Energy of the quasi-free electron in supercritical argon near the critical point
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Field ionization of high-n CHsl Rydberg states doped into argon is presented as a function of
argon number density along the critical isotherm. These data exhibit a decrease in the argon induced
shift of the dopant ionization energy near the critical point. We show that this decrease is due to the
interaction between argon and the quasi-free electron arising from field ionization of the dopant. The
energy of the quasi-free electron in argon near the critical point is calculated in a local Wigner-Seitz
model containing no adjustable parameters to within £0.2% of experiment.
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Supercritical fluids have been shown to improve rates
and modify product ratios of chemical reactions [1], to
vary chemical shifts in NMR [1, 2], and to alter life-
times and energies of molecular vibrational and electronic
states [2]. However, the detailed nature of the molecule
(i.e., dopant)/fluid (i.e., perturber) interactions that lead
to these effects is not well understood. Due to their “large
orbital” nature, Rydberg states are extremely sensitive to
their surroundings and, therefore, make excellent probes
for studies of dopant/perturber interactions.

In this Letter, we report the field ionization of CHjsl
high-n Rydberg states in supercritical argon along the
critical isotherm near the critical density. These data
show a decrease in the perturber induced shift of the
dopant ionization energy near the critical density, which
contrasts with the increase in the density dependent
solvatochromic shift of vibrational and UV-visible ab-
sorption bands reported by numerous groups [2] in var-
ious perturbers. This striking difference stems from
the nature of the dopant/perturber interactions in the
two cases: the density dependent energy shift of vibra-
tional and UV-vis absorption bands is primarily sensitive
to the local density and polarizability of the perturb-
ing medium, whereas the density dependent shift of the
dopant ionization energy Ap(pp) in dense media can be
written as a sum of contributions

Ap(pre) = Vo(pe) + Pi(pe) - 1)

In this expression, P, (pp) is the shift due to the average
polarization of the perturber by the ionic core, Vy(pp) is
the quasi-free electron energy in the perturbing medium,
and pp is the perturber number density. While P, (pp)
shifts in a manner similar to that observed for vibrational
and UV-visible bands [2], Vj(pp) does not. Thus, the
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difference between the perturber induced shift of ioniza-
tion energy (and of high-n Rydberg state energies) and
that of vibrational and UV-visible state energies near the
critical point of the perturber is due to the interaction
of the quasi-free electron with the perturbing medium.
We will show that Vp(pp) and Ap(ps) along the critical
isotherm can be accurately modeled to within 40.2% of
experiment using a statistical mechanical calculation for
P, (pr) [3, 4] and a recently developed local Wigner-Seitz
model [4] for Vi (pp).

CHg3I/Ar was chosen for this study of supercritical ef-
fects on Vy(pp) because the field ionization of CHsl in
dense argon along noncritical isotherms has been well
characterized [3-5]. CHsl (Aldrich, 99.45%) and argon
(Matheson Gas Products, 99.9999%) were used without
further purification. The absence of trace impurities in
the spectral range of interest was verified by the mea-
surement of low density absorption spectra of CH3I, and
of both low density and high density absorption spec-
tra of argon. Field ionization measurements were per-
formed using monochromatized synchrotron radiation [6]
having a resolution of 0.9 A (8 meV in the spectral re-
gion of interest). The copper experimental cell, which
has a pathlength of 1 cm, is equipped with entrance and
exit MgFs windows and a pair of parallel plate electrodes
(stainless steel, 3 mm spacing) oriented perpendicular
to the windows [6]. This experimental cell, which is
capable of withstanding pressures of up to 100 bar, is
attached to an open flow cryostat and resistive heater
that allowed the temperature to be controlled to within
40.2°C. In order to prevent liquid formation in the cell
during temperature stabilization, the set point for the
critical isotherm was chosen to be —121.7°C, near the
argon critical temperature of —122.3°C. The intensity
of the synchrotron radiation exiting the monochromator
was monitored by measuring the current across a Ni mesh
intercepting the beam prior to the experimental cell. All
photoionization measurements were normalized to this
current. Field ionization spectra were also energy cor-
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FIG. 1: The experimental argon-induced shift of the CHsI
ionization energy Acugi(par) plotted as a function of argon
number density at (H) various noncritical temperatures [4]
and (e) along the critical isotherm. The solid lines are pro-
vided as a visual aid.

rected for the effects of both the low field F, and high
field F; (used to generate the field ionization measure-
ment [3]) by Io(pp) = Ir(pp) + cD(FLl/2 + Fé/z), where
Io(pp) is the zero-field dopant ionization energy, Ir(pp)
is the dopant ionization energy perturbed by the electric
field, and cp = 4.3 x 107* eV em'/2 V=1/2 for CH3I [4].
Both the gas handling system and the procedures em-
ployed to ensure homogeneous mixing of the dopant and
perturber have been described previously [3, 4, 6]. Prior
to the introduction of CH3l, the experimental cell and gas
handling system were baked to a base pressure of 107°
Torr, and in order to ensure no perturber contamination
by the dopant (which was present at a concentration of <
10 ppm), the gas handling system was allowed to return
to the low 107 Torr range before the addition of argon.

Fig. 1 presents the argon induced shift of the CHsl
ionization energy ACHgl(pAr) near the critical isotherm of
argon, in comparison to that on noncritical isotherms [4].
These data show a clear decrease in the density depen-
dent shift of Acyu,i(pa.) near the argon critical density
(par = 8.0 x 10%! cm~3). In order to determine Vg (pa.)
experimentally from Eq. (1), the average ion-perturber
polarization energy P, (pa,) must be evaluated. We chose
to calculate P, (pa,) using [3, 4]

Polpr) = —ampr [ ) w2 dr, (2)

where gep () is the perturber/dopant radial distribution
function, and w, (r) is given by [3, 4]

N
w+(r)=—%ozp e? ZT;AL fi(ri) (3)

In the above equation, «a; is the polarizability of the per-

0.0
-0.1
S
2 -02F
N
03+
0.4 | | | | |

4 6 8 10 12
21 3
Par (107 cm ™)

FIG. 2: Vp(pa:r), determined from Eq. (1) by subtracting
P, (pa,) from the experimentally determined argon-induced
shift of the CH3l ionization energy Acmgi(par) in Fig. 1, plot-
ted as a function of argon number density at (W) various non-
critical temperatures [4] and (e) along the critical isotherm.
The solid lines are provided as a visual aid.

turber, e is the electron charge, and f,(r) is a screen-
ing function that incorporates the repulsive interactions
between the induced dipoles in the perturber medium
[3, 4, 7]. Since f,(r) involves induced dipole interactions
in the perturbing medium, f,(r) incorporates the per-
turber /perturber radial distribution function gpp. The
radial distribution function g¢pp(r), which reflects the
distribution of perturber (i.e., argon) atoms around the
ground state dopant molecule (i.e., CH3I), was computed
from the coupled Percus-Yevick integral equations [4, 8]
for a modified Stockmeyer potential written in Lennard-
Jones 6-12 form [4, 9] with opp, = 4.074 A and epp/kp
= 162.2 K (where kj is Boltzmann’s constant) [4]. The
perturber /perturber radial distribution function gpr was
determined using the same Percus-Yevick integral equa-
tions [4, 8], but for a standard Lennard-Jones 6-12 po-
tential with opp = 3.409 A and epp/ks = 119.5 K [4].
The screening function f, (r) was evaluated numerically,
as described in [3], using our results for the radial dis-
tribution functions and a,, = 1.64 A3 [10]. Subtracting
P, (pa.) from Acy,i(pa.) leads to the experimental values
of Vo(pa,) for the critical isotherm data, which are pre-
sented in Fig. 2 and compared to the noncritical isotherm
data [4]. It is clear from Fig. 2 that the energy of the
quasi-free electron (i.e., the energy of the bottom of the
conduction band in argon) varies considerably near the
critical point. This variation in the quasi-free electron
energy may well have a bearing on the changes in re-
activity [1, 2] and product distribution [1, 2] observed
in chemical reactions conducted in certain supercritical
fluids.

The behavior of Vy(pa,) along the critical isotherm
around the critical density of the perturber is more com-



plex than that along noncritical isotherms. We have re-
cently presented [4] a new local Wigner-Seitz treatment
that accurately models Vy(pa,) for CH3I/Ar to within
+0.1% of experiment along the noncritical isotherms. As
in previous treatments of the quasi-free electron, this
model begins with the one-electron Schrodinger equation

—h—zvﬂvm—E Y=0 (4)
2m Y
where V(r) is the one-electron potential exerted by the
neat fluid. As in the original Springett, Jortner and Co-
hen (SJC) [11] model, we also assume that this potential
is spherically symmetric about the perturber, and that
(neglecting fluctuations) it has an average translational
symmetry. However, our model does not assume that
the average distance between atoms in a dense gas can
be determined by dividing the volume into spheres de-
fined by the Wigner-Seitz radius [4, 11] obtained from
the bulk number density. In dense gases, one does not
have a uniform distribution of perturbers because of per-
turber /perturber interactions. Thus, the translational
symmetry boundary condition must reflect this nonuni-
formity. Omne way to meet this requirement is to ob-
tain the local number density from the radial distribution
function, since [12, 13]

pe(r) = gr’r’(r) Pr (5)

where pp(r) is the local perturber number density, and
pr is the bulk perturber number density. In this case,
then, the translational symmetry is defined by a local
Wigner-Seitz radius [4]

3
R e (©)

where ¢,.. is the maximum of the radial distribution
function. The local Wigner-Seitz radius, therefore, repre-
sents one-half the average spacing between rare gas atoms
in the first solvent shell. As in the SJC model [11], we
assume that V(r) is divided into two parts: an attractive
electron/perturber polarization energy P_(pp), which is
similar to U, (pe) in the SJC model [11], and a repulsive
atomic pseudopotential V,(r).

We calculate the attractive electron/perturber po-
larization energy P_(pp) in a manner similar to that
given for the ion polarization potential P,(pp) in
Egs. (2)and(3), but with an interaction potential orig-
inally proposed by Lekner [7],

N
1 _
wf(r):_iap e’ Zri4f—(ri)v (7)
where f_(r,) is a screening function given by

<1
fr)=1-map PP/ ﬁgPP(s) ds
0 S

r+s 1
/ — f_(t) O(r,s,t) dt,
\

2
r—s| t

(8)

with 0(r, s,t) defined by

3
0(r,s,t) = 257 (2 + 12 —r?) (s =2 +1?)

(9)

+(r? + 17— 5%).

The average electron/perturber polarization energy can
then be obtained from [4]

P_(pp) = —4mpe /000 Gep (1) w_(r) 72 dr . (10)

The potential V(r) in Eq. (4) therefore becomes
V(r) = Va(r) + P_(pp), where P_(pp) is a constant for
a fixed perturber number density. As in the SJC treat-
ment [11], we define V,,(r) as a hard core potential (i.e.,
Vo(r) =0 for r > r, and V,(r) = oo for r < r,, where r,
is the hard core radius), but we set r, equal to the ab-
solute value of the scattering length A of the perturber.
Finally, a phase shift is introduced to reflect the fact
that outside the first solvent shell the quasi-free electron
wavefunction can also scatter off the rare gas atoms con-
tained within the solvent shell. For s-wave scattering,
and in the limit of small kg, this phase shift is given by
nm, where n is the phase shift amplitude [14]. Incorpo-
rating this phase shift into the solution to Eq. (4) under
the boundary conditions

wldh =0, (%52)

yields the wavevector equation for the quasi-free electron:

=0, (11)

rT="Te

tan [ ko(r, — |A]|) + nmw ] = kor, . (12)

In this model, 7 is a perturber dependent parameter that
is evaluated from the field ionization and/or photocon-
duction data for Vs (pp) from the noncritical isotherm ex-
periments [4]. Once the thermal kinetic energy of the
quasi-free electron is included, V;(pp) becomes

(hk,)?

2m

Vo(pe) = FPp) Sk T, (3)
where k, is evaluated from Eq. (12).

Fig. 3a presents V(pa,) obtained from Eq. (13), with
n =0.40 [4] and A = -0.82 A [6], for the critical isotherm
(open markers) in comparison to the experimentally de-
termined values (solid markers) [cf. Fig. 2]. (A nonlin-
ear least squares fit to the noncritical isotherm data [4]
(solid line) is included in Fig. 3a as an aid to the eye.)
Clearly, the calculated Vj(pa,) closely matches experi-
ment, with a scatter of £0.2% of experiment that easily
falls within the overall experimental error of £0.02 eV.
Finally, Fig. 3b presents the calculated Acy,(pa,) along
the critical isotherm (open markers), using P, (pa.) ob-
tained from Eq. (2) and Vy(pa,) obtained from Eq. (13),
in comparison to the experimentally determined values
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FIG. 3: Comparison of experiment (o) and calculation (o) for
(a) the energy of the quasi-free electron in argon Vo (pa.) and
for (b) the argon induced shift of the CHslI ionization energy
Acngi(par), plotted as a function of argon number density pa.
on the argon critical isotherm. The solid lines are nonlinear
least squares fits (using a seventh order polynomial function)
to the noncritical isotherm data [4] and are provided as a
visual aid.

(solid markers) [cf. Fig. 1]. (The nonlinear least squares
fit to the noncritical isotherm data [4] (solid line) is re-
produced in Fig. 3b as an aid to the eye.) Again, the
calculated Acy,i(pa.) closely matches experiment, with
a scatter of +0.2% of experiment that easily falls within
the overall experimental error of £0.02 eV. It is impor-
tant to note that there are no adjustable parameters in
this model for the critical isotherm data, since n was de-
termined from the noncritical isotherm data [4].

In summary, we have shown that the behavior of the
perturber induced shift of the dopant ionization energy
(and, therefore, the high-n Rydberg state energies) dif-
fers significantly from the previously reported [2] energy
shifts in vibrational and UV-visible absorption bands
near the critical point of a perturber, and we have ex-
plained this difference as arising from the interaction
of the quasi-free electron with the perturbing medium.
Moreover, we have also shown that a recently devel-
oped local Wigner-Seitz model [4] predicts Vy(pa,) and
Aciyi(par) to within +0.2% of experiment near the criti-

cal density along the critical isotherm with no adjustable
parameters. While we have restricted ourselves here to
a single dopant/perturber system, the differences seen in
CH3lI/Ar near the critical point have also been observed
in CoHsI/Ar [15], and in CH3I and CoH;I in Kr [16].
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