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Structure and elastic properties of smectic liquid crystalline elastomer films
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Mechanical measurements, x-ray investigations, and optical microscopy are employed to characterize the
interplay of chemical composition, network topology, and elastic response of smectic liquid crystalline elas-
tomers(LCES9 in various mesophases. Macroscopically ordered elastomer films of submicrometer thicknesses
were prepared by cross linking freely suspended smectic polymer films. The cross-linked material preserves the
mesomorphism and phase transitions of the precursor polymer. The elastic response of the smectic LCE is
entropic, and the corresponding elastic moduli are of the order of MPa. In the tilted ferroelectric SBfectic-
phase, the network structure plays an important role. Due to the coupling of elastic network deformations to the
orientation of the mesogenic groups in interlayer cross-linked matern@sogenic cross-linker unjisthe
stress-strain characteristics is found to differ qualitatively from that in the other phases.
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I. INTRODUCTION tical properties with external electric fiel@$7—21]. In addi-
tion, coupling of the orientation of the mesogenic units to the

Liquid crystal elastomerf_CEs) have attracted much in- elastomer network leads to piezoelectric behavior. This has
terest during recent years because of their unique combindeen first demonstrated with unoriented samp?3. Ferro-
tion of rubber elastic and anisotropic liquid crystalline prop-electric, piezoelectric, and pyroelectric properties could be
erties [1-6] that open perspectives for novel, nondisplayimportant for potential applications in sensor and actuator
applications. Of particular interest from a scientific point of devices. Large electrostriction coefficients have been mea-
view is the interplay of elastic, electric, and optical proper-sured[23], and because of the comparably small elastic co-
ties of the material. Macroscopic propertiésrm and straipn ~ efficients in the soft LCE material, one can achieve large
are coupled to the microscopic structoceder and orienta- deformations already at low electric fields, taking advantage
tion of mesogenic molecular segments, smectic laygring of the electroclinic effect near the smechcto -C* transi-

Nematic elastomers have been extensively studied in th&on.
past. One of the most exciting features of these materials is Structure, dynamics, and mechanical properties of ferro-
their macroscopic form change as a result of the orderelectric LCE have been explored with various experimental
disorder transition of the mesogens. It has been proposed amdethods such as dielectric spectrosc¢p4], Fourier trans-
successfully demonstratdd,8] that this effect could form form infrared[25,26, atomic force microscopy27], inter-
the basis of an artificial muscle. Compared to LC polymersferometry[23,28,29, nonlinear optic§30], and mechanical
the LC elastomers possess a number of further advantagesmethods[31-37. However, some fundamental structural
desired orientation of the samples can be achieved by meroperties are still only poorly understood, and many of the
chanical stretching during the preparat[@10]. Thus, LCEs possible electro-opto-mechanical interactions predicted theo-
promise to be interesting systems for the study of polymeretically have not been analyzed experimentally so far.
backbone orientationdby mechanical fieldsas well as me- The goal of this study is the structural assessment of or-
sogen orientatioriby electrical fields and various combina- dered(“single crystal”) smectic LCE films and a quantita-
tions. They are characterized by orientational order of théive measurement of their mechanical properties. The par-
mesogenic groups as well as an anisotropy of the networkicular choice of the material was motivated by studies of
Unique interactions of electrical, optical, and mechanicalelectromechanical and related effects of similar substances
properties have been reportéske, e.g[11-16). (e.g.,[23-29).

In addition to the orientational order of the mesogens in First, we explore the molecular structure of substrate sup-
the nematic phasesmectic elastomers exhibit a layered ported and freely suspended films of smectic elastomers. We
structure of the mesogenic units. Of particular interest are thdiscuss the influence of cross linking on the smectic layer
smectic phases derived from polymers with chiral constitustructure and the dependence of temperature, mesophases,
ents[2]. In the smectic* phase, the LC polymer can ex- and external stress on the films. The influence of order-
hibit a spontaneous electric polarization. The elastomer netisorder transitions of the mesogenic units on the macro-
work can stabilize a preferential orientation of the scopic shape of smectic LCE is investigated. Viscous and
spontaneous polarization if the material is cross linked undeelastic properties of the materials are measured by exposing
appropriate conditions, but it is soft enough to allow ferro-smectic LCE balloon§32] to mechanical stress. A pressure-
electric reorientation of the mesogenic units. Weakly crossradius relation is established in the different mesophases and
linked elastomers provide form stability of the material while data are interpreted within elasticity models. We discuss the
leaving the switching characteristics of the mesogens moreelations between elastic behavior, network topology, and
or less intact. It is possible to influence mechanical and opmesogenic ordering.
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TABLE |. Structure, cross-linker contemt and mesomorphism of the investigated materials.

Sample Structure X Phase sequence
Inter3/05 Fig. 1a) 0.05 SmX, 65°C; SmE*, 95-96 °C; SmA, 125°C Iso.
Inter3/25 Fig. 1a) 0.25 SmX, 52°C; SmE*, 89-90°C; SmA, 132°C Iso.
Intra2/25 Fig. 1b) 0.25 SmX, 24 °C; SmE*, 46—48°C; SmA, 67-69 °C lIso.
Il. EXPERIMENT air into the capillary using a microliter syringe. The polymer
A. Samples bubbles are very sensitive to rupture while they are drawn or

inflated. The optimum temperature to produce the bubbles is

The synthesis of the precursor polymers used in this studghout 10-25 K above the smectic-to-isotropic bulk transition
has been described in det4B2]. The random side-chain \yhere the viscosity is considerably lower than in the smectic
copolymers consist of a siloxane backbone with attached M&shases. It turns out that bubbles inflated in the isotropic
sogenic groups and cross-linker units. The substituents althase are robust and persist for hours, sufficiently long to
statistical_ly distributed on the §i|oxane chain. The ratio of o form optical investigations. Most probably, surface in-

honsubstituted, mesogen substituted, and cross-linker SUbSﬁhced ordered layers stabilize the film against thickness fluc-

tuted backbone units is 2(A-x):x, where cross-linker frac- . .
tionsx are between 0.05 and 0.25. The structure of the crosstlJatlons to a certain extent. The bubbles are subsequently

linker unit has significant influence on the formation of theCOOIed Into the smectié- (Sm-A) phase. A uniform sample

elastomer network. It has been demonstrated that the S”Of_rientation fgrms due to the layer ordering parallel to the
ane backbone and the mesogenic substituents in the smec il{” surface in the freely Suspendgd Smect!c f|Ims. . .
mesophases are segregated and the backbone is essential,l1¥The ballqons are_photo-cross-llnked by |Ilym|nat|on with
sandwiched between adjacent mesogen laj@gs If the diffuse UV I.|ght[32] in the. SmA phase. The dlre.ct begm on
length of the cross-linker unit is comparable to that of thethe bubble is blocked. This is necessary to avoid an inhomo-
mesogens, a three-dimensional network can be formed. F@eneous formation of the elastomer network, which may lead
this network topology, the terrimterlayer cross-linked elas- to the rupture of the bubbles during cross linking. Since the
tomer has been coined. In contrast, if the cross-linking subUV intensity is reduced by the indirect illumination method,
stituent is much shorter than the mesogens, it cannot estale choose illumination times of 1 h. This is sufficient to
lish connections between backbone segments in adjacedtive the cross-linking reaction to completion even with the
siloxane layers. Then, interconnections of the network norlow UV intensity. Already after 30-min illumination, the
mal to the smectic layers are predominantly mediated by thelastic properties of the films remain constant.

main chains crossing the mesogenic layers. In that case, the

network will be more or less two dimensional. This situation C. Experimental setup

will be referred to asintralayer topology. The notations,
ﬁ:reur(;tl;rr(;séi?/gcri] ?nh?_zleslzeﬁuences of the un-cross-linked pol olled copper box with glass observation windows and a UV

The relative amount of cross-linker groups provides Only|IIum|nat|on window. For the x-ray experiments, the glass

a qualitative measure of the cross-linking density of the net_observatmn windows were replaced by Kapton films. Figure

work after UV irradiation. Within a set of materials that dif- ﬁ sketches:[ tg.? S(atup.tﬁchematlcally. -Lh?t terR]peraSUSreKln tze
fer only in the relative amount of cross-linker substituents, ox was stabilized with an accuracy betier than ©. an

the cross-linking density will increase with the volume frac- mea?ure_d dW'thfa fﬁ?.slfr I(_)catt_ed n tthteh altr nea;rt;hebfllm. A
tion of photoreactive groups. When materials with differentduariz window for fiumination IS at the top ot the box, a

network topologies are compared, there is no direct relati0|t|)eam stopper blocks the direct UV beam, and the inner walls

between the relative amount of photoreactive groups and ne"?—f the box have been wrapped with aluminum foil to achieve

work density since the functionalities of the groups at differ—ml{ltIple reflectlo_ns O.f thg UV beam n the box, p.rowdlng a
ent substituents may differ. uniform bubble illumination. For optical observatigiong-

range microscopy, determination of film thickness, and ra-
dius measurementshe bubbles/balloonf40] were illumi-
nated with monochromatic, unpolarized parallel light.
Elastomer balloons of a spherical geometry were obtained@ransmission images were recorded with a charge-coupled
by UV cross linking of smectic bubblepherically de- device camera and digitally processed. The relative radii
formed polymer filmg prepared by a technique described changes of elastomer balloons have been determined by
earlier[32,39. In this procedure, freely suspended films arecomparing the images of the mechanically expanded balloon
drawn on the open end of vertical glass capillafie® mm  with the digitally resized and shifted image of the original
inner diameter~2.5 mm outer diametgrThe capillary end (stress-fregballoon. The stretching factor yields the ratio of
is roughened to improve the contact of the elastomer to thetretched and original radii. Since the center of the expanded
glass surface after cross linking. The film is inflated intoballoon sphere shifts relative to the capillary, the digital shift
smectic bubbles by slowly blowing a controlled volume of parameters as well as the comparison of the image shapes

_All experiments were performed in a temperature con-

B. Sample preparation
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FIG. 1. Chemical composition of the precursor copolyméasinterlayer three-kernel materials Inter3/25 with 0.25, Inter3/05 with
x=0.05, and(b) intralayer two-kernel material Intra2/25 witt=0.25.

provide a test for the uniform expansion of the elastomer Small-angle x-ray diffraction(SAXD) for smectic bal-
balloons. With the particular materials studied here, elasticityoons was performed in an x-ray spectrometer of local design
measurements in balloon geometry are preferable over thgl] in which the incoming and the scattered beams lie in a
alternative approach of uniaxial stretching of planar films.vertical plane. The x-ray sour¢®XS Bruke is a sealed Cu
The preparation of the thin planar films, in particular cuttingtube whose white beam feeds a graded parabolic W/Si mirror
the elastomer films from their lateral supports after crosg“Goebel mirror”) transmitting the CuW, line (N
linking, poses much more technical problems than the bubble-0.1542 nm). The impinging beam is conditioned by a pair

preparation.
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of horizontal entrance slits, confining it &880 wm in the
vertical direction. It is directed towards the top of the spheri-
cal balloon where the smectic layers, with a thickness of the
order of 5 nm, give rise to Bragg scattering at an angle
260 (~1.8°), cf. Fig. 4. The scattered beam is received in a
vertically oriented position-sensitive detect@¥. Braun,
Garching. A diffuse background stemming from the Kapton
windows of the container has been subtracted from the raw
data.

For optical characterization, we have used an Axiotech
reflected light polarization microscop€arl-Zeiss Jenaand
a QM 100 long-range microscog®uestay.

Ill. RESULTS
A. Optics

A first examination of the material was performed by
means of optical reflection microscopy. The transition from
the SmA phase to the isotropic phase has been established
for all samples before and after cross linking by means of

FIG. 2. Schema of the experimental setup for sample preparadirefringence measurements. In the native material, ASm-

tion and mechanical measurements.

focal conic textures are observed in thin cells with untreated
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glass plates. At the transition to the isotropic phase, the bi-
refringence vanishes within a temperature interval of about 2
K. After cross linking, the texture in the Skphase persists.
The phase transition to the isotropic state in the elastomer is
also characterized by an almost complete disappearance of
the optical birefringence. The transition is more heteroge-
neous than in the native sample and the transition interval is
slightly broadened. In the isotropic phase, a faint, structured
birefringence pattern remains. We attribute this to a weak
anisotropy of the polymer network. It is, however, clearly
smaller, by at least one order of magnitude, than the birefrin-
gence in the S mesophase.

The film thickness, which is essential for the determina-
tion of elastic moduli, is determined in the isotropic phase
from the optical transmission images by means of reflecto-
metry [42]. In most cases, the polymer bubbles are not uni-
form in their film thickness. Typically, a film thickness gra-
dient is found from top to bottom, which is stable during
observation times of a few hours. In addition, the film thick-
ness can vary locally by about 10%. The number of smectic
layers is not uniform in the film even after long annealing
times. When the polymer bubbles are cooled into the/ASm-
phase, they become turbid. Structural rearrangements take
place in the films during the transition to the ordered phase.
Their nature is best investigated by means of reflection mi-
croscopy of planar films.

Figure 3 shows reflection images of a planar free-standing
film with highly inhomogeneous thickness, taken in unpolar-
ized white light during cooling from the isotropic to the
Sm-A phase. In the isotropic phase, the film thickness varies ()
continuously in the film plane. At the phase transit[éfig. . .
3(a)] randomly distributed “islands” are nucleated. After an-  FIG. 3. Images of a freely suspended polysiloxane film of
nealing in the SmA phase for about 1/2 h before UV irra- Inter3/0_5 in the |sot_rop|c phase at tr:e transition to_ Bm124°C
diation, these islands gradually disappéBig. 3b)]. The (@ andin the smectiék phase at 120 °b). Both the images show
thickness steps seen in this image correspond to individuzﬁ\ ﬁ?o #mx200 pm top view of the film in white, unpolarized
ordered smectic layers. The process is reversible. When the ™

polymer film is reheated into the isotropic phase, the Iayell'.

. . 0
steps disappear and the film thickness variation becomqg‘;g‘sﬂég ;h;it ?1]; tizﬁugi?:lésc:f clzrgserlir?l?iﬂlesort\n{[haebgrﬁetl:ﬂ/?:
continuous again. This indicates that a rearrangement of t s 9 9

macroscopically disordered polymer to an ordered smecti C'Ilgelniyzrr:tﬂ?glgg. endent small-anale x-rav diffraction mea-
takes place at the phase transition, and that the layers are P P 9 Y

perfectly stacked in the film plane. After cross linking in Sm- szgenr:';?tsazafsv;osv ?]eir:] Fl):?rfoz:mltre\dtr?ig ele%srtr:)é?rer fﬁgooé}?frgct_he
A the thickness steps remain permanent in all phases. Iion datg can be obtaine?d fr-om freegstandiny, filmg without
color images of inhomogeneous Sininter3/05 films at o . . 9 )

o . contributions from the meniscus material. The beam height
120°C, approximately 10—-12 color steps are counted be;

tween second-order blue regioffgm thickness of about 210 (i80 pm) is much larger than the film thickness
nm) and second-order yellow regiondilm thickness of (=1 um) but significantly smaller than the balloon diam-

sbout 270 i The single step size o1 is i goor £ (3 ), Becauseof he arge balon ad compered
agreement with the x-ray dataee the following sectigrof y ' y y

. . lanar on a molecular level.
mectic layer ing. pian: . .
smectic layer spacing Figure 5 shows diffraction measurements of Inter3/05

during the transition from the S-phase to the isotropic
phase. The peak evidences a parallel alignment of smectic
In an earlier investigatiorf34], we have measured the layers in the film plane. It vanishes gradually within a tem-
room temperature x-ray reflectivity of a spin coated Inter3/05perature interval of about 5 K. The transition is observed
film on a silicon wafer before and after cross linking in the around the same temperature as in bulk samples of the pre-
Sm-A phase. The data indicated a long-range periodic ordegursor polymer. The smectic layer reflex is completely absent
with smectic layers parallel to the substrate. The layer strucin the isotropic phase of the cross-linked material, i.e., smec-
ture and orientation were found to be preserved during crostic layer order and orientational order of the mesogenic units

B. X-ray diffraction
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FIG. 4. Schematic view of the geometry of the small-angle x-ray E 481 } |
diffraction experiment. The balloon diameter is of the order of 3 ° ¥
mm, the film thickness is in the submicrometer or micrometer § 4.7F A
range. The x-ray beam has a height of 8n. For clarity, the % ; K E i 1
scattering angle & has been greatly exaggerated. § a6} ' {* 4
o i :
- . o . Fooqx o < AN
(indicated by the optical birefringence observations, cf. pre- 45 (,E, 5 i 5 P 8-
ceding sectiopvanish concurrently, as in the native polymer. L i '
Obviously, the optically observed thickness steps indicate 20 40 ) 60
only the surface structure of the films whereas the internal () Tral

layer structure melts upon entering the isotropic state. When g g Temperature dependence of the smectic layer spacing in
the sample is cooled down to the Snphase again, the |nter3/05 (a) and Intra2/25(b). The spacings have been derived
smectic layer structure reappears. The same behavior {fom x-ray spectra such as those shown in Fig. 5 under the assump-
qualitatively observed in Intra2/25, thimtralaye) elastomer  tion that the peak aroundé2=1.75° corresponds to the first-order
derived from the precursor copolymer with 25% cross-linkerBragg diffraction of the stratified film, i.ed=\/[2 sin(20/2)]. The
density. bulk phase transition temperatures of the native polymers are indi-
Figure 6 shows the temperature dependence of the layeated by dashed lines.
spacing for the two samples, Inter3/05 and Intra2/25. The

smectic layer thickness increases when the sample is heated
" T v T T T v T —] within the SmEC* phase. This can be explained with the
L D 3 assumption of a temperature dependent tilt angle within the
4 Sm-C* phase. From room temperature (25°C) to the
- Sm-C*/Sm-A transition (T~=95°C) in Inter3/05, the layer
thicknessd grows by about 6%. No discontinuities are found
at the smectic mesophase transitions. A tilt angle variation
from ~20° at room temperature to zero at the 8HtSm-A
transition is consistent with the observed layer thickness
changes. This is in good quantitative agreement with mea-
surements of ferroelectric switching ang[@4]. In compari-
son, the contribution of thermal expansion of the material to
size changes is lower by one order of magnitude.
The smectic layer thickness decreases with increasing
temperature in the SrA- phase (d/d~-2x103
per Kelvin of AT for Inter3/05. Among the effects that
could be responsible for such a remarkable layer shrinkage
are the temperature dependence of the order parameter of the
mesogens and/or a temperature dependent interdigitation of
the smectic layers. The effect is qualitatively similar for the
3.0 samples with different network topologies and cross-linker
angle 26[deg] densities. Therefore, we assume that its origin is primarily
related to the mesogen properties rather than to the network
FIG. 5. Temperature dependence of the first-order SAXD pealStructure. Qualitatively similar behavior has been observed
originating from the smectic layer in an LCE balloon of Inter3/05 atin the native polymers[43] in x-ray measurements of
the SmA isotropic transition. substrate-supported films.

intensity [arb. units]
s lalaldl
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W] Figure 8 shows experimental, static stress-strain curves
1.015 | - for Inter3/05 in different mesophases. We started with a

1010 F } ] stress-free balloon at a given temperature and increased the
1005 | +/ 1 inner excess pressure successivalysteps of approximately

10 Pa by pumping small amounts of air into the balloon.

é 1.000 - ] After a maximum expansion that reached up to 30% in the
© 0.995 [ - Sm-C* and SmA phases, the balloon was deflated again.
B 09000k / ] Time intervals of about 30 s between successive pressure
é 0.085 [ ] steps were sufficient for the establishment of the stationary
o | ] equilibrium deformations, except in the low-temperature
0.980 |- %/ "o _sot1] ] measurements where pronounced hysteresis loops were ob-
0.975 | —O—set2| A served. These are due to a very slow relaxation component

0970 L ] (time constant>60 s near room temperatyreln some
2'0 . 4'0 : 6'0 : 8'0 . 160 . 1é0 . 1‘;0 : 1('50 cases, a permanent deformation remained after the inflation/
deflation cycle of “virgin” balloons. In the experiment pre-
temperature [°C] sented in Fig. 8, the deformations were completely revers-
of aHaIe. The initial stress-free balloon radius waR,
=2.71 mm and the film thickness varied from 0.86m at
the top to 1.0 um at the bottom. A qualitative comparison of
C. Thermomechanical characterization the stress-strain characteristics shows that the difference be-
q&v‘een the elastic characteristics in the isotropic andAm-
fi

FIG. 7. Temperature dependence of the relaxed radius
Inter3/05 balloon.

Some nematic LC elasto_mers POSSESS 'ghe unique properi»ses is marginal: The mesogenic order has no measurable
to respond with macroscopic shape distortions on the chan fluence on the mechanical properties. Only in the tilted

of orientational order of the mesogenic uni&. The effect SmC* phase, a qualitative change was observed. An inter-

reaches remarkable amplitudes in the vicinity of an order- . L .
. L . . -, retation of the char ristic nonlinear sh f the expan-
disorder transition. In the SiA-to isotropic transition of the pretation ofthe characteristic nonlinear shapes of the expa

sion curves requires suitable elasticity models that are intro-

. : . Buced in the following section. We note that comparison of
near the_ clearing temperature if the_baclgbone_chaln co__nfo?he curves measured by using one individual balloon at dif-
mation is coupled to the mesogenic orientation. Radii o

¢ f ball £ Inter3/o5 h i Fig. 7 ferent temperatures yields valuable and precise information
stress-iree bafloons ot inter aré shown In m9. 1 as @, ihe differences in the individual mesophases, and the
fu_nctlon of temperature. The balloon radii have been deter&urves can be directly compared without any knowledge of
mined at a very lO.W’ INNEr excess presspiref about 10 Pa the film thickness. For comparison of data obtained from
(necessary to maintain th? spherical shapg of the balloons, ifferent balloons and a quantitative determination of the
Iggzchél'vhe been nolrlmallze.d. to :hg radlus measutrec(jj lastic moduli, knowledge of the film thickness is, however,
- e very small rémaining strain can beé Corrected 0 gqantia). |n fact, uncertainties in this thickness represent the

”‘? basis of the stress-stra_ln cur\(ege below by extrapo- largest error source in the determination of absolute values of
lation to p=0. However, this correction changes the results

. X T elastic moduli.
by less than 0.5% and is practically insignificant.

Th hs indicat i : f the ball In Fig. 9, typical experimental results for the intralayer
'N€ grapns indicate a continuous Increase of the ballooyaqtomer |ntra2/25 are presented. Qualitative differences of
radii with temperature regardless of the phase state. In pa h

fhe elastic properties in the Stand SmE* phases are not
ticular, no anomalies are observed in the vicinity of the phas prop b

" X . 1858 hserved. However, the hysteresis is much more pronounced
transition temperatures. The data are consistent with a line

# sm-c* because of the lower temperatufd$]. The film

expansion of the elastomer film. The linear expansion coef;, . C :
" . .~ ~'thickness in this balloon was not uniform enough to allow a
ficienta=2.8x10 % K~ ! determined from the data in Fig. 9

T . . . 9" calculation of the absolute value of the elastic modulus. In
7is in agreement with typical volume expansion Coe'cf'c'ems'previous measurements, the modulus of Intra2/25 was deter-
y=3a for organic liquids, in particular for low molecular mined to be of the ordér of 3 MPE82]. It was found to

mass nematic mesogens. The same behavior has been quali: lightly with t ture in th ) A
tatively observed for the Intra2/25 and Inter3/25 materials. isg'[reoiysig [S)rgseim emperature in the 3n; SmA, and

D. Elasticity measurements IV. DISCUSSION

When the internal pressure in an elastomer balloon is
changed, the radius adopts a new equilibrium between excess
pressure and elastic forces within the film. The elastic forces The equations describing the inflation of a uniform elas-
consist of a static and a dynami®laxwell) contribution. If ~ tomer balloon under the action of an excess internal pressure
the strain is low £5%), theresponse of the balloon radius can be established from an evaluation of the elastic energy
to a pressure change is instantaneous within the temporalsociated with its expansion. The radius chamje®f the
resolution of the measurement, and the deformation is comelastomer balloon in response to an internal excess pressure
pletely reversible. For larger strain, however, slow dynamicp is obtained by equating the elastic energy to the werk,
effects and irreversible deformations can occur. X 4R?dR, done by the gas inside the balloon.

A. Elasticity models
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FIG. 8. Pressure-radius relation in Inter3/05 balloons at temperatures of 25 °C¥(&y80 °C in SmE* (b), 115 °C in SmA (c), and
138 °C in the isotropic phadgl). The solid curves indicate the behavior expected according to the Mooney-Rivlin mod€l, &M@ with

fit parameter<C, =850 Pa(a), C,=280 Pa(b), C;=250 Pa(c), andC,;=260 Pa(d).

A suitable elasticity model has to be chosen. Conventionatar relation between the stress and strain tensors. The coef-
linear elastic theories have been developed for isotropic aficients in such a relation represent the elastic moduli of the
well as anisotropic rubbers. These theories assume infinitesimaterial.
mally small deformations of the material and establish a lin- Naturally, these models are restricted to a linear descrip-

tion of the stress-strain curves in the elastomer balloons,
1.14 ————— 77— which is only valid in the limit of small strain. Since the
[ A deformations observed in the experiments are pronouncedly
: nonlinear(cf. Figs. 8 and 8 we will instead use the phenom-
enological Mooney-Rivlin mode(see, e.g[44]) to obtain
the relation between the elastic free energy deniityand
the balloon expansion. This model has been developed for
isotropic rubbers. It establishes a relation between the three
invariantsl q,l,,l3 of the Cauchy strain tensox;; and the
_____ o T=55°C, SmA | scalar free energy expressi¢pA4] but does not explicitly
assume infinitesimally small deformations. The invariants

~m- T=45°C, SmC |

i _y 2 2 2
. . . . . . (|r‘|tralayer L.CE) o l,=\2+ )\yy+ \2,—3,
0 50 100 150 200 250
242 242 242
P [Pa] IZZAXX}\yy+)\yy)\zz+)\zz)\xx731

FIG. 9. Pressure-radius relation in Intra2/25 balloons at tem- 2.2 .2
peratures 45°C in Sra* (M), and 55°C in SmA (OJ). Solid |3:)\XX)‘yy)‘zz_1'
curves indicate the behavior expected according to the Mooney-
Rivlin model andC,=0 with fit parameter<; =550 Pa(ll) and are connected with three material coefficie@ts,C,,C; to

C,=580 Pa(d). yield fg;=C4l1+Cyl,+Csls.
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1-8 L} L} L) 1 L) = _
i C/(C +C,)= 1 Cxoxx= Cyyyy= A +2G,
1.7+ PARAE
el - Crram A +2G+ B,
15 r12 Cxxyy= Cyyxx= N +2p,
-14}
I Cuxzz= Cyyzz= A0,

P Ry(B D)

1.2 [ - nyxy:G_py
141

L Cxzxz~ Cyzy7— G.
1.0

00 05 10 15 20 25 a0 a5 a0 E’4h7(§ linearized pressure-radius relation in this model yields
p R/(CD,)
4D
FIG. 10. Pressure-radius characteristics according to the p=[3G+,8+p—25]R—s. 3
0

Mooney-Rivlin model, Eq(1), for constantC=C, + C, and differ-
ent ratios ofC, /C as indicated. Inset: Pressure-radius characteris

fics according to the smectic layer compression mel (4)]. For an isotropic rubber, all coefficients excé&ptvanish and

one obtains a relation analogous to E®). Of course, this
linear model is not suitable to describe more than the initial
. - N . _ slope of thep(R) characteristics in the small-strain limit.

The first cqefﬂment,Cll N"kT/2, Compf'sfs a.free €N The Hook modulus of an isotropic rubber is related to the
ergy expression for an ideal network, with* being the coefficients introduced above H=3G=6C

ggfirgt;irt gf ?Isaigiiléié?ﬁtﬁh\z?jmp:rcﬁg'r: Vg;ué??h;rﬁa?g: So far, the smectic layer structure has not been accounted
s . 9 for in the models. In the smectic phases, another contribution
rial (i.e., its bulk modulus It is much larger than the other

two coefficients. Therefore, one may use the incompressibilto the elasticity of the balloons may arise from the contrac-
) " ' ’ . fi f the fil | to its plane. As the local in-pl
ity condition, A\ yyh ;o= 1. The model yield$32) tion of the film normal to its plane. As the local in-plane

isotropic stress causes the membrane to stretch uniformly in
all directions in the layer plane, the elastomer is forced to

contract normal to the layers as a consequence of its incom-
pressibility. If one assumes that the film thickness change is
entirely achieved by a compression of the individual smectic

whereR, is the relaxed radius ary<R, is the thickness layers, the Ia_yer compression moduBenters the free en-

of the relaxed film. For small deformationss=(R €0y expression &sig]

R R
Ro RS

4D,

p= Ry \ (1)

Co

Ro R{
1 E_E

—Rg)/Rp<<1, the equation can be expandedeinand only 1 (du\?

the sum of both coefficient§=C; + C, enters the linearized fsm:_B<_) ,

relation 2 \dz

4D whereu is the smectic layer displacement. This leads to an
p=6CR—Os. (2)  additional contribution to th@(R) curve[32]
0
Do (RS R{ 4D,
In previous investigations, the LCE materials Inter3/25 p=25-B| =——=|~B——=. (4)

Ro \R® R’ Ro

and Intra2/25 with high cross-linker densities have been
characterized32,33. Since the expansions did not exceed
5%, the stress-strain curves are allowed to fit only the line
coefficientC.

The nonlinear characteristics of E@.) is of course spe-
cific for the underlying model. For the ideal ca€s=0,
there exists a pressure extremumRat 1.383,. Figure 10
shows the pressure versus radius curves for different valu
of C; andC,, where the suntC;+ C, has been kept constant
and the coefficients themselves are considered independ
of strain.

An alternate ansatz to describe elasticity is the linearized
stress-strain relatiowr;; = Cjj &, Which may account for

The graph of this equation is shown in the inset of Fig. 10.
Bince the x-ray results indicate a complete melting of the
layer structure into the isotropic phase on heating, the layer
compression modulus should be effective only in the smectic
state. The experimental fact that the quantitative changes of
the stress-strain curves near the clearing point are marginal
§8ads to the conclusion that the influence of the smectic layer
compression is probably much smaller than that of the en-
et'?(r)pic elasticity contributions.

B. Application to the experimental results

nonisotropic elastic properties of the matef&/46]. For the Before the model calculations are applied to interpret the
uniaxial case(symmetry axisz), the nonvanishing coeffi- experimental data as shown in Figs. 8 and 9, two remarks are
cients arg46] necessary. First, the balloons are not complete spheres since
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they are supported on a capillary. However, one can easily 1 mm

verify from the mapping of inhomogeneities or particles on I
the balloon surface that the strain is uniform on the film
plane such that the equations can be applied to describe the
pressure-radius relations of the incomplete sphere ad-
equately. The performance of the optical imaging and image
processingsee abovgis sufficient to detect any deviations

of the balloon shape from its shape at zero stress. Hence p~0Pa
deformations that lead to nonuniform expansion can be ex- inflation

cluded from the data analysis. Second, the film thickness of B
the balloons is not completely uniform. In the balloon char-  FIG. 11. Equatorial cross section of an Inter3/05 balléaitial
acterized in Fig. 8, it increased by more than 15% from togfilm thickness Dg~1 um) in yellow monochromatic light

to bottom, and even locally the film thickness varied slightly.(0.589 um). As the film thickness decreases with increasing lateral
This is insignificant when we discuss the stress-strain curvesirain of the balloon, the interference order changes in agreement
of an individual balloon at different temperatures, but it leadswith the thickness contraction factor e£0.7 as estimated from

to an absolute uncertainty of 25% of the elastic parameters/clume conservatiorsee text

Since the film thicknesB®,, is the largest source of error _— _ : :
in the determination of the absolute values of elastic moduliMeNts in Fig. 9, in all phases satisfactorily. In contrast to the

. . ~ . interlayer Inter3/05 balloon, no qualitative differences distin-
we introduce the specific modull;=(4Dy/Ry)C;, which Y d

uish the Sne* phase from the high-temperature phases.
can be directly compared for all stress-strain curves of aé; P g P P

S . . he moduli determined at different temperatures &e
individual sample in various phases, such as the Inter3/0 ] ] o = ) ; .
balloon in Fig. 8. The dotted lines in Figs(éB-8(d) repre- - 660 Pa(isotropic, 85°C),C=600 Pa(isotropic, 75°C),
sent fits to Eq(1), where an ideal rubber behavior has beenC=550 Pa (SmA, 65°C), C=560 Pa (SmA, 55°C),
assumedC,=0). In the isotropic phasgFig. 8(d)], the hys- €=580 Pa (SnE*, 45°C), and C=690 Pa (Snc*,
teresis of the inflation-deflation curves is negligibly small. 35 °C). Their variation is within the relative experimental
The curve can be fitted satisfactorily with the Mooney-Rivlin uncertainty of 10%.
model by setting>=C,+C,=260 Pa. Within experimental As a consequence of the volume conservation of the elas-
accuracy, any value of, in the range &C,/C;<0.1 is tomer, a film thickness variation proportional to the inverse
consistent with the measured data as lon@as kept con-  Square of the radius change is expected. This can be con-
stant. In the SmA phaseFig. 8c)], thep(R) curve is quali- f!rmgd, althqugh with relat|vely_ poor accuracy, from the op-
tatively unchanged from that observed in the isotropic phaseiti!gﬁi Ir,lé\sspgctt;/?)?c(;{ ?fa?napillgorxelrz):reasnesnTzgwe;g?sog?zzr?m::;
The fit glves.C=250 Pa. In the SnG* phasg[Hg. 8@!’ 05 balloon at 80°C. Figure 11 shows a stack of equatorial
the low-strain data R/R,<1.05) can be fitted withC  cross  sections in  yellow monochromatic lighth (
=300 Pa. However, it is not possible to fit the complete—5g89 nm), with the time as the vertical coordinate. In the
characteristics with any parameter se€t;(C,) within the  course of the experiment, the internal excess pressure has
Mooney-Rivlin model. This indicates that another mechajeen increased from zero to 120 Pa, and the graph visualizes
nism dominates the elastic behavior in the 8Mmphase. A the continuous transition of the balloon diameter and relative
possible explanation is the coupling of the elastic deformasjim thickness in response to the pressure change. The hori-
tions to the mesogenic ilt, which is discussed in more detaibontal intensity variations of the transmitted light indicate
in the following section. In the low-temperature tnstate  that the film thickness of this balloon is not completely uni-
[Fig. 8c)], the hysteresis is quite large and the strainform. Between different equatorial positions, the order of
achieved at comparable stresses is much lower than in theterference varies slightly. When the balloon is inflated, one
other phases. A fit yields a larger modul@+=900 Pa. recognizes that each detail in the image is laterally expanded
With the geometric characteristics of the ballo@adius  in accordance with a uniform shape transformation. In addi-
Ro=2.71 mm and the average film thicknesB, tion, the interference order®n,/\ in each spot decreases
~0.9 um), the elastic modulugE=6C of Inter3/05 isE continuously as a consequence of the decreasing film thick-
~1.24 MPa (isotropic, 138°C), E~1.19 MPa (Sm-A, ness. Qualitatively, the same is observed for balloons in the
115°C), E~1.4 MPa (Sm-C*, 80°C, R/Ry;<1.05), E isotropic and SmA phases. The balloon radius in Fig. 11
~4.3 MPa(Sm-X, 25°C). The relative uncertainties are changes in total by a factor of 1.19. Consequently, the local
smaller than 10%. Compared to Inter3/25, the structurallwalue of 2Dn, /X, (initially near 5.0 is expected to decrease
equivalent material with 25% cross-linker groups, the elastido ~3.6. In the images, one recognizes that each individual
modulus is somewhat smaller but of the same order of magspot passes one interference maximydnd) and two minima
nitude[32]. We note that the accuracy of the present experi{4.5 and 3.5 This result is of course only semiguantitative
ment is much higher than that of the Inter3/25 measurementsince the orientation of the optic axis as well as the effective
where only=5% strain was achieved. refractive indices may change if the balloon deformation
For the Intra2/25 elastomer, the Mooney-Rivlin model fitscouples to mesogen orientations. Moreover, only a superpo-
the experimental data, shown in two exemplary measuresition of the images of rear and front sides of the balloon is

-

p~ 120 Pa
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observed. However, it is obvious that the changes in interferef the investigated LCE samples might be much lower than
ence order, and consequently the film thickness changes, attgat of homopolymer or conventional monomer smectics.
in the correct order of magnitude as expected from the pre- Interestingly, the stress-strain characteristics differ quali-

sumed incompressibility of the LCE. tatively in the tilted SmE* phase of interlayer and intralayer
elastomers. While the Si8* data are compatible with the
V. CONCLUSIONS AND SUMMARY Mooney-Rivlin model in the intralayer material Intra2/25,

. significant deviations have been observed for the interlayer

It has been shown that the smectic mesophases of th@aterial Inter3/05 that cannot be reconciled with that model.
precursor polymers are preserved in the cross-linked materjy, explanation lies obviously in the distinct ways of cou-
als. In the free-standing film geometry, the smectic layer ori—p”ng of mesogenic and cross-linker units in the two types of
entation is parallel to the local film plane. This is confirmed yaterials. If the sample is stretched within the plane, the
by refl_ection microscopy images_ that s_how the fo_r_mation Ofmesogenic groups may tilt and the cross-linker groups can
smectic layer steps during the isotropic 2ntransition of  thys increase the lateral strain without entropy changes of the
the polymer films. From x-ray data of samples cross linkedyolymer chain. A similar effect has been discussed for nem-
in the SmA phase, the layer structure can be quantitativelytjc elastomer$5], and the term “soft elasticity” has been
studied. We find a characteristic increase of the layer spacingyined for a behavior that leads to a plateau in the stress
with temperature in the Sr8* phase, which can be attrib- yersys strain curves. In the S8 phase of Inter3/05, such
uted to a temperature driven filt angle variation of the me-ap, effect is indeed indicated by the deviations of the experi-
sogens, with a tilt angle of=20° in Inter3/05 far from the  mental data from the entropy-elasticity model that is set in
Sm-A-SmC* transition. In the SnA phase, the layer thick- - apove a certain strain threshdlR/R,~1.05, see Fig. ®)].
ness decreases with increasing temperature. A temperatuii¢ the SmA phase, such a coupling could be well conceiv-
dependent order parameter variation is not sufficient to €xaple. However, the threshold might be much higher since the
plain this behavior. Rather, the most likely explanation is amesogens are initially perpendicular to the stretching direc-
structural change, e.g., an interpenetration of adjacent layergon. A slight deviation from the Mooney-Rivlin curve at
At the clearing point, the SAXD reflex due to layering dis- high strain[see Fig. &)] might be indicative of such a sce-
appears, i.e., there is no bulk smectic order in the isotropigario, but is barely outside the level of experimental uncer-
phase of the elastomer. However, layer steps at the film SUfainty.
face persist and are still observed in reflection microscopy Fyture experiments will be directed toward optical inves-
Images. . . tigations of planar films to determine the interdependence of

For studies of the elastic LCE behavior, bubbles havénesogenic and network mechanics. Planar films are advan-
been cross linked in the Si-phase. The elasticity of the tageous for optical studies. However, the preparation of sub-
balloons in the isotropic phase as well as in the Sphase  micrometer planar films with two opposite supports and free
is well described within the Mooney-Rivlin model. Elastic |ateral edges for mechanical deformations is much more dif-
coefficients determined in both the phases differ only by gjcult than the experiments in balloon geometry. Experimen-
few percent, and hence the stress-strain characteristics ag§ efforts are also directed to the study of homopolymers

qualitatively Similar. The resultS indicate that SmeCtiC Iayerwhere much |arger contributions of the smectic |a_yer com-
compression does not measurably contribute to the stresgression modulus are expected.

strain characteristics, presumably because the smectic modu-
lus B is small compared to the entropy-related elastic moduli.

If this interpretation is correct, its magnitude is considerably
lower than that estimated from de Gennes’ relatiBn The authors are particularly indebted to Dr. J.-J. Li for
=K/d? [48] (with a smectic layer thickness~5 nmand an valuable comments and discussions. We acknowledge tech-
elastic constanK~10"* N). If we assume that the mate- nical assistance by Th. John and J. Pittler and encouraging
rials studied here possess a stratified substructure, dividetiscussions with F. Kremer. This study was supported by the
into a mesogen layer and a siloxane backbone layer, as r&FG within Sonderforschungsbereich 294, TP F4, G10.
ported for similar material§38], it is conceivable that film M. L. acknowledges generous support by the Fond der Che-
compression effects mainly the siloxane. Then, the modulumischen Industrie, Frankfurt.
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