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ABSTRACT: Poly (+)-2,5-bis[4-(§-2-methylbutoxy)phenyl]styrepglPMBPS) and its random copolymers with
polystyrene were synthesized via atom transfer radical polymerization and conventional radical copolymerization,
respectively. The dependences of thermotropic and chiroptical properties on the degrees of polymerization (DPs)
of homopolymers and on the compositions of copolymers were investigated to correlate the liquid crystallinity
and helical chain structure of PMBPS. When BF53, PMBPS revealed no mesophase; when<5BP < 80,

the polymer formed columnar nemati®y) phase; whereas, when DP 80, hexatic columnar nemati@(y)

phase was generated. The monomer MBPS displayed positive optical rotation, while the oligomers and polymers
showed negative optical rotations. The strength intensified with DP and leveled off at B8 suggesting a

stable helix started. The random nature of copolymers was indicated by the reactivity ratios of two monomers
(rmeps = 0.67,rsy = 0.98), and further supported by smooth variation of single glass transition temperature.
When the feed molar fraction of MBPS)(was less than 59%, the optical rotations of copolymers were positive
and scaled linearly with the proportion of chiral monomer, implying no new chiral structure developed xXWhen

> 59%, the optical rotations decreased with increasing MBPS content and finally became negatixeercbed

above 90%, suggesting the MBPS segment was long enough to develop a dominating helical structure with
negative optical rotation. Among all the copolymers, only one witralue of as high as 99% could achieve
mesophasedy). It was considered that a long enough helical structure, which acted as cylindrical building
blocks, was the origin of PMBPS to form a liquid crystalline phase.

Introduction LC polyacetylenes (PAs) are special since the mesogens are

One long-standing goal in liquid crystalline polymers (LCPs) linked to conjugated rigid main _chains through flexible spac-
is to understand structurgroperty relationship, which has ~ ©rs:"'® By a contrast, conventional SC-LCPs usually have
attracted wide attention from both theoretical and practical flexible backbones. A higher chain stereoregularity of side-chain
viewpoints! LCPs with mesogens located in the side groups LC PAs leads to a lower packing ordérz®When the spacers
are named as side-chain LCPs (SC-LCHs)terms of the way are short, the rigid main chain and mesogens form sheetlike
in which mesogens are linked to the polymer backbones, SC-molecules, which act as building blocks to generate highly
LCPs can be categorized into either “side-end-fixed” or “side- ordered frustrated smectic ph&8aVhen the spacers are long
on-fixed” type3~5 The former has mesogens linked at the end enough, the interaction of rigid backbone and the mesogens are
position, while another has mesogens linked at the waist or massdecoupled, resulting in better mesogenic ofder.
center position. According to Finklemann and Ringsdarf, For the last 20 years, we have been working on an unique
order for SC-LCPs to achieve a mesophase, flexible spacers-sije-on-fixed” SC-LCPs, named mesogen-jacketed liquid
are usually needed to decouple the interaction between maincrystal polymers (MILCPS2229 In these polymers, the
chains and side chains, which readily disturbs the ordered mesogens are laterally attached to flexible polyethylene chain
arrangements of mesogens. Theoretlce}l and experlmental resultg, every second carbon atom via no or only short spacers. The
have shown that the backbones of “side-end-fixed” SC-LCPs highly crowded bulky and rigid side groups around backbone

prefer to take a strong oblate conformation due to the packing ¢oce the polymer main chain to adopt extended conformation
between layers in smectic phase and various oblate or prolate,

conformations in nematic phase depending on temperature oras in semirigid or rigid MC-LCPS: As a result, although
MJLCPs belong to SC-LCPs chemically, they display man
chemical structuré:1° For “side-on-fixed” SC-LCPs, however, g icaty y dispiay y

: =" thermotropic properties characterized by MC-LCPs, such as high
the backbones tend to take prolate conformation on the direction pIC prop y 9

. lass transition temperatut?’ broad temperature range of
of mesogens because of an enhanced “jacket effect” exerted byg b P 9

the laterally attached mesogens compared to conventional “side-meSOphaSézr29 long persistence length in good solvéfit’and
end-fixed” SC-LCP41? Hardouin and co-workers have sys- forming banded texture after mechanical shearing in LC Sfate.

: . Investigations based on one-dimensional and two-dimensional
tematically examined the remarkable effect of the length of wide-anale X-rav diffraction. along with polarized liaht optical
flexible spacer and aliphatic extremity and the dilution of the microscg and):iifferential écann?n cal?)rimet sﬁow tFr:at the
mesogen content in a homologous copolymers on the prolatemo £ DO mllar hase structure ach'eged b MJI?C/:,P is columnar
anisotropy of the polymer main-chain by SANS!6 Side-chain stpopularp ssss_u u \eved by S IS colun

nematic phased®y).> Higher ordered LC structures like hexatic
*To whom correspondence should be addressed. Telephone: 86-10-00|umnar nematlc.q)HN) phase and hexagonal (.:olumndn.(?
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Chart 1. Chemical Structure of Chart 2. Chemical Structure of
Poly{ (+)-2,5-bis[4-((S)-2-methylbutoxy)phenyl]styreng Poly{ (+)-2,5-bis[4-((S)-2-methylbutoxy)phenyl]styreng -co-
(PMBPS) polystyrene?
—QCHZ—CH—)T St Units
PMBPS ) —%Cl‘!z—lfil'l')—tﬂ-x CH;—CH-}K—
H N
One interesting yet unsolved question related to MJLCPs is Woo

the nature of main-chain conformation (i.e., zigzag or helical) MBPS Units
and how a conformation change caused by copolymerization
with a non-mesogenic monomer exerts an influence on the MBPS(x)-co-St(1-x)

mesomorphic property. When the concept of MILCPs was first  aThe copolymer is abbreviated as MBRB¢o-St(1 — X), wherex
proposed in 1987 it was speculated that the main chains of and 1— xdenote the feed molar fractions of MBPS and St, respectively.

MJLCPs might adopt helical conformations due to the large
steric hindrance of side groups, but no further evidence was between the mesomorphic properties and the chiral secondary
provided. For the other polymers containing structurally rigid Structures of MJLCPs since it is of either liquid crystallinity or
building blocks, Percec et al. found that the attachment of helical conformation. Herein, we'll report on the synthesis and
dendritic side groups to a flexible polymer backbone induced a characterization of a series of MBPS homopolymers with
helical conformation of the backbone by the self-assembly of varying molecular weights (MWs) and relatively narrow MW
its groups into a cylindrical structuf8:43 distributions via atom transfer radical polymerization, and the
On the other side, copolymerization is one of the most copolymers of MBPS and St (Chart 2) with various composi-
commonly employed synthetic strategies to tuning the phase fions via conventional radical copolymerization, separately. The
structures and transitions of both MC-LCPs and SC-L&PS. dependences of thermotropic and chiroptical properties on the
For MJLCPs, however, the incorporation of non-mesogenic MWs of homopolymers and on the compositions of copolymers
monomer into the polymer backbone would depress mesophasér® explored by a combination of polarimetry, circular dichroism
formation remarkably. For example, when 2,5-bis[(4-methox- SPectroscopy, differential scanning calorimetry, polarized light
yphenyl)oxycarbonyl]styrene (MPCS), one of the most often optical microscopy, and wide-angle X-rlay.dlffractlor?s.to ap-
used monomers of MJLCPs, is copolymerized with styrene (St) pro_ach the relationship between the I|q_U|d crys_talhmty and
and methyl methacrylate (MMA), liquid crystalline phase can _hellcal structure of PMBPS. Although optlcal_ activity has _bee_n
only be obtained when the molar content of MPCS in copolymer increasingly used for the study of conformational properties in
exceeds 89% and 84%, respectiviflyin a sharp contrast, ~ Synthetic polymers and their supramolecular stede¥, it is
although 2,5-dig-butoxycarbonyl)styrene (BCS) cannot form seldom emplo_yed to investigate the mechanism of mesophase
mesophase by itself as St and MMA, when it is radically formation of vinyl polymers like MJLCPs.
copolymerized with MPCS, all the resultant copolymers display . .
stable mesophase under suitable conditions regardless of ChemiI_ExpenmentaI Section
cal composition&? It is considered that St and MMA units Materials. N,NN',N',N"-pentamethyldiethylenetriamine (PM-
cannot cooperate with MPCS to form extended conformation DETA, 99%, Aldrich) and ethyl 2-bromo-2-methylpropanoate
and act as constitutional disorders in polymer backbones. For(EBMP, 99%, Aldrich) were used as purchased. Tetrahydrofuran
BCS, however, since its homopolymer forms two-dimensional (1F: Fisher Chemical Co., HPLC grade) was directly used in the
hexagonal columnax) phase® it does not cause significant gel permeation chromatography (GPC) and laser light scattering

. - ) . . measurements. CuBr (98%, Aldrich) was purified by stirring
change in main chain conformation of PMPCS when being oyernight in acetic acid. After filtration, it was washed with ethanol

copolymerized with MPCS. However, it remains unknown why  ang ether and then dried under vacuum. Styrene (St, Beijing
the chain conformations of MIJLCPs are so sensitive to the Chemical Co., A.R.) was freed from the inhibitor via passing
introduction of non-mesogenic structural units. through a silica gel column. After drying over calcium hydride

Recently, we reported a novel optically active MJLCP, poly- (Beijing Chemical Co., AR.), it was distilled under vacuum.
{ (+)-2,5-bis[4-(6)-2-methylbutoxy)phenyl]styrede(PMBPS, Benzoyl peroxide (BPO, Beijing Chemical Co., A.R.) was purified
Chart 1)5- which consisted of a flexible polyethylene backbone by recrystallization from ethanol. Anisole (Beijing Chemical Co.,
substituted at every repeating units by latterly attacped A.R.) was distilled out over Catust before use. THF (Beijing

L . . Chemical Co., A.R.) was distilled over Catd remove the reducing

terphenyl derivatives via only one covalent bond. It was amazing

h h hi led ffecti | h reagent for the use in circular dichroism (CD) and optical rotation
that such an architecture led to an effective control over the e 55rements. The monomer MBPS was synthesized following the

secondary chiral structure in free radical polymerization even procedure reported previousiyOther reagents and solvents were
though the stereogenic chiral centers in the side chains werepyrchased from Beijing Chemical Reagents Co. and used as
remote from main chain. The steric repulsion of bulky and received unless otherwise specified.

highly crowded side groups restricted the rotations around the Atom Transfer Radical Polymerization (ATRP). MBPS ho-
o-bonds linking main chain carbons and gave rise to atropi- mopolymers with different MWs were prepared via ATRP at 90
somerism. And the calamitip-terphenyl also served to help  °C in anisole. The initiating system was EBMP/CuBI/PMDETA
the long range chirality transfer from stereogenic centers in the (1:1:1, molar ratio). The polymerization was allowed to continue
side chains to the backbone. In addition, PMBPS is a sort of for 24 h. The molecular weight was adjusted by changing the molar

S o _ ratio of monomer to initiator. In a typical run, MBPS (1.00 g, 2.34
MJLCPs and possesses thermotropic liquid crystallinity, al mmol), EBMP (0.03 g, 0.16 mmol), CuBr (0.02 mg, 0.16 mmol),

though the phase structure has not been identified yet. PMDETA (0.03 mg, 0.16 mmol), and anisole (1.00 g) were
Bearing in mind that a helical conformation might be introduced into a glass reaction tube. After three frequemp-

responsible for the mesophase formation of MJLCPs, we think thaw cycles, the tube was sealed under vacuum and put into an oil

PMBPS is probably an idea system to study the correlation bath thermostated at €. The reaction was terminated after 24
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Table 1. Atom Transfer Radical Polymerization of (+)-2,5-Bis[4-(8)-2-methylbutoxy)phenyl]styrene with Results and Properties of the Resultant

Polymers

run convn (%) Mn,cp (1@4) PDlgpc* Mn,GPC—LSd (104) DPe PD|(3P(}|_sd [0.]36¥0f (deg°) ng (OC) quuid crystallinity
P-1 80.0 0.25 1.08 0.75 17 1.10 —-9.4 139 no
P-2 86.7 0.42 1.10 0.99 23 1.05 —66.5 171 no
P-3 94.7 0.73 111 1.72 40 1.04 —125.2 191 no
P-4 79.5 0.86 1.17 2.29 53 1.04 —157.6 192 yes
P-5 81.4 0.93 1.20 2.57 60 1.05 —161.7 193 yes
P-6 69.6 1.07 1.15 3.00 70 1.10 —157.7 194 yes
P-7 73.9 1.50 1.17 3.41 80 1.07 —162.5 194 yes
P-8 84.3 2.18 1.33 5.42 126 1.03 —154.0 195 yes
P-& 9.44 1.52 13.89 326 1.29 —168.9 198 yes

a Polymerization condition: anisole solution (50 wt %); temperaturei- @05 °C; initiating system, ethyl 2-bromo-2-methylpropanoate/CNBY/N',N',N"'-
pentamethyldiethylenetriamine (1:1:1, molar ratilPolymerization condition: anisole solution (30 wt %); temperature:90.5 °C; initiator, benzoyl
peroxide (0.25%, based on total mole numbers of monomekg)mber-average molecular weighl{cpd, weight-average molecular weigh¥l,cpd, and
polydispersity distribution index (PRbc = Mw,cprdMn,crg Were obtained by gel permeation chromatography, calibrated against a series of monodispersed
polystyrene standard$ Absolute number-average molecular weighth Grc-1s), weight-average molecular weightl, cpc-1s), and polydispersity distribution
index (PDkpc-Ls = Mw,epc-Ls/Mn grc-Ls) were estimated at 38 using a GPE light scattering online techniqué Degree of polymerizations were calculated
from M gpo-Ls. f Specitic optical rotations were measured in THF at@0rHF. Concentrationc = 2.0 g L™1. Solvent: THF.9 Glass transition temperatures
were obtained from the second heating differential scanning calorimetry thermograms.

h by breaking the tube. The reaction mixture was diluted with 20 mopolymers were characterized by the same GPC instrument
mL of THF and was allowed to pass through a shogAlcolumn. mentioned above except that the Waters 2410 refractive-index
The crude product was obtained by adding the filtrate into 300 mL detector was replaced by a Wyatt Technology DAWN HELEOS
of methanol under rapid stirring and collection of precipitate by 18 angle (from 15 to 165) light scattering detector using a 6a
filtration. The operations of dissolution in THF and precipitation As laser (658 nm, 40 mW). The concentration at each elution
in methanol were repeated three times to remove unreactedyolume was determined with a Wyatt Optilab Rex interferometeric
monomer. After being dried at 50C under vacuum, 0.87 g of gitferential refractometer (658 nm). The molecular weight data were
PMBPS was obtained. The monomer conversion in weight was c5|cylated using Astra 5.1.6.0 software (Wyatt Technology). The
87%. o L ) refractive index increment (ddc) of PMBPS was estimated as
Radical Copolymerization. Copolymerization of MBPS with 0.186 mL/g in THF at room temperature by an Optilab Rex

St was carried out in anisole at 8C. In a typical run, MBPS : .
interferometeric refractometer (Wyatt Technology) at the wave-
(0.62 g, 1.44 mmol), St (0.15 g, 1.5 mmol), BPO (3.80 mg, 0.01 length of 658 nm. The sample concentrations were 2.0, 4.0, 6.0,

mmol), and anisole (1.23 g, 11.38 mmol) were introduced into a .
reaction glass tube. After three freezgump-thaw cycles, the tube 8.0,100,120, a_nd 14.0 mg/mL, respect_lvely. The refractometer
was calibrated with aqueous NaCl solutions. All samples were

was sealed under vacuum and put into a thermostated oil bath at’;. ; ] o
80 °C. The reaction was allowed to continue for 30 min and dissolved in THF and stz_ﬂyed overnight before filtration for use
terminated by breaking the tube. The reaction mixture was diluted through @ 0.45m PTFE filter.

with 10 mL of THF and then precipitated into 200 mL of methanol. Differential scanning calorimetry (DSC) spectra were recorded
The operations of dissolution in THF and precipitation in methanol on a TA DSC Q100 calorimeter in a temperature range of 0 to 280
were repeated three times to remove unreacted monomers. AfterrC at a heating 20C /min under continuous nitrogen flow. To
being dried at 50°C under vacuum, 0.10 g of copolymer was observe the glass transition clearly, all the samples were cooled at
obtained. The conversion in weight was 13.8%.NMR (3, ppm, a cooling rate of 2C/min from 280 to 0°C first. Thermogravi-
methylene chloridet,): 0.6-3.0 (broad peaks; CH,CH— protons metric analyses (TGA) were performed on a TA SDT 2960
of the backbone anet CH(CHs)CH,CHs protons in the side groups  jnstrument with a heating rate of 18C /min until 600 °C.

of MBPS), 3.2-4.5 (broad peaks;-OCH,— protons in the side  \egophase textures were examined on a Leica DML polarized light
groups of MBPS), 5.68.0 (broad peaks, aromatic protons of MBPS el microscope with a Linkam TH-600PM hot stage. The sample

anldnssttr)ijents and Measurements.Ontical rotations were mea- films were prepared by the solution-cast method, and the thickness
P was kept at several micrometers.

sured on a Jasco P-1030 polarimeteai5 cmcell at 20°C with ) : ) ) )
THF as solvent. CD spectra were recorded on a Jasco J-810 One-dimensional wide-angle X-ray diffraction (1D-WAXD)
spectropolarimetemia 1 cmcell using THF as solvent at 20@C powder experiments were performed on a Philips X'Pert Pro
and analyzed by the associated J800 software. The samplediffractometer wih a 3 kWceramic tube as the X-ray source (Cu
concentration was 10 mol/L. 'H NMR spectra were obtained with  Ka) and an X'celerator detector. The sample stage was set
a Bruker ARX 400 MHz NMR spectrometer with GOl, as the horizontally. The reflection peak positions were calibrated with
solvent and tetramethylsilane as the internal reference. silicon powder (2 > 15°) and silver behenate 2 < 10°).

The number-average molecular weight,(crd, weight-average  Background scattering was recorded and subtracted from the sample
molecular weight M cpg), and polydispersity distribution index  patterns. A temperature control unit (Paar Physica TCU 100) in
(PDlepc Mw,crdMncrd Of the resultant homopolymers and co-  conjunction with the diffractometer was utilized to study the
polymers were estimated on a gel permeation chromatographystructure evolutions as a function of temperature. The heating and

Waters 2410 refractive-index detector. Three Waters Styragel . . ) . . )
columns with 10um bead size were connected in series. Their Two-dimensional wide-angle X-ray diffraction (2D-WAXD) fiber

effective molecular weight ranges were D 000 for Styragel patterns were obtained using a Bruker D8 Discover diffractometer
HT2, 500-30 000 for Styragel HT3, and 506@00 000 for with general area detector diffraction system (GADDS) as a 2D
Styragel HT4, respectively. The pore sizes are 50, 100, and 1000detect_or. Again, calibrations were conducted against silicon powder
nm for Styragels HT2, HT3, and HT4, respectively. THF was used and silver behenate. Samples were mounted on the sample stage,
as the eluent at a flow rate of 1.0 mL/min at35. The calibrating and the point-focused X-ray beam was aligned either perpendicular
curve was made with the polystyrene standards. or parallel to the mechanical shearing direction. Fibers were drawn
The absolute number-average molecular weighh dpc-Ls), with stretching at a rate of abblt m st at 280°C and quenched
weight-average molecular weigh¥l{, crc-Ls), and polydispersity to room temperature for measurements. The 2D WAXD patterns
distribution index (PDdpc-Ls, Mwepc-Ls/Mncpc-Ls) Of the ho- were recorded in a transmission mode at room temperature.
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Table 2. Copolymerization Results of {-)-2,5-Bis[4-((S)-2-methylbutoxy)phenyl]styrene with Styrene and Properties of the Resultant Copolymers

copolymers Mveps convn (%) Mj x 1074¢ PDIc [a]362°9 (deg) T (°C) liquid crystallinity

MBPS(0.05)e0-St(0.95) 8.2 2.86 1.61 8.5 107 no
MBPS(0.10)e0-St(0.90) 0.10 75 2.99 1.58 135 110 no
MBPS(0.20)e0-St(0.80) 0.19 3.4 3.43 1.62 21.5 121 no
MBPS(0.29)e0-St(0.71) 0.27 11.9 4.65 1.55 30.8 132 no
MBPS(0.39)e0-St(0.61) 0.34 12.1 4.83 1.64 39.6 143 no
MBPS(0.49)e0-St(0.51) 0.44 13.8 6.27 1.53 41.4 157 no
MBPS(0.59)e0-St(0.41) 0.54 6.1 6.04 1.55 48.1 168 no
MBPS(0.69)e0-St(0.31) 0.65 14.2 8.67 1.43 46.4 181 no
MBPS(0.79)e0-St(0.21) 0.76 12.3 9.51 1.43 39.8 192 no
MBPS(0.90)e0-St(0.10) 14.2 4.50 1.56 9.4 198 no
MBPS(0.95)e0-St(0.05) 2.7 2.66 1.57 -30.0 201 no
MBPS(0.98)e0-St(0.02) 2.7 1.48 1.70 —-51.6 193 no
MBPS(0.99)e0-St(0.01) 12.2 250 1.67 ~106.4 194 yes
PS 0 2.5 2.77 1.60 107 no
PMBPS 1 / 9.44 1.52 —168.9 198 yes

aPolymerization condition: anisole solution (50 wt %); temperature;:80.5 °C; initiator, benzoyl peroxide (0.5%, based on total mole numbers of
monomers). The numbers in the parentheses indicate the molar fraction of each monomerim{ggd. Molar fractions of MBPS in the copolymers
obtained from'H NMR spectroscopy¢ Number-average molecular weightl{), Weight-average molecular weightl¢) and polydispersity distribution
index (Mw/M,) were obtained from gel permeation chromatography, calibrated against a series of monodispersed polystyrenes S&uetatidsoptical
rotations were measured on a Jasco P-1030 polarimeter in THF°&. Zoncentrationic = 2.0 g L1 Solvent: THF.¢ Glass transition temperatures were
obtained from the second heating differential scanning calorimetry curves.

c+d+3¢f+g
'd N

ppPm ' 6 4 o
Figure 1. H NMR spectrum of a representative copolymer MBPS(0et9$t(0.51) (methylene chloridéy, 400 MHZ).

Results and Discussion kept below 15%. The copolymerization results are summarized
in Table 2. The feed molar content of MBPS ranged from 0.05
to 0.99. The chemical compositions of the copolymers were
estimated byH NMR spectroscopy with CELI; as the solvent.
Figure 1 shows théH NMR spectrum of a representative
copolymer MBPS(0.4930-St(0.51). The assignments of reso-
nance peaks could be seen from the figure. The molar contents
of MBPS (mvgps) and St (ns) in copolymers were calculated
according to

Polymerization. MBPS homopolymers were prepared via

ATRP in anisole at 90C using EBMP/CuBr/PMDETA (1:1:

1, molar ratio) as the initiating system. The polymerization time
was 24 h. The MWs were adjusted by changing the ratio of
monomer to initiator. The resultant polymers were characterized
by both GPC and GPC-LS. The results are depicted in Table 1.
It is evident that DPs determined by GPC-LS were larger than
those deduced from GPC. The deviation was probably caused

by the fact that the hydrodynamic volumes of MBPS polymers —

di);fered substantiallyyfrom%hose of the polystyrene s?anydards. AMyged/ (11Mygps + SMs) = loxymetnyent!aromatic (1)
The quite wideMp, pc-Ls range from 0.75¢< 10* to 1.39x 1P Mygps T Mg, = 1 )
allowed systematic investigations on the dependences of chi-

roptical and thermotropic properties on the MWs. where logymethylene @aNd laromatic Were defined as the relative

Copolymerization. Copolymers of MBPS with St were intensities of resonance peaks-e©OCH,— protons in MBPS
obtained through conventional radical polymerization employing unit and aromatic protons in both MBPS and St units,
BPO as the initiator. The copolymers were abbreviated as respectively.

MBPSK)-co-St(1 — x), wherex and 1— x in the parentheses It should be pointed out that because the resolution of 400
denoted the molar fraction of each monomer in the feed. To MHz NMR instrument we used was not high enough, the peaks
minimize the effect of unequal monomer consumption during of —OCH,— overlapped slightly with other aliphatic protons
the process of copolymerization, the monomer conversions wereand those of the residual GEI, in CD,Cl, solvent with
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Figure 3. Specific optical rotations of the copolymers vs the feed molar
content of MBPSX).

g

Figure 2. Kelen—Tudos (K-T) linearization method plots based on
1H NMR results®*

aromatic protons, which limited the accuracy of measurement, increased reactivity of BBOS in bulk was attributed to the
Mueps and mg; estimated by!H NMR spectra became less Presence of a nematic phase, which led to localized ordering of
reliable when the molar fraction of MBPS or St was too high. the monomers. For the system of MBPS and St, we considered
Therefore, only were the compositions of eight copolymers with the relatively lower reactivity of the former than the later might
x values ranging from 0.10 to 0.79 presented. In addition, the be rationalized by the steric hindrance of bulky terphenyl side

copolymerization was carried out at 8C instead of at 90C
as in ATRP since BPO decomposed too fast at’@Qif no
mediation was applied, to allow easy control of the monomer

groups and the electron-donor effect of alkoxy groups, the later
of which made the MBPS-ended radical less stable.
Chiroptical Properties. It has been known that the backbone

conversion under 15%, although the resultant PMBPS usually conformation of the polymers is one of the primary factors
exhibits the larger optical rotation for compound obtained at a defining their phase behavior and associated material properties.

higher temperature than at a lower temperatre.
Reactivity Ratio. The Kelen-Tudos (K—T) linearization

The MW dependence of conformation relies significantly on
the main-chain rigidity! The flexible polymers with low MWs

method was chosen to estimate the monomer reactivity ratiostake extended global shape, while those with high-MWs adopt

of MBPS (msps) and St (sy) based on the monomer feed ratios
and the copolymer compositio%In the K—T method M; and

a random-coil conformation in solution and in an isotropic melt
or solid. The MWs have less influence on the conformation in

M represent the concentrations of the two comonomers. At low rigid main-chain polymers than in flexible polymers. The typical

conversion, Y; and dvl, correspond to the concentration ratio
of the copolymer componentg.andy are defined ad;/M,
and dv,/dM,, respectively. The transformed variables are
defined as

F

o+F

and &= 3)

T+ F

whereG andF are defined ag(y — 1)y andx?ly, separately.
And o is 4/FFy, whereFy, andFy stand for the lowest and
the highest values ¥, respectively. The linearization version
of copolymer equation is defined in the—K linearization
method:

r
n=rE—2(1-¢ @

Figure 2 shows the corresponding-K method plots. By
extrapolatings to 0 and 1,rygps and rswere determined as
0.67 and 0.98, respectively. The valuergps x rsiwas close
to 1, indicating the two monomer units had a tendency of
random distribution in the polymer chain and no significant
heterogeneity existett:>”

The fact ofrygps < rst implied that St was more reactive
than MBPS in radical copolymerization. This was quite different
from the copolymerizations of St with other bulky styrenic
monomers similar to MBPS. For example, when MPCS
copolymerized with St, MPCS showed much higher reactivity
(rmpcs= 4.15) than Stris; = 0.44), which was attributed to the
electron-withdrawing effect of ester groups and conjugate
effect® Ober and co-workers noticed the similar behavior in
nitroxide-mediated free radical polymerization of 2,5-bis[(4-
butylbenzoyl)oxy]styrene (BBOS¥.In bulk, BBOS polymer-

examples are rodlike MC-LCPsHowever, for some polymers
with a flexible backbone, their conformations changed from
random-coiled and spherical to extended and cylindrical with
increasing MWs when being densely grafted by self-assemblying
flat-tapered monodendrons, polymer chains and bulky side
groups39-4359.60

The specific optical rotationso]zs2° of PMBPS relied
remarkably on MW (Table 18! The monomer MBPS had a
positive [o]36s2° of +60.4, while the corresponding polymer
with DP exceeding 53 had3s2° of about—160°. The opposite
sign of optical rotation of polymer to monomer and the large
increase in magnitude could be understood as arising from a
chiral higher structure, most likely stable helical conformation
of the vinyl backbone with a predominance of one screw sense.
In the DP range from 17 to 53, the optical rotation of the poly-
mer grew with an increase in MW, reflecting the gradual de-
velopment and stabilization of rigid helical chain strucfire& 4

Figure 3 shows theof]36s2° dependence of MBP8)-co-St(1
— X) on the composition. Wher < 59%, the f]362° values
of the copolymers increased linearly with the feed molar content
of MBPS as in the mixture of MBPS and St, indicating no new
chiral structure formed in the copolymers and their optical
activities originated solely from the chiral centers of side groups
in MBPS units®® Increasing the MBPS content furthes] §s=2°
values declined but were still positive, an indicative of the
formation of a new chiral secondary structure with opposite
optical rotation as PMBPS. Whenreached above 90%, the
optical rotations of copolymers became negative and increased
sharply with increasing. It suggested that the contribution to
optical rotation from the newly formed chiral structure was
dominant in the copolymers with high MBPS content.

The CD spectra of copolymers in THF at 2 are shown
in Figure 4. Wherx was less than 59%, the Cotton effects of

ized much faster than its nonmesogenic, electron deficient the copolymer were very similar to those of MBPS and its model
model, 2,5-diacetoxystyrene; whereas in a dilute solution, the compound, exhibiting just weak positive Cotton effects at around
polymerization rates of both monomers were comparable. The 272 nm. In the case of the copolymers witlexceeding 59%,
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-3 o at 220°C: (a) P-5, DP= 60; (b) P-9, DP= 326. The polymer films

with thickness of about 1@m were prepared by solution-cast method

225 250 275 300 325 350 and annealed at 22T for at leas 3 h before taking the pictures.
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Figure 4. Circular dichroism spectra of the copolymers with various
compositions (recorded at 2€ in THF, ¢ = 0.025 g/L). The molar
contents of MBPS in feed): 0.99 @); 0.98 @); 0.95 (); 0.90 (¥);
0.79 (®); 0.69 (solid triangle pointing left); 0.59 (solid triangle pointing
right); 0.49 ©); 0.39 (1); 0.29 (v); 0.20 €); 0.10 ®); 0.05 ).

P-4 (DP = 53)

First heating P-4 (DP = 53)

First cooling

the Cotton effects at 272 nm became less intensive and a ne
Cotton effect in the range of—s* absorption of side terphenyl
groups was observed whemeached 90%, indicating again the
formation of helical chain structure with the predominance of
one screw sens®.

Molecular Weight Dependence of Thermotropic Behavior
of MBPS Homopolymers. The dependence of the thermal T - T T

transition temperatures on the MWs of MBPS homopolymers ~ 50 % s 100 28 50 2 8 10.0

was studied by DSC. The DSC thermograms Of_ _all the Figure 6. Temperature variable one-dimensional wide-angle X-ray
homopolymers were featureless except for glass transitions (notgiffraction powder patterns in the lowg2angle region of PMBPS (P-
shown). In order to identify glass transition clearly, the samples 4, DP= 53) recorded during the first heating and the subsequent cooling
were heated to 288C and maintained at the temperature for 5 Processes.

min, followed by cooling at a rate of 2C/min to 0°C and
heating again at a rate of 2C/min, since fast heating slowly
cooled samples induced endothermic hysteresis peak in glas
transition region. The glass transition temperaturs)(are
summarized in Table 1. It was evident tHgs increased with
increasing MWs when MWs were less than 172.0* g/mol

Intensiﬁl (a.u.)
Intensity (a.u.)

On the basis of the POM observations, MBPS homopolymers
ould be divided into three groups: the first group with low
Ws, P-1-P-3, did not possess thermotropic LC property; the
second group with intermediate MWs, P-R-6, formed nematic
mesophases; and the last group with high MWs,-fR®0,
and kept almost unchanged when MWs were higher than 1.72 developed he_xatic coIL_Jr_nnar nematic phase. In addition, P-4 was
« 10* g/mol. thg sample with the critical MW to form mesqpha;e. However,
) using DSC and POM only could not exactly identify the phase
MBPS homopolymers were white powders at room temper- strycture, and therefore, 1D- and 2D-WAXDs were carried out
ature. Under cross-polarized light microscope, only very weak tg investigate the phase structures of the representative samples.
birefringence was observed presumably due to the certain The temperature variable 1D-WAXD powder patterns of the
ordered arrangements of polymers formed during precipitation three polymers with low MWs, P-1P-3, were the same. There
from solution. Heating abovelgs, the polymers behaved  \ere two scattering halos in low- and wide-angle regions, which
differently depending on MWs. For the polymers with DPs ntensified slightly by raising temperature but remained broad
smaller than or equal to 40 (i.e., P-1, P-2, and P-3), the weakin the whole temperature range studied, i.e.—~380 °C,
birefringence seen at room-temperature disappeared upon beinguggesting that no ordered structure developed.
heated tdlgs and no birefringence developed again until thermal  Figure 6 depicts the temperature variable 1D-WAXD powder
decomposition started, indicating no ordered structure formation patterns of the polymer P-4 at a low 2ngle. It was known in
in these samples. For the polymers with DPs higher than 40, the previous section that the sample could only develop faint
the weak birefringence of as-obtained polymer powders also pirefringence abovdy. In 1D-WAXD curves, P-4 presented
disappeared at glass transitions but developed again immediatelyonly broad scattering below 26@. Above the temperature, a
The birefringence of P-4 (DP- 53) developed was quite weak  shoulder peak in the right side of the original scattering halo
and no clear liquid crystalline texture could be observed (20 =4.75) grew up and remained until thermal decomposition.
irrespective of any thermal history and treatment (including The shoulder disappeared when the sample was cooled below
cooling, heating, and isothermal condition), indicating a poor 240 °C during the subsequent cooling process. The results
ordered arrangement of macromolecules. The polymers P-5 andmplied that the order of the suprastructure formed by P-4 was
P-6 presented typical nematic schlieren textures, suggesting thepoor due to low MW and the mesophase formation was
formation of nematic phase; while P-7, P-8, and P-9 yielded reversible. This was in consistent with the POM observation.
star-shaped textures, implying the generation of hexatic colum- Temperature variable 1D-WAXD patterns of as-cast P-5 and
nar nematic phas®.Figure 5 shows the schlieren textures of P-9 samples in the low@(between 2.5 and 2pangle regions
P-5 and star-shaped textures of P-7, respectively. To get a clearecorded during the first heating and the subsequent cooling
enough picture, the polymers were dissolved in toluene and castruns are shown in Figure 7 and 8, respectively. A scattering
onto a piece of clean cover glass. After drying thoroughly under halo was observed below 23C, which meant only short-range
vacuum at room temperature, the resultant films were annealedorder existed on the supramolecular length scale and the sample
at 220°C for at least 3 h. was in amorphous state. Above 230, sharp reflection peaks
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at 20 = 5.04 (d spacing of 1.75 nm), implying the ordered
structure developed along the direction perpendicular to the fiber
axis on the nanometer scafeln the high @ angle region, a
scattering halo appeared on the equator &t=2 19.32 (d
spacing of 0.46 nm) with a broad azimuthal distribution, which
indicated only that the short-range order existed along the
orientation direction. Except for a pair of strong diffraction arcs
displayed in the low & angle region, there was no higher order
diffraction identified even after a prolonged exposure time.
Figure 9b exhibits the 2D WAXD pattern of the oriented P-9
sample with the X-ray beam perpendicular to the fiber axis. It
25 50 75 100 25 50 75 100 was similar to that of P-5. The-spacing corresponding to the
26 20 meridian diffraction arcs was 1.67 nmf{2= 5.24), a little
Figure 7. Temperature variable one-dimensional wide-angle X-ray smaller than P-5, suggesting the macromolecules of P-9 packed

diffraction powder patterns in the lowg2angle region of PMBPS (P-  closer than those of P-5 and had a higher supramolecular order.

5, DP= 60) recorded during the first heating and the subsequent coolin . . .
processes? 9 9 a 9 Parts a and b of Figure 10 show the diffraction patterns of

the oriented P-5 and P-9, respectively, with the shearing
P9 (DP=326) direction parallel to the X-ray incident beam. P-5 presented a
P-9 (DP=326) First cooling ring pattern centered at92= 5.04° (d spacing of 1.75 nm).
First heating Azimuthal scanning gave an isotropic intensity distribution
(Figure 10c). Therefore, the liquid crystalline structure of P-5
should be®y phase®® In the case of P-9, 6-fold symmetric
diffraction arcs were displayed af2= 5.24 (d spacing of 1.67
nm) (Figure 10b). There were six almost identical maxima
intensity with 60 angle between the two adjacent diffraction
maxima in the azimuthal scanning curves. It meant that P-9 in
the LC state was a hexagonal lateral packing of the cylinders,
and the average diameter of each cylinder was 1.67 nm. Because
it was lacking higher order diffractions, the hexagonal lateral

P-5 (DP=60)
First heating

P-5 (DP=60)
First cooling

280°C
270°C

Intensity (a. u.)
Intensity (a. u.)

Intensity (a. u.)
2l
(e}
Intensity (a. u.)

Figure 8. Temperature variable one-dimensional wide-angle X-ray packing did not possess the long-range order perpendicular to
diffraction powder patterns in the lowg2angle region of PMBPS (P-  the oriented sample. Therefore, the liquid crystalline phase of
9, DP = 326) recorded during the first heating and the subsequent
cooling processes.

P-9 should be assigned as hexatic columnar nemdtigX
phase® The phase structure of P-6 was the same with P-5, while
those of P-7 and P-8 were the same with P-9.

Composition Dependence of Thermotropic Behaviors of
Copolymers.Figure 11 exhibits the second heating DSC traces
of the copolymers. All the samples displayed single glass
transition, indicating the random distribution of the two
monomer units along the copolymer main chain and no
discernible phase separation occurred. This was consistent with
the results made based on monomer reactivity radios.Tihe
of the copolymers increased at first and then decreased with
increasing MBPS content. A similar phenomenon was observed
Figure 9. Two-dimensional wide-angle X-ray diffraction fiber patterns Idnutehfoctc;]%o:?;r;etrh?tlsttr]eemf:\?;z%Icéni x;ggiggézgxégﬁt t?]i two
of PMBPS: (a) P-5, DR= 60; (b) P-9, DP= 326. The X-ray incident o ’
beam was perpendicular to the oriented film. structural units in the copolymers got to a maximum value at

certain composition which caused a reduction in the free volume.
center at 2 = 4.75 and 5.03(d spacings of 1.86 and 1.75 nm) However, there is a lot to do before a valid explanation can be
for P-5 and P-9, respectively, developed from the scattering made.
halos, implying that the order structures on the supramolecular  Similar to PMBPS, all the copolymers were white solids at
length scale formeék-3’ The reflection peaks became intensive room temperature and became soft abdys. Pressing the
and shifted slightly and continuously with increasing temperature sample slightly, birefringence developed due to orientation but
toward low 2 angle due to thermal expanding. When cooled disappeared after the force was withdrawn for most of the
slowly from 280°C, the sharp reflection peaks became less samples with the exception of MBPS(0.99)-St(0.01), indicat-
intensive in the intensities with reducing temperature but did ing that the incorporation of a very small amount of St would
not disappear until room temperature. The polymer P-6 had destroy the ordered arrangement of the copolymer molecules.
similar 1D-WAXD power patterns to P-5, while the polymers These phenomena showed that most of the copolymers did not
P-7 and P-8 had similar 1D-WAXD power patterns to P-9. No possess thermotropic LC property. The as-cast film of the
high order diffraction was observed. copolymer MBPS(0.9930-St(0.01) was transparent and showed

We used 2D-WAXD to further investigate the phase structures no birefringence under cross-polarized light microscope. When
of the polymers P-5P-9. Figure 9a shows the 2D-WAXD the temperature was raised abdig birefringence developed.
pattern of the oriented P-5 sample with the X-ray incident beam Figure 12 exhibits the nematic schlieren texture of MBPS(0.99)-
perpendicular to the orientation direction (equator direction). co-St(0.01) taken at 220C. The texture remained unchanged
A pair of strong diffraction arcs were present on the meridian until thermal decomposition. Cooling the sample slowly before
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Figure 10. 2D wide-angle X-ray diffraction fiber patterns of PMBPS: (a) P-5, BB0; (b) P-9, DP= 326; (c and d) azimuthal scanning data
of the low 29 angle region diffractions of parts a and b, respectively. The X-ray incident beam was along the shearing direction.

«— Heat flow (Endo)

80 120 160 200 240
Temperature (°C) "

Figure 11. Differential scanning calorimetry curves of the copolymers Figure 12. Polarized light optical microphotograph of MBPS(0.99)-

with various compositions and homopolymers MBPS and St during c0-St(0.01) taken at 228C. The copolymer film with thickness of about

the second heating scanning at a heating rate C4thin. The molar 10 um was prepared by solution-cast method and annealed &t@20

contents of MBPS in feed: 0.0(mj; 0.05 @); 0.10 (a); 0.20 (¥); for at leas 3 h before taking the pictures.

0.29 (#); 0.39 (solid triangle pointing left); 0.49 (solid triangle pointing

right); 0.59 (0); 0.69 ©); 0.79 A); 0.90 (v); 0.95 (©); 0.098 (x);

0.99 @); 1.00 @). the peak shifted continuously and slightly to a high @nhgle

thermal decomposition happened resulted in no discernible due to thermal shrinking.
texture change, indicating that the nematic phase was stable, The 2D-WAXD patterns of the oriented MBPS(0.99)-St-
once formed. (0.01) sample were similar to those of the homopolymer P-5
The temperature variable 1D-WAXD powder patterns of as- (Figure 14). When the X-ray incident beam was perpendicular
cast MBPS(0.9950-St(0.01) sample in the low2(between to the shearing direction (equator direction), a pair of strong
2.5 and 10) angle region recorded during the first heating and diffraction arcs appeared a2= 5.08 (d spacing of 1.74 nm)
the subsequent cooling runs are shown in parts of a and b ofon the meridian and a pair of scattering halos on the equator
Figure 13, respectively. During heating process only an amor- (Figure 14a), suggesting the formation of nanoscale ordered
phous scattering halo centered & 2 4.70° was observed structure along the direction perpendicular to the fiber axis and
below 220°C. At 240°C, a new reflection peak centered & 2  only short-range order existing along the fiber direction. Figure
= 4.98 (d spacing of 1.77 nm) developed from the scattering 14b shows the 2D-WAXD pattern with the X-ray incident beam
halo, which meant that the ordered structure on the scale ofparallel to the orientation, which was used to determine the
supramolecular length scale formed. The reflection peak becamesymmetry of the formation suprastructure. A ring patternéat 2
sharp and intense with raising temperature. When cooled slowly = 5.08 (d spacing of 1.74 nm) was seen. Azimuthal scanning
from 280°C, the intensity of the reflection peak decreased and data exhibited an isotropic intensity distribution (Figure 14c).
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@ ®) mesophase is 5.44, if taking into account of geometry factors
PS(0.01)-co-PMBPS(0.99)

First heating PS(0.01)-co-PMBPS(0.99) exclusively. On the basis of this model, Chen et al. explained

First cooling

the MW dependence of mesomorphic property of PMPCS, a
similar MJLCP to PMBPS studied in the present wétkhey
considered the scattering halos at large diffraction angle reflected
the short-range ordered structure along the chain axis. By taking
the assumption of the projection length of 0:2D23 nm on
the helical axes of each repeating unit of isotactic bulky vinyl
polymers proposed by Wunderl&hand comparing with the
short-range ordered periodicity (0.415 nm) of poly[di(4-heptyl)-
vinylterephthalate] in®y state corresponding to the average
25 50 75 100 25 50 75 100 distance between every two repeating units along the chain axis,
2 2 the critical DPs for PMPCS to generade, and @y phases
i paamms e i owBangl regomor e covanrar e Were esimated as 30 and 42, respectiel. Applying the same
(0.99)c0—SFt)(O.01) recorded during the grst heating aﬂd)t/he subsequent method, we dete_rmlned th? critical DP of 42 for PMBPS to
cooling processes. generate &y, which were slightly larger than those of PMPCS
presumably due to the size difference of the side groups of the
two polymers. The experimentally obtained value was 53. The
deviation of the calculated value from the experimentally
obtained one might account for the other factors besides
geometric consideration played an important role in forming a
mesophase.

The effect of the composition on the chiroptical and ther-
motropic properties of MBPS and St copolymers agreed well
with the above argument on the origin of mesophase formation
of PMBPS. Helical homopolymers may consist of a certain
amount of right- and left-handed blocks separated by helical
reversal$® The reversal can be the energy accumulation in the

Intensity (a.u.)
Intensity (a.u.)

(c) chain and/or the defect from the mistakes in the polymerization
| A mechanism. In the case of copolymers, the presence of unlike
units provides additional chain defects. For MBRS{o-St(1

— X), whenx < 59%, the MBPS segment is too short to take
an extended helical conformation due to the isolation of St unit
or microsegment and their optical activities originate solely from
the chiral centers of side groups in MBPS units; wiken 59%,
the MBPS segment is long enough to develop a helical structure
with opposite optical rotation to the monomer. Increasitgs
0 50 100 150 200 250 300 350 the effect to increase the length of MBPS segment and produce
Azimuthal angle (°) more stable helical conformation. Whemeaches above 90%,
Figure 14. Two-dimensional wide-angle X-ray diffraction fiber patterns the contribution to optical rotation f_rom hel'c_al Confc_’rmat'on
of the copolymer MBPS(0.99)e-St(0.01). The X-ray incident beam  Over compensate that of asymmetric atoms in the side groups
was (a) perpendicular to the oriented film and (b) along the shearing and the optical rotation of the copolymer therefore becomes
direction. (c) Azimuthal scanning data of the low 2ngle region negative. The fact that only one copolymer with= 99%
diffractions. possesses thermotropic liquid crystallinity indicates that although
helical segment is formed wher> 59%, it is not long enough
to generate and stabilize a mesophase.

Intensity (a.u.)

The LC phase of MBPS(0.99)e-St(0.01) was thus identified
as a columnar nematieb) structure?® ) S ] ) )
Mechanism of Mesophase Formation of PMBPSWVe tried In the side-chain liquid (_:rystalllne copolymers with f_IeX|_bIe
to understand the mesophase origin of PMBPS by correlating SPacers, the mesophase is formed by the self-organization of

the development of helical conformation and the generation of individual mesogens in the side chains. The introduction of
ordered supramolecular structure. From the chiroptical property c0monomer has the effect to reduce the concentration of
studies, it was evident that the chiral secondary structure with Mesogens. Unless the concentration is too dilute for mesogens

negative optical rotation had developed in MBPS oligomer with 0 Self-organize, the mesophase forms. For MJLCPs such as
DP of as low as 17. The growth imze2° of PMBPS with PMBPS, the main chains and side chains cooperate to form

MW in the low DP range and reaching a plateau at ®B3 helical cylinders, which act as the building blocks of mesophase.

reflected that the stable helical conformation started at this point. The incorporation of St units into PMBPS main chains makes
The value was the same with the critical DP for PMBPS to MBPS segment cannot take extended conformation or limit the

generate @y phase. As a result, it was reasonable to consider length of extended structure. Either effect interrupts the forma-
the building blocks of mesophase of PMBPS were cylindrical tion of the mesophase. The mesophase sensitivity of MJLCPs
columns made up of individual macromolecule taking helical t©© copolymerization can thus be understood.
conformation. In addition, in order to stabilize the mesophase, One may ask that if PMBPS and PMCPS are similar in both
the size of the helical chain should be large enough. This could macromolecular and mesomorphic structures, why are the
be rationalized by Flory’s lattice model as described bélow. maximum amounts of the same comonomer St they can tolerate
According to Flory’s lattice theory, the critical aspect (length to generate a mesophase so different (1% for the former, 14%
to diameter) ratio for a rodlike macromolecule to achieve a for the latter)? We think the difference in the critical St content
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for the corresponding copolymers to develop a mesophase do(19) lgg% W.Y.; Kong, X.; Tang, B. ZMacromolecule200Q 33, 5027~
not differ so much as it seems like. In the co_polymenzanqn (20) Ye. CooLam, W. Y.: Liv, Z.F.: Cheng, S. Z. D.: Chen, E.-Q.; Tang,
system of MCPS and St, the former monomer is more reactive B. Z. J. Am. Chem. So@005 127, 76687669,

than the later. The feed St molar content for the copolymer to (21) Tang, B. Z.; Kong, X.; Wan, X.; Feng, X.-D.; Kwok, H. S.
achieve a mesophase is 14%, but the measured St content is  Macromoleculesl99§ 31, 2419-2432.

just 6%. For the copolymers consisting of MBPS and St, the (¢2) fggu* Q. F;Li, Z. X.; Wen. Z. QMacromoleculed 989 22, 491~

former monomer is less reactive than the later. Although we (53) zhang, D.: zhou, Q. F.; Ma, Y. G.; Wan, X. H.; Feng, X. Bolym.

do not know the real composition of MBPS(0.98)-St(0.1)
due to the difficulty in experiment, the molar St fraction in the
copolymer should be more than 1%.

Conclusion

We have synthesized a series of MBPS homopolymers with

varying MWs My epe-Ls = 0.75-13.89x 10%) and relatively
narrow MW distributions (PQdpc-1s = 1.03—1.29) via ATRP
and MBPS¥)-co-St(1 — x) random copolymers with various
compositions X = 0.05-0.99) via conventional radical copo-

Adv. Technol.1997, 8, 227-233.

(24) Wan, X. H.; Zhou, Q. F.; Zhang, D.; Zhang, Y.; Feng, X.Chem.
J. Chin. Unp. 1998 19, 15071512.

(25) Zhang, D.; Liu, Y.; Wan, X.; Zhou, Q.-Macromoleculed999 32,
5183-5185.

(26) Zhang, D.; Liu, Y.; Wan, X.; Zhou, Q.-Macromoleculed999 32,
4494-4496.

(27) Yu, Z.N.; Tu, H. L.; Wan, X. H.; Chen, X. F.; Zhou, Q. ¥. Polym.
Sci., Part A2003 41, 1454-1464.

(28) Chen, X.; Tenneti, K. K,; Li, C. Y.; Bai, Y.; Zhou, R.; Wan, X.; Fan,
X.; Zhou, Q.-F.Macromolecule006 39, 517-527.

(29) Zhou, Q. F.; Wan, X. H.; Zhu, X. L.; Zhang, F.; Feng, X. Hol.
Cryst. Lig. Cryst.1993 231, 107-117.

lymerization, separately. With increasing MWs, PMBPS tends (30) Kwolek, S. L.; Morgan, S. L.; Schaefgen, J. L.; Gulrich, L. W.

to adopt a helical structure and results in the formatio®qf
and &y phase depending on DP. The critical DR53) for

PMBPS to take a stable helical backbone conformation is (35
identical to that used to form a mesophase. The incorporation

of MBPS withx values less than 59% into the copolymer main
chain cannot induce a discernible helical segment. When

59%, the formation of helical conformation of PMBPS segment

with negative optical rotation is observed. Among all the
copolymers, only one witk value of as high as 99% can achieve
a mesophased{y). The dependences of thermotropic and

chiroptical properties on the DPs of homopolymers and on the
compositions of copolymers is consistent with the conclusion
that a chiral secondary structure is necessary for PMBPS to form(37)
a liquid crystalline phase, but the length of the helical segment

should be long enough.
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