
Steeds (12) identified "split peaks" (here 
called the CDW fundamental and satellite 
peaks), but they misinterpreted them as 
evidence that the T phase domain is not 
striped. In fact, the diffraction data of 
Withers and Steeds are consistent with the 
reconstruction in Fig. 3A. 

The difference between the striped do- 
main structure implied by our data and the 
stretched honeycomb structure obtained 
from the x-ray diffraction work of Tanda et 
al. (3, 10) may be traced to a slight dis- 
agreement in the measured CDW wave 
vectors. Our measurements differ from 
those of Tanda et al. by only a few thou- 
sands of a reciprocal lattice vector. The 
major result of the discrepancy is a rotation 
of the calculated domain structure by about 
27" as well as an increase in the domain 
width and length. The domain configura- 
tion is exceedingly sensitive to the precise 
values of the CDW wave vectors. However, 
we can independently test the accuracy of 
our measured CDW wave vectors by calcu- 
lating the expected positions of the satel- 
lites from the CDW wave vectors alone. 
The calculated and observed positions agree 
to within our experimental uncertainties. 

The bulk domain configuration derived 
from our x-ray diffraction data is in close 
agreement with the surface domain config- 
uration observed by STM. A real-space re- 
construction of the surface in-layer domain 
configuration, from the Fourier components 
measured by STM, is shown in Fig. 3B. This 
image was generated with the same recon- 
struction method used for Fig. 3A. This 
reconstruction is equivalent to filtering the 
Fourier transform shown in Fig. 1B at the 
satellite and CDW peak frequencies and 
performing an inverse Fourier transforma- 
tion. With the frequency components due to 
the defects (Fig. 1A) filtered out, the striped 
domain configuration is readily apparent in 
Fig. 3B. The good agreement between Fig. 
3A and Fig. 3B is striking. 

Because IT-TaS, is both electronically 
and structurally a quasi-two-dimensional 
material, it may not seem too surprising 
that the surface and bulk CDW domain 
structures agree. In a material with weak 
interlayer coupling the absence of coupling 
from one side for a surface layer should not 
cause a serious perturbation to the CDW. 
However, x-ray diffraction studies (1, 10) 
have established a high degree of correla- 
tion of the CDW fundamental frequency 
across layers in the incommensurate (I), 
NC, and T phases. Therefore, interlayer 
coupling is significant, yet its absence from 
one side does not alter the CDW at the 
surface. 

We expect significant interlayer cou- 
pling to correlate CDW domains across 
layers. Because the domain structure arises 
from the beating of the CDW frequencies 

with the satellite frequencies, the coher- 
ence of the domain structure along the c 
axis is determined by the coherence of both 
the CDW and the satellite frequencies. A 
lower bound for the coherence of each 
frequency may be obtained from the peak 
widths. From our Gaussian fits to the CDW 
and satellite peaks measured by x-ray dif- 
fraction. we dbtain full width at halfimax- 
imum values, projected onto the c* axis, of 
about 0.035 c* for both cases. Roughly, this 
implies that domains are correlated across 
20 layers in the T phase of IT-TaS,. The 
domain frequency along the c axis is simply 
the difference, about c*/3,  between the c* 
components of a CDW wave vector and its 
satellite. Thus, the striped domain config- 
uration exhibits a three-layer stacking. 
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Direct Electrochemical Measurements Inside a 
2000 Angstrom Thick Polymer Film by Scanning 

Electrochemical Microscopy 

Michael V. Mirkin, Fu-Ren F. Fan, Allen J. Bard* 
An extremely small, conically shaped Pt microelectrode tip (with a radius of 30 nanometers) 
and the precise positioning capabilities of the scanning electrochemical microscope were 
used to penetrate a thin (200 nanometers) polymer film and obtain directly the standard 
potential and kinetic parameters of an electrode reaction within the film. The thickness of 
the film was determined while it was immersed in and swollen by an electrolyte solution. 
The film studied was the perfluorosulfonate Nafion containing Os(bpy),*+ (bpy, 2,2'- 
bipyridine) cast on an indium tin oxide surface. The steady-state response at the ultra- 
microelectrode allowed direct determination of the rate constant for heterogeneous elec- 
tron transfer k" and the diffusion coefficient D without complications caused by transport 
in the liquid phase, charge exchange at the liquid-polymer interface, and resistive drop. 

T h e  advent of ultramicroelectrodes (I ) has 
encouraged attempts at electrochemical 
studies in very small structures, for exam- 
ple, within single biological cells (2) or tiny 
drops of solution (3). Such probes are also 
useful for studying electrochemical pro- 
cesses in thin films. The electrochemistry of 
films of ionically conducting polymers, such 
as Nafion, that contain redox species has 
been studied extensively (4, 5 ) ,  but ques- 
tions still remain about the distribution of 
species and the rates of mass transfer and 
electron transfer (ET) within the film. The 
typical experimental approach in such stud- 
ies involves formation of a polymer film of 
nanometer to micrometer thickness bv soin 

r .  

or drop coating followed by electrochemical 

studies of the film-substrate region as an 
electrode in contact with a solution contain- 
ing one or more redox active species. Alter- 
native structures that have been used in- 
clude electroactive polymers with metal- 
sandwich and interdigitated array structures 
coated on microelectrodes (6). The current, 
determined by the ET rate at the substrate- 
film interface, can be governed by a number 
of processes, including diffusion in solution, 
charge transfer or extraction at the film- 
solution interface, mass transfer and ET 
reactions within the film, movement of co- 
ions, and heterogeneous ET processes at the 
film-substrate interface. The existence of all 
of these processes, as well as the added 
problem of film resistivity, greatly compli- 
cates the determination of kinetic parame- 

Department of Chemistry and Biochemistry, University ters (such as k" and D, as 
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Fig. 1. A scheme repre- 
sentlng five stages of the A UME tip B c 
SECM current-dlstance n Nafion 
experiment (A) The t~p  1 1  
is bositioned 'in'the solu- 
tion close to the Nafion 
coating. (B) The tip has 

U I I  penetrated partially into 
Nafion and the oxidation I 

IT0 
of O~(bpy) ,~+ occurs. 
The effective tip surface n E 
arows with ~enetration. .--- .... ... . . - _ .  . . , 

I I TC) The entie tip elec- 1 L/ i I 1 
trode is in the film but is ~ , $ - - . o s ( b p y ) ;  1 / V % .,'l'u~l~~~Ai~ig 1 
not close to the IT0 sub- w 
strate. (D) The tir, is suf- 
ficiently c'lose to'the substrate to observe positive SECM feedback. (E) The tunneling region 

Fig. 2. Dependence of the 
tip current versus distance. 
The letters a to e corre- 
spond to five stages in Fig. 
1. The displacement values 
are given with respect to an 
arbitrary zero point. The cur- 7 rent observed during stages 
a to d is much smaller than 0.5 
the tunneling current and 2 
therefore cannot be seen a 
on the scale of curve 1 
(the left-hand current scale). 
Curve 2 is at higher current 
sensitivity to show the cur- 
rent-distance curve corre- 0.0 
sponding to stages a to d 10 11 12 
(the right-hand current Tip displacement (lo3 A) 
scale). The solid line is computed for a conically shaped electrode with a height h = 30 nm and a 
radius, ro = 30 nm by Eq. 2 for zones a to c and SECM theory (14) for zone d. The tip was biased at 
0.80 V versus SCE, and the substrate was at 0.20 V versus SCE. The tip moved at a rate of 30 &s. 

tion composition (7). Of particular interest 
is how the oolvmer environment affects k" . , 
compared to the same heterogeneous ET 
reaction in the liquid phase (8, 9). 

We used the scanning electrochemical 
microscope (SECM) (10) to study the be- 
havior of a Nafion film containing 
Os(bpy)32+ (bpy, 2,2'-bipyridine) . Previous 
SECM studies of polymer films (1 1-1 3) have 
relied on using the tip to probe the solution 
environment directly above the polymer to 
investigate ET and ion ejection and incor- 
t oration into the film. In the studv reoorted , A 

here, the tip current was recorded as it was 
moved from the solution into the polymer 
phase and ultimately contacted the sub- 
strate. The interpretation of the current- 
distance curves [based on an earlier model 
(14)] and an analysis of the voltammograms 
for the  ti^ inside the film allowed us to 
evaluate the tip shape and to determine the 
coating thickness, the kinetic parameters of 
O S ( ~ ~ ~ ) , ~ +  electrooxidation in the Nafion 
film (that is, D, k", and the transfer coeffi- 
cient a), and the formal potential EO'. 

The tip current i was monitored as a 
function of the relative tip displacement in 
the direction normal to the film/ITO (in- 

dium tin oxide) substrate (15, 16). The 
experiment was carried out with an aqueous 
solution of 40 mM NaC104 as the support- 
ing electrolyte. During the distance scan, 
the tip was held at 0.80 V versus a saturated 
calomel electrode (SCE), where O ~ ( b p y ) ~ ~ +  
oxidation is diffusion controlled. The I T 0  
substrate was biased at 0.20 V versus SCE 
so that any O ~ ( b p ~ ) ~ j +  generated at the tip 
that reached the substrate would be reduced 
back to O ~ ( b p ~ ) , ~ +  at sufficiently small 
tip-substrate separations. A scheme of the 
SECM experiment (Fig. 1) can be repre- 
sented by five stages: (i) Initially (Fig. 1A) 
the Pt microtip is in the solution near the 
Nafionlelectrolvte interface. Because the 
electrolyte contains no electroactive spe- 
cies, a negligibly small current is observed 
before the tip touches the film surface (see 
Fig. 2; the portion of the current-distance 
curve designated a). (ii) When the tip starts 
to penetrate into the polymer (Fig. lB), the 
anodic current increases gradually (Fig. 2b) 
until it reaches some limiting value. This 
increase represents the increasing area of 
the tip exposed to Nafion as the conically 
shaped Pt penetrates the polymer film. (iii) 
When the tip is completely immersed in the 

E-Eo (V) 

Fig. 3. Voltammogram at a microtip electrode 
partially penetrating a Nafion film containing 0.57 
M O~(bpy),~+. Scan rate v = 5 mVis. The solid 
line is computed by substituting the kinetic pa- 
rameters given in the text into equation 9 in (17). 

film, but still "far" (that is, greater than a 
few tip diameters) from the I T 0  substrate, 
the current remains constant and indepen- 
dent of distance. This effect is observed 
over the interval from 11,400 to 11,000 A 
(Fig. 2c). (iv) When the tip gets close to 
the substrate, the SECM positive feedback 
effect becomes important and the tip cur- 
rent increases (Fig. 2d). (v) Finally, when 
the tip gets to within tunneling distance of 
the substrate, a large increase in current 
occurs (Fig. 2e). Good reproducibility of 
successive current-distance curves, ob- 
tained with the same tip penetrating either 
the same or a different oortion of the film. 
indicates that both film and tip are virtually 
unaffected in this ex~eriment. 

The current response as the tip pene- 
trates the film (Fig. 2b) can be used to judge 
the shape of the tip. The shape of the 
current-distance curve in this region is con- 
sistent with an increase in current due to 
the growth of the effective electrode surface 
area, which continues until the entire tip is 
inside the film. At that point, the effective 
tip surface area in the film is constant and 
results in a steady-state current i" that is 
independent of tip displacement. The ratio 
of the area of the portion of the conical 
surface of the tip (14) in the film (Fig. 1B) 
to the total surface area can be expressed by 

where h is the height, A is the total surface 
area of the conical tio. and the subscri~t "en - ,  

designates the effective values for the part 
of the electrode in the film. Eauation 1 
results in a parabolic current-distance de- 
pendence: 

As shown in Fig. 2, i m  = 1.25 PA, and the 
current increase begins when the tip is just 
at the film-solution interface, at about 
11,730 A. These values were used to find 
the best fit between Eq. 2 (solid line in Fig. 
2, curve 2) and the experimental data with 
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h = 30 nm. An alternative equation based 
on proportionality of i(h) to electrode radi- 
us, and thus a linear function of h, could also 
be applied and yields essentially the same 
value of h. The magnitude of h found by this 
curve fitting is in good agreement with the 
length of the interval b between the onset of 
current and the plateau in Fig. 2. 

The thickness of the Nafion film, L, can 
be found as a difference in relative displace- 
ment between the film-solution interface 
coordinate (11,730 A) and that for the 
onset of tunneling (-9,550 A, Figs. 1E and 
Ze), yielding L 2,180 A. The error in this 
determination, which results from neglect- 
ing the tunneling distance and uncertainty 
in the film boundary position, should be 
within 50 to 100 A, that is, a relative error 
within 10%. The SECM determination of 
polymer film thickness in a liquid is more 
straightforward than ellipsometry, where 
the film refractive index must be known. or 
profilometry, which is not applicable to 
easilv deformed films. 

When the tip moved deeper into the 
film (Fig. Zd), the current began to increase 
again. This part of the curve can be de- 
scribed in terms of the SECM positive 
feedback (10). The fitting procedure based 
on SECM with a conical tip and the appro- 
priate working curves [figure 4 in (14)] 
showed ro = 30 nm and the height-to- 
radius ratio equal to 1, that is, h = 30 nm, 
as found above by a different approach. The 
diffusion-limited i" at such an electrode 
should be equal to that for a hemispherical 
electrode with an equivalent superficial di- 
ameter (1 7, 18). The radius of such -a  
hemisphere is rh = . r r r o / ( 2 ~ )  = 27 nm. In 
a solution containing 0.178 M K,Fe(CN), 
and 2 M KC1 the same tip showed a 
diffusion-limited i" of 1.8 nA at 0.8 V 
versus SCE. From Eq. 3, taking D = 6.22 
x cm2/s (1 9), and where F is Faraday's 
constant, c* is O ~ ( b p ~ ) ~ ' +  concentration in 
the film. and n is the number of electrons in 
half-reaction, we find the radius of the 
equivalent hemisphere rh to be 27 nm, in 
excellent agreement with the SECM result. 

At closer tip-substrate distances a tun- 
neling current was observed (Figs. 1E and 
2e). The separation of currents attribut- 
able to SECM positive feedback and tun- 
neling is not easy, because the smallest 
distance in the SECM region (Fig. 2d, 
curve 2) is about 30 A. 

Voltammetry with the tip in the Nafion 
(Fig. 2, b and c) was performed to evaluate 
the kinetic parameters, because, unlike 
SECM current-distance curves, the steady- 
state voltammogram is fairly insensitive to the 
exact shape of the tip, which can be approx- 
imated by the equivalent size hemisphere. 
This approach allows a reasonably accurate 

evaluation of kinetic parameters (1 8). 
The voltammogram of O ~ ( b p ~ ) ~ ~ +  elec- 

trooxidation in Nafion obtained at a scan 
rate w = 5 mV/s (Fig. 3) shows a plateau 
current, i(h) = 0.625 PA, which is substan- 
tiallv lower than the i" value in Fig. 2. In - 
this voltammogram, only a part of the tip 
electrode was inside the Nafion film (Fig. 
2b), so its effective size was smaller than the 
total tip size determined above. From Fig. 2 
one can estimate the effective shawe waram- 

L 

eters of the electrode: he = re 21 nm, 
corresponding to an equivalent size hemi- 
sphere rh = 18.9 nm (17, 18). With c*  = 
5.7 x lop4 mol/cm3 and the rh value, Eq. 
3 yields D = 1.2 x lop9 cm2/s, which is in 
the range of previous studies (5, 20). This 
value is significantly larger than that report- 
ed in (2 1), because the higher loading of 
O ~ ( b p y ) , ~ +  leads to an increase in the 
apparent diffusion coefficient (5, 20). 

The kinetic Darameters of the electrode 
reaction can be evaluated with a simple 
method we recently proposed (18) that 
requires only knowledge of three experi- 
mental parameters, that is, Ell,, El!,, and 
E3/, (which are the half-wave potentlal and 
two quartile potentials on the steady-state 
voltammogram), even with an unknown 
E"' value. From the voltammogram of Fig. 
3, IE1/, - E!121 = 49.5 mV and IE,/, - E,/,I 
= 52 mV with an accuracy better than iz2 
mV. From these values and table 1 in (1 9), 
we find that EO' = ElI2 - 71 mV = 555 mV 
versus SCE, a = 0.52, and A = k"rh/D = 

0.25; thus k0 = ADlrh = 1.6 x lo-, cmls. 
A good fit between the exwerimental data 
an2 the theoretical curve, 'calculated with 
the given set of parameters, confirms the 
reliability of the results (Fig. 3). This k" 
value is very close to that reported previ- 
ously (8) for Ru(bpy) ,l+ in Nafion. 

In order to compaie the kinetic param- 
eters found for oxidation of O~(bpy) ,~+  in 
Nafion and in aqueous solution, we applied 
the same analvsis to the voltammoeram 
obtained for a solution containing 1 . 5 - m ~  
O ~ ( b p ~ ) , ~ +  and 0.5 M Na2S04 with a 
similar working electrode (14) and find k" 
= 0.16 cmls, a = 0.57, and EO' = 577 mV 
versus SCE. This value for the standard rate 
constant is consistent with previous results 
(22). The three orders of magnitude de- ~, u 

crease in kO in the polymer film compared to 
the same couple in liquid media, in agree- 
ment with previous results (8, 9), cannot be 
caused bv additional ohmic dror, in the 
film, because even a film resistance in the 
gigaohm range would be negligible for cur- 
rents below l pA. 

This study has shown how a microtip 
electrode in an SECM can wenetrate a film 
and be used to extract information about 
potentials, kinetic parameters, and film 
thickness. It is also useful in determining 
the shape of microelectrode tips that are too 

small to image easily by electron microsco- 
py. Information about the thickness of in- 
sulating films in contact with solutions 
should also be obtainable by addition of an 
electroactive species to the solution and 
watching the disappearance of current as 
the tip penetrates the film until the onset of 
tunneling. This same approach should be 
useful in the examination of membranes 
and small biological structures. 
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