Spectral and Electrochemical Studies on Blends of
Polyaniline and Cellulose Esters

A. P. Marques,1 C. M. A. Brett,' H. D. Burrows,! A. P. Monkman,? B. Retimal®

lDepartamento de Quimica, Universidade de Coimbra, 3004-535 Coimbra, Portugal
2Organic Electroactive Materials Research Group, Department of Physics, University of Durham,

DH1 3LE, United Kingdom

Received 6 April 2001; accepted 13 February 2002

ABSTRACT: Blends of chemically prepared polyaniline
emeraldine base (PANi) with cellulose esters were studied
as films by UV—visible spectroscopy and cyclic voltammetry.
The cellulose esters used were acetate, propionate, acetate
butyrate, and acetate hydrogen phthalate. Films were pre-
pared by casting from N-methylpyrrolidone or formic acid,
and the effect of doping by acids on their spectral and
electrochemical properties was studied. Similar behavior
was observed with the acetate, propionate, or acetate bu-
tyrate, with spectral changes on adding acid due to proto-
nation of the PANi. In agreement with previous studies,
kinetic measurements on PANi in a cellulose acetate matrix
shows a relatively slow spectral change on protonation. In
contrast, with cellulose acetate hydrogen phthalate (CAHP),

no changes were observed on adding acid, and it is sug-
gested that the hydrogen phthalate group acts as proton
donor. This was mirrored by the cyclic voltammetry behav-
ior in hydrochloric acid solution. Electrochemical studies on
films of PANi/CAHP blends in different relative propor-
tions in sulfuric acid solution show a marked dependence on
the solvent used for casting, with higher currents and better
electrical conductivity being observed in films prepared
from N-methylpyrrolidone. This is shown to be due to the
presence of PANI particles in the films. © 2002 Wiley Period-
icals, Inc. ] Appl Polym Sci 86: 2182-2188, 2002
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INTRODUCTION

Conjugated organic polymers now constitute a major
area of research and development, with actual and
potential applications in many fields of molecular
electronics, such as electrical contacts and shielding,
molecular sensors, and light emitting diodes.'”® Be-
cause of its low cost, stability, chemical purity, and
processibility, polyaniline (PANi) is one of the most
attractive conductive polymers for commercial appli-
cations’™ in areas as diverse as rechargeable batter-
ies, 'Y electrochromic systems,“'12 electrocatalysis,13’14
sensors,'>'® anticorrosion agents,'”'® separation sci-
ence,'” hole-injection layers in light emitting diodes,*
antistatic coatings,®' and in electromagnetic shield-
ing.** A major advance in its applications came with
the discovery that the electrically conducting emeral-
dine form doped with sulfonic acids could be pro-
cessed from solution,* and this has been followed by
the development of highly conducting wet-spun fibers

Correspondence to: C. M. A. Brett (brett@ci.uc.pt).

Contract grant sponsor: British Council/CRUP; contract
grant number: B-9/97; contract grant sponsor: PRAXIS XXI;
contract grant number: 2/2.1/411/94; contract grant spon-
sor: EPSRC; contract grant number: GR/M 40387.

Journal of Applied Polymer Science, Vol. 86, 2182-2188 (2002)
© 2002 Wiley Periodicals, Inc.

of PANi with a polymeric sulfonic acid, with conduc-
tivities up to 1950 S cm ™~ *.**

However, the application of the excellent electrical
and optical characteristics of PANi is frequently lim-
ited by its poor mechanical properties. There is active
interest in the development of appropriate blends
with insulating polymers which can be processed
from solution, and which will combine good electronic
and mechanical properties. Among the insulating
polymers which have been studied for these applica-
tions are poly(methyl methacrylate)®?® polyes-
ters,>>?® poly(vinyl alcohol),”” poly(vinyl chloride),*®
and polycarbonates.” The very good film-forming ca-
pabilities of cellulose derivatives would seem to make
them excellent candidates as matrices for PANi for
such applications, and a number of studies were re-
ported on blends of PANi with the ester cellulose
acetate.>*>° However, both the film quality and the
hydrophobicity of cellulose esters depend markedly
on the derivative used and the processing condi-
tions.>® We have, therefore, made a study of the elec-
trochemical and spectral properties of blends of PANi
with various cellulose esters. PANi as a free base exists
in three main forms, leucoemeraldine, emeraldine,
and pernigraniline.”” This study used the half-oxi-
dized emeraldine base form (Fig. 1), which was chem-
ically prepared in a high state of purity.>® Films were
prepared by casting from solutions in N-methylpyrro-
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Figure 1 Structure of emeraldine base form of polyaniline.

lidone or formic acid. A particularly promising host
polymer was cellulose acetate hydrogen phthalate,
which was shown to be capable of partially protonat-
ing the PANI.

EXPERIMENTAL
Materials

The cellulose esters cellulose acetate (CA), cellulose
propionate (CP), cellulose acetate butyrate (CAB), and
cellulose acetate hydrogen phthalate (CAHP) were all
obtained from Aldrich (Madrid) and used without
further treatment. Three different cellulose acetate
samples were used, polydisperse with 53.5-54.5%
acetylation, and two relatively monodisperse samples
with 39.7-39.8% acetylation and molecular weights of
30,000 and 50,000. High-purity polyaniline, in powder
form, was prepared by chemical polymerization.®®
The solvents N-methylpyrrolidone (NMP), formic
acid, and other reagents were all of analytical grade
and were used without further treatment.

Film preparation

In initial experiments, relatively thick films (10-40
wm) were prepared by solvent casting from solutions
of mixtures of PANi and the appropriate cellulose
ester in NMP. The cellulose derivative and PANi were
dissolved separately in the solvent with moderate
heating, and then the solutions were mixed. In some
cases, the mixtures were filtered. For spectroscopic
studies, films were cast onto glass microscope slides,
whereas for electrochemical measurements, they were
prepared on glassy carbon electrodes. Solvents were
evaporated in a vacuum oven at 40°C. Sample homo-
geneity of the films was studied by optical observation
by using Nikon Optiphotol, M35S, or Leica DMR mi-
croscopes in transmission mode. In addition, for films
on glassy carbon electrodes, observations were also
made in reflectance mode.

Subsequent studies concentrated on blends of PANi
with cellulose acetate hydrogen phthalate (CAHP).
For these, a chosen mass (17, 34, or 65 mg) of PANi
was dissolved in 2.5 cm® of the solvent NMP or formic
acid and mixed with a solution of 17 mg CAHP in 2.5
c¢m? in the same solvent, after individual sonication of
the two components. Moderate heating maximized
solubility of the polyaniline and resulted in the forma-
tion of a suspension of tiny particles in a dark-blue
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solution. In this way, mass ratiosof 1:1,2:1,and 5:1
PANi/CAHP were prepared. In some cases, a mass of
17 or 65 mg of camphor sulfonic acid (CSA, Sigma, St.
Louis, MO) was also added to the solution before
heating.

Thin films were prepared by placing 3 uL of solu-
tion on the surface of a glassy carbon electrode with a
diameter 0.5 cm and polished with diamond particles
down to 1-um particle size. To aid solvent evapora-
tion, the electrode was heated to 40°C up to 20 min. In
some of the experiments, solution was filtered through
a porous glass frit, No. 0, before application to the
electrode surface

UV-visible spectral studies

UV-visible absorption spectra were measured on Shi-
madzu UV 2000 and Perkin-Elmer Lambda 19 spec-
trometers, with samples on microscope slides. The
effects of acids and other dopants were studied by
either immersing in solutions of the appropriate acid
(HCI, H,50,, HCIO,, H3PO,) or exposing the slides to
the vapor (NH;, 1,).

Electrochemical measurements

Electrochemical experiments were conducted in 1.0M
hydrochloric acid solution or 0.5M sulfuric acid solu-
tion. The electrochemical cell also contained a plati-
num gauze auxiliary electrode and a saturated calo-
mel electrode as reference.

Cyclic voltammetry experiments were carried out
either with an EG&G PAR 273 potentiostat controlled
by M270 software or with a homemade analogue
potentiostat. Solutions were not deaerated and exper-
iments were carried out at 25 * 1°C.

RESULTS AND DISCUSSION
Film characteristics

Films of the emeraldine base form of PANi blended
with the four cellulose esters CA, CP, CAB, and CAHP
were prepared by solvent casting from NMP. With the
first three derivatives, the films were blue, whereas
that with CAHP was green. Using an optical micro-
scope, the films showed the presence of fairly large
particles. For PANi/CAHP, films were also prepared
in formic acid, in which the PANi was much more
soluble. In this case, no large particles were observed
in the films.

It was shown that better quality films could be
obtained by spin coating the films onto microscope
slides or glassy carbon electrodes, with typical thick-
nesses in the range of 50-100 nm. The uniformity and
homogeneity of the particle distribution were similar
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Figure 2 Absorption spectra of films of PANi/CA (1 : 1) untreated and doped with HCI.

to that for thicker films, although the electrochemical
response was more reproducible.

Absorption spectra and the effect of doping

UV-visible absorption spectra were measured of films
of PANi/CA at various ratios of the two polymers.
The spectrum of PANi/CA (1:1) film is shown in
Figure 2(a). The undoped film showed transitions to
the first excited state at 630 nm (1.97 eV) and to the
second excited state at 350 nm (3.54 eV), in good
agreement with literature reports.** No significant ef-
fect of the ratio of the polymers, molecular weight, or
polydispersity of the CA on the spectra was observed.
In addition, no effect was observed on the absorption
spectra on doping with iodine (I,) or ammonia (NHj)
vapor. On doping with HCI solution, however, major
differences were observed, with shifts of the absorp-
tions to lower energies [Fig. 2(b)]. In agreement with
previous reports,”>” this is due to protonation of the
emeraldine base form of PANi. Identical spectral
changes were also observed on doping with solutions
of H,S0,, HCIO,, and H;PO,. UV-visible absorption
spectra were also measured of films of PANi with CP
and CAB alone and doped with HCL. However, in
spite of differences in the hydrophobicity of these
polymers,*® the spectral and acid doping behavior
were identical to that of the PANi/CA films.

In contrast, rather different behavior was observed
with films prepared with CAHP. This shows the typ-
ical absorption due to the emeraldine salt, and no
effect of HCl doping was observed (Fig. 3). The acidic
hydrogen phthalate group appears to be acting as a
proton donor in this case. Similar behavior was ob-

served in films for this blend prepared from formic
acid.

Kinetic studies

As previously reported for related systems,*** addi-
tion of acid to PANi/CA blends does not lead to
immediate protonation, but instead leads to a slow
spectral change corresponding to structural rearrange-
ment of the PANi. Results obtained by following the
spectral change at 630 nm for PANi/CA (1:1) on
doping with HCI (10 >M) are shown in Figure 4. The
kinetic behavior was complex and could not be fitted
by either first- or second-order kinetics. The doping
showed a relatively short induction period (11 s) fol-
lowed by a slower decrease in absorption. The total
doping reaction was complete within 10 min.

Electrochemical behavior

Although the films were prepared from emeraldine
base, the electrochemistry is the same as that of polya-
niline, because the films are immediately protonated
when placed in sulfuric acid solution, and are con-
verted to the reduced form as soon as the initial po-
tential of —0.2 V is applied. This is confirmed by the
shape of the cyclic voltammograms (see below).
Cyclic voltammograms were recorded for mixtures
of PANi with CA, CP, CAB, and CAHP in NMP
solvent. Figure 5 shows results obtained for the first
three of these cellulose esters in 1.0M HCIl. Compared
with the voltammetric response of pure PANi, the
oxidation and reduction peaks occur in the positions
expected for polyaniline insulating-to-conducting
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Figure 3 Absorption spectra of films of PANi/CAHP (1: 1) untreated and doped with HCL

transitions, but they are poorly defined. Additionally,
there is large hysteresis between the nonfaradic back-
ground currents in the scans in positive and negative
directions, which can be attributed to charge separa-
tion, problems of conductivity within the polymer
matrix, and diffusion of counter ions into the film. As
the substituent ester groups attached to the pyranose
ring increase in length from acetyl through propionyl
to n-butyl (mixed with acetyl), the hydrophobic effects
would be expected to increase. This would reduce the
conductivity through the polymer matrix and increase

1.00
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charge separation, thence, the much increased hyster-
esis in the cyclic voltammograms noticed between CP
and CAB matrices.

Films of PANi in a CAHP matrix, which is less
hydrophobic, gave a much improved response. The
PANI is partially protonated PANi because of proton
transfer from the —COOH group in CAHP, resulting
in improved miscibility and easier electron transfer.
This is clearly shown by the better definition of the
oxidation and reduction peaks in the cyclic voltammo-
gram of Figure 6 of a film prepared from a 1:1 mass
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Figure 4 Kinetic studies of the reaction of the film PANi/CA (1:1) on doping with HCI (10 >M) observed at 630 nm.
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Figure 5 Cyclic voltammograms in 1.0M HCI of films
formed from 1 : 1 mass ratio of PANi with (a) CA, (b) CP, (¢)
CAB in NMP. Scan rate, 50 mV s~ L.

ratio in 0.5M H,SO,. The response in 1.0M HCI was
identical. This figure also demonstrates that the effect
of filtering the solution on the position of the first
anodic peak and on the value of the corresponding
peak current is, in this case, essentially zero, given the
predicted variations in thickness and uniformity of
particle distribution between different films formed,
estimated as 5%.

If the ratio of PANi to CAHP is increased to 2:1
(i.e., more PANi for the same mass of CAHP), one
would expect more and larger particles of PANI
present in the film-forming solution, owing to solubil-
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ity limitations. Thus, differences between filtered and
unfiltered solutions used to form the films should be
more apparent. This is indeed the case as seen in Table
I and is corroborated by the visual appearance of
many particles in the unfiltered solution. Thus, a large
percentage of PANi present is removed by filtering
and this leads to a decrease of peak current to almost
half. This is good evidence that particles of PANi may
be necessary to furnish good conduction through the
film. Given their size and that they are encapsulated in
the CAHP matrix, an easier conducting path from the
electrode substrate through to the solution arises.

It was found that formic acid is a better solvent for
polyaniline than is NMP in the presence of CAHP and
can be used to test the above hypothesis of the need
for PANi particles. Figure 7 shows a typical cyclic
voltammogram for a film of the blend formed at 1:1
mass ratio. It can be seen that the voltammetric peaks
are less well defined than using NMP solvent, and the
peak currents are significantly lower. The capacitive
hysteresis is similar to that obtained from films
formed from NMP solutions. Microscopic observation
shows no visual evidence of particles in the 1: 1 solu-
tion, and only a small amount of dispersed particles
for 2:1 and 5:1 ratios. Table I shows how the peak
current increases as the ratio of PANi to CAHP is
increased, but not reaching the values mentioned for
NMP solvent. These results corroborate those ob-
tained from NMP solvent.

The influence of a dopant such as camphor sulfonic
acid (CSA), added to increase the conductivity of
PANi and a higher degree of protonation than with
CAHP, is also given in Table I. For NMP films, there is
essentially no alteration in the first anodic peak cur-
rent, although some change in the voltammetric pro-
file is evident. This is probably because the CSA reacts
with the basic NMP rather than doping the polyani-

25 Unfiltered

----- Filtered
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Figure 6 Cyclic voltammograms in 0.5M H,SO, of films
formed from 1:1 mass ratio of PANi/CAHP in NMP sol-
vent. Scan rate, 50 mV s L.
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TABLE I
Effects of Solvent and Filtration on Position and Peak Current of First Anodic Peak of Films Formed from PANi and
CAHP Studied by Cyclic Voltammetry, Scan Rate 50 mV s~ (mass of CAHP constant at 17 mg in 5 cm®)
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Ratio
Solvent PANi : CAHP Comments E,1/mV L, ;/mA Visual appearance®
NMP 1:1 Unfiltered 210 1.45 Occasional clusters of tiny particles
Filtered 210 1.40 No particles
2:1 Unfiltered 250 1.60 Lots of particles
Filtered 200 0.90 No particles
1:1:1(CSA) Unfiltered 205 0.42 Particles in clusters
Filtered 210 0.25 Cluster formations
HCOOH 1:1 Unfiltered 240 0.40 No particles
2:1 Unfiltered 250 0.40 Dispersed particles
5:1 Unfiltered 250 0.80 Dispersed particles
1:1:1(CSA) Unfiltered 220 0.60 No particles
5:1:5(CSA) Unfiltered 240 1.60 Occasional particle

? Visual observation of films formed on microscope slides.

line. The influence of CSA in formic acid is rather
different, because doping of PANi occurs, leading to
increased miscibility, with very little particle forma-
tion, together with an increase in the low currents
otherwise observed.

CONCLUSION

PAN:i films in a cellulose ester matrix can be readily
prepared from NMP or formic acid solvents. The
blends with the acetate hydrogen phthalate are of
particular interest as the host is seen to protonate the
PANi. It is shown that the films contain particles of
undissolved PANi and that these are important for
electrical conductivity as they bridge the film from the
electrode side through to the electrolyte. In NMP sol-
vent, the concentration of particles is greater; higher
oxidation and reduction currents were observed and
so NMP solvent is to be preferred. Additionally,
CAHP/PAN;I films show potential as an acid/base
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Figure 7 Cyclic voltammograms in 0.5M H,SO, of films
formed from 1:1 mass ratio of PANi/CAHP in HCOOH

solvent. Scan rate, 50 mV s L.

sensor, due to the presence of the hydrogen phthalate
group, which can protonate PANI.
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