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Abstract

Two series of copolymers were synthesized by an oxidative polymerization of 2-ethylaniline (EA) with 2-anisidine (AS) or 5-sulfonic-2-

anisidine (SA) for a detailed comparative study between EA/SA and EA/AS copolymers. The preparation, structure, and properties of the

copolymers were systematically studied by FT-IR, high-resolution 1H NMR, UV–vis, elementary analysis, GPC, laser particle size analysis,

atomic force microscope, and thermogravimetry. Significant dependences of the yield, molecular weight, solubility, and thermostability of

the copolymer particles on the comonomer ratio and oxidant/monomer ratio have been observed. The molecular weight increases

continuously with increasing EA content in the two copolymers. Quinoid structures favor on the EA units in EA/AS copolymers with the

whole oxidation rate of larger than 0.5 in the molecular chain. Although the EA/AS copolymers exhibit only external doping, the EA/SA

copolymers exhibit not only external doping on EA units but also self-doping on SA units. The monomer reactivity increases in the order of

EA # SA , AS. The size and its distribution of the particles are highly dependent on polymerization time and comonomer ratio. The sub-

micrometer particles with the smallest diameter of 120 nm are easily prepared by an in situ EA/SA (70/30) polymerization. A relationship

between the particle diameter and macromolecular steric model is founded. A new simple method of preparing sub-micrometer particles of

aniline derivative polymers without adscititious stabilizer is established. A possible formation mechanism of the sub-micrometer particles

during a non-emulsion EA/SA polymerization is proposed. The polymer particles obtained are completely soluble in many solvents and

exhibit a very good film-forming ability. A regular variation of the thermostable characteristics of the copolymers with comonomer ratio is

found and a three-step process of the thermal degradation is assigned.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The polymers from aniline (AN) and its derivatives are

the electrically conductive polymers studied most widely

because of their easy preparation, higher stability, variable

electroconductivity [1], and important applications includ-

ing photovoltaic devices [2], light emitting diodes [3],

secondary cells, biosensors, electrochromic materials, and

anticorrosion coatings [1]. However, the conductive form of

PAN is difficult to be processed because it is both unstable at

melt-processing temperatures and insoluble in most organic

solvents except for N-methyl-2-pyrrolidone (NMP) and

dimethyl sulfoxide (DMSO), greatly limiting its further

practical application. Several ways have been developed to

improve its solubility. Among them, the alkyl, alkoxy, and

amino ring-substituted [4–7] and N-substituted [8] PANs

have caught great interest because of their much better

solubility in many common solvents and relatively easy

processing. The most successful approach to produce

soluble conductive PAN is to introduce sulfonic groups

onto the chains [9–14]. These sulfonated PANs are drawing

significant attentions because of their greatly improved

processing ability and environmental stability due to the

presence of sulfonic group together with somewhat high

electronic conductivity of 0.1 S/cm [15]. From a practical
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point of view, the sulfonated PANs are interesting because

of their unusual electroactivity, frequent self-doping,

characteristic optical property and high stability [16,17].

Epstein and co-worker first reported the sulfonic acid self-

doped PAN by reacting PAN emeraldine base with oleum

[9]. The sulfonated PAN obtained is soluble in aqueous

alkali solution, but it leads to dedoping and becomes an

insulator. An oxidative polymerization of 5-sulfonic-2-

anisidine (SA) results in a soluble SA homopolymer in

water [10,11]. The copolymerization of AN with sulfonated

AN (SAN) including disulfonated AN also produces water

soluble AN/SAN copolymers [18–22]. The copolymers

from SAN with AN derivatives, such as 2-anisidine (AS)

and 2-toluidine, are found to be water soluble and their

structure and properties were discussed by changing

comonomer ratio, solvent and heat treatment temperature

[21,23]. Obviously, the sulfonic group on the polymer

chains is substantially an internal solubilizer. Another

important function of the sulfonic groups on the chains

could be acted as an internal stabilizer owing to their

interchain electrostatic repulsion, thus leading to an in situ

fabrication of the fine particles. However, the vital

stabilizing effect of the sulfonic groups for the particles

has not been reported to our knowledge.

So far, it seems that an emulsion polymerization is

one major method of preparing the nano- and sub-

micrometer particles. Unfortunately, the emulsion polym-

erization system must include a large amount of external

stabilizer, emulsifier, and dispersant [24–26], leading a

complicated composition and seriously restricting their

applications of the particles. A new technique of

preparing the particles by the oxidative polymerization

in a relatively simple reaction medium without additives

has been an important subject.

To understand the internal stabilizing function of

sulfonic groups for an in situ formation of the sub-

micrometer particles, SA and AS were the first chosen to

copolymerize separately with 2-ethylaniline (EA) in the

polymerization medium without adscititious stabilizer. A

simple procedure for preparing the particles with control-

lable dimensions down to 120 nm was proposed. A clear

relationship between the sulfonic group content and particle

size was elaborated. Especially, the two series of copolymer

particles, EA/SA and EA/AS, were systematically com-

pared in their polymerization yield, molecular structure,

size, solubility, film-forming ability, and thermal stability.

2. Experimental

2-Ethylaniline (EA), 2-anisidine (AS), 5-sulfonic-2-

anisidine (SA), ammonium peroxydisulfate, NMP, DMSO,

tetrahydrofuran (THF) and other solvents were commer-

cially obtained and used as received.

2.1. The preparation of the fine particles of the copolymers

Copolymer particles were simply prepared by an

oxidative polymerization of EA with AS or SA. A

representative procedure for the preparation of the EA/AS

(50/50) copolymer particles is as follows: To 50 ml of a 1 M

HCl solution in a 250 ml glass flask were added 3.09 ml

(25 mmol) EA, and 2.83 ml (25 mmol) AS. An oxidant

solution was prepared separately by dissolving 5.7 g

(25 mmol) ammonium peroxydisulfate [(NH4)2S2O8] in

50 ml of 1 M HCl. Both solutions were cooled to 10 8C.

The monomer solution was then stirred and treated with the

oxidant solution added dropwise at an adding rate of one

drop every three seconds at 10 8C. The reaction mixture was

vigorously magneto-stirred for 8 h at 10 8C and followed by

the open-circuit potential technique. The open-circuit

potential and temperature of the polymerization solution

were recorded continuously. After the reaction, the virgin

HCl salt particles formed were isolated from the reaction

mixture by filtration and washed with an excess of water

then acetones to remove the oxidant and oligomers. Half of

the salt particles was subsequently neutralized in 0.1 M

NH4OH of 150 ml for 24 h to obtain the emeraldine base,

and then washed with excess water. Sometimes the salt and

base particles of the copolymers in the corresponding

solutions were analyzed directly by laser particle size

analyzer (LPSA) and atomic force microscope (AFM)

before filtration. Both of the solid powders were left to dry

in ambient air for one week. The general copolymerization

and nominal molecular structure of the final copolymers are

described in Scheme 1.

2.2. Measurements

The copolymerization was followed by the open-circuit

potential profile technique, using a saturated calomel

electrode (SCE) as reference electrode and a Pt electrode

as working electrode. The intrinsic viscosity of the

copolymers in NMP was measured at 25 8C with an

Ubbelohde viscosimeter. The solubility was evaluated:

5 mg of polymer powder was added to 1 ml of solvent and

dispersed thoroughly after swaying intermittently for 24 h at

room temperature, and the solubility could be characterized

semi-quantitatively. The film-formability was studied with

NMP and THF as solvents at the concentration of 2 g

copolymers in 10 ml solvent by a solution casting method.

The NMP in copolymer solutions on glass with the area of

9 £ 9 cm2 was evaporated by heat treatment at 170 8C for

12 h, while the THF was very easily evaporated even at

room temperature (15 8C) due to its low boiling point

(66 8C). The size and its distribution of the particles formed

just after polymerization or alkaline treatment were

analyzed on Beckman Coulter LS230 Particle Size Analy-

zer. The images were usually taken in a constant height

(deflection) mode by using an SPA-300HV AFM system,

Seiko SII Instruments, Japan, with a resolution of 0.2 nm in
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XY direction and 0.01 nm in Z direction. The AFM samples

were prepared by dropping the dilute aqueous solution of

the particles on cover glass, and then drying in air at 25 8C.

Elemental analysis was carried out on CE Instrument

EA1110 organic element analyzer, Italia. Fluorescence

analysis of S and Cl elements was performed on Bruker Axs

SRS 3400. IR spectra were recorded on a Nicolet Magna-

IRTM 550 spectrometer at 2 cm21 resolutions on KBr

pellets. 1H NMR spectra were measured on Bruker DMX

500 at 500.13 MHz at 25 8C. UV–vis absorption spectra

were recorded on Perkin Elmer Instruments Lambda 35 at a

scanning rate of 480 nm/min. MW and its distribution were

measured using HP1100 GPC column (PL-gel mixed C £ 2,

PL gel 50 nm) and THF as solvent and mobile phase as well

as monodisperse polystyrene (MW ¼ 500–106 g/mol) as

standards. Thermal analysis was performed in a static air

with a Perkin Elmer Thermogravimetric Analyzer Pyris 1

TGA at a heating rate of 10 8C/min with the sample size of

4.4–5.6 mg.

3. Results and discussion

3.1. Copolymerization

The oxidative copolymerization is followed by the

temperature and potential of the reaction solutions, which

may provide a deeper insight into polymerization process. It

is found that the oxidative copolymerization of EA and AS

monomers is exothermic with the highest temperature rise

of 9 8C from the initial temperature 9 8C of the polymeriz-

ation solution. The solution temperature of all comonomer

ratios reaches the maximum value at the maximum

potential, indicating the maximal rate point of molecular

chain propagation. The maximum potential shows a

basically reduced trend from 700 to 640 mV vs SCE as

AS content increases from 0 to 100 mol%, and the time

corresponding to the maximum and final potentials (tm and

tf ; respectively) shortens from 75 to 17 min and from .110

to 44 min, respectively. It can be ascribed to conjugating

and electron-donating effects of –OCH3 with the phenyl

ring. This behavior is coincided with the order of the ease of

protonation as AN , toluidine , EA , AS reported by

Mattoso et al. [27]. This also validates a close relationship

between protonation and maximum potential during oxi-

dative polymerization because protonation is the first step of

oxidative polymerization.

EA/SA copolymerization exhibits different variation of

the solution potential and temperature with reaction time.

The maximum potential value remains approximately

constant at 710 mV vs SCE as SA feed content increases

from 10 to 100 mol%. The maximum potential that has no

relations to SA feed content is associated to a thermodyn-

amic factor, which indicates that the initiation of polym-

erization is mainly caused by EA monomer. With increasing

SA content from 10 to 70 mol%, tm dramatically increases

from 80 to .370 min, whereas tf cannot reach equilibrium

during the whole polymerization of 370 min. Since the

kinetic factor associates with the time tm (of propagation)

and tf (of total polymerization), the longer tm and tf indicate

more difficulty for the monomers to propagate with adding

SA unit due to the electron withdrawing and great steric

effects of sulfonic acid group on phenyl ring as SA units

increase. Note that the potential and time needed for the

homopolymerization of three monomers rank in a reduced

order.

SA ð710 mV and . 370 minÞ . EA ð700 mV and 70 minÞ

. AS ð620 mV and 17 minÞ

That is to say, the homopolymerizing ability of three

monomers ranks in an increased order: SA , EA , AS.

Important copolymerization data of EA/AS and EA/SA

copolymers are summarized in Tables 1 and 2, respectively.

Note that solid EA/SA copolymers with SA feed content of

90 and 100 mol% could not be obtained by a simple

filtration or centrifugal separation because of very fine

particles formed in situ during their polymerizations, as

discussed later. Therefore, the polymers with the EA/SA

feed molar ratio of 10/90 and 0/100 could not be listed in

Table 2. As shown in the two tables, two series of

copolymers both exhibit a maximum yield with the

variation of comonomer ratio. However, the maximum

yield corresponds to different comonomer ratios, i.e. at EA

feed content of 10 mol% for EA/AS copolymer, and at EA

feed content of 90 mol% for EA/SA copolymer. A careful

comparison of the yield listed in Tables 1 and 2 could educe

an order of the monomer ability of forming a polymer:

SA # EA , AS. This order is substantially coincided with

the analytical result of the solution potential, as discussed

earlier. A basically similar variation of the yield with

increasing sulfonated AN content was found for AN, AS,

and toluidine with sulfonated AN copolymers, respectively

[21,28]. The yield of the EA/SA copolymers is also close to

that of other sulfonated AN copolymers [18–21]. It should

be noticed that two series of copolymers both exhibit the

n n

Scheme 1.
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maximum yield at a certain comonomer ratio, indicating

that EA and AS or SA are activated each other at least at the

initiation stage, i.e. a significant copolymerization effect

between EA and AS or SA monomers. The mutual

activation between EA and AS or SA monomers results in

higher copolymerization yield than respective homopoly-

merization yields, possibly due to the formation of more

activated centers by the copolymerization effect, just like

the results caused by increasing oxidant content.

Increasing oxidant/monomer ratio produces higher yield,

because greater oxidant/monomer ratio provides more

initiatives in the polymerization system. Same relationship

between the yield and oxidant/monomer ratio was found for

the AN/m-sulfonated AN copolymer [28]. Oxidant species

have great effects on the copolymerization. For the EA/AS

(30/70) copolymerization at the same oxidant/monomer

molar ratio of 3/4 at 6–10 8C, the yield steadily increases

from 6.9, 21.9, 37.8, 42.9, to 45.5%, as the oxidant changes

from FeCl3, FeCl3/H2O2(1/10 molar ratio), K2S2O8,

Na2S2O8, to (NH4)2S2O8. This suggests that (NH4)2S2O8

could be the best oxidant for the copolymerization system.

A comparison of the feed and observed comonomer

ratios in the copolymers of EA with SA or AS is listed in

Table 2. From elementary analysis, it is found that the SA

content in the copolymers is always significantly higher than

the SA feed content. For the EA/AS copolymers, the

observed AS content based on the 1H NMR spectra

discussed later is also higher than the corresponding AS

feed content. A similar higher content of sulfonic group-

containing unit than correspondent feed content was found

for AN/o-aminophenoxy-n-propyl (or n-butyl) sulfonic acid

copolymers at a low yield of 5–26% [28]. These results

indicate higher copolymerization reactivity of AS and SA

than EA. In particular, SA exhibits greater reactivity than

EA because SA can be activated by EA monomer and hence

SA is easily incorporated into growing chains despite of its

lower homopolymerization ability. That is to say, the

copolymerization activity in EA/AS and EA/SA comono-

mer pairs ranks in the order of EA , SA , AS. This

phenomenon can also be due to the addition of methoxy

group, which has the electron-donating effect that increases

their reactivity. However, a study on electrochemically

copolymerization of AN and disulfonated AN suggests that

the incorporation of sulfonic group into the copolymer is

rather low [20], which results from low polymerization

activity of disulfonated AN due to great steric hindrance and

Table 1

Polymerization data and properties of EA/AS copolymer bases obtained in 1 M HCl aqueous solution with (NH4)2S2O8 as oxidant

EA/AS feed

molar ratio

Oxidant/monomer

molar ratio

Polymn. temp.

(8C)

Polymn. yield

(%)

Solubility in NMP

(g/L)

Intrinsic viscosity

(dL/g)

�Mn

(g/mol)

�Mw
�Mw= �Mn

100/0 1/2 10 17.4 8 0.28 5620 15,090 2.68

90/10 1/2 10 20.2 6 0.33 5470 7920 1.45

70/30 1/2 10 24.9 8 0.41 4100 5300 1.29

50/50 1/2 10 22.6 6 0.18 3760 4990 1.33

30/70 1/2 10 26.7 5 0.23 4040 5570 1.38

10/90 1/2 10 34.0 5 0.32 a a a

0/100 1/2 10 32.8 6 0.29 a a a

30/70 1/3 8 17.2 4 a 3270 4810 1.47

30/70 1/2 10 26.7 5 0.23 4040 5570 1.38

30/70 3/4 6 45.5 8 0.18 2960 4370 1.47

30/70 1/1 6 68.5 8 0.14 2270 3990 1.76

30/70 5/4 6 72.0 8 0.14 2120 3670 1.73

30/70 3/2 6 61.7 8 0.10 1890 3070 1.63

a The MWs or intrinsic viscosity were not measured because the samples are not completely soluble in THF or NMP.

Table 2

The polymerization yield and composition of EA/SA copolymer virgin salts and EA/AS copolymer emeraldine bases obtained with (NH4)2S2O8/monomer

molar ratio of 1/1 in 1 M HCl for 6 h at 3–5 8C

EA/SA feed

molar ratio

Polymn. yield

(wt%)

EA/SA experimental Fluorescence analysis EA/AS molar ratio

1H NMR Elementary

analysis

External doping rate

(Cl2) (mol%)

Feed ratio 1H NMR

experimental

100/0 17.4a 100/0 100/0 – 100/0 100/0

90/10 59.1 81/19 78/22 57 90/10 85/15

70/30 48.5 67/33 66/34 37 70/30 66/34

50/50 42.1 44/56 40/60 46 50/50 37/63

30/70 25.0 22/78 17/83 11 30/70 25/75

a The EA homopolymer was polymerized with (NH4)2S2O8/monomer ratio of 1/2 in 1 M HCl aqueous solution at 10 8C.
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strong electron-withdrawing effect from two sulfonic

groups on each monomer.

3.2. The size of the EA/SA copolymer particles in water

Generally, external stabilizer is deemed to be indis-

pensable to the formation of sub-micrometer polymer

particles. It is reported that the particles with mean size in

a range of 15–37 mm were formed for the PAN formed in

situ by the oxidative polymerization without the external

stabilizer [25,29]. In this study, the particle size of the

sulfonic group-free EA/AS copolymers ranges from 4 to

7 mm. Nevertheless, the size of the particles formed will

become much smaller if less EA with more sulfonated AN

derivatives is oxidatively copolymerized in the reaction

medium even without any external stabilizer. The particle

size of the virgin salts of the EA/SA copolymers exhibits a

significant dependency on the comonomer ratio, as shown in

Fig. 1. With increasing feed SA content from 30 to

100 mol%, both mean diameter and its standard deviation

of the particles first pass through a maximum at EA/SA (50/

50) and then monotonically decrease from 10,600 to 218 nm

and from 6800 to 131 nm, respectively, because of a

significant increase in the negative sulfonic group content

on the surface of polymer chain coil, as shown in Fig. 2.

Unlike relatively extended configuration of the copolymers

(Fig. 2a–c), the SA homopolymer tends to form a spherical

configuration (Fig. 2d), also leading to the formation of

smaller particles. Moreover, the sub-micrometer particles

with the diameter of 218 nm have existed stably in the HCl

aqueous solution for at least 6 months. These all indicate

that the SA monomer is very favorable for the preparation

and stabilization of smaller and evener particles because of

the static repulsion of the sulfonic groups. The possible

process of particle formation is: First, the primary

particulates form at the onset of phase separation in the

homogeneous polymerization. Second, the particulates of

similar size spontaneously coalesce with each other in order

to reduce their surface area and then surface energy

(homocoalescence). Simultaneously, the subsequent growth

of the particulates also occurs by absorption of the new

particulates formed later (heterocoalescence). In the both

cases, the negative bulky sulfonic groups exhibiting static

repulsion that were present on the surface of the particulates

should migrate to the growing particle surface to help

reduce the surface energy and stabilize the particles. Third,

both processes proceed until the resultant particles become

stabilized due to the static repulsion of the sulfonic groups

on the different particles, i.e. when the surface of the

particles become mainly covered with enough negative

sulfonic groups. The stability and size of the particles

depends significantly on the sulfonic group content in the

polymer chains. However, not all sulfonic groups may be

able to come to the surface. In fact, some may get trapped

inside the particles, which may be evidenced by the

molecular models in Fig. 2a and b. But with increasing

sulfonic groups content, sulfonic groups trapped inside the

particles become less and accordingly sulfonic groups on

the particle surface become more (Fig. 2c and d). Therefore,

the EA/SA polymers with higher SA content of 70–

100 mol% exhibit smaller particle diameter than those with

lower SA content of 30–50 mol%, as shown in Fig. 1.

Particularly, the SA monomer with the highest content of

sulfonic groups will give the smallest particles. It is similar

to the chemically oxidative synthesis of polypyrrole

particles with poly(styrenesulfonates) as template [26]. In

addition, note that EA/SA (1/3 and 1/1) copolymers both

exhibit an regular and extended helix configuration, which

could be valuable for the formation of the materials with

anisotropic morphology and properties.

The particle size and its distribution of in situ synthesized

EA/SA (30/70, 70/30) copolymer salts were systematically

measured and shown in Fig. 3, exhibiting a clear

dependency on polymerization time. The EA/SA (30/70)

copolymer salts exhibit a very small particle having a mean

size of 280 nm and a small standard deviation of the particle

diameter of 130 nm at polymerization time of 2 h. Then

both the mean size and its standard deviation acutely

increase to a maximal value of 6.44 and 3.5 mm,

respectively, at 8 h, followed by a declination until to 2.67

and 1.15 mm, respectively, at 24 h. The EA/SA (70/30)

copolymer salts exhibit a similar dependency of the particle

size and distribution on polymerization time. The difference

is that the mean size and its standard deviation of the EA/SA

(70/30) copolymer salts appear larger maximal value of 11.4

and 4.7 mm, respectively, at 4 h. Furthermore, the EA/SA

(70/30) copolymer salts exhibit larger mean size and its

standard deviation during the whole polymerization time

than the EA/SA (30/70) copolymer salts. This must be due

to higher content of sulfonic group-free EA monomers,

bringing on the larger particle size for the EA/SA (70/30)

copolymer salts. The variation of the size and its distribution

of in situ synthesized particles with the polymerization time

indicates an conglomeration of small particles formed

earlier and smash of large particles formed later during

Fig. 1. Variation of particle mean diameter and its distribution of the EA/SA

copolymer salts (in water) with SA feed content during the in situ EA/SA

copolymerization with ammonium peroxydisulfate as oxidant in 1 M HCl

at reaction temperature of 3–5 8C at a constant magneto-stirring rate.
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the EA/SA copolymerization. The conglomeration of small

particles formed earlier should be a relatively spontaneous

process, whereas the smash and uniformization of large

particles formed later could be attributed to continual and

vigorous stirring magnetically during the polymerization. It

is concluded that short polymerization time of about 2 h is

benefit to the formation of the very small and uniform

particles.

In addition, upon ammonium treatment, both the mean

diameter and its standard deviation of the particles of the

EA/SA (50/50) copolymer decrease from 10.6 to 5.6 and

from 6.8 to 4.6 mm, respectively, accompanying with a

change of the copolymer forms from virgin salt to

emeraldine base. This decrease of the particle size could

be ascribed to the exclusion of external dopants (HCl) on the

copolymer chains.

The size and shape of the polymer particles were further

observed by AFM. The particle shape of SA homopolymer

virgin salts obtained for the polymerization time of around

6 h seems anomalistic, and their size of about 200 nm is

substantially coincided with that (218 nm) found by LPSA.

However, with decreasing SA content, the deviation of the

particle sizes determined by the two methods becomes

great. The particle size of EA/SA (10/90) copolymer salts is

around 600 nm that is much smaller than that (3.384 mm)

determined by LPSA. Similarly, the size of 120–160 nm of

EA/SA (70/30) copolymer salts revealed by AFM in Fig. 4

is much smaller than that (360 nm) by LPSA in Fig. 3a. A

close observation of the AFM phase-image in Fig. 4b

indicates that the copolymer salt particles of 120–160 nm

consist of five or six smaller particulates with the size of

40–70 nm. The smaller particle size observed by AFM than

by LPSA must be ascribed to contraction and compression

because of the exclusion of water inside the particles during

drying. That is to say, AFM samples are equilibrium dry

state in ambient air while LPSA samples are swollen by

water. Another possible reason is that the AFM results come

from two-dimensional projection of image, while the LPSA

results are statistically treated by an equivalent sphere

model [30]. Moreover, the effect of the contraction and

compression becomes stronger with decreasing SA unit

content, which is ascribed to a reduced water absorbance

from SA units. Similar much smaller particle diameter by

Fig. 2. The macromolecular structure and steric models of a single chain (DP ¼ 64) of (a) EA/SA (3/1) copolymer (MW ¼ 8892); (b) EA/SA (1/1) copolymer

(MW ¼ 10,190); (c) EA/SA (1/3) copolymer (MW ¼ 11,502); (d) SA homopolymer (MW ¼ 12,782) with the minimal energy simulated by CS Chem3D Ultra

8.0, CambridgeSoft Corporation, 2003. Yellow, red, green, purple, and sky blue spheres (see web version) represent sulfur, oxygen, nitrogen, carbon, and

hydrogen atoms, respectively.

 

 

 

Fig. 3. Variation of the mean diameter and its distribution of the particles

(in water) with polymerization time during the copolymerization of EA/SA

(a) 70/30 and (b) 30/70 with ammonium peroxydisulfate as oxidant in 1 M

HCl at 6–7 8C at a constant magneto-stirring rate.
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AFM or SEM than by dynamic laser light scattering method

has also been observed for highly sulfonated PAN [30] and

PPY [31] particles.

In addition, AFM observation also demonstrates a

decrease in the particle size after the alkaline treatment.

The particle diameter (150–250 nm) of the EA/SA (70/30)

copolymer bases obtained by a treatment of NaOH is much

smaller than that (5.6 mm in Fig. 3) of the corresponding

salt. Similarly, EA/SA (30/70) copolymer base particles

after treatment of NaOH and NH4OH respectively also

exhibit much smaller diameter (360 and 380 nm) than that

(5.3 mm) of the corresponding salts at 6 h, as shown in Fig.

3b.

It can be concluded that the presence of sulfonic groups

on the SA monomers allows the particle size to be

controlled by varying the comonomer ratios and polym-

erization time because the sulfonic groups as an internal

stabilizer can produce static repulsion among the particles

and further stabilize small particles. Particularly, the

particles formed thus are relatively pure because the

contamination from the external stabilizer is completely

deracinated. The pure particles could be further applied

easily and directly for the preparation of nanocomposites,

nanocoatings, and transparent electroconducting film with

high performance. A new simple method of preparing sub-

micrometer particles of AN derivative polymers by a

heterohomogeneous polymerization without any adsciti-

tious stabilizer could be inaugurated.

3.3. FT-IR spectra

Representative FT-IR spectra for the EA/SA copolymer

salts with SA feed content from 0 to 70 mol% are shown in

Fig. 5. The broad band centered at 3385–3454 cm21 is a

result of the characteristic free N–H stretching vibration,

suggesting the presence of –NH2 and secondary amino

groups (–NH–). A shoulder band at 3221 cm21 only for the

EA/SA (50/50, 30/70) copolymers is ascribed to the

hydrogen-bonded N–H vibration. Three peaks at 2964,

2928 and 2870 cm21 are attributed to C–H stretching

vibration in ethyl and methoxy group and steadily become

 

Fig. 4. The typical AFM topoimage (a) and phase-image (b) of EA/SA (70/30) copolymer dry salt particles on a cover glass for the polymerization time of 1 h.

 

Fig. 5. IR spectra of the copolymer salts with the EA/SA molar ratios of

100/0, 90/10, 70/30, 50/50, and 30/70.
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weaker with increasing SA feed content. Two absorptions at

1602 and 1499 cm21 are associated with the stretching of

quinoid and benzenoid rings, respectively. As SA content

increases from 0 to 70 mol%, an increase in a relative

intensity ratio of quinoid to benzenoid structures occurs. If

the self-doping takes priority in the SA unit, the external

doping favors on EA units and is more thorough than self-

doping on SA units. Polymer chain oxidation resulting in a

formation of CyO groups may occur in EA/SA (50/50, 30/

70) copolymers as suggested by the absorption band at

1736 cm21. The absorption of copolymers exhibits a

steadily increased intensity at 1415, 1214, 1161, 1125,

1028, 685, and 602 cm21 but an almost constant intensity at

884 cm21 as the SA content increases. The strong peaks at

1415 and 685/602 cm21 are ascribed to the stretching

vibration of C–S and S–O bonds, respectively. The peaks at

1214 and 1161 cm21 should be due to asymmetric and

symmetric OySyO stretching vibration of SO3 group,

respectively, [21]. The absorption at 1028 cm21 is associ-

ated with the symmetric stretching of the yC–O–C groups.

The band at 1125 cm21 could be only due to the out-of-

plane bending vibration of the C–H bond in 1,2,4,5-

tetrasubstituted phenyl ring in the SA units. The peak at

884 cm21 due to in-plane bending vibration of the C–H

bond in 1,2,4-trisubstituted phenyl ring in the EA units and

the out-of-plane bending vibration of the C–H bond in

1,2,4,5-tetrasubstituted phenyl ring in the SA units indicates

the formation of the polymers. All the results prove that the

EA/SA copolymers have been successfully prepared.

For all of the EA/AS copolymer bases with AS content

from 0 to 100%, a broad band centered at 3436 cm21 due to

N–H stretching vibration appears, which is similar with

those of the EA/SA copolymers. However, with increasing

AS content from 0 to 100%, a significant reduction in the

relative intensity ratio of quinoid (around 1600 cm21) to

benzenoid (around 1500 cm21) structures is observed,

indicating more favorable of quinoid structure in EA units

than in AS units. In particular, the wavenumber difference

between quinoid to benzenoid peaks becomes smaller

gradually with increasing AS content. These are different

from those of the EA/SA copolymers. Weak shoulder peak

at 1463–1470 cm21 should be due to the asymmetric

bending of –CH3. Similar weak peak at 1384 cm21

attributed to the C–N stretching vibration in quinoid

imine units seems the sharpest in the EA homopolymer,

proving above result of the favorable quinoid structure on

EA units. Two peaks at 1304 and 1248 cm21 could indeed

be ascribed to the C–N stretching vibration of quinoid–

benzenoid–quinoid alternative and benzenoid–benzenoid–

benzenoid block triad sequences, respectively. A remark-

able intensity increase in the bands centered at 1209–1213

and 1024–1031 cm21 characterizing the presence of C–O–

C stretching vibration in the AS units, clearly demonstrates

a rise of the AS unit content in copolymers as AS content

changes from 0 to 100%. The IR spectra of all polymers

except for EA homopolymer exhibit a sharp peak at 1116–

1118 cm21, which might be due to the in-plane bending

vibration of the C–H bond in 1,2,4-trisubstituted phenyl

ring. The presence of all these characteristic groups strongly

suggests the formation of a real EA/AS copolymer.

3.4. High-resolution 1H NMR spectra

500 MHz high-resolution 1H NMR spectra of EA/AS

copolymer bases and EA/SA copolymer salts with four EA

feed content from 30 to 90 mol%, together with the peak

assignments are shown in Figs. 6 and 7 and Table 3. It is

seen that the copolymers are characterized by five main

signals, corresponding to five types of protons. Both

aliphatic and imino protons are easily and accurately

assigned, but the aromatic protons are difficult to be exactly

assigned because all of the aromatic protons on the two pair

of monomer units are similar. However, two series of

copolymers exhibit different characteristics of NMR

spectra, possibly due to their different polymer forms, i.e.

base and salt. For example, the EA/AS copolymer bases

exhibit relatively high resolution of the resonance peaks of

 

  

Fig. 6. 1H NMR spectra of copolymer bases with EA/AS molar ratios of

30/70, 50/50, 70/30, 90/10 in DMSO-d6 at 500 MHz after the scanning

number of 64.

X.-G. Li et al. / Polymer 45 (2004) 101–115108



the aliphatic and aromatic protons but relatively low

resolution of the peaks of the imino protons. The situation

is almost contrary for the spectra of the EA/SA copolymer

salts. In particular, a broad peak from water protons at

relatively low field could be owing to a strong interaction

between the sulfogroups and water molecules. At higher SA

feed content, much stronger interaction between the

sulfogroups and water molecules results in significant

reduction (at 50 mol% SA) or even disappearance (at

70 mol% SA) of the water proton peak. Furthermore, the

EA/SA copolymer salts all exhibit a very sharp triplet of the

imino groups (–NH–) [4,5] partly due to their much lower
�Mn; as listed in Table 6, while its higher chemical shift

should be ascribed to the presence of high electro-negativity

of the sulfonic groups. On the contrary, the EA/AS

copolymer bases exhibit a very weak and broad peak

centered from 5.71 to 5.76 ppm attributed to –NH–

linkages. The intensity of the peak corresponding to –

NH– group in EA/AS copolymers increases with increasing

the AS units, suggesting that the benzenoid structure in the

copolymers increases, which is coincided with the results

revealed by the IR and UV–vis (Table 4) spectra. Much

lower intensity and resolution of the aromatic protons of the

EA/SA copolymers are because of the enshrouding effect

from much stronger –NH– peaks. No regular variation of

the chemical shifts of the protons in the two series of

copolymers with comonomer ratio is found, but the

chemical shifts of imino and aromatic protons tend to

increase with adding the sulfonic groups on the phenyl ring

because of their high electro-negativity. These results

demonstrate that the EA/AS and EA/SA copolymers were

successfully prepared by the chemically oxidative

polymerization.

3.5. UV–vis spectra

UV–vis spectra of the EA/AS polymer bases with

different comonomer ratios and various oxidant/monomer

ratios are compared in detail in Fig. 8. The spectra consist of

two major absorption bands, the first absorption band at

,307 nm (4 eV) assigned to p–pp transition, and the

second band around ,585 nm (2 eV) associated with

“exciton” transition. This local change reflected by the

exciton transition is sensitive to a chain conformation-

related process. The first band shows irregular variation

 

  

Fig. 7. 1H NMR spectra of copolymer salts with EA/SA molar ratios of

30/70, 50/50, 70/30, 90/10 in DMSO-d6 at 500 MHz after the scanning

number of 64.

Table 3

The chemical shifts and possible assignments of high-resolution 1H NMR spectra of EA/AS copolymer emeraldine bases and EA/SA copolymer virgin salts

Monomer feed

molar ratio

Aliphatic protons Imino proton Aromatic protons

1 2 3 4 5, 70 6, 60 7, 700

EA/AS

90/10 1.05, 1.11 2.50, 2.63 3.68, 3.80, 3.85, 3.92 5.73 6.66, 6.89 7.15, 7.24 7.03

70/30 1.06, 1.13 2.50, 2.64 3.68, 3.80, 3.84, 3.93 5.73, 5.77 6.66, 6.90 7.15, 7.25 7.01

50/50 1.06, 1.13 2.50, 2.64 3.68, 3.80, 3.85, 3.94 5.72, 5.76 6.67, 6.94 7.15, 7.24 7.05

30/70 1.06, 1.13 2.50, 2.65 3.74, 3.80, 3.85, 3.94 5.72, 5.75 6.68, 6.94 7.15, 7.25 7.05

EA/SA

90/10 1.11 2.50, 2.58 3.88 7.05,7.15,7.25 6.4–8.0

70/30 1.09 2.50, 2.70 3.84, 3.92 7.03,7.13,7.23 6.3–8.0

50/50 1.12 2.50, 2.60 3.86, 3.91 7.03,7.14,7.24 6.4–8.0

30/70 1.17 2.50 3.75, 3.86 6.98,7.09,7.19 6.4–8.0

The base form of EA/SA (50/50, 30/70) copolymers could not be obtained as a solid powder because of its high solubility in NH4OH.
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while the second band shows a bathochromic shift with

increasing EA contents. The bathochromic shift yields a

lower energy transition, implying higher stiffness of the

molecular chain and thus higher planarity state of the

conjugating system. The larger conjugation can be caused

by both longer molecular chain and more quinoid units on

the molecular chain. It is accord with the fact that the MW

analyzed by GPC (Table 1) and the quinoid structures

analyzed by FT-IR spectra increase with increasing EA

units. From Table 4, it is clearly seen that as the oxidant

content increases, the intensity ratio Að4 eVÞ=Að2 eVÞ of the

two bands decreases, implying that oxidation rate ð1 2 yÞ

increases. According to a principle proposed by Albuquer-

que et al. [32] to estimate the oxidation state of PAN, in

which the Að4 eVÞ=Að2 eVÞ ratio declines linearly at a fast

rate below 1 2 y ¼ 0:5 while at a slow rate above this

turning point, it could be speculated that the oxidation rate

of EA/AS copolymers is above 0.5 owing to a slow

reduction of the intensity ratios as the oxidant content

increases in Table 4. The band intensity ratio in the EA/AS

copolymers also decreases slowly with increasing EA units,

indicating more quinoid structures on the molecular chain

with an increase in EA content. It again well proves the

result of the favorable of quinoid structure in the EA units,

just like the results revealed by the IR spectra of the EA/AS

copolymers with various compositions.

UV–vis spectra of both emeraldine salt and base of

EA/SA polymers with various comonomer ratios are also

compared in Fig. 9 and Table 5. It can be seen that the first

band of the EA/SA copolymers shows a hypsochromic shift

with the increase of SA units. The blue shift of the p–pp

transition band is in accord with a decreased extent of

conjugation caused by an increased phenyl ring torsion

angle that results from a steric repulsion between –SO3–

groups and hydrogen on the adjacent phenyl ring. Table 5

demonstrates that the intensity ratio Að4 eVÞ=Að2 eVÞ of the

EA/SA copolymers increases slowly as the SA content

increases, which indicates the oxidation rate of higher than

0.5. It is accorded with the IR analysis of EA/SA

copolymers. It can be ascribed to the preferential self-

doping with more SA units in the copolymers, whose doping

rate is far lower than external doping, making the oxidation

rate larger than that with less SA units.

Table 4

The ratio of intensity Að4 eVÞ=Að2 eVÞ from UV–vis spectra of EA/AS copolymer bases with different molar ratios and oxidant/monomer ratios

EA/AS

(Base) in THF

Oxidant/monomer

molar ratio

Band I

(nm)

Intensity peak

A(4 eV)

Band II

(nm)

Intensity peak

A(2 eV)

Ratio of intensity

Að4 eVÞ=Að2 eVÞ

100/0 1/2 309 193.2 590 218.8 0.88

90/10 1/2 316 241.9 589 265.4 0.91

70/30 1/2 315 241.3 588 233.9 1.03

50/50 1/2 281 166.6 585 151.5 1.10

30/70 1/2 307 175.3 585 156.5 1.12

30/70 1/3 308 195.7 584 190.6 1.03

30/70 1/2 307 175.3 585 156.5 1.12

30/70 1/1 309 173.0 588 158.8 1.09

30/70 3/2 307 166.9 581 139.2 0.83

Fig. 8. UV–vis spectra of (a) copolymer bases with EA/AS molar ratios of

100/0, 90/10, 70/30, 50/50, 30/70 in 0.2 mg/ml (THF); (b) EA/AS (30/70)

copolymer bases with oxidant/monomer ratios of 1/3, 1/2, 1/1, 3/2 in

0.2 mg/ml (THF).

Fig. 9. UV–vis spectra of (a) copolymer salts with EA/SA monomer of

90/10, 70/30, 50/50, 30/70 in 0.17 mg/ml (NMP); (b) copolymer bases with

EA/SA monomer ratios 90/10, 70/30 in 0.17 mg/ml (NMP) and EA/SA

(Base) 100/0p and 90/10p in 0.17 mg/ml (THF).
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3.6. GPC analysis

The MW and its distribution of the copolymer bases of

various comonomer ratios and various oxidant/monomer

ratios by GPC are listed in Tables 1 and 6. It is easily

discovered that as the AS content increases from 0 to 100%

both the MW and intrinsic viscosity exhibit a minimal value

at AS feed content of 50 mol%, whereas as the SA content

increases the MW exhibits a very exquisite reduction. Much

lower MW of the EA/SA copolymers than EA/AS

copolymers must be attributed to much lower polymeriz-

ability of SA monomer than AS monomer, because of much

greater steric and electron withdrawing effects of sulfonic

groups in SA monomer than AS monomer. With increasing

AS or SA contents, the two series of copolymers both

exhibit a minimum �Mw= �Mn: Particularly, EA/AS (50/50)

copolymer has the lowest MW whereas EA/AS (70/30)

copolymer has the lowest �Mw= �Mn of 1.29. So narrow MW

distribution might also be a testimony of the formation of

the copolymers between EA and AS monomers, otherwise

the distribution should be much wider, even a double-peak

distribution for the mixture of two homopolymers. It

appears that four EA/AS and EA/SA (90/10) copolymers

all exhibit much narrower MW distribution but lower MW

than EA homopolymer. It is discovered that the molecular

structure of EA is relatively favorable for the intermediates

to live compared with AS and SA. The electron-donating

effect of the ethyl group on the EA makes the transitional

oligomers more stable than AS and SA oligomers and

enables them to have lifetime enough to propagate. That is

to say, the higher MW of the EA homopolymer is attributed

to the stable electronic state of EA monomers, which makes

it possible for the further propagation of long polymer

chains. On the contrary, the AS containing the methoxy

group with a conjugation effect with the phenyl ring has

much lower oxidation potential to get polymerized, yet the

active transitional oligomers are relatively easy to be

terminated. Generally the conjugation effect of the sub-

stitutes may lead to lower polymerization potential and then

favor the initiation of the polymerization, which is

associated with a thermodynamic factor. The electron-

donating effect of the substitutes favors the propagation of

the polymerization leading to higher MW, which is

associated with a kinetic factor. Note that unlike the

relationship between the yield and comonomer ratio, two

series of copolymers both exhibit a minimum �Mw= �Mn value

at a special comonomer ratio. EA/AS copolymers also

exhibit a minimum MW at 50/50 mol%, indicating that the

chain propagations between activated EA end group and AS

monomer (or between activated AS end group and EA

monomer) are passivated each other, i.e. a retardant

copolymerization effect between EA (or AS) end group

and AS (or EA) monomer. This retardant copolymerization

finally results in lower MW than respective homopolymer-

izations. These clearly suggest a copolymerization effect

between EA and AS or SA monomers, i.e. the two series of

copolymers prepared are real copolymers rather than blends

of the homopolymers. In addition, lower MW of EA/AS

copolymers than corresponding homopolymers may be due

to more activated centers at the initiation step by the

copolymerization effect between EA and AS monomers,

something like the results caused by increasing oxidant

content.

The oxidant/monomer ratios also have a great effect on

the MW and polydispersity of the copolymers. It is found

that the EA/AS (30/70) copolymer formed at the oxidant/-

monomer molar ratio of 1/2 exhibits the highest MW but the

lowest �Mw= �Mn; i.e. the oxidant/monomer ratio of 1/2 seems

to be optimal for the EA/AS copolymerization to prepare a

high MW copolymer. Same relationship between the MW

and oxidant/monomer ratio was found for AN/3-sulfonated

AN copolymer [28]. It should be noted that all EA/AS

copolymers obtained in this study exhibit substantially

higher �Mn and much narrower MW distribution than other

Table 5

The intensity ratio Að4 eVÞ=Að2 eVÞ from UV–vis spectra of EA/SA copolymers with different molar ratios

EA/SA copolymer

in NMP

Polymer form Band I

(nm)

Intensity peaks

Að4 eVÞ

Band II

(nm)

Intensity peaks

A(2 eV)

Ratio of intensity

Að4eVÞ=Að2eVÞ

90/10 Virgin salt 315 90.4 610 90.4 1.0

70/30 Virgin salt 297 103.7 607 88.3 1.17

50/50 Virgin salt 283 91.1 613 55.4 1.64

30/70 Virgin salt 303 61.1 613 54.5 1.12

90/10 Base 315 126.4 610 159.1 0.79

70/30 Base 312 221.5 613 257.6 0.86

100/0 (in THF) Base 309 193.2 590 218.8 0.88

90/10 (in THF) Base 310 86.6 592 88.7 0.98

Table 6

The molecular weights and polydispersity index of EA/SA copolymer bases

in THF

EA/SA copolymer

bases

Oxidant/monomer

molar ratio

�Mn (g/mol) �Mw
�Mw= �Mn

100/0 1/2 5620 150,90 2.68

90/10 1/1 3260 6310 1.93

70/30 1/1 2350 6900 2.90
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AN copolymers like AN/3-sulfonated AN copolymer

( �Mn ¼ 3400 and �Mw= �Mn ¼ 5:1) [18] and AN/o-aminophe-

noxy-n-propyl(or n-butyl)sulfonic acid copolymer ð �Mn ¼

1700 2 3500Þ [19]. As to the EA/SA copolymers, their

much lower �Mn and wider polydispersity than EA/AS

copolymers could be ascribed to the great steric and strong

electron-withdrawing effects of the –SO3H group that leads

to more difficult chain propagation.

3.7. Solubility

The solubility of EA/SA copolymers in various solvents

with broad characteristics is listed in Table 7. All of the EA/

SA copolymer salts and bases exhibit good solubility in the

solvents with the solubility parameter of 23–27 J1/2/cm3/2,

dielectric constant of 12–101, and polarity index of 6.4–

7.4. It is also found that as the SA unit content in the

copolymers increases, the solubility of the copolymer salts

keeps excellent in H2SO4, NMP, formic acid, and m-cresol,

but becomes better in both DMSO and DMF, which is also

ascribed to the effect of the sulfonic substitution. Note that

most of the EA/SA copolymers exhibit much better

solubility than other sulfonic group-containing AN copoly-

mers such as AS or toluidine/m-SAN copolymers that are

mostly soluble in m-cresol and moderately soluble in the

solvents such as DMF, DMSO, and NMP [21]. Particularly,

the EA/SA copolymers with SA feed content from 50 to

70 mol% are completely soluble in 0.1 M NH4OH. There-

fore, the corresponding EA/SA copolymer bases could not

be obtained as solid powders and thus the solubility in the

solvents could not be listed in Table 7.

Similar principles of the solvent parameters are also

applied to the EA/AS copolymers. The copolymer bases are

completely soluble in NMP at the copolymer concentration

of at least 8 g/L solvent (Table 1), and substantially soluble

in all solvents listed in Table 7 except for toluene and

xylene. The copolymer salts also exhibit good solubility in

NMP, formic acid, m-cresol, DMSO, DMF and concen-

trated H2SO4, but hardly ever soluble in benzene, THF,

CHCl3, toluene, and xylene. Note that the EA/AS

copolymer salts containing EA feed content of 70–

100 mol% exhibit relatively poor solubility in m-cresol,

DMSO, DMF, possibly due to their higher MW, as listed in

Table 1. In addition, the solubility of EA/AS (30/70)

copolymer in NMP also becomes better with the variation of

the oxidants from FeCl3, FeCl3/H2O2, K2S2O8, Na2S2O8, to

(NH4)2S2O8. The order of improving solubility is the same

as that of enhancing the yield with changing oxidants. This

suggests that (NH4)2S2O8 could be optimal oxidant for the

preparation of the EA/AS copolymers with better solubility.

It is also found that the EA/SA copolymer salts show the

same good solubility as the EA/AS copolymers in solvents

such as NMP, formic acid, m-cresol, DMSO, DMF and

concentrated H2SO4. The solubility of EA/SA (90/10) and

(70/30) copolymers in DMF increases significantly as

compared with the EA/AS copolymers containing the

same monomer ratios, possibly due to a contribution from

the sulfonic groups. However, the EA/SA copolymer bases

have lower solubility in DMSO, THF, benzene and CHCl3
than the EA/AS copolymer bases with the same monomer

ratios, indicating that some doping has occurred in the

EA/SA copolymer bases, leading to longer conjugation of

the molecular chain and thus poorer solubility.

All of the EA/SA and EA/AS copolymer salts and bases

exhibit good solubility in the solvents with the solubility

parameter of 23–27 J1/2/cm3/2, dielectric constant of 12–

101, and polarity index of 6.4–7.4, as also shown in Table 7.

3.8. Film-forming ability

Although the film formability is one of the most

important processing abilities for the new polymers, it

seems that few reports on the film formability of the

sulfonated AN copolymers are found till now. The film-

forming ability has been studied with NMP and THF as

solvents by a solution casting method. It is found that the

Table 7

Solubility of the virgin salts and emeraldine bases of the EA/SA copolymers

Solvents Solubility parameter

(J1/2/cm3/2)

Dielectric

constant

Polarity

index

Solubility and solution colora

EA/SA

(100/0) salt/base

EA/SA

(90/10) salt/base

EA/SA

(70/30) salt/base

EA/SA

(50/50) salt

EA/SA

(30/70) salt

H2SO4 – 101 – S,V/S,V S,V/S,V S,V/S,V S,V S,V

DMSO 27 47 7.2 PS,B/PS,B S,B/S,B S,B/MS,B MS,B S,G

Formic acid 25 58 (6.5)b S,G/S,G S,G/S,G S,G/S,G S,G S,G

DMF 25 38 6.4 SS,B/S,B PS,G/S,G PS,B/S,B PS,B S,B

NMP 23 32 6.7 S,B/S,B S,B/S,B S,B/S,B S,B S,Ba

m-Cresol 23 12 7.4 S,G/S,B S,G/S,G S,G/S,G S,G MS,G

THF 20 7 4.0 IS/S,B IS/S,B IS/PS,G IS IS

CHCl3 19 5 4.1 IS/S,B IS/S,B IS/PS,G IS IS

Benzene 19 2 – SS,B/S,B IS/S,B IS/PS,G IS IS

a B-blue, G-green, V-violet; IS-insoluble, MS-mainly soluble, PS-partly soluble, S-soluble, SS-slightly soluble.
b The datum in the parentheses is an estimated value based on the polarity index of acetic acid.
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EA/AS copolymer bases exhibit good film formability. The

EA/SA (70/30) and (90/10) copolymer bases in NMP also

exhibit good film formability, but the film formability of all

the EA/SA copolymer salts in NMP is not good enough

although the salts are also completely soluble in NMP. It

appears that good solubility does not always mean good film

formability. The good film formability of the copolymer

bases could be due to higher MW and the formation of a real

solution. On the other hand, relatively poor film formability

of the EA/SA copolymer salts with the same MW might be

due to the fact that we did not obtain their real solution in

which single chains distribute uniformly in the solvent,

though they appear as a solution to naked eyes. It should be

noted that the EA/AS copolymer base films formed thus

exhibit strong adhesion to glass, and very bright luster due

to very smooth surface without defects. It is interesting that

the 9 £ 9 cm2 films cast on glass look like a mirror. You can

see yourself very clearly with the black films. These imply

that the films are highly amorphous due to a random

copolymerization between EA and AS monomers contain-

ing two different side groups. The amorphous structure was

further confirmed by the observation of polarizing light

microscopy because the films cannot transmit any polarized

light as well as by the measurement of wide-angle X-ray

diffraction because only a broad diffraction peak was

observed in the Bragg angles from 6 to 368.

3.9. Thermal stability

Thermogravimetric (TG) and derivative TG (DTG)

curves of the copolymer salts are shown in Figs. 10 and

11 The kinetic parameters of the thermal degradation of the

copolymers were calculated by the Friedman technique

using the equation [4–7,33–37]:

lnðda=dtÞ ¼ ln Z þ n lnð1 2 aÞ2 E=RT ð1Þ

Where E is activation energy, n decomposition reaction

order, and Z frequency Factor. The thermostable and kinetic

parameters calculated by Eq. (1) are summarized in Tables 8

and 9. From the DTG curves, two series of copolymers

exhibit four major derivative peaks due to the exclusion of

water, external dopant (HCl), and methoxy/ethyl/sulfonic

(for EA/SA copolymer only) groups, and the thermal /

thermo-oxidative degradation of the copolymer backbones,

respectively. For the EA/AS copolymers, the peak tem-

perature ðTHClÞ due to the loss of the HCl increases from 166

to 180 8C with increasing AS content from 0 to 100%,

whereas the corresponding maximum weight-loss rate ððda=

dtÞHClÞ decreases from 1.6 to 0.9 %/min. This implies that

the affinity of HCl molecules to the polymer chains becomes

stronger with increasing AS content, and the amount of HCl

in the copolymers becomes smaller. The initial decompo-

sition temperature ðTdÞ of the polymer backbones exhibits a

minimum at the EA/AS molar ratio of 50/50, probably due

to its lowest MW (Table 1). On the contrary, the activation

energy, order and frequency factor of the major decompo-

sition exhibit a maximum at the same comonomer ratio of

50/50. The peak temperatures (Tdm1 and Tdm2) to the

exclusion of methoxy/ethyl groups and to the thermal/

thermo-oxidative decomposition of the polymer backbones,

respectively, both decrease from 390 to 339 8C and from

504 to 487 8C as well as the 1st maximum weight-loss rate

ððda=dtÞm1Þ of the polymer backbones increases from 2.3 to

2.8 %/min with increasing AS content from 0 to 100%, but

the 2nd maximum weight-loss rate ððda=dtÞm2Þ of the

polymers decreases from 4.6 to 3.5 %/min. This should be

attributed to lower thermostability and faster exclusion rate

of more methoxy groups-containing copolymers with lower

MW (Table 1) than more ethyl groups-containing copoly-

mers. However, the residual char formed after the exclusion

of the methoxy groups exhibits a slower decomposition rate

Fig. 10. Thermogravimetry (TG) and derivative thermogravimetry (DTG)

of the EA/AS copolymer salts with EA/AS molar ratios of 100/0, 90/10,

50/50, 30/70, and 0/100 at a heating rate of 10 8C/min in static air.

Fig. 11. Thermogravimetry (TG) and derivative thermogravimetry (DTG)

of the EA/SA copolymer salts with EA/SA molar ratios of 90/10, 70/30,

50/50, and 30/70 at a heating rate of 10 8C/min in static air.
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at elevated temperature, leading very broad DTG peaks.

Thermal degradation parameters summarized in Table 8

quantitatively provide a deeper insight into the thermal

stability and kinetics of the EA/AS copolymers.

For the EA/SA copolymers in Table 9, their decompo-

sition temperatures corresponding to the four derivative

peaks are 60 8C (water evaporation), 166–176 8C ðTHClÞ;

231–281 8C ðTSO3HÞ and 501–504 8C ðTdmÞ: The assign-

ments of the two higher temperature peaks are further

testified by the DTG thermogram of sulfonated PAN, where

the peak temperatures due to the SO3 evolution and

backbone degradation are 300–325 and 525 8C, respect-

ively [28,38]. As the SA content increases, the peak

temperature ðTHClÞ increases steadily but the corresponding

maximum weight-loss rate ððda=dtÞHClÞ decreases continu-

ously; both the peak temperature ðTdmÞ and its correspond-

ing maximum weight-loss rate ððda=dtÞmÞ exhibit a reduced

tendency; and the activation energy of the thermal

degradation shows a maximum at the EA/SA molar ratio

of 50/50. These characteristics are almost the same as those

of the EA/AS copolymers. The difference is that the initial

decomposition temperature ðTdÞ of the polymer backbones

decreases monotonically with increasing SA content

because the copolymers containing more SA units exhibit

lower MW. In addition, both the peak temperature ðTSO3HÞ

and its corresponding maximum weight-loss rate ððda=

dtÞSO3HÞ exhibit an increased tendency with increasing SA

content, indicating the exclusion of the –SO3H groups in

the EA/SA copolymers becomes more difficult with

increasing –SO3H groups because of a stronger interaction

among the macromolecular chains caused by the –SO3H

groups. Slower maximum exclusion rate of HCl but faster

maximum exclusion rate of –SO3H groups with increasing

–SO3H groups indicate that more SA units lead to less

external doping but more self-doping, which is consistent

with fluorescence analysis. As indicated in Table 2, the Cl2

anion content decreases dramatically with an increase in

sulfonic groups in the copolymers, demonstrating a priority

of self-doping in sulfonated AN copolymers in the

competition between self-doping and external doping.

After a careful comparison of Tables 8 with 9, it is easily

found that the incorporation of sulfonic groups decreases the

thermostability and delays weight-loss rate at a similar

temperature possibly due to much lower MW of the EA/SA

copolymers (Table 6). These thermostable results illustrate

an easy exclusion of the ethyl, methoxyl, and sulfonic

groups on the main chains at elevated temperature. In order

to prevent the exclusion of the side groups, the thermal

processing temperature of the EA/AS copolymers should be

lower than 250 8C, while the processing temperature of the

EA/SA copolymers should be lower than 170–250 8C,

depending on the EA/SA ratio. The application temperature

of the copolymers should be lower than 160 8C in order to

avoid the thermal evolution of external dopant HCl, i.e.

thermal dedoping.

4. Conclusions

Two series of copolymerizations of EA and AS or SA

monomers are successfully carried out in order to prepare

uniform copolymer particles, characterize their molecular

structure, and improve their solubility, film formability and

thermal stability. The homopolymerizing activity of the

Table 8

The thermal stable parameters of EA/AS copolymer virgin salts with different molar ratios in a static air

EA/AS (mol%) THCl=Td=Tdm1=Tdm2 (8C) ðda=dtÞHCl=ðda=dtÞm1=ðda=dtÞm2

(%/min)

E (kJ/mol) n ln Z (min21)

100/0 166/280/390/504 1.6/2.3/4.6 7.65 0.9 7.27

90/10 170/273/380/504 1.3/2.4/4.3 7.72 1.0 7.27

50/50 172/253/370/501 1.2/2.5/3.9 8.23 1.1 7.92

30/70 176/256/343/501 1.1/2.7/3.8 8.04 0.9 7.39

0/100 180/263/339/487 0.9/2.8/3.5 5.71 0.6 5.05

Table 9

The thermal stable parameters of EA/SA copolymer virgin salts with different molar ratios in a static air

EA/SA (mol%) THCl=Td=TSO3H=Tdm (8C) ðda=dtÞHCl=ðda=dtÞSO3H=ðda=dtÞm
(%/min)

E (kJ/mol) n

100/0 166/280/390a/504 1.6/2.3b/4.6 7.65 0.9

90/10 168/260/231/501 1.2/0.3/4.2 6.40 0.5

70/30 169/228/–/501 0.9/–/4.3 6.43 0.5

50/50 176/206/264/501 0.8/2.3/5.9 9.95 0.9

30/70 –/175/281/501 –/4.3/3.0 7.63 1.2

a The temperature at maximum weight-loss rate due to the exclusion of ethyl groups.
b The maximum weight-loss rate due to the exclusion of ethyl groups.
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three monomers ranks in the order of SA , EA , AS,

whereas the copolymerization activity in EA/AS and

EA/SA comonomer pairs ranks in the order of EA # SA ,

AS. The EA monomer is more favorable for the higher MW

in both EA/AS and EA/SA copolymers. The electron-

donating effect of the ethyl group on the phenyl ring makes

it more stable for the transitional oligomers to live, which

leads to higher MW. The conjugating effect of methoxy

group favors protonation and propagation, resulting in lower

oxidation potential and higher polymerization yield. With

increasing EA content in the two series of copolymers, the

polymerization yield exhibits a maximum but MW and its

distribution both exhibit a minimum. The quinoid structures

are more favorable on the EA units in the both copolymers

and their oxidation states are larger than 0.5. The particle

size and its distribution of the EA/SA copolymers exhibit a

significant dependency on the polymerization time, como-

nomer ratio, and alkaline treatment. With increasing SA

content or dedoping, both the mean diameter and its

standard deviation of the particles decrease steadily down

to 218 and 131 nm, respectively, which is related to an

increased electrostatic repulsion of negative sulfonic groups

on the particle surface of the polymers with spherical chain

configuration. Moreover, the particles have existed stably in

HCl aqueous solution for at least 6 months, suggesting that

SA monomer could be served as an internal stabilizer for the

formation and stabilization of the particles. A new simple

method of preparing sub-micrometer particles of AN

derivative polymers without external stabilizer has been

inaugurated. The EA/AS and EA/SA copolymers are

completely soluble in many solvents with high solubility

parameter, dielectric constant, or polarity index. Two series

of copolymer bases exhibit good film-forming ability, and a

smooth black film with a bright luster like a mirror and good

adhesion to glass has been easily obtained. The thermal

stability of the EA/AS and EA/SA copolymer particles is

semi-quantitatively correlated with their doping acid,

substituent, and MW.
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