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ABSTRACT: A series of amine-terminated polyaniline
oligomer (OPA)-based conducting poly(urea-urethane) ther-
moplastic elastomers (PUUs) was synthesized by two-stage
solution polymerization and characterized by FTIR. Various
percentages of OPA were introduced into PUUs as chain
extenders to form hard segments of PUUs with urea-link-
ages. Spectroscopic and differential scanning calorimetry,
as well as dynamic mechanical analysis, were conducted to
elucidate the interaction and degree of miscibility between
hard and soft segments, which were related to the stress—
strain properties of PUUs. The hydrogen bonding index
(HBI) measured by FTIR was employed to show the degree
of interchain hydrogen bonding. Copolymer films with
higher OPA content exhibit higher HBI and the degree of

miscibility is significantly improved. The resultant conduct-
ing copolymers have higher tensile strength, higher
Young’s modulus, and lower elongation at break, because
of the long rigid structure of OPA and the increase in the
number of hydrogen bonds among the copolymers blocks.
Incorporating OPA in PUUs increases the mass of the resi-
due at temperatures over 600°C, according to thermogravi-
metric analysis. The conductivity of PUUs is found to range
from 0.83 S/cm for neat OPA to 6.11 x 107 S/cm for
PUUs. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3803
3810, 2007
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INTRODUCTION

Elastomers formed by introducing conductive addi-
tives with high electrical conductivity have important
applications in seals between pipes for transferring
flammable gases, electromagnetic shielding, corrosion
inhibition, and sensors.' ™ Thermoplastic polyurethane
(TPU) elastomers are versatile and can be easily pre-
pared by a simple polyaddition reaction of polyol, di-
isocyanate, and a chain extender. The physical proper-
ties of TPU appear to be determined by a combination
of the chain segment mobility, the rigidity of the aro-
matic units, chain entanglement, hydrogen bonding,
and other intermolecular interactions.” The incompati-
bility between the hard segment and the soft segment
causes polyurethanes (PUs) to undergo microphase
separation to yield a hard-segment domain, a soft-
segment matrix, and urethane-bonded interphase. The
primary driving force of the phase separation depends
on intermolecular hydrogen bonding between the hard
segments of the urethane and the urea linkages.””
Hydrogen bonding in PUs has been extensively stud-
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ied using infrared spectroscopy.'®'* The magnitude of
the shift in the wavenumber indicates the hydrogen
bonding strength. Traditionally, conductive additives,
such as carbon black, metallic fibers, and conducting
polymer are used. Polyaniline (PANI) is one of the
most fascinating conductive polymers because of its
environmental stability, ease of preparation, and the
possibility of controlling its electrical conductivity via
a unique doping process. However, the stiffness of the
chain makes processing difficult, since the doped
PANI is insoluble in common organic solvents and its
mechanical properties are not suitable for many appli-
cations. This problem has been extensively addressed.
Three main approaches have been developed: the
incorporation of substituents into the chain, the forma-
tion of conductive blends/composites and the copoly-
merization method. The blending of PANI with other
polymers is a highly active area of research, with
numerous publications in recent years, aimed at com-
bining favorable mechanical properties with high elec-
trical conductivity.">* One of the major limitations of
the blending is that it always generates a highly het-
erogeneous phase-separated morphology. Therefore,
blending composites to reach molecular intermixing is
extremely difficult, such mixing is required to improve
significantly the physical properties of the blend. The
molecular intermixing of the two components can be
manipulated via copolymerization or using a cured
network. Examples of copolymers that contain aniline
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include the grafting polyacrylic acid or polyethylene
glycol onto a PANI backbone®**** and blocked struc-
tures such as PU-PANTI octamer.” The interconnection
of PANI chains through PU segments has yielded a se-
ries of new semiconducting materials with favorable
mechanical properties.”® Recent advances have led to
the synthesis of aniline-oligomers (OPA) with control-
lable molecular weights and architectures.”” ' Ani-
line-oligomers with well-defined end-groups may
have high solubility and be able to undergo further
polymerization.** The resultant polymers exhibit bet-
ter processibility and mechanical properties.”® In this
work, the chemical method that involves the copoly-
merization of the PU prepolymer and OPA is utilized
to improve the processibility, the degree of miscibility,
the mechanical properties, the thermal stability, and
the conductivity of the doped copolymers.

EXPERIMENTAL

Preparation of amine-terminated polyaniline
oligomer powders

Aniline (9.5 g) and 24.3 g of ammonia persulfate
(APS) were dissolved in 150-mL aqueous solution of
1M HCI and 350-mL aqueous solution of 1M HCI,
respectively, and stored separately in a refrigerator
overnight. An appropriate p-phenylene diamine (p-
PDA) (about 1.12 g) was mixed with aniline solution
before APS aqueous solution was added dropwise to
the aniline solution and the mixture was maintained
at 0-5°C for 24 h with continuous stirring, to control
the molar mass.*® The resulting OPA was isolated by
filtration and dedoped by stirring in a 0.1M aqueous
solution of ammonia for 12 h. The cake was dried in a
dynamic vacuum oven for 3 days and ground into
powder using a mortar. The molar mass and molar
mass distribution of the resulting OPA were mea-
sured using a gel permeation chromatographer (GPC,
Testhigh model 500) with monodistributed polysty-
rene as the standard. The number average molecular
weight and molecular weight distribution expressed
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as polydispersity index of the OPA were measured by
gel permeation chromatograph and it turned out to be
1380 and 1.69, respectively.

Preparation of NCO-terminated
PU-prepolymer solution

PU-prepolymer was prepared with a 2 : 1 mol ratio of
purified MDI (4-4'-diphenylmethane diisocyanate)
to polyol[poly(butylene adipate)glycol] (PBA) with
molecular weights of 1000 and 2000, respectively, at
70°C under gaseous nitrogen with stirring until the
desired extent of reaction was reached.>* The change
of the NCO content during reaction was determined
using a standard dibutylamine back-titration method
(ASTM D1638). These reactions of PBA1000-based
PU-prepolymer and PBA2000-based PU-prepolymer
were allowed to process for 2 and 3.5 h, respectively.

Preparation of amine-terminated polyaniline
oligomer-based conducting poly(urea-urethane)
thermoplastic elastomers

OPA was dissolved in N-methyl pyrrolidone (NMP).
The resulting PU-prepolymer in NMP was mixed
with an equivalent amount of OPA-NMP mixture
plus a chain extender (1,4-butanediol) at 70°C until
the —NCO groups disappeared, and then it was dried
under dynamic vacuum at 50°C for 3 days (first dried
procedure; FDP). The molar ratio of the OPA to the
chain extender (as shown in the Table I) was varied to
control the OPA block content in the copolymers
while keeping the total amount equal to that of the
PU-prepolymers. The resultant copolymers were fur-
ther dried under dynamic vacuum at 90°C for 2 days
(second dried procedure; SDP) to remove the residual
solvent and water. Table I presents the compositions
of resultant copolymers.

FTIR spectrum

FTIR spectra of dry films were obtained by a Perkin—
Elmer FTIR (Fourier-transform infrared spectroscopy-

TABLE I
Designation and Composition of OPA-Based Conducting
Poly(urea-urethane) Thermoplastic Elastomers

OPA-based poly Polyol

(urea-urethane) Polyol molecular OPA OPA/14BD
copolymers employed weight (wt %) (mole ratio)
PUB1OPAO PBA 1000 0 0
PUB1OPA10 PBA 1000 10 0.15
PUB1OPA20 PBA 1000 20 0.40
PUB10OPA30 PBA 1000 30 1.04
PUB20OPA0O PBA 2000 0 0
PUB20PA10 PBA 2000 10 0.26
PUB20OPA20 PBA 2000 20 0.88
PUB20OPA30 PBA 2000 30 2.28
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mode: spectrum one) spectrometer. Thirty-two scans
from 400 to 4000 cm ' were performed on a pellet
sample of KBr powder with a resolution of 2 cm™ .
The absorption peak due to hydrogen-bonded C=0O
stretching is centered at 1703 cm™ and that due to
free C=O0 stretching is centered at ~ 1730 cm ™. The
extent of the carbonyl absorption group participating
in hydrogen bonding is expressed by the hydrogen
bonding index (HBI), which is the relative absor-
bances of the hydrogen-bonded carbonyl peak to that
of free hydrogen-bonded carbonyl peak.*>”

Conductivity

The resistance (R) of the material was measured using
a four-probe measurement instrument and the con-
ductivity was obtained from the formula ¢ = ﬁ,
where L denotes the thickness and A is the cross sec-
tion area.’® Each sample was pressed into a pellet
(diameter: ~ 1.3 cm; thickness: ~ 1.5 mm). At least
five samples were employed to yield the final data by
averaging.

Mechanical testing

Samples of size 50 x 10 x 0.25 mm> were prepared
and tested in a Tensilon machine (mode TCF-RC)
made by Yashima Works (Tuichung, Taiwan). At least
five samples were employed to yield the final data by
averaging. The speed of testing machine crossheads
was adjusted to 25 mm/min. The mechanical proper-
ties of the samples are represented in the table and are
also represented graphically.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was per-
formed using a DuPont Q100 MDSC instrument. The
samples were heated from —120 to 200°C in an atmos-
phere of N, at a heating rate of 20°C/min.

Dynamic mechanical analysis

Storage modus (E’), loss modus (E”), and tan d of the
samples were obtained from a DuPont 2980 DMA at
3°C/min from —120 to 200°C. The sample was of
dimension 50 x 8 x 0.25 mm?®, and the damping mode
and frequency were the extension mode and 1 Hz,
respectively.

Thermogravimetric analysis

The thermogravimetric analysis (TGA) of the samples
was carried out using a DuPont Q500 TGA instru-
ment. The analysis was performed at a heating rate of
10°C/min in an atmosphere of nitrogen.
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RESULTS AND DISCUSSION
Analyses by FTIR spectroscopy

The PU-prepolymer, OPA, and PUUs were charac-
terized by FTIR, yielding the results presented in
Figure 1. The strong peak at ~ 3400-3500 cm ', pre-
sented in Figure 1 (curve a), from the OPA is associ-
ated with the imino group of OPA. The stretching
modes of benzoid and quinoid reveal strong absorp-
tions at 1590 and 1502 cm ™', respectively. Figure 1
(curves b and c) shows typical FTIR spectra of PUUs
and the PBA-based PU-prepolymer, respectively. Fig-
ure 1 (curve c) presents a strong and sharp peak at ~
3400-3500 cm ' associated with the stretching vibra-
tion of the N—H bond, strong absorption peaks at ~
1700-1730 cm ™" associated with the stretching vibra-
tion of the C=0 bond in the urethane, and an —NCO
strong peak at 2270 cm~'. However, the FTIR spectra
of the PUUs [Fig. 1 (curve b)] include a moderately
strong peak at about 1645 cm™' due to the urea
bond,”* and the disappearance of two peaks at
2270 ecm ™' and 3400-3500 cm ™! is caused by the for-
mation of urea in the reactions of the —NCO group
with the —NH, group of the OPA, which yields two
absorption peaks at 1015 and 1495 cm ™' that are asso-
ciated with the symmetric and asymmetric stretching
vibrations of N—C—N in the resultant copolymers,
respectively.*’ Rest absorption peaks are assigned in
Table I1.***' Figure 2 displays scale-expanded FTIR
spectra (1650 and 1750 cm ') of PUUs with various
OPA contents. As shown in Figure 2, the major
carbonyl stretching bands of PUUs under dynamic
vacuum at 50°C are observable.*” Tt is noted that the
carbonyl peaks of PUUs mainly include two charac-
teristic peaks :the one at about 1700 cm ™' resulting
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Figure 1 FTIR spectra of (a) OPA; (b) PUB1OPA20; (c)
PUB1OPAO prepolymer.
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TABLE II
Characteristic FTIR Absorptions of
OPA-Based Conducting Poly(urea-urethane)
Thermoplastic Elastomers

Functional Wavenumber
group (em™) Comments
Imines 3444 Free N—H stretching
—CH; 2958 Symmetric
—CH,— 2924 Asymmetric
—C=0 1739-1729 Free urethane carbonyl
—C=0 1713-1706 H-bonded urethane carbonyl
—C=0 1700 Free urea carbonyl
—C=0 < 1700 H-bonded urea carbonyl
—C=C— 1600 Benzene ring, usually
~ 1600 cm ™'
N—H+C—N 1540 Amide band
—C=N— 1590 Quinoid
—C=C— 1497 Benzoid
H—C—N 1490-1465 Asymmetric
(—C—N—) 1300 Stretching in QBQ
—N—Q—N— 1164 Stretching
—B—NH—-B— 1124
—C-0—-C— 1110 Asymmetric ether group
N—C—N ~ 1010 Symmetric
C—H 801 para-Substituted aromatic

out-of-plain bending

from self-association of N—H with C=0 in the interior
of hard domains, and the other, at about 1730 cm ™, is
related to the free carbonyl group. As OPA content
increases, the stretching band of the free carbonyl
group broadens gradually and shifts to a lower wave-
number that is caused by intermolecular and intermo-
lecular H-bonding in these copolymers. Additionally,
a carbonyl stretching band at about 1710 cm ™" that is
assigned to carbonyl group stretching with water mol-
ecules™ is observed. To make out the interaction form
of the residual water molecules in PUUs, the samples
were further dried under dynamic vacuum at higher
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Figure 2 FTIR spectra of (a) PUB1OPAO; (b) PUB1OPA10;
(c) PUB1OPA20; (d) PUB1OPA30.
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temperature (~ 90°C) and analyzed with FTIR spec-
troscopy. Figure 3 presents FTIR spectra of PUUs
under dynamic vacuum at various temperatures.
Compared to Figure 3 (curves a and b), the carbonyl
stretching band at 1710 cm ™' is almost disappeared
[as shown in Fig. 3 (curve b)]. The phenomenon sug-
gests that the residual water molecules in PUUs can
be effectively removed by vacuum-drying at a higher
temperature. To avoid interference of various contents
of water molecules in PUUs, a SDP was used to pre-
pare tested samples of FTIR analyses. As mentioned
above, the extent of the carbonyl group participating
in hydrogen bonding is expressed by HBI, which is
defined as the relative absorbances of two carbonyl
peaks.®

HBI = AC:O,bonded /AC:O,free (1)

where Ac—oponded aNd Ac—o free are the absorbances
of bonded and free carbonyl group, respectively. All
these carbonyl group wavenumbers of PUUs, pre-
pared under dynamic vacuum at the higher tempera-
ture, split into two bands at 1730 and 1700 cm !, cor-
responding to the free and the hydrogen-bonded car-
bonyl group, which can be fitted well to the Gaussian
function.*** The HBI can be calculated from eq. (1)
resulting from curve-fitting of absorbances of two car-
bonyl peaks. Table III summarizes the HBI of PUUs.
The HBI of PUUs is found to range from 0.9 for neat
PU to 1.37 for PUUs. This result indicates that the HBI
increases with the increase of the OPA content in the
PUUs. The greater HBI values indicate increased par-
ticipation of the carbonyl group in hydrogen bonding
and the lower the degree of segregation between hard
and soft segments.

Thermal property

Thermal analyses by DSC and DMA are performed to
determine the glass transition temperature (T;) and
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Figure 3 FTIR spectra of PUB1OPA20; (a) FDP, (b) SDP.
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TABLE III
HBI and Glass-Transition Temperature of OPA-Based Conducting
Poly(urea-urethane) Thermoplastic Elastomers Obtained from DMA
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Aniline-containing

poly(urea-urethane) HBI = Ac—0bonded/

T, (°C)

From tan 8 peak vs.

From E” peak vs.

conducting copolymers Ac—0 free temperature plot temperature plot
PUB1OPAO 0.90 -13 -20
PUB10OPA10 1.10 —6 —18
PUB10OPA20 1.14 -5 —15
PUB10OPA30 1.32 6 -13
PUB20OPAO 0.99 —34 -37
PUB10OPA10 1.10 —33 —36
PUB20PA20 1.19 -29 —28
PUB20OPA30 1.37 —28 27

miscibility of PUUs. The T, of the PUUs with various
OPA contents was measured by DSC and DMA, as
displayed in Figures 4 and 5, respectively. The lines in
Figure 4(a,b) that are labeled (a) represent the DSC
thermograms of neat PBA-based PU with polyol with
various molecular weights. The T, values of the PBA-
based PUs are about —33°C (PBAlOOO) and —48°C
(PBA2000), respectively. The T, of OPA could not be
determined from the DSC thermograms, since the
OPA decomposes below its T, or melting tempera-
ture. As shown in Figure 4 for the PUUs with various
OPA contents, the T, of the soft domain in the block
copolymers increases with their OPA content. The
increase in T, of the copolymers is measured to be
about 15°C when the OPA content of the block copoly-
mer exceeds 30%, revealing that the miscibility be-
tween the urethane and the OPA of the copolymers of
the covalently bonded blocks is significantly better
than that of the noncovalently bonded blends.

Figures 5(a, b) shows the dynamic storage modulus
(E') as a function of temperature for PUUs at different

(CH

©
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Exo—m8M
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A) Temperature (C)

OPA compositions. The energy requirement for stor-
age measurement was related to the stiffness of the
specimens. All samples showed a glass-state plateau
region. As expected, the modulus of samples below
glass transition temperature was slightly increased
with increasing temperature. However, the modulus
increased markedly as OPA content increased from 10
to 30 wt %. This behavior will be associated with the
hydrogen bond strength in PUUs. It is well known
that the NH groups in urethane and the urea linkages
form a hydrogen bond with the carbonyl group of
hard segment or with an ester group of soft segment.
The curves of the temperature dependence of the tan
& of the PUUs with various OPA contents were deter-
mined by DMA and presented in Figures 5(c) and
5(d). The tan 6 curves of neat PU and PUUs exhibit
one relaxation peak. The relaxation peak is assigned
to the T, of the soft-segment-rich regions of neat PU
or PUUs. The T, values associated with the tan 5 peak
are summarized in Table IIl. The data show that T,
are dependent on the OPA composition in the PUUs.

@
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Exo ——— »
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Figure 4 DSC thermograms of OPA-based conducting poly(urea-urethane) thermoplastic elastomers. (A): (a) PUB1OPAO;
(b) PUBIOPA10; (c) PUB1OPA20; (d) PUB1IOPA3O0. (B): (a) PUB20OPAO; (b) PUB20OPA10; (c) PUB20OPA20; (d) PUB20OPA30.
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Figure 5 DMA thermograms (E’) of OPA-based conducting
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oly(urea-urethane) thermoplastic elastomers: (A):

(a) PUB1OPAO, (b) PUB1OPA10, (c) PUB1IOPA20, (d) PUB1OPA30; (B): (a) PUB20PAO, (b) PUB20PA10, (c) PUB20PA20,
(d) PUB20PA30; DMA thermograms (tan &) of OPA-based conducting poly(urea-urethane) thermoplastic elastomers:

(C): (a) PUBIOPAO, (b) PUBIOPA10, (c) PUBIOPA20, (d) PUBIOPA30; (D):

(c) PUB20PA20, (d) PUB20PA30.

As OPA content of PUUs is increased, the T, values
increase. This trend is consistent with the E” measure-
ment. The T, values of the copolymers increase with
their OPA content, revealing that the miscibility
between urethane and the OPA blocks increases with
H-bonding, because of the covalent bonds in these
two polymers, as revealed by the DSC thermograms
and FTIR spectra.

The heat-resistivity is represented by the weight
loss of PUUs with various OPA contents and was
measured by TGA. Figure 6 presents the results. The
degradation temperature, T, and the residual weight
of the PUUs increase with the OPA content in the
block copolymers. The residual weight of copolymers
heated at over 600°C markedly exceeds that of neat
PU, indicating that the PU molecules are prone to
decompose in the block copolymer, and that the final
residue char comes from the OPA in the resultant
block copolymers.
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Figure 7 Dependence of the tensile strength of OPA-based
copolymers on the OPA content; (a) PBA1000-based PUUs,
(b) PBA2000-based PUUs.

Conductivity and mechanical property

Figure 7 shows the dependence of the tensile strength
of the OPA-based copolymers on OPA content. Table
IV presents the measured values of the conductivity,
tensile strength, Young’s modulus, and elongation at
break of PUUs. From Figure 7 and Table 1V, it is
observed that the sample (PUB1IOPAOQ or PUB20OPAOQ)
containing only 1,4-butanediol displays a lower
Young’s modulus and tensile strength and behaves
like a typical elastomer with a large elongation at
break. The incorporation of OPA segments along the
chain backbone leads to a distinctly higher tensile
strength and Young’'s modulus and lower elongation
at break. Since several benzene rings are attached to
the OPA backbone, the tensile strength and Young's
modulus of the PUUs surprisingly exceeds that of
neat PU. In particular, the covalent bonds and inter-
molecular H-bonds between the OPA and the ure-
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thane blocks are thought to dominate main contribu-
tors to the tensile strength and Young’s modulus of
the resultant copolymers, because they improve the
miscibility between the blocks. The structure of the co-
polymer is very similar to that of the PU as both have
alternating hard and soft segments on the backbones.
In the regularly structured PU, the MDI (4,4'-diphe-
nylmethane diisocyanate) linked with the chain ex-
tender (1,4-butanediol) forms the hard segment. How-
ever, in the PUUs, the hard segment comprises addi-
tional long and rigid OPA blocks that behave as
molecular fibers. Hence, the hard segment acts not
only as physical crosslinks but also as reinforced
rigid-rod fibers in the soft-segment matrix to increase
significantly the tensile strength of the block copoly-
mer to a value similar to that of a molecular compos-
ite. The presence of more long and stiff OPAs in
copolymers corresponds to higher tensile strength.
The conductivity of the block copolymers is found
to range from 0.83 S/cm for OPA to 6.11 x 107> S/cm
for the copolymers after doping with HCL OPA,
which behaves as a chain-extender, does not provide
a well-defined continuous pathway for transporting
charges. Therefore, some of the OPAs that are cova-
lently bonded with PU blocks did not contribute to
the increase in conductivity. The conductive OPA
blocks in the copolymer are also diluted and sepa-
rated by the nonconductive PU blocks along the back-
bones, constraining electric transfer between the PUU
molecules. Based on the above-mentioned factors, the
conductivity of PUUs is reduced by four orders of
magnitude. The conductivity of the block copolymers
increases with the OPA contents, in a manner similar
to miscible polymer blends, because the OPA is ran-
domly distributed and in contact with other OPA
since the interaction between the blocks is improved,
facilitating the transportation or jumping of electrons
from one OPA block to another. The conductive OPA
(the hard segments) block can subsequently come into
contact with other OPA, forming a continuous con-
ductive bridge even though the electron transfer is

TABLE IV
Conductivity and Mechanical Properties of OPA-Based Conducting
Poly(urea-urethane) Thermoplastic Elastomers

Aniline-containing Tensile Elongation Young's
poly(urea-urethane) Conductivity strength at break modulus
conducting copolymers (S/cm) (MPa) (%) (MPa)

PUB1OPAQ - 5.56 = 0.66 529 = 20 192 £ 0.2
PUB1OPA10 (6.17 = 0.25) x 107° 9.80 = 0.72 131 =7 413 = 1.0
PUB1OPA20 (1.78 £ 0.08) x 107 1220 = 0.96 57 + 4 188.6 = 2.9
PUB1OPA30 (312 = 0.17) x 107*  20.92 = 0.94 151 496.1 = 12.1
PUB20OPA0 - 2.88 = 0.08 970 = 40 1.3 0.1
PUB1OPA10 (6.11 = 0.05) x 107° 4.53 = 0.30 313 = 15 22+01
PUB20PA20 (1.87 = 0.11) x 107* 9.29 = 0.27 138 = 10 441+ 09
PUB20OPA30 (3.07 = 0.04) x 10°*  13.20 = 0.19 116 = 7 534 + 04
OPA (8.30 + 0.03) x 107! - - -

Journal of Applied Polymer Science DOI 10.1002/app
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restricted by the nonconductive covalent-bonding PU
block along the main chains.

CONCLUSIONS

The introduction of OPA as a chain extender into the
PU backbone can strongly affect the properties of the
resultant amine-terminated polyaniline oligomer-
based conducting poly(urea-urethane) thermoplastic
elastomers by copolymerization between the urethane
blocks and the OPA wurea blocks. The miscibility
between the blocks is significantly improved and the
T, increases with OPA content. The degree of phase
separation and elongation at break are increased as
HBI value decreased. The tensile strength and Young's
modulus of the block copolymers increases signifi-
cantly with OPA content in the copolymers because
the self-reinforced and rigid OPA forms a molecular-
composite structure, which improves the miscibility
between the urethane and the OPA blocks.

The authors thank Prof. K. H. Hsieh for providing PBA2000
materials, DMA analysis, and for many helpful discussions.
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