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Abstract: An approach is presented that allows NMR relaxation rates to be determined for a complex
mixture, and it is applied to a dimethyl sulfoxide/water solution. This approach is novel for such systems,
having only been used for simple systems such as atomic liquids or atomic ions in liquids until now. It
involves use of a predetermined, quantum mechanical, multidimensional property surface in a simulation.
The results are used in conjunction with the simulated rotational correlation time to calculate the deuteron
quadrupole coupling constant (DQCC), in an analogous approach to the one used by experimentalists,
and to examine the surprising experimental findings for the composition dependence of the DQCC in the
dimethyl sulfoxide/water mixture. Experiments have suggested that the DQCC for a mixture of 5% dimethyl
sulfoxide in water is close to the DQCC of ice, whereas its value increases to a value close to the gas
value with further dilution.1 The results are further critically analyzed using combinations of different
experimental and theoretical results from the literature.

1. Introduction

Aqueous solvation is of both fundamental and practical
importance, yet it is still not well understood. Even simple
mixtures such as alcohol with water2 and dimethyl sulfoxide
(DMSO) with water1 display interesting behavior which are yet
to be fully explained.

In 1986, Gordalla and Zeidler (GZ) experimentally found that
the deuteron quadrupole coupling constant in a mixture of water
and DMSO displayed a curious trend as a function of the
composition.1 The DQCC went through a minimum close to
its value in ice at a mole fraction of approximatelyxwater) 0.95,
then increased to reach a value similar to the gas-phase value
at xwater ) 0.30. Use of molecular dynamics simulations in
conjunction with quantum chemical calculations provides an
opportunity to both reproduce the experimentally determined
results and to explore the reason for the outcome. The trend
may be due to a physical change in the structure of the system
or an anomaly in the way that the experimental data are treated.

In 2000, we carried out molecular dynamics simulations of
the DQCC in D2O in the water/DMSO system at different
compositions3,4 in an attempt to reproduce the results obtained
by GZ. Using snapshots from molecular dynamics simulations

to generate a representative ensemble of configurations of liquid
clusters, quantum mechanical calculations of the electric field
gradient at the deuteron were carried out. This led directly to
an ensemble averaged value of theDQCC.3 The calculated
values were found to be in the same quantitative range as those
observed in the experiment, however the dependence on
composition that was determined computationally differed from
the experimental results, and theDQCC was found to be
relatively insensitive to the composition of the mixture.3,4 This
discrepancy could stem from the approximations used to obtain
the experimentalDQCC from relaxation time measurements or
approximations used in the computer simulation. To further
investigate the source of the difference, electric field gradient
time correlation functions are required. These lead directly to
the spin-lattice relaxation times and, if their values are in
agreement with the measured values, would suggest that the
source of the discrepancy between simulated and experimental
results is due to assumptions required in the analysis of the
experimental data. In this work we calculate these spin-lattice
relaxation times (T1) and relaxation rates (R1 ) (T1)-1).

DMSO has both polar and nonpolar groups, it has a large
dipole moment (4.3 D),5 and an oxygen atom that is free to
interact with water molecules. Therefore, the liquid structure
of mixtures with water is the result of a combination of these
effects. The mixture is by far not ideal, but the strongest
deviations are usually found at mole fractions around 0.5(
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0.2 in contrast to the above experiment by GZ. Various
experiments, calculations and computer simulations have been
carried out on water/DMSO mixtures in recent years,6-24 but
the results obtained have not yet led to definitive conclusions
regarding the composition dependence of its structure.

The main part of this work (see results in section 3.1) is
devoted to calculation of relaxation times andDQCCs using
an approach where a precalculated efg surface is used in the
simulations. As well as allowing the relaxation times to be
calculated, this approach allows theDQCC to be obtained with
much higher statistical accuracy than has been previously
obtained.3 However, theDQCCwill still depend on the potential
chosen for the simulation.3,4 In a second approach (section 3.2),
two recent findings of other authors25,26 will be combined to
obtain completely independent results for the composition
dependence of theDQCC. In Section 3.3, alternative experi-
mental data are combined with the experimental deuteron
relaxation times of GZ to get again partially independent, new
results. Finally, the uncertainties of the presented results and
the experimental results by GZ are analyzed and discussed
(section 3.4).

2. Methods and Calculations

2.1. NMR Background. A typical experimental approach for
obtainingDQCCs in liquids is the measurement of NMR relaxation
times, which are related to the rotational correlation time via theDQCC.
The basic equation under the extreme narrowing regime is

where the asymmetry is assumed to be small andτ2 is a rotational
correlation time of the molecule under investigation. Equation 1 is
obtained from the fundamental relationship for the relaxation time under
extreme narrowing conditions

whereeQ is the electric quadrupole moment of the deuteron,V(t) is
the electric field gradient tensor at timet, 〈...〉 denotes an ensemble

average, the colon indicates the internal tensor product andτefg is

Equation 1 is derived from eq 2 under the assumptions that the efg
correlation timeτefg equals the second-order Legendre polynomial
rotational correlation timeτ2 of the OD-bond vector. This is the case
if intermolecular contributions and molecular flexibility do not influence
τefg and if the asymmetry parameterη of the efg is zero (or if the rotation
is isotropic). None of the assumptions is accurately fulfilled in the
present case.27

Defining theDQCCefg asDQCCefg
2 ) (2/3)(eQ/h)2〈V(0):V(0)〉, eq

2 becomes

In this definition, the effect of the asymmetryη (which is small for the
efg of the deuteron of liquid water) is fully incorporated inDQCCefg

(for a discussion see ref 27).
2.2. Fit of an Analytical Surface to the Quantum Chemically

Calculated efg.In the following,Di is used for the deuterium atom of
moleculei, at which the efg is calculated. The other deuterium atom
on the same molecule is denotedD′i and Oi is the oxygen of that
molecule. A second index,j indicates additional water molecules which
influence the efg atDi. In ref 28 it has been shown that the ab initio
calculation of the efg tensorV i for a deuteron centered in a cluster of
heavy water and DMSO molecules may be simplified using a pair
approximation:

V i
mono is the efg tensor calculated for the deuterium atom in the

isolated central monomeri. If V ij is the efg atDi in the dimer with
moleculej, the dimer contribution is defined asV ij

dim ) V ij - V i
mono.

The error made by the pair approximation is small compared to the
sum of other errors in the ab initio calculation. Analytical functions
that describe the monomer efg tensor as a function of the monomer
configuration have been published in our paper on water.27 In addition,
the water-water dimer contribution was described there. It was found
that with a site-site concept, simple and accurate fits to the functions
are obtained rapidly. Each atom of moleculej was considered as a site
Aj contributing independently to the efg tensor atDi

For the two deuterium atomsDj and D′j, the same functionsVD

were used. Although the tensor is traceless, the three diagonal
components were treated separately, paralleling our monomer treatment.
Each of the twelve functions, that is the three diagonal elementsVRR

and the three off-diagonal elementsVRâ for bothVO andVD, was split
into the product of a function describing the distance dependence (pA)
and a function describing the angular dependencef Râ

A (θA,ΦA)

whereA can beO or D. ThepA(rA
-1) are polynomials in the inverse of

the rA ) DiAj distances. This makes sure that the dimer contributions
decay to zero for large distances. For details of this function, see our
previous paper.27

The same procedure was applied here for the water/DMSO dimer.
The O, S, andC nuclei of the DMSO molecule were used as sitesA.
Again for the two different carbon nucleiC andC′ the same function
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was applied. The fits obtained for the different tensor-components are
given in the Supporting Information. They have an accuracy of better
than 1 kHz.

2.3. Simulations.Molecular dynamics simulations (NVE ensemble)
with a flexible water model (TIP3P29/Dang-Pettitt30) and a rigid DMSO
model by Rao and Singh6 were performed for 500 molecules using the
Verlet algorithm. Standard combination rules were used for the water/
DMSO interactions. The simulation parameters were the same as given
in ref 3, if not otherwise stated below. All densities correspond to the
experimental density at ambient conditions as given in Table 1 of ref
3. Cutoff radii were given in the same table and long-range forces were
treated by the Ewald summation. The reparametrization of the TIP3P
potential for use with the Ewald sum suggested by Feller et al.31 has
no consequences of importance for the present work, as our goal is
not primarily to gain good absolute agreement with experiment, but
rather to use a consistent model.

Special care was taken to ensure the equilibration of all degrees of
freedom to the specified temperature. The motion of the water molecules
was initialized by inducing normal mode vibrations in each of the
monomers. The molecules were randomly orientated in space. Inde-
pendent rescaling of translational, vibrational, and rotational temperature
during the equilibration steps brought the system into equilibrium after
several hundred thousand steps of length 0.25 fs. The three temperatures
were tested independently when checking for equilibration.

Simulations were performed for water mole fractions ofxwater) 1.0,
0.95, 0.8, 0.65, 0.5, and 0.3. For each mole fraction, 3 simulations (8
for pure D2O) of 288 000 steps (300 000 forxwater ) 0.8 and 360 000
for xwater < 0.8) were carried out to yield an average and standard
deviation of this mean for all calculated values. In the results below,
the standard deviations of the means for each set of simulations are
given in parentheses and represent the magnitude of the error in the
last digit of the value. Long simulations were needed to obtain accurate
results for the slowly decaying time correlation functions. Correlation-
window lengths were adjusted to be optimal for every mole fraction.
The average temperature in the simulations was 301( 2.5 K. The
simulations were performed with the SHAKE algorithm to constrain
the rigid DMSO molecules.

3. Results and Discussion

As we will mostly discuss the results forDQCCs, it is useful
to rearrange eq 1 as follows

where R1 is the relaxation rate. The way in whichDQCC
changes with mole fraction evidently depends sensitively on

the change of the relaxation rate relative to the change of the
correlation time. Neither the relaxation rate or the correlation
time change linearly with the mole fraction because the mixture
is highly nonideal, and as we will show, both experimental
curves pass through a maximum roughly atxwater) 0.6, as does
the viscosity. A dip in theDQCC as the composition changes
can be realized if, for example, the correlation time function
has its maximum at smaller concentrations of DMSO than the
relaxation rate curve. The correlation time then increases faster
at low DMSO concentrations than the relaxation rate, which
leads to an initial decrease of theDQCC. Later, the correlation
time will level off to reach its maximum, while the relaxation
rate curve still increases, leading to an increase of theDQCC
as seen for the experimental values at higher DMSO concentra-
tions. If the mixture is ideal, or if the two curves are
proportional, theDQCC will stay constant.

3.1. Simulations with a Precalculated efg Surface.The
simulation approach used here not only allows calculation of
dynamic properties that can directly be compared to experiment,
but it enables model calculations to be carried out. These allow
us to examine the errors experimentalists introduce to their
results by invoking the assumptions discussed in section 2.1,
which permit use of eq 1 instead of eq 2. In the simulations we
obtain τefg and 〈V(0):V(0)〉, and therefore using eq 2, 1/T1 is
determined. However, we also obtainτ2 from the same model
simulation, and therefore we can use eq 1 to calculateDQCC
in the same way it is obtained by the experimentalists. We call
DQCC obtained in this way “quasi-experimental” and use the
abbreviationDQCCqexp. From eqs 1 and 2 we find the following
relation

In Table 1 the NMR related properties, the diffusion coefficients
and the average OD-bond lengths are listed to show how they
depend on the composition of the mixture. The numbers given
in parentheses are standard errors determined from averaging
the corresponding properties of the 3 batches.
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Table 1. Simulated NMR Data, Diffusion Coefficients and
OD-Bond Lengths for Different Mole Fractions of a Water/DMSO
Mixturea

xwater τ2
/ps

τefg
/ps

DQCCqexp/
kHz

DQCCefg/
kHz

R1
/s-1

D‚109/
(m2 s-1)

OD-bond
length/pm

1.00 0.66 (1) 0.59 (1) 252 (1) 267.3 (1) 0.62 (1) 5.45 (8) 97.32 (1)
0.95 0.82 (3) 0.73 (1) 253 (2) 267.9 (2) 0.78 (1) 4.42 (1) 97.32 (1)
0.80 1.12 (2) 1.02 (4) 257 (5) 268.8 (2) 1.09 (4) 3.27 (9) 97.27 (1)
0.65 1.40 (7) 1.23 (3) 255 (6) 270.8 (4) 1.34 (3) 2.68 (8) 97.23 (1)
0.50 1.56 (5) 1.44 (6) 261 (3) 271.8 (2) 1.58 (10) 2.38 (9) 97.18 (1)
0.30 1.64 (4) 1.46 (4) 261 (6) 276.4 (1) 1.65 (5) 2.34 (2) 97.06 (1)

a Numbers in parenthesis are standard deviations of the mean values
obtained by averaging three batches.

Figure 1. Deuteron quadrupole coupling constants vs the mole fraction of
water in the water/DMSO mixture from GZ (black circles), from the present
simulations (open circles) and including approximations used by the
experimentalists (open squares). The error bars show the standard errors
and are too small to be visible for the open circles.

DQCCqexp) DQCCefg‚xτefg

τ2
(9)

DQCC) x 2

3π2

1

xτ2T1

) x 2

3π2xR1

τ2
(8)
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Figure 1 compares the experimentalDQCCexp from GZ (black
circles) with theDQCCefg from simulations (open circles), and
the quasi-experimental results from eq 9 (open squares). The
results from GZ are the averaged values forT ) 278, 288, and
298 K with the corresponding standard error. This should not
introduce significant errors as theDQCC shows only a very
small temperature dependence. The large standard errors
observed forDQCCqexp are due to the relatively large errors of
the correlation times in eq 9.

The values for theDQCC obtained from simulations show
that usingτ2 instead ofτefg (as is done in the experiment)
produces results that are about 15 kHz or 6% too low. However,
althoughDQCCqexp is lower thanDQCCefg, theDQCC values
obtained by using the two different calculation strategies show
a remarkably parallel trend with increasing DMSO content. So,
at least for our potential, accounting for the approximations used
in the experiment does not help to reconcile the experimental
and the simulatedDQCC.

As shown in Figure 2, the quadrupolar relaxation rates
determined from the potential used in the simulations are much
too small (for a discussion of results for pure water, see ref
27). The approximate agreement in magnitude of the experi-
mentalDQCCsand calculatedDQCCs (see Figure 1) is not
observed for relaxation rates, which in accord with our previous
work indicates that the structural properties are better represented
by this potential than are dynamic properties.27 To make a
comparison easier, we have scaled the simulated relaxation rates
by a factor of 4.2 to reproduce the interpolated experimental
value atxwater ) 0.3. The scaled values (crosses) in Figure 2
show that the simulated mixture is nonideal, but to a lower extent
than is indicated by experiment. A maximum in the relaxation
rates, also observed experimentally for the viscosity,32 is not
obtained in the simulated results, at least not up toxwater ) 0.3.
It is interesting, however, that the scaled relaxation rates at small
concentrations of DMSO (xwater ) 1.0 andxwater ) 0.95) are
well reproduced and that the change from neat water toxwater

) 0.95 shows about the same increase in the simulated and

experimental results. From this, we might conclude that the main
difference atxwater ) 0.95, i.e., where the experimental results
for the DQCC shows a dip, is not due to the relaxation rate,
but to the correlation time (see eq 8).

Figure 3 compares simulated (open circles) and experimental
(black circles) rotational correlation times. The latter were
obtained from Table 5 of GZ by division with the correction
factor in Table 4.1 There is a similar absolute error in this
dynamic property as found for the relaxation rate. We used the
same scaling factor as for the relaxation times in Figure 2 to
get the scaled values (crosses) for comparison. Again we find
a nonideal behavior and again the simulated mixture is much
closer to ideality than the experimental values indicate. However,
the maximum in the experimental curve for the rotational
correlation time occurs at higher mole fractions than the
experimental maximum in the relaxation time. Furthermore, the
experimental curve for the rotational correlation time shows a
much steeper increase fromxwater ) 1.0 to xwater ) 0.95 than
the scaled simulated curve, although the absolute values are in
fair agreement. It is evidently this discrepancy in the rotational
correlation times which leads to the discrepancy inDQCC at
xwater ) 0.95 between simulated (no dip) and experimental
curves (dip).

According to the Stokes-Einstein and Stokes-Einstein-
Debye relations, the rotational correlation times should be
proportional to the inverse of the translational self-diffusion
coefficients (D) at various water/DMSO compositions. In Figure
4 this is shown to be the case for our system.

The water/DMSO mixtures with high DMSO content (xwater

) 0.3,xwater) 0.5) give high values of1/D and long correlation
times, while the lowest1/D value and shortest correlation time
is obtained for pure water. We will discuss this behavior in more
detail in section 3.3.

Table 1 also shows the OD-bond length as a function of
composition. As this bond length changes very little and
smoothly, it is not surprising that the simulations yield no dip
for theDQCCefg atxwater) 0.95. It is well-known that theDQCC
depends strongly on this bond length, which is in turn dependent
on the strength of the hydrogen bond. The hydrogen bond
between water and the O of DMSO has been found to be
strong15,18 which might be expected to reduce the OD-bond

(32) Aminabhavi, T. J.; Gopalakrishna, B.J. Chem. Eng. Data1995, 40, 856-
861.

Figure 2. Deuteron relaxation rates at 298 K vs the mole fraction of water
in the water/DMSO mixture. Calculated results (this work) are compared
with the experimental (GZ) data. The scaled values were determined by
scaling the calculated values to match the experimental (GZ) value atxwater

) 0.3. The error bars show the standard errors and are too small to be
visible for the open circles.

Figure 3. Rotational correlation times for D2O at 298 K vs the mole fraction
of water in the water/DMSO mixture. The scaled values are multiplied with
the factor obtained in the scaling of the relaxation rates (see caption of
Figure 2). The error bars show the standard errors.
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length in the water molecule involved in the bond. However,
the trend observed in the change in the average bond length is
not unexpected since fewer hydrogen bonds are formed when
the concentration of DMSO increases (see, for example ref 8)
due to the large volume occupied by the methyl groups.

3.2. Independent Results from a Combination of Work
Published by Other Groups. Mizuno et al.25 have measured
proton chemical shifts for water/DMSO mixtures. These can
be used in a recent relation by Ropp et al.,26 developed at a
molecular level from quantum chemical calculations, which
correlates proton chemical shifts with deuteron quadrupole
coupling constants. Here, we use eq 2 from the work of Ropp
et al.26

where∆ is the proton chemical shift in ppm, relative to a water
monomer, i.e.

andσ is the chemical shielding. Mizuno et al.25 measured their
proton chemical shiftsδ relative to TMS, i.e.

Substitutingσ(H2O) from eq 12 into eq 11 yields

Substituting this into eq 10 we obtain

wherec is a constant. As we are mainly interested in relative
values in theDQCC, we calibrate this constant by settingDQCC
) 267.3 kHz for pure water (our value obtained from simula-
tions) and usingδ ) 4.87 ppm (the experimental value obtained
by Mizuno et al.25), which yieldsc ) 345.1. Thus, we get a

relation that permits calculation of quadrupole couplings from
the shift measurements of Mizuno et al. to be compared with
our values

The results are given in Table 2. The shift values were
obtained from Figures 3 and 5 of Mizuno et al.25 We estimate
the error to be 0.02 ppm, resulting in an error of 0.3 kHz for
the couplings obtained from eq 15. The error from eq 10 is not
included in this estimate, as it is not given by Ropp et al.,26 but
the range of the chemical shiftsδ is quite small (see Table 2);
hence this contribution would be nearly constant for the systems
considered here and is therefore not important for this analysis.
Another error source could be the fact that eq 10 was found
from pure water clusters, while the present investigation
concerns a mixture. However, Farrar and co-workers have
shown in additional publications that linear regressions with very
similar slope are valid for methanol/CCl4 mixtures33 and ethanol
mixed with several solvents, e.g., DMSO.34 Hence, at least for
the low concentrations of DMSO, i.e., at the position of the
experimental dip in theDQCC that we are examining, the
relation should be accurate, whereas at higher concentrations
of DMSO a slight deviation could be the reason for the small

(33) Wendt, M. A.; Farrar, T. C.Mol. Phys.1998, 95, 1077-1081.
(34) Ferris, T. D.; Zeidler, M. D.; Farrar, T. C.Mol. Phys.2000, 98, 737-744.

Figure 4. Calculated rotational correlation times at 298 K vs calculated
inverse diffusion coefficients of water in the water/DMSO mixture. The
line is a linear regression that passes through zero within two standard
deviations. The error bars show the standard errors of the corresponding
values. If the calculated values are replaced by the experimental values,
large deviations from proportionality occur.

DQCC/kHz ) -15.97∆/ppm+309.88 (10)

∆ ) σ(H2O) - σ(H2O; monomer) (11)

δ ) σ(H2O) - σ(TMS) (12)

∆ ) δ + σ(TMS) - σ(H2O; monomer) (13)

DQCC/kHz ) -15.97 (δ + σ(TMS)
- σ(H2O; monomer))/ppm+ 309.88) -15.97δ/ppm+ c

(14)

Table 2. Comparison of the DQCCs Obtained from Eq 15 Using
Chemical Shifts δ By Mizuno et al.,25 with the DQCCs Obtained in
the Present Simulationsa

xwater δ
/ppm

DQCC/kHz
from eq 15

DQCC/kHz from
simulations

τ2(D2O)
/psb

1.00 4.87 267.3 267.3 2.20
0.95 4.92 266.5 267.9 3.04
0.80 4.84 267.8 268.8 6.51
0.65 4.63 271.2 270.8 8.91
0.50 4.37 275.3 271.8 8.32
0.30 4.02 280.9 276.4 6.55

a ScaledDQCCs obtained from eq 15 were combined with the experi-
mental relaxation rates to yield the probably best values forτ2(D2O) for
this mixture (see text).b Calculated fromT1 by GZ and the DQCC from eq
15, calibrated on neat water to 255 kHz.

Figure 5. Deuteron quadrupole coupling constants vs the mole fraction of
water in the water/DMSO mixture from GZ (black circles), from the present
simulations (open circles) and from eq 15, i.e., based on the work of Mizuno
et al.25 and Ropp et al.26 (red crosses). All values are scaled to fit the
experimental (GZ) value atxwater ) 1.

DQCC/kHz ) -15.97δ/ppm+ 345.1 (15)
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disagreement between the results obtained from the measure-
ment of Mizuno et al.25 and our simulated values. Figure 5
shows all results scaled to the GZ value for neat water.

The results determined using eq 15 show a small dip atxwater

) 0.95 of -0.8 kHz. However this is negligible compared to
the value by GZ of-42 kHz. Overall there is an excellent
agreement with our data, which are thus confirmed by this
completely independent work where no empirical potential was
used.

In the last column of Table 2 rotational correlation times for
D2O are listed, which were obtained from the quadrupole
relaxation rates by GZ and theDQCCs from eq 15, scaled to
the experimental value of 255 kHz for neat water (which is in
good agreement with our result of 252 kHz forDQCCqexp).
Considering that the relaxation rates and chemical shifts can
be accurately measured, and that the quantum chemical calcula-
tions were performed on a high level, they are probably the
best available values forτ2 of D2O in this mixture (still assuming
a concentration independence ofτ2/τefg).

3.3. Combination of Other Experiments from the Litera-
ture with the Deuteron Relaxation Rates of Gordalla and
Zeidler. Assuming the proportionality ofτ2 to the viscosity or
inverse translational self-diffusion coefficient mentioned in 3.1,
we can make further determinations of the change in theDQCC
with composition using experimental results. Although the
Stokes-Einstein and Debye relations have been developed for
macroscopic objects it has been found that they can also be
applied to molecular systems. We confirmed this in the present
case in Figure 4, where the proportionality betweenτ2 and the
inverse translational self-diffusion coefficient holds for the
model used in our simulations. In addition, Cabral et al.15

showed that an eutectic mixture of 2 water/1 DMSO follows
the Stokes-Einstein relation between shear viscosity and
diffusion coefficient for different temperatures.

Using the proportionality of the inverse translational diffusion
coefficient or the shear viscosity toτ2, we can determine the
trends in theDQCCby introducing experimental results for the
viscosity or the inverse diffusion coefficient in eq 8. For a
comparison we scaled these values to the experimental GZ value
for neat water. The results shown in Figure 6 were obtained

from viscosities by Aminabhavi et al.32 (the results are nearly
the same as the older values by Cowie and Toporowski35) and
diffusion coefficients by Packer and Tomlinson.36

As the values in the literature were obtained for H2O/DMSO,
they have to be corrected for the higher viscosity and lower
translational self-diffusion coefficients in D2O/DMSO, correc-
tions that become less important with decreasing water content.
We use the correction factors derived by GZ from relaxation
measurements in H2O/D2O/DMSO mixtures (Table 4 in ref 1).
In Figure 6 the uncorrected values (for H2O) are also shown.
At xwater ) 0.95 we can see a dip in both curves, however its
size is reduced by a factor two (diffusion) to four (viscosity)
compared to the experimental results of GZ. The curves obtained
from diffusion (red stars) then rise steeply above our simulated
values atxwater ) 0.8 and stay always slightly above. Atxwater

) 0.3 they clearly differ from the GZ values, and are
significantly higher than our values. The error given by Packer
and Tomlinson in that region is about 10%, which yields about
5% or 14 kHz for theDQCC. The curves obtained from
viscosity (blue crosses) also show dips, but they follow our
simulated values more closely. The experimental error given
by Aminabhavi and Gopalakrishna for the viscosities is negli-
gible for the present discussion. The uncorrected curves deviate
from the corrected curves as the dynamic isotope effect is
evidently concentration dependent. Interestingly, the uncorrected
values show a much better agreement with our values for the
smaller mole fractions. One should note that the relaxation rate
used for calculation of theDQCCs shown in Figure 6 (via eq
8) are those from the GZ work, so these data are not fully
independent in contrast to those in Figure 5.

3.4. Discussion of Possible Error Sources.From the
discussion at the beginning of this paper it is clear that an
evaluation of theDQCC by eq 8 is sensitive to the functional
form of the relaxation rate and the correlation time. We do not
expect the simulated curves to be quantitatively correct since
the potential is imperfect, and indeed the relaxation rates and
correlation times are by more than a factor four out. However,
the DQCC is a structural property and we would assume that
the simulations in section 3.1 should produce results for
structural properties with reasonable accuracy (in accord with
e.g., Lei et al.24 and Luzar et al.,8 who conclude that for these
systems the structure is “seemingly invariant to reasonable
changes to the intermolecular potential” and further state that
“in the mixing process, hydrogen bonding is simply transferred
from water-water interactions to water/DMSO interactions”).
Our previous work has also shown that theDQCC in bulk water
is insensitive to the potential energy surface and the choice of
parameters used in the calculations in this work are sufficient
to produce accurate results.3,37 As the DQCC is a structural
property, eq 8 shows how the relaxation and the correlation
times are coupled. Only ifDQCC is evaluated through these
times, which is not the case in the simulations, should it be
sensitive to these properties. Therefore, we would expect that
the simulations should give the qualitatively correct result, but
might deviate slightly quantitatively. That is, we would expect
the large dip inxwater ) 0.95 observed by GZ to be observed in
the simulated results, if it is a real effect. The discussion in

(35) Cowie, M. G.; Toporowski, P. M.Can. J. Chem.1964, 39, 224.
(36) Packer, K. J.; Tomlinson, D. J.Trans. Faraday Soc.1971, 67, 1302-1314.
(37) Eggenberger, R.; Gerber, S.; Huber, H.; Searles, D. J.; Welker, M.J.

Comput. Chem.1993, 14, 1553.

Figure 6. Deuteron quadrupole coupling constants vs the mole fraction of
water in the water/DMSO mixture from GZ (black circles), from the present
simulations (open circles), from experimental viscosities (see text, blue
crosses), and from experimental diffusion coefficients (see text, red stars).
All values are scaled to fit the experimental (GZ) value atxwater ) 1.
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section 3.1 would then suggest that we have to look for an error
in the experimental evaluation of the rotational correlation time.

Similarly, the evaluation from the chemical shifts in section
3.2 should not be sensitive to any dynamic properties. As the
results were obtained completely independently of the earlier
experimental work and our simulations, they are a strong
confirmation of our simulation results. Of course the small dip
seen in the trend determined from chemical shift measurements
shown in Figure 5 could be an underestimation, but even if it
were slightly larger, it is far from reproducing the GZ results.
Similarly, the deviations of the results in 3.2 from the simulated
results at smaller mole fractions are small and deviate in a
qualitative manner from the GZ values.

The results in section 3.3 were obtained from dynamic
properties. They are not independent of the GZ values as the
GZ relaxation rates and also their correction factors for the
corrected values were used. This shows again how sensitive
the DQCCsare to the correlation times. Of course one has to
keep in mind that several assumptions were made in obtaining
these correlation times and they are not directly obtained. The
correlation timesτ2 are determined by GZ indirectly using an
extrapolation of relaxation rates, and viscosity corrections for
isotopes (16O, 17O, 18O, 1H, 2H).1 In a different experiment38

GZ deeply cooled a water/DMSO mixture withxwater ) 0.68
and thus were able to proceed beyond the extreme-narrowing
region. In this way, the square of the dipolar coupling constant,
needed to calculate the correlation time from the dipolar
relaxation rate, can be obtained from the NMR measurements,
instead of calculating it from the OH-bond distance. It is known
that the square of the coupling constant derived in this manner,
which is adequate for relaxation measurements, is lower than
the one calculated with the equilibrium distance, due to
molecular flexibility. It is this deviation which is taken into
account by the generalized order parameter by Lipari and
Szabo.39 However, GZ surprisingly only obtained half of the
value calculated in ref 1, meaning that the correlation time is
doubled and the DQCC would be reduced by 29%. Obviously,
the dipolar relaxation of water in this mixture is not fully
understood, and most probably effects not considered in the
evaluation of the correlation times from dipolar relaxation lead
to the unexpected behavior of the DQCC found in ref 1.
Simulations should be useful to analyze these effects.

The starting point for this work was to study if the assumption
τefg ) τ2 could explain the discrepancy betweenDQCCexp and
DQCCefg. Indeedτefg is significantly shorter thanτ2, leading to
a decrease ofDQCCqexp compared toDQCCefg by a factor of

xτefg/τ2, but no concentration dependence of this factor was
found. Since the dynamics produced by the potential model are
poor (absolutely as well as relatively for different concentra-
tions), the uncertainty of this factor has to be discussed. In
previous work,27 we showed that in neat water, the different
effects of molecular flexibility onτefg and τ2 were mainly
responsible for the decrease ofτefg compared toτ2 (originating
in the monomer-dimer cross terms when inserting eq 5 into
eq 3). Adding DMSO to water withxwater ) 0.9, the viscosity
and probablyτ2 also double. One can speculate that in this
situation the relative influence of molecular flexibility on the
decrease of the efg time correlation function is larger, leading

to a dip for DQCCqexp, and that this effect is not correctly
reproduced by the simulation. Similarly, one can speculate that
for high dilution the monomer-dimer cross terms become less
important, raisingτefg towardτ2 andDQCCqexptowardDQCCefg

and that this effect again is not well reproduced in our
simulation. Better potentials and statistics are needed to check
these speculations.

We note that structural properties are not as sensitive to
temperature as dynamic properties such as the relaxation and
correlation times. Therefore, the evaluations in section 3.1 and
3.2 should not be sensitive to errors in temperature. However
the evaluations in section 3.3 and by GZ depend on the
combination of different relaxation rates or relaxation rates and
other dynamic properties and are subject to significant possible
errors due to small errors in the temperature.

Focusing our analysis on the rotational correlation time we
found one peculiarity in its evaluation by GZ. In contrast to
the deuteron-relaxation time measurement they used DMSO-
d6. However, additional simulations performed with DMSO-d6

did not change the above results significantly and are, therefore,
excluded as possible error source.

4. Conclusions

Simulations with a precalculated electronic property surface
presented here for a water/DMSO mixture permit the simulta-
neous calculation ofDQCCs, relaxation rates, efg time correla-
tion functions and rotational correlation functions. This allows
the errors introduced in the experimental evaluation of the
coupling constant to be checked using a consistent model. The
use of the rotational rather than the electric field gradient
correlation time yieldsDQCCs for our model that are too small
by about 15 kHz for the deuterons in water. However, this effect
is independent of the composition and therefore a dip atxwater

) 0.95 and the steep rise at smaller mole fractions observed by
Gordalla and Zeidler1 is still not reproduced.

The new simulations confirm previous results3 with better
statistics, which showed a monotonicDQCC curve increasing
little with dilution by DMSO. This is no surprise as the same
potential was used. However, since this time experimental and
theoretical results have been published in the literature, the
combination of which allows a completely independent deter-
mination of theDQCC. They confirm the simulated results.
Combinations of the GZ deuteron relaxation rates with inde-
pendent diffusion and viscosity measurements yield results
between the GZ and the present results, assuming the propor-
tionality of these independent measurements and the rotational
correlation time. As further experiments by GZ indicate,38 effects
not considered in the evaluation of correlation times from proton
relaxation times probably lead to the unexpected behavior
evaluated by GZ.
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