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ABSTRACT: We present a detailed study of the structure and properties of a supramolecular complex
formed via hydrogen bond association between poly(acrylic acid) chains and an imidazole-terminated
biphenyl mesogen. The system exhibits a rich phase behavior as a function of temperature and stoichiometry,
expressed as the molar ratio S between the number of mesogens and binding sites present. Smectic
mesophases are formed for all S g 0.033, a surprisingly small number. The dependence of the characteristic
length scale of the mesophase on stoichiometry does not follow the expected 1-D swelling law. At low
stoichiometries, S e 0.2, the system exhibits little or no change in structure up to temperatures as high as
200 �C, beyond which changes become temperature irreversible. In contrast, at higher S, the system features
complex thermally driven transitions among tilted monolayer and bilayer arrangements and complete,
reversible isotropization of the system at elevated temperatures. Over a limited range of temperatures and
compositions, a supramolecular length scale emerges that is well beyond the upper limit imposed by a bilayer
construct and thus cannot be accounted for within the conventional paradigm. Binding isotherms reveal that
the polymer has a limited capacity for the ligand with saturation occurring for Sg 0.33. These results suggest
that the common assumption of homogeneously distributed tightly bound ligands with layer-like phase
separation from the polymer backbone do not apply in this system over all compositions. The anomalous
phase display is consistent with demixing between polymer rich and polymer poor domains due to the
presence of excess unassociated mesogen, which can act as a solvent for the system.

Introduction

Specific interactions between functionalized small molecules
and polymer chains bearing complementary binding sites can be
used to engineer supramolecular complexes that display meso-
morphic structure. The use of noncovalent interactions to bind
small molecules to homopolymer and block copolymer back-
bones is well-documented in the literature.1-11 In particular,
hydrogen-bonding interactions offer a flexible platform for the
self-assembly of graft copolymer-like structures by association of
linear homopolymer chains with appropriate ligands. Such
supramolecular engineering permits the facile development of
new materials with a wide range of functional properties. For
example, photonic band gap materials12,13 and electrically con-
ducting supramolecular polymers14 have been realized, in addi-
tion to materials that display orientational switching of their
microstructure in the presence of electric fields.15 In many cases,
the properties and potential utility of these systems are deter-
mined in large part by the microstructure that develops because
of microphase separation between the host polymer backbone
and the small molecule. A common manifestation of this, for
example, is the electro-optic properties that result from the
formation of liquid crystallinemesophases by the smallmolecules
when tethered to the polymer chains.16,17

The prototypical preparation of these materials involves com-
plexation of the small molecule ligand to the polymer chain in
solution, followed by removal of the solvent to produce a melt.
The structure in the melt is considered with respect to the volume
fraction of the ligand and the chemical dissimilarity between the

ligand and the polymer chain, which drives phase separation.
In this manner, it is very much akin to microphase separation in
traditional block copolymers and comb copolymers, with the side
chain motif of the comb copolymer well-reproduced by the
supramolecular complex, as schematically depicted in Figure 1.
The volume fraction of the ligand,j, may be expressed in terms of
the molar mass ratio,RM (assuming equal densities), between the
ligand and the monomeric binding site, and the stoichiometry of
the system, S, which is the number of ligands present per site, is
shown in eq 1. In the microphase-separated state, the character-
istic length scale of the system is commonly dictated by a simple
1-D swelling law.2 As shown in Figure 1, the ligands can be
organized into monolayer- (or bilayer-) type domains with
dimensions set by the length of the ligand, l, and the tilt angle
in the system, θ. The repeat distance is a simple function of the
layer dimensions and the volume fraction of the ligand in the
system (eq 4). Finally, within the domains, the ligands may
exhibit crystalline, liquid crystalline, or liquid order as a function
of temperature and stoichiometry.

j¼ SRM

SRM þ 1
ð1Þ

j¼ tl

tp þ tl
ð2Þ

d ¼ tp þ tl ¼ tp þ l sin θ ð3Þ

d ¼ l sin θ

jl

ð4Þ

Implicit in this treatment is the assumption that the ligand
binds stoichiometrically to the polymer backbone for all S e 1*Corresponding authors. E-mail: chinedum.osuji@yale.edu.
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and the supramolecular complex displays properties typical of a
side-chain-functionalized polymer. Several reports in the litera-
ture have also considered supramolecular complexes at stoichio-
metric ratios larger than 1, with the excess ligand acting as a
pseudosolvent, which can effectively swell or even dissolve the
polymer.13,18-21 Given standard concepts of polymer solution
thermodynamics, it is reasonable to expect that there should be
some range of composition and temperature over which the
system will demix into polymer-rich and polymer-poor phases.
Such demixing, together with self-assembly due to backbone-
side-chain microphase separation, would make for complex
phase behavior in the system. Indeed, such behavior is predicted
in the specific case of weakly interacting ligands wherein the
equilibrium between bound and labile species is thermally
responsive at reasonable temperatures. In this situation, the
quantity of solvating ligand present is strongly temperature-
dependent. Such systems have been considered theoretically
using the random phase approximation, in particular by
Tanaka et al.22 and Dormidontova at el.23 In the latter study, a
rich phase behavior was uncovered, marked largely by macro-
phase separation at elevated temperatures into ordered and
homogeneous phases and additionally featuring coexistence
between different ordered phases such as hexagonal and lamellar
mesophases. The periodicity of ordered structures wasminimized
for the case of 1:1 binding and increased with positive and
negative deviations from this equimolar stoichiometry. A study
of the phase behavior of a poly(4-vinylphenol)-N,N-dimethyloc-
tadecylamine system by Akiba et al. largely corroborated these
findings.20 To date, however, there are still relatively few examples
in the literature of systematic studies of the phase behavior of such
polymer-ligand systems where the solvency of unbound ligand
plays a crucial role. Furthermore, the case of mesogenic ligands
remains quite unexplored in comparison to that of flexible aliphatic
ligands, such as pentadecylphenol (PDP) or dodecylbenzenesul-
fonic acid (DBSA), which have been more frequently consi-
dered.2,5,24-27 Here one can expect that the ability of the ligands
to form liquid crystallinemesophases could significantly impact the
phase behavior of the system.

Here we report on a detailed characterization of the stoichio-
metry and temperature-dependent phase behavior of a supramo-
lecular complex produced by hydrogen bonding a mesogenic
imidazole-terminated ligand to a poly(acrylic acid) (PAA) back-
bone. The binding of the mesogen to the polymer backbone is
seen to saturate for stoichiometric ratios S g 0.33. Beyond
this saturation of the polymer’s binding capacity, additional
mesogens are successfully incorporated into the system via
free association (coassembly) with bound species, resulting in

crystallization of the mesophase at sufficiently high loading
densities. We present a model wherein smectic demixing between
mesogen rich andmesogen poor domains develops because of the
activity of the unbound mesogen as a solvent at high tempera-
tures. A characteristic length scale develops as macrophase
separation is inhibited by the connectivity provided by the
polymer backbone, which participates in both phases via hydro-
gen bonding with the mesogens.

Experimental Section

Materials and Sample Preparation. Polydisperse atactic PAA
of molecular weight 450 kg/mol. was obtained from Poly-
sciences and used as received. The mesogenic ligand, with a
molecular weight of 0.504 kg/mol, is based on an imidazole
headgroup and a rigid biphenyl core with 10 and 8 carbon
aliphatic spacer and tail segments, respectively as illustrated in
Figure 2. The ligand was synthesized starting from 4,40-dihy-
droxybiphenyl, as described in the Supporting Information.
Complexes were produced over a range of stoichiometric ratios
from S=0.011 to 1 by combining appropriate quantities of 2.5
wt % DMF (Aldrich) solutions of the polymer and mesogen
whilemixingwith amagnetic stirrer.DMFwas removed by slow
evaporation at 75 �C over several hours. The films produced
were dried under vacuumat 65 �C for 48 h and then usedwithout
further treatment.

X-ray Scattering. Small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS) were performed on a
Rigaku S-3000 system using pinhole collimation of Cu KR
radiation at 1.54 Å. SAXS patterns were recorded on a 2-D
electronic wire detector (1024 � 1024 pixels), and WAXS was
recorded on 20� 25 cm image plates (Fuji). Data were analyzed
using MATLAB routines (Rigaku) to integrate the 2-D data to
provide 1-D representations of scattered intensity versus wave-
vector q, where q = (4π/λ) sin θ, with 2θ the scattering angle.
Temperature-dependent measurements were made using a hot
stage (Linkam THMS600) with associated temperature con-
troller (TMS 94). The sample chamber was evacuated and then
refilled with helium to provide a low scattering atmosphere
that aided heat transfer between the hot stage and the polymer
films. Samples were subjected to a heating rate of 10 �C/min
and allowed to equilibrate for 10 min at each temperature
prior to measurement. Data were collected for 10 min at each
temperature.

Differential Scanning Calorimetry and Optical Microscopy.

Differential scanning calorimetry (DSC)was conducted on aTA
InstrumentsQ200using a fast heating rate of 40 �C/min and a slow
heating rate of 5 �C/min. Birefringent sample textures were
observed as a function of temperature by polarized optical micro-
scopy using a Zeiss Axiovert 200M invertedmicroscope. There
was a constant offset of approximately 5 �C between tempera-
tures recorded by DSC as compared with SAXS (higher).

Fourier Transform Infrared Spectroscopy (FTIR).Attenuated
total reflectance (ATR) Fourier transform infrared spectroscopy
(FTIR) measurements on melt samples were conducted with
a Bruker Tensor 27 spectrometer equipped with a temperature-
controlled Pike Si-crystal ATR cell. Samples were prepared by
temperature-controlled solvent evaporation directly on the cell
to ensure good conformal contact of the polymer film with the
crystal.

Figure 2. Chemical structures of the PAA homopolymer and the
H-bonded imidazole mesogen.

Figure 1. Schematic representation of one-dimensionally swelled
layered structures in a hydrogen-bonded side chain of the poly-
mer-mesogen complex.Mesogens can reversibly interact with different
binding sites along the chain. The periodicity of the system is given by
d = tp þ tl, where tp is the thickness of the polymer layer and tl is the
thickness of the mesogen layer, which takes into consideration the
possible tilt (θ) of the constituents.
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Results and Discussion

FTIR.Hydrogen bonding between the imidazole acceptor
of the ligand and the hydroxyl donor of the polymer chain
was confirmed byATR-FTIRmeasurements, Figure 3a. The
infrared absorption spectra were analyzed using Lorentzian
deconvolution to separate the different contributions to the

carboxylic band. Melt-phase PAA showed the characteristic
stretching band of the carboxylic group centered around
1700 cm-1, which was deconvoluted into two separate con-
tributions. At room temperature, the band at 1737 cm-1 is
attributed to the free CdO stretching (COOH groups not
involved in any H-bonding), whereas the band around
1703 cm-1 is due to the combination of COOH groups that
are hydrogen bonded in dimeric and intramolecular
form.28,29 The addition of the mesogen leads to the display
of carboxylic stretching with frequencies centered on
∼1717-1723 cm-1, as evident from the modification of the
interaction spectrum depicted in Figure 3a. This is consistent
with the formation of hydrogen bonds between imidazole
and carboxylic groups and is also observed for the closely
related pyridine-carboxlic acid pairing.28,30 This was taken
as the primary indicator of H-bond formation between the
imidazole-terminated mesogen and the acrylic acid units of
the polymer. The fraction of the imidazole-bound carboxylic
groups at different temperatures is obtained by fitting the
carboxylic band with a three-band model, as shown in
Figure 3b. Analysis of the deconvoluted peaks at the car-
boxylic region permits quantification of the fraction of the
carboxylic groups involved in hydrogen bonding with the
imidazole headgroup of the mesogen as a function of
stoichiometry at a fixed temperature. The fraction of the
carboxylic groups hydrogen bonded to the mesogen,
fCOOH-mesogen, can be estimated28 using eq 5.

f COOH-mesogen

¼ ACOOH-mesogen=Afree

1þ ε1ðACOOH-mesogen=AfreeÞþ ε2ðAdimer=intra=AfreeÞ
ð5Þ

Here Afree, ACOOH-mesogen, and Adimer/intra are the peak
areas corresponding to free, hydrogen-bonded carboxylic-
mesogen, and combination of dimer and intramolecular
hydrogen-bonded carboxylic groups, and ε1 and ε2 are the
respective ratios of the absorptivities. The absorptivity ratio ε2
is 1.5 and ε1 is taken close to unity.31

Peak deconvolution analysis reveals that the peak inten-
sity contribution in arbitrary units due to COOH-imidazole
binding increases with increasing stoichiometry before
saturating around S = 0.33, as depicted in Figure 3c. This
is in excellent agreement with the calculated fraction of
carboxylic groups involved in hydrogen bonding with imida-
zole units, shownon the sameplot. The implication is that for
S g 0.33, all monomer units along the polymer chain are
involved in hydrogen bonding, either with the imidazole
mesogen or other acrylic acid groups, or they are otherwise
not accessible for imidazole binding, possibly due to bulki-
ness and rigidity of the mesogenic groups.32 Beyond this
binding saturation limit, excess mesogens in the system
simply associate loosely or coassemble with the already
bound moieties because they do not macrophase separate
from the polymer. Studies were also conducted as a function
of temperature, but no large scale changes are observed for
temperatures up to 170 �C. Figure 4 shows the fraction of
mesogen-bonded COOH groups as a function of tempera-
ture for S= 0.075, 0.11, and 0.50. Elevated temperatures of
sufficient magnitude could be expected to promote dissocia-
tion of COOH dimers as well as COOH-imidazole pairs.
Heating the sample also provides mobility to the coassembled
but non-hydrogen-bonded mesogens that are present in the
system in excess of the binding capacity of the polymer
chain for Sg 0.33. These species, however, do not contribute

Figure 3. (a) IR spectra of PAAhomopolymer, the imidazolemesogen,
and its blends at different compositions in the carboxylic stretching
region (1800-1600 cm-1) recorded at 30 �C. (b) Illustration of the peak
deconvolutionprocedure for complexes.The carboxylic stretchingband
is Lorenzian deconvoluted into three contributions: (i) the stretching
band around 1737 cm-1 corresponds to free carboxylic groups (blue
line), (ii) the band around 1720 cm-1 is due to carboxylic groups
involved in the COOH-imidazole binding (green line), and (iii) band
around 1703 cm-1 is attributed to the carboxylic groups in dimerized
form or due to intramolecular hydrogen bonding (red line). The circles
represent the experimental data, and the solid black line represents the
sum of three Lorenzian contributions. (c) The contribution from the
carboxylic groups hydrogen bonded to mesogens at various blend
ratios. The measured intensities at different molar ratios are scaled by
taking into account the amount of PAA in the system and then
normalized to the intensity at S = 1. It is evident that the hydrogen
bonding saturates around 0.33 molar ratio. The dashed line is a
sigmoidal fit to the normalized peak intensity.
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to increased band intensity at elevated temperatures. The fact
that the fraction of mesogen-bonded COOH groups does
not change significantly with temperature suggests that
the thermal dissociation of COOH dimers and COOH-
imidazole pair occurs to roughly the same degree and does
not result in any newhydrogen bond formation; if anyCOOH
groups are liberated by thermal dimer breakage, then they
do not participate in hydrogen bonding with the mobile
mesogens in the system, and thus the binding saturation limit
does not increase at elevated temperatures. At temperatures
beyond 170 �C, the formation of acid anhydride by dehydra-
tion of neighboring COOH groups becomes non-negligible,
leading to irreversible changes in the observed infrared
absorptions as well as phase behavior, as studied by SAXS,
DSC, and POM.

Differential Scanning Calorimetry. The PAA used in this
study is an atactic amorphous polymer, with DSC showing a
glass transition, Tg, at 132 �C. The mesogen is a crystalline
solid at room temperature, with a single, well-defined melt-
ing point at 97 �C. DSC traces for both the polymer and
mesogenareprovided in theSupportingInformation(FigureS1).
X-ray scattering of the compacted mesogen powder shows a
layered structure with a long period of 33 Å, in good
agreement with the calculated extended chain length of the
molecule, 34 Å. On formation of the complex, themesogenic
ligand exerts a plasticizing effect on the PAA chains, result-
ing in a decrease in the glass-transition temperature to
roughly 60 �C (Figure 5). However, from S = 0.011 to 0.2,
the Tg does not show a composition dependence. For these
samples, with the exception of the glass transition, the DSC
data are remarkably featureless. Beyond S = 0.2, the glass
transition was not observable, even at fast heating and
cooling rates of 40 �C/min shown in the Supporting Infor-
mation. For these samples, multiple endothermic peaks
are observed on heating at temperatures between about 70
and 150 �Cwith a very broad final or clearing transition. For
S g 0.2, the general features of system are an increasing
melting enthalpy (normalized with respect to the mass
content of the mesogen) on increasing stoichiometry for
the first transition, around 80-95 �C, and a relatively
conserved enthalpy for the second transition, located around
96-105 �C. Beyond this temperature, the remaining transi-
tions are of marginal strength and are not well-resolved in all
cases. These general features are consistent with those of prior
observations involving complexes prepared using low molar
mass PAAwith narrowmolecular weight distribution derived

by anionic synthesis.12,33 The high molecular weight and
polydispersity of the PAA used in the current study likely
contribute to a broadening of the transitions reported here.

The presence of transitions close to that of the neat ligand
around 97 �C may lead one to conclude that there is macro-
phase separation in the system between the polymer and the
pure crystalline mesogen. However, no evidence of the neat
crystalline mesogen was found in SAXS nor in POM studies.
The location of the largest exothermic peak on cooling was
around 80-95 �C which is inconsistent with the crystal-
lization of the pure mesogen. Finally, the measured DSC
traceswere all completely reversible, which is in contrastwith
those encountered for improperly prepared blends that dis-
play macroscopic regions of the pure mesogen distributed
throughout the polymer film.

Polarized Optical Microscopy. Polarized optical micro-
scopy shows the formation of homogeneous films over all
stoichiometries. For Sg 0.075, the films are birefringent and
display liquid crystalline textures, as shown in Figure 6. For
S g 0.20, heating to temperatures above 150-180 �C results
in a loss of birefringence as the samples go though an LC-to-
isotropic transition that corresponds roughly with the final
weak, broad endothermic peaks observed inDSC. For 0.20>
S g 0.075, birefringence was maintained without a significant
decrease in the transmitted light intensity up to 200 �C.
Samples heated beyond 200 �C showed a loss of birefringence
that was not recovered on cooling to room temperature, likely
due to anhydride formation and degradation of the polymer.
The observation ofmesophase formation at such low stoichio-
metries is quite remarkable. At S=0.075, only 1 out of every
13 to 14 acrylic acid repeat units bears a ligand. Even at S =
0.033, where 1 in 33 units is complexed, although the samples
were not birefringent, scattering studies reveal that there is a
modest degree of mesoscale ordering between the ligands, as
will be discussed.

X-ray Scattering. SAXS shows a single strong scattering
peak centered around q = 0.08-0.1 Å-1 for S = 0.033,
0.075, 0.11, and 0.20 at room temperature (Figure 7). The
peak positions and intensities were found to be quite inde-
pendent of temperature up to 160 �C, in agreement with the
observations from polarized optical microscopy described
above. TheS=0.20 sample also has aweak shoulder located
at 0.13 Å-1 and a smaller peak at 0.26 Å-1. For S g 0.33,
with the exception of S=0.50, the system in general shows a
much weaker primary peak between 0.125 and 0.175 Å-1,
with a second order present at higher q. For S = 0.5, the
primary reflection was observed at q = 0.32 Å-1, with a
second-order reflection present at higher q, observed in the
wide-angle regime. The variation in the d-spacing of the
primary LC mesophase-related SAXS peak at room tem-
perature as a function of stoichiometry is shown in Figure 8.
For S= 0.033, 0.075, and 0.11, the mesophase displayed by
the system has d-spacings of 67, 65, and 64 Å. Given the
extended chain length of 34 Å for the ligand, one possibility is
to rationalize this dimension in terms of a homogeneous
distribution of ligand monolayers separated by a volume
fraction proportional thickness of intervening PAA. This
1-D swelling approach, however, not only fails to predict the
d-spacing for the system accurately, but the measured de-
pendence of the d-spacing with stoichiometry also deviates
from that expected based on 1-D swelling. Alternatively, we
may account for the ∼66 Å dimension in terms of a dense
arrangement of tilted ligand bilayers. This implies that the
system would be inhomogeneous in the spatial distribution
of the ligand but instead displays some heterogeneity such
that the mesogens are locally dense in some regions, giving
rise to mesophases with layer spacings that would be

Figure 4. Peak fraction of COOH groups involved in hydrogen bond-
ing with imidazole head groups for S=0.075, 0.11, and 0.5 at different
temperatures as indicated. For low stoichiometry complexes, the frac-
tion of the hydrogen bonds attributable to the mesogen does not show
any significant temperature dependence, whereas there is a slight
decrease at elevated temperatures for S = 0.5.
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expected at higher nominal stoichiometries based on a
bilayer construct. Whereas this is an intriguing possibility,
our experiments did not produce robust indications of the
presence ofmicroscale heterogeneity in the systemvia neither
optical nor scattering techniques. At this time, the reasons
for the deviation from the expected swelling behavior remain
unclear.

An examination of the wide-angle scattering data (Figure 9)
at room temperature as a function of stoichiometry shows that
for low stoichiometries, the ligands do not display strong
positional correlations inside the mesophase. That is, they
have liquid-like order, as illustrated by the broad diffuse
scattering for S = 0.11. At S = 0.2, the mesophase starts to

display some order via the development of a small peak in the
scattering signal at q=1.455 Å-1, corresponding tod=4.3 Å.
Finally, for S g 0.5, the samples display quite strong peaks
located at q = 1.455 and 1.653 Å-1, corresponding to d =
4.3 and 3.8 Å, respectively. These peaks are due to the crystal-
lization of the mesogen, and their positions are consistent with
those observed for the puremesogen itself. The peak at 4.3 Å is
likely due to side-side correlations of the biphenyl cores,
whereas that at 3.8 Å is produced by tight packing of the alkyl
tails and spacers of the mesogen.

A preliminary phase diagram for the system has been
constructed on the basis of SAXS, WAXS, POM, and
DSC studies (Figure 10). There are likely several regimes of

Figure 6. Polarized optical micrographs of PAA-mesogen complexmelts. (a,b) S=0.5 sample at 30 and 120 �C, respectively. At temperatures above
160 �C, the birefringence was extinguished. (c) S = 0.11 sample at 30 �C. The scale bar is 50 μm.

Figure 5. DSC heat flow curves of PAA-mesogen complexes of various stoichiometries, S, taken on second heating/cooling at 5 �C/min.
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coexistence between different smecticmesophases, particularly
at elevated temperatures, but these could not be accurately
delineated here.

As seen from the data of Figure 7, higher stoichiometry
systems, S g 0.33, showed a marked dependence of their
structure on temperature, in contrast with lower stoichiom-
etry samples. For S = 0.50, 0.75, and 1.0, cooling from
the isotropic state at elevated temperatures results in
the development of a scattering peak at d ≈ 110 Å, around

T = 95-110 �C. The peak is of limited intensity compared
with the liquid crystalline scattering at immediately proxi-
mate temperatures, but in the case of S = 1.0, for example,
higher order peaks at 2q* and 3q* are shown, suggestive of a
layered structure. For S=0.50, the peak persists only over a
limited range of roughly 10 �C,whereas forS=0.75 and 1.0,
the peak was found to persist on cooling to room tempera-
ture with relatively low intensity. From the schematic pre-
viously provided in Figure 1, it is clear that this length scale

Figure 7. Circularly integrated SAXS data from second heating and cooling of the melt samples as a function of temperature at different
stochiometries: S = (a) 0.011, (b) 0.033, (c) 0.075, (d) 0.33, (e) 0.5, (f) 0.75, and (g) 1. Data for S = 0.11 and 0.2 are largely identical to those for
S = 0.075 and are provided instead in the Supporting Information.
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cannot be accounted for in the conventional manner where
the extended length of the side group is used as a funda-
mental unit, whereby the system is limited to displaying
periodicities that are roughly double this dimension. This
neglects any dilution of the mesogen by the presence of the
polymer, which is a reasonable assumption at these high
stoichiometries. Given the ratio of the molar mass of the
mesogen to the acrylic acid monomer (RM=7), at S=0.50,
for example, the mesogen constitutes roughly 78% of the
system bymass, and at S=1.0, it makes up 87.5 wt% of the
sample. The emergence of structure on this length scale in
these systems has been reported before, for S = 0.5, using
polymer backbones of 5 and 21 K molecular weights.33 The
observation here of the same layer-like order using a polymer
backbone of significantly highermolecularweight is striking.
It suggests that the system selects a length scale that is
independent of the polymer chain length, in stark contrast
with the common experience for block and comb copolymers
where microphase separation is intrinsically related to chain
dimensions. The temperature-dependent phase behavior at
these high stoichiometric ratios is exceptionally complex.
There appear to be multiple transitions between different
structures, and clearly, there are temperatures at which some
of these structures are in coexistence. Notwithstanding this
complexity, however, the consistent feature is that the 110 Å
structure forms during the transition from the presumed
bilayer arrangement at elevated temperatures that give rise to
∼66-72 Å scattering and the structures that are present at
lower temperatures, ranging from 20 to 40 Å. This observa-
tion is in good agreement with previous results for this same
system at S = 0.50.

The presence of multiple apparent LC phases during the
transition from the 110 �C temperature range to room
temperature provides insight into a possible mechanism to
explain the appearance of the supramolecular peak at 110 Å.
Taken together with the results of our FTIR measurements
that conclusively show that the polymer has a limited binding
capacity for the mesogen, we propose a model based on
smectic demixing, as shown in Figure 11.

Here unbound mesogens are coassembled with bound
species at elevated temperature, yielding a homogeneous
phase with a smectic layer spacing of roughly 66-72 Å. This
behavior at elevated temperatures is similar to the behavior
of the system at low stoichiometries across all temperatures,
where a homogeneous liquid crystalline medium is formed.
On reducing temperature, the system starts to demix in the

typical fashion encountered forUCST systems. Here the two
components are the liquid crystalline polymer presented by
the combination of the polymer with boundmesogen and the
solvent composed of the mesogens in the liquid state, coas-
sembled loosely with the bound mesogens. In this sense, this
is akin to demixing between LCPs and LC solvents where
nematic-isotropic, nematic-nematic, smectic-isotropic,
and smectic-smectic phase coexistence can be found.34-43

The system here demixes into mesogen-rich and mesogen-
poor domains. We propose that the mesogen-poor phase
possesses the same∼66-72 Å periodicity that is found in the
homogeneous low stoichiometric ratio materials, whereas

Figure 8. Sample periodicity as a function of stoichiometry of the
complex as deduced from SAXS data is compared with 1-D swelling
models based on nontilted monolayer or bilayer constructs. The long
periodicity (d) of a 1-D swelledmonolayer system for example is the sum
of the length of the mesogen (l) and the thickness of the polymer layer
(tp), providing d= l/j= ((S � RM þ 1)/(S � RM)) � l; RM is ratio of
the molecular weight of the mesogen and that of polymer monomer,
which is equal to 7 in this case.

Figure 9. Top: WAXS data for different S at 30 �C, as indicated.
Bottom:WAXS data obtained during a heat-cool ramp for S=0.5 at
selected temperatures, as indicated.

Figure 10. Phase diagram for the hydrogen-bonded PAA-imidazole
mesogen system.
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the mesogen-rich phase can adopt a dense tilted monolayer
or interdigitated bilayer arrangement, with smectic layer
spacings of roughly 37 Å. Crucially, macrophase separation
here is prevented by the involvement of the PAA backbones
in both the mesogen-rich and mesogen-poor domains via
bound mesogens. This establishes the characteristic length
scale as a simple combination of the two existing length
scales in the sample (Figure 11b). Unsurprisingly, this phase
separation occurs in the vicinity of the crystallization tem-
perature of themesogen, and it is likely that it is driven by the
crystallization ofmesogen-rich domains. This point is under-
scored by an examination of the temperature-dependent
WAXS, discussed below.

In contrast with the thermal character of the pure meso-
gen, melting of the ordered mesophases on the 3-5 Å length
scale is not a simple one-step process with a well-defined
transition temperature. As seen in Figure 9, on heating the
S = 0.50 sample from room temperature, the 3.8 Å peak
disappears just above 100 �C, concomitant with a sharpening
of the 4.3 Å peak. This 4.3 Å peak remains superimposed on
the broad hump originating from the amorphous polymer
chain. The peak gradually recedes at temperatures above
about 120 �C. On cooling, it re-emerges around 120 �C,
followed by the 3.8 Å peak near 105 �C. At this temperature,
higher order peaks also emerge and strengthen considerably
as the sample cools. We propose that the 4.3 Å peak is due to
positional correlations between the biphenyl cores of the

mesogens, whereas the 3.8 Å peak (and others at higher q)
originate because of the packing of the 8 and 10 carbon long
aliphatic spacer and tails of the mesogen. The broadening of
the 4.3 Å peak that occurs on the development of the 3.8 Å
peak and the quasi-isothermal sharpening that occurs when
the 3.8 Å peak disappears on heating certainly support this
view. Spatial correlations between the biphenyl cores of the
system are impeded by the ordering or freezing of the aliphatic
chains. The appearance of the scattering around 110 Å in the
SAXS regime is concurrent with ordering of the system on the
3.8 Å length scale; therefore, in this framework, the smectic
demixing of the system results in a mesogen-rich phase that
crystallizes on formation and, as mentioned, is likely driven
energetically by the enthalpy of this crystallization.

The mechanism proposed above is further supported by
SAXS and WAXS data collected from a liquid crystalline
diblock copolymer formed by the complexation of the
imidazole mesogen with the PAA block of a poly(styrene-
b-acrylic acid) backbone. Here crucial insight has been
gained from magnetic field alignment of the material, which
enables the resolution in SAXS of the orientation of the
supramolecular structure at ∼110 Å relative to the two
smaller length scale LC structures. The data (Supporting
Information: Figures S3 and S4) show that the large length
scale structure and the smaller LC structures are collinear in
their lattice vectors, consistent with the schematic representa-
tion of Figure 11b. In the wide-angle regime, the delineation

Figure 11. 2-D scattering patterns (top) and the corresponding schematic representations of the possible arrangements of the mesogens (bottom): (a)
S= 0.11 recorded at 30 �C. The mesogens adopt a loosely packed bilayer structure at all temperatures with a periodicity of about twice the length of
mesogen. All mesogens are bound. (b) S = 0.75 sample at 30 �C. The scattering due to the large length scale (∼110 Å) smectic demixed structure is
clearly visible out to the third-order reflection. The scattering vector at qr = 0.17 Å-1 corresponds to a periodicity of dr = 37 Å that is due to a tilted
bilayer packing of the mesogens, as shown in the schematic. The distinctive d= dr þ dP = 110 Å length scale implies an alternating arrangement of
mesogen rich (dr) andmesogenpoor (dp) domains. (c)S=0.75 at 130 �C.The system adopts a bilayer structure inwhich freemesogens are coassembled
with hydrogen-bonded mesogens.
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between the packing of biphenyl cores versus the alkyl con-
stituents of the mesogens as a function of stoichiometry is
particularly clear and shows that layer tilt is driven by crystal-
lization of alkyl chains on the 3.8 Å length scale.

Conclusions

The facile assembly of functional, stimuli-responsive materials
via supramolecular engineering motivates continued study of the
phase behavior of these systems.Here a detailed investigationof a
model systemhas revealed an unexpected complexity in the phase
behavior. The deviation from the characteristic 1-D swelling
behavior, which is commonly observed in side-chain complexed
polymers, is certainly intriguing and warrants further investiga-
tion. From our FTIR data, it is clear that the assumption that the
polymer actively binds all available ligands at substoichiometric
ratios does not apply in the present case. Rather, the polymer
exhibits a limited capacity for the mesogenic ligand, with binding
saturated for S g 0.33. Such a result can be rightly viewed in the
context of the entropic penalty suffered by the polymer backbone
on dense complexation by the bulky mesogen, which acts
to stretch the polymer backbone. Similar chain stretching is
encountered in molecular bottle brushes where wormlike as
opposed to Gaussian conformations of a flexible polymer back-
bone arise because of a high grafting density of side chains.44,45 In
the case of hydrogen-bonded side chains or mesogens as con-
sidered here, the backbone may provide an entropic mechanism
to limit the extent of binding thermodynamically. Regardless of
the origin, this limited capacity of the polymer for the mesogen
has important implications for the phase behavior of the system
because it enables mesogens present beyond the saturation
stoichiometry to act as a solvent for the polymer at elevated
temperatures. This solvency appears to be key in the display of
the supramolecular length scale structures observed for samples
with S g 0.50 as a consequence of smectic demixing between
ligand-rich and ligand-poor mesophases. We have presented
strong evidence that this mode of phase separation is active in
the currently discussed system and have proposed a model that
captures the salient features of the experimental data. This
proposed model provides a basis for future studies utilizing
polymer backbones with controlled stoichiometries of covalently
attached mesogens mixed with varying amounts of the free
mesogen and examined as a function of temperature.
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