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a b s t r a c t
A method is presented for the study of the mean motion and the dynamics of ions under the action of an electrostatic ﬁeld in supercritical ﬂuids through a nonequilibrium molecular dynamics simulation technique. In the case
of O−
2 in Ar, the ion–neutral interaction potential is determined through the reproduction of the experimental
mobility data. This enabled the prediction of the radial distribution around the ion and the dynamics of the ion
motion. In addition, the diffusion coefﬁcient components, parallel and perpendicular to the electric ﬁeld, have
been calculated and found to be almost equal to one another and to depend weakly to the Ar density. The appearance of a shell around an ion is conﬁrmed and found to be strengthened with density increase. The method has
been applied at moderate Ar densities and low ﬁeld strengths but can be extended to denser systems and stronger ﬁeld strengths at the expense of high amounts of computer time.
© 2014 Published by Elsevier B.V.

1. Introduction
The motion of ions in supercritical (SC) ﬂuids moving under the action of an external electric ﬁeld depends on the ion-neutral local interactions and the density ﬂuctuations of the buffer media [1,2]. In the
case of O−
2 in weakly polarizable noble gases, He and Ne, it has been suggested that the repulsive forces determine the radius of a bubble that is
created around the ion [3]. The phenomenon is augmented at low temperatures due to delocalization of the oxygen electron around the ion. In
the case of the polarizable Xe, however, a cluster of atoms has been
found to accumulate around the ion instead [4]. The condition of the
neutral medium affects also the ion motion, as seen from the appearance of a minimum in the mobility of O−
2 as a function of Ar density at
temperatures close and above the critical gas temperature [5]. A similar
behavior has not been observed with the Ne gas [6]. A proposed explanation has been based on the appearance of a bubble around the ion
which acquires an acoustic dissipation mechanism that resonates with
the density ﬂuctuations of Ar [7].
The mobility dip of O−
2 in Ar has been reproduced through the use of
an equilibrium molecular dynamics method [8]. Such methods produce
the ion mobility indirectly, since ﬁrst the diffusion coefﬁcient, D, is produced and the mobility, μ, is calculated through the use of the Einstein
relation, ND/Nμ = kT, where N and T are the number density and the
temperature of the gas. This simpliﬁcation is accurate at weak ﬁelds,
as is the case at the traditional experimental conditions, however the
use of this relation at SC conditions may be questioned due to density
ﬂuctuations that modify the ion transport [7]. At strong ﬁelds and low
densities generalization of this relation has been presented [9].
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In order to study directly the ion motion, we apply below a nonequilibrium molecular dynamics method [10] for the O−
2 –Ar system, and calculate the mean ion velocity, and from it directly the ion-mobility. The
diffusion coefﬁcient components, one parallel and one perpendicular
to the ﬁeld, are also obtained through the calculation of the velocity autocorrelation functions. The simulations extend from the low gas density region up to moderate densities, which have not been studied so far.
We determine ﬁrst an interaction potential model by requiring the ion
mobility to be reproduced within the experimental accuracy and then
use it to predict the mean properties and the dynamics of the ion. The
ﬂuid Ar properties are reproduced well with an accurate model
potential.

2. Method
The system consists of ions moving independently from one another
in a ﬂuid that being in excess always remains at equilibrium. The ions
are forced to accumulate excess energy as they move due to the action
of an electrostatic ﬁeld and collide with the neutral gas. This motion in
moderately dense ﬂuids can be reproduced through a simulation method that treats effectively the ﬂuid buffer constrained at equilibrium [10,
11].
According to the employed technique, the temperature control is
avoided through the use of two simulation procedures, one for the
ﬂuid and one for the ions, with all the particles placed in the same
space. The motion of the ﬂuid is reproduced independently from the
ions through an equilibrium MD procedure. The ions are simulated
through a second procedure that involves independent ions interacting
with iconic neutral molecules that initially are created beyond an ionneutral cutoff radius, Re, as images of neutrals from the ﬁrst simulation
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procedure. The iconic neutrals remain in the memory of the computer
as long as ion-neutral encounters last.
Further, in the case of moderately dense ﬂuids, a provision is required so that the initially created images of neutrals feel forces from
the outer environment of the ion and do not collapse on the ion. This
is avoided by allowing interactions of the neutral images with parental
neutrals of the ﬁrst procedure that lie between Re and a second outer radius, Rs.
The ion ﬂux, J, is analyzed in two components one for the drift motion, Jdrift, and one for the diffusion [12], Jdiff, according to the relation
J ¼ Jdrift þ Jdiff ¼ n vd −D∇n;

ð1Þ

where n is the ion density. Bold letters indicate vectors and D is a
two dimensional diffusion matrix with only diagonal components,
DXX = DYY = D⊥ and DZZ = D||. The ion mobility is obtained through
Κ = vd/E, where vd is the mean ion velocity, vd = bvzN with the ﬁeld,
E, in the z-direction. Further mean kinetic energies are presented as effective temperatures through
1
1
2
kT ¼ mbðvx −bvx NÞ N;
2 x 2

ð2Þ


2
1
1
kTy ¼ mb vy −bvy N N;
2
2

ð3Þ

1
1
2
kT ¼ mbðvz −bvz NÞ N;
2 z 2

ð4Þ

where brackets indicate simulation averages and m is the mass of the
ion. Due to the effect of the electric ﬁeld on the ion motion Tx = Ty =
T⊥ and Tz = T||.
Diffusion coefﬁcients are obtained through integration of the velocity correlation function which is deﬁned relative to the ion mean motion
[13],
Z∞
Dii ¼

Cii ðtÞdt;

ð5Þ

3.1. Interaction potential
So far in the literature the proposed empirical ion-neutral potential
models vary considerably in their characteristics, Table 1. An early attempt for the calculation of the mobility of (rigid) O−
2 in (dense) liquid
Ar by Davis et al. [14] through the use of kinetic theory results was based
on a model potential that involved a LJ model potential with hard-core
plus a polarization term. The depth of the potential minimum was approximated by ε = 0.0311 eV and the ion-neutral diameter by σ =
3.63 Å, which corresponds to the position of the minimum for LJ potential at Rm = 4.07 Å. A smaller hard-core diameter, σ = 2.9 Å, of a 12-6-4
model potential was used in MD calculations for the density proﬁle
around the ions at SC conditions [15]. This value corresponds to Rm =
3.26 Å and the depth was set at ε = 0.0980 eV.
Here, we choose to base the construction of a model potential on the
results of an ab initio RCCSD(T) calculation [16] in analogy to a previous
study for O+
2 in Kr [17]. The O\O distance is found to be close to the dis−
tance of the free O−
2 molecule, ROO = 1.35 Å. For the O2Ar system the
two lower potential energy surfaces emerge as X2A″ and A2A′ states.
These two surfaces approach the same limit as Ar is moved to inﬁnity,
1
which is characterized by the X2Πg state of O−
2 and S state of Ar, and
therefore should be expected that both contribute equally to the ion–
atom interaction. This can be utilized most easily through the use of a
mean potential energy surface calculated from the X and A states of
O2Ar−, as found in a previous MD calculation [18]. The ground state
with the aug-cc-pV5z basis set, acquires a T-shaped global minimum
of εX = 0.212 eV at Rm,X = 3.147 Å measured from the center of O−
2 .
Similarly, the A state acquires a symmetric minimum of εA = 0.173 eV
at Rm,A = 3.128 Å. From these surfaces the mean potential is expected
to have a minimum of ε = 0.1925 eV at Rm = 3.138 Å. In addition,
the mean potential energy surface has a local minimum in the linear arrangement with about 20% smaller depth that appears at about 0.5 Å
further out from the center of the ion. These main features of the
mean potential can be reproduced through the use of two site–site
12-6-4 potential models additively,
VðRi Þ ¼ ðεi=2Þ


12

6

4 
–4γi Rm;i =Ri –3ð1–γi Þ Rm; i =Ri
;
 ð1 þ γi Þ Rm;i =Ri
ð6Þ

0

where Cii = b(vi(0) − b vi(0)N)(vi(t) − b vi(t)N)N, and i representing {x,
y, z} directions. Since CXX = CYY we set D⊥ = (DXX + DYY)/2 and D|| =
DZZ.
3. Calculations
The ion mobility has been found to depend strongly on the gas density along a SC isotherm in the case of O−
2 in Ar. We therefore choose this
system in order to study the transport and dynamics of ions up to moderate densities.

Table 1
Parameters of O−–
2 Ar interaction potential minima.
Source of interaction potential

ε (eV)

Rm (Å)

Dense ﬂuidsa
MD simulationb
Ab initioc, X2A″
Ab initio, A2A′
Present 12-6-4, Ar–O1
Present 12-6-4, Ar–O2

0.0311
0.098
0.212
0.173
0.123
0.070

4.07
3.26
3.147
3.128
3.870
3.870

LJ interaction potential parameters of O−
2 in dense Ar, Ref. [14].
Parameters of model potential used in MD simulations, Ref. [15]. The position is
approximated by the expression of a LJ potential with σ = 2.9 Å.
c
Ab initio calculated potential parameters of global minima, Ref. [16].
a

b

where Rm,i and εi are the positions and the depths of the site–site potentials. We use ε1 = 0.123 eV for the O1–Ar interaction and ε2 = 0.070 eV
for the O2–Ar interaction when R1 b R2. When R1 N R2 the values of the
parameters for the two sites are interchanged. The positions of the global minima are set equal to each other Rm,1 = Rm,2. This consideration
reproduces as closely as possible the features of both the linear and Tarrangements. However, in order to reproduce the mobility data at
high densities we increase the value of Rm to 3.87 Å, Table 1. The
gamma parameter, γi, is determined by requiring the potential
to acquire the exact polarization form at large ion-atom separations,
e2ad/2r4, where ad = 11.08 α30 is the dipole polarizability of Ar.
Though the ion–neutral interaction potential has been based on ab
initio results for the O2Ar− system, the ﬁnal Rm values have been increased so that the experimental ion mobility is reproduced within
the combined experimental and calculation accuracy. This modiﬁcation
is in the direction of Davis et al. model potential [14] and the appearance
of enhanced local density of He and Ne around O−
2 suggested in the past
through a self-consistent method by Volykhin et al. [3]. However, the increase of the depth of the interaction potential produces a similar effect
on the mobility, that is, it decreases its value and therefore one could
look for such a modiﬁcation in order to reproduce the experimental
data. Since the sensitivity of the mobility on the depth is lower than
that on the position of the minimum, we preferred not to apply it
here, even though future studies may show that the actual potential is
even deeper than the present ab initio one. In the case of Ar we have
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Fig. 1. Experimental and calculated density scaled mobility of O−
2 with respect to Ar density at T = 152 K.

employed an accurate Lennard-Jones (LJ) model potential that has
been inferred from the second Virial coefﬁcient data and has been
found to reproduce quite well the pressure equation of state around
the critical point, with depth of minimum ε = 0.01323 eV and diameter
σ = 3.405 Å [19].
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Fig. 3. Normalized velocity autocorrelation functions for parallel, (L), and perpendicular,
(T), to the ﬁeld velocity components, (with i being z or x and y), at various densities;
a) 0.25 nm−3, b) 0.50 nm−3, c) 1.00 nm−3, d) 1.20 nm−3 and e) 1.51 nm−3.

We have followed the trajectories of 500 independent ions in 864 Ar
atoms, for about 107 time step of 10−16 s each. Statistical results have
been obtained after the nonequilibrium MD simulation has relaxed numerically at steady operation. With this procedure the remaining mean
properties, distributions and correlations are predicted along a SC isotherm of Ar at T = 152 K. This value of the temperature has been chosen
because it is controlled with an uncertainty of 0.5 K and thus remains
close to the experimental one of 151.5 K without endangering crossing
the critical point of Ar, Tc = 150.7 K. Since the transport properties at
weak electric ﬁelds do not depend on the ﬁeld strength, E, and the gas
number density, N, independently but only through the ratio E/N, we
have set the value of this ratio equal to 10 Td, (1 Td = 10− 21 Vm2).
This actually dictates that the ﬁeld will increase linearly with the density
though always remaining small.
The obtained ion mobility multiplied by the number density is presented with respect to the gas density in Fig. 1. In overall, we observe

that the employed interaction potential reproduces the experimental
data within the combined uncertainty of the simulation and the measured mobility.
The decrease of the mobility with Ar density can be traced at the
density distribution around the ion. As seen in Fig. 2, the calculated radial distribution function, g(r), of O–Ar pair is peaked at the ionneutral potential minimum of the linear conﬁguration. The shoulder
that appears next to the peak is due to the second minimum of the
interaction potential of the T-shaped conﬁguration. The integrated
g(r) around r = 2σg, ν(r), shows that up to six Ar atoms are located
within the ﬁrst, and only, coordination shell around the ion. The coordination number of Ar at the same conditions is quite smaller indicating
the emergence of a shell around the ion with mean radius of about
4.0 Å which is close to the value obtained from the equilibrium MD procedure [8], though at higher density. However, we do not observe a second shell at the densities we have employed, it is possible that at higher
density a second shell would appear.
As the Ar density increases the height of the peak increases, Fig. 2,
without shifting at higher radii indicating increase of the local density
around the ion. This effect may cause increase of the drug of the ion
and thus decrease of the mean velocity and mobility. This is in accord
with the observed dynamics, which become faster with the density,
since the velocity autocorrelation functions get dampened faster at

Fig. 2. O–Ar radial distribution functions at various Ar densities; a) 0.25 nm−3,
b) 0.50 nm−3, c) 1.00 nm−3 and d) 1.51 nm−3. Coordination numbers, ν(r), at the right
side scale.

Fig. 4. Density normalized diffusion components, D⊥ and D||, of O−
2 at various Ar densities,
T = 152 K.

3.2. Results
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higher Ar densities, Fig. 3. One would expect the increase of the number
of neutrals around the ion to result in a higher collision frequency
which, except for decreasing the ordered mean velocity, it also increases
the randomization of the ion local motion.
The diffusion components parallel and perpendicular to the ﬁeld are
calculated through integration of the velocity correlation functions up to
inﬁnity. This is done through exponential ﬁtting of these functions
around their most accurate part close to the middle of their extent.
The calculated components, Fig. 4, are found to depend weakly on the
Ar density and increase linearly. This should be due to the fact that the
value of the ﬁeld does not remain constant as the density varies, (E/N
is constant). The two components appear to be equal to one another
within the calculation error, which is about 10%, as expected in the
low ﬁeld region. At higher ﬁelds, however, the diffusion components
are expected to differ.
We mention that a small discrepancy is observed between the calculated quantities, K and D, in fulﬁlling the Einstein–Nernst–Townsend relation [9] beyond the estimated overall accuracy of the calculated
transport properties. Though we do not expect a problematic application of the relation as in the case of O−
2 in Ne [20], since the gas densities
used here are not approaching critical values, the effect could emerge
from microscopic reasons and we intend to study it further in the future.
4. Conclusions
The reproduction of the mobility of O−
2 in SC Ar is used for the estimation of the ion–atom interaction potential. This is further used for
the prediction of the mean motion and the dynamics of the ions in a
weak electric ﬁeld at moderate Ar density. The velocity correlations appear to relax faster at higher densities, though the integrated correlations produce diffusion coefﬁcients that depend weakly on the Ar
density. The observed local density around the ion indicates the

emergence of a single shell around the ion of radius as much as twice
the ion–neutral radius. The extent of this loose cage is found to be insensitive to the density variation though the height of the peak is increasing
indicating the increase of the local density around the ion as the Ar density increases.
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