3652 Chem. Mater2005,17, 3652-3660

Conducting Polymer Growth in Porous Sol-Gel Thin Films:
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We show the templated electrochemical growth of poly(3,4-ethylenedioxythiophene) (PEDOT) into
porous sotgel (PSG) films [50:50 tetraethyl orthosilicate/methyltriethoxysilane (TEOS/MTES)] on
indium—tin oxide (ITO) substrates and PEDOT-mediated electron transfer to ferrocene-modified
dendrimers encapsulated within these-sg#l matrices. We first describe conditions needed to optimize
PEDOT electropolymerization within the porous-sgkl (PSG) films such that barely emergent PEDOT
features, ca. 100 nm in diameter, protrude from a PSG thin film surface, functioning as an array of
ultramicroelectrodes in diffusion controlled oxidation/reduction reactions of solution probe molecules.
We next describe the incorporation of fourth-generation PAMAM dendrimers into these PSG films after
(a) conjugation with ferrocenecarboxylic acid (Fc-COOH) to form-PAMAM, (b) conjugation with
both Fc-COOH and 3-thiopheneacetic acid (3TAA), or (c) conjugation with both Fc-COOH and
3,4-ethylenedioxythiophenemethanol (2,3-dihydrothienof#};4;4-dioxyn-2-yl or EDTM). Oxidation/
reduction of the encapsulated-HeAMAM units could be voltammetrically detected after PEDOT growth
into the sot-gel film, but with different efficiency, depending upon the composition of the encapsulated
dendrimer. Background corrected cyclic voltammograms showed that ca. 0.9% of the ferrocene groups
became electrochemically active when-fRAMAM alone was incorporated into the PSG film. Up to
ca. 20% of these FEPAMAM units became electrochemically active, with high rates of electron transfer,
when EDTM was conjugated to the FEAMAM dendrimer and when the EDOT monomer was codoped
into the sot-gel film. These results argue for the direct, facile electrochemical communication of
encapsulated Fc,EDTMPAMAM units to the ITO substrate via the electrochemically grown PEDOT
“wires,” especially when the conducting polymer and the Fc units are held in close proximity on the
dendrimer. This is a new approach to control of the redox chemistry of macromolecules encapsulated in
inert porous matrices.

Introduction known that sot-gels based on combinations of either

Sol—gel-based thin film materials are seeing increasing tetraethyl orthosilicgte (TE.OS.) or tetramethyl orthosilicatg
importance as transducer layers for various optically based(TMOS)_ and a chaln—term|nat|on_ agent, such as methyltr!—
chemical sensors and biosensors, owing to the wide vari- ShoXysilane (MTES), can be engineered to form porous thin
ability in properties obtainable by simple modification of films, in WL"Ch varlousélr;lgtl:\;lomole?u:]es, large blomolec:JIes,
the sol-gel composition and by the ease of incorporation etc., can be entrappéd.” Many of these porous sebe

of a wide range of macromolecular systeln& It is well- (PSG) derived transducer layers are used on top of waveguide
platforms which provide for substantial enhancements in
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Nanoelectrode Arrays and Mediated Electron Transfer

oxide (ITO), adding electrochemical modes of detection and
the prospect for enhanced selectivity of sensor respnge.

There is substantial interest in adding electrochemical
activity to the PSG thin film itself, and the electrochemical
applications of setgel-based materials have been the topic
of several review articl@s?”-3233with particular emphasis on
the encapsulation of biological materials for chemical and

Chem. Mater., Vol. 17, No. 14, 2663

polyaniline within a PSG film deposited on an underlying
ITO electrode? Similar studies have been performed with
pyrrole” and thiophen derivatives to yield hybrid inorganie
organic composites on electrode surfaces. Other materials
have been made by chemically polymerizing aniline or
pyrrole within porous glas®. In addition to many of the
above referenced studies, the ability of conducting polymers

biochemical sensors and catalysts. Electronically conductivet0 undergo charge transfer with enzymes and biomolecules

materials are, of course, available from-sgkl precursors;

has been extensively characterized? There is interest,

activity has been introduced into an otherwise insulating
(e.g. silica-based) selgel materiaf*3¢ Conducting poly-

transfer by conducting polymers and sgel encapsulated
redox-active molecules, especially to demonstrate vectoral

mers have been added to PSG matrices by two different€lectron transport over substantial PSG film thicknesses.

approaches, vyielding electronically active materials with
“molecular wires” of the conducting polymer interpenetrating
the glass thin film: (i) the polymer is doped directly into
the sol before gelation or film castifig,3® yielding thin PSG
films with high transparency and conductivities ranging from
0.8 S/cm for polyaniline-doped film&to 200 S/cm for films
containing poly(3,4-ethylenedioxythiopher#&)ji) the con-
ducting polymer is incorporated into a thin sgel film
through a “diffuse and polymerize” scheme in which the
planar supported solgel film is soaked in a solution of
monomer, allowing it to penetrate and diffuse throughout
the porous structur;** electrochemical polymerizatiéii*244

or chemical polymerizatidd is then used to grow the
conductive polymer within the selgel. The first reported
use of this approach involved the electrochemical growth of
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We report here the characterization of the conducting
polymer poly(3,4-ethylenedioxythiophene) (PEDOT) grown
in porous 50:50 TEOS/MTES segel thin films with
specific attention paid to polymer loading and electroactivity.
For these studies we primarily used the “diffuse and
polymerize” scheme of polymer growth, although monomer
doping of the sol was also used to enhance polymer growth.
The first stage of these studies demonstrates that conductive
polymer “wires” can be grown to high density in a ca.
300 nm thick PSG film over ITO substrates and that
emergent conducting polymer wires (ca. 100 nm diameter)
act as an ultramicroelectrode array to solution redox probes.

Fourth-generation PAMAM dendrimers, conjugated with
ferrocenecarboxylic acid (Fc-COOH) to form+BAMAM,
were next incorporated into these PSG films, to explore redox
mediation by electropolymerized PEDOT wires. Initial results
showed that electrochemical communication between en-
capsulated FePAMAM and PEDOT was obtained as the
electropolymerization process loaded the PSG films with
PEDOT wires. A much higher fraction of F®PAMAM
centers became electroactive within this environment when
the Fc-PAMAM was first conjugated with an EDOT
monomer (2,3-dihydrothieno[3d}-1,4-dioxyn-2-yl, other-
wise known as 3,4-ethylenedioxythiophemethanol, EDTM).
This conjugation provides for sites for the growing PEDOT
chain to directly link to many of the FEPAMAM dendrim-
ers, providing for direct electrochemical communication of
these macromolecules with the ITO substrate.

Experimental Section

Modified PAMAM Dendrimers. Generation 4 PAMAM den-
drimer (Aldrich, 10% in methanol) was labeled with ferrocenecar-
boxylic acid (Aldrich, 97%), 3-thiopheneacetic acid (Aldrich,
>98%), or EDTM. EDTM was synthesized in the Molecular
Synthesis Facility at the University of Arizona according to
previously published procedur&kLinkages were made using
N,N'-dicyclohexylcarbodiimide (DCC) (Aldrich, 99%) or

(45) Kros, A.; van Hovell, W. F. M.; Sommerdijk, N.; Nolte, R. J. M.
Adv. Mater. 2001, 13, 1555.

(46) Kros, A.; Nolte, R. J. M.; Sommerdijk, Mdv. Mater.2002 14, 1779.

(47) Ryder, K. S.; Morris, D. G.; Cooper, J. Biosens. Bioelectror.997,
12, 721.

(48) Chen, X. H.; Matsumoto, N.; Hu, Y. B.; Wilson, G. Snal. Chem.
2002 74, 368.

(49) Bartlett, P. N.; Birkin, P. R.; Wang, J. H.; Palmisano, F.; De Benedetto,
G. Anal. Chem1998 70, 3685.

(50) Lima, A.; Schottland, P.; Sadki, S.; Chevrot,Synth. Met1998 93,
33.



3654 Chem. Mater., Vol. 17, No. 14, 2005

1,1-carbonyldiimidazole (CDI) (Aldrich) as the coupling agent in
solvents that were dried over P80, (anhydrous) or molecular

Doherty et al.

estimate analyte concentrations within the films. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM) studies

sieves. Activation of the label molecules by DCC took place in have shown that this procedure yields films 2@D0 nm thick
ethanol or dimethyl sulfoxide solution by mixing the components with a 0.3 nm root-mean-square surface roughness.
in an equimolar ratio and reacting at room temperature for 1 h. In . AFM measurements were performed in tapping mode on a
a separate vial, the methanol in the PAMAM solution was Digital Instruments Multimode 1l instrument. Tapping mode etched
evaporated under a stream of nitrogen and replaced with ethanolsilicon probes (TESP) were purchased from Digital Instruments
or dimethyl sulfoxide. The PAMAM solution was then added to and tuned between 300 and 400 kHz. SEM measurements were
the activated label solution in a 5:1 label:PAMAM ratio and allowed performed in the University of Arizona Department of Materials
to react at room temperature overnight. Science and Engineering on a Hitachi S-4500/Thermo-Noran field-
The reaction mixture was then quenched with an excess of wateremission SEM for digital imaging/EDS equipped with a cold field
to precipitate the unreacted materials and insoluble products. Theemission electron gun. Images were acquired with an accelerating
solids were separated by centrifugation at 10 000 rpm for 20 min. voltage of 4.0 kV and 150 000 magnification. AFM and SEM
The supernatant was removed, mildly acidified with hydrochloric images were acquired at several locations on each sample, and the
acid, and placed in a separatory funnel with diethyl ether. Ether images shown here represent the typical characteristics of each
extractions were continued until the ether layer appeared colorless,sample.
signifying the removal of unreacted ferrocenecarboxylic acid.  Electrochemical Studies.All measurements were performed
Further purification, concentration, and solvent exchange of the using an EG&G 263A potentiostat. The electrochemical cell
labeled dendrimer was carried out in an Amicon model 8050 stirred consisted of a Ag/AgCl reference electrode (Bioanalytical Systems)
ultrafiltration cell with a YM3 (3000 MW cutoff) filter under and a platinum wire counter electrode (Aldrich, 99.99%) in a
nitrogen pressure. 2.5 mL Teflon cell. All stated potential values are relative to the
Mass spectroscopic data of the labeled PAMAM dendrimer in a Ag/AgCl electrode. The ITO surface served as the working electrode
dithranol MALDI matrix indicate an approximate labeling ratio of ~ with an exposed surface area of 0.5%ci@ontact was made with
5:1 label:dendrimer for the ferrocenylated product-{PAMAM) the ITO through a brass foil contact. Electropolymerization of
and a 5:5:1 ratio for PAMAM conjugates containing both Fc and 3,4-ethylenedioxythiophene (EDOT) was performed in an aqueous
3TAA (Fc,3TAA—PAMAM) and the ferrocenylated/EDTM product ~ solution containing 10 mM EDOT, 10% (v/v) methanol, and
(Fc,EDTM—PAMAM). To avoid complications due to the changing 0.1 M LiClO,. Unless otherwise stated, before electropolymeriza-
molar absorptivity of ferrocene upon linkage to the dendrimer, tion, sol-gel films were equilibrated for 5 min at open circuit
solution concentrations of bound ferrocene were measured by potential to allow the EDOT monomer to diffuse throughout the
atomic absorption (AA) spectroscopy. Measurements were per- film. Stepped-potential electropolymerizations were performed by
formed on a TJA UNICAM 969 AA spectrometer at 248.3 nm using equilibrating the electrode &t0.6 V for 15 s, followed by a step
an air/acetylene flame. Quantitation of the ferrocenyl iron was to +1.15 V and holding for 10 s. Cyclic voltammetric data was
performed against a standard curve of ferrocenecarboxylic acid. obtained in 0.1 M LiCIQ (aq) in the absence of EDOT monomer.
Substrate and Sot-Gel Preparation. Indium tin oxide (ITO) Cyclic voltammograms were background-corrected by subtraction
substrates were obtained from Colorado Concept Coatings with aof the baseline estimated from the capacitive background current.
resistivity of ~16 Q per square and root-mean-square surface Unless otherwise stated, cyclic voltammograms were obtained at
roughness of ca. 2.5 nm. Substrates were cleaned by first lightly 10 mV/s utilizing a built-in 5.3 Hz I/E filter.
scrubbing with Alconox cleaner on a cotton pad and then rinsing ~ The amount of polymer loading, defined as the molar concentra-
with deionized water (18 I®-cm Barnstead/Thermolyne Nano- tion of EDOT monomer units polymerized in the film, was
pure). Substrates were then blown dry with nitrogen and cleaned determined by integration of the charge passed during electro-
in an air plasma (Harrick PDC-3XG) for 15 min at 15 W. Substrates polymerization, assuming 2.3 electrons transferred for each EDOT
were used immediately upon removal from the plasma cleaner. unit3! The polymer loading was found to be highly variable and
Sol—gel thin films and monoliths were made from a precursor dependent on the exact s@el curing conditions. At high relative
sol formulation consisting of 50@L of tetraethyl orthosilicate ~ humidity (>50%) or longer curing times>1 week), polymer
(TEOS) (Aldrich, 99.999%), 50QuL of methyltriethoxysilane Ioadi_ng by e!e_ctropolymerization was almost undetectable. At low
(MTES) (Aldrich, 99%), 30QuL of ethanol, 311uL of deionized relative humidity <10%) or short curing times<(24 h), the degree
water, and 1L of 0.25 M HCl as catalyst. EDOT-doped precursor Of polymer loading could be extremely high, such that the
sol contained 0.14 M EDOT. Solutions were vigorously stirred at Packground capacitive current of PEDOT itself overwhelmed the
room temperature fo4 h to yield the precursor sol, which was ~ Voltammetric signal of the encapsulated fRAMAM units.
used withi 4 h of preparation to ensure desired properties. For Optimal sensing of the electrochemical activity of the encapsulated
bulk monoliths, the solution was added to a glass vial, capped, andF¢~PAMAM dendrimers was achieved with the curing conditions

allowed to gel and cure at room temperature for several months, Noted above, and these optimized films exhibited an effective

Optimized thin film doping and film casting was carried out by concentration for PEDOT loading between 0.03 and 0.10 M.

mixing the precursor sol in a 1:1 volume ratio with a buffer solution
(0.1 M pH 7 TRIS) containing the labeled PAMAM dendrimer

(6.0, 6.5, and 4.2 mM ferrocene for FEAMAM, Fc,3TAA— .
PAMAM, and Fc,EDTM-PAMAM, respectively). Films were cast _Electrochemical Growth of Emergent PEDOT Features

immediately after mixing by pipetting 20@L of the doped sot through Porous Sol-Gel Films. Flg.ure 1 shows a schematic
gel solution onto an ITO substrate and spin casting at 3000 rpm View of the progress of conductive polymer growth from
for 1 min in 10% humidity. Films were allowed to cure at room the ITO/PSG interface outward toward the solution, along
temperature and humidity-20%) for approximately 48 h priorto ~ with the estimated loading of PEDOT within the PSG film
electrochemical characterization. Bulk sgels of the above
formulation typically exhibit 80% shrinkage in volume upon drying.
For thin films, this degree of shrinkage was assumed in order to

Results and Discussion

(51) Randriamahazaka, H.; Noel, V.; Chevrot, I.Electroanal. Chem.
1999 472, 103.
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Figure 1. Overview of the formation of PEDOT wires and cables encapsulated in porotgedqlPSG) films on ITO. (a) Schematic view of the PEDOT
electropolymerization process. (b) Estimated loading of PEDOT in the PSG film as a function of the number of voltammetric scans used to form these
encapsulated conducting polymer chains. The loading was estimated from a coulometric analysis of these voltammetric scans; comparable results wer
obtained when potential step electropolymerization conditions were used. (c) Schematic view of the PEDOT wires and cables growing up from the ITO
substrate, emerging finally to form nanoelectrode and microelectrode arrays (see Figures 2 and 3).

0.2, (@ At the bare ITO electrode each voltammetric scan deposits
0.0 approximately equivalent amounts of PEDOT, whereas
02 increasing amounts of PEDOT are deposited with each scan
30-4 at the PSG-coated ITO electrode. The decrease in current

‘ﬁ‘z density for electropolymerization of PEDOT on TEOS/
10 MTES sol-gel coated ITO substrates is dramatic, with
42 maximum current densities reduced by a factor of ca. 400

12 08 04 00 -4 12 08 04 00 -04 times for the PSG-coated versus bare ITO electrodes; the

volts vs. Ag/AgCI volts vs. AgiAgCi qualitative current/voltage responses, however, are the same
as seen on the bare ITO electrodes.
Figure 2c shows a series of AFM images of (left) a ca.

(c)
Z nm
! 2 3 300 nm PSG thin film deposited on ITO prior to any polymer
growth and (middle; right) PSG-coated ITO electrodes with
differing extents of electropolymerization of PEDOT. The
bare ITO surface initially shows an rms roughness of
0 2.5 nm versus 0.3 nm for the PSG coating, which allows

Figure 2. Voltammograms for the growth of PEDOT on (a) bare ITO and  the emergent PEDOT features to be easily detected. After
gg CISTOrch\)Ii'trt]oa acr?- 3POE0DnCr)nT TEFSV\?t/I‘\M(-Ii-ii ZSS glrr]g: t(rft)apl;FSMGirfTi]I?ngZ?t grf ggﬁr the fourth voltammetric electropolymerization scan in Figure
and fi’\)/e electro)rgolymeriza%ion scans ?images 2 and 3, respectively) to 2b (a total charge passed of ca. 212'6-cm*2)_, emergent
produce emergent PEDOT features. The vertiZnlsgale bar in image 1 PEDOT features were observed, #323 nm in apparent
is 2.5 nm; for images 2 and Z,= 40 nm. TheX,Y scale barin eachimage  diameter, ranging in height from 3 to 35 nm. After an
1S Lum. additional voltammetric scan (total charge passed of ca.
450 uC-cm™2), additional similarly sized emergent PEDOT
(estimated coulometrically from the data in Figure 2), as a features were observed, with total PEDOT feature densities
function of the number of voltammetric scans used to drive from 5 x 10°to 2 x 10°cn?, constituting a total area change
electropolymerization. Parts a and b of Figure 2 show the from approximately 0.£0.2 um?. After extensive electropo-
voltammetric responses of a bare ITO electrode and alymerization, the electrochemical behavior of the films
PSG-coated ITO electrode, respectively, in contact with displayed diffusion-controlled peaks due to PEDOT forma-
0.010 M EDOT/10% MeOH/ED solutions. The first vol-  tion, similar to that for a PEDOT film grown over bare ITO.
tammetric scan shows an onset potential for the initiation of This suggests that the PEDOT features converged, forming
PEDOT growth of ca+1.1 V vs Ag/AgCl. On the second an electroactive, continuous PEDOT film over the entire
and subsequent scans the onset potential for oxidative electrosurface.
polymerization is decreased by ca. 0.5 V and the reversible Figure 3 shows an SEM cross-sectional image of two
oxidation/reduction of PEDOT is then seen growing in size emergent PEDOT features (b and c) of ca. 120 nm height
in the voltage window from 0.00 t&-0.50 V vs Ag/AgCI%? and ca. 100 nm diameter, from a carefully fractured
ITO/PSG electrode in which PEDOT had been grown,
(52) Akoudad, S.; Roncali, Electrochem. Commur200Q 2, 72. similar to the conditions used in Figure 2. Note that column
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resulting increase in overall electrode area. On the basis of
the changes in plateau height, the electroactive area increases
approximately 27% between the second and third polymer-
ization steps and another 37% between the third and the
fourth steps.

Variable scan rate cyclic voltammetry was used to further
characterize the electrochemical response of the PEDOT
nanoelectrode arrays. The scan rate dependence was evalu-
ated against a solution of 0.027 M potassium ferricyanide.
The use of a small molecule (as opposed te- FAMAM)
as the electrochemical probe decreases the influence of slow
molecular diffusion on the measurements, while the nega-
tively charged ion is prevented from penetrating the—sol
gel by ionic repulsion with surface hydroxyls in the fifth.

At slow scan rates (10 mV/s, Figure 4c) the voltammograms
again display diffusion-limited current plateaus with no
discernible voltammetric peak%.As the scan rate is in-

sok-gel creased, several changes in the voltammograms are observed.
The non-Faradaic background increases linearly with scan
glass rate as expected for a charged conductive polymer Rayer.

Figure 3. SEM images of two emergent PEDOT chains (b and c) from However, the magmtude of the steady-state current plat_eau
the PSG film (a). The electron beam focus and image focus conditions were from the Faradaic component, measured from baseline,

optimized at a higher magnification and then the image above was acquiredremains independent of scan rate, as expected for voltam-

at this magnification. Some damage appeared to occur to chain b versus e :
chain c. The average diameter of both chains appears to be ca. 100 nm, bu{ﬁnetry at ultramicro- or nanoelectrodést hlgher scan rates,

the initial SEM images suggest a smaller diameter and less roughening thanthe plateaus become noticeably more peak-shaped with a
seen in the PEDOT features here. broad anodic peak at 350 mV, suggesting the onset of linear

diffusion voltammetry, resulting from the overlap of the
hemispherical diffusion zonés.

Mediated Redox Processes for Encapsulated Fc
PAMAM and Fc,3TAA —PAMAM Dendrimers. A series

b is significantly roughened in contrast with column c. In
initial higher resolution SEM images this column was less
structured, but during the course of image optimization, at

higher magnification, some thermal degradation of this ) !
feature apparently resulted. Once SEM optimization was ©f TEOS/MTES PSG films were next doped with +c

achieved, a lower resolution image was obtained: however, PAMAM dendrimers or FePAMAM dendrimers previously

these PEDOT features quickly changed in appearance Withmodified with ei_ther 3TAA or _EDTM, to demonstrate_ that
continued exposure to the electron beam. PEDOT wires in the PSG film could electrochemically

These PEDOT features display excellent electrochemical COmmunicate between the ITO substrate and an entrapped
contact with the ITO surface and exhibit voltammetric Macromolecule. When added directly to the sol solution,

behavior characteristic of ultramicroelectrode arrays. Figure Modified dendrimers of this size are effectively immobilized
4a shows the background-subtracted cyclic voltammetry of Within 'thelpores of the selgel and do not leach from the
such a PEDOT-modified PSG/ITO electrode in response to dri€d film* For the voltammetric responses shown below,
oxidation/reduction of solutions of ferrocenylated PAMAM PEDOT was electropolymerized through the PSG film;
dendrimer (FePAMAM), shown schematically in Figure between each electropolymerization step the voltammetric
4b. This ferrocene-modified dendrimer is too large to enter '€SPONse was characterized at a sweep rate of 1&thv

the pores in the selgel and shows no voltammetric Figure 5a (scan 1) .shows a s!ngle voltammogram without
response of the Fc/Faedox couple prior to the growth of background subtraction, and Figure 5b shows background-
PEDOT in the film, confirming that the 50:50 TEOS/MTES subtracted voltammograms acquired before and after a total
films are free of pinholes, which would support diffusion Of zero, one, three, and five electropolymerization steps
controlled electrochemistry. After PEDOT growth the oxida- (intermediate voltammograms have been removed for clar-
tion and reduction of PAMAM-bound ferrocene could be ity), for a PSG film doped with FEPAMAM and immersed
seen as sigmoidal curves with distinct current plateaus. This
shows that the PEDOT is behaving as a “molecular wire” (53) Jeoung. B G;'%er\} H SChHO“TervPJ;?F?at'vI'I\"-?\‘/Jfﬁhev A, gggmi”e“v
through 300 nm of insulating sepel film, with the emergent 17, éégeé ord, C.M.; Russell, T. P.; Rotello, V. Mlangmuir2001
columnar structures behaving as an array of nanoelectrodes(54) Sé“{’g Y. N,; Seliskar, C. J.; Heineman, W. Rnal. Chem1997, 69,
The §|gm0|dal response anq stgady—state current gre_char(55) Feldberg, S. WJ. Am. Chem. S0d984 106, 4671.

acteristic of hemispherical diffusion processes and indicate (56) Fletcher, SJ. Electroanal. Chem1992 337, 127.

that each electrode behaves independently in this array with(57) éf,’{“’ G.; Schiavon, G.; Berlin, A.; Pagani, Bdv. Mater. 1993 5,
nonoverlapping diffusion zoné3 Furthermore, the current  (sg) Hashmi, S. A.: Upadhyaya, H. Msolid State lonic€002 152, 883.

plateau height increases with consecutive polymerization (59) tIs_gtz;,glé.;Khomenko, V.; Frackowiak, B. Phys. Chem. Solid2004
steps, due to the increase in the number of emergent(60) Bérd,A.J.;Faquner, L. RElectrochemical Methods: Fundamentals

columnar structures (shown in Figures 2c and 3) and the and Applications2nd ed.; John Wiley & Sons: New York, 2001.
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Figure 4. (a) A series of 10 mV/s voltammograms of a PSG-coated ITO electrode in electrolyte with 3.4 mRAMAM dendrimer, which is too large

to permeate the PSG film (schematically shown in (b)). Voltammogram 1 shows the response prior to PEDOT electropolymerization in the PSG film;
voltammograms 24 show the voltammetic oxidation/reduction of solutionr-FRAMAM at the “nanoelectrode arrays” formed by the emergent PEDOT
features, as described in Figures 2 and 3, as more PEDOT is grown in the PSG. (c) Voltammograms as a function of sweep rate for reduction/oxidation of
0.027 M ferricyanide at the same electrode after final formation of emergent PEDOT wires. In the absence of emergent PEDOT, the voltammetric response
was negligible, since ferricyanide does not permeate thegalfilms due to electrostatic repulsion with surface hydroxyl groups in thegglfilm.>*
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Figure 5. (a) Voltammetric responses (without background correction), at maximum efficiency, of ca. 300 nm PSG films on ITO with entrapped
Fc—PAMAM dendrimers. (b-e) Background-corrected voltammetric scans for the same samples. The numbezortespond to the number of voltammetric
steps performed while the film was soaked in 0.01 M EDOT solution. Scan 1 in part a corresponds to scan 3 in part b (the voltammetric response of the
PSG/ITO film with only entrapped FEPAMAM). As PEDOT is grown through the PSG film, the voltammetric response improves, but the fraction of
electroactive ferrocene units was only ca. 0.9%. Scan 2 in part a corresponds to scan 4 in part ¢ (the PSG/ITO film with entrapped Fc,3TAA-PAMAM). The
fraction of electroactive ferrocene increased to ca. 4% of available ferrocene. Scan 3 in part a corresponds to scan 3 in part d (a PSG/ITO fappetith entr
Fc,3TAA-PAMAM and entrapped EDOT, both added during the gelation process). The percentage of electroactive ferrocene units increased taca. 7%. Sca
4 in part a corresponds to scan 1 in part e (Fc,EDTRAMAM dendrimers were entrapped in PSG/ITO films, along with EDOT). The voltammetic activity
indicates greatly enhanced rates of electron transfer to the entrapped ferrocene units, with up to ca. 20% of these units in electrochemidél ttentact w
ITO substrate.

in a2 0.01 M solution of EDOT. Before any PEDOT had been corresponding to redox activity of FPAMAM units that
grown through the film (Figure 5b, scan 0), some voltam- are apparently encapsulated within a few nanometers of the
metric activity could be seen for encapsulated-PAMAM ITO electrode surface. As PEDOT was electrochemically
(corresponding to ca. 0/2C-cm 2 oxidative charge for the  grown through the film, the midpoint potential for the
Fc/Fc redox couple), with a midpoint potential 6f0.44 V Fc—PAMAM/Fct—PAMAM redox couple decreased to
and a voltammetric peak separatioNHye) of 0.07 V, +0.34 V and exhibited a smallé&Epea0f 0.02 V. The shift

volts vs. Ag/AgCI
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in midpoint potential represents an apparent change in thesolution, along with Fc,3TAA-PAMAM, prior to film
interface where electron transfer occurs from the bare ITO formation (scan 3 in Figure 5a, and Figure 5d). In this case
electrode to a PEDOT/ITO electrode surface. There was onlythe charge passed on the oxidative wave, after PEDOT
a factor of 2 increase in the amount of electrochemically electropolymerization, increased to ca. 32-cm™2, or ca.
active ferrocene after the growth of PEDOT throughout the 7% of the available ferrocene monomer units. As a control
sol—gel matrix; the charge passed on the oxidation sweep experiment to accompany the characterization of these EDOT
increased to ca. 0.4C-cm™2 after the third electropoly-  predoped films, we attempted to determine whether there is
merization step, corresponding to electron transfer to ca. 0.9%spontaneous formation of PEDOT during the-sgél forma-
of the total amount of ferrocene units available in the film. tion process. In bulk selgels, doping of the precursor sol

In the next set of experiments, 3TAA was covalently with EDOT monomer was shown to produce some PEDOT
attached to FePAMAM dendrimers, yielding a product upon gelation, as evidenced by a dark green/blue coloring
containing both pendant ferrocene and thiophene groupsof the cured sol. The absorption spectrum of the,Cll
(Fc,3TAA—PAMAM), with approximately five ferrocene  extract from a HF digestion of a monolithic EDOT-doped
and five thiophene groups per PAMAM dendrimer. FTIR sol—gel is available in the Supporting Information of this
studies of thick PEDOT films formed on ITO in the presence paper. A large absorbance peak was observed at 260 nm
of 3TAA showed no signs of a covalent incorporation of representing residual EDOT, along with absorption bands
thiopheneacetic acid into the PEDOT chains at the polym- at 363, 479, 580, 732, and 851 nm, due to the presence of
erization potentials used in these experiments. This is notpartially oxidized PEDOT oligomei.Some PEDOT chains
surprising, since the oxidative polymerization of the thiophene are therefore likely to exist in PSG films in which EDOT
parent monomer occurs at potentials positive of the potential was incorporated before the gelation and spin-casting stages
for oxidative polymerization of EDOT: Despite the lack  and may even play a role in templating the further growth
of a covalent interaction between 3TAA and PEDOT, of PEDOT wires in the dried PSG film.

differences were still noted in the voltammetric response of  Mediated Redox Processes for Encapsulated Fc,EDTM
encapsulated Fc,3TAAPAMAM, arising from an appar-  PAMAM Dendrimers. Unlike 3TAA, the methanol-
ently increased interaction with the grOWing PEDOT chains. substituted EDOT monomer, EDTM, can Cop0|ymerize with
Scan 2 in Figure 5a and the background-corrected voltam-EDQT at the potentials used in this experiment to form a
mograms in Figure 5¢c show the responses of entrappedhydroxy-substituted PEDO¥.EDTM was therefore conju-
Fc,3TAA—PAMAM in the PSG film, after several different  gated to Fe PAMAM dendrimers in order to provide a site
electropolymerization steps-(.15 V for 10 s). The EDOT  for close interaction between pendant ferrocene groups and
solution was removed after each electropolymerization step, PEDOT, through copolymerization of pendant EDTM di-
replaced with electrolyte, and the cyclic voltammograms rectly into the growing PEDOT chain. MALDI mass
were acquired. The midpoint potential for the Fc/Fedox  spectrometry indicated the presence of approximately five
couple shifts from+0.45 to+0.34 V after several polym-  EDTM groups per PAMAM dendrimer. As before, the
erization steps, with the major shift taking place after the Fc EDTM—PAMAM dendrimers were encapsulated in the
first polymerization step. The decreaseNByeais relatively  spin-cast (0.14 M EDOT doped) PSG film, and PEDOT was
small, 54-48 mV after nine electropolymerization steps. The electropolymerized using potential steps, in 0.01 M EDOT
integrated charge from oxidation of the ferrocene units splutions. After each potential step, the electrode was placed

reaches a maximum after four polymerizations steps, cor-in blank electrolyte and the voltammetric response character-
responding to 1.ZC-cm2 or 4% of the available ferrocene jze(d.

monomer units, and begins to decline after the fifth polym-
erization step. This apparent decline in the efficiency of
charge transfer with encapsulated ferrocene was observe
in all systems studied and occurs at levels of polymer loading
in excess of ca. 0.1 M. This level of PEDOT loading is
significant in that (1) the PSG is effectively saturated with
PEDOT and the columnar structures described above
(Figures 2c and 3) begin to emerge from the top of the
PSG/ITO film, and (2) at loading levels exceeding 0.1 M
there is a sharp decline in the degree of oxidative doping of
PSG-encapsulated PED®AThis decline in oxidative dop-
ing represents an overall decrease in the conductivity of the
encapsulated PEDOT, resulting in the observed decline in
the efficiency of charge transfer between PEDOT and the
encapsulated dendrimer.

The degree of entrapped ferrocene redox activity could
be further increased if EDOT was doped into the-sygl

Scan 4 in Figure 5a and the series of scans in Figure 5e
how the voltammetric response obtained for Fc,EDTM
AMAM-doped PSG films before and after several PEDOT

electropolymerization steps. The voltammetric responses of
these films were dramatically improved over all previous
Fc—PAMAM modified PSG films. Each background-cor-
rected voltammogram is nearly ideal in its symmetry, and
the midpoint potential£0.31 V vs Ag/AgCl) is shifted to
less positive potentials than all previous -FRAMAM-
modified PSG/ITO films. As seen from the change in current
scale in these voltammograms, there was an impressive
enhancement in the fraction of FEAMAM units in
electrical communication with the ITO substrate. After one
polymerization step the fraction of ferrocene units electro-
chemically communicating with the ITO substrate is nearly

(63) Apperloo, J. J.; Groenendaal, L.; Verheyen, H.; Jayakannan, M.;
Janssen, R. A. J.; Dkhissi, A.; Beljonne, D.; Lazzaroni, R.; Bredas, J.
(61) Li, G. T.; Kossmehl, G.; Welzel, H. P.; Engelmann, G.; Hunnius, W. L. Chem. Eur. J2002 8, 2384.
D.; Plieth, W.; Zhu, H. SMacromol. Chem. Phys.998 199, 525. (64) Doherty, W. J.; Armstrong, N. R.; Saavedra, S. S. Manuscript in
(62) Doherty, W. J. Dissertation, University of Arizona, Tucson, AZ, 2005. preparation.
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Figure 6. Schematic view of (1) the FEPAMAM dendrimer with three appended Fc groups, (2)-PAMAM with added EDTM thiophene groups, and
(3) Fc,EDTM—PAMAM with PEDOT strands able to copolymerize with the EDTM groups appended to the PAMAM dendrimer, placing the growing
PEDOT strands in close proximity to the Fc groups.

20% of the available units, and the charging current (scan approach, electron-transfer rates were ca. 15fer en-
4, Figure 5a) is only ca. 40% of that seen for previous PSG trapped Fc,EDTM-PAMAM compared to 0.£0.4 s*
films. With subsequent electropolymerization steps, the determined for FePAMAM and Fc,3TAA-PAMAM-
number of electrochemically active FEAMAM units in modified PSG/ITO films.

the PSG/ITO film decreased slightly, while the charging  Figure 6 shows a schematic view of the proposed interac-
current (not shown) increased to nearly the same level astion of a growing PEDOT chain with a segment of the
seen for previous PEDOT-loaded PSG films. These resultspAMAM dendrimer to which both Fc and EDTM units have
suggest that the initial PEDOT electropolymerization step peen conjugated. Our electrochemical studies suggest that
occurs preferentially along routes in the PSG film that are conjugation of sufficient EDTM monomers with Fc
decorated with the Fc,EDTMPAMAM dendrimers and that ~ PAMAM units will provide sites for direct linkage with
subsequent polymerization steps load the PSG film with PEDOT, especially in the earliest stages of PEDOT wire
additional PEDOT which is not proximate to these dendrimer growth through the PSG matrix. PEDOT chains that grow
units. in close proximity to the dendrimer site are expected to
Electron-transfer rates at maximum electrochemical com- provide improved electron transfer rates, relative to cases
munication efficiency for the entrapped Fc units were where the PEDOT chain is only occasionally proximate to
estimated according to methodology presented by Laron. the bound ferrocene center. What is not yet clear, however,
To apply this method, the following assumptions were s the extent to which more than one ferrocene unit per
applied: (1) the electrode surface consists of encapsulated®PAMAM dendrimer becomes electroactive when the PEDOT
PEDOT; (2) since maximum efficiency was observed at chain grows, i.e., whether there is through space electron
PEDOT saturation in the PSG film, the PEDOT concentra- transfer between Ec units on the same dendrimer.
tion, and therefore the total electrode surface area, is
equivalent in all fiims studied; (3) there is less than Conclusions
monolayer coverage of adsorbed PAMAM on the electro-
active surface of encapsulated PEDOT; and (4) we assume As a result of the studies shown here, and other recent
a electron-transfer coefficientf value of 0.5. Using this  electrochemical studies of PSG filr¥s;* it is clear that a
wide variety of electroactive conducting polymer/glass hybrid
(65) Laviron, E.J. Electroanal. Chem1979 101, 19. materials can be formed, with good retention of the elec-
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trochemical activity of the entrapped macromolecule or polymer used, the number of monomer units per dendrimer,
nanoparticle. These environments are appealing for somethe optimum concentration of PAMAM units within the sol
biological molecules, whose stability and activity might be gel matrix, etc., with the intent of increasing the concentration
compromised by simple adsorption to an electrode surface,of electroactive units without sacrificing the insulating,
and show potential for the development of new photoelectro- protective features of the segel environment.

chemical material& It is clearly desirable to increase the
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