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We have studied the temperature dependence of the hydrophobic and hydrophilic hydration properties of
dimethyl sulfoxide (DMSO) in water by performing a series of molecular dynamics simulations of such aqueous
solutions at a concentration of 0.055 mole fraction at 298, 318 and 338 K. Our results corroborate the existence
of an enhancement in the structure of water. There is a well-defined hydration structure around the oxygen
atom of DMSO, which establishes strong linear hydrogen-bonds with water molecules. Such interactions
increase the lifetime of water-water hydrogen bonds in the vicinity of the OS group. Hydrophobic hydration
around the Me groups of DMSO is observed, shown by the formation of an ordered hydration shell around
these groups, with strong water-water hydrogen bonds that have longer lifetimes than in the bulk of the
solution. We could find no evidence for a temperature-dependent hydrophobic interaction between these
groups. All these combined effects reveal that the hydrophilic hydration of DMSO dominates over any

hydrophobic effects as the temperature is increased.

1. Introduction

Aqueous solutions of dimethyl sulfoxide (DMSO, or
(CH;3),S=0) are of special interest because of their unique phy-
sico-chemical and biological properties.* These solutions are
of particular importance due to their extensive use as a mixed
solvent in various chemical technology applications. DMSO is
miscible with water in all proportions, and the excess thermo-
dynamic properties of aqueous solutions of DMSO exhibit
strong deviations from ideality.> Extreme deviations from
additivity are observed in the density,** viscosity,> adiabatic
and isothermal compressibility,” relative dielectric permitti-
vity,®? surface tension,”!® heats of mixing>!'™** and others.
As an example, a solution of one mole of DMSO in three
moles of water has a very low freezing point (—70°C), com-
pared to 18.6°C for DMSO and 0°C for water in their neat
liquids.' Tt has been observed that the maximum deviations
occur at concentrations of 0.3 to 0.4 mole fraction of
DMSO. 51215 Ajthough these observations are well known
from various experimental studies, an unquestioned picture
concerning the underlying molecular mechanisms remains still
quite challenging.

Aqueous DMSO has several interesting biological proper-
ties. It can induce cell fusion'® and increase cell permeability,!”
and it can act as cryoprotectant for membranes and pro-
teins.'®!® The pharmacological profile of DMSO includes
anti-inflammatory, analgesic, anti-viral, anti-bacterial and
radioprotectant properties."??%*! Although these properties
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have been extensively documented, the molecular mechanism
by which they arise is again still poorly understood.

DMSO and its aqueous solutions have received considerable
attention from a wide range of experimental techniques, such
as X-ray and neutron diffraction studies,?*** as well as opti-
cal,’>?*2 acoustic,”3%32 NMR* and dielectric*®* spec-
troscopies. These studies have suggested that DMSO behaves
as a strong structure maker by rigidifying the water structure,
possibly through the hydrophobic hydration of the methyl
groups of DMSO. However, these observations have required
a considerable degree of interpretation of the data to provide
structural information.

Computer simulation techniques are well suited for studying
the detailed thermodynamics, structure and dynamics of
liquids and solutions. Rao and Singh** calculated the relative
differences in the free energy of hydration between methanol
and DMSO in water. Vaisman and Berkowitz*® performed
MD simulations of dilute solutions of DMSO in water at
concentrations of 0.005, 0.04 and 0.2 mole fraction. Their
simulations revealed a sharpening in the water—water pair
correlation functions at higher DMSO concentrations without
loss of hydrogen-bonding energies, as well as the existence of
1(DMSO):2(H,0) hydrogen-bonded aggregates at all three
concentrations. Their analysis of the DMSO structure sug-
gested the existence of a hydrophobic association of DMSO
molecules.

Luzar and Chandler*® performed MD simulations at con-
centrations of 0.21 and 0.35 mole fraction. Their simulations
revealed that the local tetrahedral structure of water was
preserved at all concentrations. The first molecular coordina-
tion shells become more structured with increasing DMSO
concentration, with a simultaneous decrease in the average
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number of water-water hydrogen bonds, in agreement with
their own neutron diffraction data.*’*® They also found the
existence of 1(DMSO0):2(H,0) hydrogen-bonded aggregates
of a nearly tetrahedral geometry. Their analysis of hydrogen-
bond lifetimes showed that DMSO-water are longer lived than
water—water hydrogen bonds, which in turn are longer lived
than those in pure water. These authors have also reported*®+’
that they found no evidence of hydrophobic interactions
between the methyl groups of DMSO, although water pos-
sessed the typical orientational correlations of the cage-like
structure found in the hydrophobic hydration around non-
polar groups. They also concluded that the strong DMSO-
water correlations observed in these mixtures are due to the
stronger hydrogen bonds between DMSO and water.

Borin and Skaf*® have recently performed a series of MD
simulations across the entire DMSO composition range in
SPC/E water, revealing the existence of two well-defined kinds
of hydrogen-bonded aggregates. One of them, the 1(DMSO):
2(H,0) previously identified, has a nearly tetrahedral arrange-
ment between the two hydrogen bonds, and predominates in
water-rich mixtures (DMSO mole fraction < 50%). The other
one, a 2(DMSO):1(H,0) aggregate, features a central water
molecule making hydrogen bonds to two DMSO molecules
and predominates in DMSO-rich mixtures. They also observed
an association of a pair of DMSO molecules through their
oxygen atoms by the formation of the 2(DMSO):1(H,0O)
aggregates.

An NPT simulation of a 1(DMSO):3(H,0) mixture at ambi-
ent conditions®! confirmed the existence of 1(DMSO):2(H,0)
aggregates but not of 1(DMSO):3(H,0) aggregates. Another
typical configuration was found, consisting of two DMSO
and three water molecules, in which the water molecule was
bridged by two DMSO molecules.

Chalaris and Samios®* have more recently carried out MD
simulations of the liquid mixture DMSO-water using different
effective potential models for pure liquid water and DMSO.
Their treatment has been devoted to the estimation of the
ability of these models in predicting certain properties of the
mixture at various DMSO concentrations and at ambient con-
ditions. They found that the SPC/P2, TIPS2/P2 and TIP4P/
P2 combined models yield the most reasonable descriptions
of this mixture.

Recent Car—Parrinelo simulations of a DMSO-water solu-
tion at a concentration of 0.25 mole fraction® revealed the
existence of transient 1(DMSO):3(H,O) aggregates within a
complex hydrogen-bonding network. These simulations also
showed that hydrogen atoms of water molecules very close
to the methyl groups of DMSO tend to orient hydrophilically
(away from the hydrogen atoms of the methyl groups),
although the general orientation of water molecules in the
vicinity of the methyl groups was hydrophobic. It remains
unclear whether all the above observations could be the conse-
quence of the small size of the system simulated (of particular
importance for an aqueous system) and/or of the limited
hydrogen-bonding analysis performed.

In this work we have carried out for the first time a tempera-
ture-dependence study of dilute DMSO aqueous solutions. We
report here our analysis of the thermodynamic, structural and
hydrogen-bonding properties of aqueous solutions of DMSO
at a concentration of 0.055 mole fraction for three tempera-
tures: 298, 318 and 338 K. Our purpose has been to character-
ise the balance between hydrophilic and hydrophobic effects,
namely the balance between the strong hydrogen-bonding
interactions between DMSO and water on the one hand, and
the hydrophobic structure around the methyl groups of
DMSO on the other hand. Since the former would be expected
to weaken as temperature increases while the latter (if at
all present to a significant degree) could possibly drive
hydrophobic aggregation, an analysis of the overall hydration
structure is presented and discussed.
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2. Simulation potentials and method

A series of molecular dynamics (MD) simulations were per-
formed in the canonical ensemble (NVT) using the program
Moldy.>* We used a new version, which implements symplectic
integration algorithms for the rigid-body molecule equations
of motion®-® and the Nosé—Poincaré thermostat.’” This gives
much greater stability than the previous version, which used
the textbook prescription of applying an integrator separately
to each quaternion component and performing normalization,
every step.>* Consequently, in aqueous simulations, a time step
as large as 2.5 fs still gives excellent Hamiltonian conservation
and superior long-term stability compared to the largest stable
time step of 0.5 fs for the previous integrator.>*

Cubic periodic boundary conditions were applied through-
out, while a cut-off radius of 10.0 A was applied to short-range
interactions, with standard long-range corrections for particles
at larger separations. The Ewald sum method was applied to
compute long-range electrostatic interactions.>®

The intermolecular potentials used in all simulations were
the four-site TIP4P model of water™® and the rigid, united-
atom P2 model of DMSO.**52 The parameters used for
these potentials can be found in Table 1. Cross-interaction
parameters were calculated from the Lorentz—Berthelot mixing
rules. This approach for treating water—-DMSO interactions
has been widely used on a number of water-DMSO simula-
tions, yielding good results.*34¢4%3° Although no optimisation
of the parameters has been carried out for the mixture, this is
a standard first approximation that has been observed to be
reasonably accurate for simulating aqueous systems,® inclu-
ding DMSO.>? Recently a flexible, all-atom potential for
DMSO was reported, with similar quality for reproducing
the structure of DMSO-water solutions.®!

The simulations were performed at constant experimental
densities. The simulation boxes contained 28 DMSO molecules
and 472 water molecules, giving rise to a concentration of
0.055 mole fraction. The initial configurations for each of the
simulations were obtained from NVT Monte Carlo simula-
tions using the program POLYMC,®* after 3 million trial
moves at the required temperature. The required temperatures
in the subsequent MD simulations were obtained by using the
Nosé—Poincaré thermostat,”’ with a temperature mass para-
meter of 100 kJ mol 'ps—2. A time step of 2.5 fs was used in
all the simulations. A period of 10000 steps (25 ps) was
allowed for equilibration. After this equilibration period, an
additional period of 400 000 steps (1.0 ns) in all simulations was
allowed for the collection of data. The trajectories generated
were stored every 25 fs.

Table 1 Parameters’ of the P2 potential of DMSO” and TIP4P
potential of water®
¢/kJ mol™* o/A q

O 0.29922 2.8 —0.459
S 0.99741 34 0.139
Me 1.230 3.8 0.160
oW 0.6487 3.154 0.0
H 0.0 0.0 0.52
M 0.0 0.0 —1.04

“ Cross-interaction parameters can be obtained using the Lorentz—
Berthelot combination rules: oap = (04 +0p) and exp = (¢4 * ep)?
® The geometry of DMSO was defined with an S-O bond length of
1.53 A, an S-C bond length of 1.8 A, an O-S-C bond angle of
106.75° and a C-S-C bond angle 97.4°.*¢ ¢ The geometry of water
was defined with an OW-H bond length of 0.9572 A and an
H-OW-H bond angle of 104.52°.5° The fictitious site (M) is located
at a distance of 0.15 A from the OW atom down the bisector of
the molecule.>®
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3. Results and discussion

In this paper we analyse the hydration structure of a DMSO
aqueous solution at a concentration of 0.055 mole fraction at
298, 318 and 338 K, in an attempt to explore systematically
the effect of temperature on the structure of such dilute
solutions of DMSO in water. We first describe the average
structure of the solutions as revealed by their pair corre-
lation functions. We then analyse the structure of water in
different regions of the solution, followed by a description of
the hydrogen-bonded network of water and its dynamics.

3.1. Bulk thermodynamic properties

A summary of the bulk thermodynamic properties of the simu-
lations can be seen in Table 2. As described earlier, experimen-
tal densities were used throughout. The simulated solution at
298 K has a very small pressure, indicating that the simulated
and experimental densities match closely. The potential energy
of the system is in good agreement with available experimental
data at 298 K.52 As the temperature is increased, the simulated
densities are likely to be slightly lower than the experimental
ones, as revealed by the increased pressure of the system. This
is probably a reflection of the fact that both the water and
DMSO potentials used have been parametrized at 298 K,
and so small deviations from the experimental pressures can
be expected at higher temperatures. The potential energy of
the system increases as the temperature decreases, as expected.

3.2. Solution structure

Radial distribution functions (RDF) or pair correlation func-
tions g(r) were calculated from the data collected over 1.0 ns
after full equilibration. Fig. la shows the pair correlations
for all intermolecular water sites in the solution: OW-OW,
OW-HW and HW-HW. For simplicity we have not labelled
individually each of the three temperatures simulated. How-
ever, it can be seen that the plot shows that as temperature
is increased and thermal energy increases, water in the solu-
tions becomes less structured, as revealed by the broadening
of the first peaks. Furthermore, the heights of the peaks con-
firm the enhancement of water structure with respect to bulk
water,®® as reported earlier.*>***% Fig_ 1b shows the pair
correlations between the oxygen in the sulfonyl group of
DMSO and the water sites: OS-OW and OS-HW. As before,
the increase in temperature produces a gradual broadening of
the peaks of the radial distribution functions. Importantly, all
pair correlations show that water molecules establish a linear
hydrogen bond to the OS atom in DMSO, as the first peak
in the OS-HW g(r) is observed at a distance of 1.55 A, while
the first peak in the OS-OW g(r) is observed at a distance of
2.55 A. At this concentration of DMSO, it is to be expected
that the structure of the solutions corresponds to the existence
of predominant 1(DMSO):2(H,0) aggregates.

Fig. 1c shows the pair correlations between the methyl
groups of DMSO and the water sites: Me-OW and Me-H.
Once again, the increase in temperature produces a broadening

Table 2 Summary of the simulations for DMSO (x = 0.055) in
water?

T/K p/gem U/kJ mol ™! P/MPa
298.1 (5.9) 1.0238 —40.86 (0.25) —2.02 (45.3)
318.1 (6.3) 1.0146 ~39.62 (0.26) 11.5 (45.7)
338.0 (9.9) 1.0032 —38.41 (0.26) 21.4 (46.0)
“ T = temperature, p = density, U = average potential energy,

P = average pressure. All values in brackets are standard deviations.
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of the peaks of the radial distribution functions. The similar
positions of the first peaks reveal a nearly tangential arrange-
ment of water molecules around the methyl groups, as has
been reported earlier for the methyl groups of ethane in
water.5* Such a geometric arrangement of water around non-
polar groups is characteristic of hydrophobic hydration, allow-
ing for hydrogen bonds to be maintained albeit at an entropic
cost. Fig. 1d shows the pair correlation between the methyl
groups of DMSO, i.e., the average tendency for aggregation
of these non-polar groups in aqueous solutions. The peaks
reveal a lack of any clear temperature trend, the main finger-
print of hydrophobic interactions,®**" as the tendency for
aggregation seems to decrease from 298 to 318 K before
increasing significantly at 338 K. Similar simulation times
but significantly smaller solute concentrations have been
shown to be adequate enough to reveal the hydrophobic ten-
dencies of small solutes in aqueous solution.®*%” Two inter-
related factors make it difficult to judge whether hydrophobic
effects should be expected in these solutions: the ratio of
DMSO to water is nearly 1:17 and there is very strong hydro-
gen bonding between water and the OS of DMSO. The well-
defined strong aggregates mentioned earlier are thus likely to
be the predominant interaction present in the solutions, and
so truly temperature-dependent weak hydrophobic inter-
actions might not be apparent except at very dilute DMSO
concentrations. We can conclude that, along with the strong
water—water interactions (responsible for the hydrophobic
hydration of the non-polar Me groups of DMSO), the strong
hydrophilic DMSO-water interactions dominate the beha-
viour of these solutions within the normal temperature range
studied here.

3.3. Water structure

Since water molecules can establish an effective hydrogen-
bonded network around the DMSO molecule, we decided
to look at the orientational correlations between water mole-
cules in the hydration shell of the Me and S (““hydrophobic™
water) and OS (“hydrophilic” water) groups of DMSO. For
this purpose, all water molecules within a 3.2 A cut-off
distance from the OS atom were classified as “hydrophilic
water”, while all water molecules within a 5.5 A cut-off dis-
tance from the Me group or within a 4.2 A cut-off distance
from the S atom were classified as ‘““hydrophobic water”.
These cut-off distances coincide with the positions of the first
minimum in the OS-OW, Me-OW and S-OW pair correla-
tion functions, respectively. A water molecule within the
cut-offs of OS and either S or Me was classified as ““hydrophi-
lic”” only, ensuring that ““hydrophobic” water molecules were
in the vicinity only of the non-polar groups of DMSO. The
vector joining either the methyl or OS group of DMSO to
the water oxygen (OW) subtends an angle o« with the water
dipole moment vector and an angle f with a vector perpendi-
cular to the H-O-H molecular plane. Fig. 2 illustrates the
definition of these angles.

Fig. 3a shows the normalised (after division by the sine of
the angle) distributions of the o and f§ angles for both hydro-
philic and hydrophobic water, at 298 K. For hydrophobic
water, the peaks near 70° for the « angle and the preferred
nearly parallel/antiparallel orientations of the f§ angle corres-
pond to a nearly tangential orientation of water molecules in
the first hydration shell, as already mentioned in our analysis
of the Me-water pair correlations. This arrangement in the
vicinity of a non-polar group allows water molecules to
straddle the surface of the group and maintain nearly tetra-
hedral hydrogen-bond coordination.®*%%% There are no signi-
ficant changes in these orientational distributions upon
increasing the temperature, as can be see in Fig. 3b.

In the case of the hydrophilic water molecules, Fig. 3a shows
that the «- and f-angle distributions are flat in relation to the
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Fig. 1
(c) Me-water pair correlations, and (d) Me-Me pair correlations.

distributions for hydrophobic water molecules. However, a
rescaling of these distributions, as shown in Fig. 3¢ for all tem-
peratures, reveals a clear solvation pattern around the sulfonyl
group consistent with hydrogen bonding between this group
and the neighbouring water molecules. In particular, the distri-
bution is consistent with the oxygen of the sulfonyl group
accepting nearly linear hydrogen bonds from neighbouring
water molecules, as expected.*” All temperatures are plotted
together, and although there seems to be a level of broadening
of the distributions as the temperature increases, the noise level
is too high. This reveals that the hydrogen-bonded DMSO-
water aggregates are strongly held together and that the

3

Fig. 2 Definition of the water orientational o and f angles. A vector
(labelled r) joining a DMSO group (such as Me or OS) with the OW of
water subtends an o angle with the water dipole moment vector
(labelled @). The same r vector subtends a f angle with a vector
(labelled ) perpendicular to g, which lies in the H-O-H plane.
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orientational preferences involved are not
disturbed by the rise of temperature.

significantly

3.4. Hydrogen-bonding structure

We carried out an analysis of the structural properties of the
aqueous hydrogen-bonded network in the vicinity of the
hydrophobic (Me and S) and hydrophilic (OS) groups of
DMSO, as defined by the position of the first minimum in
the previously calculated pair correlation functions. Bulk
water was defined as all those water molecules not in the vici-
nity of these groups. As in earlier studies,®**®% water mole-
cules were considered for possible hydrogen bonding if their
oxygens were <3.5 A apart. The hydrogen bond between
two such water molecules is then chosen on a geometric criter-
ion®® as the one having the minimum OW-HW distance
(hydrogen-bond length) among the four possible combinations
of intermolecular OW-HW distances. A hydrogen-bond angle
is then the angle formed between the OW-HW bond vector
of one water molecule and the intermolecular OW-HW hydro-
gen-bond vector with another water molecule. A hydrogen
bond is defined to exist if it has a maximum length (H-O) of
25 A and a hydrogen-bond angle between 130° and 180°.%3
Within this definition, ““strong” hydrogen bonds are shorter
in length and closer to a linear geometry (an angle of 180°).
All hydrogen bonds made between water molecules belonging
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Fig. 3 - and f-angle distributions: (a) hydrophilic and hydrophobic
water molecules at 298 K, (b) hydrophobic water molecules at all tem-
peratures, and (c) hydrophilic water molecules at all temperatures.

to a different category (bulk, hydrophilic or hydrophobic) are
taken into account twice: once for each water category.

We have found that as the temperature increases, for all
bulk, hydrophilic and hydrophobic water molecules, the aver-
age hydrogen-bond length decreases slightly, as can be seen in
Figs. 4a to 4c. The most likely length of about 1.8 A remains
the same at all temperatures, as observed before in aqueous
solutions of hydrocarbons.®*’® When comparing the different
kinds of water molecules, hydrophobic water molecules show
the sharpest distributions, followed by hydrophilic water and
then closely by bulk water. This reveals that there is a slight
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enhancement of structure (more short hydrogen bonds). The
same behaviour is observed at all temperatures.

We have also observed that, as the temperature increases,
for all bulk, hydrophilic and hydrophobic water molecules,
the average hydrogen-bond angle decreases, as can be seen in
Figs. 5a to 5c. The most likely hydrogen-bond angle goes from
165° at 298 K to 162/163° at 338 K, which again resembles the
behaviour seen in aqueous solutions of hydrocarbons.®*7°
When comparing the different kinds of water molecules, there
is an enhancement (more linear hydrogen bonds) going from
bulk to hydrophilic to hydrophobic water. The same behaviour
is observed at all temperatures.
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The behaviour of the hydrogen-bond lengths and angles in
the various regions of the solution reveals that the polar OS
group of DMSO is a strong hydrogen-bonding group that pro-
motes an enhancement in the water structure. This is revealed
by the presence of shorter and more linear hydrogen bonds
between water molecules in the vicinity of this group. A further
enhancement is seen around the non-polar Me and S groups of
DMSO, where hydrogen bonds between water molecules are
seen to be even shorter and more linear than in the bulk of
the solution, in resemblance to the behaviour that has been
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observed in the hydration shell of purely non-polar substances
in aqueous solution.”® Consequently, both the hydrophilic and
hydrophobic groups of DMSO are seen to enhance the struc-
ture of water. It is possible that a further enhancement of
the hydration structure around the polar OS group of DMSO
could be observed if a polarisable potential of water were used.
However, the pairwise TIP4P and P2 potentials of water
and DMSO used in this work seem to capture the main struc-
turing features that exist around such a polar group in aqueous
solution.

The hydrophobic hydration of the Me and S groups of
DMSO seems to be even further stabilised by the strong hydro-
philic hydration of the OS group. This is suggested by the
above water structure analysis, which reveals that the orienta-
tional preferences of water molecules around the Me and S
groups (as well as the OS group) are rather temperature-
independent. However, in this case, an enhanced hydrophobic
hydration shell around the Me groups of DMSO does not
seem to lead to an enhanced hydrophobic interaction bet-
ween these groups, as shown earlier. This is likely to be due
to the strength of the hydrophilic DMSO-water interactions
around the polar OS group of DMSO, which give rise
to 1(DMSO):2(H,0) aggregates that dominate the overall
interaction between DMSO molecules.

In earlier studies of non-polar substances in water,”®”’* an
analysis of the average number of hydrogen bonds and, in par-
ticular, of the fraction of broken hydrogen bonds has proven
extremely useful for rationalising the thermodynamics of
hydrophobic hydration. We have followed the same method
as in previous studies.”®’? The average number of hydrogen
bonds (Nhb) was calculated for bulk, hydrophilic and hydro-
phobic water molecules. The fraction of broken hydrogen
bonds was then obtained as

/= (4= Nhb)/2 (1)

This assumes that the ideal number of hydrogen bonds that a
water molecule can have is four. After the subtraction of Nhb,
the division by two makes the results conceptually equivalent
to those of Muller, so that a water molecule is considered to
either donate or accept two hydrogen bonds.”

The results at each temperature for the different aqueous
regions can be seen in Table 3. A plot of the fraction of broken
hydrogen bonds in each region is shown in Fig. 6. We can see
that as the temperature increases, the average number of
hydrogen bonds decreases for all kinds of water molecules,
indicating that more hydrogen bonds are broken as the tem-
perature rises. This is confirmed by the increase in the fraction
of broken hydrogen bonds, again showing that as the tempera-
ture increases the fraction of broken hydrogen bonds increases
for all water types. It can also be seen that bulk water has the
smallest fraction of broken hydrogen bonds (and hence the
largest number of hydrogen bonds), which increases when
going to hydrophilic water and being the largest for hydropho-
bic water molecules (which hence have the lowest number of
hydrogen bonds). As has been reported in the past, this shows
that there are fewer hydrogen bonds in the vicinity of a

Table 3 Average numbers of hydrogen bonds and fractions of broken
hydrogen bonds”

T/K  Nhb/f (bulk)

Nhb/f
(hydrophilic)

Nhb/f
(hydrophobic)

298.1 3.783 (0.180)/0.109
318.1 3.714 (0.199)/0.143
338.0 3.637 (0.193)/0.181

3.547 (0.041)/0.227
3.483 (0.044)/0.258
3.422 (0.047)/0.289

3.249 (0.142)/0.375
3.190 (0.136)/0.405
3.095 (0.149)/0.452

“ T = temperature. Nhb = average number of hydrogen bonds (with
standard deviations in brackets). f = fraction of broken hydrogen

bonds.
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Fig. 6 Temperature dependence of the fraction of unbroken hydro-
gen bonds for all kinds of water molecules.

non-polar group compared to the bulk and a hydrophilic
region of a solute (as shown here), although water molecules
near a non-polar group will have a more ordered or enhanced
structure (revealed by its orientational properties). There is a
slight tendency for the difference in the fraction of broken
H-bonds between either bulk and hydrophobic water or
hydrophilic and hydrophobic water to increase with increasing
temperature. This behaviour had already been predicted theo-
retically’® and observed in computer simulations of non-polar
substances in water.””7>

At all temperatures, when comparing the different kinds of
water molecules, it can be seen that bulk water molecules have
the highest average number of hydrogen bonds, followed by
hydrophilic water molecules and then hydrophobic water
molecules. More importantly, the above results show that
there is a small hydrogen-bonding penalty experienced by the
water molecules in the vicinity of the OS group of DMSO,
although this loss of water—water hydrogen-bonding is clearly
compensated by the formation of strong DMSO-water hydro-
gen bonds.*** These results provide further evidence that
the hydrophilic hydration of the OS group of DMSO is the
predominant interaction.

3.5. Hydrogen-bonding dynamics

We also investigated the time-dependent behaviour of the
hydrogen-bonding network in the various regions of the
DMSO solutions. For this purpose, we calculated hydrogen-
bond breaking functions by obtaining the fraction of unbroken
hydrogen bonds in time from a histogram containing the num-
ber of hydrogen bonds that break after a given time,’* as
implemented in the study of hydrophobic hydration.®® Figs.
7a to 7c show the time decay functions thus obtained. As far
as the effect of temperature is concerned, for all bulk, hydro-
philic and hydrophobic water molecules, the fraction of unbro-
ken hydrogen bonds decays more rapidly with time, showing a
decrease in hydrogen-bond lifetimes as temperature rises, as
expected.®

When comparing the different kinds of water molecules, the
fraction of unbroken hydrogen bonds decays progressively
more rapidly with time along the series: hydrophilic, hydro-
phobic and bulk water, showing that the lifetime of hydrogen
bonds between water molecules in the vicinity of the OS group
of DMSO is the longest, followed by hydrogen bonds between
water molecules in the vicinity of the Me and S groups, and
then by hydrogen bonds between bulk water molecules. The
same behaviour is seen at all temperatures.
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This complements earlier reports,*® which established a
correlation between the stronger OS-HW hydrogen bonds
(in relation to water—water hydrogen bonds) and the longer
lifetimes of such hydrogen bonds. The slower hydrogen-bond
breaking dynamics in aqueous DMSO solutions compared
to pure water have been interpreted in terms of a reduced
likelihood of fluctuations of the hydrogen-bond network in
relation to the presence of free hydrogen-bonding sites, as
hydrogen bonds most frequently break during a process of
switching allegiances when a newly formed hydrogen bond
replaces a broken one.”” However, the actual mechanism of

| This journal is © The Owner Societies 2004



hydrogen bond breaking does not seem to involve exclusively
large amplitude librations.”®

We have seen that hydrogen bonds between water molecules
near the OS group of DMSO are long-lived, while those hydro-
gen bonds between water molecules hydrating the non-polar
Me and S groups of DMSO break up faster, while the hydro-
gen bonds between bulk water molecules are short-lived. This
is again likely to be the result of the strong hydrophilic
DMSO-water correlations, in particular those arising from
the hydrogen bonding of water with the OS group. It is impor-
tant to mention here that the dynamics of hydrogen bonds are
expected to be slowed down with respect to pure water on ther-
modynamic grounds: in the case of hydrophilic water there is
an energetic factor involved in the stronger DMSO-water
hydrogen bonds, which in the case of hydrophobic water there
is an entropic factor involved in the reduction of the number of
possible ways that water can form hydrogen bonds in the
vicinity of the non-polar Me and S groups.”®

4. Conclusions

We have carried out the first series of MD simulations of
DMSO in water at different temperatures to investigate the
temperature dependence of the hydrophilic and hydrophobic
behaviour of water around DMSO at a concentration of
0.055 mole fraction. Our simulations indicate the existence of
an enhancement in the structure of water around both the
hydrophilic and hydrophobic portions of DMSO with respect
to the bulk of the solution. This is revealed by the existence of
a well-defined hydration structure around the OS group of
DMSO, with clear directional linear hydrogen-bonding with
water molecules. Water molecules in the vicinity of this group
lose some hydrogen bonds with other water molecules, but this
is compensated by the formation of stronger hydrogen bonds
with DMSO. Such interactions increase the lifetime of the
shorter and more linear water—water hydrogen bonds in the
vicinity of the OS group. The effect of temperature on all these
effects is what would be expected from the increased thermal
energy of the system.

There is clear evidence of hydrophobic hydration around the
Me and S groups of DMSO, as shown by the formation of an
even more ordered hydration structure around these groups,
with strong water—water hydrogen bonds that have longer life-
times than in the bulk of the solution. This region has the lar-
gest fraction of broken water-water hydrogen bonds, followed
by the hydrophilic region around the OS group of DMSO and
then the bulk of the solution. On the other hand, no evidence
for a temperature-dependent hydrophobic interaction between
the Me groups was observed.

These results reveal that the balance between hydrophilic
and hydrophobic interactions is clearly shifted in favour of
the former. The increase in temperature did not produce an
enhancement of the hydrophobic tendency for aggregation
between the Me groups of DMSO, while the orientational pre-
ferences of water molecules in the vicinity of the whole of the
DMSO molecules remained rather temperature independent.
The overall picture that has emerged is that the hydrophilic
interactions between water and the OS group of DMSO domi-
nate the structural properties of these solutions within the
temperature range studied and, while seemingly favouring
the hydrophobic hydration of the Me and S groups of DMSO,
do not allow a for truly temperature-dependent hydrophobic
interaction to be observed between the Me groups of the
DMSO molecules.
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