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ABSTRACT

Polysiloxanes and copolysiloxanes containing the trans 5-(n-undecanyl)-

2-(4-cyanophenyl)-1,3-dioxane side group as mesogen were synthesized.

Their phase behavior was studied by differential scanning calorimetry

and optical polarization microscopy. Homopolymers containing the

mesogen and a copolymer containing 33% of the mesogen showed smectic

mesomorphism. The copolymers containing the mesogen showed two well

defined Tg and thus present strong evidence for a phase separated

morphology.
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INTRODUCTION

Systematic investigations on the synthesis and characterization of

thermotropic side-chain liquid crystalline polymers (LCP) became possible

only after Finkelmann and Ringsdorf (1, 2) proposed that a flexible spacer

has to be inserted between the main chain and the mesogens to decouple the
k -crystalline./i

motions of the polymer main chain and of the side groups in the i-qidstate. -'/

Subsequent experiments performed by Ringsdorf et al revealed that parts of

the spacer take part in the anisotropic orientation of the mesogens (3), and

that for spacers containing up to six methylene units, no complete decoupling

exists, indicating a dynamic coupling of the main- and side-chain motions via

the spacer (4).

Therefore, the most acurate picture of a side-chain LCP may be regarded

as two semi-independent thermodynamic subsystems (i.e., main-chain plasticized

by part of the spacer, and mesogenic unit stabilized by part of the spacer)

interacting through a part of the flexible spacer (5, 6).

It is interesting to mention that Ringsdorf et al (7) and Finkelmann et

al (8) have shown that the miscibility rules developed by Sackmann and Demus 2-
(9) do not apply to the nematic phases of some side-chain LCP. According to '"

Krigbaum (10), this may indicate that these polymeric nematic phases have a micro- 3
phase structure, with clusters of nematogenic side groups embedded in a conti-

nuous phase formed by the polymeric backbones. A system like this would have to

present independent relaxation of the main-chain and side-groups, and therefore

exhibit two glass transition temperatures. Comb-like polymers exhibiting two

glass transition temperatures were already reported by Cowie et al (11, 12).

It is the goal of this communication to present our results on the first

examples of side-chain LCP exhibiting two glass transition temperatures. The
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particular case described here refers to polysiloxanes and copolysiloxanes

containing trans 5-n-undecanyl-2-(4-cyanophenyl)-,3-dioxane side groups. These

LCP are biphasic systems, and therefore can be regarded as polymers resembling

the behavior of phase separated graft copolymers.

EXPERIMENTAL PART

A. Materials

Poly(methylhydrosiloxane)s (Mn=4500-5000 and Mn=2270) and poly[(30-35%)-or (15-

18%)-hydrogenmethyl-(65-70%)-or (82-85%)-dimethylsiloxane] (Fn=2000-2100) were obtained

from Petrarch Systems Inc., and were used as received. 4-Cyanobenzaldehyde and the

other reagents (Aldrich) were used as received. Toluene used in the hydrosi-

lation reaction was first refluxed over sodium and then distilled under argon.

B. Techniques

Experimental techniques used in the characterization of intermediary

compounds and of polymers are identical to those previously reported (13).

C. Synthesis of Monomers and Polymers

The syntheses of 5-(ll-undecylenyl)-2-(4-cyanophenyl)-l,3-dioxane and of

the polysiloxanes are outlined in Scheme 1.

Diethyl-2-(ll-undeclenyl )nalonate

Cleanly cut Na (3.45g, 0.15 mole) was added in portions to absolute etha-

nol (150 ml). After the sodium was completely dissolved, diethyl malonate (24 g,

0.15 mole) was added to the reaction mixture and the solution was stirred for 1 hr.

ll-Chloro-l-undecene (28.3 g, 0.15 mole) was then added to the reaction mixture.

After 16 hrs of stirring at room temperature, the ethanol was evaporated on a rota-

vapor. The residue was dissolved in ethyl ether, washed several times with water,

dried over anhydrous Na2 SO4 , and ethyl ether was removed on a rotavapor. The

. - C-. 'C . . C . ' -
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3.

product was distilled at 155-158°C/10-12 mmHg, to yield 39g (83%). 200 MHz

1H-NMR (CDC13, TMS, 6, pm): 1.13 to 2.08 (m, 24 H, -(CH 2 )§ and CH3CH2 0-),
/CO-

3.30 (t, lH, -Hc ), 4.20 (m, 4H, -C H20 ), 4.94 (m, 2H, CH- ), 5.80

(m, 1H, =CH- ).---

2- (l1-Undecylenyl )-i .3-propanediol

A solution of diethyl 2-(undecylenyl)malonate (39 g, 0.125 mole) in 50 ml

of dried ethyl ether was added dropwise to a suspension of LiAH 4 (4.75 g,

0.125 mole) in 250 ml of dried ethyl ether. After the addition was complete, the

reaction mixture was stirred at 400C for 20 hrs, cooled to room temperature, and

excess LiAIH4 was reacted with ethyl acetate. The resulting sol'ition was trea-

ted with dilute .hydrochloric acid and extracted with ethyl ether. The organic

phase was washed with 2% aqueous solution of NaHCO3 , water, and dried over

anhydrous Na2 SO4 . The crude product obtained after the solvent was evaporated

0. 0 Swas recrystallized from ethyl ether at 0°C to yield 27 g (94%). mp=58-59 C.
200 MHz IH-NMR (CDCI , TMS, 6, ppm): 1.06 to 2.16 (m, 18 H, -(CH2 ), 3.30 to

3.81 (m, 5, -C H - 2 ), 4.94 (m, 2H, CI2 -), 5.80 (m, 1H, CH- ).
ICH_20

Trans-5-(ll-undecylenyl)-2-(4-cyanophenyl)-1,3-dioxane

2-(ll-Undecylenyl)-1,3-propanediol (5.0 g, 0.0218 mole), 4-cyanobenzal-

dehyde (2.86 g, 0.022 mole) and p-toluenesulfonic acid (200 mg) were dissolved

in 200 ml of dried benzene. The reaction mixture was refluxed until 0.4 ml

of water were collected on a Dean-Stark trap. After cooling to room temperature,

the solution was washed with 2% aqueous solution of NaHCO3 , water, dried over

anhydrous Na2 SO4, and the solvent was evaporated on a rotavapor. The obtained

solid was recrystallized several times from n-hexane at 00 C to yield 5.5 g (73%)

of trans compound. mp=650C (DSC). 200 MHz IH-NMR (CDCl TMS, 6, ppm): 1.11 to/c1
-C

2.16 (m, 19 H,-(c_2)§-Cc), 3.54 and 4.23 (m, 4H, two -C20 ), 4.94 (m, 2H,

. °
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4.

0p
CH 5.41 (s, 1H, Ph-fi ) 5.80 (M, -CRH-), 7.61 (q, 4 aromatic protons).-2

Synthesis of Polymers and Copolymers

Polysiloxanes and copolysiloxanes were synthesized by hydrosilation of the

corresponding olefin with poly(hydrogennethylsiloxane), poly[(30-35%)-hydrogen-

methyl-(65-70%)dimethylsiloxane] poly[( 5-18%)-hydrogenmethyl-(82-85%)di-

methylsiloxane] using dicyclopentadienyl platinum (II) chloride (14) as catalyst

in toluene. A detailed procedure for complete hydrosilation free of side reac- -'

tions is given as follows. The olefinic derivative (l.0g, 10 mole% excess versus

the Si-H groups present in polysiloxane) was dissolved in 100 ml of sodium dried

freshly distilled toluene together with the proper amount of poly(hydrogenmethyl-

siloxane) or a copolymer containing hydrogenmethylsiloxane and dimethylsiloxane

units. The reaction mixture was heated to 110 C under nitrogen, and 100 il of

dicyclopentadienyl platinum (II) chloride catalyst were then injected with a

syringe as solution in methylene chloride (lmg/ml). The reaction mixture was

refluxed (110°) under nitrogen until both IR and 200 MHz H-NMR analyses showed

that the hydrosilation reaction was complete. The white (powder) or colorless

(liquid) polymers were separated by precipitation in methanol, and purified by

several reprecipitations from chloroform solutions into methanol. When the

resulting polymers were insoluble in hexane (both homopolymers) a final purifi-

cation was done by precipitation from chloroform solution into hexane. Then the

polymers were dried under vacuum at constant weight. We recommend only teflon

tape and teflon gaskets to be used in the assemblage of the hydrosilation

equipment. Rubber septa can poisson the catalyst, while traces of silicon grease

or oil can contaminatp the resulting polymer and therefore should be completely

avoided. Silicon grease can be used only when the final purification of the

polymer can be done by succesive precipitations into hexane (good solvent for

polydimethylsiloxane).

I.d
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5.

RESULTS AND DISCUSSION

Cowie et al (11, 12) have reported biphasic comb-like polymers based

on poly(di-n-alkyl itaconate)s exhibiting two glass transition temperatures.
oI

Only the polymers containing diheptyl to diundecyl pendant groups presented

phase separation. Polymers containing shorter alkyl groups than heptyl do not

undergo phase separation, while those containing longer alkyl groups than unde-

cyl give rise to side chain crystallization. The two glass transition tempera-

tures observed in these polymers indicate that the side chains relax in a coope-

rative way and independently of the main chain, and therefore undergo a sepa-

rate glass transition process. These polymers behave like a two-phase .system

(i.e., by analogy with phase separated block or graft copolymers) with the side

chains acting independently of the backbone. Comb-like polymers containing only

one alkyl group per structural unit do not exhibit two glass transition tempera-

tures. This might suggest that the side chains have to represent the major part

of the macromolecule (more than 60 weight %) in order to give rise to a phase

separated system. When side chain crystallization occurs, it prevents the loca-

tion of the side-chains glass transition temperature. It could be that the misci-

bility of the side-chains and backbone can also prevent phase separation.

The polysiloxane backbone is a good candidate for the preparation of phase

separated systems because of its inmiscibility with many other polymers and

organic compounds. To prepare LC polysiloxanes containing a high weight percent

of side groups with longer spacers than seven methylene units is not a trivial

experiment since most of these LCP give rise to side-chain crystallization (15,16).

Recently, we have shown that trans 2,5-disubstituted-l,3-dioxane mesogens

can be attached as side-chains to polymer backbones through up to eleven methy-

lenic units without side-chain crystallization to occur (14, 17). This behavior

seems to be the result of multiple conformational isomers of the 2,5-disubstitu-

ted-l, 3-dioxanes.

.. . . . .. . . .. . . . .. . .- .... .. - .. - - . . . .. .. -.,.. .o. ..-- . ..-. k . -. . -- -. .. . -. . .. .. -.
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Scheme 1 illustrates the synthesis of polysiloxanes and copolysiloxanes

containing trans 5-n-undecanyl-2-(4-cyanophenyl)-l,3-dioxane side groups. Hea-

ting and cooling differential scanning calorimetric traces of the homopolymers

with different molecular weights and of the copolymer no.6 from Table I are

presented in Fig. 1, only for the high temperature range. The copolymer no.7

from Table I does not exhibit liquid crystalline properties. As expected,

the isotropization temperature for the LCP is both molecular weight and compo-

sition dependent. Within this range of molecular weights the glass transition A

temperature of the homopolymers is not molecular weight dependent. It decreases

for the LC copolymer, but not to the expected theoretical value calculated ac-

cording to Fox equation (18) (i/Tg=Wl/Tgl + W2/Tg2, where Tg is the value of the

copolymer, Tgl=-10°C, W1=0.73 are the LCP's Tg, and the weight fraction of its

structural units in copolymer; Tg2=-125.5 C (19), W2=0.27 are the Tg of the

polydimethylsiloxane with Mn=2260, and the weight fraction of its structural

units in copolymer), i.e., Tg=-55.6 C. This result already suggests that the

copoly'mer presents a two phase morphology.

Figure 2 presents four representative D8C traces for the low temperature

range of the copolymers containing mesogenic units no.6 and 7 from Table I

(curves A and B), poly(hydrogenmethyl-co-dimethylsiloxane) no.'2 from Table I

(curve C) and a polydimethylsiloxane homopolymer (DP=80) no.1 from Table I J

(curve D). The polydimethylsiloxane (curve D) presents the expected Tg,

followed by crystallization and two melting transitions (19). Both poly(hydro-

genmethyl-co-dimethylsiloxane) (curve C, Fig. 2 and Table I, no.2 and 3) sam-

ples used as starting materials for the synthesis of LC copolymers exhibit a

single glass transition temperature. Te DSC thermograms of both copolymers

containing mesogenic units present two well defined glass transition tempera-

tures. The heat capacity change of the low Tg is proportional to the weight

fraction of the polymer backbone, while the heat capacity change of the high

Tg is proportional to the weight fraction of the mesogenic groups. Therefore,

... . .~ ~~. ,. . . . .



Tgl from Table I is due to the independent motion of the polymer backbone,

while Tg2 from the same table is due to the cooperative but independent

motion of the side-groups.

In our oppinion, these results represent a strong evidence for a well

defined phase separated morphology. This demonstrates that the mobility of

the LC domains is completely independent of the mobility of the backbone do-

mains although they are interconnected.

Table I summarizes all the phase transitions of the LCP and LC copoly-

mers, poly(hydrogenmethyl-co-dimethylsiloxane)s and of a polydimethylsiloxane.

Since the weight fraction of the polymer backbone in the LCP no.4 and 5 re-

presents only 0.18 from the overal polymer, it is difficult to clearly

assign a Tgl for the two homopolymers only based on DSC experiments. Therefore,

at the present time we will refrain from making additional comments on these

two LCP.

A close inspection of the low temperature transitions reported in Table I

reveals that the transitions of the LCP's backbone and of the pure polydimethyl-

siloxane are within the same range of temperatures, suggesting that at least

the last methylenic unit of the spacer is part of the polymer backbone. The

enthalpy and entropy changes reported in Table I were calculated assuming that

the mole repeat unit contains the mesogenic unit and ten methylenic units. Under

these circumstances, the-degree of order of the mesogenic units, seems to be

higher in the copolymer than in the homopolymer.

It is certain that the mesomorphic behavior of the LCP should be strongly

affected by the weight ratio of the domains, domain size, interfacial miscibility,

and all the other part'icularities which dictate the overal properties of the

phase separated polymeric systems.

Both optical polarization microscopy (focal-conic fan texture) and X-ray

diffraction data support a smectic-A liquid crystalline mesophase for all three

LCP. When the texture of the LC copolymer is sheared, it reveals both isotropic

and anisotropic domains. Additional support for a biphasic morphology was obtained

by dielectric relaxation measurements which are going to be published soon.

............... .... .... .... ..
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These results are rising a number of fundamental questions concerning the behavior

of biphasic versus monophasic side-chain liquid crystalline polymers.
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Figures and Schemes Captions

Scheme 1: Synthesis of Polysiloxanes and Copolysiloxanes Containing trans

5-n-undecanyl-2-(4-cyanophenyl)-I, 3-dioxane Side Groups

Figure 1: DSC thermograms (200C/min) of: A) homopolymer No.,2 from Table I,

1" " heating scan; B) cooling scan; C) homopolymer No. , from Table I,

heating scan; D) cooling scan; E) copolymer No./Mfrom Table I,

heating scan; F) cooling scan
p.-

Figure 2: DSC thermograms (200C/min) of: A) copolymer no. 6 from Table I,

heating scan; B) copolymer no.7 from Table I, heating scan; C)

copolymer no. 2 from Table I, heating scan; D) polydimethylsiloxane

no. 1 from Table I, heating scan.
I-.
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