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Main-chain thermotropic diesters (Model Compounds)

G O
| |
R—O—é—-(CHz)3—Si(CH_-,)2—O——Si(CH;)QM-(CHZ)J—&—O—R and polyesters
i i |
[O*R—O—C!—(CHz)_rwSi(CH;)ng——Si(CHI)J——C],, containing a tetramethyt disiloxane moiety in
the flexible spacer were synthesized and studied in order to investigate the imfluence of a short sequence
of siloxane bonds on the mesomarphic propertics of main-chain liquid crystaliine. compounds. It was

found that the introduction of the — Si—O— Si— moiety into the {lexible spacer substantially lowers

the transition temperatures of both pelymers and twin model compounds. In addition, a strong decrease
of the order parameter of the siloxane containing twin-madel compound was found, Interestingly, while
most of the model compounds dispiay monotropic nematic mesophases the corresponding polymers are
either non-mesomorphic or smectic.

INTRODUCTION

It is well known that rigid main chain PLCs display high transition temperatures
making the processing of such systems in their liquid crystalline state difficult. The
introduction of kinks, side groups and flexible moieties into the chain lowers the
transition temperature. In most cases, however, the realm of liquid crystallinity
(where flow and chain orientation occur simultaneously) is still well above room
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temperature. This is particularly inconvenient in the case of PLCs containing tem-
perature sensitive moieties such as for example diacetylenic and other thermally
fragile structural units. Several years ago Aiguileira ef al.' prepared main chain
PLCs with polysiloxane units in the flexible spacer and demonstrated a drastic
jowering of the Tg accompanied by lowering of the liquid crystalline transition
temperature. In addition and most interestingly, smectic phases were observed for
such polymers while their carbon chain analogs also displayed nematic mesophases.
Such behavior could well originate with a microphase separation of the siloxane
containing spacer since the number of Si-units in the polymers described in Ref-
erence 1 was rather substantial and comprised between 3 and 14 units.

A few studies have been reported in the literature dealing with the synthe-
sis and properties of main-chain liquid crystalline polymers®?® and twin-
diacetylenic compounds® with a short disiloxane spacer such as
—CH,—Si(CH;),—O0—Si(CH;);—CH—. Such compounds were reported to dis-
play nematic and monotropic nematic mesophases. The characterization of these
mesophases was based on microscopic observation of optical textures which in the
case of polymers is known to be very difficult. The omission of X-ray diffraction
as a necessary characterization 100l makes such characterization incomplete. It was
therefore interesting to explore more extensively the tiquid crystalline behavior of
polymers and dimeric model compounds with a very short dimethyl siloxane se-
quernce in a spacer predominantly composed of —CH,— units. In particular it is
interesting to observe whether the existence of only two siloxane bonds allows for
a substantial lowering of Tg, a substantial decoupling of mesogenic moieties and
preservation of nematicity in the polymer and dimeric model compounds.

EXPERIMENTAL

The structure of the synfhesized polymers and model compounds are given in Table
I together with the results of elemental analysis. Structures are as shown in Tables
IT and 1V.

Synthesis

4,4'-Dihydroxydiphenyi (Aldrich Chemical Company) and bis-carboxypropyltetra-
methyldisiloxane (Farchan Labs.) were purchased and recrystatlized from ethanol-
water mixtures. 4,4’-Dihydroxyazoxybenzene 4 4'-dihydroxy-2.2'-dimethylazoxy-
benzene,>® 4.4"-dihydroxyphenylbenzoate.’” trans-1.4-cyclohexylene-di-p-hydroxy-
carbonyloxybenzoate ® 4-hydroxy—4’-methox_vdiphenyl,"’ 4-hydroxy-4'-methoxy-
azoxybenzene, 4—hydr0xy-4’-methoxy-2,2’-dimeth}-’lazoxybenzene. 4.hydroxy-4'-
methoxyazoxybenzene,>® and 4-hydroxy-4’-methoxyphenykbenzoate7 were pre-
pared according to the literature given in the references above. The polymers and
diesters were prepared by room-temperature esterification'? according to the scheme
shown below.
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TABLE ]

Elemental Analysis of Polymers and Model Compounds

Polymers
I R
[O-—R——O~—Cﬁ_{CH:)3HSi(CH3}:——O—Si(CH,«,);m(CH;);r‘C},,
Calculated Found
e e ——
Polymer C H N C H N
i, 63.12 7.06 — 63.34 7.11 —
11, 57.00 6.60 373 57.45 6.53 5.62
It 59.06 6.86 3.30 39.70 7.16 3.55
v, 59.97 6.44 — 60.08 6.64 —
Vp 61.33 6.71 —_ 61.72 7.02 —

“Fwin Model Compounds
O

[ I
CH,0—R—O—C—(CHy) S CH;);—wO—#Si(CH_;):-(CH:)_-,_CPOF-RHOCH;‘

Calculated . Found
e e —
Diesters C H N C H N

Im 68.02 6.91 — 67.81 5.93 —
1 60.14 6.11 7.38 60.17 53.99 7.31
1L, 61.89 6.68 6.87 62.22 6.73 6.98
Vo £3.30 6.11 —_— 63.26 6.11 —
VI, 62.78 6.38 7.73 62.72 6.41 7.56

Polymers were synthesized according to:

HOOCﬂ(CHZ)3—Si(CHs)zﬂOf—Si{CH3)2ﬂ(CH2)_~,—COOH
(A)

+ HO—R—OH +{ )—N=C=N— anera
/ s .
(B) = ()
O O
CH2Ci2 l

- [O_‘R—O—y:——(CHz)3~Si(CH3)2—O—Si(CH3)2——(CH2)3—~lCl,,

0.005 moles of bis(carboxypropyl)tetramethyldisiloxane (a), 0.005 moles of me-
sogenic diol, 0.011 moles of N.N ’-dicyclohexyicarbodiimide (B) and 0.001 males
of N—pyrrolidinopyridine (C) were mixed in 30 ml dry dichloromethane and the
mixture was stirred for five days at room temperature. The white precipitate of
N.N'-dicyclohexylurea was filtered. The filirate was washed successively with water.
5% acetic acid and again with water and dried over anhydrous magnesium sulfate.
The polymer was precipitated in methanol. Dried polymer was purified by silica
gel column chromatography using chloroform as eluent.

Standard characterization of polymers included 4 and C NMR. {R. GPC and
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elemental analysis (Table I). Reduced viscosity was obtained for a concentration
of 0.5 g/dl of polymer in tetrachloroethane at 30°C.
Diester model compounds were synthesized according to the scheme below:

HOOC—(CH,)s—Si(CH,)—O—Si(CH;)—(CH,)—COOH

(A)
+ 2CH,0—R—OH + O —N=C==N— Q + N:O> —N/ ’
{B)
0 0

CHa{Ch

| |
=, CH,0—R—0—C—(CH.);,—S$i(CH,)-—0—Si{CH,),—(CH,),—C—0—R~—OCH;

0.005 moles of bis(carboxypropyl)tetramethyldisitoxane (A), 0.011 moles of the
corresponding phenol, 0.011 moles of N,N'-dicyclohexylcarbodiimide (B), and $.001
moles of N-pyrrolidinopyridine (C) were mixed in dry dichloromethane and the
mixture was stirred at room temperature. The reaction was followed by TLC. The
white precipitate of N,N'-dicyclohexylurea was filtered. The filtrate was washed
with water, 5% acetic acid and again with water successively and dried over an-
hydrous magnesium suifate. The solvent was evaporated and the product dried in
a vacuum oven. The compound was purified by silica gel column chromatography
by using chloroform as eluent. The product was recrystallized from acetone-ethanol
mixture. ’

The diesters were characterized by clemental analysis (Table 1), IR, 'H and “C
NMR. '

The polymers and diesters displayed IR absorption bands in the vicinity of 800
em~! (Si—(CHj), rocking vibrations) and 1200 cm~' (Si—CH, deformation vi-
brations) as well as 1000 cm ™! corresponding to the Si(CH;),~-0—S8i(CH;), ab-
sorption region.

13C NMR spectra displayed peaks at 36, 18, 17 and 0.2 ppm consistent with the
incorporation of a CH,—CH,—CH,—S8i— sequence into the structure. 'H NMR
spectra displayed multiplets at 2.57, 1.79, 0.63 ppm, corresponding to protons
located in @, B and v to the Si atom. A singlet at 0.08 ppm was also observed and
is consistent with the presence of methyl protons in this moiety. The transition
characteristics and the textures of polymers and model compounds were studied
by using a Leitz Ortholux polarizing microscope. Thermal properties were inves-
tigated by means of a Perkin Elmer 2C differential scanning calorimeter with a
heating rate of 20°C/min.

The phase transition temperature Ty and biphase composition fy given in Table
111 and Figure 3, respectively were obtained from changes in NMR line shapes and
line width according to a technique described previously.'! Order parameters S
were deduced from dipolar splittings Av, (KHz} as in Reference 12 using Av, =
KS with K = 27.0 KHz for the azoxybenzene mesogen (mesogen 8) the same value
as for PAA. X-ray diffractograms were obtained with a Warhus flat plate camera
mounted on a Rigaku generator, using Ni-filtered CuK alpha radiation of wave-
length 1.54A with a sample to film distance 5 cm (WAXS) and 17 cm (SAXS).
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A diester analogue of I, with no Si—O bonds in the spacer has also been prepared
for comparison purposes:

CH_;O—@—Q@fOCOJ(CHJ;—COO—@—@‘OCH; diester VII,,

RESULTS AND DISCUSSION

The properties of polymers and diester model compounds are given in Tables I1.
I and IV.

Figure 1 gives DSC thermogram traces for the five diester model compounds
after first temperature cycling. It is at once apparent from these results that all
model compounds with the exception of 111, give nematic mesophases of predom-
inantly monotropic nature. The introduction of the —Si—O-—Si— moiety into the
spacer substantially reduces the transition temperatures. This can be best seen by
comparing the model compound I, with its (ali carbon atom) analogue in which
the siloxane moiety -—Si(CH,;)——O—Si(CH;);— was replaced with 3-—CH;— groups:

CH,0— @_@_O_ﬁ—( CH. )g-(i——o— @—@——OCH; Vi,
O O

This diester was synthesized by us and found to have the following transition
temperatures: C1681159N145C.

One can see from Table II that the introduction of the dimethysiloxane moiety
into VII, produces a 63°C lowering of the melting point and an 88° lowering of
the (monotropic) I=>N transition temperature. This is accompanied by an expansion
of the nematic interval.

All the diesters in Table Il with the exception of 11, displayed nematic mon-
otropism regardless of the nature of the mesogen. Even smectogenic mesogens
such as bi-pheny! or azobenzene deplayed nematic monotropic mesomorphism.
The typical “Schlieren” pattern observed under polarizing microscope is shown in
Figure 2a. The compound 111, did not give any transition peaks on cooling but
displayed considerable cold crystallization on heating. This absence of mesophase
and a very easy supercooling could well be due to the presence of substitutions in
the 2,2' position, which as a rule, decreases the stability of nematic mesophases
generated by such substituted mesogens. Annealling at 70°C for 4 hours induces
crystallization of this diester in the form of spherulites. All siloxane twins have
shown easy supercooling and extensive cold crystallization during heating and on
annealing.

In order to assess the influence of the siloxane bond in the spacer on the order
within the nematic mesophase a number of “twin” model compounds containing
the same azoxybenzene méesogen (mesogen 8) and various spacers have been syn-
thesized and their order parameter measured by wide-line H-NMR according to a
technigue described previously. ' Figure 3 shows the variation of the order pa-
rameter S,, as a function of temperature. Directly beneath is plotted for the same
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TABLEII

Mesomorphic Properties of Diester Model Compounds

i i
R—O—C—{CH.}:—Si{CH,)—O0—S5i CH,;)—(CH):—(—0—R
AH,, Transition
Twin R callg Temp. °C®

I, H_,CO—@@ 0.47  CL051
J7INS3C
?
L H,CO— O —Nzi\’—®e 034 €96l
9ONTC
?
1, H;CO—@—N:N—@f Co21
no transition on
' CH,

CH; cooling
(isotropic glass)

([? _
v, HC 43—0—@ 030 ClL0SI
[57N32C
V., HJCN:N—@ 039 C97I
F7SN49C

aSecond heating and cooling.

TABLE IHI

Order Parameters at the IN Transition for Twin Model Compounds Based on
Azoxybenzene Mesogen and Various Spacers

O ? ? O
CH;—O—@*N—;N@—O—éA—R '—éﬁ@_N;N@fOCH3
R’

, Tnd"C) S..
I, e { CHy)—S§i-—0—S8i——{ CHa)i— 87 280
Vill,, —(CHa)e— 212.5 350
IXm ‘—(CHZ)H)‘_‘ 208 505
X, —(CH,)yA=C—C=C—{CH.}y—" 153.5 485
PAA 136 .330

*For the synthesis of this spacer see Reference 20.

scale of temperatures the corresponding weight fraction of the nematic mesophase
in-

Table 11T gives the IN transition temperature (defined as the temperature for
which fy—10) and the order parameter S, (at the point of collapse of the nematic
mesophase).

e
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(a}

(b}
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FIGURE 1 DSC Thermograms of Diester Model Compounds. The traces are taken on 2nd heating
and cooling with a heating and cooling rate of 20°C/min. a) Compound I: b) Compound Il ¢}
Compound 111 ; d) Compound IV; ) Compound V.

It is apparent from Table I that the diester containing the siloxane bonded
spacer displays the lowest order parameter at the I/N transition, followed closely
by the diester with the undecanoic acid spacer (n = 9) and PAA. The compounds
with spacers of even parity such as IX,, or X, display a higher order parameter.
It is significant that the decline of S(T) in the vicinity of Ty (as given in Figure 3}
is most rapid for the siloxane containing twin model compound. similar to the very
fast decline of S(T) for PAA. This suggests a stronger conformational disorder {or
mesogene decoupling) in the siloxane containing model compounds than in the
conventional analogues with spacers based exclusively on sequences of —CH.—
units. It is interesting that the introduction of one —Si(CH;)»—O—Si(CH;s)»—
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TABLE IV

Mesomorphic Properties of Polymers

Viscosity* Transition
Polymer R 130 red. Temp. "CY

I — 0.24 C,63C.98I
176(5.063C,

]

I, @N:N-@ 022 C838.991

: 1798,33C

i

I, @NzN—@ 032 CE

Ta(—4

CH, CH,
i
v, @-é—%}—@— 0.23 CA7C-641
(44C
o)

-

0
I I
v c—O—Q—o—c— 0.20 €,109C=,1391
179C

*0.5 g/dl in tetrachloroethane, *from DSC. Ind heating and cooling. “lst heating. “Yafter
annealing, *cold crystallization

sequence into a 9 bond containing methylene spacer produces a decrease of S,
from .350 to .280 and an even more pronounced coliapse of S at the isotropic/
nematic transition (Compare 11, and VIII,, in Table i1l and see the respective S(71)
slopes in Figure 3).

The properties of polymers with 5 different mesogenic moieties are given in
Table IV. It can be seen that these polymers display a low value of reduced viscosity
of about 0.2—0.25 d/g in sym.tetrachloroethane at 30°C. Since chiorinated solvents
such as sym.tetrachloroethane are good solvents for these polyesters (see for ex-
ample Reference 13), the molecular mass corresponding to such values of viscosity
is low and corresponds to degrees of polymerization in the high oligomeric range
(DP 8-12). These estimates were confirmed by GPC measurements in chlorinated
solvents.

It is interesting to observe that out of the five polymers described in Table IV
only one polymer II, displays liquid crystallinity. The polymer IT, gave a complex
thermogram on heating while on cooling two distinctive and reproducible peaks
were apparent. This can be seen from Figure 4(a).

The X-ray pattern of I, unequivocally indicates a mesophase of the type A or
C. To distinguish between these two possibilities is difficult for the following reason:
if we assume a model in which the smectic layers are composed of completely
extended “all trans” repeating units then the measured layer thickness (24.4A) and
the Van der Waals length of the repeating unit 26.1A differ by approximately 1.5A
and would suggest a maximum tiit of the repeating unit of some 20° (with respect
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FIGURE 3 Order parameters
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FIGURE 4 Thermograms of Polvmer I}, {a} and IV, (b) (2nd heating and cooling).
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to the layer normal). However. a complete trans configuration of the spacer 18
untikely and most certainly the discrepancy between the measured and calculated
length of the spacer is smaller than the one based on the completely extended
model, The “schlieren™ texture observed for II, under polarizing microscope is
quite frequenily encountered with smectic C phases' and we are therefore inclined
to favor a smectic C phase for 11, with a rather small angle of tilt.

Figure 5 a.b,c.d gives the diffraction patterns of the polymer I, in its mesomorphic
state,

Polymer I, did not show any mesophases. Strong crystallinity was persistent on
heating until the isotropization on melting. Polymer 11, crystallized with difficulty.
The isotropic phase could be easily supercooled and the DSC thermograms dis-
played no sizable enthalpic effects (even on slow cooling at 5°C/min). Annealing
overnight at room temperature (20-25°C above Tg) induced crystallinity. The
rather slow crystallization process of this polymer can be explained by a strongly
distorted molecular configuration of the substituted mesogen which is known to
impede easy packing and rapid crystallization. :

Polymer 1V, showed crystallinity persistent until melting. Thermograms showed
two overlapping peaks on the first heating and only one broad peak on the sub-
sequent heating and cooling, see Figure 4(b). After overnight annealing the large
peak at 63-64°C was preceded by a very small peak at 47°C. The X-ray data (see
Table V) indicated persistent crystallinity. Similarly, polymer V, did not show
presence of any mesophase possibly because of its relatively high crystalline melting
point. It is worth to note however that both transition temperatures C/C.L. and
L.C./T are lower for the polymers than for the corresponding diesters (Tables 1l and
IV). This is most unusual since macromolecular liquid crystals have higher clearing
temperatures than their low molecular analogues and models. This may be due to
the destabilizing influence of the siloxane bonds introduced into the spacer.

{a) (k)

FIGURE 5 X-ray diffraction picturcs of the polymer [{, at 85°C a) low angle and b} wide ungle.
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TABLE V

X-ray Spacings of Polymers at Room and Llevated
Temperatures

d(spacings in A)

Room
Polvmer Temperature Elevated Temperature
I, 4.2(s):4.7{w},5.3(w) 90°C: 4.3(vs)

6.3(w);10.7(vw);14.3(vw)  $.8(s¥:3.3(s)
6.2{5}1;6.9(vw)

10.3(s)

I, 4.0(m);4.4(s}:5.4(m) 83°C: 24 .445)
6. 1(w):6.9(w).7-8(vw) 4-3 (halo)

v, 3.9(w)4.2(m);4.4(s) 39°C: 3.9(w)
5.6(m);6.3(w).9.7(vw) 4,2(w):4.4(s)
14.0(vw);19.3(s) 5.5(w):19.3(s)

v, 3.0(vw};3.9(m):4.3(m): 121°C: 3.81(w):4. 1{m)
4.7(m);5.1(5);6.0(w)} 4. 4(w);5.4{m)

6.0(w)

v8: verv strong; s: strong; m: medium; w: weak: vw: very weak.

In conclusion, this study indicates that the introduction of a short tetramethyl-
disiloxane moiety into an otherwise rather long spacer dramatically lowers the
transition temperatures in both the low molecular (twin) diesters and polymers. In
the twin model compounds the mesogen order parameter is decreased by insertion
into the spacer of a —Si(CH;),—O—Si(CH,;),— sequence of bonds. Enantiotropic
mesophases of smectic or nematic type appear to be destabilized as is suggested
by the appearance in all cases studied here of a monotropic nematic mesophase
even in the case of mesogens such as azobenzene known to give in twin diesters
smectic mesophases.”” In contradistinction to diesters the mesophase changes from
nematic to smectic C when a —Si(CH;),—O—S8i(CH;),— sequence is inserted into
a flexible polymethylene sequence for polymers with a similar mesogen such as
polymer II, and poly(4,4'-dioxyazoxybenzene dodecanediyl) (DDA-8).'8 Such ne-
matic to smectic change due to insertion of two siloxane bonds into the repeat unit
of the polymer may well be due to microphase separation of the rigid and flexible
portions of the repeating unit and a concomittant layer formation. The driving
force for such microphase separation is apparently insufficient in the twin diester
in which mesogen dominates the property of the molecule.

Interestingly, while as a general rule for compounds based on C—C backbone
polymerization appears to stabilize the mesophase displayed by the corresponding
monomer (side chain systems!”'® and main chain systems'®) in compounds inves-
tigated here and containing siloxane bonds it apears to hamper rather than to
further liquid crystallinity. Thus the diesters I, and 1V, display a monotropic
nematic mesophase while the corresponding polymers are crystalline and this de-
spite of rather low crystalline melting points.

The above results show clearly that the introduction of even a very small number
of stloxane bonds into the repeating unit of a main chain liquid crystalline polymers
has a strone effect on its mesomorphic behavior. Much more work with different
well characterized systems is necessary to fully understand this phenomenon.

Lt
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