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ABSTRACT: The synthesis and living cationic polymerization of 8-[ (4-cyano-4’-biphenyl)oxy]octyl vinyl 
ether (6-8) and of 64  (4-cyano-4’-biphenyl)oxy]hexyl vinyl ether (6-6) are described. The mesomorphic behavior 
of poly(6-8) and poly(6-6) with different degrees of polymerization and narrow molecular weight distribution 
was compared to that of the 6-8 and 6-6 and of 8-[(4-cyano-4’-biphenyl)oxy]octyl ethyl ether (8-8) and 6-[(4- 
cyano-4’-biphenyl)oxy]hexyl ethyl ether (8-6). 8-8 and 8-6 are the model compounds of the monomeric structural 
units of poly(6-8) and poly(6-6). 6-8 displays an enantiotropic nematic mesophase, 6-6 and 8-6 exhibit a 
monotropic nematic mesophase, and 8-8 gives a monotropic nematic and a monotropic SA mesophase. Poly- 
(6-8) with a degree of polymerization of 2.1 and poly(6-6)s with degrees of polymerization from 3.3 to 7.3 
display an enantiotropic SA and an enantiotropic nematic mesophase. Poly(6-8)s with degrees of polymerization 
from 4.2 to 10.2 and poly(6-6)s with degrees of polymerization from 7.6 to 13.5 display an enantiotropic SA 
mesophase. Poly(6-8)s with degrees of polymerization larger than 12.4 and poly(6-6)s with degrees of 
polymerization higher than 23.2 display an enantiotropic sx (Le., an unidentified smectic phase) and an 
enantiotropic SA mesophase. Poly(6-8)s and poly(6-6)s with degrees of polymerization from 1 (Le., 8-8 and 
8-6) to 30.0 represent the first examples of side-chain liquid-crystalline polymers that show a continuous 
change of the mesomorphic-isotropic phase transition (i.e., from nematic-isotropic to smectic-isotropic) on 
increasing their molecular weight. 

Introduction 
The most elementary step toward the molecular design 

of side-chain liquid-crystalline polymers represents the 
elucidation of the mechanism by which the polymer 
molecular weight influences its phase behavior. So far, 
the only trend that is generally accepted consists of the 
enlargement of the temperature range of the mesophase 
with an increase of the polymer molecular This 
dependence was recently explained on the basis of 
thermodynamic principles assuming that the phase be- 
havior of the polymer is determined by that of the 
monomeric structural ~ n i t . ’ ~ J ~  So far there are two 
experiments in the literature in which the phase behavior 
of a polymer with different molecular weights was com- 
pared to that of the model compound of its monomeric 
structural ~ n i t . ~ J l  In both cases the model compound of 
the monomeric structural unit and the polymers with 
different molecular weights display the same type of me- 
sophase. A second mesophase may however appear above 
a certain polymer molecular ~ e i g h t . ~ J l  This trend can be 
easily explained on the basis of therm~dynamics.’~J~ There 
are additional examples in the literature where a polymer 
displays various mesophases a t  different molecular 
w e i g h t ~ . ~ p ~ J ~  However, no information is available on the 
phase behavior of the models of their monomeric structural 
units. Elucidation of this phenomenon requires the 
synthesis and characterization of polymers with well- 
defined molecular weights and narrow molecular weight 
distributions as well as of the model compounds of their 
monomeric structural units. So far, side-chain liquid- 
crystalline polymers with narrow molecular weight dis- 
tribution were prepared by group-transfer polymerization 
of mesogenic methacrylates,’ by cationic polymerization 
of mesogenic vinyl and propenyl ethers,gl1J4JS and by 
polymer homologous reactions.16 

t Part 2 of this series: ref 11. 
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Scheme I 
Synthesis of Monomers and Model Compounds 

CHCls I 
N C ~ O ( C H ~ ) ~ O C H . C H ~  

6 3  

This paper will present the synthesis and living cat- 
ionic polymerization of 8-[ (4-(cyano-4’-biphenyl)oxy]oc- 
tyl vinyl ether (6-8) and 6- [ (4-cyano-4’-biphenyl)oxy]hexyl 
vinyl ether (6-6) and the mesomorphic behavior of the 
resulting polymers with different molecular weights. The 
phase behavior of these polymers will be compared to that 
of 8- [ (4-cyano-4’-biphenyl)oxy]octyl ethyl ether (8-8) and 
6-[ (4-cyano-4’-biphenyl)oxy]hexyl ethyl ether (8-6), which 
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Table I 
Thermal Characterization of 

4-Cyano-4'-(8-hydroxyoctan-l-yloxy)biphenyl (7-8), 
4-Cyan0-4'-(6-hydroxyhexan- 1-y1oxy)biphenyI (7-6), 
84 (4-Cyano-4'-biphenyl)oxy]octyl Vinyl Ether (6-8), 
64 (4-Cyano-4'-biphenyl)oxy]hexyl Vinyl Ether (6-6), 

8-[(4-Cyano-4'-biphenyl)oxy]octyl Ethyl Ether (8-8), and 
6-[(4-Cyan0-4'-biphenyl)oxy]hexyl Ethyl Ether (8-6). 

phase transitions, 0 O C  (corresponding enthalpy changes, 
kcal/mru) 

compd heating cooling 
7-8 
7-6 
6-8 
6-6 

k 87.7 (9.1) n 104.0 (0.23) i 
k 93.5 (8.01) 110.9 (0.25) i 
k 54.0 (8.31) n 70.8 (0.27) i 
k 75.5 (5.95) In 75.9 (0.3511 i 

i 100.4 (0.38) n 57.7 (6.09) k 
i 107.8 (0.33) n 71.04 (5.66) k 
i 67.3 (0.31) n 27.9 (4.68) k 
i 68.2 (0.31) n 55.8 (5.22) k _ .  

8-8 

8-6 

k 62.9 (8.77) isA 58.5 (0.26j 
k 64.6 (8.67) [n 60.0 (0.12)] i 

i 53.1 (0.37) n 46.9 (0.015) 

i 46.7 (0.13) n 27.1 (7.21) k 
n 61.0 (0.39)] i SA 23.7 (7.21) k 

0 Values in brackets represent virtual data. 

31.1 

22.6 A 18.1 

I 

c 

1 4 1 2 1 0 8  6 4 2 0 
Mn x 

Figure 1. GPC traces of poly(6-8). The degree of polymerization 
of each sample is printed on the figure. 

IMIdtlb 
Figure 2. Dependence of the number average molecular weight 
(M,) and of the polydispersity (M, /M,)  of poly(6-8) on the [M]o/ 
[II0 ratio. 

represent the models of the monomeric structural uni ts  
of poly{8-[4(cyano-4'-biphenyl)oxy]octyl vinyl ether) [poly- 
(6-8)] and poly{6-[(4-cyano-4'-biphenyl)oxy] hexyl vinyl 
ether) [poly(6-6)]. 

Experimental Section 
Materials. I-Phenylphenol(98% ), lJ0-phenanthroline (an- 

hydrous, 99%)), palladium(I1) acetate (all from Lancaster Syn- 
thesis),ferricchlorideanhydrous (98%, Fluka),copper(I) cyanide 
(99$1), n-butyl vinyl ether (98%), 9-borabicyclo[3.3.1]nonane 
(g-BBN, crystalline, 9896 ), 8-bromo-1-octanol (95% ), 6-chloro- 

b 

t g 

o 20 40 60 ao l o o  120 
T/OC 

o 20 40 60 ao loo 120 
T/OC 

Figure 3. (a) Heating and cooling DSC traces of 7-8 (a, b), 6-8 
(c, d), and 8-8 (e, f ) .  (b) Heating and cooling DSC traces of 7-6 
(a, b), 6-6 (c, d), and 8-6 (e, f). 

hexan-1-01 (9751 ), and the other reagents (all from Aldrich) were 
used as received. Methyl sulfide (anhydrous, 99%, Aldrich) was 
refluxed over 9-BBN and then distilled under argon. Dichlo- 
romethane (99.6%, Aldrich), used as a polymerization solvent, 
was first washed with concentrated sulfuric acid and then with 
water, dried over anhydrous magnesium sulfate, refluxed over 
calcium hydride, and freshly distilled under argon before each 
use. N-Methyl-2-pyrrolidone (98 X , Lancaster Synthesis) was 
dried by azeotropicdistillation with benzene, shaken with barium 
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Table I1 
Cationic Polymerization of 8 4  (4-Cyan0-4~-biphenyl)oxyJoctyl Vinyl Ether (6-8) (Polymerization Temperature 0 OC; 

Polymerization Solvent Methylene Chloride; [MI0 = 0.285 M; [(CHJ)$~]O/[I]O = 10; Polymerization Time 1 h) and 
Characterization of the Resulting Polymers 

GPC phase transitions, "C (corresponding enthalpy changes, kcal/mru) 
sample [M]o/[I]o polym yield, % 10-3Mn M,/M, DP heating cooling 

1.11 2.2 E -6.4 SA 65.1 (-)" n 67.4 (0.28)" i i 65.0 (0.29)" n 63.5 (-)a SA 

1.06 4.2 

1.07 5.9 

1.09 8.2 

1.04 10.2 

1.06 12.4 

1.11 18.1 

1.09 22.6 

1.11 31.1 

-6.7 s i  63.8 (-)4a n 65.6 (0.31)" i 
g 4.9 SA 110.9 (0.48) i 
g 2.5 SA 110.5 (0.47) i 
g 5.8 SA 114.3 (0.51) i 
g 4.2 SA 114.0 (0.51) i 
g 9.2 SA 125.6 (0.47) i 
g 7.5 SA 125.8 (0.47) i 
g 12.6 SA 127.5 (0.43) i 
g 8.3 SA 127.3 (0.43) i 
g 15.7 sx 36.4 (0.31) SA 136.4 (0.58) i 
g 9.2 SA 134.8 (0.46) i 
g 23.2 sx 49.4 (0.27) SA 145.0 (0.50) i 
g 17.5 sx 49.1 (0.27) SA 144.9 (0.44) i 
g 22.5 sx 67.1 (0.27) SA 154.1 (0.48) i 
g 18.7 sx 62.1 (0.28) SA 151.1 (0.43) i 
g 22.7 sx 69.0 (0.34) SA 155.1 (0.41) i 

-6.4 g 
i 105.6 (0.46) SA 0.1 g 

i 109.2 (0.50) SA 2.5 g 

i 120.5 (0.46) SA 7.5 g 

i 122.8 (0.46) SA 7.8 g 

i 128.8 (0.45) SA 7.9 g 

i 139.6 (0.30) SA 40.9 (0.44) 
sx 12.5 g 
i 141.6 (0.32) SA 49.7 (0.40) sx 
13.3 g 
i 150.0 (0.32) SA 62.8 (0.39) sx 

21.5 sx 67.9 (0.31) SA 155.3 (0.40) i 19.2 g 

a Overlapped peaks. 
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Figure 4. DSC traces displayed during the first heating scan (a), second heating scan (b), and first cooling scan (c) by poly(6-8) with 
different degrees of polymerization (DP). DP is printed on the top of each DSC scan. 

oxide, filtered, and fractionally distilled under reduced pressure. 
Trifluoromethanesulfonic acid (triflic acid, 98%, Aldrich) was 
distilled under argon. 

Techniques. 1H NMR (200 MHz) spectra were recorded on 
a Varian XL-200 spectrometer. TMS was used as internal 
standard. A Perkin-Elmer DSC-4 differential scanning calo- 
rimeter, equipped with a TADS 3600 data station, was used to 
determine the thermal transitions, which were reported as the 
maxima and minima of their endothermic or exothermic peaks, 
respectively. In all cases, heating and cooling rates were 20 "C/ 
min unless otherwise specified. Glass transition temperatures 
(T,) were read a t  the middle of the change in the heat capacity. 
First heating scans differ from second and subsequent heating 
scans. However, second and subsequent heating scans are 
identical. The first heating scans can be reobtained after proper 
annealing of the polymer sample. A Carl-Zeiss optical polarized 

microscope (Magnification 1OOx) equipped with a Mettler FP 
82 hot stage and a Mettler FP 800 central processor was used to 
observe the thermal transitions and to analyze the anisotropic 
textures.l'J8 Molecular weights were determined by gel perme- 
ation chromatography (GPC) with a Perkin-Elmer Series 10 LC 
instrument equipped with LC-100columnoven, LC-600autoeam- 
pler, and a Nelson Analytical 900 series integrator data station. 
The measurements were made a t  40 OC using the UV detector. 
A set of Perkin-Elmer PL gel columns of lo4 and 500 A with 
chloroform as solvent (1 mL/min) and a calibration plot 
constructed with polystyrene standards was used to determine 
the molecular weights. High-pressure liquid chromatography 
experiments were performed with the same instrument. 

Synthesis of Monomers. Scheme I outlines the synthesis of 
monomers and model compounds. 
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p 1801 Scheme I1 
Mechanism of Living Cationic Polymerization 

NC NC 
, .  

Q NC 

l,l0-Phenanthrolinepalladium(II) diacetate (9) was syn- 
thesized according to a literature procedure;lS mp 220 "C. (lit.19 
mp 234 "C). 

4-Cyano-4'-hydroxybiphenyl(5) was synthesized as reported 
in a previous publication;ll purity 99% (HPLC); mp 195-198 "C 
(lit.20*21 mp 196-199 "C). 1H NMR (acetone-dp, TMS) 6 3.80 (1 
proton, OH, s), 7.01 (2 aromatic protons, o to -OH, d), 7.61 (2 
aromatic protons, m to -OH, d), 7.70 (4 aromatic protons, o and 
m to -CN, s). 
4-Cyano-4'-(8-hydroxyoctan- 1-yloxy)biphenyl(7-8): 4-Cy- 

ano-4'-hydroxybiphenyl(5.8 g, 0.0297 mol), potassium hydroxide 
(1.66 g, 0.0297 mol), and few crystals of potassium iodide were 
dissolved in a mixture of ethanol-water (4/ 1,165 mL). 8-Bromo- 
1-octanol (6.8 g, 0.033 mol) was added to the resulting solution, 
which was heated to reflux for 24 h. The ethanol was removed 
on a rotary evaporator, and the resulting solid was washed 
successively with water, dilute aqueous NaOH, and water. Re- 
crystallization from methanol yielded 5.8 g (60.3%) of white 
crystals; purity 99.9% (HPLC). IH NMR (CDCl3, TMS) 6 1.01- 
1.95 (12 protons, -(CHz)e-, m), 3.66 (2 protons, -CH20H, t) ,  4.01 
(2 protons, PhOCHz-, t), 7.01 (2 aromatic protons, o to alkoxy, 
d),  7.66 (4 aromatic protons, o and m to -CN, d of d). Thermal 
characterization of 7-8 is reported in Table I. 

4-Cyano-4'-(6-hydroxyhexan-l-yloxy)biphenyl (7-6) was 
prepared by using the same procedure as that detailed for the 
synthesis of 7-8 except that 8-bromo-1-octanol was replaced with 
6-chloro-1-hexano1;yield 70.2%;purity99.8% (HPLC). lH NMR 
(CDC13, TMS) 6 1.05-1.95 (8 protons, -(CHz),-, m), 3.64 (2 
protons, -CHzOH, t), 4.00 (2 protons, PhOCHzO-, t), 7.01 (2 
aromatic protons, o to alkoxy, d), 7.55 (2 aromatic protons, m to 
alkoxy, d), 7.66 (4 aromatic protons, o and m to -CN, d of d). 
Thermal transitions of 7-6 are reported in Table I. 

8 4  (4-Cyano-4'-biphenyl)oxy]octyl vinyl e ther  (6-8): 7-8 
(4.5 g, 0.0139 mmol) was added to a mixture of 1,lO-phenan- 
throlinepalladium(I1) diacetate (0.55 g, 1.39 mmol), n-butyl vinyl 
ether (76 mL), and dry chloroform (70 mL). The mixture was 
heated at  60 "C for 6 h. After cooling and filtration (to remove 
the catalyst), the solvent was distilled in a rotary evaporator, and 
the product was purified by column chromatography (silica gel, 
methylene chloride eluent) to yield 3.4 g (69.9% ) of white crystals; 
purity 99.9O; (HPLC). IH NMR (CDC13, TMS) 6 1.01-1.95 (12 
protons, -(CH&-, m), 3.68 (2 protons, -CHzO-, t), 4.00 (3 protons, 
OCH=CHz, trans, and PhOCHz-, m), 4.14 and 4.21 (1 proton, 

0 10 20 3 0  4 0  

DP 

I 

-L" I 

0 10 20 30  4 0  

DP 

1801 

-I . 
0 10 20  3 0  4 0  

DP 
Figure 5. Dependence of phase transition temperatures on the 
degree of polymerization of poly(6-8). DP = 1 corresponds to 
8-8. (a) Data from first heating (fh) scan: 0, TB (fh); 0, T,,, or 
TsA-i (fh); A, T,-i (fh);., T, -A (fh). (b) Data from second heating 
(sh) scan: 0, Tg (sh); 0, $A-n or TsA-i (sh); A, Tn-i (A); 0, T8X-A 

(sh). Tm's of 8-8 from first and second heating scans are not 
plotted. (c) Data from the cooling scan: 0, Ti*A; A, Ti-,,; 0, TaA+ 
0, Tg; 0, Tk. 

-OCH=CH2, cis, d), 6.49 (1 proton, -OCH=CHz, q), 7.01 (2 
aromatic protons, o to alkoxy, d), 7.50 (2 aromatic protons, m to 
alkoxy, d), 7.66 (4 aromatic protons, o and m to -CN, d of d). 
Thermal transitions of 6-8 are reported in Table I. 

6 4  (4-Cyano-4'-biphenyl)oxy]hexyl vinyl ether (6-6) was 
synthesized by the same procedure as for 7-6; yield 85 % ; purity 
99% (HPLC). lH NMR (CDClS, TMS) 6 1.01-1.95 (8 protons, 
-(CH2)4-, m), 3.70 (2 protons, -CHzO-, t) ,  4.00 (3 protons, 
-OCH=CH2, trans, and PhOCH2-, m), 4.14 and 4.21 (1 proton, 
-OCH=CH2, cis, d), 6.45 (1 proton, -OCH=CH*, q), 7.01 (2 
aromatic protons, o to alkoxy, d), 7.50 (2 aromatic protons, m to 
alkoxy, d), 7.66 (4 aromatic protons, and aro (4 aromatic protons, 
and m to -CN, d of d). Thermal transitions are reported in 
Table I. 
8-[(4-Cyano-4'-biphenyl)oxy]octyl ethyl ether (8-8): 7-8 

(3.23 g, 0.01 mol) was added to a solution containing potassium 
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Figure 6. DSC traces displayed during first heating scan (a), second heating scan (b), and first cooling scan (c) by poly(6-6) with 
different degrees of polymerization (DP). DP is printed on the top of each DSC scan. 

Table 111 
Cationic Polymerization of 6 4  (4-Cyano-4'-biphenyl)oxy]hexyl Vinyl Ether (6-6) (Polymerization Temperature 0 O C ;  

Polymerization Solvent Methylene Chloride; [MI0 = 0.311M [ (CHs)rS]o/[I]o = 10; Polymerization Time 1 h) and 
Characterization of the Resulting Polymers 

GPC phase transitions, "C (corresponding enthalpy change, kcal/mru) 
sample [MldlIlo polym yield, ?6 10-3Mn M J M ,  DP heating cooling 

1 4.0 

2 5.0 

3 7.0 

4 9.0 

5 11.0 

6 13.0 

7 23.0 

8 30.0 

Overlapped peaks. 

63 

67 

76 

84 

72 

75 

85 

87 

1.06 1.02 3.3 g 12.1 SA 90.8 (-)" n 95.7 (0.22)' i 
g 12.1 SA 91.4 (-)' n 95.1 (0.21)' i 

1.65 1.03 5.1 g 16.4 SA 98.7 (-)' n 100.8 (0.28)' i 
g 13.2 SA 99.2 (-)' n 101.2 (0.20)' i 

2.44 1.07 7.6 g 17.9 SA 101.9 (-1' n 102.8 (0.25)' i 
g 16.4 SA 101.5 (-)' n 102.6 (0.19)' i 

2.87 1.03 8.9 g 17.7 sx 37.3 (0.21) SA 107.8 (0.17) i 
g 17.5 SA 104.0 (0.14) i 

3.59 1.10 11.2 g 26.2 sx 45.6 (0.30) SA 109.1 (0.15) i 
g 15.6 SA 104.0 (0.14) i 

4.33 1.05 13.5 g 28.9 sx 47.7 (0.45) EA 112.2 (0.15) i 
g 15.7 SA 112.7 (0.21) i 

7.45 1.09 23.2 g 24.3 sx 52.0 (0.25) SA 117.1 (0.15) i 
g 23.2 sx 53.9 (0.23) SA 117.4 (0.14) i 

9.47 1.10 29.5 g 28.9 sx 73.9 (0.32) SA 124.8 (0.12) i 
g 29.5 sx 67.1 (0.46) SA 120.5 (0.15) i 

i 91.5 (0.21)' n 86.7 (-)' SA 3.3 g 

i 97.5 (0.20)' n 94.8 (-)' SA 7.2 g 

i 100.7 (0.19)" n 98.8 (-)' SA 4.8 g 

i 102.4 (0.19)O n 100.8 (-)' SA 4.8 g 

i 105.0 (0.19) SA 5.6 g 

i 111.9 (0.19) SA 3.7 g 

i 113.4 (0.18) SA 36.2 (0.06) sx 12.7 g 

i 117.6 (0.15) SA 54.1 (0.29) sx 25.8 g 

tert-butoxide (1.12 g, 0.01 mol) and 18-crown-6 (2.6 mg, 0.01 
mmol) in dry tetrahydrofuran (78 mL). Diethyl sulfate (1.54 g, 
0.01 mol) was added, and the reaction mixture was refluxed for 
3 h. After cooling, the reaction mixture was extracted with 
chloroform, washed with water, and dried over magnesium sulfate, 
and the chloroform was removed in a rotary evaporator. The 
resulting product was purified by column chromatography (silica 
gel, methylene chloride eluent) to yield 2.2 g (63%) of white 
crystals; purity 99.9% (HPLC). lH NMR (CDCl3, TMS) 6 1.20 
(3 protons, -0CHzCH3, t), 1.30-1.81 (12 protons, -(CHz)e-, m), 
3.41 (4 protons, -CH20CH2CH3, m), 4.00 (2 protons, -CHZOPh, 
t), 7.01 (2 aromatic protons, o to alkoxy, d), 7.51 (2 aromatic 
protons, m to alkoxy, d), 7.66 (4 aromatic protons, o and m to 
-CN, d of d). Thermal transitions of 8-8 are reported in Table 
I. 
6-[(4-Cyano-4'-biphenyl)oxy]hexyl ethyl ether  (8-6) was 

synthesized by the same procedure as for 6-6; yield 67 5% ; purity 
99.9% (HPLC). lH NMR (CDCl3, TMS) 6 1.21 (3 protons, 
-0CH2CH3, t), 1.46-1.82 (8 protons, -(CH*)d-, m), 3.43 (4 protons, 
-CH20CH2CHa, m), 4.01 (2 protons, -CH20Ph, t), 7.02 (2 aromtic 
protons, o to alkoxy, d), 7.51 (2 aromatic protons, m to alkoxy, 

d), 7.68 (4 aromatic protons, o and m to -CN, d of d). Thermal 
transitions of 8-6 are reported in Table I. 

Cationic Polymerizations. Polymerizations were carried out 
in glass flasks equipped with Teflon stopcocks and rubber septa 
under argon atmosphere at  0 "C for 1 h. All glassware was dried 
overnight a t  130 OC. The monomer was further dried under 
vacuum overnight jn the polymerization flask. Then the flask 
was filled with argon and cooled to 0 OC, and the methylene 
chloride, dimethyl sulfide, and triflic acid were added via a syringe. 
The monomer concentration was about 10 w t  % of the solvent 
volume, and the dimethyl sulfide concentration was 10 times 
larger than that of the initiator. The polymer molecular weight 
was controlled by the monomer/initiator ratio. At the end of 
the polymerization the reaction mixtures were precipitated into 
methanol containing a few drops of NHdOH. The filtered 
polymers were dried and precipitated from methylene chloride 
solutions into methanol until GPC traces showed no traces of 
monomer. Tables I1 and I11 summarize the polymerization 
results. Although the polymer yields are lower than expected 
due to losses during the purification process, the conversions 
were almost quantitative in all cases. 
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Figure 7. Dependence of the phase-transtion temperatures on 
the degree of polymerization of poly(6-6). DP = 1 corresponds 
to 8-6. (a) Data from first heating scan: 0, T (fh); 0, T,,-, (fh) 
or T8A-i (fh); A, Tn-i (fh); 0, T,  -,A (fh); 0, T,  (h). (b) Data from 
second heating scan: 0, Tp (sfi); 0,TaA-n (sh) or T8A-i (sh); A, Tn-i 
(sh); 0, TexaA (sh); 0, Tm (sh). (c) Data from cooling scan: A, 
Ti-n; 0, TnaA or Ti-aA; 0, T8A-X; W, Tg; 0, Tk. 

Results and Discussion 
The synthesis of 6-8, 6-6, 8-8, and 8-6 are outlined in 

Scheme I. Although 6-8 and 6-6 can be synthesized by the 
etherification of 4-cyano-4'-hydroxybiphenyl with 8-bro- 
mooctyl vinyl ether and 6-bromohexyl vinyl ether, re- 
spectively, as outlined in Scheme I,&12J4p23 the preferred 
route consists of the transetherification of 7-8 and 7-6, 
respectively, with n-butyl vinyl ether. This reaction is 
catalyzed by l,l0-phenanthrolinepalladium(II) di- 
acetate .19.22 

As shown p r e ~ i o u s l y , ~ ~ 0 ~ ~ ~ ~ 1 4 ~ 1 ~ ~ ~ ~ - ~ 6  living cationic po- 
lymerization of vinyl ethers tolerates a variety of functional 
groups. We prefer to perform this polymerization with 
triflic acid/dimethyl sulfide initiator, since this polymer- 
ization can be carried out in methylene chloride a t  0 
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Figure 8. Dependence of the peak width AT ("C) of the me- 
somorphic-isotropic and isotropiemesomorphic phase transition 
temperatures versus the degree of polymerization of poly(6-8); 
0, first heating scan; A, second heating scan; 0, cooling scan. 

0C.11J5p273 Scheme I1 outlines the polymerization mech- 
anism. Under our polymerization conditions, the poly- 
ethers contain acetal chain ends (Scheme 11), and therefore 
they should be manipulated in the absence of acids. 

The polymerization results are presented in Tables I1 
and 111. GPC traces of poly(6-8) are exhibited in Figure 
1. The molecular weights and the molecular weight 
distributions of both sets of polymers are presented in 
Tables I1 and 111. All polymers display a narrow molecular 
weight distribution. The theoretical [Le., [M]o/ [IIoJ and 
experimental degrees of polymerization of these polymers 
agree very well (Tables I1 and 111). The dependences of 
the number average molecular weight (M,) and of M,/M,  
versus the ratio between the initial monomer 6-8 and 
initiator concentration [M]o/ [I10 are plotted in Figure 2. 
Both plots demonstrate the living character of these 
polymerizations. Similar plots for poly(6-6) demonstrate 
that 6-6 polymerizes also through a living mechanism. 

Figure 3a displays the heating and cooling differential 
scanning calorimetry (DSC) traces of 4-cyano-4'48-hy- 
droxyoctan- 1-y1oxy)biphenyl (7-8), 8- [4-cyano-4'-biphe- 
nyloxyloctyl vinyl ether (6-8), and &[ (4-cyano-4'-biphenyl)- 
oxyloctyl ethyl ether (8-8). 7-8 and 6-8 present an 
enantiotropic nematic mesophase. The model compound 
of the monomeric structural unit of poly(6-8), Le., 8-8, 
presents a monotropic nematic and a monotropic SA me- 
sophase. The SA-nematic and nematic-isotropic transi- 
tions from the heating scan of 8-8 were determined by 
reheating the sample in the DSC instrument from the 
above the temperature at  which this compound crystallizes 
(Figure 3a). Heating and cooling DSC traces of 7-6,6-6, 
and 8-6 are shown in Figure 3b. 7-6 exhibits an enan- 
tiotropic nematic mesophase, whereas both 6-6 and 8-6 
display a monotropic nematic mesophase. All these 
thermal transitions and the corresponding enthalpy 
changes are summarized in Table I. 

Figure 4 presents the first heating, the second heating, 
and the cooling DSC scans of poly(6-8). First and 
subsequent cooling scans of each polymer are identical. 
With the exception of the poly(6-8) which has a degree of 
polymerization equal to 12.4, all other polymers display 
first and subsequent heating scans that are almost 
identical. The case of poly(6-8) will be discussed later. 
Poly(6-8) with a degree of polymerization of 2.1 displays 
an enantiotropic SA phase and an enantiotropic nematic 
phase that are almost overlapped on both their heating 
(Figure 4a,b) and cooling (Figure 4c) scans. Therefore, 
this dimer resembles the phase behavior of the model of 
the monomeric structural unit, 8-8, except that the dimer 
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Figure 9. Representative optical polarized micrographs (1OOX): (a) 8-8 at 53 "C on the cooling scan (nematic phase); (b) 8-8 at 47 
"C on the cooling scan (SA phase); (c) poly(6-8), DP = 31.1 at 150 "C on the cooling scan (SA phase); (d) poly(6-81, DP = 31.1 at 60 
"C on the cooling scan (SX phase). 

does not crystallize and its thermal transitions are shifted 
toward higher temperatures (Tables I and 11). Poly(6-8)s 
with degrees of polymerization from 4.2 to 10.2 display 
only an enantiotropic SA mesophase. Poly(6-8) with 
degrees of polymerization equal to and higher than 12.4 
display a sx (i.e., a smectic phase that was not yet 
identified) and an enantiotropic SA phase. A sx phase is 
enantiotropic in the case of polymers with degrees of 
polymerization from 18.1 to 31.1 and appears only on the 
first heating scan in the case of the polymers with a degree 
of polymerization equal to 12.4. This behavior is due to 
the kinetic effect provided by the close proximity of this 
phase transition to the glass transition of the polymer. 

All these phase-transition temperatures and their cor- 
responding thermodynamic parameters are summarized 
in Table 11. 

The thermal transition temperatures from the first 
heating, second heating, and cooling scans of all polymers 
are plotted as a function of the degree of polymerization 
in Figure 5. The phase-transition temperatures of the 
model compound of the monomeric structural unit (8-8) 
from Figure 3 and Table I are also included. However, 
the melting and crystallization temperatures are not 
plotted since they would overlap the other data. Never- 
theless, we have to recall that both the nematic and the 
SA phase of 8-8 are monotropic. Figure 5 provides us with 
the following conclusion. On increasing the degree of 
polymerization from 1 to 2.1, both 'the nematic and SA 
phase-transition temperatures become enantiotropic. This 
effect is both due to the decreased rate of crystallization 

of the dimer, which represents a kinetic effect, and due 
to the increase of the two phase-transition temperatures 
with the increase of the molecular weight, which represents 
a thermodynamic effect. However, on increasing the 
degree of polymerization from 2.1 to 4.2, the polymer no 
longer displays the nematic mesophase. Although only 
from two data points, we can assume that this change 
represents a continuous dependence of molecular weight. 
This result is simply due to the fact that the slope of the 
dependence temperature transition of the SA phase versus 
polymerization degree is higher than that of the slope 
relating the dependence of the nematic temperature 
transition versus degree of polymerization. 

The DSC traces of the first heating, second heating, 
and cooling scans of poly(6-6) are presented in Figure 6. 
All cooling scans are identical. The phase-transition 
temperatures which are not influenced by kinetics are 
identical on the first, second, and subsequent heating scans. 
Only phase transitions located in close proximity to the 
glass transition temperature are dependent on the thermal 
history of the sample. Poly(6-6)s with degrees of poly- 
merization from 3.3 to 7.6 display enantiotropic SA and 
nematic mesophases irrespective of the DSC scan we 
consider for their characterization (Figure 6). Polymers 
with degrees of polymerization from 8.9 to 29.5 display an 
sx (i.e., an unidentified smectic phase) mesophase in the 
first heating scan. Only poly(6-6)s with degrees of 
polymerization from 23.2 to 29.5 display an enantiotropic 
sx phase. The sx phase does not appear on the second 
heating and cooling scans for polymer samples with degrees 
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of polymerization of 1) and poly(6-8) with a degree of po- 
lymerization of 31.1. The nematic and SA mesophases of 
poly(6-8) with a degree of polymerization of 2.1 exhibit 
the same textures as those of 8-8. 

of polymerization ranging from 8.9 to 13.5. However, after 
proper annealing conditions, the sx mesophase reappears 
on the first heating scan. That is, for polymer samples 
with degrees of polymerization from 8.9 to 13.5, under 
equilibrium conditions the sx phase is “inverse” mono- 
tropic. This behavior demonstrates that mesophases 
located in close proximity to the glass transition temper- 
ature are subjected to strong kinetic influences. 

The phase-transition temperatures collected from the 
first and second heating and the cooling DSC scans are 
plotted in Figure 7. The phase-transition temperatures 
of the model compound of the monomeric structural unit 
(8-6) are also plotted and correspond to a degree of 
polymerization equal to 1. The plots from Figure 7 
demonstrate a clear trend. Both the nematic-isotropic 
and the SA-nematic or SA-isotropic as well as their reversed 
transition temperatures display continuous dependences 
of polymerization degree. Let us assume that 8-6 displays 
a virtual SA mesophase. Under these conditions, the 
dependence of nematic-isotropic transition temperature 
versus polymerization degree has a higher slope than the 
dependence of the SA-nematic, SA-isotropic transition 
temperatures versus polymerization degree. Above the 
degree of polymerization where these two dependences 
intersect each other, the nematic mesophase should appear 
below the SA mesophase, and therefore it becomes “virtual”. 
This behavior can explain the change of the highest 
temperature mesophase from nematic to smectic upon 
increasing the degree of polymerization. 

It is generally accepted that many nematic monomers 
lead to smectic side-chain liquid-crystalline polymers.’ 
However, it is not correct to compare the phase behavior 
of monomers with that of the corresponding polymers since 
as observed from Figure 3, small changes in the structure 
of the monomer change drastically their phase behavior. 
Most frequently, the mesomorphic behavior of the mono- 
mer is different from that of the model compound of the 
monomeric structural unit.” To our knowledge, this is 
the first time when it is experimentally observed that the 
change of the mesophase of the monomeric structural unit 
represents a continuous dependence of molecular weight. 
Such a dependence was previously demonstrated only for 
the case of a main-chain liquid-crystalline polymer.29 

The formation of a second mesophase at  higher polymer 
molecular weights as is the case of the sx phase from this 
example was observed p rev i~us ly .~J~  Such a dependence 
on polymer molecular weight can be explained by a simple 
thermodynamic scheme.12J3 However, an explanation for 
the transformation of a nematic-isotropic phase into a 
smectic-isotropic phase by increasing the molecular weight 
of the polymer should also consider the different degrees 
of distortion of the random-coil conformation of the 
polymer backbone in the nematic and smectic meso- 
p h a ~ e . l ? ~ l - ~ ~  This discussion will represent the subject of 
a further publication. 
An additional trend observed in Figure 4 refers to the 

dependence of the width of the SA-isotropic and isotropic- 
SA phase transition peaks on the polymer molecular weight. 
This width decreases with the increase of the polymer 
molecular weight. Figure 8 illustrates this trend. A similar 
trend was observed for two other polymers based on flexible 
backbones and displaying a smectic-isotropic transition.6,” 
An explanation for this behavior was provided in a previous 
publication.6 

Figure 9 presents some representative textures displayed 
by the nematic, SA, and sx phases exhibited by 8-8 (degree 
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