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ABSTRACT A vinyl ether monomer containing a cyanobiphenyl group, 2-((4’-cyano-4-biphenyl)oxy)ethyl 
vinyl ether (CBPVE), was cationically polymerized with the hydrogen iodide/iodine (HI/12) initiator system 
and with the hydragen iodide/zinc iodide (HI/ZnIJ initiator system to form nwow molecular weight distribution 
(MWD) polymers. Both of these initiators have been shown to yield “living polymer” polymerization reactions. 
The thermal properties of poly(CBPVE) were determined by DSC and by observation of samples placed on 
a hot s@e on-a polarizing light microscope. Polymer samples which had M, values less than 2600 and a narrow 
MWD (Mw/M, = 1.02-1.1) showed enantiotropic liquid-crystalline behavior and formed a smectic phase after 
one heating cycle. In_ contrast, the polymer samples having M, values greater than 2600 and a reasonably 
narrow MWD (MJM, = 1.2-1.3) prepared with these initiators, and ais! polymer! prepared with a boron 
trifluoride etherate (BF30Et2) initiator which had a broad MWD (Mw/M, = 2.1, M, = 4400), formed only 
isotropic melts. These molecular weight effects on the thermal properties of poly(CBPVE) are discussed. 

Introduct ion 
Side-chain liquid-crystalline polymers, LCP, are of in- 

terest for a variety of applications, especially in the field 
of electrooptics.’ Although it  has been long known that 
molecular weight and molecular weight distribution are 
important factors that affect the thermal properties of 
LCP,2 there have been very few reports on this effect. 
Our previous report described the differences in thermal 

properties of LCP with both narrow and broad molecular 
weight distributions, MWDs, which were prepared from 
2-((4’-methoxy-4-biphenyl)oxy)ethyl vinyl ether by a living 
cationic polymerization r e a ~ t i o n . ~  In that report, we de- 
scribed the properties of a poly(viny1 ether) with a mesogen 
(I) having an electron-donating group, the methoxy group 
(OCH3), at  the terminal position of the side chain. In the 
present study, we prepared a polymer with a mesogen (11) 
having an electron-withdrawing group, the cyano group 
(CN), a t  the terminal position. 

I I 1  

Cyanobiphenyl-containing low molecular weight LC 
compounds are used for display devices, so their LC 
properties have been thoroughly studied. I t  is known that 
the highly polar cyano group attached to one end of the 
biphenyl group causes the formation of an antiparallel, 
near-neighbor pairing.4~~ It is of interest, therefore, to find 
out what occurs when a mesogen (11) with a cyano group 
at  its terminal position is attached to a polymer backbone 
as a side chain. In that type of structure, i t  may be less 
likely to form the antiparallel pairing and more likely to 
show a normal smectic ~ r d e r i n g . ~  Moreover, from our 
previous work, it will be important to determine if the 
phase-transition phenomena of the cyanobiphenyl group 
containing polymers are also effected by their molecular 
weight distribution. 

For this purpose, a series of poly(viny1 ether)s containing 
a pendant cyanobiphenyl group but having different 
MWDs were prepared by both a living cationic polymer- 
ization reaction and a normal cationic polymerization re- 
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action of 2-( (4’-cyano-4-biphenyl)oxy)ethyl vinyl ether 
(CBPVE). The thermal properties of the polymers so 
formed were examined in relation to their molecular 
weights and MWD. 

CH,=CH 

CBPVE 

Experimental  Section 
Materials. 2-((4’-Cyano-4-biphenyl)oxy)ethyl vinyl ether 

(CBPVE) was prepared by the phase-transfer-catalyzed con- 
densation of 2-chloroethyl vinyl ether with the sodium salt of 
4-(4-cyanophenyl)phenol in the presence of a catalytic amount 
of tetrabutylammonium hydrogen sulfate: as shown below: 
CHe=CH 

OCH,CH,CI 4- N d - 0  
- 1  

CBPVE was purified by recrystallization from methanol, mp 105 
“C (by DSC). The hydrogen iodide (HI), iodine (I2), zinc iodide 
(Zn12), and boron trifluoride etherate (BF30Et) initiators and 
the solvents (methylene chloride, n-hexane, &d diethyl ether) 
were purified and used as previously reported.’,* 

Polymerization Procedures. Cationic polymerization reac- 
tions were carried out as previously rep~rted.~.*s~ All polymers 
were purified by precipitation from CHzClz solutions into methanol 
and were dried under vacuum. 

Fractionation and Blending Procedures. Fractionation of 
polymer B of Table I1 and Figure 7 was carried out using a 
methanol/acetone (2/1 v/v%) mixture solvent at  room tem- 
perature at a concentration of 100 mg of polymer in 10 mL of 
solvent. The insoluble fraction, designated B-H, was recovered 
by filtration, and the soluble fraction, B-L, was recovered by 
evaporation of the solvent. 

For the preparation of polymer blends, the two polymers were 
dissolved in methylene chloride at  room temperature at a con- 
centration of 100 mg of total polymer in 10 mL of solvent. In 
this manner, blends of polymers B and D of Table I1 and Figure 
7 were prepared. The polymer blend was recovered by precipi- 
tation from solution into methanol and dried under vacuum before 
characterization. 

Characterization of Monomers and Polymers. The mo- 
lecular weight distribution of the polymer was measured by GPC 
in CHC1, on a Waters Associates, Inc., liquid chromatograph 
equipped with five polystyrene gel columns (8 mm X 23 cm each) 
and a refractive index (RI) detector. The number-average mo- 
lecular weight (M,) and weight-average molecular weight (M,) 
were calculated with the use of a polystyrene calibration curve. 
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Table I 
'H and 13C NMR Chemical Shifts for the Monomer and the 

Polymer" 
'H NMR 13C NMR 

6, ppm proton 6 ,  upm carbon 
monomer 

c'H~'=c%~ 4.00-4.40 a, c, d 67.0, 67.3 

? 87.9 
I (m) 

~~ 

b 111.0 
(d of d) 

116.0 
6.95-7.20 f 118.8 

I ccn2c 6.55 

(m) 

(m) 
7.40-7.80 g, j, k 

127.8, 129.1 
132.7 

133.3 
145.9 
152.3 
160.0 

polymer 
- c . ~ ; ~ C b ~  b' 1.0-2.0 a' 39.6, 41.8 

3.4-4.3 b', C, d 74.3 
the signals of the 

pendant group 

same position as 
those of the 
monomer 

I 
OR 6.6-7.1 f 

7.1-7.9 g, j, k (R) are at the 

"Chemical shifts are given in ppm relative to TMS. 

c, d 

a 
1 

f 
m 

j, g 
h 

k 

b 
e 

1 

a' 
b' 

'H and 13C NMR spectra were obtained with Varian XL-200 and 
XL-300 spectrometers in CDC13 at room temperature. The 
chemical shifts of the 'H and 13C NMR spectra of the monomer 
(CBPVE) and the polymers are summarized in Table I. 

Thermal analyses were carried out on a Perkin-Elmer DSC-2 
instrument on polymer or monomer samples of 5-10 mg under 
a nitrogen flow at a scanning rate of 10 "C/min. Indium and 
naphthalene were used for the calibration of the temperature scale. 
The melt behavior of the polymers was also visually observed by 
using a polarizing microscope equipped with cross-polarizer and 
a hot stage. 

Results and Discussion 
Polymerization of CBPVE. Cationic polymerization 

of CBPVE was carried out using the HI/12 or the HI/Zn12 
initiator system for the preparation of narrow MWD 
samples and the boron trifluoride etherate (BF,OEt.J in- 
itiator, a conventional cationic initiator, for the preparation 
of broad MWD samples. All three initiator systems gave 
soluble polymers with the expected structures as shown 
by the NMR results in Table I. The polymerization con- 
ditions used and the molecular weights of the polymers 
so obtained are summarized in Table 11. Figure 1 contains 
the GPC chromatograms, which were used to calculate A?,, 
and &fw for evaluating the MWDs of the polymers. 

As shown by the data in Table I1 and Figure 1, both the 
HI/12 initiator and the HI/Zn12 initiator gave living 

Polymer 
monomer 

1p6 1p5 lp' 1p3 Mw( PSt ) 
20 22 24 26 ' 28 ' 30 ' ' EV(ml) 

Figure 1. Molecular weight distributions of CBPVE polymers; 
see Table I1 for reaction conditions. Numbers indicate the degree 
of polymerization. 

.___ _ _ _ _  _---------- 

2 0  60 I d 0  I 140 ' 1 so 220  

Figure 2. DSC thermograms of CBPVE polymers B, C, and E 
(a) the first heating cycle, (b) the first cooling cycle, (c) the second 
heating cycle. 

polymers having narrow distributions with Mw/Mn ratios 
ranging from 1.04 to 1.2, in the same manner as for other 
vinyl ethers,'O even though the monomer had a highly polar 
cyano group. In contrast, the BF30Et2 ifiitiator gave a 
polymer with a broad MWD and a Mw/Mn ratio of 2.1. 

- 
I_ 

TEMPERATURE ( ' C )  

y:;-;- < 

Table I1 
. Cationic Polymerization of CBPVE in CH2C12 at -5 O C  

- 
1o-3Zn 

polymer initiator (concn, mM) [MI,, M reaction time," h calcdb obsdC % / a n  DPn 
A HI/Zn12 (11.9/0.2) 0.05 91 1.1 1.3 1.04 4.9 
B HI/I2 (12.2/0.2) 0.11 20 2.4 2.1 1.1 7.9 
C HI/I2 (7.2/0.2) 0.11 20 3.9 3.5 1.2 13.2 
D HI/Zn12 (3.1/0.2) 0.09 115 7.7 7.3 1.2 27.5 
E BF30Et2 (2.5) 0.05 24 4.4 2.1 16.6 

All reaction conversions were close to 100%. bCalcd an = (fractional conversion)([M]o/[I]o)(MW of monomer). cDetermined by GPC 
calibrated with standard polystyrene samples. 
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Table 111 
Thermal ProDerties of CBPVE Polvmers 

thermal transitions, "C 

.. .. .. 
1.3 1.04 fiff (11W 96 e 8 

B 2.1 1.1  SY IllfiV 97 P 6.1 .-- _. ~ 

C 3.5 1.2 7; (57) 
D 7.3 1.2 78 (72) 
E 4.4 2.1 83 (77) 

66 
65 
76 

*Taken from the first DSC heating cycle; numbers in parentheses indicate the transition temperatures taken from the second heating 
cvcle. bTaken from the first DSC cooline cvcle. 'Taken from the second DSC heating cycle. d A  broad unknown peak from 100 to 180 "C _ .  
was observed. 'T, may overlap with T, or Tj*; see text. 

Thermal  Properties of Polymers. Typical DSC 
thermograms for the polymers obtained by HI/I,, polymers 
Band C, and by BF30Eb, polymer E, are shown in Figure 
2. The HI/I,-initiated polymer with a low molecular 
weight and a narrow molecular weight distribution, poly- 
mer B, showed a glass transition a t  59 OC and a broad 
endothermic peak from 100 to 180 OC in the first heating 
cycle. An exothermic transition peak, TI, a t  96 "C in the 
first cooling cycle and an endothermic transition peak, T,, 
at 115 O C  in the second heating cycle were also observed. 
The DSC thermogram for polymer A was essentially 
identical with that of polymer B. 

In contrast, the HI/I,initiated polymer, C, which has 
a somewhat higher molecular weight than that of B but 
also had a narrow MWD, and the BF30Etz-initiated 
polymer, E, also with a somewhat higher molecular weight 
but with a broad MWD, showed only a glass transition but 
not an endotherm. The  T of polymer C was 57 "C and 
that of polymer E was 77 in their second heating cycles, 
but unlike polymer B. neither polymer showed either an 
endothermic peak in any heating cycle or an exotherm 
peak in any cooling cycle a t  10 OC/min. After the first 
heating cycle, subsequent cycles for each polymer gave 
virtually identical DSC thermograms. 

The thermal transition data and the calculated ther- 
modynamic parameters for all polymers are summarized 
in Table 111. To determine if there was any effect caused 
by the cooling rate on the thermal properties, a slow 
cooling rate of 1.25 'C/min was also carried out for poly- 
mers C, D, and E. However, no transition peaks were 
observed for these three polymers, and their thermograms 
were identical with those obtained a t  the higher scanning 
rate. 

To identify the broad endothermic peak observed in the 
first heating cycle, the exothermic transition peak, TI, of 
the fmt cooling cycle, and the endothermic transition peak, 
T,, of the second heating cycle, texture observations of 
polymers A and B were made on samples placed on a hot 
stage of a polarizing microscope. Polymers A and B 
showed both threadlike textures and dark regions, indi- 
cative of the coexistence of a nematic phase and an iso- 
tropic phase, above their Tr in the first heating cycle, as 
shown in Figure 3, with an isotropization temperature a t  
about 150 "C. The fan-shaped textures, which are char- 
acteristic of a smectic phase, were observed a t  a temper- 
ature just below T,  in the cooling cycle, as shown in Figure 
4. In contrast, polymers C, D, and E showed no texture, 
and even after the sample close to T, in the cooling cycle 
was annealed for 12 h, no birefringence was observed. 

These observations indicate that the broad transition 
peak in the first heating cycle of polymers A and B, as 
obtained directly by precipitation from their solution, can 
be considered to be a transition from the nematic to the 
isotropic state. Subsequently, the transitions represented 
by peaks T ,  and T,  are assigned to the phase transition 

.c - 

: . .. .1 

(a) - (b)  
I O O f l  

Figure 3. Photomicrograph of the nematic threadlike texture 
shown by polymer B in the first heating cycle (a) at 75 O C  and 
(b) at 95 "C; at these temperatures. both are above Tr Mag- 
nification is 128X. 

(a) - (b)  
l 0 O l r  

Figure 4. Photomicrographs of the smectic textures shown by 
the CBPVE polymer obtained by initiation with HI/[*, polymer 
B in Table 11, in the first cwling cycle: (a) a t  90 "C. just below 
the Ti,, batonnetli with foeal-conic texture, and (b) after 10 min 
at the same temperature, focal-conic texture. Magnification is 
128X. 

from the isotropic state to the smectic (Ti,) state and from 
the smectic state back to isotropic liquid (T=J, respec- 
tively. A related compound containing the cyanobiphenyl 
mesogen 11, 4-(n-octyloxy)-4'-cyanobiphenyl, n,' and a 
related polymer, the polyacrylate having mesogen 11: were 
both reported to show the smectic phase too. 

Further observations of the textures of polymers A and 
B in thin-film samples revealed that the phase below TI 
in the first cooling cycle and below T, in the second heating 
cycle is the smectic C phase. This conclusion is based on 
the fact that the smectic C schlieren texture has point 
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Table IV 
Thermal Properties of CBPVE Polymers after Fractionation and after Blending 

thermal transitions ("C) by DSC 
heating cycle' cooling cycle' thermodynamic paramd - 

sample 10-3Znd Wan Tu T, T,, T, AHd, cal/g lo2ASd. cal/(g K) 
B-LO 2.1 1.02 58' (1ffiP 90 i 4.9 1.3 

1 3.5 0.9 B-H' 2.6 1.03 67' ( I l V  85 
P 2.6 1.3 75 (63) 65 

'Low molecular weight fraction of polymer B. 'High molecular weight fraction of polymer B. (Blend of 75% polymer B with 25 wt W 
polymer D. *Determined by GPC relative to polystyrene standards. 'Taken from the first DSC heating cycle: numbers in parentheses 
indicate the transition temperatures taken from the second heating cycle. ,Taken from the first DSC -ling cycle. #Taken from the aecond 
heating cycle. A broad unknown peak from 100 to 2W "C was observed. ' T ,  may overlap with T, or T,..; see text. 

~olymers A and 8: lo r  nw and narrow M1D wlmers =. 
",win Polymer : I "nut%= GI... I +  I "n9atlC Lc I 

*ndom*"lc I F.k  

Ti-sl-=! 1 

T ~ - ~  1 -7> 1 

I SmecLIc Glass I -e 1 Isotropls Llquld I 

P01pers C. D, and E: h%qh IIM and broad MWD wly.ers 

100 f i  
Figure 5. Smectic C schlieren textures sh0~11  by polymer B in 
the first cooling cycle at 96 "C. close to T,. Magnification IS 128x. 

defects with only four brushes (s = i l ) , I '  and this texture 
is Seen for polymer B in Figure 5. In contrast. the smectic 
A phase does not show a schlieren texture. 

The virgin samples of polymers A and B showed a T 
transition in the first heating cycles, but neither showec! 
a T, in subsequent cooling and heating cycles, most likely 
because their T, transitions overlapped either the Tl(T,.,) 
or T2(T,,J transition after the first heating cycle, as was 
previously observed for LC polymers from 2-((4'-meth. 
oxy-4-bipheny1)oxy)ethyl vinyl ether.3 That is, the T, 
transition of the smectic glass appears to be higher than 
that of the nematic glass of the virgin polymer. 

The phase transitions of both low and high molecular 
weight poly(CBPVEJs are summarized in Figure 6. For 
low molecular weight polymers A and R. the virgin poly. 
mers appeared to exist at least partially as a nematic glass, 
but after one heating cycle through the T, into the iwtropic 
liquid state and subsequent cooling. they formed the more 
ordered smectic phase, which was then frozen at the T, 
transition; that is. the nematic state becomes monotropic 
relative to the T, of the smectic state.? In that manner, 
the LC properties of poly(CBPVE1 after the first heating 
cycle were dependent on the molecular weight (MW) and 
MWD because the lower MM' and narrower MWD poly- 
mers, polymers A and B, had an accessible transition from 
the smectic to the isotropic states while the higher MW 
and broader MWD polymers, polymers C, D. and E, had 
their Tg above the isotropic to smectic transition tem- 
perature. Hence, the latter polymers formed only an 
amorphous glass on cooling from the isotropic liquid as 
shown in Figure 6. 

Molecular Weight Dependency of t h e  Thermal  
Properties. In order to reconfirm this interpretation that 

T.3 Y'rgl" Polymer: 

1 Uorphous Class 1- 1 Isotropic Liquld I 

Figure 6. Schematic repreeentation of phase transition8 for the 
different CBPVE polymers. 

the relatively lower MW and narrower MWD poly- 
(CBPVE) could show a smectic phase while the relatively 
higher MW polymer could form only an isotropic phase 
after the first heating cycle, two experiments were cnrried 
out, including (1) fractionation of the broader MWD 
polymer and (2) blending of the broader and narrower 
MWD polymers as follows: 

(1) Fractionation. Because both polymers A and B 
contain small amounts of very low MW fractions, this 
fraction could show a plasticizing effect, which could ex- 
plain why the overall T, was depressed and the smectic 
phase would form. For this reason, the fractionation of 
polymer B to high and low MW components was carried 
out, and the thermal properties of each fraction were de- 
termined. 

(2) Blending. Because the thermal properties of 
polymers B and C in Table I11 differed so greatly with 
increasing Mn from 2100 to 3500, then by adding a small 
amount of the higher MW polymer, which does not show 
a smectic phase, to the lower MW polymer, which does, 
it should be possible to change the thermal properties of 
the latter. Therefore, the thermal properties of a blend 
of these two polymers were determined. 

Figure 7 shows the MWD of the CBPVE polymers be- 
fore and after fractionation and blending, and the thermal 
properties of these samples are summarized in Table IV. 
Two conclusions can be drawn from the data in Table IV 
(1) both the higher MW and the lower MW portions of 
polymer B exhibited a smectic phase, so the reason that 
polymer B forms a smectic phase cannot be attributed only 
to the presence of the low MW portion of the sample; (2) 
by adding only 25% by weight of the higher MW polymer, 
polymer D, which did not show any mesophase, to the 
lower MW polymer, polymer B, which did, the thermal 
properties of B were changed dramatically, and the 
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and isotropic liquid after one heating cycle, while polymers 
having i@, of more than about 3000 showed only an 
amorphous phase, and for the former, the higher the MW 
of the sample the smaller was the value of AH and A S  
(from the smectic phase to the isotropic phase). Fur- 
thermore, and very surprising, i t  is not only the case that 
Tg increases with increasing MW but also Ti, and TS+ 
decrease with increasing MW, as depicted in Figure 8. 
Therefore, the difference between T and Ti, also de- 
creases with increasing MW until Tg eitier increases above 
Ti, or overlaps with Ti, in some MW range, apparently 
around a an value of 3000. As a result, during the cooling 
cycle, the higher MW polymer became immobile before 
i t  rearranged to form the smectic phase. 
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