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Structure, thermodynamics, and dynamics of the liquid/vapor interface
of water/dimethylsulfoxide mixtures

Ilan Benjamina)

Department of Chemistry, University of California, Santa Cruz, California 95064

~Received 12 November 1998; accepted 25 January 1999!

Molecular dynamics computer simulations are used to study the structure, thermodynamics and
dynamics of the liquid/vapor interface of water/DMSO~dimethylsulfoxide! mixtures. Both the
infinite dilution limit ~single DMSO molecule! and four different finite concentration mixtures are
investigated. Considered are the potential of mean force for the adsorption of DMSO and the
dependence of several surface structural properties~orientation, hydrogen bonding! and surface
potential on the bulk concentration of DMSO. The adsorption dynamics are also investigated and
compared with a diffusion model. In general, the results are in good agreement with recent
experimental measurements. ©1999 American Institute of Physics.@S0021-9606~99!50116-5#
e
nt
S
tio

id
q

la
l
-
te
a

te

ing
s
u

on
h

Th
a
b

o
an
nc

a

nd
le
e
tio
m

tia

the
pec-

re-
s
ur-

gen-
a-

er-
ake

tion
m,
SO
ce
ce
le

of

o-
of

nd

en
nd
sur-

ge.
r
the
nd
ree-
to

ep-
ter-
the
ain
tem
I. INTRODUCTION

The liquid/vapor interface of water-dimethylsulfoxid
@~CH3!2SO, DMSO# mixtures is a system of much curre
interest at both the practical and fundamental levels. DM
is an intermediate in the process which leads to the forma
of sulfuric acid in atmospheric aerosols.1 Understanding the
structure and thermodynamics of the water/DMSO liqu
vapor interface as a function of bulk composition is prere
uisite for understanding the reactivity of DMSO.

DMSO is also one of the most widely used aprotic po
solvents in electrochemistry,2 and its adsorption on meta
surfaces has been extensively studied.3 These studies under
score the importance of understanding the structure of in
facial DMSO for understanding double layer phenomena
both the metal/DMSO interface and the free surface of wa
DMSO.

The surface of water/DMSO mixtures is also interest
at the fundamental level because the unusual propertie
the bulk mixtures are expected to show up in their uniq
surface behavior. One end of the DMSO molecule is a str
proton acceptor and can hydrogen-bond with water. T
other end experiences a weak hydrophobic hydration.
water/DMSO mixtures exhibit extreme deviations from ide
behavior, and this has been attributed to the hydropho
association of the DMSO molecules.4 However, recent mo-
lecular dynamics simulations of bulk aqueous solutions
DMSO and neutron scattering experiments do not show
evidence for association, but do demonstrate the enha
ment of water–water hydrogen bonding.5–7 It would be very
interesting to examine how this behavior may be modified
the interface.

Despite the importance of DMSO in atmospheric a
electrochemical processes, the adsorption of this molecu
water surfaces has only recently been investigated exp
mentally. Trasatti and coworkers have studied the adsorp
of DMSO at the free surface of aqueous solutions by a co
bination of surface tension and surface poten

a!Electronic mail: ilan@scib.ucsc.edu
8070021-9606/99/110(16)/8070/10/$15.00
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measurements.8 From these measurements, a model for
structure of this interface has been proposed. Nonlinear s
troscopic techniques that have been extensively used in
cent years to study the structure of aqueous interface9,10

have very recently been applied to the study of the free s
face of mixtures,11,12 and in particular to the water/DMSO
surface. Resonance-enhanced surface second harmonic
eration~SHG! has been used by Karpovich and Ray to me
sure the adsorption of DMSO at the water liquid/vapor int
face and to suggest a potential energy profile for the upt
of this molecule by water surfaces.13 Allen, Gragson, and
Richmond have used surface sum frequency genera
~SFG! to measure, in addition to the adsorption isother
several structural properties of the surface of water/DM
mixtures.14 All of the above studies indicate that the surfa
region is rich in DMSO relative to the bulk. Such surfa
partitioning effects have been found in other fully miscib
water/polar liquid mixtures.11,15

There is only one theoretical treatment of the interface
water/DMSO mixtures—a mean-field model by Luzar,16 and
no molecular dynamics calculations, although several m
lecular dynamics simulations of the liquid/vapor interface
other aqueous solutions have been reported.17–19 Luzar fo-
cused on the contribution of hydrogen bonds to the bulk a
surface properties of water/DMSO mixtures.16 The model
gave information about the density profiles and hydrog
bonding as a function of the distance from the interface a
was in reasonable agreement with experimental data on
face excess properties over the entire concentration ran16

Tarek, Tobias, and Klein18 have examined using molecula
dynamics simulations for the structure and dynamics of
liquid/vapor interface of a 0.1 M ethanol–water solution a
observed the segregation of ethanol at the surface, in ag
ment with experiments. However, ethanol is quite similar
water in its ability to serve as both proton donor and acc
tor. In addition, no attempt has been made to study the in
face structure as a function of bulk concentration, and
length of the simulations was too short to observe cert
dynamical properties, as will be demonstrated in the sys
0 © 1999 American Institute of Physics
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discussed in this paper. Pohorille and Wilson computed
potential of mean force for the transfer of a single etha
molecule across the water liquid/vapor interface and sho
that there is no barrier to desorption into the bulk.19

In this work, we provide a comprehensive treatment
the structure and dynamics of the surface of water/DM
mixtures. We examine both the single molecule propert
such as the potential of mean force, and the finite concen
tion equilibrium properties. Special attention is given to t
problem of the rate at which surface properties attain th
equilibrium values. We believe that a discussion of noneq
librium steady state processes, such as the uptake of sp
by water surfaces~under certain experimental conditions!,
phase separation, and electrode processes, requires an u
standing of these time-scales.

This paper is organized as follows: In Sec. II, we brie
describe the molecular systems and discuss the potentia
ergy functions used in the simulations. In Sec. III, we disc
the results, with special attention to the time-developmen
the interface structure. In Sec. IV, we present our summ
and conclusions.

II. SYSTEMS AND METHODS

A. Potential energy functions

The DMSO molecule is represented by four atomic si
~each methyl group is approximated by a united atom
mass 14!. Our model for the intermolecular interactions b
tween DMSO molecules is the P2 model developed by Lu
and Chandler.6 This model is in good agreement with ne
tron diffraction experiments on bulk water/DMSO mixtur
over a wide concentration range.7 The potential is repre-
sented by a sum of pairwise Coulomb and 6–12 Lenna
Jones interactions

ui j ~r !54e i j @~s i j /r !122~s i j /r !6#1
qiqj

r
, ~1!

where r is the distance between sitesi and j in different
molecules,qi is the charge assigned to sitei, ands i j ande i j

are determined from the Lennard-Jones parameters of
different sites according to the ‘‘mixing’’ rule

s i j 5
1
2~s i1s j !, e i j 5Ae ie j . ~2!

The parametersqi , s i , and e i for the oxygen, sulfur, and
methyl sites in the DMSO molecule are given in Table I.

Unlike most of the existing interaction potential mode
of DMSO, ours is flexible. The intramolecular vibration
potential is represented by harmonic bond stretching
angle-bending terms. The force constants and the equ
rium bond lengths and bond angles are also given in Tab

The water model is the flexible SPC~single point
charge! model used previously to study the properties of
terfacial water. It is also represented by a sum of pairw
Coulomb and 6–12 Lennard-Jones interactions with par
eters given in Table I. The water intramolecular potential i
fit to the spectroscopic data of gas phase water.20 The water-
DMSO interactions are also represented by the model g
by Eq. ~1! and the mixing rule@Eq. ~2!#.
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B. Free energy calculations at infinite dilution

An important thermodynamic characterization of the a
sorption of a solute at the interface is the potential of me
forceA(z) as a function of the distancez of the solute center
of mass along the normal to the interface. Adsorption at
interface corresponds to a minimum inA(z) for z near the
interface. The value ofA(z) relative to the bulk value gives
the adsorption free energy of the solute. The locationzmin2 of
this minimum gives important insight about the solvation
the interface. For nonspherical solute molecules, theA(z)
may be a function of the solute orientation.

A(z) can be evaluated using a variety of techniques21

We use here the umbrella sampling procedure.22 The simu-
lation box is divided into a number of thin slabs parallel
the interface. The position and width of each slab is selec
so that they overlap in thez direction. In each slab, the solut
is allowed to move freely in thex,y directions, but it is re-
stricted in thez direction by a continuous potential of th
form

Uslab~z!5H k~z2z1!3,
0,
k~z2z2!3,

z>z1

z2,z,z1

z<z2 ,
~3!

where k determines the steepness of the ‘‘soft’’ walls r
stricting the solute to the region@z2 ,z1#. A simulation run
that is long enough for the solute to significantly sample
whole @z2 ,z1# interval of each slab allows one to obtain a
accurate probability distributionPn(z) for the solute in the
n’ th slab, from which the potential of mean force can
calculated using

An~z!52kT ln Pn~z!1Cn . ~4!

The constantCn can be determined from the condition th
A(z) is continuous over the whole region ofz values. This is
done by a least-square fit of the functionsAn(z) andAn11(z)
for the values ofz corresponding to the region where slabsn
and n11 overlap. The simulation run in each slab giv
additional structural information, such as solute orientati

TABLE I. ~a! Lennard-Jones parameters and partial charges for water
DMSO. ~b! Intramolecular harmonic force field parameters for DMSO.

Atom s ~Å! e ~kJ/mol! Q ~a.u.!

~a!
S 3.4 1.00 0.139
O~DMSO! 2.8 0.30 20.459
CH3 3.8 1.23 0.160
O ~water! 3.165 0.65 20.82
H ~water! 0.0 0.00 0.41

~b!
kS–O 2510 kJ/mol Å22

r S–O 1.53 Å
kS–C 1670 kJ/mol Å22

r S–C 1.80 Å
kC–S–C 840 kJ/mol rad22

qC–S–C 97.4°
kC–S–O 840 kJ/mol rad22

qC–S–O 106.75°
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which enables the study of the variation of such propertie
a function of the DMSO position along the interface norm

C. Mixture simulations

We consider four water/DMSO mixtures A, B, C, D co
responding to the mol fractions of DMSO 0.05, 0.1, 0.1
and 0.20, respectively. The mixtures are prepared by star
with a slab of bulk water in equilibrium with its own vapo
containing a total of 1023 water molecules in a box of
mensions 3.12833.128310 nm~the interface is perpendicu
lar to the long axis!. Each one of the mixtures is prepared
replacing the proper number of randomly selected wa
molecules by DMSO molecules as listed in Table II. T
water molecules are selected from the bulk region on
Thus, each system initially contains zero DMSO molecu
at the interface. After a relatively short equilibration peri
of 200 ps, each system is simulated using a constant t
perature run for 3 ns. A number of structural properties
followed as a function of time by performing averages ov
0.25 ns intervals. Equilibrium averages are computed o
the last time interval in which no further change is observ
as a function of time. This gives information about the tim
evolution of any property and its final equilibrium value.

D. Other simulation details

In all cases, the integration time step is 1 fs and
temperature 300 K. The total of 26 ns trajectories took
months of cpu time on a 6-processor SGI ORIGIN 20
workstation.

III. RESULTS AND DISCUSSION

A. Potential of mean force

The potential of mean force for the transfer of a sing
DMSO molecule from bulk water to the water liquid/vap
interface~the system includes 1023 water molecules! is cal-
culated using 7 overlapping slabs of a width of 3 Å each,
spanning a distance of 15 Å~so that each slab has a 1 Å
overlap with each of its neighboring slabs!. In each slab, a
constant temperature trajectory of length 2 ns is perform
This provides enough statistical sampling to give an accu
result.

The results of these calculations are summarized in
1. The top panel~A! shows the density profile of the wate
slab. Indicated is the interval@2–17 Å# along the normal to
the interface~the Z direction! in which the umbrella sam
pling calculations are done. The Gibbs dividing surfa
which is used as one measure of the surface ‘‘location’

TABLE II. Summary of system sizes and other properties.

System

Number of
water molecules

(NWater)

Number of
DMSO molecules

(NDMSO)

DMSO mol
fraction
(xDMSO)

Location of
Gibbs surface

(zG) ~Å!

A 972 51 0.05 16.5
B 920 103 0.10 18.9
C 870 153 0.15 20.8
D 818 205 0.20 23.1
s
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defined as the plane where the excess molecules on the v
side balance the reduction on the bulk side. It is around 15
where the water density is approximately 50% of its bu
value.

Panel B shows the potential of mean force obtained
merging the data from the 7 windows. Despite the consid
able length of the trajectories, the sampling of every sect
of each window is quite slow. Thus, the uncertainty in t
free energy profile~calculated by dividing the data from eac
window into 10 groups! is quite large—2 kJ/mol. The dat
suggest that DMSO is surface-active—the adsorption f
energy is29 kJ/mol, which is in reasonable agreement w
the experimental data of Dabkowskiet al.8 ~29.8 kJ/mol!
and of Karpovich and Ray13 ~211.861.2 kJ/mol!, but
smaller than that reported by Allen, Grayson, a
Richmond14 using SFG measurements~215 kJ/mol! or sur-
face tension measurements~219.8 kJ/mol!. One reason for
these discrepancies between the simulations and the va
experiments is the fact that the experimental data are der
from finite concentration measurements and are based
fit to the adsorption isotherm. Of course, there is always
possibility that the DMSO/water potentials which were op
mized to bulk structural data are not accurate for interfac
simulations. However, the water/DMSO potential seems
equate, as the solvation free energy of DMSO in bulk wa
calculated from a separate bulk thermodynamic integra
calculation yields a value of239 kJ/mol, which is in good
agreement with the experimental value of236 kJ/mol.13

The potential of mean force remains flat up to a distan
of about 5 Å from the Gibbs surface. At this point, it begin
to decrease monotonically~the small barrier nearz511 Å is
within the statistical error! towards the minimum, which is
located very close to the location of the Gibbs surface. Co

FIG. 1. ~A!: Density profile of water in the system used to compute t
DMSO potential of mean force~T5300 K here and in all of the figures
below!. Indicated is the region where the umbrella sampling is perform
~B!: The potential of mean force for DMSO adsorption at the water liqu
vapor interface. The inset shows the schematic continuation of the pote
of mean force to the gas phase based on the computed value of the solv
free energy of DMSO.
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bining this data with the previously mentioned solvation fr
energy of239 kJ/mol allows one to draw schematically th
complete free energy surface for the uptake of DMSO
water. This is shown in the inset of panel B. It suggests t
a DMSO molecule does not experience an overall barrier
its way to the bulk. However, the calculations indicate th
solvated DMSO at the interface is a global free energy m
mum state and the molecule must be supplied with 9 kJ/
of free energy if it is to be transferred to the bulk. Thus, t
observed rate for the process DMSO~surface!→DMSO~bulk!
must be much slower than the rate predicted from the di
sion rate of DMSO.

Finally, the simulations in each window allow one
obtain several structural properties, and Fig. 2 shows
property which has been the subject of recent experime
interest. This figure shows the probability distribution for t
angle between the S–O vector~bisector of the CSC angle! of
DMSO and the normal to the interface for several distan
from the interface. It is clear that there is a significant te
dency for the DMSO molecule to point its CH3 groups away
from bulk water. Near the Gibbs surface there is almost z
population of inverted orientations~i.e., CH3 pointing to-
wards bulk water!. As one gets closer to the bulk~but still in
the region where the local free energy of adsorption is ne
tive!, there is a small but statistically meaningful populati
of inverted orientations that allows one to calculate the f
energy difference for a 180° rotation of the DMSO molecu
It is found to be about 3 kJ/mol. This number will be signi
cantly larger if the molecule is rotated closer to the surfa
and it should therefore be regarded as a lower limit to
true cost of rotating the molecule at the interface. The re
of this is a relatively stable hydrophobic ‘‘coating’’ of th
water surface, which may have important atmosphe
implications.14 We will return to this issue when we examin
below the orientations at the surface of water/DMSO m
tures.

An interesting issue to consider is the factors that de
mine the orientational preference for the DMSO molecule
the interface. A simple argument used in the literature in t
and other cases is that the orientational preference refl
the hydrophobic nature of the CH3 group. However, it is
likely that the strong directional character of the wat
DMSO hydrogen bonding, together with the water orien

FIG. 2. The probability distribution for the angleu between the normal to
the water liquid/vapor interface and the SO vector of DMSO.u50° corre-
spond to the oxygen pointing away from the bulk. The different cur
correspond to calculations performed in slabs of width 3 Å that are centered
at different locations along the interface normal. Solid line: bulk calcu
tions; Dashed line: 4 Å below ~into the bulk! the Gibbs surface; Dotted line
2 Å below the Gibbs surface; Dashed–dotted line: at the Gibbs surface
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tional preference, will also contribute to the specific DMS
orientation. Unfortunately, there is no way of separati
these two factors, especially when one considers that
hydrophobic effect is largely a reflection of the tendency
the system to minimize the disruption of water–hydrog
bondings, which in this system may well be accomplished
enhanced water-DMSO hydrogen bonding at the interfac16

We discuss hydrogen bondings in more detail later.

B. Water/DMSO mixtures: equilibrium surface
structure

Experimental studies of the surface properties of wa
DMSO solutions are done with finite~and sometimes quite
large! bulk DMSO concentrations. In this section, we discu
the equilibrium surface properties of four different wate
DMSO mixtures with DMSO mol fractions of 0.05, 0.1
0.15, and 0.2~systems A–D, respectively!. We focus on data
that is directly or indirectly accessible to experimental det
mination and compare the results, when appropriate, to
results of the single DMSO molecule discussed in the p
ceding section.

1. Density profiles

Figure 3 shows the density of water and of DMSO a
function of the distance normal to the interface for the fo
different systems. For each system, the density is calcul
from the configurations obtained during the last 1 ns of th
ns trajectory. In all systems, one clearly observes an ex
density of DMSO near the water Gibbs surface, and so
depletion when one moves towards the bulk. The locati
of the Gibbs surfaces are given in Table II. Note that t
Gibbs surface calculated with respect to the water densit
in different z values, because the total volume of the syst
changes as we increase the DMSO concentration with a fi

s

-

FIG. 3. Density profiles of water~dashed lines! and of DMSO~solid lines!
in the four mixtures. The DMSO overall mol fractions are 0.05~A!, 0.1 ~B!,
0.15 ~C!, and 0.2~D!.
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total number of molecules. This DMSO surface excess
consistent with the fact that the DMSO potential of me
force has a global minimum at the water Gibbs surface,
it is in agreement with a variety of different experimen
cited in the introduction. Similar results have been obser
in simulations of water/ethanol mixtures.

The density profile of DMSO in systems A and B~low
concentrations! is quite smooth, whereas in systems C and
~larger concentrations of DMSO! one observes a noisier pro
file despite the fact that there are more DMSO molecu
The water density is also less smooth, and it is approxima
locally larger when the corresponding DMSO density is
cally lower, and vice versa. This suggests that there is lo
clustering of DMSO molecules and water molecules in
higher concentration systems. These clusters drift aroun
that when the number of configurations included in the
erage is increased, a less noisy profile is obtained. This
confirmed by computing the average densities over a pe
of 2 ns. The observed local clustering seems to contradic
results of the neutron scattering data mentioned earl7

However, this reference also suggests that some clusterin
DMSO molecules is possible via their oxygen atoms. A
cent simulation by Borin and Skaf23 suggests that this asso
ciation could be the result of water-DMSO hydrogen bon
ing where a water molecule acts as a bridge between
DMSO molecules.

2. DMSO orientations

The probability distributions for the angleu between the
vector pointing from the sulfur to the oxygen atom of DMS
as a function of the distancez along the interface normal ar
shown in Fig. 4. The four panels correspond to the syste
A–D. The distributions are calculated from the last 1 ns ti
interval of the 3 ns trajectory for each system. Note thaz
50 Å is the middle of the bulk region, andz56SG are the
two Gibbs surfaces~defined with respect to water, and give

FIG. 4. The probability distributions for the angleu between the vector
pointing from the sulfur to the oxygen atom of DMSO and the interfa
normal as a function of the distanceZ along the interface normal for the fou
water/DMSO mixtures, as listed in Fig. 3.
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in Table II!. It is clear that as in the case of a single DMS
molecule, there is a tendency for the DMSO to point its C3

groups away from the bulk, in agreement with recent S
experiments.14 The shape of the distribution near the inte
face is interesting: There is a broad peak near 90° wit
slow drop for angles above 90° and a sharp drop for ang
below 90° such that the average orientation is around 12
This corresponds to the transition dipole being near 60° fr
the normal, in good agreement with experiment. It is a
evident that this orientational preference is independen
bulk concentration—the graphs for the different systems
almost identical given the statistical error~which is larger in
the system with fewer DMSO molecules!.

3. Water orientations

We next consider the orientation of the water molecu
at the interface. Figure 5 gives the probability distribution f
the angleu between the water dipole~the vector pointing
from the oxygen to the bisector of the HOH angle! and the
normal to the interface. We observe that the water molecu
on the bulk side of the Gibbs surface have their dipoles p
allel to the surface, whereas the molecules on the va
phase of the Gibbs surface have their dipoles point
slightly toward the vapor side. We also note that the dis
butions are slightly concentration-dependent, with the pe
being more pronounced when the DMSO concentration
lower.

Additional orientational information is presented in Fi
6, where the probability distribution for the orientation of th
OH bonds is shown. For water molecules on the bulk side
the Gibbs surface, the distribution exhibits a single bro
peak at 90°. Taken together with the information on the
pole orientations given in Fig. 5, this suggests that the H
plane is parallel to the interface. For water molecules on
vapor side of the Gibbs surface, the distribution exhibits t
peaks, one near the interface normal and one near the
angle to the interface normal. Taken together with the inf

FIG. 5. The probability distributions for the angleu between the water
dipole and the interface normal as a function of the distancez along the
interface normal for the four water/DMSO mixtures A–D.
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mation on the dipole orientations given in Fig. 5, this su
gests that one of the OH bonds is perpendicular to the in
face, and one points slightly toward the bulk. T
dependence of water’s OH orientation on the concentra
is even more pronounced: The peak representing the free
bond increases as the DMSO concentration decreases.

4. Surface potential

One of the relatively well investigated properties of t
water/DMSO liquid/vapor interface is the surface potent
The shift in the surface potential to more negative valu
upon increase in the DMSO bulk concentration indicates
the DMSO molecules are adsorbed with their CH3 groups
pointing towards the exterior of the liquid phase,8 in agree-
ment with the more recent spectroscopic data and the
lecular dynamics results presented earlier. Measuremen
the surface potential of water DMSO mixtures also indica
that in the low concentration range~0–0.05 mol fraction!, the
potential drop increases with an increase in the DMSO c
centration. However, above this concentration range ther
a plateau. Although statistical uncertainties prevent us fr
examining the very low concentration range, it is nevert
less important to see if the molecular dynamics calculati
indeed predict this saturation and provide additional insig

Calculation of the surface potential in molecular dyna
ics simulations is straightforward.21 The electric potential
differenceDx across the interface is determined by a nume
cal integration of the one-dimensional Poisson equation:24

Dx52
1

e0
E q~z8!~z2z8!dz8, ~5!

where e058.854310212coulomb V21 m21 is the vacuum
permitivity. The charge density profile is defined byq(z)
5S ir i(z)Qi and is calculated from the atomic densiti
r i(z) and the partial charges on the atomsQi . From Eq.~5!,
it is clear that the total potential drop can be partitioned i

FIG. 6. The probability distributions for the angleu between the water OH
bond and the interface normal as a function of the distancez along the
interface normal for the four water/DMSO mixtures A–D.
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contributions from the two different liquids. The results f
the four water/DMSO mixtures are shown in Fig. 7.

The top panel shows the total surface potential relat
to the gas phase~0 Å corresponds to the middle of the sla
i.e., the bulk region!, and the middle and bottom panels sho
the individual contributions of the water and the DMSO
respectively, for each of the four systems. Note that beca
of the different locations of the surface in the four syste
~due to the different volume!, the initial drop occurs at dif-
ferentz values, but otherwise the shape and the total pot
tial drop is very similar. The individual contributions of th
two liquids show that most of the potential drop is due to t
DMSO molecules. It increases from 500 to 700 mV as
concentration of the DMSO increases from 0.05 to 0.2 m
fraction. The water contribution is in the region of6150
mV. The fact that the water contribution is larger as t
DMSO concentration is lower explains the weak depende
of the total potential drop on the composition in this conce
tration range, which is in qualitative agreement with expe
ments. However, the major conclusion here is that the po
tial drop reflects the saturation of the surface region
DMSO molecules, a point that will be further discussed b
low.

5. Hydrogen bonding

Finally, we consider water–water hydrogen bondin
which although not amenable to direct experimental m
surement is nevertheless an interesting indicator of the in

FIG. 7. The surface potential drop as a function of the distance along
interface normal for the water/DMSO mixtures. Top panel: the total pot
tial drop; Center panel: the contribution of water molecules to the total dr
Bottom panel: the contribution of DMSO. In each panel, the solid, dash
dotted, and dashed–dotted lines correspond to systems A, B, C, D, re
tively.



b
re
c-
a
ve
.
o

m
e

co
sy
s
ac
te

be
th
on
he
is

se
re
b

er
ct
s t
e

ha
se
in

s,
en

ter-
ible.
tions
l-

ater
in-
lecu-
en
lar

o-
on-
e.
n-
rect
is
harp

in
ch
da-
his
of

ons
b-
e
nd
and
ute
qui-
ed
ort

the
sed

O.
ce,
ust
n-
ic

g

ulk

ive

for
e

r. I
on

8076 J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Ilan Benjamin
face structure. We consider two water molecules to
hydrogen-bonded if their pair interaction energy is mo
negative than210 kJ/mol. It is also possible to have a stru
tural definition where the distance between two oxygen
oms and the OHO angle are used, but the results are
similar to what is discussed later. The top panel of Fig
shows the total number of hydrogen bonds per water m
ecule as a function of the position along the interface nor
for the four different systems. In the bulk region, this numb
is independent of location and decreases as the DMSO
centration increases as expected. In addition, for each
tem, this number monotonically decreases as the Gibbs
face is crossed. This effect is clearly explained by the f
that the number density of water is reduced near the in
face.

A more interesting quantity is obtained when the num
of hydrogen bonds per water molecule is divided by
water–water coordination number. This gives informati
about the probability of any hydrogen bond existing. T
bottom panel of Fig. 8 shows that in the bulk region th
probability increases as the DMSO concentration increa
The water–water hydrogen bonding is enhanced by the p
ence of the DMSO molecules. This is similar to results o
tained by molecular dynamics simulations of bulk wat
DMSO mixtures.5 The new feature here is that the effe
introduced by the interface becomes more pronounced a
DMSO concentration is reduced. For example, at the high
DMSO concentration, the water–water hydrogen bonding
almost unaffected as the interface is approached. This be
ior makes sense when taken together with results from
eral molecular dynamics studies of water/organic liquid
terfaces and water liquid/vapor interfaces.25 It has been
found that the probability that any hydrogen bond existsgoes

FIG. 8. Top panel: number of hydrogen bonds per water molecule~as de-
fined in the text! as a function of the location along the interface normal
the four water/DMSO mixtures. Bottom panel: the number of hydrog
bonds per water molecule divided by the coordination number of wate
each panel, the solid, dashed, dotted and dashed–dotted lines corresp
systems A, B, C, D, respectively.
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up from about 0.8 in bulk water to 0.9 at the interface. Thu
at high DMSO concentrations, the water–water hydrog
bonding is already quite strong in the bulk, and as the in
face is approached, not much more enhancement is poss

The results presented here support the basic assump
of the mean field model for water/DMSO mixtures deve
oped by Luzar.16 In this model, water-DMSO hydrogen
bonding leads to a decrease in the number of water/w
hydrogen bonding as the concentration of DMSO is
creased. The surface is described as a region of one mo
lar layer in which the number of water–water hydrog
bonds is smaller than in the bulk. Although the molecu
dynamics suggest that the interface region is wider, the m
lecular model, unlike the mean field model, includes the c
tribution of capillary waves which broaden the interfac
Luzar found the density profile by minimizing the free e
ergy of the systems given the above assumptions. Di
quantitative comparison with the density profiles of Fig. 3
not possible because the mean field model imposes a s
cut-off on the number density at the interface.

C. Nonequilibrium dynamics

One of the issues that has received very little attention
molecular modeling of liquid interfaces is the rate at whi
equilibrium properties are established. Besides the fun
mental interest in this dynamic property, a knowledge of t
rate is useful for two main reasons. First, the calculation
many surface properties in molecular dynamics simulati
follows an equilibration period starting from a nonequili
rium density distribution. It is important to establish th
minimum length of such an equilibrium run. Second, a
more importantly, several processes of electrochemical
atmospheric interest involve the diffusive transport of sol
molecules across the interface under conditions of none
librium initial density distribution. The systems consider
in this work allow us to examine the rate of this transp
process as a function of~the average! bulk concentration. In
this section, we consider the rate of establishment of
equilibrium value for several structural properties discus
in the previous section.

1. Surface excess

We first consider the actual mass transport of DMS
The system starts with no DMSO molecules at the interfa
and in order to establish equilibrium, these molecules m
diffuse to the interface. Rather than follow the number de
sity at the interface, we follow the standard thermodynam
property of surface excess. It is defined as follows:26

G5
NDMSO2rbulkV

S
, ~6!

whereNDMSO is the total number of DMSO molecules,rbulk

is the bulk number density of DMSO~calculated from the
number of DMSO molecules in the region between210 and
10 Å!, V is the volume enclosed by the two Gibbs dividin
surfaces at6SG , andS is the surface area. Thus,G gives the
surface density in excess of what is expected if the b
density is uniform up to the Gibbs surface. Our initial~non-
equilibrium! density profile corresponds to a large negat

n
n
d to
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value ofG. As time progresses,G increases as DMSO mol
ecules transfer to the interface. We expectG to be slightly
positive at equilibrium, which is consistent with the positi
adsorption of DMSO. This is indeed the case, as shown
Fig. 9, whereG(t) is plotted for the four systems. Note th
the final values are quite similar to each other and in ag
ment with the experimental information available at t
0.05–0.2 mol fraction concentration range. Because the
tual number of molecules is quite small, it is not possible
quantitatively relate these values ofG to the adsorption free
energy~in order to compare them with the potential of me
force which corresponds to infinite dilution!, but the satura-
tion suggests significant interactions between interfacial m
ecules.

Next we consider the time dependence ofG. The main
theoretical question we wish to address here is whether
approach to equilibrium can be modeled by a on
dimensional diffusion in an external field, with the field b
ing the potential of mean force calculated earlier. To exa
ine this issue we solve~for technical details see Ref. 27! the
following equation numerically:

]p~z,t !

]t
5D

]2p~z,t !

]z2 1
D

kT

]

]z Fp~z,t !
]A~z!

]z G , ~7!

where D51025 cm2/s is the DMSO diffusion constant in
water ~assuming it to be independent ofz!, andA(z) is the
potential of mean force given in Fig. 1~B!. p(z,t) is the
probability of finding a DMSO molecule in the region@z,z
1dz# at time t. The boundary conditions that most close
correspond to the simulation runs are given by

FIG. 9. Top panel: The surface excess of DMSO~defined in the text! as a
function of time for the four water/DMSO mixtures starting from an initi
distribution where all the DMSO molecules are in the bulk region~between
210 and 10 Å!. The solid, dashed, dotted, and dashed–dotted lines co
spond to systems A, B, C, D, respectively. Bottom panel: The numer
solution of the diffusion equation for a particle diffusing on the potential
mean force of Fig. 1~B!. Solid line: the integrated probability distribution i
the surface region~defined in the text!; Dashed line: the same for the bul
region.
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p~ uzu,zB ,t50!51,
~8!

p~ uzu.zS ,t50!50,

where uzu,zB is the bulk region (zB510 Å), andzS is the
location where theA(z) just begins to change (zS511 Å).
The total surface population is defined by

ps~ t !5E
uzu.zS

p~z,t !dz. ~9!

Given a model for the surface area per molecule,ps(t) can
be directly related to the surface excess. Here we are o
interested in an approximate time scale, and a direct exa
nation of ps(t) will suffice. This quantity is shown in the
bottom panel of Fig. 9~solid line!, together with the total
bulk concentration (12ps(t)). Note that the final value is
exactly what one expects from the Boltzmann distribution

ps
eq5ps~ t→`!5

* uzu.zS
exp@2A~z!/kT#dz

*2`
` exp@2A~z!/kT#dz

, ~10!

which, given the data in Fig. 1, is equal to 0.865. Clearly,
one-dimensional diffusion model is able to give the corr
time scale for the process.

2. Molecular orientation

We next examine the time evolution of the water dipo
orientation. For simplicity, we consider the order parame

^ 1
2(3 cos2 u21)& rather than the complete distribution. Th

top panel shows the bulk and the bottom panel the interfa
A value of21/2 corresponds to a perfect parallel orientatio
so the data in the bottom panel, despite the noise, is con
tent with the equilibrium distribution shown earlier. Th
main finding depicted in Fig. 10 is that the water orientati
is established very rapidly—there is very little change a

e-
al
f

FIG. 10. Water dipole orientation order parameter as a function of t
following the evolution towards equilibrium in the four water/DMSO mix
tures. The solid, dashed, dotted, and dashed–dotted lines correspond t
tems A, B, C, D, respectively. Top panel: bulk region; Bottom panel: int
face region.
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function of time in the value of the order parameter. Simi
results were found for the DMSO orientations.

3. Hydrogen bonding

Finally, we show in Fig. 11 the time development of t
water–water hydrogen bonding. As expected, the initial n
equilibrium density of DMSO in bulk water results in th
disruption of water hydrogen-bonding, the disruption be
the largest for the most concentrated solution. As the den
profile approaches equilibrium, the number of hydrog
bonds per water molecule in the bulk increases on the s
time scale as the density~top left panel of Fig. 11!. Corre-
spondingly, the number of hydrogen bonds per interfac
water molecule decreases towards the equilibrium value~top
right panel!. Interestingly, the probability that any hydroge
bond is formed~shown in the bottom two panels! is almost
time-independent. This is reasonable if the main chang
the local environment of each water molecule involves
change in the hydration number as the density approa
the equilibrium value.

IV. SUMMARY AND CONCLUSIONS

We have presented a comprehensive study of the sur
of water/DMSO mixtures. This system exhibits a behav
that resembles other water/miscible liquid mixtures but a
shows some novel characteristics. The potential of m
force for the adsorption of DMSO at the surface of wa
shows that there is a global minimum at the interface wh
is consistent with the surface excess of DMSO observe
experiments.8,14 It is also consistent with the surface exce
observed in the present finite concentration studies. No
rier to transfer of DMSO to the bulk is observed. The DMS
molecules tend to orient their CH3 groups away from the
bulk in both the infinite dilution and finite concentratio

FIG. 11. Water hydrogen-bonding statistics as a function of time follow
the evolution towards equilibrium in the four water/DMSO mixtures.
each panel, the solid, dashed, dotted, and dashed–dotted lines corresp
systems A, B, C, D, respectively.
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simulations, in agreement with SHG experiments and surf
potential measurements. The calculations of the surface
tential show saturation in the 0.05–0.2 mol fraction conc
tration range. DMSO makes the dominant contribution to
surface potential, and as its bulk concentration increases
increase in the DMSO contribution approximately balanc
the reduced water contribution so that the total potential d
remains unchanged.

By starting the simulations from an initial nonequilib
rium density profile~zero DMSO surface excess!, we are
able to study the dynamics of adsorption as a function
bulk concentration. We demonstrate~by comparison with a
numerical solution of a diffusion equation! that the time
scale~about 1 ns! for the establishment of the equilibrium
surface excess is in agreement with diffusion in an exter
field ~the potential of mean force!. However, the approach to
the equilibrium orientation is much faster.

The model of water/DMSO mixtures presented here
quite simple, and yet it provides a reasonable picture of
surface of these systems. Nevertheless, the importance o
water/DMSO system for many areas of research make
case for the need to further improve the model potenti
This can be accomplished by including many-body el
tronic polarizability on both the water and DMSO molecul
and by optimizing the water-DMSO interactions beyond t
simple mixtures rules. For this purpose, it would be usefu
have additional structural and thermodynamics data ove
wider concentration range of the mixtures.
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