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Main-chain liquid crystalline polymers bearing
periodically grafted folding elements†

Gabriel Ogunsola Orodepo, a E. Bhoje Gowd b and S. Ramakrishnan *a

A series of main-chain liquid crystalline polymers (MCLCPs) carrying a biphenyl mesogen and a flexible

alkylene spacer in the backbone was prepared; a unique feature of these polymers is that they have a

non-mesogenic pendant segment, namely, an alkyl, PEG or fluoroalkyl segment, which is periodically

located along the backbone. Due to the presence of these periodic substituents, the chain folds in a

zigzag fashion, permitting the collocation of the mesogenic biphenyl units within one layer and the

pendant segments in alternate layers of a lamellar morphology generated by these polymers. Most of the

polymers were found to exhibit a stable smectic mesophase upon melting that appears to retain the

folded chain conformation, which becomes disordered only after the isotropization transition. From the

variation of the interlamellar spacing, estimated from SAXS studies, as a function of the pendant alkyl

segment length, it was evident that the pendant segments adopted an extended all-trans conformation

and these were fully interdigitated. Furthermore, by comparing the d-spacing of a sample that had longer

alkylene backbone segments (C10 instead of C6), we were able to show that the linear variation remains

valid for an increase in both the length of the pendant alkyl chain as well as that of the backbone alkylene

segment. This observation serves as further evidence for the zigzag folded chain conformation adopted

by this class of periodically substituted MCLCPs. Furthermore, the study also reveals the role of aromatic

mesogens in enhancing the propensity to adopt this conformation and attain lamellar morphologies,

wherein the dimensions are regulated by only the grafting density and the grafted segment length and not

by the molecular weight of the polymer.

Introduction

Thermotropic main-chain liquid crystalline polymers
(MCLCPs) can either be rigid-rod type or they could carry flex-
ible spacers within the backbone; the former typically exhibit
very high melting temperatures, whereas the latter may exhibit
a wide range of melting points depending on the nature and
length of the flexible backbone segments. Since the first report
of wholly aromatic LC polyesters by Jackson and Kuhfuss,1 two
main strategies have been employed to reduce the melting
temperatures of rigid-rod polymers; one is to include mole-
cular kinks that perturb their linearity and the other is by the
introduction of lateral substituents, which minimally influence
their rod-like nature but serve as a bound solvent to lower the

melting temperature substantially.2–4 A majority of MCLCPs
exhibit smectic-type mesophases, and the molecular origin of
the layered structure has been the subject of numerous
studies; these studies have helped reveal many interesting fea-
tures of the organization of the polymer backbone and the
lateral substituents in the mesophases that are formed. For
instance, fully aromatic polyesters carrying a single alkyl sub-
stituent per repeat unit often form a biaxial nematic-type
mesophase, wherein pairs of polymer chains organize laterally
to form a sheet-like structure with disordered pendant alkyl
chains on either side that provide the fluidity to the meso-
phase; however, those that carry two symmetrically disposed
alkyl substituents per repeat unit form similar sheet-like
assemblies but are built-up of laterally assembled single
chains, whereas those with an even larger number of lateral
substituents seldom form stable mesophases.5–17 Interestingly,
when the pendant alkyl chains are long (>12 C atoms), they
often crystallize independently in the solid state, which upon
melting leads to the formation of the fluid mesophase.12,13

Inclusion of flexible spacers in the polymer backbone, on the
other hand, leads to completely different organization of the
chains in the mesophase, which is also of a smectic-type;
however, the chains typically lay extended perpendicular to the
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layer plane, with the mesogenic units lying either perpendicu-
lar (smectic A) or at an angle (semctic C) to the plane. A variety
of flexible spacers, such as polymethylene,17–27 oligoethylene
oxide,28–33 and oligosiloxane segments34–36 have been incor-
porated within the backbone of the main-chain LCPs; oligosi-
loxane spacers have been found to reduce the phase transition
temperatures most drastically and often lead to the formation
of a nematic mesophase with wide temperature stability. In
the cases where the pendant substituent is installed on the
flexible spacer of the backbone, folding of the chain to exclude
the pendant substituent is often seen;37–43 this happens
especially when a bulky pendant unit, such as a ferrocenyl38,39

or phenyl unit,40–43 is present. The layering of the rigid aro-
matic mesogenic units in such polymers having flexible back-
bone segments is often driven by steric and packing con-
straints. Thus, it is evident that several structural and topologi-
cal attributes of MCLCPs play a crucial role in governing the
nature and stability of the mesophase formed.

Some years ago, we began examining the possibility of
causing chains to fold by installing immiscible pendant seg-
ments at periodic intervals along the polymer backbone
(Scheme 1); for instance, locating PEG segments at periodic
intervals along a polyethylene-like polyester made these
periodically grafted amphiphilic copolymers (PGACs) fold in a
zigzag fashion, thereby permitting both backbone and
pendant segments to self-segregate and often crystallize inde-
pendently, generating a lamellar morphology with sub-10-nm
inter-lamellar spacing.44–48 Building on these studies, we
recently began exploring the possibility of enhancing the
folding propensity of PGACs by the inclusion of mesogenic aro-
matic units, such as biphenyl or azobenzene, either within the

pendant segment or within the polymer backbone; the pres-
ence of the rigid aromatic mesogens, we expected, would not
only serve to enhance the tendency to fold but would also
permit us to examine the possibility of regulating the nature of
the mesophase formed. In our previous report, we examined
the influence of the nature and length of the backbone
segment in periodically spaced side-chain LCPs;49 the studies
revealed that when alkylene segments were present in the
backbone, only nematic mesophases were formed, even
though smectic-type layering was evident in the solid state.
However, when polar flexible PEG segments were present in
the backbone, lowering of the melting temperature and
segment immiscibility drove the formation of smectic meso-
phases. In the present study, we examine the effect of period-
ically installed non-mesogenic pendant segments on the behavior
of MCLCP-containing flexible spacers; three types of pendant
segments, namely, alkyl, PEG and perfluoroalkyl segments,
have been used to drive folding and cause layering of the
biphenyl-based mesogenic units present in the backbone. We
have examined the behavior of this series of polymers using
DSC, PLM and X-ray diffraction studies; they reveal several
interesting consequences of periodically located pendant seg-
ments on the LC properties of the polymers.

Experimental section
Materials

1-Iodo-1H,1H,2H,2H-perfluorodecane, PEG350 monomethyl
ether, PEG550 monomethyl ether, sodium hydride (60% dis-
persion in mineral oil) and titanium(IV) isopropoxide were pur-

Scheme 1 Schematic depiction of segment immiscibility induced folding in PGACs and in mesogen bearing periodically substituted MCLCPs.
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chased from Sigma-Aldrich Chemical company and used
without further purification. 1-Eicosanol and 4,4′-dihydroxybi-
phenyl were bought from Tokyo Chemical Industry Co. (Japan)
and used as such. 1-Bromooctane, diethyl malonate, dodecan-
1-ol, cetyl alcohol, butan-1-ol, malonic acid, tosyl chloride and
pyridine were sourced from other commercial sources
(Thomas Baker, Spectrochem or SDFCL); all these were used as
received. All the solvents used for the synthesis were distilled
prior to use and dried if necessary, following the standard
procedure.50

Characterization methods

NMR spectra of all synthesized compounds were recorded
using a Bruker AV 400 MHz spectrometer in a suitable deute-
rated solvent, using tetramethylsilane (TMS) as an internal
standard. GPC studies were carried out using a Viscotek TDA
model 300 instrument with an RI detector; the separation of
the polymers was achieved using a series of two PL gel mixed
bed columns (300 × 7.5 mm) operated at 30 °C with THF as an
eluent at a 1 ml min−1 flow rate. Molecular weights were esti-
mated using a standard calibration curve prepared from data
obtained from the RI detector using narrow polystyrene stan-
dards. Thermal characterization was performed using a
PerkinElmer DSC 8000 instrument operating at a heating and
cooling rate of 10° min−1 under a dry nitrogen atmosphere.
Typically, 4–5 mg of the sample was used, and two heating
(excluding the first heating) and cooling runs were performed
to ascertain reproducibility in the measurement. SAXS/WAXS
measurements were performed on a XEUSS instrument
(XENOCS) operated at 50 kV and 0.60 mA power, fitted with
Cu-Kα incident radiation (wavelength, λ = 1.54 Å). The fiber
diagrams were recorded in transmission mode using an image
plate system (Mar 345 detector), and data were processed with
Fit2D software. The XEUSS system was equipped with a
Linkam THMS 600 hot stage for variable temperature measure-
ments. All the polarized optical microscopic (POM) studies
were performed using an Olympus BX-51 polarizing micro-
scope equipped with a Mettler Toledo (FP90 central processor)
heater and an FP82HT hot stage. All the samples were first
heated to melt where there was no birefringence and then
slowly cooled at 5° min−1 to room temperature with a 2 min
isotherm at each temperature to allow equilibration before cap-
turing the images.

Typical polymerization procedure

The polymers were obtained by a melt-transesterification
polymerization reaction.51 The synthesis of the MCLCP having
a pendant octyl (C8) chain length is described here as a repre-
sentative example. 247.20 mg (0.908 mmol) of diethyl 2-octyl
malonate and 350.78 mg (0.908 mmol) of 4,4′-bis(6-hydroxy-
hexyloxy) biphenyl were heated at 170 °C in the Kugelrohr
apparatus under moderate vacuum (∼300 mm of Hg) to obtain
a homogeneous mixture. The melt was cooled to ambient
temperature, and 3.00 mg (0.5 wt% w.r.t. total monomer
weight) of titanium(IV) isopropoxide was added, as 235 μL of a
toluene solution, to the mixture as a catalyst. The mixture was
heated at 170 °C under a reduced pressure of 100 mm Hg for
4 h, after which the temperature was increased to 180 °C and
high vacuum (<1 Torr) was applied for another 2 h. When it
was observed that the melt had become highly viscous, as was
evident from the sluggish rotation of the spin bar, the melt
was cooled to room temperature and the polymer was dis-
solved in a solvent mixture of p-chlorophenol and 1,1,2,2-tetra-
chloroethane (60 : 40 v/v) at 120 °C. The solution was diluted
with CHCl3 and filtered to remove any insoluble portion. The
polymer was isolated after subjecting to dissolution twice in
chloroform and precipitation from methanol. It was further
purified by refluxing in methanol, followed by centrifugation
and drying to constant weight in an oven. The polymer was
obtained in 82% yield (420 mg).

Results

The polymers were prepared from suitably derivatized diethyl-
malonate (A) and a diol (B), bearing a mesogenic biphenyl unit
(Scheme 2), under standard melt transesterification conditions
using titanium tetraisopropoxide as the catalyst (see the ESI†
for details). The structure of the polymers was confirmed by
1H NMR spectroscopy; a representative stack plot of the
spectra of the polymer bearing a C16 aliphatic pendant
segment (MC-BP6-C16) and those of the corresponding mono-
mers is shown in Fig. 1.

A comparison of the spectra of the monomers with that of
the polymer reveals the expected downfield shift of the methyl-
ene protons (–CH2OH) at ∼3.65 ppm, in the diol monomer, to
∼4.20 ppm in the polymer (dashed line in Fig. 1). A weak peak

Scheme 2 Synthesis and structures of periodically grafted MCLCPs.
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corresponding to the residual CH2OH end-group is also seen,
which was used to estimate the degree of polymerization,
assuming that equimolar amounts of both end-groups are
present in the sample; in this case, MC-BP6-C16, it gave a
value of ∼13. The spectra of all other polymers are provided in
the ESI.† In the PEG-containing samples, the end-group
signals overlapped with other peaks and hence their DP values
could not be estimated. However, the GPC analyses of all the
samples were carried out and the molecular weights were
found to be moderate; these are listed in Table 1.

Thermal analysis

The DSC thermograms of the MCLCPs carrying pendant alkyl
chains are shown in Fig. 2. In all samples, multiple transitions
were observed, although in some cases the peaks were weak;
the reproducibility of the thermograms was established by con-

firming the overlap of the second and third heating/cooling
scans. For comparison, the thermogram of the polymer
without a pendant substituent (MC-BP6-C0) was also provided;
in most polymers (C0–C16), the peak corresponding to the iso-
tropization transition (Ti) was relatively more intense,
suggesting the formation of smectic type mesophases. It was
also observed that the melting enthalpies (ΔHm) of C16 and
C20 samples were significantly larger than those of C8 and
C12; this is suggestive of independent crystallization of the
pendant chains in the former two samples. The postulated
zigzag folding, as depicted in Scheme 1, would segregate the
pendant segment and the backbone to facilitate crystallization;
if this were the case, the melting temperature (Tm) could
reflect the disordering of pendant alkyl groups, whereas the
isotropization temperature (Ti) would be associated with the
complete disordering of the folded chains. It is well known

Table 1 Properties of the MCLCPs bearing biphenyl mesogens with different periodically located pendant segments. The heating and cooling
scans were performed at 10 °C min−1

Polymers Pendant group Mn, GPC DP Tm (°C) ΔHm (J g−1) Ti (°C) ΔHi (J g
−1) ΔHi (norm)

MC-BP6-H H 4600 10 126 22.8 144 18.8 24.1
MC-BP6-C8 C8H17 11 400 20 71 5.8 100 21.0 33.9
MC-BP6-C12 C12H25 20 900 34 87 7.8 115 26.6 46.7
MC-BP6-C16 C16H33 21 000 31 88 42.3 124 28.7 55.2
MC-BP6-C20 C20H41 29 200 40 83 49.7 123 26.5 55.2
MC-BP6-PEG 350 MPEG350 16 000 21 84 26.1 — — —
MC-BP6-PEG 550 MPEG550 14 500 15 76 23.1 — — —
MC-BP6-FC C10H5F17 11 000 12 130 3.5 178 16.8 43.1
MC-BP10-C20 C20H41 28 200 33 60 18.4 110 53.8 97.8

Fig. 1 1H NMR spectra (in CDCl3) of biphenyl containing diol (i); C16-DEM monomer (ii); and the corresponding polymer, MC-BP6-C16 (iii). The
expanded region reveals the CH2–OH end-group; the DPn was estimated, assuming equimolar amounts of the two types of end-groups.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2021 Polym. Chem., 2021, 12, 1050–1059 | 1053

Pu
bl

is
he

d 
on

 2
5 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
Sc

ie
nc

e 
on

 1
2/

24
/2

02
1 

6:
55

:4
5 

A
M

. 
View Article Online

https://doi.org/10.1039/d0py01661f


that side-chain crystallization in polymers occurs only when
the length of the pendant alkyl chain is at least 12 carbon
long;52 furthermore, such segregation and melting of pendant
alkyl substituents have also been observed in the case of later-
ally substituted rigid-rod polyesters, and similar disordering of
lateral alkyl chains is postulated upon the formation of the
fluid mesophase.12–15 To gain further insight, the isotropiza-
tion enthalpy is normalized with respect to the mesogen
segment (–C6–O–biphenyl–O–C6–) that straddles adjacent mal-
onate units and these values are listed in Table 1; the
mesogen-normalized isotropization enthalpies are likely to
reflect the effectiveness of the decoupling of the backbone and
pendant chains. The normalized isotropization enthalpies of

C12, C16 and C20 fall in the range 47–55 J g−1; interestingly,
the values for C0 and C8 are significantly smaller. Overall,
these observations appear to suggest that the effectiveness of
zigzag folding and decoupling of the pendant alkyl chains and
the backbone is better with the longer alkyl chains (≥C8).

In the polymers carrying pendant fluoroalkyl (FC) seg-
ments, the isotropization temperature (Ti) was significantly
higher (Fig. 3), even higher than that of the unsubstituted ana-
logue (MC-BP6-C0). This is along expected lines as the fluor-
oalkyl segments are more rigid and pack more effectively,
thereby increasing the transition temperatures; similar obser-
vations were also made in our earlier studies on fluoro-
PGACs.46 On the other hand, pendant PEG chains significantly
lowered the melting/isotropization temperatures and the
corresponding polymers did not form a smectic mesophase
but rather a nematic one; thus, MC-BP6-PEG550 exhibited a
narrow LC phase, whereas MC-BP6-PEG350 was monotropic,
which is again consistent with the fact that PEG segments are
in a disordered state, possibly adopting a coiled conformation.
It may be important to recall here that when the backbone
adopts a zigzag folded conformation, the cross-sectional area
available to the pendant segments at the folding interface is
equal to that of two backbone alkylene segments, since the
pendant segments are equally distributed on either side of the

Fig. 2 DSC thermograms of MCLCPs carrying periodically installed
pendant alkyl chains of different lengths.

Fig. 3 DSC thermograms of MCLCPs with biphenyl mesogens and
periodically grafted pendant PEG or fluoroalkyl segments. The arrow
indicates a weak transition.
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folded chains; therefore, there is ample space available to
accommodate all three types of pendant segments in the
folded conformation. Thus, although installation of the
pendant PEG segment may drive zigzag folding and micro-
phase separation, it does not necessarily lead to the formation
of a stable ordered mesophase; whereas in the fluoroalkyl (FC)
substituted sample, a smectic mesophase appears to be
formed over a fairly wide temperature window of ∼50° C. In
summary, the DSC studies suggest that the introduction of
pendant non-mesogenic segments at periodic intervals leads
to the reduction of both melting and clearing transition temp-
eratures when compared with the model polymers having no
pendant units, with the exception of the fluoroalkyl pendant
segment. This is generally in agreement with earlier studies by
Angeloni and co-workers.37

Polarized optical microscopic studies

In order to confirm the formation of a mesophase, thin films
of the samples were observed under a polarized optical micro-
scope as a function of temperature; typically, the samples are
heated above the isotropization temperature (Ti) and then
cooled slowly. In the isotropic state, the sample appears com-
pletely dark under crossed polarizers; upon transition into a
mesophase, birefringent patterns, which are sensitive to shear,
are seen, revealing its fluid nature (see Fig. 4). Upon cooling
further, crystallization occurs, causing the birefringent pat-
terns to freeze and become unresponsive to shear. Although
the patterns are not as well developed as in small-molecule
LCs, the mosaic texture suggests a smectic-type mesophase.
Due to the highly viscous nature of the melt, the birefringent
patterns are often less well developed in polymers; X-ray diffr-
action studies to confirm the nature of the mesophases are dis-
cussed in the next section.

X-ray scattering studies

As stated earlier, immiscibility-driven chain folding could lead
to effective segregation of the rigid mesogen-containing back-
bone from the more flexible pendant chains; and in the case
of the fluoroalkyl and PEG segments, polarity differences may

further drive the self-segregation. To examine the self-segre-
gation and microphase separation, X-ray scattering measure-
ments in the small-angle and wide-angle regions were
recorded as a function of temperature (Fig. 5). At room temp-
erature, the SAXS profiles of the alkyl substituted MCLCPs
revealed a single sharp peak in all cases (Fig. S6†) and weak
higher order peaks in a few cases, suggesting the presence of
lamellar ordering; the absence of well-developed higher order
peaks suggests that the ordering is not over extended length
scales. Taking the single peak as the 001 reflection, the inter-
lamellar spacing was estimated; the values varied between
2.54 nm and 5.15 nm, and these are listed in Fig. S6.† Based
on the scattering profiles as a function of temperature (Fig. 5),
the following key observations for the series, MC-BP6-Cn, can
be made: (a) the sharp peak in the small-angle region reflect-
ing the lamellar (smectic) ordering is retained even after the
first melting transition (Tm) and it disappears only beyond the
second (isotropization, Ti) transition; (b) in the wide-angle
region, the two peaks (one broad and another sharp), present
in the crystalline state (at RT), transforms to a single sharper
peak (at ∼20.4°) upon the formation of the mesophase; and (c)
during cooling, the sharp wide-angle peak appears first, along
with the intense peak in the small-angle region, and upon
further cooling the initial scattering profile is restored. The
broad peak centered at 20.4° (2θ) and the sharper one at 23.5°
(2θ) correspond to d-spacings of 4.35 Å and 3.78 Å, respectively;
as assigned earlier,49 the 3.78 Å peak reflects the spacing
between adjacent biphenyl mesogens in the crystalline state,
whereas the broad 4.35 Å peak reflects the average distance
between the alkyl chains. Although these two peaks could
alternatively reflect the formation of a 3-dimensionally ordered
array of biphenyl units, such as in a smectic E-type arrange-
ment, spatial correlation between adjacent layers in polymeric
systems would be more difficult given that the pendant seg-
ments of the folded chains will need to serve as a bridge for
effective correlation. Upon melting, the newly formed sharp
peak possibly reflects the spacing between well-ordered biphe-
nyl units within the mesophase; the larger inter-mesogen
spacing of ∼4.4 nm, in the mesophase, is to be expected and is

Fig. 4 POM images of selected MCLCPs taken at indicated temperatures during cooling from the melt; the sample identity and the temperature at
which the images were taken for (a), (b) and (c) are indicated below each photograph.
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similar to the values earlier reported.53 The presence of a single
sharp peak upon melting to form the mesophase is reminiscent
of the hexatic-B phase, wherein there is local ordering of the
mesogens within the layer;54,55 however, when the mesophase is
cooled, crystallization involving other segments in the chain
appears to impede this ordering. These observations clearly
confirm the formation of a layered smectic-type mesophase in
all MC-BP6-Cx samples, which is consistent with the DSC data.
However, in the samples with pendant PEG segments, no clear
evidence of a smectic mesophase is seen; MC-BP6-PEG350
directly transforms to an isotropic melt, while in MC-BP6-
PEG550, weak layering could be present. The variation in
MC-BP6-FC, however, is similar to that seen in the alkyl-substi-
tuted samples; an improved ordering of the biphenyl mesogens
is observed upon formation of the mesophase.

Effect of size of the backbone spacer segment

Thus far, we have examined the effect of periodic pendant sub-
stituents on the behavior MCLCPs; it is noted that even with a
C20 pendant alkyl chain, the LC behavior is retained. In order
to investigate the effect of the length of the backbone spacer on
the mesomorphic properties, a polymer carrying a longer back-
bone segment, namely, MC-BP10-C20, was prepared (Scheme 2);
here, the backbone segment length was increased from C6 to
C10 while retaining a constant pendant C20 segment.

The DSC plot, shown in Fig. 6, reveals the presence of mul-
tiple transitions, both during heating and cooling runs; a com-
parison of these data with MC-BP6-C20 reveals a significant

decrease in both the melting (Tm) and isotropization tempera-
tures (Ti). However, observing the sample under a polarizing light
microscope revealed that the sample does not melt as it goes
past the first two weak peaks and directly transforms to an isotro-
pic liquid above 110 °C; this suggests that the low-temperature
peaks reflect some kind of crystal–crystal transition. Variable-
temperature X-ray scattering measurements also confirm these
observations; as is evident from Fig. 6, the pattern changes very
little until it transforms into an isotropic phase. However, on
careful observation, one can observe an enhancement in the
lamellar ordering during heating at 65 °C, as reflected by the
increase in the intensity of the higher order peaks; likewise, there
is a sharpening of the wide-angle peaks as well at this tempera-
ture (for details, see Fig. S7†). Thus, the inclusion of C10 spacers
in the backbone, along with a C20 pendant segment, dilutes the
mesogen volume fraction and appears to preclude the formation
of a mesophase;56,57 the increase in the backbone spacer clearly
does not hinder the lamellar ordering in the solid state.

Discussions

The polymers described in this study can be analyzed from
two different perspectives: one is the effect of periodically
installed non-mesogenic segments in a spacer containing
MCLCPs, whereas the second is the influence of rigid aromatic
mesogens, such as biphenyl, on the propensity of the polymer
to form a microphase separated lamellar morphology via

Fig. 5 Variable temperature X-ray scattering profiles of MCLCPs with periodically located pendant segments.
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zigzag folding of the chain. The zigzag folding of the chain, as
depicted in Scheme 3, would result in a layered morphology
wherein the biphenyl mesogens are organized within one layer

and the pendant segments in alternate layers. To fully under-
stand this organization and assess the inter-digitation of the
pendant segments, the d-spacing was plotted as a function of
the pendant alkyl segment length and is shown in Fig. 7. In
addition, the sample with a longer alkylene spacer in the back-
bone, namely, MC-BP10-C20, was also included in the plot;
this was done considering that it contained 8 additional
methylene units, even though these were present in the back-
bone. The linear variation seen across the entire range of
samples is rather interesting; importantly, the slope of the vari-
ation is estimated to be 0.128 nm, which is close to the
expected increase of 0.127 nm per methylene unit for an
extended all-trans conformation.48 The observation that the
linear variation holds across both sample categories, immater-

Fig. 6 DSC thermogram (bottom) and variable temperature X-ray scat-
tering profiles (top) of MC-BP10-C20.

Scheme 3 Schematic depiction of the proposed zigzag folded polymer and the consequent formation of a lamellar morphology.

Fig. 7 Plot of variation of d-spacing as a function of carbon atom
number (x) in the pendant alkyl segment for the series, MC-BP6-Cx. The
encircled data point is for sample MC-BP10-C20, which was notionally
considered as one that includes 8 additional methylene units, although
these units were included in the main-chain and not the pendant
segment.
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ial of whether the methylene segment is included within the
pendant alkyl chain or in the backbone alkylene segment, serves
as a reconfirmation of the zigzag folded conformation adopted
by the polymer chains; as depicted in Scheme 3, the d-spacing
could have a maximum value equal to the sum of the pendant
and backbone segment lengths, in their extended confor-
mations. Furthermore, the increment of 0.128 nm per methylene
also suggests that the pendant segments are extended and fully
inter-digitated as depicted in the schematic. Curiously, the
polymer without any pendant segment, namely, MC-BP6-C0,
also exhibits a spacing that is consistent with the linear vari-
ation; here, it is important to note that this does not necessarily
imply that MC-BP6-C0 will also have adopted a zigzag folded
conformation since even if the polymer chains lay extended per-
pendicular to the layers formed by the biphenyl mesogens, the
inter-layer spacing would be the same (see Fig. S8†).
Computational studies of a model dimer (Fig. S11†) were not
conclusive; they appeared to suggest that a slightly bent confor-
mation is preferred; however, the minimum energy structure was
not the completely folded form that brings the aromatic meso-
gens in close proximity, as is the case with the zigzag folded
chains. Hence, unequivocal conclusions concerning the confor-
mation in the case of MC-BP6-C0 were not possible.

Conclusions

This study sought to understand the effect of the nature and
length of periodically located pendant substituents, such as
alkyl, PEG and fluorocarbon substituents, on the meso-
morphic properties of a series of main-chain liquid crystalline
polymers carrying biphenyl mesogens along with flexible alky-
lene spacers. Keeping the backbone segment fixed, upon
increasing the length of the periodically located pendant alkyl
chain from C0 to C20 in the series MC-BP6-Cx, it was observed
that the inter-lamellar spacing varied linearly with the pendant
chain length; a slope of 0.128 nm was consistent with an
extended all-trans conformation adopted by the alkylene seg-
ments. Remarkably, the d-spacing of a sample where the back-
bone alkylene segment length was increased from C6 to C10,
namely, in MC-BP10-C20, was also in accordance with this
linear fit, suggesting that an increase in either of the chain
segments, backbone or pendant, affected the spacing in a con-
sistent manner; this reaffirmed the proposed zigzag folded
conformation that causes the segregation of the backbone and
pendant segments and leads to the lamellar morphology in
the solid state. However, the polymer with the longer C10 alky-
lene backbone segment did not exhibit a stable mesophase,
evidently because of the mesogen dilution effect. On the other
hand, installation of the pendant fluorocarbon segment did
not influence the general characteristics considerably,
although it led to a substantial increase in the transition temp-
eratures; however, pendant PEG segments, despite driving seg-
regation and lamellar ordering, destabilized the mesophase.
In summary, tailoring the polymer architecture to control the
type of mesophase formed in MCLCPs is a complex proposition;

although, the principle of segregation of the mesogen-carrying
backbone from the pendant segments leads to a layered organiz-
ation in the solid state and, in many cases, also to the formation
of smectic mesophases, this is not an assured consequence, as
was seen with the polymers bearing pendant PEG segments,
which did not reveal a very stable mesophase. Evidently, the
interplay of the strength of interactions within the segregated
domains and the segment disordering temperatures plays a
crucial role in governing the mesophase stability. However, the
inclusion of a rigid aromatic mesogenic unit within the back-
bone appears to enhance the immiscibility between the back-
bone segment and the pendant alkyl chains, thereby driving
self-segregation; such an effect is inferred in an earlier study on
block copolymers by Zhou et al.58 It is relevant to recognize that
the segregation of aromatic and aliphatic segments in small
molecular systems is often the basis for the formation of
smectic and discotic mesophases.59 Thus, from the viewpoint of
enhancing the folding-induced formation of lamellar mor-
phologies in periodically grafted copolymers, the inclusion of
specific interactions within either the backbone/pendant seg-
ments, such as π-stacking, H-bonding, etc., could serve as an
interesting strategy to realize ultrasmall domain sizes.
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