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ABSTRACT: Vinyl copolymers comprising mesogenic 2,5-bis[(4-methoxyphenyl)oxycarbonyl]styrene (MPCS)
and nonmesogenic 2,5-diputoxycarbonyl)styrene (BCS) were synthesized via free radical polymerization. The
random nature of the copolymers was characterized by the single glass transition and the reactivity ratios of the
comonomersripcs = 1.51,rscs = 0.42 by!H NMR). In contrast to the copolymers based on MPCS and other
nonmesogenic monomers such as styrene (St) and methyl methacrylate (MMA), which display no mesophase
when the content of St or MMA exceeds a certain amount, all the copolymers obtained in this study showed
quite stable liquid crystalline properties regardless of the copolymer compositions. A combination of differential
scanning calorimetry, polarized light optical microscopy, and one-dimensional and two-dimensional wide-angle
X-ray diffraction analyses demonstrated that the liquid crystalline phase structures of this series of copolymers
were strongly composition dependent. When the molar fraction of MPCS in fdgdcf was above 0.5, a
hexatic columnar nematich(\') phase was formed with a constahspacing value of 1.58 nm. WhéMypcs

was below 0.1, a hexagonal columndry) phase was observed, and the correspondisigacing was about 1.44

nm. In between 0.k Mypcs < 0.5, another hexatic columnar nematie ') phase could be recognized with
tunabled spacing relying on the copolymer compositions.

Introduction mesogenic content favor the mesogen/backbone coupling and
large conformational anisotropy of the main chain. Most laterally
attached SCLCPs display nematic mesophase (N) although
smectic A (%) and smectic C (§ phases have also been
demonstrated in some cases with well-designed structtirts??

%he type of mesogen and the length of flexible spacer linking

Since first reported by Hessel and Finkelmann in 1985, “side-
on fixed” liquid crystalline polymers (LCPs) have constituted
a novel class of side-chain liquid crystalline polymers (SCLCPS)
and have attracted enormous attention because of the fascinatin

challenges they offer in understanding the influence of the . .
- - . the backbone and the side groups as well as the terminal
macromolecular structure on the liquid crystalline behaviér. . . 8
substituents are usually believed to be the primary factors

In these macromolecules, the mesogenic groups are attached t% - S .
i o . etermining the phase structures exhibited by a given such
the backbone at the waist position or mass center instead of at

the end position as in conventional SCLCPs (“side-end fixed”). polymer, while other properties, such as Fhe nature of the
polymer backbone, configuration, and polydispersity, are con-

SCLCPs exhibit unusual properties as a consequence ofgjgered as the secondary factors in tuning the natural ordering
compromise between the orientational ordering, imposed by their 5¢ the side mesogenic unié.

mesomorphic character, and the nature to maximal entropy A ¢ ¢ f sid fixed” LCPS i
common to all chain systenis:or “side-end fixed” LCPs, small- n extreme lorm of 'side-on fixe S IS mesogen-

angle neuron scattering (SANS) studies have reveled that thejaCk_EIEOI liquid crystalline polymers (MJLCPs), in which the
polymer backbones exhibit a strong oblate conformational rodlike mesogens are connected to every other carbon atom of

; ; : : olymer main chain at the waist position or mass center via a
anisotropy due to the packing between layers in smectic phasep_ . o .
and various oblate or prolate conformations in nematic phase Sndle covalent bonti23% The direct linking to the chain makes

depending on temperature or chemical structures of SCECPs. Lhe :(nt;eraction betweek? rigi_c(jj anorllb_ulky sige gr_oupﬁ qnd polymer
For “side-on fixed” LCPs, however, the polymer main chain Packbone so strong that side chains and main chain can act as

usually takes extended global conformation (prolate) on the a \_/vhple to gchleve mesophase; i.e., the mesogenic units are
direction of mesogenic groups since the laterally attached coincided with the macromolecules themselves. In contrast to
compared to thatMJLCPs, itis usually not possible to provide any mesomorphic
property via direct linking mesogens to the backbone, with only
a few exceptiong? even in the case of conventional “side-end
fixed” LCPs. A number of MJLCPs, such as poly(2-vinyl-

mesogens exert an enhanced “jacket effect”
in conventional “side-end fixed” SCLCP&Hardouin and co-
workers have systematically examined the influence of the
length of flexible spacer and aliphatic extremity and the dilution - pnpeill )
of the mesogenic content in a copolymeric homologous on the ydroduinone ester) (PVHQE];?=7-*%poly(2-vinyl-1,4-phen-
propolate anisotropy of the polymer backbone by SARIS It ylenediamide) (PVPDAY? poly(2-vinylterephthalate ester)

was found that short flexible spacer and aliphatic tail and high (PVTAE) 24-26:29-31:33,343%and poly(2-vinylp-terphenyl ether)
(PVTPE)2 with different side mesogens have been synthesized
to tailor and optimize liquid crystallinities.
* Corresponding authors. Xinhua Wan: 86-10-62754187 (Tel), 86-10- .
62754187 (Fax), xhwan@pku.edu.cn (e-mail). Qifeng Zhou: 86-10- Poly{2,5-b|s[(4-methoxyphenyl)oxycarbonyl]styrer(@MPCS)
62756660 (Tel), 86-10-62751708 (Fax), qfzhou@pku.edu.cn (e-mail). is among the most extensively studied MJLCPks monomer,
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2,5-bis[(4-methoxyphenyl)oxycarbonyl]styrene (MPCS), melts successively with concentrated sulfuric acid (Beijing Chemical Co.,
into nematic phase at 10€ and enters isotropic phase at 144 98%), aqueous solution of NaHG(Beijing Chemical Co., A.R.),

°C. The phase transition and structure of PMPCS are closely and deionized water and distilled out from calcium hydride (Beijing
related to the molar mass of the polym@With an increase in ~ Chemical Co., A.R.) under an argon atmosphere. Tetrahydrofuran
molecular weight, amorphous, columnar nematiey), and (THF, Beijing Chemical Co., A.R.) and methanol (Beijing Chemical

hexatic columnar nematic®) phase are observed. The Co., A.R.) employed in dissolving and precipitating polymers were

h | : diately ab he df used as purchased. THF (Aldrich, gas chromatography grade) were
mesophase appears almost Immediately above the glass transyjrecyy used in the size exclusion chromatography (SEC) anet UV

tion and does not vanish on the subsequent heating or coolingyis ahsorption spectra. Unless otherwise specified, all other solvents
process. Itis believed that the liquid crystalline phase is formed and reagents were purchased from Beijing Chemical Co. and used
by the cooperation of the backbone together with the laterally as received.

attached mesogenic units to construct cylinders, which act as Copolymerization. Copolymerization was carried out in solution.
the building blocks of the mesophase. Poly[2,5di(itoxy- In a typical run, MPCS (0.22 g, 0.56 mmol), BCS (1.5 g, 5.0 mmol),
carbonyl)styrene] (PBCS) is another interesting MJLCPs type AIBN (0.45 mg, 2.8x 10-* mmol), and chlorobenzene (7.0 g, 63
LCP, which is prepared from the nonmesogenic monomer, 2,5- mmol) were successively introduced into a reaction tube. After three
di(n-butoxycarbonyl)styrene (BCS), via free radical polymeri- "€€z&-pump-thaw cycles, the tube was sealed under vacuum and

zation. PBCS is similar to PMPCS in the wav that side aroups inserted into a thermostated oil bath at®D The polymerization
are Iiﬁked laterally to the main chain thr)éugh no s%ac:r was allowed to continue for 2 h. After the polymerization was

- ; X terminated by breaking the tube, the reactant was diluted with 10
Although no conventional rodlike mesogen presents in the | of THE and then precipitated in 200 mL of methanol. The

molecule, it forms two-dimensional hexagonal columnhg) dissolution in THF and precipitation in methanol were repeated
phase at temperatures much higher than its glass transition ashree times to eliminate the unreacted monomers completely. The
characterized by higher orders of one- and two-dimensional copolymers were dried at 6TC under vacuum for 24 h before
wide-angle X-ray diffractiong!40 further characterizations were performed. The monomer conversion
Copolymerization represents one of the simplest synthetic in weight was 5.6%. The number-average molecular weight and
techniques to manipulate the phase transitions of both main-Polydispersity of the resultant copolymer were 1,810°and 1.71,
chain and side-chain liquid crystalline polymers and to widen esPectively:H NMR (o, ppm, acetonek): 0.6-2.0 (broad peaks,

. LT L 24 —CH,CH protons in the backbone antiCH,CH,CHjz protons in
their application range as high-performance mate#fats: the side groups of BCS), 3-21.5 (broad peaks- OCHs protons

Varying the nature and molar ratio of comonomers, itis possible ; ‘\mpcs and-OCH, protons in BCS), 6.27.0 (broad peaks, side

to exert effective control over the transition temperature and, phenyl ring protons of MPCS), and 78.0 (broad peaks, middle

to some extent, the phase structtfé® For MJILCPs, however,  phenyl ring protons of MPCS and phenyl ring protons of BCS).
the incorporation of non-liquid-crystalline monomer in the  |nstruments and Measurements The number-average molec-
polymer chain would disturb the self-assembly of the macro- ular weights §,), weight-average molecular weightsl), and
molecule as a whole to form mesophase. For example, whenpolydispersity distribution index (PDIM,,/M,) of the resultant
MPCS is copolymerized with non-liquid-crystalline vinyl —copolymers were estimated by a size exclusion chromatography
monomers, such as Styrene (St) and methy| methacry]ate(SEC) instrument with a Waters 2410 refractive Indgx detector.
(MMA), mesophase can only be observed when the molar Three Waters Styragel columns with 1fnm bead size were

: o, connected in series. Their effective molecular weight ranges were
Fespociively® Similar phenomena have aiso been obsenved i 100-10000 for Syragel HT2, 50080000 for Styragel HTS, and
P ) P 5000-600000 for Styragel HT4. The pore sizes were 50, 100, and

some I|ne_ar flexlple liquid crystalline polyme_rs wnhout typical 1000 nm for Styragel HT2, HT3, and HT4, respectively. THF was

mesogenic building blocks such as polydialkylsilylenes and employed as the eluant at a flow rate of 1.0 mL miat 35°C,

polyphosphazene$ 2 It is speculated that the constitutional and the calibration curve was obtained with monodispersed

disorder, which dilutes the concentration of mesogenic units polystyrenes as standards. All the announced molecular weights in

and disrupts the interactions between backbone and side groupsthis paper were in equivalent of standard polystyrefidsNMR

is responsible for the destabilization of the mesopl&&t. spectra were recorded on a Bruker ARX 400 MHz spectrometer
This article presents the mediation of the liquid crystalline With acetoneds as solvent and TMS as an internal reference-UvV

properties of the random copolymers based on MPCS and BCS.Vis absorption spectra were performed on a Shimadzu UV-2101PC
Although BCS cannot form mesophase by itself as St and MMA, spectrophotometer with THF as solvent at room temperature.

D . . : The thermal transitions of copolymers were investigated by using
when itis radically copolymerized with MPCS, all the resuitant differential scanning calorimetry (DSC) on a TA Q100 calorimeter

copolymers display stable mesophases above their glass transiz, temperature range ef90 to 200°C at a heating rate of 40C

tion temperatures regardless of the amount of MPCS incorpo- min-1 ynder continuous nitrogen flow. All the data were based on
rated into. The liquid crystalline behaviors of this series of the second heating process after cooling &€2min-1 from 200
copolymers are thoroughly investigated to clarify the effect of °C.n-Octane (mp 56.76C) and indium (mp 156.78C) were used
structural disorder on the liquid crystallinity of copolymers using to calibrate the instrument. The average sample mass was about 2
WAXD experiments. By tuning the molar content of MPCS in mg, and the nitrogen flow rate was 50 mL minA TA Q600

feed, variation of both liquid crystalline phase structure and the instrument was used for thermogravimetric analysis of the copoly-
mesophase dimension of the copolymers is achieved. This studymers. Generally, about 3 mg of sample was heated from 30 to 600
provides a unique example of tuning the liquid crystalline C at @ heating rate of 26C min* under nitrogen flow.

: At : One-dimensional (1D) WAXD powder experiments were per-
properties of MJLCPs by random copolymerization with non- o ; X i ;
- b L formed on a Philips X'Pert Pro diffractometer tvia 3 kWceramic
mesogenic monomer within the whole composition range. tube as the X-ray source (CuoKradiation) and an X'celerator

detector. A temperature control unit in conjunction with a diffrac-
tometer was utilized to study the structure evolutions as a function
Materials. The two monomers MPCS and BCS were synthesized of temperature changing at constant heating and cooling rates. Films
according to the procedures reported previoddhj.2,2-Azobis- with thickness of~1 mm were mounted on copper sheets, and the
(isobutyronitrile) (AIBN, Beijing Chemical Co., 95%) was purified  diffraction patterns were collected by reflection mode. Background
by recrystallization from ethanol before use. Chlorobenzene (Beijing scattering pattern was recorded and subtracted from the WAXD
Chemical Co., A.R.) used as the polymerization solvent was washedpatterns of samples. CDV

Experimental Section
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Scheme 1. Synthesis and Chemical Structures of Copolymers Comprising 2,5-Bis[(4-methoxyphenyl)oxycarbonyl]styrene (MPCS) and
2,5-Di(n-butoxycarbonyl)styrene (BCS}

Cd
x H_,c0-<§>-ooc-é>-coo-<§>-OCH_3 H3co-<§>—00c-ﬂé}—coo{é)—ocu3

2,2'-azobisisobutyronitrile —H,C—C—CH _g_)_
+ » ™ Hx 2 1-x
. Chlorobenzene, 60°C CH;CH,CH,CH,00C COOCH,CH,CH,CH;
1-x  CH;CH,CH,CH OOC—&)—COOCH CH,CH,CH
ST R MPCS (x)-co-BCS (1-x)

aThe numbers in the parentheses indicate the molar fraction of each monomer in feed.

Table 1. Copolymerization Results of 2,5-Bis[(4-methoxyphenyl)oxycarbonyl]styrene (MPCS) with 2,5-Dibutoxycarbonyl)styrene (BCS)

samplé conv (%) Mn (x 10P)° PDIP Tg(°C)° liquid crystallinityd
MPCS(0.93)0-BCS(0.07) 8.8 3.68 1.57 119.0 yes
MPCS(0.86)0-BCS(0.14) 5.9 2.96 1.25 112.4 yes
MPCS(0.80)e0-BCS(0.20) 10.4 2.66 1.39 105.4 yes
MPCS(0.67)e0-BCS(0.33) 9.2 3.28 1.23 100.5 yes
MPCS(0.58)e0-BCS(0.42) 8.1 212 1.62 96.9 yes
MPCS(0.50)0-BCS(0.50) 7.2 1.58 1.92 81.0 yes
MPCS(0.40)0-BCS(0.60) 5.2 1.66 1.86 78.7 yes
MPCS(0.30)0-BCS(0.70) 8.6 2.99 1.72 66.1 yes
MPCS(0.21)e0-BCS(0.79) 6.3 1.86 1.61 47.6 yes
MPCS(0.15)0-BCS(0.85) 9.7 2.85 1.69 38.2 yes
MPCS(0.10)e0-BCS(0.90) 5.6 1.82 1.71 28.6 yes
MPCS(0.05)e0-BCS(0.95) 10.1 3.69 1.88 18.9 yes

a Polymerization condition: chlorobenzene solution (20 wt %); temperaturet 80 °C; initiator: 2,2-azobis(isobutyronitrile) (AIBN) (0.05%, based
on total mole number of monomers). The numbers in the parentheses indicate the molar fraction of each monomer in feed. The abbreviations oéfise copolym
are the same in Table 2M,: number-average molecular weight;,: weight-average molecular weight; PDI: polydispersity distribution indéx/§n).
Obtained from size exclusion chromatography, monodispersed polystyrenes as sténgargkss transition temperature. Obtained from the second heating
differential scanning calorimetry experimentetermined by polarized light optical microscope observations.

Two-dimensional (2D) WAXD fiber patterns were obtained using (6Mvpcs t 4Mgcd/(11Mypcs + 3Mges) = aioxy/laromaic (1)
a Bruker D8 Discover diffractometer with GADDS (general area ' L o
detector diffraction system) as a detector. The two-dimensional WN€re lakoxy and laomaic are defined as relative intensities of
diffraction patterns were recorded in transmission mode at room CHsO— and —CH,O— groups and aromatic groups, respec-
temperature. Fibers were drawn with stretching at a rate of about tively.
1 m st at 180°C and quenched to room temperature for test. ~ Since the monomer ratios in copolymers were the key
Background scattering pattern was recorded and subtracted fromparameters influencing the liquid crystallinities of copolymers,
the WAXD patterns of samples. UV —vis absorption spectra were also used to verify the results
Phase morphology was identified via a Leica DML polarized of 'H NMR spectra.
light optical microscope (POM) with Mettler hot stage (FP 82 HT For a binary system in the solution, the Bekambert law
with a FP-90 central processor). The sample films were preparedstates
by the solution-cast method, and the thicknesses were kept at several
microns. A= ¢bc + ¢€,bc, 2

Results and Discussion whereA is the absorbancdy is the cell length in centimeter,
andcy, ¢z andes, €, are the molar concentrations and the molar
Copolymerization. Copolymerizations of MPCS with BCS absorptivities of the solutes, respectively.
were carried out in chlorobenzene at 8D using AIBN as the Measuring the absorbance of a series of standard solutions
initiator (Scheme 1). A series of copolymers, MP€S{o-BCS- containing different ratios of analytes, the molar concentrations
(1 — x), were obtained. The numbers in the parentheses of \which are known, and plotting the molar absorptivity against
following the abbreviation of each monomer indicated their the ratio of the analytes gives a straight line. From the slope
molar fractions in feed. To minimize the effect of unequal ang intercepte; ande, can be calculated. On the other hand,
monomer consumption during the process of copolymerization, given the molar absorptivity of a system containing two known
the monomer conversions were kept below 10% in most analytes, the ratio of the analytes is available.
experiment$® The copolymerization results of MPCS with BCS UV —vis absorption spectra were recorded in THF at room
are summarized in Table 1 with the molar percentage of MPCS temperature. The molar absorptivites of MPCS and BCS
in feed ranging from 0.93 to 0.05. All the copolymers obtained homopolymers at 270 nm were calculatecsagecs= 8.22 x
had relatively high molecular weights and narrow molecular 13 andepgcs= 1.70 x 10%. The molar absorptivity vs MPCS

weight distributions (PDI< 2.0). molar fraction in PMPCS/PBCS blends is shown in Figure 2,
Compositions. The chemical compositions of the resultant and the respective molar absorptivity is figured oukggrcs
copolymers were first estimated froftl NMR spectra with = 8.23 x 1% andeppcs= 1.66 x 1%, which agreed well with

acetoneds as solvent. Figure 1 preseritd NMR spectra of a those from corresponding homopolymers. Therefoggcsand
representive copolymer, MPCS(0.1)-BCS(0.90), and the two ~ mgcswere calculated by the plots of Figure 2 with assumption
corresponding homopolymers, PMPCS and PBCS. The assign-that the absorptions of chromophores at 270 nm had not changed
ment of each peak can be seen from the figure. The partial molarsignificantly after copolymerization when compared with the
proportions of the two monomers in the copolymergécsand corresponding homopolymers. The results are listed in Table
mscs) were calculated according to 2. CDV
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Figure 1. 'H NMR spectra of a representive copolymer (molar fraction of MPCS in feed is 0.10), MPCS homopolymer, and BCS homopolymer

(acetoneds, 400 MHz).
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Figure 2. Molar absorptivity €) in blends of MPCS and BCS
homopolymers vs MPCS molar fractiomyfpcs).
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Reactivity Ratio. To examine the structural parameters of
copolymers and the effects of monomer composition on liquid
crystallinity, reactivity ratios were characterized from the

whereu is the ratio of molecular weights of monomer 2 to that
of monomer 1 andV is the weight conversion of copolymer-
ization.

Then

Z=log(1— &Yllog(1— &) 5)

with Z factor, a linearized version of the copolymer equation is
defined in the EKT linearization method:

n=(r+rja)&—rjia (6)

n and§ are equal tdG/(oc + H) andH/(ow + H), respectively,
whereG andH are defined asY(— 1)/Z andY/Z, respectively.
The o parameterd = (HuHm)9 is a constant used to equally
distribute thex-axis values in a range of 0 to 1 with the
maximum (M) and minimum (m) values &{.

Plots ofn and & for the EKT method can be prepared for
estimatingr; and r, which represent the reactivity ratios of
monomer 1 and monomer 2.

Figure 3 presents the EKT plots of MPGE€0-BCS(1— Xx)
based ontH NMR and UV-vis spectra results, respectively.

monomer ratios in feed and the copolymer compositions using Tpe reactivity ratios of MPCS and BCSpcs and rgce)

the extended KelenTudos (EKT) linearization method with
consideration of monomer conversidiis’!

In the EKT methodX andY are defined a&1/F, andfi/fs,
respectively, withFy, F,, f, f» being the molar fractions of
monomer in feed and in copolymer. The partial molar conver-
sions for the two monomerg4{ and¢,) are defined as

& = CAYIX)
Co =W + X)/(u +Y)

®)
4

together with the copolymer compositions are depicted in Table
2. Although the results frofiH NMR and UV-vis spectra are
not quite identical, the values ofipcgscsare close to 1, which

is typical for random copolymerization, indicating that no
significant heterogeneity existed and the monomer units in the
polymer chain had a tendency of random distribufi®n.

Both MPCS and BCS can be considered as substituted styrene
monomers. The substituent of the former is much larger and
more rigid than that of the latter. However, as suggested by
reactivity ratios,rypcs > 1 > rgcs, MPCS was more reactiv&DV
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Table 2. Compositions of Copolymers and Reactivity Ratios of MPCS and BCS Based éd NMR and UV —Vis Absorption Spectra

sample MVPCS-NMR & 1H NMR spectra Mvpcs-uv ° UV —vis spectra
MPCS(0.93)e0-BCS(0.07) 0.95 0.97
MPCS(0.86)c0-BCS(0.14) 0.89 0.94
MPCS(0.80)e0-BCS(0.20) 0.86 0.91
MPCS(0.67)e0-BCS(0.33) 0.79 0.82
MPCS(0.58)e0-BCS(0.42) 0.72 0.76
MPCS(O.SO)GO—BCS(O.SO) 0.65 rvpcs®=1.51 0.68 I'mpcs = 2.49
MPCS(0.40)e0-BCS(0.60) 0.54 recs®=0.42 0.58 recs= 0.44
MPCS(0.30)e0-BCS(0.70) 0.44 rwpcdacs = 0.63 0.49 rwrcdacs = 1.10
MPCS(0.21)e0-BCS(0.79) 0.35 0.37
MPCS(0.15)e0-BCS(0.85) 0.26 0.29
MPCS(0.10)e0-BCS(0.90) 0.16 0.21
MPCS(0.05)e0-BCS(0.95) 0.10 0.11

amupcs-nmr: Molar fraction of MPCS in copolymer obtained frditd NMR spectra® mypcs-uy: molar fraction of MPCS in copolymer obtained from
UV —vis absorption spectrd.rypcs andrgcs reactivity ratios of MPCS and BCS, respectively.

consistent with the results obtained from monomer reactivity
ratio study. In comparison, the blends of PMPCS and PBCS
(molar ratio= 52:48) displayed two glass transitions as shown
in Figure 4b. The glass transition temperatuiig) (of the
copolymers increased with the MPCS fraction in feed. This
continuous adjustment if, was another evidence of molecular-
level homogeneity of monomer distribution in the polymer main
chain’4
Liquid crystalline phases of the copolymers were first studied
. calculated from UV-vis spectra by POM observation. Since the liquid crystalline properties of
© = = calculated from 'H NMR spectra both PMPCS and PBCS are molecular weight dependent and
the mesomorphic behaviors are almost invariable when the
0.0 02 04 06 08 10 molecular weights are high enougti! for simplicity, all the
copolymers studied here have molecular weights much higher
3 than the critical values for the two homopolymers to form
Figure 3. Extended KelenTudos (EKT) method plots determined = mesophase, and as a result, the molecular weight effect can be
%slgil;\le'\gRinzitrr]\% %’e\)/(:v's absorption spectr and{ are defined as  jgnored. Figure 5 shows the representative images of the textures
' of MPCS(0.40)e0-BCS(0.60) (a) and MPCS(0.18p-BCS-

than BCS. Ober and co-workers noticed the similar behavior (0-90) (b) _taken_ at 180(_:' Both PMPCS and PB.CS are

in nitroxide-mediated free radical polymerization of 2,5-bis[(4- thermotropic Ilquu_j crystalline polymers. PMPCS. exhibits star-
butylbenzoyl)oxy]styrene (BBOS), a similar mesogenic mono- sha_lped texture_wnh two or fo_ur brushgs or schlieren texure,
mer to MPCS3 BBOS polymerized much faster than its while focal-conic fan texture is the typical |mage_for PB&S.
nonmesogenic model, 2,5-diacetoxystyrene in bulk, whereas inMost of the copolymers_ studied here _showed schl_leren and star-
a dilute solution, the polymerization rates of both monomer were Shaped textures, implying the formation of nematic mesophase.

comparable. The increased reactivity of BBOS in the bulk was However, wheMyecswas below 0.1, a focal-conic fan texture
attributed to the presence of a nematic phase that could lead to>milar to BCS homopolymer was displayed.
localized ordering of the monomers. Although MPCS is able 1D Wide-Angle X-ray Diffraction. To examine the ordered
to form a nematic phase in melt, the fact that MPCS has larger structures developed in these copolymers, 1D WAXD experi-
reactivity than BCS cannot be interpreted by localized lining ments were carried out with the as-cast samples. The mesophase
up of the monomer because the copolymerization is carried outstructure of MPCS()-co-BCS(1— x) was found to rely strongly
in an isotropic solution. One possible reason is that the large on the comonomer fraction. Figure 6 illustrates the temperature
substituents in MPCS impart a remarkable steric hindrance andvariable 1D WAXD patterns of MPCS(0.1@p-BCS(0.90) in
enhance the stability of the MPCS radicals at chain ends, while the low 2 angle (between 2°%5and 9.5) region, which were
as a rule copolymerization tends to form more stable radicals. recorded during the first heating and the subsequent cooling
However, it should be figured out that there are a lot to be done runs, respectively. The glass transition temperature of the
before a valid explanation can be made. A detailed investigation copolymer was 28.8C. When the temperature was above 28.6
into the mechanism to activate MPCS has been underway. but below 130°C, a scattering halo was observed. At higher
Thermal Behavior. The dependence of the thermal transition temperatures, the scattering halo became asymmetric and could
temperatures on the compositions of MPQS(0-BCS(1— X) be deconvoluted into one broad halo and a narrow reflection
copolymers was studied by DSC experiments. Since fast heatingpeak which centered av2= 5.9° (d spacing of 1.50 nm) and
of slowly cooled samples induces endothermic hysteresis peaks5.2° (d spacing of 1.42 nm) separately (the dashed curves in
in glass transition region and glass transition can be more Figure 6a). A Gaussian function was used to precisely identify
evident/4 a fast heating rate of 40C min~—! was employed to the positions of the scattering halo and reflection peak. Raising
scan the annealed copolymers, which were prepared by beingtemperature (below 198C) led to a substantial enhancement
slowly cooled (2°C min~1) from 200°C. The DSC curves were  of the reflection peak intensity, and the peak shifted continuously
featureless except for glass transitions. For all the copolymersand slightly to lower 2 angle due to the thermal expansion.
we studied, only single glass transition was identified (Figure When the temperature was higher than 180 the mesophase
4a), indicating the monomers were placed randomly along the formed seemed to become less ordered since the intensity of
main chain and no phase separation occurred. This wasthe narrow reflection peak began to decrease. HoweverCEl\e/

2.4-
1.6- -
= 084

0.0

-0.8 4
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\ ®)
\ BCS homopolymer

\ MPCS(0.05)-co-BCS(0.95) =-2.0°C
\ MPCS(0.10)-co-BCS(0.90)
\ MPCS(0.15)-co-BCS(0.85)
\ MPCS(0.21)-co-BCS(0.79)
\ MPCS(0.30)-co-BCS(0.70)
\ MPCS(0.40)-co-BCS(0.60)
\ MPCS(0.50)-co-BCS(0.50)
\ MPCS(0.58)-co-BCS(0.42)

MPCS(0.67)-co-BCS(0.33) = 0
TgPMPCS 124.0 °C
MPCS(0.80)-co-BCS(0.20)
\ MPCS(0.86)-co-BCS(0.14) . Y T T T T
\_ MPCS(0.93)-co-BCS(0.07) -50 0 50 100 150 200

0
MPCS homopolymer Temperature ("C)

<+— Heating flow (Endo)

A

<+——  Heating flow (Endo)

5 0 50 100 150
Temperature ( °c )
Figure 4. Sets of differential scanning calorimetry curves of copolymers comprising MPCS and BCS during the second heating process at a

heating rate of 40C min~* after cooling at 2C min~! (a) and the thermogram of the blend of MPCS and BCS homopolymers (molar ratio of
MPCS is 0.52) (b) Tgempcsand Tgescsare the glass transition temperatures of MPCS and BCS homopolymers in blend, respectively.

reflection peak remained apparent until the highest temperature(x)-co-BCS(1— x) copolymers could be controlled effectively.
we studied, i.e., 25€C. The copolymer was quite thermal stable, From 1D WAXD experiments alone, however, it was difficult
and the 1% weight loss temperature was higher than°800 to distinguish the mesophase structures of the copolymers.
Therefore, the observed reduction in the reflection intensity Therefore, 2D WAXD experiments were carried out and
could not be attributed to the thermal decomposition, but an discussed in detail in the following section.
isotropization transition was indicated. When cooled slowly from 2D Wide-Angle X-ray Diffraction. 2D WAXD experiments
250°C, the strongest reflection peak appeared again af@90  on the oriented samples are essential and important in identifica-
which agreed well with the heating process. The intensity of tion of polymer structures. With this technique, Yin et al. have
reflection peak decreased with lowering temperature further. studied the mesophase of BCS homopolymer. Although BCS
However, the narrow reflection peak still existed even when is not able to self-organize into an ordered phase in melt state,
the sample was cooled to room temperature. It indicated thatthe polymer from it does have stable liquid crystallirigyit is
the mesophase formed at higher temperature could be kept upotbelieved that the building blocks involve entire molecules taking
cooling although it was less ordered. relatively extended conformations. Recently, a detailed inves-

In the study of SCLCPs with mesogens terminally attached, tigation on the phase structure of MPCS homopolymers has been
it was found that the width of isotropization transition increased reported by Ye et & They found that a hexagonal lateral
when mesogen density decreased. Percec et al. attributed th@acking of the cylinders existed in the polymer when the
phenomenon of isotropization transition widening to dissolution molecular weight was higher than 1:6 10*. However, this
of a fraction of the mesogenic units into the polymer backbone hexagonal lateral packing lacked long-range order and was
layer’®> As to MPCS(0.10)0-BCS(0.90), since no such kind  named as théuy phase. When the molecular weight was lower
of microphase separation occurred, the structural irregularity than 1.6 x 10* but higher than 1.0x 10% a ®y phase was
of the copolymer was considered to be the main reason toformed. The mesophases of MPRB¢o-BCS(1 — x) were
destabilize the mesophase. studied by utilizing a similar method in this study.

1D WAXD experiments of other copolymers were also Figure 8a shows the 2D WAXD pattern of the oriented
performed, and similar phenomena to MPCS(0.d®BCS- MPCS(0.50)e0-BCS(0.50) with the X-ray incident beam per-
(0.90) were observed. Figure 7 depicts thegpacings measured  pendicular to the fiber axis. A pair of strong diffraction arcs
from sets of 1D WAXD patterns of the copolymers and the could be seen on the meridian & 2 5.6° (d spacing of 1.58
corresponding homopolymers at 18D as a function of MPCS  nm), indicating that the ordered structure had been developed
fractions in feed. Three regions could be identified in terms of along the direction perpendicular to the fiber axis on the
the dependence af spacing, which ranged from 1.58 to 1.44 nanometer scale. Since no higher order diffractions could be
nm, on the copolymer composition. Whéf\;pcs was above identified on the meridian even after a prolonged exposure time,
0.5, the copolymers had a same valuedafpacing (1.58 nm) the 2D WAXD pattern with the X-ray incident beam parallel
as that of PMPCS, corresponding to the narrow reflection peak to the fiber axis was recorded and shown in Figure 8b. A 6-fold
at low angle (2 = 5.6°). WhenMypcswas below 0.1 (including symmetry of the (100) diffractions at¥2= 5.6° (d spacing of
0.1), the copolymers showed another consthspacing (1.44 1.58 nm) existed on the nanometer scale was exhibited. It
nm, 29 = 6.1°), which was the same as that of PBCS. In indicated a hexagonal column lattice structure perpendicular to
between 0.10< Mypcs < 0.50, thed spacing changed from  the fiber axis. The corresponding azimuthal intensity profile
1.50 to 1.57 nm. The results demonstrated that by tuning the which exhibited six maxima with an angle of €6Between two
comonomer fraction in feed the mesophase dimension of MPCS-adjacent diffraction maxima is shown in Figure 8c. Theref(gf[ejv
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Figure 5. Polarized light optical photographs of the copolymers at 180 The molar fractions of MPCS in feed are 0.40 (a) and 0.10 (b),

respectively.
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Figure 6. One-dimensional wide-angle X-ray diffraction powder
patterns in the low @ angle region of the copolymer during the first

of MPCS in feed is 0.10.

the liquid crystalline phase should be &y phase, and a

20

d spacing at low angle (nm )

<—- Hexagonal columnar phase
1.60 4
> o > * 4
*
1.55 Hexatic columnar
* nematic phase I
1.50 4 *
Hexatic columnar
nematic phase IT
1.454
p o ¢
L) L) L] L)
0.0 0.2 0.4 0.6 0.8
MmCS , Feed

1.0

Figure 7. d spacing data from one-dimensional wide-angle X-ray
diffraction patterns as functions of molar fraction of MPCS in feed
(Mmpc9 at 180°C. Three regions are identified which represent as

heating (a) and the subsequent cooling course (b). The molar fraction hexatic columnar nematic ') phase ¢ spacing of 1.58 nm), hexatic
columnar nematic 11®un'") phase ¢ spacing from 1.57 to 1.50 nm),

and hexagonal columnasb(;) phase ¢ spacing of 1.44 nm).

having an average diameter of 1.82 nm was developed without
hexagonal lateral packing of the cylinders with each cylinder long-range order perpendicular to the fiber axis. Similar reselsil
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Intensity (a.u.)

60 0 60 120 180 240
Azimuthal angle (©)

Figure 8. Two-dimensional wide-angle X-ray diffraction fiber patterns of the copolymer in which the molar fraction of MPCS in feed is 0.50. The
X-ray incident beam was (a) perpendicular to the fiber axis (the meridian direction), (b) along the meridian direction, and (c) the azimutfgal scannin
data of the low 2 angle region diffraction.

were obtained in other copolymers except for MPCS(0cl®)- The signal in 2 around 20 (d spacing of~ 0.43 nm) in
BCS(0.90) and MPCS(0.08s-BCS(0.95), indicating that a  Figure 9b was mainly attributed to the short-range ordered
dyN phase existed in these copolymers. structure along the chain axis which indicated the average

The investigation of ordered structure of MPCS(0.&6)- distance betwee.n side groups. In the st.udy of MPCS homopoly-
BCS(0.90) was of particular interest. High orders of the Mers, thed spacing at sub-nanometer is about 0.43 nm, and a
diffractions were identified when the X-ray incident beam was conclusion that the polymers possess a quite extended main-
parallel to the fiber axis (Figure 9a). Thspacing value of ~ chain conformation is drawif. In MPCS{)-co-BCS(1 — X)
the diffraction arcs at the lowestZingle was 1.44 nm, which ~ Samples here, we speculate that thepacing of nearly 0.43
was identical to that obtained in 1D WAXD experiment (shown NM also represents the projection of two repeating units along
in Figure 9b). Two additional diffraction arcs could also be the chain axis.
observed at@ = 10.6° (d spacing of 0.85 nm) and2= 12.2 On the basis of the above studies, the three regions in Figure
(d spacing of 0.73 nm). These three scattering vector ratios 7 could be identified as hexatic columnar nematicdl(')
followed 1:3/2412 and the diffraction arcs could be assigned phase, hexatic columnar nematicdh{y') phase, any phase.
to be the (100), (110), and (200) plane, respectively, indicating In the first region ®n\'), where the MPCS molar fraction in
that this mesophase structure possessed a long-range perioditeed was higher than 0.5, the copolymers formed the same
hexagonal packing along the lateral direction perpendicular to ordered structures as that of MPCS homopolymer. The structure
the fiber axis. It demonstrated the substantial lateral order of dimension was independent of the copolymer composition. In
the hexagonal lattices and a hexagonal columday) (phase the second regiondun'"), the copolymers also developed into
was achieved in MPCS(0.1@p-BCS(0.90). The average hexatic columnar nematic phase upon heating; howeved the
diameter of the corresponding building blocks was about 1.67 spacing decreased from 1.57 to 1.50 nm when BCS fraction in
nm. Similar results could be achieved in MPCS(0.66)BCS- feed decreased from 0.40 to 0.15. In the third regidn)( the
(0.95). mesophase structures formed by the copolymers were the 8W
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Figure 9. Two-dimensional wide-angle X-ray diffraction fiber pattern of the copolymer in which the molar fraction of MPCS in feed is 0.10 (a)
and the corresponding one-dimensional wide-angle X-ray diffraction powder patterns (b).

as PBCS, and thé spacing kept unchanged regardless of the whole through the interaction of polyethylene main chain and
variations in the copolymer composition. 2,5-bisp-butoxycarbonyl)phenyl side groups. As a result, it is
As has indicated in the Introduction, incorporation of non- also reasonable that the copolymers with high BCS content are
mesogenic vinyl monomer such as St and MMA exceeding a liquid crystalline because MPCS as an impurity in this case has
certain amount into PMPCS backbone would cause a collapsenot significantly influenced the ordered packing of the copoly-
of the “jacket effect” and destabilize the liquid crystallinity of mer in a similar way to PBCS. It is interesting to ask why the
copolymers® However, all the copolymers based on MPCS and mesophase is formed in the copolymers with comparable
nonmesogenic BCS are able to form rather stable mesophaseuantity of MPCS and BCS. A possible explanation is that since
regardless of the composition. For the copolymers with high both PMPCS and PBCS are ready to take cylindrical conforma-
MPCS content, the existence of mesophase is understandablé¢ions?°-31 though with slightly different diameters, 1.82 nm for
since the irregularity induced by BCS is not marked, and the PMPCS and 1.67 nm for PBCS, the random copolymers of the
copolymer main chain is still able to take extended conforma- two can also take cylindrical conformations and thus be able to
tion, which is a prerequisite to ordered packing for MJLCPs. form the mesophase. The variation in mesophase dimension
Although BCS is not liquid crystalline by itself, its homopolymer might be a reflection of the interruption of the presence of BCS
does form hexagonal columnar ph&&he reason is that the  on the mesophase formation of PMPCS, or vice versa. This is
macromolecules can act as building blocks of mesophase as aimilar to main-chain liquid crystalline random copolym%f)v
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whose bulk properties show a high sensitivity to relatively small (23) Pugh, C.; Kiste, A. L. IrHandbook of Liquid CrystajsDemus, D.,
changes in the chemical structure and proportions of the ﬁg\‘,’vd%’”f-'lgg%}"v% v:\%/ Spiess, H. W., Vill, V., Eds.; Wiley-VCH:
monomer component$. (24) Liu, Y. X.; Zhang, D.. Wan, X. H.; Zhou, Q. Echin. J. Polym. Sci.
199§ 16, 283-288.

(25) Tu, H. L.; Wan, X. H.; Liu, Y. X.; Chen, X. F.; Zhang, D.; Zhou, Q.
i F.; Shen, Z. H.; Jason, J. G.; Jin, S.; Cheng, S. 2MBcromolecules
In summary, random copolymers of vinyl monomers, MPCS 200Q 33, 6315-6320.

and BCS, bearing both mesogenic and nonmesogenic substit{26) '\Tlu, H. LI.; ghagg,c D ngé)g(.onéLl@gg% H. L; Zhou, Q. F.
H H H _ acromol. Rapi ommu A .
.uen.ts were deS|gn_ed a'?d synthesized by free radlca.l pOIymer (27) Wan, X. H.; Zhang, F.; Wu, P.; Zhang, D.; Feng, X. D.; Zhou, Q. F.
ization. The reactivity ratios (_)f MP_CS_and BCS de_term_med with Macromol. Symp1995 96, 207—218.
extended the KelenTudos linearization method implied that  (28) Xu, G. Z.; Wu, W.; Shen, D. Y.; Hou, J.; Zhang, F.; Xu, M.; Zhou,
in the copolymerization MPCS is more reactive than BCS, but 29) g F-CPO'Zyt:”ermg?*L34:H1818‘1$22(-:h E. 0. Lu, Y. L: Shen. D
. . . e, C,; ang, A. L.; Ruang, Y.; en, . Q.; Lu, Y. L.; en, D.
the two comonomers have a tendency of random d|str|bult|on. Y.. Wan, X. H.; Shen, Z. H.. Cheng, S. Z. D.. Zhou, Q. F.
Thermal analysis showed that all the copolymers had only single Macromolecule004 37, 7188-7196.
glass transition, indicating again a statistical microstructure of (30) gm'z)éb;';zlcgenif Q.; Wan, X. H.; Zhou, Q. Ehin. J. Polym.
H H H Cl. , 9—14.

the main chain. Upllke the copolymers .based on MPCS and (31) Yin. X. Y- Ye, C.- Ma, X.: Chen. E. Q.: Qi, X. Y.: Duan, X. F..
other nonmesogenic St ar}d MMA as studied previobsfable . Wan, X. H.; Cheng, S. Z. DJ. Am. ChemSoc.2003 125, 6854
mesophases were established in all the copolymers we studied  6855.
without minimum concentration requirement of mesogenic (32) gghqzrﬁ':‘&%/g;;;ﬁgéhangyﬂ L.; Chen, X. F.; Zhou, Q.Ghem.
MPCS. An evolution of thermptroplc Ilqwq qrystglllne structure (33) Zhang, D.: Liu, Y. X.: Wan, X. H.: Zhou, 0. Racromoleculed999
from ®yy to Py together with the variation in mesophase 32, 5183-5185.
dimension ¢ spacing from 1.58 to 1.44 nm at 18C) was (34) Zhang, D.; Liu, Y. X.; Wan, X. H.; Zhou, Q. Macromoleculed999
achieved by tuning the ratios of comonomers in feed. To the __ 32 4494-4496.

K led his is the i . hat both th (35) Zhang, D.; Zhou, Q. F.; Ma, Y. G.; Wang, X. J.; Wan, X. H.; Feng,
best O:f our .nOWG ge, this Is the first time that both the St'rUCtUre X. D. Lig. Cryst.1997, 23, 357—363.
and dimension of the mesophase formed by mesogen-jacketeds6) zhang, H. L.; Yu, Z. N.; Wan, X. H.; Zhou, Q. F.; Woo, E. Folymer
liquid crystal polymers are manipulated through random copo- a7 22%02 43, 225(;/235%(- e Zh X L Zhang. E. Fena. X. Bol
lymerization with nonmesogenic monomer in the whole com- (37) zhou, Q. F; Wan, X, H.; Zhu, X. L; Zhang, F.; Feng, X. Hol.

o Cryst. Lig. Cryst.1993 231, 107-117.
position range. (38) Zhou, Q. F.; Zhu, X. L.; Wan, X. HMlacromoleculed989 22, 491—
493.

Conclusion

(39) Percec, V.; Pugh, C. Bide Chain Liquid Crystal PolymersicArdle,

C. B., Ed.; Chapman and Hall: New York, 1989.

In the previous paper, the same monomer is hamed as di(4-butyl)
vinylterephthalate (DBVT). Since both 2,5-bis[(4-methoxyphenyl)-
oxycarbonyl]styrene (MPCS) and DBVT can be considered as
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