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In this study, a fully flexible, nonpolarizable model potential of dimethyl sulfoxide ~DMSO! has
been used to investigate the DMSO liquid–vapor interface, based on classical molecular dynamics
simulation techniques. A series of four simulations in the temperature range of 298 –373 K is carried
out to examine the temperature dependence of the structural, thermodynamic, and dynamical
properties. The full Ewald summation technique is employed to account for the long-range
electrostatic interactions. Computed bulk properties of the liquid such as density, diffusion are found
to be in good agreement with experimental values. Self-diffusion coefficient of bulk DMSO
molecules is computed to be smaller than at the interface. The study demonstrates the importance
of inclusion of flexibility in the model and the use of Ewald sums, which have an influence on
dynamics. © 2002 American Institute of Physics. @DOI: 10.1063/1.1489898#

systems.34 –37 A few computer simulation studies are available on the bulk structure of DMSO38 – 41 and water–DMSO
mixtures.42– 44 However, the structure and dynamics of the
DMSO liquid–vapor interface have not yet been examined.
DMSO is an important species in the atmospheric sulfur
cycle.33 Therefore, much of the interest of investigating the
structure and dynamics of DMSO liquid–vapor interface is
due to the role that this interface may play in atmospheric
science. An understanding of the dynamics of molecules at
the interface will be helpful in investigating the mechanism
of adsorption of small solutes that are present in the atmosphere to the surface provided by this interface. Here I
present the results of the molecular dynamics calculations of
DMSO liquid–vapor interface. Results of particular interest
include interface structure, the temperature dependence of
surface tension, and the dependence of dynamics on both
space and temperature.
The rest of the paper is organized as follows. In Sec. II,
I describe the basic model used and the simulation details.
The results of structural and thermodynamic properties are
described in Sec. III. In Sec. IV, I describe the dynamical
properties. Finally, the conclusions are summarized in
Sec. V.

I. INTRODUCTION

The equilibrium and nonequilibrium properties of the
liquid interfaces have been the subject of considerable theoretical, computational, and experimental interest in the last
several decades.1–31 This is not surprising as these interfacial
properties have direct relevance to various chemical phenomena like, the ion solvation at liquid interfaces, the
isomerization reaction at liquid interfaces, interfacial charge
transfer, and electron transfer reactions. These properties also
play a critical role in understanding a variety of other processes including wetting, weathering, adhesion, lubrication,
environmental science, and biological phenomena.
A large variety of modern experimental techniques including second harmonic generation,1,2 sum frequency generation,1,3 x-ray scattering,4 – 6 neutron reflectivity,7 and x-ray
reflectivity8 are used to obtain the structural and dynamical
properties of these interfaces. However, because of the limited ability of these techniques to resolve many of the finer
details of the interfaces, computer simulations and theories
play a major role in developing our understanding in a more
detailed manner and interpreting experimental observations.
Mean-field theories9,10 and integral equation theories11–13
have been applied successfully to determine the liquid structure and thermodynamics at interfaces. Computer simulations also have proven to be useful tool for examining thermodynamic, structural, and dynamical properties of liquid–
liquid,14 –19 liquid–vapor,20–28 and liquid–solid interfaces29–31 on a detailed microscopic level.
In this work, I am interested in the liquid–vapor interface of DMSO. DMSO is a polyfunctional molecule with a
highly polar SvO group and two hydrophobic methyl
groups. It is one of the most important aprotic dipolar organic solvents and also widely used cryoprotectant for
biological structures like proteins and membranes.32 It also
has potential use in antiviral, antibacterial, and antiinflammatory drugs.33 These facts have spurred a wide variety of experiments on pure DMSO and DMSO–water
0021-9606/2002/117(4)/1812/5/$19.00

II. THE MODEL AND SIMULATION DETAILS

A molecule of DMSO is represented by four interaction
sites located on oxygen, sulfur and carbon atoms. The CH3
groups are treated as unit sites. I have used the P2 model42 of
DMSO for the intermolecular interactions and a flexible
model of DMSO proposed by Benjamin43 for the intramolecular interactions. The flexibility is incorporated keeping in
mind the fact that flexible models are more realistic and can
introduce a significant effect on self-diffusion and other dynamical quantities. Benjamin who introduced the flexibility
in the model of DMSO for the first time chose the intramolecular potential to reproduce the gas phase normal mode
frequencies of the molecule. He then expected the P2 inter1812
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TABLE I. LJ parameters and partial charges for DMSO ~Ref. 42!.
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TABLE III. Values of the parameters obtained in this work.

Atom

s ~Å!

e ~kJ/mol!

q ~a.u.!

T ~K!

r l ~g/cc!

z L ~Å!a

z R ~Å!a

t ~Å!

g ~mN/m!

S
O
CH3

3.4
2.8
3.8

1.00
0.30
1.23

0.139
20.459
0.160

298
323
348
373

1.08
1.05
1.01
0.98

218.02
218.19
218.48
218.80

17.77
18.26
18.41
18.52

3.88
4.64
5.25
6.35

33.963.5
29.663.5
24.962.0
22.363.0

a

molecular potential model to shift the frequency to the
proper condensed phase values. The interaction potential between ith and jth molecules is described as a sum of the
Lennard-Jones ~LJ! potential and Coulomb interactions of
partial charges
Ui j5

(a (b 4 e ab @~ s ab /r ab ! 122 ~ s ab /r ab ! 6 #
1q a q b /r ab ,

~1!

where a and b stand for the sites in the ith and jth molecules, respectively. The cross interactions ~i.e., LJ terms! are
obtained by using the Lorentz–Berthelot combining rule.
The LJ parameters along with the site charges (q a ) are tabulated in Table I.
The intramolecular potential is represented by harmonic
bond stretching and angle-bending terms. The related parameters are included in Table II.
For the present study, I perform a series of four molecular dynamics simulations on DMSO liquid–vapor system in
the temperature range of 298 –373 K. At each temperature, a
cubic box with a linear dimension equal to 34.30 Å, and
containing liquid DMSO is equilibrated for 200 ps in a NPT
ensemble with a pressure of 1 atm ~time constant 0.5 ps!.
This results in different box lengths for each of the temperature studied. After the equilibration, this slab of liquid phase
is kept at the middle of the rectangular simulation cell with a
slab of vapor at each end. Each slab of the vapor has L z
535 Å, and the same cross section as for the liquid slab.
This geometry forms two interfaces perpendicular to the z
direction. The dimensions of the slabs are taken to be large
enough to provide sufficient space for the bulk liquid and
vapor densities to achieve constant values. This new system
is then equilibrated in NVT ensemble for another 200 ps with
initial velocities selected from a Maxwellian distribution.
The systems are coupled to an external heat bath with a
coupling time constant t50.5 ps. This last simulation provides the initial conditions for the production run of 500 ps
in each system. Periodic boundary conditions are applied in
three dimensions for all the simulations. The real space part
of the Ewald sum and LJ interactions are cut off at 9 Å and

z L and z R are the positions of the two Gibb’s surfaces.

the simulation time step was 0.002 ps. Four simulations each
consisting of 343 DMSO molecules are performed following
this procedure at 298, 323, 348, and 373 K. The lengths of
the simulation cells in the x and y directions are 34.28, 34.44,
34.72, and 35.05 Å for the simulations done at 298, 323, 348,
and 373 K, respectively.
The production run consists of 10 blocks of 25 000 steps
performed in the NVT ensemble. In each block, the density
profile and self-diffusion coefficient are calculated every 100
steps. The data for the normal and tangential components of
the pressure tensor are collected every 20 steps. The fluctuations are estimated using the variation in the block averages.
III. STRUCTURAL AND THERMODYNAMIC
PROPERTIES

I examine the number density profiles of DMSO molecules as a function of z coordinates. The number densities
are calculated by computing the average number of molecules in slabs of thickness Dz50.2 Å, lying on either side
of the central plane at z50. Bulk values for the density are
obtained from the plateau region of the density profiles and
are tabulated in Table III. The bulk vapor density is calculated to be zero for all of the systems, therefore, not included
in the table. A good agreement with the available literature
values is found. For instance, the obtained liquid density of
DMSO at 298 K is 1.08 g/cc, which is very close to the
experimental value of 1.10 g/cc.45 The very good agreement
of the bulk values means that the systems are well equilibrated and the simulation procedures are correct. Figure 1
shows the number density profiles for the systems at 298 and
373 K. The profiles show two stable and smooth interfaces,
thus indicating that the chosen potential model successfully
describes the formation of liquid–vapor interfaces. Also, the
liquid density at the bulk is found to decrease with increasing

TABLE II. Intramolecular interaction parameters for DMSO ~Ref. 43!.
k S–O
r S–O
k S–C
r S–C
k C–S–C
u C–S–C
k C–S–O
u C–S–O

2510 kJ/mol Å22
1.53 Å
1670 kJ/mol Å22
1.80 Å
840 kJ/mol rad22
97.4°
840 kJ/mol rad22
106.75°

FIG. 1. Average density profiles of DMSO at a temperature of 298 K ~solid
line! and 373 K ~dotted line!.
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temperature as one expects. The interface on the other hand,
becomes broader with increasing temperature.
One of the important properties characterizing the interface is the width. It arises due to the intermixing of two
separate phases and is a strong function of temperature along
with a few other state properties like surface tension and
cross sectional area of the interface. Traditionally, the order
parameter interfacial profiles have been fit with a hyperbolic
tangent function to get a measure of the interface width.
Therefore, I fit the calculated density profiles with a function
of the following form,
1
1
~ z2z o !
r ~ z ! 5 ~ r l 1 r v ! 2 ~ r l 2 r v ! tanh
,
2
2
d

F

G

~2!

where, r l and r v correspond to the liquid and vapor densities, z o is the position of the Gibb’s dividing surface, and d is
a parameter for the thickness of the interface. The so-called
‘‘10–90’’ thickness, t, of a hyperbolic tangent function is
related to d by t52.1972d. The ‘‘10–90’’ thickness is the
thickness over which the density of DMSO changes between
90% and 10% of the bulk value. The positions of the Gibb’s
surfaces and the values of the interface thickness obtained
from the fitting are tabulated in Table III. The results show a
strong dependence of the interface thickness on temperature.
From the thermodynamic point of view, a good quantity
to characterize the interface is the surface tension. It is a
measure of the degree of the structure possessed by the interface. When the interface is perpendicular to the z axis, the
surface tension ~g! can be defined as19

g5

E

1`

2`

dz @ P n 2 P t ~ z !# ,

~3!

where P n and P t are normal and tangential pressures, respectively. For a planar interface, P n is uniform, however, P t
depends strongly on position. At a point far from the interface, P t 5 P n 5 P. Therefore, only the region near the interface contributes to the integral. Let us define the averaged
tangential pressure as
P̄ t 5

1
2L z

E

11/2L z

21/2L z

dz @ P xx ~ z ! 1 P y y ~ z !# ,

~4!

where P xx (z) and P y y (z) are the components of the pressure
tensor and L z is the length of the simulation box along z
direction. The surface tension in this case can be written as

g 5L z ~ P n 2 P̄ t ! .

~5!

With two interfaces perpendicular to the z axis, as in my
systems, this equation transforms to

g 5 21 L z ~ P n 2 P̄ t ! .

~6!

I have used Eq. ~6! to obtain the surface tension values
from the pressure calculations and the values are included in
Table III. The dependence of it on temperature is shown in
Fig. 2 along with the available experimental data.45 A linear
decrease in surface tension with increasing temperature is
observed.

FIG. 2. The surface tension of dimethyl sulfoxide as a function of temperature. The solid circles represent the simulation results and the open circles
represent the experimental data ~Ref. 45!.

However, the absolute values of surface tension underestimate the experimental values by about 20%. The result for surface excess entropy per unit area46 defined as
d g /dT also appears to underestimate the experimental
data. For example, the calculated value for d g /dT is
20.158 mNm21 °C21, compared to the experimental value
of 20.114 mNm21 °C21. It indicates that the present potential model which is more or less satisfactory for simulation
of bulk liquid DMSO ~e.g., it reproduces the experimental
density and self-diffusion coefficient quite well! does not
yield surface thermodynamic properties in very good agreement with experimental results.
IV. DYNAMICAL PROPERTIES

In this section I report the dynamical properties of the
DMSO molecules which have been investigated in the
present work. The major objective has been to study the
effects of temperature on translational self-diffusion coefficient. I am also interested to see the extent to which the
dynamics of interfacial molecules differ from that in the bulk
liquid phase at a given temperature. I have computed the
velocity autocorrelation functions and from that have calculated the translational self-diffusion coefficients. The above
dynamical quantities are calculated as a function of temperature and space. To compare the dynamical properties of the
interfacial DMSO molecules with those at the bulk liquid
phase, the entire system is divided into three regions. The
region I ~or the interfacial region! consists of molecules
which are within the distance of 15–25 Å in the density
distribution profiles ~see Fig. 1!, region II ~or the diffuse
interfacial region! includes molecules lying between 10 and
15 Å, and region III ~or the bulk region! containing molecules that lie between 0 and 10 Å.
If I denote the velocity of a molecule at a time instance
t by v (t) then the normalized autocorrelation function C v (t)
can be defined as47
C v~ t ! 5

^ v~ t !v~ 0 ! &
,
^ v~ 0 ! 2 &

~7!

where ^¯& represents an equilibrium ensemble average. The
translational self-diffusion coefficient D can be calculated
from the velocity–velocity autocorrelation function by using
the following relation:47

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
213.86.87.62 On: Fri, 04 Apr 2014 11:09:38

J. Chem. Phys., Vol. 117, No. 4, 22 July 2002

DMSO liquid–vapor interface

1815

this paper enables a comparison of how the dynamics is affected by the use of Ewald sums and by introducing flexibility in the model.
V. SUMMARY AND CONCLUSIONS

FIG. 3. The translational diffusion coefficients of DMSO molecules for the
four systems studied in this work. The solid circles are for interfacial molecules and open circles for the molecules in the bulk region. The lines
through the values are used to help the eye.

D5

k BT
m

E

`

0

C v ~ t ! dt,

~8!

where k B is the Boltzmann constant, T is the temperature,
and m is the mass.
I have calculated the self-diffusion coefficient of the interfacial and bulk regions using Eq. ~8! for all the temperatures studied. The results are shown in Fig. 3. The presented
diffusivity data for the interfacial regions correspond to the
average value over all directions. The fluctuations associated
with the average values vary from 5 to 10 percent of the
reported values. The results of the diffuse interfacial region
~region II! are not very different from the bulk phase results
and, therefore, not included. The results imply that for all the
systems the surface molecules diffuse in a faster rate than the
molecules in the bulk phase. That is expected, since a molecule in the interfacial region feels a less effective friction
due to the presence of fewer surrounding molecules compared to a molecule in the bulk phase which has dense surroundings. Diffusion coefficient values are also found to increase with increasing temperature for molecules in every
region. This is due to the increased kinetic energy of the
molecules. The same trend was seen for water liquid–vapor
interfaces also.23–26 A good agreement between the calculated and available experimental value is attained. For example, the calculated translational self-diffusion coefficient
of liquid DMSO in bulk phase at 298 K is 1.05
31029 m2 /s, compare to the experimental value of 0.8
31029 m2 /s. 48 The self-diffusion coefficient for pure
DMSO at 298 K using the P2 potential of DMSO has been
evaluated by Skaff,38 and by Liu et al.39 Values of 1.2
31029 m2 /s and 1.731029 m2 /s were obtained by these authors, respectively. Albeit the present value still overestimates the experimental value, it gives better agreement compare to the values obtained by Liu et al. and Skaff. The
difference between the present value and the value obtained
by Liu et al. mainly stems from their neglect of those
DMSO–DMSO interactions which occur beyond the 15 Å
cut-off distance. Skaff, however, has calculated the DMSO–
DMSO Coulombic interactions via the Ewald summation
technique, as the present study does. The difference, however, arises from introducing flexibility in the model. Thus,

In this study, I have investigated the DMSO liquid–
vapor interface by means of molecular dynamics computer
simulations. A series of four simulations in the temperature
range of 298 –373 K has been carried out. Various structural,
thermodynamics and dynamical properties are calculated and
wherever possible compared with experimental data. The
density profile shows the presence of distinct interfaces
which become broader with increasing the temperature. Surface tension decreases linearly with increasing the temperature and the calculated values are found to underestimate the
experimental values. The molecules in the interfacial region
diffuse faster than the molecules in the bulk liquid phase, and
the self-diffusion coefficient values increase monotonically
with the temperature. The calculated self-diffusion coefficient value match well with the experimental result at 298 K.
The long-range dipole–dipole interactions between the
DMSO molecules make an important contribution to the surface and dynamic properties. This paper enables a comparison of how the dynamics is affected by the use of Ewald
sums to include the long-range interactions. It also demonstrates the importance of introducing flexibility in the model
which has a significant effect on dynamics.
Good tests of the suitability of intermolecular potentials
for the simulation study of surfaces, and effective modifications of available potentials to bring about better agreement
with measured surface properties, would be helpful directions for further research. Work in these directions is in
progress.
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