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Polydomain–Monodomain Orientational
Process in Smectic-C Main-Chain Liquid-
Crystalline Elastomersa
Antoni Sánchez-Ferrer,* Heino Finkelmann
The polydomain–monodomain (PM) transformation takes place when a polydomain of a
smectic-C main-chain liquid-crystalline elastomer (SmC MCLCE) is uniaxially stretched. We
present results based on a combination of mechanical and X-ray experiments which show how
the domains initially rearrange to finally form a perfect
conical layer distribution (monodomain) when the
sample is fully stretched. The rearrangement and orien-
tational process of the domains is quantified and com-
pared to the parallel and perpendicular uniaxial stress–
strain deformations of a monodomain sample. The
stress–strain behaviour of the polydomain lays between
the uniaxial deformations, parallel and perpendicular to
the director, of the monodomain sample.
Introduction

Smectic main-chain liquid-crystalline elastomers (MCLCEs)

exhibit different mechanical responses with respect to

nematic elastomers, due to their layered structure. This

effect is caused by distinct anisotropic mechanical proper-

ties under deformation processes – parallel or perpendi-

cular to the smectic layer normal – when a force is applied

on a conical layer distribution (monodomain).[1] Besides the
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differences in the mechanical response, orientational

processes from polydomain-to-monodomain (PM) are of

interest for the understanding of the formation of

anisotropic systems.

First experiments on the characterisation of PM transitions

were done on smectic-C (SmC) side-chain liquid-crystalline

elastomers (SCLCEs) by stress–strain deformations combined

with X-ray experiments[2] or by light scattering studies.[3] The

first attempts to study PM transitions in main-chain systems

were done on the frame of Smectic-A (SmA) main-chain

liquid-crystalline thermosets,[4,5] where four distinct regions

were found from stress–strain deformations and stress

relaxation experiments:[6] a linear viscoelastic deformation, a

homogeneous yielding, a strain softening and a strain

hardening region. The first experiment on main-chain

networks was done on SmA and nematic MCLCEs,[7] and

dynamic mechanical analysis already showed differences

with respect to side-chain systems.

Since smectic materials show shape memory effect,[8]

some experiments were done in order to obtain monodomain

samples (conical layer distribution) by stretching the initial

polydomain.[9] Mechanical experiments on those systems
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showed the presence of three regions: an elastic deformation,

neck propagation and deformation of the necked mono-

domains.[10] Other studies showed the mechanical behaviour

of SmC MCLCEs as function of the crosslinking density,

where the necking effect appeared at high degrees of

crosslinking, while a soft plateau region was observed for

low crosslinked elastomers.[11,12] Recently, the PM transition

in a smectic-CA (SmCA) MCLCE was attributed to the change in

the polymer backbone conformation from hairpinned to

fully extended.[13]

SmC liquid-crystalline elastomers are also important as

models for the understanding of SmC� elastomers.[14] The

chiral mesogens in MCLCEs are of significance because of

their optical and ferroelectric properties when a pure

monodomain – mesogens and layers are oriented – is

obtained.[15,16] Theoretical models based on PM transitions

were developed for nematic systems with local director

rotations without change in the domains during the stress–

strain plateau region,[17,18] and these models are supposed to

also hold for smectic systems.[19] Other theoretical models

have been developed for deformations in smectics,[20–24] and

in more detail for SmA[25–28] and SmC[29–31] liquid-crystalline

elastomers, but there is a lack of information from the

experimental point of view.

In this paper, the mechanical response of a polydomain

SmC MCLCE will be described under uniaxial deformation,

and compared to its corresponding sample with conical

layer distribution.[1] The PM transformation process of

SmC MCLCE is studied in detail to identify the orientational

mechanism, the rearrangement of the random distributed

domains to a conical layer distribution formation, and the

coupling with the applied external mechanical field.
Experimental Part

X-ray Diffraction Experiments

X-ray scattering experiments were performed using a Philips PW

1730 rotating anode (4 kW) in order to obtain direct information on

the SAXS and WAXS reflections in the smectic-C phases. Cu Ka

radiation (1.5418 Å) filtered by a graphite monochromator and

collimated by a 0.8 mm collimator was used. The incident beam

was normal to the surface of the film. The scattered X-ray intensity

was detected by a Schneider image plate system (700�700 pixels,

250 mm resolution). Sample was placed in a self-constructed

holder where temperature was controlled by a Haake-F3 thermo-

stat. From the SAXS intensities the layer distance (d) and the

correlation length (j), and the layer angle (f) were calculated from a

Gaussian distribution. From the WAXS intensities, the mesogen

distance, and the mesogen angle (w) from a Gaussian distribution,

and the order parameter (S¼ Sd � SN) according to Lovell and

Mitchell,[32,33] where Sd is the director order parameter and SN

the order parameter that refers to the local orientational order

parameter. For samples having a macroscopically uniform align-

ment of the director we assume that Sd �1. All error bars are
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calculated as a half of the FWHM from the intensity Gaussian

distribution of the w and f.
Uniaxial X-ray Diffraction Experiments

Uniaxial deformations were carried out using a uniaxial stress–

strain self-constructed apparatus. All measurements were done at

25 8C and 1 h of relaxation time after each stretching step.
Uniaxial Stress–Strain Experiments

Stress–strain measurements were performed with a self-con-

structed apparatus. In a cell controlled by a Haake-F6 thermostat

and equipped with a Pt100 thermoresistor, the sample was

stretched by one Owis SM400 microstep motor and controlled by

an Owis SMK01 microstep controller. The stress (s) was measured

by a HBM PW4FC3 transducer load cell (300 g) and analysed by an

HBM KW3073 high-performance strain gauge indicator. All

relevant data such as temperature, uniaxial strain (l¼ L/L0) and

uniaxial stress (s) were continuously logged. A personal computer

controlled the deformation stepwise as specified by a script file.

After each deformation step, the static responses to the deforma-

tion, the uniaxial stress (s) was recorded once equilibrium was

reached according to the slope and the standard deviation of the

continuously logged data.
Synthesis of the Polydomain of SmC MCLCE

The synthetic route for the obtaining of a polydomain of the SmC

MCLCE is similar to the synthesis of monodomain samples, with

minor changes. No load was applied to a piece of the partially

crosslinked elastomer, in order to keep a polydomain sample,

which contains randomly oriented microdomains of nanometer

size. The crosslinking reaction was completed by leaving the

elastomer in the oven under vacuum at 60 8C for 2 d. In order to

measure the soluble content (5.7%) of the samples, the elastomer

was placed in a liquid–solid extractor for 1 d, using hexane as

solvent. All synthetic and characterisation details can be found in

the literature, as well as the structures of the chemicals used for the

synthesis of the SmC MCLCES (Scheme 1).[1,34,35]
Results and Discussion

Mechanical Properties of a Polydomain

The purpose of this study was to define how a polydomain

of MCLCE responds differently with respect to the

corresponding monodomain on applying an external

mechanical field, and how this force couples to the director

and/or to the layer orientation. In previous communica-

tions,[1,35] parallel and perpendicular deformations were

applied to a monodomain of SmC MCLCE, showing a great

difference between both uniaxial stretchings, but coupling

between the applied mechanical field and the director, as
. 2011, 32, 309–315
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Scheme 1. Chemical structures of the compounds used for the synthesis of the SmC
MCLCE.
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well as between the field and the layers, was always

observed.

A sample of a polydomain of SmC MCLCE was uniaxially

stretched and compared with the deformation of its

corresponding monodomain – parallel and perpendicular

deformations with respect to the director. The correspond-

ing monodomain had a conical distribution of the smectic

layers. A perfect monodomain (mesogens and layers

present at the same time) can only be achieved by further

shear experiments.[1] Figure 1a shows the uniaxial stress–

strain experiments for all three deformations on a

polydomain and its corresponding monodomain. The

results clearly show that the deformation of a polydomain

is softer than the deformation parallel to the director of a

monodomain, but a little bit harder than the perpendicular

deformation to the director of the monodomain.

In order to reinforce in more detail this result, all three

samples were evaluated following the expression for the

description of the increase of true stress as function of the
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Figure 1. a) Uniaxial true stress-strain (st vs. l) curves of a monodomain sample parallel
(*) and perpendicular (�) to the director, and of a polydomain sample (*) of the
corresponding SmC MCLCE at 25 8C. The arrows indicate regions of changing slope; refer
to text. The solid curves are the fits to the data points. b) Structure of a SmC MCLCE. The
distances of the layers (d), length (l) between repeating units, and angles of monomers
(90-w) and layers (f) with respect to the stretching direction z are shown.
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applied strain in smectic elastomers

under uniaxial deformations (see Sup-

porting Information, Figure SI-1, SI-2 and

SI-3).[34]
im
lÞ ¼ slin þ sexp þ spre ¼ a l�1ð Þ

þ b ec l�1ð Þ�1
� �

þ d 1�e�f l�1ð Þ
� �

(1)
The fitting parameter ‘a’ corresponds to

the linear behaviour of Young’s modulus,

‘b’ and ‘c’ are the fitting parameters of the

exponential growth.[36] The parameters

‘d’ and ‘f’ are the fitting parameters of the
pre-stress region that are applied because of an extra

energetic factor due to the presence of smectic layering. In

these smectic systems, the enthalpy elasticity factor from

the smectic layers plays an important role.[37–39]

The Young’s modulus (slope) is calculated from the

derivative of Equation 1 giving the following expression:
E lð Þ ¼ @st

@l
¼ Elin þ Eexp þ Epre

¼ a þ b � c � ec l�1ð Þ þ d � f � e�f l�1ð Þ (2)
The polydomain deformation has a Young’s modulus of

E¼ 0.56 MPa (Table 1), which is closer to the value for

the perpendicular deformation of the monodomain

(E¼ 0.43 MPa), but far away from the parallel deformation

value (E¼ 18 MPa). The contribution to the smectic layering

deformation for the polydomain deformation in absolute

values is Epre¼ 0.52 MPa, which lays between the values

for the parallel (Epre¼ 11.0 MPa) and perpendicular
(Epre¼ 0.33 MPa) deformations of the

monodomain. That means that less

energy is required to deform a random

distribution of domains than to shear

mesogens between smectic layers, but the

order of magnitude is comparable with

the energetic level of destroying a mono-

domain. The large nonreversible deforma-

tions (up tol� 4.5 for the polydomain and

l� 9 for the perpendicular monodomain

deformation) indicate rearrangement of

the structure, which can also be deduced

from the low values of the corresponding

slopes of dst/dl¼ 0.27 MPa (1.5< l< 2.4)

and dst/dl¼ 0.15 MPa (2.30< l< 6.00),

respectively (see Supporting Information,

Figure SI-1).

Uniaxial stress–strain of the polydo-

main sample revealed three different

strain regions differentiated by the slope
311



Table 1. Fitting parameters (a, b, c, d, f), the Young’s modulus (E) and its components (Elin, Eexp, Epre) for all three uniaxial stress–strain
experiments.

Sample a b c d f E Elin Eexp Epre

MPa kPa kPa MPa MPa MPa MPa

Monodomain (parallel) – 1580 4.3 350 31 17.8 – 6.8 11.0

Monodomain (perpendicular) 0.09 27.7 0.44 336 0.97 0.43 0.09 0.01 0.33

Polydomain – 27.9 1.4 336 1.5 0.56 – 0.04 0.52
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of the true stress–strain curve: (I) froml¼ 1.0 to 1.5, (II) from

l¼ 1.6 to 2.4 and (III) from 2.5 l¼ to 4.5, which might

indicate different deformation mechanisms with respect to

the uniaxial stress–strain deformation parallel or perpen-

dicular to the director on monodomain samples with

conical layer distribution. The slope value (dst/dl) in this

curve and the initial pre-stress component (Epre) of the

Young’s modulus (E) are lower than the uniaxial stress–

strain parallel to the director of the monodomain sample,

and resembles the stress–strain behaviour of the uniaxial

stress–strain perpendicular to the director of the mono-

domain sample but with a rising of the stress at lower strain

values. Thus, the three regions seen during the deformation

of the polydomain sample can be explained by the breaking

of the random distribution of the domains, the reorienta-

tion of those domains, and the stretching of the polymer

backbones (Figure 1a).

Several previous communications have reported the

soft plateau region[5,12,13] and necking[10,11] during PM

transformations, but have only used the mechanical response
from the nominal stress (sn¼ F/A0) in non-

equilibrium conditions. The present results

use true stress (st¼ sn � l) versus strain (l),

and are thus closer to reality and to the

existent theories.
Figure 2. X-ray pictures of the SmC MCLCE at 25 8C, and its WAXS and SAXS azimuthal
intensity distributions at the uniaxial strain of l¼ 1.0, 1.5, 1.6, 2.4, 2.5 and 4.5. (Experiments
at all different strain values are available in the Supporting Information, Figure SI-7.)
Polydomain–Monodomain
Structure Transformation

As observed from the uniaxial stress–

strain experiments, the mechanical prop-

erties of this elastomer strongly depend

on the direction of the applied force and

the initial orientational state of the

mesogens. X-ray experiments were per-

formed on the polydomain sample under

uniaxial deformation in order to eluci-

date structural changes of the smectic

layering and the mesogens orientation in

the elastomer in the three strain regions,

and to compare these changes to the

previous deformations when the elasto-

mer has a conical distribution of the

smectic layers.
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In Figure 2, the X-ray pictures of the nonstretched sample

(l¼ 1.0) at 25 8C are shown, and of the sample stretched at

different strain values of l¼ 1.5, 1.6, 2.4, 2.5 and 4.5.

Additionally, the WAXS and SAXS azimuthal intensity

distributions are given. The nonstretched sample exhibits a

random distribution in the small-angle and in the wide-

angle region, indicating the presence of a polydomain with

respect to the mesogens and smectic layers in both cases.

Upon stretching the sample, the small-angle and wide-

angle azimuthal distributions are no longer isotropic,

showing that the deformation process goes to a mono-

domain formation with the conical distribution of smectic

layers.

Starting from the nonstretched structure, spontaneous

and continuous layer redistribution is observed toward a

uniform orientation of the layer normal in the plane

perpendicular to the applied stress (Figure 3a). The

mechanical field is seen to couple to the smectic layers,

and forces the orientation of both mesogens and layers to a

conical layer distribution structure.
. 2011, 32, 309–315
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Figure 3. a) Peak maxima in the WAXS (90-w) and SAXS (f) azimuthal intensity distributions as a function of uniaxial strain, l. b) Order
parameter S, area ratio and intensity ratio between the SAXS and WAXS peak maxima as function of uniaxial strain, l.
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In the strain regime of 1.0� l� 1.5 (Figure 1a), the

polydomain sample assumes a weakly ordered conical

mesogen distribution which resembles a SmCA phase (see

Supporting Information, Figure SI-4), where the layer

normal is around f¼ 908 (two broad azimuthal maxima)

and the mesogens show an average strain dependent angle

of 90-w¼ 60–208 (four broad azimuthal maxima). This SmCA

distribution of layers has the layer normal perpendicular to

the applied mechanical field and looks like the slow motion

deformation process already observed during the deforma-

tion of main-chain liquid-crystalline polymers.[40] The first

steps during the orientational process are actually identi-

fied by the strong increase of the order parameter from

S¼ 0.00 at l¼ 1.0 to S¼ 0.46 at l¼ 1.5 (Figure 3b), where S

reflects the product of the orientational and director order

parameter.

In the strain regime of 1.6� l� 2.4, where the stress–

strain curve is almost linear (Figure 1a), the previous SmCA

elastomer becomes SmC with an enhancement of the order

of both mesogens and layers. A huge layer rotation of the

layer normal occurs by 388 from f¼ 908 to 528 (four

azimuthal maxima) – with a slope down of 58 of difference

in the middle part – and the mesogens are distributed

around an angle of 90-w¼ 08 (two azimuthal maxima).

During this rotational process of the layers, the order

parameter increases as function of the uniaxial strain from

S¼ 0.47 to 0.66 gradually (Figure 3b), where this is an

indication of ordering of the system.

Finally, in the strain regime of 2.5� l� 4.5 (Figure 1a), all

mesogens align to the stretching direction (90-w¼ 08, with

two azimuthal maxima) and the layers adopt the final

conical distribution from f¼ 528 to 468 (four azimuthal
www.MaterialsViews.com
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maxima), similar to the final optimisation of the packing of

the mesogenic monomer units under strain in the

stretching process for a conical layer distribution system

under uniaxial stress parallel to the director.[1] The slope at

break (dst/dlmax ¼ 5.2 MPa), however, does not recover the

value observed for the deformation parallel to the director

(dst/dlmax ¼ 30 MPa), but it is one order of magnitude

higher than for the deformation perpendicular to the

director (dst/dlmax ¼ 0.53 MPa). Furthermore, the intensity

distribution of the wide-angle reflections narrows, indicat-

ing an increase of the order parameter from S¼ 0.80 to 0.89.

After complete orientation, a tilt angle is observed that

corresponds to the tilt angle of the monodomain sample

under uniaxial strain parallel to the director. As mentioned

in literature for SCLCEs[2,3] or MCLCEs,[5,13] a spontaneous

rising of the order parameter at certain stress thresholds has

been observed. Somehow, a minimum stress is required to

induce the rearrangement of the mesogens in the range of

10 kPa. This can be explained for SCLCEs, where the coupling

of the mesogens to the polymer backbone is not that

efficient, but for MCLCEs any applied stress should

immediately induce order because of the direct coupling

between the polymer backbone and the mesogens. This was

also our observation: a continuous increase of the order

parameter was measured when pulling the sample. Thus,

no linear elastic region is present and a continuous

deformation appears along the experiment (see Supporting

Information, Figure SI-5).

The analysis of the intensity distribution of the small-

angle reflections reveals a correlation length of the smectic

structure of about j¼ 38� 2 nm (15� 1 layers),[1,41,42]

which remains unchanged during the deformation process
n. 2011, 32, 309–315
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Figure 4. Polydomain–monodomain transformation process of a SmC MCLCE: from a
spherical to a fully eccentric ellipsoidal distribution of domains. The figures are 2D
representations of a 3D situation, and only the clockwise representation of the domains
is shown here.
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of the elastomer. The area ratio and intensity ratio between

the small-angle and wide-angle reflections show the same

tendency (Figure 3b). Both decrease during the polydo-

main–monodomain transformation, reaching a minimum

at the strain value of l¼ 3.3, and increasing again up to the

breaking of the sample, as a sign of the rearrangement of the

smectic layering.

The model for better understanding this transforma-

tional process is depicted in Figure 4. Starting from a

random distribution of domains (spherical distribution)

with several layers in a SmC fashion, the sample is stretched

and the same domains are placed in a new location, where

their scattering is no longer spherically distributed. The

intermediate prolate ellipsoidal distribution of domains

enhances the scattering of those domains where the

mesogens are parallel to the stretching direction. The final

conformation is a fully eccentric ellipsoid with only two

possible layer distributions, as the monodomain sample.
Conclusion

The polydomain–monodomain orientational process of a

SmC MCLCE under uniaxial stress–strain deformation has

been compared to its corresponding conical layer distribu-

tion sample (monodomain). Stress–strain and X-ray experi-

ments were performed to identify structural modifications

during deformation. This orientational transformation has

an intermediate stress–strain behaviour with respect to the
Macromol. Rapid Commun. 2011, 32, 309–315

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
mechanical response when a force is

applied parallel or perpendicular to the

director of a conical layer distribution

structure of SmC MCLCE.

Three different strain regions have been

identified during the deformation of the

polydomain sample: (I) the breaking of

the random distribution of the domains

to a weakly ordered SmCA mesophase

(E¼ 0.56 MPa), (II) the reorientation of

those domains to a preferred direction

to reach an ordered SmC mesophase (dst/

dl¼ 0.27 MPa) and (III) the stretching of

the polymer backbones in the SmC

mesophase (dst/dlmax¼ 5.2 MPa). Thus,

the applied mechanical field couples to

both the mesogens and the layers.

The process is explained by the defor-

mation of a spherical distribution of

domains after reaching a fully eccentric

prolate ellipsoidal distribution. Thus, the

random distribution of smectic layers

(polydomain) becomes an anisotropic

distribution of a conical layered structure

(monodomain).
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