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same order in the (£, — E,) values, by which the dication state
of 1a is shown to be most stable among them.

X-ray diffraction analysis of 1b!! indicates that the molecule
belongs to the approximate D,,; symmetry (excluding eight car-
bomethoxy groups with flexible conformations) and has the
puckered structure of the central four-membered ring. Figure
1 shows a unique stacking structure of molecules of 1b related
by the crystallographic 2, symmetry along the ¢ axis resulting in
a one-dimensional column in the crystal lattice. Some van der
Waals contacts are found between the sulfur atoms of interdonor
molecules, the shortest one being 3.608 A (twice the van der Waals
radius of sulfur is 3.70 A).

These results suggest that the [4]radialenes, in particular 1a,
should be useful electron-donor candidates for organic metals. In
fact, 1a forms a 1:2 charge-transfer salt (black needle crystals,
mp > 300 °C) with TCNQ, and the room temperature electrical
conductivity on the compressed pellet is fairly high (0.032 !
cm™'). Furthermore, the E, value (0.057 eV) is very small. The
preparation and electrical characterization of 1a~TCNQ single
crystals are currently under active investigation.
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(11) Crystal data of 1b: C;,H,,04Ss, FW = 921.1, orthorhombic, space
group P2,2,2,,a = 17.9317 (1) z(, b=25757 () A, c=8539 (A, U=
3808.7 (4) A’, D, = 1.606 g cm™, Z = 4. X-Ray diffraction data were
measured on a Rigaku four-circle diffractometer using nickel-filtered Cu Ko
radiation. A total of 3217 reflections were collected up to 26 = 120° by the
6-26 scan technique. The structure was solved by the direct method (MUL-
TAN-78) and refined by the full-matrix least squares (XRAY-76) by using the
3073 observed reflections [|Fy| = 30(F,)] to the R index of 0.052 including
non-hydrogen atoms with anisotropic thermal parameters.
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The mechanism of carrier transport at semiconductor /liquid
interfaces is an important and controversial topic in photoelec-
trochemistry. Of particular concern is the transport kinetics for
interfaces whose open-circuit voltage, ¥, is constant over some
range of solution redox potential.!? Fermi level pinning has been
postulated to apply to n-GaAs, p-GaAs, and p-InP interfaces in
both aqueous and nonaqueous solvents.>? However, direct iden-
tification of the various recombination mechanisms has been
acknowledged to be difficult,> and to date, few experimental
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Figure 1. V, vs. T for the n-GaAs/FeCp,*/°-LiCI0,—~CH;CH,CN

system. Voltages were measured between an n-GaAs working electrode

(0.05-0.2 em?) and a Pt wire poised at the solution potential. The cell

is immersed in an ethanol solution in a strip-silvered Dewar Flask, and

the cooling rate is typically 5 K/min.
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techniques have been reported which allow correlation of the key
photostationary state observable, the open circuit voltage, to the
transport mechanism of these interfaces. We report here mea-
surements of the temperature dependence of the open-circuit
voltage for the n-GaAs semiconductor/liquid junction system.

For surface barrier systems, activation energies can be obtained
from plots of V. as a function of temperature.* Thermionic
emission of majority carriers over a low surface barrier would yield
an activation energy equal to the effective barrier height. In
contrast, the characteristic activation energies of other transport
mechanisms differ from this value and can be predicted by con-
ventional kinetic treatments of semiconductor junction transport.*

Figure | indicates the temperature dependence of V. for the
n-GaAs/0.05 M FeCp,~-0.5 mM FeCp,*-0.2 M LiClO,~CH,C-
H,CN junction!® (ELH type tungsten—halogen bulb; (100) or-
iented, 2 X 107 cm™ Se doped, n-GaAs; 2-s etch in 4:1:1
H,S0,/H,0,/H,0) at an illumination intensity of 100 mW /cm?.
We observe a slope for V, vs. Tof 2.1 £ 0.2 mV/K and an
extrapolated intercept of 1.45 £ 0.1 V at 0 K. The band gap (E,)
of GaAs is 1.42 eV at 300 K and 1.52 eV at 0 K;* thus, the
intercept of V vs. T, determined over the range of 300-200 K,
is very close to E,. Association of this intercept with the transport
activation energy indicates that thermionic emission of majority
carriers over a Fermi level pinned barrier is not the dominant
transport mechanism at this interface.

Other factors which might complicate the interpretation of V.
vs. T plots for these junctions have been considered in detail.
Variation of the bulk semiconductor properties which produce
changes in short-circuit photocurrent density (J,.) with temper-
ature, such as the carrier mobilities, the absorption coefficient,
and the minority carrier lifetime, will lead to changes in J_ of
2 mA /cm? over the entire temperature range.® This will produce
a change of only 3 mV in V,.. Variation in the barrier height as
a result of changes in E(A*/A) with temperature is another
possible source of complication. Determinaticn of the temperature
dependence of £¥(FeCp,*/%) in 0.2 M LiClO,~CH,;CH,CN by
nonisothermal reference electrode technique yields a temperature
coefficient of 0.6 mV/K, in accord with the measurements of
Weaver for E%(FeCp,*/%) in CH,CN solvent.5 The negative shift
in E(A*/A) with decreasing 7 might decrease the barrier height;
thus, for the n-GaAs/FeCp,"/°~CH,CH,CN system, the intercept
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of the V. vs. T plot would only establish a lower limit for the
barrier height. However, we rule out a significant change in V,_
from the 60-mV thermal shift in E(A*/A) because V. for n-
GaAs/Fe(MeCp),*/® (E¥(Fe(MeCp),*/%) = +0.19 V vs. SCE)
at 300 K is equal to ¥, for n-GaAs/FeCp,*/¥(E¥(FeCp,*/%) =
+0.30 V vs. SCE). Finally, changes in J;, yield different slopes
of V. vs. T plots but produce little change in the extrapolated
intercepts (1.38 £ 0.06 eV for J,, 0.1-20 mA/cm?), strongly
supporting the interpretation of Figure 1 as yielding the effective
activation energy for carrier transport in the n-GaAs/CH,CH,CN
junction.

Several other processes can be excluded from consideration
based on current-voltage—temperature data. Bulk recombina-
tion/diffusion in these n-GaAs samples is excluded due both to
the high minority carrier diffusion length, L, (>4 um), and to
the lack of dependence of ¥, on the product of the two bulk crystal
parameters, L, and majority carrier density."* Suppression of
thermal majority carrier injection due to the low concentration
of solution acceptor or due to slow electrode kinetics’ is ruled out
by the insensitivity of ¥, to the concentration of FeCp, and
FeCp,* at a fixed solution potential. Also, recombination/gen-
eration processes inherent to the material can be excluded in our
system because n-p* junctions made with identical n-GaAs ma-
terial yield V. values of >1.0 V under AM1 conditions at 300
K.

The recombination mechanism which is most consistent with
the complete transport data on this interface is recombination/
generation through surface trapping levels. Application of
Schockley~Read—Hall statistics to surface recombination processes
indicates that this mechanism can produce intercepts of E, for
Voo vs. T plots.* Furthermore, we have observed V. > 1.05V
for the n-GaAs/CH;CH,CN-FeCp,*/% system at 200 K and 10
suns light intensity, indicating that the barrier height in the n-
GaAs/CH,CH,CN-FeCp,*/° system is, conservatively, in excess
of 1.1 V. Our data thus indicate that the thermal barrier to
majority carrier injection is extremely high. This is incompatible
with a simple thermal process activated by a 0.7-0.9-V pinned
barrier.

Finally, our results also bear on important aspects of solid-state
Schottky junction theories and their relation to semiconductor/
liquid junction behavior. Excess As at the GaAs surface has been
postulated to be responsible for surface recombination processes.®
Alternatively, the unified defect model for I1I-V materials pro-
posed by Spicer et al. indicates that defects intrinsic to the (110)
face of n-GaAs form with exposure of the clean surface to various
metals or to oxygen. These defects pin the Fermi level at either
0.7 or 0.9 eV from the conduction band at the surface.® Exposure
of our n-GaAs (100) samples to oxidizing etches and to air before
immersion in the cell implies that similar surface chemistry should
apply to our liquid junction systems. Furthermore, Bard et al.
have suggested correlations of the behavior of 11I-V Schottky
junction systems to liquid junctions.? Our kinetic transport data
do not directly locate the equilibrium position of the n-GaAs Fermi
level; however, we clearly observe V. values and activation barriers
for transport which are much greater than would be predicted
based on the solid-state junction models. Importantly, this implies
that chemical treatments which affect surface recombination
processes at the n-GaAs/CH3;CH,CN system can, in principle,
yield ¥V values that approach the bulk diffusion/recombination
limited performance for GaAs homojunctions. Our data also
indicate that V. vs. T measurements can be useful in elucidating
the dominant recombination mechanism and in distinguishing
carrier inversion limited liquid junction systems from Fermi level
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pinned junction behavior. Efforts to identify the chemical nature
of the surface recombination sites at these n-GaAs interfaces and
to modify their kinetic transport behavior are in progress.
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The very endothermic nature of reaction 1 is independent of
Na(s) + A(s) = Na*(g) + A~(g) (1
AH® = +158.3 kcal/mol for A = naphthalene
AH® = +152.4 kcal /mol for A = benzophenone

the organic substrate. Even the benzophenone ketyl (BZO™),
which is one of the most persistent anion radicals and is commonty
used to dry solvents in the laboratory,! has an electron affinity
of 14.7 kcal/mol and an enthalpy of reaction 1 of 152.4 kcal/mol.

The persistence of the benzophenone kety! in solvents like THF
is clearly due to the solvation thermodynamics of the anion radical
cation ion pair. More exothermic solvation of a ketyl over a
hydrocarbon anion radical is expected due to the very electro-
negative oxygen that contains much of the charge density of the
benzophenone anion radical. Despite the importance of solvation
enthalpies in controlling the stabilities and chemistry of organic
anion radicals, no experimental solvation enthalpies for anything
other than hydrocarbon anion radicals have been reported.>* This
is the case, because the only method for obtaining anion radical
solvation enthalpies involves reacting the anion radical with water
in a calorimeter.* However, the enthalpy of this reaction can
only be converted to the anion radical solvation enthalpy if the
reaction produces only one hydrogenated species, the heat of
hydrogenation of the substrate to form this species is known, and
the reaction of the anion radical with water is exothermic enough
to be observed over the heat of the aquation of the anion radical
solvent. These conditions have restricted our knowledge of anion
radical solvation energies to just those of the polyacenes. Here
we wish to report a new technique that can be used for the direct
measurement of relative solution electron affinities, which can
be utilized for the determination of solvation enthalpies for any
persistent anion radical system.

When bulbs containing the anion radical of either naphthalene
or benzophenone in THF are broken under 100 mL of THF
containing 0.6 g of 1, in a solution calorimeter, the change in the
temperature of the calorimeter is due to only one reaction, reaction
2. Since reaction 2 simply involves the subtraction of an electron

A~ Na*(THF) + !/,I,(THF) — I Na*(THF) + A(THF)
(2)
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