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Abstract

Side chain liquid crystalline polyurethanes are a new class of materials that show promise for mechanooptic applications. The rich
morphology afforded by these materials also provides a chance to understand the interplay between polyurethane morphology and liquid
crystalline ordering. In this paper, we study the response of a polyurethane with liquid crystals pendant to the soft segments to an applied
strain using fourier transform infrared (FT-IR) linear dichroism. We find that this complex material follows the trend established in the
literature for both side chain liquid crystalline homopolymers and segmented polyurethanes. At low strains, the soft segments align with
strain inducing an orientation in “lone” hard segments. Up to strains of 40%, the LC mesogens align with the strain field and the hard
segments in hydrogen bonded domains align perpendicular to the field. At strains above 40%, we find a rearrangement of the ordering that
result in smectic layers and the hard segments aligning parallel to the field. A model is proposed to represent these findings, and reflections on
the cooperative movement of the different macromolecular components of the polyurethane are ©f#@d.Elsevier Science Ltd. All
rights reserved.

Keywords Liquid crystalline side groups; Side chain liquid crystalline polymer; Fourier transform infrared linear dichroism

1. Introduction fact that covalent crosslinks reduce the mobility of the liquid
crystalline mesogens to respond to mechanical fields [8].
Side chain liquid crystalline elastomers are a promising Also, the intractable nature of these thermoset materials
set of materials that couple the response of liquid crystals prevents the use of common plastics processing techniques
and elastomeric networks to applied stress fields [1]. The in the formation of macroscopically ordered films. We have
elastomer acts as a matrix through which stress is trans-recently synthesized a new series of liquid crystalline ther-
ferred to the liquid crystalline side groups (LCs), which moplastic elastomers that contain physical, rather than
respond to the applied mechanical field with alignment. chemical crosslink points [11]. The liquid crystalline
These materials present a great deal of promise as sensorgiroup in these materials is a side chain functional group
actuators, and electromechanical elements with the highon the soft segment, rather than a component in the hard
strain range and reversibility of rubbery polymers; some segment, as in earlier systems [12—14]. These segmented
potential applications include viscoelastic damping systems, copolymers can be processed using traditional thermoplastic
robotic tactile arrays, or mechanooptical sensors. The use ofprocessing methods to form uniform films or fibers. These
these materials in sensor or actuator applications is highly systems represent a new direction in the development of
dependent on the ability to transduce mechanical stressesordered liquid crystalline elastomers, and may provide
and deformations through the orientation of the liquid crys- new solutions to the challenges of producing responsive
talline network, and consequently to the final properties of networks of side chain liquid crystalline polymers.
these materials. Fundamental to establishing and exploiting the potential
Side chain liquid crystalline polymer (SCLCP) networks of these novel materials is the understanding of the struc-
were first synthesized by Finkelmann [2]. These covalently ture—property relationships encountered in liquid crystalline
crosslinked systems exhibit a number of interesting segmented copolymer systems. In the rich morphology
mechanooptic properties, as demonstrated by severalafforded by these materials, the underlying question of
researchers [3—10]; however, some limitations include the how to engineer the mechanooptic response can be
addressed in part from an understanding of the response
*Corresponding author. Tel:+1-617-258-7577; fax:1-617-258-5766. of the various parts of the macromolecular LC network to
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response of a LC soft segment polyurethane to applied pulling the upper jaw in a controlled fashion with the micro-
strains using fourier transform infrared (FT-IR) linear meter.
dichroism. Free-standing polyurethane films are too thick to be

Both segmented polyurethanes and SCLCPs have beerwithin the range of the Beer—Lambert Law, and saturate
extensively studied by IR dichroism techniques. Bonart key vibrational bands in the transmission IR spectra. In
used the FT-IR in conjunction with wide-angle X-ray order to examine films thin enough for FT-IR analysis,
scattering to create a model describing the reorientation samples were prepared by casting the polyurethane on a
behavior of polyurethanes as a function of the strain [15]. thin poly(tetrafluoroethylene) substrate (Du Pont De
Cooper and co-workers [16,17] performed a series of studiesNemours & Co) from 50/50 THF/DMAc. The Tefléh
using the FT-IR to enhance this molecular model; Hsu et al. substrate was used for these experiments as a support for
have also contributed significantly in this area [13,18—21]. the thin polyurethane film to provide it with enough integ-

In the area of molecular reorientation with strain of side rity to be held by the jaws of the stretcher. Substrates for IR

chain liquid crystalline polymers, Zhao and coworkers dichroism measurements have been used previously in the
[22—-24] have been extremely active. Our side chain liquid literature [22,24,26,27]; therefore, there is a precedent for

crystalline elastomer shows elements of both polyurethaneuse of this technique. Adhesion of the polyurethane to the

and liquid crystalline orientation. Teflon™ substrate was maintained upon testing with tape

peel tests and immersion in water.

We are satisfied that there is minimal slippage between
the sample and the film on stretching, and the samples
viewed under the optical microscope in reflectance at
400x indicated no signs of cavitation. Further, the distance
between marks placed on the sample before mechanical
deformation increased with strain. The sample width
decreased with increasing strain, suggesting that there is
conservation of volume, and that the sample is in uniaxial
tension.

The use of infrared dichroism involves the orientation of
the sample and the subsequent measurement of the absor-
bance of key vibrational bands parallel and perpendicular to
the orientation direction. The dichroic ratidis defined as

2. Experimental
2.1. Side chain LC polyurethane

The details of the synthesis of the side chain liquid
crystalline polyurethane used in this study have been
published elsewhere [11,25]. This material is a segmented
copolymer with MDI/butanediol hard segments and side
chain liquid crystalline siloxane soft segments. The polymer
exhibits a smectic A phase over the entire liquid crystalline
range as verified by optical microscopy between crossed
polarizers on a Kramer Scientific Leitz DMRX microscope
in transmission.

At room temperature, the segmented copolymer is above A
its soft segmenfly (—4.7C) permitting movement of its A,
liquid crystalline phase, but below th&, of the hard
segment (88C).

@

where Ay and A, are the absorbances measured with the
radiation polarized parallel and perpendicular to the stretch-
2 2. Static linear dichroism ing direction. The value oR can range from zero (where
there is no absorption in the perpendicular direction) to
Infrared dichroism is a tool often used to measure the infinity (no absorption in the parallel direction). For random
anisotropy in the orientation of a functional group within orientation,R = 1. A useful parameter for determining the
a sample. This anisotropy can be caused by processingorientation is the so-called order paramet8r,which is
conditions, or by the application of fields on the sample expressed by the following equation:
(e.g. temperature or mechanical fields). Our experiments (3cod 6) — 1)
study the effect of strain on a segmented polyurethanes= """~ 7/ =~/
system. 2
The static infrared spectroscopic data were collected on awhere 6 is the angle between the draw direction and the
Nicolet 550 Series Il FT-IR spectrometer equipped with an local molecular axis. This orientation function can be
MCT/A detector at 2 cm* spectral resolution. A wire-grid  related to experimentally measured quantities, such as the
infrared polarizer (SpectraTech Corporation, Stamford, CT) dichroic ratioR of the absorption band according to the
that allows plane polarized light to reach the sample was following equation:
placed in the infrared beam. (R— DRy + 2)
Stretching experiments were performed using a static S= R —DR+2)
stretcher designed and machined for this purpose which
allows elongation of the sample up to 200% of its initial where R, =2 cof a is the dichroic ratio for perfect
length at room temperature. A sample was clasped betweeralignment. The variabler is the angle between the dipole
a stationary jaw and a jaw that was controlled by a micro- direction and the molecular axis of the segment of the mole-
meter. Uniaxial strains were induced in the sample by cule under considerationy varies from O (dipole along

3]
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Fig. 1. Molecular structure of side chain liquid crystalline polyurethane.

molecular axis) tor/2 (dipole perpendicular to molecular (3) and the measured dichroic ratios. A transition moment
axis). The order parameter, S, may vary froni/2 to 1 direction @) of 0° was assumed for the cyano band while
indicative of perfect perpendicular to perfect parallel orien- the carbonyl band was assumed to have an angle°qfL 79
tation of the molecule or molecular segment. In the absenceThe carbon—nitrogen bond of the cyano bond is sp hybri-
of any orientationS= 0. Recent reported studies point out dized, resulting in a linear geometry for this bond. It was
that this model [28,29] is not sufficient to explain the assumed that the normal vibrational mode of the cyano
observed behavior of many real systems. Violations to the dipole lies exactly along the molecular axis of the liquid
model have been noticed in both static systems and systemgrystalline moiety. The dichroic ratioR, of the cyano
that undergo dynamic deformations [30,31]. Nevertheless, band therefore maps the structure fac®mf the mesogen
this model can adequately explain the qualitative behavior to the strain. When studying the alignment of the hard
of uniaxial systems and will be used here. segment, the issue is slightly more complicated. Simple
For this work, dichroic ratio data were collected by ester carbonyls are often assumed to beddthe molecu-
stretching two different samples. For the first sample, a lar axis in the literature as the carbon i$ sybridized [24].
polarizer placed parallel to the direction of stretch was The 79 angle is arrived at by taking into account the geo-
placed between the sample and the detector. A strain wasmetry of the entire urethane linkage with respect to axis of
applied and the FT-IR spectra were collected. The samethe hard segment. For this reason, the orientation function
procedure was carried out on a separate sample with thecurves of the hard segment do not necessarily follow the
polarizer perpendicular to the stretch direction. The ratio trend of the dichroic ratio. It should be recognized that
of the parallel to perpendicular absorbance at each strainvariation in the transition moment direction ) of greater
value was calculated. Since the two samples used in thethan 10 is required to significantly affect the orientation
experiment were of different film thicknesses due to the function [16].
solvent casting technique used, we normalized the ratios
by setting the 0% strain dichroic ratio to 1.0 for all the
vibrational bands that we studied. To ensure that this 3. Results and discussion
assumption is valid, we performed this experiment on a
single sample changing the polarizer from parallel to 3.1. Molecular architecture and structure
perpendicular at each strain point and recording two differ-
ent spectra for each experimental point. Using this method, The polyurethane investigated here is a segmented copo-
the trends described for each of the bands in Section 3 canlymer of flexible polysiloxane soft segments with pendant
be reproduced, and random orientation at 0% strain can beliquid crystalline cyano-biphenyl moieties and MDI hard
confirmed. The dichroic ratio of an unstretched polyur- segments [11]. The molecular structure of this macromole-
ethane cast on the TeflBhsubstrate was 1.0, indicating cule is shown in Fig. 1. The heterogeneous nature of this
that there was no orientation of the sample induced by the segmented copolymer precludes the possibility of finding a
solvent casting on the support. However, we choose to single solvent system for the material. A solvent system
present the data compiled from the two different experi- which includes a non-polar solvent for the siloxane soft
ments, because absorptions from water vapor can be bessegment and a polar, H-bonding solvent for the urethane
avoided if the chamber is not opened during the experiment. hard segments such as 50/50 mixtures of THF/DMACc or
In order to ensure that our reported trends are not a mani-CH,Cl,/DMSO are therefore necessary for casting films. A
festation of the Teflo substrate, we performed dichroic result of this lack of a single solvent system is the inability
ratio calculations on the baseline absorbances for each of theo perform gel permeation chromatography to determine
polyurethane bands studied on a bare Téflaubstrate. We  polyurethane molecular weights. An estimate of the size
found that these ratios were close to 1.0 throughout the of these macromolecules can be obtained from intrinsic
strain range, indicating that changes in peak absorbanceviscosity measurements performed at@Gn 50/50 THF/
heights reported are not a consequence of the experimentaDMAc. Based on findings in the previous literature [32], our
technique. system, with an intrinsic viscosity of 0.4 dl/g, is of relatively
Orientation function graphs were generated by using Eg. low molecular weight.



2964

Absorbance

B.R. Nair et al. / Polymer 41 (2000) 2961-2970

0.4

5
w

0.2

0.1

<
o

4000 3500

I [
3000 2500

I I [ |
2000 1500 1000 500

-1
Wavenumbers, (cm )

Fig. 2. FT-IR spectrum of liquid crystalline polyurethane.

Our segmented copolymer system is designed to utilize siloxane chain; these LC siloxane oligomers are alternated
the thermodynamics of phase segregation to produce arnwith hydrogen bonding hard segments along the length of
environment that can couple applied strain fields to liquid the polyurethane chain. Micro-phase segregation of the two
crystalline mobility. LC mesogens are attached to a flexible types of incompatible segments results in a multiphase poly-

Table 1

FT-IR peak assignments in polyurethane

Wavenumber  Assignment Uniquely
(cm™ identifies
3309 (m) NH stretching Hard segment
3070 (wm) CH aromatic stretch vibration
3036 (wm) CH aromatic stretch vibration
2924 (s) CH asymmetric stretch vibration
2854 (s) CH asymmetric stretch vibration
2225 (s) CN stretch vibration Mesogen
1728 (s) Non H-bonded urethane Hard segment
17009 (s) H-bonded urethane Hard segment
1643 (m)
1605 (s) C—C aromatic stretch vibration
1524 (s)
1493 (s) C—C aromatic stretch vibration
1470 (s) CH asymmetric deformation
1431 (m) Amide Il Hard segment
1412 (s) Amide Hard segment
1362 (m) Amide Hard segment
1311 (s) CH aromatic in-plane deformation
1292 (s) CH aromatic in-plane deformation
1257 (vs) Phenyl-O stretching Mesogen
1200 (m)
1180 (s) CH aromatic in-plane deformation
1068 (vs) Si—0-Si stretching Soft segment
941 (wm)
822 (vs) CH aromatic out of plane deformation

mer network that is physically crosslinked by the aggrega-
tion of the hard segments in domains. As these materials are
of low molecular weight, the hard domains are only weakly
cohesive, and this material behaves more like a viscoelastic
gum than a thermoplastic elastomer.

The polyurethane under study is a smectic A side chain
LC polymer as determined by SAXS. The polymer is char-
acterized using both NMR and FT-IR spectroscopic tech-
niques. Fig. 2 is the IR spectra of a film of the polyurethane
cast from 50/50 THF/DMACc. The spectrum is tabulated with
the key peaks identified in Table 1. Table 1 also makes note
of the peaks that can be clearly assigned to the different parts
of the copolymer. We choose to use the cyano band at
2225 cm ! as a way of tracking the orientation of the meso-
gen as it is a clear, unambiguous band.

The amide | carbonyl peak can be resolved into its con-
stituent peaks using a curve fitting method [13,33]. For
urethane carbonyls, the lower the frequency of the band,
the higher the degree of hydrogen bonding and ordering
of the carbonyls. The three peaks identified in Fig. 3 at
1726, 1709, and 1699 cm correspond to free carbonyls,
carbonyls at the interface between hard segments and soft
segments or in less ordered regions of the hard domains, and
ordered hydrogen-bonded carbonyls within the hard
domains respectively. Other investigators have ascribed
these bands to these types of urethane environments in the
literature [13,14]. Similar spectra have been fit using two



B.R. Nair et al. / Polymer 41 (2000) 2961-2970 2965

1726

1709

1699

1760 1740 1720 ] 1700 1680
Wavenumbers, (cm )

Fig. 3. Amide | carbonyl band resolved into component peaks.

Gaussian curves for the higher wavenumber bands and a3.2. Dichroic ratio of LC segmented copolymer

Lorentzian for the ordered hydrogen bonded band in order

to obtain the “best fit” for their data [13]. We find that we Stretching experiments were performed on polyurethane
can best fit our data using three Gaussian bands. We assumgamples as described in Section 2. As the stretching appa-
for the purposes of this fit that adsorption coefficients of the ratus has only one moveable jaw, and the IR beam was not
hydrogen bonded bands the same for both H-bonded bandsrecentered as the sample was strained, some error may be
The ratio of H-bonded to non H-bonded carbonyl adsorption present due to differences in the region observed during the
coefficients is assumed to be 1.7 [13]. experiment. For this analysis, we have assumed a uniform

We are comfortable fitting this curve to three bands strain along the sample; the area covered by the IR beam
because spectra taken of this material when it is subjectedwas sufficiently removed from the jaws to minimize edge
to sinusoidal stress fields show each of these bands clearlyeffects. Fig. 4 shows the spectra of the 2225 troyano
Dynamic IR spectroscopy is a tool used to resolve responseshand polarized parallel to the stretch direction at 0, 15.7,
of materials to oscillating fields, and to study their 39.4, and 67.1% strains. The highest degree of orientation
viscoelastic properties [34—36]. The results of dynamic along the direction of strain in this sample is found to be
response of this material are forthcoming. near 40% strain. The perpendicularly polarized spectra (not
pictured) show a monotonically decreasing peak absorbance
with increasing strain that can be attributed to the reorienta-
tion of the mesogen along the strain direction. Sample thin-
ning was observed in both parallel and perpendicular
orientations. As described in Section 2, we use the dichroic
ratio of the parallel to perpendicular absorbances to factor
out sample thinning.

The dichroic ratios of the 2225 cr cyano band as a
67.1% strain function of strain is presented in Fig. 5. We find that there
are two different regimes of orientation behavior. At low
strains, up to 40% applied strain, the cyano band orients
parallel to the stretch direction suggesting that the mesogens
39. 4% strain initially align with the mechanical field. However, at strains
greater than 40%, the mesogens begin to lose their parallel
orientation, and the mesogens now begin to align perpendi-
cular to the mechanical field. This behavior can be seen in
the peak absorbances in Fig. 4. The parallel band absorption

, I I I I I maximizes at 40% strain and then decreases, as can be seen
2200 2210 2220 2230 2240 2250 in the 67.1% strain sample.

Fig. 6(a) and (b) show the urethane carbonyl band at
selected strains that are polarized parallel and perpendicular
Fig. 4. Parallel polarized cyano bands at 2225 tas a function of strain. to the stretch direction, respectively. As described in Fig. 3,

15.7 % strain

7

0 % strain

-1
Wavenumbers (cm )
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Fig. 5. Dichroic ratio of cyano band (2225 ¢f) as a function of applied strain.

there are three curves that can be fitted to this region of themesogens while the carbonyls are indicative of the orienta-
spectra. However, for the purpose of dichroic ratio compu- tion of the hard segments of the polyurethane.
tations described in Section 2, these bands cannot be From data in Fig. 8, we can see that the mesogens align
uniquely resolved in the polarized data without analytical first parallel and then perpendicular to the field. Previous
resolution enhancement techniques. Therefore, we chose t&SAXS and optical microscopy studies of this material [11]
study the maximum absorption intensity at 1717¢m  show that it is in the smectic A state over its entire LC
which represents a convolution of the mechanical responsesemperature range. Mesogens initially align with their mole-
of both the H-bonded urethane stretch at 1709 tamd non cular axis along the direction of strain, resulting in the smec-
H-bonded carbonyls at 1726 ¢ih in the segmented tic layers stacked with their long axis perpendicular to the
copolymer system. The contributions of the 1699 ¢m direction of strain. However, at 40% strain, some of the
peak are minimal. smectic layers begin to undergo shear and re-align parallel
Fig. 7 shows the spectral response of the carbonyl as ato the field, inducing a perpendicular alignment in the meso-
function of applied strain. At low strains (less than 8%), gens. It has been established by Zhao et al. [23,24] that
there is a sudden drop in the dichroic ratio suggesting a smectic layers in side chain liquid crystalline polymers are
perpendicular orientation of the=® band with respect to  mechanical entities that can be acted on by applied mechan-
the stretch direction. At medium elongations (10—40%), this ical fields.
initial perpendicular orientation is lost and the carbonyls  The plot in Fig. 8 tracks the reorientation of the hard
respond parallel to the applied field. Finally, at high strains segments as a function of the externally applied mechanical
(>40% strain), the dichroic ratio decreases again suggestingfield. We visualize two different hard segment populations;
that carbonyls are beginning to align perpendicular to the the first population consists of the “lone” hard segments that
field once again. Examination of the spectra in Fig. 6(a) and are embedded in the soft siloxane matrix, while the second
(b) reveals that the lower frequency (lower wavenumber) population includes the hard segments that are intermolecu-
shoulder at 1709 cit appears to grow relative to the larly hydrogen-bonded in hard domains.
1726 cm* peak with increasing strain, suggesting an  Fig. 8 suggests three different regimes of behavior for the
increase in the number and degree of order of the hardhard segment. At 0% strain, both populations of hard

segments within hard domains. segments are randomly oriented, giving a net orientation
factor of 0. Between 0 and 8% strain, the population of

3.3. Orientation function of polyurethane molecular lone hard segments undergoes orientation initially, while

components the remaining hard segments in the mechanically cohesive

hard domains remain randomly arranged. For this reason,
As discussed in Section 2, the dichroic ratio merely the lone segments dominate the orientation factor at low
indicates the orientation of a specific functional group. strains. It has been established that the lone segments,
The alignment of the actual molecular components of the which are characterized by non-hydrogen bonding bands
polyurethane such as the hard segment and the mesogen cafl728 cm'), are representative of the movement of the
be followed by the use of the orientation functi@Table 2 soft, rubbery domains [20]. As we are unable to directly
is a tabulation of the order parameter, dichroic ratio, and the measure the peak heights of saturated Si—O bands to
average angle between the stress direction and the moleculadescribe soft segment orientation, we can assume that the
axis for this sample. Fig. 8 is a depiction of the orientation lone hard segment reorientation is representative of the soft
parameterS, of both the mesogen and the hard segments. Thesegment movement. These hard segments are fairly
cyano band is representative of the orientation of the LC independent of the arrangement of the LC layers at low
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Fig. 6. Carbonyl band with polarizer placed (a) parallel and (b) perpendicular to the direction of the strain.

strains. At this strain range, the “lone” segments align alignment of the hard segments. At higher strains, the orien-
elastically with the applied strain resulting in a sharp tation function increases again, suggesting that the hard
increase in the orientation function. segments are now aligning with the field. Many researchers
The alignment of the hydrogen bonded hard domains have seen this type of negative to positive orientation shift
dominates the convoluted carbonyl response at higherin polyurethanes at low strains [15,17]. Bonart and co-
strains, as these components also begin to orient in the strainvorkers [15] proposed the widely accepted model that the
field. From 8 to 40% strain, the orientation function of this perpendicular alignment of the hard segments result from an
band decreases with strain, indicating a net perpendicularalignment of the long axis of the aggregated hard domains
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Fig. 7. Dichroic ratio of urethane carbonyl band (1717 &vas a function of the applied strain.

with the strain field. At extremely high strains, the domains where we fit Gaussian curves to the amide | carbonyl band.
break up, the hard segments align along the strain direction,We were able to successfully fit the spectra in Fig. 6(b)), for
and the hydrogen bonds are reformed in this new “domain” the carbonyl bands polarized perpendicular to the stretch
configuration. The strain at which the hard domains re- direction at 15.7 and 67.1%. We choose these two points
orient in past studies has been near 300%, which is muchsince they are above and below the transition strain of 40%
higher than the 40% reorientation strain that we observe. when the hard segments go from a parallel to a perpendi-
However, the low molecular weight nature of this segmen- cular arrangement. For the 15.7% strain sample, we find that
ted copolymer, coupled with the interactions between the the free carbonyls at 1726 crh contribute 58.3% of the
liquid crystalline smectic layers and the hard segment could total area, while the hydrogen bonded carbonyls at 1709
account for the lower strain value at which reorientation is and 1699 cm® contribute 26.7 and 15.0%, respectively.
observed. In earlier studies, it has been found that this reor-In the 67.1% sample, the relative areas are 48.7, 34.0 and
ientation strain is highly dependent on the crystalline nature 17.3% for the free and two H-bonded carbonyls. As
of the polyurethane hard domains, and in some cases,mentioned earlier, the shoulder at lower wavenumber is
perpendicular orientation is not observed at all [13,16,17]. more pronounced in the more highly strained sample. The
Further support for this model can be found in samples increase in the H-bonded fraction suggests that as strain is

applied, the original hard segments break up to arrange in

more highly ordered domains aligned such that the segments
Table 2 are along the direction of stress. The population of lone hard
Dichr'oic ratio, ;tructurg factor and average angle of disorientation as a segments appears to decrease as they become incorporated
function of applied strain . . . .

into ordered domains. This sort of breakup and re-ordering
Strain (%) Cyano band (2225 ¢i) Cyano band (1717 ci¥) has been observed by other researchers in common segmen-
ted polyurethanes [15,17].

R f 0 R f 0
0.0 1.00 0.000 54.7 1.00 0.000 54.7 3.4. Interdependence of the orientation behavior of LC
3.9 1.03 0009~ 544 053 0416 386 layers and hard segment domains
7.9 125 0076 517 0.53 0.416  38.6
118 1.55 0.155 48.6 0.64 0306 428 An interesting feature of Fig. 8 is the observation that the
15.7 174 0198  47.0 0.64 0.306  42.8 entati f th fic | d the hard d )
19.7 244 0324 422 085 0118 501 reorientation of the smectic layers and the hard domains
23.7 3.07 0.408 38.9 0.88 0.094  51.0 occur at the same strain. We have shown in a previous
27.6 3.83 0.485 35.9 1.01 —0.009  55.1 paper that the polyurethane hard segment thermally stabi-
31.6 373 0477 362 1.09 -0.065  57.4 lizes the smectic phase [11]. In these studies, polysiloxane
355 413 0510 34.8 1,20 ~0.139 60.6 oligomers with only nematic phases (three methylene unit
39.4 410 0508 349 125 -0.171 621 betw the sil dthe LC f d
134 433 0526 342 120 —-0139  60.6 spacers between the siloxane and the mesogen) forme
47.4 355 0.459 36.9 1.01 —0.009 55.1 smectic phases below the dissociation temperature of the
51.3 3.23 0.427 38.2 0.94 0.042 53.0 hard segment when placed in the polyurethane. For those
55.3 3.37 0.441 37.6 1.03 -0.022 557 polysiloxane oligomers with both smectic and nematic
67.1 2.89 0.387 39.7 0.86 0.108 505 h ; ; ;
ight methylen rs), the nematic ph i
79.0 233  0.307 4238 0.86 0.108 505 phases (eig ethylene spacers), the nematic phase did

not occur in the polyurethane. We have also observed that




Crisntation Function [5)

0.9

0.7

-0.5

B.R. Nair et al. / Polymer 41 (2000) 2961-2970 2969

T T

40 60 80

% strain

—aA—mesgoen —B—hard segment

Fig. 8. Structure factor as a function of applied strains demonstrating the orientation behavior of the mesogenic groups and the hard segments.

for a polyurethane that has both a smectic and a nematicpolyurethane with eight methylene spacers. The picture at
phase, the onset of the nematic phase is the same as th8% strain suggests that the hard domain interface acts as an
temperature at which the hard segments dissociate. Thusanchoring surface for the smectic layers, with the smectic
we have established that the behavior of the hard domainslayers perpendicular to the long axis of the hard domains.

and the LC smectic layers seem to be correlated.

The configuration of the soft siloxane backbone is shown to

The results of the IR stretching experiments confirm that be relatively decoupled from the arrangement of LC layers.
the smectic layer and the hard segment orientations must beThe eight methylene spacer groups connecting the meso-
cooperative. Fig. 9 is a schematic of a proposed model thatgens to the siloxane main chain are expected to allow inde-
is consistent with the results of our experiments on the pendent arrangements of the main chain and side group at

<40% strain

>40% strain

the lower strain levels.

As strain is applied to the randomly oriented poly-
urethane, the lone hard segments align with the stress field
almost instantaneously (see Fig. 9, upper right). The hard
domains containing hydrogen bonded hard segments align
and rotate due to torsion at intermediate strains from
approximately 8—40%, with their long axis perpendicular
to the direction of strain (Fig. 9, lower left). At this point,
the smectic layers rearrange so that the individual mesogens
are parallel to the stress field, and the smectic layers are
perpendicular to the strain direction. It has been observed
that fibers drawn from main chain liquid crystalline homo-
polymers in the smectic LC phase also contain smectic
layers perpendicular (i.e. individual mesogens parallel) to
the strain direction [37]; in this case the mesogen is thought
to be the primary mechanical element which drives orienta-
tion of the system in the LC phase, despite potentially unfa-
vorable arrangements of the homopolymer main chain.
Similar factors may also be the cause of the observed trans-
verse orientation of the LC smectic layers in the LC siloxane
polyurethane system. At higher strains (above 40% strain),
however, the hard domains and the smectic layers undergo
shear, breakup and re-alignment such that they are
parallel to the stress direction (see Fig. 9, lower right).
This re-arrangement, which appears to be cooperative,
involves effectively two interdependent mesophase

Fig. 9. Proposed model of cooperative deformation of hard segments andSyStems—the polyurethane hard domains and the smectic

smectic layers as a function of strain.

LC phase. At 40% strain and higher, the polymer main chain
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