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Critical Behavior of O2 Ions in Argon Gas1

A. F. Borghesani,2, 3 D. Neri,2 and A. Barbarotto2

We measured the drift mobility of O2 ions in argon gas close to the critical
point for (1.005 < T/TC < 1.04) above Tc* 150.7 K in the density range
(0.025 <N/NC< 1.733) around the bulk critical density NC = 8.08 atoms . n m - 3 .
The density-normalized zero-field mobility n$N of the ions shows a deep mini-
mum as a function of the gas density N as T-> Tc*. This anomalous reduction
of ftgN occurs at a density Nm % 0.76Nc. We believe that this behavior is due
to the strong electrostriction exerted by the ion on the highly compressible gas.
By introducing suitable contributions to the effective ion radius R due to the
large gas compressibility and taking into account short-range local density
and viscosity augmentation due to electrostriction, the hydrodynamic Stokes
formula fi0 = e/67i>]R, where rj is the gas viscosity, is in good agreement with the
experimental data.

1. INTRODUCTION

The motion of ions in fluids is studied to investigate the ion-atom interac-
tion in different environments. In low-density gases the ion-atom potential
is determined from drift mobility data using kinetic theory [1]. In liquids,
the mobility depends on the microscopic fluid structure and is described by
hydrodynamics [2]. Less attention has been devoted to dense gases, even
though the density can be varied in a large interval, permitting an
investigation of the limits of applicability of either description of the ionic
motion. Moreover, there is a lack of investigations at the liquid-vapor
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critical point [3,4], where the transport coefficients show an anomalous
behavior [5].

Positive ions are more carefully studied because they are easily
produced by ionization. Their structure and transport properties are
known. Electrostriction exerted on the polarizable medium by the electric
field of the ion enhances the local density around it. The attraction strength
increases with increasing gas atomic polarizability, a, and with decreasing
temperature T, and may cause the fluid to locally solidify [6] or the ion
to be surrounded by a solvation cluster. So the ion transport depends on
the hydrodynamic interaction with the fluid of the large structure sur-
rounding the ion.

Impurity negative ions are not equally well known. Among them,
O2 is very important because O2 is a very common electron-scavenging
impurity. Its mobility fi in dense gases has been studied as a function of the
bulk gas density N in 4He at T=77 K [7, 8]. The neighborhood of the
critical point has been investigated in neon [4] at T x 45 K (T/Tc x 1.04)
in an extended density range (0.1 ̂  N/NC^ 1.7). Important features of the
zero-field density-normalized mobility n0N in neon are a weak minimum at
a reduced density N/NC % 0.72 and the absence of any anomaly for N = Nc.
A similar behavior is shown by 3He+ in 3He at T/TC^ 1.001 [9], where,
for N Q 0.9NC, u0N has a stronger minimum. The smaller effect in neon is
due to the competition between the larger ion-atom attractive interaction
(ocNe«2<xHe) and the higher thermal energies (TNe% 15T3He). Moreover, the
behavior of /i0N in neon is quite complicated. For low to medium
N(0 .15 ^ N/NC^ 0.43), f * 0 N is nearly independent of N. Then it decreases
towards the minimum for N/N c x0.72. Finally, fi0N increases until
N/NC« 1.4, where it saturates to a value twice as large as its low-density
value [4]. The dependence of f*0N on N was not satisfactorily explained
[4, 7]. For the high-A^ region, it was assumed [4] that [i0 is described by
the Stokes formula,

where r\ is the bulk gas viscosity and R is the ion radius. Electrostriction
is taken into account by solving the Navier-Stokes equation in presence of
the nonuniformities surrounding the ion, yielding jU0 = e/67tr;RF [10]. The
factor F& 1 depends on the temperature T, on N, and on the shape of the
local density and viscosity profiles, but the agreement with experiment is
poor.

On the basis of Eq. (1) , //0 is expected to mirror the critical divergence
of r\ [11], which is, however, very weak and cannot account for a mobility
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minimum located at an off-critical density. Therefore, the experiments seem
to confirm the theory of Watanabe [12], where heavy ions, interacting
with atoms through a contact potential, are not elastically scattered off
long-wavelength density fluctuations. Ions are not coupled to them because
the relevant length scales, the correlation length c of fluctuations and the
ion thermal wavelength (/T-%0.02 nm) are too different. Moreover, the ion
thermal velocity is such that the time spent by an ion passing through a
fluctuation is much less than the decay time of fluctuations so that their
dissipative properties do not influence /(0.

A model has been proposed [13], where the quantum nature of the
interaction between the gas atoms and the additional electron in the O2

ion is considered to describe the ion mobility. This electron is weakly
bound, and its orbit is extended in space. The competition between short-
range repulsive exchange forces and the long-range polarization interaction
forms an empty cavity around the ion, surrounded by a region of enhanced
gas density. The strength and shape of this density augmentation are
related to a and to the gas compressibility, /T, and are relevant close to the
critical point [6, 13, 14], //0 is well described in helium [7], where a is so
small that only an empty void surrounds the ion, but not in neon [4],
where a is larger and the density enhancement is strong. The neon data are
reproduced almost quantitatively for N^NC by assuming the validity of
Eq. ( 1 ) , by taking the position of the maximum of the density profile as
the hydrodynamic radius R, and by using the local viscosity value corre-
sponding to the density maximum. However, the data for N < Nc are not
reproduced.

We have therefore investigated argon because, due to its large a, a
strong density enhancement around the ion is expected. Argon should
represent a valid test of Watanabe's theory. We show that the n0N of O2~
is strongly affected by the critical point of argon, probably through the
formation of a layer of correlated fluid around the ion. Preliminary results
have been published [15].

2. EXPERIMENT

We used the pulsed electron photoinjection technique exploited for
mobility measurements of O^~ ions in helium and neon [4, 8]. The cell
containing the gas is thermoregulated within +0.01 K. Thermal gradients
are estimated to be < 2 K - m ^ ' . T is measured with a calibrated Pt
resistor. The absolute value of T is known within + 0.3 K. The gas pressure
P is measured with an uncertainty of + 1 kPa. N is calculated from P and
T using a recent equation of state [16]. Two parallel-plate electrodes.
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separated by a distance d=10mm, are irradiated with a short UV light
pulse. The extracted photoelectrons are captured by O2 impurities, at a
concentration of some tens of ppm, to form O2 ions. The ionic drift time
T, is obtained by analyzing the signal waveform produced by the ion
motion, fjt is given by /u = d2/T,V, where V is the applied voltage. The
uncertainty on // is %5%.

3. RESULTS AND DISCUSSION

For electric fields £^0.3 M V . m - 1 , /u is nearly field independent, equal
to its zero-field value, //„ (Fig. 1). This is because ions are near thermal
equilibrium with the gas atoms. However, the change in the density
dependence of /*0N, as T-* Tc +, is striking. For T= 180 K » Tc = 150.7 K
fj.0N increases linearly with TV (Fig. 2). This behavior is also shown a
higher T and is also observed in neon [7,8] and helium [4,8]. For
T= 157 K (T/Tcx 1.04), the slope changes sign and /u0N decreases linearly
with increasing N. Moreover, a small depression in the region 0.5 ^
N/Nc^ 1.1 is superimposed on the linear decrease in f i 0 N (Fig. 2). For
T= 154 K (T/TC w 1.02), the small depression of /u0N has developed into a
well-defined, though broad, minimum centered about N/NC x 0.76. Finally,
for T= 151.5 K (T/TC % 1.005), the ju0N minimum located at Nm = 0.76Nc

has become very deep (Fig. 3).

Fig. 1. Electric field dependence of the O, ion mobility ,0 for N = 5.83 atoms •
nm^ 3 (N/NC = 0.722) at 7= 154 K.
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Fig. 2. Density-normalized zero-field mobility /j0N as a function of the
reduced density N/NC. Filled circles, T = 180 K; open squares: T= 157 K. The
solid lines are only a guide for the eye.

Fig. 3. n0N as a function of N/NC for T=154K (open squares) and for
r= 151.5 K (filled circles). Curve a is the prediction of Eq. ( 1 ) . Curve b is th
prediction of Eq. (1) with R given by Eq. (2). The solid curve is the prediction
of Eq. (1) with R given by Eq. (4).
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Interestingly, the minimum develops and deepens as T->Tc+,
although it is located at a definitely off-critical N. This behavior bears
similarities with the results of other experimental [17-21], as well as
theoretical [22] and simulation [23-25], studies concerning the solvation
of a molecular solute in supercritical fluids (SCF). The electrostatic interac-
tion between solute and solvent in a highly compressible SCF dramatically
alters the solute environment. A number of solvent atoms clusters around
the solute, largely enhancing the local solvent density. Solvatochromic
studies have been widely carried out because they are inherently sensitive
to local, structural solvent effects. The modification of the local solute
environment due to clustering also influences the solute dynamics. For
example, the correlation time of the rotational relaxation of a solute,
described by a modified Stokes-Debye-Einstein equation, provides a
measure of the microscopic solvent-solute friction, and in the compressible
region of a SCF, it is expressed in terms of an enhanced local density
[26-28].

The failure of the Stokes-Einstein hydrodynamic equation, relating the
diffusion coefficient D of the solute to the solvent viscosity tj, at low N in
a SCF might be due to the formation of a cluster around the solute that
modifies its hydrodynamic size. The same kind of failure affected also
the results of experiments which, exploiting the relationship between the
diffusion coefficient, D, and drag coefficient of a sphere of radius R,
D = kBT/6nt)R, valid even for microscopic brownian particles [29], were
aimed at the determination of the rj anomaly in binary mixtures at the
consolute critical point. Different results were obtained, depending on the
degree of the particle-liquid interaction. Agreement with the viscometric
determinations of r\ were obtained by assuming that a layer of correlated
fluid surrounds the particles, enhancing their hydrodynamic radius, and
that its thickness is proportional to the correlation length £, of critical
fluctuations [30].

Here, assuming the validity of Eq. (1 ) , we obtain the ion effective
hydrodynamic radius R from /u0N. The dependence of rj on N is found
in the literature [31]. In Fig. 4 we show R as a function of N/NC

for T= 151.5 K. R is maximum for Nm, where fi0N is minimum. For
TV/A^c%0.37, RxQ.5 nm, close to the value RlxQA6nm of one solvation
shell of argon atoms (the Ar-Ar interaction hard-core radius is aA =
0.34 nm and that of the O2^ — At interaction can be estimated to be a0x,
0.29 nm [32,33]). For N/Ncx\.K, fl«0.76nm, close to the value
R2 x 0.82 nm of two solvation shells.

Because of the electrostriction effect induced by the ionic charge on the
polarizable atoms of the highly compressible fluid, a number of excess
solvent atoms gather around the ion, and their motion is locally correlated
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Fig. 4. Hydrodynamic ion radius R calculated from /<„ by means of Eq. (1) for
7"= 151.5 K as a function of N/NC.

with that of the ion, thus altering its hydrodynamic drag. Therefore, the ion
effective hydrodynamic radius provides a measure of its degree of solvation.
In this sense there is a close relationship between the behavior of /«„ in this
experiment and the local density augmentation phenomena investigated in
solvatochromic studies. These phenomena are interpreted in terms of the
formation of long-lived clusters of solvent around the solute, i.e., the forma-
tion of a local enhancement of the solvent density around the solute
induced by the solute-solvent interaction. The main feature of this pheno-
menon [17, 34] is that its maximum appears at a density below the bulk
critical density of the pure fluid and does not coincide with the maximum
in XT- Therefore, these effects are argued to be due to solvation rather than
to criticality.

Unfortunately, one poorly investigated issue is how the local density
augmentation is affected by the approach to Tc. There is experimental
evidence that it is enhanced as T^>T+ [17], although this observation
remains largely unexplained. The same effect is observed here, where the
approach to Tc enhances the mobility drop. Our experiment, therefore,
puts into evidence that, near the bulk critical temperature of the solvent,
the solvation effects, although short-ranged, are strongly affected by the
long-range, critical phenomenon. This point of view is supported by the
strong mobility change observed between the investigated isotherms as
T->T+ smoothly.
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where a0, al, and a2 are fitting parameters. The linear contribution
(a0 + a1 N) interpolates linearly between the radii of one and two solvation
shells. The contribution <xS1/2(0) is relevant close to the critical point. By
using Eq. (2), we obtain curve b in Fig. 3. This curve shows a minimu
for N = NC, where S ( 0 ) is maximum, in contrast to the experiment. The
reason for the discrepancy is that S(0) is a thermodynamic property of the
unperturbed gas and is therefore a long-range property uncorrectly used to
describe a local property of the fluid structure around the solute. Elec-
trostriction modifies the fluid properties around the solute by enhancing
the local density Nr and viscosity rir = rj(Nr) at a distance r from the ion,
and the hydrodynamic drag depends on the local values of the fluid proper-
ties. A similar approach is used to interpret the rotational dynamics of
molecular solutes in SCF [26-28].

The local density and viscosity profiles around the ion induced by
electrostriction can be explicitly calculated by using continuum models
[6, 14], which are, however, highly questionable, in particular, near the
solvent critical point, because short- and long-range effects are mixed.
Moreover, these models assume that the local fluid properties, though
varying on a scale comparable to £, can still be calculated from bulk
thermodynamics. Nonetheless, we first recall that in this experiment no
measurements were carried out along the critical isochore. Therefore, we do
not expect that the conditions for c to diverge are truly met. Second, we
observe that the ion-atom r~4 potential has a longer range than the r~6

tail of the argon-argon interaction that determines the scale against which
£. has to be compared. Finally, in the absence of any reliable theory we
would like to put forward a heuristic model in order to suggest a possible
physical interpretation of our observations. Its validity will be ascertained
a posteriori by the degree of agreement with the experiment. We thus
assume that the local density profile is given by [6],

where V(r) is the ion-atom potential and K(Nr) is the local dielectric con-
stant of the gas. Nr is the density value at a distance r from the ion. A typical
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No model has been devised yet to explain the ion mobility by taking
into account this evidence. To describe the behavior of f*0N, we assume
that a fluid layer of thickness cx<! is dragged by the ion. In the critical
region £, oc ,S1/2(0), where S(0) = NkBTxT is the long-wavelength limit of
the static structure factor. Therefore, we heuristically put
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Fig. 5. Electrostriction induced local argon density profile around the ion
for Af = 6atoms . nm~ 3 ( N / N C = 0.75) and 7= 151.5 K. A 12-6-4 argon-ion
interaction potential with a hard-core radius a = 0.29 nm and a well depth of
1.57x 10-20 J was used.

instead of Eq. (2), the maximum of R occurs for N = Nm, if the local
properties are evaluated for r = r* = 1.95nm for any N. Accordingly, in
Eq. (1), the local value of q, r\r at r = r*, is used. The best agreement with
the data (solid line in Fig. 3) is obtained for a0 = 0.56nm, a ,=4 .4x
10~3 nm4 -atoms^1, and a2 = 0.55nm. The agreement of this modified
Stokes formula with the data is good, even for quite low N (N/Ncx0.5).
In Fig. 3 we also show the results of Eq. (1) (curve a) obtained by using
the bulk viscosity and the linear term R = 0.56 + 4.4 x 10~37V, only. The
disagremeent with the data clearly shows the relevance of the contribution
of the correlated fluid layer and the importance of using local values for the
fluid properties.

The agreement of this model with the data supports the conclusion
that the effective hydrodynamic radius of the ion, though related to short-
range solvation effects, is strongly affected by the approach to Tc, probably
because of the coupling of the ion-atom polarization interaction with
density fluctuations and also indicates that a contact potential is a bad
approximation.

density profile is shown in Fig. 5. If N<NC, N,. = NC at a given distance
from the ion, where the local value Sr of 5(0) is maximum, though finite.
Assuming that the hydrodynamic radius is



Finally, we point out that the hydrodynamic description of the ionic
mobility fails for N/NC < 0.5, where a different transport mechanism is
clearly active. A more detailed theoretical analysis of the momentum trans-
fer mechanisms in the transition regime from kinetic to hydrodynamic is
still needed to describe fully the density dependence of the ion mobility.
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