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We have carried out molecular dynamics simulations of NaCl solutions at room temp&28ite

and at a supercritical temperature of 683 K using discrete simple point ck@Rfe or SPC/E
molecular models for the water solvent. The solvent densities were 0.997%gt298 K and 0.35
gcm 2 and 0.175 gem® at 683 K. The ion—ion and ion—solvent distribution functions were
calculated and compared with corresponding functions for a continuum model of the solvent also
determined by computer simulation. Our studies confirm the presence of significant amounts of ion
pairing and clustering at supercritical conditions as seen in visualizations of the equilibrium
configurations of the solution. However, the degree of pairing and clustering of ions in supercritical
solutions is significantly different for discrete and continuum representations of the solvent.
Simulations of a 1 molal solution of NaCl at 683 K, using a discrete molecular model for the solvent
at a density of 0.35 gcnt, show the presence of a single megacluster of 10 sodium and chloride
ions in a system of 555 water molecules. Three smaller clusters containing positive and negative
charges are observed at 683 K when the electrolyte concentration is reduced to 0.5 molal at a solvent
density of 0.35 gcm?® and also at a lower solvent density of 0.175 g¢émMolecular dynamics
simulations of the velocity auto correlation functions of ‘Nand CI” ions have distinct forms
related to the cluster to which the ion belongs. The diffusion coefficients 6fawa CI™ ions, at

infinite dilution, are larger at 683 K than at 298 K, and decrease with increasing electrolyte
concentration. They are nearly equal to each other in the one molal solution at 683 K, which may
correspond to a supersaturated solution in which the large cluster of sodium and chloride ions moves
as an entity over an observed lifetime greater than 200 ps20@0 American Institute of Physics.
[S0021-960600)50242-9

I. INTRODUCTION mental dielectric constant and transport properties of water,
such as the diffusion coefficient. This gives us confidence in
The dielectric properties of water influence the diSSOCia-emp|oying the same models to Study the properties of ionic
tion of an electrolyte and subsequent solvation of ions insplutions at elevated temperatures by computer simulation.
aqueous solutions. Oppositely charged ions in agueous solu-  Supercritical water is characterized by a large compress-
tions tend to associate when the temperature is increaseility «; that is related to density fluctuations in an open
which is evident from the conductivity measurements Ofsystem and the solvent pair correlation functg(m) through
aqueous electrolyte solutions carried out at supercritical temthe well-known compressibility equatidn
peratures by Quist and Marshiaind by Woodet al? This
phenomenon is explained qualitatively by the observed de- pukTrr=1—p f (g(r)—1)dr. 1)
crease in the dielectric constant of water from nearly 78 at wEeT "
ambient temperatures to approximately 5 near critical condipq e p,, is the number density of watek, is Boltzmann’s
tions. The dielectric properties of water also change with th%onstant,T is the temperature in degrees Kelvin, and the
sglvent density,_ and correlations of the e>-<perimentall di(alecl'ntegration is over all space. The high compressibility in the
tric constant with temperature and density were discussegitica| region allows for large variations in the solvent den-
recently by Fernan_deet al.. , ) sity with small changes in the external pressure. The effect of
The decrease in the dielectric constant with temperaturg,)yent density fluctuations on ion solvation, association, and

is also observed in computer simulation studies of SImplg,ic reactions at supercritical temperatures however, is less
point charge_: mode_l(sSPC ano! SPC/Eor water. Mou_ntaln_ well understood, and is currently an active area of
and Wallquist, Cui and Harris, Neumanrf, and Guissani  ocearcf9:10

and Guillof have published details of their simulations of the Computer simulations of the potential of mean force of
dielectric constant of water over wide ranges of temperaturg ;| (Chiavlo and Cumming& Dang et al,*2 Rey and
and density. These simulations, using the SPC or SPC/%uardiaet al,'3 Berkowitz et al. and Karimet al4) in solu-
models for water, are generally in agreement with the experigo ot ambient conditions suggest that association of Na

and CI' ions takes place in two or more steps. In its simplest

dCurrent address: Department of Computer Science, Cornell Universityform, this is represented schematically}]as
Ithaca, New York.
P Author to whom correspondence should be addressed. Na“+Cl < Na*|Cl"eNa"Cl™.
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Here Na‘_"|C|_ represents a solvent separated ion pair, andABLE I. Na*-water, CI'—water, ion—ion, and water—water potential pa-
Na'Cl~ is a contact ion pair. This scenario underscores th&meters.

intimate_ ro[e that the splyent plays, b_eyond its diellectric lon o B) € (KIMO) o A) e (KI/Mo)
properties, in the association of oppositely charged ions te

"
form pairs. quevgr the interionic @stance bgtween_ sodium ga_ g;é 2:222 %‘51 ;:iig g:ggg %g
and chloride ions is a poor reaction coordinate since the
transmission coefficient is loW and Geisslert al!® have
discussed how solvent fluctuations and collective motions '°" Par oA € (kd/mo)
determine kinetic pathways for this reaction. Na"Na* 2.443 0.11913

The effect of ions on the properties of a polar solvent Na'Cl” 2.796 0.3526
like water near its critical region is also of great theoretical ' ¢ 3.487 0.97906
and experimental intere$t-° They could conceivably shift ~ Water To0 (A) €00 (kJ/MO) Charge )
the critical constants and alter the critical exponents of the o, 3.156 0.650 20 082
solvent. Conversely the solvent, which mediates the interac- H(H,0) +0.41

tions between ions through its dielectric properties and
charge screening, could promote the formation of clusters of
positive and negative ions with intervening solvent mol-

ecules. This may even lead to charge density waves, as digyeir simulations of NaCl solutions in supercritical water.
cussed by Nabutovskét al?® and Hiye and Stelf* Our study investigates the diffusion of the ions and ion clus-
In this paper, we describe molecular dynamics simulayers at supercritical temperatures as well as the diffusion of
tions of NaCl solutions at 298 and 683 K, using discrete angyee ions at room temperature.
continuum models for the solvent. We first present our re- e find that the diffusion coefficients of the sodium and
sults for 1.0 and 0.5 molal NaCl solutions using discretechoride jons at infinite dilution determined in the discrete
models for the solvent. The study at 298 K is at the usuakplyent models for water increase sharply with rise in tem-
solvent density of 0.997 g ¢, while the simulations of the  perature. This is similar to the behavior of other simple cat-
one molal sodium chloride at 683 K were carried out at dions and anions] reported by us in recent Stuaqég,and
solvent density of 0.35 g ciif which is close to the critical agrees with the trends shown by experimental determinations
density of water which is 0.32 g cim. Our studies are nearly of the mobilities of ions in water at infinite dilutiol? We
30° above the critical temperature of water. The high temy|so find that the ion diffusion coefficients decrease with in-
perature(683 K) studies of the 0.5 molal NaCl solution were creasing salt concentration, as expected from theory. The de-
performed at two different solvent densities of 0.35 andcrease is much greater for supercritical solutions than it is for
0.175 gcm*® to investigate the effect of this variable on the solutions under ambient conditions. At a sufficiently high
properties of the system under supercritical conditions. Sosalt concentration, the clusters of sodium and chloride ions
dium chloride is sparingly soluble in water at high tempera-diffuse as single entities and the ionic diffusion coefficients
tures, and the one molal solution of NaCl in SPC water abf the Na and CI" ions become essentially equal to each
683 K discussed in our studies may correspond to a supebther.
saturated solution, while the 0.5 molal solutions should rep- We also discuss simulations of sodium chloride solu-
resent concentrated salt solutions at 683 K. We also presefibns using a continuum model for the solvent. Although, the
results of molecular dynamics studies of one molal sodiunyualitative features of the structure and dynamics of sodium
chloride solutions at 298 K and at 683 K using a continuumand chloride solutions using a continuum and discrete sol-
model for the solvent with appropriate dielectric constants ofvent models remain the same in our simulations of 1 molal
78 and 5, respectively. This allows us to compare the propNaCl solutions, there are important differences in the details.
erties of an electrolyte at the same concentration in solutionor example, the extent of pairing and clustering of ions
that differ primarily in the treatment of the solvent as a con-observed at 683 K in the continuum and discrete representa-
tinuum dielectric medium or discrete molecular medium. tions of the solvent are significantly different. This shows
We determine the pair correlation functions and diffu-that dielectric continuum models, while useful in many re-
sion coefficients of the ions in NaCl solutions at 298 K andspects, are oversimplified caricatures of real electrolyte solu-
683 K and compare them with each other and with the cortions at supercritical temperatures due to solvent inhomoge-
responding data at infinite dilutici:?® This enables us to neity caused by density fluctuations.
characterize the essential features that distinguish electrolyte There have been other investigations of aqueous solu-
solutions at supercritical temperatures from the same soluions of NaCl at ambient and supercritical temperatures,
tions at ambient temperature. The main difference observedpart from the studies of Driesner al,>* Tester, Harris, and
in our simulations between the 1 molal and 0.5 molal sodiuntheir groups>2® and Chiavio and Cummings. Hummer
chloride at high and low temperatures, is the clustering of thet al?’ studied the equilibrium properties of aqueous solu-
sodium and chloride ions in supercritical region of the sol-tions of NaCl at several concentrations and at temperatures
vent that goes beyond the formation of isolated ion pairsranging from ambient to supercritical conditions, by simula-
The formation of small clusters of ions eventually organizingtion and calculation of the ion correlation functions using
into a larger mass with increasing temperature was also ohbintegral equation approximations. These studies have a dif-
served previously by Driesnet al?* and Testeet al>>?®in  ferent perspective from ours, which investigates the diffusion
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FIG. 1. Comparison of the non-Coulombic interactions betweeh &fad
Cl™ ions using Huggins—Mayégolid line) and Lennard-Jongslashed ling
potentials. The Lennard-Jones parameteasd o were calculated from the
Huggins—Mayer potential and E(B). Both models give potential functions
that coincide closely in the regions shown.

r(A)

FIG. 2. Oxygen—oxygen radial distribution function at 2981997 g cm’®
of SPC water, dashed linand 683 K(0.35 g cm of SPC water, solid ling
in a 1 nolal NaCl solution.

of ions in solution and their relation to cluster formation at

high temperature. 3
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II. MOLECULAR DYNAMICS SIMULATION @
TECHNIQUES Here ¢, is the permittivity of free space. The ion—water and
] ) ] ) ion—ion potentials consist of Lennard-Jones and Coulombic
Our primary system of ions in a discrete aqueous solvent,mnonents. The Lennard-Jonds)) interaction between
consisted of 10 Na, 10 CI", and 555 SPC water molecules. 5 water molecules is only between the oxygen atoms, and

This represents a NaCl solution at a 1 molal concentration ofye corresponding LJ ion—water interactions are between the
eIectronte._;I’he density of water in_our simulations WaSjon_oxygen and ion—hydrogen atoms of SPC water. They
0.997 gcm® at 298 K and 0.35 gci? at 683 K. These e both of the form

values of the solvent density require cubic simulation cell

box lengths of 25.54 A and 36.20 A, respectively. The num- o\ [o)\®

ber of water molecules was increased by a factor of 2 for the (?) B ?)

simulations of 0.5 molal NaCl solutions carried out at sol-

vent densities of 0.35 gcni and 0.175 gcm® at 683 K;  with subscripts(i, o, andh) for € and o to distinguish be-
they correspond, in our simulations, to cubic box lengths otween the different water—water and ion—water LJ potentials
45.6 A and 57.5 A, respectively. The correlation length isas displayed in Table I.

6
+

Uwater= 4 €00

u(ry=4e , (4)

given by The e and o parameters for the ion—water and ion—ion
B R LJ potentials were chosen to match the Pettit—RoSsbg-
E=Eo(AT) [1+ & (AT) 1 4--1], (2)  rameters for the Huggins—May®&rpotential for the non-

Coulombi t of the interacti
whereAT=(T—T,)/T., »=0.63, andA,=0.51. For water oulombic part of the interaction

£,=1.3 andé;=2.16. At 683 K the correlation length is 11 C
A, which is considerably smaller than half the box length in ~ u(r)=Aexp(—Br)— . )
all cases consideréed.

The parameters,, and e, for the interactions between Taking C=4e0® andA=4¢eexpBo), we have
water molecules displayed in Table | are for the simple point
charge(SPQ for water with the potential energy of interac-

; . u(r)y=4
tion between two water molecules given by (r)=4e

(6

o 6
expB(a—r)—<?> .
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TABLE Il. Coordination numbers in the primary shells of water and ions. 15 . T - : r .

298 K 683 K 298K 683K g
1molaP  1molaP 05mola?  «din® o din?

H,O 4.6 4.1 4.1 4.3 3.8
Na* 54 0.8 15 5.8 5.0
CI~ 8.0 5.2 7.2 7.2 7.8

33olvent density 0.997 g cm.
bSolvent density 0.35 g cii.

This implies thatu(r)=0 at r=0¢. Requiring also that
u(r)=—e at r=2Yy, fixes the value oBo through the
relation

Ba=(ﬁ5) In(%) —11.36. 7

It follows that A=4¢eexp (11.36 and the L-J parameters
and o are related to parametefs and C of the Huggins—
Mayer potential through the relations

A
€= (Z) exp(—11.36=2.91x 10 °A,

1/6 C\ 16 8 HA)
= 6.6411( —) .
A FIG. 4. Hydrogen—hydrogen radial distribution function at 298997

. o g/cm 3, dashed lingand 683 K(0.35 g/cm, solid line) in a 1 molal NaCl
Figure 1 _compares the Huggins _Mfayer and I‘ennardsolution in SPC water. Note the broadening and overlapping of the two
Jones potentials for the non-Coulombic interaction betweeBeaks at elevated temperatures accompanying the decrease in hydrogen
Na' and CI'. The Lennard-Jones potential is seen to bebonding.

essentially identical to the Huggins—Mayer form except

g=

i
X |exn(11.39

2.0 . , ‘ - .
whenr—0 when the later is unphysical agr)— —«. This

9 observation and computational convenience dictated our
oh preference for the Lennard-Jones form for the non-
Coulombic interactions between ions and between ion and
water in our simulations.

The NVT ensemble molecular dynamics simulations
were carried out using a quaternion formulation for water
available with thepLpoLy suite of programs(Daresbury
Laboratory, United Kingdomand was checked against our
own programs using the same method. The time step was 1
fs, and the equilibration was over a period of nearly 1 ns.
Production runs were examined over periods of 250 ps. Pe-
riodic boundary conditions were used in our calculations and
the electrostatic interactions were determined by Ewald sum-
mation.

The results for Na and CI" ions in SPC/E water at
infinite dilution and 683 K are taken from a collateral
study?>2% of our group. The SPC/E model is a modification
of the SPC model that takes account of the polarizability of
the water in an approximate way. The ion—water parameters
for the model are tabulated in Ref. 22 and are taken from
studies by Dang and his grotipn which thee ando for the
ion—water interactions are fitted to the heats of hydration of
Flfrﬁfg-dgsgggﬁ\i;gizjoggg &?gigrls diiﬁrr;gutsizﬂdfﬁr?;ti;naiilt nig:i(lfﬂl(\lg:gl small ion—water clusters. The diffe_rence pgtwe_en the two
golutio’n in SPC water. The hyaroggen bc;nding peak height at 2.1 A de-mOdeIS’ SPC ar_1d .SPC/E’ for water is negllglble n Com.p.a”_
creases as the temperature rises from 298 K to 683 K, signifying less hySONs Of the qualitative features of the structure and mobilities
drogen bonding at elevated temperatures. of ions in solution.
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SPC water. At 298 K, the distribution
0.0 ) , ) ) . functions are in close agreement with
1.0 3.0 5.0 7.0 9.0 110 13.0 those for a single sodium ion at infi-
r(A) nite dilution. At 683 K, (b) shows

three distinct sodium—oxygen peaks.

Each of the peaks correlates with a
683K corresponding sodium-hydrogen peak
shown in the same figure. For com-
parison, (c) and (d) show the ion—
oxygen(solid line) and ion—hydrogen
(dashed ling radial distribution func-
tions at 683 K for sodium and chloride
ions in an infinitely dilute solution at a
solvent density of 0.35 g cmi.
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Ill. RESULTS ter in the neat solvent and in NaCl solutions in the usual way
S ._from histograms. Figure 2 shows the oxygen—oxygen radial
We present our results for the equilibrium CorrEIat'ondistributior? functiong (r) at 298 K (0 99y7g glen ﬁgshed
functions before discussing the diffusion coefficients of Na line) and 683 K(0 35°°/Cngf solid line 1.‘or SpC vx;ater in 1
and CI” ions at infinite dilution in SPC/E water at 298 K and {nolal NaCl. It sh(.)wsqchree' peaks at room temperature cor-
I(;]Sglsl(ar:/(\j/hl'lgutjliil S(:g'Zﬂ.gzlz?dgpsgll:&nssgcslgc \;Vgre;?responding to first, second, and third nearest neighbors. The
' : properti W hird peak, which lies furthest away from the central oxygen

similar to that of real water at ambient and supercritical tem'atom, disappears at elevated temperatures while the first two

peratures, they are still only models representing water asrﬁeaks are shifted away from the origin at high temperatures
fluid or solvent. However, we believe they capture the esse

. . . . . ) as shown in Fig. 2. The hydration numbers in the first shell
tial physics of the interactions in these solutions, and ouPS Sno g e hydration numbers in the first shel,

simulations of these model systems could be considered asvxéere calculated from the integral
guide to the behavior of real ionic solutions in the supercriti- Ru )
cal region and at room temperature. We then discuss our Nh:owO Jool(r)4mr=dr. 9
simulations of one molal sodium chloride solutions at 298 K
and 683 K using a continuum model for the solvent withHereRy is the outer radius of the hydration shell apgl is
dielectric constants of 78 and 5, respectively. the number density of water. The results are summarized in
Table Il.

The locations of the first and second peaks ofghgr)
We determined the oxygen—oxygen, oxygen—hydrogenin NacCl solutions are similar to the corresponding peaks for

and hydrogen—hydrogen radial distribution functions of wa-pure water, but the peak heights are slightly different. The

A. Solvent atom distribution functions
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4.0 r . . T T T 2.0 . . r r .
(a) 298K ain | ®
CI-O 1 molal NaCl

683K
1 molal NaCl

Cl-0

FIG. 6. Chloride—oxygensolid line)
and chloride—hydrogeridashed ling
radial distribution functions at 298 K
(0.997 gcm?® and 683 K (0.35
gcm ) in a 1 nolal NaCl solution in
SPC water. At 298 K, the distribution
functions are in close agreement with
the corresponding functions for a
single chloride ion at infinite dilution.
At 683 K, (b) shows three different
chloride—oxygen peaks. Each peak
correlates with a corresponding
chloride—hydrogen peak shown in the
same figure. At 683 K Naand CI
ions are close to each other in a clus-
ter.

3.0t

201

0.0

r{A)

coordination number of SPC water at 298 K is 4.6 in the 1tures. The bimodal distribution in Fig. 4 becomes broader at
molal NaCl solution; this is greater than the value of 4.3high temperature with a shallower minimum between the
obtained with pure SPC/E water in our previous studfest  maxima.
683 K, the coordination number of water in the 1 molal NaCl =~ The peaks in these solvent distribution functions of a 1
solution is about 4.1 for the SPC model. This is close to thenolal sodium chloride solution are at the same locations as
value observed of 3.8 in simulations of pure SPC/E Water the corresponding peaks in pure wataot shown for the
at the same temperature. same model, but the peak heights are again slightly different.
The extent of hydrogen bonding at higher temperature3hese differences must represent slight perturbations of wa-
is expected to be less. Figures 3 and 4 which show théer structure by the sodium and chloride ions in a one molal
oxygen—hydrogerg,,(r) and hydrogen—hydrogegyn(r) sodium chloride solution.
radial distribution function at 298 K0.997 gcm?®, dashed
line) and at 683 K(0.35 g/cni, solid line) in the 1 molal
NacCl solution confirm this. The two peaks @ny(r) corre-
spond to the two hydrogen atoms of a water molecule in the  The solute—solvent atomic distribution functions for the
first shell and the first peak is usually referred to as the hy1 molal NaCl solutions at 298 K and 683 K are displayed in
drogen bonding peak. As the temperature is increased, tHeigs. 5 and 6. The solvent densities at 298 K and 683 K are
height of this peak decreases signaling a breakdown of th@.997 gcm® and 0.35 g cm?, respectively. Figures 7 and 8
hydrogen bonding network. Both peaks in Fig. 3 are alsashow the corresponding distribution functions for the 0.5
shifted away from the central oxygen at the higher temperamolal NaCl solutions at 683 K at solvent densities of 0.35

B. Solute—solvent atom distribution function

4.0 - : - : ‘ : 6.0 - : - : — :
o) @ 683K o) |® 683K
0.5 molal NaCl 0.5 molal NaCl
0.35 gm/om”? Na-0 0.175 gm/emi 2
3.0 |
40 | FIG. 7. Sodium-oxyger(solid line)
and sodium—hydrogeridashed ling
radial distribution functions at 683 K
(0.35 gcm?, 0.175 g/cm?) in a 0.5
201 molal NaCl solution in SPC water.
The sodium—oxygen peaks are corre-
lated with the corresponding sodium—
20 hydrogen peaks. Corresponding results
for one molal sodium chloride are in
1or Fig. 5(b).
0.0 - - - - : : 0.0 e — - ‘ : -
15 25 35 45 55 65 75 15 25 35 45 55 65 75
r(A) r(A)
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3.0 : T r r ; : 4.0 ; "

g(n | @ ' 683K o |® s83K
0.5 molal NaCl C-O 0.5 molal NanI
0.35 gm/cm-3 0.175 gm/enT

FIG. 8. Chloride—hydrogern(dashed
line) and chloride—oxygefsolid line)
radial distribution functions at 683 K
(0.35 glcm®, 0.175 g/cm®) in a 0.5
molal NaCl solution in SPC water.
The chloride—hydrogen peaks are cor-
related with the corresponding
chloride—oxygen peaks. Correspond-
ing results for one molal sodium chlo-
ride are in Fig. €).

rA) 1(A)

and 0.175 gcm?®, respectively. The Na and CI ion—  shells of the sodium and chloride ions are calculated from
solvent distribution functions in the 1 molal and 0.5 molal Eq. (9), with g,.(r) replaced bygio(r), andRy given by the
NaCl solutions at 683 K are significantly different from the position of the first minimum in this distribution function
functions for the infinitely dilute solutions that are discussedwhich changes with temperature and solvent derSifihe
elsewher#2and reproduced in Figs(® and %d). In con-  hydration numbers of ions in the 1 molal NaCl solutions at
trast to this, the ion—solvent distribution functions at infi- 298 K displayed in Table Il remain essentially the same as
nitely dilution (not shown and in a 1 molal NaCJFig. 5a@] the numbers at infinite dilution. This is not so for the hydra-
solution remain essentially the same at 298 K. The implication numbers calculated at 683 K, which decrease progres-
tion is that sodium or chloride ions in NaCl solutions of finite sively with electrolyte concentration.
concentration at 683 K are in a completely different environ-  Figure §b) shows three prominent peaks at 683 K in the
ment from the corresponding solutions at infinite dilution. sodium oxygeriNa—O and sodium hydroge(Na—H) radial
We will see that this is due to ion pairing and clustering ofdistribution functions, with the peak of one correlated with a
ions in concentrated solutions at elevated temperatures.  corresponding peak of the other that is in close proximity.
As pointed out earlier, the solvent distribution functions, The three peaks indicate the presence of three different en-
at both temperature€98 K and 683 K are slightly per- vironments for N& ions in 1 molal sodium chloride. Like-
turbed by added electrolyte, in contrast to the solute—solverwise, Fig. §b) shows the presence of three different environ-
distribution functions. Although the first Na—O and CI—-H ments for chloride atoms at 683 K, that are absent at 298 K.
peaks in the 683 K solution at infinite dilution are shifted Similar peak correlations are observed in the ion—oxygen
only slightly from their positions at room temperature, theand ion—hydrogen distribution functions displayed in Figs. 7
peak heights are different. The hydration numbers in the firsand 8 for the sodium and chloride ions at 683 K in 0.5 molal

800.0 T —

T = T =T

b
683K 14000 | © 683K E

Na-Cl™ 1 molal NaCl o) 0.5 molal NaCl

a(r)

1200.0 Nd-cI™ 1

600.0 |- : FIG. 9. Sodium—chloridésolid line),
sodium-sodium (dashed ling and
chloride—chloride(dotted line radial
distribution functions at 683 K in a 1
and 0.5 molal NaCl solution in SPC
water. The sodium—chloride distribu-
tion function shows a strong peak at

1000.0 | 1

800.0

—

400.0

600.0 1 contact ion distance of 2.1 A. Note the
prominent peaks in the sodium-—
2000 - 4000 | sodium and chloride—chloride distri-
bution functions that suggest ion clus-
tering in these systems.
2000 |
0.0 0.0
1.5 - 1.5 25 35 45 55 6.5
r(A) r(A)
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sodium chloride solutions. We conclude that the immediatéNe compare the diffusion coefficients in Table Il with the
environment of the Na and the CI ions in a sodium chlo- corresponding values for sodium and chloride ions at infinite
ride solution of finite concentratiof®.5 or one molal in con- dilution in water at 683 K and 298 K using the same model
centration at ambient conditions changes dramatically as thepotentials?22333-35
temperature is raised to 683 K. The reason for this is appar- Table Il indicates large increases in diffusion coeffi-
ent from examining the ion—ion distribution functions of the cients of sodium and chloride ions with temperature. The
sodium chloride solutions. decrease in the diffusion coefficient with salt concentration is
relatively greater at 683 K than at 298 K. The diffusion co-
efficients of the ions increase with decreasing solvent density

C. lon—ion distribution functions in sodium chloride as seen from the two sets of results for a 0.5 molal solution at
solutions 683 K.
Figure 9 disp|ays the sodium Ch'OI’IdSO'Id |ine), The diffusion coefficients of Naand CI” ions in a 1

sodium—sodiuntdashed ling and chloride—chloridédotted ~ molal NaCl solution at 683 K are the same and smaller by a
line) distribution functions at 683 K in SPC water in 1 molal factor of 2 than the diffusion coefficients of the same ions at

and 0.5 molal solutions in which the solvent density is 035|nf|n|te dilution at 683 K. The average diffusion coefficients
g cm 3. The sodium chloride distribution function shows of the sodium and chloride ions in the 0.5 molal NaCl solu-
three broad peaks in the 1 molal NaCl solution and twotions at 683 K are also the same and smaller than the corre-

peaks(one broad and the other diffusén the 0.5 molal ~sponding values at infinite dilution.

solution. The number of Clions paired with a sodium ion in The equality of the diffusion coefficients of the sodium
the first, second, and third coordination shells are 3.5, 5.0and chloride ions in the one molal solution is explained by
and 1.5 in the 1 molal NaCl solution, and 2.3 and 1.1 in thethe formation of a cluster of these ions which tends to move
first and second coordination shells of the 0.5 molal solutiontogether as a whole, leading also to a lower diffusion coef-
respectively. The Na—Na and CI-Cl distribution functionsficient. This is further supported by the similarity of the ve-
also show peaks at nearly the same locations with small diflocity autocorrelation functions of Naand CI" in 1 molal
ferences in the heights of the peaks. This indicates the pre®laCl solution at 683 K shown in Fig. 13 in contrast to the
ence of significant amount of clustering of positive and negacorresponding functions for the single ions at infinite dilution
tive ions that goes beyond simple ion pairing. It is confirmedat the same temperature depicted in Figbl3Note the sig-

by snapshots of equilibrated configurations of the 1 molahificant differences between the two systems shown in Figs.
and 0.5 molal solutions of sodium chloride shown in Fig. 10,13(@ and 13b). The decay in the velocity auto correlation
where the sodium and chloride ions are seen to be obviousfnctions at short times are also different in the two figures.
clustered together. In contrast to the single cluster found athe reason is that at infinite dilution the Nand the CT

683 K in the 1 molal NaCl So|uti0n, equ”ibrium Conﬁgura_ ions are mOVing in the solvation shells of water m0|ecules,
tions of 0.5 molal solutions at solvent densities of 035Wh||e in the 1 molal sodium chloride the ions are OSCiIIating

gcm_3 and 0.175 gcrﬁs shows at least three clusters with in a cluster of N& and CI" ions that also contains water
varying amounts of Naand CI” ions. molecules. Figure 14 makes the same comparisons between

Figure 11 displays the corresponding distribution func-the velocity autocorrelation functions of Nand CI for the
tions and Fig. 12 a snapshot of an equilibrium configuratiorsame systemsl molal NaCl solution and infinitely dilute
of the 1 molal NaCl solution at 298 K and solvent density ofsolutions but at 298 K. In this case clustering is absent and
0.997 gcm?®. In this case, the sodium and chloride ionsthe velocity autocorrelation functions of the two ions are
show no evidence of significant ion pairing. The sharp peakery different in both the one molal and infinitely dilute so-
in the Na—Cl distribution function corresponds to the pres-utions.
ence of a contact ion pair, but the number of pairs associated There is one caveat concerning the velocity autocorrela-
with this peak is only 0.1 showing that this is indeed verytion functions of the ions in concentrated NaCl solutions
small. The second peak in this distribution function corre-depicted in Figs. 13 and 14 which are averages for each ion.
sponds to the presence of a single solvent separated ion pdife velocity auto correlation functions of the individual ions
at equilibrium. Beyond this point, the Na—Cl distribution @t 0.5 molal as displayed in Figs. (B and 1%b) can be
function reaches a plateau at large distances of separati@iouped into three categories indicating the presence of at
between the ions. Our studies agree with Oelkers antfast three different clusters, with varying amounts of'Na

Hegelson’$? prediction of multiple ion association and clus- and CI'. They correspond to the ions in three different ion
ter formation in Supercritica| aqueous e|ectro|ytes_ clusters that are found in the 0.5 molal solution at a solvent

density of 0.35 g cm?® shown in Fig. 10. Similar conclusions
apply to the solutions at the same molali®/5 mola) but at
IV. DIFFUSION COEFFICIENT a solvent density of 0.175 g cm In contrast to this we find
only a single cluster in the one molal sodium chloride solu-

In this section we discuss the diffusion coefficients Oftion at 683 K in the discrete SPC solvent model for water.

the Na" and CI” ions calculated from the velocity autocor-

relation functions(v(t).v(0)) using the relation V. SIMULATIONS IN A CONTINUUM SOLVENT
D=1 foc(v(t).v(O)}dt. (10) To further upderstanq the trar!sformatio.ns t.hat occur in
3Jo the 1 molal sodium chloride solution with rise in tempera-
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FIG. 10. (Color Snapshots of 0.5 molal and 1 molal
NaCl aqueous solutions in SPC water at 683 K. The
oxygen and hydrogen atoms in water are represented as
red and gray circles, respectively. Néons are repre-
sented in blue, and Clions in green. Note the presence
of a single NaCl cluster in the 1 molal NaCl solution
(bottom figure whereas in the 0.5 molal NaCl solution
there are three different NaCl clustdtep figure. The
solvent density is 0.35 g cmi.

ture, we removed the SPC water molecules in our system araround 2.8 A in contrast to the sharp peak at 2.1 A present
replaced it with a continuum of dielectric constant 78.0 at  for this system using a SPC model for wateee Fig. 11
room temperature anéd=5.0 at 683 K. The calculated The number of diatomic molecules corresponding to this
Na"Na", CI"Cl~, and N&CI™ radial distribution functions peak is 0.1. When the temperature is increased, our simula-
at 298 K and 683 K are shown in Figs. 16 and 17. tion studies of the NaCl solutions with a continuum and mo-
At 298 K, the NaNa" and CI'CI™ radial distribution lecular models of the solvent water lead to TG,
functions reach plateaus without any significant peaks. HowNa*Na", and CI'CI~ distribution functions displaying many
ever, the NaCl distribution function shows a broad peaksimilar features, but there are important differences in detail.
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8.0 T T T T
298K
a(r) N&-Cl~ 1 molal NaCl
6.0 | |
40 | .
g X
b B
i
%i%e,
20 | o5’
b .
S K A N, .
0 e FIG. 12. (Color) A snapshot of the 1 molal NaCl system in SPC water at
l f Nd-Na" CI-Cl~ 298 K. Each N& and CI ion is well solvated by water molecules. Nans
0.01 5 3'; = 5'5 7‘5 9‘5 15 are represented by blue colored circles and the i6h by green colored

circles. The solvent density is 0.997 g cin
r(A)

FIG. 11. Sodium—chloridésolid line), sodium—sodiun{dashed ling and :
chloride—chlorideg(dotted ling radial distribution functions at 298 Kin a 1 gen. bqnd network Qf water momcu'?\? breaks_down, Ieadmg
molal NaCl solution of SPC water. The sodium—chloride distribution func- {0 Significant attraction between Fhe and CI" ions In t_he

tion shows a narrow peajpeak height 3Bat contact ion distance of 2.1 A molecular treatment. In the continuum treatment this is rep-
and a broad peak around 5 A. The sodium-sodium and chloride—chloridgasented by a smaller dielectric constant of 5, at 683 K. The
distribution functions increase and reach a plateau. basic trends in both molecular and continuum treatments, at
the two temperature®98 K and 683 K are thus the same.

At room temperaturé298 K) sodium chloride solutions are

9) and continuum modelgFig. 17 of a 1 molal NaCl solu- fully dissociated and the Naand CI" ions are mostly sepa-

tion predict a strong peak in the NaCl distribution function atrated from each Other' T_h|s_|s ewden_t from the fact that the
a distance between 2.1-24 A. Also in both models thé\la_Na and CI-CI distribution functions in the molecular

Na—Na and CI-CI distribution functions have broader peaké':'g' 11) and continuum(Fig. 1§ treatment reach plateaus

at about the same locations between 3.2—-4.5 A. Taken Con'thOUt any prominent peaks in these functions.
lectively together, this indicates clustering of the sodium an
chloride ions in the system. c{/I. DISCUSSION AND CONCLUSIONS

The representation of the solvent by discrete charged Our molecular dynamics simulations of sodium chloride
models like the SPC or SPC/E models for water, shields theolutions at 298 K and at 683 K using a discrete simple point
interactions between the ions Nand CI'. At room tem- charge model§SPC and SPC/Efor the solvent provide a
perature, water molecules also tend to form hydrogen bonddetailed picture of the association of ions at high tempera-
with their neighbors further contributing to the shielding of tures that goes beyond simple ion pairing. The solvent den-
the Na" and CI" ions. This effect is represented by a large sities are 0.997 gcnf at 298 K, and 0.35 and 0.175 g ¢t
dielectric constant of 78 in the continuum treatment at amat 683 K. The concentrations of the sodium chloride solu-
bient conditions. As the temperature is increased, the hydrdions are 0.5 and 1 molal, and the results allow an informa-

At a supercritical temperature of 683 K, the moleculgig.

TABLE lII. Diffusion coefficientsD (107 ° cn?s™%) of Na™ and CI ions at 683 K and 298 K at infinite dilution
and in 1 molal and 0.5 molal NaCl solutions at different solvent densitjgg/cm °).

D(10 %cn?Ps )

Temp= 683 K 298 K
lon pw(g cm 3)=0.35 0.175 0.997 System
Na* codiln 35 36 1.28 1N4&, 215 SPC/E water
ClI™- oodiln 34 44 1.77 1CI, 215 SPC/E water
Na* 1M 17 1.18 10Na’", 10CI", 555 SPC water
Cl~ 1M 17 1.48 10Na", 10CI", 555 SPC water
Na* 0.5M 24 29 10Na", 10CI", 1110 SPC water
Cl™ 05 M 24 29 10Na', 10CI, 1110 SPC water
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8.0 T r T T tive comparison with the properties of sodium and chloride
208K ions in aqgueous solutions at infinite dilution. Comparisons
1 molal NaCl are also made with simulations of one molal sodium chloride
£ =78 at 683 K and 298 K, using continuum solvent models with
dielectric constants of 5 and 78, respectively.
6.0 1 1 We find similar qualitative behavior of the solute pair

distribution functions in our simulations of sodium and chlo-
ride ions in concentrated solutions at ambient temperatures
using both discrete and continuum molecular solvent. How-
o0 a0l | ever, at supercritical temperatures, thgre is _significant differ-
) NE-or ence between these systems. The simulations of 0.5 and 1
molal sodium chloride solutions in SPC water show Nand
Cl™ ions clustering together with water molecules participat-
ing in cluster formation. The ions in our simulation of a 1
molal solution of sodium chloride formation a single large
cluster of ten sodium and ten chloride ions equal to the total
number of ions in our system which tend to diffuse as a
single entity. This may correspond to a supersaturated solu-
Na'- N&" of- of tion. After a 200 ps production run, snapshots of the 0.5
A 35 v =3 v s molal NaCl solutions at two diffgrent solvent dens_ities 683_K
’ (A reveal the presence of three ion clusters of different size
solvated by water molecules. This picture is supported by
FIG. 16. Sodium—chloridésolid line), sodium—sodiunidashed ling and  calculations of the individual velocity autocorrelation func-
chloride—chloride(dotted ling distribution functionsn a 1 nolal sodium tions of the ions.
chloride solution at 298 K, with a continuum treatment of the solvent with . N
an effective dielectric constant of 78. Figure 11 shows the correspondin% _At both .temperature.(5298 K'and 683 K the ion distri-
results for SPC water at a solvent density of 0.997 gi&m ution functions of continuum and molecular solvent models
of ionic solutions have peaks at nearly the same locations.
However, the peak heights in the two models of the same
electrolyte solution are different, and the amount of the ion
pairing in the molecular treatment is always greater than that
200.0 ' ' ; ' of the continuum treatment. This suggests that the solvent
683K molecules also participate in cluster formation and con-
1m°LalI:aC1 tinuum models oversimplify the nature of pairing and clus-
N tering in ionic solutions especially at supercritical tempera-
tures.

We have observed that the peak heights in these distri-
bution functions at 683 K changed back and forth with the
simulation time but the ion solvent distribution functions
NaO, CIO, NaH, CIH, etc. are very stable. This could be a
1 manifestation of the break down and reformation of clusters
that occur during the time scale of our simulations which is
about 200 ps and the small number of ions in our simula-
tions. In order to get better averages of the ion—ion distribu-
tion functions, it would be necessary to perform simulations
for at least a several nanoseconds using a larger system.
However, this may add only little new information to what
NE-NE G o we already have, since the fluctuations in the ion—ion distri-
bution functions over shorter time scales would still remain.
0.0 - All of the ion—solvent distribution functions at 683 K on the

1o 28 35 45 58 6'5. other hand were stable and reproducible in shorter 200 ps
runs.

FIG. 17. Sodium—chloridésolid line), sodium—sodiun{dashed ling and Our studies are in accord with molecular dynamics simu-
chloride—chloride(dotted ling distribution functionsn a 1 nolal sodium lations of Driesneet al 24 and Testeet al 25,26 of the equi-

chloride solution at 683 K in which the solvent is treated as a continuum,. . . A . . .
with a dielectric constant of 5. Figurgd shows the corresponding results librium properties of Na and CI" ions in aqueous solutions,

for 1 molal sodium chloride in SPC water at a solvent density of 0.35Which also suggested ion pairs, triplets and larger charged
gcm 3. The strong peak at contact in the NeCI™ distribution functions and uncharged clusters of Varying size in NaCl solutions at

occur at the same distance in both figures, but the peak heights and oth ™ ;
details of the structure differ. The Na—Na and CI-CI radial distribution Shpercrltlcal temperatures. We have complemented this by

functions show peaks at approximately the same locations for both solveﬂpveStigaﬂng the difoSic_m CoefﬁCi_entS O_f ions_ in concen-
models but the peaks are less prominent in the continuum model. trated solutions of sodium chloride using discrete point

20 |

1500 |

g0 1000 |

50.0 |
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