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ABSTRACT

In situ ellipsometry was used to study the electrodeposition of the viologen-based redox polymer formed by electrore-
duction of N,N’-bis[-3-(trimethoxysilyl)propyl}-4,4’-bipyridinium dichloride (I) at Pt electrodes. The importance of dimer-
ization of the 1+ species in the film was demonstrated by comparing voltammetric results for thin films of the polymer with
equations derived for the current, peak potential, and limiting shape of thin layer, linear sweep voltammograms for a
kinetically reversible couple, where one form of the couple undergoes fast reversible dimerization. The complex refractive
index and viologen concentration for solvent swollen films were determined for the 2+ and 1+ states of the viologen groups
during film growth. The polymer deposited isotropically to thicknesses of =400 nm (2+ state). High quality films for
ellipsometric measurements were also formed by spin-coating the electrode with ethanolic solutions of I. The film optical
constants, degree of film swelling by solvent sorption, and changes in swelling associated with reduction in blank elec-
trolyte solution were determined from least squares analysis of data for multiple angles of incidence, without resorting to
auxiliary measurements. Reduction caused film shrinkage of about 25%. Modeling of transient ellipsometric data for large
potential steps was used to test the theory that electron transport represents a diffusion process. Theoretical curves were
calculated by treating the film as a system of stratified layers whose optical constants were given by effective medium
theory using the refractive indexes of completely reduced and oxidized films and simulated thin layer conversion profiles
(i.e., gradients) for diffusional transport. During film reduction, hopping of electrons (between 1+ and 2+ centers) effectively
followed a diffusion model, with reduction proceeding outward from the electrode/film interface. Film oxidation back to
the 2+ state was slower and required film reswelling, which lagged the extent of oxidation during both fast and slow
conversions (i.e., during potential steps and sweeps). Ellipsometric data provided the first direct evidence that film expan-
sion driven by a redox process can impede charge transport.

Research of polymer modified electrodes (PMEs) is now a
fairly mature area.’? Electron transport in polymers con-
taining bound redox sites (redox polymers) occurs by elec-
tron hopping between neighboring redox centers.? In the
simplest case, where the negligible resistive potential drop
or phase changes occur in the film, electron transport can
be represented as a diffusion process with an effective dif-
fusion coefficient (D,).* However, electron transport during
electrochemical conversion of redox polymers can be influ-
enced by coupled processes, such as counterion migration
or changes in levels of film swelling by electrolyte solution,
to yield an overall observed charge-transport rate (D).
Film swelling by solution is important,®* because electron
transfer and ion transport both require local chain motion
and conformational freedom. Segmental chain motion con-
trols the collision frequency of redox centers'®" and also
creates free volume necessary for ion mobility."” The degree
of swelling can vary from about 15 to 180% for nonpolar
aprotic polymers”®® to as much as 100-fold for a proto-
nated polar polymer."’

In studies of PMEs the question typically arises: does
D, = D,, or does D represent limitations from coupled pro-
cesses? The presence of counterion or film swelling limita-
tions in redox polymers is not easily discernible from
voltammetric measurements alone. PMEs suspected of be-
ing counterion-transport limited can also give linear
chronoamperometric and chronocoulometric plots indica-
tive of diffusion-limited transport.’*'® Electrolyte depen-
dencies can suggest the presence of ion transport limita-
tions, but the nature of the electrolyte solution can also
affect intrinsic electron hopping rates by its influence on
chain packing and dynamics.”® Furthermore, D, can be
larger than D, due to field-enhanced electron hopping
(i.e., electron migration),? if a significant electric field de-
velops across the film as a result of poor ion mobility,*
which again raises the possibility of nondiffusional elec-
tron transport.

We discuss here simultaneous voltammetric and ellipso-
metric measurements of film swelling and conversion of
the siloxane-paraquat redox polymer (PQ**”*) formed by
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hydrolysis and condensation of N,N'-bis[-3-(trimeth-
oxysilyl)propyl]-4,4’-bipyridinium dichloride, 1.*** We

[(MeO)asi(CH2)3+N©>—@N*(CH2)3Si(OMe)3](Br')2

show ellipsometry not only provides in situ measurements
of film thickness (d) as a function of oxidation state, which
can give information about the effects of changes in film
swelling on D, but that its sensitivity to redox conversion
gradients can be used to verify optically that diffusional
transport prevailed. Ellipsometry has been used previously
to determine whether conversion proceeded either outward
from the electrode/film interface or inward from the film/
solution interface during electrochemical interconversion
of metal oxides,” conducting polymers,**?® and polythion-
ine.” The work presented here is the first ellipsometric
study of a highly swollen redox polymer.

PQ*/* was chosen as a good model system for the follow-
ing reasons: (i) its chemical stability and intense coloration
upon reduction allowed the precision and sensitivity neces-
sary to determine the conversion gradient. (ii) Film conver-
sion rates for this polymer yield some of the largest D,
values yet reported, making the level of film swelling and
the in situ redox site concentration for this system espe-
cially interesting. D, cannot be determined without knowl-
edge of the solvent-swollen film thickness. (iii) PQ** films
display almost ideal thin-layer behavior and the viologen
centers form dimers when reduced (Eq. 1 and 2), so PQ*"

PQ* + e =PQ* (1]
Ky
2PQ" = (PQ). (2]

b

films were suitable for testing the theory for thin-layer
voltammetry of reversible electron transfer with following
dimerization. Reversible dimerization has been seen for
other polymer-bound organic redox groups, including 10-
methylphenothiazine (PTZ), *® tetrathiafulvalene (TTF), *
and tetracyanoquinodimethane (TCNQ). * Theory has been
presented for the case of a following irreversible dimeriza-

J. Electrochem. Soc., Vol. 142, No. 12, December 1995 © The Electrochemical Society, inc. 4129



410V J. Eiectrochem. ooc., Vol. 142, No. 12, December 1995 © The Electrochemical Society, Inc.

Table I. PQ* film thicknesses and optical constants for various ambient phases.

Film Ambient phase n, k d (nm) Cp. (M)
A* N, gas 1.56 + 0.12 0.04 + 0.04 80 + 10 1.9+02
H,O vapor 1.41 * 0.005 0.005 + 0.005 189 + 5 0.80 + 0.03
(ca. 100% humidity)
MeCN-vapor 1.55 + 0.01 0.005 + 0.005 125+ 5 1.22 *+ 0.06
1.0 M KCl soln-vapor 1.47 + 0.01 0.005 =+ 0.005 149 + 5 1.02 + 0.05
1.0 M KCl soln 1.46 + 0.01 0.005 + 0.005 145 + 5 1.05 *+ 0.05
B® N, gas 1.77 = 0.02 0.005 * 0.005 88+3 —
H,O vapor 1.50 + 0.02 0.001 + 0.002 190 + 3 —
1.0 M KCl 1.49 + 0.02 0.005 + 0.005 178 + 3 1.0 + 0.05
ce N, gas 1.531 *+ 0.005 0.007 + 0.0004 251 + 1 —
1.0 MKCl 1.451 * 0.006 0.005 * 0.004 464 + 10 1.03 = 0.05

tion®® but not for a reversible system. (iv) The PQ system,
like some other redox polymers (plasma-polymerized
vinylferrocene,”* PTZ, *® and TTF %), shows unequal for-
ward and reverse conversion rates, possibly as a conse-
quence of changes in film swelling, so it is a good system for
testing the importance of changes in swelling on D.,.

Film swelling driven by solvent and ion uptake can affect
the electrochemical reaction thermodynamics, when the
mechanical energy for film expansion (i.e., PV work) is cou-
pled to the energetics of the electrochemical reaction.®*
Changes in d vs. oxidation state have been measured by
profilometry of dry TTF-functionalized polystyrene films,®
in sztu stylus response of a benzylviologen-siloxane poly-
mer,'”® and ellipsometry of polyvmylferrocene and poly-
thionine'® films; all showed about a 15% increase on con-
version to their more charged state. We expect that
coupling of the rate of film expansion to the rate of conver-
sion should occur, and such kinetic coupling might con-
tribute to the large differences reported for D, based on
steady-state vs. transient methods.*** We monitored PQ*"*
film conversion ellipsometrically as a function of time dur-
ing potential steps and sweeps to see if slow film swelling
was associated with the smaller D, observed for oxidation.

Experimental

Chemicals.—N,N’-bis [-3-(trimethoxysilyl)propyl] 4,4’-
bipyridinium dibromide was either prepared in this labo-
ratory by J. G. Gaudiello following published procedures®
or received as a gift from M. Wrighton. Water was purified
with a Milli-Q ion exchange system (Millipore Corpora-
tion) equipped with an Organex-Q cartridge and a 0.22 um
final filter. Acetonitrile (MCB Reagents) was vacuum
distilled twice from P,O; and loaded into the cell in a dry
box. All other chemicals were reagent grade and used as
received.

Electrodes.—The reference electrode was a standard
NaCl calomel electrode (SSCE); a large Pt screen served as
the counterelectrode. A Pt working electrode (area =
0.164 cm®) was made by brazing a 0.5 mm thick Pt disk
(Johnson-Matthey/AESAR, 99.99%) to the end of a brass
rod with Ag-based solder before turning down the end in a
lathe to 0.180 in. diam. It was then butted against a glass
rod of slightly smaller diameter, encased in heat-shrink-
able fluorinated ethylene-propylene (FEP) Teflon tubing,
and pressed into a tetrafluorethylene (TFE) Teflon cylinder
undersized by about 0.025 in. Compression from the under-
sized TFE Teflon shroud sealed the inner tubing against the
Pt/brass rod. The shroud was turned down to 1.000 in. diam
and faced-off along with the Pt surface to achieve copla-
narity. Successive polishing with 6, 1, and 0.25 pm diamond
paste slurries on nylon pads (Buehler, Ltd.) gave a mirror
finish. A gold-plated pin connector soldered to the brass
rod provided electrical contact. Before each experiment,
the electrode was repolished with 1 or 25 pm paste, soni-
cated in ethanol, cleaned electrochemically by cycling
between the potentials for hydrogen and oxygen evolution

F =1.52 (+0.05) X 10 mol/em?, from area of first CV in 1.0 M KCl.
= 1.6 (20.2) X 10_® mol/ecm?, from area of last deposition CV.
NH=180—4601 Ny, = 1.341 — 0i.
b N =1.85 — 4.251; baked in vacuum oven at 0.01 Torr, 60°C.
¢ Npy = 1.86 — 4.151; spin coated from EtOH.

in degassed 0.5 M H,SO,, removed at 1.1 V, and rinsed
with water.

The ellipsometrically measured complex refractive index
(N =n —~ k1) of the Pt surface varied slightly between exper-
iments because of differences in alignment and the final
polishing step. Polishing with 0.25 wm paste, which did not
lather well and gave the surface an anomalously high ex-
tinction coefficient (k = 4.65) and a slightly angle-depen-
dent refractive index, was used in the surface preparation
initially. This was discontinued because a 1.0 pm polish
gave more reproducible measurements of N,, (about 1.86 —
4.201 in air and in solution, \ = 632.8 nm) which were con-
sistent with reported values for Pt.3*%

Film preparation.—Film-coated electrodes were pre-
pared either by electroprecipitation of I from 0.2 M
K,HPO,/0.1 M KCl solutions (pH 8.9) or by spin coating the
surface with a EtOH solution of I under a dry N, blanket.
Spin-cast films are noted as such in the table footnotes.
Aqueous solutions of I were prepared by slowly adding it to
water with rapid mixing before adding buffer and adjust-
ing pH, because organotrialkoxysilanes hydrolyze more
rapidly in alkaline solution to silane triols, which form
cross-linked, colloidal, insoluble polysiloxanols.*® Elec-

R R R
I |
RSi(OMe); HOo RSi(OH)4 ——»Ho_s Sli—o SiI—OH
OH OH OH

Scheme |

trodeposited films were formed from filtered, ca. 3 mM so-
lutions of I in N,-purged single compartment cells by re-
peatedly cycling E between 0.0 and —0.78 V at sweep rates
(v) of 20 to 100 mV/s. When coated electrodes were studied
in a blank 1.0 M KCl solution, they were first rinsed with
water and dried briefly in a N, stream. N, is given for each
experiment. The uncertainty in N, caused by the presence
of a native oxide layer changes in interfacial structure as a
function of potential, and variations in surface polishing
(about 3% of n and k) had a negligible effect on estimates
of N and d for the film, because the films were thick com-
pared to interfacial layers Changing ny, or kp, by 5% af-
fected estimates of n, k, and d for films by only 1 to 2%.
Following a procedure similar to that used by Willman and
Murray to prepare benzylviologen-silane films,* we pre-
pared spin-cast films by applying a drop of monomer solu-
tion (about 5 mg of I per 10 drops of EtOH) while spinning
the electrode at 7000 rpm in a photoresist spinner (Model
EC101, Headway Research, Inc., Garland, TX). The casting
solution was prepared in air, centrifuged for 1 min (Eppen-
dorf Model 5412), and immediately pipetted onto the elec-
trode under N, gas. New films kept under flowing N, gas
shrank 3% over 12 h. They were cycled twice between dry
N, and air atmospheres to promote hydrolysis, coupling,
and cross-linking of the silane groups. Exposure to air
caused reversible film swelling of about 140%. Except for
film B in Table I, films were not baked, because baking
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did not improve their stability or affect their properties
noticeably.

Optical cell and instrumentation.— A custom Teflon cell
described previously* with cylindrical windows for inci-
dence angles (Q) from 55 to 80° vs. surface normal was used
for all ellipsometry measurements. The reference electrode
was mounted with a Swagelok fitting. An auxiliary solu-
tion compartment attached to the top port of the cell
housed the counterelectrode and was vigorously purged
with N, without introducing bubbles into the optical path.
During vapor swelling measurements, 100% relative hu-
midity was achieved by recirculating the cell atmosphere
through a water bubbler with a peristaltic pump.

Ellipsometric measurements were made with a Rudolph
Research Model 2437 ellipsometer equipped with a Model
RR2000FT rotating analyzer detector, using 632.8 nm light
from a 5 mW He-Ne laser. Fast data acquisition rates (27 ¥-
A points per second; 37.0 ms/point with an 18.52 ms obser-
vation period) and least squares fitting of multiple-thick-
ness data were achieved using software written on a
Hewlett-Packard Model 9816S computer. Multiple angle of
incidence (MAI) data was fit using the SYSNLIN regres-
sion analysis software from the Statistical Analysis Soft-
ware Institute on an IBM 3081 computer. Electrochemistry
was performed using a EG&G Princeton Applied Research
Model 175 potential programmer, Model 173 potentiostat,
and Model 179 digital coulometer; Hewlett-Packard Model
7045B and Houston Instruments Model 2000 X-Y record-
ers; and a Norland Model 3001 digital oscilloscope.

Results

Monomer electrodeposition.—In situ ellipsometry was
used to monitor film growth during reductive precipitation
of I from solution. While continuously cycling between re-
duction and reoxidation of the viologen sites, the ellipso-
metric angles (¥ and A) were recorded for each PQ*"* state
during film growth (Fig. 1). Data curves A and B were ob-
tained by recording one ¥-A point at each sweep limit of
each deposition cycle: E = —0.75 and 0.0 V, respectively.
Also shown in Fig. 1 are data for the subsequent film
swelling (curve C) and dissolution (curve D) that occurred
while holding the film in the PQ*" state.

The complex refractive index (N = n — k1) of the film for
each oxidation state was determined by least squares anal-
ysis of each data curve, using the overall reflection coeffi-
cients for a single, isotropic layer between semi-infinite
phases*® and measured N values for the bare Pt electrode
and the solution (Np, = 1.81 — 4.65f and N,;, = 1.337 — 01).

57
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Fig. 1. Experimental ellipsometric data (pomis) and calculu'ed
{curves) for the {A) 1+ and (B) 2+ states of a PQ?*/* film during gro

(E swept confinuously from 0.0 to —0.75 V, v = 100 mV/s (C)
subsequent film swelling (E = O V) and (D} dissolution. Film N for
calculated curves (A} 1.660 — 0.111, (B) 1.515 — 07, and (D) 1.425 —
0. Tick marks indicate 25 nm increments in thickness. 6 = 67°, N, =
1.81 — 4.65i.
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Fig. 2. Calculated film thicknesses for the data in Fig. 1 vs. number
of reductive sweeps. Curve fitting gave: dyg2. = 2.7 - sweep no.) —
8|.4, deg+ = 2.2 - {sweep no.) — 6.4; dg+/dbq2: = 77% from ratio of
slopes.

Best fits (Npg. = 1.660 — 0.1101 and Npge. = 1.515 — 01) were
obtained by searching a grid of n and k values for the low-
est total error sum, where d and the error sum for each ¥-A
point ([A — A )? + [V — ¥, ]%) was found by a line search
of d for each set of n and k values. Best fit curves generated
by incrementing the film thickness in the reflection equa-
tions are shown in Fig. 1 as solid curves over the data
points. kpge. = 0 not only gave the best fits of PQ* data but
also was required for self-consistent fits in which d in-
creased smoothly for points in the bend of the ¥-A plots.
The slight deviation of the calculated curve from the data
curve for the 2+ state at d > 75 nm reflects a small artificial
increase in kpge. due to incomplete oxidation as the film
grew thicker. The agreement of the experimental and theo-
retical ¥-A datain Fig. 1 and of that (not shown) for thicker
films (dpge+ > 400 nm) shows that films deposited isotropi-
cally with a constant refractive index for each state. No
asymmetric behavior representative of anisotropy of the
kind reported for Langmuir-Blodgett films*® was observed
in ¥-A plots for the transparent (2+) state, even when the
plots traversed a complete revolution (i.e., a 2w change in
the film phase thickness).

Scattering by surface roughness was not a problem dur-
ing potential-sweep depositions, when freshly prepared so-
lutions were used. However, potentiostatic reduction af
—0.74 V produced a rough film that scattered the light
beam completely when d reached about 70 nm. Varying the
sweep rate (v =20 to 100 mV/s) had no effect on film quality
because there was ample time during each cycle for the
PQ* film to swell and restructure to give a smooth film.
Doubling v required about twice as many deposition cycles
to reach the same film thickness.

Plots of d vs. deposition-cycle number (Fig. 2) were linear
after a short induction period, and the ratio of their slopes
shows that reduction caused film shrinkage of 33%. Violo-
gen concentrations (C*) for each state were calculated from
the charge under voltammetric peaks and corresponding
film thicknesses: Cfpz.=1.4 £ 0.1 Mand C. =18 £ 0.1 M
The large error estimates stem from the difficulty of meas-
uring the peak areas for surface-confined groups exclusive
of areas for I in solution. Peak areas for forward and reverse
sweeps were equal, so the change in C* represents film
shrinkage only.

With reference to Fig. 1, ellipsometric data recorded just
after the last deposition cycle, while holding E at 0.0 V
show that undried films swelled extensively (curve C) be-
fore slowly dissolving back into solution (curve D). The
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Fig. 3. MAI data sefs (points, 8 = 60 to 757 for PQ* film as
a function of bathing gas and least squares fits: N = 1.667 — 0i,
d=71nm for dry Ny; N = 1.547 — 0i, d = 125 nm for MeCN
vapor; and N=1.410 — 0i, d = 189 nm for water vapor. Also shown
are calculated growth curves for 6 = 60 and 75° and the MAI curve
for bare Pt (N = 1.8 — 4.6i).

increase in A and drop in ¥ in curve C, which began within
seconds of stopping E at 0 V and occurred over the 20 min
period, represent an increase in d and a drop in npg..
Swelling was rapid at first, about half complete in 3 min,
and continued for 17 min until dissolution became the
dominant process, causing the sharp bend in curve C. A
comparison of the least squares fit of multiple angles of
incidence (MAI) data recorded in between curves C and D
(mpq2s = 1.440 * 0.005, kpgz. = 0.0 = 0.005, and dpgz+ = 180 =
5 nm) to the values for the film at the end of the deposition
(Mpge- = 1.515 * 0.005, kpge. = 0.00 = 0.005, and dpgz. = 125 =
5 nm) confirmed that the film became considerably more
swollen when not cycled between states. Film dissolution
(curve D) was much slower than swelling, only about half
complete in 1.5 h, and required 24 h to almost finish (i.e.,
d = 20 nm). The good fit of the data in curve D by the calcu-
lated curve for npq: = 1.425 shows that the film refractive
index remained fairly constant during dissolution after
dropping initially from 1.44 in 1.5 h. The constancy of npq.
suggests that dissolution progressed inward from the film/
solution interface, etching the film away without leaching
material from within to give increased porosity and associ-
ated decrease in npg..

Solvent swelling and dimerization of PQ* centers.— Very
stable films and accurate estimates of in situ thicknesses
and optical constants are required to model transient ellip-
sometric data meaningfully. Regression analysis of MAI
data, which has not been used previously for polymer films,
was an excellent way to determine the optical constants
and thickness of preformed films. It was particularly con-

venient for measuring solvent swelling of dried films. Typ-
ical MAI data sets for a PQ* film exposed to different
bathing gases, dry N, gas, acetonitrile vapor, and water
vapor, are shown in Fig. 3, along with calculated MAI plots
(best fits) drawn at the terminal ends of theoretical film-
growth (multiple d) plots for the high and low 6 of the data
set and the corresponding film N values. The film growth
curves are shown to illustrate the phase thickness of each
film, that is, the location of the data along the periodic ¥-A
plots for constant N, which is useful in visualizing the de-
pendencies of ¥ and A on n, k, and d. Table I summarizes
results for a variety of ambient phases. Good estimates of n,
k, and d were obtained except when A fell near its inflection
point (i.e., its minima) in film growth curves for small k
(i.e., k = 0.1), which occurs at about d = 70 to 90 nm for a
range in n typical of polymers (n = 1.7 to 1.4);*" details are
given elsewhere.*® In this parameter subspace the depen-
dencies of ¥ on n and k are small and correlated throughout
the useful range of 8, making fits somewhat insensitive to k
in the range 0 to 0.1. However, the uncertainty in k and
consequently in n had only a small effect on the estimate for
d, so that d = 70 to 90 nm for the dry film data in Fig. 3, the
worst case example of MAI data analysis. Dry PQ* films
swelled substantially when exposed to solvent vapors. Va-
por from pure water caused film swelling of about 125%,
while a 1.0 M KClI solution gave only about 90% swelling
due to its lower vapor pressure. The thickness of films just
after immersion in solution equalled their thickness when
swollen by the vapor of that solution.

Although undried films dissolved into the deposition so-
lution, dried films were stable in blank electrolyte solution
after substantial initial losses, which probably involved
diffusion of monomer and short oligomers out of the film.
Break-in cycling in blank electrolyte produced repro-
ducible ¥-A plots and narrower, taller, and more symmetri-
cal cyclic voltammograms (CVs). Fitting MAI data for films
completely oxidized and reduced during slow CVs gave
precise N and d values for films in blank electrolyte solu-
tion. Typical data and best fits are plotted in Fig. 4, along
with calculated film growth curves for each oxidation state
to show how ¥ and A depend on d for each state. Results for
two films (A and C in Table I) studied over a few days are
summarized in Table II. Reduction caused film shrinkage of
0 to 35%, depending upon the age of the film in solution.
Freshly deposited films shrank the most and gave the
largest Cg,» values. Break-in cycling caused some film loss
and increased C*. Entries in Table Il indicate that break-in
increased Cgy- by about 20 + 10%. PQ* films were signifi-
cantly more swollen in blank electrolyte solution than dur-
ing their electrodeposition, as shown by lower npg. and
Ciye. values: npqz. = 1.46 vs. 1.51 and Cgpe. = 1.27 vs. 1.40 M,
respectively. npq. for transferred films was almost as low as
its value during dissolution of undried films, suggesting
that any cross-links formed during film drying did not in-
hibit swelling.

Treatment of transient ¥-A data requires consideration
of the PQ* monomer-dimer equilibrium, because of its ef-

Table Il. In situ film thicknesses, optical constants, and bulk redox concentrations for PQ**/* films in 1.0 M KCl.

D
(107 em¥/s) ©

Film Redox state n? k* d(nm)® I’ (mol/em?) © c* (M)9 Time in soln.

la PQ* 1.457 0 458 471 x 1078 1.03 9 h (virgin)

1b PQ* 1.466 0 301 3.79 x 107 1.26 — 1 day
PQ* 1.717 0.178 184 3.79 x 10°® 2.06 — 1 day

1c PQ* 1.408 0.008 202 2.18 X 1078 1.08 3.0 3 day
PQ* 1.519 0.145 152 2.18 x 1078 1.43 1.0 3 day

2a PQ* 1.456 0 145 1.55 X 1078 1.07 — 5 h (virgin)

2b PQ* 1.457 0 121 1.55 X 1078 1.28 1.6 8h
PQ* 1.508 0.115 106 1.55 x 10°® 1.46 1.2 8h

Note: Film 1 was spun cast from EtOH solution and film 2 was electrodeposited; Np, = 1.86 — 4.151 and 1.80 — 4.601, respectively.

* Estimated error of +0.008.

® Estimated error of ~5%.

¢ From peak areas during slow voltammetric sweeps.
4 Estimated error of +0.05 M.

¢ From chronocoulometry during large amplitude potential steps, using C* of initial state.
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Fig. 4. Ellipsometric data (dots} for ~200 nm film (1c in Table II)
during 100 mV/s sweeps (i.e., Fig. 8B): one CV per angle, 6 = 60, 65,
70, and 75°; E = 0.0 to —0.785 V; 37 ms/point. Calculated MAI
curves (connected + signs; for N and d from best fits of the MAI data
for the fully oxidized (PQ*, d = 202 nm, N = 1.408 — 0.008i) and
reduced forms (PQ*, d = 152 nm, N = 1.519 — 0.145i} and for the
polished electrode {Pt, d = 0, N=1.86 — 4.15i} are plotted over the
data, along with calculated multiple thickness curves for 6 = 60 and
:f"konly. The arrows indicate the direction of increasing film

ickness.

fect on the film optical constants. Dimerization of various
viologen radical cations has been studied by electron spin
resonance (ESR) #*° and UV-vis spectroscopy.®® It is fa-
vored in aqueous solutions, at lower temperatures, and at
higher viologen radical concentrations®**® and can be iden-
tified by a blue to violet color shift (absorption A, =
603 nm to A\, = 550 nm). Intramolecular dimer formation

50 pA

cathodic *

V vs SSCE

anodic *

measured

calculated —_—

Fig. 5. Comparison of measured CV peaks for a 140 nm film and
theoretical peaks fromEq. 3. v=50mV/s, C*= 1.3 M,and K =7.7 X
10° M. Calculated peaks are faller and narrower and were drawn
separated by 15 mV to align them with measured peaks for easy
comparison of peak shapes.
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Fig. 6. Ellipsometric data (dots) for film 1c in Table Il during multiple
0.5 s potential steps between E = 0.0 and —0.75 V. The bottom set of
points from right fo left corresponds to reduction and the top set vice
versa to oxidation. The solid curves were calculated from conversion
profiles for various simulated modes of conversion: (A and A’} con-
version by diffusional electron transport from/to the elecirode; (B)
uniform conversions; (C and C’) two-layer conversion model; and (D)
diffusional charge-transport coupled with dimerization/monomer-
ization reaction channels, that is, Eq. 6 with k, = 1.3 x 10°s™', K =
k/k,=7.7 X 10°M, and D,=3.0 x 10~ em?/s. Neg2. = 1.408 —

0.012i, dug2e = 201.5 nm, Nog: = 1.519 — 0.145i, dpg. = 149.5 nm.

is highly favored in covalently linked systems. 238335657 The
positive shift in E,, for I concentrated in a thin film vs. in
dilute solution can provide an estimate of the dimer forma-
tion constant for film-bound PQ' centers (reaction 2).
Although theory has been presented for the effects of
irreversible dimerization on linear potential-sweep volt-
ammetry of thin-layer systems,** we found no treatment of
the effects of reversible dimer formation on a nernstian
thin-layer system. The expression for this case (see Ap-
pendix A) is

i/[n*F*Vu /4RT] = K '0{(1 + 8) — Z}{8/Z — 1} [3]

where i is the current, Z = [(1 + 0)* + 8KC*]"?, 0 = exp
[nF(E — E°’)/RT], E is the electrode potential, E°’ is the
formal potential of the couple in the absence of the dimer-
ization reaction (i.e., in dilute solution), C* is considered
constant (i.e., constant film thickness), V= A - d is the vol-
ume of the thin layer, and K = [(PQ"),)/[PQ']? is the dimer
formation constant. General analytical expressions for
the peak width at half-maximum (FWHM) and peak poten-
tial (E;) could not be found, but in the limiting region of
KC* > 500

E, = E° + (RT/2nF) In (KC*) [4]
E,=E° +(30/n) log (KC*) for T=25°C and EinmV [5)

Equation 3 predicts symmetrical mirror image oxidation
and reduction peaks, positive of E°' when the reduced form
of the couple undergoes dimerization and negative of E°
when the oxidized form undergoes dimerization. Peaks be-
come taller and narrower (limiting FWHM = 66/n mV for
KC* > 500) than for a simple nernstian thin layer system
(FWHM = 91/n mV).* .
Experimental CVs for low sweep rates approached the
limiting shape predicted by Eq. 3 (see Fig. 5). Calculated
CVs for KC* =1 X 10* closely matched the size, width, and
E,;; of experimental CVs, which were 70 mV wide and
about 120 mV positive of E°" = — 0.69 V. (E°' was estimated
from the average peak potentials, E, . and E, ,, for Iin dilute
solutions.) Experimental peaks were slightly shorter and
wider than the limiting theoretical shape, because small
oxidation-state gradients probably persisted even at this v.
The measured C* and shift in E,,, provide a good estimate
of K: using C* = (Cgp. + C)/2 = 1.3 M gives K = 7.7
(%0.8) X 10° M, a value an order of magnitude larger than
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literature values for methylviologen (MV?*) in solution.**®

However, this value is smaller than values for low di-
mensional systems®® and is consistent with reports that
dimer formation is more favored in covalently linked
bis-viologens.*

From the expression for the dimer formation constant
and its value,* one can show that only a few percent of the
PQ* centers should be monomeric after only a small frac-
tion of the centers are reduced. Absorbance studies have
also shown that dimerization of PQ' centers is so complete
that films behave optically as a two-state system with a
negligible concentration of monomeric centers.”® In this
case, kpq+ should be proportional to the concentration and
absorptivity of reduced centers; k is related to the molar
absorptivity (€) and concentration of absorbing centers (C)
by 4wk /A = 2.303eC, where \ is wavelength in ecm.* The kpq.
and Cg,. values in Table II give an average e = 7.6 = 1.3 X
10° M~! em™ at 632.8 nm. This value is higher than the
value from reported absorbance spectra for PQ" films on
transparent substrates,” € = 5.7 (x0.5) X 10° M ' cm™!; and
for MV* in solution,” € = 4.3 (£0.3) X 10* M cm !, a value
probably low by about 30% according to Watanabe and
Honda.®

Potential-step conversion between PQ?*'* states.—By
comparing measured data and calculated curves we can use
the sensitivity of ellipsometry to oxidation-state gradients
to see if the charge transport obeyed the diffusion laws.
¥-A data and calculated curves for film conversion during
large amplitude, 0.5 s double-potential steps are given in
Fig. 6. Comparing the data to curve B, which represents
uniform (zero gradient) conversion of the film between the
N and d values from MAI analysis, illustrates how concen-
tration gradients cause hysteresis in ¥-A data curves. Cal-
culated curves (C and C’) for a two-layer model, where the
thickness of the inner layer (final state) grows at the ex-
pense of the outer layer (initial state),?? overestimate the
sharpness of the conversion boundary and predict more
hysteresis than was observed. Note that calculated curves
for the case of reduction or oxidation proceeding from the
film/solution interface inward to the electrode would ap-
pear on the opposite side of curve B from the corresponding
data. In fact, traversing curve C' backwards from right to
left represents this conversion mode for film reduction and
traversing curve C backwards from left to right describes
this case for oxidation.

Calculated curve A for effective electron diffusion out-
ward from the electrode via electron hopping between ad-

.25
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Fig. 7. Chronocoulometric plots for film 1c during a 0.5 s double-
potential step described in Fig. 6. Slopes for the boxed region t= 10
o 50 ms are (Al 0.63 and (B} 0.49 mC § /2

?cathodic

V vs. SSCE

Fig. 8. Cyclic voltammograms for film 1 of Table Il after {A) 1 day
and (B) 3 days of parfial dissolution in degassed 1.0 M KCl solution.
$ = 100 and 50 pA, dug2- = 301 and 202 nm, respectively. v =
100 mV/s.

jacent sites fits the reduction data remarkably well, opti-
cally confirming that reduction occurs by a diffusional
process. A standard finite-difference method®** was used
to simulate charge diffusion (i.e., correlated diffusion of 2+
and + sites) and to generate oxidation state gradients (i.e,,
fractional concentrations) as a function of fractional time,
by dividing the film into at least 18 volume elements
stacked normal to the electrode, as described in Appendix
B. One ¥-A point was calculated from each concentration
profile using the exact equations for a stratified, multilayer
system*® and the N and d for each state without any ad-
justable parameters (see Appendix B). Changes in film
thickness were not included in the diffusion simulation but
were included in ¥-A calculations. Reduction of the film
appeared to be ideal electrochemically as well, and optical
and electrochemical conversion finished simultaneously at
t = 370 ms. Chronocoulometric plots of charge @ vs. t'?
were linear at ¢t = 60 ms (Fig. 7), as expected for semi-in-
finite diffusion early in the steps. Departure from linearity
after 60 ms (¢t =~ d?/2D,) was consistent with D, = 3.0 X
107° cm?/s from the Q-t'2 slope (for C* = Cz. = 1.1 M) and
with literature values for D,."

The poor fit of oxidation data by curve A’, which was
calculated in the same fashion as curve A, shows that oxi-
dation did not conform to a diffusion-controlled process
with swelling proportional to the extent of oxidation. The
fact that the data fell below the calculated curve early in
the conversion suggests that film expansion lagged oxida-
tion at first; note the dependence of ¥ on d for the PQ" state
as shown in Fig. 4. Q-t'* plots for oxidation were slightly
nonlinear even at small ¢ when semi-infinite conditions
should have prevailed (Fig. 7). Least squares fits of 10 ms
sections showed that the slope dropped smoothly through-
out the conversion. Oxidation was slower than reduction,
finishing at ¢ = 500 ms, and the slope of the almost linear
portion of the plot (¢t =10 to 50 ms) gave D, = 1.0 X 10~° cm?/
sforC*=0C*., =143 M The nonlinearitv and slucscishness
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probably represent the impedance to conversion caused by
film swelling required for electrolyte influx.

Any preceding reaction or physical process slower than
diffusive electron transport can limit the overall rate of
film conversion. Examples of rate limiting preceding
monomerization reactions and theoretical treatments can
be found for potential-sweep® and potential-step® %> meth-
ods. To estimate the importance of the preceeding mono-
merization reaction to the oxidation rate, its effect was in-
cluded in simulations by adding terms for the dimerization
and monomerization reaction channels to the diffusion
equation for PQ" using the formulation given by Amatore
etal ®

Rj,(t+At) = Rj,t + DM(R)+1,t - 2Rj,t + Rj—m)
- 2k,C*thAt + ZkajltAt 6]
Z;=1/2(1 — O, — Ry [7]

where k; and k, are the forward and backward rate con-
stants for dimer formation and O,,, R;, and Z;, are the
fractional concentrations of the PQ*, PQ*, and (PQ"), in
volume element j at time ¢. Adjusting the value of k, for K =
kyky, = 7.7 X 10° M and D,, = 3.0 X 10° em?/s produced
calculated ¥-A curves lying between the limiting behaviors
for this system (i.e., between curves A’ and B in Fig. 6). k, =
1.3 X 10° s™* generated curve D and a simulated @-t* slope
equal to the observed slope. It was not possible to fit both
ends of the data curve, because k;, values that accounted for
the early data produced calculated gradients that were
smaller than the actual gradients indicated by data late in
the oxidation. These results combined with potential-
sweep data showing larger gradients for oxidation than
reduction suggest that oxidation was not limited by the
preceding monomerization reaction.

Potential-sweep conversions.—Ellipsometric data for
conversions during cyclic voltammetry also suggest that
oxidation was slower as a consequence of forced film ex-
pansion. At slow sweep rates, where CVs had equal ca-
thodic and anodic peak currents, equal widths, and com-
pletely symmetrical shapes (e.g., Fig. 5), ¥-A plots were free
of hysteresis and representative of uniform, gradient-free
conversions. At faster sweep rates, the cathodic peak was
consistently taller, narrower, and more symmetrical than
the anodic peak, especially so for thicker films (Fig. 8).
Larger sweep rates and thicker films caused the same effect
on peak shapes, indicating that slower charge transport
during oxidation caused the oxidation peaks to be smaller
and wider. Ellipsometric plots showed a smooth progres-
sion from curves without hysteresis at low v to curves rep-
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Fig. 9. Ellipsometric data for film 1¢ during a 100 mV/s CV (CV B
in Fig. 8) and calculated curves (A and A’} for simulated diffusional
transport during reduction and oxidation, D, =2 x 10™% and D, =
1 X 1077 ecm?/s, respectively; and (B) for uniform interconversion,
i.e., Dy = 3 X 107° cm?/s. See Fig. 4 for optical constants and film
thicknesses. 6 = 70°.

resentative of large oxidation state gradients at v where
current tailing was pronounced. The gradient during oxi-
dation was always slightly larger than during reduction,
except at low v where it disappeared as the anodic and
cathodic peaks acquired the same size and shape. At a mod-
erate sweep rate, where only small gradients existed and
anodic peaks were slightly smaller than cathodic peaks
(Fig. 8B), ¥-A plots show that film swelling lagged oxida-
tion at first and became proportional to the extent of oxi-
dation late in the sweep (Fig. 9). Data for early in the oxida-
tive sweep fell below calculated curves for film swelling
proportional to degree of oxidation (curves B and A’) and
even below data for the end of the reduction. Solid curves
were calculated from the concentration profiles of diffu-
sion simulations that used surface concentrations given by
the Nernst equation. For the particular film thicknesses
and optical constants involved here, low ¥ values early in
the sweep indicate that film swelling was not proportional
to oxidation. Note that swelling did not begin until after
about 60% oxidation, that is, at about the point where the
data and calculated curves intersect (see crossed arrows).

Discussion

The film-growth data support the proposed model of film
formation,” where hydrolyzed siloxane centers couple dur-
ing reductive precipitation of viologen centers to form
oligomeric or polymeric siloxanol chains. Monomeric silo-
xanols are very soluble in aqueous solution, and unreacted
oxidized monomers would dissolve instantly. The slow dis-
solution of undried films indicates that cross-linking and
network formation were not significant during film forma-
tion, consistent with expected behavior for hydrolysis and
oligomerization of trialkoxysilanes*® and for the early
stages of silica formation.* Film growth proceeded not be-
cause an insoluble network formed but rather as a conse-
quence of slow dissolution and short time spent in the PQ*"
state during each cycle.

Solvent swelling of polymers occurs until the internal
solvent pressure is balanced against the stress created on
cross-links and entanglements that hold the network of
chains together.”” Water swelled PQ?* films to a greater ex-
tent than acetonitrile, as expected for a hydrophillic poly-
mer better solvated by a more polar solvent. The refractive
index of dried PQ™ films in blank electrolyte solution was
about the same as that for undried films undergoing disso-
lution, indicating that transferred films were highly swol-
len. Consequently the real part of the refractive index for
PQ* films in aqueous solution was lower than values re-
ported for other electroactive polymer films in their
bleached (i.e., almost transparent) state: 1.46 = 0.04 for
PQ” vs. 1.70 for polyphenol (A = 546 nm); **% 1.63 and 1.50
for polybipyrazine and polyvinylferrocene (A = 546 nm); *®
1.8 for polythiophene (A = 633 nm); '® and 1.55 to 1.60 for
polyaniline (\ = visible region).?® The low npg. value and
hence low density of PQ* films suggests loosely cross-
linked siloxane chains bearing unreacted silanol groups
without extensive condensation to give dense siloxane
structures, in contrast to the behavior of silicic acid poly-
mers in alkaline solution. It is unlikely that the low npg:
value reflects a low intrinsic refractive index or micro-
scopic polarizability for the polymer, because most organic
materials have n values near 1.5 and dense homopolymers
typically have larger n values than their liquid monomers
(by 0.05 to 0.10). *

A central question in this study is the effect of film thick-
ness changes on the different charge-transport rates for
oxidation and reduction. Ellipsometric results confirmed
that film reduction represents a diffusional process, as ex-
pected for a well-swollen film with good ionic conductivity.
PQ?* films contain a large concentration (about 2.2 M ) of
counterions and solvent swelling provides ample free vol-
ume for ion transport.””" As shown previously,” Cl™ is
bound more weakly than the other anions investigated, and
the largest D, is found with C1~ counterion. Furthermore,
AE, of CVs was small even for sweep rates up to 50 V/s, and
the low glass transition temperatures of polysiloxanes
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make them promising candidates as solid polymer elec-
trolytes.'? Oxidation involved the ingress of counterions
into a less swollen, more compact film. The Donnan exclu-
sion principle and permselectivity of the polycationic film
dictate that expulsion of Cl™ rather than ingress of K*
should predominate during reduction. Lower counterion
and polymer charge concentrations reduce solvent osmosis.
While reduction involved release of internal solvent pres-
sure, film shrinkage, and relaxation of polymer chains to
less stretched conformations, oxidation involved the influx
of counterions along with solvent molecules. Film shrink-
age and reduction occurred concertedly, and mechanical
energy (PV work) stored in the stretched film could have
assisted reduction of the film 3! However, oxidation worked
against the forces of polymer cohesion, which lowered D,
and CV peak currents for oxidation.

The fact that swelling closely trailed oxidation for con-
versions at very different rates (i.e., during potential steps
and sweeps) suggests that film expansion was caused by
ion influx and not merely a secondary process, such as sol-
vent osmosis driven by the energy of dilution. These pro-
cesses differ in that counterion transport is a field driven
process, but solvent osmosis is secondary to ion motion and
is not field driven. If counterions were able to enter easily
without film expansion, swelling would have been driven
only by solvent osmosis, a slower process. Complete
swelling of undried films after deposition required several
minutes, so swelling by osmosis is slow on the electrochem-
ical time scale. The fact that swelling lagged only shortly
behind oxidation, suggests that swelling was forced by
counterion migration.

Although the preceding monomerization reaction might
have limited the oxidation reaction early in potential steps,
when the electrode reaction rate was largest, it could not
have been a factor in the cause of different oxidation and
reduction charge transport rates observed at slower con-
version rates, e.g., during CV sweeps. The similar magni-
tude of D, for oxidation and reduction indicates the rate of
monomerization was at least comparable to the electron
diffusion rate. Any monomerization rate consistent with
oxidation rates for potential steps would be too large to
limit rates during slow sweeps. Furthermore, any limita-
tion of electrode kinetics would reduce gradients in the
film, but in fact larger gradients were observed ellipsomet-
rically for oxidation than reduction during CVs. A more
reasonable explanation of the smaller anodic currents is
that the impediment of forced film swelling lowered the
charge-transport rate.

Summary

This study shows that laws of diffusion are obeyed dur-
ing reduction of PQ* films, but oxidation of PQ* films is
impeded by slow film swelling necessary for influx of coun-
terions. Film shrinkage occurs simultaneously with reduc-
tion, but film swelling lags behind oxidation initially and
then becomes proportional to the extent of oxidation.
Cross-linking in electroprecipitated films of compound I is
not significant until films are dried. Films in the 2+ state
are highly swollen by aqueous solution (C* = 1.2 * 0.1 M)
with densities close to that for uncross-linked films under-
going dissolution, and reduced films are denser (C* >1.4 =
0.1 M) with PQ* centers extensively dimerized. The theory
presented here adequately predicts the potential shifts and
peak shapes for thin layer, linear sweep voltammetry of a
redox couple in equilibrium with its dimer.
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APPENDIX A

Derivation of Equations for Nernstian Electron Transfer with Fast
Reversible Dimerization of Product under Thin Layer Conditions.

Consider the following reaction scheme
O + ne = R (with formal potential E°’) [A-1]
2R = D (with equilibrium constant K) [A-2]

The current is proportional to the rate of electrolysis of O

as follows
P dNo ”0] - [dNO]
i=—nF [ at =nkF dE v [A-3]

where N, is the total number of moles of O in the film and
v = —(dE/dt) is the sweep rate. Under conditions where
concentrations remain uniform (i.e., at slow sweep rates),
the concentration of O is

N,
Co= 70 ) [A-4]
where Vis the volume of the film. Substituting for N, gives
L %]
nFV " [ dE | [A-5]
Conservation of mass gives
C* =Co+ Cy+2Cp [A-6]

where C* is the total concentration of redox centers and C,,
Cg, and Cp, are the concentrations of O, R, and D, respec-
tively. For nernstian kinetics

Let 6 = C,/Cr and K = Cp/CZ. Substitution into Eq. A-6 gives
0Cy + Cg + 2KCE=C* [A-8]

Solving this quadratic equation for Cy gives

_ —(1+0) (1 +6)+ BKC*
Cg = 2K [A-9]
or
_Z—(1+9)
Cy = —iK {A-10]
for
Z = [(1 + 0)* + BKC*]"? [A-11]
Differentiating C, = 6Cy gives
@ =0 (45) + & ()
dE =9 dE + Cy dE [A-12]
Differentiating Eq. A-7, A-10, and A-11 gives
de
(E) = nfo for f = F/RT [A-13]
Ay 1 [dz _ do]
dE “3R|dE ~ dE [A-14]
and
9z [ 4]
dE_Z (1+6) dE [A-15]
Substituting Eq. A-13 and A-15 into Eq. A-14 gives
dCs _nf8 ., _
4B = ag 1270+ - 1] [A-16]

Substituting Eq. A-10, A-13, and A-16 into Eq. A-12 and
rearranging gives

dCo _ nf6 _ _

dE = 4K [(1+6)— Z1[6/Z — 1] [A-17]
which upon substitution into Eq. A-5 gives the current per
unit volume of film at total concentration C*

i nFov

nFV ™~ 4RTK

[(1+0)— Z16/Z — 1] [A-18]
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APPENDIX B
Finite-Difference Simulation of Diffusion in a Thin Layer

The layer was divided into volume elements of equal
thickness Ax stacked normal to the electrode and indexed
by j. Fractional concentrations for each oxidation state
(0;=[PQ*]/C* and R, = [PQ’];/C*) were calculated for time
t + At from the fractional concentrations at time ¢ and the
flux between adjacent volume elements during interval At,
as follows

Oj,(t+At) = Oj,t + DM(Om,t - 201,: + O,‘—u) Oj,(::()) =1.0 [B-1]
RJ,(t+At) =1~ Oj,(um) Rj,(t:o): 0 [B-2]

where Dy = DAt /(Ax):. Dy = 0.45 was used to ensure stable
simulations, which in effect kept Ax larger than the diffu-
sion length for each iteration, (2 - At - D). The number of
volume elements, jn., = d/Ax, was made large enough to
ensure that fractional concentrations produced a smooth
diffusion gradient in plots of O;, vs. j for both early and late
times. About 30 layers were necessary to obtain very
smooth concentration profiles, but as few as 18 layers could
be used without noticeably affecting the ¥-A conversion
curve. Complete conversion of the layer occurred when the
number of iterations (i,,) was excessively large compared
£0 jmax, that is, ip., = 10 - j... Note that D, determines the
rate and completion time for diffusion-controlled conver-
sion but not the shape of the concentration profile for a
particular degree of conversion.

When two states mix isotropically on a molecular scale,
the Lorentz-Lorenz effective medium expression should
hold,™ and one can calculate the N and d of the jth layer (n;,
k;, and d;) from the N and d for each state and the fractional
concentrations. Although a simple average is inconsistent
with rigorous effective medium theory, calculations
showed that a simple, weighted average was in error by
only about 2% compared to the Lorentz-Lorenz ex-
pression, because the difference in n for the two states was
small.**® The optical constants of each layer were cal-
culated as simple averages to reduce computation time,
that is

7 = fialy + it

k; = fiaka + finks

d; = fiad, + finds
fia=1— fiy= G/C}

where a and b represent the 2+ and 1+ states of the film, and
f.. and f;;, are the fractional concentrations of each state.

escribing the 1+ state as PQ" or (PQ*), is not important for
the optical treatment of a two-state system.
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Electrochemical Methoxylation of Porous Silicon Surface

M. Warntjes, C. Vieillard, F. Ozanam, and J.-N. Chazalviel*
Laboratoire de Physique de la Matiére Condensée,® CNRS-Ecole Polytechnique, 91128 Palaiseau, France

ABSTRACT

An electrochemical process aiming at the grafting of methoxy groups on the hydrogenated porous silicon surface at
room temperature has been designed. This takes place through partial anodic dissolution of porous silicon in anhydrous
methanol. A dissolution mechanism is proposed by analogy with that of the anodic dissolution of silicon in aqueous fluoride
media. The methoxylated surface exhibits improved optical characteristics (increased photolumtnescence efficiency, blue
shift of the emission), similar to porous silicon anodically oxidized in a nonfluoride aqueous electrolyte. Its stability against
aging is also improved as compared to that of the hydrogenated surface, but without reaching the stability of anodically
oxidized porous silicon. This residual sensitivity to aging is ascribed to the nonnegligible amount of SiH species which
remains on the methoxylated surface upon the modification process.

Introduction

Porous silicon is usually formed in a concentrated HF-
based electrolyte, by anodic dissolution of a silicon crystal.
It has been known for several years that immediately after
emersion from this electrolyte as well as during the dissolu-
tion reaction, the porous silicon surface is covered by SiH
bonds.'? The role of the surface has been invoked either as
a part of the luminescence recombination scheme in porous
silicon, or as a key factor for surface passivation in order to
prevent nonradiative recombination and thus reach a good
luminescence efficiency.**® The hydride-passivated surface
obtained after porous silicon formation, and also on a pla-
nar silicon crystal after an HF dip, results in good elec-
tronic properties (e.g., low surface recombination veloc-
ity’). On a single-crystal silicon surface, the hydride
passivated surface is known to exhibit a fair stability
against oxidation, at least on a time scale of a few hours.? In
contrast, the porous silicon surface is much more prone to
oxidation, and, especially for the high porosity samples, the
infrared spectra exhibit traces of such an oxidation after a
few tens of minutes in air.

Chemical stabilization of the material and conservation
(or enhancement) of the luminescence efficiency are two

* Electrochemical Society Active Member.

* Unité de Recherche 1254 Associée au Centre National de la
Recherche Scientifique.

current challenges faced in the development of porous-sili-
con-based light emitters. As is known, good chemical stabi-
lization is obtained upon oxidizing the porous silicon sur-
face, either thermally or by anodic oxidation. But this does
not appear as a promising route for device application, be-
cause this impedes electrical carrier injection. On the other
hand, on flat silicon crystals, methoxylation of the surface
has been reported as a key factor in order to account for the
long-term stability and the low interfacial recombination
characteristics in methanol-based photoelectrochemical
cells.® Similar modification of the porous silicon surface
then appears highly attractive since it might provide a
much more stable surface which could be used as a tool,
either for device applications or for the test of fundamental
models aiming at explaining the mechanisms involved in
the luminescence of porous silicon.

In the present work, we report on an electrochemical pro-
cess which allows for the partial substitution of the hydride
coverage of the porous silicon surface by methoxy groups.
Such electrochemical treatments appear very attractive for
grafting organic species unable to react chemically with
the porous silicon surface.’ The experimental procedure of
the modification is described first, then the characteriza-
tion of the modified samples by infrared and photolu-
minescence spectroscopies are reported. Finally, the results
and their oractical conseauences are disenieced
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