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Both the static and dynamic dielectric properties of water-dimethyl sulfoxide (DMSO) mixtures over the
whole composition range are investigated by means of molecular dynamics (MD) simulations, and the results
are compared with available experimental measurements. We discuss the behavior of the dielectric constant
and Kirkwood dipole correlation factor as functions of composition in terms of the self- and cross-species
dipole density correlations and a suitable set of real space dipole-dipole distribution functions. We find that
short-ranged structural correlations between neighboring water and DMSO molecules strongly influence the
system’s static dielectric properties, as expected on the basis of the molecular associations these mixtures are
known to exhibit. In terms of the dynamics, we report time correlation functions for the mixtures’ dipole
densities and find that their long-time behavior can be reasonably well described by either biexponential or
stretched exponential decays, which means that the dielectric relaxations of these mixtures are governed by
complex, multi time scale mechanisms of rotational diffusion. The dipole density relaxation time is a
nonmonotonic function of composition passing through a maximum around 33% mole DMSO, in agreement
with the experimental data for the mixtures’ main dielectric relaxation time. Frequency-domain results such
as the frequency spectra of the single-dipole time correlations and the experimentally accessible far-infrared
absorption coefficient reveal that mixing also exerts a profound effect upon the librational dynamics of water
molecules. This effect is much stronger than and qualitatively different from that observed in other associating
aqueous mixtures and has been examined in view of new DMSO-water molecular aggregates suggested in
previous MD works.

I. Introduction

The prominent hydrophilic nature of DMSO makes it capable
of forming strong and persistent hydrogen (H)-bonds to water
through its oxygen atom.1-4 This leads to the formation of
DMSO-water molecular aggregates of well-defined geometry
which are often held responsible for the strong nonideal mixing
behavior manifested as maxima or minima in several physico-
chemical properties.5-11 The largest deviations from ideal mixing
occur around 33% mole DMSO, thus suggesting the existence
of stoichiometrically well-defined 1DMSO:2water “complexes”.
These molecular associations seem to be important to the
behavior of these mixtures at the liquid-vapor interface as
well.12,13

Recently, a number of molecular dynamics (MD) simula-
tions4,14-16 and neutron diffraction experiments15 have indeed
identified the structure of the 1DMSO:2water complex and
linked many of the structural and dynamical features of DMSO-
water mixtures to the presence of such aggregates. More
recently, Borin and Skaf16 have found from MD simulations a
second, distinct type of aggregate consisting of two DMSO
linked by a central water molecule through H-bonding, which
is expected to be the predominant form of molecular association
between DMSO and water in DMSO-rich mixtures. This
H-bonded complex is referred hereby as 2DMSO:1water ag-
gregate. From the dynamical point of view, both the translational
and rotational motions, as indicated by NMR8-10,17and dielectric
relaxation data,11 seem to be strongly coupled and considerably
slower than the pure liquids’ motions at compositions around
33% DMSO. This behavior is markedly in contrast with that

exhibited by other H-bonding liquids such as water-methanol,
water-ammonia, and water-acetone mixtures.18

The dielectric behavior is one of the key ways of character-
izing polar liquid environments as reaction media. Experimental
measurements have been available for some time for the
composition dependence of the dielectric constant and dielectric
relaxation of DMSO-water mixtures,11 but a detailed micro-
scopic study of these properties is still lacking. One notable
exception is the early work by Luzar, who presents a mean-
field theory for the dielectric constant of these mixtures,
highlighting the importance of H-bonding to the excess dielectric
constant.19 In the H-bonding methanol-water mixtures, mo-
lecular dynamics (MD) simulation studies20,21 have led to
valuable molecular-level insights, showing that both the static20

and dynamic21 dielectric behaviors are consistent with the
singular structural and dynamical properties of the H-bond
network.18 These studies were particularly revealing in connec-
tion to the high-frequency modes of dielectric relaxation where
librational and inertial dynamics dominate. In this frequency
range, the analytical dynamical theories22,23 based on Stock-
mayer-like potentials are less applicable.

In view of the above, we have undertaken a series of extensive
MD simulations in order to investigate the dielectric properties
of DMSO-water mixtures from a microscopic point of view
over the entire composition range. With this aim, results for
static properties such as the dielectric constant, Kirkwood dipole
correlation factor, and the pertinent dipolar symmetry projec-
tions24 h110(r) have been calculated in addition to several
dynamical properties using well-established interaction site
potentials for water and DMSO. For the dynamics, we calculated
time autocorrelation functions for thek ) 0 dipole densities, as† E-mail: skaf@iqm.unicamp.br.
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well as for their transverse and longitudinal components at the
smallest wave vectors in the systems. Analysis of dielectric
properties at finite wave vectors have been used to reveal to
which extent the simulated system sizes are representative of
the thermodynamic limit as far as the dielectric properties are
concerned. The relaxation of the longitudinal dipole density at
the smallestk is also investigated in some detail because of its
connection with the solvation dynamics response,25 which have
been very recently studied in these mixtures through MD
simulations.26,27 To gain insight about the self-species and
interspecies correlations, the mixture dipolar relaxation has been
calculated in terms of the separate contributions from each
molecular species and the DMSO-water cross-correlations. In
addition, we have also calculated and discussed the mixture’s
frequency-dependent far-infrared (FIR) absorption coefficient.28

In the next section, we present the potentials and simulation
details, and summarize the results of linear response theory
relating the dielectric permittivity tensor to the dipole density
correlation functions. In section III, we present the results for
the static dielectric properties. The results for the dipole density
time correlations functions are presented in section IV, while
the frequency spectra are discussed in section V. Concluding
remarks are found in section VI.

II. Simulation Details and Theoretical Formulation

A. Models and Simulations. We have considered here
mixtures with DMSO mole fractionsxD ) 0.13, 0.35, 0.50, 0.66,
and 0.81, as well as the pure liquids at ambient conditions. For
water we have used the well-known SCP/E model,29 while for
DMSO we used the four-site P2 potential of Luzar and
Chandler,4 where each methyl group is treated as a single site.
The intermolecular potentials are described by site-site interac-
tions given by a sum of Lennard-Jones plus Coulomb terms.
The Lennard-Jones parameters for sites of different types are
set by the usual Lorentz-Berthelot combining rules,εij )
xεiiεjj andσij ) (σii + σjj)/2. This procedure has been used in
other simulations of aqueous mixtures, including DMSO-water
mixtures, with relative success. Site parameter and molecular
geometries are found in ref 4 (DMSO) and ref 29 (water). Some
calculated properties for these models may be found in refs 30
and 31a.

The simulations were performed on the NVE ensemble with
500 molecules placed in cubic boxes with periodic boundary
conditions at 298 K. The numbers of DMSO molecules
corresponding to the mixtures approximately at 13, 35, 50, 66,
and 81% DMSO are 65, 175, 250, 330, and 405, respectively.
The pure water simulations were run using 256 molecules. In
each case, the box dimensions were chosen so as to match the
corresponding experimental densities6 at 298 K and 1 atm. The
Lennard-Jones forces were cut off at half the box length, while
Ewald sums with conducting boundaries32 were applied to the
long-ranged portions of the electrostatic forces. The equations
of motion were integrated using the leapfrog33 algorithm with
a time step of 3 fs, while the molecular geometries were restored
using SHAKE.34 For pure DMSO the time step was 6 fs. This
enabled total energy conservation within 0.5% error during
uninterrupted production runs lasting about 12 ps for each
mixture and 24 ps for pure DMSO. Approximately 200 such
runs were performed for each simulation stated, performing a
total of 2.5 ns trajectories for each system (4 ns for pure DMSO).
The production runs were intercalated by smaller (4 ps) runs
during which the velocities were rescaled according to the
desired temperature. Before the production runs, each mixture
was equilibrated during 100 ps starting from an fcc lattice over

which water and DMSO molecules were initially randomly
distributed. Water and DMSO density profiles were also
calculated after equilibration to ensure the system was homo-
geneous throughout.

B. Linear Response Theory of Dielectric Relaxation.For
the simulated systems, the longitudinal (L) and transverse (T)
components of the (external field-independent) electric suscep-
tibility, ø, and dielectric permittivity tensors are related through32,33

and

Considering only contributions from the molecular dipoles, the
linear response susceptibility is given by35,36

wherey is the dipolar strength of the mixture

with FR ) NR/V being the number density of speciesR, µR the
magnitude of its dipole, andµ2 ) xdµd

2 + xwµw
2 defines an

average squared dipole. The subscript A) L or T for the
longitudinal and transverse components, andνA takes on the
valuesνL ) 1 andνT ) 2. The functionΦA(k,ω) is the Fourier
transform

of the normalized dipole density correlation function

M (k,t) is the spatial Fourier transform of the system’s dipole
density:

whereµR
j is the dipole moment of thejth molecule of speciesR

and rR
j (t) is the position of its center of mass with respect to

the lab frame. According to eq 6, the mean-squared dipole
density has contributions from the dipole density self-correla-
tions for each molecular species plus the inter-species cross-
correlations:

where

and

øL(k,ω) ) 1 - εL
-1(k,ω) (1a)

øT(k,ω) ) εT(k,ω) - 1 (1b)

øA(k,ω) ) 9y
〈|MA(k,0)|2〉

νANµ2
[1 + iωΦA(k,ω)] (2)

y ) ∑
R

yR yR )
FRµR

2

9kBTεo

(3)

ΦA(k,ω) ) ∫0

∞
dt ΦA(k,t) exp(iωt) (4)

ΦA(k,t) )
〈MA(k,t)‚MA(-k,0)〉

〈|MA(k,0)|2〉
(5)

M (k,t) ) ∑
R
∑
j)1

NR

µR
j (t) exp[ik‚rR

j (t)] ) Md(k,t) + Mw(k,t) (6)

ΦA(k,t) ) ΦA
dd(k,t) + ΦA

dw(k,t) + ΦA
ww(k,t) (7)

ΦA
R(k,t) )

〈MA
R(k,t)‚MA

R(-k,0)〉

〈|MA(k,0)|2〉
with R ) d, w (8a)
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Because of the periodic boundary conditions the wave vectors
are of the form

wherel, m, andn are integers andB is the length of the cubic
box for each mixture.

The k ≡ 0 permittivity for a simulated system using Ewald
with conducting boundaries is36

whereΦ(ω) andM (t) are given by eqs 4-6 with k ≡ 0. For
the system sizes we have used, the limiting procedureε(ω) )
limkf0εT(k,ω) can be reached atk ) k1 (the smallest wave vector
attainable in the system) within the statistical accuracy of our
results.

A more detailed comparison between simulated and experi-
mentally measured dipolar relaxation of high-frequency motions
can be obtained through the far-IR absorption coefficient:

wheren(ω) is the frequency-dependent refractive index andc
is the speed of light in a vacuum. The dielectric constantε(0)
and theΦ(t) correlation function can be evaluated atk ) 0 or
at the smallest nonzero wave vector allowed in the simulations,
according to procedures described elsewhere.21 Equation 11 also
incorporates some approximated quantum corrections to the
absorption coefficient, which are important at the librational
frequencies of water. Different approximations can be used to
incorporate quantum effects in the spectra of classical correlation
functions.37 We have chosen this particular one because it yields
good agreement between the experimental and simulated far-
IR absorption coefficients for water using the SPC and SPC/E
models.38

The static dielectric properties are obtained from eqs 1, 2,
and 10 settingω ) 0. In addition to the dielectric constantε-
(0), the Kirkwoodg factor, gK, is an experimentally relevant
quantity that can be obtained from our simulations through the
relation36

Unlike ε(0), the separate contributions togK from the self-species
and interspecies correlations cannot be obtained from this
equation because of its nonlinearity. Alternative strategies have
been used for this purpose in methanol-water mixtures.20,21

Here, because of the large values of the system’s dielectric
constant (40< ε(0) < 75), an approximation for the separate
contributions can be obtained from eq 12a evaluated atk ) 0.

Also of interest here are the dipolar symmetry projections
h110(r) of the pair correlationh(i,j), which can also be

conveniently decomposed into self-species and interspecies
contributions:36

whereûi
R is the unit vector along the dipole of theith molecule

of speciesR.

III. Static Dielectric Properties

We begin our analysis by presenting the results for the
dielectric constantε(0) as a function of the composition, which
is depicted by solid symbols in Figure 1 along with the
experimental values from Kaatze et al.11 (open symbols). The
MD data shown have been evaluated from thek ≡ 0 correlations
(eq 10 atω ) 0), and the error bars were estimated using the
blocking method of Flyvbjerg and Petersen.39 Considering that
the intermolecular potentials used here lack any polarizability
effects beyond the usual dipole moment enhancement30 and the
fact that the SPC/E underestimates water’s dielectric constant
by about 10%,40 the MD values ofε(0) for the mixtures as well
as the trend with composition compare fairly well with the
experimental data. It is expected that electronic polarization local
field corrections,36,41 when taken into account, would improve
the agreement between MD and experimental data significantly.
Also shown in Figure 1 are the mean-field theory results from
ref 19 (solid line) with the maximum number of DMSO-water
H-bonds fixed at 3. Despite its simplicity, the mean-field
treatment reveals the importance of H-bonding to the dielectric
constant of this mixture. Around 35 and 50% DMSO, the
agreement between the mean-field and simulated dielectric
constants seems to be somewhat better than for other composi-
tions. This result may be fortuitous, but it is interesting to notice
that good agreement is also found for the average number of
DMSO-water and water-water H-bonds predicted by the
theory and the MD simulations4,16 around these compositions.

It is important to stress how converged the present calcula-
tions are. The notoriously slow convergence of dielectric
properties springs from the well-known fact that they depend
on the long-ranged, collective fluctuations of the dipolar
polarization. The cumulative averages of thek ) 0 dielectric
constant and of the transverse component at the smallest wave
vector for the different mixtures are shown in Figure 2 as
functions of the simulated time. The convergence at nonzerok
(dashed lines) is considerably faster, as discussed else-
where.21,41,42The values for theε(0) andεT(k1,0) are, however,

ΦA
dw(k,t) ) 2

〈MA
d(k,t)‚MA

w(-k,0)〉

〈|MA(k,0)|2〉
(8b)

k ) (l,m,n)
2π
B

(9)

ε(ω) ) 1 + 9y
〈|M (0)|2〉

3Nµ2
[1 + iωΦ(ω)] (10)

R(ω) )
[ε(0) - 1]ω2

n(ω)c

tanh(âpω/2)
âpω/2 ∫0

∞
Φ(t) cos(ωt) dt (11)

gK )
[ε(0) - 1][2ε(0) + 1]

9yε(0)
(12a)

gK ≈ gK
dd + gK

wd + gK
ww ) 2

3Nµ2
{〈Md‚Md〉 + 2〈Mw‚Md〉 +

〈Mw‚Mw〉} (12b)

Figure 1. MD (full symbols), experimental11 (open symbols), and
mean-field results19 (solid line) for the mixture’s dielectric constant vs
DMSO mole fraction. The dotted lines are drawn as guides to the eye.

h110(r) ) ∑
R,â

xRxâµRµâ

µ2
hRâ

110(r) (13a)

hRâ
110(r) ) 〈ûi

R‚ûj
â hRâ(i,j)〉 (13b)
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close to each other, indicating that the system sizes used in our
simulations are representative of the liquid models in the
thermodynamic limit.

Let us now focus on the mixture’s dipole orientational
Kirkwood g factor,gK, and its separate contributions from water,
DMSO, and the interspecies cross-correlations, which are hardly
accessible experimentally. Table 1 shows the values obtained
for gK and the separategK

dd, gK
wd, and gK

ww contributions (eq
12b), along with the average squared dipole and the dipolar
strength of each mixture. Also shown are the values for the
mixtures dielectric constant. The results show that the mixture’s
Kirkwood g-factor decreases nearly monotonically with increas-
ing concentration of DMSO by∼40%, while the dipolar strength
y decreases by at most 7% within the composition range
considered here. Therefore, the observed decrease in the
mixture’s dielectric constant withøD stems essentially from a
decrease in the total dipole-dipole correlation embodied ingK

rather than a decrease in the dipolar strength of the mixture.
Such a decrease ingK is not unexpected here since one of the
components (DMSO) is a nonassociating liquid,31,43,44 with
gK

DMSO ≈ 1.60, as obtained for the P2 potential (see also ref
31a). This behavior is in contrast with that presented by

methanol-water mixtures, wheregK is found to be quite
insensitive to composition, and the changes in the dielectric
constant are mostly due to the variation of the dipolar strength
of the mixture.20,21

In the absence of interspecies correlations, the mixture’s ideal
Kirkwood g factor would be related to the pure liquids’ values,
gK

DMSO andgK
water, through the equation

The values ofgid, gid
D, andgid

W are shown within parentheses in
Table 1. Table 1 shows that the self-species contributionsgK

dd

andgK
ww increase monotonically withxD andxW, respectively,

while the interspecies cross-correlationgK
wd goes through a

maximum at 35% DMSO. Comparison with the ideal values
indicate that mixing reduces the self-species contributions below
gid

D andgid
W, while the dipole-dipole correlation between water

and DMSO is enhanced to a maximum at 35% DMSO. One
interesting point is that at 13% DMSOgK

ww >gid
W, showing an

enhancement in the dipole-dipole correlation between water
molecules due to this addition of DMSO. Another point worth
mentioning is the fact that at∼80% DMSO, the mixture’sgK

is somewhat smaller thangK
DMSO. Despite the large error bars

of these quantities, this suggests that adding some water into
DMSO may introduce a higher degree of antiparallel alignment
of DMSO dipoles in the mixture. Experimental evidence of this
effect was presented by Kaatze et al.11

To understand how the behavior described above actually
comes about in terms of the liquid’s intermolecular structure,
let us investigate how the dipolar symmetry projectionh110(r)
and its contributionshRâ

110(r) (eq 13) evolve with composition
as one goes from a water-like to DMSO-like structure upon
increasing values ofxD. The results for the totalh110(r) are
depicted in Figure 3 (the curves are labeled according to the
mixture’s DMSO mole fraction). The data for pure water (solid
line) exhibit a sharp first peak and is positive for essentially all
values ofr, indicating that water has a large Kirkwoodg-factor,
a result due to the well-known strong directionality of the
H-bonds between water molecules. DMSO, on the other hand
(thick line), presents a negative well at the shortest intermo-
lecular separations, indicative of the antiparallel dipole orienta-
tions between nearest neighboring DMSO molecules.31 Thus,
as we have shown in Table 1,gK

DMSO turns out much smaller
thangK

water despite the fact that the dipole moment of DMSO is
twice as large as water’s. For the mixed solvents, the conspicu-

Figure 2. Cumulative averages of thek ) 0 dielectric constantε(0)
and the transverse componentεT(k,0) at the smallest nonzero wavevector
over the entire simulation length for each mixture and for pure DMSO.

TABLE 1: Dielectric Constant, Kirkwood g Factor, and Its
Self-Species and Interspecies Contributions for
DMSO-Water Mixtures Obtained from MD Simulations a

xD y µ/D ε(0) gK
b gK

dd gK
wd gK

ww

0.00 6.25 2.35 70( 4 2.45 2.45
0.13 6.18 2.73 66( 6 2.37 (2.15) 0.26 (0.57) 0.43 1.68 (1.58)
0.35 6.08 3.26 57( 6 2.10 (1.90) 0.70 (1.07) 0.71 0.70 (0.83)
0.50 5.98 3.58 55( 5 2.00 (1.80) 1.00 (1.27) 0.62 0.40 (0.53)
0.66 5.89 3.90 45( 5 1.68 (1.71) 1.08 (1.41) 0.44 0.15 (0.30)
0.81 5.82 4.17 42( 5 1.58 (1.66) 1.25 (1.51) 0.23 0.07 (0.15)
1.00 5.79 4.48 43( 4 1.62 1.62

a The quantities in parentheses are the ideal values from eq 14. Also
shown are the averaged dipoles and the dipolar strengths.b The
percentage error ofgK follows the corresponding percentage error of
ε(0) (i.e.,∼10%).

Figure 3. Dipolar symmetry projectionsh110(r) for all simulated
systems. The curves are labeled according to their DMSO mole fraction.

gid ) gid
D + gid

W )
xDµD

2

µ2
gK

DMSO +
xwµw

2

µ2
gK

water (14)
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ous feature is the development of a pronounced peak between
3.5 and 4 Å, which is not present in either of the pure liquids’
h110(r) projections. This points to the role of the cross-
correlations in this range of intermolecular separations, which
can be fully appreciated from the data displayed in Figure 4
for three selected mixtures: water-rich (top panel), equimolar
(middle panel), and DMSO-rich (bottom panel). The DMSO
self-contribution, hdd

110(r) (labeled “dd”), indicates that the
relative orientation between DMSO molecules in the pure liquid
is well preserved even for the smallest DMSO concentration
considered here. Similar considerations holds for thehww

110(r)
(labeled “ww”) contribution, but in this case the main peak
intensity is sharply enhanced as the concentration of DMSO
increases. The prominent positive peak between 3.5 and 4 Å in
the cross-species contribution,hwd

110(r) (labeled “wd”), results
from the relative orientation between the dipoles of a neighbor-
ing pair of water and DMSO molecules, which lye on a less
than 90° angle relative to each other, in agreement with the
structure of the 1DMSO:2water aggregates identified by means
of MD simulations,4,14,16 and also by neutron diffraction
experiments.15 For DMSO-rich mixtures, our previous MD
simulations16 have indicated that water and DMSO are pre-
dominantly associated through aggregates of composition
2DMSO:1water, whose geometry resembles the 1:2 aggregates,
but with water and DMSO molecules interchanged. These
aggregates also contribute to the positive peak ofhwd

110(r) shown
in Figure 4, but as we shall see later, their main effects are
manifest in the high-frequency librational molecular motions.

IV. Dipole Density Time Correlations

A. k ) 0 Correlations. We begin our discussion of the
dynamical dielectric properties with thek ) 0 normalized dipole
density time correlation functionsΦ(t) for each mixture and
for pure DMSO, which are depicted in Figure 5. The curves
are labeled according to the DMSO mole fractionxD. We discuss
first their short time behavior (Figure 5a). At very early times
(from 0 to 0.02 ps), theΦ(t) functions exhibit an inertial (or
Gaussian) decay that is faster for water-richer mixtures because

of water’s small moments of inertia. After this initial inertial
decay, the functionsΦ(t) show fast damped oscillations associ-
ated with the H-bonding librational oscillations characteristic
of high torque, associating liquids.30 These librational oscilla-
tions are significantly more prominent for water-richer mixtures
since water forms on the average four H-bonds while pure
DMSO forms none. Such short-time dynamics cannot be very
well appreciated from the time-dependentk ) 0 (or from the
transverse components) dipolar relaxation because slow rotational-
diffusion processes dominate its decay. Nevertheless, these fast
dynamics give rise to prominent, high-frequency peaks in the
far-IR spectra, as discussed later on. Figure 5b, on the other
hand, reveals the dramatic effect of the addition of water upon
the long time dynamics of DMSO and vice versa. The results
shown in Figure 5b indicate that the dipole density correlations
are slowly decaying functions, but their overall decay patterns
do not follow a simple composition dependence. In can be seen
in Figure 5b that pure DMSO (solid line) is more relaxed than
all mixtures, but it is still considerably less relaxed than pure
water, the fastest of all systems considered (data not shown).
This interesting behavior correlates well with the fact that the
molecular diffusion and long-time single-particle reorientation
processes slow upon mixing.8-10,16

Analysis of the long time (t g 0.6 ps) portions ofΦ(t) (Figure
5b), which characterize the slow diffusional relaxation regime
of the dipolar correlations, provides dielectric relaxation time
parameters that are valuable quantities to be compared against
experimental measurements. Associating polar liquids such as
alcohols and alcohol-water mixtures usually present multiple
time scales in their dielectric relaxation,21,45-47 which are often
well described by a sum of exponentials with different time
constants, indicating a multiple Debye-like behavior, or by a
stretched exponential form,47 which have also been used to
describe the reorientational relaxation in liquids near a glass
transition.48 For DMSO-water mixtures, we find that either
biexponential or stretched exponential functions provide good
fits to Φ(t) (Figure 5b) at long times, i.e.,

Figure 4. Dipolar symmetry projectionsh110(r) and their self-species
and interpecies contributionshRâ

110(r) for selected mixtures. The labels
and line styles in the bottom panel apply to all three panels.

Figure 5. Normalizedk ) 0 dipole density correlationsΦ(t) vs time
for all simulated systems (b) and details of the short-time behavior (a).

Φ(t) ) a1 exp(-t/τ1) + a2 exp(-t/τ2)

Φ(t) ) a0 exp[(-t/τ0)
â] t > 0.6 ps (15)
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Our best fitting parameters for each mixture are shown in Table
2. Values ofa1 ≈ 0 or â ≈ 1 indicate that the decay is nearly
exponential. The results suggest that only at the lowest DMSO
concentration is the dipolar relaxation more Debye-like. AtxD

) 0.35 and 0.50, however, thea1 parameters are small, butâ
≈ 0.5. At this point one cannot tell which function describes
better the long time decay of the mixtures’ dipolar relaxation.
At xD ) 0.35, for instance, a difference of about 10% between
the biexponential and the stretched exponential functions would
appear only at 60 ps, which is 5 times larger than the maximum
correlation time considered in the present simulations (i.e, 12
ps). Therefore, like in the methanol-water case,21 correlation
data over much longer time intervals would be necessary in
order to know the best functional form of the decay. Such a
simulation would be extremely demanding on computer time.

Comparison with available experimental data is most con-
veniently established through the overall main dielectric relax-
ation time,τD, which is obtained from integratingΦ(t) with
the help of the fitting parameters of Table 2 for all simulated
system. The results obtained using the biexponential fits are
displayed in Table 3, along with the experimental principal
dielectric relaxation time.11 It can be seen that the simulated
dielectric relaxation timeτD exhibits a nonmonotonic composi-
tion dependence, with a maximum around 35% DMSO. The
overall trend with composition and the magnitude ofτD for most
compositions are in good agreement with the experimental
dielectric relaxation time, which is somewhat surprising given
the simplicity of the force fields used in these models. AtxD )
0.35 and 0.50, however, the simulations yield a much slower
relaxation. A similar effect was also found16 for the single-
particle reorientation timeτ2 and may be due to the fact that
the simulations overestimate the magnitude of molecular
interactions around 50% composition.16 It is worth mentioning
that estimates forτD using the stretched exponential fits are
similar to those of Table 3, except between 35 and 66% DMSO,
where these estimates are much larger than those shown there.

To further investigate the behavior of the mixture dipolar
relaxation, we have separately calculated the self-species and
interspecies contributions to the totalΦ(t) time-correlation
functions. The results for selected compositions are shown in
Figure 6, where we have displayed the functionsΦ(t) (solid
lines) obtained from eq 8a, as well as the contributions (eq 8b)
Φdd(t) (dotted lines, labeled “dd”),Φww(t) (dashed lines, labeled
“ww”), and Φwd(t) (dashed-dotted lines). For the DMSO-rich
mixture (Figure 6a), one notices that the DMSO-DMSO

correlations contribute a higher share to the total dipolar
relaxation. The water-water and DMSO-water correlations
contribute very small amounts to the totalΦ(t), but their
relaxation is relatively slow, especially for theΦwd(t) because
cross-correlations lack the early inertial contributions that
comprise an important fast channel of dipolar relaxation. For
the equimolar mixture (panel b), the self-species and interspecies
terms contribute approximately equal shares toΦ(t), with Φdd-
(t) being slightly larger thanΦww(t), which is not surprising
since DMSO has a larger dipolar strength than water. For the
water-rich mixture (panel d), the relative contributions of DMSO
and water to the total dipolar relaxation have been interchanged
when compared to the relaxation of the DMSO-rich mixture.
However, there are slight, but important differences between
the behavior of these self-species correlations in both mixtures.
The most evident one is thatΦww(t) in the water-rich mixture
(Figure 6d) presents a much slower decay thanΦdd(t) in the
DMSO-rich mixture (Figure 6a). This indicates that addition
of DMSO into a sample of water has a much larger impact on
the dynamics of the system than adding water into a sample of
DMSO. This behavior is reflected in the molecular translational
and reorientational dynamics of these mixtures16 and is also
consistent with the static dielectric behavior discussed above.
The most noticeable effects of mixing upon the system’s
dynamics, however, occur at 35% DMSO (Figure 6c). It can
be seen thatΦww(t) andΦdd(t) present smaller decay rates than
in the other mixtures and that the interspecies cross-correlations
Φwd(t) represents now the most important and slowly relaxing
component of the dipolar relaxation. The predominance of
1DMSO:2water stable aggregates around this composition is
very likely associated with the dynamical behavior found here.
Further work, however, is needed to establish a definitive, more
quantitative connection between the formation of these ag-
gregates and the dynamics of the mixtures in the rotational-
diffusion regime.

Further insight on the way DMSO and water undergo dipolar
relaxation upon mixing and the attendant role of the cross-
correlations, including those between molecules of the same
species and of different species as well, can be gained by
comparing the normalized self-species contributionsΦdd(t)/Φdd-

TABLE 2: Fits to the Normalized Dipole Density Time-
Correlation Functions Φ(k ) 0,t) in the Postlibrational
Regime

biexponential fits stretched exponential fits

xD a1 τ1/ps a2 τ2/ps a0 τ0/ps â

0.13 0.03 1.8 0.95 48.0 0.98 54.0 0.84
0.35 0.03 1.3 0.95 191.0 0.98 940.0 0.54
0.50 0.04 6.0 0.92 88.8 0.99 518.3 0.49
0.66 0.12 3.3 0.85 55.1 1.00 58.6 0.61
0.81 0.20 3.2 0.76 35.8 0.97 19.8 0.84
1.00 0.38 3.0 0.63 24.1 0.99 11.3 0.79

TABLE 3: Main Dielectric Relaxation Time τD and
Longitudinal Relaxation Time τL for All Simulated Mixtures
and the Experimental Principal Dielectric Relaxation Time
(Ref 17)

xD 0.13 0.35 0.50 0.66 0.81 1.00
τD (ps) 46 180 82 47 28 16
τexp (ps) 30.4 56.8 52.1 41.0 32.6 21.1
τL (ps) 0.9 4.8 4.4 1.2 0.8 0.5

Figure 6. Normalized dipole density correlationsΦ(t) and the self-
species and interspecies contributionsΦRâ(t) vs time for selected
mixtures.
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(0) andΦww(t)/Φww(0) with the respective single-dipole time
correlation functionCR(t) ) 〈ûR(t)‚ûR(0)〉, with R ) d, w. The
results for the logarithm of these quantities for selected mixtures
are displayed in Figure 7, where the collective and single-
molecule time correlation functions are depicted by solid and
dashed lines, respectively. For clarity, the data for water have
been shifted down along they-axes by 0.2 units. The striking
feature of these data is that DMSO’s collective and single-
particle dipole correlation functions present very similar relax-
ation rates for all mixtures considered, while the decay rates of
Φww(t)/Φww(0) andCw(t) are very different. This means that
the dynamical cross-correlation between dipoles of the same
species in the mixture are not as important for the polarization
relaxation rates in the rotational-diffusion regime of DMSO as
they are for water. Such cross-correlation between water
molecules seems to be important even when water is present in
low concentrations (xD ∼ 80%, top panel). In broad terms, the
features observed here are qualitatively similar to those found
in methanol-water mixtures,21 with a very distinctive difference,
namely, that the cross-correlations of methanol are minor only
at the smallest methanol concentrations (∼20% methanol),
where most methanol molecules are surrounded by an aqueous
environment.

The conclusion that dynamical cross-correlations are not very
significant for DMSO can be quantitatively accessed by means
of the corresponding micro-macro correlation theorem,35

which relates the dielectric relaxation time and the single-dipole
reorientational timeτS through the dynamical cross-correlation
factor f. Values off ≈ 0 indicate that dynamical correlations
between dipoles on distinct molecules are negligible. UsingτD

) 16 ps, obtained from the present simulations for pure DMSO
(Table 2), andτS ) 8.4 ps, obtained from our earlier work,31a

we obtainf ≈ 0.25. Although not negligible, this value is roughly

5 times smaller than that found for water30 or methanol,30,41

two well-known associating liquids. Dynamical cross-correlation
factor similar to DMSO’s have been found for acetonitrile.42

The dynamical behavior described above is consistent with
the structural characteristics of the mixtures as given by the
dipole-dipole spatial correlation functionshdd

110(r) and hww
110(r)

of last section and also by site-site pair distribution func-
tions,4,14-16 which clearly show that water presents an increasing
tendency of agglomerating as DMSO is added into the system,
whereas the spatial distribution of DMSO goes relatively little
affected by the presence of water. Interestingly, the bottom panel
of Figure 7 indicates that when small amounts of DMSO is
placed in an aqueous environment, its collective dipole time
correlation relaxes with a slightly higher decay rate than the
single-dipole counterpartCd(t).

B. Longitudinal Correlations. The longitudinal dipolar
relaxation is an important quantity to be investigated from the
theoretical viewpoint because of its close relationship to the
solvation dynamics response of polar liquid environments.49 The
use of thek-dependent longitudinal solvent polarization fluctua-
tions instead of the experimental frequency-dependent dielectric
permittivity ε(ω) in modeling the solvents’ response to perturba-
tions in solute-solvent electrostatic interactions allows con-
struction of theories49 for the solvation response,S(t), which
go beyond the continuum dielectric treatment by approximately
including the dependence ofS(t) on the solvent’s proximity to
the solute and on its translational dynamics. Recently, Day and
Patey26 and Laria and Skaf,27 have made independent studies
of the ionic solvation dynamics in DMSO-water mixtures,
which provides then additional motivation to inspect the
behavior of the longitudinal dipole density relaxation.

The results forΦL(k,t) evaluated at the smallest wavevector
attainable in the simulations,k1 ) 2π/B, for all simulated
systems are displayed in Figure 8 (the curves are labeled
according to their mole fraction of DMSO). Figure 8 shows
that the librational oscillations are very prominent for mixtures
rich in water but that pure DMSO (solid line, bottom panel)
also exhibits librational motions with a much larger period of
oscillation. It can be noticed that the mixed solvents present
slower longitudinal relaxation than pure DMSO, the most
sluggish of the two cosolvents. This behavior was also seen
the k ) 0 dipole density time-correlation, but here the effects
are more pronounced due to the limited role of rotational-
diffusion relaxation channels in theΦL(k,t) functions. Similar
behavior occurs in methanol-water, but the variation of the

Figure 7. Logarithms of the normalized single-molecule (dashed lines)
and collective (solid lines)k ) 0 dipole time correlations for DMSO
and water for selected mixtures. The data for water on each panel have
been shifted vertically by-0.2 units for clarity.

τD )
ε(0) - 1

3y(1 + f)
τS

Figure 8. Normalized longitudinalΦL(k,t) functions vs time for each
simulated system evaluated at the corresponding smallest nonzero
wavevectork ) 2π/B.
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decay rate with composition follows distinct trends, which can
be traced back to the differences between the short-time, inertial
relaxation of methanol and DMSO and the very distinct way
these molecules interact with water.

The overall longitudinal relaxation time,τL, defined as the
time integral of theΦL(k,t) functions from zero to infinity, may
prove to be a useful estimate for the time scale of solvation
dynamics in these environments. The resultingτL values for
each simulated state are shown in Table 3. Their magnitudes
are much smaller thanτD, as established on fundamental
theoretical grounds,35,36 but here too one sees a nonmonotonic
behavior with a maximum around 35% DMSO. Despite the
similarities between theΦL(k,t) and the solvation responseS(t)
for the creation of an ion in these mixtures,27 the overall
relaxation times turned out very different. This behavior can
be rationalized in terms of the specificity of the ion-solvent
interactions, which are obviously absent here. The solvation of
a monatomic ion in these mixtures is characterized by a well-
defined first solvation shell of variable composition, which may
be more or less structurally tight depending on the sign of the
ionic charge and composition of the mixture,27 so that the time
scales for solvent particle exchange between outer and first
solvation shells which take place during the solvation dynamics26

may not be directly associated with the mixture’s bulk dynamical
behavior. We expect, however, a much closer correspondence
betweenτL and the overall solvation times in these mixtures if
the solute-solvent interactions are not very specific with either
of the constituents. This may likely be the case in time-
dependent fluorescence spectroscopy given that real chro-
mophores typically used in solvation dynamics experiments are
large, bulky molecules with low charge density on their atomic
sites.25,50

We close this section by discussing the intra- and interspecies
contributions to the total longitudinal dipolar relaxation (solid
lines), which are depicted in Figure 8 for some compositions.
The contributions from DMSO, water, and the water-DMSO
cross-correlations are shown by dotted, dashed, and dotted-
dashed lines, respectively. The cross-correlation data have been
multiplied by a factor of-1/2 in order to set all curves on similar
plotting ranges. In all four panels, it can be noticed that the
cross-correlationsΦL

wd(k,t) are negative and free of initial
inertial decay and librational oscillations.51 The fast relaxation
of ΦL(k,t) results in part by the partial cancelation of the self-
and cross-correlations between the molecular species, which is
significantly more effective in mixed solvents than in pure
liquids, as discussed elsewhere.21 By comparing thet ) 0 and
t ) 0.8 ps values ofΦL

ww(k,t) and ΦL
dd(k,t), one notices that

ΦL
ww(k,t) relaxes at slower rates than the DMSO-DMSO part

ΦL
dd(k,t), except for the most diluted mixture in DMSO (panel

d), where the reverse is true. The data also reveal that the
interspecies cross-correlationΦL

wd(k,t) is the slowest relaxing
component. At 35% DMSO, bothΦL

ww(k,t) andΦL
dd(k,t) have

similar initial values and relax nearly at the same rate.

V. Frequency Spectra and Absorption Coefficient

In this section, we investigate the experimentally accessible
far-infrared (FIR) absorption spectra,28,35,52which portray the
system’s high-frequency molecular motions. The frequency-
dependent quantities of interest here are obtained from the
numerical Fourier cosine transforms of the single-dipole and
dipole density time correlation functions, where biexponential
fits of the form given in eq 13 have been used for the long-
time portions of the time-correlation functions in order to aid
the numerical transforms.

Results for the frequency spectra of DMSO and water single-
dipole time-correlation functions for selected mixtures and the
pure liquids are shown in Figure 10 in the formω2CR(ω) vs
the wavenumber,ν̃ ) ω/(2πc). The top and bottom panels show
results for DMSO and water molecules, respectively, where the
lines are labeled according toxD. The thick lines are for the
pure liquids. For clarity, the spectra in the lower panel (water’s
single dipole) have been multiplied by the corresponding mole
fraction of water, 1- xD. It is apparent from the upper panel
of Figure 10 that the librational band of the individual DMSO
dipoles, peaked around 65 cm-1, remains largely unaffected by
the presence of water even in the mixtures with lowest fractions

Figure 9. Normalized longitudinalΦL(k,t) function (solid line)
evaluated atk ) 2π/B and the self-species and interspecies contributions
ΦL

dd(k,t) (dotted line),ΦL
ww(k,t) (dashed line), andΦL

dw(k,t) (dashed-
dotted line) vs time for selected mixtures. The cross-correlation
ΦL

dw(k,t) has been multiplied by a factor of-1/2 for clarity.

Figure 10. Frequency spectra for the single-dipole time-correlation
functions for DMSO (top panel) and water (bottom panel) in the pure
liquids (thick lines) and selected mixtures. The curves are labeled
according toxD. The spectra for water molecules are multiplied by
water’s mole fraction 1- xD for clarity sakes.
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of DMSO. This behavior is in contrast with the rotational-
diffusion dynamics of DMSO molecules, which is strongly
dependent on the mixture’s composition. TheCw(ω) data (lower
panel), on the other hand, show the intriguing impact DMSO
has on the librational motion of water molecules in the mixtures.
It can be seen that the librational band of water, characterized
by a broad peak centered around 700 cm-1 in the pure liquid,
is gradually separated into two submaxima as the mole fraction
of DMSO increases. At 81% DMSO, the submaxima are well-
resolved and centered at 630 and 750 cm-1. We have shown
recently that at this composition, most water molecules are found
as aggregates of composition 2DMSO:1H2O,16 and we have
attributed this deconvolution of the spectrum to the presence
of such complexes. As we shall see shortly, the origin of these
two submaxima can be rationalized in terms of the relaxation
modes of the angular velocities of water along the principal
axes of motion. In passing, we would like to point out that, for
all systems considered, the second submaximum (∼750 cm-1)
reaches the rightmost position (highest frequency) whenxD )
0.35, but this effect is more clearly seen in the far-IR spectra,
which we discuss next.

In the single-particle spectra of Figure 10, the self-species
and intraspecies cross-correlations are left out. To provide a
closer connection with experimental far-IR spectroscopy, we
have calculated the absorption coefficientR(ω) through eq 11
and the collective dipole time correlation atk ) 0. The far-IR
spectra are conveniently shown here asF(ω) ) R(ω) n(ω)/[ε-
(0) - 1] vs wavenumberν̃ (Figure 11). The data for pure water
(dotted line) have been divided by a factor of 3 in order to set
all curves on similar plotting ranges. The spectra for pure
DMSO, and for mixtures withxD ) 0.35 and 0.81 are depicted
by dashed, dashed-dotted, and solid lines, respectively. Results
for R(ω) in units of Np‚cm-1 are readily recovered by
multiplying the data shown by the corresponding values ofε-
(0) - 1, sincen(ω) ≈ 1 in the frequency range of interest.
Centered around 50 cm-1, one notices the main librational
relaxation of DMSO reflected in both the mixtures and the pure
liquid.53 Like in the single-particle spectra (Figure 10, upper
panel), the band associated with the librational motions of
DMSO are little affected by the surrounding water molecules.
The far-IR spectrum of pure SPC/E water (dotted line) presents
its characteristic, broad librational band peaked at∼680 cm-1.
At 35% DMSO, the band peaks at 800 cm-1 and a small
shoulder starts to develop around 600 cm-1. For the other
mixtures (data not shown, except forxD ) 0.81), the band
maxima are always located at frequencies smaller than 800
cm-1. The fact that the characteristic librational peak due to
water molecules has changed from 680 to about 800 cm-1 in
going from pure water to a mixture with 35% DMSO is an

indication that the fast molecular reorientational motions of
water molecules are significantly more hindered in this mixture
than in the other microenvironments considered here. In the far-
IR and single-particle spectra, this effect can be linked to the
existence of strong H-bonded molecular aggregates of composi-
tion 1DMSO:2water, given that in this frequency range the
dielectric loss spectrum is mainly governed by short-ranged
structural correlations, as demonstrated by Madden and Kivel-
son.35 It has been shown by MD simulations4,15,16and neutron
scattering experiments15 that these aggregates do not disrupt the
tetrahedral order of water but make it stiffer because the
DMSO-water H-bond is somewhat stronger than the water-
water bonds.

For the DMSO-rich mixture (xD ) 0.81), the librational band
of water presents the distinctive, double-humped shape, where
the two submaxima around 630 and 750 cm-1 are still clearly
identified, despite the changes in the band shape compared to
the single-particle spectrum. The present results thus suggest
that measurements of the far-IR absorption coefficient could
be used to probe the existence of 2DMSO:1H2O molecular
aggregates we have discussed above. Since there is no ubiquitous
experimental evidence for this type of association, it would be
interesting to perform far-IR spectroscopy on these mixtures to
see whether our theoretical predictions correspond to reality or
not.

Finally, we would like to discuss in more detail how DMSO
affects the short-time reorientational dynamics of water and
investigate which molecular motions give rise to the splitting
of water’s librational band in DMSO-rich mixtures. For this
purpose, we have calculated the frequency spectraΓj(ω) for the
normalized angular velocity time-correlation functions of water
molecules along the principal axes of inertia (j ) x, y, z). The
results are shown in Figure 12 for pure water (thick lines) and
the 81% DMSO mixture. Depicted are the spectra for the
normalized total angular velocity (solid lines) and the separate
components along thex, y, andz principal axes, according to
the drawing on top of Figure 12 (thez axis is normal to the

Figure 11. Simulated far-IR spectra for the pure liquids and two
selected mixtures. Pure DMSO: dashed line;xD ) 0.81: solid line;xD

) 0.35: dashed-dotted line. Pure water: dotted line. The latter has
been divided by a factor of 3 for clarity.

Figure 12. Frequency spectra of the normalized time-correlation
functions for the components of the water molecules’ angular velocity
along the principal axes of inertia in pure water (thick lines) and atxD

) 0.81. The curves are labeled according to the set of molecular axes
shown. Solid lines depict the spectra for the normalized total angular
velocity. The drawing is a schematic of the 2DMSO:1water H-bonded
aggregate.

Dielectric Properties of H2O-DMSO Mixtures J. Phys. Chem. A, Vol. 103, No. 50, 199910727



molecular plane; DMSO’s methyl groups are not shown). As
is well-known, the broad band in the total spectrum for pure
water emerges as the overlap of the spectra about the three axes,
of which only Γx(ω) and Γz(ω) would be manifested in the
spectrum of dipole reorientational motions for obvious reasons.
Notice too that the position of the peaks follows the inverse
order of the respective moments of inertia (Ixx < Iyy < Izz). For
the DMSO-rich mixture, the total spectrum of water’s angular
velocity is clearly deconvoluted into two submaxima in the same
fashion we already discussed. It can be seen that this stems from
the sharpening of the threeΓj(ω) spectra that takes place when
water is mostly surrounded by DMSO. This effect can be
understood in the light that the distribution of H-bonds for water
molecules in this mixture is sharply peaked, with roughly 80%
of the water molecules being doubly H-bonded to two DMSO
(see schematic in Figure 12), whereas in pure water the H-bond
distribution is much broader.16

Further inspection of Figure 12 reveals that the peak positions
of Γy(ω) and Γz(ω) in going from pure water to the DMSO-
rich mixture are little affected, while the peak ofΓx(ω) shifts
from about 850 to 750 cm-1, indicating that in thexD ) 0.81
mixture the rapid rotations of the water molecule about thex
axis are less hindered than in pure water. Once more, this
behavior can be rationalized in terms of the molecular aggregate
portrayed in Figure 12. The donor character of the depicted
water molecule is very similar to that in pure water, where the
DMSO oxygen atoms would be replaced by water’s. The
acceptor character, however, is very distinct from that it would
have if plenty of water molecules were available in the system.
With practically no H-bonding on its oxygen atom, this water
molecule experiences very weak restoring forces off the plane
of the sheet, which in turn render rotations about thex axis
easier to perform.

VI. Summary and Concluding Remarks

In this paper we have presented and discussed the results of
extensive MD simulations aimed at investigating the static and
dynamic dielectric behavior of DMSO-water mixtures over the
whole composition range. Analyses were performed in terms
of the separate contributions from each molecular species, and
the role of the cross-correlations, which are usually less
accessible experimentally, have been investigated. Special
attention has been devoted to unravel the effects of the distinct
types of molecular H-bonded aggregates on the static and
dynamic dielectric behavior of these mixtures. Our main
conclusions are summarized as follows.

A. Static Properties.We find good agreement between the
simulated and the available experimental dielectric constant for
all compositions. Despite the facts that the intermolecular
potentials used here are not fully polarizable and that no
adjustment of the parameters has been made, the simulated
values forε(0) are only about 10% too low in comparison with
the experimental ones. Unlike methanol-water mixtures, the
observed decrease inε(0) with xD is due to changes in the
dipole-dipole correlations, not because of differences in the
dipolar strength of the mixture, as revealed by the decrease in
the Kirkwoodg factorgK with increasing DMSO concentration.
Analysis of the approximated self-species and interspecies
contributions togK shows that mixing reduces thegK

ww andgK
dd

terms below the values one would expect if the mixing were
random, while at the same time it enhances the interspecies
cross-correlationsgK

wd to a maximum around 35% DMSO.
Analysis of the projectionshRâ

110(r) in real-space indicates that
this enhancement ingK

wd is consistent with the formation of

1DMSO:2water aggregates. For DMSO-rich mixtures (xD )
0.81), we find thatgK < gK

DMSO, indicating that a small addition
of water into DMSO enhances antiparallel alignment of DMSO
dipoles. This behavior is, in turn, consistent with the formation
of H-bonded aggregates of the type 2DMSO:1water, and also
with experimental observations.

B. Main Dielectric Relaxation. The mixture’s overall
dielectric relaxation timeτD is in good agreement with the
experimental principal dielectric relaxation time, except for
compositions between 35 and 50% DMSO, where the simula-
tions predict significantly higher relaxation times. Despite that,
τD passes through a maximum aroundxD ) 0.35. In passing,
the dielectric relaxation time for the P2 potential of liquid
DMSO (Table 2), obtained here for the first time, is a little
smaller than the experimental value. This behavior is consistent
with the fact that P2 overestimates the diffusion coefficient of
DMSO.31a Analyses of the self-species and interspecies time
correlations show that the water-water and water-DMSO
correlations are the slowest relaxing components and that
addition of DMSO into water has a much larger impact on the
system’s dipolar relaxation than adding water into DMSO. This
behavior is consistent with the single-molecule translational and
reorientational motions studied previously. Comparison between
the normalized collective self-species contributions,Φww(t)/Φww-
(0) andΦdd(t)/Φdd(0), and the corresponding single-particle time
correlations,Cw(t) and Cd(t), shows that dynamical cross-
correlations between DMSO molecules in the rotational-
diffusion regime are not nearly as important as they are for water
for all mixtures considered. This is consistent with the structural
properties studied previously and the dipolar symmetry projec-
tions hRâ

110(r) discussed here, which reveal that mixing favors
“clustering” of water molecules, whereas DMSO preserves the
somewhat loose structure it has in the neat state.

C. Longitudinal Relaxation. The behavior the longitudinal
dipolar relaxation reveals important differences in the short-
time inertial and librational dynamics of the two cosolvents and
the nontrivial effect that mixing brings about. The overall
longitudinal relaxation time also goes through a maximum
around 35% DMSO and the reported values may be useful
estimates for the solvation dynamics response times of these
mixtures. The separate calculation of the self-species and
interspecies contributions indicates that interspecies cross-
correlations comprise an important slow component to the
longitudinal relaxation of these mixtures.

D. Librational Motions and Frequency Spectra. The fast
librational motions of DMSO and water are quite different from
each other in the pure liquids and are also very distinctively
affected by mixing. The spectrum for DMSO’s single-dipole
time correlation presents a maximum around 65 cm-1 and
remains practically unaltered upon mixing, presenting a mild
shift toward higher frequencies as water is added. This implies
that the environmental changes and the concomitant formation
of molecular associations with water molecules actually have
little impact on the short-time reorientational dynamics of
DMSO molecules in these mixtures. The librational dynamics
water, on the other hand, is profoundly affected by the presence
of DMSO in ways that differ according to the composition. At
xD ) 0.35, the single-dipole spectrum of water has apparently
a single librational band that peaks with the highest frequency,
an indication of the stiffness brought about by the existence of
1DMSO:2water aggregates. For DMSO-rich mixtures, the
librational band subdivides into two submaxima centered around
630 and 750 cm-1, which are shown to be due to aggregates of
the type 2DMSO:1water. An analysis of the frequency spectra
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for the components of the angular velocity of water molecules
at xD ) 0 and 0.81 reveals how this splitting emerges from the
2:1 complexes. The experimentally accessible, far-IR absorption
coefficients have also been calculated from the frequency spectra
of the collective dipole time correlations for the pure liquids
and the 35 and 81% DMSO mixtures. The band due to DMSO
(peaked at∼50 cm-1) does not change its position, whereas
the band due to water develops the double-humped appearance
asxD increases, indicating that far-IR spectroscopy or another
suitable experimental technique sensitive to water’s librational
motions could be used to detect the existence of the 2DMSO:
1water aggregates suggested by the simulations.
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