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Eight kinds of solvents were used to study the effect of electrolyte solvents on the conductivity and structure
of polypyrrole (PPy) films prepared electrochemically in the electrolyte solutions. It was found that the
conductivity of PPy films strongly depended on the donor number (DN) of the electrolyte solvents used in
their polymerization solutions. The conduct1v1ty increases with the decrease of the DN value of the solution
solvents. High conductivity films of 10°~10%> Scm™! were prepared only in the solutions with the solvents of
low or middle DN values. For the solvents with high DN such as dimethyl formamide (DMF) and d1methyl
sulfoxide (DMSO), the conductivity of the PPy films from their solutions were very low, ca. 10°°Sem™.
The addition of some alcohol or ether in the polymerization solution resulted in a serious drop of the
conductivity of the as-prepared PPy film. Absorption spectra and surface morphology of the as-prepared
PPy films also show the dependence on the polymerization solvents. © 1997 Elsevier Science Ltd. All rights

reserved.
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INTRODUCTION

Conducting polymers are regarded as potential materials
for the electronics 1ndustry such as in batteries',
molecular transistor?, ion- gate electrochromic dis-
plays®, cable sh1eld1ng and in molecular electronics as
the circuit elements®. Among them, polypyrrole (PPy) is
more attractive for its ease of preparation, high
electronic conductivity and good stability. Electro-
chemical polymerization of pyrrole is the main method
in the preparation of PPy films. The polymerization
parameters, such as solvent’8, temperature’, potent1al or
current densrty concentration of monomer!! support-
ing electrolyte'? and the nature of working electrode
have strong effect on the polymerization processes of
pyrrole.

The PPy films can be prepared from organic or
aqueous solutions. One order difference of the magni-
tude of conductivity was observed between the PPy films
prepared in aqueous solution and those formed in
acetonitrile solutions'. Diaz and Hall investigated the
effect of the addition of water or ethylene glycol (EG)
into acetonitrile solution on the conductivity of PPy!?
They found that the conductivity and the mechanical
properties of PPy films greatly depended on the water or
EG concentration. Produced in 99% acetonitrile and 1%
water, the polypyrrole toluenesulfonate [PPy(TsO™)] film
showed high conductivity of 60-100Scm™' and high
tensile strength of 60 MPa. Prepared in 25% water and
75% acetonrtnle the PPy films showed low conductivity
of 0.5Scm™! and low tensile strength of 8 MPa. The
addition of ethylene glycol and glycolene into acetoni-
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trile resulted in similar decrease of the conductivity and
mechanical properties. Sutton and Vaughan reported
that the addition of methanol into water also led to a
drop in the conductivity of PPy films'®. A variation of
three orders of magnitude in conductivity was observed
for the PPy (TsO7) films formed in water and in
methanol solutions. Fukuyama et al. found that the
addition of substituted phenol in the solution can
improve the conductivity, thermal stability and tensile
strength of the as-prepared PPy . Recently, we obtained
the PPy(NO3) film with high tensile strength of 79 MPa
from PC solution at 15°C. This is much stronger than
that of 2.6 MPa from aqueous solution'®

These findings mentioned above indicate that the
solvents have a strong effect on the electropolymeriza-
tion of pyrrole. But the origin of the effect is still
ambiguous. To clarify the mechanism of the solvent
effect, we studied systematically the effect of solvent on
the conductivity and structure of PPy prepared from the
solutions with eight kinds of solvents.

EXPERIMENTAL

PPy films were electrochemrcally prepared in various
solutions conta1n1ng 0.1mol1™! supporting electrolyte
and 0.1 mol!1~! pyrrole. The supporting electrolytes used
were Et4NCIO4, Et4NBF4, L1C104, CU(NO3)2 3H20
and p-toluene sulfonic acid (TsOH). The solvents
employed were selected from CH3;NO, (NM),
CH;CH,0H (EtOH), 1,2-propanediol carbonate (PC),
H,0, ethylene glycol dimethyl ether (DME), trimethyl
phosphate (TMP), dimethyl formamide (DMF) and
dimethyl sulfoxide (DMSO). The polymerization was
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performed under a constant current of 0.1 mA ¢cm ° for
DMF and DMSO as solvents and 0.5mA cm ™ for the
other solvents. A stainless steel plate or an indium tin
oxide (ITO) coated glass plate was used as working
electrode and a stainless steel plate was used as counter
electrode. Thick films of 10-30um formed on the
stainless steel plate electrode were used for the
conductivity measurement, elemental analysis and
surface morphology analysis. Thin films of ca. 0.3 um
(60 mC cm?) deposited on ITO electrode were used for
absorption spectra measurement.

Vis-n.i.r. absorption spectra were recorded with a
Nanometrics Nanospec/10 (Vis) and a Nanospec/10
NIR (n.i.r.) microspectrophotometer. FTi.r. spectra of
PPy were taken on a Bruker model IFS 113V FTi.r.
spectrophotometer. Scanning electron micrographs
(SEMs) were taken using a Hitachi S-530 scanning
electron microscope at an acceleration rate of 25kV.
The conductivity of the PPy films was measured by a
four-probe technique for the films with high con-
ductivity or by a two-probe technique for those with low
conductivity.

RESULTS AND DISCUSSION

Effect of solvent donor number on the conductivity of
as-prepared PPy films

The conductivity of the PPy films prepared in
0.1moll~!" pyrrole and 0.1moll-! Et,NBF, solutions
with various solvents were measured, as shown in Table
1. For the convenience of discussion, the PPy films
prepared in the solutions with the anion A~ and the
solvent S will be represented as PPy(A™,S) in the
following. The strong dependence of the conductivity
on the donor number (DN) of the solvents was observed,
where DN represents an empirical sem1quant1tat1ve
measure of the nucleophilic properties of the solvent'”
the larger the DN value, the stronger the Lewis bas101ty
of the solvent. With the solvent of high DN value such as
DMF or DMSQO, the as- prepared PPy films show semi-
conductivity below 10=4Scm™'. With the solvent of
middle DN value such as TMP or H,O, the as- prepared
PPy films show middle conductivity of 10° Scm~'. With

the low DN solvent such as PC or CH3;NO; the PPy films
obtalned show obvious metallic conductivity of 60—
70 Scm ': when LiClO,, Cu(NO;), - 3H,0 or TsOH was
used as supporting electrolyte, similar dependence of the
PPy conductivity on the DN of the solvents was observed
(see Table I). Most obviously, with only 16% increase of
the DN value from TMP to DMF, four orders of
magnitude of the conductivity decreased for the PPy film
prepared from DMF solution as compared with that
prepared from TMP solution.

It is understandable that the conductivity of the PPy
films depends on the doping counteranions because they
were incorporated into the polymer to compensate the
positive charge on the carbon backbone?®?!. But the
effect of the solvents on the conductivity is not so easily
understood since elemental analysis shows that no
solvent remains in the polymer. It should come from
the influence of the solvents on the electropolymerization
processes of pyrrole. It has been proposed that the
polymerization of pyrrole proceeds through the radical
cation intermediate’>?*. The radical cation could be
attacked by the solvent molecule in the solution. The
larger the DN value of the solvent, i.e. the stronger the
basicity of the solvent‘f the shorter the life span of the
radical cation will be %*. In the solvent of high DN, such
as DMF and DMSO, the life span of the radical cation is
probably so short that only polymer chains with short
polymerization degree can be obtained, which results in
the low conductivity. Moreover, Myers found that the
conductivity of the PPy films prepared by the chemlcal
oxidation also strongly depended on the solvents®: with
THEF as solvents the PPy films showed low conductivity
below 107 Sem™ which is much lower than that of the
PPy ﬁlms prepared in the solution with water as
solvent®. The results disagree with Imanishi et a/. who
mvestlgated the effect of several solvents and claimed
that the conductivity of PPy films increased with
increasing DN value of the solvents in their polymeriza-
tion solutions’. Their conclusion may be related to their
polymerization conditions at a constant voltage of 4V
between working electrode and counter electrode.
Anyhow, their interpretation that ‘the radical cation
may be stabilized more with increasing DN of the
solvent’ could not be accepted.

Table 1 Effect of solution solvents and anions on the conductivity of the PPy films prepared in the solutions

Conductivity of the PPy films (Scm™)

Solvents DN PPy(BF; )* PPy(CIO; ) PPy(NO3 ) PPy(TsO™)*
DMSO 298 7x107° 1 x107°

DMF 26.6 1x107* 5x 1074 3x107° 8% 107°
TBP 23.7 1

TMP 23.0 1.0 20 0.9

THF 20.0 31

H,0 18.0 8.4 34 2 79

PC 15.1 67 55 3 80
CH;NO, 2.7 69 56°

“ Prepared in 0. 1 mol!l™! pyrrole, 0.1 mol1™ ! Et,NBF, solutions
Prepared in 0.1 mol1™ ! pyrrole, 0.1 mol1™! LiClO, solutions
¢ Prepared in 0. 1 moll™! pyrrole, 0.1 mol ™ Cu(NO;),-3H,0 solutions
Prepared in 0.1 moi1~' pyrrole, 0.1 mot1~' TsOH solutions
“ Prepared in 0. 1moll™! pyrrole, 0.1 mol1™! Et4NCIO, solutions
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Effect of alcohol and ether on the conductivity of
as-prepared PPy films

The PPy films produced in alcohol solution show
lower conductivity than those prepared in aqueous
solution (see Table 2) though alcohol has similar DN
value to water and the solubility of pyrrole in alcohol is
better than that in water. For Et,NBF,, LiClO, or TsOH
as supporting electrolyte, the conduct1v1ty of the
as-prepared films from alcohol solutions is 107 to

10°Scm™!, one or two orders of magnitude lower than
that of the PPy films prepared in aqueous solution. For
Cu(NO;), - 3H,O as supporting electrolyte the conduc-
tivity of the as- -prepared PPy films is as low as
8 x 107*Scm™!, four orders lower than that of the PPy
films prepared from aqueous solutions. Similar prepara-
tion of the PPy films was performed in iso-propanol
solution of 0.1 M Cu(NO,), - ZO and the films also
show the conductivity of 1 x 10~* Scm ™!

PC is a good solvent for the preparation of smooth
and highly conductive PPy films. But low ionic
conductivity of PC solution due to its high viscosity
makes the reaction rate of the electropolymerization very
low. To improve the ionic conductivity of the solution,
DME of low viscosity is often added in the PC solution.
So, the electropolymerization of pyrrole in the PC
solutions with the addition of DME was performed. It

Table 2 The conductivity of the PPy films prepared from alcohol or
aqueous solutions of 0.1moll™! pyrrole and 0.1moll™! various
supporting electrolytes

Conductivity of PPy films (Scm™)

Prepared Prepared
Electrolytes in alcohol solution in aqueous solution
TsOH 3 79
LiClO, 0.9 34
Et,;NBF, 0.3 8.4

CU(NO3)2 . 3H20

Table 3 The effect of the addition of DME in PC solutions on the
conductmty of the PPy films prepared in 0.1moll™' pyrrole and
0.1 moll™! Cu(NO3), - 3H,0 solutions

Film eonductlvrty

Solvent (Scm H
100% PC 3

90% PC + 10% DME 0.08
80% PC + 20% DME 1x107°
50% PC + 50% DME 1077

was found, however, that the addition of DME is
harmful to the polymerization. With the incremental
addition of DME in the PC solution, the conductivity of
PPy films decreased sharply, as shown in Table 3. The
conductivity of the PPy films prepared in 90%
PC + 10% DME solution is 0.08Scm™!, two orders
lower than that prepared in PC solution. When DME
reaches 50% in volume, the as-prepared PPy films have
very low conductivity of 107 Scm™'. Moreover, the
conductivity of the PPy films prepared in BF; ethyl ether
solution is 0.05Scm™!, two orders of magnitude lower
than that produced in TMP solution, though ethyl ether
(DN = 19.2) has lower DN value than TMP. Obviously,
the big difference of the conductivity between them is not
caused by the nucleophilicity of the solvent. It is well
known that alcohol and ether can be used as termination
agent in cation polymerization®. So, we think that they
play a similar role in the radical-cation polymerization of
pyrrole. In fact, methanol has been used to terminate the
polymerization of pyrrole?’.

Doping degree of PPy

The conductivity of the PPy films is usually related to
the doping degree of the counteranions in the films. To
investigate the origin of the solvent effect on the
conductivity, the doping degree of the counteranions in
the PPy films produced in the solutions with different
solvents was analysed by elemental analysis. The results
are tabulated in Table 4. Surprisingly, PPy(ClO;, H,0)
has similar chemical composition to PPy(ClO;, NM)
although several times difference in conductivity has
been observed. Moreover, no obvious difference of NO3
doping degree is observed between PPy(NOj, EtOH)
and PPy(NOjz, H,0) though the former shows the
conductivity four orders of magnitude lower than the
latter. Furthermore, no solvent is combined in the PPy
films prepared in the solvent solution. Diaz and Hall also
found that there is no obvious difference in chemical
composition between PPy prepared in 1% water + 99%
acetonitrile and that produced in 12.5% ethyl
glycol + 12.5% water + 75% acetronitrile though a var-
iation of four orders in conductivity has been observed
between them'®. Fukuyama ef al. observed that the
addition of inert addltrves in the polymerization solution
can improve the conductivity and the mechanical
properties of the as-prepared PPy films, and there are
no additives combined in the films'’

These results imply that the doping degree of the
counteranions in PPy is not affected by the solvents in the

Table 4 Composition of the as-prepared PPy from various preparation solutions of 0.1 mol1~! pyrrole and 0.1 mol1™! su; orting electrolyte
pp

Ratio of elements

Polymerization solutions C H N ClO, NO; o

Et4yNCIO,/CH;NO, 4.0 4.0 0.99 0.38 — 0.35
LiCl0,/H,0 4.0 36 1.0 0.38 — 0.65
Cu(NO;), - 3H,0/H,0 4.0 32 1.0° — 0.22 0.84
Cu(NO3), - 3H,0/PC 4.0 29 1.0° — 0.22 1.40
Cu(NOs), - 3H,0/CH;CH,0H 4.0 3.6 1.0° — 0.26 1.48

“ From balance
b Assumed
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Figure 1 Vis-n.i.r. absorption spectra of (a) PPy(TsO™, H,O) film; (b)
PPy(TsO ™, EtOH) film and (¢) PPy(TsO~, DMF) film
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Figure 2 Vis-n.i.r. absorption spectra of (a) PPy(NO;3, PC) film and
(b) PPy(NO;3 , PC + DME) film

polymerization solutions. The obvious effect of the
solvents on the conductivity of the PPy films may come
from different conjugation length and chain structure of
PPy prepared from the solutions with different solvents.

Vis-n.i.r. spectra of PPy

Figure 1 shows the vis-n.i.r. absorption spectra of the
PPy(TsO~, H,0), PPy(TsO~, EtOH) and PPy(TsO",
DMF) films. Two absorption bands are observed, that is,
vis absorption band and n.i.r. absorption band, which
are similar to those reported in the literaturem‘jgfm. It
has been found that the ratio of the n.i.r. peak
absorbance (A4,;,) to the vis peak absorbance (A.,;) is
related to the conductivity of PPy films. The larger the
ratio of A, ; ; /A the higher the conductivity of the PPy
film. From Figure 1, it can be seen that the ratio of the
three films decreased with the order: PPy(TsO™,
H,0) > PPy(TsO™, EtOH) > PPy(TsO~, DMF). This
order agrees well with the order of their conductivities.

Effect of the addition of DME into PC solution of
0.1 M Cu(NOs3),-3H,0 on vis-n.i.r. absorption spectra
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was studied too (see Figure 2). Two absorption bands can
also be observed for the films prepared in PC solution
[PPy(NO3, PC)] or in 90% PC+ 10% DME [PPy
(NO3, PC+DME)]. A4,;,/A4, of PPy(NO7, PC) is
higher than that of PPy(NO7, PC + DME), which agrees
with the value of their conductivity. In addition, their
absorption maxima in n.lL.r. range appears in a different
position. It appears at ca. 1300nm for PPy(NO3, PC)
and shifts to ca. 1000nm for PPy(NO5, PC + DME).
The absorption in n.i.r. range has referred to the
bipolaron in PPy?’. So, these results indicate that the
bipolaron concentration may drop and the conjugation
length of PPy may decrease with the addition of DME in
the polymerization solution.

FTir. spectra of PPy

To study the effect of solution solvent on the structure
of the as-prepared PPy, FTi.r. spectra of the PPy films
produced from different solution solvents were
measured. Figure 3 shows the FTi.r. of the PPy(ClO,;7)
films prepared in CH3;NO, and in DMF. The selection of
PPy(ClO;, NM) and PPy (ClO;,DMF) is from the
consideration of their big difference in conductivity. The
absorption band at 1700cm™ appeared in PPy(ClOy,
DMF), indicating that the polymer contains an appreci-
able amount of C=0 group probably due to over-
oxidation. The over-oxidation in PPy results in the
disruption of conjugated structure and the loss of the
conductivity. Such over-oxidation has been observed for
PPy prepared in aqueous buffer solution of pH 4-5%.
The lower conductivity of PPy(ClO,, DMF) (see Table
Iy may be due to its over-oxidation structure.

Surface morphology of the as-prepared PPy films

The surface morphology of the as-prepared PPy films
was studied by SEM photograph, as shown in Figure 4.
The morphology of the growth surface of
PPy(NO;3,H,0) films shows nodular structure. The
growth surface of PPy(NO;, PC) film is smooth and
another structure like ‘crocodile-skin’ was observed
among the nodular structure. Moreover, nodular
structure was observed on the growth surface of the
PPy(ClO;, H,0) and PPy(ClO; , PC) films. But the latter

Absorbance

L |
2000 1500 1000 500

Wavenumber/cm!

Figure 3 FTir. spectra of (a) PPy(ClO;, DMF) and (b) PPy(ClOy,
NM)
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Figure4d SEM photographs of the growth side of (a) PPy(NO;7, PC) film; (b) PPy(NO3 , H,0) film; (c) PPy(ClO; , PC) film; (d) PPy(ClO3 , H,0) film;

(e) PPy(ClO4, NM) film

is smoother and more compact. The PPy (ClO;,NM)
film shows very small granular structure. Obviously, the
solvents play an important role on the morphology of
PPy films prepared from the solutions.

The surface morphology of PPy films has been studied
intensively to investigate the effect of various polym-
erization conditions, especially for the effect of solution
anions®'. But the relationship between the morphology
and the properties of PPy is very complicated. Diaz
and Hall observed that the surface morphology of
the PPy(TsO™) films prepared in 12.5% ethylene
glycol + 12.5% water + 75% acetonitrile solutions resem-
bles that of the films produced in acetonitrile solutions,
even though the former are a hundred times less
conductive!>. But Sutton and Vaughan found that the
growth surface of the PPy films prepared in water—
methanol co-solvent changes systematically as the
percentage of methanol in the solvent was increased!®.
The compact nodular surface texture from an aqueous
solution changed to a more undulating wrinkled
appearance. The difference of the surface morphology

between the films from water and acetonitrile solutions
was also observed, which was assumed to be the result of
greater hydrophobicity of PPy>.

Anyhow, the surface morphology of the as-prepared
PPy films should be related to the growth process. So, the
effect of the solvents on the morphology indicates that
the solvent greatly influences the growing form of PPy.

CONCLUSION

The conductivity and structure of the PPy films prepared
by the electrochemical method strongly depended on DN
value of the solvents in the polymerization solutions. The
higher the DN value, the stronger the basicity of the
solvent, the lower the conductivity of the PPy films
prepared from the solvent solutions. The low conduc-
tivity of the PPy films prepared from high DN solvent
solution may result from the shorter conjugation length
of PPy due to the attack of the nucleophilic solvent
molecule with high DN on the radical-cations during
the polymerization of pyrrole. Alcohol and ether are
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harmful to the preparation of highly conductive PPy
films. The doping degree of the counteranions in PPy is
little affected by the solvent used in the polymerization
and no solvent combined in PPy. So, the effect should
come from the influence of the solvent on the polymer-
ization process of pyrrole. The surface morphology of
PPy is also dependent on the solvents used in its
polymerization.
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