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ABSTRACT: The synthesis and phase behavior of the individual monomer, dimer, trimer, and tetramer, 
and of the polyethers of 1-(4-hydroxy-4’-biphenylyl)-2-(4-hydroxyphenyl)butane (TPB) with 1,lO-dibromo- 
decane (TPB-10) with M,, = 5200 to 57 200, M,IM,, = 1.16 to 1.47 and with well-defined chain ends are 
described. The influence of various chain ends on the mesomorphic behavior of monomer and dimer was 
also discussed. There is a continuous increase of the nematic-isotropic (Td) and glass transition (T,) 
temperatures over the entire range of molecular weights. The increase of Ti and Ti. on M,, is very steep up 
to M,, = 15 OOO to 20 OOO. At  higher molecular weights the increase of Td is much less steep, while Ti. remains 
about constant or even decreases slightly. This trend is determined by a continuous increase of the degree 
of supercooling of the isotropization transition temperature with the increase in molecular weight. Therefore, 
at low molecular weights the isotropization transition is thermodynamically controlled while at high molecular 
weights, by analogy with other first-order phase transitions in polymers, it becomes kinetically controlled. 
T, determined from both heating and cooling scans follows an identical trend with Ti, resulting in a constant 
TJT, ratio over the entire range of molecular weights. The phase behavior of these linear oligomers and 
polymers was compared to that of the corresponding macrocyclics reported previously (Macromolecules 1992, 
25,3851). The macrocyclic trimer, tetramer, and pentamer show isotropization temperatures which are up 
to 46 O C  higher than those of their corresponding linear oligomers and high molecular weight polymers. Tg 
values of macrocyclics are about 17 O C  higher than those of the corresponding linear oligomers. The enthalpy 
changes associated with the isotropization temperatures of macrocyclics are from 20 up to 2 times lower than 
those of the linear oligomers and polymers. Also, the crystallization ability of macrocyclics is lower than that 
of their homologues linear oligomers. This paper provides the most complete set of results on the influence 
of molecular weight on the phase behavior of linear main chain liquid crystalline polymers and presents the 
first study which compares the phase behavior of macrocyclics with that of the their corresponding linear 
architectures. 

Introduction 

The elucidation of the influence of molecular weight on 
the phase behavior and on the dynamics and the physical 
properties of liquid crystalline polymers represents one of 
the most basic and important subjects which has both 
theoretical and practical implications for the entire field. 
Molecular weight is responsible for the transition from 
molecular to  macromolecular liquid crystals and, therefore, 
generates all differences and similarities between them. 
At  the most elemental level, molecular weight influences 
all thermal transition temperatures and their associated 
thermodynamic parameters as well as the relative ther- 
modynamic stabilities of various phases. This dependence 
was recently discussed based on basic thermodynamic 
principles and the predicted trends were compared with 
experimental data available in the literature.lk 

In the case of side chain liquid crystalline polymers there 
are quite comprehensive series of investigations on this 
topic.2 Preparation of side-chain liquid crystalline poly- 
mers with well-defined molecular weight and chain ends 
and with narrow molecular weight distribution was first 
made possible by using fractionation How- 
ever, recently the application of various living polymer- 
ization techniques to  mesogenic monomers such as group 
transfer polymerization of cationic po- 
lymerization of vinyl ethers? and ring opening metathesis 
polymerization of cyclic olefinszf have contributed to the 
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development of both reliable data and suitable techniques 
and systems for these investigations. 

In contrast to  side chain liquid crystalline polymers 
which are synthesized mostly by chain polymerization 
reactions,% main chain liquid crystalline polymers are 
prepared by step polymerization reactions.ld Step po- 
lymerization reactions lead to polymers with broad poly- 
dispersity containing both linear and cyclic macromole- 
cules and, therefore, a combination of individual oligomeric 
model compounds and fractionated samples of higher 
molecular weight polymers from which the cyclic oligomers 
were separated is required for such a quantitative inves- 
tigation. The most comprehensive investigation on main 
chain liquid crystalline polyesters in which both mono- 
meric and dimeric model compounds and fractionated 
polymers with number average molecular weights from 
700 to 19 000 was provided by Blumstein e t  al.3 Their 
work has generated the first series of results which 
elucidated the influence of molecular weight and chain 
ends on thermal transition temperatures and thermody- 
namic parameters. Additional examples of experiments 
on the influence of molecular weight on phase transitions 
without using low molecular weight model compounds are 
available.&’ Although it  is well established that individual 
oligomers are excellent models for the corresponding 
polymers, mostly dimers were synthesized and investigated 
sofar.8 This limitation was generated by the low solubility 
of the oligomeric model compounds and of their high 
molecular weight homologues. 
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Scheme 11. Synthesis of Linear TPB-10 Trimer 
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Scheme I. Synthesis of Linear TPB-10 Monomer and 
Dimer 
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Recently, we have elaborated the synthesis of racemicg 
and chirallo 1-(4-hydroxy-4'-biphenylyl)-2-(4-hydroxy- 
pheny1)butane (TPB) and reported the synthesis and 
characterization of linear polyethersgJO and of low and 
high molecular weight macrocyclics'l of TPB with a,w-  
dibromoalkanes. The  first examples of dendrimeric liquid 
crystalline polymers were also reported by elaborating AB2 
monomers related to TPB.12 All these oligomers and 
polymers are soluble in conventional solvents and are 
presently used as models for various dynamic and physical 
investigations.13 

The first goal of this paper is to present the elaboration 
of synthetic methods for the preparation of linear model 
compounds (i.e., monomer, dimer, trimer, and tetramer) 
with various chain ends, and of high molecular weight 
linear polyethers with narrow molecular weight distribu- 
tion and well-defined chain ends (M,  = 5200 to 57 200; 
M J M ,  = 1.16 to 1.47) based on TPB and 1,lO-dibromo- 
decane (TPB-10). The  second goal is to  discuss the 
influence of molecular weight on the mesomorphic be- 
havior of linear TPB-10. The  third goal is to compare the 
mesomorphic behavior of linear and macrocyclic oligomers. 
T o  our knowledge, this report provides the most complete 
series of data on the influence of molecular weight on the 
phase behavior of main chain liquid crystalline oligomers 
and polymers and the first comparison between the phase 
behavior of macrocyclic and linear oligomers. 

Experimental Section 

Materials. 1-Bromodecane (98% ), CBr4 (99% 1, PPh3 (99% 1, 
tetrabutylammonium hydrogen sulfate (TBAH, 97 %), 9-BBN 

I)%BBN/THF 

2) C&OH / 3N NiOH /W%H,Q 

+ Constibtional Isomers 

[0.5 M solution in tetrahydrofuran (THF)], 9-decen-l-o1(98%) 
(all from Aldrich), potassium carbonate, and 30% Hz02 (both 
from Fisher Scientific) were used as received. 1,lO-Dibromo- 
decane (97 % ) (from Aldrich) was purified by vacuum distillation. 
THF was dried by refluxing over LiAlHr followed by distillation. 
o-Dichlorobenzene was distilled under reduced pressure. All 
other chemicals were commercially available and were used as 
received. TPB (99.9%) was synthesized according to the 
previously described pro~edure.~ 

Synthesis of Linear TPB-10 Oligomers. The synthetic 
routes used in the preparation of linear TPB-10 oligomers are 
described in Schemes 1-111. 

Synthesis of Linear TPB-10 Monomer (3) and of Mon- 
odecyl-TPB (4a and 4b). 3,4a, and 4b were prepared by the 
etherification of TPB (1) with 1-bromodecane (2). TPB (1.91 g, 
6.0 mmol) was dissolved in 30 mL of absolute ethanol in a 100- 
mL one-neck flask equipped with reflux condenser and magnetic 
stirrer. After anhydrous KzC03 (0.83 g, 6.0 m o l )  was added, 
the reaction mixture was stirred under nitrogen atmosphere at 
reflux temperature for 1.5 h. 1-Bromodecane (1.33 g, 6.0 mmol) 
was added and the reaction mixture was stirred at reflux 
temperature for 24 h. After evaporation of the ethanol the 
remaining solid was dissolved in 50 mL of CHCla. The organic 
layer was washed with water, dilute aqueous HCl, and water, 
dried over anhydrous MgSO4, and filtered. The solvent was 
evaporated to yield a solid which contained TPB-10 monomer, 
monodecyl-TPB, and TPB. This mixture was separated into 
monodecyl-TPB and TPB-10 monomer by silica gel column 
chromatography using a mixture of hexanes and diethyl ether 
(3:l) as eluent to yield 1.04 g (37.8%) of monodecyl-TPB and 
0.589 g (16.4%) of TPB-10 monomer. Purity (HPLC): mono- 
decyl-TPB, >99%; TPB-10 monomer, >99%. 'H NMR of 
monodecyl-TPB (CDC13, TMS, 6, ppm): 0.77 (3H, Ph-CH-CH2- 

(14H, CH3-(CH&-, m), 1.63 (ZH, Ph-CH-CHz-CH3, m), 1.76 
CH3, t, J = 7.7 Hz), 0.89 (3H, -0-(CHz)&H3, t, J = 6.3 Hz), 1.28 
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Scheme 111. Synthesis of Linear TPB-10 Tetramer 

+ Constitutional Isomers CBr4/ phg / 'IHF 

8043 

TBAH / 0-DCB / 1OM NaOHaq. 1 

lz 

+Constitutional Isomers 

(2H, -O-CH2-CH2-, m), 2.68 (lH, Ph-CH-, m), 2.86 (2H, Ph- 

and 4.88 (lH, -OH, 2s), 6.74 and 6.81 (2H, ortho to hydroxy or 
ether of the monophenyl ring, 2d, J = 8.5 and 8.3 Hz), 6.87 and 
6.94 (2H, ortho to hydroxy or ether of the biphenyl ring, 2d, J 
= 8.5 and 9.3 Hz), 6.99 (2H, ortho to methine of the monophenyl 
ring, d, J = 9.3 Hz), 7.06 (2H, ortho to methylene of the biphenyl 
ring, d, J = 7.9 Hz), 7.40 (2H, meta to methylene of the biphenyl 
ring, d, J = 8.4 Hz), 7.48 (2H, meta to hydroxy or ether of the 
biphenyl ring, d, J = 8.5 Hz). The ratio of 4b to 4a was 79/21. 
1H NMR of TPB-10 monomer (CDClS, TMS, 6, ppm): 0.76 (3H, 

J = 6.3 Hz), 1.27 (28H, CHs-(CH2)r, m), 1.63 (2H, Ph-CH- 
CHAH3,  m), 1.76 (4H, -O-CH&Hz-, m), 2.68 (lH, Ph-CH-, 
m),2.86 (2H,Ph<H&H-,d, J =  7.3Hz),3.90(2H,monophenyl- 
O-CHr, t, J = 6.2 Hz), 3.98 (2H, biphenyl-O-CHT, t, J = 6.4 
Hz), 6.81 (2H, ortho to ether of the monophenyl ring, d, J = 8.2 
Hz), 6.95 (2H, ortho to ether of the biphenyl ring, d, J = 7.2 Hz), 

CHAH-, d, J = 7.6 Hz), 3.92 and 3.98 (2H, -O-CHz-, 2t), 4.67 

Ph-CH-CHz-CHs, t, J = 7.5 Hz), 0.88 (6H, -O-(CH2)dXsI t, 

7.03 (2H, ortho to methine of the monophenyl ring, d, J = 7.4 
Hz), 7.07 (2H, ortho to methylene of the biphenyl ring, d, J = 
7.3 Hz), 7.40 (2H, meta to methylene of the biphenyl ring, d, J 
= 8.6 Hz), 7.48 (2H, meta to ether of the biphenyl ring, d, J = 
8.8 Hz). 

Synthesis of Linear TPB-10 Dimer (6). 6 was prepared by 
the etherification of monodecyl-TPB (4a and 4b) with 1,lO- 
dibromodecane (6) using a similar procedure to the one used for 
4a and 4b with the following modifications. 4a and 4b (0.298 g, 
0.65 mmol), 10 mL of absolute ethanol, anhydrous K&Oa (0.099 
g, 0.715 mmol), and 1,lO-dibromodecane (0.098 g, 0.325 "01) 
was used. The total reaction time was 23 h. The reaction mixture 
was worked up by using a similar procedure to the one used for 
4a and 4b. The resulting product was purified twice by silica gel 
column chromatography using a mixture of hexanes and diethyl 
ether (first 41, second 201) as eluent to yield 0.131 g (38.1%) 
of linear TPB-10 dimer. Purity (HPLC): >99%. 1H NMR 
(CDClS, TMS, 6, ppm): 0.76 (6H, Ph-CH-CH~-CHs, t, J = 7.4 
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Hz), 0.88 (6H, -0-(CHZ)g-CH3, t, J = 5.9 Hz), 1.27 (28H, CH3- 
(CH2),--, m), 1.33 (~~H,-O-CH~-CHZ-(CH~)~-, m), 1.63 (4H,Ph- 
CH-CHz-CH3, m), 1.76 (8H, -O-CHz-CH2-, m), 2.68 (2H, Ph- 
CH-, m), 2.87 (4H, Ph-CH2-CH-, d, J = 6.5 Hz), 3.92 (4H, 
monophenyl-O-CH2-, t, J = 5.8 Hz), 3.98 (4H, biphenyl-0- 
CH2-, t, J = 6.7 Hz), 6.81 (4H, ortho to ether of the monophenyl 
ring, d, J = 8.3 Hz), 6.94 (4H, ortho to ether of the biphenyl ring, 
d, J = 8.5 Hz), 7.03 (4H, ortho to methine of the monophenyl 
ring, d, J = 7.7 Hz), 7.07 (4H, ortho to methylene of the biphenyl 
ring, d, J = 7.0 Hz), 7.40 (4H, meta to methylene of the biphenyl 
ring, d, J = 8.0 Hz), 7.48 (4H, meta to ether of the biphenyl ring, 
d, J = 9.0 Hz). 

Synthesis of 1-Bromo-9-decene (8). 1-Bromo-9-decene (8) 
was synthesized by the bromination of 9-decene-1-01 (7) with 
CBr4 and PPh3.14 9-Decene-1-01 (12.5 g, 80 mmol) and carbon 
tetrabromide (33.2 g, 100 mmol) were dissolved in dry THF in 
a 50-mL three-neck flask equipped with addition funnel, nitrogen 
inlet-outlet, and magnetic stirrer. A solution of triphenylphos- 
phine (26.28,lOOmmol)indryTHF (500mL)wasaddeddropwise 
to the reaction mixture under cooling with an ice-water bath. 
The color of the reaction mixture changed to yellow and a 
precipitate occurred. The reaction mixture was stirred at  room 
temperature for 4.5 h. The precipitate was removed by filtration 
and washed with THF. After the evaporation of THF, the product 
was extracted with about 300 mL of hexanes followed by the 
evaporation of hexanes. The resulting liquid was distilled 2 times 
under vacuum to yield a colorless liquid (14.0 g, 80.0 %), bp 55- 
59 "C (0.55 mmHg). *H NMR (CDC13, TMS, 6, ppm): 1.31 (12H, 
Br-CHz-(CHz)6-, m), 1.86 (2H, Br-CHZ-CHz-, m), 2.05 (2H, 
-CH2-CH=CH2, m), 3.43 (2H, Br-CH2-, t, J = 6.8 Hz), 4.96 (2H. 
-CH=CH2, m), 5.83 (lH, -CH=CH2, m). 

Synthesis of Didecenyl-TPB-10 Monomer (9). 9 was 
prepared by the etherification of TPB (1) with 1-bromo-9-decene 
(8) by using a similar procedure to the one used for 4a and 4b. 
TPB (3.18 g, 10 mmol), 50 mL of absolute ethanol, anhydrous 
K2CO3 (4.15 g, 30 mmol) and 1-bromo-9-decene (5.26 g, 24 mmol) 
were used. The etherification was carried out for 23 h. The 
reaction mixture was worked up by using a similar procedure to 
the one used for 4a and 4b. The product was purified twice by 
silica gel column chromatography (first with hexanes, second 
with a mixture of hexanes and diethyl ether (4:l) as eluent) to 
yield 4.56 g (76.6%) or didecenyl-TPB-10 monomer (9). Purity 
(HPLC): >99%. 'H NMR (CDC13, TMS, 6, ppm): 0.77 (3H, 

CH=CH2, m), 1.76 (6H, Ph-O-CH2-CH2- and Ph-CH-CH2- 
CH3, m), 2.03 (4H, -CH2-CH=CH2, m), 2.69 (lH, Ph-CH-, m), 
2.87 (2H, Ph-CH2-CH-, d, J = 6.8 Hz), 3.92 (2H, monophenyl- 
0-CH2-, t, J = 6.3 Hz), 3.99 (2H, biphenyl-0-CHz-, t, J = 6.7 
Hz), 4.96 (4H, -CH=CHz, m), 5.81 (2H, -CH=CH2, m), 6.81 
(2H, ortho to ether of the monophenyl ring, d, J = 8.3 Hz), 6.94 
(2H, ortho to ether of the biphenyl ring, d, J = 8.2 Hz), 7.04 (2H, 
ortho to methine of the monophenyl ring, d, J = 7.6 Hz), 7.08 
(2H, ortho to methylene of the biphenyl ring, d, J = 7.4 Hz), 7.40 
(2H, meta to methylene of the biphenyl ring, d, J = 7.2 Hz), 7.49 
(2H, meta to ether of the biphenyl ring, d, J = 7.9 Hz). 

Synthesis of Dihydroxydecyl-TPB-10 Monomer (10). 
Monomer 10 was prepared by the hydroboration of monomer 9 
according to a literature procedure.16 Monomer 9 (4.50 g, 7.56 
mmol) was dissolved in 10 mL of dry THF in a 100-mL three- 
neck flask equipped with addition funnel, magnetic stirrer, and 
nitrogen inlet-outlet. 9-BBN (0.5 M THF solution, 39.4 mL, 
19.7 mmol) was added dropwise to the solution after which the 
reaction mixture was stirred at room temperature for 3 h under 
nitrogen atmosphere. The organoborane was treated with 1 2  
mL of ethanol followed by 8 mL of 3 N NaOH. HzOz (30 % ) (8.0 
mL) was added dropwise slowly so that the temperature was 
maintained below 50 "C. The reaction mixture was further stirred 
at 50 "C for 1 h, cooled, and extracted with 100 mL of diethyl 
ether twice. The extract was washed 2 times with water and was 
dried over anhydrous MgS04. After evaporation of the solvents, 
the resulting solid was purified by silica gel column chromatog- 
raphy with hexanes and diethyl ether (3:l) as eluent to yield 3.70 
g (yield, 77.5%) of a white solid. Purity (HPLC), 97.7%. 'H 
NMR (CDCl3, TMS, 6, ppm): 0.76 (3H, Ph-CH-CHz-CH3, t, J 
= 7.1 Hz), 1.32 (24H, HO-(CH2)2-(CH2)6-, m), 1.56 (6H, HO- 
CH2-CH2- and Ph-CH-CHZ-CH,, m), 1.76 (4H, Ph-O-CH2- 
GHz-. mb, 2.69 (lH, Ph-CH-, m), 2.87 (2H, Ph--CH2-CH-, d, J 

Ph-CH-CHt-CH3, t, J - 7.3 Hz), 1.33 (20H, -(CH2)6-CHy- 

= 7.4 Hz), 3.64 (4H, HO-CHz-, t, J = 6.3 Hz), 3.92 (2H, 
monophenyl-0-CHz-, t, J = 6.3 Hz), 3.98 (2H, biphenyl-0- 
CHz-, t, J = 6.5 Hz), 6.81 (2H, ortho to ether of the monophenyl 
ring, d, J = 8.1 Hz), 6.94 (2H, ortho to ether of the biphenyl ring, 
d, J = 7.2 Hz), 7.03 (2H, ortho to methine of the monophenyl 
ring, d, J = 7.6 Hz), 7.07 (2H, ortho to methylene of the biphenyl 
ring, d, J = 7.5 Hz), 7.40 (2H, meta to methylene of the biphenyl 
ring, d, J = 7.1 Hz), 7.49 (2H, meta to methylene of the biphenyl 
ring, d, J = 8.5 Hz). 

Synthesis of Dibromodecyl-TPB-10 Monomer (1 1). 11 was 
synthesized by a similar method to the one used for 8 except for 
the following conditions. Monomer 10 (3.46 g, 5.5 mmol), CBr4 
(4.38 g, 13.2 mmol), PPh3 (3.46 g, 13.2 mmol), and dry THF (100 
mL for CBr4, 15 mL for PPh3) were used. The reaction time was 
3 h. The reaction mixture was worked up by using a similar 
procedure to the one used for 8. The resulting product was 
purified by silica gel column chromatography 2 times. First, 
only hexanes was used as eluent to remove excess of CBr4. A 
mixture of hexanes and diethyl ether (1:l) was then used. The 
evaporation of the solvent yielded a colorless liquid (3.43 g, 82.4 % ) 
which solidified on standing. Purity (HPLC), 97.3%. lH NMR 
(CDC13, TMS, 6, ppm): 0.76 (3H, Ph-CH-CHz-CHs, t, J = 7.2 
Hz), 1.32 (24H, Br-(CHz)z-(CHz)6-, m), 1.56 (2H, Ph-CH-CH2- 
CH3, m), 1.82 (8H, Br-CH2-CH2-and Ph-O-CH2-CHz-, m), 2.68 
(lH, Ph-CH-, m), 2.87 (2H, Ph-CH2-CH-, d, J = 7.0 Hz), 3.41 
(4H, Br-CHz-, t, J = 6.8 Hz), 3.92 (2H, monophenyl-O-CH2-, 
t, J = 6.3 Hz), 3.98 (2H, biphenyl-0-CHz-, t, J = 6.4 Hz), 6.81 
(2H, ortho to ether of the monophenyl ring, d, J = 8.4 Hz), 6.94 
(2H, ortho to ether of the biphenyl ring, d, J = 8.7 Hz), 7.04 (2H, 
ortho to methine of the monophenyl ring, d, J = 7.8 Hz), 7.07 
(2H, ortho to methylene of the biphenyl ring, d , J  = 6.9 Hz), 7.40 
(2H, meta to methylene of the biphenyl ring, d, J = 8.0 Hz), 7.49 
(2H, meta to ether of the biphenyl ring, d, J = 9.4 Hz). 

Synthesis of Linear TPB-10 Trimer (12). The TPB-10 
trimer (12) was synthesized by the etherification of dibromodecyl- 
TPB-10 monomer (11) with monodecyl-TPB (4a, 4b). To a 25- 
mL single-neck flask equipped with condenser and magnetic 
stirrer were added successively monodecyl-TPB (0.321 g, 0.70 
mmol), 3.0 mL of 10 N NaOH aqueous solution (30 mmol), 3.0 
mL of o-dichlorobenzene, dibromodecyl-TPB-10 monomer (0.265 
g, 0.35 mmol), and TBAH (0.095 g, 0.28 mmol). A balloon filled 
withnitrogen wasplacedat the top ofthecondenser. Thereaction 
mixture was stirred with 1100 rpm at 80 "C. After 50 min, the 
reaction mixture was diluted with water and chloroform, and the 
aqueous layer was removed. The organic layer was washed with 
water, followed by dilute aqueous HC1, and 2 times with water. 
The product was precipitated in methanol. The product was 
first dried under vacuum and then was purified by silica gel 
column chromatography with a mixture of hexanes and diethyl 
ether (101) as eluent to yield a white solid (0.338 g, 63.8%). 
Purity (HPLC), >99%. 'H NMR (CDCl3, TMS, 6 ppm): 0.76 
(9H, Ph-CH-CH2-CH3, t, J = 7.2 Hz), 0.88 (6H, -0-(CH2)9- 
CH3, t, J = 6.3 Hz), 1.27 and 1.33 (52H, CHa-(CHz),-- and -0- 
CHz-CHz-(CH2)6-, m), 1.63 (6H, Ph-CH-CHz-CH3, m), 1.76 
(12H, -O-CH2-CH2-, m), 2.68 (3H, Ph-CH-, m), 2.87 (6H, Ph- 
CH2-CH-, d, J = 7.3 Hz), 3.92 (6H, monophenyl-0-CHz-, t, J 
= 6.0 Hz), 3.98 (6H, biphenyl-0-CHZ-, t, J = 6.2 Hz), 6.80 (6H, 
ortho to ether of the monophenyl ring, d, J = 8.0 Hz), 6.93 (6H, 
ortho to ether of the biphenyl ring, d, J = 8.3 Hz), 7.03 (6H, ortho 
to methine of the monophenyl ring, d, J = 7.9 Hz), 7.07 (6H, 
ortho to methylene of the biphenyl ring, d, J = 7.4 Hz), 7.39 (6H, 
meta to methylene of the biphenyl ring, d, J = 7.9 Hz), 7.48 (6H, 
meta to ether of the biphenyl ring, d, J = 8.3 Hz). 

Synthesis of Monodecenyl-TPB (13a, 13b). The mixture 
of 13a with 13b was prepared by the etherification of TPB (1) 
with 1-bromo-9-decene (8) using the same method as that used 
for 4a and 4b. TPB (2.55 g, 8.0 mmol), 40 mL of absolute ethanol, 
anhydrousKzCO3 (1.11 g, 8.0mmol),and 1-bromo-9-decene (1.76 
g, 8.0 mmol) were used. The etherification was carried out for 
14.5 h. The reaction mixture was worked up by using a similar 
procedure to the one used for 4a and 4b. The mixture of 13a 
with 13b was separated from the reaction mixture by silica gel 
column chromatography with a mixture of hexanes and diethyl 
ether (3:l) as eluent. Evaporation of the solvent yielded 1.68 g 
(46.0%) of white crystals. Purity (HPLC), >99%. lH NMR 
(CDC13, TMS, 6, ppm): 0.77 (3H, Ph-CH-CHz-CH3, t, J = 7.4 
Hz), 1.33 (12H, CHpCH-(cH2)6-, m), 1.63 (2H, Ph-CH-CHZ- 
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CH3, m), 1.76 ( 2 H , - G C H d H r ,  m), 2.04 (2H, CH&H-CHz-, 
m), 2.68 (lH, Ph-CH-, m), 2.86 (2H, Ph-CHrCH-, d, J = 6.1 

2s),4.76 (2H,CHpCH-,m),5.82 (lH,CHdH-,m),6.74and 
6.81 (2H, ortho to hydroxy or ether of the monophenyl ring, 2d, 
J = 8.2 and 8.3 Hz), 6.87 and 6.94 (2H, ortho to hydroxy or ether 
of the biphenyl ring, 2d, J = 8.4 and 9.6 Hz), 6.99 (2H, ortho to 
methine of the monophenyl ring, d, J = 9.5 Hz), 7.06 (2H, ortho 
to methylene of the biphenyl ring, d, J = 7.6 Hz), 7.39 (2H, meta 
to methylene of the biphenyl ring, d, J = 8.0 Hz), 7.48 (2H, meta 
to hydroxy or ether of the biphenyl ring, d, J = 8.0 Hz). The 
ratio of 13b to 13a could not be determined due to the severe 
overlapping. 

Synthesis of Didecenyl-TPB-10 Dimer (14). Dimer 14 was 
synthesized by the etherification of 1,lO-dibromodecane (5) with 
the mixture of 13a and 13b using a similar method to the one 
used for 12 except the following conditions. 13a and 13b (0.709 
g, 1.55 mmol), 3.1 mL of 10 N NaOH aqueous solution (31 mmol), 
3.1 mL of o-dichlorobenzene, 1,lO-dibromodecane (0.225 g, 0.75 
mmol), and TBAH (0.132 g, 0.39 mmol) were used. The reaction 
time was 75 min. After working up by the same method as that 
used for 12, the product was precipitated in methanol and dried 
under vacuum. A final purification by silica gel column chro- 
matography with a mixture of hexane and diethyl ether (3:l) as 
eluent followed by the evaporation of solvents yielded a white 
solid (0.653 g, 82.7 % ). Purity (HPLC), >99 % . lH NMR (CDCl3, 
TMS, 6, ppm): 0.76 (6H, Ph-CH-CHz-CHs, t, J=  7.1 Hz), 1.33 

m), 1.76 (12H, Ph-0-CHZ-CHZ- and Ph-CH-CHz-CHs, m), 2.05 
(4H, -CHz-CH=CH2, m), 2.69 (2H, Ph-CH-, m), 2.86 (4H, Ph- 
CH2-CH-, d, J = 7.3 Hz), 3.92 (4H, monophenyl-O-CHz-, t, J 
= 6.1 Hz), 3.98 (4H, biphenyl-0-CHz-, t, J = 6.3 Hz), 4.96 (4H, 
-CH=CH2, m), 5.82 (2H, -CH=CHz, m), 6.81 (4H, ortho to ether 
of the monophenyl ring, d, J = 8.3 Hz), 6.94 (4H, ortho to ether 
of the biphenyl ring, d, J = 8.6 Hz), 7.04 (4H, ortho to methine 
of the monophenyl ring, d, J = 7.3 Hz), 7.07 (4H, ortho to 
methylene of the biphenyl ring, d, J = 6.6 Hz), 7.40 (4H, meta 
to methylene of the biphenyl ring, d, J = 7.1 Hz), 7.48 (4H, meta 
to ether of the biphenyl ring, d, J = 8.1 Hz). 

Synthesis of Dihydroxydecyl-TPB-10 Dimer (15). 15 was 
prepared by a similar procedure to the one used for 10 except for 
the following conditions. Dimer 14 (0.631 g, 0.60 "01) was 
dissolved in a 4.8 mL of dry THF. 9-BBN (0.5 M THF solution, 
4.8 mL, 2.4 mmol) was added dropwise to the solution after which 
the reaction mixture was stirred at room temperature for 6 h 
under nitrogen atmosphere. The organoborane was treated with 
1.8 mL of ethanol followed by 1.1 mL of 3 N NaOH. H2Oz (30%) 
(1.1 mL) was added dropwise. The reaction mixture became 
cloudy during the addition of H2Oz solution. A few milliliters of 
THF was added to the reaction mixture to maintain it homo- 
geneous. The reaction was further stirred at 50 "C for 1.5 h, 
cooled, and extracted with 50 mL of CHCls. The extract was 
washed 3 times with water and than was dried over anhydrous 
MgS04. After the filtration and evaporation of the solvents, the 
resulting solid was purified 3 times by silica gel column 
chromatography with mixtures of petroleum ether and diethyl 
ether (first, 1:1, second, 2:1, third, 3:l) as eluent followed by the 
evaporation of solvents to yield 0.448 g (68.7 %) of a white solid. 
Purity (HPLC), >99%. lH NMR (CDCl3, TMS, 6, ppm): 0.76 

( C H Z ) ~ ,  m), 1.58 (8H, HO-CHz-CHZ- and Ph-CH-CH2-CH3, 
m), 1.76 (8H, Ph-0-CH2-CH2-, m), 2.68 (2H, Ph-CH-, m), 2.87 

6.3 Hz), 3.92 (4H, monophenyl-O-CH2-, t, J = 6.3 Hz), 3.98 (4H, 
biphenyl-0-CHz-, t, J = 6.1 Hz), 6.81 (4H, ortho to ether of the 
monophenyl ring, d, J = 8.5 Hz), 6.94 (4H, ortho to ether of the 
biphenyl ring, d, J = 7.2 Hz), 7.04 (4H, ortho to methine of the 
monophenyl ring, d, J = 7.7 Hz), 7.07 (4H, ortho to methylene 
of the biphenyl ring, d, J = 7.3 Hz), 7.40 (4H, meta to methylene 
of the biphenyl ring, d, J = 7.5 Hz), 7.48 (4H, meta to ether of 
the biphenyl ring, d, J = 8.3 Hz). 

Synthesis of Dibromodecyl-TPB-10 Dimer (16). 16 was 
prepared by the same procedure as that used for 11 except for 
the following conditions. Dimer 15 (0.421 g, 0.39 mmol) and 
CBrl(O.308 g, 0.93 mmol) were dissolved in 20 mL of dry THF. 
A solution of PPh3 (0.244 g, 0.93 mmol) in dry THF (7 mL) was 
added dropwise to the reaction mixture and then it was stirred 

Hz), 3.92 and 3.98 (2H, -O-CH2-, 2t), 4.69 and 4.88 (lH, -OH, 

(32H, P h ~ ( C H 2 ) r ( C H z ) g ( C H 2 ) ~ P h  and -(CHd&H+H2, 

(6H, Ph-CH-CH2-CH3, t, J = 6.9 Hz), 1.32 (36H, HO-(CHz)z- 

(4H, Ph-CHz-CH-, d, J = 7.4 Hz), 3.64 (4H, HO-CHz-, t, J = 
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at room temperature overnight. After THF was evaporated, the 
resulting solid was dissolved in CHCls and was precipitated in 
methanol and dried, and the precipite was purified by silica gel 
column chromatography. First, a mixture of hexanes and diethyl 
ether (2:l) was used as eluent to yield the pure and impure 
fractions. The impure fraction was further purified by silica gel 
column chromatography with a mixture of hexanes and diethyl 
ether (1:l) as eluent to yield the pure compound. The combined 
pure parts were dissolved in CHC4 and precipitated in methanol 
to yield a white solid (0.219 g, 46.6%). Purity (HPLC), >99%. 
'H NMR (CDCk TMS, 6, ppm): 0.76 (6H, Ph-CH-CH2-CH3, 
t, J = 7.6 Hz), 1.32 (40H, Br-(CHz)z-(CHz)g and Ph-CH-CHz- 
CH3, m), 1.79 (lOH, -O-CHz-CHz- and -CHz-CHz-Br, m), 2.68 
(2H, Ph-CH-,m), 2.87 (4H, Ph-CHZ-CH-, d , J  = 7.4 Hz), 3.41 
(4H, Br-CHz-, t, J = 6.8 Hz), 3.92 (4H, monophenyl-O-CHz-, 
t, J = 6.1 Hz), 3.98 (4H, biphenyl-0-CHT, t, J = 6.2 Hz), 6.81 
(4H, ortho to ether of the monophenyl ring, d, J = 8.1 Hz), 6.94 
(4H, ortho to ether of the biphenyl ring, d, J = 7.9 Hz), 7.04 (4H, 
ortho to methine of the monophenyl ring, d, J = 7.3 Hz), 7.07 
(4H, ortho to methylene of the biphenyl ring, d, J = 7.5 Hz), 7.40 
(4H, meta to methylene of the biphenyl ring, d, J = 7.6 Hz), 7.49 
(4H, meta to ether of the biphenyl ring, d, J = 8.4 Hz). 

Synthesis of Linear TPB-10 Tetramer (17). The linear 
tetramer 17 was synthesized by the etherification of dibromo- 
decyl-TPB-10 dimer (16) with monodecyl-TPB (4a, 4b) using 
the same method as the one used for the synthesis of linear TPB- 
10 trimer (12). To a 25-mL single-neck flask equipped with a 
condenser and magnetic stirrer were added successively mon- 
odecyl-TPB (0.159g, 0.347 mmol), 2.0 mL of 10 N NaOH aqueous 
solution (20 mmol), 2.0 mL of o-dichlorobenzene, dibromodecyl- 
TPB-10 dimer (0.200 g, 0.165 mmol), and TBAH (0.030 g, 0.087 
mmol). A balloon filled with nitrogen was placed at the top of 
the condenser. The reaction mixture was stirred at 1100 rpm on 
a magnetic stirrer at 80 OC. After 30 min, the reaction mixture 
was diluted with water and chloroform, and the aqueous layer 
was removed. The organic layer was washed with water, followed 
by dilute hydrochloric acid, and 3 times with water. The product 
was precipitated in methanol. After it was dried under vacuum, 
the product was purified by silica gel column chromatography 
with a mixture of hexanes and CHCls (1:l) as eluent. The solid 
was again precipitated in methanol from CHCls solution to yield 
awhitesolid (0.192g,56.2%). Purity(HPLC),>99%. 'HNMR 
(CDC13, TMS, 6, ppm): 0.76 (12H, Ph-CH-CH2-CH3, t, J = 7.2 

CHs-(CH2)r and -O-CH~-CH~-(CHZ)~, m), 1.63 (8H, Ph-CH- 
CHz-CHs, m), 1.76 (16H, -O-CHz-CHz-, m), 2.68 (4H, Ph-CH-, 
m), 2.86 (8H, Ph-CHdH-, d, J = 6.7 Hz), 3.92 (8H, monophenyl- 
O-CH2-, t, J = 5.9 Hz), 3.97 (8H, biphenyl-O-CH2-, t, J = 6.2 
Hz), 6.81 (8H, ortho to ether of the monophenyl ring, d, J = 8.2 
Hz), 6.94 (8H, ortho to ether of the biphenyl ring, d, J = 8.1 Hz), 
7.03 (8H, ortho to methine of the monophenyl ring, d, J = 7.6 
Hz), 7.07 (8H, ortho to methylene of the biphenyl ring, d, J = 
7.2 Hz), 7.39 (8H, meta to methylene of the biphenyl ring, d, J 
= 7.1 Hz), 7.48 (8H, meta to ether of the biphenyl ring, d, J = 
9.5 Hz). 

Synthesis of Linear TPB-10 Polyethers for Fractionation. 
Conventional liquid-liquid two phase (organic solvent-aqueous 
NaOH solution) phase-transfer-catalyzed polyetherification con- 
ditions were used for the preparation of TPB-10 polyethers. The 
polyetherifications were carried out under a nitrogen atmosphere 
at 80 OC in an o-dichlorobenzene-10 N NaOH water solution (10 
times molar excess of NaOH versus phenol groups) in the presence 
of TBAH as phase-transfer catalyst. 

High Molecular Weight TPB-IO. To a 25-mL single-neck 
flask equipped with a condenser were successively added 0.325 
g (1.02 mmol) of TPB (l), 2.0 mL of 10 N NaOH, 2.0 mL of 
o-dichlorobenzene, 0.300 g (1.00 mmol) of 1,lO-dibromodecane 
(51, and 0.136 g (0.40 mmol, 20 mol % of phenol groups) TBAH. 
The reaction mixture was stirred at 1100 rpm on a magnetic 
stirrer at 80 OC under nitrogen. After 1 h, 1-bromodecane (2) 
was added to the reaction mixture so that polyethers containing 
only decyl chain ends are obtained. After 1 h, the organic and 
aqueous layers were diluted with chloroform and water, respec- 
tively, and the aqueous layer was separated. The organic layer 
was washed with water, followed by dilute aqueous HCl, and 
again 3 times with water. The polymer was separated by the 
precipitation of its solution into methanol to yield 0.436 g (93% ) 

Hz), 0.88 (6H, -O-(CH~)Q-CH~, t, J = 6.0 Hz), 1.27 and 1.33 (64H, 
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of a white fibrous precipitate. The polymer was further purified 
by two additional precipitations from THF solution into water. 
Low Molecular Weight TPB-10. The procedure was the 

same as that used for the high molecular weight TPB-10 except 
for the following conditions. TPB (0.319 g, 1.00 mmol) and 1 , l O -  
dibromodecane (0.276 g, 0.92 mmol) were polymerized in the 
presence of 1-bromodecane (0.0354 g, 0.16 mmol) for 30 min 
followed by the addition with 1-bromodecane (0.136 g, 0.40 mmol) 
to complete the alkylation of the terminal phenolates. The yield 
was 0.407 g (89 % ). 

Fractionation of TPB-IO. The high molecular weight TPB- 
10 (0.367 g) was dissolved in chloroform. Silica gel (12.6 g) was 
added to the chloroform solution and the solvent was evaporated. 
The polymer adsorbed on the silica gel was charged on the top 
of a column containing silica gel and was flushed 11 times with 
100 mL of solvents. The solvents were mixtures of acetone and 
CHC13 whose ratios (acetone/CHC13) were 100/0, 90/10,80/ 20, 
70/30,60/40,50/50, 40160, 30/70, 20180, 10/90, and 0/100, and 
were charged in the order from 100/0 to 0.100. Each eluted 
fraction was collected and the solvents were evaporated on a 
rotary evaporator to  produce the fractionated TPB-10 samples. 
Each fraction was dissolved in CHCla, filtered, precipitated in 
methanol, and dried under vacuum. 

The procedure used for the low molecular weight TPB-10 was 
the same as that used for the high molecular weight TPB-10 
except for the following conditions. The amount of polymer and 
silica gel were 0.230 and 26.0 g, respectively. The solvent ratios 
(acetone/CHCld were 10010, 90/10, 80/20, 70130, 60/40, 55/45, 
50/50, 45/55, 40/60, and 30/70 and were charged in the order 
from 100/0 to 30/70. 

Techniques. 1-D lH NMR (200 MHz) spectra were recorded 
on a Varian XL-200 NMR spectrometer. All spectra were 
acquired at room temperature with TMS as internal standard. 

Relative molecular weights and purities were determined by 
gel permeation chromatography (GPC) and high-pressure liquid 
chromatography (HPLC). GPC analyses were carried out with 
a Perkin-Elmer series 10 LC equipped with an LC-100 column 
oven and a Nelson Analytical 900 series data station. The 
measurements were made by using a UV detector, chloroform as 
solvent (1 mL/min, 40 "C), two PL gel columns of 5 X 102 and 
lo4 A, and a calibration plot constructed with polystyrene 
standards. HPLC analyses were performed with the same 
instrument with a PL gel column of 1 X lo2 A. 

A Perkin-Elmer DSC-4 differential scanning calorimeter 
equipped with a TADS data station Model 3600 was used to 
determine thermal transitions. Heating and cooling rates were 
20 OCImin in all cases. First-order transitions (crystalline- 
crystalline, crystalline-liquid crystalline, liquid crystalline- 
isotropic, etc.) were read at the maximum or minimum of the 
endothermic or exothermic peaks. Glass transition temperatures 
(T,) were read at the middle of the change in the heat capacity. 
All heating and cooling scans after the first heating scan produced 
perfectly reproducible data. We will report the transitions 
collected from the first and second or subsequent heating scans 
and from the first cooling scan. 

A Carl Zeias optical polarizing microscope (magnification 100x) 
equipped with a Mettler FP 82 hot stage and a Mettler FP 800 
central processor was used to observe thermal transitions and to 
analyze anisotropic textures. 

Results and Discussion 
Syntheses of TPB-10 Oligomers, Schemes I to I11 

outline the synthesis of linear TPB-10 monomer, dimer, 
trimer, and tetramer. All oligomers have decyl terminal 
groups at both chain ends so that the effect of terminal 
group on their phase behavior is excluded. The syntheses 
of monomer and dimer are straightforward. The ether- 
ification of T P B  (1) with an equal molar amount of 
1-bromodecane (2) yielded monomer TPB-10 (3), mon- 
odecyl T P B  (4a,4b), and unreacted T P B  (1).  These 
compounds were separated by silica gel column chroma- 
tography as described in the experimental part. The 
reactivity of the phenolate group of the hydroxybiphenyl 
unit was higher than that of the hydroxyphenyl group 
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according to  the 'H NMR spectrum of the separated 
monodecyl TPB (4a, 4b). The ratio of 4b/4a was 79/21. 

The linear TPB-10 dimer was synthesized by the 
etherification of monodecyl-TPB (4a, 4b) with 1 , l O -  
dibromodecane (5). Therefore, due to the regiochemical 
structures indicated in Scheme I there are three possible 
constitutional isomers for this dimer. The most dominant 
structure is 6a. The yield of this reaction step was not 
very high most probably due to the low solubility of the 
product resulting from the monoetherification of the 
dibromide with one monodecyl-TPB unit. This is an 
intermediate product of the dimer and precipitated out 
of solution during the reaction. 

The  linear TPB-10 trimer (Scheme 11) and tetramer 
(Scheme 111) were synthesized by following the same 
sequence of reactions, i.e., etherification of TPB and 
1-bromo-9-decene, hydroboration of the double bonds 
followed by oxidation, bromination, and etherification with 
monodecyl-TPB except that, in the case of the tetramer, 
the etherification of monodecenyl-TPB was carried out 
with 1,lO-dibromodecane to yield the didecenyl-TPB-10 
dimer (14). In the synthesis of the tetramer, monodecenyl- 
TPB contained also a higher content of TPB alkylated at  
the phenolate group of the hydroxybiphenyl unit (13b). 
The exact ratio between 13a and 13b could not be 
calculated due to peaks overlapping. However, this ratio 
should not be far different from the ratio for the mono- 
decyl-TPB (4a, 4b). The preferential alkylation to the 
hydroxybiphenyl group again leads to the preferential 
sequence of regiochemical structure of the trimer and 
tetramer. The hydroboration, bromination, and etheri- 
fication reactions proceeded with high conversions. How- 
ever, the yields of TPB-10 dimer 6 (38.1 % ), TPB-10 trimer 
12 (64%), dihydroxydecyl-TPB-10 dimer 15 (69%), di- 
bromodecyl-TPB-10 dimer 16 (47%), and TPB-10 tet- 
ramer 17 (5670 ) were relatively low. These low yields are 
due to the fact that  minor impurities were severely 
overlapped with the desired products in the silica gel 
column and the products containing impurities were 
excluded to obtain the pure derivatives. 

Due to the convenient solubility of TPB-10 oligomers 
and polymers, the synthetic procedures from Schemes I 
to I11 and variants of them can be extended to the 
preparation of monodisperse oligomers and polymers of 
T P B  with any degree of polymerization. 

Characterization of TPB-10 Oligomers. Table I 
summarizes the calculated and experimental molecular 
weights determined by GPC and the purities determined 
by HPLC for all linear TPB-10 oligomers. The purity of 
each oligomer was higher than 99%. The observed 
molecular weight was proportional to the degree of 
polymerization. The molecular weights obtained by GPC 
were consistently 1.60 times higher than the calculated 
ones. This indicates a larger hydrodynamic volume of 
TPB-10 in CHC4 compared to polystyrene standards 
which is most probably due to the presence of the rigid 
mesogenic unit. However, we will discuss their phase 
behavior by using the molecular weights obtained by GPC. 

Thermal transition temperatures and the corresponding 
enthalpy changes of TPB-10 oligomers determined by DSC 
are summarized in Table I. All TPB-10 oligomers exhibit 
only melting transitions during first heating scans. The 
dimer, trimer, and tetramer exhibit isotropic-nematic 
monotropic transitions, i.e., only during cooling scans. 
Their mesophase was identified by optical polarized 
microscopy. All three oligomers exhibit a typical schlieren 
nematic texture. Figure 1 presents a representative texture 
of the nematic phase displayed by these oligomers. The 
particular texture from Figure 1 is for the tetramer. The 
monomer exhibits several exothermic peaks during the 
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Table I. Characterization of Linear TPB-IO Oligomers 
thermal transitions ('C) and 

M. x 1 6  M n X 1 6  purity mmpondiag enthalpy changes (keal/mN) in parentheseS. 
oligomer ~cnlculated) (determined) (96) heating cooling 
monomer 0.599 0.96 >99 k 51.5 (12.01) i i 23.0 X 18.8 X 12.3 (8.5Ib) i 

k 45.8 (-0.37) k 58.9 (11.06) i 
dimef 1.056 1.61 >99 g47.3 k52.4 k67.5 k81.8 k98.0 (1.759 i i 51.6 (1.65) n 26.3 (1.23) k-0.4 (0.37) k 

k 8.0 k 31.2 (-3.Xb) 69.3 k 94.4 (6.85)b i 
trimer 1.512 2.42 >99 K 84.2 k 88.3 (6.17') i i 70.0 (2.25) n 2.4 g 

g9.5 n 71.9 (2.31) i 
tetramer 1.969 3.07 >99 k 76.8 k 84.5 k 90.0 (5.199 i i 71.8 (2.31) n 8.8 g 

g 14.8 n 84.9 (2.35) i 

a Data on the fmt line are from fvat heating and cooling scam. Data on the aeeond line are from second heating ~1111. Overlapped peak 
The nematicisotropic transition (63 OC) on heating wan observed when it wan heated right &I the imtmpiicnematic transition on mling. 

Flyre  I .  Ty$d optical polarized micrograph of the texture 
( X  100) exhibited by the nematic phase of linearTPB-10 tetramer 
annealed at 71.2 "C for 4 min. 

ccmlingscan. However, theaephasescouldnotbeidentfied 
since the c r y a t a l l i z a t i o n d v e r y  fast during annealing 
on the optical microscope. The  trimer and the tetramer 
did not crystallize during both cooling and second or 
subsequent heating scans. In the case of the dimer, the 
nematic-isotropic transition could be observed also on 
the heating scan by reheating right after the isotropic- 
nematic transition from the cooling scan. Both the 
nematic-isotropic and the isotropicnematic transition 
temperatures (T,  and T,n) increase with increasing the 
molecular weight of the oligomer. Simultaneously, the 
crystallization tendency of these oligomers decreases with 
increasing their molecular weight. 

Table I1 summarizesthepurities, the thermaltransition 
temperatures, and the corresponding enthalpy changes of 
all the intermediate compounds used to synthesize the 

linear TPB-10 oligomers. It is interesting to see how the 
functional group of the terminal alkyl tail influences the 
phase behavior of these oligomers. This can be done by 
inspecting the DSC thermograms of these intermediary 
compounds. AU monomers with various chain ends show 
one melting peak during their first heating scan. The  
melting temperaturedecreasesdependingon the terminal 
groupsin the followingorder: moncdecenyl-TPB (13,13b) 
= moncdecyl-TPB (4a, 4b) > dihydroxydecyl-TPB-10 
monomer (IO) > TPB-10 monomer (3) = dibromodecyl- 
TPB.lOmonomer (11) > didecenyl-TPB-lomonomer (9). 
The same trend was observed during their second heating 
scan. During cooling scan, a nematic mesophase was 
observed for all monomers except for the didecenyl-TPB- 
10 (9) monomer and TPB-IO monomer (3). TPB-10 
monomershowsasmallshoulderand twopeaks. However, 
as mentioned above it is not yet known if these peaks 
correspond to mesomorphic transit ions. Dihydroxydecyl- 
TPB-lomonomer (LO) exhibitsa higherisotropic-nematic 
transition temperature (60 O C )  and associated enthalpy 
change than those of the other oligomers. This may be 
explained by the stabilization of its mesophase via 
hydrogen bonding. Although phenol groups which also 
generate hydrogen bonding exist in the monodecenyl- and 
monodecyl-TPR (1311 and 13b. 4a and 4b), these com- 
pounds exhibit lower T,. which are almost identical to 
those of dibromodecyl-TPB-10 monomer (11). The  lack 
of one alkyl group in these compounds may decrease the 
stability of their mesophase. It is interesting that mon- 
decenyl-TPB ( 13a, 13b) shows a lower T,,, and associated 
enthalpy change compared to moncdecyl-TPB (4a, 4b) 
since the only difference is the presence of the vinyl group 
in the former one. 

All dimers with various terminal groups display a 
monotropic nematic mesophase. During first heating 

Table 11. Characterization of Linear TPB-IO Oligomers with Varionn Terminal Gmnpm 
thermal transitions (OC) and 

mrreapondw enthalpy changea (keal/mN) in parenthee.es' Purity 
oligomem (96) heating mlii 

monodwyl-TPB >99 k 82 (11.2) i i 12 (1.48) n -5 g 

monodecanyl-TPB >99 k 83 (9.33) i i -1 (0.61) n -11 g 

didecanyl-TPB-10 monomer 96.0 k 49 (9.82) i i 10 (5.86) k 

g 5 n 18 (0.58) i 20 (-3.11) k 42 (-3.88) k 75 k 80 (9.39) i 

g 8  n 4  (1.06) i 11 k 19 k98 ( 6 ~ 5 4 ~ )  k 80k65 (9.06) i 

k 31 k 38 (6.439 i 

k 52 k 58 k 65 (-3.Olb) k 8S (6.35) i 
dihydmxydwyl-TPB-lO monomer 97.1 k 70 (11.8) k 84 (0.34) i 

dibromodecvl-TPB-I0 monomer 91.3 k 57 (9.69) i 
k 13 k 31 (3.04h) k 54 (8.27) i 

g -9 n 8 (-4.10) k 60 k 89 (5.sb) i 

k 62 (0.79) k 81 k 90 (5.159 i 

k 16 (0.46) k 82 k 112 (8.68b) i 

didenyl-TPB-IO dimer >99 k 52 k69 k81 k90R3.53') i 

dihydmxydwyl-WE10 dimer >99 k 54 k 92 (7.38*) i 

dihromodwyl-TPB-10 dimer >99 k83 k 98 k 113 (8.W) k 

i 60 (2.06) n 35 (2.32) k 

i 13 (0.65) n -16 k 

i 50 (1.25) n 18 (0.15) k 6.2 g 

i 68 (2.48) n 48 (1.90) k 

i 51 (1.13) n 35 (3.59) k 

Data on the fmt Line are from fmt heating and cooling s m .  Data on the second line are from aeeond heating ~1111. Overlap& pd8. 
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Scheme IV. Preparation of High Molecular Weight TPB-10 Polyether with Terminal Decyl Groups 

8OoC 

9 Slightly Excess 

80°C 1 TBAH, ION a q u e w  NaOH. o-DCB 

1) TBAH, 1ON aqueous NaOH. o-DCB 

2) Br-(CH&-CH3 

X + Y = D e p  of Polymerization 

B r - f C H t ) W  
9 

T 

Scheme V. Preparation of Low Molecular Weight TPB-10 Polyether with Terminal Decyl Groups 

scans, all dimers exhibit rather broad melting peaks. The 
order of their melting temperature is as follows: dibro- 
modecyl-TPB-10 dimer (16) > didecyl-TPB-10 dimer (6) 
> dihydroxydecyl-TPB-10 dimer (15) = didecenyl-TPB- 
10 dimer (14). This order is different from that exhibited 
by the monomers. During cooling scans, in all cases, both 
isotropic-nematic and nematic-crystalline transitions were 
observed. The order of Ti, is as follows: dihydroxydecyl- 

X + Y = D e p  of Polymaiution 

TPB-10 dimer (11) > didecyl-TPB-10 dimer (6) > dibro- 
modecyl-TPB-10 dimer = didecenyl-TPB-10 dimer. This 
order is opposite to that observed for the melting tem- 
perature except for the case of didecenyl-TPB-10 dimer 
and is similar to the order of Ti, found for TPB monomers. 
Again, hydrogen bonding must be responsible for the 
higher transition temperature of dihydroxydecyl-TPB- 
10 dimer. 
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Table 111. Characterization of Fractionated Polyethers from High Molecular Weight TPB-10 
thermal transitions ("C) and 

solvents 
(CHCWacetone) 

original 

0/100 
20180 

40160 

50150 

60140 

70130 

yield 
( % I  

4.2 
2.1 

4.6 

13.5 

23.2 

20.2 

M. x 104 
1.33 

0.16 
0.555 

1.13 

2.09 

3.58 

5.63 

MdMw 
3.54 

2.63 
1.16 

1.18 

1.20 

1.28 

1.34 

corresponding enthalpy changes (kcallmru) in parentheses0 
heating cooling 

g 38.3 n 111.3 (2.76) i 
g 38.1 n 111.6 (2.75) i 

g 26.9 n 96.4 (2.24) i 
g 27.0 n 97.5 (2.37) i 
g 36.5 k 41.2 (0.16) n 103.5 (2.64) i 
g 32.6 n 103.8 (2.69) i 
g 38.1 k 44.7 (0.10) k 60.0 (0.08) n 108.0 (2.78) i 
g 37.0 n 108.2 (2.83) i 
g 39.0 n 44.9 (-0.04) n 112.2 (2.86) i 
g 40.9 n 112.6 (2.85) i 
g 42.2 n 67.8 (-0.27) n 114.0 (2.82) i 

i 95.6 (2.70) n 30.6 g 

i 89.9 (2.37) n 20.9 g 

i 95.3 (2.68) n 26.6 g 

i 98.0 (2.79) n 30.5 g 

i 98.4 (2.81) n 33.3 g 

i 98.1 (2.88) n 35.3 g 
g 42.3 n 114.0 (2.84) i 

R 44.1 n 114.4 (2.88) i 
i 97.8 (2.81) n 35.9 g 80120 9.8 5.72 1.47 g 47.5 n 52.8 n 67.6 (-0.76b) n 114.4 (2.82) i 

- 
90110 1.0 5.49 1.48 
100/0 0.4 5.73 1.44 

a Data on the first line are from first heating and cooling scans. Data on the second line are from second heating scan. Overlapped peaks. 

Table IV. Characterization of Fractionated Polyethers from Low Molecular Weight TPB-10 

solvents yield corresponding enthalpy changes (kcal/mru) in parentheses 
thermal transitions ("C) and 

(CHCldacetone) ( % I  M, X l(r MdMw heating cooling 

original 
0/100 
10190 

20180 

30170 

40160 

45/55 

50150 
55/45 
60140 
70130 

19.9 
2.1 

4.0 

5.5 

7.8 

7.9 

8.0 
17.3 
4.4 
5.1 

0.59 
0.30 
0.52 

0.66 

0.82 

1.01 

1.43 

1.18 
1.13 
1.25 
1.85 

2.43 
1.40 
1.16 

1.16 

1.18 

1.28 

1.21 

1.56 
1.50 
1.75 
1.49 

g 46.7 k 50.0 k 56.6 (1.56) n 100.6(2.49) i 
g 25.7 n 99.7 (2.63) i 

g 26.5 k 44.1(0.40) n 95.1 (2.40) i 

i 91.8 (2.47) n 21.7 g 

i 88.6 (2.39) n 19.8 g 
g 26.6 n 95.6 (2.39) i 
g 24.7 k 60.8 k 70.8 n 95.3 (6.74b) i 
g 28.3 n 99.2 (2.54) i 

i 89.9 (2.46) n 21.1 g 

32.6 k 36.3 (0.12) n 101.0 (2.51) i 
g 31.3 n 101.5 (2.64) i 
g 37.8 k 41.7 (0.21) n 105.4 (2.65) i 
g 35.0 n 105.1 (2.66) i 
g 40.6 k 43.9 (0.21) n 106.0 (2.74) i 
g 35.8 n 105.9 (2.81) i 

i 93.5 (2.54) n 24.4 g 

i 95.5 (2.56) n 28.7 g 

i 96.9 (2.69) n 29.7 g 

0 Data on the first line are from first heating and cooling scans. Data on the second line are from second heating scan. b Overlapped peaks. 

The results mentioned above demonstrate clearly that 
the terminal groups affect the phase behavior of linear 
oligomers. The contribution of terminal groups decreases 
with the increase of the degree of oligomerization. There- 
fore, it is very important to maintain the terminal groups 
consistent through the entire range of molecular weights 
in order to extract only the effect of molecular weight on 
phase transitions. 

Fractionation of TPB-10 Polyethers. Schemes IV 
and V present the polymerization reaction used in the 
synthesis of high molecular weight TPB-10 and of low 
molecular weight TPB-10, respectively. The polyether 
with high molecular weight was synthesized to produce 
via fractionation high molecular weight fractions of TPB- 
10. Thu polymerization was carried out with a slight excess 
of TPB (2 mol %) so that most of polymer chain ends 
remain as phenolate anions at  the end of polymerization. 
Following the polymerization, the phenolate chain ends 
were end capped with 1-bromodecane in situ. The low 
molecular weight TPB-10 was synthesized by replacing 
the 8 mol % of the dibromide for 16 mol % of l-bromo- 
decane. The polymerization was terminated by the 
addition of 1-bromodecane to make sure that no unreacted 
phenol chain ends existed. The number average molecular 
weights (M,) and polydispersities (M,IM,,) of the resulting 
TPB-10 polyethers were 1.33 X lo4 and 3.54 and 0.59 X 
lo4 and 2.43, respectively. Both polydispersities are 

significantly higher than the values expected from the 
most probable distribution. This is due to the formation 
of cyclic oligomers during polymerization, which cannot 
propagate further and widens the polydispersity leading 
to a sample containing two polymer homologous series.ll 

The fractionation of these polymers was carried out by 
a conventional column method with chloroform as solvent 
and acetone as nonsolvent.ls Tables I11 and IV summarize 
the yields, number average molecular weights, polydis- 
persities, phase transition temperatures, and the corre- 
sponding enthalpy changes of the fractionated polyethers 
from the high and respectively low molecular weights TPB- 
10, as well as of the original polyethers before fractionation. 
Table I11 summarizes the fractionation results of TPB-10 
with high molecular weight. The molecular weight of 
fractionated polymers increases with increasing the content 
of CHCl3 up to 70% of the acetone fraction which most 
probably contains only cyclic oligomers. The maximum 
yield separated for each fraction is obtained at  about a 
60 % CHCls content and becomes significantly lower above 
70% CHCl3 content since there was only little polymer 
remaining in the column. The total yield of the recovered 
polymer was 79.0%. 

On the other hand, the fractionation of the low molecular 
weight TPB-10 was not as successful as that of the high 
molecular weight TPB-10. A very good fractionation 
occurred up to 45 % CHC13 content in the solvent mixture. 
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Figure 2. DSC thermograms of the second heating (a) and cooling 
scans (b) of the fractionated polyethers separated from the high 
molecular weight TPB-10 and of the original high molecular 
weight TPB-10 before fractionation. 

The molecular weights of polymers fractionated with the 
solvents containing 20% and 40% of CHC13 were almost 
the same as those of the polymers fractionated with the 
same solvents from the high molecular weight TPB-10 
sample. However, the fraction separated with 50 % CHCb 
showed a bimodal molecular weight distribution. The 
polydispersity remained relatively high P1.5) above 50 95 
CHCl3 in the mixture. This is due to the fact that 
crystallization of the charged polymer took place during 
the evaporation of solvent and prevented the fractionation 
since the low molecular weight TPB-10s crystallize easier 
than the high molecular weight ones, especially from 
solution. The polyethers with narrow polydispersity 
obtained by fractionation were used to evaluate the effect 
of molecular weight on phase transitions. 

Phase Transitions of TPB-10 Polymers. Figure 2 
presents as an example the DSC thermograms of the second 
heating and cooling scans of polymers obtained from the 
fractionation of the high molecular weight TPB-10 sample 
and of the original high molecular weight TPB-10 before 
the fractionation. All the DSC results including those of 
the first heating scans and of the samples obtained by the 
fractionation of the low molecular weight TPB-10 are 
summarized in Tables I11 and IV. The fractionated 
polyethers with molecular weights lower than 40 OOO show 
a small melting transition on their first heating scan 
(Tables 111 and IV) and an enantiotropic nematic me- 
sophase. Since the tetramer, trimer, and dimer exhibit a 
monotropic nematic phase, the monotropic phase is 
transformed into an enantiotropic phase by increasing the 
molecular weight of TPB-10. This behavior was predicted 

0 
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M n  

b) 501i 
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i 2 0 {  I, 
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Figure 3. Nematic-isotropic transition temperatures (Td, 0; 
Tb, 0)  (a) and glass transitiontemperatures ( TB, 0, second heating 
scan; 0, cooling scan) (b) of the fractional linear TPB-10 
polyethers and of the oligomers plotted versus number average 
molecular weight (Mn). 

theoreticallylM and also was observed for the case of both 
main chains7 and side chain liquid crystalline polymers.2 
As seen in Figure 2, on cooling and second heating scans, 
only glass and nematic-isotropic transitions were observed. 
All fractionated polyethers with narrow polydispersities 
exhibit very sharp nematic-isotropic transition peaks 
regardless of molecular weight. The width of these 
transition peaks is not affected, within the range reported 
here, by their polydispersity. On the other hand, the 
original TPB-10 before fractionation exhibits only a 
slightly broader transition peak (Figure 2). In Figure 3, 
Tni, Tb, and Tg values obtained from heating and cooling 
scans were plotted versus the number average molecular 
weight (Mn) obtained by GPC. Both Tni and Tb increase 
abruptly with increasing their number average molecular 
weight up to about 15 000 to 20 000. Above this molecular 
weight value, Tni continues to increase with a much lower 
slope while Ti, stays constant or even decreases to a very 
small extent a t  very high molecular weights (Figure 3a). 
Tg follows a similar trend (Figure 3b). Tni, Tb, and Tg 
(heating) and Tg (cooling) were plotted versus reciprocal 
Mn in Figure 4. Linear relationships of Tni, Tin, Tg 
(heating), and Tg, (cooling) versus l/Mn were obtained 
except for the region at  high molecular weight. For the 
glass transition, this relation can be expected from the 
Fox-Flory equation which is based on the free-volume 
theory.I7 A detailed inspection of Figure 4 leads to the 
following interesting observation. In Figure 4a, Tni 
deviates from the linear dependence of l/Mn toward the 
upper side above Mn = 20 000, while Tin deviates toward 
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Figure 4. Nematic-isotropic transition temperatures (Td, 0; 
Tb, 0)  (a) and glass transition temperatures (Tg, 0, second heating 
scan; 0, cooling scan) (b) of the fractionated linear TPB-10 
polyethers and of the oligomers plotted versus reciprocal number 
average molecular weight (l/Mn). 

the lower side above M, = 20 000. This phenomenon can 
be explained by supercooling and superheating effects due 
to the high viscosity of the system in the high molecular 
weight region. The supercooling (Tni - Th, in "C) was 
plotted versus M, in Figure 5a. Actually, it increases 
linearly with increasing the molecular weight. Therefore, 
a t  low molecular weights the isotropization transition is 
thermodynamically controlled while a t  high molecular 
weights (i.e., Mn higher than 20 000), by analogy with other 
first-order transitions in polymers, it becomes kinetically 
controlled. The kinetic effect on the isotropization 
temperature of the nematic mesophase is, as expected, 
much lower than on crystalline phases. On the other hand, 
both Tg values obtained from cooling and heating scans 
deviate from the linear relations toward the upper side 
(Figure 4b). Another interesting observation is that the 
ratio T d  Tg remains almost constant throughout the entire 
range of molecular weights as indicated in Figure 5b. 
Although glass transition is a second-order phase transition 
while nematic-isotropic is a first order one, there are 
surprising similarities between them in terms of their 
dependence on molecular weight a t  least for the case of 
this particular polymer. 

Although all these polyethers exhibit typical schlieren 
nematic textures, there is a dependence of the rate of 
evolution of the texture on molecular weight. Namely, 
the evolution rate increases significantly with decreasing 
molecular weight. Figure 6 presents two representative 
examples. The texture (Figure 6b) exhibited by the high 
molecular weight sample (Mn = 3.58 X lo4) is much smaller 
than that (Figure 6a) of the low molecular weight sample 
(M, = 1.13 X lo4) a t  the same evolution time although the 
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Figure 5. (a) Supercooling of the isotropization transition ( T ~  
- Th, in "C) of TPB-10 plotted versus number average molecular 
weight ( M J .  (b) Ratio TJTg  of TPB-10 plotted versus number 
average molecular weight (Mu). (Data from second heating scan.) 

former was annealed at  a higher temperature. Regardless 
of their polydispersity, TPB-10 linear polymers do not 
exhibit a biphasic morphology at  their isotropization 
transition. 

In Figure 7, the enthalpy changes (AH) associated with 
the nematic-isotropic and isotropic-nematic transitions 
were plotted versus Mn and l/Mn, respectively. Again, 
AH increases with increasing molecular weight and levels 
off above a number average molecular weight of about 
20 000. AH also shows a linear relationship versus 1/Mn 
up to 1/M, = 2 X lo4. However, AH deviates toward the 
upper side below the tetramer region. This trend may be 
due to the fact that AH was calculated based on the 
molecular weight of the repeat unit. However, the 
contribution from chain ends to AH is not negligible for 
low molecular weight oligomers such as trimer and 
tetramer. 

Comparison of the Phase Transitions of Linear and 
Macrocyclic TPB-10 Oligomers and Polymers. In 
some previous publications from this series we have 
predicted and demonstrated that macrocyclic derivatives 
based on TPB and a,o-dibromoalkanes should display at  
a certain ring size a higher ability to generate liquid 
crystalline phases than the corresponding linear low and 
high molecular weight homo1ogous.l' This is due to the 
fact that a t  a certain ring size a suitable combination 
between ring size, spacer, and TPB lengths, the contri- 
bution of ring strain, molecular architecture, and absence 
of chain ends makes the cyclic molecules more rigid than 
their linear counterpart. 

The results on linear oligomers provided by this paper 
allow for the the first time a quantitative comparison 
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a) 

Figwe 6. mid optical polarized micrographs (X100) of the 
representative texture exhibited by the nematic phase of the 
linear TPB-IO polyethers: (a) M. = 1.13 X 10'. annealed at 84.2 
OC for 22 min; (b) M. = 3.58 x lo', annealed at 95.4 "C for 22 
min. 

betweenthephasebehavioroflinearand macrocyclicliquid 
cryatahof TPB-lotobemade. The macrocyclicmonomer 
[TPB-(c)lO(l)l to pentamer [TPB-(c)l0(5)1 and a high 
molecular weight macrocyclic of M. = 11800 which 
contains about 40% linear polymer were reported 
previously."* 

Figure 8 presents the plot of the isotropic-nematic (T,) 
transition temperatures of linear and macrocyclic oligo- 
ethers and polymers as a function of their degree of 
polymerization (DP). A brief inspection of the calculated 
and experimentally determined M. (by GPC) of linear 
oligomers (Table I) shows that the experimental values 
are consistently larger by a factor of 1.60. Therefore, this 
factor was used to make corrections in the values of 
experimental M. data of TPB-10 from Tables 111 and IV 
which were used to calculate their degrees of polymeri- 
zationfromFigure 8. The corresponding correction factor 
for cyclicsis 1.3.". Consequently, theDPdatafromFigure 
8 are absolute values. The macrocyclic and linear mono- 
mers are liquid and crystalline, respectively. Larger linear 
oligomers display a monotropic nematic mesophase, while 
larger macrocyclica display monotropic (dimer and trimer) 
and enantiotropic (tetraner and pentamer) nematic mes- 
ophases. Therefore, we will discuss only their T, tran- 
sition. The macrocyclic dimer has a Ti. that is 16 OC lower 
than that of its corresponding linear dimer. However, the 
cyclic trimer and tetramer have Ti. values which are 17 
and 46 'C higher, respectively, than of their linear 
homologues. The linear pentamer is not available while 
the cyclic pentamer is. The trend of the plot in Figure 8 
shows that the pentamer still displays a much higher 
isotropization temperature than that expected for the 
linear structure. However, the transition temperature of 
thecyclic pentamer islower than that ofthecyclictetramer. 
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Figure 8. Dependence of the isotropienematic transition 
temperaturea (Td of linear (0)  and macrocyclic (0) TF'B-IO on 
their degree of polymerization (DP). Transition temperatures 
of macrocyclics are from ref l l a .  

This should be due to the release of ring strain which 
takes place on going from tetramer to pentamer. The 
high molecular weight cyclic structure has a broad 
polydispersity (MJM., = 1.53) and displays a lower 
transition temperature than that of its linear structure. 

Theoretically, if the high molecular weight cyclic struc- 
ture would be pure and monodispersed, it would have to 
exhibit an identical transition with the linear structure. 
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Nevertheless, the trend from Figure 8 demonstrates that 
our predictions were correct.ll 

Few other differences between linear and cyclic oligo- 
mers are as follows. The enthalpy changes associated with 
the isotropization transition of the macrocyclic dimer is 
20 times lower than that of the linear dimer. The 
corresponding value of the cyclic trimer is 7 times lower 
while those of the cyclic tetramer and pentamer are only 
2 times lower than those of the linear homologues (Table 
I and ref l la) .  The glass transition temperatures of the 
linear trimer and tetramer are about 17 "C lower than 
those of the corresponding macrocyclics. At  the same time, 
the crystallization tendency of the macrocyclics is much 
lower than that of the linear homologues. For example 
certain macrocyclics crystallize quite easy from solution 
but only with difficulty or not a t  all from the melt phase. 

The miscibility of macrocyclics with their corresponding 
linear polymers is an additional problem of interest which 
is under investigation. Both optical polarized microscopy 
and NMR spectroscopy have shown the absence of a 
biphase in both fractionated and unfractionated samples 
of linear TPB-10 polymers. 

We believe that the implications of these effects of the 
high molecular weight on phase transitions, particularly 
of its influence on the degree of supercooling of the 
isotropization transition, should be considered very care- 
fully when trying to make quantitative statements about 
the influence of molecular architecture on the phase 
behavior of liquid crystalline polymers. 
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