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Molecular Dynamics Simulation of Aqueous MNQO3
(M=Li, Na, K, Rb, and Cs) Solutions
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To understand the anisotropy, cation dependence, and concentration dependence of the orientational relax-
ation time of the nitrate ion, the structure and molecular motion were studied by molecular dynamics simulation
of MNOj3 (M=Li, Na, K, Rb, and Cs) solutions. The interaction parameters determined for the molten salt were
used between the ions. The Carravetta—Clementi potential was assumed for the water—water pair. An empirical
combination rule was adopted in the water-ion interactions. Simulations were done at several volumes corre-
sponding to the normal density and low pressures. The temperature was 300 K and the concentrations was 1 or
2 molkg™'. The distribution of water molecule is almost isotropic around the nitrate ion. No water molecules
are found which move in strong correlation with the rotation of the nitrate ion. The calculated orientational
relaxation time of the nitrate ion is in agreement with the experimental results qualitatively with respect to
its anisotropy, cation dependence, and concentration dependence. These were analyzed by the potential energy
of the species around the nitrate ion. The anisotropy of the relaxation time was due to the anisotropic charge
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distribution in the nitrate ion, as demonstrated by several models.

The orientational relaxation of the nitrate ion was
studied experimentally (NMR,'~* Raman,>~%) and
light scattering!®) in dilute aqueous MNO3 (M=Li, Na,
K, Rb, and Cs) solutions. These studies have revealed
the following points of interest:

(1) The anisotropy’~—® of the relaxation time of the
planar nitrate ion is different from the ordinary case,
for instance benzene'? in a solution.

(2) The relaxation time generally decreases in the or-
der of Li, Na, K, Rb, and Cs.>%

(3) The relaxation time increases linearly with
increasing concentration.®®? The relative increase
amounts to as much as 0.3 by addition of the salt to
a level of only 0.02 in mole fraction.

As for concentrated solutions, X-ray'? and neutron'®
scattering experiments were reported. The anisotropy
of the relaxation was not explained by the contin-
uum theory,® which predicts a linear concentration
dependence.!® This theory gives a different size depen-
dence on the counter cation from that in the exper-
imental slope of the relaxation time as a function of
concentration (Fig. 1 in Ref. 14). The hydration energy
was obtained by high pressure mass spectroscopy,'®
and was compared with an empirical quantum chem-
ical calculation.!®

We are interested in obtaining microscopic informa-
tion on this solution to understand the above three
points by molecular dynamics simulations. The sys-
tem comprises 512 molecules or ions, and the concen-
tration is 1 or 2 molkg™!. The ion—ion pair interac-
tion determined for the molten salt'®'” is used. The
interaction between the solvent water molecules is the
Carravetta—Clementi potential'® which can reproduce

tPresent address: Department of Materials Chemistry, Col-
lege of Engineering, Hosei University, 3-7-2 Kajinocho,
Koganei, Tokyo 184.

Fig. 1. Standard orientation of nitrate ion.

the thermodynamic'® and transport®® properties of
liquid water. In the water-ion interactions, an empirical
combination rule is assumed.

The anisotropy and the cation dependence of the re-
laxation time will be examined to see that its trend
and its order of magnitude are in agreement with the
experiments. The radial distribution functions, coordi-
nation number, and the angular distribution of water
molecules around the nitrate ion will be studied as the
basis for the following discussions. The correlation of
motion between the nitrate ion and water will be calcu-
lated. The molecular distance of water from the nitrate
ion will be also monitored.

On the basis of the above calculations, the main fac-
tor will be searched which determines the orientational
relaxation time of the nitrate ion on a microscopic level.

Model Potential

For simplicity, a two-body interaction is assumed.
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The ion—ion potential is expressed with the atomic dis-
tance r as follows;6:172)

2

ui;(r) = ﬁ'Z;—e + A;j exp (—B,-jr). (1)
We use the interaction parameters given for the molten
LiNO3 and RbNOj salts.’®17 (The charge distribu-
tion in the nitrate ion is shown as model 2 in Ta-
ble 3, which is given by an ab initio molecular or-
bital calculation.!™) The potential function of the
Carravetta—Clementi model'® for water-water pair has
the same form as Eq. 1. Only the O-H pair is written
as below;

02
uij('r) = ——Z'Z;e + Alij exp (—Blij’l‘)
+A%; exp (—B2ij7") , (O-H). (2)

An empirical combination rule is assumed between a
water molecule and an ion. In order to use a combi-
nation rule, we define a size parameter o; by the next
equation;

Ay
Ao
Ao = 0.5 x 1071°J.

exp (—Biiou) =1, (3)

Here the value of Ag is the order of magnitude of an
ion—ion interaction energy. The numerical values of o;;
are given in Table 1. This parameter has a meaning
of the effective diameter of an atom or ion. The size
parameter o;; of a cation in Table 1 is the Tosi and
Fumi parameter® expressed in the form in Eq. 1.

The employed combination rule for an i—j pair is:

Aij = (Aiidj;)?, (4)
Aij
g (52)
2

The combination rule for the energy parameter A;;
given by Eq. 4 is frequently used. The parameter Bj;

Table 1. Parameters A;; and o;; in the Interaction
between Atoms 14
1=Atom/Species A /10710 ] oi/A
N/NOs~ 30.656 1.400
0/NO3~ 354.33 2.100
H/H,0 248.61 1.615
O/H20 31555.91 2.324
Lit 158.51 1.632
Nat 507.06 2.340
K+ 2432.00 2.926
Rb* 6740.98 3.174
Cs* 83840.73 3.440
1A=10"10m.
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includes the size and energy parameters. For this rea-
son the size parameter oy is first obtained as (o +
05)/2, then the relation of o;; and By; is assumed as
Eq. 5. This combination rule is used for (H, O-M*) and
(O/H20-N, O/NO3 ™) pairs. In the (H/H,0-O/NO3™)
pair, Eq. 2 is used tentatively, which is valid for a hy-
drogen bond in water.

The standard orientation of the nitrate ion is illus-
trated in Fig. 1. The pair interaction energies for the
representative configurations are shown in Fig. 2, where
the relative orientations are given in Fig. 3. These orien-
tations are chosen because the energy minimum is found
in each pair. The water—water pair has the symmetri-
cal eclipsed configuration as shown in Fig. 3 in Ref. 19.

200 —r
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--&- NO3-Na
- o} c
=] - H-NO3-K =
E nE
- -100} o
x —& NO3-Rb »I
—~ ]
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(3]
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Fig. 2. Pair potential energy as a function of the

molecular distance R. 1 A=0.1 nm. The relative ori-
entations are fixed as in Fig. 3. The interaction en-
ergies between nitrate ion and a cation are given by
the left-hand y-axis, and those for other pairs by the
right-hand y-axis.

Fig. 3. Relative orientations for the pair energy plots
in Fig. 2. The pair energy is minimum at the config-
uration shown here.
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As the energy between the nitrate ion and a cation is
much larger than these for other pairs in magnitude, it
is shown by the left-hand yaxis.

The nitrate ion—water interaction is probably the
most important to understand the orientational relax-
ation of the nitrate ion. This is examined in more detail
below. In Fig. 4, a water molecule is put on the same
zy plane as the nitrate ion. The origin of the axis is
the position of the N atom. The orientation of the wa-
ter is optimized to minimize the pair energy. The con-
tour map of the minimized energy is shown in Fig. 4.
The energy of the innermost curve is zero. The energy
changes by 6 kJ mol~! when the water goes outward to
the next line. The energy minimum points are found at
(z, y, 2)=(0, —0.3 nm, 0) and there are three equiva-
lent points because of the 3-fold symmetry of the nitrate
ion. The minimum energy is —60 kJ mol~!. The valley
of the minimum energy has a full-width angle of 40° as
viewed from the origin.

Figure 5 is plotted for comparison. A water molecule
sits on the yz plane and the nitrate ion is on the zy plane
as before. The valley of the minimum energy has a full-
width angle of 128° in this case, and is much wider than
that in Fig. 4.

The enthalpy change of the nitrate ion by hydration
is 71 kJmol~! as determined by high pressure mass
spectroscopy.'® The empirical molecular orbital calcu-
lation gives an energy of 99 kJ mol~!.'® The minimum
energy —60 kJmol~! in our model is comparable with
those values, although the minimum energy configu-
ration is different from that by a quantum chemical

£
£
>
-0.
-0.
-0.5 -0.3 -0.1 0.1 0.3 0.5
X/nm
Fig. 4. Contour map for the nitrate ion—water pair

energy. The nitrate ion is on the zy plane with the
nitrogen atom at the origin. The orientation of ni-
trate ion is fixed. At each position of a water molecule
on the zy plane, its orientation is optimized to min-
imize the pair energy. The energy minimum point is
(z, y, z)=(0, —0.3 nm, 0). The energy of the inner-
most curve is zero.
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Fig. 5. Contour map for the nitrate ion—water pair

energy. Nitrate ion is on the zy plane (see Fig. 4),
and water is on the yz plane.

result.'®

Molecular Dynamics Simulation

The water molecule is rigid in the present model.'®
The molecular dynamics (MD) method is essentially the
same as the previous one.!®2% The program MDMPOL
coded by Smith and Fincham?V is used as the basis of
the present program. The electrostatic forces and en-
ergy were calculated by the Ewald method. The short
range terms were cut off at half of the MD cell width.
The CPU time was 0.29 s per step on a FACOM VP-
400E vector processor at the Kyoto University Data
Processing Center.

The time step used in this work was 0.5 fs. In the
first 5 ps run, the temperature was assumed to be to
300 K. The 10 ps MD runs were repeated several times
to obtain statistical averages. The simulated states are
summarized in Table 2, with the solute, time range of
simulation ¢, volume V, concentration c, temperature 7T,
pressure P, and the potential energy E. The numbers of
the species A in the MD cell N(A) are as follows:

N(nitrate ion) = 9, N(cation) =9, N(water) = 494, or
N(nitrate ion) = 18, N{(cation) = 18, N(water) = 476.
(6)

The upper and lower cases are called as 1 and 2 mol
kg~! solution, respectively.

Orientational Relaxation Time

In this section we examine whether the calculated
relaxation time of the nitrate ion is in agreement with
the experiments. The anisotropy, cation dependence,
and the order of magnitude are the questions.

The relaxation time was obtained by time integration
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Table 2. Parameters Adopted for MD Simulation

Solute c/molkg™*  t/ps V/em®*mol™* T/K P/MPa E/kJmol™}
LiNOg 1 100 18 309 226 —50.57
LiNO3 1 10 19 299 101 —50.70
LiNO3 1 40 20 304 30 —50.19
LiNOg3 2 20 19 302 70 —62.73
LiNO3 2 60 20 300 17 —62.65
NaNOj3 1 100 18 304 260 —48.74
KNOs 1 110 18 300 305 —47.72
KNO3 1 50 19 306 179 —47.25
KNO3 1 40 20 301 81 —47.36
KNOs3 1 40 21 300 5 —47.17
KNOs 2 30 18 304 394 —56.69
KNO3 2 30 19 300 217 —56.59
KNOs3 2 30 20 307 119 —56.02
KNO3 2 80 21 300 27 —56.18
RbNO3 1 80 18 299 329 —47.54
CsNO3 1 90 18 309 366 —46.88
CsNO3 2 20 22 303 15 —54.83
H>0 0 70 18 298 248 —38.93
H>O 0 70 20 304 43 —-38.01
Table 3.  Anisotropy of the Relaxation Time 7 for 1
Several Models , —e- ¥
5 z
= 0.8 |
Model Charge/e 1,=7y/ps T:/ps Tz/T: Error bar & (¥ +¥ )/ 2 ]
N (0] in 7o /72 x y
1 0 —-0.33 0.809 0.535 1.51 0.19 0.6 al (H O) ]
2 0.66 —0.55 0.681 0.650 1.05  0.05 = v 2
3 -1 0 4.84 6.66 0.73 0.04 nC’
4 0 0 0.437 0.428 1.02 0.05 > 0.4 . ]
5 0.66 —0.55 0.657 0.615 1.07 006  bene NN -
The moment of inertia of NOz~ is as follows; T= K ...,
Ip = Iy =6.22x107% kgm?, I, =12.5x10"%0 kgm? 0.2 c_?:‘oo“kg [ XS,
(Model 1—4), Iz =Iy=1,=8.30x10"%6 kgm? (Model 5). -
0 v=18cm’/mol
of the relaxation function W,(t): 0 0.5 1 1.5 2 2.5
t/'ps
Ya(t) = (P2 (cos 0a(t))), (a=z, y, 2) (7) Fig. 6. Plot of the orientational relaxation function

where 6,(t) is the angle between the direction of the
molecular a-axis at time ¢ and 0. The function Po
is the second order Legendre polynomial. This type
of relaxation function was used to obtain the relax-
ation time derived from NMR and Raman scattering
experiments.>%

Some examples of the relaxation functions are shown
in Fig. 6. Because of the 3-fold symmetry, the functions
¥, (t) and ¥,(t) should be equal. The functions ¥,(t)
and (¥, (t)+ ¥,(t))/2 are described. The calculated
function is in qualitative agreement with the Raman
result.®) A more detailed comparison will be done in
the section of the coordination number.

The relaxation time is given by:

o= / = wa(t)dt. ®)
0

The relaxation time is plotted as a cation dependence

versus time ¢ for KNOs3 solution. 7T=300 K, c¢=1

molkg™?!, V=18 cm®mol~!.

in Fig. 7 for a molar volume V=18 cm® mol~!, temper-
ature T=300 K, and concentration c=1 molkg~!. The
relaxation time 7, means 7,=7, in this figure. The
experimental result is also shown for comparison. (The
relaxation time 7, is called 7, in Ref. 3.) The order of
magnitude of the relaxation time is in agreement with
experiment.> The cation dependence is reproduced on
the whole. The obtained anisotropy has the same in-
equality 75, >7, as the experiment® although the ratio
Tzy/T. is close to unity. This ratio depends strongly
on the charge distribution in the nitrate ion as seen in
Table 3.

The solvent water has a larger self-diffusion coef-
ficient than by the macroscopic observation.'® The
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Fig. 7. Orientational relaxation time of nitrate ion.

T=300 K, ¢c=1 molkg™!, V=18 cm®mol™!. The
data of 7(NMR) and 7(RAMAN) are from Ref. 3.

Carravetta—Clementi water has a smaller shear viscos-
ity than the experimental value.!® These properties are
responsible for the short relaxation time in the present
solution.

The orientational relaxation time of water is a mea-
sure of the lifetime of the hydrogen bonded water struc-
ture. The orientational relaxation function of the y-axis
of water molecule is also shown in Fig. 6. The value is
an average by the all water molecules in the solution.
(The standard orientation of the water molecule is to be
shown in Fig. 11.) From this figure it is seen that the
relaxation time of water in this solution is longer than
that of the nitrate ion. It will be shown that the re-
laxation time of water in the MNOj solution is slightly
longer than that in pure liquid in Fig. 19. This trend is
consistent with an observation that the orientational re-
laxation time in pure water, 2.0—2.7 ps by NMR,2>—2%
is longer than the relaxation time of the nitrate ion.

Structure and Energy Analysis of Solution

In the foregoing section it was shown that the present
model reproduces the relaxation time qualitatively. Be-
low we examine the thermodynamic properties, struc-
ture, and energy distribution in the solution.

Thermodynamic Properties. Table 2 gives
how the average potential energy F and pressure P de-
pend on the nature of cation at molar volume V=18
cm?® mol~!, temperature T=300 K, and concentration
c=1 molkg~!. The energy and pressure increase in the
order:

Lit < Nat < Kt < Rb' < Cst. (9)

The energy is lower than that of pure water due to an
electrostatic interaction. The pressures of the solution
distribute around the value of pure liquid (Table 2).
Structure Analysis. The radial distribution func-
tions and running coordination number are illustrated

Yosuke KATAOKA
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in Figs. 8 and 9, respectively. The counter cation depen-
dence of the coordination number is shown in Fig. 10.
The coordination number in the first shell is calculated
for the first minimum of the radial distribution func-
tion. The hydration number of the nitrate ion is 10—
11, and that of a cation is 5—11 in fair agreement with
the MD result®**—2" on aqueous alkali halide solutions.

The radial distribution function of the nitrate ion—
cation pair is very large around the first peak. However,
the coordination number of the cation around the ni-
trate ion is about 0.5 because of the low concentration (1
molkg~1!). This number of ion contact is in agreement
with the value 0.12—0.3 estimated by Yokoyama?® on
the basis of the ion-association constant.?® Kato et al.?
analyzed the short time part of the relaxation function
(t<0.2 ps) and obtained an effective moment of inertial
of the nitrate ion in a KNOj3 solution. This value is
explained by the coordination number 0.24. From these
we believe that the calculated coordination number of
the cation around the nitrate ion is not far from the
real.

We must be careful in comparing the atomic ra-
dial distribution function (Fig. 8b) with X-ray'® and
neutron!3>13%) scattering experiments directly, because
these are observed for concentrated samples (5—8.6
mol kg=!). Neilson and Enderby observed peaks at
0.205 and 0.265 nm in N/NO3~-D/D20O pair by neu-
tron scattering on a 7.8 moldm~3 aqueous NaNOj
solution.'®® Yamaguchi et al. reported a peak at 0.28
nm in N/NO3~-D/D»O pair by neutron scattering on
a 8.6 moldm—3 aqueous LiNOj3 solution.'®” A peak at
0.27 nm is observed by the present MD simulation on
a 2 mol kg=! aqueous KNOj solution (Fig. 8b). This
is assigned to the second peak by Neilson and Enderby.
The peak at around 0.205 nm is tentatively assigned to
that in the O/NO3~-H/H5O pair in the present study
(Fig. 8b). In the N/NO3 -0O/D50O pair Neilson and
Enderby found peaks at 0.265 nm and 0.340 nm.'3®
There is a peak at 0.38 nm in Yamaguchi et al.’s ob-
servation on the same atomic pair.'®® The peak at 0.36
nm corresponds to the second peak at 0.340 nm.!'%®
The nearest neighbor pair at 0.265 nm observed by neu-
tron scattering'®® is not found in the N/NO3;~-0/D,0
pair but is close to a peak in the O/NO3;~-H/H,O pair
(Fig. 8b).

Three peaks (0.225, 0.285—0.290, and 0.340 nm)
are reported for two concentrated (5 and 7 moldm™3)
aqueous solutions of NaNOsz by X-ray diffraction.'®
Caminiti et al. assigned the 0.285—0.290 nm peak
to O/NO3~-0/H30 and O/H;0-0/H,0.'» The first
peaks in these pairs are both 0.29 nm in Fig. 8. (The
center of mass almost coincides with the position of the
oxygen atom in the water molecule.) The peak at 0.340
nm corresponds to the peak at 0.36 nm in the N/NO3g~—
O/H:0 pair distribution function (Fig. 8b). A peak at
around 0.225 nm is not found in the pairs between O
and N in the present calculation. This peak includes
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Molecular radial distribution function g(R) for KNO3 solution. a) 1 A=0.1 nm. T=300 K, c=1 molkg™},
V=18 cm®mol™*. The symbol W denotes water. b) 1 A=0.1 nm. T=300 K, ¢=2 molkg™}, V=21 cm® mol~.

Fig. 8.
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Fig. 9. Running coordination number n(R) for KNOs
solution. 1 A=0.1 nm. T=300 K, ¢=1 molkg™?,
V=18 cm® mol~!. The symbol W means water.

the O-O distance within the nitrate ion.!?

The angular distributions of the species A in the first
neighbor shell of the other species B, f(0), f(¢#)(A/B)
are plotted in Fig. 11. The polar coordinate of the posi-
tion vector of a water molecule seen from the molecular
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axis of the nitrate ion is expressed as (1, 6, ¢). The
distribution of 6 or ¢ is plotted as f(8)(HoO/NO3™)
or f(¢)(H20/NO3~). The other functions are defined
in a similar way. The distribution of the nitrate ion
around the water molecule has a maximum at around
0=90 degrees and ¢=56 degree. The distribution of the
cation around the nitrate ion has a maximum at around
0=90 degrees and ¢=60 degree. On the contrary, the
distribution of water is almost uniform around the ni-
trate ion. The hydration structure of the nitrate ion
discussed by Nicholas and Wasylishen? does not apply
to the solution considered here.

Energy Distribution. The pair-energy distri-
bution is shown in Fig. 12. There are two peaks in the
distribution functions in Fig. 12; the one corresponds to
the stable pair and the other is the broad one around
O. Only 3.4% of the overall nitrate ion—-water pairs has
an energy lower than —25 kJ mol~!.

The binding energy (BE) of the ¢th molecule is de-
fined by the summation of the pair-potential u;; as fol-
lows:

BE(i) = Zuij. (10)

The distributions of the BE(%) are plotted in Fig. 13.
The binding energy means the potential energy of each
molecule. The binding energy of the nitrate ion has a
large absolute value compared with that of water. The
cation dependence of BE is depicted in Fig. 14. In this
figure, 10 BE(water) is plotted instead of BE(water) for
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Fig. 10. Coordination number N(A/B), denoting the

number of species A around B. T=300 K, c=1
molkg™!, V=18 cm®mol ™.
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Fig. 11. Distribution of the position vector B—A of

species A seen from B (see text).

convenience. The strong cation dependence is found
in BE(cation) as readily expected from the size of the
cation. In contrast, the cation dependence of BE(ni-
trate ion) and BE(water) is weak.

A more detailed analysis is shown in Fig. 15, where
the BE of the water in the first neighbor shell of ion is
plotted. These are compared with that in pure liquid.
The average BE(water) in the solution is almost the
same with that in pure liquid. The BE(water/NOs~)
other than the LiNOj solution is higher than BFE(water)
in pure liquid.

The average pair energy of the water-ion pair is given
in Fig. 16, where the water is in the first neighbor shell
of ion. It is interesting that the average pair energy of
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Fig. 12. Pair energy distribution for KNO3 solution.

T=300 K, c=1 molkg™!, V=18 cm®mol~!. The
symbol W denotes water.
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Fig. 13. Binding energy (BE) distribution for KNOj3
solution. =~ T=300 K, ¢c=1 molkg™}, V=18
cm® mol 1.

the water—nitrate ion pair depends weakly on the nature
of cation (Fig. 16).

Rotation of Nitrate Ion

The rotational motion of the nitrate ion will be ex-
amined in the section. The correlation between the ro-
tation of the nitrate ion and the motion of the water in
the first neighbor will be sought.

The normalized time correlation function of the an-
gular velocity of the nitrate ion is depicted in Fig. 17.
The decay of the 2z component (¢{<0.4 ps) is slower than
other components. This feature is consistent with the
anisotropic orientational relaxation function in Fig. 6.

Now we examine whether any water molecules move
cooperatively with the rotation of the nitrate ion. The
result is shown in Fig. 18. The motion of the first neigh-
bor water molecules in the orientation A and E (Fig. 1)
around the nitrate ion are given, because these are sta-
ble orientations as seen in Figs. 1, 4, 5, and 22. We
attempt to see how the water in the E direction at time
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Fig. 15. Binding energy of water in the vicinity of ion

A, BE(water/A). T=300 K, c=1 molkg™!, V=18

cm® mol 2.

0 moves when the ion rotates in the zy plane of the ion
(Figs. 1 and 4). If the water molecule also moves in the
same plane, the direction vector of the water that is seen
from the nitrate ion will show a strong correlation with
the rotation of the nitrate ion. The projection to the
ry plane of the direction vector was examined in the
actual calculations. The angle between the projected
vector at t=0 and tis 6(f). The average <sin6(t)> is
shown in Fig. 18 by the solid curve. It is found that
this quantity does not increase so much compared with
the rotated angle of z-axis of the nitrate ion that the
monitored water coordinated.

Another case is plotted by dotted lines in Fig. 18. In
this case, the direction vector of water was projected to
the yz molecular plane of the nitrate ion. The motion
of the vector is compared with the rotated angle of -
axis. No strong correlation is found as seen in Fig. 18.
The water molecules coordinated in the other direction
were also examined. The results were similar to Fig. 18.
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Fig. 17. Normalized time correlation function of the

angular velocity of nitrate ion for LiNOs solution.
T=300 K, c=1 molkg™!, V=18 cm®mol ™.

This observation is consistent with the discussion by
Perrot et al.” that “end-over-end rotation (of the three-
fold symmetry-axis) of the nitrate anions does not carry
along tightly bound water molecules.”

The rotational relaxation time 7, of water and 7(ni-
trate ion)=(7,+7,+7,)/3 are plotted against the cation
in Fig. 19. The relaxation time of the water in the so-
lution is longer than that in pure water. The relaxation
time of water is longer than that of the nitrate ion.

Self-Diffusion Coefficient

The translational motion in the solution is analyzed
here in terms of the self-diffusion coefficient. The cation
dependence of the self-diffusion coeflicient D is shown in
Fig. 19. This dependence is weak and its value is close
to that of pure liquid. The self-diffusion coefficient of
water is larger than that of ions. This feature is in
agreement with experiments.>—3? The relations:

7(water) > 7(nitrate ion), (11)

D(water) > D(nitrate ion), (12)
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Fig. 19. Orientational relaxation time (left-hand y-

axis), self-diffusion and relative self-diffusion coeffi-
cients (right-hand y-axis). T=300 K, c=1 molkg™!,
V=18 cm®mol ™.

are of much interest. The mean molecular distance, de-
noted by a, is about the same in the solution. Then
a measure of the translational relaxation time is esti-
mated as:

a2
6D

Thus the following relation is obtained:

T(translational) = (13)

T(translational, water) < 7(translational, nitrate ion).
(14)
A more detailed analysis is performed by monitor-
ing the molecular distance between the nitrate ion and
the water in its vicinity. The square of the distance is
written as a linear function of time and its tangent is
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put as 6D"(water/nitrate ion) as the case of self-diffu-
sion coefficient. The coefficient D" is called the relative
diffusion coefficient, and its value is shown in Fig. 19.
Although it cannot be directly compared with the self-
diffusion coefficient, it should be mentioned that the
value of D*(water/nitrate ion) is larger than D(water)
numerically.

The relative diffusion coefficients of the other pairs
in a LiNOj solution are described in Fig. 20 at T'=
300 K, ¢c=2 molkg™!, and V=20 cm®mol~!. The
symbol D"(A/B) denotes the relative diffusion coefli-
cient for species A around species B. The quantities
D*(Li/NO3~F) and D*(Li/NO3~,S) correspond to that
in the first and second neighbor, respectively. The most

- interesting point in this Figure is that D" (water/water)

is not small as expected from the hydrogen bonded
structure. As the coefficient DF(Li/NO3~,F) is so small
in this Figure, the departure process of Lit ion from
the nitrate ion is slow. (It will be shown that it is not
so small at c=1 molkg~! in Fig. 24.) From the value
of D*'(H;O/NQ3~) the increment of the HyO-NO3~
molecular distance is estimated to be 0.13—0.14 nm in
the orientational relaxation time of the nitrate ion. This
distance is long enough for water molecules to get out
from the first shell of the nitrate ion (Fig. 8). This is
consistent with the weak correlation between the rota-
tion of the nitrate ion and the motion of water described
in the preceding section.

The self-diffusion coefficient of water in the first shell
of the nitrate ion is shown as D(H,O/NO3 ™) in Fig. 20.
It is not so different from D(H,0) (average in the whole
solution). This means that the translational motion of
water molecules around the nitrate ion has no special
feature.

Determining Factor for the Relaxation Time

In the following sections, the principal factor to deter-
mine the relaxation time of the nitrate ion is searched
in reference to the microscopic quantities obtained by
MD.

Correlation with BE(Water/Nitrate Ion). By
trial error plots of the relaxation time versus a series of
microscopic quantities, it turned out that the relaxation
time has a strong correlation with the BE(water /nitrate
ion) as shown in Fig. 21. In this Figure the molar vol-
ume V is 18—21 cm® mol™! and concentration cis 1 or
2 molkg™!. The solute is LiNO3~CsNO3 in Table 2.
The z-axis means the BE of water molecule around the
nitrate ion.

Anisotropy of BE(Water/Nitrate Ion). In
Fig. 22 the anisotropy of BE(water/nitrate ion) and
Dr(water/nitrate ion) is depicted. The a-axis means
the direction of the position vector of the water in the
first shell that is seen from the nitrate ion (Fig. 1). The
anisotropy is clearly seen in these quantities. The wa-
ter in the direction C has the higher potential energy
than other water molecules. For this reason this water
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Fig. 20. Self-diffusion coefficient D and relative dif-
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species A is the neighbor of B. T=300 K, ¢=2
molkg™!, V=18 cm® mol ™.
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Fig. 22. Binding energy BE(water/nitrate ion) (left-

hand y- axis) and relative diffusion coeflicient
DF(water/nitrate ion) against the direction of the wa-
ter seen from nitrate ion (see Fig. 1) for KNOg3 solu-
tion. T=300 K, ¢c=1 molkg™', V=18 cm®mol~".

is easily pushed out when the nitrate ion rotates. This
means that 7, <Tgy.
Several models are used to calculate the anisotropy of
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the relaxation time to confirm the above discussion in
Table 3. The repulsion term in the pair potential is the
same as the original model. The charge distribution
on the “nitrate ion” is changed. The model 1 has a
large anisotropy (7,/7,=1.51) and the C water has a
high BE. This model is compared with model 3 where
the anisotropy has the opposite trend (7, /7,=0.73) and
the C water is most stable around the “nitrate ion”.
Our model is an intermediate one (model 2). If the
charge is put to be 0, then the anisotropy is weak as
shown in model 4. The effect of the anisotropy of the
moment of inertia is examined by model 5 that assumes
the isotropic moment of inertia. Only a 3% decrease in
the relaxation time is found in both 7, and 7.

Concentration Dependence. Figure 23 shows
the concentration dependence of the relaxation time of
the nitrate ion in LiNO3 and KNOj solutions at T=
300 K and P=20 MPa. The relaxation time is the
average of 7., 7y, and 7,. The points at ¢=0 are the
linearly extrapolated ones. Although the calculations
were performed only for c=1 and 2 molkg™!, the linear
trend is in agreement with the experiment.®
~ The relative self-diffusion coefficients D" and the in-
verse of the relaxation time 1/7 are plotted against the
concentration in Fig. 24. A clear correlation is seen be-
tween these quantities. From these results we believe
that further analysis on the model solution is of much
significance.

The total potential energy of the molecules surround-
ing the nitrate ion is the candidate to determine the
relaxation time. This corresponds to a situation that
the nitrate ion rotates diffusively in the water structure
around the nitrate ion (see Eqgs. 11 and 14).

We introduce a quantity sumBE as follows:

sumBE = Zn(z’)BE(i), (15)

where n is the coordination number. The summation is
done for the first neighbor molecules and for the second
neighbor cation, which is included because of the strong
hydration (see D*(H,O/Li") in Figs. 20 and 24. The 7
versus sumBE plot is shown in Fig. 25.

The second neighbor cation is sometimes the first
neighbor of another nitrate ion. For this reason the co-
ordination number at the second neighbor is corrected
by the running coordination number n(r.) in the nitrate
ion—nitrate ion pair at the distance r.:

Te =T (second peak of g(r) (NO3_7ca,tion)>
+7r (ﬁrst peak of g(r) (N03-~cation)) . (16)

The correction factor is 1/(14+n(r.)). In Table 4 both
the corrected and uncorrected coordination numbers are
summarized. It contains also the coordination number
in the random distribution for comparison. The sum of
the first and the corrected second coordination number
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Table 4. Binding Energy, Coordination Number of Water and Cation around
NO3™, and Relaxation Time at T'=300 K and P=20+15 MPa
Solute LiNOs KNOs Random
V /em3mol ™! 20 21 20
BE(H;0/NO37)/kJ mol~*
¢/molkg™! 1 =780 —75.0
c/molkg™! 2 —=79.2 —~74.6
BE(cation)/kJ mol™*
c/molkg™! 1 -781 —512
c/molkg™! 2 -789 —-520
Coordination number of water n
c/molkg™! 1 9.55 8.61 9.34
c/molkg™! 2 9.45 8.29 9.00
Coordination number of cation n
Neighbor First Second First Second First Second
c/molkg™! 1 0.38 0.38 0.51 0.24 0.12 0.42
(0.76) (0.77)
c¢/mol kg ™! 2 0.81 0.28 0.65 0.36 0.23 0.85
(0.77) (1.17)
sumBE/kJ mol™*
c/molkg™! 1 -1339 —1048
c/molkg™! 2 —1577 —1144
T/ps
c/molkg™" 1 0.74 0.59
c/molkg™" 2 0.93 0.65
0.8 T T T T r 1.5
T=300K,P=20MPa
e 1/(NO_") 1
- 0.6} D'(H,0/H,0) e T MO, ) ] -
lw "o o 1 -
o "z
£
a ] < 0.4} D'(H,0/NO,) ] =
) ~——— 1(LINO3)calc] ° ] -
0.4 r i S| {o.5
! = —t(KNO3)calc |] Bgoal i} -— D'(Li"/Hzo) ,
L T= -4 t(LINO3) B
0.2} T=300K H ¢ .,
P=20MPa ~@ 1(KNO3) o _ D (.Lr/ NO.) T,
[ ) B T S N A 0.8 1 1.2 1.4 1.6_11.8 2 2.2
0 0.5 1. 1.5 2 2.5 c/mol kg
c/mol kg~' Fig. 24. Relative diffusion coeflicient D*(A/B) (left-
Fig. 23. Orientational relaxation time of nitrate ion hand y-axis) and the inverse of the relaxation time

7=(7T¢+Ty+72)/3 versus the concentration c¢. The
solid and dashed curves obey Eq. 18, and the dotted
lines are extrapolations. T=300 K, P=20 MPa.

is called as the effective coordination number n of the
cation. This is given in Fig. 26. The effective coordina-
tion number in the LiNOj; solution is about the same
with that in KNOj case. An empirical formula n(c) can
fit the MD result:

n(c) = ¢ — 0.24¢%, (17)

where the concentration c is in units of molkg™?.

In Eq. 15, BE(cation) is used which is the average
over all the cations in the solution. This is adopted
because the low concentration leads to poor statis-
tics if the cation is classified. On the other hand,

of nitrate ion 1/7 (right-hand y-axis) versus the con-
centration ¢ for LiNOj3 solution. T=300 K, P=20
MPa.

BE(water /nitrate ion) is accumulated in Eq. 15 because
of the large number of coordination. The numerical
data used in Fig. 25 are tabulated in Table 4. The
points at c¢=0 are calculated by linear extrapolation
other than the n(cation) case.

An empirical equation is used to interpolate the MD
values of the relaxation time 7 as a function of sumBE:

sumBE) 7 (18)

Ey
70 = 0.31 ps, Eo = 1515 kJmol™'.

T = Toexp (—

A combination of Egs. 15, 17, and 18 gives the relax-
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Fig. 26. Effective coordination number n of a cation

around nitrate ion versus the concentration c¢. The
solid curve obeys Eq. 17. T=300 K, P=~20 MPa.

ation time as a function of concentration ¢ depicted by
the solid and dashed curves in Fig. 23. Although these
are the curves, the leading terms are linear and not far
from the MD result.

The reason for the almost linear increase in the re-
laxation time as a function of the concentration is an
energetic stabilization of the surrounding species in the
present solution. The large increase in the relaxation
time by addition of a small amount of salt is under-
stood in this way. The counter cation dependence is
also explained by Eq. 18.

This discussion is similar to that reported by Nicholas
and Wasylishen.? They discussed the relative order of
the cation effect (from Sc3* to H3OT) in terms of the
association of the nitrate ion with the cation. More
detailed analyses are needed on both the real solution
and the MD model to settle a definite picture.

Motion of Water as a Function of Concentra-
tion

In the previous section, the relaxation time of the ni-
trate ion was expressed as an almost linear function of c.
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The concentration dependence in dynamic quantities of
water molecule is examined hereafter. This case is easy
to calculate and compare with experiments because the
low concentration limit is realized also by MD.

The results concerning the energy are plotted in
Fig. 27. The potential energy E, changes linearly with ¢
and the BE(water) slightly deviates from linearity. The
orientational relaxation time and the self-diffusion co-
efficient are shown in Fig. 28. A nonlinearity is clear
in these quantities of water. In Fig. 29, the self-diffu-
sion coefficients in a LiNOg solution are compared with
those in an aqueous LiCl solution,®") since no experi-
ments have been reported on the diffusion in an LiNOj3
solution as far as the author in aware. The nonlinear
dependence of D(water) is found both in the calculation
and experiments. The decreasing trend with increasing
¢ is in agreement with the experiments.

In the KNOj3 solution, BE(water) and D(water) in-
crease as a function of ¢ as shown in Fig. 30. This
trend of D(water) is consistent with experiments®® as

-30

-40} o
. m
5 | =
; -so} F
& 2

-60}F |.|No3 4.79 =

L v=20cm’/mol
T=300K
-70 1 L L . L -80
-0.5 0 0.5 1 1.5 2 2.5
c/mol kg~ *

Fig. 27. Potential energy of the system E; (left-hand

y-axis) and the binding energy of water BE(water)
against the concentration ¢ for LiNOg solution. The
dotted lines are extrapolations. T=300 K, V=20

cm®mol ™.
1.5 T r T T T 1.2
e 1} {0.8 =
2 | 3
L4 i 30
0.5¢ Ry —Ainugm;~_-‘z -0-4J°
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[ LINO,_,V=20cm®/mol, T=300K
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-0.5 0 0.5 1 1.5 2 2.5
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Fig. 28. Orientational relaxation time of water (left-

hand y-axis) and self-diffusion coefficient (right-hand
y-axis) for LiNOg solution. The dotted lines are ex-
trapolations. T=300 K, V=20 cm®mol~’.
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K, P2220 MPa. The inset shows the experiments.®)

depicted in the inset.

In Figs. 28, 29, and 30, a good correspondence is
found in the increasing or decreasing character of BE
and D as a function of ¢. Thus, the behavior of D could
be understood in terms of BE. Since the potential en-
ergy of water BE(water) is a result of the strong inter-
action mainly between water molecules, the motion of
a water molecule has a strong correlation with the sur-
rounding molecules. In this way the relaxation time and
the self-diffusion coefficient exhibit a more pronounced
nonlinearity than the relaxation time of the nitrate ion.
Because water molecule is electrically neutral, its in-
teraction with another water molecule is all anisotropic
and it is effective both for the orientational relaxation
and diffusion. In the case of the nitrate ion, having a net
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negative charge, the only anisotropic part is the most
important in the orientational relaxation process. The
total potential energy is effective in the diffusion. The
relations given by Eqgs. 11 and 14 are understood in this
way. On the basis of this relation, it is conceivable that
the nitrate ion rotates diffusively in a structure of the
surrounding species that is approximated as an external
field.

Pressure Dependence of Nitrate Ion Relax-
ation

The relaxation time of the nitrate ion in LiNO3 and
KNOj solutions is plotted in Fig. 31 against pressure
at ¢c=2 molkg™! and T=300 K. Raman experiments
indicate that the relaxation time in KNOg solution in-
creases as pressure increases:” This is also shown in
Fig. 31 for comparison. The increasing trend in the
calculation is too weak as compared with the experi-
ments, and may come from the low density of the model
water.'® On the other hand the relaxation time has a
shallow minimum as a function of pressure in a LiNOg
solution.®® A similar trend is seen in Fig. 31.

The coordination number versus pressure plot is given
in Fig. 32. The cation and water exhibit different
trends, and this is in line with the non-monotonic re-
laxation time as a function of pressure in Fig. 31. The
decrease in the coordination number of cation in Fig. 32
is consistent with the decrease of the effective moment
of inertia as revealed by Raman experiments.®
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