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ABSTRACT: This study introduces the phase diagram and interfacial characteristics of a novel lyotropic
polymeric liquid crystal. The polymer consists of an a-methylstilbene mesogenic group bridged by a low
interfacial energy perfluorocyclobutyl ring via flexible aryl ether linkages. The polymer, obtained by
thermal cyclopolymerization of trifluorovinyl ether monomers, forms lyotropic lamellar mesophases over
a wide range of temperatures and molecular weights. Mesophase behavior probed by optical microscopy,
AFM, NMR, and X-ray scattering is detailed. The lamellae consist of longer chains, immersed in a solvent
of smaller chains. The interfacial characteristics of these lyomesophases are affected by the low surface
energy moiety. At the interface with glass, homeotropic alignment is observed. When cast into thin films,
an additional periodicity on the nanometer scale has been detected. Thin films consist of spontaneously
oriented bundles with characteristic length scale on 50 nm.

Introduction

This study introduces the phase diagram and inter-
facial characteristics of a novel lyotropic polymeric liquid
crystal (PLC). The linear polymer shown in Scheme 1
consists of an a-methylstilbene mesogenic group, bridged
by a perfluorocyclobutyl (PFCB) ring via a flexible ether
linkage.12 We recently reported that this polymer
exhibits mesomorphic properties for a degree of polym-
erization (DP) higher than ca. 10.1 Polymer is obtained
by thermal step-growth cyclopolymerization of the cor-
responding bis(trifluorovinyl) ether monomer, thus the
polydispersity approaches 2 for linear polymerization
and between 2 and 3 for the branched polymers (Scheme
1). While the mesophase consists of a mixture of
oligomer sizes, well-defined physical properties and
discrete phase transitions have been observed. This is
a characteristic response of lyotropic liquid crystals
(LC), where mesogenic molecules are immersed in
solvents to form an ordered mesophase.

The uniqueness of the lyotropic system under consid-
eration lies in the semifluorinated nature of the poly-
meric liquid crystal and in the synthetic pathway, which
permit control of DP, branching and ultimate branched
of the PLC.! The introduction of fluorinated groups on
the backbone of a LC changes the intermolecular
interactions, hence affecting the ordering of the molecule
and other physical properties. This change is a direct
result of the low interfacial energy of fluorinated link-
ages. The surface energies or the surface tension y, can
be expressed in terms of the density of the polymer p,
and the Macleond exponent j3, which is between 3 and
4.5 for polymers,3 y = y°of (where y° is a constant, which
depends mostly on the surface chemical and physical
structure). For organic surfaces, it has been established
that the surface energy decreases with increasing
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Scheme 1. Cyclopolymerization of Bis(trifluorovinyl)
Ether (TFVE) Monomer (1) Containing an
a-Methylstilbene Mesogenic Group?
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a By heating above 150 °C under N, atmosphere, it yields
branched or linear polymers depending on pH.

fluorine content in the following order: CH, > CH3; >
CF;, > CF3 (36:30:23:15 dyn/cm respectively).* In addi-
tion to the effects on interfacial energies, increasing
fluorine content has also proven to increase the thermal
and chemical stability of most molecules.®

Currently liquid crystals are used in LC displays and
electrooptic devices where well-controlled orientational
ordering and interfacial interactions together with
thermal and chemical stability are required. The po-
tential of fluorinated LCs to enhance their performance
in optical applications has resulted in intensive syn-
thetic effort to generate new fluorinated small and
polymeric liquid crystals.>~18 In particular, approaches
to utilize the incompatibility between hydrogen and
fluorine to form segregated amphiphile-like molecules
that exhibit mesomorphic behavior have been estab-
lished.”'* This segregation has been a driving force for
orientation on molecules, similar to the effects observed
in diblock copolymers.’® Ober et al. have shown in
several comprehensive studies that this segregation is
a driving force not only for the formation of organized
LC phases, but it also controls the interfacial charac-
teristics of thin films made by fluorine containing liquid
crystalline materials.®
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Table 1. Molecular Weight as a Function of
Polymerization Time (t) Obtained from GPC Using
Standard Polystyrene

branched linear
M x 1073 M, x 1073
t (min) g/mol Mw/M,  t (min) g/mol Mw/Mp

200 1.49 1.43 150 1.90 1.40
250 2.24 1.74 300 2.86 1.62
300 3.16 2.27 540 4.19 1.80
330 3.56 2.58 1050 7.22 2.07
370 3.97 5.64 1860 12.19 2.65
410 5.45 19.79
820 insoluble

As mentioned above PLCs are widely used in LCD
display technology. One of the major challenges in this
technology is to obtain a LC layer that would be oriented
by the surface but will simultaneously exhibit a fast and
steep electrooptical response. The control over surface
energy achieved by the introduction of fluorine allows
the manipulation of both the surface alignment and
surface anchoring.’? Fluorinated polymers have also
been used as surface alignment layers. Depending on
the preparation method, either homogeneous or homeo-
tropic layers can be obtained.1820-23

We have recently developed a new system based on
the bis(trifluorovinyl) ether monomer shown in Scheme
1. When heated, this particular mesogenic monomer
undergoes cyclopolymerization to form perfluorocyclobu-
tane (PFCB) linear, branched, or network polymer
depending on conditions.! We have shown that linear
and branched structures exhibit lyotropic behavior. The
potential of the network as an orienting layer is also
currently being explored. Here we present the phase
diagrams for the lyotropic mesophases of both linear and
branched polymers, followed by the dynamics of the
molecules in the mesophase together with further
interfacial characteristics.

Experimental Section

4,4'-Bis(trifluorovinyloxy)-a-methylstilbene monomer (1)
was synthesized as described recently in ref 1. Polymerization
was accomplished by heating the neat monomers at 155—160
°C. A series of polydispersed polymers with variable chain
lengths were obtained by heating for different periods of time.
The list of the studied oligomers is given in Table 1.

The molecular weights of the PLCs were determined by gel
permeation chromatography (GPC) Waters 2690 Alliance
system in conjunction with 2410 refractive index and 996
photodiode array detectors. The phase boundaries and some
surface characteristics were obtained from polarized optical
microscopy (POM) (Jame Swift microscope fitted with Mettler
FH-82 hot stage). DSC measurements were carried out on a
Mettler-Toledo DSC820 system.?*

The ordering of the system was studied using NMR mea-
surements on ?H, 'H, and '°F (Bruker AC200 spectrometer)
at 30, 200, and 188 MHz, respectively. The NMR is equipped
with a variable-temperature unit. For 2H NMR experiment,
~1 wt % of cyclohexane-di, (Cambridge Isotope Laboratories)
was added to monomers prior to the polymerization.?526

Further structural information was obtained by X-ray
measurements carried out on a Sintag XDS2000 equipped with
a Cu tube (A = 1.54 A) operating at 40 kV and 20 mA for the
small angle (SAXS) region and at 40 kV and 30 mA for the
wide-angle range. The beam has a rectangular shape and is
20 mm x 0.8 mm (width at half-maximum). The geometry of
a 6—6 instrument implies that the experiments are carried
out in a reflection mode; thus, the data presented are scat-
tering results on top of a reflectivity curve. This becomes most
significant for the SAXS measurements where any correlation
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Figure 1. Phase diagrams of (a) branched (b) linear polymer
obtained from (®) polarized optical microscopy and (H) DSC.

The lamellar structure of LC was revealed by SAXS (see text).
The lines are obtained by exponential fits.

lines are detected on top of the reflectivity and on the shoulder
of the main beam. The Sintag is not equipped with a monitor;
thus, the SAXS data are measured and presented as raw data
on top of the main beam profile. Since the system dose not
have a monitor, any attempt to normalize to background in
this case introduces further distortion. Therefore, an error of
about 5% has to be associated with the SAXS data. Both
background and empty cell measurements accompanied every
sample measurement. The SAXS data provide information on
long range order in the system.

AFM measurements have been carried out on a digital
multimode AFM in tapping mode. Olympus cantilevers, with
a spring constant of 42 N/m, resonating at 300 kHz, have been
used for all measurements. The strength of the tapping has
been varied to meet the needs of the specific sample and will
be indicated in the captions of the corresponding figures.
Samples were prepared by dropping a dilute solution of the
polymer in toluene (~1 wt %) on a microscope cover slide and
allowing evaporation under clean atmosphere.

Results and Discussion

Phase Diagram. The thermal polymerization of
monomer (1) resulted in linear, branched, and network
polymers,! depending on the pH during polymerization.
The ability to control the polymerization mechanism is
of unique advantage since it allows controlling the
architecture and hence the properties of the LC. The
phase diagrams of the linear and branched systems, as
derived from polarized optical microscopy, differential
scanning calorimetry (DSC), and X-ray scattering, are
shown in Figure 1, parts a and b. Upon cooling the
isotropic liquid of both linear and branched polymers,
a sharp, first-order phase transition into a lamellar
mesophase has been observed. The mesomorphic range
of the linear system is significantly larger than that for
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(b)

Figure 2. Polarized optical microscope images of branched oligomers (M, = 2240, M,/M,, = 1.74) at room temperature: (a) A
Static image without shear. (b) Dynamic image of the same sample presented in a sheared by sliding the top cover for about 2
mm without normal lead. Similar texture was observed on linear polymer.

the branched PLC. All experiments have clearly shown
that the system exhibits long-range orientational order-
ing, which is a characteristic of a liquid crystalline
system. The polymerization results in a mixture of
oligomers with polydispersity of ~2, resulting in a
question of what class of a liquid crystals is formed. The
system undergoes a clear first-order phase transition,
indicating that no phase segregation takes place; i.e.,
both short and long oligomers are ordered and undergo
a phase transition simultaneously. In parallel, our
studies have shown that the short oligomers form an
isotropic liquid and the longer polymers exhibit a gel
phase, which is discussed elsewhere.?’” The formation
of a liquid crystalline phase occurs only when short
chains are added to longer chains; thus, we consider the
system as lyotropic in nature, where the short chains
that do not exhibit liquid crystalline behavior are
serving as solvent.

The phase diagrams have been constructed primarily
from polarized optical microscopic?®* and DSC data.
Because of the semifluorinated nature of the phases,
shear had to be applied in order to observe birefringence
textures. The decay of the birefringence with time
provided insight into the molecular structure of the
polymer as will be discussed in that context. NMR has
been utilized to confirm the inherent order of the phases
and to follow the dynamics of the different parts of the
molecule.?>26 Small and wide-angle X-ray scattering
revealed the detailed structure of this novel liquid
crystal.

Optical Microscopy: Bulk and Interfacial Char-
acteristics. Polarized optical microscopy detects the
birefringence resulting from the anisotropy of the
refractive indices An = n; — ng, where n; and ng are
the parallel and the perpendicular components of the
refractive index n, with respect to the director of the
mesophase.?* Further characterization of the nature of
the phase can be obtained from the observed patterns
due to characteristic defects in the LC orientation.
Polarized optical microscopy images of a thin sample of
branched oligomers (M, = 2240 and M,/M,, of 1.74),
captured at room temperature, are shown in Figure 2,
parts a and b. The samples were heated to the isotropic
phase in order to eliminate thermal history, and cooled
to the desired temperature. Figure 2a introduces a dark
image of what appears to be a fluid. At the grain
boundaries however, small anisotropic domains are

observed. These suggest that the system exhibits some
degree of ordering. Very mild shear (e.g., merely touch-
ing the top cover slide) resulted in the appearance of
clear birefringence textures, shown in Figure 2b. These
textures are attributed to the liquid crystalline nature
of the sample. The appearance of birefringence following
shear may be either a consequence of shear-aligned
polymer or a result of an inherently ordered homeotropic
LC. Further studies by NMR and X-ray confirmed that
the decay behavior is the result of homeotropically
aligned LC as will be further discussed. For homeotropic
liquid crystals, the director is perpendicular to glass
surfaces so the sample appears dark under polarized
optical microscopy. When shear is applied, the director
changes orientation, allowing the passage of light, and
distinct LC textures can be observed. The temperature
at which shear did not induce any birefringence corre-
sponds to the order—disorder transition temperature
(ODT). The transition into the gel phase has been
characterized by optical microscopy following the forma-
tion of domains with distinct sharp boundaries, which
are characteristic of low dimensional solids and oriented
gels. Further confirmation of the ODT was obtained
from NMR analysis.

Several groups!®2023 have demonstrated the effect of
low surface energy on homeotropic alignment. The
texture, observed under shear, is the result of the
deformation of the director. When the surface interac-
tions are stronger than the elastic modulus, it relaxes
back to an initial homeotropic alignment after the
perturbation is released. Consequently, the decay of
texture is observed. The time that the director takes to
relax back to its initial state is defined as the “relaxation
time (7)”. The relaxation behavior relies on both the
strength of surface interactions and the intrinsic prop-
erties of the LC, including its viscoelasticity. In general
the relaxation time is inversely proportional to the
viscosity () and depends on the molecular shape
(spherical cylindrical etc.). Relaxation times of the
birefringence textures have been studied as a function
of increasing the average molecular weight. The results
are summarized in Figure 3, parts a—c. A schematic
representation of the experiment is shown in Figure 3a.
The samples were encapsulated between two microscope
slides. Shear was applied by moving the top slide ca. 3
mm with minimal load. In these experiments, the
relaxation time 7 is defined as the time interval between
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Figure 3. The relaxation time (7) of the birefringence texture
as a function of number average molecular weight (M;). Part
a corresponds to the experimental setup, b, to the relaxation
times for branched polymer, and c to the linear polymer. The
solid and dash lines represent the best fits to exponential and
power laws, respectively. Relaxation time vs M, for branched
[exponential yields y = 0.0071e38% and R? = 0.97; power law
yields y = 0.0349x8% and R? = 0.94] for linear [exponential
yields y = 1E-12e!8%* and R? = 0.97; power law: y = 6E—
12x3067 and R? = 0.97].

release of the cover slide, and the time birefringence has
fully decayed. The relaxation time as a function of M,
is plotted in Figure 3 for the branched (part b) and linear
(part c) samples, respectively. The solid and dashed lines
correspond to the best fits to exponential and power law
equations, respectively. For a linear polymer, » 00 aM”,
and for a weakly cross-linked or branched polymer » O
be®M where a, b, a, and v are the constants.?® As shown
in Figure 3b, the relaxation time is exponential with
polymerization time. When branching was chemically
blocked, the data are neither pure exponential nor a
power law. GPC data combined with the optical micros-
copy, indicate that the branching was only partially
blocked. For the exponential fit, the value of a for
branched systems is on the order of 3.85 while it is 11.89
for the sample, which appears linear by GPC (see figure
caption).

The intensity of the birefringence was found to vary
slightly with the initial application of a normal load as
expected. However the shape of the curves, i.e., expo-
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Figure 4. SAXS profiles of branched oligomers (top) M, =
2240, My/M,, = 1.74 (middle) M, =1490, M,/M,, = 1.34, and
(bottom) monomer (M,, = 300). Each sample was melted on
the sample holder and then scanned overnight at room
temperature. Momentum transfer q is defined as: q = 4x(sin
0)/I2 where 6 = incident angle and 1 = wavelength.
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Figure 5. WAXD profiles of linear (a) and branched (b)
polymers at room temperature. Each sample was melted on
sample holder. For the linear system LC oligomers: (M, =
1900 and linear polymer M, = 6390); For the branched system
LC oligomers: M, = 1490, branched polymer (insoluble in
THF).

nential or power law, does not change. While there are
guantitative, relaxation measurements they are consis-
tent with the GPC data. The optical microscopy provided
bulk and interfacial characteristics. Further structural
information was obtained from X-ray studies.

Structure by SAXS and WAXD. Measurements
were carried out on the monomer and on different
lyotropic mixtures. Representative SAXS and WAXD
patterns are shown in Figures 4 and 5, respectively. The
SAXS pattern for a relative long branched chain (M, =
2240 with My/M,, = M,, = 1.74), consists of two clear
peaks at q = 0.077 and 0.16 A~ corresponding to
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Figure 6. Schematic representing the lamellar structure of LC PFCB.
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Figure 7. ?H NMR spectra of ~1 wt % deuterated cyclohexane dissolved in the polymers. Samples were heated in the NMR tube
and cooled inside the NMR magnet. Spectra were taken at room temperature as a function of polymerization time (t). a and b
correspond to the spectra of the linear and branched systems respectively, ¢ and d represent that for the linear (c) and for the
branched system (d). Line widths (LW) at half-height maximum of each spectrum were plotted vs t in order to observe the formation

of mesophase. Dashed lines in plots ¢ and d are guiding lines.

shorter chains (M, = 1490 and M,/M,, =1.34), a broad

~80 and ~38.0 A. These lines exhibit a ratio of ap-
line is observed at g = 0.088 and 0.17 A~1 corresponding

proximately 1:2, suggesting lamellar packing.?® For the
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Figure 8. (a) **F and (b) 'H NMR spectra of branched
oligomers (M, = 2240, M./M,, = 1.74) upon heating. Neat
oligomers were heated inside the NMR magnet, and then
spectra were taken with the increasing temperature. For °F
signals at positions 1, 2, 4 = trifluorovinyl end group while
signals at position 3 = PFCB group. For 'H: Signals at
positions 1 = aromatic and signal at positions 2 = methyl (see
Scheme 1). At liquid crystalline phase (46, 29 °C), peaks
broaden due to nonaveraged dipolar interaction.

to 73.4 and 36.5 A, with a ratio of 1:2. No long-range
periodicity was observed for the monomer (M,, = 300).

The high g measurements are shown in Figure 5. The
monomer, which is an isotropic liquid, exhibits a broad
liquid—liquid correlation peak centered at ~4.5 A. Upon
polymerization, this peak narrows, and further lines at
3 and 2 A, appear. The peak at 5 A is slightly shifting
with molecular weight, where the peaks at 3 and 2 A
are independent of chain length. These correspond to
internal molecular internal distances. The broad back-
ground, which underlines the pattern, corresponds to
the smaller oligomers, which serve as a solvent for this
lyotropic system. A schematic model for the structure
within the layers is given in Figure 6. The 5 A line is
consistent with stacking of the fluorinated PFCB rings,
as we have found in other similar crystalline derivatives.
This together with the distinct changes in its line width
upon transitions between the isotropic and LC phase
suggests that this line corresponds to an interlayer
distance. The ~80 A layer width includes the organized
chains and the smaller chains that serve as solvent.
Further small angle X-ray studies are currently under-
way to determine the factors, which affect this periodic-
ity.

NMR Studies. NMR measurements were carried out
on a deuterated probe, cyclohexane-di,, as well as on
the proton and fluorine nuclei on the polymeric back-
bone. Using a deuterated probe to study the phase
diagram of a liquid crystalline material is a well-
established technique.?>26 In most protonated LCs, the
ordering pattern of a guest molecule dissolved in the
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LC media reflects the trend of the order in the LC phase
itself.

In this experiment, the deuterated cyclohexane was
used as a probe molecule. Its spectrum has been studied
in different LC solvents. Samples of different branching
degrees and molecular weight were heated to the
isotropic phase and were cooled in the magnetic field.
The NMR spectra were recorded at different tempera-
tures. In the isotropic phase, the spectrum consists of a
single line. Further cooling leads to a powder pattern
over all the temperature and LC concentration range.
The room temperature 2H NMR spectra as a function
of polymerization time are presented in Figure 7 , parts
a and b, for the linear and branched materials, respec-
tively. In both systems the powder pattern does not
change after several hours in the magnetic field. This
suggests that the sample does not orient in the magnetic
field. The probe measurements have clearly indicated
that the birefringence patterns correspond to an aniso-
tropic system. The plots of the line width as a function
of polymerization time at a given temperature exhibit
a discontinuity as shown in Figure 7, parts c and d. The
broadening of the line corresponds to the phase transi-
tion into the LC phase.

Further NMR measurements were carried out on the
mesogenic molecule itself. Figure 8, parts a and b, shows
19F and 'H NMR spectra, respectively, as a function of
temperature for branched oligomers (M, = 2240, M,/
My = 1.74). Three distinct dd patterns (Figure 8a) at
positions 1, 2, and 4 correspond to trifluorovinyl end
groups while the multiplet at position 3 represent the
six nonequivalent fluorine atoms on each cis- and trans-
1,2-disubstituted cyclobutane linkage.2 'H NMR spec-
tra (Figure 8b) exhibit the aromatic proton signals (with
olefinic proton singlet shoulder) at position 1 and the
methyl proton signals at position 2. In the mesophase
(29, 46 °C), all peaks are broadened due to none
averaged dipolar interactions.?> The spectra in the
isotropic phase are narrow and well defined (74 °C).
Upon cooling into the mesophase, both the °F and 'H
spectra broaden significantly, as expected. The degree
of broadening of different components in the spectrum
reflects a different degree of motion and order of
different parts of the molecule. While at temperatures
where the lines of the end vinyl group in the fluorine
spectra (Figure 8a, groups 1, 3, and 4), are still narrow,
the lines that correspond to the PFCB broaden signifi-
cantly. Similarly, the spectra of aromatic protons broaden
(Figure 8b) at higher temperatures than the spectrum
of the protons on the methyl group. The protons of the
methyl group consist of one line. Upon cooling, the line
slightly broadens, but since the other nuclei with large
dipolar couplings are not adjacent to the methyl groups,
the broadening is rather mild and allows the detection
of the chemical shift anisotropy.?> The chemical shift
anisotropy, AJ, is a measure of the order parameter in
the system.

The values of A6 for the methyl group protons are
plotted as a function of temperature in Figure 9. To
guantitatively calculate the order parameter from the
chemical shift anisotropy, one should be able to measure
the diamagnetic susceptibility, Ay, and obtain the
components of the chemical shift anisotropy tensor for
S = 1. Since this lyotropic system did not orient in a
magnetic field we do not have the value for Ay. More-
over, the value for the chemical shift tensor for this
group is unknown. From Figure 9, we can qualitatively
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Figure 9. Anisotropic chemical shift (Ad = dp — ) of the
methyl group as a function of temperature.

Figure 10. (Top) Structure of LC branched oligomers on glass
surface revealed by tapping mode AFM. Sample (M, = 2240)
was dissolved in toluene. The droplet of solution on glass slide
was evaporated at room temperature in a laminar hood. The
LC film coated on glass was scanned under ambient condition.
(Bottom) Fourier transform (FT) of the image showing peri-
odicity in the orthogonal direction (arrow) with the average
distance ~50 nm. Set point = 1.654 V, and scan size = 1 um.

deduce that the order parameter increased with de-
creasing temperature. No singularities are observed
within the LC regime.

The NMR results have clearly shown that inherent
ordering in these lyotropic lamellar systems exists. In
addition, we can detect a clear difference in the order
and dynamics of the PFCB ring, the aromatic groups
and the aliphatic groups. While the PFCB moiety and
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the aromatic group are locked in the structure, the
methyl and the end groups are much freer to move. The
X-ray and NMR data provided information on structure
and dynamics of the new PLC on an angstrom to a tenth
of an angstrom scale. The optical microscopy provided
information on the micrometer scale. Further studies
were carried out on the nanometer scale using AFM.

Nanometer Scale Surface Structure. When thin
films less than 1 um were cast on a glass support, long-
range order, which consisted of nanometer scale bundles,
was observed. Figure 10 introduces a tapping mode
AFM image. Samples were prepared by evaporating
solution of LC polymer on glass slide, without shear.
The Fourier transform of the image consists of a peak
centered at 50 nm. Further studies are currently on the
way to further understand the origin of this nanoscale
ordering.

Conclusions

The structure and dynamics of bulk and thin films of
a novel semi fluorinated lyotropic mesophase have been
studied. In thin films, between glass slides, the PLC
exhibits homeotropic behavior with characteristic decay
time varying between 1 and 1200 s, depending on the
molecular weight. The homeotropic characteristics are
attributed to the low surface energy of the PFCB group.
The bulk mesophases of both linear and branched
oligomers consist of lamellar organized structures, im-
mersed in smaller oligomers. The order of the phases
increases with decreasing temperature, where different
parts of the molecule exhibit different levels of order.
We have observed order on several length scales: on
the angstrom level, the structure within the layer was
detected, and on the 100 A level, we observed the layer
spacing. When the PLC is cast into thin films, further
order on the nanometer length scale has been observed
by AFM.
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