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Low molar mass liquid crystals exhibiting the same mesomorphic structure are miscible 
over the whole range of concentration. The applicability of this rule has been examined 
for mixtures of nematic liquid crystalline side chain polymers with low molar mass ne- 
matic liquid crystals. The liquid crystalline side chain polymers are polysiloxanes, char- 
acterized by nematogenic units attached as side chains to the polymer backbone, which 
are miscible with chemically analogous low molar mass liquid crystals. It has to  be em- 
phasized. that a t  high polymer concentrations the mixtures d o  not crystallize and the 
nematic region is substantially enlarged towards lower temperatures (plasticizing effect). 
By further cooling the mixtures freeze yielding anisotropic glasses. 

INTRODUCTION 

Extensive studies have been made on binary  mixture^^-^ of low molar 
mass LC-phases. The results of these measurements always obey the 
rule of Arnold and S a ~ k m a n n , ~  according to which liquid crystalline 
phases of the same phase structure are miscible over the whole range of 
concentration. 

Recently liquid crystalline polymers have been prepared by connect- 
ing low molar mass LC-units with flexible polymer chains.' These"LC 
side chain polymers" show the same liquid crystalline behavior as the 
low molar mass systems. The question is, whether LC-polymers and 
low molar mass LC-materials are completely miscible and whether the 
phase rule of Arnold and Sackmann3 is applicable to those mixtures. I t  
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24 H. FINKELMANN, H.-J. KOCK and G. REHAGE 

is of great interest for technological applications whether these systems 
show an equivalent enlarging of the range of the LC-phase as is well 
known for mixtures of two low molar mass LC-components. The main 
subject of this paper therefore is the investigation of the miscibility of 
polymers and low molar mass materials exhibiting the same liquid 
crystalline structure. Detailed phase diagrams of LC-monomers and 
their corresponding polymers have been reported by Cser et ul.’ Their 
phase diagrams are, however, complex, because no defined LC-state 
has been observed for the pure polymer component. Therefore these 
mixtures cannot prove the existence of direct similarities in the misci- 
bility of LC-polymer systems and the application of the rule of Arnold 
and Sa~kmann.~ For our investigations, we therefore started with poly- 
mer systems for which the LC-state has been well defined by different 
methods. ‘I2 

Recently measurements on LC-polymers/LC-low molar mass com- 
ponents have been reported by Griffin and Havens.* Both components 
show liquid crystalline behavior with a nematic structure. Contrary to 
our systems, their LC-polymers are polymers with the mesogenic 
group incorporated into the polymer backbone. These LC-polymers 
exhibit a phase transformation crystalline-nematic, but no glass transi- 
tion, as can be seen for LC side chain polymers. Therefore their mix- 
tures show nearly the same phase diagrams as those known for binary 
liquid crystalline low molar mass 

EXPERIMENTAL PART 

For our investigations on binary mixtures we used well-defined liquid 
crystalline polymers and chemically related low molar mass materials 
which exhibit a nematic phase (Table I). The polymer components P1 
and P2 are poly-(methylsiloxanes) with phenyl benzoate side chains 
connected by flexible spacers to the main chain. 

In contrast to M1 and M2, the LC-polymers P1 and P2 do not crys- 
tallize at normal cooling rates, but P2 crystallizes when the polymer is 
annealed at temperatures below T = 330 K. At the glass transition 
points Tbn and Tps the LC-phases are converted on cooling into the 
glassy state. 

To obtain mixtures, the monomers and polymers were dissolved in 
chloroform. Then the solvent was removed in vucuo. The phase transi- 
tions were determined by differential scanning calorimetry (Perkin 
Elmer, DSC-2) and polarizing microscopic measurements (Ortholux 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
35

 2
1 

Fe
br

ua
ry

 2
01

3 



LC-POLYMER/LOW MOLAR MASS LC MIXTURES 25 

TABLE I 

Phase transitions of the pure components of the mixtures 

RzO-C~H~-COO-C~H~-OR I 

Monomer 0.1 ) Rz: RI :  Phase lkansitions 

M1 -csH13 -CH2-CH=CH~ k 333 n 360 i 
k 327 n 368 i M2 -c6H13 -c6H 1 3  

CH3 I 
-7 i-ob 

Polymer 0.2) (CH2),-O-C6H4-COO-C&l~-OR~ Phase Transitions 
m: RI: 

P1 4 
P2 6 

-CHI 
-CHI 

g 287 n 370 i 
g 276 s 319 n 383 i 

Pol.Bk.11). By microscopic observations, the phase transformations 
crystalline-nematic and nematic-isotropic can be observed, while with 
DSC, the glass transition additionally is detected. All DSC-measure- 
ments were performed with the same rates of cooling and heating (10 
K/min). For some samples, annealing experiments were carried out to 
get more detailed information. Comparison of the results indicates that 
the transformation temperatures Tri and Tk-n, determined by polariz- 
ing microscopic measurements, agree with the peak maxima of the 
transformations determined by DSC. The phase diagrams show the 
transition and transformation temperatures Trn, Trs and T,i as func- 
tions of the concentration of mixtures indicated by the weight fraction 
of the low molar mass component y l .  

RESULTS 

The components of mixture I (PI/MI) exhibit nematic phases. Their 
transformation temperatures are listed in Table I. The phase diagram 
(Figure 1) indicates the miscibility of the liquid crystalline components 
in the isotropic and the nematic state over the whole range of concen- 
tration y1. This indicates that the rule of miscibility for LC-phases of 
binary low molar mass mixtures is applicable for this ~ystern.~ Starting 
from M1 (yl  = 1) the transformation temperature Tr, only slightly 
changes until a polymer concentration y2 = 0.5 is reached. At higher 
polymer concentrations the transformation temperature increases more 
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26 

strongly. Heating and cooling experiments do not lead to different re- 
sults in the transformation temperature T,, within the limits of error 
(fl K). This means, that the isotropic and the liquid crystalline phases 
have nearly the same composition. Detailed measurements by polariz- 
ing microscopy carried out for one mixture show a small hetero- 
geneous region of about 0.6 K difference in the temperature of the liq- 
uidus- and solidus-curve. Calculation of these curves as described by 
Haase9 verify the experimental results. The existence of a small hetero- 
geneous region is featured as a dotted line in the Figures 1, 4 and 5 .  

The homogeneous nematic phase is identified by polarizing micro- 
scopic measurements. Starting from M1 with yl = 1, the texture does 
not change over the whole range of concentration. At lower tempera- 
tures, the nematic phase is limited by the crystallization of M1 or the 
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T 
K 

370 

- 

350 

320 

300 

'g-" 

250 

isatrqx mxtue 
of pdymer + mmnner 

I 
glassy mnatlc : 

I crystaUvle momr t 
glassy mixture 

370 

rn-i 

350 

'k-n 

320 

300 

250 

(MaDmerl -c 
0 0.5 

n IPdymerl 

FIGURE 1 Phuse Diugrum of Mixture 1 ( P l / M l )  (Transition- and transformation 
temperatures were determined by heating experiments on mixtures cooled from the iso- 
tropic to the glassy state; see also Figures 4, 5 and 6) A (Tr,,), (Tk"), 0 (Tri): DSC- 
measurements; 0 (TI-.), 0 (Tm,): Polarizing microscopic measurements. 
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LC-POLYMERILOW MOLAR MASS LC MIXTURES 27 

glass transition of the polymer PI in the case of higher polymer 
concentrations. 

The transformation temperature Tk-n decreases very slightly from 
pure M1 to a monomer concentration of nearly yl = 0.7. With higher 
polymer concentrations, the transformation temperature decreases 
more strongly. Below a low molar mass content of y1 = 0.31, no crys- 
tallization could be observed (possibly due to kinetic reasons) and the 
nematic phase is enlarged. By lowering the temperature below Tgn, the 
nematic structure becomes frozen in. 

Starting from the pure polymer P1, the glass transition temperature 
decreases from 287 K to 250 K at a low molar mass content of 
Y I  = 0.47. The decrease is caused by the effect of plasticizing. Further 
increase of M1-content leads to a suppression of the freezing in proc- 
ess. I n  a small range of concentration (J = 0.31-0.47) both effects- 
the crystallization and freezing-occur on lowering the temperature. 
First the low molar mass component crystallizes and then a mixture 
freezes in at lower temperatures. 

Measurements in this range are extremely time dependent. The tran- 
sition points in the phase diagram were determined by the process de- 
scribed in the experimental part. At the chosen cooling rate, the crys- 
tallizable low molar mass component does not crystallize completely 
and does not have its equilibrium value. Heating a cooled mixture 
from the glassy to the liquid crystalline state, causes a recrystallization 
because the glass transition temperature is passed. Annealing experi- 
ments above Tg-n lead to a further crystallization of M1. Another well- 
known effect of annealing, is the reduction of the "jump" value Aq, 
(cp = specific heat) at the glass temperature and the increase of Tg-n. 
This effect does not izfluence the-transformation temperature Tkn. The 
heat of transitions m k , n  and A H n , i  depend linearly on the concentra- 
tion yl (Figures 2 and 3). 

The polarizing microscopic measurements gave no  information 
about the state of the mixture below the transformation temperature 
Tk-n. The calculations of the heats of the transformations and their 
linear decrease with increasing polymer content indicate however that 
the mixture below the melting point is heterogeneous, consisting of a 
mixed nematic phase and a crystalline monomer phase. Addition of 
LC-polymers to low molar mass LC-molecules decreases the degree of 
crystallization. Reaching a polymer content of yz = 0.69, the crystalli- 
zation is completely suppressed and a homogeneous nematic phase ex- 
ists. This means that the low molar mass LC-crystals do not induce a 
crystallization of the mesogenic groups of the LC polymers. 
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28 H. FINKELMANN, H.-J. KOCK and G. REHAGE 

0 
I Polymer I 

YI OS - 1 
(Monomer ) 

FIGURE 2 Hear of Transformation &-"(Mixture I, related to the mass of monomer). 

I Mcnomerl 
FIGURE 3 Hear of Transformation a,,-, (Mixture I. related to the mass of mixture). 

I Polymer I JL 
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LC-POLYMER/LOW MOLAR MASS LC MIXTURES 29 

Another phase diagram, the mixture system I1 (Pl/M2), giving 
nearly the same results is shown in Figure 4. Both liquid crystalline 
components are nematic, but M2 differs from MI in the substituents of 
the mesogenic moiety. 

Starting from M2 the transformation temperature T,, changes 
slightly because the difference in the transformation temperatures of 
the pure components is only about 2 K. In contrast t o  the phase system 
I, crystallization is suppressed at  a higher polymer content y2 = 0.77. 
The transformation temperature Tk-" only slightly decreases to  y2 = 0.4 
and then in the same way as that shown in phase diagram I (Figure 1). 
The homogeneous phase is extended over a temperature interval of 90 
K. The glass transition temperature decreases in the same way as 
shown in phase diagram I by adding the plasticizing low molar mass 

isotropic mixture 

of polymer t monomer 

1 
nematic mixture I 

nematic mixture 

nematic j cystallme monomer ! 
250 { mixture , + glossy mixture ! 

! 
I 

Tn-1 

360 

330 

320 
Tk-n 

300 

250 

085 Yc 1 - 0 
IPolymerI I Monomer) 

FIGURE 4 Phase Diagram of Mixture 11 ( P l / M 2 )  A ( T , " ) ,  H (Tkn), 0 ( T d :  
DSC-measurements. 
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30 H. FINKELMANN. H.-J. KOCK and G .  REHAGE 

component. Within a range ofy l  = 0 to y1 = 0.7, the glass transition 
temperature decreases from 287 K to 264 K. It is remarkable that the 
glass transition still occurs at a concentration of y~ = 0.7. Conse- 
quently, a broad range for both transitions, crystallization and glass 
transition, appears ( y l  = 0.23-0.7). The calculations of the heats of the 
transformations are similar to the results obtained for the mixed sys- 
tem I. Below the transformation temperature Tkn, the mixture is hetero- 
geneous consisting of a crystalline M2-phase and a nematic mixture. 
Above the melting point, the system is homogeneous throughout the 
whole range of concentration. 

In mixture 111 (P2/M1) (Figure S), a liquid crystalline polymer with 
a smectic-nematic transition is used (see Table I). The smectic state is 
metastable and crystallizes by annealing above the glass transition 
temperature. 

:k 370 isotropic mixture 

-- -_ 

nematic mixture 

lsol 

crystalline molxxnw 

! + nemotic mixtwe 

370 

Tni 

350 

Tk-n 

300 

280 

250 

0;5 - 1 
h 

0 
ipdymnl IHonwr)  

FIGURE 5 Phase Dfagram of Mixture I11 ( P 2 / M l )  A (Tr,), 0 (T,-& (Tk"), 0 
(TWr): DSC-measurements; 0 (Tk"), 0 (T-1): Polarizing microscopic measurements. 
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LC-POLYMER/LOW MOLAR MASS LC MIXTURES 31 

The components are miscible over the whole range of concentration 
in the nematic and isotropic states. The shape of the transformation 
curve T,-, ( y l )  of the mixture is the same as expected from the other 
measurements. Starting from M1 (yl = l) ,  the transformation tempera- 
ture Tk-" decreases slightly over a wide range of mixtures and then de- 
creases more strongly. This is in agreement with the measurements 
described before. In the range of concentration yl = 0.65-0.33, there is 
a splitting of the  DSC-peak of crystallization (see Figure 9), but there is 
no explanation of this effect at present. The transformation tempera- 
tures in Figure 5 relate to the greater peaks. 

Looking at the transformation Tsn of the LC polymer component, a 
strong decrease of the transformation temperature from 319 K for the 
pure polymer to 283 K for a mixture with y~ = 0.2 is observed. A 
further increase of the low molar mass content only slightly influences 
the transformation temperature. At concentrations greater than yl = 
0.6, the DSC-curves show no phase transformation smectic-nematic. 

TkP-n 
320 

300 
crystolline monomer 
+ nematic mixture 

ystalltne . 
Ilyrner + ! 
mixture ! 

0 
FIGURE 6 Partial Phase Diagram of Mixture III (PZ/MI)  A ( T r x ) ,  '7 ( T L ) ,  (m. 
see Figure 5). ( T L  is the transformation temperature (crystalline-nematic) for the me- 
tastable smectic polymer component annealed at temperatures above the transformation 
curve (T,-")(y,) in Figure 5 ) .  
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32 H. FINKELMANN, H.-J. KOCK and G.  REHAGE 

The effects in the DSC-diagrams become too small and the transfor- 
mation of the smectic mixture between yl = 0.6-1.0 may be suppressed 
for kinetic reasons. It is not easy to evaluate the DSC-curves in relation 
to the smectic-nematic transformation. This transformation in a mix- 
ture is only recorded by a broad peak in the DSC-curve with a small 
area representing a small heat of transition (Trn in Figure 9). The glass 
transition temperature decreases from 276 K for the pure LC-polymer 
to 237 K at a low molar mass content of yl = 0.53. In contrast to the 
measurements for mixtures I and I1 showing a glass transition glassy- 
nematic, this system shows a transition glassy-smectic. 

The heats of transitions L R k n  and a,,-, are shown in Figure 7 and 
8. They are not linear functions of the concentration yl but slightly 
curved in the case of the transition crystalline-nematic (Figure 6) and 
more characteristic in the case of the transition nematic-isotropic 
(Figure 7). 

To get more detailed information about the smectic-nematic transi- 
tion, annealing experiments were carried out (40 h at 288 K, some de- 
grees above T-n). Figure 9 shows as an example the DSC-curve for an 
annealed mixture with the low molar mass content yl = 0.41. 

0 1 
IPolymer) + IM-I 

FIGURE 7 Heat of Trunsformation &A-. (Mixture 111, related to the mass of 
monomer). 
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LC-POLYMER/LOW MOLAR MASS LC MIXTURES 33 

For comparison with this DSC-curve (b), the DSC-curve (a) for the 
non-annealed mixture is shown (Figure 9). Annealing of the sample 
above the glass transition temperature does not affect the transforma- 
tion temperature Tk-n  substantially. In contrast to this observation, the 
transformation smectic-nematic is replaced by a transformation crys- 
talline-nematic at a temperature T = 290 K. The DSC-peak (Figure 9) 
can be assigned to the crystallization of the metastable smectic phase of 
the LC-polymer. The transition temperatures of this crystalline phase 
differ from the transition temperature T,, by about 10 K. On the other 
hand, annealing leads to a decrease in the “jumping” value Ac, and to 
an increase of T#-Lc. 

The phase diagram of the annealed mixture I11 is partially shown in 
Figure 6. 

In contrast to the phase diagram in Figure 5 ,  the Ts-n (yI)-curve is 
diminished, and a further crystallization curve T L  ( y~ )  appears, which 
represents the crystallization of the metastable smectic LC-polymer. 

A precise classification of the different phase regions is not possible 
in all cases, because the courses of the transition curves T$-n Q 1 )  and 

40 

35 

3.0 

25 

2.0 

40 

3.5 

30 

25 

20 

1 
IHOnmc) 

Qs v( 0 
I POlYmn 1 L 

FIGURE 8 Hear of Transformation &,,-,(Mixture 111, related to the mass of mixture). 
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34 H. FINKELMANN, H.-J. KOCK and G. REHAGE 

Tbn 011) below yl = 0.53 and yl = 0.19 respectively are not known. 
The dash-dotted lines in Figure 5 and Figure 6 only indicate the 

disappearance of an endothermal peak in the DSC-measurements at 
the concentrations mentioned above, obtained by extrapolation of the 
heat of transformation. 

The process of annealing in the range of y~ = 0.2-0.3 is more com- 
plicated than described above. The DSC-curve (Figure 10) of the 
sample which was not annealed shows smectic-nematic transitions 
( T S - n  = 281-287.5 K), crystalline-nematic (Tk-n = 316.8 K) and ne- 
matic- isotropic (Tn-i = 369 K curve (a) in Figure 10). As described 
above, annealing effects a crystallization of the metastable smectic 
phase. At higher annealing times [curve (b)], two maxima in the melt- 
ing peak appear. The higher one corresponds to the transition crystal- 
line-nematic for the low molar mass component, while the lower one 
indicates the melting of the crystalline polymer phase. 

Higher annealing times as reported in this paper have no further in- 
fluence on the shape of the DSC-curve. It is remarkable that the transi- 

t 

K 
FIGURE 9 DSC-curve of Mixrure 111 
an annealing time I of 40 h). 

= 0.41) (curve b: annealed at T = 288 K for 
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LC-POLYMEWLOW MOLAR MASS LC MIXTURES 35 

tion temperatures Tb,, in this range of concentration do not lie on the 
transition curve T4-, ( y l )  (see Figure 9). The glass transition tempera- 
ture Tg-Lc increases from 255 K to 260 K after annealing for 240 hours 
and the “jumping” value Ac,, decreases approximately 75 percent. 

The investigations indicate the miscibility of LC-side chain polymers 
and chemically related LC-low molar mass components in the nematic 
state. These mixing systems obey the rule of Arnold and Sackmann3 as 
reported up to now for binary low molar mass mixtures. Contrary to 
most low molar mass mixtures, our systems show a glass transition in a 
certain range of concentrarlon. 

The presence of a low molar mass component reduces the glass tran- 
sition temperature of the pure polymer component (plasticizing effect 
of the monomer) and leads to a broadening of the nematic phase. On 
the other hand, by adding a certain amount of the LC-polymer, the 
crystallization of the low molar mass component is suppressed and 
leads to a broadening of the nematic phase as well. Both effects exist in 
mixtures of LC-polymers and LC-low molar mass materials. If a suit- 

FIGURE 10 DSC-curve of Mixrure lll(yl = 0.24) (curve b: annealed at T = 288 K for 
an annealing time t of 240 h). 
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36 H. FINKELMANN, H.-J. KOCK and G .  REHAGE 

able concentration of the mixture is chosen, a large broadening of the 
temperature range of the nematic phase can be attained. Further inves- 
tigations must be made to clarify the extent to which the results ob- 
tained can be generalized for other liquid crystalline polymer-mono- 
mer mixtures. 
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