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Abstract

The  electroches T of poly(3-methylthi ) and the

electrochemical polymerization of 3-bromothiophene in the presence of 2,2'-
bithiophene have been studied. Mechanisms have been proposed, based on the

clectrochemical responses recorded during polymer formation and characterization

of the resulting polymer films by cyclic voltammetry, ac impedance spectroscopy,

nning clectron microscopy as well as by x-ray emission spectroscopy.

A rotating Pt disc clectrode was applied to probe the potentiostatic

of  poly(3 hylthiophene). [t was observed that  poly(3-
methylthiophene) films could be formed on both stationary and rotating electrodes

even at rotation rates as high as 1600 rpm (revolutions per minute), and that the

quantity of polymer with i ing rotation rate. It was

therefore concluded that polymer deposition takes place both through the

precipitation of oligomeric intermediates from the solution, and via the coupling of

monomeric  species with polymer chain ends in the polymer film matrix.
Chronoamperometric responses recorded during polymerization, as well as the

characterization of the resulting polymer films by cyclic voltammetry, ac

iii



impedance spectroscopy and scanning electron microscopy. demonstrated that the

deposition of ol ic i di from the solution contributes most 10

polymer formation on a stationary clectrode. On the other hand. polymer growth
on a rapidly rotating electrode occurs primarily by the incorporation of monomeric

species into polymer chains grafted on the clectrode surface. Much smoothe

more

films were deposited on rotating electrodes.

The polymerization of 3-bromothiophene in the presence of 2,2°-bithiophene

5

was investigated by cyclic voltammetry. With a catalytic amount ol

bithiophene, a significant increase in the polymerization rate, together with a
decrease in the potential required for poly(3-bromothiophene) formation, was

observed. The polymer coated clectrodes from the mixed solution exhibited

istic hemical behaviour in cyclic prams and Broand S
peaks in x-ray emission spectroscopy for pure poly(3-bromothiophene). The 2,2

bithiophene catalyst produces better quality poly(3-bromothiophene) filins.

pol izati ism i ing coupling is supported by

these experimental observations. In this mechanism, the 2,2'-bithiophene catalyst

is oxidized first, and then couples with 3-bromothiophene to initiate the

polymeriz;
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Chapter 1

The Electrochemical Polymerization of

Pyrroles and Thiophenes

1.1 General Aspects

Conducting polymers prepared by the clectrochemical polymerization of

heterocyclic monomers have been the subject of much work over the last 15 years,

due to their prosperous technical such as rech bl

battery

elec ic displays, for metal d ition and seasors,'
Since the first electrodeposition reported by Dall’Olio and co-workers for producing
a conducting polypyrrole black in aqueous sulphuric acid,” there has been great
interest in the electrochemical polymerization of aromatic compounds, such as

pyrrole,™" and thiophene.™"

The electrodeposition reaction proceeds with electrochemical stoichiometry.
It has been observed that besides the 2 electrons per molecule of monomer required



ation, an cxcess of charge is consumed owing to the oxidation or

for the rolymeri
doping of the resulting polvmer. As the potential applied is always significantly
higher than the oxidation potential of the resulting polymer, both polymer film
growth and its oxidation occur simultancously. Therefore, n values (i.e., the total
charge consumed in the polymerization process) in the range of 2.1-2.5

Farad 1 1516 "

I s | have been y ing on the electrolyte anion

used and the reaction conditions.” That is, the polymer generated carries 0.1 10 0.5
oxidized centres per monomer unit, balanced by the incorporated electrolyte anion.
‘The electrodeposition process is not generally diffusion limited, as evidenced by
(he lincar relationship of the absorbance of the resulting polymer with reaction
time,™ and the decrease of the current function I,/v’” accompanying the

polymerization process during cyclic voltammetry.

‘The polymerization reaction takes place primarily through linkage at the o-
positions (i.c., 2- and - positions) of the monomer, B- coupling (i.c., linkage at the

3- or 4- positions) being less important, as evidenced by the fact that no polymer

q 18

formation occurs with - and confirmed by IR and NMR
studies.™" However, the proportion of B-position linkages has been demonstrated

to increase with the polymeric chain growth.” In order to increase the regularity

©



and the extent of conjugation of the polymer backbone, which may result in
improved conductivity and magnetic properties, approaches to increase the number

of o.,a-linkages in the polymer chain have been made, such

s using a dimer or

higher oligomer as the starting material,*" or using - substituted monomers for
the polymerization.”* However, studies have shown that polymers prepared from

dimeric or higher oligomeric species were different from those obtained via

in terms of clectr ical behavionr and opti

properties.*

Electrochemically generated polymer films generally exhibit uscful electrical,
electrochemical and other propertics. These electroactive polymer films can he
switched repetitively between the neutral (nonconducting) and the oxidized
(conducting) states.™” In general, the charge consumed for film doping or oxidation
lies between 0.25 and 04 Faraday/mol, indicating that cvery three or four
monomeric units in the film carry one positive charge.” The electrochemical

behaviour depends greatly on the nature of the ions compensating the cationic sites

in the film," However in all cas

s taking a polymer film (o a 100 positive potential

leads to nucleophilic attack by water or the anion on the polymeric specics, a loss

o

of polymer chain j ion, and loss of ivity.




Although polypyrrole is probably the most studied material in this field, in
recent reports polythiophene in particular has received a great deal of attention, due
to the fact that both its doped and undoped states are highly environmentally stable,
and that its - derivatives are more casily synthesized and produce polymers with

o

less mislinkages and cross-linking.

1.2 Mechanisms of El

In recent years, there have been a growing number of investigations of the
mechanism of clectropolymerization of heterocyclic monomers. Many techniques

have been applied to these investigations, such as cyclic voltammetry,”>

2l y, e Y, he

quartz crystal

sl y**and optical ab

T " Despite these
cefforts to elucidate the mechanism of electrochemical polymerization, the initial

b

step and the growth of polymer chains are still far from a
full understanding. However, it is certain that the first step in electropolymerization

is the formation of a radical cation by the oxidation of the monomer.* The resulting

monomeric ical cations in the vicinity of the electrode have been detected by



ultrafast cyclic voltammetry.*

It is accepted that polymer chain propagation occurs by a radical-radical

(r-m)."™" The

coupling process (r-r)™* or by a radical-monomer coupling proces
deposition of polymer on the electrode surface is thought to take place cither by

s

the precipitation of oligomeric intermediates from the solution (sol)™™* or by the

M I the

incorporation of monomeric species into the polymer matrix (su

ate which of these various

literature, much work has been done to eluci
mechanisms occur but many conflicting conclusions have been drawn. Table 1.1
lists some of the references and the polymerization analyzed, the methods used and
the mechanisms proposed, efe. It is clear that the mechanism  of

clectropolymerization is still not well understood.

1.2.1 Radical-Radical (r-r) Coupling Mechanism

A mechanism involving radical cation coupling for the polymer chain

d in Scheme

propagation was first proposed by Diaz and co-workers."™" As illust
1.1 for the polymerization of thiophenes by this mechanism, the first step is the

oxidazion of the monomer to its radical cation. The radical cations then dimerize



Table 1.1 Survey of the literature on the electrochemical polymerization of pyrroles and thiophenes

Year | Monomer | Electrode Solvent | El y T | h Ref. No.
Substrate
1983 Py 0 CHCN LiCIO, | Chronoabs. CV rr 17
Chronoamp.
1984 Py Pt H,0 KNO, cv r-m 19
CH,CN Et,NBF, Chronoamp.
1984 Py MO ot 14
1986 | Th, BiTh Pt CH,CN Bu,NBF, Chronoamp. nucleation 22
Cv
1986 Py Pt H,O/CH,CN Bu,NBF, cv nucleation 56
Chronoamp.
1987 Th Au CH.CN Et,NBF, | Chronoamp. nucleation 10
1987 Py Pt H,0 H,SO, (%% r-m 37
1988 Th Pt CH,CN Bu,NCIO; CV, RRDE r-1, sol. 34
1988 MeTh Pt CH,CN LiClO, Ellip., CV RDE surf. 24
1988 Py Au CH.CN Bu,NBF, EQCM £, sol. 18
etc. surf.




Table 1.1 contd.

1988 Th Pt CH,CN Bu,NBF, FTIR monomer ads. 57
KNO, Ellip.
1989 Py Pt H,0 etc. Chronoamp. nucleation 63
FTIR
1990 Py C. Pt CH.CN NaClO, CV, RRDE sol. 35
1990 Py Pt H,O/CH.CN | Bu,NBF, | RDE, RRDE rr 36
erc. cv
1990 MeTh Au CH,CN LiCIO, EQCM, CV sol. 64
1991 Th Pt CH,CN LiCIO, RDE, CV surf. 32
Chronoamp.
1991 Py Pt CH,.CN Bu,NCIO, cv sol. 33
H.O NaCl Chronoamp.
1991 Py C. Au H.O0 KNO, Chronoamp. r-m, sol 38
1991 | MeTh Th. Pt CH,CN LiClO, CV.IR.SEM -m 45
elc.
1992 | MeTh ITO CH,CN Bu,NPF, Optical sol. 46
Microscopy nucleation
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List of abbreviations in Table 1.1:

Monomer:
Py: pyrrole
Th: thiophene
Bit] 2-bithiophene
MeTh: 3-methylthiophene
Electrode:

Pt: platinum electrode

Au: gold electrode

10: indium oxide optically transparent electrode
itreous carbon electrode

ndium-tin oxide

Techniques:
CV: cyclic voltammetry
Chronoamp.: chronoamperometry
Chronoabs.: chronoabsorptometry
MO: molecular orbital method
Ellip.: ellipsometry
EQCM: electrochemical quartz crystal microbalance
FTIR: Fourier transformation infra-red spectroscopy
SEM: scanning elcctron microscopy
RDE: rotating disc electrode
RRDE: rotating-ring disc elcctrode
Mechanism:
r-r: radical-radical coupling
r-m: radical-monomcr coupling
sol.: polymerization in the solution
surf.: polymerization on the electrode surface
2D: two-dimensional (nucleation)
ads.: adsorption




SCHEME 1.1
& y 5 54
p PR TV o QNN o QR 5

+ R + R +-R 4 _R R R
& LXK O = <8
+ . —_— —_—
i s/ M 84 NH: “Ng S S

R _+~-R % R R #RH.;R
G5+ LK, —
s s/ TH s/ NH S s” M S
I-2H+



to produce a dimeric dihydro dication, from which a dimer is generated after

deprotonation. Since the dimer and higher oligomers are more readily oxidized than

the J" further polymerization can involve the coupling of oligomeric
radical cations with each other or with monomeric radical cations.”* The oligomer
intermediates eventually become insoluble in the synthesis solution, and precipitate

onto the electrode surface, forming a conducting polymer film.

This mechanism has been favoured by most authors, based on general

considerations,™’

specific studies,"* and MO calculations."*™ 1t was supported by
the observation that an applied polymerization potential high enough for the

oxidation of monomer, not the dimer or oligomers was required (hrough-out the

polymerization of pyrrole.™ In addition, investigations of the copolymerization of

pyrrole with substituted pyrroles showed that a copolymer could not be generated
at potentials where only one of the monomers was oxidized."" Studics on the
electrochemical dimerization of diphenylpyrazoline produced similar experimental

observations and were ly i

T by this hanism.” However,
conducting copolymer films of pyrrole and [Ru(bp),(pmp)Cl]* (bp=2,2"-bipyridine,
pmp=3-(pyrrole-I-methyl)pyridinc) have been synthesized at potentials where the

oxidation of [Ru(bp),(pmp)CI]" in the absence of pyrrole does not oceur.”



In the r-r mechanism, the radical-coupling step was suggested to be rate-
determining,” as supported by microgravimetric studies where the deposition rates

determined from mass-time slopes were found to be proportional to the second

order of the pyrrole ion,™ and by the ificd MO model.”

However, this direct dimerization has been questioned by some authors.” since it
will be hindered by the strong coulombic repulsion between the zmall cation
radicals. In addition, some authors suggested that the oxidation of the monomer is

Wt

the rate determining step of the polymerization.

1.2.2 Radical

Monomer (r-m) Coupling Mechanism

The so-called radical-monomer coupling mechanism was postulated by
Pletcher et al.," in an atempt to account for their experimental observations of
polypyrrole deposition. Marcos et al.” supported this hypothesis and proposed the
coupling of an adsorbed radical cation with a neighbouring adsorbed monomer as

the initiation step for the subsequent polymerization.

Scheme 1.2t the proposed radical coupling

(without ption) for the electrosy is of where the first step is
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again the oxidation of the monomer to give a radical cation. In contrast to the

lical-radical coupling i ented in Scheme 1.1, the dimerization in

this mechanism was supposed to take place through the electrophilic atteck of the

ionona 5 ied by further oxidation and dep;

radical c:

to generate the dimer. Polymer chain proy ion involves the oxidation of
monomeric or oligomeric species and further incorporation of monomer into the

polymer chain, until the oligomers or polymers are large enough to be insoluble

and deposit onto the clectrode surface.

Wei et al.” obtained strong support for this mechanism by introducing a
catalytic amount of dimeric or trimeric species into the synthesis solutions for the

clectropolymerization of thiophenes. As a result, not only were the oxidation

potentials required for electropolymerization of thiophene and 3-alkylthiophenes

dramatically decreased, but also the rate of polymerization was significantly

these

enhanced. The radical coupling mechanism was used to

experimental observations, where the first step was presumed to be the oxidation

of the additive at the lower potential, followed by coupling with the neutral

mononer.,



If coupling occurs on the electrode, as proposed by Marcos.”  one-
dimensional film growth should result from such a mechanism, where the number
of active sites is proportional to the number of dimeric nuclei and will not be

increased by the addition of a monomer to the end of

growing polymer chain. It
is therefore difficult to explain the observed 3-dimensional growth of the polymer

film, the increase in current with time in chronoamperometric tran:

cnls,

as the expansion of the electroactive sur

for clectron  trans
Furthermore, dendritic growth along the potential ficld toward the counter electrode
would be expected for this mechanism, which was contrary to experimental

results."”

1.3 Nucleation and Growth

Although the mechanisms discussed above are still topics of debate, it is

now firmly established that the electropolymeri

ation proceeds via some kind off
nucleation and phase-growth mechanism, akin to the clectrodeposition  of

metals, RIS



Both cyclic voltammetry and potential step techniques have been widely

of polymer el d iti The

applied to investigate the
electrochemical observations have been further supported by electron microscopy

s

and various type of spectroscopy.

1.3.1 Ni ion and Three-Di ional Growth in the Early Stages

Hillman and co-workers* suggested that a monolayer of polymer is initially

formed on which i leation and 3-di icnal growth then occurs.

The large number of overlapping nuclei formed during the early stages of

deposition leads to sub

one-di ional growth i ' to the

clectrode surface with a lincar increase in thickness with time. " Other studies of
the carly stages of the deposition of polymer films also reported that the
instantancous creation of a high density of nucleation sites contributed to

subsequent  polymer  generation and  affected the polymer structure and

morphology.™

Cyclic Voltammetric Evidence

In cyclic 'y studies, a ** loop™" is y observed,

16



where the current on the reverse scan is higher than on the corresponding forward

scan, a h for a conducting ph:

formed by a nucleation

s

and growth mechanism.

Chronoamperometric Evidence

The electrodeposition of polymers by potential step techniques presen

well defined chronoamperometric response with a cha £ current-time

(I-1) transient in the initial stages, followed by a steady state current. In the

literature, the nucleation and growth processes have been investigated by analyzing

the rising part in terms of i vs. . Most studies showed that the current i

proporti to £, indicating cither an i leation with three-

dimensional growth or successive nucleation with two-dimensional growth. Further

and i that polymer growth occurs via

.

leation and th i i growth."#*** Values of n of 1.5"

and 3 or higher" have also been reported. Such values can arise from the three

growth of ion sites, on the kinetics of nucleation, the

rate-determining step, the diffusion of monomer to the clectrode su

ce and

1

electron transfer in the resulting polymer.™ Three-dimensional growth was also

considered to be confirmed by the trend to a steady current as the polymer

17



proceeds.”

Morphological Evidence
‘Three-dimensional polymer growth was further supported by morphological

surfaces in electron

investigations. The of polypy coated

graphs™ and poly(3 ) coated surfaces in optical

micrographs® shows the overlap of three-dimensional hemispherical nuclei of

submicrometer diameter on the surface of resulting polymer films.

1.3.2 Polymer Growth

The dimers and oligomers formed via radical-radical coupling or radical-

coupling may precipitate as ion sites on the electrode surface,
remain soluble in the vicinity of the electrode, or diffuse away from the electrode
to the bulk solution. Therefore, polymer film formation can result from either the

suceessive precipitation of oligomeric intermediates of lower solubility from the

solution near the electrode, or from addition of monomers and oligomers to the

ends of polymer chains adhering to the electrode surface.

18



The observation of ion prior to the pol ization means
that initiation of polymerization can take place on the clectrode surface.” Baker and

Reynolds have suggested that, when polymer formation occurs

three
dimensional growth on a highly nucleated substrate, the primary reaction is the

coupling of radical cations in solution with radical cations at ¢!

polymer matrix.™" Further insight into the polymer deposition was provided by

Otero et al.” who wused rotating disc clectrodes (o investigate  the

1 p ization of thioph A model of inter

acial reactions involving

oligomeric or polymeric species already grafted onto the electrode surfi

proposed.

On the other hand, soluble oligomers have been reported to contribute to

polymer deposition,™* and their

affects the carly stages of film

formation.™ Moreover, the presence of oligomeric intermediates in solution has

been detected by UV-vis spectroscopy,™* rotating ring-disc experimen nd the
use of microelectrodes.” In these experiments, relatively stable monomeric or

oligomeric species were observed diffusing away from the clectrode s

rface belore
precipitation occurred. UV-vis studies revealed reactions forming longer soluble

oligomeric products in the solution. In addition, Garnier and co-workers'

19



reported that poly(3-methylthiophene) was formed through the generation of
oligomeric species in the vicinity of the electrode, a preliminary step before their
grafting onto the clectrode surface. These studies confirm that polvmer deposition

can oceur via precipitation of soluble oligomeric species from the solution. Thus

although the role of oli s in ion and ition is still not fully
understood, the expansion of nuclei can arise not only from the addition of
monomers to polymer chain ends, but also from the precipitation of oligomeric

intermediates formed in solution.

1.4 Objectives of This Work

The purpose of this study was to gain further insight into the mechanisms

of polymer chain pre ion and deposition. Poly(3 ylthi ) has been
clectrochemically  deposited on  stationary and rotating electrodes by the

potentiostatic technique, in an effort to confirm the formation of soluble oligomeric

intermediates and to investigate the hanism of position under various

conditions. We also applied cyclic voltammetry, impedance spectroscopy and

scanning electron microscopy to characterize the resulting polymer films to obtain

20



further evidence. Thinner and more compact polymer films were generated on the

rotating electrode as expected.

Moreover, a catalytic amount of 2,2*-bithiophenc was introduced to solutions

of 3-bromothiophene, secking to decrease the oxidation potential required for

poly(3-bromothiophene) formation and thus to cnhance the overall rate of

polymerization. Both cyclic voltammetry and x-ray emission spectroscepy were

employed to compare the polymer films prepared in the absence and presence of

2,2"-bithiopt catalyst. N ani have been proposed to rationalize (he

experimental observations. The effects of and catalyst c¢ ions on

the polymerization rate have also been studied.

21
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Chapter 2

Experimental

2.1 Chemicals and M i

3-methylthiophene (Aldrich) and 3-bromothiophene (Aldrich) were distilled

under reduced pressure before use. 2,2°-bithiophene (Aldrich) was recrystallized

from ethanol. Acetonitrile (Fisher 1IPLC grade or Caledon Reagent Grade) and
acetone (ACS, Fisher) were used without any further purification. The water

content of each type of acetonitrile was estimated by IR and compared with the

data provided by the T ium perchlorate (EGNCIO,,

purum, Fluka) was dried in a vacuum at 100" C for over 48 h

i, Fluka) and lithium

Tetrabutyl ium hexafl I (Bu,NPF,, puris

perchlorate (LiClO,, Aldrich) were used as received.

3-methylthiophene monomer solutions in acctonitrile (Fisher) were prepared
every two or thre. days and stored at room temperature. 3-bromothiophene

solutions in acetonitrile (Fisher or Caledon) were prepmed every day and
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sometimes immediately before the experiment. A fresh solution was used for each

experiment o prevent interference from oligomers produced in a previous

experiment.

2.2 Electrochemistry

2.2.1 Electrodes, Cells and Instrumentation

A platinum rotating disc clectrode (RDE) with an area of 0.0071 cm? sealed

in PTELE was employed as the working clectrode in all experiments. A Ag/AgCl/0.1

M Claq.) reference electrode with a saturated Et,NClO,(aq.) salt bridge was used

in the ion of poly(3-methylthi ) and in the cl erization of the
ey polyl Y

resulting polymer films by cyclic voltammetry, while a saturated sodium chloride
calomel electrode (SSCE) was used in all other experiments. A Pt wire was used

as the counter electrode in all studies.

All electrachemical experiments were carried out in three-compartment glass

cells in air. The reference-electrode compartment was connected to the main
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compartment through a Luggin capillary. Results of preliminary studies carried out
under argon were not significantly different from those in air, indicating no

interference from oxygen in the poteniial range employed. A Maodel CS-1090

computer-controlled clectroanalytical system (Cypress Systems, Inc.) combined with

an analytical rotator (Pine Instrumental Company) was used for the work on

poly(3-methylthiophene), while a Pinc RDE4 i Jgal
connected with a HB-111 Hokuto Denko function generator, a BBC 313 780 X-Y
recorder and a digital to analogue converter of a Tatung 'TCS-7000 computer was

used for the work on poly(3-bromothiophene).

The integration of the cathodic parts of cyclic voltammograms recorded
during the polynierization of 3-bromothiophene was performed using a Tatung
TCS-7000 computer, a Data Translation DT2801 ADC/DAC card and a sell-written

program called QT. QT collects ca. 8 data points per sccond to sample the ¢y

ent-
potential curve; it starts integration during cach cycle when the current becomes

negative and stops at the end of the cathodic scan.

Impedance spectroscopy was performed using a Model 1250 Solartron

Freq Y Analyzer

with a Model 1286 Solartron
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Electrochemical Interface. An a.c. potential stimulation of 5 mV r.m.s. was used

in the impedance measurements. Data were sampled from high to low frequency
over the range of 20 kHz-0.1 Hz, and analyzed using an Laser 80286

microcomputer and ZPLOT software (Scribner associates Inc.)

2.2.2 Electrode Pretreatment

The electrode was polished with Linde A 03 pm alumina (Micro
Metallurgical Ltd.) on Rayfinal microcloth (Micro Metallurgical Ltd.), and then
rinsed with distilled water and acetone. The Pt electrode was further treated by
cycling in a monomer-free solution for several scans, from -0.5 to 2.0 V at 50
mV/s and stopped at 0 V, in an effort to ensure no polymer remained on the

clectrode surface. The pretreated electrode was rinsed again with acetone in an

ultrasonic bath for several seconds.

2.3 Electrochemical Characterization of Polymer Films

2.3.1 Cyclic Voltammetry



Polymer films were studied in a monomer-free LiClO /acetonitrile solution,
or Bu,NPF/acetonitrile solution. Samples were thoroughly rinsed with acetone after
synthesis, and allowed to dry in air prior to cyclic voltammetry. The poly(3-

methylthiophene) filims were cycled in a potential range of -0.4 to 1O V at

an
rate of 100 mV/s, and only the second scan was recorded for cach film. The
cycling charges were obtained by integrating the anodic or the cathodic part of the

cyclic voltammogram,

2.3.2 Impedance Spectroscopy

The poly(3: hylthi coated electrodes were | 1 by cyclic

voltammetry before starting impedance measurements at +1.0 V in the same

electrolyte solution . The uncompensated solution resistance was obtained from the
intercept of an imaginary impedance (Z’) vs. real impedance (Z°) plot for a bare

Pt electrode at the real impedance axis.

2.4 Scanning Electron Microscopy and X-ray Emission Spectroscopy
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2.4.1 Morphological Studies

The morphology of poly(3-methylthiophene) coated electrode surfaces was
examined using a Hitachi S-570 scanning electron microscope. The electrodes were
thoroughly rinsed with acctone after preparation, and dried in air before
examination. The accelerating voltage was set at 20 kV.

2.4.2 X-ray Emission Analysis

X-ray emission spectra were obtained using a Hitachi S-570 scanning
clectron microscope equipped with a Tracor Northern 5500 Energy Dispersive X-
ray analyzer and a Microtrace 70152 silicon detector. An accelerating voltage of
20 kV was used. The polymer coated electrodes were rinsed with acetone and dried
in air after synthesis. All polymer films were peeled off the electrode surface with

small picces of Scotch tape, in order to avoid any interference from the Pt

substrate. A picce of tape was ined in a preliminary i and showed

an absence of peaks and a very low background.

Tracor Northern's Standardless Quantitative analysis (SQ) software package
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was applied to calculate relative cl I ¢ ions of the polymer films.

This program performs peak area measurements, a background correction,
corrections for matrix effects and calculations of relative peak intensities and

relative i In

. a so-called ZAF correction is
applied, where Z stands for the influence of the atomic number, A for the
absorption of x-rays by the matrix and F for the fluorescence x-ray emitted by the

matrix.
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Chapter 3

A Rotating Disc Electrode Study of

the Electrodeposition of Poly(3-Methylthioph

3.1 Introduction

As discussed in Chapter 1, the mechanism of electropolymerization and

! ition of h yeli has been the subject of intense research.
Although it has been firmly established that the polymer formation takes place via
a nucleation and growth mechanism (Section 1.3.1), the exact processes involved

surface are

in polymer chain p ion and polymer deposition on the el
still topics of debate. It has been shown that polymer deposition can result from
precipitation of oligomeric intermediates from the synthesis solution, and/or from

I coupling of or ic radical cations to polymer chains

grafted to the electrode (Section 1.3.2).

Rotating dise electrodes (RDE) and rotating ring-disc electrodes (RRDE)
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have been previously used in a few studies on conducting polymers. for the

purpose of detecting soluble oligomeric species produced during polymerization'*

or determining the nature of the kinetics of polymerization®. In this work, a
rotating Pt disc electrode was used to investigate the potentiostatic

electrop ization of 3 hylthi inan cffort 1 the

of polymer deposition, especially at relative long polymerization times (i.e., 3 min.

in most experiments of this siudy), where thick polymer films were produced.

3.2 Resuits

3.2.1 Electropolymerization of 3-Methylthiophene under Various Cond

3.2.1.1 Polymer Generation on Stationary and Rotating Electrodes

Figure 3.1 illustrates chronoamperometric responses (/-f curves) 1o a

potential step from O V to 1.25 V. The experiments were carried out in a solution

of 0.1 M LiClO/: itrile ining 0. M 3-mcthylthi using

stationary Pt electrode (Fig. 3.1a) as well as a rotating clectrode at different rotation
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Figure 3.1 Current-time plots for el 1 ization of 0.1 M 3

in 0.1 M LiC10,/CH,CN on a Pt RDE at rotation rates of (a) 0 rpm; (b) 400 rpm
and (c) 1600 rpm, The potential was stepped from O to 1.25 V.,
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rates (Fig. 3.1b and 3.1c). In general, each individual /-t tr

nt has the

characteristic form observed for electrop ization under

conditions.*” An initial current spike due to a charging process appears immediately

after the application of the potential step. The current then falls sharply, followed
by a longer rising transient. The current decay does not simply result from the
charging of the double layer, but also from other processes such as monomer

at the interface, a nucleation/growth process and

soluble oligomer formation.™

The rising transicnt following the initial current spike has been attributed to

the nucleation and subsequent growth of the polymer film.” To diagnose the nature

of polymer formation during this

nitial rising portion of the /-f curve , an approach
from the literature*’ has been adopted, where the minimum is used as the time and
current zero for the rising transient. Data corrected in this way were plotted as log

i vs. log t. Figure 3.2 presents an example of determination of the selationship

nsient shown in

between the current and the polymerization time for the rising tr:

Figure 3.1a. Slopes of these linear lines were ca. 2 for the three sets of data in

Figure 3.1, indicating either t i i progressi cleation and growth,

2010

or three-dil i i leation and growth.
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For the stationary electrode, a small plateau was observed after the rising
portion (> ca. 10 s as shown in Fig. 3.1a) as described in previous studies,™ but
then the current incteased significantly at longer times. This behaviour changed

drastically when the electrode was rotated. Figure 3.1b shows a slower current

increase with polymerization time at a rotation rate of 400 rpm. At higher rotation
rate (i.e., 1600 rpm in Fig. 3.1c), the current levels off towards an almost steady
state current through the rest of polymerization. By comparing the carly stages of

the three curves in Figure 3.1, different times were observed for the initial spike

to decay to a minimum, and for the rising transient (o peak. These initial stages

take notably longer at increasing rotation rates, which indicates that the creation

and expansion of the polymer nuclei occur more slowly at high rotation rates.

Further insight into the influence of rotation on the preparation of poly(3-

methylthiophene) was obtained by initiating rotation at a certain time of

polymerization on a stationary electrode (Fig. 3.3) and by stopping rotation after

a certain polymerization time (Fig. 3.4).

In Figure 3.3, curves a to d are similar in the carly stages hecause the

electrode was kept stationary, but different from curve ¢ where the clectrode was
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Figure 3.3 Current-time plots for the electropolymerization of 0.1 M
3-methylthiophene in 0.1 M LiClO,/CH,CN started on a stationary Pt RDE, and
then rotated at (a) NA (i.e., only stationary elcctrode was used); (b) 80s; (c) 40 s;
(d) 20 s and () O's at a rotation rate of 1600 rpm.
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Figure 3.4 Current-time plots for the electropolymerization of 0.1 M
3-methylthiophene in 0.1 M LiCIO,/CH,CN started on a Pt RDE at a rotation rate
of 1600 rpm, and then stopped rotation at (a) 0 s; (b) 40 s; (c) 80 s; (d) 100 s;
(e) 140 s and (f) NA (i.e., only rotating electrode was used).
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rotated. When the electrode started to rotate in experiments b, ¢ and d, the current

de ed gradually towards a stcady state after a small falling and then rising

transicnt. It is clear that earlier rotation leads to a lower current as polymerization

proceeds.

The other set of experiments gave the reverse behaviour, as shown in Figure
3.4. In five out of the six experiments, the polymerization was started at a rotating
electrode, the transients are therefore similar in the early stages, and the current
levels off after the initial rising transient. But a dramatic increase in current was

observed when the electrode rotation was stopped. A small step in current appears

at the moment of change with a gradual increasc in current followed by a much

fas nt.

er rising tran:

3.2.1.2 Effect of Applied Potential on the Electropolymerization

Prior studies indicated that an increase in the applied potential in the
potential step experiment increases the polymer growth rate.*"" /-t responses for

atdifferent ials were recorded

the electropolymerization of 3

at both stationary and rotating (900 rpm) electrodes. as shown in Figures 3.5 and
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3.6, respectively. In agreement with the carlier works, an overall increase in current

ne

was observed as the applied oxidation potential w: d. The initial current
spike and decay is followed by a slow rise at lower potentials and a relatively rapid

rise at higher potentials. The time required for the initial current to h the

minimum as well as for the rising transient to peak is shortened as the applied
potential is increased. Following a small plateau, the current increases much more

rapidly at higher potentials.

Comparing Figure 3.6 with Figure 3.5, it is clear that higher potentials are

required to generate polymer on a rotating clectrode.

so, at high poten!

(Fig. 3.6a), a continuously rising current similar to that obtained fo

ationary

electrode can be observed during rotation.

3.2.1.3 Polymer Generation in the Et,NCIO /Acetonitrile Medium

Similar experimental results have been obtained for the clectropolymerization

of 3-methylthiophene in 0.1 M Et,NCIO,/acetonitrile solution, using stationary and

rotating electrodes. Figure 3.7 shows typical chronoamperometric responses for the

polymerization of 0. M 3-methylthiophene under various conditions.

43



60’—

20 -

Current i (zA)

-10 1 1 1 ! L L J
-30 o0 30 60 90 120 150 180

Time t (s)

Figure 3.5 Current-time plots for the electropolymerization of 0.1 M
3-methylthiophene in 0.1 M LiCIO,/CH,CN on a Pt stationary electrode under the
potential steps from 0 V to (a) 1.25 V; (b) 1.24 V and (c) 1.22 V.
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Figure 3.6 Current-time plots for the clectropolymerization of 0. M
3-methylthiophene in 0.1 M LiClO,/CH,CN on a Pt RDE at a rotation rate of 900
rpm under the potential steps from 0 V to (a) 1.27 V; (b) 1.25 V and (c) 1.23 V.
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Figure 3.7 Curmrent-time plots for the electropolymerization of 0.1 M
3-methylthiophene in 0.1 M Et,NCIO,/CH,CN on a Pt RDE at rotation rates of
(a) 0 rpm; (b) 400 rpm; (c) 900 rpm and (d) 1600 rpm. The potential was stepped
from O to 1.29 V.
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Analogous to Figure 3.1. longer initial stages and lower currents were obtained
with increasing rotation rate. However. the differences between curves recorded for
the stationary electrode (Fig. 3.7a) and for the electrode rotating at <400 mpm (Fig.

3.7b) are much smaller than those observed when the electrolyte was LiCl0,.

3.2.2 Electr ical C|

3.2.2.1 Cyclic Voltammetric Studies

Figure 3.8 shows cyclic voltammograms for the poly(3-methylthiophenc)
films prepared in the experiments of Figure 3.1, in a 0.1 M LiClO/acetonitrile
solution. In all cases, typical r:dox waves for poly(3-mcthylthiophene) were
observed, in which both anodic and cathodic peaks are broad. Since peak currents
are proportional to the amount of polymer on the clectrode, it is clear that more

polymer was formed on the stationary electrode, and that the amount of polymer

on the surface with i ing rotation rate during

preparation. The decrease in polymer gencration in the stirred solution is consistent

with the current-time transients presented in Figure 3.1,
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Figure 3.8 Cyclic voltammograms for the poly(3-methylthiophene) coated
electrodes prepared in Figure 3.1. The scan rate was 100 mVJ/s. (a) refers to the
polymer prepared on a stationary electrode; (b) refers to the polymer prepared on
a rotating electrode at 400 rpm and (c) refers to the polymer prepared on a rotating
clectrode at 1600 rpm.
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Cyclic voltammc_rams of polymers prepared under the conditions illustrated

in Figures 3.3 and 34 arc shown in Figures 3.9 and 3.10. respectively.
Characteristic redox waves were observed in each individual cyclic voltammogram,
indicating that a film of poly(3-methylthiophene) had been produced. In both
experiments, peak currents decrease as the proportion of time with the clectrode
rotating during the polymerization is increased, and thus the amount of polymer on
the electrode decreases.

The ition of a poly(3

P ) film in its oxidized state

usually consumes 2.25-2.4 F/mol, while doping of the polymer involves ca, 0.3

F/mol (Section 1.1). Therefore, the charge required for film doping is normally ca.

13% of the polymerization charge. A process less than 100% cfficient would

produce less polymer for a certain polymeri

ation charge and so the cycling o

polymerization charge would be less than 0.13. Conscequently, the coulombic

efficiency of a certain electropolymerization process can be obtained from the

of the doping charge to the total polymerization charge divided by 0.13.

The cycling charge passed during polymer oxidation or reduction in a

monomer-free solution represents the charge required for film doping, and is
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Figure 3.9 Cyclic voltammograms for the poly(3-methylthiophene) coated
electrodes prepared in Figure 3.3. The scan rate was 100 mV/s. (a) refers to the
polymer prepared on a stationary electrode; (b) to (d) refer to the polymers
prepared first on a stationary electrode and then started rotation at 1600 rpm at
polymerization time of (b) 80 s; (c) 40 s and (d) 20 s; (e) refers to the polymer
prepared on a rotating electrode at 1600 rpm.
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Figure 3.10 Cyclic voltammograms for the poly(3-methylthiophene) coated
electrodes prepared in Figure 3.4. The scan rate was 100 mV/s. (a) refers to the
polymer prepared on a stationary electrode; (b) to (e) refer to the polymers
prepared first on a rotating electrode at 1600 rpm and then stopped rotation at
polymerization time of (b) 40 s; (c) 80 s; (d) 100 s and (e) 140 s. (f) refers to the
polymer prepared on a rotating electrode at 1600 rpm.
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proportional to the amount of polymer deposited on the electrode.” The total charge
consumed during polymer formation can be obtained by integration of a current-
time transicnt, and the cycling charge stored in the polymer can be measured by

cither the oxidation or the ion part of a ponding cyclic

voltammogram.

Tables 3.1, 3.2, 3.3 and 3.4 list the polymerization charges, cycling charges
and coulombic cfficicncies for the polymer films prepared in the experiments
illustrated by Figures 3.1, 3.3, 3.4 and 3.7, respectively. In Tables 3.1 and 3.4, it
can be seen that the polymerization charge decreases and less polymer is produced

(i.e., less cycling charge) with increasing rotation rate of the RDE. Moreover, a

de ¢ in coulombic efficiency was observed as the rotation rate was increased.

It should also be pointed out that both the polymerization charge and the cycling
charge dropped drastically when the electrode was rotated (Table 3.1). In
comparison, the changes observed with varying rotation rate were relatively small.

In Table 34. there is little difference in the polymeri

ation charges and cycling
charges between the polymerization on the stationary electrode and on the rotating
electrode at 400 rpm. Much less charge was consumed by polymerization and

stored in the polymer matrix at higher rotation rates.

w
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Table 3.1 Polymerization charges, cycling charges and coulombic efficiencies of
polymerization for the polymer films prepared in the experiments of Figure 3.1

Rotation | Polymerization Cycling Charge Coulombic Efficiency
Rate Charge
Curve No. Q Qu Qux Qe from from Quua/Qp.
(rpm) (mC) [e) (e)) Qo /Qpus (%)
(%)
a 0 2.804 275.2 269.9 75.5 74.0
b 400 0.953 87.4 85.3 705 68.9
< 1600 0.726 58.0 559 61.5 59.2

Total polymerization time = 180 s

Electrolyte : LiClO,

-




Table 3.2 Polymerization charges. cycling charges and coulombic efficiencies of
polymerization for the polymer films prepared in the experiments of Figure 3.3

Rotation | Polymerization Cycling Charge Coulombic Efficiency
time Charge
CiirveNo. g Qpy Qu. Quu from Qu/Qyy. | from Quu/Qu
(s) (mC) (M) (uC) (%) (%)
a 0 4.102 376.9 373.5 70.7 70.0
b 100 2.730 231.0 228.2 65.1 64.3
c 140 1.398 110.8 108.6 61.0 59.8
d 160 1.274 95.7 932 578 56.3
e 180 0.741 55.1 523 572 54.3

Total polymerization time = 180 s
Electrolyte : LiCIO,
Rotation rate : 1600 rpm
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Table 3.3 Polymerization charges, cycling charges and coulombic efficiencies of
polymerization for the polymer filins prepared in the experiments of Figure 3.4

Rotation Polymerization Cycling Charge Coulombic Efficiency
time Charge
Curve No. ! Qi Qux. Qs from Q, /Qp., | from Qus/Qu
(s) (mC) (uC uC) (%) (%)
b 40 2.114 189.7 186.2 69.0 67.8
c 80 1478 126.3 122.6 65.7 63.8
d 100 1.225 100.7 97.8 63.2 61.4
e 140 1.107 81.3 785 56.5 545
f 180 0.724 510 48.4 542 514

Total polymerization time = 180 s

Electrolyte - LiClO,

Rotation rate : 1600 rpm

o
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Table 3.4 Polymerization charges. cycling charges and coulombic efficiencies of
polymerization for the polymer films prepared in the experiments of Figure 3.7

Rotation | Polymerization Cycling Charge Coulombic Efficiency
Rate Charge
Curve No. 9 Qi Q. Qu from Qu /g | from Q. /Qu
(rpm) (mC) (1uC (uC) (%) (%)
a 0 7.092 673.7 666.6 73.1 723
b 400 6.587 610.5 621.0 71.3 725
c 900 1.545 1374 136.0 68.4 6.7
d 1600 0.945 81.7 799 66.5 65.0

Total polymerization time = 180 s
Electrolyte : Et,NCIO,
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In Tables 3.2 and 3

. since the electrode rotation wa

started or stopped

after a certain polymerization time, the total polymeriza

ion charge. the cycling

charge and thus the coulombic eff

iency are related to the proportion of time that
the electrode was stationary (or rotating) during the polymerization period. In
general, a longer stationary time provides more charge consumed for polymer
formation, more polymer deposited on the electrode (i.e., more cycling charges) and
a higher coulombic efficiency, regardless of whether the electrode is rotating or not
when the polymerization starts, A moderate decrease in the polymerization charge
and the cycling charge is observed as the rotation time is prolonged, in contrast to
that presented in Table 3.1 where much larger changes were observed when the

electrode was rotated.

3.2.22 A.C. Impedance Studics

Impedance spectroscopy was applieed to determine the ionic resistance of the

resulting polymer films. A finite transmission line model""

was used to interpret
the impedance data obtained, as in carlicr reports from this laboratory.” A.C.

impedance resporises (Nyquist plots) of the polymer films prepared in the

experiments of Et,NCIO,/acctonitrile solution are shown in Figure 3.11.
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The plots shown in Figure 3.11 all consist of two distinct regions,

pproximating the iour of a finite ission line." At high frequency.
lincar regions with angles between 65° and 45” are observed, representative of the
theoretical 45° Warburg-type region. Linear regions at nearly 90" appear at low
frequency. By using the transmission line model, the resistance of the polymer film
can be obtained cither by analyzing data in the Warburg-type region or from the

real impedance (Z') at low frequency.

An approach similar (o that reported in the literature was adopted. Only
oxidized polymer films were analyzed here, the measured resistance is therefore the
polymer’s ionic resistance (R)), since the electronic resistance (R,) will be too small
to measure. The capacitance (C) of each polymer film which was attributed to the

oxidation and reduction of the polymer,”™™ was calculated as the slope of a plot of

imaginary i d; (Z"") vs. the recip of frequency (//w) from the low
frequency region. The slope of an (impedance)® (Z°) vs. the reciprocal of frequency

(/m) plot for the Warburg-type region provides R/C, from which the ionic

nce (R,) can be obtained.

Figure 3.12 gives an example of the determination of capacitance (C) and
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Figure 3.11 Impedance plots for the poly(3 coaced Pt

prepared at (a) O rpm; (+) 400 rpm; (v) 900 rpm and (®) 1600 rpm in the
experiments of Figure 3.7. The experiments were carried out at 1.0 V in 0.1 M
Et,NCIO,/CH,CN.
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ionic resistance (R,) for a polymer film prepared at 1600 rpm (Fig. 3.11d). It has
to he mentioned that, although straight lines are presented in this case, slightly
curved 7’ vs. I/o plots were observed when analyzing impedance data for all other
filins. The deviation from a linear relationship is thought to be related to the
steeper Warburg-type region (i.e., angles are greater than 45°) observed in those

cases (Figure 3.11).

‘T'o estimate R, from the low frequency region, the data was extrapolated as
shown by the dotted line in Figure 3.11d for instance. Its intercept on the real
impedance axis (i.e., the limiting real impedance Z';) was corrected by the
uncompensated solution resistance (Ry) and then tripled to give the ionic resistance

(R)). since R, = HZ'}; - RY." The p solution resi (Ry) was

obtained from the intercept at the real impedance axis of the Z'” vs. Z’ plot for a

bare Pt electrode.

lonic resistances both from the Warburg-type region and from the low

frequency data as well as capacitances are listed in Table 3.5. lonic resistances
measured by the two methods are in good agreement, and increase with increasing

rotation rate during the polymerization. That is, the thinner polymer films
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Table 3.5 Capacuances and ionic resistances calculated from impedance data for the
d

poly(3. ) coated Pt el prepared in the experiments Figure 3.7
Rotation Rate Capacitance Tonic Resistance (R;)
(o) C R 5
Curve No. (rpm) (uF) Warburg Region from Z' ¢
Q) ()
a 0 631.1 205 236
b 400 450.6 500 412
[ 900 120.9 470 490
d 1600 56.6 853 899




consisting of less polymer exhibit higher resistance. However, the film capacitance
which is proportional to the doping charge decreases with the increase in rotation

rate.

3.2.3 Morphological Studies

In general, thick polymer films with a rough appearance were obtained at
stationary electrodes, whereas thin compact polymer films could be obtained at
high rotation rates. For example, the poly(3-methylthiophene) film prepared in the
experiments of Figure 3.1a was matt black and looked porous, however the
electrode surface was covered with a dark green, glossy and compact polymer (ilm
following the polymerization depicted in Figure 3.1c. Similar obscrvations were
made when the Et;NCIO/acetonitrile polymerication medium was used. A thick
polymer film can still be preparcd on a rapidly rotated dise electrode and usually

has a pattern of hy ic flow lines a gous to the classical spiral

appearance based on rotating disc clectrode theory,” in contrast to the disc-shaped

surface.

ge on the poly dificd stationary

The mosphology of the modificd electrade surfaces was further probed by
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scanning electron microscopy (SEM). Reduced polymer films prepared via potential

steps for 3 min. were rinsed with acetone prior to examination. As can be seen in

Figure 3.13, the h 8 poly(3-methylthioph: film on the stationary

de consists of p i (Figure 3.13b) and fibrillar structures

(Figure 3.13c), located randomly on the electrode surface (Figure 3.13a). The
appearance of polymer films produced at high rotation rates is significantly
different. Uniform surfaces were obtained at rotation rates of 900 rpm (Fig. 3.15)
and 1600 rpm (Fig. 3.16), especially at 1600 rpm where a compact surface is

observed (Fig. 3.16¢).

In comparison with the {ilm on the stationary electrode (Fig. 3.13), the film
prepared at 400 rpm is more homogeneous (Fig 3.14), although the amount of
polymer precipitated is quite similar as demonsirated in Table 3.4. No fibrillar

structure is observed, but there is a large ion of polymer

uncvenly distributed on the surface, which were absent at higher rotation rates (Fig

3.15 and 3.16).

The thickness of the grafted polymer film as well as the nature of the

monomer, the nature of the anion and the degree of doping influence the
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Figure 3.13 Scanning electron micrographs for the polymer film prepared on
a stationary electrode as shown in Figure 3.7a. Polymerization time: 3 min.
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Figure 3.14 Scanning electron micrographs for the polymer film prepared on a rotating electrode at 400 rpm as
shown in Figure 3.7b. Polymerization time: 3 min.
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Figure 3.15 Scanning electron micrographs for the polymer film prepared'an a rotating electrode at 900 rpm as
shown in Figure 3.7c. Polymerization time: 3 min.
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Figure 3.16 Scanning electron micrographs for the polymer film prepared on
a rotating electrode at 1600 rpm as shown in Figure 3.7d. Polymerization time:
3 min.
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Figure 3.17 Scanning electron micrographs for the polymer film prepared on
a stationary electrode under the experimental conditions as shown in Figure 3.7,
but the polymerization time was 1.5 min.
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Figure 3.18 Scanning electron micrographs for the polymer film prepared on
a rotating electrode at 400 rpm under the experimental conditions as shown in
Figure 3.7, but the polymerization time was 1.5 min.
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Figure 3.19 Scanning electron micrographs for the polymer film prepared on
a rotating electrode at 900 rpm under the experimental conditions as shown in
Figure 3.7, but the polymerization time was 1.5 min.
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Figure 3.20 Scanning electron micrographs for the polymer film prepared on a rotating electrode at 1600 rpm
under the experimental conditions as shown in Figure 3.7, but the polymerization time was 1.5 min.
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morphology of the polymer deposited.™ To investigate the d 1 of

morphology on thickness, poly(3-methylthiophene) films prepared tor only 1.5 min.

using the same potential steps were examined by SEM. As shown in Figure 3.17,
despite the lower amount of polymer deposited compared with Figure 3.13 and

3.14, and the more homogeneous appearance of the film (i.¢., comparing | 17a

with Fig. 3.13a), aggregates and fibrillar structurcs were still observed on the
surface of a stationary electrode (Fig. 3.17¢). When the clectrode was rotated and
particularly at high rotation rates, the surface of the resulting polymer [ilms
becomes uniform and compact, as presented in Figure 3.18 and 3.19 at rotation
rates of 400 rpm and 900 rpm, respectively. A very smooth polymer surface was

obtained on a rotating electrode at 1600 rpm (Fig. 3.20).

3.3 Discussion

The main mechanisms that have been proposed for the growth and

of poly(3 y can be summa

zed by the following simple
equations, where the subscripts (sol.) and (surf.) represent specics in solution and

on the electrode surface, respectively. The first step of the polymerization involves
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the oxidation of the monomer to provide a radical cation:
McTh = McTh* + ¢

The following processes for oligomer formation consist of the reaction of a
monomeric species with a monomeric or oligomeric radical, which may occur (a)
on the electrode surface or (b) in the reaction layer close to the electrode surface:

(@ (METh), ", + METh" ) = (MeTh),, i, + 2H'

or  (McTh), ", + MeThy,, = (MeTh),, ., + 2H + ¢

(b)  (MeTh), ", + METh" , = (MeTh),, i, + 2H*

or  (McTh), ", + MeTh,, = (MeTh),, ., + 2H" + €

As the p ization proceeds, oli pi from route (b) may either
precipitate on the clectrode surface when they reach a critical chain length, or be

transported to the bulk solution by diffusion/convection.

As discussed in Section 3.2.1, the current at long times (or t > 25 s) in the

It i decreases with i ing rotation rate and prolonging rotation time

during polymerization. If the rising current at t > 25 s for a stationary electrode

(e.g.. Fig. 3.1) arises only from the oxidation of the an i ing current

would have been observed as the rotation rate was increased, due to the faster

monomer transport from the bulk solution, and thus the higher monomer
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concentration in the diffusion layer. However, the experimental observation is

contrary to this expectation. It is therefore concluded that the

ising current in the

chronoamperometric tray

ient after ca. 25 s of polymerization at a s

electrode is due to the oxidation of oligomeri

species i the vici

ity of the

electrode. The accumulation of such specics accounts for the current increase with

time, while their dispersion accounts for the decreasing current with incres

rotation rate.

The coulombic efficiency for the polymerization decr

s at increasing

rotation rates and at prolonged rotation times during polymerization (Tables 3.1 to

3.4). This behaviour supports the conclusion that soluble oligome

termediates
are formed in the diffusion layer during the polymerization and that these

species. i to polymer it especially at a stationary

electrode where the highest coulombic cfficicncy was obtained. When the electrode
is rotated, the diffusion layer becomes thinner and the concentration of oligomers

in the vicinity of the electrode decreases owing to forced convection. As a result,

polymerization occurs less effectively and produces less polymer on the electrode
surface than on a stationary clectrode, as evidenced by the cycling charges and

coulombic efficiencies.



“The morphology of the polymer film deposited changes when the electrode
is rotated. As shown by the photographs in Section 3.2.3, both heterogeneous and
homogencous film appearances were observed. An acceptable interpretation for the
experimental obscrvations is that the loose fibrillar/aggregate structure results from
the precipitation of oligomeric intermediates from the solution, while the compact
uniform film arises from the addition of monomeric species into the polymer

matrix.

Differences in the early stages of polymerization between stationary and
rotating clectrodes were also observed. Compared with a rotating electrode, less
time is required both for the decay of the initial spike and for the initial rising i-r

transient at a stationary electrode. This indicates a decrease in the rate of nucleation

and growth on a rotating el de and can b attrib to the enhanced

of soluble oligomeric intermediates away from the electrode prior to precipitation.

‘Therefore, nucleation and

prog; p appears to involve oligomers
generated in solution. At a rotating electrode, the concentration of soluble
oligomers decreases. As a result, a longer time is required for the early stages of

polymerization at a rotating electrode.
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In Figure 3.3, a drop in current was observed when the clectrode started

rotating during polymerization, indicating loss of clect tive sites in the reaction

layer near the electrode due to stirring. Therefore, the recorded i-f transient at the
moment of rotation results from the superposition of the loss of olig »mers in the

solution with further polymer growth mainly involving the reaction of the polymer

matrix with the increased amouni of monomeric speci

Impedance data showed that the ionic resis

ance of the polymer film

posi i with i ing rotation rate, which is consistent with the

| evidence di d above. It is reasonable that films with a dei

s¢

structure like the film in Figure 3.16 should possess a higher ionic resistance than

a loose film (e.g., Fig. 3.13) despite being much thinner.

As a conclusion, polymer deposition may take place both through soluble
oligomers in the reaction layer and via the grafted polymer matrix on the clectrode
surface. Each process can dominate polymer growth under certain conditions. At

a stationary electrode, due to the presence of a thick diffusion layer, soluble

oligomeric species build up in the vicinity of the clectrode, and eventually

precipitate on the electrode surface when the solubility decreas s the chains

7



propag; progressive addition of monomer or monomeric radical
cation to the ends of polymer chains in the deposited film will also occur,
contributing to the polymer formation. From the experimental data and the above

discussion, it appears that the polymerization process mainly occurs via the

pitation of oligomeric chains from solution, at least at times longer than ca.

There are drastic changes when the electrode rotates. Not only is the

diffusion layer closc to the electrode thinner, but also the oligomer concentration

and more

in the vicinity of the owing to
is brought 1o the electrode surface. The monomer may react with the polymer chain
ends directly or be oxidized to give a radical cation. The resulting radical cation
may couple with polymer chains on the surface, or be transported to the bulk
solution by the stirring, or form soluble short chain oligomers which may also be
removed away from the vicinity of the electrode by convection. The latter two
processes together with the decrease in oligomer concentration account for the
decrease in conlombic efficiency with rotation (Tables 3.1 to 3.4). It is therefoic

fed that polymer is i by reactions involving the grafted

polymet matrix at high rotation rates.
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3.4 Conclusion

Conducting polymer films of poly(3-methylthiophene) have  been

electrochemically deposited both on stationary and rotating disc eleetrodes via the

potential step i Poly(3-methylthi films can be formed even at a

rotation rate as high as 1600 rpm, in contrast to some prior reports™ where no

polymer film deposition was observed on rotating clectrodes.

It appears that polymer deposition takes place through two simultancous
processes, that is, polymer chain propagation occurs both at the ends of polymer
chains in the polymer matrix and via soluble oligomeric species which eventually
precipitate on the clectrode surface. The precipitatior: of oligomeric species with
a critical chain length dominates polymer deposition on a stationary clectrode

particularly at long times, whereas the grafting of monomeric specics onto polymer

chains ited on the el de surface domi polymer growth when the
electrode is rotated at 1600 rpm.
Polymer films were char: ized by cyclic vol A il

spectroscopy and scanning electron microscopy (SEM). The charge consumed

9



during polymerization and the charge observed in cyclic voltammetry were
integrated to provide the coulombic efficiency which was found to be decreased by
rotation (Table 3.1 to 3.4). SEM studies revealed substantial morphological

diff

rences between polymer films prepared under various conditions. A porous
matt surface was obscrved for films deposited on a stationary electrode, whereas
compact smooth films were obtained at high rotation rates. Thus improved surface
homogencity of the resulting polymer films is obtained by rotating the electrode.
A.C. impedance spectroscopy showed that polymer films with higher resistances

and lower i were i as the rotation rate was increased.

By monitoring the current-time responses, the polymerization was
investigated at various rotation rates, by beginning or haiting rotation at different

times during polymer formation, at different oxidation p ials and in two

different electrolyte solutions. In general, less polymer was deposited at higher
rotation rates (Fig. 3.1 and 3.7), and when the rotation time during polymerization
was longer (Fig. 3.3 and 3.4). This was interpreted as conclusive evidence that the

polymerization involves the formation of oligomers in solution.
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Chapter 4

Electrochemical Synthesis of Poiy(3-Bramothiophenc)

in the Presence of 2,2°-Bithiophene

4.1 Introduction

In the last few decades, increasing interest has developed in the preparation

of

from ing polymers. Among these, polymers of

thiophene derivatives have been vigorously investigated in view of the fact that

cn the i ignifi y the properties of the resulting
polymer, some of which are capable of electrocatalysis or molecular recognition.'*

Although many tail de, i can  he  direetly

electropolymerized, the steric effects of large functional groups can prevent the

of pol with good electronic and clectrochemical propertics. Poly(3-

bromothiophene) is an attractive material for further modification into usclul

functionalized polymers, since the bromo- leavin,, groups are potential sites for

of ¢'waired




Initially menticned by Waltman ez al..' the clectrochemi

al synthesis of

poly(3-bromothiophene) was found te be difficult, requiring a much higher

oxidation potential than for thiophene or 3-alkylthiophenes due to the electron
withdrawing effect of the bromine on the electron density of the thiophene ring.
Although optimization of the clectrosyn*hetic conditions to produce highly
conducting films has been investigated.’ and microscopic studies of the surface and

clectronic  structure  of the polymer have also been  reported’ poly(d

bromothiophene) has received far less attention than pelymers from many other

thiophene-based monomers.

Thin conducting polymer films of 3-bromothiophene can be obtained

adhering to the working clectrode by electrochemical polymerization.” However,

a colour change in the solution near the clectroge surface is observed du

g film
growth, and coloured species diffuse into the bulk solution in long time
experiments. It was assumed that this is because highly soluble oligomers and

short-chain polymers are formed, which are stable enough to diffuse away from the

The chain ion may be oh by sieric hindrance due to the

bulky bromo- substituent.*



As reported by Garnier and co-workers,” the clectrodeposition of poly(3-
bromothiophene) is much slower than for polythiophene, both in cyclic
voltammetry and potentiostatic polymerizaiion. Tke steric effect of the bromo-

substituents results in a torsion angle between adjer ent monomer units, which in

turn leads to a loss of inter-ring conjugation.”” It was d that the lower
polymerization rate in the case of 3-bromothiophene is due to the less conjugated
structure of the polymer which results in less efficient charge transfer during film

deposition.

Animg 4 method for the ion of electrically conductive polymers

of thiophene and 3-alkylthiophenes has been recently reported by Wei's group.
Adding a small amount of 2.2"-bithiophene or 2,2":5'2""-terthiophene to the
monomer solution produces a pronounced increase in the rate of polymerization and
some decrease in the required oxidation potential. It was presumed that in the
presence of the additives, the number of nuclei for polymer formation is much
greater, leading to faster polymerization and more uniform polymer films. Similar

results have also been reported on the polymerization of aniline and alkyl ring-

substituted anilines by the same group." D: ically i i rates of poly

fcrmation  were  achieved in  the presence of additives such as p-
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aminadiphenylamine, benzidine and p-phenoxyaniline.

Interestingly, Wei and co-workers found that only poly(3-methylthiophene)

was produced from a mixed monomer solution containing,(

MM bithiophene and
0.2 M 3-methylthiophene, even under conditions where more polymer could be

prepared from 0.2 mM bithiophene alone than from 0.2 M 3-methylthiophene

0

alone. Electrochemical and infrared spectroscopic studics on the polymers

between poly(3 y

prepared revealed no s ) lilms

synthesized in the presence and absence of bithiophene. Thus, although a

copolymer of bithiophene and methylthiophene would intuitively be expected, it

appears that the bitk.ophene acts predominantly as a catalyst for electrochemical

d of 3-methylthioph However, the mechanism of the polymerization

in the presence of bithiophene is still not well understood.

To further investigate the role of a catalytic amount of bithiophene in the

process of polymer growth and thus the mechanism of polymer generation, and (o

demonstrate the facility of the new synthetic method for efficient polymerization
for more systems, electrically conductive poly(3-bromothiophene) has  been

prepared by applying this method. Polymers generated were characterized by x-ray
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cmission spectroscopic microanalysis as well as by cyclic voltammetry. Polymer

formation and characterization will be discussed in the following sections in detail.

‘The kinetics of the polymerization and the hanism will be di d in Chapter

18

4.2 Results

I Electrochemical Polymerization

As mentioned above, poly(3-bromothiophene) can be prepared by

clectrochemical - polymerizati of the 3-br hioph r. Either
or cyclic vol hni may be utilized and high oxidation
potentials (ca. >1.8 V vs. SSCE) are required to obtain an acceptable rate of

polymer growth. One of the disadvantages of the use of high oxidation potentials
is the oceurrence of simultancous side reactions, such as mislinkage, crosslinking

and degradation of the polymer, resulting in a poor quality film."" Kinetic studies

have d that the rat step in the polymerization of thiophenes

is usually the initial oxidation of the monomer. Subsequent oxidation of the dimeric
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intermediate is much faster, and can take place at a lower oxidation potentia

than

for the monomer.""* Therefore, we introduced a small amount of a dimeri

species

(i.e., 2,2'-bithiophene) into the b hi polymerization system, seeking to

avoid the slow initial step, to reduce the required oxidation potential and to

increasc the overall rate of polym

Typical cyclic for the clectr ical polymerization of
0.2 M bromothiophene in 0.1 M Bu,NPF /acetonitrile solutions are shown in Figure

4.1. The potential was cycled through the potential range of -0.2 to 1.95 V v:

SSCE at a scan rate of 100 mV/s. Figure 4.1a shows the polymerization of

bromothiophene in the absence of bithiophene. In the first scan no oxidation is

obseived until ca. 1.80 V. But the current in the reve

can is higher than in the

forward scan over the potential range positive ot 1.65 V. This nucleation loop is

a common observation where a new phase is formed by a nucleation and growth

hanism." The ir i idation peak shows that the intermediate radical
cation is extremely reactive and unstable. This oxidation leads to the formation of
a thin polymeric film on the clectrode surface, as evidenced by the broad reduction

peak covering the potential range between 0.65 and 1.65 V, and by (he oxidation

peak commencing at 1.1 V in the second cycle. An anodic peak at ca. Vs,
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SSCE appears in the scans, ¢ 2 to the of poly(3-

bromothiophene). The anodic peaks shift gradually to higher potential as the

polymerization procceds, which is attributed to the increasing resistance of the

polymer film.™" The peak currents increase in suc ve scans., indicating the

growth of polymer on the electrode.

Introducing a small amount of bithiophene into the monomer solution

produces a new anodic peak at ca. 1.25 V in the first potential

scan (Fig. 4.1b).

This is obviously due to the oxidation of bithiopl! It was confi I by cyclic

voltammograms for bithiophenc polymerization in the absence of bromothiophene,
in which the anodic peak for the oxidation of bithiophene was observed at ca. 1.25

V. At higher ials in the i ithiopl system, the sharp

increase in the anodic current is duc to the oxidation of bromothiophene. As in
Figure 4.1a, a nucleation loop appears, followed by a broad reduction peak in the
reverse scan. Oxidation of the polymer produced can be observed at ca. 1.35 V in

the second and subsequent scans, and the onset of the anodic peak for polymer

formation shifts to lower potentials. Only one reduction process is observed that

electrochemically reversible with a cathodic peak at ca. 1.20 V, comparable with

that of the bithiophene-free system. Comparing Figure 4.1b with Figure 4.1a, it is
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clear that with the addition of bithiophene, the rate of increase of the peak currents
is significantly enhanced. With presence of bithiophene, fewer scans were required
to reach a certain anodic peak current for polymer oxidation, e.g., 15 scans shown
in Figure 4.1b vs. 21 scans in Figure 4.1a, showing a faster polymer growth rate.
Morcover, a smaller potential shift of the polymer oxidation peak is observed in the
presence of bithiophene, suggesting that a polymer film with lower resistence is

produced.

Bot!, the anodic and the cathodic charges in a cyclic voltammogram of a
polymer coated electrode are related to the amount of electroactive material grafted
onto the surface of the electrode. However, the anodic scans recorded during

polymer growth are more icated than the ponding cathodic scans

because they involve both the oxidation of the polymer deposited on the electrode
and the formation of new polymer, It is only the charge consumed in the redox
processes of the polymer that is proportional to the amount of electroactive polymer
and is useful for quantitative analysis. For example, the cathodic charge (Q,) is due
solely to the reduction of polymer on the surface of the electrode and is therefore
proportional to the amount of polymer produced.™" For this reason, cathodic

charges recorded continuously during polymerization under potential cycling
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conditions were used as a quantitative measures of the polymerization rate. The
program named QT (see Section 2.2.1) was used to record the total cathodic charge

vs. scan number, which represents the reaction time ().

As shown in Figure 4.2, a plot of cathedic charge vs. scan number recorded
during polymer formation from bromothiophene in the presence of bithiophene

(Fig. 4.2¢) is steeper than that for the bithiophenc-free system (Fig. 4.2b). No

of poly(2,2'-bithi is observed from a pure bithiophene
solution in the potential range of -0.2 to 1.9 V (Fig. 4.2a), probably because any
polymer that is formed is deactivated by overoxidatiow at the high possitive
potential.™* Apparently, the enhanced cathodic charge of cach scan in Figure 4.2¢

is not simply a sum of the corresponding cathodic charges for poly(3-

b hi and poly(2,2-bithiopht indicating that the increased rate of

polymerization does not arise frois simultancous deposition of both poly(2.2'-

phene) and poly(3

The rate of polymer growth defined as dQ,/ds can be represented by the
slope of the cathodic charge (Q) vs. scan number (s) plot after the induction

period. Calculated from the plots in Figure 4.2, the rate of polymer growth in the

92



4.5
4.0
3.5
3.0
.5
2.0
1.5
1.0

Cathodic Charge (mC)

0.5

0.0

os
0 5 10 15 20 25 30 35 49

Scen Number (scan)

Figuie 4.2 Plots of cathodic charge against scan number for the polymerization
of (a) 0.2 mM 2,2"-bithioph (b) 0.2 M 3-b i and (c) 0.2 M 3-
bromothiophene in the presence of 0.2 mM 2,2'-bithiophene. Potential range: -0.2
to 1.90 V. Scan rate: 50 mV/s,
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absence of bithiophene (Fig. 4.2b) is 125 pC per scan, whereas a rate of 172 pC

per scan was obtained when bithiophene was added to the solution (Fig. +.2¢). The
potential cycling range was in every case -0.2 to 1.90 V at a scan rate of 50 mV/s.
Repeating experiments under the same conditions gave average slopes of 1721
uCfscan (4 experiments) for the bromothiophene/bithiophene system and 1283
uClscan (4 experiments) when bithiophene was absent, so that the polymerization
rate of bromothiophene in the presence of bithiophenc is ca. 1.34 times that in the

absence of bithiophene.

To investigate the possibility that a lower oxidation potential is required for
the polymerization of 3-bromothiophenc in the presence of bithiophene,
experiments were performed by sweeping to different oxidation potential limits, in

the presence and absence of bithiophene. Experimental data showed that the

bithi i 1 the oxidation potential required by ca. 80 mV. FFor cxample,

Figure 4.3 presents plots of cathodic charge against scan number when an upper
potential limit of only 1.80 V was applicd. In the absence of bithiophene (Fig.
4.3a), no significant cathodic charge could be measured and no polymer was
produced even after 50 scans (ca. 1 h). However, the polymer was generated

efficiently when only a small amount of bithiophene was added (Fig. 4.3b).
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Figure 4.3 Plots of cathodic charge against scan number for the polymerization
of 0.2 M 3-bromothiophene (a) in the absence and (b) in the presence of 0.2 mM
2,2"-bithiophene. Potential range: -0.2 to 1.80 V. Scan rate: 50 mV/s.

95



Further insight into the rate enhancement and the low polymerization

potential required in the presence of bithiophene can be obtained by examining the

induction periods seen in the plots of cathodic charge vs. scan number. 1t was

found that before the polymer growth reaches ady rate, an induction period

is observed, in which thc cathodic charge increases only slowly in the carly stages
of the polymerization (Fig. 4.2). Figurc 4.4 shows the induction pesiods tor the
polymerization of bromothiophene using an upper potential limit of only i .85 V in
the presence and absence of bithiophene. The length of the induction pertoad may
be represented by the number of scans, obtained as shown in the figure. Clearly,

in the absence of bithiophene (Fig. 4.4a), the induction period of about 35 scans

i3 much longer than when an upper potential timit of 1.90 V (Fig. 4.2b) was used.

y it

Iy to only ca. 10 scans in the prescuce of

bithiophene (Fig. 4.4b).

4.2.2 Morphology

The of poly(3-br i ) films prepared in the presence

of bithi is with those p in the absence of bithiophene,

In both cases, shiny compact polymer films were produced in the first few scans,
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Figurc 4.4 Plots of cathodic charge against scan number for the polymerization
of 0.2 M 3-bromothiophene (a) in the absence and (b) in the presence of 0.2 mM
2,2"-bithiophene. Potential range: -0.2 to 1.85 V. Scan rate: 50 mV/s.
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and the colour of the polymer changed from reddish brown (neutral) to black
(oxidized) while it was cycled between its neutral and oxidized states. Films
became matt black as the polymerization proceeded (> 5 scans) and expanded onto
the insulating (PTFE) surface around the clectrode. Scanning electron micrographs
(SEM) for poly(3-bromothiophene) prepared in the presence of bithiophene (Fig.
4.5) reveal that the solution-side surface of a neutral polymer film deposited using,
40 scans under the condition specified in Figure 4.2¢ is porous rather than smooth.
Clusters of spherical polymeric lumps appear to have been deposited on the

electrode surface at random with an amount of empty space.

The inhomogeneous morphology typified by Figure 4.5 was found to be

more rapidly reached with the pol. of poly(3 hylthi )

(Section 3.2.3). Furthermore, poly(3-bromothiophene) films display a much moic
loosely packed and rougher surface (Fig. 4.5), and no fibrillar structure could be

resolved. The

of polymer in the poly(3-methylthiophene)
coated electrodes is relatively greater. This is probably due to steric crowding'
which hinders chain propagation and leads to a less planar polymer film of 3-

methylthiophene. At scan numbers greater than ca. 30 scans during cyclic

voltammetry, the solution became yellowish brown ncar the Pt electrde surface.
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q it

under the
specified in Figure 4.2c. The area of the film was 0.0314 cm’, while the electrode area was only 0.0071 cm’. The
thickness of the film was ca. 100 pm.

Figure 4.5 Scanning electron micrographs of a poly(3-b

) film prep
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‘When the polymerization process was carried on longer (> ca. 40 scans at higher
oxidation potential), streams of brown species were observed diffusing into the bulk
solution, presumably as a result of the formation of soluble degradation products
with low molecular weight, as in the polymerization of thiophene.*** The loss of
soluble products was also observed in cathodic charge vs. scan number plots
recorded during the polymerization, as a deviation from the lincar increase of
cathodic charge at high scan numbers. For this reason, at high upper potential
limits, only data for scan numbers up to ca. 30 scans were used to estimate

polymerization rates, as was done in Figure 4.2.

4.2.3 Electrochemistry of Polymers

Figure 4.6b shows ive cyclic

of a poly(3-
bromothiophene) film prepared in the presence of Dbithiophene under the

experimental conditions illustrated in Figure 4.2c, recorded in a monomer-free 0.1

M Bu,NPF/aceionitrile electrolyte solution at various scan rates. These curves are

quite similar in appearance to those obtained for poly(3-bromothiophene) prepared

in the absence of bithi (Fig. 4.6a), indicating that the two polymers are

essentially the same. In both cases, the major redox process of the polymer is
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Figure 4.7 Dependence of anodic peak current on scan rate. Data obtained from
Figure 4.6, for poly(3-bromothiophene) prepared (a) in the absence and (b) in the
presence of 2,2’-bithiophene.
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hemically ible,"” and a linear relationship between anodic peak current

(i,.) and scan rate (v) is obtained over the range of 50-250 mV/s (Fig. 4.7), as

pa

[

expected for an electrcactive polymer film in the absence of diffusion control.

4.2.4 X-Ray Emission Sp: py Micr

The i ility of ducti makes characterization by

conventional methods such as IR and NMR difficult. Moreover. it is difficult to
obtain reliable elemental analyses of the small samples generated in typical
clectroanalytical  studies. It is therefore not surprising that x-ray emission
spcclroscopy;(XES) has been applied to electrochemically prepared polymer films,
because of its advantages over conventional elemental analysis of widespread
availability and minimal sample preparation requirements. It has been found that

it can provide bulk analysis of thin polymer films up to ca. 5 um thick.*

In contrast to x-ray photoelectron spectroscopy (XPS) which has been
applied in a great variety of scientific and technical fields.* XES has so far been

left unexploited in polymer structure analysis, partially because its advantages are

offsct by the difficulties in quantifying light el and
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about chemical environment. However, it has attracted considerable attention in

some recent studies on conductive polymers.**" Since it is found to b= a

and useful i hnique for d ining the sulfur and bromine
atoms present in the films, we have employed XES here to investigate polymer
compositions. In the present investigation, XES spectra of poly(3-bromothiophene)
films prepared in the presence of bithiophene are compared with those obtained

from bithi free solutions, generated as in Figure 4.2c and 4.2b, respectively.

A typical x-ray spectrum of a poly(3-bromothiophene) film produced in the
absence of bithiophene is shown in Figure 4.8a. The polymer coated electrode was
removed from the polymerization solution at 0 V immediately after electrochemical
synthesis, and thoroughly rinsed with acctone. For analysis by XIS, the polymer
film was peeled off the electrode surface to prevent any interference from the
electrode substrate. Characteristic Br and S peaks appear in the spectrum, In some
case, a very small P peak was observed between the Brand S peaks. However, in
most cases P was not detected, indicating that most of the clectrolyte had been
expelled from the polymer film by reduction and rinsing. Encrgics of x-rays for
other elements are too low to be detected under the applicd experimental

conditions. From the intensities of the Br and S peaks, the relative atomic
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Figure 4.8 X-ray emission spectra of poly(3-bromothiophene) prepared (a) in the
absence and (b) in the presence of 2,2’-bithiophene under the condition specified
in Figure 4.2.
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concentrations of Br and S in the polymer film were estimated using the SQ data
analysis program (Section 2.4.2). The atomic concentration ratio of Br:S was
calculated as 0.51 for the reduced poly(3-bromothiophene) film. The polymer must
have a Br:S ratio of 1:1 for 3-bromothiophene, so apparently the SQ program docs
not properly correct for the diiferent sensitivities to Br and S. Thus, in our
experiments, x-ray emission analysis is about 50% less sensitive to Br than to S,

and a factor of 1.96 must be applied to correct the measured Br:S ratio.

For comparison, an X-ray spectrum of poly(3-bromothiophene) generated
under the same experimental conditions, but in the presence of a small amount of
bithiophenc, is given in Figure 4.8b. This spectrum is very similar to that presented
above (Fig. 4.8a). The atomic Br:S ratio is 0.50, surprisingly close to the value for

pure poly(3-bromothiophene).

Average Br:S ratios for polymers prepared with and without bithiophene
using potential cycling to various upper potential limits are listed in Table 4.1. No
significant differences are revealed in the data. In fact, the differences among these
values are within the experimental error. The results of two scts of data obtained

at 1.90 V were compared by using a Student ¢ test. The pooled standard deviation
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Table 4.1 Average atomic Br:S ratios (uncorrected) determined by XES for
poly(3-bromothiophene) films prepared under various conditions

Upper Potential Limit

In the Absence of BiTh

In the Presence of BiTh

(V vs. SSCE) Atomic Ratio No. of Samples Atomic Ratio No. of Samples
(Br:S) (Br:S)
1.95 0.50 = 0.004 2 0.50 1
1.90 052 £0.012 6 051 =0.030 8
1.85 - - 0.50 = 0.023 2
1.80 - - 0.52 1
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s was calculated as 0.024. When the difference of the average for the two sets of
data is 001, Student's r is given as 0.77. Comparing the caiculated ¢ wilh the
corresponding tabulated r (12 degrees of freedom was used) provides that the two
results are significantly different at a confidence level of S0%. As a result, a
difference of the average of 0.02 would be 80-90% significant, and a difference of

the average of 0.03 would be over 95% significant. From the above calculations,

5% thiophene (i.e., 2.5% bithiophene) in poly(3-bromothiophene) lilms prepared

from the mixed solutions could therefore be detected by the XES method.

Obviously, none of the data presented in Table 4.1 suggests the presence of
bithiophene units in the resulting polymer films. Hence, it appears that reasonably

pure poly(3-bromothiophene) is produced in the presence of bithiophene, cven at

potentials as low as 1.8 V (Table 4.1).

In summary, the small amount of 2,2'-bithiophene added into the solution
does not co-polymerize with the bromothiophene, but rather catalyzes the
polymerization of the latter. This agrees with Wei et al.'s" conclusion for the
methylthiophene/bithiophene system which was based on IR spectroscopy. IR
spectroscopic studies usually require a larger sample amount (. g., 2-5 g for solid

sample detection) than XES, which means a long polymerization process is
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required. In the case of bromothiophene, this will lead to polymer degradation. For

on the el de, it is very difficult

other very thin'pol; with strong
to carry out IR spectroscopic analysis. In contrast, XES has been easily applied to

such samples.

4.3 Discussion

A key result emerging from the electrochemical polymerization data (i.e., cyclic
voltammograms and plots of cathodic charge vs. scan number) and characterization
of polymer films (ie., morphological, electrochemical and x-ray emission
spectroscopic studies) is that more rapid poly(3-bromothiophene) growth can be

achicved by introducing a small amount of bithiop into the brom

solution. That is, 2,2'-bithiophene can facilitate the polymerization of 3-
bromothiophene, as well as that of polythiophene and poly(3-alkylthiophene)s as

previously reported.’

Since the oxidation of bithiophene takes place at a lower potential than for

b joph ! the bithiopt in the pol; ization system is oxidized first
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(Fig. 4.1b), producing nucleating species that may induce the polymerization of
bromothiophene at a lower potential than normal. Therefore, in the presence of
bithiophene, the number of nucleation sites is greater than in the abscence of
bithiophene, resulting in more oligomeric and polymeric species in cach individual
scan and thus a higher overall rate of polymerization.

As in the studies of poly(3-methy

) under potentiostatic ¢

(Section 3.2.1), an induction period appears in plots of cathodic charge vs. scan

number for the early stages of polymerization of 3-b hiopl (Fig. 4.2). This

induction period is also related to the formation of nuclei on the Pt electrode or in
the solution near the electrode surface. In the carly stages of the polymerization,

the number of nucleation sites increases during cach cycle, as do the amount of

oligomer and polymer on the electrode. With the addition of bithiophene, the
number of the nuclei in the polymerization system increases and this shortens the

induction time.
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4.4 Conclusions

It has been shown that a small amount of bithiophene can significantly

improve the clectrochemical polymerization of iop It can not only
cffectively shorten the initial induction period and lower the required upper
potential limit, but also enhance the overall polymerization rate. Side reactions such
as mislinkage and degradation of polymer will be minimized, since a lower

oxidation potential can be applied.

Polymer films prepared in the presence of bitliophene have been
characterized by cyclic voltammetry, scanning electron microscopy and x-ray

emission spectroscopy, and have been p: with poly(3 pl ) films,

generated in the absence of bithioph Neither diff in
morphology nor electrochemical properties were detected. It appears that the
amount of bithiophene incorporated into the poly(3-bromothiophene) films, if any,

is insignificant under the chosen conditions.

As a conclusion, a fast ¢lectrochemical polymerization of bromothiophene

can be achieved by introducing a catalytic amount of bithiophene into the
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poly.nerization system. The results are in good agreement with those reported in

the Ti for the thiophene/bithiopk and 3-alkylthi /bithioph

systems. The kinetics and mechanism of the polymerization are dis

sed in the

following chapter.
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Chapter 5

Kinetics and Mechanism of Electropolymerization of

3-Bromothiophene in the Presence of 2,2°-Bithiophene

5.1 Introduction

Since the kinetics of polymer formation in the presence of additives leads

to a further und ing of the mechanism, i igations have been done on the

3-methylthiophene/bithiophene and other systems.' A mechanism has been proposed

by Wei’s group for the pol. ization of thioph and 3-alkylthi based
on the experimental observations obtaincd in the presence of additives.' This
mechanism involves a radical attack on a neutral monomer for the polymeric chain

propagation, in contrast to the more accepted radical-coupling mechanism (Section

1.2.1) where the coupling of two radicals leads to successive electrochemical and

hemical of

p ymerization,

The overall rate of polymer formation is affected by several variables
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the ion,”' the ion* and nature® of the
counterion as well as the applied potential, size of the electrode, etc. The purpose
of our study was to determine the effects of the concentrations of 3-
bromothiophene monomer (/M) and of 2,2'-bithiophene catalyst (/C/) on the rate
of polymerization. The experiments were carried out in bromothiophene/bithiophene

solutions.

5.2 Results

As reported in Scction 4.2.1, the charge for reduction of poly(3-
bromothiophenc) deposited on the electrode was measured for successive scans
during potential cyclic polymerization. The linear relationship between the cathodic
charge (Q,) and the scan number (s) (i.e., the reaction time 1) after the initial stages
of nucleation and growth indicates that the increase of the amount of poly(3-
bromothiophene) on the clectrode is the same for each consecutive scan and the
defined rate of polymerization (dQ/ds) is constant, which provides us with a useful

and convenient method to determine the rate of steady polymerization.

1



To minimize the effects of water on the polymerization rate, in this chapter,
acetonitrile containing ca. 0.1% water by weight was used as the solvent. in
contrast to that containing 0.3% water by weight used in the previous chapter. All
other experimental procedures were the same as in Chapter 4.

5.2.1 Dependence of the Rate of Polymerization Monomer Concentration

Plots of cathodic charges (which is proportional to the amount of polymer)

as a function of scan number and the reaction time measured at different

of the i in the range of 0.05 t0 0.3 M are

shown in Figure 5.1. The concentration of bithiophene was kept cor

nt at

0.2 mM. The polymer grows at an i ing rate as the

is increased. For each individual plot, it is apparent that the cathodic charge is

directly proportional to the scan number after the induction period.

The rates of steady polymer formation were measured from the lincar parts

of the plots in Figure 5.1, by discarding the data points in the ini induction

period. A plot of the p ization rate vs. the concentration is shown

in Figure 5.2. The higher the concentration of bromothiophene, the faster the r:
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Figure 5.1 Plots of the calhodlc charge against the scan number for the
polymerization of 3 ions of (a) 0.05; (b) 0.10; (c)
0.15; (d) 0.20; (e) 0.25 and (f) 0.30 M in the presence of 0.2 mM 2,2-
bithiophene. Potential cycling range: -0.2 to 1.9 V. Scan rate: 50 mV/s.
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Figure 5.2 The polymerization rates (i.e., the slopes from Figure 5.1) at various

of 3
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Figure 5.3 Relationship helween the polymenzatlon rate (i.e., the slopes from
Figure 5.1) and the of 3
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of polymer generation. A slope of 0.82 measured from a plot of log (dQ,/ds) vs,

log [M] (Fig. 5.3) indicates that the defined rate of polymerization (R) is

approximately first order with respect to the bromothiophene concentration (/M [)

in the ion range i i as exp in Equation 5.1,

R = k"' [M] (Eq. 5.1)

where k7P'=K*"[C[". k%" is an apparent rate constant, and x represents the extent

of depend: of rate on the bithiopt ion (/C)).

5.2.2 Effects of Bithiophene Concentration on the Rate of Polymerization

To investigate the influence of a catalytic amount of bithiophene on the
polymerization rate, studies have been done by changing the concentration of
bithiophene in the range of 0.05 to 0.5 mM, whereas 0.2 M bromothiophene was
used in each case. Figure 5.4 shows plots of cathodic charge against scan number
recorded during the polymerization at various concentrations of bithiophene. In
general, the polymer grows faster when the concentration of bithiophene becomes
higher. In each individual plot, the cathodic charge ir . .2ases proportionally to the
scan number after induction period. As demonstrated in Figure 5.5, a plot of log

(dQ,/ds) (i.e., the slopes from plots in Figure 5.4) vs. log [C/ gives a lincar line

122



0.70
y=0.15465x+0.43860

0.65 |- N\

0.60 \- \

-log (Rate (mC/scan))
o
o
o
T

0.40 L L -l L L Il
0.2 0.4 0.6 0.8 1.0 1.2 1.4

-log ([2,2’-bithiophene] (mM))

Figure 5.5 Relationship between the polymerization rate (i.e., the slopes from
Figure 5.4) and the concentration of 2,2’-bithiophenc.
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Figure 5.4 Plots of the cathodic charge against the scan number for the
pol; ization of 0.2 M 3-t hioph in the presence of 2,2’-bithiophene at
concentrations of (a) 0.05; (b) 0.10; (c) 0.20; (d) 0.30; (e) 0.40 and (f) 0.50 mM
in the potential cycling range of -0.2 to 1.9 V. Scan rate: 50 mV/s.

123



with a slope of 0.15, indicating that the rate of polymerization is approximately
0.15 order with respect (o the bithiophene concentration in the solution of constant
bromothiophene concentration. Thus the empirical rate can be expressed as

R = k|C (Eq. 5.2)

where k™" = k" [M].
Combining Equation 5.1 with Equation 5.2, a gencral empirical rate

expression of the polymerization of bromothiophene in the presence of a small

amount of bithiophene can be derived and written as

R = k*rmjcrt (Eq. 5.3)

5.2.3 Effects of Water on the Polymerization Rate

It was suggested that the presence of water in the polymerization solution

has deleterious for the el polymerization reaction®” This was also

observed in our experiments. As mentioned before, a synthesis medium containing
a comparatively large amount of water (i.e., ca. 0.13 M) was used in Chapter 4,
while solutions with lower water concentrations (ca. 0.04 M) were used in the

kinetic studies. It is clear that the polymerization rate decreases with increasing the

I~
b



water content. For example, comparing Figure 5.1d with Figure 4.2

+ although both

polymerizations were carried out uader the same conditions except that the

experiments of the former contained less water in the solution, the polyme

rate for the lower water-content polymerization was 69% higher. Howev

water content did not change the catalytic behaviour of bithiophene, because an
increase of 30-35% in the polymerization rate was observed in both sets of

olymerization, regardless of the amount of water in the solution.
y

The reason for the inhibitory effect of water is not fully understood. We

speculated that it acts as a nucleophile to react with the monomeric

and oligom

radical cations or the growing polymer chain ends.

5.3 Discussion

The experimental results rcported in the previous and present chapters are
to some degree consistent with Wei's work." In some aspects, the conventional

radical-coupling mechanism has difficultics in interpreting the experimental

observations concerning the decrease of applied oxidation potential, and the
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of overall pol ization rate in the presence of 2,2'-bithiophene. At

low oxidation T i the radical-radical coupling would have taken place

between bithiophene radicals, since although some bromothiophene radicals were
expected to be present, the concentration of bithiophene radical is relatively higher
under the potential applied. The polymer films prepared at low potentials would be
therefore similar to poly(2,2’-bithiophene) which is contrary to cyclic voltammetry

and XES analysis of the ~sulting polymer films. In addition, according to the

radical-radical coupling a certain ial must be applied to
maintain an essential amount of monomeric radical cation as the polymerization

proceeds. It thus can not explain the polymerization of 3-bromothiophene at a

lower potential than normal.

The i dical coupling hanism (Section 1.2.2) is
therefore applied to rationalize the experimental data, similar to that proposed by
Wei's group.' The first step, that is the oxidation of monomer to form a radical

cation, has been d to be the rat ining step in the polymerization

of 3-methylthiophenc.' However, in our studies with bromothiophene, this slow step

was i ionally avoided by introducing a catalytic amount of 2,2’-bithiophene

which has a lower oxidation potential into the polymerization system, resulting in
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a substantial enhancement of the overall rate of polymerization. Since bithiophene

is oxidized first, it provides electroactive radical cations that readily react with the

ic b i at a rel ly low oxidation potential. and
then contribute to the polymer growth.
Mechani of Poly(3 hi Deposition in the Presence of
Bithiophene
Although the mechanism of the rate enh effects of bithioph on
the ization of i is far from a full understanding, the

mechanisms shown in Schemes 5.1 and 5.2 appcar most plausible. In both schemes,
the first step is assumed to be the oxidation of bithiophene since this occurs at

much lower potential than oxidation of the

In Scheme 5.1, the bithiophene radical cation formed in the first step
oxidizes the bromothiophene monomer and returns to the neutral state (o be
oxidized again. The bromothiophene cation generated then reacts with a neutral
monomer to produce a dimer, after loss of two protons and an clectron as in

Scheme 5.1. Since the oxidation of the dimer and successive oligomers occurs at
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lower potentials, they undergo further electrochemical oxidation and couple with

monomeric  bromothiophene. Through these successive electrochemical and
chemical steps, oligomers and polymers deposit on the electrode surface when they
are large cnough to be insoluble. In this scheme, the bithiophene in the system acts
as a catalyst in the true sense; catalyzing the oxidation of bromothiophene at a
lower overpotential and at higher reaction rate, but not being incorporated into the
polymer chains. The most significant role of the bithiophene is presumably
initiation of the polymerization as shown in Scheme 5.1. It may also catalyze the

oxidation of intermediates.

The bithiophene could also function as an initiator by coupling with
bromothiophene as outlined in Scheme 5.2. After the generation of a bithiophene
radical cation, it is postulated that the radical cation could react with a
bromothiophene monomer to produce a bromothiophene-bithiophene trimer after

and instead of p ing a i cation

only as in Scheme 5.1. This trimer would be further oxidized and couple with a
bromothiophene monomer due to the much higher concentration of bromothiophene

as before

in the solution. Olig and poly would be p

and eventually deposit on the el de. This hanism produces a polymer



containing bithiophene, but since only a small amount of bithiophene is added to
the polymerization system, it will be present in the polymer film in such a small
amount that its effects on the structure of the resulting polymer will be minimal.

This ism is i with electrochemical and spectroscopic

results discussed in Chapter 4.

Although the polymerization is unlikely to occur solely through the direct

idation of b i monomer, the radical-radical ling of

radical cations may also take place, since some bromothiophene radical cations may
still be produced under the potential applied. However, as discussed in the previous
subsection, this polymerization process can not fully account for the polymer
growth with a faster polymerization rate and at lower oxidation potential, as well

as for the cyclic voltammetry and XES studies of the resulting polymers.

5.4 Conclusions

The infl of both i and bithi additive

concentrations on the overall rate of polymerization of b hiophene has,
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been investigated. It is shown that the rate of polymer formation is approximately

first order with respect to br iop ion and ca. 0.15

order with respect to the bithioph: catalyst con ion. Although the

clectrolyte medium contained less water in these experiments, the extent of rate

cnha ent was to that p d in Chapter 4. Thatis, regardless of

the amount of water in the medium, the polymerization rate in the presence of

bithiophene is 30-35% higher than that in the absence of bithiophene. However, as
a whole, the rate of polymer formation decreases with the increase of water
concentration in the synthesis medium.

Tentative mechani for the ical p ization of poly(3-

bromothiophene) in the absence and presence of bithiophene have been proposed.

Some mechanisms have been proposed to account for the experimental

observations, where bithiophene in the mixed solution may function either as an
clectron acceptor or as an initiator as demonstrated in Scheme 5.1 and 5.2,

respectively.
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