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ABSTRACT: Two series of hydrogen-bonded association chain polymers have been prepared by melt
mixing of diacids and bispyridyl. Liquid crystallinity and crystallization behavior of the polymers were
studied using DSC, polarized microscopy, and X-ray scattering methods. It is shown that these two polymer
series exhibit smectic liquid crystallinity and also crystallinity despite their random chain structures.
The two polymer series show very different capabilities in forming the smectic and crystalline phases.
This is due to their difference in monomer length, which may lead to different crystallization mechanisms.
The study indicates that when the random association chain polymers are made of two types of blocks,
one of which has nearly twice the length of the other, the corresponding crystallization behavior can be
explained by the existence of “length emulation” crystals.

Introduction

Hydrogen-bonded association chain supermolecules,
or “polymers”, have attracted much attention due to
their scientific values and potential technological
applications.1-6 Over the past quarter century, supra-
molecular chemistry has grown into a major field and
has fueled numerous developments at the interfaces
with biology and physics.7 Unlike conventional covalent
bonded polymers, association chain polymers are formed
by noncovalent interaction, such as hydrogen bonding.
Through such noncovalent bonding, liquid crystallinity
can be induced by combining two or more otherwise non-
liquid-crystalline compounds or liquid crystallinity of
one component can be modified by addition of a second
component. The association process of hydrogen bonding
mimics biological self-assembly. Understanding of this
process could lead to new approaches in the synthesis
of functional materials.

There are two types of hydrogen-bonded association
chain liquid-crystalline polymers, namely main-chain
and side-chain hydrogen-bonded LCPs. In the area of
side-chain hydrogen-bonded LCPs, pyridyl species have
been “grafted” onto pendant aromatic acid units on
preformed polymer chains.8-12 In the area of main-chain
hydrogen-bonded LCPs, Lehn et al. have described
association through triple hydrogen bonding of ditopic
species,13,14 while Griffin et al. have synthesized a class
of association chain LCPs by hydrogen bonding of
diacids and bispyridyls, neither of which are liquid
crystalline by themselves.15,16 Meijer et al.17 have
described a non-liquid-crystalline association chain
polymer having a quadruple hydrogen-bonding motif
which remains associated even in a solvent. The prop-
erty of the polymer solution is similar to that of covalent
bond polymers.

In contrast to the work done in the synthesis area,
structures of hydrogen-bonded LCPs, particularly main-

chain hydrogen-bonded LCPs, have not been intensively
studied. In our previous papers, we have studied the
nature of interaction between diacids and bispyridyls
and have reported the structure of a main-chain hydro-
gen-bonded LCP formed by mixing two complementary
components.18-21 In this paper we will report crystal-
lization behaviors of two series of random association
chain LCPs consisting of three components.

Liquid crystalline polymers with random chain se-
quence, such as copolymers consisting of 4-hydroxyben-
zoic acid (HBA) and hydroxynaphthoic acid (HNA), have
been intensively investigated. These polymers can
crystallize even under quenched conditions despite their
random chain sequence and different length of the
comonomers. Their X-ray diffraction patterns show
sharp but aperiodic peaks. Several hypotheses have
been put forward to explain the observations. Windle’s
group has proposed the “non-period lattice” (NPL)
model,22,23 which suggests that the crystallinity in rigid
chain random copolymers may result from the segrega-
tion and lateral matching of similar yet random se-
quences of the neighboring chain segments. Later, the
NPL crystal model has been extended to semirigid chain
polymers.23-25 Parallel with the NPL model, Gutierrez
et al. have proposed the “plane start register model” to
account for crystallinity in HBA-BNA random copoly-
mers, which suggests that the three-dimensional order
observed is due to the parallel arrangement of a number
of random but nonidentical chain segments with just
one monomer in register in the center of each segment.26

Nevertheless, both models agree that the ordered zones
have random sequence in the chain direction and some
degree of register in the lateral direction, and both
models can predict aperiodic X-ray peaks. Crystallinity
has also been observed in flexible chain random copoly-
mers, such as atactic poly(vinyl chloride) (PVC) and
poly(acrylonitrile) (PAN). The phenomenon has been
attributed to the existence of “shape emulation” crystals,
in which one type of unit is included in the crystal lattice
for the other type of units since two types of units have
similar shape.27,28 However, all of the crystal models
mentioned above have been emerged from studies of
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covalent bonded random copolymers. This opens the
question as to whether these models can also be applied
to random association chain polymers, especially con-
sidering the relatively low energy required to break
hydrogen-bonded polymer chains to alter their sequence
distribution. We have found that random associate
chain polymers may also be highly crystalline, while the
corresponding crystallization mechanisms have not yet
been addressed. To study crystallization mechanisms
of random association chain polymers, in this study we
synthesized two series of random association chain
polymers, each of which consists of three components
with a random sequence. The polymer series I consists
of bispyridyl, adipic acid, and a diacid, C4 acid, and the
series II consists of bispyridyl, adipic acid, and another
diacid, C5 acid. The C4 and C5 acid have almost
identical chemical structure except that the C4 acid is
shorter than the C5 acid by a (OCH2CH2) segment. The
study on the two series polymers allows us to address
the question raised above.

Experimental Section

Monomer Synthesis. Three diacids and a two-ring bis-
pyridyl were used to prepare the two series of hydrogen-bonded
association chain polymers. Their chemical structures are
shown in Figure 1. trans-1,2-Bis(4-pyridyl)ethylene (bispyridyl)
and 3-methyladipic acid (adipic acid) were obtained from
Aldrich and used without further purification. Tetraethylene-
glycoxybis(4-benzoic acid) (C4 acid) and pentaethylene-
glycoxybis(4-benzoic acid) (C5 acid) were synthesized according
to ref 16.

Polymer Preparation.. Each series of hydrogen-bonded
association chain polymers were synthesized by mixing two
diacids and bispyridyl in their melt state. Polymers containing
adipic acid and C4 acid is denoted as HBP4 series. Polymers
containing adipic acid and C5 acid is denoted as HBP5 series.
The molar ratio of diacids to bispyridyl is kept at 1:1, i.e., at
a stoichiometric ratio, for all the polymers, while the molar
ratio of adipic acid to C4 or C5 acid changes from 0:1 to 1:0.
The polymerization procedure has been reported in a previous
paper.15 The polymers were synthesized by mixing the three
components with the requirement that the stoichiometric ratio
of total -COOH and pyridyl nitrogen be 1:1. The mixtures
were put in a small vial which is then placed in an oil bath at
190-200 °C under argon and stirred vigorously for about 120
s. Chemical structures of these two series of polymers are
shown in Figure 2.

Thermal Study. Thermal behaviors of the two series of
polymers and the corresponding monomers were studied using

a TA-2920 DSC under a heating and cooling rate of 10 °C/
min, respectively. The phase behaviors of the polymer com-
plexes were also examined using a Leica polarized light
microscope fitted with a heating stage.

X-ray Scattering. X-ray powder scatterings of the polymer
complexes were obtained using a Siemens XPD-700P diffrac-
tometer fitted with a 2-D gas filled detector. Cu KR radiation
was used. The data were then corrected by subtracted a
background scattering and divided by the detector response.
1-D data were obtained by integrating the 2-D data. During
the integration, the data integration step is 0.05° (2θ), which
is within the resolution of the detector. The polymer samples
used X-ray scattering experiments were initially heated to
their isotropic melt state and then cooled to room temperature
in air.

Calculation of Monomer Lengths. The lengths of all the
monomers were calculated on the basis of their optimized
conformations, which were generated using the MOPAC AM1
routine, CERIUS Molecular Modeling Software for Materials
Research from Molecular Simulation Inc. of Burlington, MA,
and Cambridge, UK.27

Results and Discussion

Liquid Crystallinity. When diacids and bispyridyl
are melt-mixed, polymerization occurs which generates
a polymer structure in which a diacid (donor) is always
associated with a bispyridyl (acceptor), as shown in
Figure 2. This is because that, except ionic interaction,
hydrogen bonding is the strongest one among the
noncovalent interaction forces between two molecules.
The association between “donor” and “acceptor” ef-
fectively induces hydrogen bonds that lead to a more
stable structural organization. More importantly, it is
the hydrogen bonds that link the rigid parts of the
“donor” and “acceptor” together so that the effective
length of mesogenic groups is increased which leads to
liquid crystallinity of the resulting complexes. This is
clearly demonstrated by the fact that all the monomers
used in this study do not exhibit any liquid crystallinity
by themselves, while by melt mixing them together
liquid crystallinity was observed in all the cases.

DSC and microscopy studies show that all the poly-
mers under study exhibit monotropic liquid crystallinity;
i.e., the liquid crystallinity is only observed when the
polymer is cooled from its isotropic melt. Figure 3 is a
summary of phase transition temperatures of the HBP4
series measured using DSC. This series of polymers
exhibits nematic and smectic liquid crystallinity in the

Figure 1. Chemical structures of the monomers: (a) trans-1,2-bis(4-pyridyl)ethylene (bispyridyl); (b) 3-methyladipic acid (adipic
acid); (c) tetraethyleneglycoxybis(4-benzoic acid) (C4 acid); (d) pentaethyleneglycoxybis(4-benzoic acid) (C5 acid).
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composition range of 0-40 and 0-20 mol % of adipic
acid, respectively. Note that the molar percentage of
adipic acid here is based on the total diacid contents
only rather than the total contents of diacids and
bispyridyl, and this convention will be used throughout
this paper. Representative optical textures for the
observed nematic and smectic phase are shown in parts
a and b of Figure 4, respectively. The HPB5 series does
not exhibit any nematic liquid crystallinity whereas
exhibits a smectic phase in a wider range of composi-
tion, i.e., from 0 to 60 mol % of adipic acid, as shown in
Figure 5.

It is interesting to see that the capability of the two
polymer series in forming the smectic phase is fairly
different. While the HBP4 series can only exhibit the

smectic phase when the adipic acid concentration is
lower than 15 mol %, the HBP5 series exhibits the
smectic phase up to 60 mol % of adipic acid.

Crystallization. For these two series of polymers,
the two pair of diacid components, i.e., adipic acid/C4
acid and adipic acid/C5 acid, have similar pKa values.
This means that the reactivities of adipic acid and C4
or C5 acid are similar in competing to attract a bis-
pyridyl to form an association structure. As a result,
the complexation of the three components, i.e., adipic
acid/C4 acid/bispyridyl or adipic acid/C5 acid/ bispyridyl,
likely leads to a random distribution of the diacids along
the resulting polymer chains. The sequence random
characteristic has also been confirmed in a previous
study using (+)-3-adipic acid/C4 acid/bispyridyl associa-
tion chain system.19 The association chain polymers
exhibit a chiral nematic phase. Polarized light micros-
copy showed a characteristic fingerprint texture when
(+)-3-methyladipic acid was introduced into the com-
plex, even at the very low concentration of 1.5 mol %.
Moreover, it was showed that the line periodicity of the
fingerprint, which is related to the half pitch of the
helical nematic phase, increases with the decrease of
(+)-3-methyladipic acid concentration. The increase in
concentration of the chiral component twists the ne-
matic director to a larger extent and results in a shorter
pitch. These results clearly indicate that, first, the adipic
acid takes part in the formation of the liquid crystalline
phase as the association between adipic acid and pyridyl
alone does not lead to liquid crystallinity. Second, the
change of the pitch of the line periodicity of the
fingerprint with the increase of (+)-adipic acid also
indicates that the adpic acid is randomly distributed
along the polymer chain.

Figure 2. Chemical structures of the hydrogen-bonded association chain polymers. (a) The HBP4 polymer series which contains
tetraethyleneglycoxybis(4-benzoic acid) (C4 acid); HBP400, HBP402, HBP404, HBP406, HBP408, and HBP410 represent polymers
containing 0, 20, 40, 60, 80, and 100 mol % adipic acid out of the total acid contents, respectively. (b) The HBP5 polymer series
which contains pentaethyleneglycoxybis(4-benzoic acid) (C5 acid); HBP500, HBP502, HBP504, HBP506, HBP508, and HBP510
represent polymers containing 0, 20, 40, 60, 80, and 100 mol % adipic acid out of the total acid contents, respectively.

Figure 3. Phase transition temperatures of the HBP4 poly-
mer series as a function of adipic acid molar concentration (out
of the total diacid contents) measured using DSC. The data
were obtained on cooling with a cooling rate of 10 °C/min. (b)
represents isotropic-nematic transition; (9) represents ne-
matic-smectic transition; (2) represents nematic (or smectic,
or isotropic)-crystalline transition.
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Despite their random chain structures, our experi-
ments show that melting peaks appear on DSC traces
for all the polymers, which indicates the existence of
crystallinity. The melting temperatures of the polymers
measured using DSC from the first heating traces are
recorded in Figure 6. It can been seen that the melting
temperatures of the two polymer series decrease as the
adipic acid concentration increases up to 60 mol % and
then increase when the concentration of adipic acid
increases further. Both polymer series display a lowest
melting temperature at around 60 mol % of adipic acid
concentration.

The extent of melting temperature depression for
the two series of polymers is, however, different. The

melting temperature depression for the HBP4 series is
larger than that for the HBP5 series. This is more
significant when the concentration of adipic acid is less
than 20 mol %, as shown in Figure 6. In this composition
range, the melting temperature for the HBP4 series
decreases by about 7 °C while that for the HBP5 series
is nearly kept at a constant level. The difference in
melting temperature depression between the two sys-
tems is caused by their difference in monomer length,
and this will be addressed in detail later.

It is interesting to see that there is a significant
degree of undercooling observed in these association
chain polymers. Undercooling crystallization is often
observed in polymers (or molecular chain) but not in
small molecules where the arrangement of small mol-
ecule into a crystal lattice is easy and rapid. The
significant degree of undercooling, on the other hand,
indicates a polymeric characteristic of the association
chain polymers.

The crystalline structures of the polymer complexes
and their individual monomer components were studied
using the powder X-ray scattering method. In a previous
report,18 we have shown that when two complementary
monomers are melt-mixed together forming an associa-
tion chain polymer through hydrogen bonding, the
resulting polymers not only show liquid crystallinity but
also develop new crystalline structures that is different
from those of the individual monomers. The polymer
systems studied here consist of three components.
Similar to the two-component system, they not only
exhibit liquid crystallinity but also develop new crystal
structures. This is clearly shown by the fact that some
strong scatterings from the monomers are not shown
in the polymer spectra, while some strong scatterings
which do not appear in the monomer spectra show up
in the polymer scattering patterns, as shown in Figures
7-9. The new crystalline structures observed obviously
arise from the association chain structure.

Figure 8 shows the powder X-ray scatterings of the
HBP4 polymer series. There are six polymers in this
series, HBP400, HBP402, HBP404, HBP406, HBP408,
and HBP410, for which the concentrations of adipic acid
are 0, 20, 40, 60, 80, and 100 mol %, respectively. The
curve at the bottom is the X-ray scattering from
HBP400, a copolymer formed by melt-mixing C4 acid
and bispyridyl. It can be, in fact, seen as a homopolymer
of bispyridyl-C4 acid blocks since it has a regular chain
structure. Similarly, HBP410 can be seen as a homo-
polymer of bispyridyl-adipic acid blocks.

When adipic acid is partially substituted by C4 acid,
the resulting polymers are random copolymers of bis-
pyridyl-C4 acid and bispyridyl-adipic acid blocks, and

Figure 4. Optical textures observed from the HBP4 polymer series show (a) a nematic phase at 167 °C and (b) a smectic phase
at 158 °C. Molar ratio of C4 acid to adipic acid is 90:10. Magnification is 200.

Figure 5. Phase transition temperatures of the HBP5 poly-
mer series as a function of adipic acid molar concentration (out
of the total diacid contents) measured using DSC. The data
were obtained on cooling with a cooling rate of 10 °C/min. (b)
represents isotropic-smectic transition; (9) represents smectic
(or isotropic)-crystalline transition.

Figure 6. Melting temperatures of the two polymer series
as a function of adipic acid concentration measured using DSC.
The data were obtained on heating with a heating rate of 10
°C/min. (2) represents the HBP4 polymer series; (9) represents
the HBP5 polymer series.
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their X-ray scattering patterns are very different from
those of the homopolymers, i.e., HBP400 and HBP410.
The X-ray diffraction patters of the random copolymers
also cannot be reproduced by adding together the two
homopolymer X-ray diffraction patterns at any ratio.
This clearly indicates that the ordered zones in these
random copolymers are not composed of homopolymer
sequences. Moreover, crystallinity of the polymers is
also decreased significantly when C4 acid is introduced
into the polymer chains. It can be seen that a large
scattering halo is superimposed with the crystalline
peaks for the polymers HBP410, HBP408, and HBP406.
All the evidence suggests that although in association
chain polymers the linkage between monomers is weaker
than that in covalent bonded polymers, they do not tend
to break up to rearrange their sequence distributions
to form regular crystal structures. Instead, it is likely
that the crystal zones are formed with segments of
random sequences. In fact, the hydrogen-bonding as-
sociation chain is strong enough to sustain shear force.20

Figure 9 shows the X-ray scattering patterns from the
HBP5 polymer series. There are also six polymers in
this series, HBP500, HBP502, HBP504, HBP506,
HBP508, and HBP510, for which the concentrations of
adipic acid are 0, 20, 40, 60, 80, and 100 mol %,
respectively. The curve at the bottom is the scattering
from HBP500, a copolymer from complexation of C5 acid
and bispyridyl. The structure of this two-component
copolymer has been studied and reported in a previous
paper.18 When adipic acid is partially substituted by C5
acid, the resulting polymers would be terpolymers, in
which the two diacids are distributed randomly along

the chains. It is interesting to see that the scattering
signatures for polymer complexes HBP510, HBP508,
and HBP506, for which adipic acid concentrations are
100, 80, and 60 mol % respectively, are quite similar,
in contrast to the polymer HBP4 series.

It is striking to see that the HBP5 series of polymer
complexes exhibit very high crystallinity despite the
random character of the polymer chains and the crys-
tallinity of the polymer complexes is not significantly
reduced even in the middle range of composition. The
crystallinities for polymer HBP500, HBP502, and
HBP504 are all about 86% based on estimation from
X-ray data, which means that incorporation of 40 mol
% of adipic acid into the polymer chains does not
significantly interrupt the crystal packing.

The X-ray scattering signatures and crystallinity of
the HBP5 polymer series is in contrast to those of the
HBP4 polymer series. The crystalline structure and
crystallinity of the HBP4 polymer series is very sensitive
to the substitution of the adipic acid by C4 acid in the
whole range of compositions. The fact that the crystal-
line structure and crystallinity of the HBP5 polymer
series hardly change when the C5 acid is substituted
with adipic acid up to 40 mol % of adipic acid rises a
question as to what is the crystallization mechanism
for the HBP5 polymer series.

Before answering this question, we need to consider
how the three components in the polymers arrange
along the polymer chains. Although both HPB4 and
HBP5 series consist of three monomer components,
these three components are not randomly distributed
along the polymer chains. As mentioned earlier, along
a polymer chain, a bispyridyl is always followed by a
diacid through hydrogen bond association. As a result,
the HBP4 polymer series can be considered as random
copolymers of bispyridyl-tetraethyleneglycoxybis-
(4-benzoic acid) (C4 acid) blocks (BT blocks) and bis-
pyridyl-adipic acid blocks (BA blocks), while the HBP5
series can be considered as random copolymers of
bispyridyl-pentaethyleneglycoxybis(4-benzoic acid) (C5
acid) blocks (BP blocks) and BA blocks. The concentra-
tion of the BA blocks ranges from 0 to 100% for both
series, i.e., from HBP400 to HBP410 for the HBP4 series
and from HBP500 to HBP510 for the HBP5 series.

The difference between polymer series HBP5 and
HBP4 is only the length difference of one of the diacids;
i.e., the C5 acid is longer than the C4 acid. The lengths
for bispyridyl, adipic acid, and pentaethyleneglycoxybis-
(4-benzoic acid) (C5 acid) were calculated as 9.5, 10.1,
and 30.7 Å, respectively.29 As mentioned before, the

Figure 7. X-ray scatterings from the monomers: (a) penta-
ethyleneglycoxybis(4-benzoic acid) (C5 acid); (b) tetraethyl-
eneglycoxybis(4-benzoic acid) (C4 acid); (c) trans-1,2-bis(4-
pyridyl)ethylene (bispyridyl); (d) 3-methyladipic acid (adipic
acid).

Figure 8. X-ray scatterings from the HBP4 polymer series;
From bottom to top the curves are for polymer HBP400,
HBP402, HBP404, HBP406, HBP408, and HBP410, which
represent polymers containing 0, 20, 40, 60, 80, and 100 mol
% adipic acid out of the total acid contents, respectively.

Figure 9. X-ray scatterings from the HBP5 polymer series.
From bottom to top the curves are for polymer HBP500,
HBP502, HBP504, HBP506, HBP508, and HBP510, which
represent polymers containing 0, 20, 40, 60, 80, and 100 mol
% adipic acid out of the total acid contents, respectively.
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HBP5 series consist of BT and BA blocks which are
randomly distributed along the polymer chains. Given
the length of the hydrogen bond is 1.74 Å and bond
angle of 167°,30 the lengths of the BP blocks and BA
blocks are about 43.6 and 23.0 Å, respectively. The
simulated data indicate that the lengths of polymer
repeat units for HBP500 and HBP510 block are 40.8
and 20.5 Å, respectively. This gives that the length of
the BP blocks is roughly twice of the length of the BA
blocks. At low C5 concentration it is very likely that a
BP block would emulate two BA blocks and packed into
the crystal lattice for BA blocks. Therefore, by introduc-
tion of C5 (BP block), the main crystal scattering
signatures and crystallinity are hardly changed up to
40 mol % of C5 acid incorporation. The fact that the
melting temperature of the HPB5 series is hardly
changed even up to 20 mol % of adipic acid incorporation
also suggest the possible length emulation packing
structure for the crystals. At higher concentration of C5
acid, it is likely that two BA blocks would emulate a
BP block and packed into the crystal lattice for BP
blocks. Therefore, in the whole range of compositions,
crystallinity of the HBP5 series is fairly high compared
to those of the HBP4 series, especially in the middle
range composition.

The existence of smectic phase in the HPB5 polymer
series even up to 60 mol % of adipic acid incorporation,
on the other hand, also provides indication of the
possible length emulation packing structure. A smectic
liquid crystalline polymer has not only a long-range
orientational order but also a short-range positional
order, i.e., layer structure. The existence of a smectic
phase in the HPB5 series at high adipic acid concentra-
tion, 60 mol %, suggests that the short BA blocks should
be included into the layer packing but not only act as
defects. Small-angle X-ray scatterings from the polymer
HPB500 also shows a low-angle scattering with a length
roughly equal to the length of the BP blocks.17 The
absence of smectic phase at the high concentrations of
adipic acid is attributed to flexible nature of adipic acid.

The HBP4 series has a short version of acid. The
length of tetraethyleneglycoxybis(4-benzoic acid) (C4
acid) is about 3.5 Å shorter than that of pentaethyl-
eneglycoxybis(4-benzoic acid) (C5 acid) so that the
length of BT blocks is only about 40.1 Å. The length of
the BT blocks is much shorter than that of twice the
length of the BA blocks, which make it difficult for two
BA blocks packing into the crystal lattice for the BT
blocks. X-ray scattering from the HPB4 series clearly
indicates an increase of amorphous halo with an in-
crease of adipic acid incorporation, which means an
increase of amorphous region. The HBP4 series exhibits
smectic phase only at very low adipic acid concentration
(<15 mol %). This is also a clear evidence that BA blocks
cannot emulate the length of BT block well due to their
large difference in length and hence become defects in
smectic liquid crystals, which leads to an unstable
smectic phase.

Conclusions
The two series of hydrogen-bonded association chain

polymers studied in this paper exhibit not only liquid
crystallinity but also crystallinity despite their random
chain sequence. Their capabilities in forming the crys-
talline and smectic phase are very different, which is
due to their difference in the monomer length. When
the random association chain polymers are made of two
monomers, one of which has nearly twice of the length
of the other, the crystallization behavior can be ex-
plained by the existence of “length emulation” crystals.
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