JIAICIS

ARTICLES

Published on Web 03/23/2004

Calculation of the Deuteron Quadrupole Relaxation Rate in a
Mixture of Water and Dimethyl Sulfoxide
Markus G. Miller,” Edme H. Hardy,*"8 Patrick S. Vogt," Christoph Bratschi,T
Barbara Kirchner, ™' Hanspeter Huber,™ and Debra J. Searles*

Contribution from the Department of Chemistry, Weisity of Basel,
Klingelbergstr. 80, CH-4056 Basel, Switzerland, and School of Science, Griffithetsitly,
Brisbane, QId 4111, Australia

Received November 24, 2003; E-mail: Edme.Hardy@mvm.uni-karlsruhe.de

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
guadrupole 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.* The results are further critically analyzed using combinations of different
experimental and theoretical results from the literature.

1. Introduction 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 tBQCC?3 The calculated
(DMSO) with watet display interesting behavior which are yet \éﬁl;l;igjer;fcmgd ;?(S(Srilrr:l;hni Sirgvi eq\;J earnttlﬁztlv(;a ers :{?; eii;hzsf
to be fully explained. . ) composition that was determined computationally differed from
In 1986, Gordalla and Zeidler (GZ) experimentally found that 1,4 experimental results, and tH2QCC was found to be
the deuteron quadrupole coupling constant in a mixture of water re|atively insensitive to the composition of the mixtdreThis
and DMSO displayed a curious trend as a function of the yiscrepancy could stem from the approximations used to obtain
composition: The DQCC went through a minimum close to 4 eyperimentaDQCCfrom relaxation time measurements or
its value in ice at a mole fraction of approximateler= 0.95, approximations used in the computer simulation. To further
then increased to reach a value similar to the gas-phase valugyestigate the source of the difference, electric field gradient

at Xuater = 0.30. Use of molecular dynamics simulations in  4me correlation functions are required. These lead directly to
conjunction with quantum chemical calculations provides an e gpin-jattice relaxation times and, if their values are in

opportunity to both reproduce the experimentally determined agreement with the measured values, would suggest that the
results and to explore the reason for the outcome. The trendgqrce of the discrepancy between simulated and experimental
may be due to a physical change in the structure of the systeMpagyts is due to assumptions required in the analysis of the
or an anomaly in the way that the experimental data are treated'experimental data. In this work we calculate these sfittice

In 2000, we carried out molecular dynamics simulations of ye|axation timesT:) and relaxation ratesR{ = (T1)~1).
the DQCC in DO in the water/DMSO system at different DMSO has both polar and nonpolar groups, it has a large
composition“in an attempt to reproduce the results obtained dipole moment (4.3 Dj,and an oxygen atom that is free to
by GZ. Using snapshots from molecular dynamics simulations jnteract with water molecules. Therefore, the liquid structure

b f Chemistrv. University of Basel of mixtures with water is the result of a combination of these
epartment o emistry, University of Basel. . . .
* School of Science, Griffith University. effects. The mixture is by far not ideal, but the strongest

§Present address: Institut rfMechanische Verfahrenstechnik und ~ deviations are usually found at mole fractions around 8.5
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Aqueous solvation is of both fundamental and practical
importance, yet it is still not well understood. Even simple
mixtures such as alcohol with wateand dimethyl sulfoxide
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0.2 in contrast to the above experiment by GZ. Various average, the colon indicates the internal tensor productanis
experiments, calculations and computer simulations have been
« [V (0):V (1)
efg= f

carried out on water/DMSO mixtures in recent year¥, but dt (3)

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 abB@QCCs using

0 V(0):V(0)I

Equation 1 is derived from eq 2 under the assumptions that the efg
correlation timerery equals the second-order Legendre polynomial
rotational correlation time of the OD-bond vector. This is the case

an approach where a precalculated efg surface is used in thef intermolecular contributions and molecular flexibility do not influence
simulations. As well as allowing the relaxation times to be 7eand if the asymmetry parametgnf the efg is zero (or if the rotation

calculated, this approach allows tb€CCto be obtained with

is isotropic). None of the assumptions is accurately fulfilled in the

much higher statistical accuracy than has been previously Present cas€.

obtainec? However, theDQCCwill still depend on the potential
chosen for the simulatiof? In a second approach (section 3.2),
two recent findings of other authéP<® will be combined to
obtain completely independent results for the composition
dependence of thBQCC. In Section 3.3, alternative experi-

Defining theDQCCg as DQCGCet? = (2/3)(eQh)?V(0):V(0)] eq
2 becomes

1 3, 2
?1 = EJZ ’DQCCefg Terg 4)

mental data are combined with the experimental deuteron In this definition, the effect of the asymmetpy(which is small for the

relaxation times of GZ to get again partially independent, new

efg of the deuteron of liquid water) is fully incorporated DQ)CCerg

results. Finally, the uncertainties of the presented results and(for @ discussion see ref 27).

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
obtainingDQCGs in liquids is the measurement of NMR relaxation
times, which are related to the rotational correlation time vidXQ&C.
The basic equation under the extreme narrowing regime is

1_32,
T=5 DQCC,

@)

where the asymmetry is assumed to be small ani$ 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

1_ ﬂZ(%ZW(O) V(0) g

T, )

whereeQ s the electric quadrupole moment of the deuteMd(t) is
the electric field gradient tensor at time[l..C0]denotes an ensemble

(6) Vaisman, I. I.; Berkowitz, M. LJ. Am. Chem. Sod992 114, 7889-
7896

(7) Soper, A. K.; Luzar, AJ. Chem. Phys1992 97, 1320-1331.
(8) Luzar, A.; Chandler, DJ. Chem. Phys1993 98, 8160-8173.
(9) Ludwig, R.; Farrar, T. C.; Zeidler, M. Ol. Phys. Chenml994 98, 6684~
6687.
(10) Soper, A. K.; Luzar, AJ. Phys. Chem1996 100, 1357-1367.
(11) Hawlicka, E.Polish J. Chem1996 70, 821—-827.
(12) Borin, I. A.; Skaf, M. SJ. Chem. Phys1999 110, 6412-6420.
(13) Skaf, M. S.J. Phys. Chem. A999 103 10719-10729.
(14) Vishnyakov, A.; Lyubartsev, A. P.; Laaksonen,JAPhys. Chem. 2001
105 1702-1710.
(15) Cabral, J. T.; Luzar, A.; Teixeira, J.; Bellisent-Funel, MJCChem. Phys.
200Q 113 8736-8745.
(16) Cabral, J. T.; Luzar, A.; Teixeira, J.; Bellisent-Funel, M. Rhysica B
200Q 276—-278 508-509.
(17) Wiewior, P. P.; Shirota, H.; Castner, E. W., JrChem. Phy2002 116,
4643-4654.
(18) Kirchner, B.; Reiher, MJ. Am. Chem. So@002 124, 6206-6215.
(19) Kirchner, B.; Hutter, JChem. Phys. Lett002 364, 497—-502.
(20) Chalaris, M.; Samios, J. Mol. Liquids2002 98—99, 399-409.
(21) Chang, H.-C.; Jiang, J.-C.; Feng, C.-M.; Yang, Y.-C.; Su, C.-C.; Chang,
P.-J.; Lin, S.-HJ. Chem. Phys2003 118 1802-1807.
(22) Skaf, M. S.; Vechi, S. MJ. Chem. Phys2003 119 2181-2187.
(23) Nieto-Draghi, C.; Avalos, J. B.; Rousseau,JB Chem. Phys2003 119,
4782-4789.
(24) Lei, Y.; Li, H.; Han, S.Chem. Phys. Lett2003 380, 542-548.
(25) Mizuno, K.; Imafuji, S.; Ochi, T.; Ohta, T.; Maeda, &.Phys. Chem. B
200Q 104, 11 00+-11 005.
(26) Ropp, J.; Lawrence, C.; Farrar, T. C.; Skinner, JJLAm. Chem. Soc.
2001, 123 8047-8052.

2.2. Fit of an Analytical Surface to the Quantum Chemically
Calculated efg.In the following, D; is used for the deuterium atom of
moleculei, at which the efg is calculated. The other deuterium atom
on the same molecule is denot& and O; is the oxygen of that
molecule. A second indekjndicates additional water molecules which
influence the efg ab.. In ref 28 it has been shown that the ab initio
calculation of the efg tensdr; for a deuteron centered in a cluster of
heavy water and DMSO molecules may be simplified using a pair
approximation:

Vi — Vimono+ Zvﬁim (5)
=]

is the efg tensor calculated for the deuterium atom in the
isolated central monomer If Vj is the efg atD; in the dimer with
moleculej, the dimer contribution is defined as,‘f'm =V — Vv

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 wAtker 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 molecjiigas considered as a site

A contributing independently to the efg tensorat

mono
Vi

Vi™=Vv°0) + V°(D) + V°(D) (6)
For the two deuterium atomB; and Dj, the same function¥/®

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 eleménts

and the three off-diagonal elemenfs; for both V© and VP, was split

into the product of a function describing the distance dependerite (

and a function describing the angular depende‘rﬁg@A,QA)

Vi = pAra D 500D, @)

whereA can beO or D. Thep?(ra™t) are polynomials in the inverse of
thera = DiA distances. This makes sure that the dimer contributions
decay to zero for large distances. For details of this function, see our
previous papet’

The same procedure was applied here for the water/DMSO dimer.
The O, S andC nuclei of the DMSO molecule were used as sikes
Again for the two different carbon nucl€ andC' the same function

(27) Hardy, E. H.; Mller, M. G.; Vogt, P. S.; Bratschi, C.; Kirchner, B.; Huber,
H.; Searles, D. JJ. Chem. Phys2003 119, 6184-6193.
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Table 1. Simulated NMR Data, Diffusion Coefficients and
OD-Bond Lengths for Different Mole Fractions of a Water/DMSO
Mixture?

D-10%  OD-bond
(m?2s™Y)  length/pm

5.45(8) 97.32 (1)
4.42 (1) 97.32(1)
3.27(9) 97.27 (1)
2.68(8) 97.23(1)
2.38(9) 97.18 (1)
2.34(2) 97.06 (1)

Ry
Is7t

0.62 (1)
0.78 (1)
1.09 (4)
1.34(3)

T2

Ips

0.66 (1)
0.82 (3)
1.12 (2)
1.40 (7)

Xwater

DQCCex/
kHz

252 (1)
253 (2)
257 (5)
255 (6)
261 (3)
261 (6)

Tefg
Ips

0.59 (1)
0.73 (1)
1.02 (4)
1.23 (3)
1.56 (5) 1.44 (6) 1.58 (10)
1.64 (4) 1.46 (4) 1.65 (5)

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

DQCCeyf
kHz

1.00
0.95
0.80
0.65
0.50
0.30

267.3 (1)
267.9 (2)
268.8 (2)
270.8 (4)
271.8 (2)
276.4 (1)

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 (TIP3®Dang-Pettitt®) and a rigid DMSO
model by Rao and Sin§hvere 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 & lzhs
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 temperatur
were tested independently when checking for equilibration.

Simulations were performed for water mole fractions@fer= 1.0,
0.95, 0.8, 0.65, 0.5, and 0.3. For each mole fraction, 3 simulations (8
for pure DxO) of 288 000 steps (300 000 fa&gawer = 0.8 and 360 000
for Xwaer < 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 thed

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 :802.5 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 fBIQCGs, it is useful
to rearrange eq 1 as follows

2 1 2 R
DQCC=, /=== /—\ﬁ
371, 3N %

where R; is the relaxation rate. The way in whiddQCC
changes with mole fraction evidently depends sensitively on

8)

(28) Mller, M. G.; Kirchner, B.; Vogt, P. S.; Huber, H.; Searles, DChem.
Phys. Lett2001, 346, 160-162.

(29) Jorgensen, W. L.; Chandrasehkar, J.; Madura, J. Chem. Phys1983
79, 926-935.

(30) Dang, L. X.; Pettitt, B. MJ. Phys. Chem1987, 91, 3349-3354.

(31) Feller, S. E.; Pastor, R. W.; Rojnuckarin, A.; Bogusz, S.; Brooks, B. R.
Phys. Chem1996 100, 17 01117 020.
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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.

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 roughlyater= 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 tB&)CC. Later, the correlation
fime will level off to reach its maximum, while the relaxation
rate curve still increases, leading to an increase oDXQEC

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 SurfaceThe
simulation approach used here not only allows calculation of
ynamic 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 zefg and [V (0):V(0)L) and therefore using eq 2,Tk/is
determined. However, we also obtainfrom the same model
simulation, and therefore we can use eq 1 to calculspC
in the same way it is obtained by the experimentalists. We call
DQCC obtained in this way “quasi-experimental” and use the
abbreviatiorDQCC yexp From egs 1 and 2 we find the following

relation
_ [ Tefg
DQCquxp - DQCCefg° T_z

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.

(9)
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Figure 2. Deuteron relaxation rates at 298 K vs the mole fraction of water Figure 3. Rotational correlation times forAD at 298 K vs the mole fraction
in the water/DMSO mixture. Calculated results (this work) are compared of water in the water/DMSO mixture. The scaled values are multiplied with
with the experimental (GZ) data. The scaled values were determined by the factor obtained in the scaling of the relaxation rates (see caption of

scaling the calculated values to match the experimental (GZ) vakgat Figure 2). The error bars show the standard errors.
= 0.3. The error bars show the standard errors and are too small to be
visible for the open circles. experimental results. From this, we might conclude that the main

) . difference atxyaer = 0.95, i.e., where the experimental results
_Figure 1 compares the experimerpCCey from GZ (black ¢4 1he pQCC shows a dip, is not due to the relaxation rate,
circles) with theDQCGCtq from simulations (open circles), and but to the correlation time (see eq 8).

the quasi-experimental results from eq 9 (open squares). The e 3 compares simulated (open circles) and experimental
results fr_om GZ are the avgraged valuesTor 278’_ 288, and (black circles) rotational correlation times. The latter were
,298 K with .the. porrespondlng standard error. This should not ,yained from Table 5 of GZ by division with the correction
introduce significant errors as tHBQCC shows only a very  faot0r in Table 4. There is a similar absolute error in this
small temperature dependence. The large standard errorgynamic property as found for the relaxation rate. We used the
observed foDQCGyexpare due to the relatively large errors of - game scaling factor as for the relaxation times in Figure 2 to

the correlation times in eq 9. ) ) ) get the scaled values (crosses) for comparison. Again we find
The values for thdQCC obtained from simulations show 5 ghideal behavior and again the simulated mixture is much

that usingz instead ofzefy (@S is done in the experiment) ¢|nqer 1o ideality than the experimental values indicate. However,
produces results that are about 15 kHz or 6% too low. However, 1o maximum in the experimental curve for the rotational

althoughDQCCyexp is lower thanDQCCerg, theDQCCvalues  o,pelation time occurs at higher mole fractions than the
obtained by using the two dlffer(_ant calc'ulatlon strategies show experimental maximum in the relaxation time. Furthermore, the
a remarkably parallelltrend with |.ncreasmg DMSO, cor!tent. So, experimental curve for the rotational correlation time shows a
at least for our potential, accounting for the approximations used ., -, steeper increase froXater = 1.0 t0 Xuater = 0.95 than

in the experiment does not help to reconcile the experimental y,o gcaled simulated curve, although the absolute values are in
and the simulate@®QCC. fair agreement. It is evidently this discrepancy in the rotational

As shown in Figure 2, the quadrupolar relaxation rates qqrrelation times which leads to the discrepancyD@CC at
determined from the potential used in the simulations are muchvaater = 0.95 between simulated (no dip) and experimental

too small (for a discussion of results for pure water, see ref . es (dip).

27). The approximate agreement in magnitude of the experi-  According to the StokesEinstein and StokesEinstein-
mentalDQCCsand calculatedQCCs (see Figure 1) is N0t pepye relations, the rotational correlation times should be
observed for relaxation rates, which in accord with our previous ,4hqrtional to the inverse of the translational self-diffusion
work indicates that the structural properties are better represeme‘goefﬁcients D) at various water/DMSO compositions. In Figure
by this potential than are dynamic propert#ésTo make a 4 this is shown to be the case for our system.

comparison easier, we have scaled the simulated relaxation rates Tpe \water/DMSO mixtures with high DMSO contemter

by a factor of 4.2 to reproduce the interpolated experimental _ 0.3, Xwaier = 0.5) give high values of/D and long correlation

value atxwater = 0.3. The scaled values (crosses) in Figure 2 tjimas while the lowest/D value and shortest correlation time
show that the simulated mixture is nonideal, but to a lower extent is obtained for pure water. We will discuss this behavior in more

than is indicated by experiment. A maximum in the relaxation yatail in section 3.3.

rates, also observed experimentally for the viscoSit, not Table 1 also shows the OD-bond length as a function of

obtained in the simulated results, at least not gyt = 0.3. composition. As this bond length changes very little and

It is interesting, however, that the scaled relaxation rates at Sma”smoothly it is not surprising that the simulations yield no dip

concentrations of DMSOXaer = 1.0 andXwaer = 0.95) @re ¢4 the DQCCurg at Xuater= 0.95. It is well-known that th®QCC

v_veII reproduced and that the ch{inge from neat W,ate«"'mf depends strongly on this bond length, which is in turn dependent

= 0.95 shows about the same increase in the simulated and, ihe strength of the hydrogen bond. The hydrogen bond

(32) Aminabhavi, T. J.; Gopalakrishna, &.Chem. Eng. Datd995 40, 856— between water and the O of DMSO has been found to be
861. strond®18 which might be expected to reduce the OD-bond

J. AM. CHEM. SOC. = VOL. 126, NO. 14, 2004 4707
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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.

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 24r
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?® have measured

proton chemical shifts for water/DMSO mixtures. These can

be used in a recent relation by Ropp et?8ldeveloped 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?®
DQCCKkHz = —15.97A/ppm+309.88 (10)

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

A = o(H,0) — o(H,0; monomer) (12)

ando is the chemical shielding. Mizuno et ®&imeasured their
proton chemical shift® relative to TMS, i.e.

0 = o(H,0) — o(TMS) (12)
Substitutingo(H20) from eq 12 into eq 11 yields
A =6+ o(TMS) — o(H,0; monomer) (13)
Substituting this into eq 10 we obtain

DQCCkHz = —15.97 ¢ + o(TMS)
— o(H,0; monomer))/ppmt 309.88= —15.976/ppm—+ ¢
(14)

wherec is a constant. As we are mainly interested in relative
values in thddQCC, we calibrate this constant by settiBQCC

= 267.3 kHz for pure water (our value obtained from simula-
tions) and using = 4.87 ppm (the experimental value obtained
by Mizuno et akd), which yieldsc = 345.1. Thus, we get a

4708 J. AM. CHEM. SOC. = VOL. 126, NO. 14, 2004

Table 2. Comparison of the DQCCs Obtained from Eq 15 Using
Chemical Shifts 6 By Mizuno et al.,?®> with the DQCCs Obtained in
the Present Simulations?

Xuater o) DQCClkHz DQCC/kHz from 72(D;0)
Ippm from eq 15 simulations Ips®

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

2 ScaledDQCGCs obtained from eq 15 were combined with the experi-
mental relaxation rates to yield the probably best values#i»,0) for
this mixture (see textp Calculated fronT; by GZ and the DQCC from eq
15, calibrated on neat water to 255 kHz.

w
R
[=1

[
N
T
-
3
g o
=]
2801
o 5
X
& o]
B R R
[
e DQCC,
° o DQCCyyq scaled
x from shifts scaled
200 L . L .
10 08 06 0.4

Kwater

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?®> and Ropp et &b (red crosses). All values are scaled to fit the
experimental (GZ) value atyater = 1.

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

DQCCKHz = —15.978/ppm+ 345.1 (15)

The results are given in Table 2. The shift values were
obtained from Figures 3 and 5 of Mizuno et?alWe 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@huyt
the range of the chemical shiftsis 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/CChixtures$® and ethanol
mixed with several solvents, e.g., DMS®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. CMol. Phys.1998 95, 1077-1081.
(34) Ferris, T. D.; Zeidler, M. D.; Farrar, T. ®lol. Phys.200Q0 98, 737—744.
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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) valuesater= 1.

from viscosities by Aminabhavi et &.(the results are nearly
the same as the older values by Cowie and Toporcisknd
diffusion coefficients by Packer and Tomlins&n.

As the values in the literature were obtained feOHDMSO,
they have to be corrected for the higher viscosity and lower
translational self-diffusion coefficients in,D/DMSO, correc-
tions that become less important with decreasing water content.
We use the correction factors derived by GZ from relaxation
measurements in4@/D,O/DMSO mixtures (Table 4 in ref 1).

In Figure 6 the uncorrected values (foe®) 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 atXyater = 0.8 and stay always slightly above. Atater

= 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

disagreement between the results obtained from the measurépy Aminabhavi and Gopalakrishna for the viscosities is negli-

ment of Mizuno et af®> 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 dig.d;
= 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
D,O are listed, which were obtained from the quadrupole
relaxation rates by GZ and tH2QCGCs 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 QCCyexy.

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 th®QCCs 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 SourcesFrom the
discussion at the beginning of this paper it is clear that an
evaluation of thdDQCC 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

Considering that the relaxation rates and chemical shifts can,q potential is imperfect, and indeed the relaxation rates and

be accurately measured, and that the quantum chemical calcula

tions were performed on a high level, they are probably the
best available values fag of DO in this mixture (still assuming
a concentration independence®fresg).

3.3. Combination of Other Experiments from the Litera-
ture with the Deuteron Relaxation Rates of Gordalla and
Zeidler. Assuming the proportionality of, to the viscosity or
inverse translational self-diffusion coefficient mentioned in 3.1,
we can make further determinations of the change IlDIQEC
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,

correlation times are by more than a factor four out. However,
the DQCCiis 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 af* and Luzar et al®,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 b@CCin bulk water

is insensitive to the potential energy surface and the choice of
parameters used in the calculations in this work are sufficient

applied to molecular systems. We confirmed this in the present ; produce accurate resuft&’ As the DQCC is a structural

case in Figure 4, where the proportionality betwegand the
inverse translational self-diffusion coefficient holds for the
model used in our simulations. In addition, Cabral etal.
showed that an eutectic mixture of 2 water/1 DMSO follows
the StokesEinstein relation between shear viscosity and
diffusion coefficient for different temperatures.

Using the proportionality of the inverse translational diffusion
coefficient or the shear viscosity o, 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 valu
for neat water. The results shown in Figure 6 were obtained

property, eq 8 shows how the relaxation and the correlation
times are coupled. Only IDQCC 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 ikwater= 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. MCan. J. Chem1964 39, 224.

36) Packer, K. J.; Tomlinson, D. Jrans. Faraday Sod971, 67, 1302-1314.

37) Eggenberger, R.; Gerber, S.; Huber, H.; Searles, D. J.; Welked. M.
Comput. Chem1993 14, 1553.
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section 3.1 would then suggest that we have to look for an errorto a dip for DQCCyexp and that this effect is not correctly
in the experimental evaluation of the rotational correlation time. reproduced by the simulation. Similarly, one can speculate that
Similarly, the evaluation from the chemical shifts in section for high dilution the monomerdimer cross terms become less
3.2 should not be sensitive to any dynamic properties. As the important, raisingrerg towardr, andDQCCyexp towardDQC Cerg
results were obtained completely independently of the earlier and that this effect again is not well reproduced in our
experimental work and our simulations, they are a strong simulation. Better potentials and statistics are needed to check
confirmation of our simulation results. Of course the small dip these speculations.
seen in the trend determined from chemical shift measurements We note that structural properties are not as sensitive to
shown in Figure 5 could be an underestimation, but even if it temperature as dynamic properties such as the relaxation and
were slightly larger, it is far from reproducing the GZ results. correlation times. Therefore, the evaluations in section 3.1 and
Similarly, the deviations of the results in 3.2 from the simulated 3.2 should not be sensitive to errors in temperature. However
results at smaller mole fractions are small and deviate in athe evaluations in section 3.3 and by GZ depend on the
qualitative manner from the GZ values. combination of different relaxation rates or relaxation rates and
The results in section 3.3 were obtained from dynamic other dynamic properties and are subject to significant possible
properties. They are not independent of the GZ values as theerrors due to small errors in the temperature.
GZ relaxation rates and also their correction factors for the  Focusing our analysis on the rotational correlation time we
corrected values were used. This shows again how sensitivefound one peculiarity in its evaluation by GZ. In contrast to
the DQCCsare to the correlation times. Of course one has to the deuteron-relaxation time measurement they used DMSO-
keep in mind that several assumptions were made in obtainingds. However, additional simulations performed with DM$-
these correlation times and they are not directly obtained. The did not change the above results significantly and are, therefore,
correlation times, are determined by GZ indirectly using an excluded as possible error source.
extrapolation of relaxation rates, and viscosity corrections for
isotopes 160, 170, 180, H, 2H).! In a different experimeft
GZ deeply cooled a water/DMSO mixture wityaer = 0.68 Simulations with a precalculated electronic property surface
and thus were able to proceed beyond the extreme-narrowingpresented here for a water/DMSO mixture permit the simulta-
region. In this way, the square of the dipolar coupling constant, neous calculation ddDQCGs, relaxation rates, efg time correla-
needed to calculate the correlation time from the dipolar tion functions and rotational correlation functions. This allows
relaxation rate, can be obtained from the NMR measurements,the errors introduced in the experimental evaluation of the
instead of calculating it from the OH-bond distance. It is known coupling constant to be checked using a consistent model. The
that the square of the coupling constant derived in this manner,use of the rotational rather than the electric field gradient
which is adequate for relaxation measurements, is lower thancorrelation time yield®QCGCs for our model that are too small
the one calculated with the equilibrium distance, due to by about 15 kHz for the deuterons in water. However, this effect
molecular flexibility. It is this deviation which is taken into is independent of the composition and therefore a dix.at
account by the generalized order parameter by Lipari and = 0.95 and the steep rise at smaller mole fractions observed by
Szabd*® However, GZ surprisingly only obtained half of the Gordalla and Zeidléris still not reproduced.
value calculated in ref 1, meaning that the correlation time is  The new simulations confirm previous res8ltgith better
doubled and the DQCC would be reduced by 29%. Obviously, statistics, which showed a monotorld@QCC curve increasing
the dipolar relaxation of water in this mixture is not fully little with dilution by DMSO. This is no surprise as the same
understood, and most probably effects not considered in the potential was used. However, since this time experimental and
evaluation of the correlation times from dipolar relaxation lead theoretical results have been published in the literature, the
to the unexpected behavior of the DQCC found in ref 1. combination of which allows a completely independent deter-

4. Conclusions

Simulations should be useful to analyze these effects. mination of theDQCC. They confirm the simulated results.
The starting point for this work was to study if the assumption Combinations of the GZ deuteron relaxation rates with inde-
Teig = 72 could explain the discrepancy betweR@CCeyxp and pendent diffusion and viscosity measurements yield results

DQCCGq. Indeedresgy is significantly shorter tham,, leading to between the GZ and the present results, assuming the propor-
a decrease 0dDQCCyexp compared tddQCCyy by a factor of tionality of these independent measurements and the rotational
/Tef 9/12, but no concentration dependence of this factor was correlation time. As further experiments by GZ indic&teffects

found. Since the dynamics produced by the potential model are not considered in the evaluation of correlation times from proton
poor (absolutely as well as relatively for different concentra- relaxation times probably lead to the unexpected behavior

tions), the uncertainty of this factor has to be discussed. In evaluated by GZ.

previous worke” we showed that in neat water, the different

effects of molecular flexibility onrerg and 72 were mainly s34 01 of the Schweizerischer Nationalfonds ZudEaing

restﬁon3|ble for t:ﬁ decreasez?fg compﬁred'tqz (tc,’”g'"a“gg ; der Wissenschaften. We thank the Australian Research Council
in the monomer-dimer cross terms when inserting eq 5 into . support of this work.

eq 3). Adding DMSO to water withyaer = 0.9, the viscosity

and probablyr, also double. One can speculate that in this  Supporting Information Available: Fit-functions and coef-
situation the relative influence of molecular flexibility on the ficients for the dimer contributions to the electric field gradient
decrease of the efg time correlation function is larger, leading tensor components. This material is available free of charge via
the Internet at http://pubs.acs.org.
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