated and nondissociated
aggregates increases, the frequencies of the stretching
vibrations of NH and OH bonds decrease. The fre�
quencies of OH modes in ion�containing clusters are
lower than those in ion�free clusters. As soon as an ion
pair is formed in a cluster, its NH mode exhibits a red
shift.

Ammonia has a noticeable effect on atmospheric
processes because of its high valence, which deter�
mines its role as a potential site of proton sink and
ionic nucleation. The combined action of ammonia
and sulfuric acid enhances atmospheric nucleation.

3 2NH (H O)

,n3 2NH (H O)

+

4NH .−OH

+

4NH n2(H O) ,−OH

Ammonia plays an important role in the chemistry of
the cloud layers of Jupiter and Saturn, and a substan�
tial amount of ammonia has been found on Uranus
and Neptune [21]. The interaction of ammonia with
water yields ammonium hydroxides. Under normal
conditions, saturated ammonia solutions are charac�
terized by an NH3�to�H2O ratio of 1 : 1, mol/mol.
Strong cooling of such a solution (to ≈190 K) gives rise
to crystallization of ammonia hydrate NH3 ⋅ H2O.
Hydrate of the NH3 ⋅ 2H2O composition (dihydrate) is
known to prevail at low pressures. In addition to phase
I of ammonium dihydrate, which is observed at com�
mon low pressures, three high�pressure phases (II–
IV) have been found [22]. At a pressure of ≈3.5 GPa,
ammonia dihydrate is instable and can form a mixture
of high�pressure ammonia hydrate and water ice [22].
Weak hydrogen bonding between adjacent ammonia
molecules results in its pseudodense packing in the
solid state [23]. The weak hydrogen bonding and the
formation of homo� and heteronuclear hydrogen
bonds determine the need for application of the meth�
ods that are used to study the electron structure [24].
In this case, the main difficulty is to energetically
describe the proton transfer because of the high trans�
ferred charge. Moreover, electron correlation results
in exchange interactions involving van der Waals
forces.

At present, mathematical simulation is the main
source of information on the infrared band intensities
of the clusters. Direct measurement of this character�
istic is, in most cases, complicated by the difficulties
connected to determination of the absolute number
density. The strong enhancement of the infrared band
intensities of different hydrogen�bonded clusters sus�
pended in a cryogenic matrix was discovered several
dozen years ago [25]. However, the spectrum broaden�
ing and the complex kinetic of cluster formation in
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solid matrices made it impossible to determine this
characteristic for clusters of a certain size. This prob�
lem was solved using the technique of encapsulation
into helium droplets [26]. The quantum nature of
helium droplets at very low temperatures enabled
researchers to form molecular clusters and avoid spec�
tral broadening.

The goal of this work was to study the optical effects
resulting from adsorption of ammonia molecules by
large water clusters (these effects manifesting them�
selves as changes in the spectra of IR absorption, emis�
sion, and reflection) and determine the frequency
dependences of characteristics of geometrical optics,
i.e., the absorption coefficients and refractive indices
of water–ammonia disperse systems.

MOLECULAR�DYNAMIC MODEL

The interaction of water molecules in clusters is
described by a nonadditive potential, the additive
component of which is represented by the modified
[27] TIP4P potential for water [28], while its nonaddi�
tive component is determined by the polarization
interaction; thus, the potential energy of the system is
described in the following manner:

where the pair component of the potential energy is
determined by the Lennard�Jones and Coulomb con�
tributions as follows:

Here,  is the distance between atoms i and j, q is the

electric charge, and  and  are the Lennard�
Jones potential parameters [27].

Polarization energy is determined in the following
way:

,

where  is the electric field strength generated by a
system of fixed charges at a point of molecule i local�
ization, 

and  is the induced dipole moment attributed to this
molecule,

where
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Here, Ei is the total electric field strength at the point
that determines molecule i in the polarization interac�

tion;  is the polarizability of the molecule;  is the
dipole–dipole interaction tensor,

 

where  is the unit vector oriented in the direction of
the ri – rj, vector; rj and ri are the vectors that deter�
mine the locations of polarization�active points i and j

in the corresponding molecules, respectively; and  is
the unit tensor of the 3 × 3 dimensionality.

According to [27], we assume that the magnitude of
the permanent dipole moment for water molecule is
equal to its experimental value of 1.848 D. The geom�
etry of the  molecule corresponds to the following
experimental parameters of a molecule occurring in a
gas phase:  = 0.09572 nm and H–O–H angle of
104.5° [29]. Fixed charges ( = 0.519e,  = –
1.038e) are attributed to atoms M and point M that lies
in the bisector of the H–O–H angle at a distance of
0.0215 nm from the oxygen atom. The values of the
charges and the position of point M have been selected
so as to reproduce the experimental values of the
dipole and quadrupole moments [30, 31], as well as the
ab initio calculated energy of the dimer and the char�
acteristic distances in it [32]. Stabilization of the
short�range order in water clusters is, to a high extent,
achieved due to the short�range Lennard�Jones
potential, with the interaction center being attributed
to the oxygen atom. In addition to the electric charge,
the polarizability, which is necessary for describing the
nonadditive polarization energy, is attributed to point
M. Induced dipole moments  are calculated using
the standard iteration procedure [27] at each time
step. The accuracy of  determination is preset in the
range of 10–5–10–4 D.

The ammonia–ammonia interatomic interactions
are determined by the Lennard�Jones and Coulomb
contributions as follows:

The magnitudes of parameters  , and  of H
and N atoms in the  molecule were taken equal to
0.038 kcal/mol, 0.28525 nm, and 0.333e and 0.41314
kcal/mol, 0.38171 nm, and –0.999e, respectively [33].
The parameters of the Lennard�Jones potential that
describes the ammonia–water interaction were found
by the Berthelot–Lorentz formulas
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where   and    are the energy and   and

 are the geometric parameters of the potential for
N and H atoms of the ammonia molecule and O atom
of the water molecule, respectively.

The ammonia molecule has the shape of a triangu�
lar pyramid, with a nitrogen atom occurring in the ver�
tex. The base of the pyramid represents an equilateral
triangle formed by H atoms. The H–N–H bond angle
is 107°, which is close to the tetrahedral angle of 109°.
The interatomic distances in the  molecule are

 = 0.102 nm and  = 0.164 nm. The  mole�

cule has a higher polarizability  (2.145 Å3) and
lower dipole moment d (1.47 D) than does the water
molecule (1.49 Å3 and 1.848 D, respectively) [34].

The trajectories of the centers of masses of mole�
cules were determined by the fourth�order Gear
method [35]. Time step Δt of integration was 0.2 ×
10⎯16 s. In a molecular�kinetic calculation 4 × 106Δt
long, the equilibration was preliminarily performed at
T = 233 K for pure water clusters free of impurity mol�
ecules. The  cluster configuration correspond�
ing to the time moment of 40 ps was further used as the
initial configuration for simulating 
heteroclusters with 1 ≤ i ≤ 6. Each added  mole�
cule was initially placed into a position such that the
shortest distance between the atoms of this molecule
and atoms of water molecules was about 0.6 nm. At the
beginning, the centers of masses of  molecules
were placed in the coordinate axes outside the water
cluster. The initial orientation of ammonia molecules
was arbitrary. A newly formed cluster was equilibrated
within a time interval of 1.2 × 106Δt at T = 233 K; then,
the desired physicochemical properties were calcu�
lated at the same temperature for 5 × 106Δt. A system
of  clusters was formed in accordance
with cluster statistical weights, which were determined
as follows. Let us consider the case of unpolarized light
scattering when free path l of molecules is much
shorter than light wavelength λ. Extinction (attenua�
tion) ratio h of an incident beam is determined by, on
the one hand, the Rayleigh formula [36] and, on the

other hand, scattering coefficient ρ ( ) [37]

under an approximation of the scattering angle of 90°.
Taking into account that h = α + ρ, where α is the
absorption coefficient, we have

where N is the number of scattering centers per cubic
centimeter. Here,c is the speed of light, ε is the
medium dielectric permittivity, and ω is the incident
wave frequency.

Let us form systems II and III from  and
 clusters, respectively, in a manner such
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that a cluster containing i impurity molecules and n
water molecules has the following statistical weight:

where  is the number of clusters containing number
n of water molecules and number i of  molecules

per cubic centimeter,  N2Σ =

 Then, all spectral characteristics were cal�
culated with allowance for the accepted statistical
weights .

The equations of motion for molecule rotation
were analytically solved using the Rodrigo–Hamilton
parameters [38], while the equations of motion involv�
ing rotations were integrated according to the Sonnen�
schein approach [39].

DIELECTRIC PROPERTIES

Total dipole moment  of a cluster was calculated
by the following formula:

where  is the vector indicating the location of atom
i or point M at time moment t; Z is the electric charge
located in the center under consideration; subscript
“+” refers to H atoms, which carry positive electric
charges; subscript “–” refers to points M or N atoms;
and  and  are the numbers of positively and
negatively charged atoms in the cluster, respectively.

Static dielectric constant ε0 was calculated via the
fluctuations of total dipole moment  [40] as follows:

 

where V is the cluster volume and k is Boltzmann’s
constant.

Dielectric permittivity  as a function of fre�
quency ω was represented by complex value

 which was determined using the
following equation [40, 41]:
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where  is the normalized autocorrelation function
of the total cluster dipole moment,

 

If the dipole moments of molecules have been
determined, the IR absorption cross section is defined
as follows [42]:

 

where n is the frequency�independent refractive
index, εv is the dielectric permittivity of vacuum, and c
is the speed of light.

Reflection coefficient R is determined as the ratio
between the average energy flux reflected from a sur�
face and the incident flux. At the normal incidence of
a plane monochromatic wave, the reflection coeffi�
cient is determined by the following formula [36]:

 (1)

Here, it is assumed that the wave incidence occurs
from a transparent medium (medium 1) into a
medium that may be both transparent and nontrans�
parent, i.e., an absorbing and scattering medium
(medium 2). The subscripts at the dielectric permittiv�
ity in expression (1) denote the media.

The frequency dispersion of the dielectric permit�
tivity determines the frequency dependence of dielec�
tric loss  according to the following expression
[37]:

 

where  is the mean�square electric field strength
and ω is the frequency of the emitted electromagnetic
wave.

Refractive index n and absorption coefficient κ of a
medium are determined as follows [36]:

Coefficient κ determines the rate of wave attenuation
during its propagation in a medium.

Total number  of electrons in cluster unit vol�
ume that interact with an external electromagnetic
field is defined in the following form [36]:

 

where e and m are the electron charge and mass,
respectively.
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Motion at a frequency lower than 1200 cm–1 corre�
sponds to librations of molecules, while frequencies
higher than 1200 cm–1 mainly describe intramolecular
vibrations [43], which were realized in the following
approximation. Flexible models of molecules were
considered. Molecules were provided with flexibility
via the procedure that had been developed within the
framework of the Hamilton dynamics [44, 45]. Let us
consider a diatomic molecule. Assume that atoms a
and b in a molecule are separated by a distance of

 

where  and  are the position vectors of the atoms.
We denote the corresponding velocities as  and 
and express the reduced mass as

The size of the molecule represented by atoms a and b
is determined by balancing total potential force  =

 with centrifugal force  so that

where  is the angular velocity. Minimiz�
ing the contribution of each generalized coordinate to
potential energy U, we obtain

This method can be generalized for molecules of any
composition [46].

CALCULATION RESULTS

The configuration of a  +  system at
the 50�ps time moment is illustrated in Fig. 1. It can be
seen that, by this time moment, all five ammonia mol�
ecules have been absorbed by the water cluster. 
molecules have different orientations; however, as a
rule, they tend to be arranged in a manner such that an
N atom is hydrogen�bonded with a water molecule. In
turn, H atoms of  molecules “seek” oxygen atoms
of water molecules. In a formed  clus�
ter,  molecules remain on the aggregate surface. A
newly formed N⋅⋅⋅H hydrogen bond cannot rupture
the network of hydrogen bonds of a dense water core in
the cluster center, and the  molecule cannot pen�
etrate into the aggregate.

The angular distribution (θ�distribution) of the
closest geometric neighbors enables us to gain insight
into the spatial arrangement of the centers of mole�
cules composing the cluster (Fig. 2). The θ�distribu�
tion of a pure water cluster (curve 1) exhibits three
pronounced peaks located at 61°, 96°, and 128°. The
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fraction of quasi�linear chains composed of three mol�
ecules, which are identified with an accuracy of an
angle of 15°, in this cluster is 9.2%. The θ�distribution
is strongly transformed upon the capture of even one

 molecule (curve 2); i.e., the pronounced peaks
disappear, and the distribution maximum shifts to the
position at 87°. The fraction of the quasi�linear chains
decreases to 6.6%. After the water cluster adsorbs six
ammonia molecules, the middle range of the θ�distri�
bution becomes still more uniform (curve 3).

In this case, three very intense peaks are located at
66°, 91°, and 109°, while the fraction of the quasi�lin�
ear chains is 6.5%.

The size of water clusters affects the real ε' and
imaginary ε'' components of the dielectric permittivity
of the system composed of these aggregates. Figure 3
illustrates the frequency dependences of the complex
dielectric permittivity of systems consisting of 
с n clusters with n = 50 (system I) and 10–50 (system
II) and  clusters (system III). At
frequencies ω < 3200 cm–1, the values of ε' and ε'' for
system I, which is, as a whole, composed of larger
clusters, are higher than those for system II. Adsorp�
tion of  molecules by water clusters, i.e., the pas�
sage to system III, substantially decreases the ε' and ε''
values (curve 3). On average, in the frequency range of
0 ≤ ω ≤ 3500 cm–1, the ε' values for system III
decreased by factors of 2.7 and 2.1 relative to systems I
and II, respectively, while the ε'' values diminished
2.2� and 1.8�fold, respectively. The values of ε' and ε''
for system III are larger than the corresponding char�
acteristics of bulk water [47, 48] at ω > 550 and
820 cm–1, respectively. The substantial reduction in
theε' and ε'' values for the system of clusters containing
adsorbed  molecules is due to the loosening of

3NH

,n2(H O)

i=3 1,...,6 2 50(NH ) (H O)

,3NH

,3NH

the structure as a result of the rearrangement of hydro�
gen bonds.

The IR adsorption spectra calculated for systems
I–III, together with the corresponding experimental
spectra of liquid water [49] and gaseous ammonia [50],
are shown in Fig. 4. Note that, in the frequency range
of 0 ≤ ω ≤ 3600 cm–1, the  spectrum of system II is
more intense (by a factor of 1.4) than the correspond�
ing spectrum of system I. It is of interest that the IR
spectrum intensity for system III is 2.7 times higher
than that for system II. This is related to not only the
larger sizes of clusters in system III, but also the inhi�
bition of vibrations due to the formation of additional
N⋅⋅⋅H hydrogen bonds. The main peak in the spectrum
of system III exhibits a red shift by 610 cm–1 relative to
the corresponding peak of system II. In turn, the main
peak in the IR spectrum of system II is characterized
by a blue shift by 70 cm–1 with respect to the main peak
of bulk liquid water. The second peak in the IR spec�
trum of system III is located at 1546 cm–1, i.e., close to
one of the doubled peaks in the IR spectrum of gas�
eous NH3 (1530 cm–1). Another peak of this doublet
corresponds to a frequency of 1680 cm–1. In the IR
spectrum of system II, the second and other peaks
cannot be revealed in the scale of Fig. 4. The added

 molecules enhance the orientational order in the
clusters to markedly increase the correlation time of
the cluster dipole moments and, as a result, the inten�
sities of the IR absorption spectra.

The integral power  of IR radiation emitted by
a monodisperse system of water clusters (system I) is
1.3 times higher than that of the system composed of
water clusters of nine different sizes (system II)
(Fig. 5). System I is characterized by a bimodal 
spectrum, the main maximum of which corresponds
to frequency ω = 3340 cm–1, while system II exhibits
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Fig. 1. Configuration of the (NH3)5(H2O)50 cluster at the
50�ps time moment.
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Fig. 2. Angular distributions of closest geometrical neigh�
bors in different clusters: (1) (H2O)50, (2) NH3(H2O)50,
and (3) (NH3)6(H2O)50.
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a unimodal spectrum with the main maximum at ω =
3495 cm–1. A great decrease (by a factor of 10.6) is
observed in the intensity of the  emission spec�
trum of system III relative to that of system II. The
location of the maximum in the  spectrum of sys�
tem III shifts toward lower frequencies by 830 cm–1

relative to the corresponding spectrum of system II.
The main emission frequency of system III ( =
2667 cm–1) is lower than the main frequency of
absorption (  = 2879 cm–1) by 212 cm–1. This indi�
cates a spontaneous character of IR radiation emission
by  clusters. An analogous conclusion
can be drawn from a comparison of the  and 
spectra for system II, but, in this case, the difference in
the main frequencies is not so large (10 cm–1). The
weakening of hydrogen bonds in clusters as a result of
adsorption of  molecules drastically reduces the
intensity of the cluster emission spectra and, hence,
their visibility.

IR reflection spectra  of systems I and II are
continuous, while that of system III is almost banded

( )P ω

( )P ω

Pω

σ
ω

) .i3 2 50(NH (H O)
( )σ ω ( )P ω

3NH

( )R ω

(Fig. 6). The average values of reflection coefficient 
for systems of pure water clusters (systems I and II) are
0.40 and 0.35, respectively, while that of water clusters
containing adsorbed ammonia molecules (system III)
is 0.20. The substantial reduction in the reflection
ability of a system of water clusters after adsorption of

 molecules by the clusters is caused by the forma�
tion of a strongly rough surface. Reflected IR radiation
maxima of systems I and II correspond to 945 and
1012 cm–1, respectively, while that of system III is
observed at 2835 cm–1.

The frequency dependences of absorption coeffi�
cients  of media and refractive indices  are
shown for systems I–III in Fig 7. The same figure
shows the corresponding experimental spectra of liq�
uid water [51] and a cryogenic  film [52]. It can be
seen that, in the entire frequency range, coefficient κ
is higher for systems of pure water clusters than for the

 system. Coefficient κ determines the
rate of wave attenuation in the course of its propaga�
tion. Hence, the rate of wave attenuation is higher in
systems I and II than in system III at all frequencies
under consideration. The frequency�average coeffi�
cients κ of systems I and II are 0.81 and 0.72, respec�
tively, while, for system III, it is 0.48. At ω > 1100 cm–

1, κ values for cluster systems are always higher than
those for liquid water and the cryogenic  film.
Refractive indices n are almost always higher for sys�
tems I and II than for system III; i.e., systems I and II
have higher optical densities than that of system III.
Moreover, the refractive index of system III exhibits a
periodic increasing dependence on frequency. At fre�
quenciesω, index n for cluster systems is higher than
for liquid  The cryogenic  film exhibits a
jump of κ and n in the vicinity of 1058 cm–1.
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For ammonia, not only the boiling and melting
temperatures, but also the conductivity and dielectric
permittivity, are lower than those for water. Ammonia
is easily transformed into a colorless liquid, which
strongly refracts light. Hydrogen bonds in liquid
ammonia with a density of 0.6814 g/cm³ are much
weaker than in water. Ammonia molecule contains
only one lone�electron pair in contrast to two pairs in
water molecule. This circumstance makes the forma�
tion of a branched network of hydrogen bonds between
several molecules impossible. Due to the hydrogen
bonding, liquid ammonia is, similarly to water,
strongly associated and actually nonconducting.
Impurities that increase and decrease the number 
of free electrons are referred to as donors and accep�
tors, respectively. Upon ionization of an acceptor
impurity, electrons are captured from the valence
region. Acceptor impurities with ionization energy on
the order of thermal energy kT are described by a
hydrogen�like model.

The oxidation state of nitrogen atoms is minimum
(–3) in ammonia, while, in nitrate radicals, it is max�
imum (+5). Nitrogen has eight intermediate oxidation
states between these extrema. It is of interest to com�
pare (Fig. 8) the dependences of the number  of
electrons involved in the interaction with electromag�
netic radiation on the number  of  molecules
(curve 1) and nitrate ions (curve 2) captured by a water
cluster. As a whole, the behaviors of the  depen�
dences upon the adsorption of these two nitrogen�
containing components are identical, with the excep�
tion of slight differences observed in the range of 1 ≤ i
≤ 4. In both cases, the primary addition of ammonia

molecules and  ions to a water aggregate causes a
strong (by tens of times) reduction in the Nel value.
The small numbers of electrons that interact with light
remain preserved up to the addition of four NH3 mol�
ecules to a water cluster. When the fifth and sixth

,Nel

,N el

i 3NH

( )N iel

−

3NO

ammonia molecules are added to the cluster, a ten�
dency toward an increase in Nel is observed. However,
this increase is insubstantial as compared with the
reduction in Nel caused by the primary addition of

 molecules to water clusters. As a rule, adsorption
of nitrate ions induces larger fluctuations in the num�
ber of electromagnetically active electrons than does
the adsorption of NH3 molecules. Upon the adsorp�
tion of two, three, five, and six ions,  increases,
while, upon the addition of four ions, it decreases.

However, in no case of the presence of  ions in the
clusters does  reach the value corresponding to the
number of electrons that are active with respect to the
radiation in the  cluster. A 2.2�fold larger value

of  i has been obtained for the addition of six 
ions than for the adsorption of six NH3 molecules. The
complex behavior of the  function suggests that
the electronic structure of the entire cluster is changed
as a result of adsorption of each  molecule (or

 ion). In other words, the adsorption process
appears to be electron�sensitive and essentially non�
linear.
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Fig. 5. IR emission spectra for different systems: (1) I,
(2) II, and (3) III.
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CONCLUSIONS

The performed simulation has shown that 
molecules occurring near the surface of a water cluster
are absorbed by the latter. As a result, stable

 clusters containing 1–6 ammonia
molecules have been obtained. Due to the internal
flexibility of molecules, local structural distortions
related to the adsorption of  molecules by water
clusters are minimized. Ammonia molecules are
added to the clusters via the formation of new N⋅⋅⋅H
hydrogen bonds. In this case, some O⋅⋅⋅H bonds may
be ruptured and the number of linear chains composed
of three atoms decreases by a factor of ≈1.4. The sys�
tem of water–ammonia clusters exhibits more intense
IR absorption spectra and less intense emission and
reflection spectra than does the system of pure water
clusters. Moreover, after ammonia molecules are
adsorbed, the reflection spectrum exchanges its con�
tinuous shape for a banded one. The geometrical
optics characteristics, i.e., absorption coefficient and
refractive index, also decrease throughout the fre�
quency range under examination after adsorption of
ammonia molecules by water clusters. Upon the addi�
tion of ammonia molecules to water clusters, a notice�

3NH

) ,i3 2 50(NH (H O)

,3NH

able reduction has been observed in the number of
electrons that are active with respect to electromag�
netic radiation, with subsequent addition of these
molecules causing a complex sign�changing variation
in the  function.
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