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INTRODUCTION

Studying water clusters is of considerable theoreti-
cal interest, primarily in view of the important part
played in testing intermolecular interaction potentials.
At a number of molecules 

 

n

 

 of 3 to 5, the most energet-
ically favorable structures are cyclic entities; however,
starting from 

 

n

 

 = 6, a three-dimensional network of
hydrogen bonds begins to form. The highly symmetric
cubic water octamer is characterized by an extremely
high stability. The cluster composed of 8 water mole-
cules has the lowest energy when the oxygen atoms of
water are arranged at the cube apexes. There are 14 iso-
mers of the cube composed of 8 water molecules,
which differ in orientation of 12 H-bonds. Structures
composed of fused cubes likewise have a low energy,
especially when the number of water molecules in clus-
ters is 

 

n

 

 = 12, 16, or 20. When the number of water mol-
ecules is a multiple of 4, a more compact network of
hydrogen bonds is formed. From the practical point of
view, one of the most important properties of water
clusters is their ability to adsorb other molecules.
Experimentally, it was shown that a cluster of 8 water
molecules can adsorb two benzene molecules whose
total mass is comparable with that of the water cluster
[1]. By means of computer simulation, it was shown
that the water cluster composed of 10 molecules
adsorbs up to 6 methane molecules at 

 

T

 

 = 233 K with-
out degradation [2].

The adsorption of acetylene molecules by water
clusters is also of considerable theoretical importance.
The acetylene molecule is one of the smallest mole-

cules among stable hydrocarbons and, in combination
with a water cluster, forms an ideal model system. The
low solubility of C

 

2

 

H

 

2

 

 in water at the molecular level
has not been explained yet. The interaction of gaseous
acetylene with an ultrafinely dispersed aqueous
medium is also poorly understood. Studies in this area
could shed light on the problem of low solubility of
C

 

2

 

H

 

2

 

 in liquid water. Of the works on acetylene adsorp-
tion, the study of C

 

2

 

H

 

2

 

 thin film growth on the KCl
(100) surface by means of helium atom scattering tech-
nique should be mentioned [3]. Helium atomic beams
were used both to obtain diffraction patterns and to
study surface phonon dispersion curves.

Since solubility is primarily associated with the
behavior of hydrogen bonds, IR spectroscopy is of par-
amount importance in solubility studies. This technique
makes it possible to verify the character of bonding in
the labile molecular “construction.” From IR spectra, it
is easy to reveal the presence of hydrogen bonding per
se and to determine the characteristic vibration fre-
quencies, as well as the bond lengths in a molecule. The
acetylene molecule is linear and has seven different
normal vibration modes, of which only one stretching
mode and two bending modes produce an oscillatory
change in the zero dipole moment, thereby providing
the possibility to absorb IR radiation.

The objective of this work was to study by means of
molecular dynamic simulation the interaction of gas-
eous acetylene with a water cluster composed of twenty
molecules and to calculate the IR absorption and reflec-
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Abstract

 

—The interaction of acetylene molecules with the 

 

(

 

H

 

2

 

O

 

)

 

20

 

 cluster was studied by molecular dynamics

simulation. The behavior of the derivative of the chemical potential (

 

 (

 

i

 

 is the number of acetylene
molecules) shows that the cluster stability is retained when no more than two C

 

2

 

H

 

2

 

 molecules add to the cluster.
The system composed of 

 

(

 

C

 

2

 

H

 

2

 

)

 

i

 

(

 

H

 

2

 

O

 

)

 

20

 

 clusters has higher values of dielectric permittivity (both real and
imaginary terms) than the 

 

(

 

H

 

2

 

O

 

)

 

20

 

 

 

+

 

 

 

n

 

 cluster system. The medium formed by water clusters with C

 

2

 

H

 

2

 

 mole-
cules both absorbs and reflects IR radiation with a higher intensity as compared to a system of this type with
pure water. The addition of C

 

2

 

H

 

2

 

 molecules to water clusters is also accompanied by an increase in the number
of bands in an IR reflection spectrum. Adsorbed C

 

2

 

H

 

2

 

 molecules are aligned with the tangent to the water core
of the cluster, thus impeding their penetration into the aggregate and, hence, decreasing the solubility of acety-
lene.
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tion spectra of a dispersed system made from water
clusters and acetylene molecules.

COMPUTER MODEL

The study was based on the well-documented model
of liquid water [4] for which the optimized set of
parameters of the TIP4P potential had been selected. In
addition to the Lennard-Jones and Coulomb interac-
tions, polarization interactions were taken into account
in the model. The potential energy surface obtained in
ab initio calculation [5] was taken as a first approxima-
tion in the model. High-level calculations of the elec-
tronic structure were used for fitting the parameters.
The calculations were performed in terms of the rigid
four-site model of the water molecule. The monomer
geometry in this model is based on the data of gas-
phase water studies; the O–H bond length and the
H

 

−

 

O–H bond angle are taken as 0.09572 nm and

 

104.5°

 

, respectively. Fixed charges are ascribed to the
hydrogen atoms and to point 

 

M

 

 lying on the bisector of
the H–O–H angle at a distance of 0.0215 nm from the
oxygen atom. The magnitudes of charges (

 

q

 

H

 

 = 0.519

 

e

 

,

 

q

 

M

 

 = –1.038

 

e

 

) and the position of point 

 

M

 

 were selected
in such a manner that the experimental values of the
dipole and quadrupole moments [6], as well as the ab
initio calculated energy of the dimer and its character-
istic distance [7], were reproduced. The characteristic
distances of the C

 

2

 

H

 

2

 

 molecules are 

 

r

 

CC

 

 = 0.121 nm and

 

r

 

CH

 

 = 0.106 nm [8]. The partial atomic charges play an
important role in the analysis of polarization properties
of the molecule. Charges that occur at the centers of
atoms C and H are 

 

q

 

H

 

 

 

= 0.094

 

e

 

 and 

 

q

 

C

 

 = 

 

−

 

0.094

 

e

 

 [9].
The model suggests calculation of induced dipole
moments of molecules, thus making it possible to con-
sider the effect of their polarization. This model repro-
duces well the structure and thermodynamic properties
of both bulk liquid and the liquid–vapor interface of
water [4]. The optimized potential function also makes
it possible to adequately reproduce both the structures
of water clusters with a minimal energy and the binding
energy. The applicability of the model was verified in
an investigation of the interaction of water clusters with
dinitrogen oxide and methane molecules [10]. Like
Spackman [9], in the description of the interaction of
greenhouse gas molecules with water, we proceeded
from the potential calculated in the Gordon–Kim
approximation using the spherical averaging of elec-
tron densities [9, 11]. The acetylene–water interaction
was represented as atom–atom interactions defined as
the sum of repulsion and dispersion terms

where the parameters 

 

a

 

i

 

, 

 

b

 

i

 

,

 

 and 

 

c

 

i

 

 of the potential that
describes these interactions were taken as reported in [11].

First, the molecular dynamics calculation was made
for water clusters. The final configuration of water clus-
ters was further used as a starting configuration for

Φ rij( ) bib j ci c j+( )– rij[ ]exp aia jrij
6– ,–=

 

modeling heterogeneous clusters. In the initial state, the
molecules added were arranged in such a manner that
the minimal distance between the C

 

2

 

H

 

2

 

 atoms and the
atoms of water molecules forming the cluster would be
at least 0.6 nm. The cut-off radius of intermolecular
interactions was 0.9 nm. The added linear C

 

2

 

H

 

2

 

 mole-
cules were aligned with the lines that connected the
center of mass of the water cluster with the centers of
mass of the foreign molecules.

An advantage of this model over the simulation
method practiced in [4] is the direct integration of the
equations of motion for the rotation of molecules. The
equations of motion of the centers of mass of molecules
were integrated by Gear’s fourth-order method [12].
The equations of motion for the rotation of molecules
were analytically solved with the use of the Rodrigues–
Hamilton parameters [13], and the integration scheme
of the equations of motion in the presence of rotations
corresponded to the approach proposed by Sonnen-
schein [14]. The temperature of clusters was set to be
the same in all calculations (230 K), and the computa-
tion time for each cluster was at least 

 

2.5 

 

× 

 

10

 

6

 

 

 

∆

 

t

 

,
where the time step was 

 

∆

 

t

 

 = 10

 

–17

 

 s. Calculations were
run on a Pentium IV computer with a processor clock
speed of 3.8 GHz. The calculation routine of 

 

10

 

6

 

 

 

∆

 

t

 

duration for a cluster of 20 molecules took about 5 h of
machine time.

One of the advantages of the polarizable interaction
potential used is the possibility of explaining the value of
the dipole moment of each water molecule depending on
the surrounding charges. To compare the model employed
in this study with one of the most popular (SPC) nonpolar-
izable models of water, we calculated the excess (relative
to ideal gas) free energy 

 

∆

 

G

 

 of an extended system (

 

T

 

 =
273 K) composed of 54 water molecules that occur in a
cubic cell [15]. The result of this calculation (

 

∆

 

G

 

 =

 

−

 

26.9 kJ/mol) agrees well with the excess free energy
(

 

∆

 

G

 

 = 

 

−

 

25.1 kJ/mol) for the nonpolarizable model [16]. In
the model used in this study, the function 

 

∆

 

G

 

(

 

t

 

)

 

) decreases
more slowly at the initial calculation steps and increases
more slowly at the final steps.

Two types of ultradispersed systems are considered.
One is represented by water clusters of 21

 

−

 

26 mole-
cules (let it be denoted by I), and the other is composed
of 

 

(

 

C

 

2

 

H

 

2

 

)

 

i

 

(

 

H

 

2

 

O

 

)

 

20 clusters, where i = 1, …, 6 (system
II). It was assumed that each cluster has a statistical

weight of Wni ≈ , n, i = 0, …, 6, where Nni is the

number of (H2O)20 + n clusters or (C2H2)i(H2O)20 aggre-

gates in 1 cm3 and NΣ ≈ . The value of Nni was

determined as follows. Consider the case of scattering
of unpolarized light when the mean free path of mole-
cules is much shorter than the wavelength λ. The
extinction (attenuation) coefficient h of incident light is
determined by the Rayleigh law [17], on the one hand,

Nni

NΣ
-------

Nn i,

n i, 1=

6

∑



444

PETROLEUM CHEMISTRY      Vol. 47      No. 6     2007

NOVRUZOV et al.

and via the scattering coefficient ρ (h = ), on the

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

where c is the speed of light, ε is the dielectric permit-
tivity of the medium, and ω is the wavenumber of the
incident light. All spectral characteristics were calcu-
lated with allowance for the adopted statistical weights
Wni. The procedure of formation of cluster systems sug-
gests the uniform distribution of these entities and is
valid at a low concentration of clusters; consequently,
there is no interaction between the clusters. The aver-
age concentration of each type of cluster in the system
of interest is 12 to 13 orders of magnitude below
Loschmidt’s number.

The dielectric permittivity ε(ω) is a complex value
ε(ω) = ε'(ω) – iε"(ω) and is found from the equation
[19, 20]

16π
3

---------ρ

Nni
2ω4

3πc4
----------- ε 1–( )2

α
---------------------- 1 3

16π
---------–⎝ ⎠

⎛ ⎞ ,=

ε ω( ) 1–
ε0 1–

-------------------- iωt–( )exp
Fd
td

------ td

0

∞

∫–=

=  1 iω iωt–( )exp F t( ) t.d

0

∞

∫–

Here, ε0 is the relative dielectric permittivity of the
medium and F(t) is the normalized autocorrelation
function

where M is the total dipole moment of the cluster. The
value of ε0 was calculated via the fluctuation of the total
dipole moment [21] as

where V is the volume of the cluster.
Absorption of radiation of a wavenumber ω at ther-

modynamic equilibrium in the gas phase with a temper-
ature T is characterized by the absorption coefficient α.
The value of α may be defined through the imaginary
part of the frequency-dependent dielectric permittivity
ε(ω) in the form [19]

The reflection coefficient R was defined as the ratio
of the mean flux of energy reflected from the surface to
the incident flux. For the normal incidence of a planar
monochromatic wave, the reflection coefficient is given
by the equation [17]

(1)

Here, it is assumed that light is incident from a
transparent medium (medium 1) to a medium that can
be both transparent and nontransparent, i.e., absorbing
and scattering, respectively (medium 2). The subscripts
at the permittivity in Eq. (1) denote the medium.

CALCULATION RESULTS

The appearance of a few C2H2 molecules in the
vicinity of the cluster (H2O)20 in the region of interac-
tion with water molecules does not necessarily mean
that all of them will add to the cluster. As is seen in
Fig. 1, only one out of six C2H2 molecules has come
into close contact with the cluster to be fixed at its sur-
face by the time of 25 ps. Like most of the other C2H2
molecules, this molecule is oriented along the tangent
to the (H2O)20 cluster surface. Acetylene molecules can
group together even in the presence of the molecular
interaction field acting from the cluster side. Figure 1
(bottom left) fixes the formation of the dimer (C2H2)2.
The axes of C2H2 molecules in the dimer have orienta-
tion close to parallel.

The motion of the center of mass of one of the C2H2
molecules during the formation of the cluster
(C2H2)2(H2O)20 is reflected by the trajectory depicted in
Fig. 2. The trajectory was followed over the time span
of 25 ps. The initial and final positions of the center of

F t( ) M t( )M 0( )〈 〉
M2〈 〉

--------------------------------= ,

ε0 1–
4π

3VkT
------------- M2〈 〉 M〈 〉2–[ ],=

α ω( ) 2
ω
c
----Im ε ω( )1/2[ ].=

R ε1 ε2–

ε1 ε2+
------------------------

2

.=

0
0.8

1.6
2.4

C2H2

H2O

0

1

2

x

z

2

1

y

Fig. 1. Configuration of the (C2H2)6(H2O)20 cluster at a
time of 25 ps. The coordinates are given in σw units (σw =
0.3234 nm), a parameter of the Lennard-Jones term of the
interaction potential for water.



PETROLEUM CHEMISTRY      Vol. 47      No. 6      2007

DETERMINATION OF ACETYLENE SOLUBILITY 445

mass of the molecule are denoted by the symbols i and
f, respectively. It is seen that the C2H2 molecule first
moves strictly rectilinearly toward the cluster. Covering
a certain distance, the molecule turns toward the tan-
gent to the cluster surface and follows in this direction,
experiencing small-scale oscillation.

It was of interest to evaluate the stability of the enti-
ties after the introduction of i acetylene molecules into
the molecule field of (H2O)20. Figures 3a and 3b,
respectively, characterize the thermal and mechanical
stability of these entities. It is seen that the stability
coefficient T/cP ranks below that of liquid water [22] at
the boiling point (373 K) in almost all cases. The coef-
ficient T/cP takes maximum values at i = 2 or 4, and has
very low values at i = 0 or 6. Consequently, the addition
of one to five C2H2 molecules to the (H2O)20 cluster
makes the cluster more stable toward temperature fluc-
tuation. The mechanical stability coefficient likewise
has values below (VβT)–1 for bulk water [22]. The quan-
tity (VβT)–1 acquires the highest value for the bare water
cluster and rapidly decreases after the addition of one to
two C2H2 molecules. When three and four C2H2 mole-
cules appear near the (H2O)20 cluster, (VβT)–1 slowly
decreases to become almost zero at i = 5 or 6. Thus,
according to the mechanical criterion, the
(C2H2)i(H2O)20 system becomes unstable starting from
i = 5.

The factor  [2], which characterizes a
change in the thermodynamic stability of an aggregate
depending on its composition (the number of molecules
i in the given case), reflects the cluster stability in a
more exact manner. Figure 4 shows a change in the
excess free energy ∆G (curve 1), chemical potential µ

µ/ i∂∂( )V T,

2.0

y

2.4
x

z

2.8 1.4
1.2

1.0

3.2

3.4

3.6

3.8
i

f

Fig. 2. Trajectory of motion for the center of mass of the
C2H2 molecule within 25 ps: i and f are the beginning and
the end of the trajectory, respectively. The coordinates are
given in σw units.
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Fig. 3. (a) Thermal and (b) mechanical stability coefficients
of clusters as functions of i: (1) (C2H2)i(H2O)20; (2) experi-
mental data for liquid water [22].
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Fig. 4. Dependence of (1) the excess free energy ∆G, (2) the
chemical potential µ, and (3) the stability coefficient

 on the number of C2H2 molecules in

(C2H2)i(H2O)20 clusters.
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(curve 2), and thermodynamic stability coefficient
 (curve 3) with the addition of C2H2 mole-

cules to the (H2O)20 cluster. In general, ∆G decreases
with an increase in i, the chemical potential is negative
and has the highest value at i = 3, and  van-
ishes to zero at i = 3. Thus, the (H2O)20 cluster is ther-
modynamically stable if it adsorbs at most two C2H2
molecules.

The dielectric permittivity describes both the intrin-
sic properties of water (e.g., excitation spectrum) and
the result of its exposure to external electromagnetic
radiation. The impact of external factors on the medium
alters its state nonlocally; i.e., ε experiences both fre-
quency and spatial dispersion. Therefore, the permittiv-
ity is defined as a complex quantity ε(ω) = ε'(ω) – ε"(ω).
The calculated real ε' and imaginary ε" terms of the
function ε(ω) of bare dispersed water (system I) and
dispersed water that has adsorbed acetylene (system II)
are shown in Fig. 5. It is seen that both the real and
imaginary parts of ε(ω) increase after the capture of
C2H2 molecules by water clusters. The increase is due

µ/ i∂∂( )V T,

µ/ i∂∂( )V T,

both to the polarity of the added molecules (dipole
moments of up to 1 D are induced in C2H2 molecules)
and to the consolidation of water clusters as a result of
interaction with the C2H2 molecules. At ω > 35 cm–1, ε'
for the systems formed by clusters exceeds that for liq-
uid water [23] (Fig. 5a, curve 3). However, ε" of
system I becomes higher than the value characteristic
of liquid water [24] (Fig. 5b, curve 3) at ω > 190 cm–1;
for system II, this crossover takes place at ω > 622 cm–1.

In the frequency range 50 ≤ ω ≤ 950 cm–1, the IR
absorption coefficient increases after the adsorption of
acetylene by the system of water clusters (Fig. 6). The
α(ω) spectra have three singularities (maxima) for both
systems I and II. However, after the adsorption of C2H2
molecules by the ultradispersed system, the α(ω) max-
ima are shifted to lower wavenumbers. For example,
the localization of the principal maximum varies from
1000 to 920 cm–1. In this frequency range, the IR
absorption spectrum of liquid water exhibits two max-
ima [25], at 200 and 700 cm–1. System II corresponds
to the spectrumα(ω), which is closer to the IR spectrum
of liquid water than the spectrum of system I. In partic-
ular, the position of the second maximum in the α(ω)
spectrum for system II (ω2 = 670 cm–1) is close to that
for liquid water.

The IR reflection coefficient for the ultradispersed
system increases after acetylene adsorption. The mean
values of R for systems I and II are 0.27 and 0.41,
respectively. Not only the intensity of peaks in the R(ω)
spectrum, but also their position and amount vary. The
number of peaks in the R(ω) spectrum is 13 for the
water cluster system that contains C2H2 molecules,
whereas the same spectrum for the system of bare water
clusters is as low as 10. The enhancement of the ability
of the ultrafinely dispersed system to reflect IR radia-
tion is associated with the preferred orientation of C2H2
molecules along the tangent to the water core of the
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Fig. 5. Frequency dependence of (a) the real and (b) the
imaginary term of the dielectric permittivity of ultrafinely
dispersed systems (1) I and (2) II and (3) liquid water
according to data reported in (a) [23] and (b) [24].
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Fig. 6. IR absorption coefficient for systems of water clus-
ters and heterogeneous clusters: (1) system I, (2) system II,
(3) liquid water (experimental data [25]).
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cluster, as well as with an increase in the density of the
core. Clusters that have absorbed IR radiation energy
transfer to an excited state and emit thermal radiation,
i.e., dissipate the gained energy, with time.

CONCLUSIONS

This investigation has shown that acetylene mole-
cules that were initially oriented toward the center of
mass of the cluster turn with time and occupy the posi-
tion along the tangent to the surface of the water core of
the aggregate. This orientation does not allow them to
penetrate inside the water cluster. The thermal and
mechanical stability criteria that are commonly used to
study the stability of bulk bodies are not accurate
enough for analysis of the thermodynamic stability of
small clusters. The derivative  more exactly
describes the stability of the water aggregate as regards
the addition of C2H2 molecules. The positive definition
of this coefficient implies the thermodynamic stability
of the heterogeneous cluster. According to this crite-
rion, the (H2O)20 cluster can adsorb at most two C2H2
molecules, remaining stable yet.

Over the wavenumber range examined (0 ≤ ω ≤
1000 cm–1), the real and imaginary terms of the permit-
tivity of the ultradispersed system composed of acety-
lene molecules and water clusters that partially
adsorbed these molecules are above those for the sys-
tem of bare water clusters represented by (H2O)20 + n
aggregates. At wavenumbers greater than 35 and
622 cm–1, ε' and ε" for the ultradispersed system
enriched in acetylene likewise exceed the correspond-
ing dielectric characteristics of liquid water. The IR
absorption coefficient for system II (water cluster with
acetylene) is above that for system I (water clusters)
over the almost entire frequency range studied. The
fundamental frequency of absorbed electromagnetic
radiation decreases to 920 cm–1 after the adsorption of
C2H2 molecules by the ultradispersed water system.
The IR reflection spectra are transformed on passing
from ultradispersed system I to system II. The number
of peaks in the R(ω) spectrum increases from 10 to 13
after the adsorption of acetylene molecule by the sys-
tem of water clusters, and the mean reflection coeffi-
cient grows from 0.27 to 0.41. The rise in R is the con-
sequence of the turning of C2H2 molecules to align with
the tangent to the water core of the aggregate. It is the
preferred orientation parallel to the surface that most
likely hinders the penetration of acetylene molecules
into the liquid medium and their dissolution in there.
The acetylene molecules that manage to penetrate into
the bulk are capable of binding to the surrounding water
molecules, i.e., of hydration. Owing to adsorption
forces, the hydration of C2H2 can take place on the
water surface as well. Acetaldehyde is formed as a
result of acetylene hydration. The intermediate in the
reaction is unstable vinyl alcohol.
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