JOURNAL OF MATERIALS SCIENCE35(2000)5215- 5223

Phase structures, transition behavior and surface
alignment in polymers containing rigid-rod
backbones with flexible side chains

Part VI Novel band structures in a combined

main-chain/side-chain liquid crystalline polyester: From liquid
crystal to crystalline states

J.J. GE,J. Z. ZHANG, WENSHENG ZHOU, C. Y. LI, SHI JIN,B. H. CALHOUN,
SHY-YEU WANG, F. W. HARRIS, S. Z. D. CHENG*

The Maurice Morton Institute and Department of Polymer Science, The University of Akron,
Akron, Ohio 44325-3909, USA

E-mail: cheng@polymer.uakran.edu

Physical origins of banded structures appearing on different length scales have been
investigated using polarized light and atomic force microscopies (PLM and AFM), polarized
Fourier Transform infrared spectroscopy (FT-IR) and wide angle X-ray diffraction (WAXD) in
a combined main-chain/side-chain liquid crystalline (LC) polyester, PEFBP(n). This series of
PEFBP(n) polymers was synthesized from the polycondensation of 2,2’-bis(trifluoromethyl)-
4,4'-biphenyldicarbonyl chloride with 2,2'-bis{w-[4-(4-cyanophenyl)-phenyoxyl-n-
alkoxycarbonyl]}-4,4-biphenyl diol. In this paper, we focus on one polymer [PEFBP(n=11)]
of this series to illustrate the band structural formation on different length scales during the
evolution from liquid crystal to crystalline states. Alternating bands of the films
mechanically-sheared at 190 °C are formed with a spacing of 3+ 0.5 um in PLM, and
recognized to be primary bands. PLM and AFM results show that these bands are seen due
to the change of optical birefringence constructed mainly by alternating film thickness (and
thus, retardation). Based on polarized FT-IR results, both the backbones and side chains of
the polymers are orientated parallel to the shear direction. Secondary fibrillar bands
develop within the primary bands after the sample is subsequently crystallized at 105 °C.
These bands show a zigzag arrangement and possess a lateral size of 260 £50 nm
determined by AFM. High resolution AFM observations illustrate that these bands consist
of aggregated edge-on crystal lamellae having a thickness of approximately 20 nm. The
lamellar crystals are assembled together and lie across the film thickness direction. The
mechanism for the formation of these secondary zigzag bands originates from the
expansion of the lattice dimension along the chain direction on a molecular scale during
the nematic to crystalline phase transition and crystallization in the partially confined LC
primary bands, which form macroscopic zigzag buckling. © 2000 Kluwer Academic
Publishers

1. Introduction tallization [6—10]. The origin of the band structures in-
Recently, one-dimensional periodic band structuresluced by crystallization is, however, not well under-
were characterized in lyotropic liquid crystalline (LC) stood [10, 11]. Further investigation of the underlying
polymers, such as oriented secretions of natural sillphysical mechanisms of crystallization-induced band
glands Bombyx moii or spider ampullaeNephila  structures in polymers, which must be associated with
clavipes [1], synthetic Kelvar fibers, poly(g-benzyl supra-molecular organization, as implied by the band
L-glutamate) (PBLG), hydroxypropyl cellulose (HPC) structures on different length scales, is of interest.
[2-5], and thermotropic LC polymers, in response to The band structure is traditionally an important
a variety of external flow influences like uniaxial fiber characteristic feature in oriented lyotropic and ther-
spinning, mechanical shear deformation and even crysnotropic LC polymers. Commonly, the bands are
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periodic straight lines or zones of light and dark, are obtransition occurs from the N phase to the crystal (K)
served macroscopically in PLM, and lie normal to thephase. This is attributed to a microscopic lattice expan-
shear direction. Although the mechanism of the bandion along the oriented chain direction after crystalliza-
formation is still far from a quantitative understanding, tion. The chain molecules are buckled and responsible
itis generally believed that the formation of bands withfor the zigzag arrangement within the transitional LC
aperiodical arrangementis related to a relaxation of oriband structure.
ented viscoelastic LC polymer fluids after the release
of external force fields [11].

Due to one-dimensional arrays of shear-induced dez, Experimental section
fects that could substantially affect physical propertiesp 1. Materials and samples

great efforts have been made to optimize these propefrhe synthetic strategy and physical characterization of
ties of flow-influenced LC polymers [12]. All these op- this combined liquid crystal polyester has been reported
timizations require a deep understanding of structureg|sewhere [20]. This investigation focuses on polyester
property-processing relationships, under which ban@ontaining eleven methylene units in the side chains,

structures in different length scales play importantapbreviated as PEFBP& 11) with the chemical struc-
roles. In the structural and morphological analysestyre shown below

much progress has been achieved using different tech-

niques such as polarized light microscopy (PLM)
[1-3, 6-11], small angle light scattering [4, 5], trans- %—%CHﬁn— Q CF CN
-_ 3

mission electron microscopy [8, 11-14], scanning

electron microscopy [15, 16], and optical diffraction © 0\ ; /°
[6, 8, 17]. These techniques provide specific measurec Q Q q O Q N ]
structural or morphological parameters which represent \
band defects in a two-dimensional (2-D) anisotropic ar- o0 C CFs

ray from macroscopic down to microscopic scales. In x

the past few years, scanning probe microscopies, suc —€CH2‘>n—ON

as atomic force microscopy (AFM), have been devel-

oped that show a promising elucidation of materials’ o _ _ _

surface topologies on a molecular level [18]. In par-_The intrinsic viscosity of this fractionated polymer us-

ticular, these new techniques allow us to visualize thdng chloroform is 0.04 ritkg measured at 3€C. The

presence of 3-D intrinsic topologies and defects in reaNUmber average molecular weight of PEFBR(11)

space including band structures [19]. was 15,600 g/mol and the polydispersity after spe-
In our laboratory, a series of main-chain/side-chaincific fractionation was 1.10, which was determined by

LC polyesters was synthesized via a polycondensad€l permeation chromatography with tetrahydrofuran
tion of 2,2-bis(trifluoromethyl)-4,4biphenyldicar- (THF) columns at 28C, and calibrated with standard
bonyl chloride with 2,2bis{w-[4-(4-cyanophenyl)- Polystyrene samples. _ _ _
phenyoxy]n-alkoxycarbonyl]-4,4-biphenyl diol The films having a typical thickness of approxi-
[PEFBP(Q), n being the number of methylene mately 1-2um were sheared uniaxially by a mechan-
units] [20]. The structures, phase transitions, mordcal force on the glass substrate at a rate of 10 mm/s
phology, and even-odd effect on the phase transitiondt @ temperature between the crystal melt (X7Pand
have been reported [21-23]. Pendant 4-cyanophenyh€ isotropization temperature (193). The shear pro-
side chains are attached at the '®asitions of CeSswas camed oqtunderapressure of approximately
biphenylene backbones through methylene units10® Pa and immediately quenched to room tempera-
leading to the formation of LC phases. The substitutedure after shearing. The films were then crystallized at
biphenylenes in the aromatic backbones are forced té05°C at different times and examined in PLM, polar-
adopt a nearly 90twisted chain conformation due to ized FT-IR, AFM and WAXD experiments.
steric hindrance. These polymers with pendant side
chains possess numerous potential applications in
specific linear and nonlinear optical devices [24-26]. 2.2. Equipment and experiments

In this paper, the combined techniques of PLM, AFM Morphological observations on a micrometer scale
and wide angle X-ray diffraction (WAXD) methods were conducted on an Olympus (HB-2) PLM coupled
are used to investigate band structures of one mainwith a Mettler hot stage FP-90. For morphologies over
chain/side-chain LC polyester PEFBR£ 11) on dif-  a broad length scale from micrometers to nanometers,
ferent length scales. In particular, after this polymeran atomic force microscope (AFM, Digital Instruments
is mechanically sheared in the nematic (N) phaseNanoscope llla) was utilized in the tapping mode to
we recognize the existences of not only the tradi-study the detailed morphological changes on the sur-
tional band structures on the micrometer scale, but alstace and near surface of the sheared films.
sub-band structures formed after crystallization within WAXD two-dimensional experiments were con-
the traditional bands. Formation mechanisms of thesducted on a Rigaku 18 kW rotating-anode genera-
banded structures are discussed. A new concept, macrt®r (Cu K,) coupled with an image plate. The X-
scopic self-elongation along the shear direction, cariay beams were monochromatized using well-defined
be proposed in oriented PEFBR£ 11), when a phase graphite crystals. The reflection peak positions and
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widths observed were calibrated with silicon crystals ofLC molecules under shear and a slight relaxation af-
known crystal sizes in the high angle regiod 215°)  ter the shear which generates differences in the bire-
and silver behenate in the low angle regioa £15°).  fringence. Chain molecules are oriented parallel to the
The film samples were folded at least three times alonghear direction, namely, it is parallel to the band nor-
the shear direction to increase the sample thickness andal. However, in the case of main-chain/side-chain LC
shorten the experimental time. The WAXD patternspolymers, backbone and side chain orientations after
obtained from the oriented films were continuouslyshear have not been studied. In hairy-rod polymers, it
computer-refined with the least square-root regressionsas been reported that the aliphatic side chains that con-
The air scattering spectrum is subtracted automaticallgist of methylene units are packed perpendicular to the
from the reference spectrum. backbone chainsto form a sanidic (board-like) structure
Polarized FT-IR experiments of sheared films were[27-30].

conducted on a Mattson Galaxy Series FT-IR 5000 Fig. 2 shows a set of polarized FT-IR spectra on a
spectrometer equipped with a He : Neon laser sourceheared PEFBR(= 11) film, which can directly dis-
and a polarizer rotation stage in a transmission geomeinguish the group orientations of both the backbones
try. The accuracy of the wavenumber is limited within and side chains via changes of vibration intensities,
4 cn L. Arotation stage was used to control the sampleand therefore, identify the overall orientations of these
orientation with respect to the polarized IR beam. Thewo components. The rotating stage is controlled be-
rotating range was between @nd 90 with an angu- tween 0 to 90° with an interval of 5. A character-
lar accuracy oft:0.5" in the azimuthal direction. The istic vibration of the side chains is the CN groups
sample was uniaxially sheared at P@on a KBr sub- in the 4-cyanobiphenyl mesogens at 2225 ¢érthe
strate using a mechanical force. The thermal historiestretching vibration). The intensity of this vibration
were identical to the samples used in PLM and WAXDclearly increases as the polarizer angle changes from
experiments. 90 (perpendicular to the shear direction) to (Par-

allel to the shear direction). This indicates that the

4-cyanobiphenyl mesogens in the side chains are ar-
3. Results and discussion ranged almost parallel to the shear direction. Further-
Fig. 1 exhibits a PLM observation of uniformly alter- more, in the wave-number region between 600 and
nating band structures (recognizedpaisnary bandy 1000 cnv?, vibration bands at 919, 855, 823, and
of PEFBPA=11) films with a periodic spacing of 747 cnt! represent the out-of-plane CH bending of
3+ 0.5 um nearly parallel to each other, induced by the substituted phenylenes in both the backbones and
mechanical shearing at 190. The normal direction side chains. Intensities of these bands all decrease when
of these bands is parallel to the shear direction (repthe polarizer angle changes front36 ° with respect
resented by an arrow in the figure). The band spacingp the band normal. On the other hand, the intensity of
is dependent on the shear conditions, such as tempgphenylene in-plane CH bending at 1004 ¢nis con-
ature, shear rate, and pressure. The possible formatiarersely increased. The minimum intensity of the car-
mechanism of this kind of LC bands has stimulatedbonyl vibration at 1710 cm' indicates that the side-
quite extensive discussions in the past two decades [€thain carbonyl stretching is 1Bff the shear direction
8, 13, 14]. It is commonly understood that the band(as indicated by the *in Fig. 2). The main-chain carbonyl
formation is due to the orientation of the main-chainstretching vibration at 1745 cm is more intense in

Figure 1 PLM micrograph of directly sheared specimens for PEFBP(1) after rapid quenching to beloWy (recorded at room temperature).
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Figure 2 Polarized FT-IR of directly sheared specimens for PEFBP{1) after rapid quenching to beloWy, (recorded at room temperature).

the perpendicular direction than that in the parallel di-along the shear direction, polarized light beams pass
rection, indicating that this stretching is perpendicularthrough the samples with different thicknesses to gen-
to the shear direction. Based on these observations, @rate optical retardation (which is defined as birefrin-
can be concluded that both the phenylenes in the baclgence times sample thickness). Speculation is that the
bones and side chains possess an average orientatiformation mechanism of the primary bands in the N
parallel to the shear direction. This is consistent withphase is due to periodic mechanical oscillations dur-
our previous structural study on this series of main-ing shear. Although the relaxation of chain molecules
chain/side-chain LC polymers in which we found that occurs to affect the chain orientation, the average ori-
the low ordered LC nematic (N) phase is constructed byentation of the chains seems not to change. Only the
the contribution of both the backbones and side-chaimrientation distribution becomes broad. This is similar
mesogens [21, 23]. They correspond well with pub-to the AFM observation in contact mode of hydroxy-
lished data [31], but possess different intensities due tpropylcellulose films in air [19].
anisotropic molecular orientations. When the 190C-sheared film crystallizes at 106

In order to study the band topology on different for 12 hours to form the I phase [21, 22], the band
length scales of the sheared PEFBR(11) films, a  structure possesses increasing birefringence and sharp-
tapping mode AFM is employed, utilizing both the ened boundaries with crystallization time as observed
height and phase images. A three-dimensional (3-D)n PLM (Fig. 4). Within each primary band, appar-
topology (height) and corresponding phase image oéntly fibrillar structures develop in PLM a&gcondary
the band structures in the films can be visualized adands These bands seem to show a zigzag arrange-
shown in Fig. 3a and b, respectively. This film has beerment along the shear direction and within one primary
quenched from the N phase to below the glass transband, the secondary bands tilt arouh80° away from
tion temperature]y, and therefore, no crystallization the shear direction. The increase in optical birefrin-
occurs. The band structural profile along the shear digence can be deduced to be due to the occurrence of
rection exhibits a sinusoidal trajectory with a spacingcrystallization, which is consistent with the previous
of 3+ 0.5 um (Fig. 3a). Note that the backbones andstudy in crystallization kinetics [22]. The spacing of
side chains are parallel to the shear direction in the Norimary bands remains on a scale af 8.5 m. How-
phase based on the polarized FT-IR results and struever, the band boundaries are slightly deformed after
tural analyses [21, 23]. This out-of-plane trajectory iscrystallization. This indicates that the primary bands
thus sinusoidal along the molecular chain direction.can only partially confine the crystallization. In fact,
This observation implies that the band structures oberystallization is competing with the constraint of the
served in PLM are due to the alternating change ofprimary bands at this temperature (abdyg It is dif-
the optical property (which alternates birefringence) ficult, nevertheless, to directly measure the lateral size
and this is mainly a result of the geometrical differenceof the fibrillar structures in PLM due to the limited
of the films. When the thickness changes periodicallyresolution.
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entational change. The side-chain carbonyl stretching
at 1741 cnt still shows a maximum intensity paral-
lel to the shear direction, illustrating that this carbonyl
stretching is along the shear direction. This observation
also supports the conclusion that both backbones and
side chains of PEFBR(= 11) jointly build up the crys-
talline Ky1 phase, as predicted in our structure analyses
[21, 23] and molecular motion study [32].

Once the sheared films have been crystallized at
105°C for 12 hours, a 3-D AFM alternating surface
topology of height and phase images is shown in Fig. 6a
and b, respectively. In Fig. 6a, the primary bands have
a spacing of 3t 0.5 um, and the sinusoidal amplitude
variations are 25- 5 nm (over 15«< 15,m?). This band
structure possesses a similar spacing before crystal-
lization in Fig. 3. From the phase image in Fig. 6b,
the secondary fibrillar structures can be seen within the
primary bands. A 3& 5° tilt angle of the fibrillar direc-
tion with respect to the shear direction can be observed.
30.0 Zigzag structures are observed at a depth ranging from

a few to ten nm. This zigzag arrangement of the sec-

ondary bands must arise from the occurrence of crys-

tallization partially confined within the shear-induced

LC primary bands, which is similar to the case of a

random aromatic LC copolyester (mesogenimethyl
200 stilbene and flexible spacers with 5 and 7 methylene
units in the ratio of 1:1), upon crystallization, observed
by transmission electron microscopy after etching
[10, 11].

In order to understand the detailed surface and
near surface structures within the secondary fibrillar
bands, high resolution AFM height and phase im-
ages are shown in Fig. 7a and b, respectively (over
1.0x 1.0um?). Fig. 7a exhibits 3-D fibrillar bands with
a spacing of 256- 50 nm and a height variation of82
nm. Interestingly enough, the high resolution AFM

i —0 phase image in Fig. 7b shows that individual lamellae

0 10.0 20.0 30.0 of approximately 20 nm in thickness are in an edge-on
assembled arrangement. These lamellar blocks lead to
(b) the fibrillar bands with a 30tilt angle with respect to
Figure 3 Tapping mode AFM morphologies of sheared and quenchedthe shear direction in .eaCh primary band. Consecutive
PEFBP( = 11): (a) height image at 3030 um? scan, (b) the corre- lamellar blocks form zigzag patterns as the secondary
sponding phase image. bands. These fibrillar bands have also been observed

in other main-chain LC polymers after mechanical

shearing [33].

After PEFBPGO = 11) is isothermally crystallized at ~ An interesting question is why the secondary bands
105°C, polarized FT-IR experiments on the crystallizedform the zigzag arrangement during crystallization.
samples show substantial changes of band intensitie®&/e speculate that during crystallization, the chain
as shown in Fig. 5. From this figure, it is evident thatmolecules may undergo a self-elongation process. This
changing of the polarized beam orientations from 90 microscopic length increase along the chain direction
to @, the CN groups and the in-plane CH bending ofmay lead to a macroscopic buckling to generate the
the phenylenes in both the backbones and side chairsgzag arrangement of the lamellar blocks. In order to
exhibit monotonic increases. The absolute intensity oprove this hypothesis, Fig. 8a shows a WAXD pattern
the CN vibration at 2225 crt decreases substantially obtained from the oriented films, which are quickly
at the different rotating angles compared to that beforguenched to belowly after mechanical shearing. In
the crystallization. The aliphatic side chains becomethis figure, weak layer reflections can be seen on the
less anisotropic. The side- and main-chain carbonymeridian, and one pair of halos appear on the equator.
stretching at 1741 and 1722 cmshows a maximum This indicates that the quenched phase is the N phase
at a rotating angle of approximately Qas indicated and mesogens in side chains are arranged parallel to the
by the * in Fig. 5), indicating that after crystalliza- backbones in the shear direction. The layer spacing is
tion of the Kr; phase, the carbonyl stretching vibra- 1.94 nm from the (001) reflection on the meridian. The
tion is parallel to the shear direction. This may imply (002) and (004) reflections on the second and fourth
that the main-chain backbones undergo a possible oriayers are also found to be 0.970 nm and 0.485 nm,
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Figure 4 PLM micrographs of directly sheared films for PEFBR{11) recorded after crystallization at 105 for 12 hours (the shear direction is
indicated by the arrow).
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Figure 5 Polarized FT-IR of directly sheared films for PEFBR{11) recorded after crystallization at 195 for 12 hours (recorded at room
temperature).

respectively. These results are consistent with our prethec-axis is tilted 38 with respect to the plane normal
vious structural analyses [21, 23]. of flat-on lamellar crystals (the [00I] zone axis), which
After the film was isothermally crystallized at 106  has been proven by electron diffraction experiments
for 12 hours, Fig. 8b is the WAXD pattern of the ori- [21]. This Ky; crystal formation from the oriented N
ented films which exhibit a 3-D crystal () struc- phase can be viewed as a self-molecular orientational-
ture. This leads to a four-chain triclinic lattice basedinduced (“soft”) epitaxy. This is slightly different from
on our structural analyses. The unit cell has dimenthe common study of orientational epitaxy in which
sions ofa=1.93 nm,b=1.73 nm,c=2.08 nm and one polymer crystallizes on the top of oriented poly-
a=90, =80, y =93 [21]. Thec-axis dimension mer chains [34-36].
represents the extended chain conformation of back- The mostimportant observation here is the lattice ex-
bone chemical repeating units. In this crystal structurepansion along the chain direction. An almost 0.14 nm
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0 5.0 10.0 15.0 (b)

Figure 7 Tapping mode AFM morphologies of PEFBR{ 11) after
(®) crystallization at 105C for 12 hours: (a) a heightimage at &x@..0 um?

Figure 6 Tapping mode AFM morphologies of PEFBR{ 11) after scan, (b) the corresponding phase image.
crystallization at 105C for 12 hours: (a) a height image at 5.5 um?
scan, (b) the corresponding phase image.

ter the mechanical shear, with a sinusoidal trajectory

expansion after crystallization from the N phase takesvith a spacing of 3 0.5 um along the shear direction
place, accompanied by closer lateral packing in thgFig. 9a). Upon crystallization, the primary bands re-
crystals. This accounts for approximately 7% of themain, but within each band, secondary fibrillar bands
length change, which certainly cannot be dissipatedpf 250+ 50 nm are formed which consist of lamellar
on the microscopic scale without any macroscopic moraggregates (Fig. 9b). The individual edge-on lamella
phological changes. When the lattice expansion occurpossesses a thickness of around 20 nm with the tilted
in the in-plane direction, the tilt of the-axis is calcu- c-axis. During crystallization, the microscopic lattice
lated to be 21 with respect to the shear direction after expansion of the dimension along the chain direction
the crystallization. This structural analysis provides di-leads to a macroscopic in-plane buckling which causes
rect evidence for the physical origin of macroscopicchain tilting and forms the zigzag arrangement of the
self-elongation, which further causes the macroscopisecondary bands. A molecular model of the chains in
buckling to form the+30° zigzag arrangement of the each edge-on lamellais also shown in Fig. 9c. Since the
secondary bands within each primary band. c-axis of the k1 crystal is always tilted 38with respect

A schematic representation of different levels ofto the plane normah of flat-on lamellae [21], and the
band structures is described based on the shear-induceehxis is tilted 22 with respect to the shear direction
bands and crystallization-induced bands as shown idue to the lattice expansion, we can calculate that the
Fig. 9. The original LC primary bands are created af-edge-on lamellar crystals should tilt3&ith respect to
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(@) (b)

Figure 8 Wide angle X-ray diffraction patterns of PEFBR£ 11) for directly sheared films (a) after rapid quenching to belgrecorded at room
temperature); (b) after crystallization at 105 for 12 hours.
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Figure 9 A schematic representative mechanism of band structural formation for PEEBF() from the N phase to theK crystalline phase: (a)
a top view of shear-induced band structure (primary bands); (b) a top view of the secondary zigzag crystalline bands formed within the primary LC
bands; and (c) the origin of constructing an enlarged edge-on lamellar band.

the shear direction. This result is consistent with our exdization. Structural evidence provided by WAXD exper-
perimental observations. The zigzag arrangement alsionents shows that the occurrence of microscopic lattice
reflects the local minimum of free energy of the molec-expansion along the chain direction during the phase
ular packing, whichis under a partial confinement of thetransition from the N to the ¥ crystalline phase is
primary LC bands. A macroscopic chain tilting acrossthe physical origin of the macroscopic self-elongation,
many primary bands without the zigzag arrangementvhich causes the buckling that forms the zigzag ar-
needs large molecular cooperative motion and chaimangement. The chain tilting after crystallization has
reorientation and relocation, of which the free energyalso been proven using polarized FT-IR experiments
is thus not favorable. as comparing the chain orientation in both the N and
the Ky1 phases. A possible packing model on different
length scales has been proposed.

4. Conclusion

New elements of band formation have been exploredAcknowledgements

which resultfrom a crystallization process which gener-This work was supported by the National Science Foun-
ates pronounced secondary zigzag bands within the prdation (DMR-96-17030) and the Science and Tech-
mary LC bands after mechanical shearing as observedblogy Center for Advanced Liquid Crystal Optical
by both PLM and AFM. These secondary bands consismaterials (ALCOM) at Kent State University, Case
of edge-on lamellar aggregates formed during crystalWestern Reserve University and The University of
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