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Twisting and untwisting of twisted nematic elastomers
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A mechanical stretch applied to a monodomain twisted nematic elastomer thin film untwists the helical
director distribution into a uniaxially aligned state. If the film thickness is less than the helical pitch, untwisting
behavior is stretching direction dependent in the plane normal to the helix axis. We investigate untwisting
of twisted nematic elastomers by optical, mechanical, and x-ray scattering methods. We adapt a model for
cholesteric elastomers to our observations and find that the material exhibits characteristics with the combined
properties of both a smectic and twisted nematic configuration.
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Advances in chemistry and fabrication methods have
greatly expanded the possibilities for technologies utilizing
liquid crystal elastomers (LCEs) as well as studying fun-
damental properties of LCE materials. In particular, click-
chemistry [1-3] and photoalignment [4,5] methods have
enabled the facile synthesis of LCEs with giant elastic
anisotropy and complex molecular programming, respec-
tively. One arrangement of LCEs that has drawn particular
attention is that of a cholesteric liquid crystal elastomer [6].
In a cholesteric LCE, the nematic director twists about a
helix axis with a material intrinsic pitch p. This pitch imparts
important optical functionality to the material and is the basis
of many optical applications [7-9]. When p is the same
wavelength as an incident light beam, the cholesteric LCE
will selectively reflect the light of the matching wavelength.
When p is much greater than the wavelength of incident light,
the so-called Mauguin regime, the cholesteric LCE director
guides the light polarization. In the case where p is set by
the boundary conditions (and thus necessarily greater than
twice the LCE sample thickness), the system is referred to as
a twisted nematic LCE.

The twisted nematic regime imparts interesting mechanical
behavior to the bulk sample. A uniaxially aligned LCE film
has two principal bulk moduli: one along the director and one
in the plane normal to the director. A short-pitch cholesteric
LCE has a principal modulus along its helix axis and is
isotropic in the plane transverse to the helix [10,11]. However,
in a film of twisted nematic LCE, again, there is one principal
bulk modulus along the helix axis, but perpendicular to the
helix axis, the modulus depends on the portion of the helix
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phase present. Crucially, the stretching behavior will exhibit
a critical phenomenon only if the portion of the helix phase
present contains a director perpendicular to the stretching
direction. In other words, for portions of the helix phase with a
director component perpendicular to the stretching direction,
there will be a critical stretch where the perpendicular director
component must select an untwisting direction. This effect has
previously been called director pinning in cholesteric LCEs
[10]. For long-pitch twisted nematic LCEs, the film geometry
and portion of the helix phase present will also affect the
thermal actuation characteristics [12].

Smectic elastomers exhibit much larger elastic anisotropy
than nematic or cholesteric elastomers due to the constant
layer spacing between LCE molecules [13]. Typically, smectic
layering is incompatible with a twisted director structure
unless a highly defected twist-grain boundary structure is
present [14]. However, localized short-range smectic ordering
enables both twisted nematiclike and smecticlike behaviors
[15,16]. The smectic clusters which exist in equilibrium in
the precursor LCE melt are “locked in” by the photo cross-
linking of the LCE. We investigated the interplay of the
twisted director field and short-range smectic ordering in
the properties of LCE films. We found the material exhibits
properties consistent with both twisted nematic and smectic-C
phases, which results in mechanical properties that are distinct
from either phase on its own.

We adapted a model for short-pitch cholesteric LCEs
developed by Warner et al. [10,11] to a long-pitch twisted
nematic LCE, which we also fabricated. Following the same
notation as in [10], the twisted nematic LCE helix has initial
wave number gy = 1 /p, where p is at least four times the film
thickness. As we stretch the twisted nematic LCE A, there is
a volume-conserving contraction, both along the helix A_, and
in the direction normal to both the helix and the stretch A ;.
A key feature of the Warner model is its prediction of the
director angle ¢(z;A) along the helix axis as the film is
stretched A. In our modification of this model, we restricted
the limits of z, such that the total twist goz is less than 90°
(typically, 80° in experiments). We additionally considered a

Published by the American Physical Society


https://orcid.org/0000-0002-1528-2085
https://orcid.org/0000-0001-9772-7297
https://orcid.org/0000-0001-8249-3854
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.4.105601&domain=pdf&date_stamp=2020-10-09
https://doi.org/10.1103/PhysRevMaterials.4.105601
https://creativecommons.org/licenses/by/4.0/

ZOEY S. DAVIDSON et al.

PHYSICAL REVIEW MATERIALS 4, 105601 (2020)

(a) Az

~

Twisted &

i

FIG. 1. (a) Model of a twisted nematic liquid crystal elastomer
with the helix axis along z and the initial midplane director ny,,
at an angle ¢; to the applied stretch A. (b) Diffractogram of a
uniaxial (no twist) liquid crystal elastomer film used to generate an
azimuthal intensity profile /() and model the twisted and stretched
twisted nematic elastomers. Inset: zoom of small-angle scattering
from smectic clusters. (¢) The diffractogram of a twisted nematic
liquid crystal elastomer with no stretch and, in the inset, the zoom of
small-angle scattering reveal broadened reflexes due to the twisted
configuration. The effect of an off-center beam stop is also visible in
both inset images.

shift in the helix phase ¢;, given by the director rotation at the
film midplane ny,, as depicted in Fig. 1(a).

The Warner untwisting model was previously experi-
mentally tested with side-chain polysiloxane-based short-
pitch cholesteric LCEs [17]. In the present work, the
twisted nematic LCE samples were prepared using the
same click-chemistry and oligomer preparation as described
in [3]. Briefly, we synthesized an oligomer prior to LCE
film fabrication by a thiol-acrylate click reaction; the re-
active liquid crystal monomer, 1,4-bis-[4-(6-acryloyloxy-
hexyloxy)benzoyloxy]-2-methylbenzene (RM82), was chain
extended by Michael addition with 1,5-pentanedithiol (PDT).
In a typical synthesis, we mixed 12.5 g of RMS82 with 5.06 g
of 1,5-PDT in 120 mL of dichloromethane (DCM) with

J

tan(2¢) =

2h;(r — 1) sin(2Gz + 2¢;)

three drops of base catalyst. After 16 h of stirring at room
temperature, we rinsed the solution in a separation funnel with
1M hydrochloric acid (HCl), 0.1M HCI, and deionized water
successively. We dried the DCM-product mixture with 25 g
of magnesium sulfate for 30 min and then poured it through
a filter. We added 50 mg of cross-linking inhibitor, butylated
hydroxytoluene, to the clear DCM and product mixture prior
to rotary evaporation and direct vacuum until a thick white
oligomer remained. We found the oligomer could be stored at
—30 °C for up to 2 months. Prior to fabrication of LCE films,
we melted and mixed into the oligomer additional RM82 with
photoinitiator to create an LCE precursor melt that could then
be used to form cross-linked films.

To program the twisted monodomain, we poured the LCE
precursor melt onto a glass substrate coated with a uniaxi-
ally programmed layer of the photoalignment dye, Brilliant
Yellow. We then sandwiched the melt with another photo-
programmed glass substrate such that the programmed uni-
axial directions of the two substrates were aligned at 80° to
each other. This angle, less than 90°, was chosen to ensure
that a monodomain of single twist handedness was achieved
throughout the sample with no defects. We set the thickness
of the LCE by polyimide tape placed on one substrate, which
resulted in approximately 70-um-thick LCE films as measured
by confocal laser profilometry. After cooling the oligomer and
photocuring to form a cross-linked elastomer, we separated
the glass substrates by submerging them in water to obtain
a freestanding film of twisted nematic LCE for testing. We
obtained individual test pieces of a 20 by 10 mm? LCE film
with varying ¢; between the long axis and ny,;, by laser cutting
them from the larger monodomain samples. We stretched
test pieces along their long axis and perpendicular to the
incident x-ray beam in a custom-built tensile tester. See the
Supplemental Material for more details on the experimental
procedures [18].

We collected x-ray diffractograms of an exemplary un-
stretched uniaxial nematic film [Fig. 1(b)] and unstretched
twisted nematic film [Fig. 1(c)]. Diffuse peaks inset in
Figs. 1(b) and 1(c) indicate the presence of short-range smec-
tic clustering. The twist structure is clearly seen by broadening
of both the wide-angle and small-angle scattering reflexes.
We used the azimuthal wide-angle profile of the unstretched
uniaxial nematic x-ray diffractogram to model the azimuthal
profile of the twisted nematic films by summing through
the film thickness from thin uniaxial slices with orientations
sampled from the twisted nematic director ¢(z; A) profile. The
constitutive equation of the adapted model giving the ¢ profile
is

This equation describes how the stretch A causes the director
to rotate nonuniformly and the helix pitch to change through
its thickness; the new wave number is § = qo/X\,,, Where
Aze =27 and A;; = A7'*F and thus A,A;;A = 1. Here, we
have used A ;; to specifically indicate the direction normal to

(r = (A2 + 43;) cos(2qz + 2¢) + (r + DH(A2 = 23))

ey

(

both the helix and the applied stretch A, which we vary in both
direction and magnitude. For a short-pitch cholesteric LCE,
was found to be exactly 2/7 [10,19,20]. In a twisted nematic
LCE, B will generally depend on ¢; and vary with the applied
stretch L. However, for the purposes of qualitatively modeling
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FIG. 2. Adapted model for the helical director profile as a func-
tion of the applied stretch A when the midplane director is initially
perpendicular to the stretching axis (left) and when the midplane
director is initially parallel to the stretching axis (right).

data in our experiments we find good approximation by fixing
B = 2/7 for all stretches and initial orientations of the film
relative to the applied stretch. As in the original model, we
also consider the polymer network anisotropy r, “the ratio
of the effective step lengths parallel and perpendicular to the
director” [10]. Examples of the modeled untwisting director
profile for stretch perpendicular and parallel to ny, as a
function of stretch are presented in Fig. 2. The wide-angle
azimuthal intensity from the uniaxial diffractogram Iy () was
then shifted by ¢ determined from the untwisting director
model and integrated over many slices in z through the
thickness to calculate a predicted form of the twisted structure
azimuthal intensity: I(x;A) = f_ll Iulx + ¢(z; M)]dz.

The wide-angle (x) azimuthal intensity profiles I(x;A)
of quasistatically stretched twisted nematic LCE films are
presented in Fig. 3 along with the respective fit model for each
given ¢;. The models were fit by first tuning the ¢; parameter
and then minimizing fit error over the chain anisotropy param-
eter r for the fixed ¢; = 75°. We found the chain anisotropy to
be r & 8.5, which is somewhat larger than in side-chain LCEs
[10] but is in line with measurements of other main-chain
liquid crystal polymers [21] and implies a critical stretch
Le = r?/7 22 1.85. As noted above, this relationship between r
and A, was derived for short-pitch cholesteric elastomers. Re-
gardless, the important qualitative features of the observed az-
imuthal intensity scattering profiles and the modeled profiles
match well: a critical transition appeared when we stretched
the twisted nematic LCE film such that a component of the
helix pitch is perpendicular to the stretching direction (Fig. 3,
¢; = 75°). In this case, the director helix initially increases
in twist (decreased pitch length) so that the azimuthal x-ray
signal becomes flatter. As stretching continues, the director
bunches up along the pinned director perpendicular to the
stretching direction, xy = 1, until a critical stretch. After the
critical stretch, the director helix begins to unwind, and the
signal has the appearance of uniaxial LCE. Additionally, we
observed only increased order as we stretched the twisted
nematic LCE film such that a component of the helix director
was along the stretching direction.

We also laser cut test strips, 20 mm by 4 mm by 70 um,
for tensile mechanical tests from a sample and stretched them
at a constant rate, as shown in Fig. 4(a). For increasing ¢;, the
modulus for small stretch, A < 1.05, monotonically increased
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FIG. 3. Azimuthal x-ray data and comparison to the model for
twisted nematic LCE films stretched ¢; = 75° to the midplane direc-
tor ny, and 15° to ny,. Each intensity /() curve is normalized to
its own integral and offset a constant amount for visibility. Samples
were quasistatically stretched to breaking. The arrow indicates the
apparent presence of the pinned director at A = 2.3.

from 2.5 to 18 MPa. However, the stretch at break was nearly
constant, A & 1.9 for all cases where the stretch was applied
such that an initial portion of the helical director distribution
was along the stretching direction, i.e., ¢; < 45°. At ¢; = 45°,
the stretch at break was also similar, which we attribute to a
possible alignment error of the LCE film during laser cutting
of the test strips or fixing in the tensile tester. For ¢; > 45°,
the stretch at break begins to grow, and the soft-mode elastic
response of the LCE director realigning with stretch is appar-
ent from the regions of constant induced stress. In uniaxial
LCEs, the stretch at break tends to grow with increasing angle
between alignment and stretching directions [22].

When we stretched samples between crossed polarizers,
we observed different behaviors in the transmitted light in-
tensity dependent on ¢; [Fig. 4(b)]. For both ¢; = 0° and
¢; = 90°, the director guides the transmitted light polarization
such that both films appear initially bright. As the films
stretched, the film with ¢; = 90° became darker much faster
and more completely before breaking than the film with ¢; =
0°, which broke before the transmittance reached half its
initial relative intensity. For both films, because the director
at the surface where light entered the film was not exactly in
line with either of the polarizers, the light initially became
elliptically polarized so that it was guided to partially pass
the analyzer. During stretching, the director in the film with
¢; = 0° never reached alignment with the analyzer axis before
breaking. However, as the ¢; = 90° film stretch increased,
both the top and bottom directors became closer to perpendic-
ular, with the polarizer axis thus guiding the light polarization
into extinction by the analyzer (i.e., in the Mauguin regime).
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FIG. 4. (a) Mechanical and (b) cross-polarized optical stretch
response anisotropy. In the inset in (a), the modulus for the first 0.05
of stretch changed by nearly an order of magnitude. All samples were
stretched to breaking at 0.02 s~1.

We also observed a slight uptick in the transmitted light of
the ¢; = 90° film near A ~ 1.5 which we believe is due to a
particular matching of the director, birefringence, and incident
polarization to create an elliptical polarization which is not as
well extinguished.

In the configuration used in the x-ray experiments here, we
did not resolve in detail the smecticlike reflexes. However, it is
clear that there is a smectic structure in the LCE films that we
tested. These structures have also appeared in a few other sim-
ilar systems [1,2]. The higher-order smectic structure likely
explains the large elastic anisotropy seen here in mechanical
tests [Fig. 4(a)] as purely nematic LCEs do not typically

exhibit such large anisotropy [23]. A further signature of the
smectic-C structure can be seen in the stretched film with
¢; = 0°, where we observed a brief plateau in the induced
stress, which has been explained by sliding along planes of
the smectic-C phase [13]. Unlike previous results examining
smectic-A elastomers [24-26], the present results appear to
fit a model of the smectic layer normal rotating in the plane
of the stretch and not forming a cone of chevroned layers.
This is consistent with the lower point symmetry in smectic-C
elastomers and their ability to deform softly.

However, a monodomain of the smectic-C elastomer
through the entirety of the film is not possible due to the
programmed twisted configuration. Theory predicts an in-
compatibility between twisted and smectic structures, and for
short twisting pitch, this results in the so-called twist-grain
boundary. In this work, we suspect that the phase structure is
actually similar to a nematic cybotactic phase, that is, clusters
of short-range smectic ordering with nematic lubrication be-
tween clusters that permits an overall twisted structure with no
defects, such as twist-grain boundaries in the smectic phase.
In other words, it appears that the smectic and nematic phases
are both present, but twisting occurs only in the nematic
phase. Similar observations of smectic clustering in a twisted
nematic have been made in thermotropic small-molecule liq-
uid crystals [27]. We suspect that the smectic clusters arise
from pretransitional fluctuations which have been trapped by
cross-linking the polymer network.

We have prepared and characterized an elastomer with
both twisted nematic and smectic-C phases, which combines
mechanical and optical features of both phases in a single
material. The ability to structure both director field twist and
bend deformations as well as large mechanical anisotropy
plays a crucial role in many developing applications of LCEs.
Our results indicate that tailoring the oligomers and director
field structure used in making LCE devices will play an
important role in the trade-off between these features, which
are important, for example, in electroactive LCE actuators and
sensors [28]. Future studies will also probe how short-range
smectic clusters grow and are trapped by cross-linking the
elastomer network. Furthermore, the mechanical model can
be developed to find the dependence of 8 on ¢; and the total
initial twist [11,19]. Together, these studies will unveil a more
complete picture of the connection between the microscopic
structure and macroscopic mechanical properties.
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