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Self-Assembled Shape-Memory Fibers of Triblock Liquid-Crystal

Polymers™**

By Samit V. Ahir, Ali Reza Tajbakhsh, and Eugene M. Terentjev*

New thermoplastic liquid-crystalline elastomers have been synthesized using the telechelic principle of microphase separation
in triblock copolymers. The large central block is made of a main-chain nematic polymer renowned for its large spontaneous
elongation along the nematic director. The effective crosslinking is established by small terminal blocks formed of terphenyl
moieties, which phase separate into semicrystalline micelles acting as multifunctional junction points of the network. The
resulting transient network retains the director alignment and shows a significant shape-memory effect, characteristic and
exceeding that of covalently bonded nematic elastomers. Its plasticity at temperatures above the nematic—isotropic transition
allows drawing thin well-aligned fibers from the melt. The fibers have been characterized and their thermal actuator behav-
ior—reversible contraction of heating and elongation on cooling—has been investigated.

1. Introduction

Liquid-crystalline elastomers have demonstrated their
unique material properties and potential for applications in a
number of areas. They also present challenging problems for
fundamental science, ranging from applied mathematics of
elastic media with microstructure, to physical effects of shape
memory, soft elasticity, and pattern formation, and to new syn-
thetic routes and concepts. One of the most remarkable proper-
ties of nematic elastomers formed with the director aligned in
a monodomain fashion is uniaxial spontaneous deformation in
response to any external factor changing the underlying order
parameter. The resulting shape memory is very different from
all other shape-memory effects reported in the literature in
that it is a fully reversible, equilibrium phenomenon (other
shape-memory systems act only in a one-stroke way and re-
quire a reset afterwards). It also has astonishingly large ampli-
tude, with deformation exceeding 200-300 %, and can be
stimulated by temperature change, irradiation by light, and
exposure to solvents. An overview of these effects, related ma-
terials, and the history of publications is available in the litera-
ture.l!

One of the difficulties that still restricts the broad range of
application of nematic-elastomer actuators is the problem of
forming the network with a particular alignment of the nematic
director. The most common method currently in use is the
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technique of two-step crosslinking, pioneered by Kiipfer and
Finkelmann.” It is based on first forming a partially cross-
linked gel network with no specified director orientation, then
mechanically stretching it, thus inducing an aligning internal
stress, and then fully crosslinking the network to record the im-
posed orientation. Most of the (highly successful) work on
monodomain nematic elastomers in the last decade has been
done on these systems. However, there are two inherent disad-
vantages in this approach, if it were to be used in any practical
application (apart from being a complicated and delicate
three-stage process). The initial half-crosslinked polydomain
system, aligned by the applied stress, still retains sharp (local-
ized) domain boundaries even though the director in each do-
main has been uniformly aligned (see Fridrikh and Terentjev’”
for detail of polydomain-monodomain transition). These em-
bedded walls of high distortion make the resulting elastomer
internally constrained in its mechanical response.!'! One cannot
reduce the number of random crosslinks established at the first
stage because the application of an aligning stress requires a
certain mechanical strength of the network, and one cannot
overdo the second-stage crosslinking in order to preserve the
entropic nature of the final elastomer.

One particularly attractive configuration of the reversible
shape-memory polymer system is demonstrated in aligned fi-
bers. The applications of shape-memory fibers with a large
stroke and stress of ~100 kPal*! are not only evident in the
textile industry, where the smart fabrics and clothing are the
obvious outcome—different applications range from surgical
technology to “real” artificial muscles made biomimetically
using bundles of fibers. However, although the alignment of
drawn polymer fibers is easily and commonly achieved, in the
case of nematic elastomers one must also achieve chemical
crosslinking at early stages after the melt (or solution) extru-
sion. At the typical speeds of kilometers per minute used in
fiber-drawing technology, this appears an impossible task for
any chemical reaction. The only example of nematic-elastomer
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fiber in the literature® characteristically uses small, hand-
drawn pieces of uncontrolled thickness, held still for the time
required for the UV-initiated crosslinking to establish. This is
clearly unsuitable for any practical application.

In this paper we follow a different approach to achieve fast
linking of the drawn fiber. The principle of thermoplastic elas-
tomers linked by microphase separation of (telechelic) triblock
copolymers is well tested in rubber technology. The classical
thermoplastic elastomer is based on styrene—isoprene-styrene
block copolymers,[ﬁ] where the aggregated glassy styrene mi-
celles link the network of elastically active isoprene chains. Re-
cently, important advances have been made by incorporating
liquid-crystalline polymers as active middle blocks, within such
telechelic principles.’® In both cases, the active middle block
was a side-chain nematic polymer. The micellar phase-separat-
ed morphology reported by Kempe and co-workers”) is similar
to our work, although the authors used their telechelic gel in
an electro-optical cell, at high dilution in low-molar-weight ne-
matic solvent. The free-standing elastomer system reported by
Li and co-workers!®! had the lamellar or striated morphology.”’
Thermal expansion of some 20 % was observed. Acrylate
groups were included in the triblock chains and UV polymer-
ization was used to permanently fix the structure.

2. Results and Discussion

We synthesized a new triblock copolymer with a large central
block composed of the main-chain nematic polymer!'”! that has
been extensively used in studies of nematic elastomers and
demonstrated very large shape-memory effect.*!!! The large
shape change in the main-chain polymer is due to the highly an-
isotropic conformation it acquires in the nematic phase, with
the chain folded into hairpins.[lz’m The linking is achieved by
aggregation of end blocks, made of terphenyl moieties, phase-
separated into small micelles holding several of the mid-block
chains in an elastic network. Although the pure terphenyl com-
pound is highly crystalline, at this point we cannot be certain if
the aggregated micelles are crystalline or amorphous. However,
the microphase separation driven by the nematic transition in
the mid-block is fast and reliably reproducible after reheating.

Polarized optical microscopy examination showed the nematic
phase up to the nematic—isotropic transition point (7)) =100 °C,
which was confirmed by DSC (differential
scanning calorimetry, Fig. 1). The 1.75 J g
energy of the nematic-to-isotropic transi-
tion is a typical value for the latent heat
involved in this weak first-order phase
transition. The triblock copolymer 4"”-[a-
(4-{1-[4’-(undecaneoxy)biphenyl-4-yl-
methyl] propyl} phenyl)-w-(undecaneoxy)
poly[oxydecamethylene-4,4”-biphenyl-(2-
ethylethylene-1,4-phenyl) diterphenyl
dicarboxylate (MCDTE) is a viscous melt
above Tnp and an elastic rubber above
the glass-transition temperature (7g) of
=40°C. The microphase separation, as  state.

www.afm-journal.de

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Heat flow (a.u.)

e s e e e N A o e e e e e S R
0 20 40 60 80 100 120 140

Temperature (°C)

Figure 1. The DSC scans on heating and cooling (10°C min™') showing the
nematic—isotropic transitions at Ty, and the glass transitions at Tg, for
the MCDTE (solid lines), and the pure main-chain (MC) nematic polymer
(dashed lines) for comparison.

always in such mesogenic systems,[7’8] is driven by the nematic

order of the large middle block. An important question is that of
balancing the rates of aggregation and the rates of polymer melt
extrusion. The physical crosslinks (micelles or aggregates) are
formed at a certain rate after quenching below Ty;. Adjusting
the temperature of this quench and the rate of extrusion/draw-
ing is an empirical process for optimizing the fiber. In our case
the fiber extrusion and drawing has been performed with a
DSM Xplore-15, from batches of ~7 g of the polymer melt. The
optimal thermal regime at the extrusion die (1 mm diameter)
was 70 °C at a drawing speed of ~3 mmin~'. Our aim was to pro-
duce a substantial length of uniform-thickness fiber, with the ne-
matic director fully aligned along its axis. Figure 2 demonstrates
this result, with a roll of long fiber of diameter ~0.2 mm (the di-
ameter strongly depends on drawing speed). The resulting
aligned thermoplastic elastomer had a Young’s modulus
E=10.7 MPa at 40 °C and E=4.8 MPa at 50 °C.

Fundamentally, the shape-memory response of the nematic
elastomer fiber is much stronger that anything so far report-
ed in the literature. Figure 3 shows the change in length of a
piece of fiber suspended with a very small weight (>0.1 g) to
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Figure 2. The overall picture of a roll of drawn fiber of MCDTE, and two polarized optical micro-
scope images of a fiber, viewed between crossed (a) and parallel polars (b). The director orienta-
tion along the fiber is clearly illustrated, as is its overall optical transparency in the aligned nematic
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Figure 3. The principal, reversible shape-memory effect: changing the
length of a freely suspended fiber during a heating and cooling cycle.

prevent curling. This large change in underlying chain anisot-
ropy is certainly due to the high degree of alignment and the
material uniformity down to the network-mesh level. This
alignment and uniformity are achieved because the nematic
ordering and the telechelic crosslinking take place simulta-
neously (in effect, one driven by the other) during the high
shear of fiber drawing. It is in contrast to the imperfect align-
ment achieved in the traditional two-step crosslinking pro-
cess in the bulk. An important question in such a thermal-ac-
tuation experiment is that of heating/cooling rates. In
Figure 3, and in all other analogous measurements in subse-
quent plots, these rates were kept (very approximately) at
0.5°Cmin! in order to keep the measurements comparable.
One should note that experience with thermal actuation in
nematic elastomers has firmly indicated that the limiting fac-
tor for the material response rate is the thermal diffusion, or
the speed at which the temperature change is delivered to
the material. Obviously with thin fibers this thermal diffu-
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sion time can be quite short and so the response is corre-
spondingly quite fast.

We next investigated the thermoplasticity of our fibers. It is
obvious that if we heat the sample to a temperature far below
T'n1, which is also the temperature of terminal group remixing,
or melting of the micellar “crosslinks” of terphenyl groups,
then very little creep would occur in the material. Figure 4a
confirms this expectation, showing the reversible shape-memo-
ry contraction/expansion cycles. Figure 4b shows the same ex-
periment conducted with a fiber holding a weight =0.18 g,
which corresponds to an extensional stress of ~60 kPa when
converted with the cross-sectional area of a fiber of diameter
~0.2 mm. We clearly see small thermoplastic creep in each con-
secutive thermal cycle, which is a recognized characteristic of
telechelic systems and other transient networks. Finally, we al-
lowed the repeated thermal cycles to reach higher tempera-
tures, just below and just above the clearing point, Tn;. As
Figure 5 illustrates, the thermoplastic creep at each cycle is
noticeable even for a fiber under almost its own weight (we
applied a very small weight in all cases to prevent curling).

3. Conclusions

The amplitude of actuation strain increases dramatically with
the temperature range and reaches the maximum demonstrat-
ed in Figure 5b, which corresponds to the full range between
T and Typ and is about 500 %. It is quite remarkable, and de-
serves special attention, that at 7> Ty (in the isotropic phase)
we appear to always recover the same length of the fiber, which
is also seen in Figure 3. This is a point for which we are not
ready to offer an explanation: if a normal plastic creep was tak-
ing place, the isotropic length should be increasing as well.
What we currently observe is more consistent with the assump-
tion that the phase-separated micelles, crystallized at T< Ty,
take a long time to remix at higher temperatures, while in our
thermal cycles the sample spent a relatively short time at high
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Figure 4. a) Heating and cooling of the fiber up to 70°C results in the fully reversible shape change: contraction and elongation along the director axis.
b) The same experiment carried out with a weight (0.18 g, stress ~60 kPa), shows the transient thermoplastic flow on each repeated cycle. The initial fi-
ber length at room temperature (labeled To) is taken as unity and all plots show the relative changes with respect to this length L(To).

Adv. Funct. Mater. 0000, 00, 1-6

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

d3idvd 11Ind

3



[
™}
<
a
-l
wd
=
4

S. V. Ahir et al./Shape-Memory Fibers of Liquid-Crystal Polymers

e R 1| —8— 1st - cool
—+—2nd - heat
——2nd - cool

1.05 |
& :
1,

&
3 :
’-é, 0.95;
o2 [
2 oof
ks
] [
& 085} 1
08 | v
: \ ]
0775'...‘L..Hl...‘L.."1..,=|..H1.‘..“‘...H'

20 30 40 50 60 70 80 90 100
Temperature (°C)

1.2 T T — —+—1st - heat
— e —— 1st - cool
w“‘%\ ——2nd - heat
1F g 0 —eo—2nd - cool
o
5 08 1
< [
‘E’a L
o 06| .
i L
= F
s L
E 0.4 5 1
02| 4
0 [ 1 L " 1 " L 1 " n " 1 L n L 1

20 40 60 80 100 120
Temperature (°C)

Figure 5. a) Heating cycles to 90 °C show elements of thermoplastic flow (or creep) even under the sample’s own weight. b) Heating cycles to the isotro-
pic phase show some flow on each step, but also the unambiguous shape-memory effect with a reproducible plateau above Ty;. The overall length change

is ~500 %.

temperature and such a process was not allowed to take place.
In any case, it is clear (and well-pointed out previously!”') that
for practical applications it is beneficial to incorporate the
chemical crosslinking option in phase-separated micelles (e.g.,
by including acrylate groups ready for UV polymerization).
Another practically important variation would be to incorpo-
rate photochromic groups (e.g., azobenzene moieties) to
achieve photo-stimulated shape memory. Our main aim in this
work was to demonstrate the efficiency of fiber extrusion and
drawing alignment, and the profound shape-

memory effect of self-assembled telechelic

networks with the active middle block of

main-chain nematic polymer. This was suc-

cessfully achieved, as shown in Figure 2,

while the high degree of nematic alignment

achieved at the drawing/self-assembly stage

has resulted in record magnitudes of uniaxial,

reversible thermal shape memory.

4. Experimental

Preparation of Triblock Copolymer 4"-[a-(4-{1-[4'-
(undecaneoxy)biphenyl-4-ylmethyl] propyl} phenyl)-
w-(undecaneoxy) poly[oxydecamethylene-4,4"-biphe-
nyl-(2-ethylethylene-1,4-phenyl) diterphenyl dicarbox-
ylate (MCDTE): The starting material 1-(4-hydroxy-4-
biphenyl)-2-(4-hydroxyphenyl)butane, 1, was synthe-
sized following the procedures of Percec and Kawa-
sumi [10]. The a-(4-{1-[4-(11-hydroxy undecanoxy)-
biphenyl-4-ylmethyl|propyl}phenyl)-co-(11-hydroxy
undecanoxy)  poly[oxydecamethyleneoxy-4,4’-bi-
phenyl-(2-ethylethylene-1,4-phenyl), (MCDIOL),
was prepared using a modification of Finkelmann
process [10,14], see Scheme 1. Compound 1 was al-
kylated in absolute ethanol (EtOH) overnight with
10-bromoundecane-1-ol (2) under reflux conditions.
After work-up, the residue oil contained starting
material and two isomers, X and Y. The isomers X
and Y were separated by column chromatography
on silica gel using dichloromethane (DCM) as elu-
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ent. MCDIOL was synthesized via phase-transfer-catalyzed polyether-
ifcation of compounds 1 and 2 followed by end-capping with the iso-
mers X and Y. The resulting MCDIOL had the average molecular
weight of 29168, which corresponds to an average of n=64 rod-like
mesogenic monomers.

The synthetic pathway to terphenyl carboxylic acid to esterify the
MCDIOL is outlined in Scheme 2. Friedel-Crafts acylation of commer-
cially available bromobiphenyl using acetyl chloride provided 4-bromo-
biphenyl acetophnone 3 in good yield. Oxidation of the ketone 3 by so-
dium hypobromide followed by acidification of the resulting salt, gave
the 4-bromobiphenyl-4’-carboxylic acid 4.

o0
Oy-on
1

‘ Br (CH,),;0H
2

Xand Y =C,H,;OH

Br (CH,),(Br

HO(F |zc) o O C O(Ct |2)10 O O(CI |2) OH
n

MCDIOL

Scheme 1. Preparation of MCDIOL.
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Scheme 2. Preparation of MCDTE.

Bromobenzene was treated with butyllithium at —78 °C for 3 h and
then cannulated into a round-bottom flask containing isopropyl borate
in tetrahydrofuran (THF, 50 ml). The temperature of the reaction was
kept at =78 °C throughout the addition of lithiated benzene. The reac-
tion mixture was allowed to warm to room temperature overnight. Di-
luted HCI was then added. Continued stirring for 3 h and working-up
gave phenyl boronic acid 5. Suzuki coupling [15] of the boronic acid 5
with the acid 4, followed by treatment with thionyl chloride gave the
terphenyl carboxyl chloride 6. Esterification of the MCDIOL with the
6 gave the final product, MCDTE (Scheme 2). In total, we produce
5-7 g of the final product in one synthesis, under laboratory-bench con-
ditions.
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Telechelic triblock copolymers, with the
dominant middle block a main-chain
nematic polymer, provide a self-
assembling material for extruding and
drawing aligned fibers (see Figure).
The resulting thermoplastic elastomer
demonstrates reversible shape memory,
contracting and elongating by over
500% on temperature change.
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