mained completely stationary in space, but
still exhibited intensity fluctuations of up to
40%. Because individual small fluorophores
locked in the gel matrix yielded stable in-
tensities (Fig. 3), we tentatively interpret
these amplitude fluctuations as resulting
from slow orientational changes of the flu-
orophore relative to the laser polarization.
The motion of the fluorophore label is like-
ly to be hindered. by the gel matrix and the
nearby protein conformation.

Our experiments indicate that PAA gels

~ offer promise as hosts for single-molecule stud- -

ies of biological systems. Ease of preparation
and controllable pore size make this host ma-
terial a particularly flexible matrix that should
facilitate the study of singly labeled proteins,
electrophoresis (29), and individual reactions
in solutions. For small fluorophores like nile
red, gels as hosts hinder the distance traveled
as a result of Brownian motion by approxi-
mately two orders of magnitude in each direc-
tion for observations on the order of 1 s. This
observation means that the signal from any
one solvated molecule is concentrated in
1/10,000th of the area of a similar molecule in
free solution, thus providing a large increase
in detectability.solely from the use of the
PAA matrix. Although biased in the axial
direction, the use of the evanescent field gen-
erated by TIR has yielded 3D trajectories of
single: molecules in solution (30).
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Rate Constants for Charge Transfer Across
Semiconductor-Liquid Interfaces

Arnel M. Fajardo and Nathan S. Lewis”

Interfacial charge-transfer rate constants have been measured for n-type Si electrodes
in contact with a series of viologen-based redox couples in methanol through analyses
of the behavior of these junctions with respect to their current density versus potential
and differential capacitance versus potential properties. The data allow evaluation of the
maximum rate constant (and therefore the electronic coupling) for majority carriers in the
solid as well as of the dependence of the rate constant on the driving force for transfer
of delocalized electrons from the n-Si semiconducting electrode into the localized mo-
lecular redox species in the solution phase. The data are in good agreement with existing
models of this interfacial electron transfer process and provide insight into the funda-
mental kinetic events underlying the use of semiconducting photoelectrodes in appll-

cations such as solar energy conversion.

Charge-transfer' rate constants from delocal-
ized carriers in a semiconducting electrode to
outer-sphere redox systems in a liquid electro-
lyte are an important, controversial, and rel-
atively unexplored aspect of photoelectro-
chemical energy conversion devices (I-7).
The kinetic behavior of the delocalized elec-
tron in the solid transferring to an electron
acceptor in the solution phase is a key issue
that is not as fully understood as the process of
charge transfer between molecular donors and
acceptors in the photosynthetic process (8)
and related model systems (9). Research has
recently focused on the magnitude of the elec-
tronic coupling terms of these interfacial pro-
cesses, because such quantities are required to
estimate the maximum charge-transfer rate

" constant expected under conditions of opti-

mal exoergicity (2, 6, 10-12). Very large
charge-transfer rate constants of majority car-
riers in the semiconductor can lead to sub-
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stantial levels of recombination and efficiency
losses in photoelectrochemical energy conver-
sion devices, whereas very small interfacial
rate constants would be undesirable because
they could prevent efficient collection of pho-
togenerated minority charge carriers by redox
ions in the solution. Experimental measure-
ments of these rate constants have largely
been thwarted by the nonideal energetic be-
havior of stable semiconductor-liquid contacts
(1) and by the lack of reliable kinetic mea-
surements on stable semiconductor electrodes
in contact with outer-sphere redox couples
(2). Here, we describe measurements ~of
charge-transfer rate constants for n-type Si
electrodes in contact with a series of viologen
acceptors. These data have vyielded experi-
mental values for the maximum majority car-
rier charge-transfer rate constant at optimal
exoergicity and for the reorganization energy
for charge transfer across these solid-liquid
junctions.

Single-crystal, (100)-oriented n-Si elec-
trodes with donor densities Ny of either
7.84 X 10 or 6.95 X 10" cm™> were used in
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this study. The electrodes were etched in 48%
aqueous HF and rinsed with CH;OH, and the
subsequent electrochemistry was performed in
an anaerobic atmosphere with standard dry-
box methods to prevent oxidation of the Si
surface (13). Electrochemical methods and
instrumentation were as desctibed previously
(10), and all of the redox couples were syn-
thesized and purified according to published
procedures (14). The electrolyte in all cells
was 1.0 M LiCl.

The desired interfacial charge-transfer rate
constant is expected to be bimolecular—that
is, first order in the concentration of electrons
at the semiconductor surface n_ and first order
in the concentration of electron acceptors in
the interphase region of the electrolyte [A] (2,
3). Hence, to extract reliably the desired
charge-transfer rate constant from steady-state
current density (J)-potential (E) measure-

ments, two criteria must be met: The interfa- .

cial energetics must be known so that the bulk
electron concentration can be related to n,,
and the measured J must be linearly depen-
dent on both n_ and [A]. As described below,
the systems we studied satisfy these two
criteria. Thus, the desired rate constant k,
is readily extracted from the data, because
k.. = Jl(gn[A]), where q is the electronic
charge and the other quantities are deter-
mined experimentally.

The energetics of the various Si-CH;OH
contacts were determined by measurement
of differential capacitance versus potential.
In this well-known technique, the recipro-
cal of the square of the differential capaci-
tance of the semiconductor, C_, should be
linearly related to the electrode potential

and should be independent of the measure-
mentfrequency (3, 15). Although frequency-
dependent C__ behavior has generally been
reported for semiconductor electrodes in
contact with nonaqueous solvents (16),
which makes extraction of the desired en-
ergetic parameters problematic, careful at-
tention to various experimental factors (in-
cluding maximizing the electrode area/pe-
rimeter ratio and minimizing the frequency
dispersion due to the potentiostat and
counterelectrode) allowed experimental re-
alization of this ideally expected behavior
(Fig. 1). The CZ? versus E data for n-Si
electrodes in contact with two representa-
tive redox systems, benzyl viologen®*/*
and  1,1'-bis(diethoxycarbonylmethyl)-
4,4’ bipyridinium?*/*, are shown in Fig.
1, B and C. The data were independent of
frequency from 2.5 to 100 kHz (that is,
log-log plots of the magnitude of imped-
ance versus frequency at various potentials
in reverse bias were linear, with slopes of
—1.00 from 10° to 10° Hz; Fig. 1A), and
the slope of the best-fit line through the
C.? versus E data was within 10% of the
value expected from the known dopant
density of the electrodes. The intercept
yielded the flat-band potential E,, which
was then used to measure the driving force
for the interfacial electron transfer event

AG®’, with
AG®' = gEq, — kT In(N/N,)
~GEV(AIAT) M)

where E°'(A/A ™) is the formal reduction
potential of the solution, N_ is the effec-

Fig. 1. Impedance char- 105 p———rrrrm e 30

acteristics: of an n-Si EA ]

electrode with a. mea- X 5F

sured dopant density of 20k

7.84 X 10 cm~—%and a 104

photographic area of & 15

0.83 cm2. (A) A repre-  E 10k

sentative Bode plot (log- &

arithm of the magnitude N & 5F

of the impedance 121 ver- 10% )

sus logarithm of the © 30fT T T T T T
measurement frequen- ;"3 o5F c &
cy) of the n-Si-CH;OH- Q

benzyl viologen?* (10 102 L . 20 E
mM)-benzyl viologen* 109 F 10t H 10 3 E
(10 mM) contact at an requency (Hz) 15

applied potential of +0.418 V versus SCE. The slope of the 10F E
linear regression was —0.998. (B) A plot of the inverse square sk . 3
of Cg, versus E for the n-Si-CH,OH-benzyl viologen2*/+ 3

contact. Data and linear regression fits are shown for two
representative frequencies, 2.5 kHz (data, [J; fit, dashed line)

L i a1l o121
0706 04 02 0 02 04

E(V vs. SCE)

and 100 kHz (data, @; fit, solid line). Over this frequency
range, the x-intercept changed by 5 mV and averaged —0.6083 V versus SCE. The arrow signifies the
solution potential of —0.382 V versus SCE. (C) A plot of C;2 versus E for the n-Si-CH,OH-1,1'-

C

bis(diethoxycarbonylmethyl)-4,4’-bipyridinium?+/* contact. Over the same frequency range given in (B),
the x-intercept changed by 6 mV and averaged —0.601 V versus SCE. The solution potential, marked
by the arrow, was —0:195 V versus SCE. Standard deviations in the value of £, over a number of trials

on various Si-CH;OH contacts were ~20 mV.
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tive density of states in the semiconductor
conduction band, k is the Boltzmann con-
stant, and T is the cell temperature. E,
was also used to relate n, to Ny at the
various electrode potentials of interest in
the kinetic measurements through the
Boltzmann relation

n, = Ny exp[—q(E — Eg,)/KT] (2)

(3, 15). Although the redox potentials of
the solutions we used varied by >400 mV,
the Si electrode showed ideal energetic

‘behavior (4) in that the conduction band

edge energy remained constant at —0.92
V versus the saturated calomel electrode
(SCE) for the entire range of viologen
systems.

The representative kinetic behavior of
these Si-liquid contacts is shown in Fig. 2.

A

—~ 0.1
Q
£ .02
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£ .03
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-0.4
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[Al =100 mM 3

/

In[-J (A cm™2)]

_ [A] = 10 mM

LY
-10.5 UTTRNTIOTTIOTIR. ST W
-052 -048 -044 -040 -0.36
E(V vs. SCE)

Fig. 2. J-E characteristics, corrected for solution
resistance and concentration overpotentials, for
the n-Si-CH,OH-benzyl viologen?*/* interface.
The specifications of the n-Si electrode are the
same as those in Fig. 1. (A) A comparison of the
J-E behavior of a 1.1-cm? Pt electrode and that of
an n-Si electrode in contact with CH;OH-benzyl
viologen®* (10 mM)—benzyl viologen* (10 mM).
The increased polarization required at the semi-
conductor electrode to produce the same current
density as at the Pt electrode indicates that the
currents of the Si-liquid contact are limited primar-
ily by interfacial charge-transfer kinetics and not
by mass transport nor by concentration overpo-
tentials. (B) The shift in J of an n-Si electrode as
the concentration of electron acceptor [A] is in-
creased (with [A~] held constant at 10 mM) and as
the electrode potential is varied indicates a first-
order kinetic dependence of the interfacial flux on
both the acceptor concentration and the electron
concentration at the surface of the semiconduc-
tor. Linear regression of In J versus E vyielded
slopes of 68.6 + 0.5 (correlation coefficient R =
0.997)and 65.0 £ 0.3 mV (R = 0.999) per decade
of J for the data displayed with [A] = 10 mM and
100 mM, respectively.




In each case, the J-E data exhibited rectifi-
cation to anodic current flow, with

J ==J(exp{—d[E — E(A/AT)]YKT} — 1)
' 3)

where J | is the exchange current density of
the semiconductor-liquid contact, E(A/
A7) is the Nernst potential of the solution,
and vy is the diode quality factor. The data
clearly reflected kinetic limitations to
charge transfer at the semiconductor-liquid
contact because the current density ob-
served at a potential of the Si electrode was
far lower than that observed at the same
potential of a Pt electrode in the same
electrolyte solution (Fig. 2A). After correc-
tion for series resistance and concentration
overpotentials (17), the current density of
the Si electrodes displayed a linear depen-
dence of In J versus E in the forward bias
(cathodic current) region, with a slope of
66 = 14 mV (1o standard deviation over 22
trials) per decade of current density (Fig.
2B). This result verifies that the charge-
transfer event is linearly dependent on n_
with a slope close to the theoretically ex-
pected value of 59 mV per decade of current
density (4). The data in Fig. 2B also show
the expected dependence of J on the accep-
tor concentration; when [A] was increased,
the J at a given potential increased. The
potential shift in the J-E behavior is expect-
ed to be 59 mV for a 10-fold increase in [A]
(3), and the data typically showed shifts of
55 to 62 mV per decade of [A] for all of the

redox couples we studied. Because of these
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nearly ideal dependences, the k,, values de-
duced from the data were essentially inde-
pendent of the E and [A] values chosen for
evaluation, with any variation incorporated
into the error bars of the quoted k., result
(Fig. 3). These error bars also incorporate the
errors of the C% versus E data in assigning
E, and therefore in calculating n.. All rate
measurements were performed at potentials
at which J far exceeded J | to ensure that the
rate of electron injection from the solution
into the semiconductor was negligible com-
pared with the rate of electron transfer from
the solid into the electrolyte. A value of k,,
= (6 + 3) X 107 cm* s™! is obtained from
the data of Figs. 1 and 2 for the Si- CH3OH—
benzyl viologen?*/* contact.

The k., data for various Si-CH;OH-
v1ologenz+/+ contacts, plotted as k,, ver-
sus AG®’ (18), are compiled in Fig. 3. The
data show avalue of k.. of ~6 X 107"
cm* s7!. This maximum value for k, is in
excellent accord with the predlctlons of a
working model for estimating such rate
constants (2, 10, 19). In addition, our
data are incompatible with suggestions
that k. ... for majority carrier transfer is
in general >10"* cm* s~ ! and is perhaps
as large as 1072 em*s™! (6, 12, 20). The
data thus indicate that the effective cap-
ture cross section of the outer-sphere re-
dox acceptors studied here is close to their
geometric cross section, as expected for an
off-resonance event (2). The reorganiza-
tion energy A deduced from a fit of the
data of Fig. 3 to the classical parabolic

R e
- B o
R : 3 v VI
n ; : ]
£ ; :{N :
< e
Q 10-17 3 = +'." \
: E 7L E

o
A0 18 b e ) D T B 1 “ 1 SR

-0.3 -0.4 0.5 -0.6 07 03 0.4 -0.5 -06 07
AG (V)

Fig. 3. Plots of the electron transfer rate constant k,, as a function of the driving force for the

charge-transfer event AG®’. The redox systems were 7,8-dihydro-6H-dipyrido[1,2-a:2’,1

'-c]-[1,4]-di-

azepinium?*/+ (1), 6,7-dihydro-2,11-dimethyldipyrido[1,2-a:2’,1’-c]pyrazinium2*/+ (i), 6,7-dihydro-
dipyrido[1,2-a:2’,1’-c]pyrazinium?*/* (lll), methyl viologen?*/* (IV), benzyl viologen2*/* (V), 1,1’-bis-

(ethoxycarbonylmethyl)-4,4’-bipyridinium?2*/+  (VI),

and 1,1'-bis(diethoxycarbonylmethyl)-4,4’-bipyri-

dinium?*/+ (VIl). The errors in the rate constant determination (vertical error bars) arose mostly from
errors associated with determination of the surface electron concentration, which is exponentially
dependent on the experimentally determined £, (whose error is reflected in the horizontal error bars). (A)
The solid curve depicts the behavior expected from the classical Marcus theory description of such

electron transfer events, using K, ax

=5.0%x 107" cm*s~'and A = 0.70 eV. (B) The dashed curve

illustrates a fit to the predictions of classical Marcus theory for A = 0.50 eV (which required adjusting

Kot max 10 3.0 X 1077 cm* s~

required adjusting Kqy max

illustrates the limited range of \ (and k.

et,max/

1), whereas the dotted curve shows a Marcus fit to A = 1.0 eV (which
t0 3.0 X 10~ "® cm* s~ ). The lack of a good fit produced by these parameters
) that is compatible with the data.
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Marcus relation is approximately 0.6 to
0.7 eV, which is in reasonable agreement
with the value of 0.50 eV calculated for
methyl viologen?* in CH;OH from elec-
tron self-exchange rate constant measure-
ments (21). The value of N for this ion
indicated by the data of Fig. 3—a some-
what larger value than is predicted at a
metal-electrolyte interface (22)—could
arise from some reorganization of the sol-
vent around the surface electrons, from a
loss of the image charge stabilization [that
should lower \ for ions in direct or near
contact with a metallic electrode surface
(23)], or from another source. Learning
more about the generality and origin of
this effect will require further kinetic data
on related semiconductor-liquid contacts.
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the J-E data of Fig. 2B. No correction was made for
double-layer effects on the rate constant, although the
ions being reduced were dipositively charged. This cor-
rection is extremely small for a semiconductor-liquid
interface because at the electrolyte concentration we
used, the differential capacitance of the semiconductor
is about one-thousandth that of the Helmholtz layer
(compare with Fig. 1). The Frumkin correction that re-
lates the bulk and surface concentrations of a redox-
active ion in the solution is negligible under such exper-
imental conditions (W. J. Royea, O. Krlger, N. S. Lewis,
in preparation). .
. Further variation in driving force was precluded at
negative potentials, because of the formation of non-
rectifying junctions, and in the positive region, be-
cause of the change in the rate-limiting step to bulk
recembination-diffusion [M. L. Rosenbluth and N. S.
Lewis, J. Am. Chem. Soc. 108, 4689 (1986)]. The

Maturation of a Central

rate constants determined here primarily reflect the
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lence band process of Si-CH,OH-dimethylferro-
cene*/0 contacts, which was identified as bulk re-
combination-diffusion in this small band-gap semi-
conductor, exhibits a different dependence of J on
[A]. In addition, the use of ohmic-selective contacts
has shown directly that the J in the systems de-
scribed here is associated with electron transfer from
the conduction band as opposed to hole transfer
into the valence band [M. X. Tan, C. N. Kenyon, N. S.
Lewis, J. Phys. Chem. 98, 4959 (1994)].
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gested by the trend of the observed capture cross
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the variation of A by >1 eV for the series of acceptors
used precludes a quantitative evaluation of the gener-
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Glutamatergic Synapse

G.-Y. Wu, R. Malinow, H. T. Cline*

Whole-cell recordings from optic tectal neurons in Xenopus tadpoles were used to study
the maturation of a glutamatergic synapse. The first glutamatergic transmission is me-
diated only by N-methyl-D-aspartate (NMDA) receptors and is silent at resting potentials.
More mature synapses acquire’ transmission by a-amino-3-hydroxy-5-methyl-4-isox-
azole propionic acid (AMPA) receptors. This maturational program is mimicked by
postsynaptic expression of constitutively active calcium-calmodulin—dependent protein

kinase Il (CaMKII). Newly formed synapses

may be silent unless sufficient depolarization

is provided by coincident activity that could activate postsynaptic CaMKI|, resulting in

the appearance of AMPA responses.

Mo_st excitatory synapses in the vertebrate
central nervous system use glutamate to me-
diate synaptic trarismission (1) through two
types of ionotropic receptors, the AMPA
and NMDA receptors. AMPA and NMDA
receptors are distinguishable by their phar-
macological and biophysical properties (2).
In particular, at hyperpolarized potentials,
NMDA receptor channels are to a-large
extent blocked by Mg?*, whereas AMPA
receptors are capable of transmission. Al-
though a single neuron may express both
receptors (3), their distribution at individual
synapses is less clear (4, 5). Recent studies
have suggested that many synapses in early
postnatal hippocampus have only functional
NMDA receptors (6-9). A wide spectrum of
developmental stages can be studied in a
single tadpole optic tectum because neurons
are in different developmental stages along
the rostrocaudal (RC) axis (10). We inves-
tigated the physiological properties of early
synaptic development in this system and ex-
amined whether retinotectal synapses initial-
ly transmit with only NMDA receptors and
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"add an AMPA component with maturation.

We also investigated the role of the cal-
cium-calmodulin—dependent protein ki-
nase II (CaMKII) in synaptic maturation.
The expression of this enzyme is develop-
mentally regulated (11), is concentrated in

Fig. 1. (A) Diagram of A
the whole-brain prepara-
tion showing the stimu-
lating electrode (S) in the
optic chiasm and the re-
cording  patch-pipette
(R) in the optic tectal cell
body region (OT). Tel,
telencephalon; ON, optic
nerve. (B) Plot of dendrit-
ic branchtip number ver-
sus relative distance
from the caudal border
of the optic tectum. (C)
EPSC amplitude does
not change over a range
of stimulus intensities

20 10 12.14 16 18 20 22 2430V
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ality of this observation. In addition, the anomalously
steep decline in rate constant observed at high exo-
ergicity, along with an anomalous pH dependence of
the rate constant for reduction of aqueous Fe(CN)4®~,
led these authors to suggest a strong role for inner-
sphere electron transfer, adsorption processes, or
both in these kinetic events. Our rate constant data
are in qualitative agreement with the value of kg 0
suggested by these authors, although such agree-
ment might well be fortuitous.
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synaptic regions (12, 13), and has been
implicated in control of neuronal growth
and synaptogenesis (14-16), as well as in
activity-dependent synaptic plasticity (17—
21). To determine whether CaMKII activ-
ity is sufficient to cause maturation of glu-
tamatergic synapses, we increased CaMKII
activity specifically in postsynaptic tectal
neurons, and not in the presynaptic retinal
afferents, by infecting tectal cells with a

~ vaccinia virus (22) carrying the gene for

a truncated calcium-calmodulin—indepen-
dent form of CaMKII (tCaMKII) (20).
Morphological development of tectal
neurons correlates well with position of the
cell body along the RC axis (Fig. 1B), in-
dicating that position along the RC axis
can be used to select neurons at different
stages of maturation. Whole-cell recordings
were obtained from tectal neurons at differ-
ent sites along the RC axis, and synaptic
transmission was evoked by a stimulating
electrode placed in the optic chiasm (Fig.
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The stimulus duration was varied (30 to 150 ws) so that threshold responses were obtained at about
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(x axis) to determine response sensitivity to variations in stimulus intensity.
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