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We report the first dynamic in situ electrochemical neutron
reflectivity measurements on electroactive films. The improved time
resolution yields individual species profiles at buried interfaces
subject to time-variant electrochemical control, providing new
insights into transient population distributions.

Assembly of controlled interfacial architecture is a primary goal
of interfacial electrochemistry. A generic issue is the extent to which
the real interfacial structure and composition correspond to the
design. A vast array of surface-sensitive spectroscopic,1 imaging,2

electrical,3 chemical,4 and acoustic5 probes have been coupled with
electrochemistry to characterize the structure, composition, and
dynamics of modified electrodes as functions of time and space.
An underexplored aspect is the spatial distribution of species at
the interface, which may have greater impact on properties than
chemical composition.6 Generally, spectroscopic measurements give
spatially integrated signals. Imaging methods2 provide lateral
mapping of the exterior surface of a film but do not explore the
interior, where most of the functionality lies. Ellipsometry7 can
provide internal composition, but despite superb temporal resolution,
it is limited by insufficient measurands to ensure unique fits to
complex interfacial structures.

A recent technique for characterizing “wet” interfaces is neutron
reflectivity8 (NR). It has many parallels with its optical counterpart,
ellipsometry, but with the additional feature of isotopic sensitivity.
This “contrast variation” allows one to alter the “visibility” of a
selected species. Commonly, the technique exploits H/D substitu-
tion, for which the effect is large; we use H2O/D2O switching to
locate the solvent.

Development of NR to study “buried” interfaces under potential
control has distinguished composite and bilayer polymer films,9

revealed permeating solvent in electroactive polymer10 and metal
hydroxide11 films, identified permselectivity failure at high elec-
trolyte concentration,12 and revealed 1D profiling of diffusion and
reaction within a film of a solution phase mediator.13 These and
related14 NR studies have data acquisition time scales of 1-2 h, so
one can observe equilibrated films as a function of potential (charge)
but not the dynamics of interconversion.

The generic objective is simultaneous spatial and temporal
resolution of individual components (polymer, solvent, and ions)
within film interiors. For the polyvinylferrocene (PVF) system
studied here, this requires NR data leading to counteranion and
solvent population changes as functions of time and distance within
a redox switching film on a time scale of seconds. This demands
an improvement in time resolution of 2-3 orders of magnitude.8-14

There is no prospect of accomplishing this via an increase in
incident flux or detector efficiency. We use a different strategy,
boxcar integration within continuous multiple linear potential cycles,
to yield the first dynamic in situ electrochemical NR measurements,
with an effective time scale of ca. 2 s.

Spin-coated PVF films on 20 nm Au working electrode films
(on polished quartz blocks12,13) were exposed to aqueous NaClO4

in a three-electrode cell. NR profiles,R(Q), were obtained during
voltammetric cycling (at scan rates,V ) 1, 5, and 10 mV s-1) using
the CRISP and D17 reflectometers at the ISIS Facility and Institut
Laue Langevin, respectively. NR data acquired over multiple cycles
were sequentially stored in bins associated with 20 mV potential
(E) windows and are presented here as a function of momentum
transfer,Q (in nm-1) ) (4π/λ) sin θ, in each potential window
accumulated over multiple cycles. At a sweep rateV (mV s-1), the
effective time resolution in seconds is 20/V.

Figure 1 showsE- (t-) resolvedR(Q) profiles for two films of
different surface coverage and at different scan rates to accentuate
the effective time-scale differences. End views of the final profiles
(R-Q projections) show the familiar pattern of fringes superim-
posed on theQ-4 (Fresnel law) decay. The signal quality is clearly
adequate to discern fringes of different periodicity, representing
the Au electrode and PVF film thicknesses. Thus, the immediate
goal of the study is accomplished; we can acquire high quality NR
profiles in situ for electroactive films subject to a time-variant
electrochemical control function. Subsequent discussion relates to
what can be learned from these results.

To determinerelatiVe ion and solvent transfer ratesduring redox
switching requires comparison of the present data with static12 NR
responses. In H2O, the relative increases in solvent and ClO4

-

populations accompanying film oxidation are such that their
opposing contributions to the total film scattering length density
roughly cancel. Long time-scale NR experiments are thus virtually
blind to absolutesolvent and counterion film population changes.
However, transientdifferentialexcursions of therelatiVepopulations
from this compensatory stoichiometry are highlighted. Conversely,
the positive scattering lengths of D2O and ClO4

- reinforce each
other, so experiments in D2O are optimal for followingintegrated
population changes.

The first quantitative outcome is the variation withE of film
thickness (h); for a single film, h ) 2π/∆Q (∆Q ) fringe
periodicity). Figure 1 is more complex due to the superposition of
fringes for the polymer film and the metal electrode. Features due
to the PVF layer are most apparent at lowQ (<0.6 nm-1). At higher
Q, film roughness effects12 dampen the PVF contributions to the
reflectivity, and fringes due to the underlying metal electrode
dominate the profile. Variations in the fringe pattern withE are
readily seen via the position of the first minimum inR(Q). Film
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oxidation (reduction) results in fringe compression (expansion);
sinceQ represents inverse space, one is observing film swelling
upon oxidation and shrinkage upon reduction. This is chemically
reversible on the time scale of acompleteredox cycle, but on the
time scale of theindiVidual profiles, swelling occurs over a narrower
region of potential than does shrinkage.

The second issue is the extent to which changes inh correlate
with electrochemical charge (q). Simplistically, one might view this
as equivalent to plots of film mass change,∆m versusq, in an
EQCM experiment.5 However, the complexities of chain and mobile
species packing under transient conditions mean that the two are
not necessarily equivalent. Figure 2 shows a 3D plot ofh andq as
functions ofE; this is a dynamic compositional map of the system,
in which h is dominated by solvent level andq exclusively
represents ion content. Two-dimensionalh(Q) andQ(E) projections
of the 3D compositional vector show that solvation is equilibrated
with the redox state, but that the latter is kinetically controlled.

Third, dynamic capability allows exploration of experimental
time-scale (here,V) effects. Analogues of Figure 2 at different scan
rates show the interplay of electrochemical and (de)solvation
kinetics.

Finally, we seek the transient ion and solvent depth profiles
within the film that underlie the simplistic overview of “film
thickness”. Fuller analyses ofR(Q,E) profiles for films bathed in
solvent media of different contrast show that the film comprises
an interior zone and compositionally distinct interfacial regions near
the electrode and the solution. The interior region has spatially
uniform composition when the film is fully reduced but has a
solvent-rich center when the film is partially oxidized.

To conclude, in situ NR is now a practical technique for dynamic
electrochemical studies. Under dynamic redox switching conditions,
PVF films show hysteresis in (de)swelling, incomplete desolvation
upon reduction, and transient salt retention under thermodynamically
permselective conditions. These effects respond to time scale,
manipulated via polymer coverage and potential scan rate. Full
analysis will reveal the temporal dependences of polymer, anion,
and solvent population depth profiles. This will add a new
dimension to the spatially integrated populations available from
existing methods and, for the first time, reveal the relationship
between individual species populations within the interior of an
electroactive film under dynamic conditions.
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Figure 1. Dynamic NR profiles as functions ofQ and E during redox
cycling of PVF films exposed to 0.1 M NaClO4/D2O: (a) Γ ) 27 nmol
cm-2, V ) 10 mV s-1; (b) Γ ) 18 nmol cm-2, V ) 1 mV s-1.

Figure 2. Film thickness and charge as functions of applied potential for
the experiment of Figure 1a. Projections: black traces. 3D vector: red trace.
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