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ABSTRACT: A series of polynorbornenes containing monodendrons as side groups [DPNB(n)] with
different degrees of polymerization (n) were synthesized. These dendritic side groups were second
generation monodendrons based on the AB, mesogenic monomer, 13-hydroxy-1-(4-hydroxyphenyl)-2-(4-
hydroxy-4"-p-terphenylyl)tridecane building blocks. Although the mesogens were rodlike, the polymer
samples were overall conformationally flexible and displayed liquid-crystalline (LC) behavior. Above n =
20 in DPNB(Nn), both the transition temperatures and heats of transitions were independent of n. Therefore,
a DPNB(40) was chosen as the representative polymer for this study. The polymer exhibited complicated
phase transformation behaviors which were associated with two different length scales. During cooling,
a nematic (N) phase, two smectic A (Sa and S}) phases, and one hexatic B (Sg) phase were observed.
Among them, the N phase only appeared in a narrow temperature window of less than 2 °C. The S}
phase might be monotropic and metastable with respect to the Sg phase. The N phase was formed via
the orientation order of the LC mesogens in the monodendrons of the side groups on the subnanometer
scale. In addition to the molecular orientation order, both of the Sx and S) phases also possessed the
ordered layer structures on the nanometer scale despite different layer spacings (5.35 nm vs 4.90 nm).
In the Sg phase, the layer structure was much larger than those in both the Sa and the S} phases (8.84
nm), and its lateral molecular packing exhibited a two-dimensional hexagonal array on the subnanometer
scale (a = 0.52 nm and y = 120°). Interrelations of these nanometer and subnamometer structural

formations in these phases were discussed.

Introduction

Although the concept of three-dimensional (3D) mac-
romolecules was proposed over half a century ago,>? it
was not until the late 1970s that the practical syntheses
of dendrimers and hyperbranched polymers were actu-
ally prepared.3~11 Initially, a divergent synthetic ap-
proach was used to prepare these polymers. Later, in
the 1990s, a convergent synthetic approach was intro-
duced.'2716 To accelerate the growth, a “double-stage”
convergent approach was proposed.’’~1° On the other
hand, the uncontrolled chain growth propagation ap-
proach was also utilized in synthesizing highly branched
polymers.2921 In synthesizing these polymers, mono-
dendrons were usually attached to a linear polymeric
backbone and then wrapped by an increasing number,
from the inner to the outer regions, of wedges of
monodendrons. Depending upon the backbone stiffness,
the degree of coverage, and the generation (size) of the
monodendrons, the overall shape of the hyperbranched
polymers in many cases was not spherical but tends to
be cylindrical instead.

Two general approaches to design and construct
dendritic skeletons exhibiting liquid-crystalline (LC)
phases were proposed. The first approach involved
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attachment of a semirigid dendritic wedge to an ether
or a crown ether which functions as an endo receptor.
The monodendron itself did not possess the mesogens
but acts as self-assemblages to generate tubular archi-
tecture, the building block to constructing columnar or
cubic structures on the nanometer scale as supra-
molecular structures.?2-2% The second approach was to
directly introduce rodlike mesogens into the mono-
dendrons which were built by AB, monomers. In this
case, the LC phases may be formed on the molecular
level on the subnanometer length scale.2”-3° However,
introducing rodlike or disklike groups into dendrimers
and hyperbranched polymers to form LC phases had
been a challenging task because the incomparable
geometric shapes of the molecules in the two different
length scales (subnamometer and namometer). Other
dendrimers and hyperbranched polymers exhibiting LC
behaviors have also been reported including a series of
carbosilane-based LC dendrimers,31:32 lyotropic LC hy-
perbranched poltamides,3? ferrocene-containing LC den-
drimers,343% and ferroelectric LC dendrimers and hy-
perbranched polymers.36:37

In this publication, we focus on a series of hyper-
branched polynorbornenes having second generation LC
monodendrons as side groups with a different degree
of polymerization (n). Recently, detailed structural
characterization of the second generation monoden-
drons, the building block of this polymer, indicates the
existence of multiple LC phase transitions.®® In the
hyperbranched polynorbornenes, we find that, except in
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Scheme 1. Dendritic Side-Chain Liquid-Crystalline Polymers DPNB(Nn)
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the nematic (N) phase, all other LC phases are formed
in both the nanometer and subnanometer length scales,
indicating that these phases are constructed by combi-
nations of molecular and supramolecular structures.
Their interrelationships are also discussed.

Experimental Section

Material Synthesis. A second generation monodendron
(G2NB) was synthesized via a divergent approach based on
the conformationally flexible AB, mesogenic monomer, 13-
hydroxy-1-(4-hydroxyphenyl)-2-(4-hydroxy-4"-p-terphenylyl)-
tridecane building block.?”3° The dendritic mesogenic nor-
bornene was polymerized by ring-opening metathesis polymer-
ization using RuCl,(=CHPh)(Pcys), as an initiator in dry
CH_CI, at room temperature to form hyperbranched poly-
norbornenes. After the polymerization, the living polymers
were quenched with ethyl vinyl ether. The detailed synthetic
route has been previously published.?”-3° The chemical struc-
ture is shown in Scheme 1 [abbreviated as DPNB(n)]. The
polydispesity of this series of polymer ranged between 1.09
and 1.29.

Equipment and Experiments. Differential scanning cal-
orimetry (DSC) experiments were performed on a Perkin-
Elmer DSC-7 equipped with a cooling apparatus to study the
thermal transition behaviors of DPNB(n). The temperature
and heat flow were calibrated using standard materials
(indium and tin) at different cooling and heating rates between
1 and 40 °C/min under a dry nitrogen atmosphere. The cooling
experiment was always performed first in order to eliminate
the thermal history, followed by a heating experiment at a rate
equal to the prior cooling rate. The temperature range used
in this study was between 120 °C (20 °C above the isotropiza-
tion temperature) and 15 °C (33 °C below the glass transition
temperature of T4 = 48 °C). The onset transition temperatures
were employed from both cooling at the high-temperature side
and heating at the low-temperature side of the DSC diagrams.
When isothermal experiments were conducted, the sample was
cooled at 10 °C/min to a fixed temperature between 55 and 62
°C from the isotropic melt (I). The sample was kept at the
isothermal temperature for different periods of time. It was
then heated to 120 °C with or without prior cooling to below
the Tg.

One-dimensional (1D) wide-angle X-ray diffraction (WAXD)
powder experiments were carried out on a Rigaku 12 kW
rotating anode generator (Cu Ka, 4 = 0.154 nm) equipped with
a diffractometer (radius of 185 mm). The X-ray beam was line-
focused and monochromatized using a graphite crystal. The
reflection peak positions and widths were calibrated with
silicon crystals of known crystal size for the high-angle region
(26 > 15°) and silver behenate for the low-angle region (26 <
15°). The range of the 20 angle scanned was 1.5°—35°. A hot
stage was built in the diffractometer to study the phase
transitions. The heating and cooling experiments were con-
ducted in the following way. During the scanning (at a rate of
10°/min in WAXD), the sample was set in the isothermal mode.
As soon as the scan was finished, the samples were cooled or
heated at a rate of 1 °C/min. Background scattering was
subtracted from the sample’s WAXD patterns. 1D small-angle
X-ray scattering (SAXS) experiments at different temperatures
were carried out at the synchrotron beamline X27C at the
Brookhaven National Laboratory. The wavelength of the X-ray
beam used was 0.1307 nm. A positional sensitive detector was
used to record the SAXS data. The zero pixel was calibrated
using a duck tendon, and the scattering vector q (q = 4 sin
0/, where 1 is the wavelength of synchrotron X-ray beam and
6 is the scattering angle) was calibrated by silver behenate.
Measurements were performed on a customized two-chamber
hot stage at different temperatures with experimental error
controlled to be within +0.5 °C.

Fibers were spun at 75 °C in the LC phase. Isothermal
annealing processes were conducted on the fibers at different
temperatures for prolonged periods of time in a fixed fiber
length and subsequently quenched to the room temperature
for phase structural determination. 2D WAXD fiber patterns
were obtained from a Rigaku automated X-ray imaging system
with an 18 kW rotating anode generator (Cu Ka). The
calibration was identical to the 1D WAXD experiments previ-
ously reported. Air scattering was subtracted from the sample
patterns.

Polarized light microscopy (PLM) experiments were per-
formed on an Olympus HB-2 PLM coupled with a Mettler FP-
90 hot stage to examine the phase morphology and LC defects.
The temperature of the hot stage was calibrated with standard
materials. Film samples can be prepared by pressing small
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Figure 1. Two sets of DSC cooling and subsequent heating
diagrams of DPNB(n) with different n of 20, 60, and 90 at a
rate of 2.5 °C/min. The inset shows the transition temperature
dependences upon the degree of polymerization (n).

amounts of samples between two glass slides in the I, and the
thickness was ~10 um. Mechanical shear was also applied on
the film samples to identify the low ordered LC phase. A
transmission electron microscope (TEM, JEOL 1200 EX Il) was
used to observe the morphology and provide structural infor-
mation with an accelerating voltage of 120 kV. DPNB(n)
samples were first dissolved in CH>Cl, with 0.01% concentra-
tion and then cast onto a carbon-coated cover glass. The
thickness of the resulting film was less than 30 nm. These
films were subsequently annealed to grow larger size single
domains. Hydrofluoric acid was used to dissolve the glass slide.
Then, the acid was washed out by floating the samples on the
surface of distilled water. The samples were then picked up
using Cu grids, shadowed with carbon and platinum. Calibra-
tion of the electron diffraction (ED) in TEM experiments was
carried out using TICI for d spacing values smaller than 0.384
nm.

Results and Discussion

Thermal Properties of the Phase Transitions.
Figure 1 shows two sets of DSC cooling and subsequent
heating diagrams at a rate of 2.5 °C/min for DPNB(n)
with different degrees of polymerization (n = 20—90).
An initial review of Figure 1 suggests a similarity of
the transition sequence among these samples. The inset
of Figure 1 illustrates functions of the phase transition
temperatures with the degree of polymerization. It is
evident that beyond n > 20 all of the transition tem-
peratures and heats of transitions become independent
of n. These results are comparable to those reported for
the n dependence of side chain LC polymers with dif-
ferent backbones such as polysiloxanes, polymeth-
acrylates, polyacrylates, and poly(vinyl ether)s.3® A
DPNB(40) is thus chosen to investigate the phase
transition behaviors and their corresponding structural
changes.

Figure 2 shows two sets of DSC cooling and subse-
guent heating thermal diagrams of DPNB(40) at dif-
ferent rates between 1 to 40 °C/min. In the entire cooling
temperature range from 120 to 15 °C, one apparent
exothermic process at ~102 °C can be observed at
different cooling rates. The onset transition temperature
(101.7 °C) and the heat of transition (4.7 J/g) of this
exothermic process are almost cooling-rate-independent.
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Figure 2. Two sets of DSC cooling and subsequent heating
diagrams of DPNB(40) at different rates between 1 and 40 °C/
min.

However, if we exam the DSC diagrams in Figures 1
and 2 carefully, it seems that this exothermic process
is attributed to two overlapped transitions—narrow and
broad. The transition peak temperatures of these two
processes are close to one another (~2 °C difference),
and the ratio between these two heats of transitions is
roughly 2:1 (the narrow peak vs the broad peak) at
cooling and heating rates of 1 °C/min. Both transitions
may be associated with formations of low ordered LC
phase structures (see below).

In the low-temperature region between 55 and 70 °C,
broad exothermic processes are observed when the
cooling rates are slower than 10 °C/min. At a cooling
rate of 1 °C/min, the overall heat of transition is 1.6 J/g.
With increasing cooling rate the width of the peak
broadens, and the onset transition temperature and the
heat of transition decrease. Above a cooling rate of 10
°C/min, the transition is so broad that a precise deter-
mination is not possible. This may be due to the fact
that this exothermic process is close to the Ty of the
polymer (48 °C).

During heating, as shown in Figure 2, the onset
transition temperature in the high-temperature region
is at 99.8 °C with a heat of transition of 4.6 J/g. It has
little heating rate dependence (~0.8 °C). Again, this
endothermic process seems to involve two transition
processes—narrow and broad. Furthermore, the fact
that the onset transition temperature during heating
is lower than that during cooling is also an indication
that more than one transition process is involved.4042
On the other hand, the endotherm in the low-temper-
ature region is relatively broad (~63 °C). At a heating
rate of 1 °C/min, the overall heat of transition is 1.6 J/g.
Above the heating rate of 10 °C/min, again, the heat of
transition cannot be precisely determined. During cool-
ing at 1 °C/min, two exothermic processes can be
identified. The first process is at 65 °C. Before this first
process is fully developed, a second process begins at
relatively low temperatures (see Figure 2).

To understand thermodynamic stability of these two
phases, isothermal experiments in the vicinity of this
temperature region are carried out. Figure 3 shows the
DSC heating diagrams of DPNB(40) after the samples
were isothermally kept at 62 °C for different periods of
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Figure 3. Set of DSC heating diagrams at 2.5 °C/min after
the sample was isothermally kept at 62 °C for different times.

time and then cooled to below Tg. During the first 10
min, only one endothermic process exists. This process
is formed during cooling of the sample after isothermal
experiments because the entire endothermic process
measured during heating is below the isothermal tem-
perature of 62 °C and the heat of transition is 0.65 J/g.
DSC diagrams recorded by direct heating without
cooling after the isothermal experiment at 62 °C for 10
min does not show any endothermic transition in this
temperature region. However, after kept isothermally
for 10 min, another transition process appears, and this
endotherm is formed during the isothermal experiments
at 62 °C. With increasing the isothermal time, the
growth of this endothermic process takes over the first
process formed during cooling. After 120 min, the second
endotherm dominates the whole endothermic process.
This suggests that the first endotherm appearing at ~60
°C represents a phase which may be monotropic with
respect to the second endotherm at ~63 °C. The second
endotherm is gradually developed during the isothermal
experiments (see below).4344 If the sample is annealed
at slightly lower temperature of 60 or 61 °C, some
differences of the transition behaviors can be observed.
The first endothermic process formed during cooling
after being isothermally kept at 62 °C for 10 min can
now be partially developed during the isothermal ex-
periments. The isothermal time for the full development
of the second endotherm is also shortened.

Although DSC experiments are sensitive to transition
processes that are associated with absorbing and releas-
ing heats, they do not provide structural information
in identifying the phase structures. Structural sensitive
techniques such as WAXD, SAXS, and ED experiments
need to be utilized.

Phase Structural Evolutions. Figure 4 shows a
sets of 1D WAXD patterns for DPNB(40) at different
temperatures upon slow and stepwise cooling. Combined
with the DSC results performed at the same cooling and
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Figure 4. Set of 1D WAXD patterns at different temperature
during cooling at a slow rate (see text).

heating rates, the phase structural evolutions can be
recognized. In Figure 4, when the temperature reaches
100 °C during cooling, a sharp Bragg reflection at 26 =
1.65° (d spacing of 5.35 nm) appears in the low-angle
region, which corresponds to the exothermic transition
at 102 °C in the DSC cooling experiments. Generally,
this is recognized as layer diffraction. A diffuse scat-
tering halo at around 26 = 20° is also observed. This is
characteristic of the average distance among the chains
in lateral packing, and it represents a liquidlike short-
range order. Therefore, this phase should be a low
ordered smectic (S) phase. Continuously cooling the
sample to below 63 °C, corresponding to the low-
temperature broad exothermic process observed in DSC
cooling experiments, exhibits a sudden shift of the sharp
Bragg reflection from 26 = 1.65° to 2° (d spacing of 4.42
nm) in the low-angle region. Note that in SAXS experi-
ments a reflection at 26 = 1° (the d spacing of 8.84 nm)
is seen (see below). This spacing is twice that of the
reflection at 20 = 2°, indicting that the reflection at 26
= 2°is of the second order. A new Bragg reflection also
appears at 20 = 19.7° (d spacing of 0.45 nm), indicating
the existence of the ordered chain lateral packing. This
phase is closely associated with a highly ordered LC
phase.

Upon heating, all the structural changes obtained
occur in a reversed sequence as the structural evolution
during cooling. Both cooling and heating 1D WAXD
patterns (see Figure 4) do not provide structural infor-
mation on the possible monotropic phase which melts
at ~60 °C because when the cooling experiment is slow
(here, much slower than 1 °C/min), the highly ordered
LC phase cannot be bypassed. To detect this phase, an
isothermal WAXD experiment is required. Figure 5
shows a set of 1D WAXD patterns for DPNB(40)
recorded during isothermal experiments at 62 °C for
different periods of time and then subsequently heated
to 80 °C at a slow stepwise heating. The first WAXD 26
scan in this figure was performed as soon as the sample
temperature reaches 62 °C after it cooled from the I at
a rate of 10 °C/min. A sharp reflection at 20 = 1.8° (d
spacing of 4.90 nm) in the low-angle region and a
diffused scattering halo at a 26 = 20° in the wide-angle
region are detected. This is a new phase structure which
is attributed to the possible monotropic phase, and it
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Figure 5. Set of 1D WAXD patterns for DPNB(40) isother-
mally kept at 62 °C at 0 and 120 min after the sample was

cooled from 120 °C at a 10 °C/min. Subsequently, the sample
was heated to 70 °C at 1 °C/min.
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Figure 6. Set of 1D SAXS patterns for DPNB(40) isother-
mally kept at 62 °C at different times (the degrees have been
converted to the wavelength of the Cu X-ray generator).

may be characterized as a low ordered S phase. After
annealing the sample at 62 °C for 120 min, the layer
reflection at 260 = 1.8° shifts back to 260 = 2°. A Bragg
reflection at 20 = 19.7° is also seen. This is the highly
ordered S phase observed during slow cooling in WAXD.
Therefore, this result indicates a transformation of this
low order LC S phase to the stable, highly ordered S
phase. Subsequent heating of this annealed sample
leads to 260 = 1.65° when the temperature reaches 65
°C.

To understand the phase transformations which are
characterized by the reflection changes in the low-angle
region, synchrotron 1D SAXS isothermal experiments
were performed. The sample thermal history is identical
to the isothermal procedure used in DSC (Figure 3) and
WAXD (Figure 5). As shown in Figure 6, at the early
stage of the isothermal experiment, a Bragg reflection
of 20 = 1.80° is observed, identical to the possible
monotropic LC S-phase structure. After 10 min, a series
of reflections start to appear which represent the highly
ordered LC phase that develops with increasing time.
This SAXS isothermal experiment thus also demon-
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Figure 7. WAXD fiber pattern for DPNB(40) for the fiber
spun at 75 °C and annealed at 55 °C for 2 days in order to

fully develop the S! phase.

Figure 8. TEM morphological observation of flat-on lamellae
and an ED pattern of the [00I] zone (in the inset).

strates the existence of this possible monotropic LC S
phase. Namely, the transition temperature of this phase
is lower than that of the highly ordered LC phase.*344
Moreover, Figure 6 shows that the high ordered LC
phase possesses the first-, second-, and even third-order
reflections at 20 = 1.0°, 2.0°, and 3.0°. The intensity of
the second-order reflections is stronger than that of the
first-order reflections. However, the low ordered S
phases exhibit only the first-order reflections at 26 =
1.65° and 1.80°. This reveals the layer ordered correla-
tion differences among these phases.

Identification of the Highly Ordered LC Phase.
Figure 7 shows DPNB(40) fiber patterns obtained in
synchrotron 2D WAXD and SAXS experiments. The
fibers were spun at 75 °C and annealed at 55 °C for 2
days. Three reflections on the equator in the SAXS
pattern exhibit a ratio of 1:2:3 for their q values,
indicating a presence of the layer structure. The layer
spacing is 8.84 nm based on the calculation of the first-
order reflections. A possible reason that the intensity
of the second-order reflections is stronger than that of
the first-order reflections may be associated with the
arrangement of the LC monodendrons, a scenario
similar to the case of the second generation monoden-
dron of G,NB. Note that GoNB is the side group of
DPNB(n).38 The LC G,NBs adopt the anti conformation
when they are packed in the layered structure. The
branch ends are accumulated not only at the layer
boundaries but also at the center of the layers. This
results in an additional electron density periodicity
difference at the halfway across the layer profile. Only
a partial extinction of the first-order reflection can be
achieved, causing the intensity of second-order reflection
to be stronger than that of the first-order reflection in
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Figure 9. WAXD fiber pattern for DPNB(40) for the fiber spun at 75 °C and immediately quenched to liquid nitrogen without
annealing in order to develop the S} phase. A one-dimensional SAXS scan along the equatorial is also included, and a 26 = 1.8°

at the low angle region is observed.

the low-angle region.?838 In the DPNB(40) case, the
backbones may also be included in the layers. However,
detailed understanding of the backbone and side group
arrangements in this highly ordered LC phase needs
further study using computer simulations. A pair of
sharp reflections at 26 = 19.7¢° is found on the meridian,
indicating the ordered lateral chain packing. Analysis
of the X-ray data suggests that the mesogens are
arranged parallel to the layer normal, meaning that it
is perpendicular to the fiber direction.

Evidence of this ordered lateral chain packing within
the layers is also provided by the ED pattern in TEM.
The sample was prepared from dilute solution and
annealed at 48 °C for 6 days. Flat-on lamellae are
observed in TEM as shown in Figure 8, and the [00I]
ED pattern is the inset of this figure. The ED pattern
consists of six diffraction spots with a d spacing of 0.45
nm. This suggests a 2D hexagonal lattice having a =
0.52 nm and y = 120°, which corresponds to the sharp
diffraction at 20 = 19.7° in the powder and fiber WAXD
patterns. Because the intensity of these spots is weak
and higher-order diffractions are not observed, long-
range positional order of this 2D hexagonal packing may
not exist within the layers. On the basis of these WAXD,
SAXS, and ED results, this highly ordered LC phase
can be identified as the hexatic B (SB) phase having a
layer spacing of 8.84 nm. 4546

Generally speaking, the layer spacing in a S phase is
represented by one chemical repeat unit, which is the
sum of the length of one spacer and one mesogen. In
the case of DPNB(40), the layer d spacing is 8.84 nm,
which is much larger than the length of the chemical
repeat unit. We believe that the layer structure in the
SE phase of DPNB(n) is constructed via the whole
G,NB monodendron side groups in the polymer. This
is a supramolecular structure on the nanometer scale.
On the other hand, the DPNBs also possess the LC
mesogens in the side groups, which forms a 2D hexago-
nal array on a subnanometer scale. Therefore, the Sg
phase actually consists of both the nanometer and the
subnanometer structures.

Since the 2D WAXD fiber pattern shown in Figure 7
exhibits unusual orientations, i.e., the layer normal is
perpendicular to the fiber direction and the lateral
packing direction is parallel to the fiber direction, the
chain conformations in the formation of this LC S}
phase adopted by DPNB(40) in the fibers need further
discussion. When the fibers were spun, the longest

contour length of the macromolecules should be a
principal contribution to entangling them together. This
longest contour length of DPNB(40) must be the back-
bone length coupled with two long branches of the
monodendrons at the two ends of the backbones. There-
fore, in the fibers, the backbones have to be parallel to
the fiber direction, and the LC mesogens form the
hexagonal lateral packing structures of which the
lateral packing direction is parallel to fiber direction;
i.e., the mesogen direction is perpendicular to the fiber
direction. Since the fibers were spun in the S phase (at
75 °C, see below), it is possible that this unusual
orientation is due to the alignment of the S layer planes
along the flow direction during the spinning of the
fibers. This is similar to the cases recently reported in
a series of LC copoly(ester imide)s*’#® and other LC
polymers and oligomers.4°—51

Identification of the Low Ordered LC Phase.
From the DSC, 1D WAXD, and SAXS results, there
exist two low order LC S phases. The first one may be
monotropic which melts at a temperature of ~60 °C
(Figures 3, 5, and 6). To further identify this phase
structure, quenched as-spun fibers, which were spun at
75 °C without any annealing, are used to obtain a 2D
fiber pattern of DPNB(40) as shown in Figure 9. A pair
of sharp Bragg diffraction spots at 20 = 1.8° is observed
on the equator. Only a pair of diffuse scattering arcs at
20 = 20° on the meridian is seen, indicating that the
lateral chain packing within the layers is in liquidlike
short-range order. Since the LC mesogen lateral packing
direction is perpendicular to the layer normal, this
phase is identified as an S} phase with a layer spacing
of 4.90 nm.

The second, stable LC S phase has been identified in
a temperature region between 65 and 100 °C based on
the DSC, 1D WAXD, and SAXS results. The fiber of
DPNB(40) was spun at 75 °C and then annealed at 70
°C for 10 h before they were quenched to room temper-
ature. The 2D WAXD and SAXS fiber patterns are very
similar to those in Figure 9. Only one difference is that
a pair of sharp spots at 20 = 1.65° are observed on the
equator, which represents the layer spacing of 5.35 nm.
Therefore, this phase can also be identified as a Sa
phase. The only difference between these two Sa phases
is that the S} phase at ~60 °C possesses a smaller
layer spacing (4.90 vs 5.35 nm).

In addition to these three phases, morphological
observation of DPNB(40) in PLM reveals the existence
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Figure 10. PLM morphological observations: (a) a fine,
grainy texture is observed at 100.5 °C; (b) after annealing the
sample at 100.5 °C for 1 h, a typical schlieren texture of the N
phase is observed.

of a N phase near the isotropization temperature. Note
that the N phase can only be characterized by a small,
sudden shift of the d spacing of the scattering halo in
the wide-angle region of the 1D WAXD patterns,
indicating a change in the average distances between
the laterally chain packing. This method has been used
to identify low ordered LC phase transitions in several
main-chain LC polymers.>2-57 Here, however, it is
difficult to use this method since the temperature
window of the N phase is too small (less than 2 °C).
Therefore, the PLM becomes the major characterization
method in identifying the N phase. Figure 10a,b shows
the PLM images when the temperature reaches 100.5
°C during cooling and annealed there for 1 h. Observa-
tions of two and four dark brushes emanate from point
singularities (Figure 10b), revealing the typical feature
of the N phase.

The existence of this N phase can also be verified by
the observation of two transition processes in the
vicinity of 102 °C in the DSC results of Figures 1 and
2. The heat of transition of the broad transition process
is estimated to be 1.6 J/g. Note that the N phase has
been identified in the G,NB monodendrons, which are
the side groups of DPNB(n), and its heat of transition
is also 1.6 J/g.2838 Thus, it is possible that the broad
exothermic transition is the | — N phase transition and
the narrow exothermic transition is the N — Sp phase
transition during cooling. Both transitions can also be
recognized during heating.

Interrelationships between Nanometer and
Subnanometer Structures. It is interesting that in
DPNB(40) there are a series of phases which are
constructed on different length scales during cooling and
heating. The sequences of the phase transitions are

during cooling: |1 —N—S,— (S¥) — S}

during heating: S —S,—N—1I

Among these phases, the N phase is formed via orienta-
tion order of the LC mesogens in the side groups on the
subnanometer scale. The layer structures of both of the
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Sa and S phases are constructed on the nanometer
scale in the supramolecular level, which are associated
with the entire side groups rather than the mesogens
in the side chains. Within the layers of these two phases,
the mesogens retain the orientation order. On the other
hand, the S'E‘, phase has layer structure formed by the
entire side groups on the nanomter scale, while the 2D
hexagonal lateral packing on the subnanometer scale
which is attributed to the mesogens in the side chains.

Recognition of the possible metastable S;' phase
during cooling brings up an important issue. The
transition between the S, and S, phases is purely
attributed to the change in the nanometer layer struc-
tures, since these two phases possess identical orienta-
tion order within the layers but different layer spacings
(and thus different phase densities). Therefore, this is
a pure supramolecular structural transition. Thermo-
dynamic properties of a supramolecular transition are
generally associated with a cooperative dynamics such
as in colloid crystals and diblock copolymers. This type
of transitions commonly possesses a major entropy
change and a relatively minor enthalpy change.58 In the
DPNB(40) case, this supramolecular transition can still
be detected in DSC, indicating that although this
transition is only represented by the layer spacing
difference on the nanometer scale, it must also be
associated with a change of cooperative interactions
among the molecules.

The layer structure in the Sg phase can be formed
from either the S or the S} phase. Although the layer
spacings of the initial states of the Sx and the S} are
different (and thus density difference), the layer spacing
of the final Sg phase is independent of the formation
pathways although we expect that the formation kinet-
ics may be different. It is speculated that this layer
spacing change is triggered by the formation of the 2D
hexagonal array of the mesogens in the LC mono-
dendrons. Furthermore, in G,NB the layer spacing of
the St phase is 9.06 nm,38 while in the S} phase of
DPNB(40), the layer spacing is 8.84 nm. The poly-
norbornene backbones thus slightly affect the layer
spacing. On the other hand, the low ordered S phases
in DPNB(40) are all in the Sa phases. In the case of
G2NB, the low ordered S phase is in the Sc phase. This
can be explained by the fact that in DPNB(40) the
backbones may limit the mobility of the mesogens
within the supramolecular layers. Therefore, they will
retain the relationship between the orientation of the
mesogenic groups and the layer normal. This may not
be the case in G,NB fibers since the mesogenic groups
may follow the stretch direction as long as they have
enough mobility when the supramolecular layers still
remains, indicating a disassociation of the cooperative
mobility between the mesogenic groups and the supra-
molecular layer structures. Further investigation is,
however, necessary in order to quantitatively under-
stand these effects on the changes of these nanometer
and subnanometer structures.

Conclusion

In summary, multiple phase transformations are
identified in a polymer DPNB(40) based on DSC, WAXD
and SAXS, PLM, and ED in TEM experimental results.
Among these phases, the N phase is formed via me-
sogens in the monodendrons of the side chains. The
layer structures in both of the S, and S} phase forma-
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tions are attributed to the assembly on the nanometer
length scale via reorganization of the entire side groups,
while within the layers the orientation order of the
mesogens in the subnanometer level is retained. Despite
this fact, the Sf} phase is constructed by the structures
on of both the nanometer and subnanometer scales. The
Si phase is a possible metastable phase and mono-
tropic with respect to the S'E} phase. The different
pathways of the phase transition sequence affect the
formation the layer structures in these three S phases.
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