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Structure and Phase Equilibria of Polyelectrolytic Hairy-Rod Supramolecules in the Melt
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The structure formation and phase behavior of supramolecular hairy-rod polymers consisting of rodlike polymer
chains with physically bonded side chains are investigated in the melt state using small-angle X-ray scattering.
The supramolecules consist of poly(2,5-pyridinediyl), complexed by methanesulfonic acid to form poly(2,5-
pyridinium methane sulfonates), to which octyl gallates are hydrogen bonded. These comblike supramolecules
self-organize in rodlike assemblies in a square or oblique lattice or form lamellar structures. Moreover, nematic
(solid) and macrophase separated structures are observed. These results are collected in a phase diagram in
the high polymer fraction limit and they are in a clear qualitative resemblance with recent theoretical modeling.
The differences and similarities between the experiments and theory are discussed.

1. Introduction

Hairy-rod polymers consist of a rigid or semirigid backbone
where a dense set of side chains is bonded in a comb-shaped
manner.1-7 The concept allows self-organization and improved
solubility even for polymers of rigid rodlike backbone. Unlike
hairy-rod polymers with rodlike polymer backbone and co-
valently bonded flexible side chains, supramolecular hairy-rod
polymers have the side groups connected to the backbone by
physical bonds,8-14 see Scheme 1. Theoretical treatments of the
self-organized structure formation of hairy-rod polymers15 and
supramolecular hairy-rod polymers16 have recently been pre-
sented. These theories predict that hexagonal, oblique, and
lamellar microphase separated structures as well as isotropic
phase are typically present for hairy rods, see Scheme 1.

Understanding the phase behavior of hairy rods15 is important
to design liquid crystallinity17,18which allows facile alignment
of the otherwise crystalline infusible and intractable polymers.
With conjugated polymers,19,20 the alignment results in aniso-
tropy of their optical12,13 and electronic21 properties. The
alignment of conjugated hairy rods in thin films can also result
in completely new structural features22 compared to the bulk.
When specific side chains are employed, the resultant rich
photonic phenomena, such as circularly polarized lumines-
cence,23 give another reason for their study. In contrast to the

covalently bonded ones, the coils and rods of the supramolecular
hairy rods characteristically tend to macroscopically phase
separate, because of small mixing entropy and aggregation
tendency of the rods, thus requiring a particularly strong
attractive interaction between the rods and coils. The side chains
can also be removed after alignment, thus yielding aligned
pristine material.12,13 The direct comparison of the melt-state
phase behavior of supramolecular hairy rods between the
experiment and theory seems to be scarce. We have carried out
experiments to investigate the structure and phase behavior of
supramolecular hairy rods. Experimentally, there is considerable
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SCHEME 1. (a) A Model of a Thermoreversible Hairy-
Rod Moleculea (b) Chemical Formula of
PPY(MSA)1.0(OG)1.0 (c) The Proposed Observed
Microstructures Viewed along the Polymer
Microdomainsb

a N, a, andν are the number of segments, the segment length, and
the volume;b is the distance between active sites on a rigid rod, and
d is the rod diameter.bSquare, Sq; elliptical oblique, obl; and lamellar,
Lam, structure. The notations used in theory are in parentheses. In theory
a true hexagonal phase (Hex1) is additionally predicted.
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complexity in the specifics of the structures and structural phase
behavior but, overall, one can identify general features that are
in agreement with recent theoretical treatments.16 Furthermore,
the theory gives us a hint (at least qualitatively) in which
direction the experimental system has to be adjusted to get
desired effects.

2. Theoretical Background

In the hairy-rod supramolecules of interest, the backbone and
side chains are both chemically and geometrically differents
being rodlike and flexiblesand they tend to microphase separate,
that is, self-organize, to form rod-rich and coil-rich micro-
domains. The interaction between the moieties is generally
described using the Flory-Huggins ø-parameter, but in the
strong segregation limit considered here a more convenient
parameter is the surface tensionγ which is proportional toøδ,
whereδ is the width of the interpenetration region between the
pure rod and pure coil phase. Experimentally, the existence of
sharp interfaces in the class of materials studied here has been
demonstrated recently.14 Within the strong segregation approach,
the occurrence of various self-organized morphologies (cf.
Scheme 1) depends on the balance between two competing
contributions to the free energy. These are on one hand the
unfavorable contacts between the rods and coils depending on
the interface areaSand on the other hand the stretching of the
flexible side chains because of the microphase separation. The
total free energyF takes the form15

Because the stretching energyFel is purely entropic (propor-
tional to the temperatureT), for low temperatures the first term
dominates, while at higher temperature the elastic part becomes
more important.S and Fel for different structures may be
calculated from the knowledge of a certain set of parameters:
N, the number of monomers in the coil, andκ ) ν/(πd2b/4) the
ratio between the volumes of a coil monomer and the backbone
section between two consecutive branching sites. Here, the
parametersd and b describe the size of the backbone, see
Scheme 1. In the covalent hairy rods, minimization of the free
energy as a function of the volume fraction of rodsf for various
microphase-separated morphologies predicts15 the lamellar
(Lam) and two types of cylindrical morphologies, denoted by
Hex1 and Hex2, as depicted in Scheme 1. Spherical structures
do not occur. In addition, a nematic (solid) (Nem) structure is
expected for very short side chains, and at very high temper-
atures the system becomes disordered (isotropic) when the side
chains are long enough.

In the supramolecular case, which is of interest here,
macrophase separation into nematic rod-rich and isotropic coil-
rich phases also becomes possible. In fact, because of the limited
mixing entropy of rodlike polymers,24 simple rod-coil mixtures
tend to macrophase separate into almost pure components and
microphase separation occurs only in the case of strong
association. The possibility of macrophase separation distin-
guishes the theoretical consideration of supramolecular hairy
rods from that of the covalent hairy rods and also limits the
number of suitable materials to test the model in practice. The
most fundamental consequence is that now the volume fraction
of rods f within the microphase-separated phase is a free
parameter. It depends on the energy of association,-ε, from
which the grafting density may differ from the amount of coils
that is originally put in the sample. Besides this fact, the

consideration is the same as for covalent hairy rods including
a comparison of free energies of the possible phases to find
phase boundaries as a function ofT and f for a given-ε. The
outcome of the theory is different depending on the effect of
the stretching energy. When the side chains are long enough
for the stretching energy to be important, three different types
of phase diagrams have been predicted.16 For small ε only
nematic, isotropic, and lamellar phases occur. For increasedε,
we also obtain the other microstructured phases, first only Hex2
and finally for largeε we obtain all the microphases introduced
above, thus approaching the covalently bonded case. When the
side chains are short enough, the stretching energy may be
omitted from the theory. As a result, the lamellar microphase
now occupies a large part of the phase diagram and no other
microstructured phases are predicted. This result is presented
in Figure 1.

3. Experimental Section

Rodlike poly(2,5-pyridinediyl) (PPY) was first complexed
with a stoichiometric amount of methanesulfonic acid (MSA)
which forms a poly(2,5-pyridinium methane sulfonate) denoted
PPY(MSA)1.0. It was further complexed with a 1-octyl-3,4,5-
trihydroxybenzoate, that is, octyl gallate (OG) to form a complex
denoted henceforth PPY(MSA)1.0(OG)y wherey equals the molar
ratio between OG and PPY monomers, see Scheme 1. PPY is
of a very high quality and its synthesis and characterization have
been reported in detail.25-27 PPY is not a mixture of isomers
but there is an issue of regioregularity within the polymer which
is a mixture of head-to-head and head-to-tail linkages. This does
not significantly affect the rigid-rod properties. All the com-
plexes were made in dilute solutions of formic acid followed
by evaporation and drying in a vacuum. The complexes were
studied using small-angle X-ray scattering (SAXS). Macrophase
separation and birefringence were studied using optical micros-
copy with crossed polarizers, and differential scanning calo-
rimetry (DSC) was used to study the thermal transitions. The
detailed preparation of complexes and the employed methods
have been described elsewhere.8,14

4. Results and Discussion

In this study, the conjugated rodlike polymer poly(2,5-
pyridinediyl), PPY, was used. There are several approaches to
form supramolecular hairy-rodlike structures on the basis of PPY
type materials.28,29 The method of combining protonation and
hydrogen bonding has been used for polyaniline based materi-
als.30 It is also feasible for simultaneous control of structural
and optoelectronic properties of PPY-based materials.31,32

Therefore, the combination of protonation and hydrogen bonding
was used here as well. MSA protonates PPY and the complex

F
T

= γ
T

S+
Fel

T
(1)

Figure 1. Theoretical phase diagram, corresponding to theκN < 1
case, withf the rod volume and 1/T the inverse temperature.
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PPY(MSA)1.0 contains sulfonates as hydrogen-bonding acceptors
which allow hydrogen bonding with OG to yield PPY(MSA)1.0-
(OG)y. Therefore, the actual material is a more complicated
analogue to the model compounds referenced in the theoretical
analysis of ref 16. The backbones are charged polyelectrolytes
and the flexible coils are short and have several hydrogen-
bonding donors which help suppress the macrophase separation,
see Scheme 1a. In the theoretical model, it turns out that the
hairy rods in the microphases have the majority of their active
sites occupied by the associated coils. In the experiment, as we
will see, such a condition may not be totally achieved. Also,
OG contains a large polar headgroup with three associating sites
and only the alkyl chain is regarded as a flexible side chain.
Thus, the experimental rod consists of PPY, MSA, and the polar
part, head of OG. Moreover, the theory deals with completely
rodlike polymers, whereas the persistence length of this class
of polymers is obviously finite, for example, 75-200 Å for alkyl
substituted poly(p-phenylenes).33

Experimentally, we find microphase-separated uniform phases
when y < 2.0, and therefore the amount of side chains was
chosen around this value (y ) 0.2, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5,
and 3.0). The rod concentration,f = (1 + 0.9y)/(1 + 1.6y), in
this work was relatively high. It was selected as such not only
for the purpose of avoiding possible macrophase separation but
also because the most interesting photonic phenomena generally
appear for lowy. Therefore,κN is below unity and the side
chains are so short that their stretching seems relatively
unimportant; hence, the bond energy-ε becomes the determin-
ing factor for the phase diagram.16

Several predictions made on the basis of the theoretical
consideration may be verified. PPY and PPY(MSA)1.0 are
infusible and crystalline at least between 25 and 220°C, above
which PPY(MSA)1.0 decomposes. PPY is stable at these
temperatures.34 A strong tendency to self-organization, which
has the same generic features as in the covalent hairy-rod
system,15 arising from the mutual repulsion between rods and
coils16 is found already when a very small amount of OG is
added. The corresponding SAXS peak is seen atq ≈ 0.2 Å-1

for y g 0.2. Like crystalline PPY, the self-organized material
is yellow and highly birefringent. The self-organization is
directly related to the existence of a melt state, which also
connects the observations to the theory where the melt state is
assumed a priori.16 For smally, the structure is still relatively
poor. When the amount of side chains is increased toy ) 0.50-
0.75, the reflection becomes sharper and higher order peaks are
seen atxnq*, where n ) 1, 2, 4, 5,.... The structure is
identified as the square (Sq) phase. Increasingy further, aty )
1.0, the lattice changes into oblique. It is denoted as Obl and
tentatively corresponds to the theoretically predicted Hex2 phase,
see Scheme 1. Figure 2 shows the SAXS pattern of PPY-
(MSA)1.0(OG)1.0 in the melt state at 110°C clearly demonstrat-
ing this situation. The positions of the reflections follow the
suggestive indexation on the basis of oblique lattice. Though
there are several components present, neither PPY nor PPY-
(MSA)1.0 show reflections at the low scattering angles and pure
MSA is a liquid. Further, the diffraction measurements were
made above the melting point of OG (Tm ∼ 102 °C) to make
sure that possible crystalline OG does not contribute to the
SAXS patterns.

The lamellar phase is present fory > 1.5, while fory > 2.0
macrophase separation starts gradually to occur. The casey )
2.0 has been previously found to form a lamellar phase.10 If
PPY organizes inπ-stacks as is assumed (see below), the
observed lamellar period 29.7 Å, the repeat length 4.3 Å, and

the stack distance ca. 3.5 Å would indicate that only 80% of
the bonding sites are occupied. Therefore, a minor macrophase-
separated phase is expected to coexist, even though the material
looks uniform at optical resolution. For small and highy values,
that is,y ) 0.2 andy ) 3.0, the microphase-separated structures
are not very well defined but the long periods do not differ
from the structures at the nearest phase domains and therefore
their morphologies are suggested to correspond to them.

The above compositions were also thoroughly studied in the
temperature range 25-220 °C and the melt state is obtained
aboveT > 110 °C. The material decomposes atT > 220 °C if
left there for a long time. However, in a sealed sample holder
and under nitrogen atmosphere the material could hold out for
tens of minutes at 190°C. During heating, there is, except at
very small y, an order-disorder transition (ODT) from a
microphase-separated phase to an isotropic phase or to coexistent
isotropic and nematic phases as revealed by the sudden decrease
in the width of the10 reflection, see Figure 3. For the square
phase (Sq),TODT ) 140°C, but for Obl and Lam this increases
to TODT ) 180 °C. This contradicts theory, where Hex2 is
predicted to be stable at higher temperatures. The ODT is also
verified using differential scanning calorimetry (DSC), showing

Figure 2. X-ray diffraction pattern of PPY(MSA)1.0(OG)1.0 in the melt
state at 110°C suggesting the existence of oblique phase (Obl). Clear
peaks are observed at 0.171 Å-1, 0.214 Å-1, 0.271 Å-1, 0.341 Å-1,
and 0.42 Å-1.

Figure 3. The SAXS patterns during slow cooling of PPY(MSA)1.0-
(OG)0.75 showing order-disorder transition (ODT) at ca.TODT ) 140
°C. The inserts show the details of the diffraction pattern below ODT
and the HWHM of the reflection10.
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a distinct peak at the same temperature with an abrupt increase
of the half-width half-maximum of SAXS intensity.8 Moreover,
the phase transitions may be observed in optical microscopy
with crossed polarizers (cf. Figure 4) and as expected the
isotropic phase shows no birefringence. Above the ODT, rods
and coils tend to separate into nematic and isotropic phases in
the molten state fory < 1.5-2.0. The nematic phase is not
pure PPY(MSA)1.0, since this is crystalline at the studied
temperatures, but contains a small fraction of penetrated coils.
Only the melt state shows ionic conductivity, and there is a
small change in conductivity at the ODT.8 However, when the
microphase-separated phase is present, the presence of the
nematic phase is hard to establish, since the samples are
uniformly yellow and birefringent.

The observations are gathered in a temperature-concentration
diagram presented in Figure 5. The pertinent theoretically
predicted phase diagram is shown in Figure 1. The binodal lines
drawn on the basis of experiments are relatively consistent with

the theory where the lamellar domain dominates. The systems
studied always had a significant rod volume fraction in which
case the theory predicts only a large region of stability for the
Lam phase. Several aspects of the phase behavior predicted by
the theory are indeed observed. Whenε is small orT high, the
association is not able to compete with the strong tendency for
macrophase separation and the system segregates into almost
pure rod- and coil-rich phases.24 For somewhat higher values
of ε, a region occurs where coils and rods become partially
compatible and capable of forming hairy-rod supramolecules.
This region is also susceptible to microstructure formation.

A striking difference between experiment and theory concerns
the existence of the Obl (Hex2) phase, which theoretically only
occurs forκN > 1. Moreover, the single hexagonal phase Hex1,
that is theoretically predicted, is not observed at all. Instead
the square phase, Sq, is found. Theoretically, the square phase
was always suppressed by Hex1, albeit that the theory consid-
ered hairy rods of a single polymer. In the present case we may
estimate, using a density of 1.5 g/cm3, that the rods actually
contain 10-12 polymer chains in parallel. Here, we assume
one rod per unit cell, which is a fair assumption given that the
unit cell dimension (ca. 30 Å) is comparable to twice the length
of the side groups. It is not obvious what accounts for the
differences between theory and experiment but we might guess
thatπ-π interaction plays an important part in this. Experiments
show that conjugated PPY in this case as well as in previous
work12-14 tend to organize in stacks of ca. 3.5 Å periodicity.
This is seen as a single scattering peak at wide angles (roughly
q ) 1.8 1/Å) and is observed for all the microphase-separated
cases studied here (data not presented). The observed behavior
is even more appreciable than in thiophenes (e.g., polyoctyl-
thiophenes), which are considered prime examples of such
directed self-assembly byπ-stacking.35 This particularly mani-
fests itself in the organization at surfaces and interfaces.35,36,12,13

Here, the effect is likely enhanced by the aromatic headgroup
in the amphihile. Thus, the current system might be likened to
“hairy boards” 35 rather than rods.

In Obl, the unit cell dimensions are approximatelya ≈ 29 Å
and b ≈ 37 Å and by density arguments it contains ca. nine
parallel polymer chains. The shape of the self-organized domains
is likely to be elongated or elliptical. The01 reflection is
significantly lower than10, which might indicate almost parallel
alignment of the microdomains in a lamellar-like fashion. This
view is corroborated by the fact thatb roughly corresponds to
ca. 10 π-stacked polymer layers. In the lamellar phase, the
lamellar period is the same as the lattice constanta in the Obl
phase.

Other examples, including still shorter side chains, have been
very extensively explored as well.14 In the case where PPY is
complexed with bulky camphorsulfonic acid and very short
5-pentyl-1,3-dihydroxybenzene or 4-hexyl-1,3-dihydroxyben-
zene, octyl phenol, or octyl gallate, besides the Iso and Nem
phases only the lamellar structure is seen,14 in strong support
of the theoretical predictions.

5. Conclusions

The predictions of a recent theory for the structure and phase
behavior of supramolecular hairy rods in the melt state have
been compared with experimental results obtained using the
PPY(MSA)1.0(OG)y complexes. The theoretical picture can be
summarized as follows. The associating rod-coil system may
self-organize in three possible microstructures and form isotropic
or nematic (solid) phases. The equilibrium is controlled by
temperature, the association energyε, and the length and grafting

Figure 4. The optical micrographs with crossed polarizers of PPY-
(MSA)1.0(OG)0.75 corresponding to the situation in Figure 3 show the
coexistence of isotropic phase and suggested liquid crystalline droplets
T ) 160°C, above ODT, (a). Uniformly birefringent phase atT ) 130
°C, below ODT, (b). Both are fluid substances. Adapted from ref 8.

Figure 5. Experimental compilation of the observations on PPY-
(MSA)1.0(OG)y. Here,f is the rod volume assuming a single microphase
and 1/T is the inverse temperature. The vertically drawn labels are based
on SAXS and optical microscopy; (1) corresponds to almost pure Iso
phase, (2) to the coexistence between Obl and Iso, and (3) is crystalline
material which starts to be plastiziced and microphase separated. The
binodal lines are drawn to guide the eye. The crossed areas are regions
of coexistence.
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density of the associated coils. Different regimes can be
distinguished depending onε and the rod volume. The theory
partly agrees with the experimental observations, but clear
differences are found as well. This might well be due to the
experimental complex being much more complicated than the
model assumes, primarily because of the large headgroups of
the OG side chains. Differences may also arise from the presence
of charged molecules.

In accordance with the theory, there is a strong tendency to
microphase separation. There are three kinds of microphase-
separated phases observed, two of which contain rodlike
assemblies in square (Sq) and oblique (Obl) lattices, and the
third phase is lamellar (Lam). The simple hexagonal phase
(Hex1) was not observed. This is believed to reflect the tendency
towardπ-π-stacking which suppresses the existence of single
hairy rods. The lamellar phase region indeed dominates the
phase diagram, which agrees well with the theory, and rodlike
morphologies occupy the high rod concentration end of the
phase diagram. Contrary to the theory, theTODT is highest for
the lamellar phase. The microphase-separated phases were
observed to coexist only with Nem or Iso phases, but not
together. Order-order phase transitions were not observed in
the melt state. The isotropic phase is the single phase at low
rod concentrations above ODT. At higher rod concentration,
the isotropic phase coexists with birefringent droplets, regarded
as a nematic phase.
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