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Abstract: Derivatization of n-type Si photoelectrode surfaces with (1,1’-ferrocenediyl)dichlorosilane results in the persistent
attachment of photoelectroactive ferrocene species. Derivatized surfaces have been characterized by cyclic voltammetry in
EtOH or H,O electrolyte solutions. Such surfaces exhibit persistent oxidation and reduction waves, but the oxidation requires
illumination as expected for an n-type semiconductor. The oxidation wave is observed at potentials ~300 mV more negative
than at Pt, reflecting the ability to oxidize ferrocene contrathermodynamically by irradiation. Derivatized n-type Si can be
used to sustain the oxidation of solution-dissolved ferrocene under conditions where “naked” Si is incapable of doing so. Fur-
ther, derivatized n-type Si has been used in an aqueous electrolyte to oxidize Fe(CN)g#~. Finally, the photooxidation of solu-
tion species has been demonstrated to occur via photogeneration of holes in the Si, oxidation of the surface-attached species,
and then oxidation of the solution species by the surface-attached oxidant, providing the first direct proof of mediated electron
transfer for any derivatized electrode. Derivatized electrodes can be used to sustain the conversion of light to electricity but the
efficiencies are low. Based on results for 632.8-nm irradiation, solar energy conversion efficiencies of ~1% can be obtained.

We describe herein proof-of-concept experiments illus-
trating that deleterious photoanodic decomposition of n-type
Si photoelectrodes can be substantially suppressed by chemical
derivatization of the surface using a hydrolytically unstable
ferrocene derivative. With the knowledge that all n-type
semiconducting materials are susceptible to photoanodic de-
composition,!:2 we regard this problem as one of the real im-
pediments to the exploitation of semiconductor /liquid junction
cells in energy conversion and photoelectrosynthesis. Further,
we describe results which serve to prove that oxidation reac-
tions at the illuminated electrode interface can be mediated
by the surface-attached electroactive species. By mediated we
mean that the surface-attached electroactive molecule is first
oxidized and it then oxidizes a solution species (Scheme I).
Owing to the rectifying properties of a semiconductor elec-
trode, the mediation experiments described herein are uniquely
doable at the semiconductor electrodes. Our demonstration
of mediated electron transfer establishes the viability of en-
dowing photosensitive electrodes with molecular specific
properties.

In an earlier communication3 we showed that (1,1’-ferro-
cenediyl)dichlorosilane can derivatize the surface of n-type Si.
The resulting surface exhibits persistent photoelectroactivity
in that the surface-attached ferrocene species can be repeti-
tively cycled between its oxidized and reduced form by linearly
sweeping the illuminated electrode cyclically between —0.6
and +0.4 vs. a saturated calomel reference electrode (SCE).
Importantly, the photooxidation of the attached ferrocene
species can be effected at contrathermodynamic potentials.
By this we mean that the attached species can be oxidized at
an electrode potential where the attached species thermody-
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namically should remain in the reduced form (vide infra). This
fact, along with the relatively durable surface, reveals that it
should be possible to oxidize certain solution species at con-
trathermodynamic potentials. In particular, any solution re-
ductant which is oxidizable with the oxidized form of the
surface-attached species should be oxidizable by illumination
of the derivatized electrode. Our objective is to take advantage
of the light absorption and charge-separating properties of the
semiconductor, while exploiting the redox properties of the
surface-bound molecule. Others have attempted to exploit the
light absorption properties of covalently attached dye mole-
cules on SnO,* or adsorbed species on other photostable ox-
ides,’ in order to extend the wavelength response of large band
gap semiconductor photoelectrodes.

Scheme II shows the interface energetics® for an illumi-
nated “naked” (nonderivatized) photoelectrode compared to
the derivatized case where the position of the electrode po-
tential (Ey), top of the valence band (Evyp), bottom of the
conduction band (Ecg), redox level of the attached species
(E(A*/A)), and the solution species (E(B*/B)) are given
relative to a reference electrode. We assume here that the
values of Ecg and Evp remain fixed for any value of Erand
that Ecp and Evp are the same for the naked and derivatized
surface. The stimuli of light and potential in Scheme I can be
specified as being light energy great enough (=Epg) to excite
electrons from the valence band to the conduction band, and
an electrode potential more positive than Ecp such that there
is sufficient band bending to kinetically inhibit reduction of
A* or B* for E; more negative than E(B*/B). It is photo-
generated hole formation in the valence band that allows
contrathermodynamic oxidations, but the band bending in-

© 1979 American Chemical Society
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Scheme 1. Pictorial Representation of Mediated Oxidation of Solution Species B Where A Is the Electrode-Attached Electroactive Species
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Scheme II. Interface Energetics for a Naked Semiconductor and a
Derivatized Semiconductor Exposed to an Electrolyte Solution
Containing the B*/B Couple¢
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4 The situation is for an illuminated electrode (>Epg) at short
circuit; note that the attached A*/A potential need not be pinned
to E¢ under photoexcitation conditions.

hibits back electron transfer (Scheme I1I). The assumption
that the interface energetics are not altered by derivatization
of the photoelectrode leads to the conclusion that the theo-
retical efficiency of an optical to chemical or electrical energy
conversion is unchanged by derivatization. The energy con-
version efficiency is governed by the quantum efficiency for
net electron flow and the extent to which the oxidation of B can
be effected contrathermodynamically.

The presence of the electroactive, surface-attached species
may substantively alter the mechanism of the net oxidation of
solution species B in such a way as to lend specificity to the
oxidation. Perhaps more important for now is that the surface
derivatization can alter the kinetics for the net interfacial
processes. In the case of n-type Si, the specific objective in al-
tering kinetics is to reduce the current efficiency for the growth
of insulating SiOy on the surface and improve the current ef-
ficiency for the net interfacial oxidation of a solution
species.

In the experiments described herein we set out to establish
that (1) a chemically derivatized n-type Si surface could be
used to effect the photooxidation of solution species under
conditions where the naked surface is incapable of doing so and
(2) oxidation of the solution species at the derivatized electrode
occurs via photogenerated hole formation in the semiconduc-
tor, oxidation of the surface-attached molecule, and finally
oxidation of the solution species by the surface-attached oxi-
dant. With respect to the first point, the critical problem con-
cerns the growth of SiO, on the electrode with the oxygen
presumably originating from H,O in the solvent. Conse-
quently, the new results described below relate to experimen-
tation aimed at stabilizing the surface in the presence of H,O.
Cyclic voltammetry and equilibrium current-potential curves
have been used to characterize naked compared to derivatized
surfaces, in order to establish aspects of the interfacial charge
transfer kinetics and energetics.

Results and Discussion

A. Cyclic Voltammetry for “Naked” Si in EtOH Solutions
of Ferrocene. Work in this laboratory established that ferro-

electron transfer
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cene can be oxidized with ~100% current efficiency at illu-
minated n-type Si in EtOH solutions of [#-BusN]Cl04:60

e
ferrocene ——— > ferricenium (photoanode) (1)
hv, n-type Si
Our earlier work was carried out at a fairly high ferrocene
concentration (>5 X 1072 M) in order to ensure that ferri-
cenium formation would successfully compete with any SiO,
formation:
—(2x)e~
Si—SiO0, + (2x)H* (2)
x(H20)
When the EtOH solution is sufficiently free of H»O, cyclic
voltammetry can be used to characterize the interfacial elec-
tron transfer chemistry of ferrocene at n-type Si. Figure la
shows representative cyclic voltammograms of a naked,
HF-etched, n-type Si photoelectrode. The ferrocene concen-
tration is low, 6.1 X 10=* M, and a diffusion-limited photo-
oxidation current is observed for quiet solutions with a peak
at +0.2 Vvs. SCE. Stirred solutions usually give a hole (light
intensity) limited current which is proportional to light in-
tensity. As we reported earlier for n-type Si, no oxidation
current obtains in the dark. This fact is consistent with the
conclusion that the oxidation of ferrocene occurs via hole
generation in the valence band upon photoexcitation with band
gap or greater energy light. On the cathodic sweep reduction
of the ferricenium occurs and gives a peak for the reduction
current. The position of the reduction peak depends on whether
the light is on or off; when the light is on there is an anodic
current at potentials more positive than approximately —0.2
V vs. SCE, but in the dark there is no anodic current to compete
with the reduction current and the reduction peak is conse-
quentially at a more anodic potential.

The thermodynamic potential, E°, for the ferricenium/
ferrocene couple is +0.45 V vs. SCE.” The observation of the
photoanodic peak at +0.2 V vs. SCE shows that ferrocene can
be oxidized at contrathermodynamic potentials at the irradi-
ated n-type Si. The onset of the photoanodic current in the
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Figure 1. Effect of H2O on ability of n-Si to sustain the photooxidation
of ferrocene. Illumination refers to uniform (beam expanded) irradiation
from a He-Ne laser (632.8 nm). In (a) cyclic voltammograms are shown
for n-type Siin 6.1 X 1074 M ferrocene/0.1 M [n-BuyN]C104in EtOH
solvent scanning from —0.6 to +0.4 V vs. SCE at 100 mV/s. One scan is
shown for total darkness; the smooth curves shows four repetitive scans
with illumination showing penwidth reproducibility with an anodic peak
at ~+0.2 V and a cathodic peak at ~—0.1 V. Where the dashed curve
begins (+0.4 V) the illumination was blocked and the reduction peak is
still observable though at a somewhat more anodic position (~+0.05 V).
In (b) we show scans 1 and 10 after adding Ar-purged, distilled H,O.
Except for the presence of the ~6.9 M H,O everything is the same as in
(a) with illumination. The scans between 1 and 10 show progressive del-
eterious changes and are omitted for clarity.

cyclic voltammogram is in accord with the previously mea-
sured®® maximum open-circuit photopotential of an n-type
Si-based photoelectrochemical cell employing the ferricen-
ium/ferracene couple.

The observation of a cathodic current peak in the dark ata
potential more anodic than the photoanodic peak current is
interesting. According to the simple model® for interfacial
charge transfer processes at an n-type semiconductor, the ca-
thodic current here should have its onset at the so-called flat
band potential of the electrode, Ey, and should peak at a po-
tential more negative than Eq,. Eg is that value of Er where
there is no band bending; see Scheme II. The prevailing ra-
tionale® for the observation of a reduction current at potentials
more positive than Eg, is that there exist surface electronic
levels which can be filled very rapidly with electrons and these
filled levels overlap the distribution of unfilled states of the
electrolyte solution.

The cyclic voltammetric scans in Figure la are repeatable
and penwidth reproducibility has been achieved for greater
than 30 cycles between —0.6 and +0.4 V vs SCE at 100 mV/s.
These cyclic voltammetric data unequivocally show that fer-
rocene is oxidizable at illuminated n-type Si in competition
with oxide formation.6? In the absence of ferrocene the cyclic
voltammetric scans show a photoanodic current which declines
on each successive scan. This photoanodic current apparently
corresponds to oxide growth from traces of H,O in the solution
and there are no reduction waves over the potential range
scanned.

Figure 1b shows the cyclic voltammetric behavior subse-
quent to the addition of Ar-purged, distilled H,O to the solu-
tion used in Figure la. With every scan the photoelectrode
properties deteriorate and after ten scans there is very little
photooxidation current which corresponds to ferrocene oxi-
dation. In this electrolyte solution containing ~6.9 M H,O the
Si — SiO,, conversion dominates the observed redox chemistry,
and it is apparent that ferrocene oxidation cannot be sustained.
The scans in Figure 1b show the typical effect of oxide growth:
the photoanodic current onset shifts to more positive potentials
and waves for solution species are significantly attenuated as
the oxide grows.

B. Cyclic Voltammograms for Derivatized Si in EtOH So-
lutions of Ferrocene. The same electrode used in Figure 1 was
reetched in HF and derivatized with (1,1’-ferrocenediyl)di-
chlorosilane as previously reported.? Figure 2a shows the cyclic
voltammograms of the derivatized n-type Si in a dry EtOH
solution of 0.1 M [n-BuyN]ClO4. Bound, electroactive ferro-
cene moieties are present and durable, since persistent cyclic
peaks (photoanodic and cathodic return) are observed at nearly
the same potential as for naked Si in a solution containing
ferrocene (Figure 1a). The properties of the derivatized elec-
trode are quite similar to those previously reported:3 the ob-
servation of anodic current requires illumination to generate
holes, but reduction of the surface-bound oxidized material
does not; the waves are persistent; and the waves are at a sub-
stantially more negative potential than on a Pt elec-
trode.10.11

Illumination of the derivatized electrode in the “wet” elec-
trolyte solution used in Figure 1b shows unequivocally that the
derivatized electrode is more durable than the naked electrode
in the same medium. Figure 2b shows that even after ten scans
there is still excellent agreement with data for naked Siin a dry
electrolyte solution (Figure 1a). Not only is the photooxidation
of the solution ferrocene sustained, but also it occurs as effi-
ciently as at the naked electrode in a dry solution, with respect
to the position of peak potentials and the magnitude of the
currents. Removing the electrode from the “wet” solution and
redetermining the data in Figure 2a shows little loss of sur-
face-attached material (Figure 2c).

It is evident that the derivatized electrode is substantially
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more durable than a naked electrode in the “wet” ferrocene
solution, but the derivatized electrode does undergo some
minor changes as well. In Figure 2b it is evident that a process
other than ferrocene oxidation obtains, since there is an in-
crease in the current after the diffusion-limited ferrocene ox-
idation peak. This additional anodic current is very likely at-
tributable to some amount of oxide growth. However, note that
in Figure 2c the waves are in nearly the same position as in
Figure 2a. This indicates that the oxide growth is not seriously
undermining the derivatizing layer of the surface-attached
reagent. Rather, it is very likely that the oxide growth occurs
on areas of the exposed surface where there are pinholes in the
derivatizing layer. Oxide likely grows on these underivatized
regions and passivates them. Prolonged cycling of the electrode
ultimately results in no apparent oxidation processes other than
the oxidation of ferrocene. The effective electrode area pas-
sivated must be rather small, since the peak photoanodic cur-
rent in Figure 2b is nearly the same as in Figure 1a. This sim-
ilarity in photocurrent suggests that stabilization by derivati-
zation does not necessarily mean sacrificing good quantum
efficiency (vide infra).

C. Proof of Mediated Oxidation of Solution Species by
Surface-Attached Electroactive Molecules. For an n-type
semiconductor, the oxidation of the surface-attached molecule
depends on potential and light. By definition, the oxidation of
the surface-attached molecule on a reversible electrode, e.g.,
Pt, depends only on potential. The following experiments show
that it is possible to exploit the two-stimuli response of the
semiconductor in order to gain some direct evidence for med-
iated oxidation of a solution species.

Figure 3a shows the cyclic voltammetric characterization
of a derivatized n-type Si electrode in a dry EtOH solution of
0.1 M [#-BuyN]ClO,. Since the electroactive species corre-
sponding to the observed waves are attached to the electrode,
the curves shown are the same in stirred or quiet solutions.
Figure 3b shows the current-potential plot for the derivatized
electrode in the presence of a ferrocene electrolyte solution.
Note that the current is much larger than in Figure 3a but still
gives a diffusion-limited peak for the quiet solution. As usual,
the reduction current peak is more anodic if the light is
switched off at the anodic limit, since there is no competing
hole process. The key result is that, when the solution is stirred
and the light is switched off at the anodic limit, there is only
a very small cathodic current for the reduction of the sur-
face-attached oxidant. That is, the surface-attached oxidant
has been reduced by solution ferrocene species, and the oxi-
dized products are swept away from the electrode by stirring
to preclude the observation of the reduction current. Upon
stirring the photoanodic current increases to a light intensity
(hole) limited current, as expected.

By switching off the light near the anodic limit of the scan
one ceases to create new, oxidized, surface-attached species.
The return scan then allows a measure of the photogenerated
surface-attached oxidant as was done in Figures 3a or 2a. In
the presence of a solution reductant the surface-attached ox-
idant can be reduced at a rate which is competitive with the
scan time along the potential axis. For the reversible electrode
the amount of surface-attached oxidant at any time only de-
pends on the potential, and the reduction of the surface-at-
tached oxidant by a solution species will not be directly mea-
surable by cyclic voltammetry.

The data in Figure 2b were repeated ten times with the same
electrode and afterward the electrode was shown to retain
>85% of its original surface-attached electroactive material.
Data of this sort have allowed a conservative estimate of >10*
turnovers per attached electroactive ferrocene center without
deterioration of the properties of the derivatized electrode in
the dry EtOH solution.

D. Use of Derivatized Si in H,0 Solution. Photooxidation
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Figure 2. (a) Cyclic voltammograms for n-type Si used in Figure 1 deriv-
atized with (1, 1’-ferrocenediyl)dichlorosilane in 0.1 M [#-BusN]ClO,/
EtOH at 100 mV/s. One scan is shown for total darkness; the smooth scan
with peaks at +0.08 and —0.05 V is with illumination; where the dashed
curve begins (~+0.4 V) the illumination was blocked to show the cathodic
peak position in the dark. (b) Cyclic voltammograms (scans 5 and 10)
using the derivatized electrode in the solution used in Figure 1b. All con-
ditions are the same as in Figure 1b except that the electrode is derivatized.
(c) Repeat of Figure 2a with illumination showing that the derivatized
surface is intact after scans in Figure 2b.

of Ferrocyanide. The results for naked vs. derivatized Si in
EtOH solutions with H,O present (Figure 1b vs. 2b) encour-
aged us to attempt the use of n-Si in aqueous electrolytes.
Derivatized n-type Si does exhibit well-defined, persistent
cyclic voltammetric waves in aqueous electrolytes. For pHs
between 0 and 6 the electrodes are very durable and seem to
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Figure 2. (a) Cyclic voltammograms for another derivatized n-type Si
electrode in 0.1 M [n-BuyN]ClO4/EtOH as in Figure 2a. The curves are
the same upon stirring the electrolyte solution. (b) Cyclic voltammograms
for the derivatized electrode in the same solution plus 5 X 10™4 M ferro-
cene: (—) with illumination of electrode, quiet solution; (- - -) with illu-
mination blocked at +0.3 V, quiet solution (- --+) with illumination
blocked at +0.22 V, stirred solution.

be more so for the lower pHs. Alkaline solutions have been
avoided owing to the known degradation of ferricenium in al-
kaline solution.!2

We have demonstrated the mediated oxidation of Fe-
(CN)g*~ in aqueous solution (Figure 4). In Figure 4a the cyclic
voltammograms for a derivatized electrode in a quiet aqueous
electrolyte solution with and without Fe(CN)¢*~ are shown.
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Figure 4, Cyclic voltammogramsat 100 mV /s of n-type Si derivatized with
(1,1’-ferrocenediyl)dichlorosilane in aqueous electrolytes. The electrode
is illuminated with a tungsten halogen source during the anodic scans; the
cathodic, return scans are in the dark. (a) Cyclic voltammograms in quiet
solutions: (—) 0.1 M NaClO4/H;0O showing surface waves at +0.3
(photooxidation) and —0.1 V (reduction), (---) with 9 X 1074 M
K4Fe(CN)g added. (b) The effect of stirring on cyclic voltammogram in
9 X 10~ M K4Fe(CN)g electrolyte. Note that the reverse scan current
scale is expanded by 10 times the forward scan scale. (c) Repeat of (a) (—)
after completion of (b).
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Note that upon the addition of Fe(CN)g*~ the photoanodic
current peak is larger while the reduction current is attenuated.
The solution oxidation product, Fe(CN)¢3—, is only sluggishly
reduced at the derivatized electrode surface and even at naked
n-type Si the reduction of Fe(CN)g3~ is sluggish compared to
Pt, for example. Stirring the electrolyte solution containing
Fe(CN)g*~ results in an even larger photoanodic current which
is no longer diffusion limited, and the reduction peak corre-
sponding to surface-attached oxidant is nearly completely
diminished. The E° for the Fe(CN)¢3~/Fe(CN)g*~ 13 system
is +0.2 V vs. SCE, and we have observed sustained oxidation
currents at modestly contrathermodynamic potentials, but the
demonstrated energy conversion efficiency is low owing to the
low output potentials (vide infra).

The data in Figure 4 show that the derivatized Si photo-
electrode can be used to effect oxidation reactions in aqueous
electrolytes and that a large fraction of the observed photo-
current is in fact mediated oxidation of the solution species.
The particular electrode illustrated in Figure 4 is one which
has a polymeric amount of electroactive material attached to
the surface. The surface coverage is ~10~% mol/cm? of exposed
Siarea from the integrated area under the photoanodic peak.
Smaller coverages are persistent in aqueous solutions but
qualitatively require the lower pHs for durability.

Illuminated naked n-type Siin aqueous electrolytes appears
to give some Fe(CN)g*~ oxidation, but at concentrations of
Fe(CN)g*~ similar to that in Figure 4 the electrode is rapidly
passivated by oxide growth. Under no conditions have we been
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Figure 5. Plots of photocurrent against time for a single n-Si electrode il-
luminated with 632.8-nm light at ~6 mW. Photoelectrode held at +0.2
V vs. SCE in stirred solutions. Supporting electrolyte is 0.1 M NaClO4
in doubly distilled, deionized HyO. Run | (), HF-etched “naked” elec-
trode in supporting electrolyte only. Run 2 (O), “naked” electrode reetched
with HF, in supporting electrolyte plus 4 X 1073 M Fe(CN)g*~. Run 3
(@), electrode derivatized with (1,1’-ferrocenedivl)dichlorosilane in same
solution as run 2.

able to observe well-defined, diffusion-limited oxidation waves
for Fe(CN)g*~ at illuminated naked n-type Si, in contrast to
the situation for derivatized electrodes. Figure 5 shows the
photocurrent vs. time for a naked n-Si electrode compared to
a derivatized electrode in an aqueous electrolyte solution
containing Fe(CN)¢*~. The improvement in the maintenance
of a constant photocurrent for the derivatized electrode is ob-
vious. Ultimately, the derivatized electrode suffers deterio-
ration of its properties as well, but >103 electrons per elec-
troactive ferrocene can be passed through the interface without
significant (<10%) decline in the photocurrent. There is a
general decline in the amount of attached electroactive ma-
terial with prolonged passage of photocurrent.

E. Equilibrium Current-Potential Curves. In order to assess
the practical aspects of a derivatized electrode in a photo-
electrochemical device we have determined equilibrium
current-potential curves for the derivatized n-type Si under
conditions where comparison with the naked electrode is pos-
sible. From such curves one can assess optical to electrical
energy conversion efficiency for cases where the light intensity
is known. Figure 6 shows a comparison of the current-potential
characteristics of naked Si- and derivatized Si-based photo-
electrochemical cells employing a dry EtOH electrolyte solu-
tion containing the ferricenium/ferrocene couple. Output
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Figure 6. Current-voltage curves at 2 mV/s for n-Si photoelectrode in
stirred EtOH solution of 5 X 102 M ferrocene, 2.9 X 10~3 M ferricenium
as the PFg~ salt, and 0.1 M [#-BugN]ClO4. Uniform irradiation with
632.8-nm light at the indicated power. Solution E'reqox = +0.32 V vs. SCE.
Part (a), “naked” electrode freshly etched with HF; part (b), same elec-
trode after derivatization with (1.1’-ferrocenediyl)dichlorosilane. See also

Table 1.

characteristics are given in Table I. The data show that output
characteristics for the cell employing the derivatized electrode
are as good as, if not better than, those obtained with the naked
electrode. The data reported here are comparable to those
reported previously for the naked Si-based cells.6 The overall
efficiencies are low and decline at the higher intensities. The
major problem is a low open-circuit photopotential at low in-
tensity and worsening fill factors as the light intensity is in-
creased. But the main point here is that the properties are not
worsened by the derivatization procedure. The derivatized
electrode appears to be more efficient, especially at the lowest
intensity, but the effects are not dramatic. The data in Figure
6 were repeated two times in independent experiments with
essentially the same results. In these experiments the properties
of the derivatized electrode were nearly the same before and

Table I. Representative Output Characteristics for n-Type Si-Based Photoelectrochemical Cells@

electrode input, uWo &.° max power output, uW max V (V at nmax) 4, mV Nenax» %
A.EtOH, 0.1 M [n-BmN]Cld;, 5§ X 10~2 M Ferrocene, 2.9 X 103 M Ferricenium (£ eq0x = +0.32 V vs. SCE)

“naked” 62 0.49 1.76 360 (190) 2.8
127 0.47 3.24 410 (185) 2.6
235 0.43 4.62 430 (165) 2.0
470 0.29 5.94 450 (165) 1.3
“derivatized” 68 0.58 2.77 400 (205) 4.1
(coverage ~ 6 X 10~° 136 0.52 4.16 420 (180) 3.1
mol /cm?) 241 0.49 6.01 440 (185) 2.5
496 0.36 8.08 460 (165) 1.6

B. H,0, 0.1 M Fe(CN)¢4—, 0.01 M Fe(CN)63~ (Ereqox = +0.13 V vs. SCE)
“derivatized” 28.3 0.42 0.40 210 (110) 1.4
(coverage ~ 7 X 107° 120 0.38 1.28 265 (100) 1.1
mol/cm?) 591 0.22 2.85 285 (100) 0.5
1280 0.11 2.97 290 (90) 0.2

4 Data are from curves shown in Figures 6 and 7. & Input power is from a 632.8-nm He-Ne laser. For power density multiply by 13 cm~2
for electrode in part A; multiply by 26 cm™2 for electrode in part B. ¢ Quantum yield for electron flow at Eeqox; this corresponds to the short-circuit
quantum yield measured as the number of electrons passed per incident photon. ¢ Maximum voltage is the open-circuit photopotential and
the value in parentheses is the output voltage at the maximum power point. ¢ Efficiency for conversion of 632.8-nm light to electricity.
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Figure 7, Current-voltage curves for n-Si photoelectrode derivatized with
(1,1/-ferrocenediyl)dichlorosilane in stirred 0.1 M Fe(CN)g4—, 0.01 M
Fe(CN)¢e>~, in doubly distilled, deionized H,O. n-Si illuminated at 632.8
nm at the indicated power. Solution Eeqox = +0.13 V vs. SCE; scan rate
5 mV/s. See also Table I.

after recording the current-potential curves. Coverage of
electroactive material was invariant within 2%.

Figure 7 shows equilibrium current-potential curves for a
derivatized Si-based photoelectrochemical cell employing an
H,0 solution of Fe(CN)¢3~/Fe(CN)g¢*~ with E eqox at +0.13
V vs. SCE. Such curves could not be recorded at all for a naked
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Si-based cell, since the surface undergoes decomposition on
the time scale of one scan. A summary of the output properties
of the cell is included in Table I. The data show that it is pos-
sible to effect light to electrical energy conversion, but again
the efficiencies are low. The short-circuit quantum yields are
high, but the output potential and fill factor are poor as in
Figure 6.

Summary

The experiments described herein illustrate some of the
potential utility of molecular derivatization of semiconductor
photoelectrodes. The data adequately show that n-type Si can
be substantially protected from deleterious SiO, growth under
illumination in H,O containing electrolyte solutions. The
change in current efficiency for SiO, growth is a consequence
of change in relative rates of interfacial charge transfer pro-
cesses. Manipulation of the kinetics is likely attributable in part
to the physical protection of the surface of the Si by the deri-
vatizing layer of ferrocene material, but this point needs further
study. Further, derivatization appears to result in photosen-
sitive surfaces with output parameters (potential, current)
which can be as good as the naked Si in dry electrolyte solution.
Finally, the n-type semiconductor has a response to two stimuli
(light and potential) with respect to oxidation processes and
has allowed the first direct proof of mediated electron transfer
at a derivatized electrode of any kind. Mediated oxidation of
ferrocene in EtOH and Fe(CN)4*~ in H,0 solution has been
demonstrated. Derivatized electrodes have been prepared
which pass >10% electrons per electroactive site without de-
terioration of properties.

Experimental Section

Electrodes. Single-crystal, n-type Si wafers (0.25 mm thick, 111
face) doped with Sb and with resistivity of 4-5 Q cm were obtained
from General Diode Co., Framingham, Mass. The wafers were cut
into pieces of area ~0.3 cm? and mounted as electrodes as previously
reported.®® The back surface was rubbed with a Ga-In eutectic and
secured with conducting Ag epoxy to a coiled Cu wire. The Cu wire
lead was passed through a glass tube, and all surfaces were insulated
with ordinary epoxy so as to leave only the front surface of the semi-
conductor exposed.

Before use, all electrodes were first etched in concentrated HF and
rinsed with distilled H,O. Electrodes to be used as “naked” electrodes
were then rinsed in acetone and air dried; however, electrodes which
were to be derivatized were immersed for 60 s in 10 M NaOH, before
rinsing with distilled H,O and acetone.

For derivatization, the electrodes were exposed for 1-3 h to a so-
lution of ~1072 M (1,1’-ferrocenediyl)dichlorosilane®1% in Ar-purged
isooctane (298 K) under an Ar atmosphere. The electrodes were then
rinsed in isooctane and in absolute EtOH and used in photoelectro-
chemical cells.

Chemicals, Reagent grade K;3{Fe(CN)¢], K4[Fe(CN)¢]-:3H»0, and
anhydrous NaClO, were used as received from commercial sources.
Polarographic grade [n-BusN]ClO4 (Southwestern Analytical
Chemicals) was dried in an oven for several days prior to use, and
reagent-quality ferrocene was further purified by sublimation. Ab-
solute EtOH and spectroquality isooctane were used without further
purification.

Electrochemical Characterization. All experiments were performed
in single-compartment Pyrex vessels equipped with a saturated cal-
omel (SCE) reference electrode, Pt wire cathode, and Si photoanode.
The supporting electrolytes were either 0.1 M [#-BusN]ClOy in ab-
solute EtOH or 0.1 M NaClO; in distilled H,O; however, for exper-
iments in 0.1 M Fe(CN)¢*~, no supporting electrolyte was necessary
owing to the already high ionic concentration. Cyclic voltammograms
and equilibrium current-voltage curves were obtained using a PAR
173 potentiostat equipped with a Model 179 coulometer and driven
by a Model 175 voltage programmer. Traces were recorded on a
Houston Instruments XY recorder, or, for current vs, time plots, on
a Hewlett-Packard strip chart recorder. A 500-W tungsten-halogen
lamp was used for cyclic voltammograms with Fe(CN)g*~; for all
other experiments, uniform irradiation of ~3 mW at 632.8 nm was
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provided by a He-Ne laser. Laser intensity was varied with Corning
colored glass filters and monitored with a beam splitter and a Tek-
tronix J16 digital radiometer equipped with J6502 probe. The laser
beam was masked to match the size of the Si surface.

For experiments involving switching between different solutions
(e.g., with and without ferrocene), the various solutions were prepared
in advance in separate Pyrex cells using a common sample of sup-
porting electrolyte. The interchange of solutions was effected by first
disconnecting the potentiostat leads and then, with all electrodes
clamped in place, removing the initial cell, rinsing the electrodes in
a beaker of pure solvent, and then securing the new solution-containing
cell in position. The controlled addition of H,O to ferrocene-EtOH
solutions was accomplished by disconnecting the potentiostat leads
and injecting by syringe a premeasured aliquot of distilled H,O. The
solution was stirred briefly by a magnetic stir bar, and the voltam-
metric scans were then resumed.

Electrodes destined for use in aqueous solution first had their cyclic
voltammetric properties recorded in 0.1 M [n-BuyN]ClO4-EtOH
immediately after derivatization. The electrodes were then transferred
to a cell containing 0.1 M NaClOy in doubly distilled deionized H,O.
For cyclic voltammetric studies (Figure 4), the electrodes were
scanned several times until their voltammetric behavior had stabilized;
for current vs. time studies (Figure 5), the electrodes were instead
irradiated while at +0.2 V vs. SCE until the anodic current due to
oxidation of surface-attached material had declined to less than 0.5
uA. Following this preliminary procedure, the Fe(CN)g*~ was in-
troduced by pipet or syringe injection of a measured amount of
Fe(CN)g*~ stock solution. In the current against time plots, mediated
electron transfer to Fe(CN)g*~ was thereby initiated, and the pho-
tocurrent immediately assumed, and maintained, the value shown in
Figure 5.

For equilibrium current-potential curves in aqueous Fe(CN)g*~
(Figure 7), the electrodes were derivatized and checked in 0.1 M
[n-BusN]ClO4-EtOH as above. However, they were then transferred
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directly to a cell containing 0.1 M Fe(CN)¢*~ and 0.01 M Fe(CN)g3~
in doubly distilled, deionized water, without preliminary cycling in
0.1 M NaC104—H20.
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Mechanistic Studies of Arene Oxide and Diol Epoxide
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Abstract: Using the semiempirical all valence electron MINDO/3 method, the mechanisms of acid-catalyzed rearrangement
and hydrolysis of benzene oxide and benzene diol epoxide were studied. Both product stabilities and reaction pathways were
calculated. The results show that benzene oxide prefers phenol formation to hydrolysis, and suggest that the mechanism for
this reaction involves rate-determining Sx1-type formation of a carbocation quickly followed by the NIH shift, in agreement
with experiment. Formation of a carbocation in benzene diol epoxide is less favorable, and should also be followed by the NIH
shift leading to a ketone. Since this sort of ketone is only a minor product of the diol epoxides studied to date, it is inferred that
the hydrolysis of benzene diol epoxide does not proceed by carbocation trapping, but instead by an Sx2 mechanism. These re-
sults are used to rationalize why polycyclic diol epoxides are highly mutagenic and good candidates as ultimate carcinogens,

whereas polycyclic arene oxides are not.

Introduction

In 1950 Boyland suggested that arene oxides are formed
as intermediates in the metabolism of polycyclic aromatic
hydrocarbons.! Subsequent work by Jerina established that
naphthalene is metabolized to 1-naphthol via an arene oxide
intermediate, and demonstrated what has become the hallmark
of such reactions: a Whitmore 1,2 shift? related to the familiar
pinacol rearrangement? and now called the NIH shift.4 Arene
oxides have now been implicated in the formation of phenols,
diols, ketones, glutathione conjugates, and other important
metabolites of polycyclic aromatic hydrocarbons.’
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Recently, much attention has been paid to the formation and
reactions of arene oxides as a result of interest in the bay region
hypothesis. As illustrated below, it is now thought that the
activation of polycyclic aromatic hydrocarbons to ultimate
carcinogens requires three steps: initial epoxidation by the
P-450 monooxygenases, followed by epoxide hydrase mediated
hydrolysis, and a second epoxidation. This yields a diol epoxide
which can interact with tissue nucleophiles including DNA.
The bay region hypothesis is supported by observations on
benz[a]anthracene,® 7-methylbenz[a]anthracene,” ben-
zo[a]pyrene,® 3-methylcholanthrene,® dibenz[a,h]anthra-
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