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A series of side-chain liquid crystal polymers has been synthesized with 
mesogenic groups laterally branched to a polysiloxane backbone (the so-called 
side-on-fixed). An anomaly of the diamagnetic anisotropy in the nematic state was 
shown to be very sensitive to a number of structural parameters such as  the length 
of the aliphatic tails, the length of the spacer and the fixation rate of the mesogenic 
groups on the backbone. On the basis of accurate density measurements, 
microscopic observations and X-ray diffraction experiments on aligned samples, 
the occurrence of a nematic-nematic transition connected to this anomaly is 
questionned. 

1. Introduction 
A new class of liquid-crystalline side chain polymers has been described in 

recent years: in these compounds the mesogenic groups are laterally attached (the 
so-called side-on-fixed) to a polymer main chain (see figure 1). Primarily reported in 
polymethacrylates (PMA) [ 11, this placement of the mesogenic units favours the 
existence of a nematic phase above the glassy state. By varying the nature of the 
backbone of these side-on-fixed polymers (polymethylsiloxanes (PMS) [2,3], poly- 
acrylates (PA) [4,5], polychloroacrylates (PClA [ 5 ] . ) ,  it has been confirmed that 
the lateral substitution of the mesogenic groups strongly promotes the nematic 
state. 

On the basis of conoscopic observations on oriented samples, biaxial nematic 
phase behaviour has been claimed [6] for liquid-crystalline polymethacrylate 
polymers with long spacer (n = 11). Independently, by means of magnetic measure- 
ments we have provided evidence for a nematic-nematic modification in poly- 
siloxanes with short spacers (n = 4) and with similar calamitic mesogenic groups 
laterally attached to the backbone. Only one nematic domain remained for long 
spacers [2]. 

We describe in this paper the influence of different structural parameters on the 
occurrence of such an anomaly, especially the length of the aliphatic tails, the length 
of the spacer and the fixation rate of the mesogenic pendants on the backbone. In 
addition, the nematic-nematic modification is confirmed by accurate density 
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x 
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Figure 1. Schematic representation of side-on-fixed and side-end-fixed polymers. 

measurements. The polymers investigated have the general formula: 

Pn,m,m for short 

The synthesis of these side-on liquid-crystalline polysiloxanes has already been 
described [2]: the vinyl derivative corresponding to the side chain is fixed via a classical 
hydrosilylation reaction on a polymethylhydrogenosiloxane chain. 

2. Results 
The mesomorphic properties were first characterized by the usual methods: optical 

microscopy, DSC, and X-ray diffraction on powder samples (Guinier camera). All of 
these polysiloxanes exhibit nematic phases. The glass transition temperatures, the 
clearing temperatures and the enthalpies of transition are listed in table 1. 

Table I .  Phase transition temperatures for the vinyl derivatives and the corresponding 
substituted polymethylsiloxanes. C = crystalline, g = glassy state, N = nematic, 
I = isotropic phase, [ ] indicates monotropic transition. 

Vinyl moiety Homopolymer 

n m C  N I g N I AHN,/Jg-' 

4 1 0 135°C [108"C] 0 0 53°C 0 154°C 0 1.7 
4 2 0 136°C 0 [130°C] 0 0 36°C 0 158°C 0 2.7 
4 3 0 105°C 0 [lOO"C] 0 0 48°C 0 130°C 0 2.1 
4 4 0 100°C 0 113°C 0 0 36°C 0 120°C 0 2. I 
4 6 0 107°C 0 [lOlOC] 0 0 18°C 0 99°C 0 1.6 
4 8 0 96°C 0 [95"C] 0 0 24°C 0 93°C 0 1.7 

10 3 0 77°C 0 [76"C] 0 0 7°C 0 93°C 0 1.4 
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Nematic-nematic modijcation of polysiloxanes 561 

These polysiloxanes do not differ in their behaviour from the PMAl l,m,m series 

they are nematic whatever the tail length, 
the nematic-isotropic transition enthalpy of the side-on-fixed polymers is about 
2 J/g and corresponds to that of the side-end-fixed polymers, 
on average, T, and T, decrease as m increases. 

(using an analogous notation) [7]: 

In contrast with the usual side-end-fixed polymers, the stability of the mesophase is 
weakly improved from vinyl derivative to the side-on-fixed polymers. Moreover we 
confirm here that lateral substitution of mesogenic monomers strongly reduces the 
ability to form smectic phases independently of the nature of the polymer backbone 
(PMA, PA, PClA or PMS). 

X-ray diffraction experiments on aligned samples of P4,4,4 have been performed 
with the usual diffraction apparatus described elsewhere [8]. Because of the alignment 
procedure, the sample has a uniaxial symmetry around the magnetic field direction 
(i.e. the meridian). Figure 2 shows the X-ray diffraction patterns of P4,4,., at a tempera- 
ture just below TNI (see figure 2 (A)) and at  room temperature (see figures 2 (B), (C)). 
The absence of any Bragg reflection together with the anisotropy of the pattern show 
that the sample is in a nematic state over the entire temperature range. Moreover, 
except for the usual contrast improvement with decreasing temperature, no sudden 
alteration of the pattern was observed. (The patterns were recorded every 5OC) Let us 
describe these X-ray diffraction patterns. The usual wide angle diffuse ring (a)  shows 
that the mesogenic cores are oriented along the magnetic field (i.e. the director). From 
the extension of this diffuse ring, the behaviour of the orientational order parameter 
can be estimated qualitatively: it seems to increase monotonously as the temperature 
decreases, to reach a rather large value at  room temperature. Several other diffuse 
elements can be seen on the patterns; they are due to several types of fluctuations 
already present just below TNI. Their correlation lengths increase regularly as the 
temperature decreases. Firstly, four diffuse spots (6) located at small angles off the 
meridian show the presence of rather strong Sc fluctuations. Their coherence lengths 
range from approximately tl, w 50 A, tl z 30 just below TNI to about tll w 100 A, 
t, w 50 A at room temperature. (ttI and tl refer to the correlation lengths along the 
meridian and perpendicular to it, respectively.) The tilt angle is about 50" and the 
projection of the wave vector along the director is qI1 x 271/28 k' ( q  is the momentum 
transfer vector, i.e. (471 sin @ / A  where 28 is the scattering angle). Since the length of 
a side chain for P4,4,4 measured on Dreiding stereomodels is about 29A, these S, 
fluctuations are of the usual monolayer type. Along the meridian and perpendicular 
to it, a series of equidistant diffuse lines (c) can be seen. Their period is 2 n / 2 8 k 1  
which means that they are due to the presence of periodic columns of molecules. The 
coherence length tIt of these columns varies from about lOOA just below TNI to the 
rather large value of about 250 A at room temperature. The fluctuations (6) and (c) 
have already been seen together in several low molecular weight compounds [9,10]. 
The last feature of the X-ray diffraction patterns is more original; a diffuse spot ( d )  
can be detected on the equator (direction perpendicular to the meridian) at a wave- 
vector q1 % 271/7k ' .  The X-ray diffraction patterns of either conventional liquid 
crystals or side-end-fixed polymers usually do not show such diffuse scattering and 
therefore its origin is unclear. Actually, various types of rod-like mesogens complexed 
with transition metals, exhibit S, phases. The diffraction patterns of these phases also 
display an additional diffuse scattering located on the equator [ l  11. Whatever its 
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568 F. Hardouin et al. 

(C)  
Figure 2. X-ray diffraction patterns of a magnetically aligned sample of P4,4,4. H is the 

magnetic field direction. Monochromatic (CuKa = 1.541 A) radiation was used and the 
sample-film distance was 60 mm. (A) T = 1 1 5 O C ;  (B) room temperature; and (C)  room 
temperature, overexposed pattern. 

origin, the intensity of this diffuse scattering increases smoothly over the whole 
temperature range. 

Finally, it should be noted that keeping the samples at temperatures just above Tg 
for a few hours induces a slight crystallization which can be seen on the patterns since 
a few very faint but sharp diffraction lines appear. 

X-ray diffraction experiments on aligned samples have been performed on P4.4,4 
only. Nevertheless, P4,4,4 is representative of the whole series since all polymers of this 
series have the same type of powder pattern. 
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Nematic-nematic modification of polysiloxanes 569 

As already reported [2], we recall that in the nematic range an anomaly was 
detected in the thermal evolution of the diamagnetic anisotropy Ax. It has only been 
revealed for a polysiloxane backbone with a short spacer (n = 4). Indeed we showed 
that an increase of the spacer length leads to the disappearance of this anomaly [2]. 
One aim is now to appreciate, for the suitable spacer (n = 4), the influence on Ax of 
the length of the aliphatic tails of the laterally attached mesogenic groups. The 
macroscopic parameter, Ax, is evaluated from the measurement, in the bulk, of the 
diamagnetic susceptibility in a direction parallel to the magnetic field xllB (Faraday 
balance method [l2]) in the nematic phase; 

where x is the scalar susceptibility measured in the isotropic state; B = 1.5T. In a 
uniaxial nematic phase this expression represents the macroscopic order parameter 
which is connected directly to the single orientational order parameter introduced in 
the Maier-Saupe theory [ 131. This assumes that the molecules have cylindrical sym- 
metry and the molecular shape does not change with temperature. The magnetic 
measurements were performed systematically as a function of temperature for the 
polymers with m varying from 1 to 8.  The results are reported in figures 3 (a)-( f ). An 
anomaly is detected for alkoxy chains containing one to six methylene groups; when 
we reach m = 8, the anomaly disappears (see figure 3 (f)). 

Concerning the thermal stability of both nematic domains, figure 3 shows that the 
high temperature nematic domain is destabilized by long aliphatic chains. Thus the 
nematic-nematic anomaly is very sensitive to the molecular architecture. In this 
regard, we can also investigate the influence of the spacer length ( n )  for a given value 
of m (m = 3). As previous observed [2], increasing the spacer length leads to the 
disappearance of the magnetic anomaly (see figure 4 ( n  = 10) to be compared with 
figure 3(c )  ( n  = 4)). 

We stress that the relaxation kinetics of the orientational order in these high molar 
mass systems prevent the reproducibility of the anomaly upon heating. Moreover the 
continuous evolution from zero of Ax (see figures 3, 4 and 5 )  originates from the 
existence of an isotropic-nematic biphasic domain (over the temperature interval of 
about 5OC) which is always observed in polymers despite their low polydispersity 
index ( I  = 1.2). 

The scope of this study has been enlarged by considering another pertinent 
molecular parameter, i.e. the fixation rate of the mesogenic pendants [ 141. Indeed 
copolymers have been synthesized by using copoly(methy1hydrogeno-dimethyl) 
siloxane backbones (Petrach PS 123). The fixation rate of the mesogenic units depends 
on the number of dimethylsiloxane segments: 

where x = a / (a  + b) = 0.3, a + b = 30 and is denoted by Pn,m.m 30 per cent for 
short. These copolymers present nematic phases (see table 2) and, as usually observed 
for diluted polymers, both the glass transition temperature T, and the nematic-isotropic 
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11.1) ' 
-50  -40 -311 -211 -111  (I 

AX/ 107 c m 3 g  -' 

0.6 O ' * l  

Figure 3. The temperature dependence of the diamagnetic anisotropy Ax = 3/2 (zra - x )  for 
several aliphatic tail lengths of P4,mn.m (a) rn = I ;  (b )  rn = 2; ( c )  rn = 3; ( d )  rn = 4; 
(e)  rn = 6; (f) rn = 8. 

transition temperature TNI decrease compared with those of the corresponding 
homopolymer. Nevertheless it should be noted the large amount of crystallinity of the 
copolymers (see the AH melting in table 2) whereas the homopolymers are essentially 
amorphous. Concerning the thermal evolution of the diamagnetic anisotropy Ax, no 
anomaly is detected in the copolymer series whatever the chain length m. An example 
is given in figure 5 for P4,3*3 30 per cent. 
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Figure 4. The temperature dependence the diamagnetic anisotropy Ax = 312 (xllS - x )  for 
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Figure 5 .  The temperature dependence of the diamagnetic anisotropy Ax = 312 (I,,# - x) for 
P.,3,3 30 per cent. 

Table 2. Phase transition temperatures for the copolymers with a fixation rate x = 30 per 
cent, C = crystalline, g = glassy state, N = nematic, I = isotropic phase. 

Copolymer x = 0.3 

4 1 .  8°C 0 64°C 0 [52"C] 0 14.5"C 0.7 
4 2 0 12°C 0 104°C 0 [84"C] 0 19.3"C 0.7 
4 3 0 10°C 0 66°C 0 [62"C] 0 I4.9"C 0.7 
4 4 0 10°C 0 74°C 0 - 0.7 
4 6 -3°C 0 63°C 0 - 0.7 

Accurate and reliable density measurements as a function of temperature (carried 
out on cooling with an Anton Paar Density Meter DMA60-DMA602 [I51 
(accuracy f 1 x 10-Sgcm-')) also enable us to detect a nematic-nematic modification 
in the case without any applied external field. Indeed the temperature dependence of 
the density for P4.',' reported in figure 6 shows a drastic change of slope over the 
temperature interval which is associated with the magnetic anomaly. We note that the 
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Figure 7.  The temperature dependence of the density, p,  for P4,8,8 (+) compared to that of 
p4.3.3 (W 

thermal expansion coefficient does not remain constant in the low temperature 
nematic range while this coefficient is constant in the high temperature nematic 
domain. For P4,8,8, which does not exhibit a magnetic anomaly (see figure 3(f), we 
do not detect a drastic change in the slope on decreasing the temperature in the 
nematic phase (see figure 7). This evolution shows a varying thermal expansion 
coefficient which resembles the behaviour of the low temperature nematic range of 
P4,3,3. In contrast, for PI,,,,, and of P4,3,3 30 per cent this coefficient is constant 
throughout the nematic domain (figure 8), which resembles the high temperature 
nematic behaviour of P4,,,,. Finally, we note that the evolution of the density from the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
1
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Nematic-nematic modification of polydoxanes 573 

-20 0 20 -40  

Figure 8. The temperature dependence of the density, p,  for P,,,3,3 (+) for the copolymer P4,)., 
30 per cent (0) and that of P4,3,3 (El). 

isotropic to the nematic phase appears continuous, as does Ax, owing to the existence 
of the biphasic region. 

3. Discussion 
The molecular structure of the side-on-fixed polymers favours orientational inter- 

actions between the main chain and the mesogenic parts. Therefore whatever the 
nature of the backbone these polymers give strong nematic tendencies. 

The diamagnetic anomaly associated with the change of slope in the temperature 
dependence of the density could be interpreted as the effect of a phase transition 
between a high temperature nematic phase and a low temperature nematic phase. 

The textural analysis of P4,4,4 with a polarizing microscope supports this assump- 
tion: after annealing a droplet at high temperature we observe a typical schlieren 
texture for a uniaxial nematic (see figure 9 (a)).  Unusual bright worm-like defects 
progressively develop everywhere in the free surface sample upon cooling (see 
figure 9 (b ) )  and subsequent heating makes them disappear. These modifications could 
be associated with a unaxial-biaxial symmetry breaking in the nematic phase. Indeed, 
such a symmetry breaking may not have been detected in the X-ray diffraction 
patterns of magnetically aligned samples since the pattern of a fibre (a two dimensional 
powder) of a biaxial nematic phase should not be very different from that of the usual 
uniaxial nematic phase. In fact the optically biaxial nematic phase involves three main 
axes. Thus the observations (e.g. conoscopic observations) of a single domain need an 
orientation imposed in two directions [ I  6 ,  171 which unfortunately is not achieved by 
macroscopic homeotropic alignment. Nevertheless the lack of an excess specific heat 
detected by DSC at the temperature of the diamagnetic anomaly raises an objection. 
Moreover, the definition of a nematic-nematic phase transition can be subtle in 
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Figure 9. Microphotographs of P4,4,4 under crossed polars. Magnification x 400. (a) I IOOC; 
(b) 90°C. 

polymers due to the change of the global shape (anisotropy of the giration radii) with 
temperature. Depending on the molecular characteristics such evolution can modify 
significantly the anisotropic interactions at short range. From this point of view a 
non-monotonous variation of Ax with temperature could be expected even in a 
uniaxial nematic phase and even without a phase transition. The bending of the 
dilatometric curve would be considered as the signature of a conformational contraction 
of the chains. 

More experiments are necessary therefore to specify whether the phenomenon 
observed in the nematic phase is a true thermodynamic event (i.e. a phase transition) 
or not. In the former assumption a careful analysis of the topological relevance of the 
defects described here seems of prime importance to test the validity of a uniaxial 
nematic-biaxial nematic phase transition. At any rate the terms in the equation for 
Ax have to be taken into account in order to explain a non-monotonous variation with 
temperature. This behaviour could not be restricted to this kind of liquid crystal 
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polymers. Additional results concerning structural and dynamic properties of these 
systems will be described in forthcoming papers. 
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