5854 J. Phys. Chem. B000,104,5854-5864

Molecular Dynamics Simulations of the Properties of Cosolvent Solutions
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The physical and dynamical properties of sodium chloride, guanidinium chloride, urea, and 2,2,2-trifluoroethanol
solutions have been investigated as a function of cosolvent concentration using molecular dynamics simulations.
Properties studied included: solution densities, radial distribution functions and coordination numbers, diffusion
constants, residence and reorientational times, and dielectric properties. In most cases, the observed trends in
the experimental data as a function of increasing concentration were well reproduced. However, quantitative
agreement with experiment was relatively poor, with most cosolvent effects being exaggerated in the
simulations. The results highlight significant differences as well as similarities between the effects of
guanidinium chloride and urea cosolvents. Aggregation of 2,2,2-trifluoroethanol molecules in water at higher
concentrations was also observed, in agreement with experiment.

Introduction solution properties have been investigated in detail and com-
pared with the corresponding experimental properties where
possible. An indication of the strengths and weaknesses of

Lhe Stlr‘ithuref ‘::‘r:‘d thedrmofdyn?mlcs% of b|olog|c;|1I m?leculeig.bA present force fields is essential for the study of cosolvent effects
nowledge of the mode of action of many cosolvents would be yia" oo tational technigues,

extremely useful for the understanding of processes such as To our knowledge very few computational studies of this kind

pro_tein folding, macromolecular assembly, DNA-protein inter- have been performed. There have been several studies of the
actions, etc. Even so, a clear understanding of the exact nature

of these cosolvent effects remains elusiveRecently, molec- effects_of sodium chloride concen_tration on _thg _solution
ular simulations have been used to complement e;xperimentalprOp.ertles of water molecules and.|%5%4 and |nd|V|dua.I
studies and have provided additional information concerning StUdl.eS of urea atdlﬁerent_cqncentratléﬁs%o butno systematic

. - . - . studies of urea, guanidinium chloride, or TFE solutions.
the interaction of cosolvents with peptides at the atomic l&vel,

and the effects of cosolvents on the hydration of hydrophobic Obviously, there are many water models and several different
10 >y . ydrop force fields for urea and TFE present in the literature. However,
solutes!® However, such computational studies are only as

reliable as the force fields used to describe the interactions & ZOTPaMson of all the m_odels WOUld. be implausible. Therefore,

between different components of the solution we have chosen to confine our studies to the SPC/E model for

. . L wateP! and cosolvent parameters obtained from the more

Cur.rent force fields are typlgally designed to reproduce ., mman force fields available at present. This approach should
experimental data for pure solutions. Unfortunately, cosolvent

. . . X .~ provide a reasonable indication as to the general validity of

ef‘fect_s r_esult from the interaction of blomo_le_cules_wnh asolution ., rent descriptions of cosolvent solutions.
containing several species. Therefore, it is typically assumed
that the force fields developed for two individual pure solutions, \1athods
water and TFE for example, will adequately describe any
mixture of TFE and water using standard parameter combining Classical molecular dynamics techniques were used to
rules. In addition, the partial atomic charges used to describe simulate the different solutions reported here. Table 1 lists the
electrostatic interactions are effective charges which implicitly force field parameters usé#;2 all of which were taken from
include any polarization effects present in the pure solutions. It the current literature. Intramolecular parameters were taken from
is not clear whether these effective charges give a realistic the same source where possible, or from the CHARMM22 force
representation of polarization effects for solution mixtures. In field?® for analogous compounds. Initial configurations of the
this paper we begin to investigate the validity of some of these different solutions were generated from a cubic bbx{( 2.5
assumptions and determine the properties of common cosolveninm) of 512 equilibrated water molecules by randomly replacing
solutions as described by current force fields. waters with cosolvent, until the required concentration was

We have chosen to study aqueous solutions of sodium attained. Minimization was carried out with 100 steps of steepest
chloride, urea, guanidinium chloride (GdmCIl), and 2,2,2- descent, which was followed by extensive equilibration. Initial
trifluoroethanol (TFE) using molecular dynamics simulations equilibration of the system was performed for 1 ns. The
to investigate the properties of these solutions as a function of €quilibration was then continued until all interspecies potential
cosolvent concentration. These cosolvent solutions exhibit a €nergy contributions displayed no drift with time. Simulations
range of physical and thermodynamic properties which are often Were performed in th&l, p, T ensemble at 300 K and 1 atm

dependent on the particular ratio of cosolvent to sol¢eftte ~ Using the weak coupling techniciéo modulate the temperature
and pressure, with relaxation times of 0.1 and 0.5 ps, respec-

*To whom correspondence should be addressed. Fax: 785-532-7278.tively. SHAKE?® was used to constrain all bonds with a relative
Email: pesmith@ksu.edu. tolerance of 10%, allowing a 2 fstime step for integration of

For over 100 years cosolvents have been known to affect
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TABLE 1. Nonbonded Force Field Parameterg

species atom a, el €, kd/mol g, nm ref
H.O (0] —0.8476 0.6506 0.3166 21
H 0.4238 0.0
Na* Na 1.0000 0.2340 0.2850 22
Gdm’" N —0.8000 0.7113 0.3250 23
C 0.6400 0.2092 0.2250
H 0.4600 0.0
Cl- Cl —1.0000 0.5380 0.3750 22
urea C 0.1420 0.4393 0.3750 24
(0] —0.3900 0.8786 0.2960
N —0.5420 0.7113 0.3250
H 0.3330 0.0
TFE CHg 0.2600 0.4896 0.3920 25
Ck 0.5900 0.4059 0.3361
(@] —0.5500 0.8496 0.2955
F —0.2000 0.5538 0.3050
H 0.3000 0.0

a Symbols arey, atomic charge¢ ando, Lennard-Jones-612 well

depth and diameter, respectively. The geometric mean was used for

both e ando combining rules? United atom carbons.

TABLE 2: Summary of the Molecular Dynamics Runs?

Tsim wQd Cc pMD pexp
cosolvent (ns) N Ny (nm® (mol/L) (g/c?)  (g/cn¥)
none 2 0 512 15.411  0.00 0.9937(9) 0.997
NaCl 2 5 502 15.120 0.55 1.0251(7) 1.019
NacCl 4 9 494 14.928 1.00 1.0483(6) 1.037
NaCr 2 18 988 29.871 1.00 1.0478(9) 1.037
NacCl 2 14 484 14.688 1.58 1.078(1) 1.058
NaCl 2 18 476 14.532 2.06 1.0999(8) 1.076
GdmCl 3 9 494 15.635 0.96 1.036(1) 1.021
Gdmcl 2 30 410 15.117 3.30 1.126(2) 1.075
GdmCl 3 50 350 15.343 541 1.199(2) 1.120
urea 3 9 503 15.798 0.95 1.0091(5) 1.012
urea 2 50 400 15.641 5.31 1.0836(5) 1.078
urea 2 75 350 15.959 7.80 1.1246(8) 1.113
TFE 2 9 476 15.352 0.97 1.0248(5) 1.031
TFE 2 25 420 15.566 2.67 1.0738(3) 1.085
TFE 25 40 360 15.603 4.26 1.116(1) 1.137
TFE 1 110 988 42.723 428 1.1194(3) 1.137
TFE 2 225 0 27.023 13.82 1.383(1) 1.381

a N, number of cosolvent moleculds;,, number of water molecules;
V[ average volume of the solutio@;, cosolvent concentratiofgim,
total simulation timepMP and p®*® are the simulated and experimental

densities, respectively. * indicates a cosolvent concentration repeated

with a larger box length? From ref 65. Experimental densities for NaCl,
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to this coordination shell after escaping for less than a delay
time, tyelay Was considered to be continuously bound to molecule
i. However, when any of th¢ molecules was out of the
coordination shell of for longer thantgelay it was considered

to be a free molecule. In the calculations reported hiaggy

was taken to be 1 ps. The first passage titpg,0f molecule
aroundi was defined as the duration of the time for which it
was bound ta. That is, this time indicates the duration between
transitions when moleculggoes from the bound state to the
free state. A series of first passage times was calculated for all
molecules] around molecules$ using the last nanosecond of
the trajectory. These were then arranged in increasing order of
magnitudet; < t; < ... < tx... < tp, wheren is the total number

of transitions from the bound to the free state. It is then possible
to construct a Hazard plot using these ordered first passage times
and the Cumulative Hazard, defined as folloi:g!

k—1 1
H, =
“ ;)(n—l)

A plot of Hx against the first passage times should be linear for
a Poisson process, and was linear for all the processes
considered here. The slope of this plot gives the dissociation
rate and the residence time of spegi@sound species

The dielectric constants;, of the various solutions were
determined from the fluctuation of the total dipole momani,
of the system. In the case of the two salt solutioN&Cl and
GdmCH-only the water molecules contributed to the dipole
moment, whereas in the case of urea and TFE, the solute
molecules also contributed to the dipole moment of the system
as a whole. IfV and T are the average volume and the
temperature of the system, respectively, then (under conducting
boundary conditions) the dielectric constant is give@sby

4 M °0- M

€ 3¢,VRT

whereR s the gas constant arglis the permittivity of vacuum.
When € was plotted against time, after averaging over time
origins3*the curves exhibited a plateau after an initial increase.
The plateau value at 500 ps was taken to be the dielectric
constant of the solution. The dielectric relaxation timg, was

GdmCl, and urea solutions from ref 66, and from ref 55 for TFE. 4.3 Calculated from the autocorrelation functiah (t)-M (0)Cof the

M TFE is approximately 30% by volume of TFE. Numbers in
parentheses indicate the error in the last digit.

the equations of motion. Total simulation times were in thel 1

total dipole moment of the system. This autocorrelation function
typically decays exponentially &Y™ 3> and produced a good
fit for all the solutions except for 3.3 and 5.4 M GdmCl, where

ns range (see Table 2), the final nanosecond of which was usedhere appeared to be more than one relaxation time. For

for calculating ensemble averages. The Ewald techAtquas

consistency, we report data only for the single-exponential

used to calculate electrostatic interactions. A convergence @Pproximation.zy was obtained by fitting the normalized

parameter of 2.5 nmt was used in combination with a real
space cutoff of 1.2 nm and including all lattice vectors with

autocorrelation function to a single-exponential function using
a simple fitting procedure. For Ewald electrostatics with

< 49. Configurations were saved every 0.1 ps for the calculation conducting boundary conditionsy is identical to the Debye

of various properties. For the systems simulated here, our code'elaxation time p.
requires 10 min/ps on a DEC Personal Workstation (EV5/600

35
Molecular reorientations in the first coordination shell

MHz). For polyatomic solvents and cosolvents, the center of (defined by the position of the first minimum in the rdf) were
mass was used during analysis to determine the position of theStudied by calculating the correlation functiori;(cos 6)L)
species of interest. Standard deviations were estimated bywhere coso(t) = &(t)-¢(0). P1 is the first-order Legendre
determining properties from four subaverages spanning 250 psPolynomial ande represents a unit vector in the molecular

each. The simulation results are summarized in Table 2.
Residence times of a given specigsafound another species
(i) were calculated as follows. At a given configuration, only
those moleculeg)within a distance less than the first minimum
in the radial distribution functiong;, were considered to be
bound to the species of interegt @Any moleculg that returned

coordinate frame. We have calculated the reorientation times
for water around positive iong’{ ), negative ions1 ) and
neutral solutes (listed undef; , for convenience). For all of
the above, the unit vecterwas taken to be along the direction
of the water dipole. In addition, we have also calculated these
quantities ¢/, ) for reorientation of Gdm around Gdr ions
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and for urea around urea. For these calculations, the unit vectors 1.4

ewere taken to be along a-0N bond and along the€0 bond,
respectively. All these correlation functions were observed to
decay exponentially with a relaxation time.36

Local electroneutrality within the solution was monitored as
a function of distance by calculating the net charge around a
given species in solution. For the salt solutions, this was
performed in two ways; (i) taking into account only the ionic
species, and (ii) considering water molecules as well as ions.

Chitra and Smith

* Water
ONaCi
0 GdmCI
<O Urea

Only the latter method is applicable to the neutral solutions. ATFE ,
The net charge is taken to be the product of the charge on the 12
species and the number of such molecules around a given o< ,/
moleculei, o J/

P (g
14

QR =Y ap, [, gy(n4m*dr
]

whereg;(r) is the radial distribution function of speciparound
speciesi and p; and g; are the number density and charge,
respectively, of specigs When the net charge was calculated 1ol @
using method (i), it was determined as the total charge density : ¥ i
due to all species around the origin. The net charge was ,/
calculated to distances beyohé?, whereL is the simulation J
cell edge length, and no periodic images were considered. ,f
Diffusion constants for the different species were calculated 0.9 £ ‘

from the fluctuation of the position coordinates: 0.9 1.0 L 12 1.3 1.4
P (glem’)

Figure 1. Simulated versus experimental densities of the different
cosolvent solutions.

Dt= lim ([B*C— )
t—o0
The averages were taken over all the particles as well as overincreased with cosolvent concentration over the ranges consid-

time origins. In all cases, a plot df?l]— [F[3 againstt was ered here. Sodium chloride and GdmCl solutions displayed an
linear, and the diffusion coefficient was given by the slope of j,creasing deviation to higher simulation densities with con-

the plot as estimated between 50 and 150 ps. The diffusion centration, with the higher concentration GdmCl solutions
constants determined by the above formula were |dent|qal with differing significantly from the experimental values. It appeared
those calculated from the slope of the mean squared displacenat the parameters associated with the salt solutions were
ment of the particled] but exhibited superior statistics. overestimating electrostriction effects in these systems, which
could be a result of neglecting explicit polarization effects. Urea
also deviated slightly toward higher solution densities but

In this section, a variety of physical properties of NaCl, remained in good agreement with experiment. TFE solution
GdmCl, urea, and TFE solutions are presented as a function ofdensities were reasonable although consistently lower than
concentration. The concentrations considered here are typicalexperiment. System size effects oM NaCl and 4.3 M TFE
of the range of concentrations over which the cosolvents are were negligible. Interestingly, the experimental densities for 6
used experimentally; GAmCI (6 M), urea (8 M) and TFE (30% M GdmCl, 8 M urea, and 30% v/v TFE are very similar1.13
v/v). Sodium chloride was also included for comparison. The g/cn?).
data for pure TFE was used to help rationalize many of the B. Radial Distribution Functions. Radial distribution func-
observed trends, while any possible system size effects weretions (rdfs) between different cosolvent species, as well as those
investigated by repeating some simulations using larger systembetween cosolvent and water, were calculated in order to monitor
sizes. For convenience, the different species have been denotedny change in the structure of the solutions with concentration.
as follows: u, (neutral) solutey, solvent;+, cations; and-, Figure 2 shows the rdfs between selected ion pairs, neutral
anions. Also, an asterisk is used to denote a cosolventcosolvents, and between water and different cosolvent species.
concentration that has been repeated using a larger system sizeCoordination numbers between different specis,are also

A. Solution Densities.A comparison of the simulated and shown in Figure 3a as a function of concentration. The positions
experimental densities for the different cosolvent solutions is of the first minimum and the corresponding coordination
presented in Table 2 and Figure 1. The density of pure SPC/Enumbers compare well with other simulation studie$3
water was slightly low compared with the experimental density  Figure 3a and Table 3 suggest that the solvation of the cations
but is in agreement with previous valu&syhile the density of by water was relatively independent of concentration, whereas
pure TFE was also very well reproduced. A slight decrease in the neutral solutes became more desolvated. The coordination
water density, from the original parametrization using cutoffs, numbers of water molecules around the chloride ions suggested
was expected on inclusion of long range electrostatic interac- that they were desolvated to a greater extent at higher
tions38 This was a minor effect. As Ewald electrostatics are concentrations, particularly in GdmCI solutions. Coordination
essential for a realistic treatment of ionic systefhthey were numbers between the different species in TFE solutions indicated
adopted here to maintain consistency between the simulationsan increasing degree of TFE association with concentration,
All solution densities increased with addition of the heavier together with decreasing solvation of TFE by water and an
cosolvents. In general, deviations from the experimental valuesincrease in water structure (see Figure 2). There was a slight

Results and Discussion
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Figure 2. Radial distribution functions between selected pairs of species in GdmCI and TFE solutions of different concentrations. The solid line,
dashed line, and dotted line correspond to successive increases in solution concentration.

TABLE 3: Radial Distribution Functions and Coordination Numbers 2

rm(nm) Nij
cosolvent Cc (mol/L) +lv —lv +/+ +/— —/— vlv +lv —lv +/+ +/— —/—

NacCl 0.55 0.34 0.36 0.51 0.35 0.59 4.6 6.1 6.6 0.1 0.2 0.2
NacCl 1.00 0.34 0.36 0.51 0.34 0.56 4.5 6.1 6.5 0.3 0.2 0.2
NaCr 1.00 0.34 0.36 0.54 0.34 0.56 4.5 5.9 6.4 0.4 0.4 0.3
NacCl 1.58 0.34 0.36 0.51 0.34 0.56 4.5 5.9 6.3 0.4 0.4 0.4
NaCl 2.06 0.34 0.36 0.54 0.34 0.56 4.5 5.7 6.2 0.9 0.6 0.8
GdmcCl 0.96 0.52 0.36 0.59 0.46 0.59 4.4 16.9 5.8 0.4 0.8 0.3
GdmcCl 3.30 0.54 0.36 0.59 0.46 0.59 3.9 17.0 5.1 14 13 11
GdmcCl 5.41 0.57 0.36 0.49 0.46 0.59 34 17.2 4.8 11 1.6 2.0
urea 0.95 0.58 0.61 4.5 22.9 0.7

urea 5.31 0.56 0.61 4.0 15.0 3.7

urea 7.80 0.54 0.61 3.7 11.7 54

TFE 0.97 0.59 0.72 4.5 23.2 1.6

TFE 2.67 0.59 0.73 4.3 15.0 5.0

TFE 4.26 0.58 0.72 4.2 9.4 7.4

TFE 4.28 0.58 0.72 4.3 7.6 8.5

TFE 13.82 0.72 12.7

arm, position of the first minimum in the rdfl;, the associated coordination number. For convenience, the properties for neutral solutes (urea
and TFE) are listed undef/+ (solute around solute) ant/v (water around solutejy, for v/v = 0.34 nm for all solutionslN,, = 4.6 in pure SPC/E
water.

decrease in the number of waters in the hydration shells &f Na coordination number of specigsaround species may be

and CI ions with concentration; the magnitude of which is in  defined as,

agreement with recent dielectric studféslhis was probably ,

due to the formation of ion pairs indicated by the increased N§X= o L[(’)m4nr2[gij(r) — 1] dr

coordination numbers between both like and unlike ion pairs

(see Table 3). Indeed, many complexes between sodium andwherer, is the position of the first minimum in the rdf between

chloride ions were observed especially at higher concentrations.i andj. Excess coordination numbers are shown in Figure 3b

In particular, NaCl, complexes, with two chlorides in direct as a function of solvent concentration and represent the excess

contact and stabilized by bridging sodium ions, were common. or deficit of specieg around speciescompared to a random

We are currently analyzing the significance of these complexes. distribution. Clearly, the trends in Figure 3b more closely reflect
An increase in the number of GdnaCl and CHCI ion pairs those suggested by the rdfs (see Figure 2). The excess

in the GdMCI solutions was observed. However, the rdfs for coordination numbers for GdrCl ion pairs were invariant to

Gdm—Cl seem to indicate otherwise. This apparent contradiction increases itC,, in contrast to the absolute coordination numbers,

is resolved when one considers that the rdfs indicate the while the excess coordination numbers for Ge@dm and Ct-

propensity for association over and above the effect of increasedCl pairs increased and decreased, respectively. Analysis of

numbers of such species. However, coordination numbers will relative orientations of guanidinium ions in the first coordination

naturally increase with concentration even if there is no shell indicated that configurations in which the planes of the

significant interaction between the species involved eXpess two ions are almost parallel were favored.
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Figure 3. (a) Coordination number; of different species are shown for NaCl (circles), GdAmCI (squares), urea (diamonds), and TFE (triangles)
solutions as a function of cosolvent concentration. (b) Excess coordination nuNﬁéeésee text for definition) are plotted for the same pairs of
species as in (a).

The excess coordination number for uresea pairs increased  experimentally observed clustering of TFE molecules in wa-
slightly with increasing concentration indicating a tendency for ter*647 which has been proposed as a possible mechanism for
the solutes to associate. However, an analysis of the relativethe stabilization ofo-helices?® As is evident from Table 3,
orientations of urea molecules within the first coordination shell system size effects on coordination numbers were rather small,
indicated that there was no particular preferred orientation. In particularly for NaCl.
fact, no evidence for the formation of long-lived linear, forked, The effects of the cosolvents on the structure of water are
or cyclic urea dimers was found. This is in contrast to other discussed in detail elsewhefeln summary, it was found that
simulations!®1°® However, the absence of any long-lived urea NaCl and GdmCI do not significantly affect the structure of
self-association is in agreement with previous NMR stutfies. water, while urea is a weak structure maker, and TFE is a strong

Figure 3b indicates that the increased degree of associationstructure maker. All effects increased with concentration.
in TFE solutions at higher concentrations, which was ac- C. Electroneutrality. The net charge in the vicinity of each
companied by a decrease in the solvation of TFE by water cosolvent speciefQ(R), has been calculated based on (i) only
molecules, was significantly greater than that expected by simpleion—ion interactions (for salts), as well as (ii) cosolvent
increases in concentration. This is in agreement with the cosolvent and cosolventvater interactions (for salts and neutral
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Figure 4. The net charge in the vicinity of each cosolvent species is plotted as a function of distance. For the salts, the net charge around the cation
and anion is plotted separately, for all the concentrations reported here. The thin solid line indicates the net charge required for eldgttoneutrali

be satisfied. The thick solid lines represent the net charge as calculated basee iom ias well as ior-water interactions, while the dotted lines

indicate the same quantity calculated using only-i@m interactions. The last two panels on the right indicate the effect of varying system size on
NaCl (1 M) and TFE (4.3 M) solutions.

solutes). The results are shown in Figure 4. For the salts, thediffusivities of CI~ ions were significantly smaller than the
net charge as calculated by (i) varied appreciably with cosolvent observed value® This is probably due, at least in part, to the
concentration. The net charge tended to its expected value atparameters used to describe the chloride ion interactions.
shorter distances for the higher concentrations, in agreementPolarization effects (which have not been explicitly considered
with an increase in charge screening. In contrast, the net chargenere) could play a significant role for this rather large anion,
as calculated by (ii) exhibited strong oscillations for the salt and consequently chloride ion parameters vary widely in the
solutions. For the NaCl solutions, there was a very small but literature ¢ (nm)/e (kJ/mol): 0.4419/0.48% 0.4864/0.168}
systematic lowering of the peak heights with increasing 0.4446/0.4472 0.3884/4.5582 0.3750/0.53®). The decrease
concentration. It is probable that the observed oscillation was in chloride ion diffusion constants with increasing concentration
due to the alternating orientations of water molecules in the was significantly greater than experiment, but in good agreement
different solvation shells around the ion in question, the peak with the results of Lyubartsev and Laaksoréithe calculated
separation distance being close to the diameter of a waterdiffusivities for urea and TFE compare fairly well with
molecule ¢-0.2 nm). The inclusion of water molecules resulted experimental values for low concentratiois? In fact, it is
in charge neutralization at distances of 1.2 nm for NaCl and experimentally observééithat the diffusivity of urea solutions
GdmCI solutions. Although this is close td2, a system size  decreases linearly with increasig for the range of concentra-
dependence can be ruled out as the larger NaCl system alsdions considered here; a trend that was also observed in the
displayed the same characteristics. In the case of the neutralcalculated diffusivities as shown in Figure 5. At higher
solutes only method (ii) is appropriate. In contrast to the salts, concentrations, the diffusion constants for TFE deviate from
the net charge around TFE or urea molecules displayed nothe experimental values primarily due to the incorrect value
regular oscillations. Both urea and TFE molecules were sur- obtained for the diffusion constant of pure TFE.
rounded by an initial region of positive charge probably resulting ~ An attempt to model changes in the diffusion constant of
from the presence of hydrogen atoms from nearby hydrogen water was made using the approach of Heftr.this approach,
bond donors. Figure 4 also illustrates the variation of the net the overall diffusion constant for wateb,Pd is divided into
charge with distance for NaCl and TFE solutions as a function contributions from bulk watei¥, &) and from hydration shell
of system size. While it appears that system size effects werewater associated with the cosolvent species. Hence,
negligible for NaCl, the TFE solution did display some
differences, particularly at large distances. D= [D,N,,, + D_N_,, + D"**(N,, — N,,, — N_,)/N,,

D. Diffusion Constants. The diffusion constants of the
various species in solution were calculated in order to study whereNy,, denotes the number of waters in the first hydration
the effect of increasing concentration on their mobilities. The shell of the cations anB, is the simulated diffusion constant
results are listed in Table 4 and displayed in Figure 5. In almost of the cations, etc. Hydration shells were defined as the distance
all the solutions studied, there was a clear retardation in to the first minimum in the appropriate rdf (see Table 3). The
diffusivities with increasing concentration. Our sodium chloride model was also applied to neutral cosolvent solutions, and the
values compared reasonably well with other simulations in the results are presented in Table 4. We note that for higher
literature*2 While the calculated diffusivities of the Naons cosolvent concentrations, where sharing of waters between the
in NaCl solutions were in good agreement with experiment, the hydration shells of two or more cosolvent molecules becomes
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TABLE 4: Diffusion Coefficients of the Different Species in Solutior?

D(x107° m?/sec)
cosolvent C. (mol/L) D, DPred Dy D2P D+ DS D- D>
none 0.00 2.73 2.73
NaCl ID 1.32 2.03
NaCl 0.55 2.39 2.55 1.2 1.28 1.4 1.85
NaCl 1.00 2.30 2.36 1.2 1.23 1.1 1.78
NaCr 1.00 2.45 2.38 1.3 11
NaCl 1.58 1.78 2.07 0.9 0.8
NaCl 2.06 1.76 1.88 0.9 1.13 0.7 1.66
GdmcCl 0.96 2.15 1.96 0.8 1.0
GdmCl 3.30 1.31 0.4 0.5
GdmcCl 541 0.74 0.2 0.3
urea ID 1.38
urea 0.95 2.68 2.27 1.6 1381
urea 5.31 2.17 1.2
urea 7.80 2.13 1.0
TFE ID 1.13
TFE 0.97 2.44 2.01 1.1 1.1
TFE 2.67 2.30 1.19 1.0 0.81
TFE 4.26 2.04 0.9 0.68
TFE 4.28 2.12 1.1 0.68
TFE 13.82 1.3 0.60

aD,, D, D+ andD- denote diffusion coefficients of water, neutral cosolvent, cations, and anions, respe@ffpr pure water at 300 k=
2.3 x 107° m&/sec (from ref 67). See text for definition 8. ID = infinite dilution. ® From ref 14.c From ref 12.9 From ref 54.° From ref 55.
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Figure 5. The diffusivities of different species in the cosolvent solutions are plotted as a function of cosolvent concentration. The diffusion
constants of water, cations, anions, and the neutral solutes are shown in separate panels. The circles, squares, diamonds, and triangles represen
solutions of NaCl, GdmCI, urea, and TFE, respectively.

more probable, the model breaks down giving valuebl.of, predicted decreases for urea and TFE solutions were also larger
etc., greater than the total number of waters in the system. than those observed in our simulations. Again, relatively large
All cosolvents considered here diffused slower than water diffuse hydration shell definitions could explain these differ-
and hence the trends toward smaller water diffusion constantsences.
were reproduced. The predicted water diffusion constants in E. Residence Times.Residence times for water around
NaCl solutions were consistently higher than that observed, different cosolvent species exhibited a range of effects with
suggesting that one may need to include some fraction of watersincreasing concentrations (see Table 5 and Figure 6). The
associated with well-defined second solvation shells. This was residence timeg", of water around the neutral solutes (urea and
not a problem for GAMCI solutions where too steep a decreaseTFE) was essentially independent of concentration. This is to
was predicted. However, the first solvation shell around the be expected, since these solutes do not interact particularly
Gdm* ions was rather large, containing some 17 waters or so, strongly with water. Interestingly! for water around Naions,
which could explain the excessive decrease predicted. Theas well as that of water around TClions, did not vary
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TABLE 5: Residence Times and Reorientational Relaxation tion was increased. The significant increase in the residence
Times® times of water around Gdmions with concentration was not
residence times reorientational imes  correlated with an increase in the coordination number for water
cosolvent Co(moll) ©,, <., ©,_ ¢, T, around the guanidiniu_m io_ns, Which was independenCQf _
- : - ? Note, however, the slight increase in the excess coordination
Rgg g'gg 13? 163 52 159'% 114 number of water around the guanidinium ions @s was
NaCl 100 169 162 53 208 131 increased (see Figure 3b). It is also of interest to note that there
NacCr 1.00 155 16.0 57 198 125 was a sizable effect in the dependence’afith concentration
NacCl 1.58 151 16.8 52 233 146 for water around chloride ions in GdmCI, but not for water
NaCl 206 169 170 61 255 155 around chloride ions in NaCl. Clearly, the solvation character-
GdmCl 09 137 173 86 165 142 72  |stics of the anion depended on the cation present in solution.
ggmg: 24312 ig:g ggg gg gg; ig:g égg Th(_e residence time and coordination number data indicate t_hat,
urea 0.95 11.2 23 11.6 20 while there were fewer water molecules around the chloride
urea 5.31 12.0 25 18.1 59 ions in GdmCI, they were more tightly bound (much longer
urea 7.80 11.9 28 221 60 residence times). The residence times of anions around cations
TFE 0.97 11.5 44 12,6 were statistically unreliable and specific trends could not be
TFE 267 111 38 172 inferred from the present data.
TFE 4.26 10.5 34 234 . .
TFE 4.28 10.9 32 177 In TFE solutions,z" for TFE around TFE decreased with
TFE 13.82 27 increasing concentration. As there was more association at the

higher concentrations, as indicated by the higher coordination
numbers (see Table 3), this decreaser'inwas probably a
anions around cations!,,, #*,,, and",, denote the reorientational reflectloq of the fact that. the_soluuons became more organic in
relaxation times for water around cations, water around anions, and Nature with no strong directional bonds. On the other hand, a
cations around cations, respectively. All reorientational times were small increase in the residence times of urea molecules around
calculated using first order Legendre polynomials. As before, the values other ureas was observed. This correlated with the slightly

for neutral solutes (as well as those for pure water) are listed under thejncreased tendency for association of urea molecules at higher
values for water around cations. All times are in ps. concentrations (see Table 3).

significantly with increasing concentration of NaCl, in agreement ~ F. Reorientational Dynamics. The effects of increasing
with other simulation results This is slightly unexpected as  concentration on the reorientation of different species are
the number of ion pairs increased with concentration (see Tabletabulated in Table 5. For all the solutions studied here, the
3), but is supported by the fact that the coordination number rotational relaxation times of water around a solute or ion (which
for water around Na and CI- ions changed only slightly with ~ were calculated for species in the first hydration shell only) were
concentration (Table 3). The magnitude of the residence timeslonger than that for water around water (5.0 ps), indicating that
for water around Naand CI were larger than early simulation  the water dynamics was considerably retarded. Also, not
studies?® but very similar to more recent resufts. unexpectedly, the rotational motion was more hindered at higher
Rather large effects were observed for the residence time ofconcentrations. It is of interest to note that the rather diffuse
water around both Gdmand CI ions as the GdmCI concentra- Gdm' ion oriented the waters in its first hydration shell as

a7l ,and7’, refer to residence times of water in the first hydration
shells of cations and anions, respectively, whﬂg refers to that of
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Figure 6. The residence times of one species around another are shown as a function of cosolvent concentration. The residence times for water
around cations, water around anions, cations around anions, and neutral solutes around other neutral solutes are plotted separately.
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Figure 7. Reorientational times of different cosolvent species around other species are plotted against cosolvent concentration.

strongly as the much smaller Naon. Also, the chloride ions 70 . ;

in both NaCl and GdmCI solutions appeared to affect the T
reorientational motion of water in much the same way. The 60
reorientation of Gdm ions around other Gdmions was very

slow as can be seen from Figure 7. In general, our water 50
orientational correlation times were larger than the infinite
dilution NaCl values of Madden and Impé&%,but in good
agreement with previous results for urea soluti¢hs.

G. Dielectric Properties. The dielectric constant decreased
with increasingC; in all solutions, with the possible exception 20
of urea (see Figure 8). The variation ©fwith concentration
was markedly different for urea and GdmcCI solutions, although 10
they are both chaotropic agef$°While € decreased anth
increased with concentration for GdmCI solutions, the dielectric 0 : J : ‘
properties of urea solutions remained almost unchanged. As
expected, addition of a salt to water produced a decreased 20 ‘ ‘ '
dielectric constant due to the restricted motion of water
molecules in the first few solvation shells. In contrast, the
addition of a polar solute such as urea actually increases the
experimental dielectric constatit.There appeared to be no 15
correlation between changes in individual reorientational times ~__
for water around neutral solutes or ions with cosolvent &
concentration, and changes in the dielectric response of the ¢
solution.

Table 6 lists the dielectric properties of the cosolvent solutions
studied here along with the experimentally observed values
where available. While the calculated valuesdbr pure water
agrees well with previous simulatiof,it is rather low

compared with the experimental valtieConsequently, com- 5o 3 6 9 12 15
parison of the calculated absolute values with experimental C, (M)
values is rather difficult. To Compare c?lrectly with experimental Figure 8. The dielectric constang, (top), and the dielectric relaxation
trends, a parametete was defined as: time, 7p (bottom) are plotted as a function of cosolvent concentration.
S = €solution — €water quantities were very small (see Table 6). The values)of
€water Ce obtained here for sodium chloride solutions were larger than

previous simulation datt,although the force field parameters
which is related to the dielectric decremé&hThe experimental differ significantly between the two simulations. While quali-
trends inde with increasing concentration were reflected in the tatively correct, the quantitative comparison between calculated
calculated values, except for the urea solutions for which the and observede values was complicated by the presence of
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molecules as the residence times for TFE around TFE actually
decreased with increasing concentration. Curiously, water

TABLE 6: Dielectric Properties of Solutions?

Ce ™ 15 ¢ OexP oo s i ;
cosolvent (mollL) (ps) (ps) ¢ €@ (mol/L)™* (moliL) coordlrjatlon numbers for the sodium chloride §o|gtlons were
none 000 86 82 62 785 essentially the values expegted for a r.andom distribution.
NaCl 055 103 7.8 61 718 0.0(1) —0.155 _Results for the urea solutions were in reasonable agreement
NacCl 1.00 85 7.5 57 66% —0.08(7) —0.152 with experimental data. The urea model used here has been
NacCr 1.00 96 7.5 58 66% —0.06(7) —0.152 questioned due to the resulting low urea dimerization engtgy.
NaCl 158 79 73 50 6200 -0.12(4) —0.133 Correspondingly, no long-lived cyclic urea dimers were ob-
NaCl 206 7.7 7.1 51 580-009(3) -0.127 served at any concentration during our simulations. However,
gomel 9% 0.7 76 %8 gg;-i :8-%8 o one has to bear in mind that the urea force field is an effective
Gdmol 541 187 27 : _0:10(1) ) force flleld which was developed to reproduce the solution
urea 095 93 63 788 0.02(7) 0.004 properties of urea and not gas-phase propettiesieed, results
urea 531 96 61 91°7 0.00(1) 0.032 for the diffusion constant of urea obtained here were more
urea 780 11.2 54 964 -0.017(8)  0.029 reasonable than that of a polarizable urea model which
TFE 0.97 10.6 63 75(5 0.02(7) —0.039 reproduced ab initio urea dimerization energies.
TFE 2.67 115 50 6927 —0.07(2)  —0.042 Finally, oscillating regions of charge density were observed
EE 2.'2286 112"3 273 633 :8:828; —0.045 arOL_md_ the anions and _cations present in solution. The_se
TEE 13.82 6.9 12 2617 oscillations appeared to involve water molecules located in

successive solvation shells surrounding the respective ions.
When considering the solvent and ions around a central ion the
charge oscillations were shorter ranged than when considering
just the ion atmosphere alone. These charge density fluctuations
were independent of the system size used for the simulation
and only varied slightly with salt concentration.

The data presented here suggest that most trends displayed
by sodium chloride, guanidinium chloride, urea, and TFE
solutions can be reasonably well reproduced in a qualitative
manner. However, they also suggest that there is significant
room for improvement in all of these models in order to
reproduce the quantitative details of these solutions. We

3 0€ = (€solution — €waten/ (€water Cc). Values in parentheses denote the
error in the last digit, assuming the errors in the simulatedlues to
be+ 3.7y is identical to the experimentally measured Debye relaxation
time, 7p. ® From ref 63.° From ref 44.9 From ref 68.¢ From ref 61.
fFrom ref 69.

large errors associated with the calculatedalues. The error

in the calculated dielectric constants was typically 5% and
considerably longer simulations would be required to get more
reliable estimates of dielectric properties. For NaCl solutions,
the calculated values fap, decreased with increasing concen-
tration, in agreement with experiment. However, the calculated

relaxation times for GdmCI solutions suggested a strong

emphasize that this is a problem arising from the application

retardation, while experiment actually measured a slight decrease®’ these models to describe cosolvent solutions, and not

in tp. System size effects orp were observed for NaCl and
TFE.

Conclusions

necessarily an indication of a poor initial parametrization. In

addition, some of the cosolvent parameters were not derived
for use with the SPC/E water model, or Ewald electrostatics,
which could explain some of the discrepancies. Whether the

) ] . required improvement can be obtained using better effective

The properties of a series of cosolvent solutions have beenpair potentials, rather than an inclusion of explicit polarization
investigated as a function of cosolvent concentration using effects, remains to be seen.
molecular dynamics techniques. The results suggest that the
observed trends in most properties were reproduced very well - Acknowledgment. This project was partially supported by
on a qualitative level, but significant quantitative differences the Kansas Agricultural Experimental Station (Contribution No.
from the experimental data were observed. Typically, a much 00-304-J). This material is based upon work supported by the
larger change in many properties was observed in comparisonNational Science Foundation under Grant #EPS-9550487 and
with experiment. To a certain extent this is not surprising as matching support from the State of Kansas, and DOE grant DE-
the parameters have not been optimized to reproduce the datdG02-99ER45764. Acknowledgment is made to the donors of
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differences were a direct consequence of inaccurate values folpartial support of the research.
properties in the corresponding pure solutions.
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