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ABSTRACT: New aniline-containing segmented poly(urea-urethane) (PUU-OPA) based on polyether polyure-

thane prepolymer and an oligomer of amine-terminated polyaniline (OPA) were prepared as a conductive material.

The amine-terminated functional groups of OPA were introduced into the poly(urea-urethane) (PUU) structure as a

chain extender to form the hard segment of the copolymer with urea-linkage. The morphology of PUU-OPA was ex-

amined by the transmission electron microscopy (TEM) and solid-state 13C NMR approaches. The conductivity of the

copolymers is found to be ranged from 0.83 S/cm for the neat OPA to 1:96� 10�6 S/cm for the resultant copolymers.

TEM measurements clearly reveal the microphase separation. Various contact time CP experiments indicate that TCH

and T1�(H) of the soft segment carbons declined as the OPA content increased. These results indicate that the chain

mobility and the domain size of the soft segment in the copolymer on the nanophase scale gradually decreased as

the OPA content increased. [doi:10.1295/polymj.PJ2005204]
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Polyaniline (PANI), one of the most promising in-
trinsically conducting polymers, has been attracted
considerable attention in recent years because it has
a relatively high conductivity and potential applica-
tion in electronic devices.1,2 Polyaniline is generally
prepared by oxidative the polymerization of aniline
in acid media using an external oxidant such as am-
monium peroxydisulfate, (NH4)2S2O8, and can exist
as a number of unique structures, characterized by
the oxidation state, which determines the ratio of
amine to imine nitrogens, and the extent of proton-
ation.3 The emeraldine base (EB) is one of the several
possible structures. The conducting form of polyani-
line can be easily prepared by doping the EB with a
protonic acid resulting in a complex acid salt. The
members of the polyaniline family are difficult to han-
dle because of their brittleness and poor solubility in
polar organic solvents. The processing of emeraldine
base is difficult, because EB decomposes below its
softening or melting temperature.4–7 Therefore, the
processibility of EB has been the subject of several
investigations over the last few years.8–11 The earlier
attempts at processing polyaniline focused on modify-
ing the chain structure by copolymerization or deriva-
tion with hydrophilic or alkyl groups. These attempts
resulted in a first successful step toward the so-called
soluble polymer. Recently, attempts have been made
to synthesize aniline oligomers with well-defined
structures and amine end-groups and thus improve
their solubility and capacity to undergo further poly-

merization have been reported.12–18 Polyurethanes
(PU), comprising a polyether or polyester soft (flexi-
ble) segment and a diisocyanate-based hard (rigid)
segment, are well known to be tough materials and
are typically employed as additives to improve the
toughness of brittle materials. The incompatibility
between the hard segment and the soft segment caus-
es polyurethanes undergo to microphase separation
resulting in a hard-segment domain, soft-segment ma-
trix, and urethane-bonded interphase. The hard-seg-
ment domains act as physical cross-links in the soft-
segment matrix. Physical crosslinking of thermoplas-
tic elastomers occurs by affinity of the hard segments
as a result of their microheterogenous, two-phase mor-
phology. The rigidity of polyurethane blocks is due to
the 1-D ordering and hydrogen-bonding between hard
segments. The hard domains comprise a minor, dis-
continuous phase dispersed in the major, continuous
phase composed of the rubber blocks from different
copolymer chains. The hard domains as physical
crosslinks to hold together the soft, rubber domains.
The primary driving force of microphase separation
is the strong intermolecular interaction among the ure-
thane units, which can form inter-urethane hydrogen
bonds. In most investigations, the degree of micro-
phase separation has been found to be incomplete.
That is, microdomains are not pure as a result of inter-
segmental mixing. Mixing within the soft microphase
is reflected by an elevation in its glass transition tem-
perature as compared to the pure component.19 The
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degree of miscibility of hard segments within the soft
microphase is associated with the broad distribution of
hard segment sequence lengths. Shorter hard segments
might be expected to remain within the soft micro-
phase. The evaluation of the fraction of hard segments
mixing within the soft microphase has been estimated
by Koberstein et al.20 For some time now, the physical
properties of conductive polymers have been known
to be significantly altered by chemical modification
using appropriate non-conducting host polymers. Co-
polymerization is a significant approach of improve-
ment. Researchers have synthesized various copoly-
mers of polyaniline, including the poly(aniline-co-
toluidine).21–25 Our previous investigation reported
the chemical method, involving the copolymerization
of a urethane block and an aniline-containing ure-
thane-urea block, to improve processibility and me-
chanical properties.26 The questions to be further
answered concerning such block copolymers are
whether the microstructure can be formed and how
the mixed phase can be influenced by the molecular
architecture and chemical composition can affect the
mixed phase.
Various approaches such as transmission electron

microscopy (TEM), and light scattering and neutron
scattering and reflectivity have been employed to
characterize and analyzing the microphase structure
of a particular block copolymer system.27–29 Probably
one of the most powerful tools available for providing
insight into the phase structure and dynamics of block
copolymers is solid state NMR.27,30–32 The presence of
various phases in an apparently homogeneous materi-
al can be easily verified by measuring proton relaxa-
tion times. The proton relaxation times both in the
rotating frame (T1�(H)) and in the laboratory frame
(T1(H)) are well known to be useful in elucidating
the microphase structure on the nanometer scale,
through the process called spin diffusion.30,33 Proton
spin-lattice relaxation behavior can reflect the close
relationships among the individual components, as in-
dicated by proton spin-diffusion processes and meas-
urements of the proton spin-lattice relaxation times
for specific carbons in the copolymer, which support
an analysis and identification of the microheteroge-
nous structures in terms of the differences in their re-
laxation behavior. The extent to which the averaging
of relaxation times occurs depends on the degree of
mixing and the relaxation times of the individual com-
ponents. Additionally, these two proton relaxation
times can provide insights into the heterophase do-
mains on two size levels that differ by an order of
magnitude, indicating this technique is appropriate
to the study of the microstructure of copolymers. In
the present study, a series of conducting urethane-
aniline block copolymers were prepared and micro-

phase structures characterized by employing the solid
state 13C NMR combined with proton relaxation time
measurements and TEM.

EXPERIMENTAL

Preparation of Amine-terminated Polyaniline Oligo-
mer (OPA)
Aniline and ammonia persulfate (APS), mixed with

1M HCl aqueous solution, were separately stored in a
refrigerator overnight. A weight percent of 10 of p-
phenylene diamine (p-PDA) was mixed with the ani-
line solution before APS aqueous solution was added
dropwise into the aniline solution and the mixture was
maintained at 0–5 �C for 24 h with continuous stirring.
The resulting polyaniline was isolated by filtration and
de-doped by stirring in a 0.1M aqueous solution of
ammonia for 12 h, followed by filtration. The cake
was dried in a vacuum oven for three days and ground
into powder using a mortar. The molar mass and mo-
lar mass distribution of the resulting OPA, were meas-
ured using a gel permeation chromatogapher (GPC,
Testhigh model 500) with mono-distributed polysty-
rene as the standard. The number average molecular
weight and molecular weight distribution expressed
as polydispersity index of the OPA were measured
by gel permeation chromatograph and turned out to
be 1380 and 1.69, respectively.

Preparation of PU-prepolymer
PU-prepolymer was prepared with a 2:1 mole ratio

of purified 4-40-diphenylmethane diisocyanate (MDI),
which was purified by vacuum distillation, to poly-
(oxytetramethylene) glycol) (PTMO) with a molecu-
lar weight of 1000 at 70 �C under nitrogen gas.

Preparation of PUU-OPA
OPA was dissolved in N-methyl pyrrolidone

(NMP). The resulting PU-prepolymer in NMP was
mixed with an equivalent amount of OPA-NMP mix-
ture plus a chain extender (1,4-butanediol) at 70 �C
until the isocyanate (-NCO groups) disappeared. The
solution was then dried in a vacuum oven for three
days. The molar ratio of the OPA to the chain extend-
er was varied to control the content of the aniline-con-
taining urethane-urea blocks in the copolymers but the
total amount was kept equal to that of PUU-prepoly-
mers. Samples were labeled according to the follow-
ing notation: ‘‘PUU-OPA-x,’’ where x refers to the
OPA content in the copolymers.

13C CP/MAS NMR
Solid-State 13C cross-polarization (CP)/magic an-

gle spinning (MAS) NMR experiments were conduct-
ed using a Bruker AVANCE-400 spectrometer, equip-
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ped with a Bruker double-tuned 7mm probe, with res-
onance frequencies of 100.6MHz for 13C nuclei and
400.1MHz for 1H nuclei. The Hartmann-Hahn condi-
tion for 1H ! 13C CP/MAS NMR experiments was
determined using admantane. Repetition times of 4 s
were employed. 13C CP/MAS NMR spectra were re-
corded using a CP contact time of 2ms and at a spin-
ning speed of 6.2 kHz. The 13C chemical shifts were
externally referenced to tetramethylsilane (TMS).

Proton Relaxation Time
T1(H) relaxation times were indirectly measured by

observing well-resolved 13C resonances after applica-
tion of the �-�-�=2 (inversion-recovery) pulse se-
quence, followed by CP. The T1�(H) relaxation times
were determined by fitting the 13C CP signal intensity
as a function of contact time. The CP Hartmann-Hahn
contact time was set to be 2ms and a spin-locking
field strength of 45 kHz was utilized. The proton
decoupling field strength was 60 kHz was used in all
experiments.

Conductivity
The Resistance (R) of the material was measured

using a 4-probe measurement instrument and the con-
ductivity was obtained from the formula

� ¼ L=ðRAÞ

where L is thickness and A is cross-section area.

TEM
Transmission electron microscopy was undertaken

using a JOEL TEM-200CX instrument at 120KV.
The TEM micro-photograph of PUU-OPA-x at a high
magnification was obtained after the sprayed and
dried sample was in embedded in the epoxy, cut into
pieces around 70 nm long and the cross-sectioned
were staining by exposing the sample to 1% ruthe-
nium tetroxide (purchased from Aldrich Co.) vapor
at 70 �C for two hours, and then dried at 50 �C under
vacuum overnight by this procedure.

RESULTS AND DISCUSSION

13C CP/MAS NMR Spectra of OPA and PU-prepoly-
mer
The repeat unit of emeraldine base has been shown

by solid-state 13C NMR to comprise a copolymer of
reduced and oxidized bases in which two amine back-
bone nitrogens alternate with two imine backbone
nitrogens (see Figure 1a).34 Figure 1b presents the
13C CP/MAS NMR spectrum of OPA. Broad reso-
nances centered at around 124.1, 142.1, and 158.2
ppm are observed. The assignment of all different
carbons, presented in Table I, consistent with a ben-
zoid-quinoid alternating structure, are those noted by
Kaplan et al.34 and Hjertberg et al.35

Figure 2b displays the 13C CP/MAS NMR spec-
trum of PU-prepolymer, Table II presented the ob-
served 13C chemical shifts. Those assignments are
consistent with published results.36 The peak observed
in the carbonyl region at 154 ppm (Figure 2) are at-
tributed to the urethane/urea carbonyl (C4) carbon.
The aliphatic region is dominated by three carbon
peaks at 27, 65 and 71 ppm that arise from the PTMO
soft segment. The peak at 65 ppm is associated with
soft-segment carbons that are next to a urethane link,
whereas the peak at 27 ppm is attributed to those
PTMO soft-segment internal CH2 carbons (C3); the
peak at 71 ppm is corresponds to those PTMO soft-
segment external CH2 carbons (C2). The smaller peak
at 40 ppm corresponds to the methylene carbon (C5)
in the MDI hard segment. The five different primary
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Figure 1. 13C CP/MAS NMR spectrum of OPA (a) the emer-

aldine base form of polyaniline tetramer unit in the undoped state

(b) the 13C CP/MAS NMR spectrum of OPA along with carbons

labeled. Asterisks denote spinning side bands.

Table I. The observed 13C chemical shifts and peak assignments of OPA

Sample�
Benzenoid

protonated ring
Quinoid

protonated ring
Benzenoid

quaternary ring
Quinoid

quaternary ring

PANI35 124.5 137.5/142 148 158

OPA 124.1 142.1 146.7 158.2

�Both in emeraldine base form.

J.-Y. LIU, Y.-C. HSU, and Y.-Z. WANG

870 Polym. J., Vol. 38, No. 8, 2006



peaks ranging from 115 to 140 ppm can be assigned to
aromatic carbons. The peak at 136 ppm is assigned to
the quaternary MDI ring carbons (C6, C9), and the
peaks at 119 and 129 ppm are assigned to the proto-
nated aromatic MDI carbons (C7, C8). The peaks at
125 and 133 ppm may result from conformational dif-
ferences in the solid state, as indicated by dipolar
dephasing experiments.36

13C CP/MAS NMR Spectra of PUU-OPA
Figure 3 shows the 13C CP/MAS spectra of PUU-

OPA-x for various OPA contents. The OPA carbons
and the aromatic rings of the PU-prepolymer all
contribute to the aromatic region. The 13C CP/MAS
NMR spectrum of the PUU-OPA-0.1 is merely a su-
perposition of the individual spectra of the component
polymers. OPA and PU-prepolymer, except in that the

methylene peak of MDI at 40 ppm became broader as
the OPA was copolymerized with PU-prepolymer.
The decline in the intensity of CH2 of MDI as the con-
tent of OPA is increased, is related to the CH2 groups
that are bound adjacent bound to the OPA block. Gen-
erally, distinct changes in the 13C CP/MAS NMR
spectrum of a given copolymer depend on some inter-
action over a distance comparable to that of a few
bonds, �1 nm or less, such that the electron clouds
of individual components are disturbed. Although
some chemical bonds are present at the conjunction
points between PUU and OPA block, the interaction
strength is too small to cause changes in chemical
shifts and line shapes in the soft segment peaks in
the 13C CP/MAS NMR spectrum with the increase
in the content of OPA. Notably, the peaks at 125
and 133 ppm become less well resolved as OPA is
added, revealing that the copolymerization of OPA
with PUU alters the conformation of the PUU-pre-
polymer in the solid state. The line width in the aro-
matic region gradually increase with the content of
OPA, because of the extended overlap between OPA
and PU-prepolymer (cf. Table I and II). Therefore,
this work focus only on the change in proton relaxa-
tion times, to provide information about the sizes of
the domains, formed by the soft segment in the co-
polymers studied herein.

Contact Time and Proton Relaxation Time Measure-
ments
Proton spins are abundant, so the spin-lattice relax-

ation times T1(H) and T1�(H) of polymers can be con-
sidered to investigate the phase structure in polymers.
Measurements of proton spin-lattice times in both the
laboratory frame (T1(H)) and in the rotating frame
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Figure 2. 13C CP/MAS NMR spectra of PU-prepolymer (a)

The repeat unit of PU-prepolymer and (b) the 13C CP/MAS NMR

spectrum of PU-prepolymer along with carbons labeled. Asterisks

denote spinning sidebands.

Table II. The observed 13C chemical shifts

and peak assignments of PU-prepolymer

Assignment (carbon no.)
Chemical shift,

ppm

PTMO internal CH2 (C3) 27

PTMO external CH2 (C2) 71

MDI CH2 (C5) 40

PTMO CH2 adjacent to urethane (C1) 65

MDI protonated ring (C7) 119

MDI protonated ring (C8) 129

MDI quaternary ring (C6/C9) 136

MDI urethane/urea carbonyl (C4) 154

CH2 NN CC
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N

OO

O

H

N N N

H

O CH2 4
n x

Figure 3. 13C CP/MAS NMR spectra of PUU-OPA-x sample

(a) x ¼ 0:1, (b) x ¼ 0:2, (c) x ¼ 0:3.
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(T1�(H)) were made for the block copolymer samples,
and compared with those of the PUU-prepolymer.
In the T1(H) experiment, the inversion recovery ap-

proach was applied, and the resonance intensities were
measured as functions of delay time. Table III lists the
measured T1(H) relaxation results. The T1(H) values
of PUU in the block copolymers differ slightly from
those of the PU-prepolymer, revealing that OPA
block mixing PUU must have taken place. The spin-
diffusion path length of PUU ranges from 43.2 to
45.2 nm. For PUU-OPA-x copolymers, the proton T1

relaxation times of various carbons in the block
copolymer are identical to within 10% experimental
uncertainty, indicating that the spin diffusion process
across the mixed domain of PUU and OPA is fast
enough to average out the T1 values of the individual
protons. The T1 value indicates magnetic homogenei-
ty at that level within the sample.
In order to gain more insight into the influence

of the content of OPA on the microstructure of
PUU-OPA-x copolymers, 1H ! 13C CP/MAS NMR
experiments have been performed as a function of
contact time, ranging from 0.1 to 20ms. Theoretically,
the intensity of 13C CP signals is expected to increase
with increasing contact time until the transfer of mag-
netization is optimal, then the signal should decay due
to the rotating frame relaxation. The dependence of
peak intensity, M(t), on contact time can be expressed
by the following formula:37

MðtÞ ¼ M0 expð�t=T1�ðHÞÞð1� expð�t=TCHÞÞ ð1Þ

where M0 is the normalization constant, T1�(H) repre-
sents the proton spin-lattice relaxation time in the
rotating frame, and TCH is the cross-polarization con-
stant. Table IV lists the contact time measurements
that corresponds to the soft segment carbon peaks.
Table IV shows a gradual decrease for TCH of the soft
segment carbons as the content of OPA is increased.
The TCH of 27 ppm ranges from 808.3ms to 109.6 ms,
and TCH of 71 ppm ranges from 421.7 ms to 96.5 ms.
The efficiency of CP transfer depends inversely on
mobility, so a decrease in TCH values reflects an
increase in the chain rigidity of the soft segments,
probably caused by the inter-chain interactions be-

tween –NH in the OPA unit and the ether oxygen
atoms. Because of the poor sensitivity in the carbonyl
region for the urethane/urea (154 ppm, C4) carbon, it
is difficult to accurately analyze their respective relax-
ation times.
Unlike the T1(H) values, the T1�(H) values obtained

from individual chemical positions in a copolymer
differ. This observation indicates that distinct proton
spin reservoirs are coupled to the various carbons, re-
vealing proton-proton spin diffusion is relatively slow
because of the phase separation in PUU-prepolymer.
The T1�(H) values for the protons associated with
the soft segment increases slightly for PUU-OPA-
0.1, but decreases at the higher content of OPA.
T1�(H) values are determined mainly by the dipolar
interaction, which depends on the amplitude and fre-
quency of the motion of protons and depends inverse-
ly on the proton-proton distances. If proton densities
of the hard and soft phases are assumed to be invariant
with the increase of the content of OPA, then change
in T1�(H)’s values exhibited by both phases are
caused by motional changes. This observation sug-
gests that the possible inter-chain interactions between
OPA and the soft segments in the polymer chains
effectively reduce the chain mobility, resulting in
the increase in the chain rigidity, and therefore
increases proton-proton dipolar interaction.

Estimated Phase Size
If 1H NMR magnetization of the whole sample

reaches equilibrium within the relaxation times of in-
dividual and separated phases, then even the materials
and the systems comprising more than one phase will
exhibit the same relaxation time. The T1(H) values of
the PUU-OPA-x samples (x ¼ 0, 0.1, 0.2 and 0.3) are
in the range of 0.4 to 0.6 s. Table III shows that all
signals associated with the soft segment of the PUU
yield the same T1(H) values when the experimental
error is considered. Like T1(H) relaxation times, if a
given block copolymer is completely molecularly

Table III. T1(H) of PUU-OPA-x sample (x ¼ 0, 0.1,

0.2 and 0.3) and the spin-diffusion path lengths

Chemical shift,
T1(H), s

ppm
PUU-OPA-x

x ¼ 0 0.1 0.2 0.3

27 0:51�0:02 0:51�0:05 0:55�0:05 0:55�0:05

71 0:50�0:04 0:50�0:05 0:53�0:05 0:55�0:05

Spin-diffusion
path length, nm

43.2 43.3 45.1 45.2

Table IV. TCH and T1�(H) of the soft segment carbons

in the PUU-OPA-x samples (x ¼ 0, 0.1, 0.2, and 0.3)

and the corresponding spin-diffusion path lengths

Chemical shift,
ppm

x TCH, ms T1�(H), ms
Spin-diffusion
path length,

nm

27 0 808.3 52.4 9.9

0.1 693.3 35.1 8.1

0.2 814.6 33.7 7.9

0.3 109.6 10.9 4.5

71 0 421.7 20.0 6.1

0.1 439.6 15.7 5.4

0.2 465.3 15.4 5.3

0.3 96.5 5.8 3.3
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homogenous (on the scale of around a few nanometers
or less), then the T1�(H) values of the component
polymers in the block copolymer must be the same.
However, the T1�(H) values associated with the vari-
ous soft segment carbons in the PUU-OPA copoly-
mers are quite different. Hence, the equilibration time
of 1H NMR magnetization for each PUU-OPA sample
must lie between the T1�(H) and the T1(H) values.
The spin equilibration time depends on the domain
size and the spin diffusion coefficients of various
phases. The minimum size level that can be obtained
from the spin-lattice relaxation times can be estimated
by the following equation:38

hLi ¼ ð6DTÞ1=2 ð2Þ

where L is the spin-diffusion path length (i.e., the do-
main size) in time T (which here must be equated with
the spin-lattice relaxation time, T1(H) or T1�(H)) and
D is the spin diffusion coefficient determined by the
mean proton-proton distance and the strength of the
dipolar interaction; it is of the order of 4{7� 10�16

m2 s�1 for a rigid proton system.39,40 The minimum
size of phase can be determined from the spin diffu-
sion coefficient of the PUU, which is unavailable.
As an approximation, the spin diffusion coefficient
of alkane (6:2� 10�16m2/s)39 can be used here as a
substitute for the unknown PU diffusion coefficient.
Table III shows the spin-diffusion path length, ob-
tained from the T1(H) relaxation times, of PUU-
OPA copolymers, which is estimated to be around
40–50 nm, so the PUU-OPA-x samples are homo-
geneous on this scale. The maximum diffusive path
length, L, obtained from T1�(H), often reflects the
minimum size of the microdomain. Table IV presents
the TCH and T1� values of the soft segment carbons
in the PUU-OPA-x copolymers and the correspond-
ing spin-diffusion path length. Based on the largest
T1�(H) value, which is 35.1ms, obtained from the
27 ppm (C3) of the PUU-OPA-0.1 sample, the maxi-
mum diffusive path length is estimated to be around
8.1 nm, by considering the fact that in the rotating
frame the spin diffusion coefficient D is scaled by a
factor of 1/2.40 The actual soft segment phase size
(dispersed phase size) should exceed the spin-diffu-
sion path length during T1�(H) and be smaller than
it during T1(H) because the relaxation times in the
rotating frame vary only one is observed in the labo-
ratory. Therefore, the minimum domain size of the

soft segments in the PUU-OPA-0.1 samples is around
8.1 nm. Unfortunately, the domain sizes of the OPA
and the hard segments can not be estimated because
the extended overlap of the signals in the aromatic re-
gions and the severe peak broadening of the 40 ppm
carbon in the hard segment prevents the determination
of relaxation times in these regions.

Conductivity
Table V presents the dependence of the electronic

conductivity of the aniline-containing copolymers on
aniline content. It ranges from 0.83 S/cm for the poly-
aniline oligomer (OPA) to 1:96� 10�6 S/cm for the
PUU-OPA doped with 1.0M HCl. The conductivity
of the urethane-aniline block copolymers doped with
1.0M HCl is less than that of the neat OPA doped
with the same concentration of HCl, because the con-
ductive OPA blocks in the copolymer are prepared
and diluted in the matrix, such that electron transfer
is more restricted than that in the neat OPA. The con-
ductivity of the block copolymers increases with ani-
line content in the copolymer because the aniline-
oligomer blocks were distributed randomly and in
contacted with each other, because the interactions
among the blocks were facilitating the transportation
or jumping of electrons from one end of the aniline-
oligomer block to another. The conductive aniline-
containing blocks (the hard segments) may come into
contact with each other, forming a continuous conduc-
tive bridge even though the electron transfer is re-
stricted by the polyurethane via the chemical bonding
in the structure.

TEM Results
Figure 4 displays TEM photographs of PUU-OPA

with various OPA contents. Microscopic investigation
of solvent-cast films indicates that small black spots
which dominate in OPA (hard-segment domain of size
60–300 nm) are scattered in a matrix that is rich in
PTMO (soft-segment domain). Hence, the conducting
copolymers undergo microphase separation. The dis-
tribution of hard-segment domains (richer in OPA)
is scattered and these domains connected into the
network structure in copolymers, that contain 30%
OPA. The connected conductive network structure
can form a continuous and effective conducting bridge
in copolymers.

Table V. Dependence of Conductivity of PUU-OPA doped with 1.0M HCl on OPA composition

Physical PUU-OPA-x

property x ¼ 0 0.1 0.2 0.3 1.0

Conductivity
(S/cm)

— ð1:96� 0:01Þ � 10�6 ð1:52� 0:02Þ � 10�5 ð6:62� 0:03Þ � 10�4 ð8:3� 0:03Þ � 10�1
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CONCLUSIONS

The introduction of aniline-oligomer blocks as a
chain extender into the polyurethane backbone can
significantly affect the properties of the resultant ure-
thane-aniline block copolymers through the copoly-
merization between the urethane blocks and aniline-
oligomer urea blocks. The conductivity of the copoly-
mers are rise sharply with the aniline content of
the copolymers. It ranges from 1:96� 10�6 S/cm to
0.83 S/cm. TEM and 13C NMR analysis revealed
the separated microphases. Proton T1 data indicate
that PUU-OPA-x copolymer is homogeneous on a
scale of greater than around 40–50 nm. Various con-
tact time CP experiments established that TCH and
T1�(H) of the soft segment carbons decrease as the
content of OPA increased. These results indicate that
the chain mobility and the domain size of the soft
segment decline as the content of OPA increases.
The T1�(H) data reveal that the minimum domain size
of the studied PUU-OPA-x samples is estimated to be
around 8.1 nm.
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