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ABSTRACT: A semirigid conjugated polyaniline (PANI) was complexed with a ω-methoxy poly(ethylene
oxide) phosphate (PEOPA) through ionic bonding to yield a supramolecular hairy rod polymer comprised
of an ionic PANI backbone and nonionic PEO side chains. The strong backbone-side chain repulsion
resulted in a microphase-separated lamellar morphology consisting of alternating ionic and nonionic layers
irrespective of the binding fraction. The thickness of the PEO layer increased with increasing binding
fraction due to the smaller interfacial area per PEO chain at higher binding fraction which resulted in
its higher stretching normal to the lamellar interface. The complex exhibited an order-disorder transition
near 225 °C driven by deprotonation. The conformational rigidity of PANI backbone coupled with the
strong backbone-side chain bonding strongly retarded the crystallization kinetics and the crystallizability
of the PEO side chains in the complexes.

Introduction

The process of self-organization facilitates formation
of ordered polymer nanostructures. It is well-known that
block copolymers self-organize into a series of long-range
ordered nanostructures due to repulsion between the
covalently connected blocks.1-3 Similar to block copoly-
mers are polymers with comb-shaped architecture which
also exhibit a tendency to self-organize in essentially
similar way.4 A special case consists of the so-called
“hairy rod polymers” where there are flexible side chains
covalently bonded to rigid or semirigid backbones.5-8

Here, the comb-shaped architecture is of special impor-
tance as it also induces fusibility and solubility in a
straightforward way to the otherwise intractable back-
bone.

In comb-shaped polymers, the covalent or permanent
bonding between the backbone and the repulsive side
chains may be replaced by weaker interactions such as
ionic bonds, hydrogen bonds, and metal-mediated coor-
dination bonds to form supramolecules which may
analogically self-organize to form mesomorphic nano-
structures.9-19 Application of this concept to rodlike
conjugated polymers to generate “supramolecular hairy
rod polymers” would be of interest since it could lead to
new optoelectronic materials through a simple prepara-
tive approach.17,18,20,21

Polyaniline (PANI) is one of the most promising
conjugated conducting polymers due to its straightfor-
ward polymerization and excellent chemical stability
combined with relatively high levels of conductivity. The
so-called emeraldine base (EB) form of PANI (I) is half-
oxidized and thus consists of phenylenediamine and
quinoid diimine units. Emeraldine base is insulating,
but its iminic nitrogen sites can be protonated by strong
acids to form an acid-base complex which is conducting.

This electrically conductive form is called emeraldine
salt (II). A fully protonated conductive complex is
formed when 1 mol of PhN unit in PANI is reacted with
ca. 0.5 mol of protonic acid. Usually functional organic
acid such as camphorsulfonic acid (CSA) or dodecylben-
zenesulfonic acid (DBSA) has been used as a dopant.
Polyaniline doped through these functional organic acids
can only be processed through some organic solvents.
As far as environmental issues are concerned, process-
ing from aqueous systems is important. Recently, a
water-soluble conducting PANI has been prepared by
ionic complexation with a phosphoric acid-terminated
poly(ethylene oxide) (PEO), i.e., ω-methoxy poly(ethyl-
ene oxide) phosphates (PEOPA). The acid headgroup of
PEOPA acts as the protonic acid dopant for PANI while
the long hydrophilic PEO tails render the complex
water-soluble.22,23

Apart from the advantage of water solubility, PANI-
(PEOPA) complexes also represent a supramolecular
hairy rod polymer which may exhibit a tendency toward
self-organization. In this case, the repulsion between the
dissimilar PANI rigid backbone and flexible PEO side
chains will drive the complex toward a macrophase
separation whereas the attraction between them be-
cause of the ionic bonding will oppose it ultimately
leading to microphase separation in the system.

In the present article we investigate the self-
assembled structure of PANI(PEOPA) complexes.
In contrast to the previously studied supramolecular
comb polymers comprising predominantly of polymer-
surfactant complexes in which the polymer backbone
and the surfactant alkyl chains have widely different
polarity, both the PANI backbone and the PEO side
chains in the present system are polar. Nevertheless,
it will be demonstrated that a microphase separation
between these two units is still accessible in the complex
due to their low entropy of mixing. The effect of binding
fraction on the self-assembled structure of the complexes
will also be examined here. Furthermore, the oligomeric
PEO side chains in the hairy rod complexes exhibit a
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tendency to crystallize at subambient temperatures;
therefore, the crystallization of PEO chains in the
microdomains of the self-assembled complexes is also
systematically investigated.

Experimental Section
Materials. PEOPA was synthesized from poly(ethylene

glycol) monomethyl ether (PEGME) (Mn ) 550) and phospho-
rus pentaoxide (P2O5) using a reported method shown in
Scheme 1.22 In a typical reaction, 0.3 mol of PEGME in 50 mL
of benzene was added into a dispersion of 0.1 mol of P2O5 (14.16
g) in 50 mL of benzene. The mixture was heated to 70 °C and
stirred for 3 h. After removing residual P2O5 and solvent, a
colorless transparent liquid was obtained. As shown in Scheme
1, the product (III and IV) is a mixture of mono- and
bihydroxyl acids with a molar ratio of 1:1. The average
molecular weight of the PEOPA was estimated to be 896. PANI
was synthesized by the oxidative polymerization of its mono-
mers in 1 M aqueous HCl with (NH4)2S2O8 as oxidant followed
by further reducing to EB form with dilute ammonium
hydroxide solution according to literature procedures.24

Sample Preparation. PANI(PEOPA)R complexes were
prepared from aqueous solution, where R denotes the binding
fraction given by the average number of PEOPA molecules
bound to one monomer unit of PANI. The PANI/PEOPA
physical mixture in a suitable molar ratio was dissolved in
freshly distilled water at a concentration of 20 mg/mL. The
aqueous solution was subsequently magnetically stirred for 5
days at room temperature to obtain a clear solution. The
formation of the PANI(PEOPA)R complex (V) is shown in
Scheme 2. The conducting film of the the PANI(PEOPA)R

complex was obtained from the preceding solution by casting
it in a Petri dish and drying on a hot plate at 50 °C followed
by further drying in vacuo at 40 °C for 24 h. The binding
fractions of the complexes studied here and the corresponding
PEOPA/PANI weight ratios are presented in Table 1.

UV-Vis Spectroscopy. An ultraviolet-visible spectro-
photometer (UV-vis spectrometer, Jasco 310) was utilized to
verify the complex formation. The spectra in the wavelength
range of 200-1200 nm were recorded from the 1 mg/mL
aqueous solutions of PANI(PEOPA)R complexes.

Differential Scanning Calorimetry. The nonisothermal
crystallization study of the PEO side chains in PANI(PEOPA)R

complexes was carried out using a TA Instrument 2000
differential scanning calorimeter (DSC) equipped with the RCS
cooling system. Calibration for temperature and heat flow was
made prior to sample analysis using indium as the standard.

All measurements were carried out with the sample in a
nitrogen atmosphere. Sample size was maintained around 3.5
mg. Each sample was first heated to 75 °C, which is well above
the melting point of PEO, and then was kept at this temper-
ature for 5 min to ensure complete melting of the crystals. The
samples were then cooled at constant cooling rates (1, 2, 5,
and 8 °C/min), and the exothermic crystallization peaks were
recorded. The melting endotherms were subsequently recorded
by heating the samples at a rate of 10 °C/min.

SAXS Measurements. SAXS measurements were per-
formed using a Bruker NanoSTAR SAXS instrument. The
X-ray source, a 1.5 kW X-ray generator (Kristalloflex 760)
equipped with a Cu tube, was operated at 35 mA and 40 kV.
The scattering intensity was detected by a two-dimensional
position-sensitive detector (Bruker AXS) with 512 × 512
channels. The area scattering pattern has been radially
averaged to increase the photon counting efficiency compared
with the one-dimensional linear detector. The intensity profile
was output as the plot of the scattering intensity (I) vs the
scattering vector, q ) 4π/λ sin(θ/2) (θ ) scattering angle). All
data were corrected by the empty beam scattering, the
sensitivity of each pixel of the area detector, and thermal
diffuse scattering (ITDS). The thermal diffuse scattering was
considered as a positive deviation from the Porod law25,26 and
may be associated with thermal motion, local disorder, or
frozen-in fluctuations. ITDS can be regarded as a constant
background, and the total scattered intensity in the high-q
region is expressed by the Porod-Ruland equation27

Scheme 1 Scheme 2

Table 1. Compositions of PANI(PEOPA)R Complexes
Studied

binding
fraction (R)

wt % ratio
(PEOPA/PANI)

binding
fraction (R)

wt % ratio
(PEOPA/PANI)

1.0 90.8/9.2 0.3 74.7/25.3
0.7 87.3/12.7 0.2 66.3/33.7
0.5 83.1/16.9

I(q) )
KP exp(-σ2q2)

q4
+ ITDS (1)
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where KP is the Porod’s constant and σ is a parameter related
to the thickness of interphase for a two-phase structure. The
exponential term in eq 1 becomes insignificant at sufficiently
high q such that a plot of I(q)q4 vs q4 would yield a straight
line with a slope given by ITDS, as demonstrated in the inset
of Figure 1. The effect of ITDS on the intensity profile in the
high-q region is also demonstrated in Figure 1 showing the
SAXS profile before and after ITDS subtraction.

Results and Discussion

Complex Formation. First, UV-vis spectroscopy
was performed to study the complex formation between
PANI and PEOPA. Figure 2 shows the absorption
spectra of PANI(PEOPA)R complexes in aqueous solu-
tion with different binding fractions. The commonly
reported UV-vis spectrum of PANI has two absorption

peaks near 300 and 600 nm, which has been attributed
to the π-π* transition of the benzenoid rings and the
exciton absorption of the quinoid rings, respectively.28,29

The PANI structure in the emeraldine base form (I) has
half of the nitrogen atoms in amine groups and the other
half in imine groups. Since only the imine groups can
be doped by protonic acids, the stoichiometric binding
fraction is R ) 0.5. While the nitrogen atoms in the
imine groups are protonated, nitrogen and its neighbor-
ing quinoid ring become a semiquinoid radical cation,
and the intensity of the exciton absorption peak near
600 nm decreases. Hence, the intensity of peak near 600
nm gives an idea about the extent of doping of PANI
chains. As can be observed from Figure 2, the exciton
absorption peak completely disappears for the stoichio-
metric (R ) 0.5) and higher binding fractions, since all
the imine groups are completely protonated at these
compositions. At lower binding fractions of R ) 0.2 and
0.3, the exciton peak still persists, which indicates
incomplete doping of PANI chains. The doping of PANI
chains can also be followed by the appearance of
absorption peaks due to polaron band transitions at
around 400 and 800 nm. As can be observed from Figure
2, two new peaks emerge near 400 and 800 nm with
their intensities increasing with increasing binding
fraction, which reveals a higher extent of doping at
larger R. The decrease of the intensity of the polaron
band transitions at 400 nm in the case of R ) 1.0 may
be caused by the increase in counteranion concentration
that leads to the shielding of positive charges along the
polymer backbone from one another.30 This results in
less repulsion between polaron’s and hence allows the
chains to coil slightly leading to a decrease in the
conjugation length as well as polaron’s delocalization
length. Thus, the UV-vis data give enough evidence to
suggest an efficient doping of PANI chains by PEOPA.
Also, it must be mentioned that the PANI chains should
adopt the highest planar conformation at R ) 0.5, as at
lower binding fraction doping is still not complete

Figure 1. An illustration of the contribution from thermal
diffuse scattering to the total scattered intensity in a typical
SAXS profile. The inset demonstrates how ITDS is determined
from the slope of the I(q)q4 vs q4 plot.

Figure 2. UV-vis absorption spectra of PANI(PEOPA)R
complexes with different binding fractions measured in aque-
ous solution.

Figure 3. Representative room temperature SAXS profiles
of PANI(PEOPA)R complexes. The binding fractions are indi-
cated in the figure. The scattering peak associated with the
microphase separation shifts to lower q with increasing
binding fraction.
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whereas at higher doping ratios the excess dopant tends
to shield the repulsion between two polarons.

Microphase Separation and Self-Assembled
Structure in the Bulk State. SAXS is employed to
probe the supramolecular structure of PANI(PEOPA)R
complexes in the bulk state. Figure 3 displays the SAXS
profiles of these complexes at room temperature. It is
noted that the PEO side chains have sufficiently low
molecular weight to remain in melt state (i.e., uncrys-
talline) at room temperature, and hence the SAXS
profiles observed are entirely due to the melt structure
of the complexes. An intense maximum is observed in
the scattering profiles of all complexes, signaling the
formation of microphase-separated structure. Neverthe-
less, the absence of higher order peaks in the scattering
profiles necessitates a closer evaluation of the SAXS
data. It is well-known that comb-shaped polymers in the
disordered state may exhibit characteristic block co-
polymer-like concentration fluctuations, which may also
lead to a SAXS peak (i.e., the so-called “correlation hole”
peak).16 Such a correlation hole effect can be ruled out
here considering that the peak observed in Figure 3 is
sharper than the typical correlation hole peak. More-
over, the SAXS intensity due to contribution from
concentration fluctuations usually follows the well-
known Ornstein-Zernicke equation31 which prescribes
a q-2 dependence for the scattered intensity in the
high-q region. In the present case, however, the slope
of the log-log plots of I(q) vs q at high q is about -4,
which corresponds to the scattering from a two-phase
system with sharp phase boundary given by the Porod’s
law.25,26 This emphatically suggests that the peak
observed in the SAXS profiles in Figure 3 arises from a
microphase separation in PANI(PEOPA)R complexes.

Since the higher order peaks are absent, a detailed
evaluation of the SAXS data is necessary for assigning
the microphase-separated structure of the complexes.
Considering that the lamellar phase has mostly been
observed in comblike polymers with both flexible and
rigid main chains, an assumption of a layered structure

for the present system should be the most plausible.
This assumption is reasonable also considering that the
recent theoretical treatment of the phase behavior of
supramolecular hairy rod polymers has predicted the
lamellar phase to be the predominant structure while
the other possible hexagonally packed cylinder structure
would appear at relatively higher volume fraction of the
rod.20,21 Hence, the SAXS peaks observed in Figure 3
have been attributed to the lamellar morphology in the
complexes. A schematic illustration of the proposed
lamellar structure is shown in Figure 4. The lamellar
phase consists of alternating layers of conjugated poly-
mer including the ionic headgroups of PEOPA (thick-
ness ) dPANI) and layers of PEO chains (thickness )
dPEO). The position of the SAXS peak (qm) yields a
measure of the interlamellar distance (L ) dPANI + dPEO
) 2π/qm) via Bragg’s law. The scattering peak is seen
to shift to lower q with increase of binding fraction,
showing a swelling of the interlamellar distance. The
breadth of the SAXS peak also varies with binding
fraction, indicating different degrees of lamellar organi-
zation in the complexes, where a broader peak signals
a higher defect density in terms of the internal order
and coherent length of lamellar stacking.32

For visualizing a complete picture of the lamellar
morphology, the thicknesses of the individual layers, i.e.,
dPANI and dPEO, must be evaluated. These morphological
parameters may be determined conveniently from the
one-dimensional correlation function, γ1(z), defined as33

Since the experimentally accessible q range is finite,
extrapolation to both low and high q is necessary for
the integration in eq 2. In the present work, extrapola-
tion to zero q was accomplished by applying the Debye-
Bueche model,34,35 whereas the Porod-Ruland model27

was used for extension to large q.

Figure 4. Schematic illustration of the proposed lamellar structure consisting of alternating ionic layer (including the protonated
PANI chains and the phosphate groups of PEOPA) and nonionic layer (consisting of PEO chains). The PEO chains are supposed
to be significantly stretched with a limited interdigitation in a direction perpendicular to the lamellar interface.

γ1(z) )
∫0

∞
I(q)q2 cos(qz) dq

∫0

∞
I(q)q2 dq

(2)
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Figure 5a shows the typical one-dimensional correla-
tion function plot of PANI(PEOPA)R complex with R )
0.5 for illustrating the determination of the layer
thickness. The first maximum yields the most probable
value of the interlamellar distance.33,36 Intersection of
the baseline with the straight line extended from the
self-correlation triangle yields the average thickness of
the thinner layer in the lamellar stacks, which is dPANI
in this case. Figure 5b displays the γ1(z)s of PANI-
(PEOPA)R complexes with different binding fractions.
The correlation function of the complex with R ) 0.5
displays a comparatively slow damping than that of the
other compositions, indicating the most coherent lamel-
lar stacking. This observation is in accord with the
SAXS profile in Figure 3 where the complex with R )
0.5 exhibits a relatively sharper peak than the other
compositions. A more planar conformation of PANI
chains at the stoichiometric doping ratio as inferred
from UV-vis results may be the reason for better
lamellar organization in this composition.

The interlamellar distance and the individual layer
thicknesses obtained from the correlation function
analysis are plotted as a function of binding fraction in
Figure 6. Both the interlamellar distance and dPEO are
seen to increase with increasing R, whereas dPANI
remains approximately constant at ca. 1.70 nm. The
PEO layer thickness varies in the range 3.64-4.10 nm.
The unperturbed dimension of PEO chain with a mo-

lecular weight of 550 is ∼1.97 nm,37 whereas its
extended chain length would be 3.48 nm.38 On the basis
of the observed dPEO, it can be assumed that each
nonionic layer contains a bilayer of PEO chains with a
limited interdigitation, as schematically illustrated in
Figure 4. Figure 7 presents a probable schematic
illustration for explaining the composition variation of
dPEO. As the binding fraction increases, the number
density of PEO chains grafted at PANI backbone (and
hence the lamellar interface) increases. It must be noted
here that though the stoichiometric binding fraction is
R ) 0.5, the uncomplexed PEO chains at higher binding

Figure 5. (a) A demonstration for the determinations of PANI
layer thickness (dPANI) and interlamellar distance (L) from
the one-dimensional correlation function calculated from the
SAXS profile. (b) One-dimensional correlation functions of
PANI(PEOPA)R complexes with different binding fractions.

Figure 6. Composition variations of interlamellar distance
(L), PANI layer thickness (dPANI), and PEO layer thickness
(dPEO) of PANI(PEOPA)R complexes.

Figure 7. Schematic illustration describing the effect of
binding fraction on the thickness of PEO layer. An increase
in binding fraction reduces the interfacial area per PEO side
chain which then drives the PEO chains to stretch in a
direction normal to the interface in order to maintain the
normal liquid density.
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fraction may still be bonded to PANI chains at their
aminic sites through hydrogen bonding via their hy-
droxyl groups. The increased density of PEO chains at
the lamellar interface reduces the interfacial area per
PEO chain, and hence the chains have to stretch normal
to the interface to attain the normal liquid density.
Hence, the PEO layer thickness swells accordingly
leading to an increase of the interlamellar distance.

Since the SAXS profiles obey Porod’s law at high q, a
three-dimensional averaged length between the phase
boundary known as the average chord length (lp) of a
two-phase system can be calculated using the three-
dimensional correlation function defined as

Porod’s law at large q prescribes γ3(r) to adopt the
following form at small radial distance:

According to eq 4, lp can be determined from the slope
of γ3(r) plot at small r, as demonstrated in Figure 8 for
the complex with R ) 0.5. The values of lp so estimated
are tabulated in Table 2. lp is found to lie in the range
of 1.94-2.22 nm and exhibits the same composition
dependence as the interlamellar distance or dPEO. In the
lamellar two-phase system, lp is related to the average
thicknesses of the constituting layers by lp ) 2φPANIdPANI
) 2φPEOdPEO, where φi is the volume fraction of layer i
in the lamellar stack.39 Consequently, lp for a lamellar
system must lie in the range of 0 e lp e (dPANI + dPEO)/2
) L/2. lps are found to situate within this range for all

compositions under study, which further supports the
formation of lamellar mesophase in the complexes.

In addition to the lamellar thicknesses, the curvature
of the interface between ionic and nonionic layers is an
important characteristic of the morphology. For a planar
interface the total interfacial area per unit volume is
given by S0/V ) 2/L. If the interface is not planar, the
total S/V would be larger than 2/L.40,41 A measure of
the planarity of the interface is hence given by the ratio

The values of S/S0 obtained for different binding frac-
tions of the complexes are also shown in Table 2. The
proximity of the calculated ratios to 1.0 irrespective of
composition attests that the lamellar interfaces in the
complexes are planar.

The effect of temperature on the microphase-
separated structure is examined by the temperature-

Figure 8. A representative three-dimensional correlation
function calculated from the SAXS profile of PANI(PEOPA)R
complex with R ) 0.5. The Porod length (lp) is determined from
the initial linear region of the plot according to eq 4.

γ3(r) )
∫0

∞
I(q)q2 sin(qr)/qr dq

∫0

∞
I(q)q2 dq

(3)

γ3(r) ) 1 - 1
lp

(4)

Table 2. Structural Parameters Deduced from the SAXS
Data Analysis

binding fraction (R) lp (nm)a S/S0 ) 2dPANIdPEO/Llp
b

1.0 2.22 1.06
0.7 2.21 1.08
0.5 2.11 1.11
0.3 2.00 1.03
0.2 1.94 1.07

a Determined from the three-dimensional correlation function.
b L, dPANI, and dPEO were determined from a one-dimensional
correlation function.

Figure 9. Temperature-dependent SAXS profiles of PANI-
(PEOPA)R complex with R ) 0.5 collected in a heating cycle.
The scattering peak shifts to lower q and broadens with the
increase of temperature. An order-disorder transition was
observed near 225 °C, where a monotonically decayed profile
typical of disordered system is identified.

S
S0

)
2dPANIdPEO

Llp
(5)
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dependent SAXS experiment. Figure 9 displays a series
of SAXS profiles of the PANI(PEOPA)R complex with R
) 0.5 as recorded in a heating cycle. The SAXS peak
shifts to lower q, signaling an increase of L and broadens
with increasing temperature. The swelling of inter-
lamellar distance is attributed to the thermal expansion
effect, where the rigid PEO-bound PANI restricts the
lateral expansion of the PEO layers such that the
thermal expansion occurs predominantly along the
thickness direction. The scattering peak is replaced by
a monotonically decayed profile corresponding to a
disordered morphology at 250 °C. It has been shown for
protonated PANI salts that a slow deprotonation started
above 100 °C. The rate of deprotonation increased after
180 °C and completed only above 200 °C.42 Hence, the
increase of the SAXS peak breadth may be related to
the occurrence of decomplexation at elevated tempera-
tures. Below 200 °C the deprotonation process is slow,
and its extent increases with increasing temperature.
At 250 °C not only deprotonation completes but also
degradation of PEOPA starts which leads to complete
disappearance of the SAXS peak. Thermogravimetric
analysis of PANI(PEOPA)R complexes also shows a
significant weight loss starting at ca. 240 °C.

To ascertain whether the deprotonation/reprotonation
process is reversible, a SAXS cooling experiment was
conducted after the sample was heated to 225 °C. This
temperature was selected to avoid the interference from
thermal degradation. Figure 10 shows the SAXS profiles
of the complex with R ) 0.5 collected in situ during the
cooling cycle. No appreciable change in scattering pat-
tern is observed, indicating a negligible reprotonation,
if any, of PANI chains upon cooling. It has been reported
that reprotonation of PANI chains on cooling is very
slow and may take weeks to observe any significant
level of reprotonation.42,43 One of the explanations may
be that the protons generated on deprotonation may
combine with their phosphate counterions to regenerate

the neat PEOPA and undoped PANI. Since the system
is now in bulk state rather than in a solvent medium,
reprotonation will be very difficult because of the
sluggish diffusion of individual polymeric species.

Crystallization Behavior of PEO Side Chains in
the Lamellar Microdomains. The side-chain crystal-
lization in covalently bonded comblike polymers has
been extensively investigated; however, not much at-
tention has been given to the same aspect in supra-
molecular comb polymer systems. Recently, Luyten et
al. have reported the crystallization behavior of alkyl
side chains in hydrogen-bonded supramolecular comb
polymers based on their melting behavior.44 Their
results were very similar to those observed for the
covalently bonded comb polymers.4

A nonisothermal crystallization study is carried out
here to examine the crystallization kinetics of the PEO
side chains in PANI(PEOPA)R complexes. Figure 11a

Figure 10. Temperature-dependent SAXS profiles of PANI-
(PEOPA)R complex with R ) 0.5 collected in a cooling cycle
from 225 °C.

Figure 11. (a) Representative crystallization exotherms
recorded at a cooling rate of 1 °C/min for PANI(PEOPA)R
complexes. (b) Variation of freezing temperature (i.e., the peak
temperature of the exotherm) as a function of binding fraction.
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shows the crystallization exotherms of PEO, PEOPA,
and the complexes recorded by cooling at 1 °C/min. Well-
defined crystallization exotherms can be observed over
the composition range studied. It is noted that neat PEO
and its corresponding phosphate ester, i.e., PEOPA,
follow different crystallization behavior. Neat PEO
shows a single crystallization peak whereas PEOPA
displays at least three peaks. The crystallization kinet-
ics of PEOPA is also slower as manifested by the lower
freezing temperature (i.e., the peak temperature of the
exotherm). The multiple crystallization exotherms can
be related to the fact that PEOPA is indeed a mixture
of two different structures (cf. Scheme 1); one is a linear
chain with one end terminated by a bihydroxylphos-
phoric acid, and the other is a two-arm PEO connected
by a monohydroxylphosphoric acid which in one way
acts as a defect between the PEO chains. The single-
and two-arm chains may crystallize separately, leading
to multiple crystallization exotherms, and the additional
demixing step involved in such a segregated crystal-
lization slows down the crystallization kinetics in
PEOPA.

A single crystallization exotherm is identified for the
complexes irrespective of binding fraction and cooling
rates, showing that the segregation between single- and
two-arm PEO chains during crystallization is effectively
suppressed due to random binding of these two kinds
of chains to the PANI backbone that is too rigid to allow
the conformational rearrangement for accommodating
the phase segregation. In this case, the single- and two-
arm chains cocrystallize with a cooperative crystalliza-
tion mechanism. Figure 12 shows the proposed crystal-
line layer structure of PANI(PEOPA)R complexes, in
which PEO chains are assumed to crystallize in the
extended-chain conformation due to low molecular
weight. It has been found that the side chains of comb
polymers crystallized in either an interdigitating or an
end-to-end packing.4,45 One of the factors which influ-
ences the type of packing is the rigidity of main chain.46

A flexible backbone can adjust very well to close packing
of the side chains and hence favors end-to-end type of
packing. Enhanced rigidity of the backbone results in
severe hindrance to close packing of the side chains, and
hence crystallization is achieved by packing the chains
in the interdigitating form. Considering the rigid nature
of the PANI backbone in the present complex, an
interdigitating packing of PEO chains in the crystalline
layer should be the most probable.

Figure 11b plots the freezing temperatures (Tf) of the
complexes as a function of binding fraction. The com-
plexes exhibit slower crystallization than neat PEOPA
and neat PEO; therefore, tethering a chain end to PANI

backbone reduces the crystallization kinetics in that the
conformational rigidity of PANI coupled with the ionic
bonding strongly restricts the diffusion of PEO chains
involved in crystal growth. For the complexes, Tf is
found to drop progressively with decreasing R. The
slower crystallization rate at smaller R may be at-
tributed to the greater separation distance between the
junction points of PEO chains along the PANI backbone.

Figure 13a shows the melting endotherms of the
complexes having been cooled at 1 °C/min to -60 °C.
Neat PEOPA displays two broad peaks in the melting
region, which may be associated with the crystalline
phases formed by single- and two-arm PEO chains. A
single melting endotherm situating between the two
melting peaks of PEOPA is identified for the complexes,
which further demonstrates cocrystallization of the PEO

Figure 12. Schematic illustration of the proposed crystalline
structure of PANI(PEOPA)R complexes. PEO chains are as-
sumed to crystallize in extended chain conformation due to
very low molecular weight. A noncrystalline transition layer
situates between the crystalline phase and the lamellar
interface for dissipating the mismatch in PEO segmental
densities in these two regions.

Figure 13. (a) Representative melting endotherms recorded
at a heating rate of 10 °C/min of the complexes having been
cooled at 1 °C/min to -60 °C. (b) Variation of heat of fusion
(normalized by the PEO weight fraction) with the binding
fraction of PANI(PEOPA)R complexes.
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chains. Decreasing binding fraction tends to reduce the
melting temperature (Tm). Luyten et al. have observed
a similar Tm depression for the hydrogen-bonded com-
plexes of poly(4-vinylpyridine) (P4VP) and penta-
decylphenol (PDP).44 Their explanation for the observa-
tion was based on the entropy loss of P4VP main chains
as it formed complex with PDP. Since more P4VP
segments are involved per same amount of PDP mol-
ecules for smaller binding fraction, the entropy loss is
larger. Apart from this explanation, the depression of
Tm in the present PANI(PEOPA)R complexes may be
related to the mismatch between the segmental density
of PEO (in terms of number of PEO segments per unit
area) near the lamellar interface (prescribed by the
binding density with the PANI backbone) and that in
the crystal. In this case, a noncrystalline transition
layer, which becomes thicker at lower R due to the
greater separation distance between the junction points
at PANI backbone, is required to dissipate such a
density mismatch as one proceeds from the crystalline
phase to the lamellar interface along the lamellar
normal (cf. Figure 12). The presence of this transition
layer reduces both the crystallinity and the crystal
thickness of PEO; therefore, Tm is depressed accord-
ingly.

Figure 13b shows the variation of the degree of
crystallinity represented by the heat of fusion (normal-
ized by the PEO weight fraction in the sample) with R.
The crystallinity of neat PEOPA is less than that of neat
PEO because the presence of bulky end groups in the
former results in higher defects in its crystal structure.
The crystallinity in the complex also decreases progres-
sively with decreasing R. This is in accord with the
foregoing suggestion that the thickness of the transition
layer (whose presence reduces the crystallinity) in-
creases with decreasing binding fraction. Similar results
have been reported by Luyten et al. in the case of
P4VP(PDP) complexes.44 Similarly, for covalently bonded
comb polymers, Inomata et al. had noticed a decrease
of the crystallization enthalpy with decrease in side
chain density.47,48

Conclusions

The self-assembled structures and crystallization
behavior of PANI(PEOPA)R hairy rod complexes in the
bulk state have been investigated. The complexes
exhibited a microphase-separated lamellar structure
consisting of ionic and nonionic layers. The ionic layer
composed of PANI backbones and the ionic headgroups
of PEOPA, whereas the nonionic layer consisted of PEO
side chains. The PEO layer thickness increased with
increasing binding fraction because of higher chain
stretching as the separation distance between the
junction points at the PANI backbone increased. From
the layer thicknesses and Porod length estimated using
three-dimensional correlation function, the lamellar
interface was found to be almost planar. The SAXS
heating experiment revealed an order-disorder transi-
tion near 225 °C due to deprotonation in the complex.
The reprotonation upon subsequent cooling was how-
ever negligible. Complexation with PANI exerted a
strong influence on the crystallization behavior of PEO.
The segregation between single- and two-arm PEO
chains during crystallization found in neat PEOPA was
effectively suppressed in the complexes. The crystal-
lization kinetics, melting temperature, and degree of
crystallinity of PEO were found to drop with decreasing

binding fraction. The depressions of melting tempera-
ture and crystallinity were related to the presence of a
noncrystalline transition layer, which became thicker
at lower R, situating between the crystalline phase and
the lamellar interface for dissipating the mismatch in
PEO segmental densities in these two regions.
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