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ABSTRACT: A main-chain nonracemic chiral liquid crystalline polymer was synthesized from (R)-(-)-
4′-{ω-[2-(p-hydroxy-o-nitrophenyloxy)-1-propyloxy]-1-decyloxy}-4-biphenylcarboxylic acid. This polymer
contained 10 methylene units in each chemical repeating unit and was abbreviated PET(R*-10). On the
basis of differential scanning calorimetry, wide-angle X-ray diffraction, and polarized light microscopy
experiments, chiral smectic C (SC*) and chiral smectic A (SA*) phases were identified. Both flat-elongated
and helical lamellar crystal morphologies were observed in transmission electron microscopy. Of particular
interest was the flat-elongated lamellar crystals were constructed via microtwinning of an orthorhombic
cell with dimensions of a ) 1.42 nm, b ) 1.28 nm, and c ) 3.04 nm. On the other hand, the helical
lamellar crystals were exclusively left-handed, which was opposite to the right-handed helical crystals
grown in PET(R*-9) and PET(R*-11) (having 9 and 11 methylene units, respectively). Note that these
three polymers had identical right-handed chiral centers (R*-). Therefore, a single methylene unit
difference on the polymer backbones on an atomic length scale substantially changed the chirality of the
crystals in the micrometer length scale. Furthermore, aggregates of these helical crystals in PET(R*-10)
did not generate banded spherulites in polarized light microscopy. Possible reasons for this change and
loss of helical senses (handedness) on different length scales in chirality transferring processes were
discussed.

Introduction

The synthesis of asymmetric, nonracemic polymers
having atomic chiral centers in their backbones has
provided a unique opportunity to study new phase
structures and morphologies in nano- and micrometer
length scales. These materials have also initiated
extensive efforts aimed at connecting synthetic chiral
polymers with biopolymers and low molecular weight
(MW) chiral liquid crystals.1-3 However, it is not yet
clear how these atomic chiral centers affect the chirality
on larger length scales. In nonracemic chiral polymers,
the understanding of chirality starts with identifying
four different chiral structural hierarchies on different
length scales from chemical centers to supramolecular
assemblies.4,5 For example, asymmetric chiral centers
in polymer backbones, which are primary chiral struc-
tures (configurational chirality), usually result in helical
conformations (a secondary chiral structure, conforma-
tional chirality). When chains with helical conforma-

tions are packed together to form ordered structures,
the chirality may break local mirror symmetry and lead
to a helical morphology (a tertiary chiral structure,
phase chirality). An aggregate of multiple tertiary chiral
structures, such as in the case of spherulites, forms the
highest level of chiral structure (a quaternary chiral
structure, object chirality).

Transferring chiralities from one structural level to
another has been one of the key discussing topics in
recent literature. However, their mechanisms have been
proven to be more complicated than one would usually
predict. For example, in poly(propylene oxide) (PPO),
the (R)-(-) enantiomers generate banded spherulites
that possess right-handedness while the (L)-(+) enan-
tiomers generate left-handedness in their banded spher-
ulites. However, the banded texture disappears in
spherulites made up of a 50:50 mixture of (R)-(-)- and
(L)-(+)-PPO enantiomers.6 The chiral configurations in
the polymer backbones (the primary chiral structure)
must thus play an important role in the formation of
the banded texture in spherulites (the quaternary chiral
structure). In another example, the (R)-(-) enantiomer
of poly(hydroxybutyrate) (PHB) obtained from its natur-
al bacterial source displays a left-handed twist in the
PHB banded spherulites.7,8 In other words, opposite
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handedness is observed in the (R)-(-) enantiomers of
PHB and PPO spherulites. A recent study also shows
that unlike banded spherulites, lamellar single crystals
of optically active (R)-(-)- and (S)-(+)-poly(epichlorohy-
drin) grown from solution are flat in shape.9 The
configurational and conformational chiralities are thus
not transferred to the phase chirality, meaning that the
chiral memory is lost after the conformational structural
hierarchy.

More examples of controlling chirality can be found
in biopolymers. By tuning the chirality of the residues,
repeating units, side chains, and/or initiators between
dextro and levo, one can obtain a single, specific hand-
edness in a helical conformation.10 Helical handedness
can also be controlled by external environmental vari-
ables including achiral stimuli such as pH, solvent,
temperature, light, and salt concentration.11-14 For
example, in certain macromolecules, chain conforma-
tions can change between plus (P) and minus (M), a so-
called helix-helix transition, with only a change in
temperature.15,16

Research on controlling chirality and chirality trans-
fer has brought much insight into other important fields
that deal with helical appearances in different length
scales such as chiral liquid crystals, chiral self-as-
semblies, and chiral crystals. Self-assembled helical
morphologies have been reported for decades.17-20 Heli-
cal handedness changes with temperature in the cho-
lesteric and smectic C* (SC*) phases of chiral liquid
crystals have also been observed, similar to the helix-
helix transition of macromolecular conformation.21 The
helical morphology is often considered to be, in some
ways, related to the configurational and conformational
chirality on smaller length scales, although a quantita-
tive understanding has not been achieved.22-26

Attempting to link the primary chiral structure with
the quaternary chiral structure without knowing the
secondary and tertiary chiral structures is an incom-
plete practice. Transferring from one chirality hierarchy
to another is neither automatic nor necessary. Estab-
lishing quantitative relationships between configura-
tional chirality and object chirality requires information
on conformational and phase chiralities as well as
molecular and phase structural packing schemes.4,5

Furthermore, configurational chirality is not necessarily
the only cause of lamellar twisting. Examples can be
found in the twisted lamellar crystals of nonchiral
polyethylene (PE)7,27 and other polymers forming banded
spherulites.28 The twisted lamellar crystals may form
due to different molecular packing and/or bending
mechanisms.

We have reported on a nonracemic chiral main-chain
liquid crystalline (LC) polyester synthesized from (R)-
(-)-4′-{ω-[2-(p-hydroxy-o-nitrophenyloxy)-1-propyloxy]-
1-nonyloxy}-4-biphenylcarboxylic acid having nine
methylene units in one chemical repeat unit. This
polymer has been abbreviated as PET(R*-9).29 Three LC
phases have been identified in PET(R*-9): chiral smec-
tic A (SA*), twisted grain boundary smectic A (TGBA*),
and SC* phases.30 Moreover, this polymer can grow flat-
elongated and right-handed helical lamellar crystals
from LC phases. Both of the crystals possess identical
crystal structures and chain-folding directions along the
long axis of the crystals, although chain orientations in
these two crystal packings are different.4,5,30-33

To understand the effect of the number of methylene
units on the phase structures and crystal morphologies,

a PET(R*-10) has been synthesized. This polymer
possesses the identical configurational chiral center as
PET(R*-9) and one extra methylene unit (for a total of
10) in the backbone. In this publication, we report LC
and crystalline structural identifications and phase
transition behaviors of this nonracemic chiral polyester.
It is intriguing that PET(R*-10) exhibits both structural
and morphological differences from PET(R*-9) and PET-
(R*-11) (having 11 methylene units). These experimen-
tal observations may serve as important evidence that
helps us to achieve a better understanding of the
chirality-transferring phenomenon between different
length scales.

Experiential Section
Materials and Sample Preparation. The PET(R*-10) was

synthesized from (R)-(-)-4′-{ω-[2-(p-hydroxy-o-nitrophenyloxy)-
1-propyloxy]-1-decyloxy}-4-biphenyl carboxylic acid. The de-
tailed synthetic routes of the monomer and polymer were
published elsewhere.29 The polymer possessed right-hand
chiral centers (R*) along the main-chain backbone, and the
number of methylene units in this polymer was 10. The
chemical structure is

The weight-average MW was 40K and the polydispersity was
2.07, as measured by gel permeation chromatography based
on polystyrene standards. A low MW sample with 10K was
also synthesized.

Polymer thin films (with a thickness of 50-100 nm) were
prepared via solution casting of a 0.05% (w/v) tetrahydrofuran
solution on carbon-coated glass slides for transmission electron
and atomic force microscopy (TEM and AFM) experiments.
After the solvent was evaporated, the films were heated in a
Mettler heating stage (FP-90) to 190 °C, which was above the
polymers highest endothermic transition temperature for 3
min. The samples were then quenched to preset temperatures
and held isothermally for various prolonged time periods
ranging from one to several days. The samples were subse-
quently quenched into liquid nitrogen and allowed to return
to room temperature (note that the glass transition temper-
ature of this polymer was at 36 °C). The thin film samples
were first examined under both polarized light (PLM) and
phase contrast microscopes before they were used for AFM or
shadowed by Pt and coated with carbon for TEM observations.
For differential scanning calorimetry (DSC) and one-dimen-
sional (1D) wide-angle X-ray diffraction (WAXD) measure-
ments, thick film samples with a thickness of ∼0.1 mm were
prepared. The TEM replica method was also utilized in
examining surface crystalline morphology for some of these
samples. Fibers were spun from the LC phase in order to
determine phase structures using 2D WAXD experiments. A
typical fiber diameter was 30 µm. For PLM film samples, a
thickness of ∼10 µm was used by melt-pressing small amounts
of samples between two glass slides.

Equipment and Experiments. The thermal transition
behaviors were studied on a Perkin-Elmer DSC-7 instrument.
The temperature and heat flow scales at different cooling and
heating rates (0.5-20 °C/min) were calibrated using standard
materials. The samples were first heated to above the highest
transition temperature to erase the thermal history. Cooling
experiments always preceded heating ones, and the cooling
and heating rates used were always identical. The transition
temperatures were determined by measuring onset and peak
temperatures from cooling and heating scans at different rates.

1D WAXD powder experiments were performed with a
Rigaku 12 kW rotating anode generator (Cu KR radiation)
equipped with a diffractometer. A hot stage was coupled with

5476 Li et al. Macromolecules, Vol. 35, No. 14, 2002



the diffractometer to study the structural evolution with
temperature at constant heating and cooling rates, and the
temperature was controlled to ( 1 °C. Thick films were
mounted on aluminum sheets and the diffraction patterns
were collected using a reflection mode. Samples were scanned
in a 2θ range between 1.5 and 35°. Background scattering was
subtracted from the sample diffraction patterns. 2D WAXD
fiber patterns were obtained from a Rigaku X-ray imaging
system with an 18 kW rotating anode X-ray generator. A hot
stage was also coupled with the diffractometer. A 50-min
exposure was required for a high quality WAXD fiber pattern.
The background scattering was also subtracted from the fiber
patterns.

Phase morphology and LC defects were examined via a PLM
(Olympus BH-2) coupled with a Mettler heating stage (FP-
90). Both isothermal and nonisothermal experiments were
performed for PLM observations. TEM experiments were
carried out in a JEOL (1200 EX II) TEM using an accelerating
voltage of 120 kV. Selected area electron diffraction (SAED)
patterns of the samples having different zones were obtained
using a TEM tilting stage in order to determine crystal unit-
cell symmetry and dimensions. Calibration of the ED spacing
was done using the TlCl d spacings and their doublets. An
AFM (Digital Instrument Nanoscope IIIA) was used to exam-
ine the PET(R*-10) helical single-crystal morphology. The force
used by the cantilever was light enough to limit damage to
the sample, yet obtain accurate surface features. The scanning
rate was 1-3 Hz for the low magnification images (512 × 512
pixels per image).

To study chain-folding direction of the lamellar crystals, a
PE decoration method was utilized.34,35 During the decoration,
an optimal 10 cm distance between the sample and the basket
was chosen in the vacuum evaporator where PE was degraded
and evaporated. The samples were then treated following the
procedure as described previously.

Results and Discussion

Thermodynamic Transition Properties and
Structural Evolutions of the LC Phases. Figure 1
shows two sets of DSC thermal diagrams at different
cooling and heating rates ranging between 2.5 and 40
°C/min. A major thermal event takes place at an onset
temperature of 179 °C, and a small thermal transition
occurs at 151 °C. The heats of these two transitions were

4.43 and 0.76 kJ/mol, respectively. Neither the onset
transition temperatures nor the heats of transition
exhibit much heating or cooling rate dependence. There-
fore, these two transitions are identified as low ordered
LC transitions.

Figure 2 shows a set of 1D WAXD patterns during
cooling of PET(R*-10) at a rate of 0.5 °C/min. The
WAXD patterns during heating are identical to the
results in Figure 2. The LC phase formation is signaled
by a low-angle reflection (2θ ) 2.91°) that appears
between 170 and 180 °C. As recording WAXD patterns
at a temperature interval of every 2 °C during cooling,
the low-angle reflection appears between 178 and 179
°C (not shown in Figure 2). A scattering halo at 2θ )
19.4° corresponded to a liquidlike short-range order in
molecular lateral packing, and it also takes a sudden
but slight shift to a higher 2θ angle between 178 and
179 °C. This indicates that the high-temperature transi-
tion at 179 °C in DSC is a transition from the isotropic

Figure 1. Two sets of DSC cooling and heating diagrams of PET(R*-10) at different rates between 2.5 and 40 °C/min.

Figure 2. Set of WAXD powder patterns of PET(R*-10)
during cooling at 0.5 °C/min.
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melt (I) to a low ordered smectic phase. When the
temperature is decreased to ∼150 °C, the low-angle
reflection in the 1D WAXD patterns shows a small but
distinguishable shift toward a higher 2θ angle (d
spacing changes from 3.04 to 2.96 nm). This shortening
of the d spacing at ∼150 °C during cooling may be
explained by molecular chain tilting to form another
smectic phase (must be a SC* phase). This corresponds
to the DSC transition at the 151 °C observed in Figure
1 that possesses the small heat of transition.

To precisely identify the structures of these two low-
ordered smectic phases, a 2D WAXD pattern of the
oriented sample is taken at 160 °C as shown in Figure
3a. A pair of the low-angle layer reflections is on the
meridian and the high-angle amorphous halos are on
the equator. This pattern can be recognized as a SA*
WAXD pattern, and the molecular chains are parallel
to the fiber direction. In our previous report, we found
that PET(R*-9) molecular chains were aligned perpen-
dicular to the drawing direction.30 This could be due to
the MW effect [40K in the present study compared with
the previous report of 16K in PET(R*-9)]. Supporting
evidence can be found in a 2D WAXD pattern shown in
Figure 3b that is obtained from a low MW PET(R*-10)
(10K). It is indeed that the chains are perpendicular to
the fiber axis. It had also been reported that the
alignment of main-chain LC polymers in smectic phase
depended upon the temperature of shearing, the shear-
ing rate, and the polymers MW.36,37 On the basis of the
results of Figure 3, it is evident that the shift of the
low 2θ angle peak in Figure 2 is due to the chain tilting
with respect to the layer normal. Therefore, the low-
temperature transition at 151 °C is identified as a SA*
T SC* phase transition. These LC phase assignments
can also be supported by the focal conic textures
observed in PLM experiments at 160 °C as shown in
Figure 4 for the SA* phase. The PLM morphology of the
SC* phase shows little difference from that in Figure 4.

It should be noted that even when a very slow
scanning rate of 0.5 °C/min is used, the high-tempera-
ture transition still remains a single peak. This differs
from the transition behavior of PET(R*-9) whose high-
temperature transition peak broadened and eventually
separated into two transition peaks with decreased the
scanning rates.30 This separation of the transition peak
was attributed to the existence of the TGBA* phase
which was between the I and the SA* phases. However,
in PET(R*-10), only the I T SA* phase transition exists
in the high-temperature region. On the other hand, no

crystallization is observed in the DSC diagrams at a
cooling and heating rates of 2.5 °C/min as shown in
Figure 1. This indicates that crystallization rate of PET-
(R*-10) is much slower than that of PET(R*-9).

Structural Determination of the Flat-Elon-
gated Lamellar Crystals. Lamellar crystals of PET-
(R*-10) can be grown under isothermal crystallization
conditions for prolonged times to investigate the crystal-
line structure and lamellar crystal morphology. Figure
5a shows a TEM micrograph of a flat-elongated lamel-
lar crystal of PET(R*-10) grown at 130 °C for 1 day in
the SC* phase. The aspect ratio of the long and short
axes can be as large as 40 for a well-developed lamella.
An interesting feature of the crystal is the presence of
cracks, all of which are along the short axis. They may
have formed during quenching the crystal from 130 °C
to liquid nitrogen because the coefficients of thermal
expansion along both the long and short axes of the
crystal may be anisotropic. This would lead to a differ-
ence of dimensional shrinkage along these two axes.
Once the crystals could not sustained such a strain,
cracks may form as in the case of syndiotactic polypro-
pylene.38,39 A PE decoration on the lamellar surface
shown in Figure 5b indicates that the PE crystal rods
are parallel to the short axis. Since the PE molecules
are perpendicular to the long axis of the PE rods, the
chain-folding direction of this flat-elongated lamellar
crystal must have been along the long axis of the crystal.
No sectorization is found.

Figure 3. WAXD fiber patterns of the SA* phase at 160 °C for the high MW PET(R*-10) (a) and low MW PET(R*-10) (b). The
molecular chain axes are parallel to the shear direction in part a and perpendicular to the shear direction in part b.

Figure 4. PLM LC focal conic texture of the SA* phase at
160 °C.
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Figure 6a shows a SAED pattern taken from the
lamellar crystal in Figure 5a. The as* and bs* are
defined along the horizontal and vertical axes of the
pattern, respectively, which correspond to the short and
the long axes of the crystal in real space (the subscript
s indicates a superlattice, and see below for experimen-
tal evidence). An orthogonal lattice with two axes
parallel to the as* and bs* cannot, however, fit all the
diffraction spots in this ED pattern. Furthermore, the
weak diffraction layers parallel to the as* axis appear
at the 1/2 distance between the strong neighboring
diffraction layers in PET(R*-10), while they were at the
1/3 distance of the strong neighboring diffraction layers
in PET(R*-9).4,31-33 Both of them are representative of
the superlattices in these two polymers.

Crystallographic analysis shows that the pattern in
Figure 6a can be identified as a twin structure, and the
twin plane is along the as* axis in reciprocal space as
illustrated in Figure 6b. Two sets of the ED spots are
represented by the open and filled circles, respectively,
and these two ED patterns are identical and fit in a 2D
rectangular lattice. By applying a mirror operation
along the as* axis, the open circle spots can be converted
to the filled circle ones, and vice versa. This can be
confirmed by the long-time exposed ED pattern shown
in Figure 7. More than 300 diffraction spots are identi-
fied in this pattern, and they can be separated into two
ED sets that share the mirror plane along the as* axis.

This twin-structural identification is further sup-
ported by SAED patterns obtained on the single crystals
of PET(R*-10) formed after the samples were mechani-
cally sheared at 130 °C as shown in Figure 8a. Figure
8b is a corresponding SAED pattern. It is obvious that
the crystal habit changed from an elongated shape to a
polygonal with well-defined angles of ∼132° between the
(110) and (200) edges (see Figure 8a). The SAED pattern
in Figure 8b exhibits a typical orthogonal lattice with
the ab* and bb* axes of the reciprocal lattice assigned
along the horizontal and vertical directions, respectively
(the subscript b represents “basic”). Therefore, the (200)b
and (110)b diffractions are assigned as indicated in the
figure. This 2D lattice is determined to have a ) 0.71
nm and b ) 0.64 nm. If a (110)b twin is constructed
using this basic unit cell dimension, all the diffraction
spots generated can fit into the ED pattern as shown
in Figures 6 and 7. However, the periodicity of the
diffraction pattern in Figure 8b is twice as much along
both the as* and bs* axes as it is in the diffraction
pattern in Figure 6b. This suggests that that the unit
cell dimensions of the basic structure have to be doubled
in both a and b directions in order to construct the
twined crystal (the superlattice). Therefore, the super-
lattice can be obtained by the (110) twin of an orthogonal
cell with a ) 1.42 nm and b ) 1.28 nm. The fold
direction in the flat-elongated lamellar crystal is along
the (110)b planes defined by the basic unit cell.

Tilting experiments were conducted in order to de-
termine the crystal c axis. Figure 9 shows four ED
patterns having different diffraction zones by tilting
around the as* axis [the (110)b reciprocal vector]. The
crystal c axis was determined to be 3.04 nm, and it is
perpendicular to the as* and the bs* axes. Therefore,
the unit cell, which constructs the superlattice (the
twined crystal), is orthorhombic. It is interesting to note
that the c-dimension of the PET(R*-10) unit cell is one
chemical repeat unit in length while the c-dimension is
double of the chemical repeat unit length in PET(R*-
9).4,31-33 This reveals that there is a difference in
conformations between these two polymer crystals due
to the number of methylene units (9 vs 10) in the
repeating units.

It is intriguing that the structure of the flat-
elongated lamellar crystal of PET(R*-10) shown in
Figure 5 is constructed by a microtwinning (or even

Figure 5. (a) Flat-elongated lamellar crystal of PET(R*-10).
(b) PE oligomer decorated flat-elongated lamellar crystal. The
cracks of the lamellae may be formed during cooling due to
different coefficient of thermal expansion along the long and
short axes of the crystals.

Figure 6. SAED pattern of a flat-elongated lamellar crystal
as shown in Figure 5a (a), that can be de-convoluted into two
sets of diffractions (b, open and filled circles) that are mirror
images of each other. It is obviously a twin structure and the
twin axis is along as*.

Figure 7. Long time exposed SAED pattern of a PET(R*-10)
single crystal. The inset is the pattern shown in Figure 6a.
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molecular-twinning) of the two identical orthorhombic
lattices having the (110)b twin planes that are parallel
to the long axis of the lamellar crystal. Furthermore,
this lamellar habit is most frequently observed in thin-
film crystallization as opposed to the polygonal-shaped
crystal obtained in the mechanically sheared samples
(Figure 8a). This indicates that the twin structure is
possibly a favorable packing arrangement in the crystal
growth. Although the ED pattern can be explained using
the twinning concept, the detailed twin-packing scheme
and the origin of how the doubling of the basic cell
occurs are still not fully understood. We are seeking
answers to these questions by exploring PET(R*-n )
7-11) homologues and using a computer simulation
technique.

Transferring Chirality in Helical Lamellar Crys-
tals. Helical lamellar crystals are also grown in the
same crystallization condition (isothermal crystalliza-
tion at 130 °C for 1 day in the SC* phase) as shown in
Figure 10. The pitch length of the crystal is about 2 µm
in this figure. Decorated PE crystal rods on the helical
lamellar crystal surface are perpendicular to the long
helical axis, indicating that the chain-folding direction
is also along the long axis of the crystal, which is along

the (110)b planes. The insert SAED pattern of Figure
10 is obtained from the helical crystal, indicating that
the helical crystals also possesses twinned orthorhombic
cells that are identical to the flat-elongated crystals.
The molecular orientation in the helical crystals is
continuously twisted along both the as* and bs* axes of
the crystal.4,33

The most surprising phenomenon observed in Figures
10 is that the helix was left-handed instead of right-
handed as shown in PET(R*-9) and PET(R*-11).40 The
left-handed helicity is also confirmed by AFM as shown
in Figure 11 when the crystal was formed at 120 °C.
On the basis of the concept of the four chirality levels
described,4,5 the helical crystals belong to the third-level
chirality as shown in Figure 12.40 Our understanding
is that the molecular interaction and packing scheme
rather than the lower-level chirality itself determined
the next level chirality. This has been supported by
observations in other chiral systems. For example,
different conformational chiralities (P or M) have been
observed in different environments for the same mater-
ials.11-16 It has also been reported that a copolymer
consisting of 56% (R)- and 44% (L)-polyisocyanates
possesses the same helical conformation as the (R)-
polyisocyanate homopolymer. This indicates that the
L-enantiomer in the copolymer is forced to adopt the
same conformation as that of the R-enatiomers.41,42 In

Figure 8. Sheared grown PET(R*-10) single crystals (a) and their corresponding diffraction pattern (b).

Figure 9. Set of tilted SAED patterns obtained by tilting
around as*. Different zones can be calculated from the basic
structure: (a) [11h1]; (b) [11h4]; (c) [1h12]; (d) [1h14].

Figure 10. TEM micrograph of a helical single lamellar
crystal of PET(R*-10). The inset is the SAED pattern of the
helical crystal with the correct orientation.
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the present case, the molecular packing scheme has to
be essential in the formation of third-level chiral
structure. Helical lamellar crystals of PET(R*-n) may
be right-handed, left-handed, or even flat depending
upon their packing schemes, even though these poly-
mers possess the identical R-chiral center at the con-
figurational level. This understanding is also supported
by the chiral LC phased observed in achiral banana-
shaped liquid crystals.43-45 In these liquid crystals,
molecules do not have chiral centers and are achiral on
the level of configurational structure. However, helical
morphology, ferroelectric properties, and the third-level
(phase) chirality have been observed due to the bent
mesogen cores that gave rise to the spontaneous polar
symmetry-breaking in an electric field. Therefore, ba-
nana-shaped liquid crystals provide excellent examples
in which the molecular packing is one of the most
important steps in the formation of the third-level
chirality. A more challenging topic involves explaining
how one methylene unit difference alters the handed-

ness in the helical crystals. This topic is currently under
investigation.

The formation of polymer spherulites also represents
a chirality transferring process between the phase
(tertiary) and object (quaternary) structural levels.
Figure 13 is a PLM picture of the low MW PET(R*-10)
spherulite grown from a relatively thick sample at 130
°C. One notable feature is that the spherulite does not
exhibit the banded texture. This is intriguing since the
banded texture is linked to the lamellar twist. Figure
14a shows the commonly understood mechanism of the
band texture in polymer spherulites. The helical lamel-
lar crystals changing from the edge-on to the flat-on
arrangements vary their overall birefringence due to
different refractive indices along the three (sometimes
two) crystal axes. When stacks of lamellar crystals
cooperatively twist, edge-on, and flat-on arrangements
along the spherulite radial direction result in alternat-
ing dark and bright bands being formed. However,
Figure 14b shows a noncooperative packing scheme of
the helical lamellar crystals. Although the birefringence
differences of each individual lamella still exist, they
aggregated together noncooperatively along the radial
direction to be “out of phase”. Therefore, the banded
texture cannot be observed. This argument is supported
by the observation of a “precursor” spherulite of low MW
PET(R*-10) using the replica method in TEM as shown
in Figure 15. The helical crystals are indeed packed in
a noncooperative fashion. Therefore, the absence of

Figure 11. AFM tapping mode image of a helical single
lamellar crystal of PET(R*-10) isothermally formed at 120 °C.

Figure 12. Schematic drawing of four levels of chiralities and
their transferring process. The four levels of chiralities are
configuration (a), conformation (b), phase (c), and object (d).
The packing mechanism is the key for the higher-level chirality
formation. Parallel packing of the helical chain could lead to
a flat morphology while twist-packing will lead to a helical
morphology. The handedness of the helicity depends on how
the molecules pack together.

Figure 13. PLM micrograph of a low MW spherulite of PET-
(R*-10) grown from the melt at 130 °C.

Figure 14. Schematic drawing of packing schemes of helical
lamellar crystal to form spherulites with (a) and without (b)
band texture. In part a, helical crystals are “in phase”; at the
growth front, all the lamellar crystals twist to the same degree.
In part b, however, helical crystals are “out of phase”; different
degrees of twisting can be observed along the same spherulite
growth front. Dotted lines in the figure are drawn to represent
the spherulite growth fronts at different growth stages.
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macroscopic chirality (the banded texture) is a natural
consequence of the chirality being “lost” during the
transfer from individual lamella to a spherulite simply
because of the noncooperative lamellar packing.

Conclusion

In summary, phase structures and transition behav-
iors of PET(R*-10) have been investigated. This chiral
polymer exhibits the SA*, and the SC* LC phases. Flat-
elongated lamellar crystals have also been observed in
PET(R*-10) after prolonged crystallization times at 130
°C in the SC* phase. The lamellae are constructed by a
microtwinning of two sets of orthorhombic unit cells
having dimensions of a ) 1.42 nm, b ) 1.28 nm, and c
) 3.04 nm. Helical lamellar crystals are also formed
under the same crystallization conditions. The most
intriguing observation about the helical lamellar crystal
of PET(R*-10) is the opposite handedness (left-handed)
with respect to PET(R*-9) and PET(R*-11) (right-
handed) even though they have the identical chiral
center (R*-). The opposite handedness of these helical
crystals suggests that the molecular packing scheme
plays a major role in forming the third-level phase
chirality. In crystal aggregates on the fourth-level
(object) chirality, PET(R*-10) grows spherulites absent
of banded texture even though the individual helical
lamellar crystals are the building blocks of the spheru-
lite. This is possibly due to the fact that the helical
lamellar crystals are packed in a noncooperative way.
The packing scheme, which is independent of length
scale, does plays a major role in the chirality transfer
process.
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Figure 15. TEM morphology of a low MW PER(R*-10)
spheruliute observed via the replica method. It can be consid-
ered as a “precursors” of the spherulite shown in Figure 13.
The arrow represents the growth direction of this spherulite.
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