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ABSTRACT: Main-chain liquid crystalline polymers that form low-temperature smectic mesophases are prepared
by linking terephthalic acid, bis(4-allyloxyphenyl) ester (PPT) mesogens with 1,1,3,3,5,5-hexamethyltrisiloxane
(F3) spacers via Pt-catalyzed hydrosilylation. Significant differences in thermal behavior and mesomorphic ordering
are found between the polymer having unsubstituted PPT mesogens (F3-PPT-H) and the polymer having methyl
substituents on the terminal rings of the mesogens (F3-PP3)-Cldmbined evidence from polarized light optical
microscopy, differential scanning calorimetry, and X-ray diffraction revegioo®&lering in both polymers. Smectic
elastomers are prepared by nonlinear polymerization of PPT-H or PRTr@dogens with F3 spacers and a
tetrafunctional cross-linker, tetrakis(dimethylsiloxy)silang)(A'he dynamic mechanical response of unoriented,
polydomain elastomers is characterized in small-strain, oscillatory shear. A prominent peald it=ta®’ (w)/

G'(w)) associated with the smectitsotropic clearing transition dominates the mechanical loss spectrum. Mesogen
ring substitution is a simple synthetic approach to tuning the dynamic mechanical response of smectic elastomers
for possible applications in vibration isolation or impact absorption.

1. Introduction We therefore examined thermal behavior and mesomorphic
Thermotropic main-chain liquid crystalline polymers (MCLCP) ~©ordering in two linear polymers consisting of PPT mesogens
are semiflexible macromolecules having rigid structural units connected by flexible hexamethyltrisiloxane (F3) spacers, which
(mesogens) embedded in their backbones, which encouragedr® shown to form & mesophases based on evidence from
formation of one or more stable mesophases. Linear MGLCP Polarized light optical microscopy and X-ray diffraction. We
and cross-linked elastomers (MCLCEpmbine the chainlike ~ @lS0O €xamine smectic ordering in MCLCE prepared from PPT
architecture of polymers with the inherent anisotropy of liquid Mesogens by a one-step, nonlinear polycondensation of
crystals, leading to striking rheological or mechanical phenom- Mesogen, F3 spacers, and a tetrafunctionasifoxane cross-
ena. LCE of both the side-chain and main-chain type have Imker., tetrakls(d|methyIS|_ony)S|Iane..Adqmon of methyl ring
generated interest for their exceptional vibration damping Substituents to the terminal aromatic rings of the mesogens
characteristics’ and as soft actuators with properties that dramatically impacts the clearing transition temperature and
potentially mimic the characteristics of muscle tiséue.  therefore significantly impacts the rheological or dynamic
Compared to LCE of the side-chain type, MCLCE have more mechqnlcal behavior of the linear polymers and ela§tpmgrs.
direct coupling between mesogen orientation and polymer Smectic MCLCE prepared from PPT mesogens exhibit high
backbone conformation and therefore potentially exhibit stronger Mechanical damping associated with the clearing transition,
deviations from ordinary rubber elasticity. which can be manipulated by varying the ring substituents of
MCLCP and MCLCE based upon mesogens connected bythe mesogens, suggesting possible use as “tunable” vibration
highly flexible oligodimethylsiloxane units are widely studied damping elastomers.
for their easily accessible, low-temperature mesophtdés.
Previous studies of polysiloxane MCLCP and MCLCE exam-
ined mesogens of the 1,4-bis(benzoyl)hydroquinone (BHQ) 2.1. Materials. 2-Methylhydroquinone (99%), allyl bromide
type10181-biphenyl-2-phenylbutane ty3é;??%or others?* On (99%), terephthalic acid (98%), 4-(dimethylamino)pyridine (DMAP)
the other hand, no reports have examined polysiloxane MCLCP (99%), sodium hydride (60% oil dispersion), ahgN-dicyclo-
or MCLCE based upon thephenylene terephthalate (PPT) type hexylcarbodiimide (DCC) (99%) were .purchased from Alfa Aesar.
of mesogeri! which have been used to prepare main-chain LC Anhydrous sodium sulfate (99%), dimethyl sulfoxide (DMSO)
polyesters with alkyl spacéand densely cross-linked ther-  (99:8%), and d'Chloerethaneo (99.5%) were obtained from EMD
moset?® PPT mesogens differ from the BHQ type in the Chemicals. Hydroquinone (99%) and terephthaloyl chloride were

| of th brid hich iah iff purchased from TCI America. 1,1,3,3,8&xamethyltrisiloxane
reversal of the ester bridges, which one might expect to stiifen F3) (99%) and tetrakis(dimethylsiloxy)silaneAvere purchased

the polymer backbone and thereby raise the temperature rangg,qm Gelest, Inc. Materials were used as received.

of mesophase stat_nllty. However, comparing model compounds 5 5 Mesogen Synthesedwo different synthetic routes were
or polyesters having BHQ or PPT type mesogens, the PPT tgjiowed in preparing PPT mesogens (Figure 1). Synthesis of PPT-H
compounds often exhibit similar clearing temperatéfésThus,  followed route 1. Synthesis of PPT-GFbllowed route 2, producing
polysiloxanes with PPT mesogens should also exhibit low- a mixture of products with structural isomerism in the placement
temperature mesophases, but no study of their synthesis andf —CHs; groups on the terminal aromatic rings.

properties has appeared. 2.2.1. Synthesis of 4-Allyloxyphenblydroquinone (11.0 g, 100

mmol) was dissolved in 100 mL of DMSO in a three-neck round-
* Corresponding author: Tel 814-863-2325; fax 814-865-2917; e-mail bottom flask under a nitrogen flow in a water bath at ambient

hedden@matse.psu.edu. temperature. NaH (4.00 g, 100 mmol, 60 mass % oil immersion)

2. Experimental Section
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Figure 1. Synthesis of allyloxy-terminated PPT-H and PPT-Ohesogens.

was added gradually overl100 min to the solution of hydroquinone

and DMSO. Allyl bromide (12.1 g, 100 mmol) was added to the
reaction mixture with a dropping funnel. The reaction was carried
out for 4 h and was terminated by pouring the mixture into distilled
water with stirring, after which the product was isolated by

at ambient temperature. NaH (12.00 g) was added to the reaction
mixture gradually over 100 min under nitrogen flow. After 90
additional min, 30.0 mL of allyl bromide (41.9 g, 347 mmol) was
added to the mixture, after which the reaction proceeded for 4 h.
The reaction was terminated by decanting into 1000 mL of distilled

extraction with dichloromethane, dried over anhydrous3@, and water with stirring, and the solid product was isolated by filtration.
then filtered. The solution was passed through a column packed The product was dissolved in dichloromethane and was stirred with
with silica gel (Grade 9385, 230400 mesh, 60 A, Sigma-Aldrich)  anhydrous NgSO; for 2 h, then filtered, and passed through a silica
to remove the oil from the NaH diSpeI’SiOI‘l and reaction bypl’OdUCtS. ge| column using dichloromethane as mobile phase. PPI(%
The product was isolated by rotary evaporation of.ChH The g, 38%) thus obtained was recrystallized several times using ethyl
4-allyloxyphenol (7.00 g, 47%) thus obtained was dried in vacuum gcetate and hexanesd NMR (300 MHz; CDCE; (CH3)4Si): o
overnight and further purified by column chromatography using 2 o4 (6H, —CHs, m), 4.61 (4H,—CH,, d), 5.32 (4H,—CH,, d),
ethyl acetate/hexane (1:2 v/v) as mobile phadeNMR (400 MHz; 5.43 (4H,—CH, d), 6.08 (2H,—CH, m), 6.85 (4H, aromatii:, m),
CDCl; (CHy)aSi): 01 4.51 (2H, ~CHp, d), 5.30 (1H,~CH, d), 7.08 (4H, aromatic, m), 8.35 (4H, aromatic $C NMR (CDCh,
539 (1H,_CH2, d), 604 (1H,_CH, m), 677 (4H, aromatIC, m) 400 MHZ) (SC 11754 CH2=)1 13427 (_CHZ_CH=CH2), 6984
2.2.2. Synthesis of Terephthalic Acid, Bis(4-allyloxyphenyl) Ester (.cH,—CH=CH,), 165.15 (G—COO-), 134.49 Ca—COO-),
(PPT-H). 4-Allyloxyphenol (15.01 g, 100.0 mmol), DCC (20.63  130.87 ¢, central ring), 143.43, 144.2€§—0CO—, outer rings),
g, 100.0 mmol), DMAP (1.22 g, 10.1 mmol), terephthahc acnql (8.30 155.12, 156.96 G, —OCH,—CH=CH,), 112.26, 118.08, 122.76,
g, 50.0 mmol), and CCl; (150 mL) were homogenized by stirring 15 9g. 124.16Q,—outer rings), 16.92 (G—CHs). FT-IR (KBr

and allowed to react for 48 h at room temperature. The reaction gk cntl): 2866, 2931 (E-H stretch), 1734 (€0 stretch), 3033
mixture was filtered and washed with 2.0 N aqueous HCI and dried (=C’—H stretch) 1494 (ec aromatic’) 1651 (EC stretcﬁ).

once over anhydrous N80, and then passed through a silica gel
column using dichloromethane as mobile phase to obtain purified
PPT-H (yield= 49% based on terephthalic acidd NMR (300
MHz; CDCls; (CH3)4Si): 6y 4.59 (4H,—CH,, 1), 5.34 (2H,—CH,,

d), 5.46 (2H,—CHj, d), 6.08 (2H,—CH, m), 6.99 (4H, aromatic,
d), 7.16 (4H, aromatic d), 8.36 (4H, aromatic¥y NMR (CDCE,
400 MHz): 6¢ 118.23 CH,=), 133.50 (-CH,—CH=CH,), 69.65
(—CH,—CH=CHy), 156.94 C,,—OCH,—CH=CH,), 115.88, 122.71
(Car, outer rings), 144.72G,—0OCO—, outer rings), 165.02 (&
CO0-), 134.34 C,—CO0-), 130.629 C,—central ring). FT-IR
(KBr disk, cntl): 2875, 2887 (GH stretch), 3068 €£C—H

2.3. Polymer Synthesis Linear main-chain polymers were
formed by an “A + B," type polycondensation (Figure 2) with,B
= mesogen (allyloxy-functionalized) and, A= 1,1,3,3,5,5hexa-
methyltrisiloxane (F3) (silane-functionalized). The polycondensation
was a standard Pt-catalyzed hydrosilylation in dichloromethane
similar to that described by Mather et al. for synthesis of main-
chain polysiloxanes with BHQ-type mesogéfsStep-growth
polymerization was catalyzed by the platinum{Q)3-divinyl-
1,1,3,3-tetramethyldisiloxane complex (Figure 2) at-88 °C for
several days to 1 week. Polymers were subsequently fractionated
stretch), 1652 (€&C stretch), 1512 (E&C aromatic stretch), 1730  at ambient temperature by dissolving in toluene (100 mL/1.0 g of
(C=0 stretch). polymer) in a 4 L Erlenmeyer flask and precipitating by slow

2.2.3. Synthesis of Bis(4-hydroxy-x-methylphenyl) Terephthalate addition of methanol with stirring. After addition of methanot:2
(Mixed Isomers, x= 2 or 3). The synthetic route reported by days were allowed for the polymer-rich phase to collect at the
Barclay et aP® was followed, except our product was purified by ~bottom of the flask at room temperature. After removal of the
column chromatography using ethyl acetate as mobile phase (yieldpolymer-rich phase, methanol addition was continued to obtain
= 70% based on terepthaloyl chlorideHd NMR (300 MHz; additional fractions, with a total of six fractions recovered. Roughly
(CDCl),; (CH3)4Si): 0n 2.08, 2.15, and 2.24 (6H; CHz, mixture 5—-15 mass % of the polymer was precipitated in each fraction.
of isomers), 2.84 and 2.87 (2H,0OH, mixture of isomers), 6.76 Properties of fractions used in the current study are summarized in
7.05 (6H, aromatic, m), 8.338.38 (4H, aromatic, m). Table 1. In all cased,/M, after fractionation (determined by SEC)

2.2.4. Synthesis of Terephthalic Acid Bis(4-allyloxy-x-methylphe- was substantially less than the value of 2.0 expected for polycon-
nyl) Ester (Mixed Isomers, % 2 or 3) (PPT-CH). 37.80 g (100.0 densation. Fractions were dried under vacuum &tG@or 7 days
mmol) of bis(4-hydroxyx-methylphenyl) terephthalate was dried before further analysis. Chemical structures of the fractionated linear
in a vacuum oven at 48 and then dissolved in 300 mL of DMSO  polymers were verified by'H NMR using a Bruker DMX300
in a three-neck, 1000 mL round-bottom flask in a water bath held spectrometer (300 MHz; CDgI(CHz)4Si).
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a. R metric conditions have been previously observed in Pt-catalyzed
= | o o T = | | hy(ljrc(j)silylIaglti:)nI end-lir&king ?;Jdies Ingh Ar:]r?ST-Iinker) ?nd BSTY
oL o—"—< >_u_0 TN 0/~ H{-Si-0-Si—H polydimethylsiloxane (PDMSj or poly(diethylsiloxane) (PDES).
_<\:/>_ _<\:/>_ i % | %| The origin of the deviation has been debated and appears to have
R= -CHjor-H "E3" more than one underlying cau¥&8“Optimal” elastomers E-H and
E-CH; were extracted in toluene for 7 days to remove solubles,
Pt(0),CH,Cl,, 45-50 °C during which time the toluene was replaced with fresh solvent daily.

Swollen elastomers were deswollen by slow addition of methanol
(a poor solvent) to the toluene over a period of a few days, to avoid

_T_ o) 0 _T_ | | cracking from rapid evaporatio_n of solvent, fol!owgd by air-drying
(CHz)éO‘@’OAU—@—LOAQ*O—(CHZ);(Si-OtSi and vacuum-drying at 56C, prior to characterization.
! ! n 2.4. Size Exclusion Chromatography (SEC)Molar masses of
the linear polymers were determined by size exclusion chroma-
tography (SEC) using a Shimadzu system with a series of three
b. columns (Styragel HR 7.& 300 mm columns with 5im bead

! size: 106-10 000, 506-30 000, and 50066 000 000 Da) from

_S|'_ Polymer Laboratories, Inc., and both refractive index (RI) and
P9 | ultraviolet absorption (UV, 254 nm) detectors. Measurements were
H‘Si—o‘sli‘o‘sli‘H performed in THF at 33C with a flow rate of 1 mL/min.
? 2.5. Polarized Light Optical Microscopy (POM). Samples were
—$i— characterized via orthoscopic observation between crossed polarizers
H in an Olympus BX51 microscope with UMPlanFLx5 20x, or
100x objectives. Films of linear polymers (irregular thickness,
typically 1-10um) were deposited on a glass slide by evaporation
tetrakis(dimethylsiloxy)silane from a 1.0 mass % solution of acetone or dichloromethane. After
A" air-drying, each sample was annealed on an Instec HS400 hot stage

at a temperature (5 °C) above its clearing temperature for 12 h
Figure 2. (a) Step-growth hydrosilylation reaction used to prepare to ensure removal of residual solvent and then ramp-cooled at 2
linear polymers from allyloxy-terminated mesogens and flexible °C/h until a well-defined optical texture was observed at a final
connectors. (b.) Structure of %A cross-linker used in nonlinear  temperature (quoted in text). No coverslips were used. In some
polymerizations to prepare networks. cases, annealing was instead followed by quick cooling to a specific
temperature (where indicated in text). Images were recorded using
2.4. Elastomer SynthesisTwo MCLCE were prepared via a  a 2.0 megapixel Diagnostic Instruments model 11.2 Color Mosaic
one-step, nonlinear polycondensation of mesogej (B1,3,3,5,5 digital camera equipped with Spot digital imaging software.
hexamethyltrisiloxane (4, and tetrakis(dimethylsiloxy)silane gh 2.6. Differential Scanning Calorimetry (DSC).A Seiko Instru-
which is conceptually similar to an approach described by Finkel- ments DSC 220 CU equipped with a liquid nitrogen cooling tank
mann et ak* The mole fraction of A groups (SiH) belonging to  was used to characterize thermal transitions in fractionated linear
cross-linkers is defined as polymers. After crimping 37 mg of polymer into a TA Instruments
. aluminum pan, a standard thermal treatment was applied. Samples
moles A groups belonging to branched monomers were first heated above their clearing (isotropization) temperatures
total moles A groups to erase previous thermal history, then cooled quickly td°@2
4(moles A) and allowed to equilibrate for 3 days. DSC heating traces were
2(moles A) + 4(moles A) @ recorded by initially cooling te-30°C and then applying a heating
ramp at 10°C/min under a flowing N atmosphere. Indium was

andp was set to 0.08 for both elastomers. Monomers were dissolved Used as a calibration standard for both the temperature and heat
in dichloromethane (1.0 mL Ci€1,/1.0 mmol mesogen) at 45 flow scales. Transition temperaturek,,(T;) reported were taken

50 °C and cross-linked for 7 days with 1.0 mass % of the Pt(0) as the temperature at which the peak of the endotherm was observed
catalyst. After 7 days of reaction, the dichloromethane was allowed at a heating rate of 10C/min; the uncertainty in the peak position

to evaporate by air-drying. Reaction and drying proceeded in air Was =2 °C or less based upon multiple runs. DSC traces also
for an additional 1 day and under vacuum for 1 day. The mole €xhibited the typical inflection associated with the glass transition
ratio of total A groups (SiH) to B groups (allyl) was calculated (Tg), and values reported in Table 1 are based upon the midpoint

p=

from of the inflection at the chosen heating rate.
2.6. Wide-Angle X-ray Diffraction (WAXD). Wide-angle X-ray
r = [4(moles A) + 2(moles A)]/[2(moles B)] 2 diffraction (WAXD) experiments were performed on samples of
0.5—1 mm thickness in transmission using a Rigaku D/MAX Rapid
andr was varied systematically to identify “optimal” elastomers Il instrument equipped with graphite monochromator, 300

having the minimum degree of equilibrium swelling in toluene. pinhole collimator, and Cu & source { = 1.5418 A). Unoriented

An optimal valueryy = 1.50 £ 0.05 was used to prepare the linear polymers were characterized in transmission after being
elastomer containing PPT-H mesogens (E-H), apd= 1.36 + subjected to the same thermal treatment as the samples studied by
0.05 was used to prepare the elastomer containing PPs-CH DSC. Corrections for polarization and oblique incidence were
mesogens (E-Cl. Observingrqy = 1.0 is not unusual for applied to raw data using Rigaku AreaMax software. No corrections
hydrosilylation cross-linking. Substantial deviations from stoichio- were applied for background scattering or instrumental broadening.

Table 1. Molar Masses of Fractionated Linear Polymers, Values oTg, T2, and T; Determined by DSC, andd-Spacings for Smectic Layering
Reflection Determined by WAXD at 22 °C (Uncertainties Are Quoted in the Experimental Section)

polymer (fraction) Mw (kg/mol) Mw/Mp Ty (°C) T2(°C) T (°C) d(A)
F3-PTP-H 85 14 8 52 130 28.0
F3-PTP-CH (Fr. 2) 77 1.3 8 30 72 28.0
F3-PTP-CH (Fr. 5) 11 11 8 a 72 28.0

a Not observed.
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Figure 3. DSC heating traces for fractionated F3-PPT-H and F3-PP%-CH

Diffractometer scans (intensity v®9Pwere obtained by circular 3. Results and Discussion

averaging of intensity over a range of (2 26 < 30°). Azimuthal ) . )

scans (intensity vg) were recorded by averaging the diffracted ~ 3:1. Linear Polymers Figure 3 presents DSC heating traces
intensity over a finite interval\(20), which is specified for each ~ for F3-PPT-H and two samples of F3-PPT-Cbf differing
sample in the relevant figure captions. Calculatespacings for ~ molar mass. In each trace, the endotherm desigrbtedthe
smectic layering were estimated by applying the Bragg relationship clearing temperature (liquid crystalline to isotropic transition).
(n4 = 2d sin 0) to the first order ¢ = 1) layering reflection, based  The second endotherm at lower temperature (desigriajed
upon the value of (@ at which peak intensity was observed. due to a transition between two liquid crystalline mesophases.
Experimental uncertainty in the calculateespacings ist1.0 A The low molar mass sample of F3-PPT-CtM,, = 11 kg

based upon observations from multiple measurements. mol~1) did not have a detectabl€&, transition, although an
Diffraction patterns for oriented F3-PPT-GMere obtained by ~ €ndotherm was detected in the high molar mass sarvhle<(
drawing the sample at room temperature {£3. WAXD experi- 77 kg mol?) nearT, ~ 30 °C. The measured glass transition

ments were conducted immediately thereafter as well as 2 and 16temperaturesT) of F3-PPT-H and F3-PPT-GHvere each 8
days after stretching. An additional WAXD pattern was obtained =+ 2 °C, based on the midpoint of the inflections observed. F3-
after heating this sample to 8&. Diffraction patterns for oriented ~ PPT-H therefore had a substantially larger temperature range
F3-PPT-H were obtained after drawing the sample at°@Q betweenTy andT; (=122 °C) compared to F3-PPT-GH~64
allowing 10 min at 70°C, and cooling to 22C. An additional °C). The depression & with increasing substituent size is well-
WAXD pattern was obtained after reheating this sample to 100 known in main-chain LCE®-3! and is thought to arise from
°C. Diffraction patterns of oriented elastomers were obtained while decreasing the length:diameter ratio and linearity of the me-
subjecting the samples to uniaxial tension. The local extension ratio sogend232The low molar mass and high molar mass samples

(A =L/Ly) was determined by marking th(_a elastomgr _s_urface with F3-PPT-CH had the same value @ within experimental
two small ink dots and comparing the findl)(and initial (o) uncertainties

lengths between dots by optical microscopy. Elastomer E-H was ) ] ) )

warmed to 70°C in a water bath during drawing and then cooled ~ Optical textures in fractionated linear polymers were char-

to 22 °C under tension, whereas E-gt¥as drawn at 22C. The acterized by polarized light optical microscopy (POM). (En-

incident X-ray beam was normal to the axis of extension for all larged color versions of all micrographs are presented in the

oriented linear polymers and elastomers. Supporting Information.) After quick cooling from the isotropic
2.7. Dynamic Mechanical Analysis (DMA).Dynamic storage melt to any temperature belaW, both F3-PPT-H and F3-PPT-

and loss moduli of extracted MCLCE were measured using a TA CHa developed a dense threaded texture with numerous
Instruments Q800 DMA with the shear sandwich fixture. Samples Ntértwining disclinations (Figure 4a). Slow ramp-cooling
were cut from a flat sheet of approximate thickness 0.5 mm that (2 °C/h) from the melt produced either schlieren textures with
had been cured in a flat-bottom poly(tetrafluoroethylene) (PTFE) dark brushes emanating from point singularities (Figure 4b,d,e)
vial. Storage and loss moduli were measured at a small strainOr “domain” textures (Figure 4c,e). Schlieren and domain
amplitude §o = 0.005) using an isothermal frequency sweep, which textures could be observed in different regions within the same
was repeated at temperatures separated 1y ftervals. sample due to local differences in thickness and/or orientation.
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Figure 4. Polarized light optical micrographs of (a) threaded texture in F3-PPWhH=¢ 85 kg moi) quickly cooled to 100C from the melt;
(b) schlieren texture in F3-PPT-H cooled to 1T at 2°C/h from the melt; (c) “caterpillar” domain texture in F3-PPT-H at°Z2, (d) schlieren
texture in F3-PPT-CK(My = 11 kg mol?) cooled at 2°C/h to 50°C from the melt; (e) domain texture in F3-PPT-ggl, = 11 kg mol?) at
22 °C; (f) schlieren and threaded textures in F3-PPT;@W,, = 77 kg mol?) at 22°C.
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and the four-brush defects in Figure 4e are the same defect

(a) F3-PPT-H 100 °C structures observed with different orientations. The four-brush
d=28.0R (b) F3-PPT-H 22 °C . .. . . .

(¢} F3-PPT-CH 65 °C singularities may correspond to domains that are oriented with

(d) F3-PPT-CH; 22 °C the optic axis perpendicular to the glass slide, whereas the

elongated domains could be similar structures having parallel
alignment. A markedly different domain texture was observed
in F3-PPTH, especially in thinner regions of the sample, which
we named the “caterpillar” texture (Figure 5d). This texture was
characterized by elongated domains, some of which developed
numerous transverse dark bands upon cooling. The alternating
dark and light bands indicate different orientations of the director
with respect to the substrate, with dark bands corresponding to
perpendicular alignment. The mechanism of formation of the

Log,o(Diffracted Intensity) (Shifted)

0 5 10 15 20 25 30 caterpillar domains and the details of their molecular-level
26 (degrees) organization merit further investigation.
Figure 5. Diffracted X-ray intensity vs & for unoriented F3-PPT-H ) F3-PPT-H and F3-F_’PT-QH;ampIes were also characterized
(Mw = 85 kg mol?) and F3-PPT-ChlI(M,, = 77 kg mot?) above and in bulk by WAXD at different temperatures. WAXD measure-
below their respectiva, temperatures. ments on unoriented linear polymers (Figure 5) were first

conducted at room temperature, which is belowTheansition

The defect textures formed aboVe persisted upon cooling of each polymer. Both polymers exhibited a low-angle Bragg
below T, with only subtle changes in birefringence colors. peak, centered atf2= 3.16 (d = 28.0 A) for F3-PPT-H and

Schlieren textures can signify either nematic or §mectic at 20 = 3.15 (d = 28.0 A) for F3-PPT-CH (Note the log-
ordermg, gnd dlstlngwshmg beFvyeen these phasgs requires close intensity) scale in Figure 5.) The presence of a low-angle Bragg
_e>;am|nz;1_t|onf of th S":jg#la“tt.'es gbsewi‘é’f'g a_dfhuon_ :O peak indicates well-defined positional ordering (layering), so
n orn|1a_|t(_)n Lom_ -r2ay4 |6rac 'gr:j' llgtl:re h " eIF—‘)IBCSPF?ICr;H the mesophases occurring beldw are smectic. Besides the
singuiarities having , 4, 6, or ¢ dark brushes In Fs-Fr layering peak, a weak second-order reflection and two diffuse

. ”» . . %halos at wide angles were observed in each polymer &C22
singularities having more than four brushes is not expected for (halos centered at approximately) 2 13.5, 19.5 for F3-

a nematic phas®,as the defect energy scaleshswheresis PPT-H and 2 ~ 13.5, 17.5 for F3-PPT-CH). The presence

tbhe ﬁtr;r;gth of tth'?h ?lgﬁularl,ttyﬁq#al tob (l/4)((;\ﬁ.mrt:ert of h of two diffuse halos indicates that there are two separate
rushesy? (We note that Zhou et al. have observed high-streng characteristic spacings between the mesogens within smectic

disclinations in nen;atlc_ polymers with “two-q|men3|onal” layers. Figure 5 also compares the diffracted intensity in the

mesogens, howevét:3) Figure 4b shows the schlieren texture low-angle region for F3-PPT-H and F3-PPT-Cht different

n iS'PFI;T'HP’]Whe_[_?] pomthsmgularltl%s ha\I/e dpre(iqmlgatnr:lylzglvo temperatures above and below their respeclivéransitions.

g::-?lg “éSF%SI'DPTeCCSp a?ﬁ can rﬁ_rue tout n Oh'b't " Inboth cases, the strong layering reflection is still present above
PT-H and F3-PPT-CHias the § sc eren rexture exiibits 1, confirming that the mesophases abdveare also smectic

singularities W't.h exclusively four brushé&?’ The S phase phases. Abov@),, thed-spacing increases only slightly for F3-

also seems unlikely, as broken fan or homeotropic textures ar®ppT_CH, and remains about the same for F3-PPT-H, whereas

6,37 H ’

normally observ:_eé_. There are a_t least t‘.NO k_nown smeciic the wide-angle halos weaken somewhat and broaden, especially

phases that exhibit textures consistent with Figure 5a,b. Onefor F3-PPT-H. These changes indicates that mesogens gain

possibility is the $a phase, a layered mesophase in which rotational and/or translational degrees of freedom within the

mesogens in adjacent layers tilt in an alternating sense with - . . . e
. - smectic layers abovi, with relatively little change in interlayer
respect to the layer normals. Theahase has been identified spacing Y & y 9 Y

in both low molar mass liquid crystafs+° and main-chain _ _ )
thermotropic polyester; 47 and its schlieren texture exhibits Oriented samples of linear polymers were drawn in the
singularities having both two and four brushes. Tokita and smectic state. (refer to Exper!mental Segtlon) gand chargctenzed
Watanabe have recently discussed the nature of defects assocRY WAXD. Figure 6 shows integrated intensity vs azimuthal
ated with the two-brushs(= +15) singularities in $a, main- angle ) for the low-angle reflection (integrated over 2.5
chain polyesteré’ A second possibility is the biaxial smectic 20 = 3.8’) and the outer wide-angle halo (integrated ovet 18
A (Sa) phase, which may be indistinguishable from thaaS = 26 < 22°) for F3-PPT-H. Well-defined maxima are observed

phase by POMS However, S, ordering seems unlikely, as it N the low-angle reflection a¢ = —90° and 90. The wide-
is rarely found in polymer&® and is usually associated with ~@ngle halo exhibits four weak maxima at approximately-
bent-core mesogens in low molar mass liquid crysta$8:52 —45°,45°, 135, and 228. This diffraction pattern is consistent

The “domain” textures in F3-PPT-H (Figure 4c) and F3-PPT- With & Sca phase having a "bookshelf* arrangement of layers,
CH;s (Figure 4e), which are stable both above and below the In Wh|ch.the smectic Iayer normals.are predominantly onen@ed
respectiveT, transition temperatures, suggest smectic ordering perpendicular to the axis of extension, and mesogens are tilted
rather than nematic. The sharply focused, dark boundaries ofby about 43.
the domains are not consistent with nematic textures. The A schematic diagram of the oriented mesophase in F3-PPT-H
elongated domains in F3-PPT-gExhibit faint, zero-birefrin- is shown in Figure 7. The chain axis is presumed to be parallel
gence lines through their approximate midsections at room to the layer normals, with the zigzag tilting of mesogens in
temperature (Figure 4e). Upon rotation of the sample stage, anadjacent layers that characterizes thg State. This model
elongated domain passes through extinction positions when therequires the supposition that the chain axes are aligned
long axis of the domain is parallel to either the polarizer or the predominantly perpendicular to the axis of elongation after
analyzer, indicating that the optic axis of the domain is stretching. However, this “anomalous” alignment of smectic
equivalent to its long dimension. It is possible that the domains layer normals perpendicular to the axis of elongation is not
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Figure 6. Diffracted X-ray intensity vs azimuthal anglg)(at 22°C

for uniaxially drawn F3-PPT-H linear polymer. The axis of extension
lies alongy = (0°, 180C°). (a) Intensity of low-angle reflection integrated
over (2.7 < 20 < 3.7). (b) Intensity of wide-angle halo integrated
over (18 < 20 < 22°). Data near/behind beamstop are omitted for
clarity.

thain axis

22°C

N

Figure 7. Diffraction patterns at two temperatures and illustration of
Sca ordering with anomalous layer orientation in uniaxially drawn F3-
PPT-H. Double-ended arrows designate the axis of extension.

unusual for drawn smectic main-chain L&P46:53-55including
those that form a & phase'**>56\Watanabe et al. suggest that
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chain axis

Ok AR NN

22 °C (initial)

Figure 8. Diffraction pattern for oriented F3-PPT-GKM,, = 77 kg
mol~?) immediately after uniaxial drawing at 2Z and illustration of
buckled layer arrangement.

the perpendicular orientation. The development of normal
(parallel) alignment vs anomalous (perpendicular) alignment of
smectic layer normals with respect to the drawing direction is
known to depend on both the strain rate and temperatuteSs

We did not attempt to control the strain rate in this study, but
the anomalous layer alignment was always obtained for F3-
PPT-H under the conditions employed.

Figure 7 also compares diffraction patterns for drawn F3-
PPT-H at temperatures above and belowTggransition (52
°C). All intensity maxima noted at 22C are still present at
100°C, but the wide-angle halos are significantly broadened at
100°C. Little change in the tilt angle of the mesogens, if any,
is seen upon passifg, and changes in the interlayeéspacings
are also minimal. On the basis of this evidence, and recalling
that the optical textures observed by POM were nearly
indistinguishable above and beloly, we concluded that the
phase below’; is a higher order smectic state that is structurally
similar to the $a phase. Thd; transition therefore appears to
represent a significant change in chain dynamics rather than a
structural transformation. Chains may undergo a reduction in
conformational entropy upon cooling beloly, as mesogens
lose rotational and/or translational degrees of freedom, while
the layered structure of thecS mesophase is essentially
preserved.

The flow alignment observed in drawn F3-PPT-OWl, =
77 kg moi1) was markedly different (Figure 8). Judging by
the wide-angle halo, the mesogens are aligned with the axis of
elongation, but smectic layer normals are tilted. The separation
of the low-angle reflection into four sharp maxima may indicate
development of buckling instabilities in the layers similar to
those observed in strained 8quid crystal§’5% and strained
monodomain & elastomers’ (The schematic illustration in
Figure 8 may be somewhat oversimplified, as buckling instabili-
ties may also generate some regions with disrupted ordéfing.
The diffraction pattern observed in oriented F3-PPTsCH
immediately after stretching was transient, relaxing over a period
of several days at 22C to yield a new pattern consistent with
a Sa phase having the bookshelf arrangement of layers (Figure
9). Figure 10a depicts the convergence of the four maxima in

the alignment of the chain axes perpendicular to the axis of the inner layering reflection to two peaks centeredyat=(0°,
elongation could indicate the formation of smectic domains, in 18C) after 16 days of relaxation at 2Z. Figure 10b illustrates

which irregular chain folding (hairpin formation) occt#sThe

the simultaneous resolution of the outer halo into four overlap-

domains are thought to slide past one another during elongation,ping maxima after 16 days due to tilting of mesogens with

such that their long dimension is aligned with the axis of

respect to the original axis of elongation. The azimuthal intensity

elongation, while the layer normals (and chain axes) assumedistribution in Figure 10b (bottom curve) could be fit satisfac-
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Figure 9. Observed diffraction patterns and illustration gh®rdering
with "bookshelf* layering in oriented F3-PPT-GKM,, = 77 kg mol?)
16 days after stretching at 2Z and after heating the same to 85.
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Figure 11. WAXD data at 22°C for uniaxially drawn elastomer E-H
(iiiy 16 d (L/Lo = 2.3). (a) Low-angle reflection integrated over (28 26 <

3.8°). (b) Wide-angle halo integrated over (1& 20 < 22°). Data
near/behind beamstop are omitted for clarity. The axis of extension
lies alongy = (0°, 180C°).

Integrated Intensity (A.U.)

-

-180 -150 -120 90 -60 -30 0 30 60 90 120 150 180

¥ (degrees) Figure 9. The chain axes are oriented in the direction of flow,
judging by the positions of the maxima in the low-angle layering
(b) 20~ 17.5° reflection. The parallel alignment of smectic layer normals was
- always observed in F3-PPT-GHwhereas the perpendicular
S ‘.‘/\ alignment was always observed in F3-PPT-H under the drawing
< conditions employed here. Although our samples were drawn
z w29 manually without controlling the strain rate, the orientations
g w observed were repeatable after multiple measurements under
= P similar conditions.
& It is interesting to compare the thermal behavior of F3-PPT-H
& w% to the similar linear polymer having unsubstituted BHQ-type
g mesogens, first characterized by Ringsdorf et al. in 1983
(structure 3a in ref 9,which differs only in the reversal of the
— —_— ester bridges of the mesogens. The two polymers have virtually
-180 -150 -120 -90 -60 -30 0 30 60 9 120 150 180 identical values off;, while Ringsdorf reports a crystallization
¥, (degrees) endotherm at 38C that may be similar to ouf, reported at
Figure 10. Integrated intensity vs azimuthal anglg) for F3-PPT- 52 °C. Unfortunately, the glass transition temperature of the

CHs (My = 77 kg mol?) at 22°C immediately after stretching, after ~ polymer with BHQ-type mesogens and the nature of its smectic
2 days relaxation, and after 16 days relaxation. Top: low-angle ordering are not characterized in ref 9.

reflection integrated over (2:5= 20 < 3.8°). Bottom: wide-angle 3.2. Smectic ElastomersCross-linked MCLCE were pre-
reflection integrated over (26 20 < 19°). The axis of extension lies

alongy = (0°, 18C°). Data near/behind beamstop are omitted for clarity. pared from b(_)th PPT-H and PPT-.@H1es.ogens by an “A+
Data were rescaled by an arbitrary constant and shifted for ease inB2 1 A4” nonlinear polycondensation, with,B= mesogen, A
comparing line shapes. = F3, and A = tetrakis(dimethylsiloxy)silane. Procedures for
optimization of elastomer synthesis (variation of stoichiometric
torily to a sum of two Lorentzian functions and a constant parameters andp) and removal of solubles by extraction are
background (Supporting Information). The center positions of presented in the Experimental Section. The optimal elastomer
the fitted Lorentzian functions indicate a mesogen tilt angle of prepared from PPT-H mesogen wigh= 0.08 andr = 1.50
~25° with respect to the layer normals (in the relaxed state). was designated E-H, and the elastomer prepared from PPT-
A proposed model for the structure of the orientegh S  CHs; mesogen withp = 0.08 andr = 1.36 was designated
mesophase in F3-PPT-GHafter relaxation) is presented in  E-CHs. Both elastomers were smectic and exhibited a low-angle
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Figure 12. WAXD data at 22°C for uniaxially drawn elastomer E-GH
(L/Lo = 2.0). (a) Low-angle reflection integrated over (25 26 <
3.8°). (b) Wide-angle reflection integrated over (16 260 < 19°). Data
near/behind beamstop are omitted for clarity. The axis of extension
lies alongy = (0°, 180).

Bragg peak at2~ 2.9 in both the unperturbed state and under
uniaxial tension. Calculatedi-spacings for the low-angle
reflection were 31.4- 1.0 A for E-H and 30.5+ 1.0 E-CH;,
slightly larger than the values for the respective linear polymers.
DSC traces for E-H and E-GHvere nearly featureless, except
for the inflection afTy ~ 10 °C, despite clear evidence of smectic
ordering from WAXD and DMA.

Elastomers were characterized by WAXD in the aligned state
under uniaxial tension. The extension ratio= L/Ly) was 2.3
for E-H and 2.0 for E-CHl Figures 11 and 12 present integrated
azimuthal intensity plots for the low-angle reflections and the
diffuse outer halos in E-H and E-GHespectively. Judging by
the low-angle reflections, the layer normals are parallel to the
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Figure 13. Temperature dependence of storage moduli for elastomers
E-H and E-CH measured in oscillatory shear.

with a low mesogen tilt angle. Bello et al. also observed
diffraction patterns that easily could be mistakenly assigned to
a S phase in a drawnga MCLCP, for certain conditions of
temperature and strain ratéln a stretched MCLCE, one must
also consider that the applied uniaxial tension may affect the
preferred conformation of the elastic chains, altering the tilt
angle of the mesogens and/or the arrangement of layers. Thus,
it seems reasonable that the elastomers could also exlbit S
ordering in the unperturbed state, like the linear polymers,
although the tilt angle may not be the same, recalling the slightly
higherd-spacings in the elastomers.

E-H and E-CH were characterized by dynamic mechanical
analysis (DMA) in small-strain, oscillatory shear (Figure 13).
In DMA heating ramps, a sharp drop in the shear storage
modulus was observed slightly above the glass transition
temperature£10 °C) measured by DSC. Upon further heating,

axis of extension in both elastomers, suggesting that the a second drop in the storage modulus was observed in each
backbones of the elastic chains align predominantly in the elastomer due to the disappearance of the smectic phase. E-H
direction of extension. In E-H, the smectic layer normals are clearly has a broader temperature range of smectic ordering than

therefore oriented 90away from the orientation observed in
the drawn linear polymer (under the limited range of drawing
conditions studied). No evidence of layer buckling was found
for E-CHgs, unlike the linear F3-PPT-CH

The diffraction patterns observed for E-H and E-{&te
consistent with smectic ordering, but the azimuthal intensity
distributions in the wide-angle halos differ from those observed
in the drawn linear polymers. At a glance, the observed
diffraction patterns (Figures 11 and 12) suggesto&dering,
judging by the apparent unimodal maxima in the wide-angle
halo aty = —90°, +90°. However, the diffraction patterns in
Figures 11 and 12 could also be consistent wigh 8rdering

E-CHs, consistent with the behavior of the linear polymers. No
direct evidence of @, transition was found in either elastomer.

It is possible that the presence of some short chains and/or the
incorporation of branched Aunits suppresses tHe transition

to lower temperatures.

Figure 14 shows the temperature dependence of the loss
tangent (tand) = G'w)/G'(w)) for E-H and E-CH, measured
at frequencies ofv = 1 and 100 Hz. Loss tangents for both
elastomers exhibit the usual maxima associated with the glass
transition, which shifts to higher temperatures as frequency
increases. In addition, a more pronounced loss peak is observed
at higher temperature, with maximum values of dea¥ 1.0 for
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E-H and tand ~ 0.9 for E-CH. A strong maximum in tar
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d-spacing is observed upon cooling below a temperalyre
The defect texture observed in the optical microscope in the
Sca phase is retained upon cooling beldw, with minimal
changes in the interlayed-spacings. For the elastomers,
evidence from DMA and WAXD characterizes the mesophase
as a smectic phase with slightly larger interlagiespacing than
that found in the linear polymers.

The high values of tad noted in smectic MCLCE point to
their possible use as vibration damping materials. Clarke et al.
have previously noted the exceptional damping characteristics
of nematic and smectic side-chain LCE, although they identified
the nematic state as a better damping phase than the srhectic.
Whereas nematic elastomers can exhibit high mechanical
damping over the entire temperature range of nematic ordering,
the smectic elastomers studied so far exhibit a pronounced loss
peak over a comparatively narrow temperature range near the
clearing transition. Ring substitution of the mesogens therefore
represents a simple synthetic approach for “tuning” the dynamic
mechanical response of smectic MCLCE to selectively damp
vibrations over a comparatively narrow temperature/frequency
range for possible vibration isolation applications. In addition,
the “mixed mesogen” copolymerization approach described by
Mather et al® could be applied to further manipulate the
clearing temperature. The §A- B, + Ay4) nonlinear polymer-
ization technique also provides a basis to influence the dynamic
mechanical response by systematically varying the cross-link
density and the perfection of the network structure, important
variables that must be considered in future work.
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the WAXD experiments and Dr. Sachin Borkar for assistance
in performing GPC characterization. We thank Ralph Colby of
Penn State University and Oleg Lavrentovich of Kent State
University for helpful discussions.

near the clearing temperature has also been noted by Weilepp

et alft in polydomain & side-chain LCE. In both the present
study and in ref 61, the temperature at which the maximum
loss occurs corresponds to the region of steepest decline in th
storage modulus, which has previously been dubbed the
“transition” or “pretransformational” regiof52 The high
damping may arise from relaxation of the smectic microstructure
on a time scale of order @ corresponding to continuous
breaking and re-forming of smectic layers in response to the
applied deformation. However, the physical origin of the high
mechanical loss is open to question without a precise determi-
nation of the changes in mesomorphic ordering occurring within
the transition region. The peak in tad shifts to higher
temperatures for higher frequencies of observation, which is
consistent with the observations of Weilepp etldbr Sy side-
chain LCE. Interestingly, in earlier studies by Clarke et ahd
Gallani et alf® concerning side-chain LCE that pass through a
stable nematic state prior to clearing, little or no loss peak was
observed at the smectimematic phase boundary. Thus, it seems
unlikely that the loss peak observed in the transition region for
our MCLCE can be attributed to formation of a transient nematic

Supporting Information Available: Enlarged color micro-
graphs from Figure 4af; curve-fitting of X-ray line shape in Figure
10b (bottom curve: 16 days) to sum of two identical Lorentzian

Gunctions. This material is available free of charge via the Internet

at http//pubs.acs.org.
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