
Effect of Thermal and Mechanical Processing on Molecular 
Ordering in Liquid Crystal Elastomers 

Liquid crystalline polymers have been the focus of intensive 
research in recent years because of their potential for use in a 
wide range of optical as well as photonic applications.1-3 
Although the macroscopic alignment required for practical 
applications can be achieved by surface treatment and the 
application of an external electric or magnetic field, the effec- 
tiveness of these processing techniques is limited to films with 
a thickness less than 100 To overcome this problem. 
liquid crystalline (LC) elastomers have been explored in view 
of the relative ease with which mesogenic moieties can be 
aligned by s t re t~hing.~- l '  An additional feature of these mate- 
rials is the ability to "lock-in" this stress-induced alignment via 
crosslinking of reactive side-chains to produce a three-dimen- 
sional polymer network. 

Finkelmann et a1.12 have previously described a novel two- 
stage reaction scheme for the preparation of LC elastomers; 
this process is shown in Fig. 61.35. In the first stage, a 
hydrosilylation reaction was conducted on the terminal meth- 
ylene groups of the polymer to obtain a partially crosslinked 
elastomer carrying two pendant groups: a nematogen and a 
methacrylate. In the second stage, a constant stress was applied 
to produce uniform nematic alignment followed by a second 
crosslinking step by means of the less-reactive metha- 

cryloyl groups. Poly(methylhydrosiloxane), with a degree of 
polymerization 1 1  of 120. was employed exclusively in 
these experiments. 

In this article we describe the preparation of mesogenic 
elastomer systems based on two commercially available 
polysiloxanes, poly(methylhydrosiloxane) (n = 40) and poly- 
(ethylhydrosiloxane) (n = 80). and their characterization by 
Fourier transform infrared (FTIR) spectroscopy, differential 
scanning calorimetry (DSC), hot-stage polarized optical mi- 
croscopy, stress-strain analysis, and x-ray diffraction to 
elucidate the dynamic features of preparation and processing 
of LC elastomers. 

Experimental Section 
I .  Materials 

Poly(methylhydrosi1oxane) (PMHS), -[(CH3)SiH-O-]40-, 
(0.30 Stoke, Spectrum Chemicals); poly(ethylhydrosi1oxane) 
(PEHS), -[(C1HS)SiH-O-]80-. (1 .OO Stoke, Gelest); toluene 
(anhydrous, 99+% Aldrich Chemical Company); and a Pt- 
catalyst (PC072, United ChemicalTechnologies) were all used 
as received without further purification. The nematic mono- 
mer and cross-linking agents were synthesized by standard 
literature methods, as shown in Figs. 61.36 and 61.37. 
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Figure 61 3.5 
The two-step process for the preparation of aligned 

LC elastomers. The components are combined and 

reacted to form a partially crosslinked elastomer; 

the combination of heat and mechanical stress 

completes the crosslinking reaction and aligns the 

mesogenic pendant groups. 
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Figure 61.36 
Synthesis schcn~c for the preparatiorl of the nematic monomer and the diacrylate crosslinking agenl used for cla3tomer preparation. 
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2. Preparation of Elastomers 
To prepare the elastomers, appropriate quantities of the 

nematic monomer (NM), the first crosslinking agent (Cl), and 
the second crosslinking agent (C2), as shown in Fig. 61.38, 
were added to PEHS or PMHS in a round-bottomed reaction 
flask to ensure a polymer:NM:Cl:C2 molar ratio of 
1:0.3:0.1 :O. 1. Upon addition of toluene (1 3.6 ml/g-material), 
the flask was sealed: flushed with nitrogen, and heated to 
ensure dissolution of solids. The catalyst was added ([Pt/CH2 
= CH-] -- 0.002), and the flask was shaken vigorously for 30 s 
before quickly transferring the contents to a heated TeflonTM 
mold kept overnight at 60°C under a nitrogen purge (first-stage 
reaction). The elastomer was carefully removed from the 
mold, stretched by the desired amount, and left for three days 
on a hot plate at 60°C to complete the elastomer preparation 
(second-stage reaction). This method of elastomer preparation 
is similar to that reported by Finkelmann et ~ 1 . ~ ' ~  with the 
exception that a constant strain, as opposed to a constant 
stress, was used in our experiments. The extent of reaction was 
monitored using FTIR spectroscopy. The elastomers prepared 
from PEHS and PMHS parent polymers were denoted as ES 
and MS, respectively. 

3. Methods of Characterization 
The degrees of polymerization of PEHS and PMHS were 

evaluated from a viscosity versus molecular weight relation- 
ship derived from product data (United Chemical Technol- 
ogies). Infrared spectra of both the parent polymers and the 
elastomers were obtained using a Nicolet 20SXC FTIR spec- 
trophotometer. Differential scanning calorimetry (DSC) data 
were collected using a Perkin Elmer DSC-4 at +20°C/min 

under a helium purge with liquid nitrogen cooling. A hot-stage 
polarized optical microscope (Leitz Orthoplan-Pol and a Mett- 
ler FP52 hot stage) was used for mesophase identification and 
verification of transition temperatures determined by DSC. 
Mechanical characterization of elastomers was conducted in a 
water bath at 55+1°C using an Instron Table Model 1102 
instrument. The stress o i s  determined in terms of the original 
cross sectional area, and the strain is defined as E = (1 - lo)/lo, 
where 1 and lo are the length at the time of data collection and 
original length, respectively. 

Two-dimensional, flat-plate x-ray diffraction patterns were 
collected using a Statton box camera with a sample-to-film 
distance of 5.0 cm. An image-plate storage phosphor detector 
was utilized in place of x-ray film to reduce data-collection 
time.13 Samples were irradiated with nickel-filtered copper 
radiation. A qualitative assessment of orientation and liquid 
crystallinity was accomplished using the flat-plate diffraction 
data. The x-ray diffraction patterns were obtained with a 
Rigaku RU-300 pole figure goniometer used in the Bragg- 
Brentano geometry. This diffractometer was equipped with a 
copper rotating anode operated at 50 kV and 280 mA, a 
diffracted-beam nickel filter, and a scintillation detector. Re- 
flection-mode 8/28 scans provided information on planar 
orientation, while symmetrical transmission-mode 8/28 
scans provided a preliminary assessment of in-plane orienta- 
tion. A quantitative orientation analysis was performed by an 
azimuthal diffraction technique.14 Data were collected using 
the Rigaku RU-300 pole goniometer as mentioned above. 
Azimuthal analysis involved positioning a sample at a fixed 
angle 8 in the symmetric transmission mode with the detector 

CH2=CH- (CH,),- 0 Figure 61.38 

Materials used in the preparation of the liquid crya- 

talline elastomers: (a) poly(methylhydrosiloxane); 

(dl (b) poly(ethy1hydro-siloxane); (c) nematic mono- + mer; (d) first crosslinking agent; and (e) second 
CH2= CH- (CH2), 0 0 - (CH2),-CH=CH2 crosslinking agent. 
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EFFECT OF THERMAL AND MECH,~NIC~~L PROCESSING 

Results and Discussion C0113 

Fourier transform infrared spectrometry was used to 

at a fixed 20  to detect a desired Bragg diffraction peak. The 
sample was then rotated 360" around the normal to thc sample 
plane, defined as the x rotation. In this study the transverse 
direction was mounted at zero azimuthal angle, i.e., parallel to 
the plane of the x-ray beam. Azimuthal data allowed the 
determination of in-plane orientation. Orientation distribution 
was quantified by the use of the Herman's orientation distribu- 
tion function (HOFA) defined for in-plane alignment as1' 

3 (cosZ - 1 
HOFA = 

2 
(1) a, 

0 

Co = 
with (cos2 X) defined as ' $  

Co 
ci" 

Z ~ ( x ) s i n  XCO$X 
(EOS2 X) = 

Z ~ ( x ) s i n x  ' 
(2) 

wherc I(x) denotes intensity as a function of azimuthal angle 

monitor the extent of hydrosilylation reaction, as illustrated in 
Fig. 61.39 for elastomer MS, where a comparison of scans 
recorded after the first- [Fig. 61.39(a)] and second-stage 
[Fig. 61.39(b)] reactions shows the expected reduction in the 
intensity of the Si-H stretching band at 2160 cm-l. The effect 

I 

(a) 

(b) 1 

of reaction 011 the mechanical properties of both the ES and 

X. The value of HOFA ranges from -0.5 to 1 for in-plane 
orientation distribution, with a value of -0.5 indicating a 
perfect alignment of polymer chains along the strain direction, 
a value of 0 indicating a random or balanced alignment, and 
a value of 1 indicating perfect alignment of polymer chains 
along the transverse direction.14 2400 1 2200 2000 1800 1600 

MS elastomers is illustrated in the stress versus strain curves of 
Fig. 61.40. In light of the reported effect of crosslink density on 
glass transition (Tg)  and liquid-crystal-to-isotropic transition 
temperatures,"-" it is important to ensure that akalid compari- 
son of ES to MS elastomers is made. The crosslink density in 
terms of the molecular weight between crosslinks, M,, is 
related to the elastic modulus E ( ~ l m m ~ )  at low strains and at 
temperatures above TK by Eq. (3)? 

where p is the density estimated at 1.0 g ~ c r n ~ . ~ ~ ~ ~  R the ideal 
gas constant, and T the temperature (OK). Since the data were 

Frequency (cmpl) 

Figure 61.39 
FTIR spectra of the MS elastomer after (a) first-stage and (bi second- 

stage reaction. 

collected at a temperature (55°C) that is above the T,  for all 
samples considered, Eq. (3) is appropriate for evaluating E 
from Fig. 6 1.40. Using Eq. (3), an M, of 660 glmole (E = 

12.4 ~ l m m ' )  and 560 glmole (E = 14.6 ~ l m m ' )  were found 
for the ES and MS elastomers, respectively. Figure 61.37 also 
shows the expected increase in E (i.e., a decrease in M,.) with 
an increased extent of reaction. Since samples must be stretched 
during the second-stage reaction to achieve bulk alignment of 
the nematic pendant groups, the maximum strain sustained, E ~ ,  

is an important parameter. For our elastomer composition as 
defined earlier, ES and MS possessed an ~h value of 0.31 and 
0.16, respectively. The difference in ~b is attributed to the 
higher molecular weight of the ES system since the degrees of 
polymerization of the PEHS and PMHS polymers are 80 and 
40, respectively. 

LLE Review, Volume 61 



Figure 61.40 
Stress (o) versus strain ( E )  recorded at SS°C for MS elastomer after first-stage 

( A )  and second-stage reaction (A), and ES elastomer after first-stage ( 0 )  

and second-stage reaction (0). 

The DSC thermograms of ES and MS are presented in 
Fig. 61.41, where the subscripts s and n refer to samples that 
were stretched and not stretched, respectively, during the 
second-stage reaction. Samples described as "stretched" are 
those that were strained to the fullest possible extent without 
tearing during the second-stage reaction. Since the glass tran- 
sitions of pure PEHS and PMHS are -149°C and -140°C, 
respectively, the substitution and crosslinking reactions would 
appear to be responsible for the elevated glass transitions of 
both polymer hosts. This factor is consistent with the increase 
in E observed in Fig. 6 1.40. In the first heating scan of the ES 
elastomer prepared without stretching, an endotherm occurs at 
82°C [Fig. 6 1.4 1 (a)] due to a nematic-to-isotropic transition. A 
lower value for the transition enthalpy (AH) was obtained for 
an equivalent sample that had been stretched. After the ES 
sample is heated through this transition temperature and slowly 
cooled to room temperature, the nematic-isotropic endotherm 
now appears at 63°C [Fig. 61.38(b)] with a greatly reduced 
AH. If this same ES elastomer sample is instead rapidly cooled 
to low temperatures (i.e., quenched) from 90°C and then 
annealed at 60°C, subsequent heating gives an endotherm at 
70°C with a AH of 1.9 J/g, identical to the value shown in 
Fig. 61.38(b). These results infer that the AH for the nematic- 
isotropic transition is independent of thermal history applied 
after the initial heating cycle, while, in contrast, the nematic- 
isotropic transition temperature (T,,.;) displays total thermal 
history dependence. For the MS elastomer [Fig. 61.4 1(c:1], the 
endotherm at 80°C is accompanied by a reduced AH as com- 
pared to the ES elastomer, even though the nematic texture was 

clearly visible between Tg and 80°C by hot-stage polarizing 
microscopy. The absence of an endotherm for elastomer MS 
when the same sample is rescanned [Fig. 61.4 I(d)] suggests a 
lack of nematic ordering. Finkelmann et a1.,I2 however, have 
reported values for Tg, Tn.i, and of O°C, 83"C, and 
1.7 J/g°K, respectively, for the elastomer prepared from PMHS 
with a degree of polymerization of 120. Other than the differ- 
ences in the chain length of the starting PMHS and in the 

AH,, = 2.7 J / ~  \ , 
AH, = 2.3 J/g 

Tg = 22°C 
AC, = 0.16 J1g.K 

4 0  -20 0 20 40 60 80 100 

COIIS Temperature ("C) 

Figure 61 .41 
DSC therrnograms recorded at 20°C/min. of (a) ES elastomer: (b) second 
heating scan of ES elastomer after the sample was first heated to 90°C and 

cooled at S°C/min to room temperature; (c) MS elastomer; and (d) second 
heating scan of MS elastomer after the sample was heated to 90°C and cooled 

at S°C/min to room temperature. 
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7 observed values of AH, and AH, of the ES and MS elastomers 
without any previous thermal history are both greater than 
those that can be properly accounted for by a typical nematic- 
to-isotropic transition. 

To gain further insights into the relationship between mo- 
lecular ordering and the endotherms acquired during the first 
heating scans of the ES and MS elastomers, we turned to x-ray 
diffraction techniques. The flat-plate diffraction pattern for the 
unstretched ES sample [Fig. 6 1.42(a)] shows two broad dif- 
fraction rings characteristic of a polydomain nematic, as was 
also observed for the unstretched MS elastomer. Interplanar 
spacing calculations reveal that the inner and outer rings have 
d-spacings of 8.8 A and 4.38 A, respectively. Upon stretching 
the elastomers, in-plane orientation occurs: as evidenced by 
the formation of arcs in the flat-plate diffraction pattern for the 
ES elastomer with E =  0.3 [Fig. 61.42(b)], which is character- 
istic of a monodomain nematic.15 Due to the lower sustainable 
strains in the MS elastomer (see Fig. 61.40), the effect of strain 
on orientation in this system is not pronounced, as evidenced 
by the lack of arc formation in the flat-plate camera photo- 

Figure 61.42 
Flat-platex-ray ditfractionpalterns 
of ES elastomer: (a)  unstrctched; 

(b) stretched lo e= 0.3; and ( c )  a? 

in (b) but first heated to 903C and 
then cooled to room temperature. 

graphs. In the ES samples, the majority of the diffraction 
scatter lies in the equatorial position (zeroth order) in the flat- 
plate pattern, which indicates that the 8.8-A and 4.38-A 
diffraction peaks are of the type (hkO). In the following discus- 
sion, the term "thermal treatment" indicates that the samples 
were heated at 90°C for 10 min and then cooled to room 
temperature. Upon thermal treatment of the stretched ES 
elastomer, the nematic order is retained, as evidenced by the 
absence of any discernible effect on arc formation in compar- 
ing Figs. 61.42(b) and 61.42(c). In fact, the AH,?.; at 63OC, 
1.9 Jlg as noted in Fig. 61.41(b), is typical of a nematic-to- 
isotropic transition. Thus, the ~LH~,.~ observed in Fig. 61.41(a) 
appears to be caused by a combination of nematic-to-isotropic 
transition and molecular relaxation. 

'Transmission-mode x-ray diffraction data were collected 
for elastomer ES over a selected range of 219, as shown in 
Fig. 61.43. An inspection of Fig. 61.43 reveals that, for both 
unstretched [I(a)] and stretched [Il(a)] ES samples, the 4.38-A 
peak (corresponding to the outer ring shown in Fig. 61.42) 
observed in the tlat-plate diffraction data actually comprises 
tcvo peaks with d-spacings 014.47 A and4.13 A. 'The two peaks 
can be resolved because of the 20-cm sample-to-detector 
distance, as compared to the 5-crn distance utilized in the flat- 
plate diffraction work. The intensity of the 4.13-A peak rela- 
tive to that of the 4.47-A peak is clearly diminished by stretch- 
ing. The 4.13-A peak disappears with an increase in intensity 
of the 4.47-.A peak with thermal treatment, as revealed in 
comparing J(b) to I(a) and lI(b) to II(a) (Fig. 61.43). These 
observations indicate that stretching and thermal treatment 
may induce some degree of molecular relaxation, consistent 
with the facts that AHn >M, and that AH,, and AH, both 
decrease to 1.9 J/g upon thermal treatment (see Fig. 61.41). 

Azimuthal diffraction data collected on the 4.47-.A peak, as 
shown in Fig. 61.44, permit a quantitative assessment of 
molecular relaxation resulting in an enhanced order reflected 
by the HOFA parameter defined by Eq. (1 ). These data suggest 
that the unstretched ES sample has no in-plane alignment. 
which implies a near-random distribution of lattice planes 
based on a HOFA value of 0.02. For the stretched ES sample, 
the peaks at 0' and 180" azimuthal positions in Fig. 61.44 
(along the sample transverse direction) and a HOFA value of 
0.35 reveal the effect of stretching on the preferred orientation 
of ( / ikO) lattice planes. Thermal treatment of the stretched 
sample shows an enhancement of the azimuthal intensity along 
the transverse direction, resulting in an increased HOFA value 
of 0.43 apparently due to the alignment of nematic domains. To 
be consistent with the observed order in which the HOFA value 
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Figure 6 1.13 
X-ray diffraction patterns of ES elastomer: I(a) 
unstretched, no thermal processing; I(b) sarnple 
I(a) hcatcd at 90°C for 10 min and by cooled to 
room ternperaturc; Il(a) stretched to e = 0.3, no 
thermal processing; 1I(b) stretched as in II(a) fol- 
lowed by heating at 90°C for I0 min and cooled to 
room temperature. 

increases upon stretching and thermal treatment, the DSC Based on the flat-plate x-ray diffraction pattern, an imposed 
thermograms in Figs. 61.4 1(a) and 6 1.41 (b) should be inter- strain gives rise to a monodomain nematic characler, whereas 
preted in terms of stored enthalpy at the molecular scale that is a polydomain character is observed in the absence of 
relea~ed to some extent by stretching during the second-stage applied strain. Furthermore, the monodomain character 
reaction and completely released by thermal treatment. This achieved with the application of strain is retained when the 
mode of enthalpy storage does not seem to contribute to the sample is heated above the nematic-isotropic transition 
experimentally quantified HOFA parameter on a relatively tenlperaturc and cooled back to room temperature. 
macroscopic scale in the case of nematic ordering. 

The DSC thermograms, coupled with the transmission- 
From the x-ray diffraction and thermal analysis data re- mode x-ray diffraction data, suggest that (a) enthalpy is 

viewed above, wc can make several observations regarding the stored in the freshly prepared elastomer; (b) the imposed 
effect of processing on mesonlorphic behavior: strain helps to release the stored enthalpy to some extent; 

and (c) the stored enthalpy is almost completely released 
upon thermal cycling between the nematic-isotropic transi- 
tion and room temperature. 

2600 - 1 - I - r - 1  
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X-ray diffraction azimuth plots for ES elastomer at 20=  19.8", i.e., thc 
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Summary REFERENCES 
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reaction scheme to investigate the effects of processing condi- 
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thorough analysis of these elastomers by a combination of 
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important role in achieving bulk alignment via stretching 
during the second-stage reaction. The imposed strain was also 
demonstrated to be critical in achieving a monodomain nem- 
atic character, which is completely recoverable after repeated 
thermal cycling from Tn.i to room temperature. The latter 
feature is especially important in the preparation of freestand- 
ing, optical-quality birefringent films for laser and other optical 
device applications. 
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