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ABSTRACT: This work describes the electrochemical copolymerization and spectroelectrochemical characteriza-
tion of 3,4-ethylenedioxythiophene (EDOT) with a commonly used EDOT derivative: 2,3-dihydrothieno[3,4-
b]-1,4-dioxyn-2-yl methanol (EDTM), on indiumtin oxide (ITO) electrodes, as a function of the EDTM/EDOT
comonomer feed ratio. The potential of initial polymerization and the degree of optical contrast between reduced
and oxidized states increased steadily with increasing proportions of EDTM. Reactivity ratios were determined
by spectroscopic characterization of the copolymer film and by monitoring the depletion of monomer from the
starting solution by liquid chromatography, following the formation of relatively thick PEDOT/PEDTM films.
Average reactivity ratios of 1.5 0.2 and 0.4+ 0.3 were obtained for EDOT and EDTM, respectively,
demonstrating preferential deposition of EDOT on ITO electrode surfaces. Significant differences were noted at
low and high degrees of conversion, indicating changes in copolymer composition with film thickness. These
results have real significance for the characterization of electron-transfer rates for the first monolayer of PEDOT/
PEDTM on ITO, determined by a new mode of potential-modulated attenuated total reflectance spectroelectro-
chemistry*

Introduction the polymer backbone, or increasing the size of the alkylene-
dioxy bridge, significantly enhances the optical contrast between

Conductive polymers synthesized from 3,4-alkylenedioxy- h tral and doped states by induci . d torsional
thiophene derivatives have become an important class of organic € neutral and doped statés by Inducing an increased torsiona

electronic materials due to their inherent stability, low oxidation twist In th? c_o_njugated system. Furthermore, these structural
potential, high conductivity, and excellent electrochromic change_s S|gn|f!9antly al_ter Fhe band-gap energy_ofthe polymer,
propertie€. The most highly studied derivative is poly(3,4- producing significant shifts in the wavelength region over which

ethylenedioxythiophene), or PEDOT, produced by oxidative 'lt_he_ elgctrocrlwoml_c Ef.fECt t_akels place. _Th||s phenomen(;]n IS not
polymerization of its monomer unit, EDOT, shown in Figure imited to polymerizations involving a single monomer (homo-

1. PEDOT and related materials have been used in applicationspc’lymerization) but i.s also seen in condugtive polymer b!gnds,

ranging from amperometric biosensingjto molecular electron- copolymers, and laminate structures, allowing one to specifically

ics/ and dispersions of PEDOT with polystyrenesulfonate tailor thze electrochromic switching to the wavelength region of
’ H 1

(PEDOT:PSS) are now commonly used as modifying layers for mterebst._ . f sid h | backb

ITO electrodes in the production of thin film photovoltaic célls Substitution of si e groups onto the polymer backbone not

and organic light-emitting diodes (OLED%)! The net effect only changes. the optical properties of the material byt can also

of the PEDOT:PSS layer in these systems is fourfold: (i) be used to introduce fgncﬂonal' groups. Polylmerlzanon of

PEDOT:PSS films help to planarize the ITO surface, (ii) EDOT—methanol ('\%23_-2?hydrothl_eno_[S,ld]—lA-_d|oxyn-2-yl

PEDOT:PSS films appear to make the ITO surface more methanol), or EDTM; shown in Figure 1, is a common

uniformly electroactive, (iii) the PEDOT:PSS layer reduces the strategy to create a PEDQT-Iikg material bearing hydroxyl
electrode surface polarity, making it more compatible with 970UPS which are a convenient point of attachment for a variety

nonpolar components of OLEDs and OPVs, and (iv) the of functional groups, including cyanobipheﬁ?lI_etrathiafL_JI-

PEDOT:PSS layer appears to increase the effective work valene?* and poly(ethylene glygol) (PEG) chains and Imkgr

function of the resulting substrate. arms?3-25 The electropolymerization and spectroelectrochemical
In their neutral state, PEDOT and PEDOT derivatives absorb properties of PEDTM homopolymer have been briefly charac-

strongly across the visible wavelength region, creating a deeply gerf|_zedd rt()elatlve to PED|02F’23 anc_i d'Spllfly % Ledoxdbghawor d
colored material. When oxidatively doped, the absorbance shifts efined by narrower voltammetric peak widths and decrease
into the near-IR region, yielding nearly transparent thin films. peak separaﬂon. The optical absorpﬂon maximuiia) of
This electrochromic effect has been noted for polymers crea’tedneu'{ral PEDTM is slightly red-shifted at 596 nm, compared to

from a wide variety of monomers in a series of publications by 582 nmlobtal_necti_ for Ff)EEDD(())q'Is' ith oth id
Kumar et alt213 and Reynolds and co-worke¥s:2® These opolymerization o with otheér monomers provides

ies have shown that the presen f ituent ar f means of C(eating new conqluctiye polymeric systems and
studies have shown that the presence of substituent groups o electrode coating% 28 with functionalized componen# tun-
able optical propertie®¥;32 and adjustable doping leveisFor
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Figure 1. Electrocopolymerization of EDOT with EDTM. The initial oxidation of monomer takes place at the ITO electrode. The polymerization
proceeds through a radical chain mechanism, incorporating both monomers into the growing polymer. Further oxidation of the polymer (lower left)
produces a conductive bipolaron state.

molar ratio of monomer constituents. Simultaneous electrodepo-pad and then rinsing with deionized water (18.@Marnstead/
sition of EDOT with thieno[3,4s]thiophene yielded a copolymer ~ Thermolyne Nanopure). Substrates were then blown dry with
with significantly enhanced stability to cathodic dopitig.  hitrogen and cleaned in an air plasma (Harrick PDC-3XG) for 5
Polymer structures containing EDTM can be covalently modi- Min at 15 W. _ _

fied before or after polymerization. Roncali e&have shown Spectroelectrochemical MeasurementsAll electrochemistry
that ferrocene-modified EDTM can be covalently incorporated Was performed using a EG&G model 263A potentiostat. The

into PEDTM, or oligo(PEG)-modified PEDTM, to produce a electrode cell consisted of a pl_atinum wire (Aldrich 99t99)
functionalizea polymeric electrode surface ' counter electrode, a commercial Ag/AgCI reference electrode

) = - (Bioanalytical Systems), and an ITO-coated glass substrate as the

For the design of specific copolymeric systems and control yqrking electrode. Electrical contact to the ITO was made via a
of the degree of functionalization, it is important to be able to prass foil contact. All potentials stated in this work are vs Ag/
predict the copolymer composition, i.e., the relative proportions AgCl. Spectroelectrochemical data were obtained using a single-
of each monomer constituent. This requires accurate knowledgepass transmission cell designed to mount onto the sample platform
of the relative reactivity of the two monomers toward a radical of a Spectral Instruments series 400 fiber-optic spectrophotometer.
species and, in the case of electropolymerization, reactivity Spectra were acquired at 100 mV intervals while simultaneously
toward the electrode surface. While many of the aforementioned SWeeping the potential of the ITO electrode at 25 mV/s.
studies regarding the copolymerization of EDOT report a  Determination of Reactivity Ratios. A thorough review of
preferential reactivity of one monomer vs the otfet?-32 they reactivity ratios, and .the various method.s used in thel.r determina-
do not present a quantitative assessment of relative monomefio": has been described by Odiaand will be briefly discussed
reactivity during electropolymerization. This work details the here. Reactivity ratios) for a two-monomer system are defined

. . ) . . according to the following expressions for the four possible

spectroelec_trochemlcal properties Qf conductive pc_)lymer films onomermonomer reactions
produced via electrocopolymerization of EDOT with EDTM.
Reactivity ratios and copolymer composition are determined

k.
spectroelectrochemically and by bulk monomer depletion stud- My + M; — MM,
ies. A companion work, published elsewhéreletails the Ky
spectroelectrochemical characterization of PEDOT/PEDTM M+ M,— MM,
copolymer films on ITO substrates using potential-modulated .
spectroelectrochemical attenuated total internal reflectance M, +M 1£» M,M,"
(ATR), wherein we show that the electrochromic switching rate o
of these films is significantly lowered with increasing fraction M, + M, —= M,M,’ (1)

of EDTM incorporated into the copolymer film, owing to the

interaction of the pendant methanol groups with the ITO surface. where M and M represent the two dissolved monomers &rig

: ; the rate coefficient for the reaction. From these expressions, the

Experimental Section reactivity ratios are defined as
Materials. Unless otherwise stated, all chemicals were supplied

by Aldrich and used without further purification. 3,4-Ethylenedi- Ky

oxythiophene-methanol (EDTM) was synthesized in the Organic r,= P and r,= P 2)

Synthesis Facility at the University of Arizona according to 12 21

procedures outlined by Limdaand Akoudad® Monomer solutions

(both EDOT and EDTM) were made in 0.1 M LiCl@q) with Whenr > 1, the monomer reacts preferentially with itself, and

10% v/v methanol by predissolving the monomer in the methanol whenr < 1, the monomer reacts preferentially with the second

fraction. monomer. Wherr = 1, there is no preference. A “copolymer
Indium—tin oxide (ITO)-coated glass substrates were obtained equation® can be derived, using a steady-state assumption, to
from Colorado Concept Coatings, with a resistivity~df6 Q/square approximate the relative monomer composition of the resulting

and root-mean-square surface roughness of 2.5 nm. Substrates wereopolymer based on the initial concentrations of each monomer
cleaned by first light scrubbing with Alconox cleaner and a cotton and the reactivity ratios CDV
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dM; M ry[M] +[M] om 3 0.0 -

AM (M) oMol + M) m, .
where dM is the change in monomer concentration as a result of 04 ]
polymerization, [M] and [M;] are the initial monomer concentra- ’
tions, andmy/my, is the ratio of monomer units Mand M, in the ~ 06 .
resulting polymer. It is important to note that this equation does £
not account for the decrease in monomer concentrations during the = 084
course of polymerization and thus is only valid in the limit of low
conversion €5%)23% 1.0 4

For higher degrees of conversion, an integrated form of eq 3

can be utilizegf—38 1.2 . .
1.0 0.9 0.8 0.7

D1 o R 1o — o) @ V vs. Ag/AGC
(fDo] | (2o fi—0o Figure 2. Electropolymerization of EDOT and EDTM monomers onto
ITO. The arrows indicate sweep direction. During the initial voltam-
whereD is the degree of conversion affigandf, are the mole metric scan, the onset of polymerization is indicated by the precipitous

fractions of M and M, respectively. The zero subscripts denote increase in anodic currentatl.0 V. The onset of polymerization shifts
initial conditions. and ’ to more positive values with increasifigyrv in the monomer solution

(inset). feorm = 0 (=), feorm = 0.25 & — —), feprm = 0.50 ¢ - +),
fepotm = 0.75 (- - -), andfeprm = 1.0 ( - ).

P M
a = =
1-r / 1-n lymerization in aqueous solution since the adsorbed polymer is
1—rr 1—r insoluble, and (b) detection of relatively small changes in high
y = r2 o= 2 concentrations of monomers, which is readily achieved using
(1=r)d—r) 2-rn-n chromatography. Both EDOT and EDTM absorb strongly at 254

nm and can easily be separated by reverse-phase liquid chroma-
In this study, monomer reactivity ratios in copolymer films of tography (RPLC). A relatively small volume cell (3.5 mL) and large
EDOT and EDTM electropolymerized on ITO were determined electrode (total area 12.9 @mwere utilized in order to obtain
using two methods: (a) transmission YVis spectroelectrochem-  detectable decreases in monomer concentration. PEDOT/PEDTM
istry of the copolymer film and (b) by measuring the depletion of films were grown by stepping the potential of the ITO electrode to
dissolved monomer from the comonomer feed solution. In the 1.15 V in a stirred 1 mM solution of monomer for 15 or 30 s.
spectroelectrochemical method, expressions derived by RamelowChanges in monomer solution concentration were monitored before
et al>® were used to extract reactivity ratios using the difference in and after polymerization using a Thermo Separation Products HPLC
molar absorptivity between the two homopolymers according to with Spectra System P4000 gradient pumps, SN4000 and UV3000
the expression detectors (254 nm), and a Spectra-Physics AS3000 autosampler.
Separation was obtained using an Alltech Econosphere C-18 column
F = M _€2” € (5a) with 5 um particle size and a mobile phase of 50:50 acetonitrile:
mtm, e 6 water with 0.1% trifluoroacetic acid. 3;Bithiophene was used as
an internal standard. At a flow rate of 1.25 mL/min, baseline-
whereF; is the mole fraction of monomer Mn the polymer and resolvgd peaks Wlt.h approximate retention times of 19 2.7, and
€1, €, ande;, are the molar absorptivities of homopolymern,M  5-5 min were obtained for EDTM, EDOT, and 3{dthiophene,
homopolymer M, and the copolymer, respectively. Equation 5a espectively.
can be written in terms of the molar ratio of monomers by

Results and Discussion
€2” € _M

_ (5b) EDOT/EDTM Coelectropolymerization and Spectroelec-
€~ €, m trochemistry. A proposed mechanism for the copolymerization
of EDOT and EDTM is shown in Figure 1, modeled after the
Molar absorptivity values were obtained from the film absorbance electrochemical polymerization of pyrrotePolymerization is
as a function of polymer surface coverage, estimated from the initiated at the electrode surface following the one-electron
integrated charge passed during electropolymerization, assumingoxidation of monomer. Combination of the radical species with
2.3 electrons per monoméReactivity ratios were then obtained o tra| monomer, followed by proton elimination, forms the
by calculatingmy/m, according to eq 5 and substituting into eq 3. o tra| oligomer. The polymerization proceeds through subse-
It is important to note that in this method the bulk properties of LS .
guent oxidation of oligomer at the electrode to generate the

the copolymer film are measured, and a linear relationship between™-~ . . .
the molar absorptivity of the film and the degree of copolymeri- radical species. The resulting polymer film can be repeatedly

zation is assumed. It is important that the comonomer feed ratio cycled between the insulating neutral form and the oxidized
remain relatively constant during the film growth, such that one conductive bipolaron staté.
monomer is not significantly depleted from solution with respect  Cyclic voltammograms recorded during the electropolymer-
the other. Thus, a relatively high concentration of monomer (10 jzation of EDOT, EDTM, and comonomer solutions on bare
mM) was used to prepare films of sufficient thickness for acceptable | TQ electrodes are shown in Figure 2. During the initial anodic
signal-to-noise in absorbance measurements, without S|gn|f|cantlysweep, no Faradaic current is apparent untll V, at which
?c:ﬁgir:i% ntsheofclgcvciggsgg?gn OLC(j;/SnS’](éllxggticr)?]o\?v(;rsn?)rérflc.)el’l.’]"leléngﬁr the current increases significantly, corresponding to the onset
ITO (electrode area of 0.5 énin an unstirred 2 mL volume cell of monomer oxidation and sub§eq}1ent elelctropolymerlzatllon.
On the return sweep, polymerization continues at potentials

via the application of a cyclic voltammetric potential waveform . A .
between—0.4 and 1.2 V at 25 mV/s. positive of 0.80 V. This difference between the onset potential

Accurate determination of reactivity ratios via the second method, @nd the minimum potential required to sustain polymer growth
monomer depletion, requires (a) separation of monomer from creates a “nucleation loop”, characteristic of electropolymer-
polymer, which is a consequence of PEDOT/PEDTM electropo- ization of conductive polymers. CDV
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Table 1. Summary of Spectroelectrochemical Data for Thin Films of PEDOT/PEDTM Polymer and Copolymer Films as a Function of the Mole
Fraction EDTM in Solution during Electropolymerization ( feptm)

Eonset Amax contrast E° AEpeak Emig absorpto- AEpeakabsorpto-

feotm V) (nm) € (cm?/nmol) ratio atmax voltammetry (V) voltammetry (V) voltammetry (V) voltammetry (V)
0 0.989 571 3.6 1.16 0.08 0.3 -0.24 0.05
0.25 0.997 577 4.3 1.45 0.1 0.2 —0.20 0.09
0.50 1.009 582 4.6 1.66 0.06 0.2 —0.18 0.05
0.75 1.008 583 5.5 1.77 0.06 0.2 -0.17 0.03
1 1.019 591 7.0 2.20 0.05 0.1 —0.17 0.01

Close examination of the initial voltammograms for EDOT, increasingeptm in Figure 3. The extremely broad voltammetric
EDTM, and comonomer solutions (Figure 2, inset) reveals a peaks are representative of a wide distribution of redox potentials
significant increase in onset potentiBhfse) as the mole fraction and are somewhat difficult to discern from the non-Faradaic
of EDTM in solution feptwm) is increased. The initial oxidation  background; however, some assignments can be made. There
of EDTM occurs at potentials 0.030 V more positive than those is a small anodic voltammetric peak that increases in intensity
for EDOT (seeEqnsetvalues listed in Table 1). In subsequent and gradually shifts from-0.2 V in the 100% PEDOT film to
scans, continued growth of both PEDTM and PEDOT occurs +0.1V in the 100% EDTM film, corresponding to the oxidative
at~0.80 V and shows no significant dependence on the relative redox doping of the polymer. Also evident are a cathodic
solution concentrations of monomer. This indicates that while shoulder at-=0.06 V and a peak at0.2 V, corresponding to
the initial oxidation of EDOT at the ITO electrode is favored the reduction of the polymer film and subsequent counterion
over that of EDTM, the degree of incorporation of both release, respectivef§that gradually shift, with increasirfgorw,
monomers onto existing polymer (i.e., after the first scan) is to —0.2 and—0.3 V, respectively. The gradually increasing
approximately equal. anodic current at-0.8 V in all voltammograms represents the

Cyclic voltammograms of PEDOT/PEDTM copolymer films  onset of electropolymerization from existing polymer and is
grown onto existing copolymer are shown as a function of independent ofeptm. Apparent values for the peak separation
(AEpeay and standard redox potentidt®) obtained from the
voltammetric data are listed in Table 1. Asytv increased,

AEpcakdecreased, whereas changeEinwere relatively minor.
£ Transmission spectroelectrochemistry was used to examine
_JEDTM the spectral properties of the polymer films as a function of
both potential and monomer solution composition. Figure 4
_ shows absorbance spectra of the films after five scans in the
3 oxidized (A) and the reduced (B) states as a functiofg®fu.
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Figure 4. Transmission spectra of PEDOT/PEDTM copolymer films,
Figure 3. Cyclic voltammograms of PEDOT/PEDTM films on ITO,  after five voltammetric scans, held in the fully oxidized state at 0.50 V
acquired at 25 mV/s, on the third voltammetric sweep frot40 to (A) and in the reduced state a0.40 V (B). The arrows in (B) indicate
1.20 V. Integration of the cumulative charge passed during the first a general trend of increasing molar absorptivity in the reduced state as
three polymerizations, assuming 2.3 electrons per monomer unit, yields a function of increasing EDTM mole fractiofeprm = 0 (@), feptm =

an estimated surface coverage of 95 nmoti/cithe arrow indicates
the direction of increasindeprw in solution, from 0 to 1 in 0.25
increments.

0.25 (b),fEDTM = 0.50 (C),fEDTM = 0.75 (d), and‘EDTM =1.0 (e) To
the right of (B) is a photographic series of reduced polymer films with
increasingeptm Showing the substantial increase in molar absorptiv&bv



4422 Doherty et al.
0.2 |
0.1
? 0.0 | oy increasing fomy
o
o
<
T 01
0.2 T T T T T T T — 1
1.2 10 08 06 04 02 00 -02 -04
V vs. Ag/AgCI

Figure 5. Absorptovoltammograms of PEDOT/PEDTM copolymer
films obtained during the fourth scan and reconstructed from optical
data as a function of potential. Solid arrows indicate the direction of
increasingeptm from 0 to 1 in increments of 0.25. The dotted arrows
show the sweep direction.

The oxidized films show a gradual increase in absorbance wit

increasing wavelength and a general trend of increasing absor-

bance withfeptu at longer wavelengths. At wavelengths below
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Table 2. Summary of Data for the Determination of Reactivity
Ratios for EDOT and EDTM Electropolymerized onto ITO
Electrodes

method of determination r I

film absorptivity (low conversior) 1.31 0.31
solution depletion (low conversich) 1.65 0.15
solution depletion (high conversidh) 1.58 0.71

aLow conversion refers ta<5% depletion of available monomer from
solution. Reactivity ratios calculated according to e§ Bigh conversion
refers to ca. 50% depletion of available monomer from solution. Reactivity
ratios calculated according to eq 4.

copolymer. Akoudad and Ronc#inoted similar trends ifE°

and AEpeax in voltammetry of PEDOT and PEDTM films on
platinum microelectrodes and observed that the PEDTM redox
transitions were more highly resolved and well-defined. A
positive correlation between degree of monomer substitution
and more positivee® was also observed in previous studtés,
including investigations of alkyl-substituted poly(3,4-propyl-
enedioxypyrrole) derivative’$,and is likely due to the increased

h steric hindrance to conformational changes associated with the
transfer of charge.
A comparison of the voltammetric and absorptovoltammetric

600 nm, however, the absorbance of the oxidized film is largely data in Table 1 reveals significant differences between the
independent ofepru. In contrast, the spectra of the reduced €l€ctrochemical and electrooptical properties of the films. The

films (Figure 4B) display a clear absorbance shifiify, from
571 nm for pure PEDOT to 591 nm for pure PED TR« are

absorptovoltammetriE® values are significantly more negative
than the corresponding voltammetric data. This shows that

listed in Table 1). This shift in wavelength has been attributed during an anodic voltammetric sweep the bulk of the change in
to an enhancement in the degree of conjugation, and aabsorbance has already occurred before the charge transfer is

subsequent narrowing of the band-gap energy, due to theMeasured using conventional voltammetry. Thus, the electroop-

pendant hydroxymethyl substituent of EDTA¥.

Most notably, the reduced state molar absorptivéyof the
films greatly increases withepm, as illustrated in the photo-
graphic series in Figure 4B. Listed in Table 1 arat Amax for

tical contrast is maximal before the film is fully oxidized; from
a device perspective, this means that the film can be optically
switched using a relatively lower applied voltage.

From a molecular perspective, this implies that the confor-

these polymers as well as the respective optical contrast ratiosmational changes that alter the optical properties within the
(defined as the ratio of the film absorbance in the reduced stateVisible wavelength regime occur at low doping levels, i.e., before
to that in the oxidized state). The contrast ratio increases steadilythe film is completely oxidized. While charge storage in

with feprm, from 1.16 for PEDOT to 2.20 for PEDTM,
consistent withe for PEDTM being nearly 2-fold greater than

electrochemically doped polythiophene films is largely in the
form of bipolarons!*4ESR studies have demonstrated a shift

that of PEDOT. This trend has been seen in similar polymeric in the predominant charge carrier from polaron to bipolaron as
systems where the addition of substituent groups to the monomerthe degree of doping is increastdThe resuits of the current
unit substantially enhances the contrast ratio, or electrochromicstudy suggest that the most drastic conformational and optical

effect, of the resulting polymer filr¥t-16

changes are driven by the initial charge injection, and polaron

The high degree of electrochromism allows the extraction of formation, within the polymer film. At higher doping levels,
electrochemical parameters via optical reconstruction of volta- the changes in optical properties are less pronounced as the
mmetric data, i.e., absorptovoltammetry. Figure 5 shows a plot bipolaron state becomes dominant and the film approaches a
of the first derivative of the absorbance as a function of potential. metallic state*

In contrast to the conventional voltammetry shown in Figure  Reactivity Ratios. Values forr; (EDOT) andr, (EDTM)

3, the electrooptical transitions in the absorptovoltammograms obtained by both the monomer depletion and spectroelectro-
are clear due to the absence of non-Faradaic background. Thehemical methods are listed in Table 2. Regardless of method
major transition is centered abott0.2 V, extending to~0.4 used or relative degree of conversion, they follow the same trend
V. The anodic portion of this transition, during which film of r; > 1 andr, < 1. Furthermore, although spectroelectro-
absorbance decreases, is represented by the lower half of thehemistry is an indirect method (based on assuming a linear
plot; in the upper, cathodic half of the plot, the absorbance relationship between the change in molar absorptivity and degree
increases. The magnitude of the absorbance change increasesf copolymerization), the; andr, values obtained are com-
with fepmm for the copolymer blends and scales with the contrast parable to those obtained using solution depletion. To compare
ratio of the film. A second, minor transition is also evident in EDOT and EDTM reactivity, we average the values obtained
Figure 5 at potentials greater than 1 V. The increase in d[Abs]/ by all methods, yielding; = 1.5+ 0.2 andr, = 0.4 + 0.3.

dV in this region is due to greater film thickness as additional The significant difference between these values demonstrates
polymer is deposited on the electrode. that EDOT is preferentially incorporated into the propagating

Apparent values for the peak separatitiifeay and standard
redox potential E°) obtained from the absorptovoltammetric
data are listed in Table 1. The general trend is increakig
with increasindeptv, and constant or slightly decreasitgpeax
with discontinuities at the transitions from homopolymer to

copolymer. However, the values are sufficiently similar such
that appreciable amounts of both monomers are incorporated
over a large range of comonomer feed solutions. The relatively
large relative error in the reactivity ratios is a result of the
significant influence of the electrode surface and the depend&BQ?
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Figure 6. Sequence length distribution plot for electropolymerized = ;5
PEDOT/PEDTM with equimolar feed solution of EDO®)Yand EDTM
(O), calculated based on the treatment presented in ref 35. Reactivity 0

ratios are 1.5 and 0.4 for EDOT and EDTM, respectively. The inset 0 02 04 06 08 1 0 02 04 06 08 1
displays a hypothesized copolymer microstructure.

Mole fraction EDTM in solution (fzpmy)
of the monomer reactivity on the surface coverage of the Figure 7. Copolymer composition curves for the electrochemical

polymer film. These differences are discussed in greater detail €oPolymerization of EDOT and EDTM on ITO. The solid lines
correspond to reactivity ratios obtained by solution depletion measure-

below. ) B ) ) ments at low (A) and high (B) conversion, obtained by absorbance
The inverse reactivity ratio, f/allows comparison of the  measurements (C), and the overall mean (D) of all experiments. The

relative reactivity of each monomer toward the propagating dotted lines show what would be observed if the mole fractions of
radical of the growing polyme¥ This parameter is the ratio of ~EPTM in the feed solution and in the polymer were equat(F).

the reaction rates of the radical with one monomer vs the other » . .

monomer, according to eq 2. For EDOT and EDTM, the 1/ compgsmon and relative monomer rgactlvny. The lowb00)
and 1, values are 0.67 and 2.5, respectively, indicating that @nd high ¢50%) degrees of conversion (Table 2) correspond

for bothmonomers reaction with an EDOT radical is more rapid. 0 @pproximately 4 and 80 equivalent monolayers of polymer,

The microstructure of the copolymer, i.e., the arrangement respectively, assuming a mean molecular_ area .Of ipdk
of monomer units along the polymer backbone, can be monomer. At low surface coverage, EDTM is considerably less

qualitatively assessed by considering the product of the reactivity reactive than at higher coverage jow = 0.15;r2,high = 0.71).
ratios,rir,: (a) Values ofrir, > 1 imply formation of a block To illustrate this difference, the measurgghy andra ighvalues
copolymer. (b) Wherrir, = 1, the polymerization is ideal, W&'® applied to eq 3 at various initial comonomer feed
yielding a statistically random assortment of monomer units concentrations (M and [MZ_]?’ yielding _the plots of the
along the polymer chain. (c) Whenr, approaches 0, each resulting copolymer composition shown in parts A and B of

monomer preferentially reacts with the other monomer, produc- g]lgurel 7 respectlvefly. The fra}ctl()ln of EDTM mcc;rp(()jrat?dt.lnto
ing a chain with an alternating arrangement, e.g 4N, For e polymer Eeorw), for an equimolar comonomer feed solution,

EDOT/EDTM electropolymerizatiorrar, = 0.6, which, when is ~0.30 at low conversion and 0.40 at high conversion. This

considered along with the relatively large reactivity ratio for diference is likely due to the loweEonset for the initial
EDOT, again reflects some preference for EDOT incorporation. depo§|t|on of EDOT on ITO (Table 1). At 1'15 V. the potentlal
Expressions relating the reactivity ratios and initial monomer atwhich th? polymer films were grown, there is.a 30 mV higher
: bable sequence lenath distributions haveoverpotentlal for the eIe_ctroponmerlzatlon qf EDOT as com-
concentrations to proba 'éhq gin pared to EDTM, resulting in the preferential deposition of
been summarized bY. Odidh. For a statlst|ca_1l!y random EDOT. After a sufficiently thick polymer coating is formed
copolymer, the probabilityNy) of obtaining a specific sequence (higher degree of conversiorasetequalizes for both mono-

length &) is equal for both monomers; thuls, would be 0.5 A ;
. mers at~0.80 V, and the proportion of EDTM incorporated
for both EDOT and EDTM ak = 1, andNy would be 0.25 at into the polymer begins to increase.

X = 2, etc. For an alternating arrangement of monomer units . . .
Figure 7C shows the copolymer compositions determined

(i.e., MMM 1M5...), Ny would approach 1 at= 1. A sequence . X )
length distribution ploi for electropolymerized PEDOT/PEDTM, SPectroscopically (Table 2) using the procedure described above.
igure 7D shows the copolymer composition using the mean

calculated assuming the mean reactivity ratios stated above and” N . "
an equimolar comonomer feed solution, is shown in Figure 6, 'éactivity ratios off; = 1.5 andr, = 0.4. The plots are similar,
The plot shows that relatively longer sequence lengths are moreShowing a preference fgr Incorporation of EDOT at all monomer
probable for EDOT, whereas shorter sequence lengths are mor&oncentrations. The similarities are not surprising, since the
probable for EDTM. This difference can be expressed by reactivity ratios obtained via changes in film absorptivity are

averaging across the probability distribution, which yields mean 7 €nsemble measurement of bulk film properties over a range
sequence lengths of 2.5 and 1.4 for EDOT and EDTM of surface coverages and thus would mask differences at low

respectively. A hypothesized microstructure that reflects these @1d high surface coverages.

data is shown schematically in Figure 6 (inset).

Last, we contrast the reactivity ratios obtained by solution
depletion at low and high conversion, which provides some The presence of EDTM in copolymer films composed of
insight regarding the influence of the ITO surface on copolymer EDOT and EDTM significantly alters their eIectrooptic&bV

Conclusions
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properties. Spectroelectrochemical studies show significant (10) Lerch, K.; Jonas, F.; Linke, M. Chim. Phys. Phys.-Chim. Bidl998

increases in the electrooptical contrasta, and E° with
increasing solution mole fraction of EDTMeGTv). The degree

of EDTM functionalization of these copolymers depends on the

95, 1506.

(11) Jonas, F.; Morrison, J. Bynth. Met1997, 85, 1397.

(12) Krishnamoorthy, K.; Ambade, A. V.; Kanungo, M.; Contractor, A.
Q.; Kumar, A.J. Mater. Chem2001, 11, 2909.

initial monomer concentrations and the relative reactivity of the (13) Krishnamoorthy, K.; Kanungo, M.; Contractor, A. Q.; Kumar Synth.

two monomers. This work has elucidated these relationships
for EDOT and EDTM and has additionally shown that, in the

Met. 2001, 124, 471.
(14) Kumar, A.; Welsh, D. M.; Morvant, M. C.; Piroux, F.; Abboud, K.
A.; Reynolds, J. RChem. Mater1998 10, 896.

case of electropolymerization, differences in the overpotential (15) welsh, D. M.; Kumar, A.; Meijer, E. W.; Reynolds, J. Rdv. Mater.

required to initiate polymer growth at the electrode surface can

1999 11, 1379.

have significant effects on the relative amount of each monomer (16) Gaupp, C. L.; Welsh, D. M.; Rauh, R. D.; Reynolds, J.GRem.

incorporated into the polymer. Mean reactivity ratios of £5
0.2 and 0.4+ 0.3 forr; (EDOT) andr, (EDTM) indicate that

Mater. 2002 14, 3964.
(17) Gaupp, C. L.; Welsh, D. M.; Reynolds, J. Rlacromol. Rapid
Commun2002, 23, 885.

EDOT is preferentially incorporated into the copolymer at (18) Sonmez, G.; Schwendeman, I.; Schottland, P.; Zong, K. W.; Reynolds,

equimolar feed solution concentrations. However, over a broad 19
range of comonomer feed concentrations, both monomers will (19)

J. R.Macromolecule003 36, 639.
Schwendeman, I.; Gaupp, C. L.; Hancock, J. M.; Groenendaal, L.;
Reynolds, J. RAdv. Funct. Mater.2003 13, 541.

be incorporated into the COpO'Vm?r with a nonrandc_)m MICro- (20) Sankaran, B.; Reynolds, J. Racromolecule€.997, 30, 2582.
structure that tends toward alternation of monomer units. Related(21) Brotherston, I. D.; Mudigonda, D. S. K.; Osborn, J. M.; Belk, J.; Chen,

studies, using potential-modulated attenuated total reflectance

spectroscopy (PM-ATR),show how important the EDTM/

EDOT ratios are in determining effective electron-transfer rates

J.; Loveday, D. C.; Boehme, J. L.; Ferraris, J. P.; Meeker, D. L.
Electrochim. Actal999 44, 2993.

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

and electrochromic switching rates, especially at the ITO/ (23) Akoudad, S.; Roncali, Electrochem. Commur200Q 2, 72.
polymer interface. These results become especially significant(24) Besbes, M.; Trippe, G.; Levillain, E.; Mazari, M.; Le Derf, F;

in those cases where electrode modification using copolymers

Perepichka, I. F.; Derdour, A.; Gorgues, A.; Salle, M.; Roncali, J.
Adv. Mater. 2001, 13, 1249.

of PEDOT and PEDTM, or related PEDOT polymers (e.g., those (25) perepichka, I. F.; Besbes, M.; Levillain, E.; Salle, M.; RoncaGem.

with carboxylic acid side chains) is attempted, to optimize

electron-transfer processes at ITO and related electfddes.
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