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The intermolecular electron transfer reaction between a biphenyl anion and pyrene in supercntical ethane was
studied using pulse radiolysis. Second-order electron trausfer rates were found to be of the order of 1011M-1 s-l.
The rate constants appear to be approximately constant over the pressure range 55-133 bar. Two possibilities are
discussed that could explain the present results: solvent clustering; or a dependence of the solvent reorganization
energy on pressure. Reorganization energies Er of non-polar supercritical ethane were estimated from the
observed rate constant using the modified Marcus equation. Er may be larger than normally expected for non-
polar solvents because of density fluctuations.

.-
Introduction

It is well known that density fluctuations [1] and
clustering of solvent molecules [2-8] are observed in
supercritical fluids(SCFs). The local density of SCFS
around a solute may be significantly greater than the
bulk density of fluid not only in polar fluids [9] but
also in non-polar fluids [10]. The number of molecules
around a solute is sibtificantly changed near the criti-
cal pressure [11].RecentIy,Matyushov and Schrnid[12]
have theoretically studied solvent reorganization en-
ergy Er arising from charge separation and recombi-
nation reactions in non-polar fluids. According to their
results, the Er in non-polar solvent is not zero but can
be represented as the sum of two terms that arise from
liquid polarization and density reorganization, with the
latter component being of much greater importance.

For this reason we felt that electron transfer (ET)
reactions in non-polar SCFSmight show a new aspect
of the solvent reorganization energy in non-polar flu-
ids. While radical reactions have been studied in
SCFS[13-16 for example], we are unaware of any ET
reactions that have been studied in SCFS.

In this work we present the intermolecular ET reac-
tions in non-polar SCFS. We chose to use ethane as a
non-polar solvent because it was relatively unreactive
to the ions formed and a supercritical fluid could be
formed conveniently. Biphenyl anion and pyrene were
used as au electron donor and acceptor, respectively.
The solvent reorganization energies were estimated
using the measured ET rates.

Materials and Methods

Hi~h messure eauir)ment Experiments were run with
a cylindrical stainless-steel high pressure cell (Takagi
equipment CO., LTD., 4 cm in O.D., 9.5 cm in length).
The 1cm thick supra.silwindows were mounted to the
cell using Teflon o-rings. The optical path length is 6
cm and the cell capacity is 4.2 cm3. The temperature
of the cell was maintained constant to ~ 0.1‘C at 35°C
(A 0.5”C) using an Omega temperature controller

(Model CNIOOIRTD), a cartridge heater and a plati-
num resistance thermometer. The thermometer was
installed into the cell so that it is in contact with the
fluid. Pressures were generated using a JASCO HPLC
pump (Model PU-980, with a flow controller and pres-
sure sensor). The fluid pressure was monitored with
Cole-Parrner digital pressure meter (Model 7350-38)
and pressure transmitter (Model Kl, 3000 psi) .
Sample preparation Small amounts of stock solutions
of biphenyl (BPh) (Aldrich 9?%) and pyrene (Py)
(Aldrich 99%) in ethanol, respectively 0.2 M andO.01
M, are put into the optical cell using microsyringes
and the solvent was removed by heating the cell. Af-
ter the evaporation of the ethanol, the cell was con-
nected to the HPLC pump through a series of valves.
To minimize the presence of oxygen, the entire appa-
ratus was purged with ethane at low pressure. After
the pressure was set, the sample was mixed by a mag-
netic stirring bar. In a given experimental run, the
molarity was held constant while the pressure was
varied. At higher concentrations, experiments could
not be run at lower pressures because of the limited
soIubility.

The density of supercritical (SC) ethane was calcu-
lated with the Peng-Robinson cubic equation of
state[ 17]. The saturated soh,rbilityof BPh and Py in
SC ethane were obtained by measurement of the W
absorption spectrum and assuming the extinction co-
efficients of BPh and Fy are the same as those in etha-
nol. No shift of the absorption spectrum was detected
over the pressure range studied.
Pulse radiolvsis Weused the pulse radiolysis method
to study ET reactions in SC ethane. A conventional
pulse radiolysis system was used[18]. Electron pulses
from the Argonne EIectron Linear Accelerator, about
30 ps in duration, 20 ~MeVenergy, irradiated the solu-
tion. Both a short flash lamp and pulsed 75 W xenon
lamp were used as light sources for determining the
transient absorption, depending on the time scale. The
light was detected using photomultiplier (Hamamatsu
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R928) and monochromator system or photodiode (CD
10) and bandpass filter system. The signal from the
detector was digitized using a Tektronix SCD 5000. 0.30~ -1
Results and Discussion

Fig. 1 shows typical transient spectra obtained for
the solution of 13Phand Py in SC ethane. The concen-
tration of BPh is considerably larger than that of Py so
that most of the electrons formed by the ionizing ra-
diation from the solvent will react with the BPh. The
peak near 640 nm is attributed to absorption of biphe-
nyl anion (BPh-)and its magnitude decreaseswithtime.
The absorption around 480 nm, which builds up at the
same rate as the 640 run absorption decays, is assigned
to pyrene anion (Py-), which is formed by the intermo-
lecular electron transfer reaction.

. . Fig.2 shows transient kinetics at 640 and 480 run,
respectively,corresponding to BPh- and Py. Under the
present experimental conditions the concentration of
BPh- produced can be estimated as ca 10-6M by aa-
suming the extinction coefficient of BPh-in SC ethane
is the same as that in ethanol. The concentration of
Py was adjusted to 100,200,300,400 and 500 pM
and the ET reaction was studied under pseudo-first-
order reaction conditions. The pseudo-f~st-order re-
action rates were calculated by simultaneously fitting
the decay of BPh- and growth of Py-. The second
order rate constants were extracted from the pseudo-
fmt-order rates, and are displayed as a function of the
pressure of SC ethane in Flg.3a.

If there are no electrostatic interactions between the
reactants, the rate of an ET reaction can be described
by equation[19].

kob, =
kd

1+.2 exp(E,(l + & I 4RT) (1)
r

where k~ is a diffusion controlled rate constant, -AG
free energy change (0.52 eV for the present sys-
tem[l 8]) and Er reorganization energy. The diffu-
sion-controlled rate for a reaction and distance r can
be described by Eqn. 2 and is plotted in Fig.3a.

kd = 4mDNa (2)

where Na is Avogadro’s number, r is the reaction dis-
tance and assumed as a sum of the donor and the ac-
ceptor radii, D the sum of the dhTusioncoefficients of
the reactants. Values of D were calculated by hydro-
dynamic theory in which the hydrodynamic radius of
BPh- and Py are assumed to be the same as naphtha-
Iene as a model aromatic. The viscosity of SC ethane
was calculated using an equation proposed by
Younglove[20]. The calculated kd may bean underes-
timate because the reaction rachus maybe larger than
the sum of the donor and acceptor radii; however the
relative dependence of kd on pressure is independent
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Figure 1. Transient absorption spectra monitored at 3
(*) b (A) 1O(O)and 15(T) ns after the pulse. The
concentrations of BPh and Py are 9 and 0.7 mM,
respectively. The pressure was 130 bar and tempera-
tur~ 35°C. -
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Figure 2. Transient kinetics at 640 and 480 mu. The
pressure is 77 bar and temperature was 35”C. The
concentrations of Py and BPh are 400PM and 7
mM, respectively.

of the reaction radii.
On examination of Fig. 3%one observes that the rate

constants appear to be approximately constant over the
pressure range 50-140 bar. This occurs despite the
fact that the diffusion-controlled rate changes mark-
edly over the pressure range (see the solid curve in
Fig. 3a). Two possible explanations for this result are:
1) the viscosity of the SCFS does not determine the
diffusion rate and thus diffusion-controlled rate is not
what is expected or 2) the solvent reorganization en-
ergy Er changes with pressure. We will discuss these
two possibilities separately.

In a recent publication[21],it has been shown that
the rotational diffusion time of a fluorescent species
is considerably slower than one would predtct from
the calculated viscosity of the fluid at lower pressures.
Also the difference between predicted and measured
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Table 1
Solvent reorganization energy in nonpolar liquids

solvent E, (eV)

Closs et al.[ 18] isooctane 0.15
Gould et al.[23] n-C6H12 0.14

CC14 0.16
Cortes et al.[24] n-C6H12 0.33-0.51

CC14 0.31-0.46

reorientation times decreased as the pressures in-
creased. The authors suggested that this result could
be due to either a 1)cluster of solvent moleculesaround
the excited state that inhibits the rotation of the mol-
ecule or 2) a clustering of solvent molecules with the
solute molecule where this cluster moves as a group. .
(and thus more slowly). Certainly the second sugges-
tion would explain the present data.

Simulations by Ganapathy, et d. have shown that
reaction rates will not follow the Smoluchowski rate
expression in supercritical fluids if the reaction prob-
ability is small.[22] A large solvent reorganization
energy could lead to similar apparent results as a low
reaction probability.

Monta and Kajimoto [10] have reported a cluster-
ing in nonpolar supercntical fluids. Their results show
that the solvatochromic shift is much larger than ex-
pected from Onsager’stheory. The bathochrornicshifts
can be attributed to the solvent aggregation around a
solute even in nonpolar ethane. These results are con-
sistent with the present data.

The second alternative, a change in the solvent re-
organization energy E~ would also explain the data.
Eqn. 1 shows that a shift in E, alters the rate constant.
Fig. 3b shows the two calculated values of E. as a
function of pressure using the assumed values for the
diffusion-controlled rate. Because of the quadradc
dependence of the rate on E, there are two vahtes for
E, that would explain a particular experimental rate
constant. These results can be compared with the lit-
erature results for nonpolar liquids, which are summa-
rized in Table 1. The previous results are smaller than
either curve given in Fig 3b except the resultsby Cortes
et aL[24] (The interpretation of those results is uncer-
tain, in that the authors refer to these values as
unphysically large.) There are several possible expla-
nations for the relatively large value of E~determined
from the present experiment. As Miller has shown,
there can be a low energy twisting motion of BPh that
would contribute approximately 0,15 eV[25]. If this
value is added to the literature values for Er, the 10wer
curve is only slightly higher than suggested by previ-
ous work. In addition, experimental studles[l] have
shown the existence of large fluctuations near the crit-
icalpoint in supercritical fluids. Theoretical [12] stud-
ies have suggestedthat such fluctuations could increase
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Figure 3. (a) Points are the ET rate constants in SC
ethane as a function of total pressure at 35”C. The
solid line is the calculated difi%sion-controlled rate
constant kd as a function of pressure (see text).
(b) Calculated solvent reorganization energy based
on Eqn. 1. See text for details.

the value of E.
As stated above, the reaction radius that we used

to calculate Er is a lower limit. If the reaction radius
were larger, the two Er curves would separate further.
It seems unlikely that Er could be much lower than
that calculated in the lower curve (considering the pos-
sibility of some energy due to a twist in the biphenyl
anion); thus we expect that the estimated radius is
reasonable. If however the nobilities are lower than
assumed (possibly @e to clustering), the lower curve
for E, would move up while the upper curve would
move down. This would be consistent with the pOS-
sible increase in Er that could arise from the fluctua-
tions in the supercritical ethane.
According to the work by Matyshov and Schrnid[121,

E, can be represented as the sum of two terms, Ep and
%. EP determines the solvent reorganization due to
the pokirization of the fluid. In contrast, Ed representS
the contribution from repacking the solvent near the
core of the electron donor-acceptor complex. Using
their results, we have calculated Er for ethane. In the
calculation the cavity radius, the molecular pohu’iZ-
abllity and the solvent diameter were set as 5 ~, 4.07
~3 and 3.7& respectively. The value for E, is calcu-

lated to be 0.47 eV, which is very close to the values



ofEr at high pressure that is shown in Fig,3b.
In their theory[ 12], Ed is much larger than Ep. If

one replaces the solute-solvent distribution function
by a step function, the value of Ed is greatly reduced
and Er is approximately the same as Ep. Our molecu-
lar dynamics simulations[26] show that at low densi-
ties, the pair correlation functions are less like a step
function than they are at higher densities. Thus Ed will
be much larger relative to Ep at lower densities. This
means that Er will be larger at lower densities than
one might expect. To explore the dependence of Er on
pressure will require further experiments utilizing re-
actions with different AG’s. It is clear that the pres-
sure dependence of Er in SCFS will be an important
topic of future research. New simulations that make
use of molecular dynamics and quantum calculations

. and the use of Wlarizable solutes and solvents will
provide important insights into the mechanisms.

Concision
We have measured electron transfer reactions be-

tween an anion and a neutral species in a nonpolar
supercritical fluid. To our knowledge this is the f~st
measurement of electron transfer reactions in
supercritical fluids. These results have provided evi-
dence for new phenomena that occur in these systems.
The reactions do not show the pressure dependence
that wouId be expected for simple electron transfer
reactions where the diffusivity is defined by the char-
acteristics of the bulk solvent. These effects could be
ascribed to the dependence of the solvent reorganiza-
tion energy Er on pressure. Er maybe larger than nor-
mally expected for non-polar solvents because of den-
sity fluctuations. The results could also suggest that
the dlffimion coeftlcient is lower than would be ex-
pected in the supercntical fluids near the criticrdpoint.

Electron transfer reactions in supercritical fluids can
provide both interesting tests of electron transfer mod-
els and the electron transfer reaction can provide new
probes to processes in supercntical fluids. Future stud-
ies using a variety of electron transfer reactants with
different AG’s will allow an exploration of E, in
supercritical fluids.
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