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ABSTRACT: New electrically conducting copolymers
based on biphenyl and thiophene in a form of film were syn-
thesized by electropolymerization using potentiostatic condi-
tions and the corresponding homopolymers, polyphenylenes,
and polythiophenes, for comparison reasons. Different values
of applied potential were used, to study its effect on the struc-
ture, morphology, and electrical conductivity of the films.
From the analysis of the current-time curves, it was found
that the growth of the films follows layer by layer (2D) mecha-
nism. The films were studied by FTIR, TGA, XRD, SEM-
EDAX and their electrical conductivity was determined, as

well as their energy gap (Eg) by cyclic voltammetry. The
copolymers had higher conductivity (appr. 1 S/cm) and lower
E, (appr. 1.2 eV) than that of the corresponding homopoly-
mers. These materials due to their high conductivity, high
stability under repetitive potential cycling, and partial solu-
bility are candidates for electronic applications. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 118: 1494-1506, 2010
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INTRODUCTION

Conducting polymers (CPs) were first produced in
the mid-1970s as a novel generation of organic mate-
rials that have electrical properties similar to those
of metals or inorganic semiconductors and simulta-
neously they exhibit the attractive properties of con-
ventional polymers, such as ease of synthesis and
flexibility in processing.” CPs are used in areas
such as rechargeable batteries,® electroluminescent
polymer displays,® polymer light-emitting diodes,*”
flexible “plastic” transistors, sensors,*®” and photo-
voltaic cells.*?

CPs can be synthesized by chemical polymeriza-
tion or by electropolymerization, whereas the latter
offers several advantageous features,"”” such as ab-
sence of catalyst, direct formation of the doped poly-
mer film on the electrode surface, easy control of the
film thickness and the possibility of performing
in situ characterization of the deposited film by elec-
trochemical and other techniques.’” Polyphenylenes
are one of the most important classes of conjugated
polymers and have been the subject of extensive
research, particularly as active materials for use in
light-emitting diodes (LEDs) and polymer lasers.
These materials have been of particular interest as
potential blue emitters in such devices.*’
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Polyphenylenes can be prepared using benzene or
other aromatic compounds, such as biphenyl, lead-
ing to poly(p-phenylene)s, PPP, or to isomeric poly-
phenylenes, PP, respectively.'” PPP contains only
para-couplings and is an infusible and insoluble
polymer, however PP contains ortho-, meta-, and
para-couplings and is more processable than PPP."
Polythiophene and its derivatives based on heterocy-
clic monomers are another important class of CPs™*
and they are stable in air and moisture both in
doped and undoped states.'*"?

Apart from the conducting homopolymers,
copolymers based on different types of monomers
have gained great scientific interest, because new
electrically active materials could be produced hav-
ing characteristic properties of both of the homo-
polymers.'*'> By electrochemical copolymerization,
a variety of conducting materials with different elec-
trical and morphological properties can be pro-
duced.'*'® In the literature, the copolymerization of
biphenyl with 3-octylthiophene has been studied, to
produce soluble copolymers.'*” Moreover, the po-
lymerization of 2-biphenyl-3-octylthiophene (BOT),
has been reported, to produce poly(2-biphenyl-3-
octylthiophene) (PBOT).'*'® Compared to thiophene,
3-octylthiophene and BOT are quite expensive
reagents, thus it could be cost effective to study
whether copolymers of thiophene with biphenyl
could lead to materials with combination of desira-
ble properties (e.g. higher conductivity and better
thermal stability than the homopolymers). The aim
of this work is to copolymerize biphenyl with
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thiophene by electropolymerization to produce elec-
trically conducting films. Their structure, morphol-
ogy, thermal stability, and electrical conductivity
will be examined in comparison to that of the corre-
sponding homopolymers.

EXPERIMENTAL

Thiophene (Th, Fluka) was vacuum distilled before
use. Tetrabutylammonium tetrafluoroborate (TBABF,,
Merck) was dried at 110°C up to constant weight.
Acetonitrile (ACN, Merck, water content ~ 9.05 %)
was stored over molecular sieves (Fluka, 4 A, 8-12
mesh) for about one month. Biphenyl (Biph, Fluka)
was used as received.

The copolymer films based on Biph and Th and
the corresponding homopolymers were synthesized
by anodic potensiostatic electropolymerization at
various constant potentials for 30 min. The electro-
polymerization solution consisted of the monomers
(Biph and/or Th), TBABF, as supporting electrolyte
and ACN as solvent. The monomers were used with
concentrations: [Biph]/[Th] = 0.056M/0.056M for
copolymers, [Biph] = 0.1M for polyphenylene homo-
polymers and [Th] = 0.1M for polythiophene homo-
polymers and the electrolyte concentration was
[TBABF;] = 0.1M. All electropolymerizations took
place at room temperature, in one-compartment elec-
trochemical cell of 150 mL volume using a system of
three electrodes. The latter includes the working and
the counter electrodes, both of Pt-plated Pt in the
form of plates (with surface area of 4.8 and 9.0 cm?,
respectively) and the calomel electrode (SCE) as ref-
erence, placed into Luggin capillary.'*** Before elec-
tropolymerization, the surface of the working elec-
trode was cleaned by heating over a flame to
remove residues. The electropolymerization solution
was deoxygenated by bubbling nitrogen for 10 min
before the beginning of the electropolymerization.
The corresponding apparatus was a Potentioscan
Wenking POSS88 (Bank Elektronik). The thickness of
the films synthesized was estimated from the
amount of charge during the electropolymerization.
After polymerization, the films synthesized were
immersed in acetonitrile to remove TBABF, residues
and the soluble oligomers and then were vacuum
dried at 30°C up to constant weight.

The solubility of the films synthesized was tested
in various common solvents (i.e. ethanol, methanol,
acetone, N-methylpyrrolidone, tetrahydrofuran, N,N’
diemethylformamide, chlorobenzene, N,N' dimethyl-
sulfoxide etc.). The FTIR spectra of the polymers
were recorder using a PerkinElmer Spectrum GX
spectrometer using KBr discs. The TGA measure-
ments were recorded using a Mettler Toledo 815E
thermobalance with aluminum pans, by heating the
sample from 25°C up to 1000°C with a heating rate
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of 10°C/min, under nitrogen flow. The morphology
of the films was examined using a FEI Quanta 200
Scanning Electron Microscope with simultaneous
Energy Dispersive X-Ray Analysis (EDAX). The
degree of crystalinity, x, (%) of the polymers was
determined from their XRD diffractograms, recorded
on a Siemens D5000 diffractometer, with CuKa radi-
ation and scan rate of 0.02 degrees per second. The
electrical conductivity of the films with constant cur-
rent was determined at room temperature by the
two-probe technique.”’ The energy levels of the
Highest Occupied Molecular Orbital (Epomo) and
that of Lowest Unoccupied Molecular Orbital
(ELumo), as well as the energy gap (Eg), were deter-
mined by cyclic voltammetry (CV, Potentioscan
Wenking POSS88, Bank Elektronik), in a 0.1M
TBABF, solution in ACN, using the previously
described electrochemical cell. The film (as depos-
ited film on the electrode) was placed in the solution
and underwent cyclic potential sweep, firstly from
0 to 2 V and then from 0 to +2 V (scan rate:
100 mV/s).2%

RESULTS AND DISCUSSION
Synthesis of polymer films

To synthesize the copolymer films, the oxidation
potential (Ey) of the combination of the monomers
should be known, as this is the minimum potential
where copolymerization could take place. The E.
was determined by oxidative scanning of an electo-
polymerization solution (acetonitrile containing
TBABF,; and monomers at the same concentrations
as that used for the synthesis of the films) from 0 V
up to +3 V vs SCE with a scan rate of 100 mV/s.
From the current (i) — potential (E) curve the E.«
was determined as the potential where the current
increases abruptly.*** Specifically, for the biphenyl-
thiophene monomer system, E.x = 1.80 V (vs SCE).
The available literature E,, values of biphenyl'**
and thiophene®® for similar electropolymerization
solutions were experimentally confirmed without
deviations as 1.80 and 1.65 V (vs SCE), respectively.
To investigate the effect of applied potential on
the properties of the films, electropolymerizations
were carried out at potentials up to 0.1 V higher
than E,y, with an increase step of 0.02 V. For exam-
ple, copolymers of Biph with Th were synthesized at
1.80 (Eoy), 1.82, 1.84, 1.86, 1.88, and 1.90 V (vs SCE).
The synthesized films were macroscopically exam-
ined and those that were inhomogeneous were dis-
carded. It should be noted that the results of the
electrical conductivity were in accordance with those
of the macroscopic observation, i.e. the films that
were inhomogeneous had lower electrical conductiv-
ity. Thus, from this point on, only the films

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
Raw Materials, Experimental Parameters, Total Charge, and Characteristics (thickness, color) of
Synthesized Polymeric Films

Characteristics of films

Raw materials Experimental parameters synthesized
Monomers Applied
Biphenyl  Thiophene potential for 30 min Total charge  Thickness
Code of polymers (mol/L) (mol/L) (V vs SCE) (mC/cm?) (um) Color
@ @) ©) @) ®) (6) @)

Homopolymers  Copolymers
PP g9 0.1 - 1.80 821.63 5.75 Dark brown
PP; s 1.82 796.91 5.58 Dark brown
PPy g4 1.84 578.04 4.04 Dark brown
PThy 7 - 0.1 1.71 1475.57 3.69 Black
PTh, 73 1.73 1551.34 3.88 Black
PThy 75 1.75 1227.46 3.07 Black

(PP-PTh)1.89 0.05 0.05 1.80 1803.26 8.57 Black

(PP-PTh), g, 1.82 1688.85 8.02 Black

(PP-PTh); g4 1.84 2085.87 9.91 Black

Supporting electrolyte: Tetrabutylenamonium tetrafluoroborate (TBABFEy), 0.1M.

Solvent: Acetonitrile (ACN).

synthesized under the chosen potentials (which lead
to homogeneous films) will be considered.

Table I presents the raw materials, the experimen-
tal parameters, the total charge and the characteris-
tics (thickness, color) of synthesized polymeric films.
Based on the presentation of Figure 1, the total
charge and the thickness of films can be determined.
This figure shows the current (i) — time () curves
for the electropolymerization of the representative
homopolymers PP;gy, PTh; 7, and copolymer (PP-
PTh); s4. By integrating the surface below the (i)—(t)
curve, the corresponding charge (Q) during the
electropolymerization was determined (Table I,
column 5). The thickness of a certain film was esti-
mated from the corresponding charge.””*® According
to literature,”® the synthesis of a polyphenylene film
with thickness of 1 pm requires 142.8 mC/cm?®
(Qrp), whereas that of polythiophene requires 400
mC/cm? (Qprn).?’ Given that there are no relative in-
formation concerning the copolymers of biphenyl
and thiophene, it was assumed that the charge
required for the synthesis of a 1 pm thick copolymer
film (Qpp.pmn) corresponds to the harmonic mean of

Qrp and Qpry:

Qpp-prh = (2 * Qpp * Qprn)/(Qpp + QpPTh) (1)

Thus, Qpp_prh = 210.5 mC/cm?. The thickness of the

copolymer films is greater than that of the
homopolymer films (Table I, column 6). The poly-
phenylene films synthesized had dark brown color,
whereas polythiophene and copolymers films had
black (Table I, column 7).

Journal of Applied Polymer Science DOI 10.1002/app

Electropolymerization mechanism

Before the analysis of (i)—(t) curves, the electropoly-
merization mechanism should be described. In the
case of biphenyl (Scheme 1), a radical is formed ini-
tially (a) by the protonation of the monomer.”*
This radical, after the loss of a proton and subse-
quent oxidation, forms the radical cation (b). Then,
this radical cation can be coupled with a monomer
molecule or with another radical cation. In biphenyl
the first mechanism dominates (c) and thus the radi-
cal cation of the dimer is formed. The latter, after
the loss of a proton and subsequent oxidization (d),
leads to the formation of a dimer. With the same
reactions the polymer chain keeps on growing. The
polymer deposition onto the electrode surface begins

(PP-PTh); 5,

PThy;

i (mA/em®)
e
8

PrLW

00

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Figure 1 Current versus electropolymerization time for
homopolymers PP, gy, PTh; 7, and copolymer (PP-PTh); g4
(for the codes, see Table I).
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Scheme 1 Mechanism of biphenyl electropolymerization.'?

when the oligomers formed reach the critical chain
length that makes them insoluble in the electropoly-
merization solution.>''*?'72 In the case of the elec-
tropolymerization of thiophene (Scheme 2), the first
step is the same as that of biphenyl, i.e. the forma-
tion of a radical cation (a). This radical cation can be
coupled with a monomer molecule or with another
radical cation and, contrarily to biphenyl, in thio-
phene the second mechanism dominates and a dihy-
drodimer dication (b) is formed. The latter, after los-
ing two protons and re-aromatizing, leads to the
dimer (c). Due to the potential applied the dimer,
which is more easily oxidized than the monomer,
reacts to form its radical cation (d) and the latter is
coupled with the radical cation of the monomer (e).
Then, it loses two protons and rearomatizes, this
way forming the trimer (f).>>'%23132 With the same
reactions, the polymer chain keeps on growing.

According to Figure 1, the shape of the (i)—(f) curve
of polyphenylene differs significantly from that of
polythiophene. The corresponding curve of the copol-
ymer resembles that of polythiophene. Based on the
literature,'*?>*! the basic reaction steps take place
between t = 0 s and t = 300 s. Therefore, the initial
part of the (i)—(t) curve of the homopolymer PP g, is
presented in Figure 2(a) and the whole curve in
Figure 2(b). Similarly, the initial part of the (i)—(f)
curve of the copolymer (PP-PTh),gs is presented in
Figure 3(a) and the whole curve in Figure 3(b). As
shown below, the experimental curves are separated
in to the following Regions, taking into consideration
the literature'®***;

Region I

Before the initiation of electropolymerization, there
is an interface between the working electrode and
the electrolytic solution. When a voltage is applied
on the cell, the abrupt resgonse is attributed to the
charging of the interface.>*3*%” After charging, the
current decreases due to the monomer(s) adsorption
onto the interface and its oxidation to radical cation
(Scheme 1, case a and b and Scheme 2, case a). Usu-
ally, this adsorption is controlled by diffusion.****”
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The duration of this region is less than 40 s and its
end indicates the initiation of the nucleation.

Region 1II

When nucleation initiates, a §radual increase of the
current is observed.'®?*3%%” Specifically, in this
region two radical cations (which were formed dur-
ing Region I) are bonded together (Scheme 2, case b)
or a radical cation with a monomer (Scheme 1, case
c). Following the progress of the reaction, oligomers
are formed containing 2 to 5 aromatic rings (Scheme
1 case d and Scheme 2, cases ¢ and f). According to
the literature, this region is less than 100 s'® and its
end can be graphically determined from the point
where the initial steep rate decreases.'®*3*%

Region III (III, and II)

In this region, the current continues to increase
(Region III,) but with smaller rate than that of
Region II, indicating the continuation of the growth
of the already mentioned nuclei.'®*? After a cer-
tain time, the growth rate is stabilized and the film
is f03rmed, resulting to a current plateau (Region
IL,).>*

Region IV (IV,, IV}, and 1V,)

This region refers to macroscopic phenomena, since
the film has been formed and its growth continues.

Subregion IV,

In this subregion the current decreases due to the
decrease of the film growth rate. This decrease of

(a) D

S

(b)[)

$
(c)% I\ o
S\
@ % M e
<EI S .
f’\ O B =
$

W WY
S \/ 5 etc.

Scheme 2 Mechanism of thiophene elecl’ropolymerizat-ion.5
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Figure 2 Current versus electropolymerization time for homopolymer PP 5,, (for the code, see Table I). (a) Time from 0

up to 300 s. (b) Time from 300 up to 1800 s.

the rate is the result of two different factors: (1) the
overlapping of the growing nuclei which decrease
the active surface of the electrode® and (2) a consid-
erable amount of the radical cations formed in the
region near to the electrode diffuse to the electrolytic
solution and they do not take part to the film
growth.”

Subregion 1V,

During this subregion the current increases. The cur-
rent increase indicates the formation of a new phase,
i.e. a new kind of polymer is deposited. In the litera-
ture,®*° in a similar current increase, it has been
reported that two different films were deposited in
two definite phases. It is considered that the different
phases of polymer growth result to the deposition of
two layers with different structure. The strongly

Journal of Applied Polymer Science DOI 10.1002/app

adhered to the electrode and compact initial layer is
followed by a thicker, loosely adhered layer. The ini-
tial layer has higher density compared to that of the
thicker layer deposited later on. The second phase of
polymer formation follows an exponential relation of
current versus time, which is indicative of a one
dimension  polymer growth, with continuous
branches.”” The formation of two different polymer
layers may be attributed to the different degree of
monomer oxidation in the electrode surface compared
to that in the surface of the already formed film.

Subregion IV,

In this subregion, the current decreases, after its
increase in IVy. This decrease is due to the decrease
of the growth rate of the second polymer layer (i.e.
that with the branches).?**’
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Figure 3 Current versus electropolymerization time for copolymer (PP-PTh), g4, (for the code, see Table I). (a) Time from

0 up to 300 s (b) Time from 300 up to 1800 s.

Region V

The current reaches an almost constant value, indi-
cating that the film growth follows a steady
rate.>*?**! The time where the current reaches con-
stant value depends on the applied potential and as
a general rule it decreases with increasing applied
potential.*'

Table II shows the time limits of the above
described Regions of the synthesized polymers.
Polyphenylenes generally do not exhibit the Subre-
gions IV}, and IV.. Polythiophenes exhibit generally
all Regions. Copolymers do not exhibit Region I.
Subregion IV}, is undesirable, given that it leads to
inhomogeneous films. This Subregion appeared in
the case of PTh1A71, PTh1_75, and (PP-PTh)1_84 but it
was narrow and did not affect the uniformity of the
films (as macroscopically observed).

The nucleation and growth mechanism (NGM)
can be determined from the analysis of Region II in
the (i)-(f) curves. There are three criteria for the
NGM: (a) instantaneous (IN) or progressive (P), (b)
one (1D), two (2D), or three (3D), dimensional nucle-
ation and (c) controlled by diffusion or charge trans-
fer. Depending on the type of NGM, the current fol-
lows a power-type relationship with time. The type
of NGM can be determined from the plot of (i) ver-
sus t*, where x: —(1/2), (1/2), 1, 2, 3, and (3/2), find-
ing which superscrigt gives linear relationship in
respect to current.’>?*>® In polyphenylenes x = 1
[inset of Fig. 2(a)], indicating that the NGM is in-
stantaneous, two-dimensional nucleation (IN2D),
controlled by charge transfer.”> In polythiophenes x
= (1/2), indicating that the NGM is IN2D controlled
by diffusion with interactions between the growing
centers (nuclei).”> The same superscript (x = 1/2) is

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Time Limits of Regions Based on Current-Time Curves of the Polymers

Time limits (in s) of regions and subregions based on (i)—(f) curves

I v
Code of polymers 1 I lla 111, v, 1V, IV, v
PP .50 0-2 3-20 21-85 86-141 142-1800 - - -
PPy g 0-2 3-43 44-58 59-68 69-1696 - - 1697-1800
PPy g4 0-4 5-19 - 20-38 39-1655 - - 1666-1800
PThy 7 0-8 9-24 25-150 151-234 235-822 823-1290 - 1291-1800
PTh; 73 0-6 7-38 39-182 183-394 395-1800 - - -
PTh; 75 0-10 11-38 39-116 117-260 261-944 945-1048 1049-1800 -
(PP-PTh); g9 - 0-8 9-149 150-540 541-1800 - - -
(PP-PTh), g2 - 0-6 7-152 153-336 337-1690 - - 1691-1800
(PP-PTh); 84 - 0-8 9-94 95-140 141- 690 691-842 843-1532 1533-1800

determined for most of the copolymers, except from
(PP-PTh), g4 where x = —(1/2), indicating that the
NGM is IN2D controlled by diffusion but with no
interactions between the growing centers.”® Conse-
quently, the growth of homopolymer and copolymer
films takes place in two dimensions (2D) as layer by
layer, i.e. growing only in parallel direction.”® This
way of growth is very important for the quality of
the films, as it leads to compact film, contrarily to
3D growth (not observed in the films synthesized)
that leads to loose, powder like-films.**

Structural characterization of the copolymers

Figure 4 shows the FTIR spectra of the copolymer
(PP-PTh); 84 and, for comparison, that of the homo-
polymers PP;g,, PTh;7;. The various bands of the
copolymers and the homopolymers were attributed to
chemical bonds according to the literature for the pol-
yphenylenes'*?****> and polythiophenes®**° and
they are summarized in Table III. The bands at 1600,
1570, 1500, 1480, nd 1400 cm ! are associated with the
aromatic ring. The broad absorption band at 1600
cm™! is particularly strong if a further conjugation
with aromatic rings takes place. Based on the litera-
ture,”* the band at 1570 cm ™' is attributed to qui-
noid structures and the band at 1480 cm ' to benze-
noid structures. Moreover, the copolymers exhibit
the bands of various C—H vibrations at 1085 and
1030 cm ™! (“in plane” bending vibrations), at 875 and
805 cm ' (“out of plane” bending vibrations), at
765 cm ™! (bending vibrations) and at 695 cm ™! (defor-
mation vibrations). Additionally, they exhibit the
band of C—S bending vibrations at 610 cm .* The
latter is characteristic of the thiophene structural unit.

In polyphenylenes, the type of substitution can be
obtained from the intense bands below 900 cm™'.'%%?
The band at ~ 805 cm ™' is characteristic of the para-
substitution and the bands at 765 cm ™' and 695 cm ™"
are characteristic of the aromatic rings, which are at
the end of the macromolecules, i.e. (mono) end-
groups. In the case of the presence of the bands at

Journal of Applied Polymer Science DOI 10.1002/app

880-870 cmfl, the stronger bands at 765 cm ™! and 695
cm ™" can be attributed to meta-substitution. The small
band at 740 cm ' indicating ortho-substitution is
absent from the spectra.'®** Thus, all the synthesized
polyphenylenes exhibit para- and meta-substitution.
Polythiophenes exhibit the bands at 1499-1490 and
800-790 cm ™, that indicate the growth of the polymer
chain in o,o/-direction (a,o/-coupling), characteristic of
2,5-polythiophene.® ™ On the other hand, the peaks
at 830-825 and 730 cm ' of o, B coupling (ie. 2,4-
polythiophene)***” are not present. Thus, the synthe-
sized polythiophenes were exclusively 2,5-polythiophene.

Concerning the FTIR spectra of the copolymers,
their absorption bands cannot confirm that the films
synthesized were indeed copolymers, as the character-
istic bands of the homopolymers appear in the same
regions and thus they overlap. The only band that
could be used as a criterion is that of C—=S, but it
appears near the low limit of the spectra (at 615
cm ). To confirm that the films formed were copoly-
mers, the solubility of the homopolymers and the
copolymers was tested in various common solvents.
PPs were totally soluble in N-methylpyrrolidone and
totally insoluble in all other solvents tested, whereas
PThs were totally insoluble in all the solvents tested.
Copolymers are partially soluble in tetrahydrofuran

Transmitance (%)

41

(PP-PTh), 5,

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 4 FTIR spectra of homopolymers PP;g,, PThy 7,
and copolymer (PP-PTh); g4 (for the codes, see Table I).
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Figure 5 TGA curves of homopolymers PP;g4, PTh; 7,
and copolymer (PP-PTh), gy (for the codes see Table I).

and totally insoluble in all other solvents tested. Spe-
cifically, the soluble fraction of the copolymers (PP-
PTh)l,go, (PP-PTh)lBZ and (PP-PTh)1_84 is 20, 23, and
30%, respectively. This different solubility behavior of
the copolymers indicates that their structure differs
from that of the homopolymers.

Based on the XRD the polyphenylenes synthesized
are totally amorphous, opposite to the polythio-
phenes which have crystallinity, x. (%), i.e. 6.5, 15.0,
and 30.3% for PTh; 7, PThy 75, and PTh; ;3 respec-
tively. The copolymers (PP-PTh), g0 and (PP-PTh); s>
have crystallinity, x, (%), i.e. 27.8 and 19.4%, respec-
tively, opposite to (PP-PTh); g4, which is amorphous.

Thus, x. (%) of the copolymers follows the order:

(PP — PTh) 1.80 > (PP — PTh) 1.82 > (PP — PTh) 1.84,

i.e. the increase of the applied potential of the elec-
tropolymerization leads to the production of less
crystalline or amorphous copolymers. The order of
crystallinity of the copolymers is in accordance with
their insoluble in tetrahydrofuran fraction, following
the general relation between crystallinity and
solubility.

Figure 5 shows the TGA curves of the homopoly-
mers PPy g4, PThy 7 and the copolymer (PP-PTh); go.
PP, g4 is almost stable up to 200°C and then up to
600°C exhibits an abrupt weight loss (73% of its ini-
tial weight). On the other hand, the weight loss of
PTh; 7; begins at lower temperature (50°C) and con-
tinues up to 1000°C with an almost steady rate. As a
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result, PTh; ;1 has much lower weight loss above
300°C than PP;g4. The copolymer (PP-PTh); g has a
weight loss behavior similar to that of PTh; 7. The
weight loss of the polymers can be analyzed in three
regions: the first up to 200°C, the second up to
500°C and the final up to 1000°C, as it is shown in
Table IV that includes also the total weight loss.
From the TGA results, the structure of the copoly-
mer can be established. If the copolymer contained
separate large segments of homopolymer PP and
homopolymer PTh (resembling a block copolymer),
then it would have been stable up to 200°C and
would have had an abrupt weight loss at approxi-
mately 300°C, due to the decomposition of the large
segments of PP. Thus, the copolymer macromole-
cules contain distributed monomeric units of
biphenyl and thiophene. Therefore, there are not
meta-linkages between the monomeric units of
biphenyl. The high weight loss of PP; g4 above 200°C
is a prove that it contains not only para-, but also
meta-linkages between biphenyl units. Indeed, poly
(paraphenylene) having only para-linkages, exhibits
a very low weight loss (undoped: 25%, doped: 40%
up to 1000°C).*> Consequently, the disadvantage of
meta-linkages of biphenyl units does not appear in
the macromolecules of the copolymers and the latter
follows a similar thermal degradation like PTh; 7.

Morphology and elemental analysis of the
copolymers

Figure 6 presents the SEM micrographs of copoly-
mers and homopolymers. In Figure 6(a), PPy gy has a
globular morphology with aggregates with size
between 3.5 and 6 pm. PP;g4 Figure 6(b), has a
sponge-like structure with small size aggregates
(smaller than 1 pm), but it appears more compact
than PP, go. Polythiophene films PTh;7; and PTh; 75,
Figure 6(c,d), have a fibrillar structure with round
shaped pores. PTh; 71 has smaller pores (with diame-
ter 8-10 pm) than PTh; 75 (with diameter 10-12 pm).
The copolymer (PP-PTh); gy, Figure 6(e), has round
shaped cracks, but appears compact. Specifically,
it has a few large sized cracks (with diameter 12-
16 um) and other significantly smaller (with diame-
ter 3-7 pm). The copolymer (PP-PTh), g4, Figure 6(f)
has a totally different morphology, with many, large

TABLE IV
Weight Loss (%) of the Polymers for Different Temperature Ranges
According to TGA

Weight loss (%) for temperature ranges

Code of Total weight
polymers 25-200°C 200-500°C 500-1000°C loss (%)
PPy g4 6.0 62.5 10.5 79.0
PThy 7 13.4 185 30.3 62.2
(PP-PTh) .50 115 22.0 29.2 62.7
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Figure 6 SEM micrographs (x 2000) of (a), (b) homopoly-
mer PP;gp, PPjss, respectively, (c), (d) homopolymer
PTh; 71, PThy 75, respectively (e), (f) copolymer (PP-PTh); g0,
(PP-PTh); g4, respectively (for the codes see Table I).

sized (12-19 pm) aggregates of cauliflower shape.
The different morphology of the copolymers con-
firms that the potential of electropolymerization has
a strong influence on the film formation and its
structure. The copolymers have very different mor-
phology compared to the homopolymers, indicating
that they are indeed copolymers.

Based on the elemental analysis from EDAX data,
the ratio of structural unit of homopolymers per BF;
dopant ion (counter ion) was calculated, Table V.
For polyphenylenes, the ratio of F/C (w/w) was
converted to the molecular ratio of F/C and then
(taking into consideration that a dopant anion con-
tains 4 fluorine atoms) in BF; /C (mol/mol). The lat-
ter ratio can be converted to the ratio of structural
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biphenyl units per counter ion, taking into consider-
ation that one structural biphenyl unit contains 12
carbon atoms. Similarly, the ratio of structural thio-
phene units (containing one sulfur atom) per counter
ion was calculated. For polyphenylenes, it was
found that the ratio is between 4.4 (PP;g4) and 5
(PP; go) structural units per dopant ion. For polythio-
phenes, it was found that this ratio is between
3.6 (PThy7) and 3.8 (PTh;y;) structural units per
dopant ion, which are in accordance with corre-
sponding values in the literature for p-doping of
polythiophenes.’

For the copolymers, the ratio of structural unit
derived from biphenyl per that derived from thio-
phene was calculated'® and the values are presented
in Table V. For this calculation, only the amounts of
carbon and sulfur are necessary, thus the amounts
of oxygen and fluorine were omitted and the ratio of
carbon to sulfur was expressed in percentage rate (%
w/w). This ratio was converted to molecular ratio
(mol/mol) and then the structural units of biphenyl
and thiophene contained into the copolymers was
calculated. For the copolymer (PP-PTh); g, the ratio
of structural units Biph/Th was 1/1, i.e. it contains
equal number of structural units of Biph and Th,
whereas for (PP-PTh) g4, the ratio was 1/1.5, i.e. it
contains more structural units of Th than Biph.

As previously mentioned, the different solubility
behavior of the copolymers indicates that their structure
differs from that of the homopolymers. Copolymer (PP-
PTh); gy contains equal structural units of Biph and Th
(based on EDAX), which are distributed (and not in the
form of blocks, based on TGA) and it has significant
crystallinity (based on XRD), indicating order between
the macromolecules. Thus, it seems that the copolymer
(PP-PTh), g is an alternating copolymer.

Electrical conductivity and energy gap of the
copolymers

In Table VI, the electrical conductivity of the films
is presented. Generally, the copolymers have one
order of magnitude higher conductivity than homopoly-
mers. The highest conductivity for polyphenylenes is

TABLE V
Energy Dispersive X-Ray Analysis (EDAX) of the Films Synthesized

Elemental analysis

Code of (% w/w) Ratio Ratio of structural unit Ratio of structural
polymers C O S F F/C(w/w) F/S(w/w) per counter ion units into the copolymers
PPy 59 78.13  13.67 0 8.20 0.105 Biphenyl units 5/1

PPy g4 80.7 9.54 0 9.76 0.121 Biphenyl units 4.4/1

PThy 63.05 1375 1400  9.22 0.146 0.658 Thiophene units 3.6/1

PTh; 75 6470 1317 1355 858 0.209 0.633 Thiophene units 3.8/1

(PP-PTh); 50 60.53  16.09 9.14 14.24 0.235 1.558 Biph/Th =1/1
(PP-PTh); g4 6162  9.62 1400 1476 0.240 1.054 Biph/Th =1/1.5

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VI

Values of E%¢

onset” ~onset’

Erd  Enomor ELumos E, of the Films and the Electrical Conductivity of Polymeric Films

Code of polymers EX et (V) Eriomo (eV) Ered (V) Erumo (eV) E, (eV) Electrical conductivity, o, (S/cm)
PP g0 +0.55 —4.95 —0.98 —3.42 1.53 24 %1072
PP g +0.58 —4.98 —0.97 —343 1.55 13 x 1072
PPy g4 +0.62 -5.02 —0.87 -3.53 1.49 62 x 107"
PThy 7 +0.50 —4.90 —0.95 —3.45 1.45 83 x 1072
PThy 3 -+0.50 —4.90 —0.95 —3.45 1.45 8.0 x 1072
PThy s -+0.50 —4.90 —0.98 —3.42 1.48 6.0 x 1072
(PP-PTh)y 80 +0.71 —5.11 —0.48 -3.92 1.19 92 x 107!
(PP-PTh); g, +0.80 ~5.20 041 ~3.99 1.21 78 x 107
(PP-PTh); g4 +0.60 —5.00 —0.78 -3.62 1.38 12 x 107!

ESX .t Onset potential for p-doping, vs SCE.

onset®

El.: Onset potential for n-doping, vs SCE.

onset*

Enomo: Energy level of highest occupied molecular orbital (HOMO), i.e. of valence band.
Er umo: Energy level of lowest unoccupied molecular orbital (LUMO), i.e. of conduction band.

E,: Energy gap.

exhibited in PP g (6.2 x 107! S/cm), i.e. the film syn-
thesized in potential higher than E,. of biphenyl (1.80
V). Similarly, the highest conductivity for polythio-
phenes is exhibited in PTh; 7 (8.3 x 1072 S/cm), again
synthesized in potential higher than E, of thiophene
(1.65 V). The highest conductivity for the copolymers is
exhibited in (PP-PTh); g (9.2 x 107! S/cm), synthesized
in the E of the system of the monomers (1.80 V).

The electrical conductivity of the copolymers can
be correlated to the morphology of the films and to
their ratio of biphenyl to thiophene structural units
(calculated from EDAX). Likewise, the electrical con-
ductivity of the homopolymers can be correlated to
the morphology of the films and to their ratio of
structural units per counter ion (calculated from
EDAX). For all polymers, the higher conductivity
appears in the more compact films. This can be
explained considering that the more compact films
have a more extensive and continuous network of
active paths, which facilitate the charge transfer. In
homopolymers, the higher conductivity appears in
polymers having the lowest ratio of structural units
per counter ion, which indicates that they are more
doped.” Considering that polythiophenes generally
have lower conductivity than polyphenylenes, it can
be expected that the higher content of thiophene
units, the lower the conductivity of the copolymers
would be. Thus, in copolymers, the higher conduc-
tivity appears in polymers having the lowest ratio of
thiophene units.

The electrical conductivity can be correlated with
the structure of the polymers. In polyanilines, the ra-
tio of the peak area of quinoid to benzenoid rings
(from the FTIR spectra) is a measure of their oxida-
tion level, and it has been connected to their electri-
cal conductivity.”' Correspondingly, the ratios R of
the peak area of the quinoid (Ajs;0) to benzenoid
(A1sg0) absorption bands of the synthesized poly-
mers were calculated. Figure 7 presents the loga-
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rithm of electrical conductivity (logos) of homopoly-
mers and copolymers versus the ratio R. For the
copolymers, the electrical conductivity increases by
increasing R, following a linear relationship and the
same behavior is also observed for the homopoly-
mers. This confirms a direct correlation between
electrical conductivity and R, i.e. the electrical con-
ductivity increases by increasing the quinoid struc-
tures in the macromolecules.

Figure 8 shows the cyclic voltammogram of the
copolymer film (PP-PTh); gs. The onset potentials of
oxidation and reduction for the p-doping (EJ%,.;) and
n-doping (E*d,), respectively, were determined

(0)
graphically.SB'é149 Then, from the equations de Leeuw
et al.,>*** Erjomo, ELumo, and E, were calculated.
Exomo = —E(Egﬁset + 44) (2)
Erumo = —e(ERd , 4 4.4) 3)
Eg = e(E(())JIC'lset - Eg;clet) (4)

where EOX_,: onset potential for p-doping, vs SCE

onse

(PP-PTh), gy < (PP-PTh), 5

loge (o : S/em)

1 11 1.2 13 14 1.5 16 L7 1.8
Ratio R from FTIR spectra (A;s70/A450)

Figure 7 Electrical conductivity of polymer films versus
the ratio R of the peak area of the quinoid to benzenoid
(for the codes see Table I).
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i (m;‘Ucmx)

Eqne” = 0.60 V

K5

E (V vs SCE)

Figure 8 Cyclic voltammogram of the copolymer film
(PP-PTh), g4 (for the code see Table I) with solution of
0.1M TBABEF, in ACN, scan rate = 100 mV/s.

Ered .: onset potential for n-doping, vs SCE

Exomo: energy level of highest occupied molecu-
lar orbital (HOMO), i.e. of valence band

Erumo: energy level of lowest unoccupied molecu-
lar orbital (LUMO), i.e. of conduction band

E,: energy gap

The values of ES%.., E*%.,, Enomo, Erumo, and Eg
of the homopolymers and the copolymers are sum-
marized in Table VI. The E, varies from 1.19 up to
1.55 eV, i.e., the values are in the range of semicon-
ductors.” E, is reversely proportional to the electri-
cal conductivity, thus the polymers with the higher
conductivity had also the lower E,, namely PP;g,
(1.49 eV), PThy, (145 eV), and (PP-PTh);g (1.19
eV). According to the literature,®”” materials with
values of electrical conductivity higher than 10> S/
cm can be used in batteries, sensors, light-emitting
diodes, etc. Thus, the copolymer films are suitable

candidate materials for this kind of applications.

Stability of the synthesized films

The stability of the films under repetitive potential
cycling is very important for practical applications.
Cyclic voltammetry was used as a method to evalu-
ate the stability of the copolymer films synthesized.
The film (as deposited film on the electrode) was
placed in a solution of ACN with TBABF, (0.1M)
and underwent repetitive cyclic potential sweeps
with a scan rate of 100 mV/s in two different poten-
tial regions (a) broad: from —2 V to +2 V, which is
used for the determination of the energy gap and (b)
narrow: from 0 to 42 V, which is used for many
applications, such as sensors. For every cycle the an-
odic and cathodic peaks (i.e. their corresponding
potential and current), as well as the total charge of
the cycle were determined. Copolymers are very sta-
ble in both potential regions. Specifically, in the
broad potential region they are stable up to 60
cycles, before their peaks begin to shift. The corre-
sponding charge exhibited only a small decrease
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(0.17% per cycle with reference to the charge of the
first cycle). In the narrow potential region, copoly-
mers are even more stable, ie. up to 250 cycles,
before their peaks begin to shift slightly. The corre-
sponding charge exhibited smaller decrease (0.024%
per cycle with reference to the charge of the first
cycle). Concerning the homopolymers (polypheny-
lenes and polythiophenes), they are profoundly less
stable compared to the copolymers. Indeed, they are
stable only up to 15 cycles in the broad potential
region and up to 20 cycles in the narrow one.

CONCLUSIONS

New electrically conducting copolymer films were
synthesized by potentiostatic electropolymerization
of biphenyl with thiophene, having different struc-
ture and properties than the corresponding homo-
polymers. The growth of all the films follows a layer
by layer (2D) mechanism. The copolymers combine
high conductivity (up to 1 S/cm), low energy gap
(1.2 eV), high stability under repetitive potential cy-
cling and partial solubility, i.e. characteristics attrac-
tive for many applications such as in batteries,
LEDs, sensors etc.
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