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ABSTRACT: Novel electrochromic copolymers fraorphenylenediamineoPD) with aniline (ANi) were facilely
synthesized by a chemical oxidative polymerization. The synthesis, structure, and properties of the copolymers
were systematically studied by changioBD content and polymerization temperature. The dependence of the
polymerization yield at 70C on theoPD content is quite different from that at T, indicating that the
copolymerization between tt@PD and ANi comonomers varies significantly with polymerization temperature,
whereas the conductivity and solubility of the copolymers obtained at 17 affd d®monstrate similar dependency

of theoPD content. The reactivity ratiosep andrayi, of o0PD and ANi were found to be 9.70 and 2.74, respectively,
implying a stronger homopolymerization tendency than copolymerization between them. The copolymers exhibit
stronger formability and uniformity of the film, much higher electroactivity, and better tricolor electrochromism
thanoPD and ANi homopolymers. The copolymer film, containing 50 mobP® unit is red at-0.5t0 0 V vs

SCE, turns to green at 0 t60.6 V vs SCE, and blue at0.6 to+1.35 V vs SCE. Possible assignments of the
macromolecular structures of the copolymers in different potential ranges are proposed. The difficulty of
synthesizing electrochromioPD/ANi copolymers could be overcome to some extent by the oxidative
polymerization at 70C. Particularly, the copolymer has an uncommon combination of strong film formability,
high electroactivity, and unique tricolor electrochromism, which could not be achieved by both homopolymers
themselves.

Introduction is suitable for ANi polymerization where high temperature (118
°C) is suitable foloPD polymerization. PANi generally displays
yellow/green/blue tricolor between0.5 and+1.35 V versus
SCE potential, while 8PD displays red/green bicolor. Appar-
ently, a better tricolor electrochromism of red/green/blue,
allowing the creation of all colors of red/orange/yellow/green/
cyan/blue/purple/white/black by various combination of the
tricolor, has not been observed based on PANi@P[P alone.

On the other hand, the film formability, electronic properties,
and especially, electrochromism of tb®D/ANi copolymers
obtained by the chemical oxidative polymerization have not been
reported systematically until now. In particulaRD is chosen

as a comonomer for efficiently enhancing the electroactivity
and incorporating red electrochromism of the PANi film.
Possible decreased conductivity caused by the introduction of
oPD units should not influence the realization of a tricolor of

As one of the most important conducting polymers, polya-
niline (PANi) has been extensively studied in the fields of
chemistry, biochemistry, electronics, energy, and materials
sciences because of exigent demands for high-performance
materials in advanced technologies including active electrddes,
microelectronic materials, electrochromic deviéesetal anti-
corrosive coating$rechargeable batteri@gnergy storage and
transfer, redox microtemplatéssensorg, and actuator8.But
the imperfect electrochromism and insolubility of PANi in
common solvents except for,HO, and N-methylpyrrolidone
(NMP)? confine its application fields to some extent. Recently,
a great deal of attention has been paid to the copolymers of
ANi and its derivatived®11 As one of the influential derivatives
of PANI, poly(o-phenylenediamine) @®D) has been widely
synthes!zeo_l by electropolymerizatidrand chemical OX|dat|ve_ red, green, and blue of tte®D/ANi copolymer films with high
polymerizationt3 The POPD has demonstrated a great potential- electroactivit
ity for use as electrochromic display materitlshumidity ) Y. ) ) ) )
sensord?® electrode-modified material§,pH responsé’ and The aim of this experiment was to synthesize @RD/ANi
protection against metal corrosi&hThe o-phenylenediamine  copolymers with two types of molecular structure characteristics
(oPD)/ANi copolymer has been also obtained by electropoly- by the chemlcal QX|dat|ve pcl)l_ymer.|zat|on. Th(_e.varlatlon in the
merizatiort® and chemical oxidative polymerizatiéhHowever, ~ Polymerization yield, solubility, film formability, electrical
large-area and uniform polymer films could not be easily conductivity, and electroactivity of the copolymers with tiD/
prepared on a large scale by the electropolymerization due toANi comonomer ratio and polymerization temperature was
the limit of electrode area and current-density nonuniformity. carefully described. An appropriate temperatured®b/ANi
The optimal temperature for the oxidative polymerization has COpolymerization was given. In particular, the unique electro-

not been reported until now because low temperata@0CC) chromism of the solution-casting copolymer films displaying
the red/green/blue tricolor was elaborated. An important new
. _ insight into the real copolymerization between both comonomers
To whom correspondence should be addressed. E-mail: (X.-G.L.) and much better comprehensive performance of the copolymer
adamxgli@yahoo.com; (M.-R.H.) huangmeirong@tongji.edu.cn. fil th both h | fil ided b d
* Tongji University. ilms than both homopolymer films was provided based on

¥ Fudan University. several significant experimental facts.
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Scheme 1. Copolymerization betweenPD and ANi and Nominal Copolymer Structures

NH->
4m + NH;
NH,
In1 M HCI
(NH4)28208 at 70 °C for48 h
NH, NH, H
AN V= OO
NH, NHz I m

. . Table 1. Influence of oPD/ANi Molar Ratio on the Color of oPD/ANi
Experimental Section Copolymers and Their Dense Thin Films with Comonomer

Polymerization. oPD, ANi, oxidant, acids, and solvents were  Concentration of 20 mM and Monomer/Oxidant Molar Ratio of 2:1

commercially obtained as chemical pure reagents and used as for Polymerization Time of 48 h at Two Polymerization
received. Th@PD/ANi copolymers were prepared by the chemical Temperatures of 70 and 17°C in 1M HCI

oxidative polymerization. A representative procedure for the 70°C 17°C
preparation of theoPD/ANIi(50:50) copolymer was described as oPD/ANi thin thin
follows: 50 mL d 1 M HCI solution was added with 1.08 g (10 molar ratio powder film powder film

mmol) of oPD and 0.91 mL (10 mmol) of ANi in a 250 mL glass P dark rod r r r

flask in water bath at a constant temperature of 17 of@@nd 100: arkre re re re
. . . 80:20 dark red red red red

magnetostirred vigorously for half an hour. Ammonium persulfate 70-30

[(NH4)2S,0¢], 2.28 g (10 mmol), was dissolved separately in 50 50:50 3§ikr2§edle crystal ,ézd dfri red rr:dd
mL of 1M HCI to prepare an oxidant solution. The monomer 30:70 black green  darkred red
solution was then treated by dropwise adding the oxidant solution 20:80 black green  black red
at a rate of one drop for eweB s in 30 min(the total monomer/ 0:100 black green  darkgreen  green

oxidant molar ratio is 2:1). Immediately, after the first few drops,
the reaction solution turned dark red. The reaction mixture was 1 M HCI supporting electrolyte were scanned for two cycles
continuously stirred at 17 or 70C for 48 h. The copolymer was  between—0.5 and+1.35 V vs SCE at a potential scanning rate of
isolated from the reaction mixture by filtration and washed with 10, 20, 50, and 100 mV vs SCE/s. The spectroelectrochemical
an excess of distilled water to remove the oxidant and water-soluble properties of the copolymer films were characterized by using the
oligomers. The obtained copolymer was red and black solid powders ITO as working electrode, a platinum wires as counter electrode,
at 17 and 70°C, respectively, and was left to dry at 8C. The and a SCE as reference electrodel M HCI as supporting
copolymerization formulation obPD and ANi was shown in electrolyte in a colorimetric utensil as electrolytic cell. The
Scheme 1. spectroelectrochemical experiments were conducted by scanning
Measurements.The solubility of theoPD/ANi copolymers was UV —vis spectra in a wavelength range of 350 nm when the
evaluated with the following method: a copolymer powder sample current of electrolytic cell has been constant for 30 s at a stable
of 10 mg was added into the solvent of 0.5 mL and dispersed potential between working electrode and reference electrode.
thoroughly. After the mixture was swayed continuously 2ch at
room temperature, the solubility was characterized semiquantita- Results and Discussion

tively. The bulk electrical conductivity of the copolymers was Synthesis of theoPD/ANi Copolymers. The copolymeri-
measured by a two-disk method using a UT70A professional digital zation of bothoPD and ANi monomers with ammonium
multimeter (UNI-T). UV—vis specira were measured on an 8453 persulfate as an oxidant in HCI at two different temperatures

exoteric spectrophotometer (Agilient Ltd.) in a wavelength range . . o
of 260-1000 nm with a homogeneous solution of the copolymers for 48 h affords a fine precipitate as the product. The variation

in NMP. FTIR spectra of the polymers in KBr pellets were recorded ©Of the appearance, yield, and bulk electrical conductivity of the
on a Nicolet Magna 550 FTIR spectrometer made in the U.S.A., at COpolymer withoPD fraction is shown in Table 1 and Figure

2 cnr 1 resolution. The copolymer film with the thickness and area 1. Itis found that the copolymerization is significantly dependent
of 4—5 um and 8x 20 mnt?, respectively, was obtained by casting on theoPD fraction and reaction temperature. With increasing
an NMP solution at the copolymer concentrations of 0.5 and 1 wt oPD content from 0 to 100%, the color of the polymer powders
% onto an ITO glass electrode. The electroactivity and electro- optained at both temperatures gradually lightens. Particularly,
chromism of copolymer films on the ITO were measured by the the polymer powders obtained at 2 rapidly change their
method of cyclic voltammogrammetry, which was conducted in a oo from dark green to black to red with increasiogD
standard three-electrode cell using a ZF-3 laboratory potentlostat.Con,[ent from 0 to 20 to 30 mol %. It can be observed from

The electrochemical experiments were performed on a CH830 _ . . . '
electrochemical workstation (Chenhua Instruments, Shanghai, Figure 1 that, in the case of 7, the yield declines at first

China) using the ITO as working electrodes for its conductivity and then rises as thePD content increases, illustrating a
and transparency, a saturated calomel electrode (SCE) as referenc@linimum when thePD fraction is 50 mol %. These phenomena
electrode, and a platinum electrode as counter electrode. All can be explained based on a viewpoint of MalinausR#$) in
potential values are reported versus SCE. The copolymer films in the case of lowoPD fraction, the inhibition ofoPD to ANi
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Figure 1. Influence ofoPD fraction on polymerization yield and bulk
electrical conductivity ofoPD/ANi copolymers with monomer con-
centration of 20 mM and monomer/oxidant molar ratio of 2:1 for
polymerization time of 48 h in 1M HCI at two polymerization
temperatures of 70 and IT.

polymerization would become stronger as D fraction
increases, leading to a reduced yield because@i2 mainly
as an inhibitor might induce the formation of some low-
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Figure 2. UV—vis absorption spectra of the copolymers prepared at
70 °C with oPD/ANi molar ratios of 100:0, 80:20, 70:30, 50:50, 30:

molecular-weight water-soluble oligomers that would be washed 70 20:80, and 0:100 in NMP.

out during the posttreatment of the as-obtained copolymers; (2)

oPD would polymerize more rapidly than ANi wheoPD
fraction is higher than ANi fraction, resulting in 0PD-like
copolymer and thereby gradually enhanced yield asotPi®
fraction further increases. At I’C, it is observed that the yield
monotonically decreases as tfeD fraction increases. This may
be caused by a special combination of the inhibitioroBD
unit with the polymerization advantage of ANi at a relatively
low temperature. Comparing two yield curves at 70 and@7
in Figure 1, it is revealed that the yield at 1C is higher than
that at 70°C at theoPD fraction of less than 90 mol %. This
may be ascribed to very low polymerizing activity oPD
monomer but high polymerizing activity of ANi monomer at
low temperature. Therefore the inhibition effectafD to ANi

oPD/ANi
molar ratio

100/0

polymerization is weak at low temperature. However, this
inhibition effect will get stronger with elevating temperature,
and accordingly, the yield decreases. On the contrary, when the
oPD fraction predominates over the composition of the comono-
mer and hence copolymer chain, the polymerizabilityoBD
monomer would increase as the temperature rises. This could

be used to explain the higher yield@®D homopolymerization
at 70 °C than at 17°C. Contrastingly, the yield of PANiI

increases steadily from 41.5 to 51.4 to 83.0% with lowering

polymerization temperature from 70 to 17 t6Q.2° It is reported

thatoPD monomer could homopolymerize successfully at 118

°C to form a black polyme® In summary, the copolymerization
effect betweeroPD and ANi comonomers is much stronger at
70 °C than 17°C. A PoPD-like polymer containing a small

amount of PANi units could successfully be synthesized at 70
°C. This is one of the purposes of this study. Most of polymers
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Figure 3. FTIR absorption spectra of the copolymers prepared at 70
°C with oPD/ANi molar ratios of 100:0, 80:20, 70:30, 50:50, 30:70,
20:80, and 0:100.

used in the following investigation were prepared at a constant to 7—s* transition between conjugated adjacent benzenoid rings

polymerization temperature of 7AT.

UV —Vis Spectra of the oPD/ANi Copolymers. Figure 2
shows the UV+vis absorption spectra of seven copolymers with
oPD content from 0 to 100% in NMP. It is seen that the
polymers withoPD content of 36-100 mol % have almost the
same U\~vis spectral characteristics asfD, but the polymer
with oPD content of 20 mol % has a combination of the Vv
vis characteristics of 8D and PANi. The band at 315 nm due

and the band at 623 nm due to electronic transition of quinoid

imine structures might be assigned to PANi segméhfs1.22

The band at 623 nm remarkably becomes weaker with decreas-
ing ANi fraction. In the spectra of &PD, there exist two bands

at 291 and 421 nm. Shorter wavelength may be responsible to
the influence of the amino side group on the polymer chains.

The intensity of the band at 421 nm first decreases, then

increases, and finally decreases again as dRB fraction



1492 Lietal. Macromolecules, Vol. 40, No. 5, 2007
Table 2. Elemental Analysis and Possible Macromolecular Structure 0dPD/ANi Polymer Microparticles
OPD/ANi Calculated Proposed nominal macromolecular
feed ratio C/H/N/Total (wt%) Experimental formula P
o formula structure
(mol%)
NH, NHy Ho— W
20/80  58.67/4.11/12.16/74.94 C13Hg 33N 13(HC), 74 CiHs 2Na 15 »@Q@NQ:{;O@O@{;"
2 2
NHp gy NHp oy [ H — H
30/70  57.71/4.28/14.91/76.90 C1,Ho 05N 66(HCI), 6 C15Ho 35N, 66 HGQ:OQNW@NONON};"
2 2
NHy y NHz _ H —H
50/50  48.98/5.03/15.26/69.27  CHN3a(HCl)6(HyO)os  CioHiNj, W@ﬁuln—n[@n(:}n@u@u}gzn
2 2
NH oy NH oy H—H
80/20  48.49/5.10/15.42/69.01  CioHy N5 n(HCDz so(H:0h7 CioHoNsy WM O HOMOMONONE
2 2
NH,
100/0  49.92/4.65/14.84/69.41 C12H}0,03N3,05(HCl)3 49 CoH Ny H{C}—QN%“H

reduces. Maximal band intensity appears at aR® fraction

of 50 mol %. This nonmonotonic variation of the intensity of
UV —vis bands may result from a copolymerization effect of
oPD with ANi monomers. In other words, the polymer formed
by the chemical oxidative polymerization oPD with ANi
monomers is a real copolymer of two monomer units rather
than a mixture of two homopolymers.

FTIR Spectra of the oPD/ANi Copolymers. FTIR spectra
of the copolymers with various comonomer ratios are shown
in Figure 3. With increasingPD content from 20 to 30 mol
%, the bands centered at 3317 and 3153 %ndue to the
characteristic N-H stretching vibration i—=NH— and —NH>
groups oroPD units, respectively, suddenly become strong. In
fact, the polymers wittoPD content of 36-80 mol % have
almost the same IR characteristics asPP, whereas two
polymers withoPD contents of 0 and 20 mol % possess nearly
identical IR characteristics. The IR spectra of the two polymers
with oPD contents of 820 mol % do not display obvious peaks
between 3000 and 4000 cfj suggesting the presence of few
—NH—/—NH, groups in the polymers. The peaks at 1564
1625 cnm! and 1485-1534 cntt are assigned to quinoid and
benzenoid rings, respectively? The fact that the peak intensity
at 1485-1534 cnrl is stronger than that of 1638625 cnr?
might signify more benzenoid units in the whole polymers. The
peaks at 13081365 cnT! are attributed to the €N stretching
vibration in the quinoid imine units. The peaks at 134214
cm1 are assigned to the-N stretching vibration in benzenoid

NH,

oPD content at amPD content of less than 24 mol %. The 24
mol % oPD concentration is an identical point for tlo®D/

ANi copolymerization. As a result, the reactivity ratiosas#D

and ANi can be calculated:opp = 9.70 and ani = 2.74, which
means a stronger homopolymerization tendency than their
copolymerization. The copolymers are likely to be block
copolymers, as shown in Table 2.

Bulk Electrical Conductivity of the oPD/ANi Copolymers.
The variation of the bulk electrical conductivity of the copoly-
mers with oPD fraction and polymerization temperature is
shown in Figure 1. It can be observed that the difference between
the conductivities of the copolymers obtained at 70 and@7
is not big. It is of interest that the polymers witi?D content
of 0—20 mol % exhibit higher conductivity at 17C than 70
°C. Contrarily, the polymers witbPD fraction of 36-100 mol
% exhibit higher conductivity at 70C than 17°C. That is to
say, 17°C is advantageous for the polymerization of ANi
monomer, while 70C is advantageous for the polymerization
of oPD monomer. The conductivity of the copolymers sharply
decreases as tla#D fraction increases from 20 to 30 mol %.
As a matter of fact, the polymers wittPD content of 6-20
mol % have similar conductivity to PANi, whereas the polymers
with oPD content of 36-100 mol % have similar conductivity
to PoPD. These results are coincident with IR spectra in Figure
3. The fact that the conductivity of the copolymers decreases
with the increase 0bPD content should be attributed 123
(1) bulky —NH, substituents would cause main-chain twisting,

units. The appearance of these IR bands should verify thewhich reduces its coplanarity and results in a barrier to the

formation of theoPD/ANi copolymers.

Copolymer Composition and the Reactivity Ratios be-
tweenoPD and ANi Comonomers.Table 2 shows the C/H/N
ratio and their macromolecular structure in tl®D/ANi

intrachain transfer and interchain jumping of the electrons,
thereby shortening the conjugation length, (2) bulkiNH;

substituents will prevent acid doping of the polymers due to
static repulsion and steric hindrance, and (3) the decline of the

copolymers determined by elemental analysis. The total contentsmolecular weight of the polymer that is confirmed by the
of the C/H/N elements are less than 100%, suggesting thelightening of the polymer color in Table 1. Medium conductivity
presence of other elements besides C/H/N elements in theshould be one of the important performances to successfully

copolymers. For example, Cl and O elements might exist in
the resulting copolymers because of HCI doping during the
copolymerization and also water adsorption. TP structure

actualize good electroactivity and electrochrom@m.

Solubility and Film Formability of the oPD/ANi Copoly-
mers. Good solubility is the foundation of film formation by a

derived from the element ratio suggests that a denitrogenationsolution casting method. The copolymer could be uniformly cast
happens during the polymerization. The denitrogenation of and spread on an electrode to form a dense thin film when it

PoPD-like units reduces ther-conjugation that has been
confirmed by much lower conductivity in Figure 1 and bV
vis spectra in Figure 2. Figure 4 shows the variation of the
observedoPD content in the copolymers with the fee@D
content. It can be observed that the actRD content in the
copolymers is higher than the feedPD content at aroPD
concentration of more than 24 mol % but lower than the feed

has dissolved in proper solvents. Table 3 and Table S1
(Supporting Information) list the solubility of copolymers in
various kinds of solvents. Apparently, the solubility of the two
series of copolymers depends strongly on the solvents used, the
oPD/ANi ratio, and also polymerization temperature. Although
all of the polymers are completely soluble in$0, with the
highest dielectric constant of 101, the polymers withD
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Table 3. Solubility2 and Solution Color® of oPD/ANi Copolymers Prepared at 70°C with Monomer/oxidant Molar Ratio of 2:1 for
Polymerization Time of 48 hin 1 M HCI

solvent oPD/ANi comonomer molar ratio
solubility
dielectric  parameter hydrogen-bonding 80:20 70:30 50:50 30:70 20:80 0:100

name constant  JY2cm/2 strength 100:0[23.8] [24.2F [24.6F [25.5F [26.4F [26.9F [27.8F
benzene, 2 18.5 poor PS(C) PS(C) IS IS IS IS IS
toluene, or xylene
CHCl; 5 18.9 poor MS(BR) PS(BR) IS SS(Y) IS PS(R) PS(R)
THF 7 19.5 moderate PS(BR) MS(Y) PS(Y) PS(R) PS(Y) SS(BR) SS(BR)
CH.Cl, 9 19.9 poor PS(BR) PS(C) IS PS(Y) IS IS IS
CH,CICH.CI 11 20.0 poor SS SS IS SS IS IS IS
m-cresol 12 22.7 strong S(R) MS(R) S(R) S(B) S(B) MS(B) PS(B)
NMP 32 22.9 moderate S(BR) S(Y) S(Y) S(R) S(R) MS(B) PS(B)
DMF 38 24.9 moderate S(BR) S(R) S(R) S(BR) S(R) MS(B) SS(Y)
DMSO 47 26.5 moderate S(BR) S(R) S(R) S(BR) S(R) MS(B) PS(BR)
H2SOy 101 26.4 strong S(B) S(B) S(B) S(B) S(B) S(B) S(B)

a1s, insoluble; MS, mainly soluble; PS, partially soluble; S, soluble; SS, slightly soltiflee letters in parentheses indicate the color of polymer
solutions. C, colorless; B, black; BI, blue; BR, brown; G, gray; O, orange; R, red; Y, yéelldhe data in the square brackets are the solubility parameters
of the polymers calculated by the method in Table S2 (Supporting Inform&tion).
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content of 36-100 mol % are well soluble in DMSO, DMF,
NMP, andm-cresol with medium dielectric constant of 42
47. This phenomenon should be attributed to theiPP-like
structure, as mentioned in UWis and IR sections. Note that
almost all polymers are only partially soluble or even insoluble
in benzene, toluene, xylene, CHCketrahydrofuran(THF), CH -6
Cl,, and CHCICH,CI with low dielectric constant of 211.

The polymers wittoPD/ANi molar ratios from 100:0 to 30:70
are totally soluble in five protic solvents with the solubility
parameters of 22:726.5 32 cm??2 because the difference
between the solubility parameters of the polymers and solvents
is small. The difference between the solubilities of two series
of polymers synthesized at 70 and %7 is not much, possibly 0.0 0.5 1'0
due to their similar structure. : : :

On the basis of the study of polymer solubility, it seems that Electrode Potential / V vs. SCE
NMP is an appropriate solvent for the formation of the polymer ;ﬁ!ﬂe 5| Cthl_iC V0|]Ea£%rg%9fgg1 ggrvgg ggthseopgg’mercjilghic\;\éﬂﬁl)/ o
films pecausg_ NMP possessgs relatlvgly low toxicity, low ele::trr]:)?jgrbrea}[vl\?eselgro.S and+1.35 V vs S’CE.po’teir:ial in lMOECI
corrosive ability, and appropriate volatility that makes the 4t 3 scanning rate of 50 mV vs SCE/s. The polymers were prepared at
volatilization rate easily controlled during film formation,H 70°C.
SO, was not chosen as film-forming solvent because of its high
toxicity, strong corrosive ability, and low volatility. The film
formability of the copolymers in NMP and resulting film of the films.
features (Table 1) depend significantly on the polymer concen- The Electroactivity of the oPD/ANi Copolymer Films.
tration andoPD fraction. The polymer solution at the concentra- Figure 5 shows the cyclic voltammogram curves of copolymer
tion of 0.5 wt % displays better film formability than that of 1  films with different comonomer ratios. Figure 6 illustrates the
wt % due to relatively low solubility of the polymer in the latter  cyclic voltammograms 06PD/ANi(50:50) copolymer film at
solution. Particularly, the polymers withPD fraction of 0-30 four potential scanning rates. All of the copolymers for the

Current / mA

50/50

[ ellow Blu L

I~ 0/100
L

Current / 10%mA

-0.5 1.5

mol % have excellent formability, toughness, and uniformity
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Figure 6. Cyclic voltammoram curves aPD/ANi(50:50) copolymer
films on ITO electrode betweert0.5 and+1.35 V vs SCE potential

in a solution of 1M HCI at the potential scanning rates of 10, 20, 50,
and 100 mV vs SCE/s. The copolymers were prepared &C70
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Figure 7. Dependence of the electroactivity(the maximal peak current)
of (a) the oPD/ANi polymer films on theoPD fraction at a fixed
potential scanning rate of 50 mV vs SCE/s and (b) dR®/ANi(50:

50) copolymer films on the potential scanning rate. The polymers were
prepared at 70C.

measurement of electroactivity and electrochromism were
prepared at 70C. It is found from Figure 7 that the polymer
films exhibit basically reversible electroactivity that is signifi-
cantly affected by comonomer ratio and potential scanning rate.
Apparently, all of theoPD/ANi copolymers demonstrate much
higher electroactivity than botbPD and ANi homopolymers

in the same potential range. Among the five polymers, the
electroactivity ofoPD/ANI(80:20) copolymer is the highest, but
that of PANi is the lowes® signifying that theoPD/ANi
copolymerization does largely improve the electroactivity. The
potential of anodic peaks shifts toward the negative direction
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Figure 8. Spectroelectrochemical behavior of the polymer films with
oPD/ANi molar ratios of (a) 0:100 and (b) 50:50 on ITO electrode in
1M HCI electrolyte at different applied potentials. The polymers were
prepared at 70C.

0.6 V versus SCE should be ascribed to the PANi units and the
strong peak at arowhO V versus SCE to thedPD units!®
These nonmonotonic variations of the electroactivity of the
polymers withoPD fraction again confirm that thePD/ANi
polymers formed are true copolymersa®D with ANi rather
than a simple mixture of both homopolymers. On the basis of
a close comparison of Figure 1 with Figure 5, it can be
concluded that the copolymer films with high electroactivity
do not have high conductivity, implying that the conductivity
is not simply and directly proportional to the electroactivity.

It can be seen from Figure 6 that the anodic peak current
becomes consistently stronger as the scanning rate raises, which
means that the electroactivity of copolymer films increases. It
can also be discerned that the potential of anodic peaks shifts
toward the positive direction as the scanning rate rises, indicating
that the reversibility of the redox reaction between different
redox states of the copolymers is differéhAn almost linear
enhancement in the peak current with elevating the scanning
rate shown in Figure 7 suggests a good adhesion of the
copolymer films onto the ITO electrodes. In fact, the copolymer
films cannot be peeled from the ITO by a traditional method.
Just by considering the electroactivity of copolymer films, it is
advantageous to increase the scanning rate to improve the
electrochromism, but this will shorten the life of copolymer
films. Therefore, an appropriate scanning rate should be carefully
chosen for a concurrent optimization of the electroactivity and
electrochromism.

The Electrochromism of the oPD/ANi Copolymer Films.

It is easily noticed from Figure 5 that there are anodic peaks

as theoPD fraction decreases, which may be caused by the redoxlocated at approximatgl0 V vs SCE in thecyclic voltammo-

processes of some low-molecular-weight prodditis.addition,

the onlyoPD/ANI(50:50) copolymer displays an additional small
anodic peak at around 0.6 V versus SCE in its cyclic voltam-
mogram (Figure 5). Obviously, the additional peak at around

gram of copolymer films. These anodic peaks shift toward the
negative direction with reduction of thePD fraction and
eventually disappears at tl®D fraction of 0%. These peaks
correspond apparently to the redox processesoBPunits’
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Table 4. The Macromolecular Structure, Redox Form, and Color ofoPD/ANi(50:50) Copolymer Films in Three Potential Ranges

Potential Film
V vs SCE Macromolecular structure color
NH,
050 HN@NQ H@N@N OAE Rea
NH,
N NH,
0-+0.6 H- =<:>=N—©— 1—%@ H—@—H]}H Green
NH,
NH,
8% o< =C>=~Q HAOO- OOk i

Note that the dark-red polymer film containirg®D units at
arourd 0 V vs SCEturns to dark green at 0.3 V versus SCE
(and blue at 1.0 V versus SCE for onyPD/ANI(50:50)
copolymer film), suggesting that th@D/ANi polymer films
show a typical electrochromism. It seems that only oR&®/
ANi(50:50) copolymer film displays an amazing tricolor of red,
green, and blue.

The possible macromolecular structures of oR&®/ANi(50:
50) copolymers at different potentials are listed in Table 4. It
could be speculated on the basis of previous studiesB49:28
and PAN?#>30that there were &PD-like segments and PANi-

a steadily increased UWis absorbance in a wavelength range
between 350 and 1000 nm with elevation of the potential,
whereasoPD/ANI(50:50) polymer demonstrates a gradually
declined band intensity in a wavelength range from 403 to 528
nm. These regular variations of U\Wis spectral characteristics
of the polymer films with the potential araPD/ANi ratio would
serve to explain the film color change from red(yellow) to green
to blue when the potential rises from0.2 to +0.2(+0.1) to
+1.0(+0.7) V because the absorption of specific mixed lights
is responsible for the film color. The unusual tricolor electro-
chromism should be attributed to a reversible transition between

like segments in copolymers. It is known that a reduced state particular redox states of the copolymer chain structures that
of PoPD segments was colorless and unstable and tended to bexre different from both homopolymer structures. The spectro-
oxidized to a semi-oxidized state rapidly. The semi-oxidized electrochemistry semiquantitatively proves the appearance of
state of PPD segments was red and the most stable state in athe different colors of the polymer films at various potentials.

potential range between0.6 and 0 V versus SCE, whereas

the reduced state of PANi segments was colorless/yellow in Conclusions

this potential range. Therefore, the whole color of tieD/
ANi(50:50) copolymers should be red &0.6 to 0 V versus
SCE. With increasing the potential to 0+4®.6 V versus SCE,
the semi-oxidized 6PD could be oxidized to a total-oxidized

The oPD/ANi copolymerization and copolymer properties
strongly depend on the polymerization temperature eiPD/
ANi ratio. Quite unlike dependence of the copolymer yield on

State accompar“ed by a color Change from red to green oPD fraction at 17 and 7&: this S|gn|f|cant|y SuggeStS different

Similarly, the wholly reduced PANi segments could be oxidized

copolymerization mechanisms betwe#D and ANi comono-

to a semi-oxidized state, accompanied by a color change frommers. The difficulty of synthesizing aoPD/ANi copolymer

yellow to green. Apparently, thePD/ANi(50:50) copolymers
should be green at 0 t#60.6 V versus SCE. When the potential
was more positive thai#0.6 V versus SCE, the color of PANi

could be overcome to some extent by the oxidative copolym-
erization at 70C. TheoPD/ANI(20:80) copolymer exhibits the
optimal electrical conductivity as well as formability, uniformity,

segments turned from green to blue, resulting in the appearanceand adherence of the film on the ITO electrode. SR&/ANi-

of blue color of the whole copolymer.
Spectroelectrochemistry of theoPD/ANi Polymer Films.

(50:50) copolymer film displays uncommon electrochromism
with a typical tricolor of red, green, and blue. The film color

In situ spectroelectrochemical experiments were used to furtherchanges reversibly with the electrode potential, i.e., reciab
verify the electrochromism obPD/ANi polymer films by  to OV versus SCE, green at 0 #0.6 V versus SCE, and blue
characterizing their UWvis absorbance in several typical at+0.6t0+1.35V versus SCE. ThePD/ANi(80:20) copoly-
potentials® Transmittance UV-vis spectra recorded in an mer has the highest electroactivity that is also remarkably
applied potential range from-0.2 to 1.0 V versus SCE are influenced by the potential scanning rate. The copolymer has
shown in Figure 8. It is seen that polymer films display various an uncommon combination of stronger film formability, higher
UV —vis absorbance characteristics, i.e., the wavelength, shapeglectroactivity, and better tricolor electrochromism than both
and intensity of the UV-vis band, with changing potential and homopolymers because of the significant copolymerization
oPD/ANi ratio. In detail, the electrochromic tricolor transitions effect betweeroPD and ANi monomers. The nonmonotonic
involve a red [foroPD/ANIi(50:50) copolymer at 487 nm] or  variation of the film properties with thePD/ANi ratio confirms
yellow [for oPD/ANi(0:100) polymer at 476 nm] leucoemer- the formation of aroPD/ANi copolymer. The chemical oxidative
aldine reduced form at-0.2 V to a green emeraldine half- polymerization combined with the solution cast method would
oxidized form at 474439 nm at+0.1 to +0.2 V to a blue be potentially utilized to synthesize the novel functional large-
pernigraniline fully oxidized form at 402381 nm at+0.7 to area film of theoPD/ANi copolymers on a large scale, which
+1.0V, as listed in Table 4PD/ANi(0:100) polymer exhibits is not easily realized by the electropolymerization.
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