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Introduction

Nitrogen heterocyclic aromatic amines can form a new type
of nitrogen-containing polymer simply by a chemical or
electrochemical oxidative polymerization. With primary
amino group to be used for oxidative polymerization, the
heterocyclic amine leaves -C=N�C- group in the ring as one
more redox site than polyaniline (PAN). Therefore the ni-

trogen heterocyclic amine polymer is expected as a new
electrode material that offers better electrocatalysis proper-
ties than conventional non-heterocyclic amine polymer. On
the other hand, due to its linkage structural similarity to
PAN, the nitrogen heterocyclic polymer also has various
novel properties such as electrical semiconductivity,[1] metal
ion adsorbability,[2a] trace metal ion detectability,[2b] and
oxygen/nitrogen separation capability.[1,3] Thus the nitrogen
heterocyclic polymer is a novel multifunctional material
with a wide application potential.

As a bifunctional nitrogen heterocyclic aromatic amine,
aminoquinoline has one nitrogen atom on its aromatic ring.
Aminoquinoline polymer shows special properties similar to
other polymers from nitrogen heterocyclic aromatic
amine.[4–6] There are only a few studies on the electrochemi-
cal polymerization of quinoline and its derivatives until
now.[4–6] The polymer films obtained are dense, even and
tough. However, the film area and shape are strongly depen-
dent on the size and shape of the electrode used. On the
other hand, the low solubility of aminoquinoline polymers
restricts their practical application. It has been reported that
substituted PANs exhibit a reformative solubility and there-
fore a significantly improved processibility in comparison
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with PAN.[1,7,8] As a typical aniline derivative, 2-ethylaniline
(EA) has often been used to copolymerize with other aro-
matic monomers for a great enhancement of the polymer
solubility and further the processibility.[9] Chemically oxida-
tive copolymerization of aminoquinoline and EA may re-
solve these problems but no
report concentrates on it so far.

Here we report a highly effi-
cient chemical oxidative copoly-
merization of 8-aminoquinoline
(AQ) with EA as one of the
best methods to combine the
advantages of the two homo-
polymers. The polymerization
feature, structure, and proper-
ties of the AQ/EA copolymer
fine particles are also described
in detail. A novel simple
method to synthesize the pure
polymer particles with the diameter of down to ~14 nm by
the oxidative polymerization in relatively pure reaction
media in the absence of additives or ionic side groups as sta-
bilizer is suggested for the first time. The function of a posi-
tively charged AQ unit for the simple formation and stable
existence of the pure polymer nanoparticles is elaborated.

Results and Discussion

Oxidation potential of AQ and EA monomers : On the basis
of the first cyclic voltammograms during the electropolyme-
rization of AQ, EA, and AQ/EA (50:50) mixture monomers,
the oxidation potential of AQ, EA, and AQ/EA (50:50)
mixture is found to be 0.91, 0.94, and 0.94 V versus saturat-
ed calomel electrode (SCE) in H2SO4 aqueous solution re-
spectively. Their oxidation potential in NaClO4/MeCN
slightly reduces to 0.86, 0.87, and 0.91 V versus SCE, respec-
tively. It appears that the oxidation potential of AQ/EA
(50:50) mixture is not a simple addition of the oxidation po-
tentials of both monomers. In addition, as mentioned above,
the oxidation potentials of AQ and EA monomers are very
close. Both of these imply that the oxidation of both mono-
mers should be strongly influenced each other. In other
words, the copolymerization between the AQ and EA mon-
omers should occur rather than homopolymerization sepa-
rately. Hence, a genuine copolymer containing AQ and EA
units would form through the oxidative polymerization.

Copolymerization of AQ and EA monomers : The chemical
oxidative copolymerization between AQ and EA monomers
of various ratios afforded a dark precipitate as products in
the three-polymerization media. The color of the products
changes from black to brown with an increase in AQ con-
tent from zero to 100 %. The AQ/EA copolymerization pro-
cess was in situ monitored by detecting the variation of the
open-circuit potential (OCP) and temperature of the poly-
merization solution, which might supply a deeper insight

into polymerization progress, as listed in Table 1. The initial
OCP of EA monomer in 1m HCl was 469 mV versus SCE,
which was counterpoise potential for the protonated EA
monomer after a time lapse of 0.5 h. After the addition of
AQ monomer to the EA solution, the initial OCP of the co-

monomer solution decreased to 262–320 mV versus SCE.
When the oxidant [(NH4)2S2O8] solution was dropped into
the AQ/EA comonomer solution, an instant OCP rise was
observed. The variation of OCP with reactant concentration
for the oxidative polymerization process is given by the
Nernst equation:

OCP ¼ E 0 þ ðRT=nFÞ lnðcOx=cReÞ ð1Þ

where E 0 is the standard electrode potential of the polymer-
ization, R the gas constant, T the absolute temperature, n
the number of electrons, F the Faraday constant, cOx and cRe

the concentration of the oxidized and reduced species. Obvi-
ously, the solution OCP during the polymerization will vary
with oxidant [(NH4)2S2O8] and reducer [monomer] concen-
trations. At AQ feed content of less than 10 mol%, there
are three distinct stages in the OCP-time plots, that is, an up
stage, plateau and down stage. A similar situation was ob-
served during the chemical oxidative polymerization of ani-
line.[10] A continuously increased OCP in first stage (t1)
should be ascribed to dissociation of the persulfate ions to
radical anions, SO4C� , and anion, SO4

2� in the presence of
monomers. In this stage, the oligomers formed can act as a
reducer. The oxidized oligomers could propagate subsequent
polymerization with residual monomers via an electrophilic
aromatic substitution mechanism. Accompanying the OCP
change, the color of the polymerization solution darkened
incessantly, suggesting the formation of dark polymer pre-
cipitates.

As the copolymerization proceeded, the OCP reached an
even plateau between 577 and 745 mV versus SCE. In the
second step, the AQ/EA copolymer chains formed in the
first step may be further oxidized by the remanent oxidant.
The propagation may continue on the oxidized chains to
form a higher molecular-weight polymer. These newly
formed AQ/EA polymer chains may also be oxidized to par-
ticipate in the chain propagation. This process is repeated

Table 1. Variation of the open-circuit potential (OCP) during polymerization of 8-aminoquinoline (AQ) and
2-ethylaniline (EA) in 1m HCl aqueous solution at 5 8C.

AQ/EA Solution potential Polymerization 1H NMR results
feed molar /mV vs SCE time, t1/t2 AQ/EA calcd degree of
ratio initial/top/DP[a] /min calcd molar ratio polymerization of the polymers

0:100 469/745/276 9/111 0:100 32
10:90 262/577/315 40/>350 13:87 72
30:70 289/610/321 37/>600 67:33(18)[b] 61
50:50 293/631/338 68/>600 89:11(21)[b] 15
100:0 320/727/407 29/>700 100:0(23)[b] 13

[a] DP=Top potential�initial potential. [b] The data in the parentheses are the molar content of quaternary
ammonium structures.
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until all the oxidant is consumed at the end of the plateau
stage (t2). After the plateau stage, the OCP declined stably.
The third step (t3) should include further polymerization of
monomers with the oxidized polymer chain that formed in
the second step as the oxidant instead of (NH4)2S2O8. The
time elapsed at the end of the plateau, that is, t1+t2, may be
an indication of the polymerization rate.[10] As listed in
Table 1, t1+t2 increased with an increase in AQ content and
the third step was not observed in the case of AQ homopo-
lymerization. That is to say, the copolymerization rate
slowed down with adding and increasing AQ content. One
of the reasons is that the steric hindrance of the quinoline
ring is greater than that of phenyl ring of EA, leading to
more difficult electrophilic reaction between monomers and
propagating chains. On the other hand, it is seen from
Table 1 that the initial and top OCPs of the polymerization
solution demonstrate a minimum at AQ feed content of
10 mol %, indicating that the OCP of AQ/EA comonomer
solution is not a simply linear addition of their individual
solutions. This should be an indication of a strong interac-
tion between AQ and EA monomers, that is, a real copoly-
merization occurred between them.

It is seen that the AQ/EA polymerization yield is non-mo-
notonously dependent on the monomer ratio, as shown in
Figure 1. The yield decreases from the highest value of

72.5 % to a minimum value of 15.6 % as AQ feed content in-
creases from zero to 50 mol %. With a further increase in
AQ feed content to 100 mol %, the yield increases to a
medium value of 42.5 %. This indicates a lower copolymeriz-
ability between AQ and EA comonomers than respective
EA or AQ homopolymerizability. That is to say, the chain
propagations between activated EA end group and AQ
monomer (or between activated AQ end group and EA
monomer) are stopped by each other, that is, a retardation
between EA (or AQ) end group and AQ (or EA) monomer.
This retardant copolymerization finally results in a lower
yield of copolymerization than that of respective homopoly-
merizations. It also clearly suggests a copolymerization
effect or a strong interaction between AQ and EA mono-
mers, that is, the AQ/EA polymer prepared by the chemical

oxidative polymerization is a real copolymer rather than a
mixture of AQ and EA homopolymers.

It is found that the solution temperature during AQ/EA
(10:90) copolymerization in HCl rises with polymerization
time and attains a maximum at a certain time. The maxi-
mum temperature depends on the initial solution tempera-
ture. At the initial temperatures of 25 and 35 8C, the maxi-
mum temperature reaches up to 27.5 and 41.5 8C at 68 and
30 min, respectively; this suggests an exothermic copolymer-
ization. Moreover, the higher the initial polymerization tem-
perature, the higher the reaction exotherm is because the
stronger oxidative ability of the oxidant at higher tempera-
ture can result in faster creation of active centers in the
system and then faster polymerization. Therefore, a signifi-
cant dependence of the copolymerization yield on the poly-
merization temperature is shown in Figure 2. The AQ/EA
(10:90) copolymerization yield reached the highest value of

65.8 % at the initial reaction temperature of 15 8C. A similar
relationship between the yield and polymerization tempera-
ture has been observed for p-phenylenediamine and o-phe-
netidine copolymerization.[11] It appears that the optimized
copolymerization temperature for AQ/EA (10:90) copoly-
mer is around 15 8C because the yield is the maximum at
this temperature.

The chemically oxidative polymerization of aniline and
other aromatic amines is based on a usually recognized radi-
cal cation mechanism in acidic medium. In this study, AQ/
EA copolymer particles were also triumphantly synthesized
in a neutral acid-free MeCN aqueous medium. A strong
effect of polymerization medium on the AQ/EA (10:90) co-
polymerization is illustrated in Figure 3 and Table 2. The
AQ/EA (10:90) polymerization temperature in the MeCN/
water medium came to a head earlier than that in other two
acidic media. It indicates that the oxidative polymerization
rate of AQ and EA monomers gets higher with raising the
pH value of the medium due to its stronger deprotonation
effect. A similar behavior was also observed in aniline poly-
merization.[12] However, it appears that the polymerization
yield does not change greatly with reaction medium.

Figure 1. Nominal molecular structure of 8-aminoquinoline (AQ)/2-ethyl-
aniline (EA) copolymers and the effect of AQ feed content on polymeri-
zation yield and bulk electrical conductivity (measured at 18 8C) of AQ/
EA copolymer particles prepared in 1 m HCl aqueous solution at 5 8C.

Figure 2. Influence of the polymerization temperature on the copolymeri-
zation yield of 8-aminoquinoline (AQ)/2-ethylaniline (EA) (10:90) in 1 m

HCl aqueous solution and on the copolymer conductivity measured at
10 8C after redoped in 1m HCl.
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IR spectra of the AQ/EA copolymers : A systematic varia-
tion of the IR spectra of the copolymer bases with AQ/EA
monomer ratio is shown in Figure 4. A broad absorption at
3380 cm�1 due to characteristic N–H stretching vibration in-
dicates the existence of secondary amino groups. The peak
at 3040 cm�1 is ascribed to aromatic C–H stretching vibra-
tion. Three weak peaks at 2960/2920 and 2862 cm�1 corre-
spond to aliphatic C–H asymmetric and symmetric stretch-
ing vibrations of the ethyl groups on the EA units, respec-
tively. With increasing AQ content, all the three peaks
above-mentioned become weaker because AQ unit does not
contain aliphatic C�H bond. Absorption peaks appeared at
1595 and 1500 cm�1 are attributed to the quinoid and benze-
noid rings, respectively, in the copolymer, as a result of the
stretching vibration of C=N bonds in diiminoquinoid ring
and skeletal vibration of the benzenoid aromatic ring, re-
spectively.[13] It is found that the absorption due to quinoid
ring results in higher wavenumbers and its intensity declines
as EA feed content decreases; this suggests that this absorp-
tion results mainly from the EA unit. Therefore the diimino-
quinoid structure in the AQ/EA copolymer is mainly from
the EA units. The peak at 1500 cm�1 shifts to higher wave-
numbers with an increase in AQ content, but its intensity
almost remains constant. When AQ feed content is more

than 20 mol %, a new absorption peak appears at 1559 cm�1

that should correspond to in-plane bending vibration of N–
H in secondary amine group in AQ units.[14] This peak might
overlap by the stretching vibration peak of C=N bonds in
diiminoquinoid ring when AQ content is low.[15] The
medium absorption peak centered at 1314–1308 cm�1 gets
weaker with reducing EA content and therefore is ascribed
to the C–N stretching vibration in the EA quinoid–imine
units.[15] It also proves that the EA units in the copolymer
exist as more quinoid structure. The peak at 1145 cm�1 from
C�H in-plane bending vibration of the 1,2,4-trisubstitued
benzene ring gets stronger with increasing EA unit content;
this indicates that the peak is attributed to EA units. The ex-
istence of the trisubstituted EA units and secondary amino
groups verifies the formation of polymers.

The IR spectra of AQ/EA (10:90) copolymers formed in
a polymerization temperature
range of 5–35 8C or in the three
above-mentioned media seem
similar to each other, implying
similar copolymer structure.
Therefore, the polymerization
temperature and medium have
a weak influence on the molec-
ular structure of the AQ/EA
copolymer.

UV/Vis spectra of the AQ/EA
copolymers : UV/Vis spectra of
the AQ/EA copolymer bases
with seven AQ/EA ratios are

Figure 3. Temperature profile during 8-aminoquinoline (AQ)/2-ethylani-
line (EA) (10:90) copolymerization at 25 8C in 1m HCl aqueous solution,
0.5m H2SO4 aqueous solution and a MeCN/H2O mixture with a volume
ratio of 2:1, respectively.

Table 2. The influence of polymerization media on the polymerization yield, size and conductivity of fine par-
ticles of 8-aminoquinoline (AQ)/2-ethylaniline (EA) (10:90) copolymers prepared at 25 8C.

Polymerization Polymerization Particle
diameter /mm

Standard devia-
tion of the

diameter /mm

Bulk electrical conductivity of 1m

HCl

media yield/% virgin
salt

base virgin
salt

base redoped particles/S cm�1 at 10 8C

1m HCl 64.1 5.866 2.865 3.860 1.743 8.22 � 10�7

0.5m H2SO4 67.3 5.143 3.209 2.921 1.778 3.6� 10�7

MeCN +

H2O
[a]

63.7 – 3.091 – 2.543 2.73 � 10�11

[a] Volume ratio of MeCN to H2O 2:1.

Figure 4. IR spectra of 8-aminoquinoline (AQ)/2-ethylaniline (EA) co-
polymer bases prepared in 1m HCl at 5 8C with AQ/EA feed molar ratios
of 0:100, 5:95, 10:90, 20:80, 30:70, 50:50 and 100:0.
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systematically shown in Figure 5. A strong band and a broad
but relatively weak band can be observed in the UV/Vis
spectra. When AQ feed content is less than 10 mol %, the
strong absorption band around 306 nm (band I) is assigned
to p–p* transition of benzenoid ring, and the weak band
around 613 nm (band II) is attributed to excitation transi-
tion from benzenoid ring to quinoid ring.[16] Both transitions
are related to the extension of the conjugation along the
molecular chain. The red shift of absorption band indicates
a more extended conjugating system, which is assigned to
longer polymer chain, suggesting higher molecular weight of
the polymer and more quinoid structure. Both bands I and
II show hypsochromic shifts to 263–290 and 478–481 nm
when AQ feed content is more than 20 mol%; this indicates
a diminution in the extension of the conjugation system
along the molecular chain, maybe due to the lowering of the
molecular weight. As seen in Table 3, excitation transition
of AQ/EA copolymer shifts to shorter wavelength with in-
creasing AQ content, implying shorter extension of quinoid
structure, that is, less quinoid content in the more AQ unit-
containing copolymer. This behavior is in accord with the
IR spectral results. It can also be seen from Table 3 that
both of the absorption bands of AQ/EA (10:90) copolymers
obtained at a higher temperature or in a higher pH medium
show a shift to short wavelength, implying shorter conjugat-
ing length, that is, lower molecular weight. Note that at a
fixed polymerization temperature of 5 8C the AQ/EA
(10:90) copolymer exhibits a maximal intensity ratio of band
II over I. This is also an indication of the strong interaction
between AQ and EA monomers. The AQ/EA (10:90) co-
polymer formed at 15 8C exhibits the highest intensity ratio
of band II over I, probably owing to the optimal copolymer-
izability, implying that 15 8C is the optimal polymerization
temperature for the synthesis of the AQ/EA (10:90) copoly-
mer with the longest conjugation length. This result is coin-
cident with the maximal polymerization yield in Figure 2.

1H NMR spectra and gel permeation chromatograph (GPC)
of the AQ/EA copolymers : 500 MHz 1H NMR spectra of

seven AQ/EA copolymer bases in the complete composition
range are characterized by five main signals, corresponding
to five types of protons, respectively. There is a strong dis-
tinct peak centered at 1.1 ppm and a relatively weaker peak
at 2.6 ppm. Both of the peaks become stably weaker as the
EA unit content declines, indicating that they exactly corre-
spond to -CH3 and -CH2- protons on the EA units, respec-
tively. The weak peaks from 5.1 to 6.0 ppm might corre-
spond to the protons of primary amino groups at the �NH2

end group of polymer chain. The weak and broad peaks in a
wide range from 6.2 to 9.7 ppm are assigned to the aromatic
protons on AQ and EA units. On the basis of an area com-
parison of the aromatic proton peak (6.2–9.7 ppm) on AQ
and EA units with -CH3 proton peak (1.1 ppm) on EA unit,
it is possible to calculate the actual AQ/EA molar ratio of
the copolymers. The number of aromatic protons on AQ
units might be calculated through the following equation:

Table 3. UV/Vis spectra (in NMP), solubility, and solvatochromism of 8-aminoquinoline (AQ)/2-ethylaniline (EA) copolymer bases prepared at different
polymerization conditions.

AQ/EA Polymerization Band I/II Intensity ratio Solubility[a] and solution color[b]

molar T medium wavelength of band II DMSO NMP CHCl3 THF
ratio / 8C /nm over I (7.2)[c] (6.7)[c] (4.1)[c] (4.0)[c]

0:100 5 1 m HCl 306/614 0.40 S, B PS, BB MS, BP PS, P
5:95 5 1 m HCl 306/612 0.47 S, B S, B S, BP PS, BP
10:90 5 1 m HCl 312/612 0.57 S, B S, BB S, BP PS, BP
20:80 5 1 m HCl 274/481 0.21 S, PB S, PB S, P S, PB
30:70 5 1 m HCl 290/474 0.42 MS, Br S, RB SS SS
50:50 5 1 m HCl 263/480 0.27 PS, Br S, RB SS SS
100:0 5 1 m HCl 267/478 0.18 PS, RB PS, RB IS IS
10:90 15 1 m HCl 310/611 0.60 S, B S, B S, BP S, B
10:90 25 1 m HCl 308/608 0.52 S, B S, B S, BP S, B
10:90 35 1 m HCl 308/608 0.49 S, B S, B S, GB S, B
10:90 25 0.5 m H2SO4 315/594 0.53 S, B S, B S, PB S, BP
10:90 25 MeCN +H2O

[d] 288/550 0.39 S, P S, P S, P S, P

[a] IS: insoluble; MS: mainly soluble; PS: partially soluble; S: soluble; SS: slightly soluble. [b] B: blue; BB: bluish black; BP: bluish purple; Br: brown;
GB: greenish blue; P: purple; PB: purplish brown; RB: reddish brown. [c] Polarity index of the solvents. [d] Volume ratio of MeCN/H2O 2:1.

Figure 5. UV/Vis spectra of the solution AQ/EA copolymer bases pre-
pared at 5 8C in 1 m HCl with AQ/EA feed molar ratios of 0:100, 5:95,
10:90, 20:80, 30:70, 50:50 and 100:0 at a concentration of 12.5 mg L�1 in
NMP.

Chem. Eur. J. 2005, 11, 4247 – 4256 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4251

FULL PAPERSemiconducting Nanoparticles

www.chemeurj.org


AQ proton area ¼
total aromatic proton area � methyl proton area

ð2Þ

Therefore,

molar ratio of AQ to EA ¼
ðAQ proton area=5Þ=ðmethyl proton area=3Þ

ð3Þ

The number-average degree of polymerization of AQ/EA
copolymer would be roughly calculated according to the
area comparison of the resonance peaks of -NH- over �NH2

groups by the following equation:

ðDPÞn ¼ ½2� ð-NH- proton areaÞ
þ ð�NH2 proton areaÞ=2�=½ð�NH2 proton areaÞ=2�

ð4Þ

The results calculated in this way are listed in Table 1. The
genuine AQ content of the copolymer seems higher than
feed AQ content, implying that AQ monomer inclines to
homopolymerize rather than copolymerize with EA mono-
mer. On the contrary, EA monomer inclines to copolymer-
ize with AQ monomer rather than homopolymerize. It is ob-
served that the AQ monomer is relatively advantageous for
the formation of the radical cation at the growing chain end
to maintain active in comparison with EA monomer. The
higher electron density on the AQ quinoline ring induces
the AQ radical cation more stable than EA radical cation
and accordingly provides it longer lifetimes for the chain
propagation. Furthermore, the quinoline ring with higher
electron density than EA benzene ring is more easily at-
tacked by the radical cation, resulting in an easier electro-
philic aromatic substitution. Both of the factors induce a
largely increased AQ content in the copolymer compared to
AQ feed content[17] and an enlarged degree of polymeri-
zation. The degree of polymerization rises first and then re-
duces with an increase in AQ content. AQ/EA (10:90) co-
polymer possesses the maximal degree of polymerization be-
cause of the above-mentioned two factors. Again, the larger
steric hindrance of AQ ring leads to decreased formation of
the longer polymer chain in the case of higher AQ content.

The results from the GPC analysis suggest that the THF
soluble part of AQ/EA (10:90) copolymer base also exhibits
the highest molecular weight. The number-average molecu-
lar weight rises slightly from 2923, 3202 to 3211 as AQ feed
content increases from 0, 5 to 10 mol %. In addition, the
AQ/EA copolymers exhibit a single peak of molecular-
weight distribution with the polydispersity index from 2.04
to 3.14. Notably the molecular weight of the polymers ob-
tained by GPC is lower than that determined by NMR spec-
troscopy because different solvents were used for the meas-
urements. Therefore, the THF soluble part of the polymer
base should exhibit lower molecular weight than the com-
pletely soluble polymer in DMSO.

Size of fine particles of the AQ/EA copolymers : Generally,
an external stabilizer is essential for the formation of nano-

particles through polymerization. It has been reported that
the PAN particles with an average diameter of around
15 mm were formed in situ by the oxidative polymerization
without the external stabilizer.[18] By incorporating sulfonic
and methoxy groups at the PAN chain as internal stabilizer,
sub-micrometer particles of sulfonic alkoxyl aniline polymer
with a mean diameter around 218 nm have been fabricated
in situ by the oxidative polymerization.[18] Herein, we sug-
gest that both the particle size and its distribution of AQ/
EA copolymers analyzed by Laser Particle Size Analyzer
(LPSA) exhibit a significant dependency on the AQ/EA
ratio, as shown in Figure 6. The number-average diameter

(Dn) of the virgin copolymer salts ranges from 6.243 to
7.121 mm. Both the Dn and its standard deviation of the base
particles dramatically decrease from 6.761 mm to 315 nm and
from 3.131 mm to 380 nm, respectively, after a dedoping
treatment in NH4OH. Therefore, a transformation of the co-
polymer state from virgin salt to emeraldine base leads to
much smaller particle size, particularly at a higher AQ con-
tent. This decrease in particle size would be attributed to
the removal of external dopants (i.e., HCl) of the copolymer
chains; this induces a tight arrangement of copolymer chains
and further decreased size of the copolymer base particles.
In addition, the lone electron pair on the AQ ring-nitrogen
can combine with�N+H= in the Scheme 1 to enable the for-

mation of the copolymer chains with positive charge. An
electrostatic repulsion between the positive charges makes
the chains less likely close and therefore retains the low ac-
cumulation of the copolymer particles. The higher the AQ

Figure 6. Particle size and its distribution of 8-aminoquinoline (AQ)/2-
ethylaniline (EA) copolymer particles in water with different AQ feed
contents obtained in HCl (1 m) at 5 8C.

Scheme 1. Positively charged quaternary ammonium structure on the AQ
unit.
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content, the greater the static rejection between copolymer
chains, which results in a much smaller particle size. Note-
worthy, the Dn of fine particles of AQ homopolymer base is
only 315 nm that drops into a sub-micrometer order of mag-
nitude.

Figure 7 illustrates a remarkable influence of AQ/EA
polymerization temperature on the particle size of the co-
polymer. The Dn of the AQ/EA (10:90) copolymer particles
decreases from 6.243 mm to 3.287 mm for virgin salt and
from 5.252 mm to 348 nm for emeraldine base when increas-
ing the polymerization temperature from 5 to 35 8C. The de-
crease of the Dn of the particles at increasing polymerization
temperatures may be primarily assigned to an increase in
AQ unit content in the copolymer because the polymeriza-
bility of AQ monomer might be enhanced at an elevated
temperature as compared with the EA monomer. The de-
creased electroconductivity of the copolymer as discussed in
Figure 2 could be another evidence of an increased AQ con-
tent. Similarly, dedoping process can also decrease the Dn of
the AQ/EA copolymer particles obtained in different reac-
tion media, as listed in Table 2. However, the three media
used in the copolymerization have a minor influence on the
Dn. Possibly, the particle size does not seem to depend
greatly on the surrounding anions.

Interestingly after an ultrasonic dispersion the copolymer
base particles prepared with various comonomer ratios and
at different polymerization temperatures exhibit almost uni-
form Dn in a narrow scale from 361 to 405 nm, as shown in
Figures 6 and 7, except for the particles of EA homopoly-
mer. This novel behavior may be ascribed to the stabilizing
function of the static repulsion between the AQ/EA copoly-
mer chains because of the presence of positively charged
quaternary ammonium structures on the AQ units. That is
to say, fine AQ/EA copolymer particles with similar Dn but
different structure and properties can be prepared under
various copolymerization conditions. Before the ultrasonic
dispersion, the copolymer particles coalesce with each other
in order to reduce their surface area and then surface

energy, resulting in agglomerates of the copolymer particles.
When these agglomerates were scattered by ultrasonic treat-
ment, the positive quaternary ammonium structures on the
surface of copolymer chain coils can act as internal stabiliz-
ers due to their interchain electrostatic repulsion, thus lead-
ing to fine particles with a uniformly sub-micrometer dimen-
sion between 361 and 405 nm. Because there is no quaterna-
ry ammonium structure in the EA homopolymer chains as
internal stabilizer, the EA homopolymer particles easily co-
alesce together again after an ultrasonic scattering and the
sub-micrometer particles are unable to exist stably.

A detailed atomic force microscopy (AFM) observation
further reveals the size and shape of the AQ/EA copolymer
base particles. The particles of copolymer bases appear to
be of a ellipsoid shape rather than a sphere, as shown in Fig-
ure 8a–c. The ultrasonic ellipsoidal particles of AQ/EA
(10:90), (50:50), and (100:0) copolymers have major/minor
axis diameter of 87/72, 80/67, and 24/14 nm, respectively.
The variation of the particle size with AQ/EA ratio revealed
by AFM is similar to that by LPSA in Figure 6. Traditional-
ly, nanoparticles are prepared through an emulsion polymer-
ization in which stabilizer, emulsifier or dispersant are indis-
pensable, which complicates the predictability of nanoparti-
cles. In this study, the AQ/EA copolymer nanoparticles are
simply prepared by chemical oxidative polymerization with-
out additives. Furthermore, the nanoparticles formed by the
emulsion polymerization are usually spherical, whereas
herein we synthesized ellipsoidal and pure nanoparticles by
the chemical oxidation precipitation polymerization. It can
also be seen from the AFM and transmission electron mi-
croscopy (TEM) images, Figures 8d, e and 9, of the ultrason-
ic particles of AQ/EA (10:90) copolymer formed at three
polymerization temperatures, that the particle size also de-
pends on the polymerization temperature, different from
Figure 7.

It should be evidently noted that the particle size of the
three polymers revealed by AFM and TEM is much smaller
than that determined by LPSA. The smaller particle size ob-
served by AFM and TEM must be attributed to contraction
and compaction of the particles because of the elimination
of water inside the particles during the drying process.[18] In
other words, microscopic samples are equilibrium dry state
in ambient air for AFM observation and very dry state in
high vacuum for TEM observation while LPSA samples are
swollen in water.

Bulk electrical conductivity of the AQ/EA copolymers : The
AQ/EA copolymers exhibit an electrical semi-conductivity
like other nitrogen heterocyclic aromatic amine polymers.
The electrical conductivity of the copolymers obtained is
shown in Figures 1, 2 and Table 2. It seems that the copoly-
mer base particles in the whole composition range have a
conductivity of the magnitude from 10�11 to 10�8 Scm�1.[19]

After doped by 1 m HCl aqueous solution for 48 h, the con-
ductivity of the redoped salts of the copolymer particles re-
markably increases up to between 10�7 and 10�5 Scm�1.[20] In
particular, the AQ/EA (10:90) copolymer exhibits the sharp-

Figure 7. The effect of polymerization temperature on the particle size of
8-aminoquinoline (AQ)/2-ethylaniline (EA) (10:90) copolymer particles
in water obtained in HCl (1 m).
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est conductivity rise and also the maximal conductivity in
the six AQ/EA polymers upon redoping,[17] because of its
highest molecular weight (see also Table 1). This phenomen-
on indicates that the conductivity of redoped copolymers is
mainly determined by the doping state and molecular
weight. Notably the AQ/EA (50:50) copolymer salt exhibits
the lowest conductivity owing to a combination of higher
AQ unit content and more irregular copolymer backbone
structure[13] which results in the most disorder packing of the
copolymer chains.

It can be concluded from Figure 2 that the electrical con-
ductivity of HCl doped AQ/EA (10:90) copolymer increases
with lowering polymerization temperature, possibly due to

an increased molecular weight of copolymer at lower tem-
perature. The HCl redoped AQ/EA copolymer prepared in
HCl medium exhibits the highest conductivity, while the
HCl redoped copolymer prepared in the mixture of MeCN
and water is an insulator, as listed in Table 2. In summary,
the comonomer ratio, polymerization condition and doping
degree could be all utilized to efficiently control and regu-
late the conductivity of the copolymers to some extent.

Solubility and solvatochromism of the AQ/EA copolymers :
On the basis of a careful comparison of the solubility of the
copolymer base particles in four typical solvents with differ-
ent polarity indexes in Table 3, it can be seen that the solu-
bility is greatly influenced by AQ/EA molar ratio but
almost not polymerization temperature and medium. The
copolymer exhibits a reduced solubility in all the four sol-
vents as the AQ content increases. When AQ feed content
is not lower than 30 mol %, the copolymers are slightly solu-
ble or insoluble in THF and CHCl3, regardless of their rela-
tively low molecular weight. This implies that the poor solu-
bility of the copolymer bases with high AQ content may be
primarily attributed to a high chain rigidity of the polymers
caused by many AQ units. Other nitrogen heterocyclic aro-
matic amine polymers also demonstrate a similar phenom-
enon.[1,3] The copolymer bases containing AQ feed content
of 5–50 mol % are totally soluble in NMP but both EA and

Figure 8. AFM 3Dimages of a) AQ/EA (10:90), b) (50:50) and c) (100:0) copolymer base particles at the polymerization temperature of 5 8C as well as
topo-image of AQ/EA (10:90) copolymer base particles at the polymerization temperature of d) 5 8C, e) 35 8C obtained in the polymerization medium of
HCl (1 m) and then treated ultrasonically.

Figure 9. TEM images of 8-aminoquinoline/2-ethylaniline (10:90) copoly-
mer base particles obtained in HCl (1 m) at 25 8C and then treated ultra-
sonically.
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AQ homopolymers are only partially soluble in NMP, as
well as the copolymer bases containing AQ feed content of
5–20 mol % are totally soluble in CHCl3 but other AQ/EA
polymers are mainly soluble or even insoluble in CHCl3.
This means that the copolymers formed by the oxidative co-
polymerization are genuine copolymers containing both AQ
and EA units rather than a mixture of two respective homo-
polymers.[17]

A significant variation of the AQ/EA copolymer solution
color with the solvents is testified, that is, a unique solvato-
chromic behavior. It is seen from Table 3 that the copolymer
solution displays different colors in various solvents. The
AQ/EA copolymer with AQ feed content of less than
20 mol % is blue in NMP and DMSO and displays a tenden-
cy to violet in THF and CHCl3. At an AQ feed content of
more than 20 mol %, the corresponding copolymer solution
looks like a brownish color. It indicates that the AQ/EA co-
polymer solution reflects homochromous light of longer
wavelength in NMP and DMSO than in THF and CHCl3.
That is, the copolymer solution returns back homochromous
light of longer wavelength in solvents with strong polarity,
whereas reverberates that of shorter wavelength in solvents
with weak polarity. The AQ/EA copolymer solution pre-
pared at different polymerization temperatures or media
confirms the phenomenon that the copolymer solution color
is dependent on the solvent polarity, as indicated in Table 3.
This appears to reveal the fact that the copolymer chains
are relatively extended in highly polar DMSO and NMP.

Film formability of the AQ/EA copolymers : Although the
film formability is one of the most important processing
abilities for the new practical polymers, it seems that few re-
ports on the solution-casting film formability of AQ poly-
mers are found till now. Here we report a film-forming abili-
ty of AQ/EA copolymer bases prepared by chemical oxida-
tive polymerization with NMP as a solvent. It is discovered
that AQ/EA (5:95 and 10:90) copolymer bases obtained at
polymerization temperature of 5 8C exhibit excellent film
formability.[16] The resulting films adhesive strongly to glass
and display shining bright color caused by a very smooth
surface without defects.[18,21] The AQ/EA (10:90) copolymer
bases synthesized at 15–35 8C or in 0.5 m H2SO4, or in a
MeCN/H2O mixture also display good film formability, the
films of which are smooth and flat but have relatively pale
gloss. However, the film formability of the copolymer bases
with the AQ feed content of higher than 10 mol % is not
satisfied. It appears that a good solubility does not always
mean good film formability. The good film formability of
AQ/EA (10:90) copolymer bases could be assigned to
higher molecular weight.[21] Another possible reason should
be due to the formation of a real solution, where the copoly-
mer chains could dissolve uniformly in the solvent rather
than a system with solid or swollen polymer fine particles
scattered in the solvent appearing as a solution to naked
eyes.

Conclusion

A simple chemical oxidative copolymerization of AQ and
EA monomers was successfully carried out. The copolymeri-
zation yield, macromolecular and morphological structures,
electrical conductivity, solubility, solvatochromism, and film
formability of the AQ/EA copolymer particles vary largely
with the AQ/EA ratio, polymerization temperature and
medium. This indicates that the copolymerization character-
istics, structure and properties of the copolymers could be
controlled or even optimized by choosing AQ/EA ratio and
polymerization conditions. EA monomer is readily oxidized
to initiate the polymerization in comparison with AQ mono-
mer, while AQ monomer with high electron density on the
quinoline ring would stabilize the activated end group and
easily enable electrophilic aromatic substitution, leading to
high AQ content in the resulting copolymer chain as com-
pared with correspondent feed content. The AQ/EA copoly-
mer exhibits the upmost molecular weight, electrical con-
ductivity, and film formability at the AQ feed content of 10
mol %, yet the copolymer exhibits the undermost polymeri-
zation yield and conductivity at the AQ feed content of
50 mol %. A non-monotonic variation of the oxidation po-
tential, OCP, and polymerization yield of the monomers as
well as UV/Vis spectrum and electroconductivity of the co-
polymers with AQ/EA ratio indicates a strong interaction
between AQ and EA monomers. Specifically, a genuine co-
polymerization between both monomers has occurred. Both
low temperature and low pH medium are favorable for the
formation of the AQ/EA copolymers with high molecular
weight. The particle size of AQ/EA copolymers could be
considerably controlled by optimizing the monomer ratio,
alkaline treatment, and polymerization temperature. The
mean diameter of the AQ/EA copolymer base particles de-
creases steadily with enhancing AQ content or polymeri-
zation temperature. AFM observation reveals the formation
of nano-ellipsoids with the major/minor axis diameter of re-
spective 24/14 nm and 80/67 nm of the particles of AQ ho-
mopolymer and AQ/EA (50:50) copolymer prepared at 5 8C
in 1 m HCl as polymerization medium for the first time. The
copolymer nanoparticles with the diameter of smaller than
90 nm can be simply obtained by an ultrasonic dispersion. A
simple method of in situ polymerization to prepare pure
nanoparticles of the AQ/EA polymers without adscititious
stabilizer or interior sulfonic group is demonstrated. The
AQ units with positively charged quaternary ammonium
groups are vital for the formation and stable existence of
the nanoparticles.

Experimental Section

8-Aminoquinoline (AQ), 2-ethylaniline (EA), ammonium persulfate
[(NH4)2S2O8], HCl, H2SO4, acetonitrile (MeCN), dimethylsulfoxide
(DMSO), N-methylpyrrolidone (NMP), chloroform (CHCl3), and tetra-
hydrofuran (THF) were commercially obtained as chemical pure reagents
and used without further purification.
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Preparation of the fine particles of the copolymers : A representative pro-
cess for the synthesis of the AQ/EA (10:90) copolymer particles is: to
HCl aqueous solution (1 m, 10 mL) in a glass flask in water-bath at 5 8C
was added AQ (0.147 g, 1 mmol) and EA (1.14 mL, 9 mmol) and then
stirred vigorously for half an hour. An oxidant solution was prepared
separately by dissolving ammonium persulfate (2.327 g, 10 mmol) in HCl
aqueous solution (1 m, 5 mL). The monomer solution was then treated
with the oxidant solution by dropwise adding the oxidant solution at a
rate of one drop per three seconds. The reaction mixture was stirred con-
tinuously for 10 h at 5 8C together with the measurement of the OCP and
temperature of the polymerization solution. After that, the copolymer
HCl salt particles as precipitates were isolated from the reaction mixture
by filtration and washed with an excess of distilled water in order to
remove the remaining oxidant and water-soluble oligomer. The HCl salt
was subsequently neutralized in ammonium hydroxide (0.2 m, 100 mL),
stirring overnight. The final fine polymer particles were left to dry in am-
bient air for one week, obtaining the emeraldine base of AQ/EA (10:90)
copolymer as black solid powders.

When using MeCN/water as polymerization medium, AQ/EA monomers
were added to MeCN (10 mL). An oxidant solution was prepared sepa-
rately by dissolving ammonium persulfate in distilled water (5 mL).
Other process is exactly the same as above.

Measurements : Cyclic voltammetric measurements were performed by
using Model 660a Electrochemical Workstation (CH Instruments) with
correspondent electrochemical system software. Two platinum (Pt) foils
with the area of 1 cm2 were used as working electrode and counter elec-
trode. SCE was used as reference electrode. Oxidation potential of AQ,
EA and AQ/EA (50:50) mixture was examined by cyclic voltammetry at
a sweep rate of 50 mV s�1 on Pt electrode in 0.5m H2SO4 aqueous solu-
tion and 0.1 m NaClO4/MeCN solution containing 10 mm AQ, 10 mm EA
and 5 mm AQ/5 mm EA, respectively. The AQ/EA copolymerization was
followed by the OCP profile technique, using a potentiometer equipped
with an SCE as reference electrode and a Pt electrode as a working elec-
trode. The measurement set-up of the OCP is designed to attain an equi-
librium situation, where both anodic and cathodic reactions proceed at
an equal finite rate.[10] The net current between both electrodes is zero
and the voltage corresponding to this zero current is defined as the OCP.
The bulk electrical conductivity of the salt and base of the copolymer
particles was measured by the following plan: put copolymer powders
(10 mg) between two round-disk stainless iron electrodes with a diameter
of 1 cm and press the powder tight to a pellet, and then measure the re-
sistance and thickness of the copolymer pellet with a multimeter and a
thickness gauge, respectively. The redoped salt samples were prepared by
doping the copolymers with 1m HCl aqueous solution for 48 h. The co-
polymer solubility was evaluated as follows: polymer powder (2 mg) was
added to 1 mL solvent and dispersed drastically after shaking intermit-
tently for 2 h at ambient temperature. The film formability was evaluated
with NMP as solvent at a fixed copolymer concentration (10 g L�1) by a
solution casting method. The NMP in copolymer solution on glass with
the area of 3� 3 cm2 was evaporated at around 70 8C.

IR spectra were recorded on a Nicolet Magna-IR 550 spectrometer at
2 cm�1 resolution on KBr pellets. High resolution 1H NMR spectra were
obtained in deuterated [D6]DMSO by using Bruker DMX 500 spectrom-
eter operating at 500.13 MHz. UV/Vis spectra of a homogeneous solution
of AQ/EA copolymer bases at a certain concentration (12.5 mg L�1) in
NMP were recorded on Perkin–Elmer Instruments Lambda 35 in a range
of 1100–190 nm at a scanning rate of 480 nm min�1. Molecular weight of
the AQ/EA copolymers was 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 500–106 g mol�1) as standard. The
size and its distribution of the copolymer particles formed just after poly-
merization or dedoping treatment were analyzed with water as mobile
phase on Beckman Coulter LS230 LPSA. The dry copolymer particles
were observed by an SPA-300HV AFM system, Seiko SII Instruments,
Japan and Jeol JEM-2010 high resolution TEM.
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