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Molecular dynamics simulations of a 2.2 molal NaCI solution at room temperature and pres-
sure of 1 bar and 10 kbar have been performed employing a modified version of the central-force 
model of water. The changes in the structural and dynamical properties of the solution resulting 
from the increase in pressure are reported. The effect of ions on the self-diffusion coefficients of 
hydration and bulk water and on the IR spectroscopical properties of the solution is also dis-
cussed and compared with the available experimental data. 

I. Introduction 

The study of the effect of pressure on the prop-
erties of aqueous electrolyte solutions has not only 
practical impor tance but can contr ibute significant-
ly to our basic unders tanding of the interactions 
between ions and their hydrat ion spheres. Molec-
ular Dynamics ( M D ) investigations of solutions 
under high pressure allow to observe the effect of 
density on the mot ions and interactions of the 
var ious molecular species in the solution. The 
exper imental results of high pressure studies of 
aqueous solutions have extensively been reviewed in 
recent years [ 1 - 3 , 3 a]. 

The results of M D simulat ions of pure water at 
high pressure with different water models [ 4 - 6 ] 
agree reasonably with the experimental data and 
have given substantial informat ion about the struc-
tural changes in l iquid water resulting f rom density 
increase. Thus, and on the basis of the considerable 
success of the M D simulat ions of aqueous electro-
lyte solutions (see e.g. [7]), one can expect that this 
method can also be successfully applied to describe 
and predict the effect of increasing pressure 
(density) on the d i f ferent propert ies of aqueous 
solutions. The only M D simulat ions in this direction 
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have been per formed on a 0.55 molal aqueous Lil 
solution with the ST2 model potential for water, at 
508 and 308 K under isochoric condit ions [8], 

In order to study the influence of pressure in-
crease on the structural and dynamical propert ies of 
a 2.2 molal aqueous NaCI solution at constant tem-
perature we decided to use the revised central-force 
potential [9] for water. This potential was found to 
give a realistic est imate of the shifts of the intra-
molecular vibrations of the water molecule on 
condensat ion and has been also employed in the 
MD simulat ions of compressed l iquid water [6], of a 
1.1 molal CaCl 2 solution [10], and of a 13.9 molal 
LiCl solution [11]. Previous M D simulat ions of 
NaCI solutions f rom this laboratory [12, 13] used the 
ST2 potential [14] and the latest version of the 
central-force model developed by Stillinger and 
Rahman [15]. The s tructure funct ions calculated 
from these M D simulat ions were in reasonable 
agreement with each other and with that derived 
from an X-ray investigation [16]. However , because 
of the deficiencies in this central-force potential 
(discussed elsewhere [17]) the predicted internal 
vibrational f requencies of the water molecules in 
the hydra t ion spheres and in the bulk water were in 
error, and in addi t ion the length of the M D simula-
tion of 1.4 ps [13] did not permit the evaluation of 
dynamical propert ies (e.g. se l f -di f fusion coefficients). 

In the present pape r the results of M D simula-
tions of a 2.2 molal NaCI solution at densities corre-
sponding to pressures of about 1 bar and 10 kbar at 
room tempera ture are reported. Al though a com-
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parison with the results of other M D simulat ions at 
normal pressure and with exper imental data will 
also be made, the main emphasis will be placed on 
the description and discussion of the changes in the 
various properties of the NaCl solution due to the 
increase in pressure. The effect of pressure on the 
hydration shells of the sod ium and chloride ions as 
obtained f rom the present M D simulat ions has been 
reported elsewhere [18]. First we describe the M D 
simulations in some detail , then the structural 
results, and finally the dynamical proper t ies will be 
discussed. 

II. Details of the Simulations 

The periodic cube in the s imulat ions contained 
200 water molecules, 8 cations and 8 anions. The 
densities of the solutions at 298 K under 1 bar and 
10 kbar are 1.0792 [19] and 1.3067 g e m " 3 [20], 
respectively, which leads to per iodic lengths of 18.43 
and 17.29 A. 

A modif ied version of the central-force model of 
water [6. 9] was used; the ion-water and ion-ion 
potentials were taken f rom a previous s imulat ion of 
2.2 molal NaCl [13] with the exception of the C P -
water potential. For the latter the potential derived 
in [21] was employed. The potentials are given in 
Table 1. For the C o u l o m b interactions the Ewald 
summat ion [22] was used. For the non-coulombic 
interactions the cut-off distances in units of the 
periodic length were 0.45. 0.22 and 0.16 for FQOO'F 

Table 1. Intermolecular pair potentials employed in the 
MD simulations. The energies are given in 10_12erg and 
the distances in A. For the intramolecular potential of 
water see [9], 

K00(r) = 10.04//-+ 1858//-8-86 — 1.7 3 6 • 10-2 
• {exp [ - 4(r - 3.4)2] + e x p [ _ y 5 ( r _ 4.5)2]} 

VOH(r) = - 5.019/r + 0.433//-9-2 

- 0.694/[1 + exp [40 (r — 1.05)]! 
— 0.278/{1 + exp [5.493 (r — 2.2)]} 

I7HH('') = 2.509/R + 6.957/{ 1 + exp [29.9 ( r - 1.968)]} 
FNa0(/-) = - 15.22//-— 2.55/r2 + 8125 exp(— 4.526 r) 
FNaH (/•) = 7.61//-+ 0.52//-2 + 6921 exp (-7.07/-) 
FC10(/-) = 15.22//-- 1.849//-2 + 6304 exp ( - 3.21 r) 
FcihW =-7 .61 / / -+3 .138- \024 exp ( - 34/-) 
FNaNaOO = 23.06/r + 2.375 • 10 -2 [(2.73/r) ,2 - (2.73/r)6] 
Fs'aCi ('") = - 23.06/r+ 1.133- 10_ : [(3.87/r)12 — (3.87/r)6] 
FC1C,(/-) = 23.06/r +476. l//-6 + 1.523 • 104 exp(-3.39/-) 

F0H(/-) and FHH0')- respectively, and 0.5 for all 
other potentials. 

The starting configurat ion for the s imulat ions was 
derived f rom a previous simulat ion of an NaCl 
solution [13]. After a few thousand t ime steps of 
equilibration, the s imulat ion comprised 20000 t ime 
steps, which is equivalent to a total elapsed t ime of 
5 ps. The total energy showed a small downward 
trend amount ing to about 0.1% over each of the 
two simulations. The velocities were not rescaled in 
order to be able to obtain reliable velocity auto-
correlation functions. The average t empera tu res of 
the simulations were 299 and 303 K for the normal 
pressure and high pressure runs, respectively. Other 
technical details of the simulations can be found in 
[10. 13,21], 

III. Results and Discussion 

a) Radial Distribution Functions 

The ion-oxygen and ion-hydrogen radial distr ibu-
tion functions (RDF) , gxy (/-), together with their 
running integration numbers as def ined by 

r 

nxv(r) = 4 7r go J r'2gxy(r') d r ' , 
o 

where Qo is the number density, are shown in Fig. 1 
for the normal pressure (NP) and high pressure 
(HP) simulations. In the following we will mainly 
examine the changes in the various R D F s brought 
about by the pressure increase. The characterist ic 
values of the R D F s are listed in Table 2. 

The coordination n u m b e r of the sod ium ion 
(»Nao) ~ t h e value of n N a 0 ( / ' ) at the first m i n i m u m 
of the R D F - is 5.8 and 6.3 for the N P and HP 
solution, respectively. This increase by abou t 8% is 
relatively small compared to the 21% increase in the 
density of the solutions. If one considers the height of 
the first peak in g^ao as a measure of the degree of 
structure around this ion one can conclude that the 
pressure increase produces a slight decrease in the 
hydration shell structure. The compression of the 
solution leads to a broadening of the first peak in 
gNaH ('") with a 15% increase in «NaH^miF This 
increase, compared to the 8% increase in n N a 0 ( / ' m i), 
shows a penetration of hydrogens belonging to 
water molecules of the second hydrat ion shell into 
the region of the first peak in gN3H('*)• 
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Fig. 1. Ion-oxygen and ion-hydrogen radial distribution functions and running integration numbers for high pressure 
(HP: dashed line) and normal pressure (NP: solid line) 2.2 molal NaCI. For characteristic values cf. Table 2. 

Table 2. Comparison of characteristic values of the radial distribution functions (intermolecular part) for normal pressure 
(1 bar; denoted by NP) and high pressure (10 kbar; HP) 2.2 molal NaCI solutions. Rh rMj and rmi give the distances 
where gx v(r) equals unity for the /'-th time, has its /-th maximum and minimum, respectively. The distances are given in 
A with an uncertainty of at least ± 0.02 A. nxv(rm]) is the running integration number at the first minimum of gxy(r). 
"NaoO'mi) a r )d "cio(''mi) a r e considered the coordination numbers of the ions. 

Na O NP 2.10 2.30 8.00 2.66 3.10 0.11 4.47 1.58 5.8 
HP 2.10 2.30 7.02 2.63 3.15 0.18 4.8 1.46 6.3 

Na H NP 2.64 2.95 3.10 3.34 3.70 0.45 5.18 1.42 13.9 
HP 2.59 2.93 2.73 3.32 3.68 0.49 5.05 1.35 16.2 

Cl O NP 2.95 3.18 3.37 3.60 3.87 0.71 4.62 1.24 7.7 
HP 2.91 3.16 3.10 3.8 - - - - (9.6)a 

Cl H NP 1.98 2.20 2.93 2.60 2.88 0.45 3.50 1.50 6.7 
HP 1.95 2.15 2.45 2.54 2.85 0.57 3.40 1.50 7.2 

0 O NP 2.65 2.85 2.77 3.20 3.38 0.94 4.53 1.12 4.5 
HP 2.62 2.83 2.81 3.63 4.07 0.75 6.0 1.09 10.8 (6.3)a 

0 H NP 1.82 1.93 1.26 2.05 2.50 0.18 3.20 1.53 3.8 
HP 1.90 1.95 1.02 1.97 2.42 0.37 3.15 1.59 4.1 

H H NP 2.17 2.30 1.54 2.71 3.00 0.78 3.75 1.16 6.3 
HP 2.15 2.25 1.95 2.83 3.08 0.91 3.68 1.11 8.7 

a This coordination number results if nxv(r) is taken at /-m i of the NP case. 

The position of the peak m a x i m u m in the 
chloride-oxygen R D F (3.18 A) is the same as those 
found in the M D simulat ions of 1.1 molal MgCl 2 

[21] and CaCl 2 [10], whereas in the previous 
simulation of 2.2 molal NaCI a value of 3.3 A was 
obtained [13]. This d i f ference is due to the im-
proved chloride-water potential [21] employed in 

the present simulation and those of the MgCl 2 and 
CaCl 2 solutions. Neut ron dif f ract ion studies of 
various aqueous solutions show the anionic hydra-
tion to be independent of the counterion and yield-
ed a value of 3.20 ± 0.05 A for the C P - 0 distance 
in 5.32 molal NaCI [23], The lack of the counter ion 
effect on the Cl"-hydrat ion. at least as far as the 
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position of the peak m a x i m u m in gcio(' ') is con-
cerned, is conf i rmed by the M D simulations using 
the central-force potential . 

The height of the first peak in gc\o(r) decreases 
with increasing pressure similarly to <7Nao(>')' but 
contrary to gNaoO"), in the HP solution the second 
peak in gcio(>") d isappears and the coordinat ion 
n u m b e r - taken at the same C P - O - d i s t a n c e 
(r = 3.87A) - increases by 2 while the increase 
amounts to only 0.5 for Na + . This indicates that the 
hydrat ion shell of Cl" is softer than that of N a + and 
thus water molecules can more easily be transferred 
into the first hydrat ion shell by increasing pressure. 

F rom the di f ference 1 A ) in the a"mi s of 
9c\h('') and gc\o(>') (see Table 2) it follows that 
l inear hydrogen bonds are preferentially formed 
with the chloride ions. The increase in the number 

-i 1 1 r 
kH (k) /Ä" 1 

1 k / A 10 

Fig. 2. Oxygen-oxygen, oxygen-hydrogen and hydrogen-
hydrogen radial distribution functions and running inte-
gration numbers for HP (dashed line) and NP (solid line) 
2.2 molal NaCI. For characteristic values cf. Table 2. 

Fig. 3. X-ray structure functions for 2.2 molal NaCI from 
MD simulations at NP (this work) ( ), with the ST2 
model for water [12] ( ), the CF model for water [13] 
( ), and from an X-ray measurement [16] ( ). The 
insertion shows the structure functions at NP ( ) and 
HP ( ). 

of nearest neighbor hydrogens with pressure is found 
to be 0.5, just as in the sodium-oxygen case. The 
changes observed in the C l " - 0 and C l " - H R D F s 
together with those found in the cos 0 distr ibutions 
(vide infra) suggest that the hydrat ion shell struc-
ture of Cl" in the HP solution is less developed than 
in the N P solution. 

In Fig. 2, goo(r), gou(r) and # H h ( ' 0 and the 
corresponding n ( r ) are displayed. Some of the 
characterist ic values of these funct ions are given in 
Table 2. F rom a compar ison with the corresponding 
9oo(>') for pure water (Fig. 3 in [6]) one observes 
that already in the N P solution the first min imum 
in goo(r) is much less pronounced than in pure 
water. This trend is cont inued in the H P case. The 
First peak is wider and the coordinat ion is increased 
f rom 4.5 at N P to 6.3 at HP (the integration being 
carried out to the same distance of 3.38 A). The 
changes in goo('') as well as in gOH('') and gHH(>") 
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with pressure are similar to those observed in the 
M D simulation of pure water [6], however their 
magni tude is smaller here presumably due to the 
lower pressure appl ied (10 kbar instead of 22 kbar) . 
It seems reasonable to conclude that, unlike the first 
hydrat ion shells of the sodium and chloride ions, 
the structure of the total solvent water undergoes a 
significant distortion with increasing pressure. 

In Fig. 3 the total X-ray structure funct ion derived 
f rom the partial R D F s of the N P solution is 
compared with those obta ined f rom the M D s imu-
lations with the S F 2 potential [12], with the central-
force potential of R a h m a n and Stillinger [13], and 
f rom experimental X-ray investigations [16]. Both 
the previous and the present M D simulat ion with 
the central-force potential reproduces excellently the 
experimentally observed characterist ic double peak 
in kH(k) while the M D simulat ion with the ST2 
potential results in a single peak in this region. On 
the other hand the results of the ST2 s imulat ion are 
much more consistent with exper iment beyond 
about 5 A - 1 than those of the s imulat ions employ-
ing the central-force potentials. The h u m p s at 
around 5.4 and 8.3 A - 1 observed in the previous 
M D simulation [13] have d isappeared , which may 
be ascribed to the mod i f i ed chloride-water poten-
tial. The effect of pressure on the total s t ructure 
function is shown in the insertion of Fig. 3: The 
splitting of the main peak d isappears and only a 
single peak is observed at high pressure. N o X-ray 
diffract ion study is avai lable for comparison, never-
theless the effect is s imilar to what is found in pure 
water [6], 

b) Geometry of the Water Molecules 

The water model used here allows for internal 
vibrational motions and can be used with some con-
fidence in predict ing the effect of ions and pressure 
on the average internal geometry. 

In the present analysis the water molecules were 
considered hydrat ion water of N a + and Cl" for both 
N P and HP if their sodium-oxygen and chlor ide-
hydrogen distances were less than 3.10 and 2.86 A, 
respectively (approx imate positions of the first 
min ima in the ^NaoO') and gC\w ('"))• The water 
molecules not belonging to a hydrat ion shell are 
termed bulk water. The average values of the intra-
molecular O - H distances (/'OH) and H O H angles 
( ^ H O H ) for the d i f ferent kinds of water are repor ted 

in Table 3. For water molecules in the hydra t ion 
shell of Cl~ two values are given, one of them corre-
sponding to the O - H distance involved in hydro-
gen bonds to the anion and the other one to the 
second O - H distance. 

A comparison of the values for hydrat ion water 
and bulk water in the N P solution shows, in agree-
ment with the results of previous M D simulat ions 
[6. 13, 21], that the presence of ions results in an 
increase in /oh and in a decrease in aHoH- As could 
be expected, the chloride ion has a stronger 
influence on the O H bond directed towards it. The 
compression of the solution results in an increase by 
about 6 - 1 0 ~ 4 A in the average int ramolecular 
O - H distance (only 2 - 10~ 4 A in the case of the 
OH bond directed towards the chloride ion) for 
both the hydration and the bulk water molecules, 
which is about half of that observed in the M D 
simulat ions of pure water (12 • 10~4 A ) [6]. Thus in 
the solution all O H bonds that are not involved in 
O - H ••• ion bridges react on pressure in the same 
way. 

It is evident f rom Table 3 that both the addi t ion 
of ions to pure water and the increase of the density 
of the solution by pressure produce a decrease in 
the average HOH angle, and this together with the 
changes in the O H bond lengths leads to the 
increased values of the average dipole moments of 
water molecules which are also given in Table 3. 

Table 3. Average values of the intramolecular O - H dis-
tances (/QH). HOH angles ( A H O H ) and dipole moments (ji) 
of hydration water and bulk water of NP and HP 2.2 molal 
NaCl and pure water. 

/"OH 

(A) 
X H O H 

(degree) (D) 

Hydration Na+ NP 0.9774 100.32 1.983 
water HP 0.9779 99.96 1.992 

c i - NP 0.9795 100.14 1.987 
(0.9751)« 

HP 0.9797 99.93 1.992 
(0.9758)a 

Bulk water NP 0.9749 100.74 1.969 
HP 0.9755 100.26 1.980 

Pure water [6] NP 0.9755 100.78 1.970 Pure water [6] 
HP 0.9767 99.82 1.992 

Isolated water 0.9572 104.52 1.86 
molecule b 

a Value for the O - H bond not enganged in hydrogen 
bonding with the chloride ion. 

b The water molecule geometry in the improved CF model 
[9] is taken from [24]. 
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c) Orientation of the Water Molecules 
in the Hydration Shells 

The orientat ion of the water molecules in the 
hydrat ion shell of an ion can be characterized by 
the cosine of the angle between the dipole moment 
direction of the water molecule and the vector 
pointing f rom the oxygen atom towards the center 
of the ion. In Fig. 4, N P and HP distributions of 
c o s ( 0 ) are shown for the hydrat ion shells of the 
sodium and chloride ions. 

In the case of the hydra t ion shell of N a + the cos O 
distr ibutions have a m a x i m u m at cos 0 = — 1 and 
the average values of cos O are found to be - 0.793 
and - 0 . 7 4 1 , corresponding to O values of 142.5° 
and 137.8°, in the N P and HP solutions, respective-
ly. This indicates that the water molecules next to a 
N a + tend to point their dipoles away f rom the N a + 

in agreement with the previous simulation of a 
2.2 molal NaCI solution employing the central-force 
model [13], and that the increase in pressure de-
creases the orientat ion of the water molecules in the 
hydrat ion shell of N a + . Simulat ions with the ST2 
water model yielded a preferred orientat ion of a 
lone pair orbital of the water molecule towards the 
N a + [12]. 

The cos O dis t r ibut ion for the water molecules in 
the hydrat ion shell of C P in the N P solution 
demonstrates that p redominant ly l inear hydrogen 
bonds are formed with the anion, in good accord 
with the conclusion d rawn f rom the observation of 
£ / C I H 0 ' ) and gcio( ' ' ) and with what is observed 
experimental ly [23]. On pressure increase the value 
of cos O changes f rom 0.595 to 0.498 (i.e. 0 f rom 
53.5° to 60.1 °) and the dis tr ibut ion flattens with an 
extended tail at negative values. This indicates a 
decrease in the prevalence of forming hydrogen 
bonds with the chloride ion. 

The decrease in the orientat ion of the water 
molecules in the first hydrat ion shells of both ions 
with increasing pressure can also be seen in Fig. 5, 
which shows the average values of cos 0 as func-
tions of the ion-oxygen distance. While only very 
small differences are found for N a + , the effect of 
pressure is qui te pronounced for the hydrat ion shell 
of C P , where the positions of the extrema of 
( c o s 0 > shift considerably towards smaller ion-
oxygen distances. The qual i ta t ive differences in the 
N P and HP (cos 6>)-curve for C P above 3.9 A 
correlate with those of the £ /c io( ' ' ) - c u r v e s . 

cos 9 
Fig. 4. Distribution of cos 0 in the first hydration shells of 
the ions from MD simulations of 2.2 molal NaCI at NP 
(solid line) and HP (dashed line). 0 is defined in the 
insertion. 
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Fi.g. 5. Average values of cos 0 as a function of the ion-
oxygen distance from MD simulations of 2.2 molal NaCI at 
NP (solid line) and HP (dashed line). The dashes mark the 
position of the first maximum and the first minimum in 
the corresponding RDFs. 

For the sake of completeness we should note that 
the symmetry propert ies of the hydra t ion spheres 
are relatively insensitive to the increases in pressure 
while for the solvent water the changes observed are 
similar to those found in pure water (for a detailed 
discussion see [18]). 

It is instructive to consider the influence of 
pressure on the probabi l i ty of f inding a given 
number of octahedral , hexahedra l and tetrahedral 
directions a round N a + , C P and H 2 0 , respectively, 
s imultaneously occupied by first shell water mole-
cules. Cones centered at the direct ions of interest 
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are def ined in the usual way [6, 25], here with an 
aper ture of 4 0 ° , and the configurat ions are analyzed 
for s imul taneous occupat ion of the so defined cones 
by neighboring oxygen atoms. The resulting histo-
grams are displayed in Figure 6. 

In the case of N a + the probabil i t ies of finding less 
than six water molecules in the octahedral direc-
tions are higher at HP than at NP. The significant 
decrease in the probabi l i ty that all the octahedral 
sites are simultaneously occupied by water molecules 
may be the consequence of the appearance of a 
seventh nearest neighor in the hydrat ion sheath of 
N a + in the H P solution. In the case of chloride ions, 
the rather r andom dis tr ibut ion of the water mole-
cules in the hydra t ion shell does not change with 
pressure beyond statistical uncertainties. For the 
solvent water the changes in the probabil i t ies due to 
the increase in pressure are smaller than those 
observed previously for pure water [6], in keeping 
with the smaller density increase here. We have also 
calculated the corresponding probabil i ty distribu-
tions for the bulk water. At normal pressure no 
dif ference within the error limits has been found 
between bulk and pure water. This suggests that the 
changes observed in P ( n ) for solvent water with 
rising pressure results predominant ly f rom the in-
crease in density and that the effect of the presence 
of ions can be considered as negligible at this 
concentration. 

d) Self-Diffusion Coefficients 

The self-diffusion coefficients D have been deter-
mined f rom the velocity autocorrelat ion functions 
by means of the G r e e n - K u b o relation 

D = l i m t J <«'(0) • /-(/')> d F 
/ - c o o 

with 

<t'(0 ) • ! • ( / )> = 
j N T N 

— I I .,</,)•.,(«, + /). 

where N denotes the n u m b e r of particles, NT the 
n u m b e r of t ime averages and V/(t) the velocity of 
particle / at t ime t. 

The correlat ions have been followed for 0.7 ps, 
allowing for a suff icient number of t ime origins t, in 
the averaging process. 

The normal ized velocity autocorrelat ion functions 
</ '(0) v (/)>/<*' (0)2> for the ions and oxygens of the 
N P and HP solutions are shown in Figure 7. As 

2 
n 

Fig. 6. The probabilities that a given number n of hydra-
tion shell water molecules occupy simultaneously octa-
hedral (Na+), hexahedral (CF) or tetrahedral (water) 
directions around a central particle at normal pressure 
(solid) and high pressure (dashed). 

was already observed previously [6], the first decay 
of the correlat ions is enhanced by the density 
increase. The effect on the oxygen and C l " correla-
tion funct ions is of s imilar magn i tude while only 
very small changes are observed in the first decay of 
the N a + correlation. In contrast to this f inding, this 
function displays more structure in the range 
0 . 2 - 0 . 4 ps in the HP case than in the N P case. 
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Fig. 7. Normalized velocity autocorrelation functions for 
Na+, C P and oxygens from MD simulations at normal 
pressure (solid line) and high pressure (dashed line). 

Table 4. Self-diffusion coefficients of the ions (DNa*, D C 1 ) 
and solvent water (Z)w) from our MD simulations at 
normal pressure (NP) and high pressure (HP) and from 
experiments at room temperature in units of 10~5 cm2/s. 

D w DNa* Da-

MD NP (299 K) 1.60 (1.83)a 0.82 1.08 
HP (303 K) 1.51 0.55 1.25 

Exp. NP (298 K) 1.92 [27] 1.12 [28] 1.60 [28] 
1.30 [29] 1.85 [29] 

a Extrapolated to 303 K according to [26]. 

In Table 4 the se l f -di f fus ion coefficients calculat-
ed f rom the M D simulat ions are compiled together 
with the available experimental data, the self-
di f fus ion coefficient of the solvent water has been 
corrected for the d i f ferent t empera tures of the NP-
and H P - M D simulat ions by using the t empera tu re 
dependence of D of pure water [26]. The com-
parison of the self -diffusion coefficients obta ined 
from the MD simulat ions with the exper imental 
results shows that the s imulat ion leads to smaller 
values in all cases. Consider ing the uncertainties in 
the experimental results for Z)Na+ and Z)Ci- as 
indicated by the values reported f rom dif ferent 

laboratories, the differences between s imulat ion and 
experiments seem to be small enough to jus t i fy the 
conclusion that the changes in the se l f -di f fus ion 
coefficients for water and the ions with increasing 
pressure as calculated f rom the s imulat ions are 
reliable - at least qualitatively. Table 4 shows that 
the 21% density increase is accompanied by abou t a 
20% decrease in the self-diffusion coeff icient of 
solvent water Z)w. In pure water at 77 ° C a 38% 
density increase yielded an about 35% decrease in 
the self-diffusion coefficient [6], which suggests that 
at high pressures the increased steric h indrances 
between the molecules plays an impor tan t role in 
controlling the diffusional motion of water mole-
cules both in the pure water and in the solution. In 
the N P solution Z)Na* is found to be significantly 
smaller than DC\~, in good agreement with the 
experimental results [28, 29]. This can be rat ional-
ized as in case of the Lil solution [30] by assuming 
that the N a + is moving through the solution with its 
hydrat ion shell at tached while the C P d i f fuses 
essentially without its hydrat ion shell. It is also 
remarkable that Z)Na- decreases while Dc\- increases 
with increasing pressure. It is interesting to note that 
in a recent study of the effect of pressure on the 
conductance of KCl in heavy water N a k a h a r a et al. 
[31] found that the residual friction coeff icient for 
K+ slightly increases with pressure while that for 
C P decreases. 

The self-diffusion coefficients of the water 
molecules in the three water subsystems - bulk 
water, hydration water of N a + and of C P — have 
been obtained separately f rom the velocity auto-
correlat ion functions of the oxygen atoms, which are 
displayed in Figure 8. It is seen that the effect of the 
density increase is similar for the three subsystems; 
essentially a faster decorrelat ion at short t imes. The 
values of the self-diffusion coefficients are listed in 
Table 5. The values at normal pressure are corrected 

Table 5. Self-diffusion coefficients for solvent water (Z)w)> 
bulk water (DbwF hydration water of Na+ (Z)+w) and of 
C P (£LW) in units of 10 5 cm2/s from MD simulations of 
a 2.2 molal NaCI solution at normal pressure (NP) and 
high pressure (HP). 

Ow 03 3? D+ w D- w 

NP (299 K) 1.60 1.86 0.90 1.51 
(1.83)a (2.09)a (1.13)« (1.74)a 

HP (303 K) 1.51 1.76 0.89 1.44 

a Extrapolated to 303 K according to [26]. 
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Fig. 8. Normalized velocity autocorrelation functions of 
oxygen from MD simulations at normal pressure (solid 
line) and high pressure (dashed line), calculated separately 
for bulk water and hydration water of Na+ and Cl - . 

with the experimentally found t empera tu re depen-
dence for the t empera ture d i f ference between the 
two M D simulation runs. The N P results in the 
solution show that the d i f fus ional mot ion of the 
water molecules is reduced in the hydra t ion shells 
of both ions relative to the bulk water, which is not 
expected in the case of chloride ion on the basis of 
its s tructure-breaking character [32], This apparen t -
ly reversed effect may be due to the fact that the 
propert ies of a 2.2 molal NaCI solution are far f rom 
those of an infinitely di lute solution for which case 
the considerations concerning the s t ructure-breaking 
effect of C l - strictly apply. A similar effect has 
already been reported and discussed in detail for 
the hydration water of the I~ f rom an M D simula-
tion of a 2.2 molal Lil solution using the ST2 model 
for water [30]. The increase in pressure seems to 
slow down the dif fusional mot ion of the water mole-
cules in all of the three water subsystems by abou t 
20%. 

e) Hindered Translational and Librational Motions 

The spectral densities f(co) of the h indered trans-
lational motion have been calculated by Four ie r 
t ransformation f rom the normal ized autocorre la t ion 

functions for the ions (Fig. 7) and separately for the 
oxygen a toms of the three water subsystems 
(Figure 8). The results are shown in Figs. 9 and 10. 

For the sodium ion f(co) in the N P solution 
(Fig. 9) shows a broad distr ibut ion of f requencies in 
the range 0 - 4 0 0 c m - 1 with a peak m a x i m u m at 
120 c m - 1 . As expected, this f requency is much lower 
than those found for Li+ (560 and 760cm - 1 ) f rom an 
M D simulat ion of a 2.2 molal Lil solution [30], The 
overall shape of f(co) for N a + is quite s imilar to 
that for its hydrat ion water (Fig. 10), f rom which it 
can be inferred that the translational mot ion of the 
N a + is coupled with the translational mot ion of the 
water molecules in its first coordinat ion sphere. The 
pressure rise results in a decrease of the peak at 
120 c m - 1 and in an increase of the spectral density 
at 310 c m - 1 . Similar changes can be observed in 
f(a>) for the hydrat ion water of N a + ; the remark-
able increase in the spectral density beyond 
270 c m - 1 indicates that the hindered translational 
mot ion of the hydrat ion water molecules becomes 
more h indered in the HP solution. This is accom-
panied by an enhancement of the coupling of the 
translational modes between N a + and its hydrat ion 
water molecules in this region. This result is in 

ps 
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Fig. 9. Spectral densities of the hindered translations of the 
sodium and chloride ions from MD simulations at normal 
pressure (solid line) and high pressure (dashed line). 
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Fig. 10. Spectral densities of the hindered translations of 
the water molecules from MD simulations at normal 
pressure (solid line) and high pressure (dashed line), 
calculated separately for bulk water and hydration water 
of Na+ and Cl". 

harmony with the decrease of the corresponding 
diffusion coefficients (Tables 4 and 5) with increas-
ing pressure. 

The f(co) for C l " (Fig. 9) shows a main peak at 
about 50 c m - 1 with a shoulder in the range 
100-200 cm" 1 . The curve is similar in appea rance 
to that found in an M D study of a 2.2 molal NH 4 C1 
solution [33] in which the ST2 water model was 
used. The dif ference in the spectral densities for C l -

and for its hydrat ion water (Figs. 9 and 10) are 
readily apparent and are a consequence of the 
weaker interactions between the chloride ion and its 
hydration water as compared to those observed in 
the case of the sodium ion. The effect of pressure is 

more pronounced in the case of the hydrat ion water 
of C l - than in the case of the ion itself. The main 
peak in the spectral density of the C l - motion is 
remarkably undis turbed by the pressure increase, a 
shoulder at about 1 7 0 c m - 1 is even shifted to 
smaller frequencies , in keeping with the higher 
d i f fus ion coefficient. The chloride hydrat ion water 
spectrum is not unlike the one for bulk water except 
for somewhat lower intensities in the region 
2 0 0 - 3 5 0 c m - 1 , and the effects of pressure are also 
qui te comparable . The character of the differences 
in the hindered translation of bulk water in the N P 
and HP solutions is similar to that found between 
the N P and HP pure water [6], but the magni tude of 
the differences (e.g. the decrease in the peak at 
50 c m - 1 corresponding to the 0 - 0 - 0 flexing 
motion) is smaller here. 

The spectral densities of the l ibrations of the 
water molecules in the N P and HP solutions have 
been calculated by Four ie r t ransformat ion f rom the 
velocity autocorrelat ion funct ions of the hydrogens 
and are shown in Fig. 11 separately for bulk water 
and hydrat ion water of N a + and C l - in the N P 
solution. F h e m a x i m a are posit ioned at 442, 467 and 
482 c m - 1 for bulk water , hydrat ion water of N a + 

and C l - , respectively. These values can be com-
pared with those obta ined in the previous M D 

p s 
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0 .005 

0 500 oo/cm"1 1000 
Fig. 11. Spectral densities in the range of the librational 
frequencies of the water molecules from the MD simula-
tion at normal pressure, calculated separately for bulk 
water ( ) and hvdration water of Na+ ( ) and 
C F ( ). 
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simulation [13]: 437, 477 and 422 cm" 1 . The only 
significant difference is in the l ibrational f requen-
cies of the hydrat ion water of Cl", and this may 
plausibly be ascribed to the di f ferent Cl"-water 
interaction potentials used in the two M D simula-
tions. It is reasonable to assign the peak m a x i m u m 
around 4 5 0 - 4 8 0 c m " 1 to l ibrations about the two 
axes of the water molecule with approximate ly 
equal moment of inertia (x and r-axes of the 
molecule-fixed coordinate system [13] shown in the 
insertion in Figure 11). The higher l ibrational fre-
quencies of the water moleules belonging to the first 
coordination spheres of the ions suggest that this 
particular librational mode becomes more hindered 
in the hydration shells. In the HP solution the peak 
max imum are located at 442, 457 and 492 cm" 1 . 
The different behaviour of the l ibrations of the 
hydration water of N a + and Cl" , as far as the 
pressure rise is concerned, can qualitatively be 
explained by the structural changes observed in the 
NaCI solution with increasing density. While in 
both cases the pressure increase results in a slight 
decrease in the structure of the hydrat ion shells of 
both ions thus favour ing a less hindered l ibration, 
this is more than compensa ted in the case of C l " by 
the transfer of second-neighbour water molecules into 
the immediate ne ighbourhood of the ion (see Qc\o 
in Figure 1). 

f ) Intramolecular Vibrations 

Velocity autocorrelat ion funct ions with a sui table 
t ime resolution have been calculated separately for 
the hydrogens in the three above ment ioned water 
subsystems. The posit ions of the peak maxima of 
the spectral densities in the f requency-range of 
interest are listed in Table 6 together with the corre-
sponding values of pure water. In the N P solution 
the OH-stretching vibrat ional f requency in the bulk 
water has the same value as in pure water while 
both the sodium and chloride ion cause a shift of 
about 60 cm"1 towards lower wavenumbers . This 
is in contrast to the widely accepted view according 
to which the changes in band parameters in aqueous 
solutions are less sensitive to cations than to anions 
(see e.g. [34]). A direct compar ison with most of the 
available experimental IR data (see e.g. [35]) is very 
difficult since the exper iments do not give single ion 
effects on the in t ramolecular vibrations of water 
molecules in aqueous electrolyte solutions [10]. 

Table 6. Frequencies (in cm - 1 ) of the maxima in the 
spectral densities of the intramolecular vibrations for the 
various subsystems from the MD simulations of normal 
pressure (NP) and high pressure (HP) 2.2 molal NaCI 
solutions. 

Mode Solvent Bulk Hydration Pure 
water water water of water 

Na+ c i - [6] 

OH stretching NP 3510 3537 3472 3467 3533a OH stretching 
HP 3513 3537 3482 3492 3523 b 

HOH bending NP 1709 1709 1698 1709 1714a HOH bending 
HP 1719 1719 1698 1719 1729 b 

a 63 °C: 1 bar. — b 77 °C; 22 kbar. 

However, in some of the most recent investigations 
a considerable cation effect has been observed. 
KJeeberg et al. [36] found in an IR-study of var ious 
ternary solutions of monovalent salts large effects on 
the O - H frequency of water, in keeping with 
earlier results by Baron et al. [37], These f requency 
shifts depend both on the cation present and on the 
acceptor molecule of the H-bond formed by the 
water attached to the cation [36]. Zundel [38] who 
studied the effects of cations on OH-stretching fre-
quencies by IR investigations on poly-anionic f i lms 
observed a shift of the band maxima corresponding 
to the OH-stretching vibration of the hydrat ion 
water molecules towards smaller frequencies. A 
lowering of the OH-stretching f requency in the 
presence of cations has also been found by Kuntz 
and Cheng [39] in their IR studies of water-ion 
interactions in aprot ic solvents. Erikson et al. [40] by 
using a differential technique to remove the con-
tr ibution f rom the bulk water in the IR spectra of 
aqueous solutions obta ined the same band max ima 
for the O D stretchings of H D O molecules bonded to 
either N a + or Cl". The above experimental data and 
the results of M D simulat ions for NaCI, C a C l 2 [10] 
and MgCl i [41] solutions suggest that the earlier 
conclusions about the insensitivity of OH-stretching 
vibrations to cationic effects must be reconsidered 

While the OH-stretching vibrations in the bulk 
water are not influenced by the pressure increase 
within the accuracy of the present method , a very 
small shift can be observed in the hydrat ion water 
of N a + (Table 6). The only significant change 
(+ 25 cm" 1 ) occurs in the hydrat ion water of Cl". We 
note in passing that the spectroscopic correlation 
between the OH vibrational f requency and the 
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average O - H distance (the OH-stretching f requen-
cy decreases with increasing O - H distance) does 
not seem to apply for the pressure increase in the 
solution (Table 3 and 6) in spite of the fact that this 
correlat ion was obeyed, at least qualitatively, when 
the effect of pressure in pure water [6] or the effect 
of ions [10] were considered. As both the shifts in 
O - H distance and frequencies are very small in the 
systems studied here, final conclusions about this 
point cannot yet be reached. 

The only experimental investigation of the effect 
of pressure on the spectroscopic propert ies of aque-
ous NaCl solutions has been carried out by Inoue 
et al. [42] who have studied the near IR spectra (the 
band 2 vj + v3) of pure water and of various aqueous 
solutions f rom 10 to 55 °C and at pressures up to 
5 kbar. For a 3 molal NaCl solution at 25 °C and 
4 kbar they observed a shift of 10 c m - 1 in the band 
m a x i m u m to lower wavenumbers which would cor-
respond to a much smaller change in the fundamen-
tal region. The extrapolat ion of the experimental 
data (Fig. 9 in [42]) to 10 kbar does not exclude the 
possibility of the observat ion of a reversed effect, 
i.e. the shift of the 2 vj + V3 band to slightly higher 
f requencies at this high pressure in qual i ta t ive 
agreement with the results of the M D simulations. 

The HOH-bend ing frequencies (v2) have the same 
values in the bulk water and hydrat ion water of Cl" 
while for the hydrat ion water of N a + a smaller 
value for v2 was obta ined (Table 6). The N a + 

appears to lower the v2 f requency of pure water by 
about 15 c m - 1 , which compares very favourably 
with the average value of 24.6 c m - 1 found for 
monovalent cations by Falk [43] analyzing l i terature 
data on the vibrational spectra of water in solutions 
and crystalline hydrates. With increasing pressure 
the positions of the max ima of the peaks corre-
sponding to v2 have been shifted to higher f requen-
cies by 1 0 c m - 1 in the case of bulk water and 
hydrat ion water of C l - , on the other hand the v2 

f requency of hydrat ion water of N a + has not 
changed. 

IV. Summary and Conclusions 

The analysis of the results of our M D simulations 
of a 2.2 molal NaCl solution at pressures of 1 bar 
and 10 kbar has shown that the hydrat ion shell 
structures of N a + and C l - are slightly distorted 
upon pressure increase and the H-bonded network 
of bulk water undergoes a significant distortion. The 
structural propert ies of the solution investigated and 
discussed include among others the radial distribu-
tion functions, the internal geometry of water mole-
cules and their orientat ion in the hydrat ion shells. 

Dynamical propert ies (self-diffusion coefficients, 
spectral densities) of the solution have been calcu-
lated separately for various subsystems such as 
hydra t ion water of the sod ium ion, of the chloride 
ion, and bulk water. In keeping with recent experi-
mental results [31], the d i f fus ion coeff icient of the 
cation decreases with pressure while that of the 
anion increases. Single ion effects are usually not 
readily avai lable experimental ly since in most of the 
cases only the propert ies of the total water of the 
solution can be investigated. Therefore , the predic-
tions of the effect of ions and of pressure on the 
d i f ferent dynamical proper t ies of the solution ap-
pear to be useful and advance our unders tanding of 
the proper t ies of aqueous solutions at a molecular 
level. In those cases where it was possible to 
compare the results of the M D simulat ions with 
exper imenta l data, the agreement was found satis-
factory. Fur thermore , the applicabil i ty and the 
limits of the potentials presently employed in the 
M D simulat ions of aqueous solutions can be tested 
and direct ions of their fu tu re improvement can be 
suggested f rom M D simulat ions pe r fo rmed at high 
pressure. 
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