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ABSTRACT: Conducting polymer polyparaphenylene
(PPP) was synthesized from cis-dihydrocatechol (DHCD)
obtained from bacterial transformation of benzene. Results
showed that the DHCD to DHCD-DA (diacetate) synthesis
process produced some byproducts as impurities includ-
ing trace amounts of phenol, quinone, and phenyl acetate
derived from phenol. These impurities played a negative
role in the polymerization process of DHCD-DA to
P(DHCD-DA). In this study, a distillation fractionation
method was employed to obtain monomer DHCD-DA
with high purity and high yield. Four different polymer-
ization methods using the purified DHCD-DA, including
bulk polymerization initiated by different catalyst systems,
solution polymerization as well as emulsion polymeriza-
tion, were compared. A very high P(DHCD-DA) yield of
92% with a molecular weight of 84,500 was obtained

under an optimized condition using the bulk polymeriza-
tion process initiated by (di)benzoyl peroxide (BPO) and
ferrous sulfate. A standard curve was established to evalu-
ate the aromatization degree of P(DHCD-DA) to PPP
under different temperatures based on the intensity of
FTIR absorption and functional groups on the PPP. The
glass transition temperature and the crystallinity of PPP
increased with the degree of aromatization of the prepoly-
mer P(DHCD-DA). Thermal analysis indicated that the
PPP possessed high thermal stability both in nitrogen and
in air atmospheres. All these results would help the syn-
thesis of PPP. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci
110: 2085–2093, 2008
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INTRODUCTION

The discovery of highly conducting polyacetylene
and the flexibility of doping it to achieve the full
range properties from an insulator to a metal are the
landmark of conductive materials.1–3 This type of pol-
ymers known as synthetic metal possesses not only
the electrical, electronic, magnetic, and optical prop-
erties of a metal, but also preserves some mechanical
properties and processability commonly associated
with a conventional polymer.4 The conjugated bonds
between the carbon atoms on the backbone are single
and double alternatively, together with extended p
electrons and large carrier charge concentration that
enable the polymers to exhibit electrical conductiv-
ity.5 Polyacetylene (PA), polythiophene (PT), poly-

pyrrole (PPy), polyparaphenylene (poly-p-phenylene
or PPP), and polyaniline (PANI) can best exemplify
the properties of the conductive polymers.6–12

PPP, as one of the most ordinary conductive poly-
mers, has been attracting some attentions for its high
thermal stability and versatile electron structures
achieved via different preparation technologies13,14

and for its wide ranges of electrical conductivity
obtained by doping. More importantly, it was
reported that PPP had more stable properties and
higher ability to endure corrosion when compared
with thin film made of PPy and PANI.8,11,12

Versatile synthetic routes of PPP were reported,
which included radical polymerization and typical
organic chemistry procedures. Among these meth-
ods, one successful polymerization route studied
widely is the bulk polymerization of benzene using
aluminum chloride-copper (II) chloride system and
iron (III) chloride as catalyst.11,15–17 However, the
reaction requires large quantities of cupric chloride
and the yield of PPP based on the metal salt was
always very low.18,19 Furthermore, the chain growth
can only be accomplished with 10–15 phenylene
units, which indicate a relatively low molecular
weight. Another influential way to synthesize
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polyphenylene originated from benzene bromide
using nickel as a catalyst also encountered the afore-
mentioned problems20 and still not be well solved.
Alternatively, Natori et al.21 attempted to synthesize
PPP stemmed from 1,3-cyclohexadiene using ionic
polymerization. The product poly(cyclohexene) was
a mixture containing 1,4 and 1,2 units. The extreme
reaction conditions in ionic polymerization may be a
challenge for the large-scale production. Ballard et
al.22 prepared PPP using the derivations of cis-dihy-
drocatechol (DHCD) obtained from bacterial fermen-
tation using benzene as transformation substrate in a
homopolymerization way in 1988. However, they
achieved a yield of only 60%. We speculate that the
possible reasons resulted into this phenomenon
were due to the impurity of the DHCD diacetate
(DHCD-DA) and the polymerization method as well
as catalysts used in the polymerization process.
Therefore, we tried to optimize the PPP synthesis
(Scheme 1) to achieve high molecular weight, yield
and purity based on Ballard et al.’s method. In this
article, fractionation technique was used to purify
the DHCD-DA with a high yield and a high purity.
At the same time, we systematically investigated
four different DHCA-DA polymerization methods
using different reaction conditions to obtain an opti-
mal reaction process. At the end, a more effective
approach was found for the evaluation of aromatiza-
tion conversion of P(DHCD-DA) to PPP as a func-
tion of temperature by comparing FTIR peak
absorption intensity (R) of their blends using a
standard curve. Through the optimal synthesis rou-
tine, thermal stable PPP with a high yield, a high
purity, and a reasonably high molecular weight was
successfully prepared. This process shows the possi-
bility for large-scale production of PPP.

EXPERIMENTAL

Materials

DHCD was provided by Tsinghua University (Beijing,
China) via a microbial fermentation process that

conversed benzene to DHCD.23 Analytically pure
chloroform, n-hexane, pyridine, acetic anhydride,
ethyl ether, and tetrahydrofuran were purchased
from Damao Chemical Reagent Company (Tianjin
China). Chemically pure azodiisobutyronitrile
(AIBN) and (di)benzoyl peroxide (BPO) were
received from Sinopharm Group Chemical Reagent
Co., Ltd. Chemically pure ferrous sulfate, sodium
hydrogen carbonate, and sodium sulfate were
obtained from Guangzhou Chemical Factory Co.,
Ltd (Guangzhou, China). Commercial bulk-grade
emulsifier MGS-65 was received from Cognis
(Shanghai, China). All other chemicals were used
as received.

Synthesis of DHCD-DA

The derivatization of DHCD into DHCD-DA was
carried out according to Ballard et al.22 First, raw
material DHCD was purified before derivatization
by dissolving it in chloroform and recrystallizing it.
Typically, the reactants with molar ratio of DHCD :
pyridine : acetic anhydride fixed about 1 : 3.23 : 3.08
were prepared, and acetic anhydride was added
dropwise at �108C. After finishing the acetic anhy-
dride addition, the system was kept stirring at
�108C for 2 h and then allowed to warm up to
room temperature. The product solution was con-
centrated on a rotary evaporator at 408C to remove
pyridine followed by pouring it to ethyl ether. The
mixture was transferred into a dropping-funnel for
the following treatment: saturated sodium hydrogen
carbonate solution was used to neutralize organic
acids generated from the reactions until no bubble
was produced, and the neutralized mixture was
washed three times using distilled water. The or-
ganic phase was dried in the presence of anhydrous
sodium sulfate and was filtered. Subsequently, the
solvent was removed by evaporation, yielding
DHCD-DA as a slightly yellow liquid.

Fractionation

The above obtained DHCD-DA was purified care-
fully to remove small amounts of impurities, includ-
ing traces of phenol, quinone, and phenyl acetate
derivated from phenol. Different fractions which
were sensitive to temperature were collected via dis-
tillation of the raw materials in a round-bottom flask
with a Vigreux fractionation column under a vacuum
of 3 mmHg. The fraction collected under 35–408C
was denoted as Fraction A. Then Fraction B was
collected in a temperature range of 60–658C. The
residual portion in the flask known as Fraction C
was collected directly with 92% of total weight. The
structures of components in all fractions along with
the original product were verified by NMR (Fig. 1).

Scheme 1 Synthesis of PPP from cis-dihydrocatechol.

2086 LI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Polymerization

Pure DHCD-DA (Fraction C) was polymerized
employing different polymerization methods and ini-
tiators to obtain an optimal PPP production, includ-
ing a comparison with bulk polymerization initiated
by AIBN reported previously by Ballard et al.22

Bulk polymerization

Pure DHCD-DA (2.5 g, 13 mmol), BPO (0.024 g, 0.1
mmol), and ferrous sulfate (0.06 g, 0.4 mmol) were
placed in a three-neck flask and degassed by flush-
ing with nitrogen gas three times. BPO and ferrous
sulfate here together were used as initiators via the
redox reaction process. Reaction temperature was set
at 31, 34, 37, and 408C using a sensitive thermo sen-
sor (DF-101S, Yuhua Instrument Co., Ltd. Gongyi,
China) for 72 h, respectively, for the optimal condi-
tion for DHCD-DA polymerization. The recovery
and purification of poly(cis-dihydrocatechol diace-
tate) or P(DHCD-DA) were conducted in chloroform
and recovered by precipitation into n-hexane.

Solution polymerization

The tetrahydrofuran (THF) solution of DHCD-DA
(v/m, 50 mL/10 g, 51 mmol) was placed in four-
neck flask and degassed by flushing with nitrogen
gas three times. AIBN (0.05 g, 0.3 mmol) dissolved

in 20 mL dried THF was used as an initiator and
added with a hypodermic syringe. The polymer was
collected and purified as the method mentioned
above after the system maintained at 708C for 72 h.

Emulsion polymerization

Distilled water (10 g) and emulsifier (1 g) (MGS-65,
Cognis) were placed in a four-neck flask and
degassed by pumping followed by flushing with
nitrogen three times. The potassium peroxydisulfate
(0.1 g, 0.37 mmol dissolved in 5.0 g water) and fer-
rous sulfate (0.14 g, 0.92 mmol dissolved in 5.0 g
water) were used as a catalyst system. The initiator
aqueous solutions and pure DHCD-DA (5.0 g, 25
mmol) were added dropwise from two sides of the
flask under constant temperature at 408C for 72 h.
The resulting emulsion was centrifuged to demulsify.
Subsequently, the polymer precipitates were col-
lected by filtration, followed by dissolving in chloro-
form and recovering by precipitation into n-hexane.
The resultant products P(DHCD-DA) were com-

pared with each other based on different polymer-
ization methods and initiators used in the reaction
processes in terms of molecular weights and yields.

Aromatization

Aromatization was carried out on P(DHCD-DA)
samples with the highest molecular weight under

Figure 1 1H NMR spectra of raw DHCD-DA and each individual fraction after fractionation. (A) fraction A was collected
at 35–408C; (B) fraction B was collected at 60–658C; (C) product remained in round-bottom flask; and D original product
DHCD-DA.
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different isothermal points from 270 to 3008C with
108C interval for 1 h under nitrogen protection.
Finally, black and bright products PPP with different
conversion depended on aromatization temperature
were obtained.

Analytical techniques

Structure characterization

A Bruker AV 400 nuclear magnetic resonance
(NMR) spectroscopy was used, CDCl3 at room tem-
perature was a solvent and tetramethylsilane was
used as the internal reference. Chemical shift at 7.3
ppm was referred to the nondeuterated CHCl3.

UV/vis spectroscopic measurements were per-
formed with scanning wavelengths ranging from 220
to 350 nm using a Beckman Coulter DU 800 and
quartz cells. Samples dissolved in chloroform were
used for the measurements.

A Nicolet IR 200 fourier transform infrared spec-
troscopy (FTIR) was used in this article. About 64
scans were performed with resolution of 4 cm�1 at
room temperature. Samples were prepared by dis-
persing the polymers in KBr and compressing the
mixtures into a disk.

Molar mass measurement

Average molecular weight and distribution were
estimated by GPC using a Waters 1525 pump with a
combination of four styragel columns series (Styragel
HR, 5 lm). A differential refractive index detector
(2414, Waters, USA) and UV detector (2487 Dual
Wavelength, Waters, USA) were employed. Chloro-
form was used as an eluent at a flow rate of 1.0
mL/min. A polymer sample concentration of 2 mg/
mL and an injection volume of 50 lL were used for
GPC studies. The calibration curve was generated
using polystyrene standards containing 1.22 � 103,
2.85 � 103, 1.35 � 104, 2.96 � 104, 1.97 � 105, and
5.58 � 105 in number–average molecular weights,
respectively.

Thermal properties

Differential scanning calorimetry (DSC) study was
performed using a TA Instruments Q100 with an
autocool accessory calibrated by indium under the
following protocol: The samples were heated from
�608C to 3008C at a rate of 108C min�1, they were
maintained at 3008C for 1 min, followed by rapid
cooling to �608C with the refrigerated cooling
equipment and remained at �608C for 1 min. The
samples were reheated at 108C min�1 to 3008C. Glass
transition temperature (Tg) was taken at the mid-
point of the transition from the second heat run.

Thermogravimetric analyses (TGA) were per-
formed on TA Instruments (TA Instruments Q50,
TA, USA) under nitrogen and air atmospheres (50
mL min�1), respectively, with a scan rate of 108C
min�1 to 9008C.

Wide-angle X-ray diffraction

Wide-angle X-ray diffraction (WAXD) studies were
carried out on a Bruker D8 ADVANCE diffractome-
ter using Ni-filtered Cu Ka radiation (k ¼ 0.154 nm).
WAXD patterns were recorded in the 2y range 5–508
at a scan speed of 1.08 min�1 at room temperature.

Conductivity measurement

A four-point-probe device (CPS-06 contact probe,
Alessi, Irvine, CA) was employed to measure the
room temperature conductivity of the PPP. Samples
were prepared by compressing PPP powder into
disk under 15 Mpa for 5 min.

RESULTS AND DISCUSSION

DHCD purification and derivatization

DHCD was unstable at room temperature, it could
be converted to phenol and quinone.22 The heat
released during the synthesis of DHCD-DA could
increase the amount of phenol and quinone which
were negative factors for DHCD-DA polymerization,
leading to only 40% polymerization of DHCD-DA as
described in previous report.24 To remove impurities
in DHCD-DA reactant, a fractionation method was
developed, DHCD-DA with various purities were
obtained under different temperatures as monitored
by 1H NMR spectra (Fig. 1 and Table I).
Fraction A collected at 35–408C during the distilla-

tion fractionation was 5.9% in weight of the total dis-
tillation substrate. 1H NMR spectrum confirmed the
structure of phenyl acetate. The phenyl acetate was
a byproduct of the reaction between phenol and ace-
tic anhydride during the DHCD derivatization pro-
cess to DHCD-DA. The signal shift at 6.86 ppm was
the result of quinone. NMR analysis indicated that
the majority of the byproduct phenyl acetate and all
of the quinone were eliminated in this step [Fig.
1(A,B) and Table I]. Fraction B, collected at 60–658C,
took up 2.1 wt % of the original distillation sub-
strate. 1H NMR revealed that the residual phenyl ac-
etate was completely distilled during this distillation
process [Fig. 1(B) and Table I]. DHCD-DA which
was 92% of the original distillation mixture was thus
eventually left in the flask, this was namely Fraction
C which was confirmed by 1H NMR as DHCD-DA
with very high purity [Fig. 1(C)].
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Polymerization of DHCD-DA

To obtain PPP with a high molecular weight and a
high yield, different methods were employed to
polymerize DHCD-DA. Bulk polymerization using
BPO and ferrous sulfate as redox catalysts, solution
polymerization of DHCD-DA in THF and emulsion
polymerization were carried out, respectively, to
compare molecular weights (Mw) and yields of final
poly(DHCD-DA) or P(DHCD-DA) obtained from
these methods. Becuase of the insolubility of PPP, its
molecular weight could only be characterized via
the molecular weight of its soluble precursor
P(DHCD-DA). It showed clearly that the polymer-
ization methods and the type of initiators imposed
profound effect on degree of polymerization and
polymer yield (Samples A–D) (Table II). The lowest
P(DHCD-DA) Mw of 3500 was observed from the so-
lution polymerization in THF initiated by AIBN. The
bulk polymerization initiated by BPO and ferrous
sulfate as a redox catalyst system was the most
effective method for polymerizing DHCD-DA, lead-
ing to the highest Mw of 84,500 and the highest yield
in this study (Table II B). Results also demonstrated
that the polymer Mw and polydispersity were sensi-
tive to the reaction temperature (Table III). For
instance, P(DHCD-DA) Mw increased from 71,800 to
84,500 with increasing temperature from 31 to 348C,
the Mw also decreased from 84,500 to 48,900 with the
temperature increased from 34 to 408C. Compared

with the properties of the polymer from bulk poly-
merization initiated by AIBN and results reported
by Ballard et al.22 (Table II A), P(DHCD-DA) with
higher molecular weight and yield could be
achieved by the bulk polymerization initiated by
BPO and ferrous sulfate as a redox catalyst system.
With a Mw and a yield of 84,500 and 99%, respec-
tively, the bulk polymerization process was signifi-
cantly better than others, including the high purity
as shown by the 1H NMR spectrum of P(DHCD-DA)
(Table II B). Figure 2 shows the 1H NMR spectrum
of P(DHCD-DA) (Table II B) with structural assign-
ments. Typical signals of P(DHCD-DA) were
detected. The signal of the methyl (e, 1.98 ppm), the
broad signal (f, 2.5 ppm) can be considered to be the
hydrogen atoms which bound to main chain, and
the other hydrogen atoms noted as g, h can be con-
sidered to be the broad band in 4.8 to 6.0 ppm,
respectively. Any other impurity signals could not
be found in Figure 2, which indicated that the high
purity of the P(DHCD-DA) was harvested by bulk
polymerization initiated by BPO and ferrous sulfate
as redox catalyst system. The P(DHCD-DA) struc-
ture was also further confirmed by UV/vis (Fig. 3)
and FTIR [Fig. 4(A)].

Tracking the conversion of DHCD-DA
to the P(DHCD-DA)

UV/vis spectroscopy was used to track the transfor-
mation of monomer DHCD-DA to polymer
P(DHCD-DA) (Fig. 3). As expected, DHCD-DA
exhibited a strong absorption band in the region
from 240 to 290 nm, the maximum point (kabmax) on
the absorption was approximately at 260 nm (Fig. 3

TABLE II
Molecular Weights of P(DHCD-DA) obtained using

various polymerization methods

Samples Mn Mw/Mn Yield (%)

A 34,500 1.52 99
B 84,500 3.57 99
C 3,500 1.49 90
D 59,100 2.68 56

A, Bulk polymerization, initiated by AIBN, reaction tem-
perature 708C; B, Bulk polymerization, initiated by BPO
and FeSO4, reaction temperature 348C; C, Solution poly-
merization, initiated by AIBN, dissolved in THF, reaction
temperature 708C; D, Emulsion polymerization, initiated
by K2S2O8 and FeSO4, reaction temperature 408C.

TABLE III
Relationship between Molecular Weights and

Polymerization Temperatures

Reaction temperature/8C Mn Mw/Mn

31 71,840 5.14
34 84,480 3.57
37 57,980 6.38
40 48,890 3.9

TABLE I
Fractionation of DHCD-DA Containing Impurity and 1H NMR Study of Each

Individual Fraction

DHCD-DA (%) Phenyl acetate (%) Quinone (%) Weight (%)

Fraction A 10.7 87.6 1.7 5.9
Fraction B 97.1 2.9 0 2.1
Fraction C 100 0 0 92
Raw material 94.7 5.2 0.1 100

Fraction A: collected at 35–408C; Fraction B: collected at 60–658C; Fraction C: left in
the flask; Raw material: DHCD-DA before distillation.
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Curve A). On the other hand, the broad peak at 260
nm which represents the conjugated bonds in
DHCD-DA was disappearing when compared with
UV spectra of P(DHCD-DA) (Fig. 3 Curves A and
B). The results proved that the disappearance of con-
jugate bonds DHCD-DA was in accordance with the
polymerization of them.

Aromatization of P(DHCD-DA)

To study the most suitable temperature for aromati-
zation of P(DHCD-DA), aromatization was con-
ducted for 1 h under nitrogen atmosphere at
different temperatures ranging from 270 to 3008C
(Fig. 5). The aromatization temperature strongly
affected the polymer color which was turned yellow
at 2708C, brown at 2808C, dark brown at 2908C, or
flaming black at 3008C. P(DHCD-DA) showed signif-
icant difference with its 3008C aromatization product
on their FTIR spectra (Fig. 4). A strong benzene

band was observed in the spectrum of the aromati-
zation product at 1479 cm�1 and in the fingerprint
region from 650 to 900 cm�1,25,26 which could not be
found in P(DHCD-DA) prior to aromatization (Fig.
4). The weak bands at around 3000 cm�1 were attrib-
uted to C��H telescopic vibration in the benzene
backbone. There were also some weak band overlap
at 1744 cm�1 and 1044 cm�1 with P(DHCD-DA),
demonstrating an incomplete aromatization process
(Fig. 4). The degree of aromatization of P(DHCD-
DA) to PPP could be estimated by comparing the in-
tensity of carbonyl absorption at 1744 cm�1 with
that of the phenylene ring at 1479 cm�1 in the FTIR
spectra based on Lambert-Bill law Ak ¼ ekbc, where
Ak is the absorbance, ek is a molar absorption or
extinction coefficient of the chromophore at wave-
length k, ek is a property of a given material and

Figure 3 UV/vis spectra of (A) the monomer DHCD-DA
and (B) the polymer P(DHCD-DA).

Figure 4 IR spectra of PPP (B) and its precursor
P(DHCD-DA) (A).

Figure 5 IR spectra of PPP obtained at different aromati-
zation temperatures.

Figure 2 1H NMR spectrum of P(DHCD-DA) synthesis in
bulk polymerization in CDCl3.
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given solvent, b is a sample path length measured in
centimeters, c is concentration of the given com-
pound in the sample measured in mol L�1.26 Assum-
ing that the absorption bands of 1479 and 1744 cm�1

satisfy the Lambert-Bill law, absorbance at 1479 and
1744 cm�1 are represented Ax and Ay, weight frac-
tions of PPP and P(DHCD-DA) in the aromatization
system were represented by cx and cy, respectively,
then clearly,

cx þ cy ¼ 1 (1)

Therefore, the ratio (R) of the two absorbance is:

R ¼ Ax=Ay ¼ excx=eycy ¼ Kðcx=cyÞ (2)

Thus, cx ¼ R/(K þ R) and cy ¼ K(K þ R). A stand-
ard curve was thus established by mixing known
amount of P(DHCD-DA) with known amount of
highly purified PPP to establish the relationship
between aromatization conversion and ratios of the
blends (Figs. 6 and 7). It was found that PPP with

high purity without residual DHCD-DA could be
obtained when aromatization of P(DHCD-DA) was
conducted under 3508C in nitrogen environment for
2 h (data not shown).
P(DHCD-DA) to PPP conversion increased with

increasing aromatization temperature from 72.3% at
2708C to 98.2% at 3008C (Table IV), indicating that
the higher the aromatization temperature, the easier
the elimination of the pendant acetate group. Inter-
estingly, the conductivity of undoped PPP was
much better when the aromatization was conducted
at 2908C accompanied with a conversion of 92.4%
(Table IV). This better conductivity might be due to
the unaromatized residues that formed a mixed con-
jugated polymeric network in the conducting
polymer.27

Thermal properties

DSC and WAXD measurements were carried out to
investigate the glass transition temperatures (Tg) and
crystallization behavior of the different PPP

Figure 6 IR spectra of the blends with different ratios of
PPP and P(DHCD-DA). Weight fractions of PPP and
P(DHCD-DA) in the aromatization system were repre-
sented by cx and cy. (A) cx/cy ¼ 1.10; (B) cx/cy ¼ 1.80; (C)
cx/cy ¼ 2.81; (D) cx/cy ¼ 3.97; (E) cx/cy ¼ 5.86; and (F) cx/
cy ¼ 8.15.

Figure 7 A standard curve used to estimate ratios of PPP
and P(DHCD-DA) mixtures. Absorbance at 1479 and 1744
cm�1 are represented as Ax and Ay; weight fractions of
PPP and P(DHCD-DA) in the aromatization system were
designated as cx and cy. Ax/Ay: ratio of the absorbance at
1479 to that at 1744 cm�1; cx/cy: ratio of the weight frac-
tions of PPP to that at P(DHCD-DA).

TABLE IV
Studies on Glass Transition Temperatures, Crystallinity Degree of Aromatization,

and the Conductivity of PPP

Sample
No.

Aromatization
Temperature (8C)

PPP
Conversion (%)

Tg

(8C)
Crystallinity

(%)
Conductivity
(S � m�1)

A 300 98.2 232 13.4 1.1E-7
B 290 92.4 223 12.4 1.64E-5
C 280 84.7 215 9.4 8.3E-8
D 270 72.3 173 4.7 9.1E-7
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conversion (Figs. 8, Table IV). The Tg of PPP
obtained from aromatization of P(DHCD-DA)
increased with increasing conversion of P(DHCD-
DA) to PPP (Table IV). As PPP content increased in
a mixture of P(DHCD-DA) and PPP, more rigid
phenylene units were formed via fully extended p
bond conjugation. On the other hand, flexible pend-
ant acetate group reduced Tg of the polymer by act-
ing as internal diluents before aromatization, and
thus provided molecular chain flexibility and
reduced the rotational energy requirements in the
backbone. This explains the increased Tg with
increasing aromatization temperature. Although the
Tg of P(DHCD-DA) obtained at 2018C was higher
than that of PPP obtained at 1738C which had also a
low aromatization degree (72.3%). As the P(DHCD-
DA) molecular chains were more regular compared
with those of the PPP with low degree of aromatiza-
tion which could lower the Tg of PPP. The relation-
ship between PPP conversion and crystallinity of
each sample revealed three characteristic maxima at
2y values of 19.58, 22.58, and 27.78 for PPP crystallin-
ity, respectively, (Fig. 8 and Table IV). The crystallin-
ity increased with the growth of the aromatization
degree, indicating the more the rigid phenylene
units, the higher the crystallinity.

Thermal stability of the PPP was evaluated using
TGA in nitrogen and air atmospheres, respectively,
(Fig. 9). PPP with low molecular weight started deg-
radation at � 2508C under air atmosphere and 3008C
under nitrogen atmosphere, respectively. Therefore,
it is beneficial to conduct the aromatization process
under nitrogen at 3008C to avoid PPP oligomer deg-
radation. The results also indicated that thermal sta-
bility increased with increasing PPP Mw, as PPP
with a high molecular weight showed much higher
thermal stability from a degradation temperature of

500 to 6508C under both nitrogen and air atmos-
phere. These results were in good agreement with
the data reported previously.22

CONCLUSIONS

Fractionation distillation was effective for obtaining
pure PPP monomer DHCD-DA by removing traces
of phenol, quinone, and phenyl acetate, which were
inhibitors of DHCD-DA polymerization to P(DHCD-
DA). Among the four different polymerization meth-
ods employed for P(DHCD-DA) synthesis including
bulk polymerization initiated by different catalysts,
solution polymerization, and emulsion polymeriza-
tion, the bulk polymerization initiated by BPO and
ferrous sulfate redox system showed most effective
for DHCD-DA polymerization, leading to the high-
est molecular weight and the highest yield. A stand-
ard curve was established to calculate the degree of
aromatization based on FTIR absorptions of different
function groups in P(DHCD-DA) and PPP. Results
demonstrated that the aromatization degree
increased with increasing aromatization temperature.
The glass transition temperature and the crystallinity
of PPP increased with the aromatization degree.
Moreover, thermal property study revealed that PPP
had thermostability both in nitrogen and in air
atmospheres. All these results provided useful infor-
mation for synthesis of conductive polymer PPP.
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