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Energy of the Quasi-Free Electron in Supercritical Krypton near the Critical Point
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Field ionization measurements of higheHzl and GHsl Rydberg states doped into krypton are presented as

a function of krypton number density along the critical isotherm. These data exhibit a decrease in the krypton-
induced shift of the dopant ionization energy near the critical point. This change in shift is modeled to within
4+0.2% of experiment using a theory that accounts for the polarization of krypton by the dopant ion, the
polarization of krypton by the quasi-free electron that arises from field ionization of the dopant, and the zero
point kinetic energy of the free electron. The overall decrease in the shift of the dopant ionization energy
near the critical point of krypton, which is a factor of 2 larger than that observed in argon, is dominated by
the increase in the zero point kinetic energy of the quasi-free electron.

1. Introduction

The study of electron/solvent interactions in supercritical
fluids near the critical point is complicated by a paucity of

experimental measurements that directly reflect the influence
of solvent density effects on the energy of the excess electron.

Field ionization of molecules doped into a perturber fluid,
however, provides a means of probing the energy of the exces
electron as a function of fluid number density and, therefore,
can give relevant information important to the understanding
of the evolution of the conduction band in supercritical fluids.
We have recently reported a decrease in the perturber-induce
shift of the CHI* and GHsl2 ionization energy near the critical

point of argon. This decrease contrasts sharply with the increase

observed in the density-dependent solvatochromic shift of
vibrational and U\+vis absorption bands reported by numerous
group$~%in various perturbers. The difference in behavior stems
from the nature of the dopant/perturber interactions in the two

cases: The density-dependent energy shift of vibrational and

UV —vis absorption bands is primarily sensitive to the local
density and polarizability of the perturbing medium, whereas
the density-dependent shift of the dopant ionization energy
Ap(pp) in dense media can be written as a sum of the
contributions

Ap(pp) = Volep) + P (pp) 1)

In this expressionPi(pp) is the shift due to the average
polarization of the perturber by the dopant ionic cofgpp) is

the quasi-free electron energy in the perturbing medium, and

pp is the perturber number density. The quasi-free electron
energyVo(op), in turn, is given by27:8

Vilor) = 3 keT + Elop) + P_(oy) @

where ¥gT/2 (ks = Boltzmann constant) is the thermal energy
of the quasi-free electroii(pp) is the zero point kinetic energy
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of the quasi-free electron, afd (op) is the average polarization
energy of the perturber induced by the quasi-free electron. In
modeling dopant ionization energies near the critical point of
argon2we showed that, whil®.(op) andP-_(pp) shifted in a
manner similar to that observed for vibratioh&land UV—vis
bands, Ex(pe) did not. Nevertheless, we were able to reproduce
the perturber-induced shift of the dopant ionization energy to
within +0.2% of experiment by introducing a local Wigrer
Seitz model for the quasi-free electron. In this paper, we report
the field ionization of both Ckl and GHsl high-n Rydberg

dstates in krypton along the critical isotherm near the critical

density. We show that the krypton-induced shift of the dopant
ionization energy\p(pkr) decreases along the critical isotherm
near the critical density of krypton. In the model that we present,
the dopant dependence Ab(pk,) is completely accounted for
by P+ (pkr), while P_(pk) andEx(pkr) are dopant independent.
Therefore, the energy of the bottom of the conduction band in
krypton, namelyVo(pk:), is independent of the dopant, as
expected. The local WigneiSeitz model is used to accurately
predict the zero point kinetic energy of the excess electron
Ex(pxr), thus permittingAp(pk) for the CHl/Kr and GHsl/Kr
systems to be calculated to withih0.2% of experiment. We
also show that the increaseHgp(pk,) is the dominant contribu-
tion to the overall decrease ixv(pk), @ decrease that is a factor
of 2 larger than that recently reported for the argon-induced
shift of dopant ionization energiés.

2. Experimental Section

CHal (Aldrich, 99.45%), GHsl (Sigma, 99.1%), and krypton
(Matheson Gas Products, 99.998%) were used without further
purification. The absence of trace impurities in the spectral range
of interest was verified by the measurement of low-density
absorption spectra of GGHand GHsl and of both low-density
and high-density absorption spectra of krypton. No impurities
were observed for Cii and GHsl. In krypton, however, we
observed a small xenon impurityxb ppm from Matheson lot
analysis). This impurity did not effect the determination of field

cevans@jonjzation spectra for either dopant at any krypton number

density. The number density of krypton was calculated from
the Strobridge equation of stdteising a standard iterative
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Figure 1. Experimental krypton-induced shift of the ionization energy for (a)slCMvei(oxr) and (b) GHsl Aeu(pkr) plotted as a function of
krypton number densityy, at (a, ¥) various noncritical temperatureand @, M) for an isotherm {63.3°C) near the krypton critical isotherm.
The lines are provided as a visual aid.

technique. (The coefficients for the Strobridge equation of state cp = 4.3+ 0.1 x 1074 eV cm¥2V~Y2for CHzl” and 3.0+ 0.5
were obtained from Streett and Stavel@yThe error in the x 1074 eV cmt2 V=12 for C,Hsl.” (The low field F. and high
calculated krypton number density was estimated te-Be2% field Fy were adjusted to optimize the field ionization spectrum
over the entire density rang&Both the gas handling system at each krypton number density, with = 1667 V/cm and~y

and the procedures employed to ensure homogeneous mixing= 8333 V/cm forpk, < 3 x 10?1 cm™3 andF_ = 6667 V/cm

of the dopant and perturber have been described previbtisly.  andFy = 10 000 V/cm forpk, > 3 x 10t cm2 for both the
Prior to the introduction of the dopant, the experimental cell CHal/Kr and GHsl/Kr measurements.) The energy uncertainty
and gas handling system were baked to a base pressure of lovlue to the low and high field correction was obtained by
108 torr, and in order to ensure no perturber contamination by measuring the field ionization spectrum of the pure dopant at
the dopant (WhICh was present at a concentration od ppm), different low and hlgh fields and was determined todbe and

the gas handling system was allowed to return to the low 10 +6 meV, respectively, for Ckl and GHsl. The energy of a
torr range before the addition of krypton. Cross contamination field ionization peak was found using a nonlinear least-squares
between dopant/perturber systems was prevented by baking th@nhalysis with a Gaussian fit function having a goodness of fit
gas handling system until the pressure was in the lov 1@ error determined W|t_h|n a 95% _confldence Iev_el. '_I'he total error
range before introducing a new dopant/perturber system. Fieldange for any experimental point, therefore, is given by a sum
ionization measurements were performed with monochromatized©f the field correction error, the goodness of fit error, and the
synchrotron radiatiol having a resolution of 0.9 A (or 8 mey ~ €rror arising from the energy uncertainty due to the resolution
in the spectral region of interest). The copper experimental cell, ©f the monochromator (i.e:4 meV). For measurements along
capable of withstanding pressures of up to 100 bar, is equippedthe critical isotherm, this total error averagesti.020 eV for
with entrance and exit MgFwindows (1 cm path length) and CHal and t0+0.025 eV for GHsl.

a pair of parallel plate electrodes (stainless steel, 3 mm spacin . )
orFi)ented I[|)oerpenc‘1I)icuIar to the Wil‘(ldOWSl.Z This experimenr'zal g)3. Results and Discussion

cell is attached to an open flow cryostat and resistive heater The krypton-induced shift of the GHionization energy

that allowed the temperature to be controlled to withif.2 Awei(pkr) is presented in Figure la and that of thgHg ion-

°C. To prevent liquid formation in the cell during temperature ization energyAeu(pkr) in Figure 1b, near the critical isotherm
stabilization, the set point for the critical isotherm was chosen of krypton, in comparison to that for noncritical isotherms.

to be—63.3°C, near the krypton critical temperature-663.7 These data show a clear decrease in the density-dependent
°C. The narrowness of the phase diagram in the saddle regionshift of Ap(pk:) near the krypton critical densityp{ = 6.6 x

near the critical densitypot = 6.6 x 10?1 cm3), which requires 10?1 cm™3) that is a factor of 2 larger than that observed in

a 1.0 x 10%* cm2 change in density foa 1 mbar change in  field ionization measurements of GHAr! and GHsl/Ar.2
pressure, prohibited the measurement of field ionization in the The modeling of this decrease &b (okr) for CHsl/Kr and for
density range (6:57.6) x 1021 cm 3. Therefore, additional field ~ CzHsl/Kr requires the determination &%, (o) for both systems,
ionization measurements were obtained in the regions of{(6.3 as well asP—(ok,) andEq(pkr) for krypton.

6.5) x 10?* cm 3 and (7.6-7.8) x 10?1 cm 3. The intensity of The polarization term®.(p«) andP—(pk,) were computed

the Synchrotron radiation exi[ing the monochromator was within a statistical mechanical model that depends on the
monitored by measuring the current across a Ni mesh intercept-Positionr; of each of theN perturbers relative to the dopant ion
ing the beam prior to the experimental cell. All photoionization (Or the quasi-free electron, respectively) at the moment of
measurements were normalized to this current. Field ionization €Xcitation. This model uses a potential of the féffn

spectra were also energy corrected for the effects of both the

low field F. and high fieldFy (used to generate the field _ 1, N 4
ionization measuremetj by Wo(ry, o) = — > Op€ Z ri () (4)
|
lo(oe) = Ie(op) + Co(WFL + VF) ®) whereap is the polarizability of the perturbee,is the electron
charge, and.(r) is a screening function that incorporates the
wherelg(pp) is the zero field dopant ionization enerdp(pp) is repulsive interactions between the induced dipoles in the

the dopant ionization energy perturbed by the electric field, and perturbing medium. The screening function chosen for the
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perturber/ion polarization enerd; (op) is’ 1113

f ()=
1— opmpp [ S 2 0ed9) O [ 2 U2 (006001
5)

while the screening function for the perturber/electron polariza-
tion energyP—_(pp) is”13

S

f()=1— apmpp [ S 2 Gpels) ds j“:fsl t2f_()6(r,st) dt
(6)

In eqgs 5 and 6gpH(r) andgpp(r) are the perturber/perturber and
perturber/dopant radial distribution functions (calculated from
the coupled PercusYevick integral equatiorid), respectively,
and

0(r.st) = iz @+ 1S — 1)+ (P +E— D
(7)

with the integration variables andt representing the distance

between the atom of interest and all other perturber atoms. (For
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is the dipole moment of the dopant.) Equation 11 can be
rearranged into standard Lennard-Jones form, namely

12
Uee) = 4¢[[2)~ (7] (12)
whereb
2 12
o
€= epp|1+ D
PpPPD
2 1-1/6
o,
0= opp| 1+ —22 (13)
4epp0pp

and where the collision parameterand the well deptlk now
reflect the changes due to dipole/induced dipole interactions
between the dopant and the perturber. To ob¢ainand opp,
we used the Sikora combining ruléswith epp and opp
determined from the critical point data®for the dopants. (The
parameters used for the krypton intermolecular potential (i.e.,
eq 10) wereopp = 3.591 A andepgks = 172.7 K7 The
parameters used for the dopant intermolecular potential (i.e.,
eq 12) weres = 4.166 A ande/kg = 218.6 K for CHl/Kr4 and
0 = 4.487 A ande/kg = 191.8K for GHsl/Kr.?)

A moment analysis of the Fourier transform of eq 8 yields a

the systems considered here, the excitations leading to an ionfirst moment11.1819that represents the shift in the dopant

and free electron are vertical excitations, and therepggr)

reflects the distribution of perturber atoms around the ground-
state dopant molecule.) Through the use of a canonical distribu-

tion, the probability of sampling a particular polarization energy
W, then, is given byt

POW) = [+ [ OW =W (ry, ..., ))& " [ i /

wheref = (ksT)"t and U(ry, ..., rn) is the multidimensional
potential energy of the system prior to ionization. Assuming
two-body spherically symmetric interactions(rs, ..., rn)

can be approximated by a sum of intermolecular pair potentials o
the perturber/dopant electron/perturber polarization enerBy(ox:) calculated from

whereUpp(r) andUpHr) are, respectively,

N
U(ry, .., Ty) = .Z

N
Upp(rj) + Z Updlri—ril) — (9)
i)=1

i<j

ionization energy resulting from the ensemble average polariza-
tion of the perturber by the ionic core (or by the quasi-free
electron) at the moment of excitation. Thus, the ensemble
average ion/perturber polarization energylis

P (op) = —4mpp [ Gep(M) W (r) rPdr  (14)
Similarly, the ensemble average electron/perturber polarization
energy ig

P_(0p) = —47pp [, GpelW_(r*dr  (15)
The average ion/perturber polarization enelRgypk,) for both

CHsl/Kr and GHsl/Kr calculated from eq 14 is plotted vs
krypton number densityk, in Figure 2. Similarly, the average

eq 15 is presented vs krypton number dengityin Figure 3.
Both polarization terms (i.eP+(oxr) and P—(pkr)) show an
increase in the krypton-induced shift near the critical point,
similar in behavior and magnitude to that observed for-uVv
vis absorption bands.

The zero point kinetic energy of the quasi-free electron

and perturber/perturber intermolecular potentials. For the caseEx(oxr), and thereford/o(ox:), can be modeled within a recently
of the systems presented here, where the perturber is a rare gagroposed, dopant-independent local Wign8eitz treatment.
but the dopant is a polar molecule, a Lennard-Jones 6-12 This model begins with the one-electron Satinger equation

intermolecular pair potential

OPP)lZ (10)

Updr) = 46,,9[(7

2

was selected for the perturber/perturber interactions and

N

was chosen for the dopant/pertuber interactions. (In eqd1,

1 2

- FO‘F#D (11)

hZ

2 — =
5 Vo V() — Elyp =0

(16)
whereh is the reduced Planck constant,is the mass of the
electron,V(r) is the one-electron potential that describes the
interaction between the quasi-free electron and the neat fluid,
andE is the energy of the system. The model, like the earlier
Springett, Jortner, and Cohen (SJC) treatmiemtsumes that
V(r) is spherically symmetric about the perturber and that
(neglecting fluctuations)V(r) has an average translational
symmetry. However, the model does not assume that the average
distance between atoms in a dense fluid can be determined by



10686 J. Phys. Chem. A, Vol. 109, No. 47, 2005 Li et al.

P, (V)
P, (V)

Py (107 em™) P (107 em™)

Figure 2. Average ion/perturber polarization enerBy(pk,) calculated from eq 14 for (a) GHand (b) GHsl plotted as a function of krypton
number densityy, at (—) various noncritical temperatureand (— —) for an isotherm {63.3°C) near the krypton critical isotherm.

-0.1 a repulsive atomic pseudopotentid)(r). Since P_(pp) is a
constant for a fixed perturber number density, the one-electron
-0.2 potential isV(r) = V4(r) + P—(pp). The local WignerSeitz
03 model treatd/(r) as a hard core potential (i.&/(r) = 0 forr
’ > rpandVy(r) = oo forr < rp, wherery, is the hard core radius),
§ 04 as in the original SJC modé&however, unlike the original SJC
e model8 the hard core radius, is set equal to the absolute value
A, 05 of the scattering lengti of the perturber. Finally, a dopant-
independent phase shift is introduced to reflect the fact that
0.6 outside the first solvent shell the quasi-free electron wave
07 function can also scatter off of the solvent shell. Bewave

scattering, and in the limit of smalth, this phase shift is given
-0.8 . . . : by nmr, wherey is the phase shift amplitude’® Incorporating
2 4 6 8 10 this phase shift into the solution to eq 16 under the boundary

[ (1021 cm 3) conditions
Figure 3. Average ion/perturber polarization enef@y(px:), calculated Po(A) =0
from eq 15, plotted as a function of krypton number dengityat (—) 0
various noncritical temperatureand  —) for an isotherm {63.3 5
°C) near the krypton critical isotherm. Mo _
ar =0 (19)
r=r,

dividing the volume into spheres defined by the Wign8eitz
radiusrs’-® obtained from the bulk number density [i.€s,= ) ) )
(3/47pp)Y3]. In dense fluids, one does not have a uniform yields the wavevector equation for the quasi-free eleétron
distribution of perturbers because of perturber/perturber interac-

tions, and the Ii:ranslational symmetr;l? boundar[))/ condition must tanfk(r, = I1A) + 7] = ko, (20)
reflect this nonuniformity. One way to meet this requirement
is to replace the bulk number densgy with the local number
density pp(r) obtained fromgpg(r) via??23

In this model,  is a perturber-dependent (but dopant-
independent) parameter that is evaluated from the field ionization
data forVy(pp) from the noncritical isotherm measuremehts.
The zero point kinetic energy of the quasi-free electron is,

pp(r) = gper)pp (17) therefore
Since the maximum obp(r) gives the local density of the first (hk0)2
solvent shell, this maximum more closely reflects the actual Eop) = m" (21)

number density in the neighborhood of any given perturber. In
this case, then, the translational symmetry is defined by a local

) . ) wherekg is evaluated from eq 20 and the total minimum ener
Wigner—Seitz radiué ko q gy

for the one-electron system of eq 16\g(pp), after inclusion
of the thermal energy of the quasi-free electron. It is important

3
[ = 3 (18) to note thatEy(pp) reflects the temperature dependence of the
/ A7G, 0P local Wigner-Seitz radius.

Figure 4a presents the zero point kinetic eneEgox)

wheregmax is the maximum of the radial distribution function.  calculated from eq 21 with = 0.48 andA = —1.60 A2 plotted
The local WignetSeitz radius, therefore, represents one-half as a function of krypton number density along the critical
the average spacing between rare gas atoms in the first solventsotherm. Similarly, the total minimum energy of the quasi-
shell. Moreover, the local WignefSeitz radius inherits an  free electrorVy(pp) determined from eq 2 is given as a function
implicit temperature dependence lacking in the original SJC of krypton number density in Figure 4b. Clearl(pp) shows
model® sincegpH(r) varies with the temperature of the systtm. a decrease in the density-dependent shift along the critical

Similar to the SJC modélthe local WignetSeitz model isotherm near the critical density of krypton. SinEg(pk,)
assumes tha¥(r) is divided into two parts: an attractive increases by 0.16 eV along the critical isotherm near the critical
electron/perturber polarization enerBy(or) (i.e., eq 15) and point while P_(pk,) decreases by 0.02 eV in this same region,
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Figure 4. (a) Zero point kinetic energy of the quasi-free electE(px,) obtained from eq 21 witly = 0.48 andA = —1.60 A2 and (b) the total
minimum energy of the quasi-free electrd®(ok,), determined from eq 2, plotted as a function of krypton number depsgitat (—) various
noncritical temperaturésand  —) for an isotherm £63.3 °C) near the krypton critical isotherm.
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Figure 5. Comparison of experimen®( W) and theory ©, O) for the krypton-induced shift of ionization energy for (a) LHwei(okr) and (b)
C:Hsl Aeu(pkr) plotted as a function of krypton number denspy for an isotherm £63.3°C) near the krypton critical isotherm. The lines are
provided as a visual aid. The solid line is a nonlinear least-squares fit (using a seventh-order polynomial function) to the noncritical isatherm dat

it is clear that the increase B(pk,) is the determining factor
for the decrease in the shift (op) near the critical point of
krypton. This increase ifx(ok,) near the critical density on
the critical isotherm is directly related to the critical point
fluctuations that are reflected in an increase of the radial 4. conclusion
distribution function for the first solvent shell, which thereby
leads to a decrease in the local Wign&eitz radius: In other We have presentedp(pk,) obtained from field ionization
words, as the boundary condition for the quasi-free electron of dopant CHI and GHsl high-n Rydberg states in dense
wave function decreases, the kinetic energy of the electron mustkrypton along the critical isotherm. These data were modeled
increase. Furthermore, the number densities that delimit the using a recently developed thed?y that permits us to account
deviations ofEx(pk;) from the noncritical isotherm coincide with  for the polarization of krypton by the dopant ion, the polarization
the turning points that bound the saddle point along the critical of krypton by the quasi-free electron arising from field ionization
isotherm in the krypton phase diagram. This behavior is similar of the dopant, and the zero point kinetic energy of the free
to that recently observed for GHAr! and GHsl/Ar?, although electron in krypton. We showed that this theory accurately
in the case of argon the increaseBR(pa;) near the critical predicts Ap(pkr) for both CHl/Kr and GHsl/Kr along the
density on the critical isotherm is nearly a factor of 2 less than critical isotherm near the critical point of krypton to within
that observed for krypton, which results from the greater +0.2% of experiment with no adjustable parameters. We also
polarizability of krypton in comparison to argon. determined that, similar to the recent measurements cf/CH
Finally, usingP+ (o) from Figure 2 and/o(pk,) from Figure Arland GHsl/Ar?, Ex(okr) is the dominant factor in the overall
4b, the calculated shiftAp(pk;) are shown in Figure 5 (open  decrease in the shift @o(p«:) near the critical point of krypton.
markers) for CHI/Kr and GHsl/Kr in comparison to the Future work will focus on a systematic assessment of the
experimental data (solid markers). (A nonlinear least-squaresperturber dependence of the phase shift parameiteorder to
fit to the noncritical isotherm data (solid line) is provided in better understand the relationship between this parameter and
Figure 5 as an aid to the eye.) Clearly, the calculatgtpox;) the nature of the perturber solvent shell. Additional studies will
closely matches experiment with a scatter that falls within the also include the extension of the local Wigneeitz model to
experimental error 0f-0.02-0.03 eV. It is important to note ~ Molecular perturbers.
that there are no adjustable parameters in this model for the
critical isotherm, since the@ value used to determingq(ok) Acknowledgment. The experimental measurements reported
was obtained from the noncritical isotherm datdlore- here were performed at the University of Wisconsin Synchrotron
over, sinceVo(pkr) increases by approximately 0.14 eV while Radiation Center (NSF DMR-0084402). This work was support-
P+ (pkr) decreases by-0.03 eV, the increase in the minimum ed by grants from the Petroleum Research Fund (41378-G6)

of the conduction band energ¥(ox:) is the dominant factor
in the overall increase ip(pkr) near the critical point along
the critical isotherm.
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