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Thermal electrons attach reversibly to £i@ supercritical ethane. The equilibrium constants range from 40

to 2 x 10* m! for pressures from 50 to 220 bar at 33 and°®7 The attachment rate increases and the
detachment rate decreases as the pressure increases. The lifetimg 6§ G&ween 20 and 100 ns in the
high-pressure range. The reaction volume changes more than an order of magnitude 2&dhto —0.5

L/mol over the pressure and temperature ranges studied. The activation volume is approximately 50% of the
reaction volume. Electrostriction volumes of the £@on, calculated by a compressible continuum model,
account for the main part of the observed reaction volumes. The calculation shows that the high-density
region around each GO extends to 1 nm.

Introduction volume for electron attachment to @@ liquids is also negative

and ranges from 30 to 40% of the overall reaction volume.
Two methods are used here to determine the equilibrium

constantKj, of reaction 1. Both utilize measurements of the

For ionic reactions taking place in supercritical fluids, the
partial molar volume of the ions can have a significant effect
on rates. Further, the partial molar volumes should change with U . . >
pressure, dramatically near the critical pressure, because of shar onductivity following the X-ray pulse. In on, is derived

changes in compressibility. Pulse radiolysis studies have alreadyt;%n (;rr]:r Cgﬁg%ﬁn;r;r:??:'g&%;hne]efﬁ?rgﬁsse%Irsvshu;:qOf
shown the possibility of studying cation reactidasd electron is sr?wall ?/n the second method the actual electron attaclhment
transfe? in supercritical fluids. Such studies provide data on X

S ! Ly . rate constantk, and the detachment rate;, are determined
the activation volumes. In this study of the equilibrium reaction and K, equated td/ks. This latter method requires the short
K, pulse available at the new 10 MeV laser electron accelerator

e +CO, N COo, 1) facility. o
Here, we report how the equilibrium constant, and thus the
. . . free energy, for reaction 1 changes with pressure and temper-
we obtain values for the partial molar volume of theC@nion ature in supercritical ethane. The reaction volumes are evaluated
from the measured reaction volume as a function of pressure.a¢ yarious pressures and temperatures and compared to values
Itis hoped that the information on volumes from this and similar ~5iculated from a semicompressible continuum model. From
studies will be useful in predicting the pressure dependence Ofihe change of the individual rates with pressure, we obtain
ionic reactions, such as electron transfer, in nonpolar super-activation volumes. The attachment rate decreases linearly as

critical fluids. the free energy of reaction increases. A similar dependence was
The electrons are produced by a pulse of X-rays that causerenorted for liquids.

ionization in the ethane. Only the fraction of the electrons that ) )

escape geminate combination to become free ions are availabléExperimental Section

for reaction. The yield of free ions for supercritical ethane is ~ The ethane, MG Industries-Scientific Grade, was purified by
expected to be between 5 and 30% of the initially formed ions, degassing at 77 K and passage through a Gaskleen Purifier (Pall
since this yield depends primarily on density and has been Corp.). The quantity of ethane required in each experiment was

measured for comparable densitfes. measured out in vacuo, by its volume at 195 K, and then
Reaction 1 is already known to occur in nonpolar liguids, condensed into the conductivity cell, which was cooled to 77
where equilibrium constants range from31tb 1 M™1, K. The CQ (Matheson 99.99%) was degassed at 77 K and dried

depending on the liquid and on the temperature. This equilibrium by passage through a trap at 195 K. Aliquots of .C@ere
depends strongly on pressure in liquids, shifting to the right measured out in a vacuum and condensed into the conductivity
with increasing pressufe The derived reaction volumes range cell after the electron mobility and lifetime in the ethane had
from —130 to —300 cn#/mol. These volumes are associated been measured.

with electrostriction of the solvent around €Qwhich includes The conductivity cell, fabricated from 304 stainless stell, is
a glasslike first layer of solvent moleculésThe activation a 4 in. long tube with/, in. walls, which is closed at the bottom
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Figure 1. Electron mobility vs pressure at 3. Solid line is for Figure 2. Conductivity traces for 0.77 mm GOn ethane at 33C.
pure ethane. Dotted lines are for solutions containing indicated Upper trace for 80 bar, middle trace 109 bar, and lower trace 170 bar.
concentrations of COin mmolal. Solid lines are calculated fits to the data (see text).

and has a flange at the top for electrical feedthroughs. The sample. The electron concentration) s described by two
electrodes consist of aluminum films evaporated onto quartz coupled partial differential equations:

plates. The separation between platetis0.299 cm. Pressure

measurements utilize a pressure transducer (Setra, model 212)dn/dt = —u, dn/dx — k,n[CO,] + k[CO, ] — Kmpn[S] (3)
accurate to 0.45 bar. The temperature of the cell and connecting

tubing is controlled to 0.08C during experiments. Temperature d[CO, J/dt = k,n[CO,] — k[CO, ] (4)
is measured with a Pt thermometer, calibrated to Tl

Resistance of the Pt is read with a Data Precision ohmmeter.\yherey;, is the drift velocity given by:E. An analytic solution

Densities and dielectric constants of ethane are calculated atyf these equations, obtained by Tachifayas used to analyze
the temperature and pressure used in each experiment from amhe current traces by trying different values of the two unknown

equation of state (EOS)Compressibilities ) are determined  parameterk, andkg until the best fit was obtained. The smooth
from the derivative of the EOS. It was assumed that this EOS lines in Figure 2 are examples of the fits obtained.

applied as well for solutions containing G@t concentrations
up to 2.4 nm. Results

For electron mobility and lifetime measurements, samples . .
Y P Mobility Data. The addition of CQ to ethane causes a

were irradiated with 60 ns X-ray pulses, obtained by impinging q in th d mobility of el This is sh
electron pulses from the 2 MeV Van de Graaff accelerator on . ecrease In the measured mobility of electrons. This Is shown

a lead target. The mobilityu) was derived from the current in Figure 1; .the sold line is the mobility in pure ethang, and
signal by measuring the drift timés, as a function of applied the dashed lines are for G@resent. The effect is proportional
field E and the equation ' to the concentration of COThe largest effect is observed at

high pressure. This reduction is attributed to the temporary
u = di(t;E) 2) attachment of electrons to GQOwhich increases the drift time
and decreases the mobility. The observed mobilidyig given

The electron mobility in supercritical ethane measured at 33 by*?
°C is shown in Figure 1 by the solid line. The electron lifetime, 1
or rate of reaction with residual impuritiel,), was determined p = u(1+ K [CO,) (5)

by a fit of the current signal to the equation ) N _ )
where u, is the mobility of the quasi-free electrons in pure

I =i(1 — t/tp) exp(—Kmyt) ethane. Measurements of the mobility with and without,CO
present provide, with eq 5, valuesky, the equilibrium constant
For rate constant measurements, the new laser electronof reaction 1. Here, it is assumed that the mobility of the;CO
accelerator (LEAF) was used to provide 30 ps pulses of 8 MeV ion is small by comparison to that of the electron and therefore
electrons! The electron pulse was again stopped in a lead target, makes a negligible contribution to the current. The mobility of
giving Bremstrahlung pulses, which irradiated the samples. The positive ions in supercritical ethane is 0.62004 cnd V1
electron current was detected with an EG&G preamplifier s in the range studiet® Negative ions would have similar
(model 5185), rise time of 2 ns, operatedh00 using the 50 mobilities, which justifies our assumption.
Q input. The amplified waveform was captured in a LeCroy  Values ofK; determined this way are shown as a function of
9362 1.5 GHz oscilloscope. To minimize noise, the signals from pressure for two temperatures in Figure 3. Data obtained at five
several pulses were averaged together. Typical conductivity different concentrations of GOfrom 0.38 to 2.35 mm, resulted
traces obtained for solutions of GOn ethane at various  in very similar values oK, indicating reaction 1 is bimolecular;
pressures are shown in Figure 2. The currents reach plateaushat is, 1 mol of electrons reacts with 1 mol of €Qhe solid
because of an equilibrium concentration of electrons in the lines are calculated by least-squares quadratic fits over segments
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Figure 3. Equilibrium constants for reaction 1 as a function of
pressure: filled circles, 33C; open circles, 37C. Solid lines are
obtained from second-order polynomial fits (see text). ValueK&Qf oW e
obtained fromky/ky are indicated byt for 33 °C and x for 37 °C. 80 100 120 140 160 180

of the pressure range at a time. Some measurements were made PRESSURE (bar)

using concentrations of Getween 5 and 10 mt the results ~ Figure 4. Effect of pressure on the detachment rate (top) and
were in agreement with the low-concentration data and led to attachment rate (bottom) a®) 33 and ©) 37 °C. Solid lines are
the points at the lowest pressures shown in Figure 3. second-order fits to the data.

Rate Constants At pressures above 80 bar it was possible
to time-resolve the rates of electron attachment to, @@d
detachment from C@'. This necessitated using the short pulse
available at LEAF because, as is shown in Figure 2, the observed
currents decay rapidly in the first 60 ns for concentrations of
CO; in the mmolal range. The height of the equilibrium current, The results are shown by the points in Figure 5. The minimum
or “plateau”, depends on pressure, decreasing as the pressurgalues,—20 L mol* at 33°C and—12 L mol™* at 37°C, are
is increased. The “plateau” current is a measure of the rate of observed at the lowest pressures that could be studied. At even
electron detachment from GQ which decreases with increas- lower pressures this reaction becomes unfavorable (see Energy
ing pressure. Changes below) and could not be observed. At the highest

Analysis of such curves, by the method indicated under pressures studied, where the ethane is most d&nsés —0.54
Experimental Section, led to valueslgfandky shown in Figure ~ and —0.55 L s mot?, respectively at 33 and 37C, values
4. With increasing pressukgincreases anki decreases at both ~ approaching those reported in liquid alkane€(13 to—0.30
temperatures studied. Measurements were made at concentra-/mol).>©
tions of CQ between 0.18 and 0.77 m and the rate of The volume change in a reaction is the difference in partial
attachment was independent of concentration in this range. Thismolar volumes of reactants and products, which in this case is
is shown by the clustering of points at particular pressures in
E;gggez 4, indicating again that electrons attach to one molecule AV, = \_/(Coz_) _ \—/(COZ) — V() )

The equilibrium constant for reactionK;, can be calculated
from the ratiokyky. Average values oK1, obtained this way at
high pressure, are plotted in Figure 3 and are in good agreemen
with values ofK; obtained from mobility.

k (molal™'s™")

a

fitted curves in Figure 3 and the relationship

AV, = —RTd(In K)/dP (6)

The latter term is the partial molar volume of the electron, which
is presumed to be small relative to the observed volume changes.

his term depends, among other factors, on whether the electron
is trapped in ethane. The high mobility at low pressures implies
the electron is largely quasi-free, in which case the interaction
with solvent molecules is weak. However, at densities greater

The electron attachment equilibrium, represented by reactionthan 14 mol/L, theory predicts that the electron is trapped at
1, is very sensitive to pressure in supercritical ethake. 340 K15 The partial molar volume of the electron in nonpolar
increases most rapidly at temperatures and pressures closest tiiquids depends on the difference of two terms: the cavity
the critical point, buKj is still increasing rapidly at the highest  volume and the electrostriction volurieThe latter depends
pressures studied. The rate constant for the attachment reactiomn the magnitude of the compressibility. Applying this model
also increases with pressure. The magnitude of the rate constanto ethane and using the cavity radius of 0.51 nm predicted by
is well below that expected for a diffusion-controlled reaction theoryl®>we estimate that the partial molar volume of the trapped
of an electron, which has been estimated to be 60" m™* electron in ethane is less than 0.1 L/mol at a density of 14 mol/
s 1in SC ethané? L. At lower densities localization is less important avig) is

Volume Changes Experimental values of the volume presumed to be less. Thus, to a good approximation, we can
changes in reaction 1 are calculated from the derivative of the say the observed volume changes are given by

Discussion
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AV, =V(CO, ) — V(CO,) (8)

Experimental data on the partial molar volume of £®
ethane were not found. Ab initio calculations indicate the
interaction between C£and ethane molecules is minimait@.3
kcal/mol)1” However, a higher level calculation, using MP2
perturbation theory, shows the interaction is somewhat stronger
(—1.2 kcal/mol)!® Nonetheless, these values are small relative
to that produced by the electric field around the C@n. An
IR study*® showed that the frequency of the bending mode
of CO, in ethane shifted with the dielectric constant, from which
it may be concluded that there is no significant enhancement
of dielectric constant or density around £i@ ethane. Clustering
of ethane molecules around neutral £i8 not likely. It is
expected therefore that the dominant termAi, is V(CO,"),
which is essentially the electrostriction around the ion (see
below).

Values of the activation volume for the attachment and
detachment reactions, calculated from the slopes of the smooth
curves through the rate constant data in Figure 4, are shown in
Table 1. Similar to the reaction volumes, the magnitudes of the
activation volumes decrease with increasing pressure. For this
reaction the magnitudes oAV, and AV4 are comparable,
indicating that at the activated state the volume change is
approximately one-half that for the overall reaction. The results
for AV, can be compared to a study of electron attachment to
NO in supercritical ethan¥.For that reactiom\V, was reported
to be—0.17 L/mol at 33°C and 71 bar ane-0.11 L/mol at 37
°C and 82 bar; higher pressures were not studied. At 80 bar the
activation volumes for attachment to ¢ére—0.60 and—0.76
L/mol at 33 and 37C, respectively, much larger in magnitude
than observed for NO. The reason is not entirely clear.

The present results can also be compared to data on this
reaction in liquid alkanes, where values AW, range from
—0.13 to —0.30 L/mol, depending on conditions. Activation
volumes for attachment are typically one-third oV, in
liquids > That is, the activated state is closer to the reactants
in liquids, meaning that less electrostriction of the solvent has
occurred at this state.

As is shown by the above discussidstV, for reaction 1 varies
over a wide range from-20 to —0.5 L/mol, depending on
temperature and pressure. Electrostriction by, Ci® believed
to be the dominant effect. The results are compared here with
calculated values of electrostriction given by two models: the
classical continuum mod®land a compressible continuum
model.

The classical formulation of electrostriction has been sitown
to lead to the formula

Vo= —(€1(6r 0 )xr(e + 2)(e — 1)fe? 9)
where a constant value for the dielectric constaris assumed.
The radius of the C® ion is taken to be 0.23 nm, the same as

TABLE 1: Activation Volumes for k, and kq

temp pressure AV, AVy AV,
(°C) (bar) (L/mol) (L/mol) (L/mol)
33 80 —0.60 +0.62 —-1.12
100 —0.53 +0.53 —1.06
150 —0.36 +0.31 -0.67
200 -0.19 +0.10 —0.29
37 80 -0.76 +0.56 —1.32
100 —0.67 +0.50 —1.17
150 -0.43 +0.35 -0.78
200 —0.18 +0.20 —0.38
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Figure 5. (A) Reaction volumes for electron attachment to C(®)
33°C. Solid line is the electrostriction volume around £@alculated

by the compressible continuum model. Dotted line is from eq 9. (B)
Reaction volumes for electron attachment to,C@0) 37 °C. Solid
line is the electrostriction volume around €Ocalculated by the
compressible continuum model. Dotted line is from eq 9.

used for studies of this reaction in liquiel8.Values ofe and
x7 for each pressure and temperature are derived from the EOS.
The predicted values df, for this model are shown by the
dotted lines in Figure 5.

Because clustering of ethane around ions is expected to have
a significant effect in supercritical fluids, the classical continuum
model is not expected to be a good approximation of electros-
triction volume. In the compressible continuum model we take
this clustering into account as an increase in density and
dielectric constant around the ion. Our formulation of this model,
presented earliéf, utilizes eq 10 to calculate the pressuR (
at each point

P =P, + ((r) — D)e,E(r)2 (10)

around the ion, wherB,, is the pressure expected in the absence
of the ion, ¢(r) is the distance-dependent dielectric constant,
andE(r) is the electric field at a distaneedue to the charge on
the ion and is given b/(4meer?), wheree, is 8.85x 10712
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Figure 6. Density distribution around a GO ion as a function of ~° 9)
distance in SC ethane at 3§ at indicated pressures.
TABLE 2: Electrostriction Volumes (Ve) at 310 K 10'° oz Toso ons
ion radius (nm) AG. (eV)
pressure (bar) 0.2 0.3 0.4 _ ’
Figure 7. Dependence of detachment rate (top) and attachment rate
%‘ —_111-?5 —_111-1‘3 —_111-38 (bottom) onAG;: (@) 33 °C; (O) 37 °C.
12(5) :g:% :8:22 :8:% very little difference in the calculated volumes for this range of
150 —0.40 —0.38 ~0.36 ion radii, even in the region of high compressibility. It should
200 —0.29 —0.28 —-0.26 also be noted that classically the electrostriction volume (eq 9)

) o is proportional to the radius. These results indicate that the

C V™t m™. The densityo(r), at each point is deduced from  |5rge partial molar volumes of ions in supercritical fluids are
the pressure using the EQ&) is obtained fromp(r) and the  ags0ciated with the clustering of solvent molecules around the
Clausius-Mosotti equation. The calculation is iterated, reevalu- jons, an effect that is largely independent of the ion radius. Data
ating E(r) each time, until a constap(r) is obtained. on other equilibria, similar to reaction 1, are needed to verify

The calculated density around a €Qon as a function of this interesting prediction.
in supercritical ethane is shown for several pressures 4C33 Energy Changes The free energy of reaction 1 changes with
in Figure 6. The density drops off gradually with distance; there pressure from values neai0.09 eV at low pressure to around
are no sharp breaks in the curves. The radius at which the density_q 25 ey at high pressure. This shift is associated with the
becomes the same as the background densifyis pressure-  polarization energy of the GO ion and the energy of the
dependent. This distance is large at low pressures but becomegjectron. In liquid hydrocarbons the polarization energy is about
shorter at high pressures. Consequently, the volume changes,-1 5 ey and leads to values AfG;, for eq 1 between-0.3 and
which involve the integral of the density, are pressure-dependent._g g e\/é This reaction is less favorable in supercritical ethane

The volume change of electrostriction is obtained by eq 11, \yhere AG, > —0.25 eV. However, as in the liquid, ka

- V) ) decreases linearly witAG,, as shown in Figure 7. The slope
V= 4a [ [LV(r) f, " dVIr dr (11)  of the solid line is—20 eV-1, quite similar to that found for

liquids® Thus, such plots not only are of predictive utility for
whereV(r) is p~L Values ofVe were evaluated with eq 11 for  liquids but also extend to supercritical fluids as well. The
a series of pressures at 33 and €7 and are shown by the dependence dfy on AG; is also linear as shown by the upper
solid lines in Figure 5. This model gives excellent agreement plot in Figure 7.
with observed reaction volumes, especially in the low-pressure  To evaluate the polarization energy in supercritical ethane,
region. The calculations predict that the minimum values of the we used the compressible continuum model. The energy of an
electrostriction volume are60.3 L/mol at 49.5 bar and 3% ion in a nonpolar supercritical fluid is given by the difference:
and —20.1 L/mol at 52.7 bar and 37C. The classical model
(eq 9) predicts corresponding minimum values-eé601 and
—95 L/mol. The equilibrium with C@(eq 1) is too unfavorable
to obtain experimental data at the minima.

Calculations were made for different ion radii to see how
changes in this parameter affect the predicted electrostriction
volume. This is of interest in reactions such as charge transfer
where one would like to know if there is a volume change
expected when the charge moves from one ion to a molecule
of different size. The results at 310 K are shown in Table 2 for
three radii: 0.2, 0.3, and 0.4 nm. At any one pressure there is The first term refers to the ion in a SCF and was evaluated for

E(P) =4 [ (L2)e,e(r)[E(r)]r? dr —
4 [ (U2)[EL(N]?r dr (12)
The second term refers to the ion in a vacuum and becomes

—€’/(8rer

ion)
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TABLE 3: Energy Changes Associated with Reaction 1: &
+ CO,=CO,~

pressuredensity AG; Vo E(Born) Ec E(Pcc)? AGi(gas)—
(bar) (mollL) (eV) (eV) (eV) (eV) (eV) E: (eV)
Temperature= 33°C
50 8.30 —0.094 —0.174 —0.74 0.045 —1.06 0.79
52 9.39 —-0.111 —-0.178 —0.82 0.041 —1.08 0.79
54 9.83 —0.122 —0.179 —0.85 0.039 —1.08 0.78
60 10.5 -0.139-0.176 —0.90 0.036 —1.10 0.78
70 11.2 -0.156 —0.172 —0.94 0.032 —1.11 0.78
80 11.6 -0.168 —0.169 —0.97 0.030 —1.12 0.78
100 12.2 -0.188-0.16 —1.01 0.026 —1.14 0.79
125 12.7 —0.210 —0.153 —1.04 0.022 —1.154 0.79
150 13.1 —-0.227 —-0.14 -1.066 0.020 —1.165 0.80
175 13.4 —0.243 —0.135 —1.086 0.018 —1.175 0.80
200 13.7 —-0.257 —0.13 —1.103 0.016 —1.183 0.80
Temperature= 37 °C
56 8.6 —0.089—0.176 —0.761 0.045 —1.06 0.795
58 9.22 —0.103 —0.178 —0.806 0.042 —1.07 0.79
60 9.6 —0.111-0.179 —0.834 0.04 -—-1.08 0.79
70 10.6 —0.135-0.176 —0.904 0.035 —1.10 0.79
80 11.2 —-0.154 —0.172 —0.941 0.032 —1.11 0.78
100 119 -0.175-0.167 —0.987 0.028 —1.127 0.785
125 12.4 —0.197 —0.158 —1.024 0.024 —1.143 0.79
150 129 -0.217 —0.149 —1.051 0.021 —1.155 0.79
175 13.2 —-0.232-0.14 -1.073 0.018 —1.166 0.79
200 13.5 —0.246 —0.135 —1.091 0.016 —1.174 0.79

aE(Pcc) are values of the polarization energy calculated with a
compressible continuum model as described in text.

various conditions utilizing the distance-dependent dielectric
constante(r), evaluated above.

An additional term was added to take into account the
compression of ethane from the volume it occupies without an
ion, V., to the volume it occupies in the presence of an \n,
This energyEc is given by

E.=—4x [ [ANV() [, P dVIr® dr (13)
Then the total polarization energl(Pcc™), equalsE(P~) +

Ec. The values of these terms as a function of pressure and
temperature are shown in Table 3. The contribution of compres-
sion is small and decreases in magnitude with increasing
pressure.

The value of the polarization enerdy(Pcc™), changes only

J. Phys. Chem. A, Vol. 103, No. 4, 199855

taken from a studf of liquid ethane at comparable densities
to those of SC ethane. As the pressure increasetends to
increase; the change from 52 to 200 bar is 0.05 eV. Thus, the
electron is destabilized and the ion is stabilized with increasing
pressure, and the free energy, which changes in this pressure
range by 0.17 eV, reflects both terms.

We have used eq 14 along with measured values@f V,,
and calculated values &{Pcc) to determineAG,(gas)— E;.
The results, shown in the last column of Table 2, indicate this
guantity remains constant regardless of the temperature or
pressure of the SCF. The value obtaine@.(79 eV) corresponds
to an electron affintiy of C@of —0.84 eV if we takeTAS-
(gas)= 0.05 e\f and ignore electron trappindge(= 0) at the
temperatures studied. This value is slightly lower than theoretical
values, which range from-0.62 to—0.8123 It is also lower
than an experimental result from a gas-phase study(o6 +
0.2 eV2* A liquid-phase study, similar to the present one, led
to —0.61 eV?! If we take a small negative value & (—0.1
eV), then our calculated electron affinity is in agreement with
both the theoretical estimates and the gas-phase value to within
the stated experimental uncertainties.

Conclusion

The present results provide quantitative information on the
extent of clustering of solvent around gQons in supercritical
ethane. Our results indicate there is clustering of ethane around
CO,™ to distances from 0.7 to 1.0 nm. Similar values were
obtained for the radii of the positive ions in supercritical ethane
from a mobility study:® The partial molar volume of ions in
ethane are found to be insensitive to the ion radius. At the
concentrations of C@used, there is no evidence of reaction of
CO, with CO,.
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bar at 33°C is 0.12 eV (see Table 3). Calculations using the
Born equation give values of the polarization energy that are
not as low as those given by the compressible continuum model.
The change ifE(Born) from 50 to 200 bar at 3% is 0.36 eV

because of changes in the dielectric constant. As the pressure
increases, the value calculated by the Born equation approaches

that calculated by the compressible continuum model. Thus,
although the Born equation is considered to be reasonably
accurate at high densities and in liquids, in supercritical fluids
the clustering of solvent molecules around the ion must be taken
into account specifically. The fact th&(Pcc~) changes little
with pressure is consistent with calculations, indicating the
cluster size is largely independent of pressure (see Figure 6).

The free energy of reaction 1 is related to the free energy in
the gas phase\G,(gas), according £

AG = AG(gas)t E(Pcc ) — Vo —E  (14)

whereV, is the conduction band energy aBgdthe trap energy
in the fluid. The last term is presumed to be small, since over
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