1556 Macromolecules 1990, 23, 1556-1558

On the Characterization of Main-Chain
Liquid-Crystalline Oligomers Based on
trans-1,4-Cyclohexylene Di-p-hydroxybenzoate

M. M. GAUTHIER,' XI-JUN HONG,* J. A. RATTO,
A. BLUMSTEIN, AND R. B. BLUMSTEIN"

Polymer Science Program, Department of Chemistry,
Untversity of Lowell, Lowell, Massachusetts 01854.
Received March 30, 1989,

Revised Manuscript Received August 28, 1989

Introduction

Since they were first described by Roviello and
Sirigu,! thermotropic main-chain liquid-crystalline poly-
mers (LCPs) formed by condensation between mesogens
and flexible spacers have been extensively investigated.
The mesogens studied to date are, for the most part, fully
aromatic and will not be addressed here. In the present
note we describe synthesis and preliminary characteriza-
tion of oligomers based on the mesogen trans-1,4-cyclo-
hexylene di-p-hydroxybenzoate (TCHB), as part of an
investigation of main-chain LCPs incorporating
cycloaliphatic moieties.

The following low molecular mass nematic derivatives
of TCHB have been described in the literature: trans-
1,4-cyclohexylene dialkoxybenzoates C,H,, ., 0C,H,CO-
OC¢H,0COC,H,0C H,,., (n =1, 4, and 6)*° and trans-
1,4-cyclohexylene bis[(p-ethoxycarbonyl)oxy]benzoate.*
Polyesters {0C,H,COOC,H,0COC,H,O0CO(CH,),CO+
with spacer length n = 4-8 and 10 have recently been
prepared by Braun and Schulke,? but the nature of the
mesophase was not reported. Herein, we describe the
same structures, designated as P-n, with spacer length n
= 7, 8 and 10, and a novel series fOC,H,COO-
CsHyOCOCzH, ,O(CH,);}-designated as PE-n, with n =
5and 7-12. In the P-n and PE-n series the linking group
between mesogen and spacer is an ester, -OCO-, and an
ether, —O-, respectively.

Experimental Section

Synthesis of Monomers. trans-1,4-Dihydroxycyclohex-
ane (I). Compound I was prepared from commercially avail-
able cis/trans-1,4-dihydroxycyclohexane with a yield of 84%
following the procedure in ref 5. Trans content: >98%, based
on a mp of 140 °C® and *H NMR peak at 3.6 ppm in D,0.

[(p-Ethoxycarbonyl)oxy]benzoic acid (II) was prepared
as in ref 6 and transformed into [(p-ethoxycarbonyl)oxy]-
benzoyl chloride (III} by reaction with thionyl chloride fol-
lowing standard procedures.

trans-1,4-Cyclohexylene bis[(p-ethoxycarbonyl)oxy]-
benzoate (V) was prepared from III and I in a manner similar
to that described in ref 4. Yield: 85%. Heating transitions:
K158.6 N1941.

trans-1,4-Cyclohexylene Di-p-hydroxybenzoate (TCHB).
Hydrolysis of compound Vto give TCHB was carried out as in
ref 4. Yield: 75%. Mp: 317.7 °C (followed by decomposition).
AHygy 32.2 cal/g.

The potassium salt of TCHB used in the preparation of
polyethers was prepared using standard methods.”

Synthesis of Polymers. Polyesters, P-n. Synthesis was
carried out by room-temperature interfacial condensation between
TCHB and the acid chloride of the appropriate alkanedioic acid
prepared as described previously.® A typical example is given
for P-10: 6.0 mmol (2.146 g) of TCHB was dissolved in 34.0 mL
of 0.5 N NaOH, together with 1.2 mmol (1.6038 g) of benzyltri-
ethylammonium chloride. The reaction was carried out in a
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Table 1
Phase Transitions of P-n Polysters

transitions
nooma® M M,® heating °C  cooling,® °C -AHy, d/g

7 029 3000 3800 K222N2491 1243N184K 7.3
K215N2511

8 0.25 2800 3400 K217N2491 1242N185K 10.9
K219N2601

10 0.24 2500 3200 K205N2231 I220N186K 7.2

@ Measured at 0.5 g/dL in 1,1,2,2-tetrachloroethane at 30 °C.
® From GPC. © First and second heating scans. ¢ First cooling scans.

Waring blender following addition of 6.0 mmol of freshly dis-
tilled diacid chloride dissolved in 36.0 mL of dry 1,2-
dichloroethane. The product was precipitated in methanol,
washed with hot water, methanol, and ether, dissolved in chlo-
roform, and reprecipitated into ethanol. After Soxhlet extrac-
tion with ethanol, it was dried in vacuo. Yield: 56%. The NMR
spectra were run in CDCl, at room temperature (*H and '3C).
Structural assignments were in agreement with ref 4.

Polyethers, PE-n. The syntheses were carried out by con-
densation of the potassium salt of TCBH with the appropriate
a,w-dibromoalkane. Literature procedures for polyetherifica-
tion by phase-transfer catalysis®'° cannot be used, as TCBH
hydrolyzes in the strongly alkaline medium required. A typi-
cal reaction was run as follows: 2.0 mmol (0.90 g) of the potas-
sium salt of TCBH was suspended in 10 mL of dimethylforma-
mide (DMF) and dissolved by raising the temperature to 70
°C. An excess (2.6 mmol) of 1,7-dibromoheptane was added
and the contents of the flask stirred at 70 °C for 20 h. The
product was precipitated into methanol, washed with hot water,
methanol, and ether, extracted with ethanol for 24 h, dissolved
in chloroform, and reprecipitated into methanol. Yield: 85%.
The product was characterized by elemental analysis, IR, and
'H and 3C NMR. The chains were found to be end capped by
bromoheptyl moieties, as expected.

Characterization of Polymers. The polymers were char-
acterized by means of conventional approaches. Inherent vis-
cosities were measured in 1,1,2,2-tetrachloroethane at 30 °C (0.5
g/dL). Gel permeation chromatography (GPC) was carried out
in chloroform /ethanol (90/10, v/v), at a concentration of 0.25%
(w/v), using Ultrastyragel columns of 5 X 102, 10% and 10* A.
A standard calibration curve of molecular weight versus elu-
tion volume was obtained with 17 well-characterized fractions
of another main-chain polymer (poly(2,2’-dimethyl-4,4’-
dioxyazoxybenzenedodecanedioyl), as described elsewhere.!! Num-
ber average molecular weights of PE-n samples were also mea-
sured by end-group analysis of the bromoalkane chain ends using
'H NMR in DMSO-dg and elemental analysis.

DSC scans were run using a Perkin-Elmer 2-C instrument
with TADS-3600 microprocessor. Scanning rates were gener-
ally 20 K/min. Cooling scans were obtained following ca. 10
min of isothermal treatment some 15 °C above the isotropiza-
tion temperature. TGA analysis and reproducibility of DSC
scans suggest that samples remain thermally stable under these
conditions. However, initial weight loss is detected in the vicin-
ity of 280 °C. Thermogravimetric analysis (TGA) was per-
formed using a Du Pont 951 thermogravimetric analyzer with
a 1091 disk memory thermal analyzer (10 °/min under nitro-
gen). Polarizing microscopy was carried out on a Leitz Ortholux
microscope with a Mettler FP-52 hot stage, and small-angle X-
ray diffractograms were recorded as a function of temperature
using a Rigaku diffractometer. WAX photographs were obtained
at room temperature.

Results and Discussion

Properties of P-n polyesters are summarized in Table
I, and a typical DSC scan is shown on Figure 1. Braun
and Schulke reported somewhat higher transition tem-
peratures, as expected from the slightly higher values of
their inherent viscosities.* These authors did not dis-
close the nature of their mesophase nor the enthalpies
of transitions. Optical microscopy performed on our sam-
ples indicates a nematic mesophase with a broad nem-
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Figure 1. DSC scan of polyester P-10: (a) heating, (b) cooling.

Table I1
Properties of PE-n Polyethers
M,

elem M, range of

n Minh" GPC anal. GPC endotherm max, °C
5 0.09 1300 1800 1600 185-221
7 0.12 2400 3000 3100 137-209
8 b 1800 b 122-239
9 0.13 2400 1800 3000 143-202
10 b 1800 b 113-191
11 0.14 1700 2500 2600 141-188
12 b 2700 b 147-212

¢In 1,1,2,2-tetrachloroethane at 30 °C and 0.5 g/dL. The
n = even polyethers were insoluble. ® n = even polyethers insolu-
ble in chloroform. ¢ End-group analysis by NMR generally agrees
with elemental analysis.
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Figure 2. DSC scans of polyethers PE-n: (a) heating, (b) cool-
ing.
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atic-isotropic (N + I) biphase as expected for polydis-
perse samples of low molecular mass. Properties of PE-
n polymers are summarized in Table II, and typical DSC
scans on heating and cooling are illustrated in parts a
and b of Figure 2. The samples are bromoalkoxy-termi-
natedoligomers, Br[(CH,),,0C;H,COOCH,OCOC4-H,O-
(CH,),, 1. Br with x of the order of 3-6. The GPC chro-
matograms do indeed show elution of discrete compo-
nents.

In addition to the samples listed in Table II, a PE-7
polyether (sample PE-7A) was synthesized with equimo-
lar amounts of bromoheptyloxy and TCHB end groups
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(M, = 4300; range of endotherm maxima, 144-226 °C).
Comparison of PE-7 and PE-7A shows a higher clearing
temperature and lower heat of melting for the latter, in
agreement with previous investigations of the influence
of molecular mass and aromatic end groups.'?

Except for PE-7, heating scans show a complex of melt-
ing endotherms. Cooling scans generally display three
major peaks for n = odd. Sample PE-7 shows normal
enantiotropic behavior, with a nematic mesophase that
develops spontaneous homeotropic alignment on cool-
ing. The value of AHy; = 7.2 J/g is in line with literad-
ture values for n = odd nematics of low molecular mass.
For the remaining samples, combination of microscopy,
WAX and SAX observation reveals a complex of K/K,
K/N, N/I, I/N, K/I, and I/K transitions.

The data can be interpreted by analogy with observa-
tions made previously on model compounds and poly-
mers based on mesogen 2,2’-dimethyl-4,4’-dioxyazoxy-
benzene.'*’* Although the mesogen itself is nonmeso-
morphic, structures with aromatic end groups are nematic
beginning with the twin model, which is monotropic.
Chains with aliphatic end groups require 4-5 repeating
units for appearance of mesophase. Moreover, the tran-
sition temperatures and mesophase stability are lower in
the case of aliphatic end groups, at comparable chain
length. Kinetics of crystallization is depressed by aro-
matic end groups.

A similar influence of end groups on phase behavior
was pointed out by Percec and Shaffer,>¢ and a simi-
lar transition from monotropic to enantiotropic behav-
ior was reported for other polyethers!” and polyesters.'®
The DSC scans reported by Percec et al. for «,w-dibro-
moalkyl polyethers based on a-methylstilbene and n =
odd spacers are very similar to that shown here.!®7

Of the samples listed in Table II, only PE-7 appears
to have a molecular mass high enough to display unam-
biguous enantiotropic behavior, similar to that of P-n poly-
esters. The remaining samples seem to show separate
melting of individual oligomers and molecular nucle-
ation of cooling transitions; i.e., I/K transitions may occur
at temperatures above I/N transitions. This appears to
be especially pronounced in the case of n = even chains
in agreement with odd/even alternation of the extent of
molecular segregation previously investigated by us for
another system.’® Since the N phase may be super-
cooled to room temperature, N/I transitions may appear
on heating below K/I transitions. This behavior was
indeed observed previously for the twin model of 2,2-
dimethyl-4,4’-dihydroxyazoxybenzene.*

Thermal cis/trans isomerization in 1,4-cyclohexane
derivatives is well documented,?°~?? especially for deriv-
atives of 1,4-cyclohexanedicarboxylic acid. However,
Osman?® reports that solution esterification of trans-1,4-
cyclohexanediol with aliphatic or aromatic chlorides leads
to the pure trans esters. Hence, TCHB as well as poly-
mers P-n and PE-n is expected to remain in the trans
configuration. Indeed, only methine and methylene peaks
corresponding to the trans configuration of cyclohexane
are observed in the '°C spectra, as illustrated in Table
III. The peak assignments were made following Polk et
al.??2 who have studied isomerization in block copolyes-
ters containing cyclohexane rings.

The spectrum of P-7 was run following annealing in
the isotropic phase and was found identical with that of
the untreated sample. This suggests the absence of ther-
mal isomerization under the DSC cycling conditions
employed in this study in agreement with the reproduc-
ibility of transition temperatures. However, the sam-
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Table II1
13C Chemical Shifts (ppm) in Chleroform
compd methine methylene

trans-1,4-diacetoxycyclohexane 71.04 28.17°

71.7 28.20°
TCHB 714 27.8
PE-10 71.01 27.90
P-7¢ 71.5 27.8

@ This work. ® From ref 22. ¢ Before and after annealing in the
isotropic phase.

ples are subject to thermal degradation in the vicinity of
275-280 °C, as mentioned in the Experimental Section.
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Communications to the Editor

Polymerization of Styrene with
Mg(OH),Cl,_,-Supported (x = 0-2) Ti(O"Bu),
Catalysts Combined with Methylaluminoxane

Introduction. Itis well-known that syndiotactic poly-
styrene is obtained by using a kind of homogeneous Kamin-
sky-Sinn type catalyst composed of some titanium or zir-
conium compounds in combination with methylalumi-
noxane (MAQ).}" Afterward, we found that a het-
erogeneous, SiOy-supported Ti(O"Bu), catalyst also gives
syndiotactic polystyrene when MAQO is used as co-
catalyst.® More recently, we have carried out styrene poly-
merization by using similar supported catalysts pre-
pared from Ti(O"Bu), and Mg(OH),Cl,_, (x = 0-2) and
found that the tacticity of polystyrene is markedly affected
by the presence of Cl in the carrier. This paper reports
brief results on the polymerization.

Experimental Section. Materials. Styrene (Kanto
Chemical Co., Inc.) was washed with an aqueous solu-
tion of sodium hydroxide, dried over calcium hydride for
12 h, and distilled under a reduced pressure. Toluene
used as solvent was purified by refluxing over calcium
hydride for 24 h, followed by fractional distillation.
Ti(O"Bu), (Tokyo Kasei Kogyo Co., Ltd.), Mg(OH),

0024-9297/90/2223-1558802.50/0

{Kanto Chemical Co., Inc.), MgCl, (Toho Titanium Co.),
MgCl,-6H,0 (Wako Pure Chemical Industries, Litd.), and
MAO (Toso-Akzo Co., 2.4 mol/L in toluene) were used
without further treatment.

Preparation of Catalysts. Mg(OH)Cl was prepared
from MgClg-6H20 according to the procedures reported
previously.

Ti(O"Bu),/MgCl, Catalyst (Cat-1). Ina 100-cm? glass
reactor were added 500 mg of MgCl,, 0.1 mmol of
Ti(O"Bu),, and 28 cm? of toluene under nitrogen, and
the mixture was refluxed at its boiling point for 4 h. This
mixture was used as catalyst.

Ti(0O"Bu),/Mg(OH)CI Catalyst (Cat-2). In a 100-
cm® glass reactor were added 6.79 g of Mg(OH)Cl, 44.2
mmol of Ti(0"Bu),, and 50 cm? of heptane under nitro-
gen. After raising the temperature to its boiling point,
the mixture was kept standing for 5 h with stirring. Then
the precipitate was filtered under nitrogen, washed 10
times with plenty of heptane and dried under a reduced
pressure at 40 °C for 1 h.

Ti(O"Bu),/Mg(OH), Catalyst (Cat-3). In a 100-
cm?® glass reactor were added 7.39 g of Mg(OH),, 63.4
mmol of Ti(O"Bu),, and 50 cm?® of toluene under nitro-
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