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Dynamic Pressure Sensitive Adhesion in Nematic Phase of

Liquid Crystal Elastomers

Hiro J. Farre-Kaga, Mohand O. Saed, and Eugene M. Terentjev*

The correlation between the anomalous mechanical dissipation and the
pressure-sensitive adhesion in nematic liquid crystalline elastomers (LCEs)

is explored, comparing hard glassy and soft materials (high and low
crosslinking density, respectively) and nematic versus isotropic genesis. Two
significant factors are identified contributing to strong adhesion: the intrinsic
damping, which is high in the nematic phase, and the surface roughness,
which is affected by the elastomer genesis. At the same time, it is found that
surface energy plays only a minor role in pressure-sensitive adhesion. Theo-
retical calculations of dynamic adhesion are carried out by summing over the
full range of frequencies in the dynamic-mechanical master curves data, and
by averaging over surface roughness in soft and hard regimes, the results
fitting the measured data with quantitative accuracy. Finally, the adhesion
strength in LCEs altered by controlling the nematic phase temperature range

is demonstrated.

1. Introduction

Pressure sensitive adhesives (PSA) are an important application
of viscoelastic polymers,? which generally provide quick adhe-
sion after applying light pressure, without chemical reactions
or solvent evaporation, and subsequent detachment in some
situations. There is a strong relationship between the adhesion
characteristics and the dissipative element of the mechanical
response, which we will explore in detail here. In general, a
polymer has fixed properties, its surface being either sticky or
non-sticky, and this varies only slightly and monotonically with
the environmental conditions such as humidity or temperature.
Dynamically switchable adhesion is therefore an important
target in materials design. Many systems have been proposed
to have a (desirably) sharp transition of adhesive characteristics
in response to various stimuli, including thermal, pH, electric,
chemical, etc.’] with most of them relying on surface topog-
raphy and chemical functionality. Recently, we have proposed
a different method to impart dynamically switchable adhesion
characteristics, exploring the anomalous mechanical damping
of liquid crystalline elastomers.!
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The characteristics of a damping mate-
rial are reflected in the linear complex
modulus E*(w) at a given oscillation fre-
quency o, characterized by its real and
imaginary parts: the storage and loss
moduli E" and E”, and their ratio E”’/F,
usually referred to as the loss factor tand
with 6 the phase angle of complex E*.
The loss factor tand is directly related to
the other parameters describing damping:
tand = 2{ =1/Q, where the “quality factor”
Q and the “damping ratio” ¢ are com-
monly used in the analysis of resonance
circuits. The striking feature of liquid
crystalline elastomers (LCEs), well studied
in the equilibrium regime, is their “soft
elasticity”, which manifests as a wide
plateau of low nearly-constant stress
upon increasing strain, and is caused by
internal rotation of the local director axis,
absorbing applied strain without elastic energy cost.[®”# The
related “dynamic soft elasticity” of nematic LCEP1% is seen in
the unusual aspects of dynamic-mechanical response, and in
particular, the anomalous attenuation of acoustic waves propa-
gating in LCE, caused by strong mechanical damping which
increases with vibration frequency.’! On the other hand, as the
LCE is heated into the isotropic phase, the anomalous damping
ends and one finds the usual tand = 0.1-0.2 of ordinary rubbers.
Here we study the PSA aspect of nematic LCE and correlate it
with their anomalous dissipation via the link between tand and
the adhesion force.[31415]

From the materials point of view, we examine the effect of
crosslinking density by comparing a soft 10% crosslinked LCE
to a hard 80% crosslinked LCE. From the processing point
of view, we examine the effect of network “genesis”: the LCE
crosslinked in the isotropic phase and then cooled down into
the nematic (isotropic genesis) and the LCE crosslinked directly
in the nematic phase (nematic genesis).l'®) Accordingly, we have
four materials to study, labelled as LCE10(i,n) and LCE80(i,n)
reflecting their crosslinking and genesis.

Surface roughness is known to strongly affect adhesion
strength as it increases the contact area.l””'81% The polydomain
LCE of isotropic genesis will have a smooth surface in the iso-
tropic phase, but will develop a significant surface roughness
in the nematic phase, as its misaligned domains each elongate
in random directions. On the other hand, the nematic-genesis
LCE will have the smooth surface in the nematic phase, but
will develop roughness on heating into the isotropic phase, for
the same reason of domains locally changing their shape with
respect to their natural crosslinking configuration. This effect
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is an additional factor to the change in internal viscoelastic
damping that will affect the adhesion strength.

In contrast to the two significant factors mentioned above, the
surface energy is known to be largely unchanged across different
LCE phases (which is confirmed through contact angle measure-
ments reported in Figure S3, Supporting Information). So, since
we see a large enhancement in adhesion in the nematic phase,
the conclusion has to be that the equilibrium surface energy
plays a minor role in the dynamic adhesive response.

Because of several logical threads followed here, this
paper is organized as follows. We first discuss the effect of
viscoelasticity and damping, presenting the results of adhe-
sion force measurement depending on time of adhesion, the
speed of probe pull-off, and the temperature. The details of
the theory correlating adhesion and tand, and the fitting of

(a)

emperature
control

vl

Probe

Glass substrate

(c)1-5

Adhesion

F.(N)

our data, are given in the Supporting Information. We then
explore the role of surface roughness, and the change in sur-
face roughness on transitions between nematic and isotropic
phase in different-genesis systems. Again, the theory and the
detailed fitting of our data, are relegated to the Supporting
Information.

After testing several measuring methods, we have settled on
the standard pull-test [probe-tack ASTM D4541 method] using a
spherical steel probe, where we could more precisely control the
deformation inflicted by the Hertzian indentation and avoided
complications of non-parallel surfaces. Figure 1 illustrates the
test, and explains the definitions of adhesion force F,, the ver-
tical load applied and the adhesion time. The work done to
detach the probe from the sample per unit area, referred to as
adhesion energy, is calculated using y = Av/S, where A and v

1 LCE10i (0.2mm)
i LCE10i (5mm)
{ Silicon (5mm)

Load (N)

Figure 1. Experimental setup for dynamic adhesion. a) Scheme of apparatus with steel probe radius r =5 mm and variable load. b) The thin LCE layer
with the spherical probe pressing down, and then detaching. Note the shallow depression, and the neck of the adherent elastomer on detachment. The
same material in a thick layer, in panel e), allows a much deeper indentation of the probe, and a wider-area deformation on detachment. c) Example of
data collected from probe-tack tests. d) The plot illustrating adhesion force as function of load, for thick and thin LCE pads, also comparing with the
silicone layer as reference. e) An illustration of probe-tack test on a thick layer of LCE, highlighting a much deeper indentation and a lack of necking
on pull-off.
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Figure 2. Dynamic mechanical analysis (DMA) results at 1 Hz. a) The example storage modulus E’ and tand traces of LCE80i, at 0.02% strain oscilla-
tion at 1 Hz. b) Comparing the tand traces for all tested samples, supporting the data in Table 1.

are labelled in Figure 1, and S is the contact area between the
probe and sample. After testing the effect of layer thickness, cf.
Figure 1d, we did most of our experiments with the thin layer
of LCE (0.2 mm), although this has prevented us from reaching
very high loads (when the probe crushes through the thin
layer). A constant load of 0.5 N was used for all other meas-
urements. In Figure S3 (Supporting Information) we demon-
strate the recovery of the LCE layer after the load-adhesion-pull-
off sequence. These are thermoset elastomers, and although
the layer does get a memory of the probe impact, a simple
annealing has fully reset the LCE layers to their pristine pre-test
condition.

2. Effect of Viscoelastic Relaxation

Viscoelastic materials show stronger adhesion because the total
pull-off energy per unit area, ¥, is composed from the equilib-
rium surface energy (%), but also the energy dissipated by the
material during the pull-off at a given speed.!® The combined
expression can be written in the common form
Y T) =7 [14 £ (7)) 0
where we factorized the equilibrium surface energy. The second
term is determined by viscoelastic damping and is strongly
dependent on pull-off speed and temperature. Note that y must
not be confused with the frequently used concept of “surface
tension” which is more relevant on liquids and has little effect
on LCEs.

While measuring the full work of adhesion gives a more
complete image of the adhesive, this study mainly evaluates the
force of detachment F, as it is a more relevant value when con-
sidering applications. Force is also the direct measurement in
our setup. The relationship between force and adhesion energy
Nv,T) depends on the debonding mechanism, which remained
the same in our measurements. Using y=Av/S where

A= %FaAt as outlined in Figure 1c, we obtain y[] m?] = 25F,[N]

as the stable conversion factor between the adhesion energy
and adhesion force, its value being mainly unchanged for dif-
ferent materials and different pull-off speeds.
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We could not detect a meaningful thermal signature of the
nematic-isotropic transition in some of our materials using the
traditional methods of differential calorimetry. This is a known
feature® and is due to high internal constraints in some of
the main-chain nematic elastomers. We used the dynamic-
mechanical (DMA) signature of this (Ty), and the glass tran-
sition (Ty), because studies of many other LCE systems where
both calorimetry and dynamic-mechanical measurements are
valid have shown their good correlation. The glass transition
has a very clear and well-understood signature in DMA. The
nematic phase in LCE is characterized by its “dynamic soft
elasticity”,[>1% showing a high tand and low storage modulus
E’ compared to a regular elastomer. Accordingly, we identify
the nematic-isotropic transition Ty; as a temperature where
tand falls below 0.2 and remains unchanged as temperatures
rise further, and at the same time, the storage modulus E’ starts
growing linearly with temperature, as in classical rubber elas-
ticity. The characteristic peak of tand at the dynamic glass tran-
sition is a well-established feature of DMA response. Figure 2
illustrates these features, and Table 1 characterizes the four
samples used in this investigation.

Adhesive response to pull-off speed v clearly reveals the
importance of viscoelastic relaxation (Figure 3) with F, values
increasing by over a factor of 3 in the speed range studied.
Speed measurements of over 5 mm s could not be taken
accurately due to the sampling rate limitations, and high-speed
measurements on the tougher LCE80s could not be made at all.
The theoretical model fitting the measurements in Figure 3c
is discussed in detail in Supporting Information, where we
show how to estimate the total adhesion strength by sum-
ming the oscillating (tand) response at all frequencies, caused
by the probe stretching the material at a speed v. To achieve

Table 1. The list of transition temperatures of the four materials we
compare.

Material T [C] T [€]
LCE10n 10 80
LCE10i 10 80
LCE80n 39 91
LCEB0i 34 85

(3 of7) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) 5
§ LCE8On
§ LCE10n
at } {
- g i
z
. ‘I i t
w 2%
1 =
0 ; " i ; i
0 2 4 6 8 10
Speed (mm s'1)
(c) 7
§ LCE8On
6F[ & LcE1on /

10°

Speed (mm s'1)

(b) 5
¢ LCESOn
§ LCE10n }

N
b

0
0 D) 4 6 8 10
Speed (mm s'1)
(d) o 2
©
o
.3102- 5
w
[%2]
S s
= 1
B 10! =2
S
[0}
g 105
S 10%F
(%)
; . . . ==
10%  10%  10°  10®  10®  10°
Frequency (Hz)

Figure 3. Adhesive response to pulling speed at room temperature showing the importance of viscoelasticity. a,b) Comparison of all samples, grouped
in pairs by genesis. c) Linear-log plot of both LCET0(i,n) with the theoretical dynamic adhesive curve. The high-speed measurements beyond the dotted
line were difficult to control and are considered unreliable. d) DMA Master Curves for LCE10i, at a reference temperature of 20°C, used in the calculation
of the dynamic adhesive model. Notice the similarity with temperature ramp measurements in Figure 2 validating the time-temperature superposition.

such frequency integration, we have to use the Master Curves
obtained by the time-temperature superposition, which allow
projecting the response to super-high and super-low frequen-
cies that can never be probed by experiment, Figure 3d. The
reader unfamiliar with Master Curve characterization of vis-
coelastic materials should address the foundation texts 2223 or
look for details of how this method works in LCE.>24

Fitting of the theoretical expression to the speed dependence
given in Equation S2 in the Supporting Information requires the
optimal parameters: the equilibrium crack tip radius gy = 1 mm,
and the equilibrium modulus E, = 0.15 MPa, both imminently
reasonable values. These results show that LCE10 has the equilib-
rium surface energy: ) =25] m~2.

An alternative, empirical relation between the dynamic
part of adhesion energy and tand is fiv,T) = ktand(®T),
resulting in a version of the equation for adhesion energy of
the form Yv, T) = % [1 + k tand(w,T)]. Figure 4 illustrates this
proportionality by examining the adhesion data obtained in
our “standard” test with the vertical load of 0.5 N, and pull-off
speed 0.3 mm s}, equilibrating at each temperature. Plotting
the adhesion force and tand on the same graphs shows that the
high tand of the nematic LCE phase has a direct and signifi-
cant effect on the adhesion force. We found the proportionality
constant k approximately the same in all materials, but dif-
ferent crosslink densities lead to different additive constants y,
caused Dby additional factors including material hardness and
surface roughness. This shows the significant drop in adhesion
force between the nematic and isotropic phases for all mate-
rials other than LCE80n, which has almost no clear nematic
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transition. The measured adhesion force plateaus at high tem-
perature, when tand—0, is at 0.2 and 0.45 N for LCE80 and
LCE10, respectively, implying the equilibrium surface energy
7% of 5] m™2 for LCE80 and 10 ] m~ for LCE10. These values
are much lower than the y, obtained in the dynamical testing in
Figure 3, which may highlight the limitations of this empirical
proportionality, or merely reflect that the sum over frequency
modes was done from the Master Curve at the reference
20°C, while the plateau is tested at high temperature in the iso-
tropic phase. Nevertheless, the main message is clear: as soon
as the elastomer enters the nematic phase, the PSA strength on
it increases by a factor of at least 3 — with the exception of the
LCE80n system, which is over-crosslinked in the low-tempera-
ture phase and is not able to experience the nematic-isotropic
transition, nor show enhanced adhesion.

The last point requires a discussion. The consistently low
values of the adhesion force on LCE80n, seen in Figure 4a, may
appear in contradiction to the data in Figure 3b, where the same
material showed F, of up to 3 N. The difference is in the pull-off
speed, and it highlights the dynamic aspect of PSA effect we are
investigating. Even though the loss factor tand(@,T) of LCE80n
does not have the added nematic damping at the 1 Hz, Figure 2b,
higher pull-off speed would activate higher frequency modes in
the material response (see Equation S2, Supporting Information)
and consistently show high adhesion force on pull-off. One may
conclude that the soft LCE10 materials could see applications as
re-useable “sticky” tapes, while the hard LCE80n system is much
better optimized to be a “gripper”, with little residual “stickiness”
in quasi-static conditions.

© 2021 Wiley-VCH GmbH
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Figure 4. Adhesive dependence on temperature. There is a clear correlation between damping properties and adhesive energy for all samples, with both
versions of LCE80 are plotted in a), and both versions of LCE10 in b). The crosses represent adhesion force measurements, and the continuous linein a
lighter color shows the tand measurements. The two high-temperature saturation levels of the adhesion force are reproduced in both plots for reference.

3. Effect of Surface Roughness

Two important physical factors are the real contact area between
the probe and sample, and the energy cost of deforming the
surface. Studies!”! have modelled the effect of surface rough-
ness on the adhesion energy by considering both the effect of
contact area, contributing to ¢(»,T) in the places where asperi-
ties touch the probe, and the elastic energy cost of deforming
asperities, which does not depend on the speed of pull-off. Our
experimental results show the overwhelming importance of
viscoelastic effects, with force increasing to over 3 times from
equilibrium, so the constant added value of deformation energy
could be considered negligible.

However, the effect of surface roughness altering the effec-
tive contact area between the probe and sample makes an
important contribution to adhesion strength. Nematic genesis
materials have an increase in surface roughness when heated,
as they change phase from smooth nematic to rough iso-
tropic (and the isotropic genesis has the opposite effect). The

(a) 4¢

¢ LCE10i

§ LCE10n
~——LCE10i rough
L|—— LCE10i smooth

—

F, (N)

importance of this effect to provide a sharp transition in adhe-
sion force is explored here. Experimental results in Figure 5
show the dependence of the adhesion force on vertical load,
giving rise to two important contact regimes which depend on
the applied vertical load, roughness and the material hardness:
the smooth regime where asperities are fully compressed, and
the rough regime where only the tips of asperities contribute to
contact area, as illustrated in sketches (c). The comparison of
data with theoretical curves shows that both soft LCE10s have
similar responses to load, with a crossover to the smooth regime
at a vertical load of around 1 N regardless of their genesis. The
harder LCE80s have a different response: the isotropic-genesis
LCE80i (whose surface is naturally rough at room temperature)
remains in the rough regime up to a limit of vertical load, that
is, its asperities are never fully flattened. The nematic-genesis
LCE80n remains in the smooth regime of adhesion, the brief
appearance of lower adhesion force at very low vertical load
is likely just a reflection of imperfect flatness (see Figure S5:
Supporting Information).

b) 4
(b) § LCESOI
¢ LCE8On E 3
—— LCE80i rough
3 l——LCE80n smooth /

(c)

Figure 5. Adhesive response to increasing vertical load, and the effect of surface topography. a) LCE10 comparison. The two theoretical regimes
accurately model the load response of both LCE10s, with the load crossover around 1 N. The LCE10n has a slightly lower F, at low loads, caused by
the smoother surface. The region to the right of the dotted line gave unexpected results, likely because the glass slide was bending at very high load.
b) LCE80 comparison. The two have very different F, at high load, due to their different topography combined with a higher rigidity. The nematic genesis
quickly enters the smooth regime close to a plateau, due to its larger modulus compared to LCE10. The isotropic genesis remains well modelled by the
rough regime even at high loads. c) Diagram illustrating the smooth regime (left), and the rough regime (right) of contact.
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The best-fitted theoretical curves (using Equations S7 and S9:
Supporting Information arising from the work in refs.[19,25,26])
used an equilibrium surface energy of 21]m™ for LCEI10
and 30 ] m~2 for LCE80, both of which are in the range of the
separately measured energy ¥ of 25] m~2, which was found
by fitting the adhesion force to speed (Equations S1 and S2:
Supporting Information). The difference between samples may
be attributed to the larger real contact area of LCE80 in the
nematic phase, as it was significantly smoother than LCE10.

These results show the important effect of surface roughness
on adhesion strength, where an increased load (and therefore
flattened surface asperities) significantly strengthens the adhe-
sion. This suggests that a nematic genesis LCE will have an
additional drop in adhesion strength when transitioning from
the nematic phase (where their surface is naturally smooth) to
the isotropic phase (where their surface becomes more rough).

4. Conclusion

This work confirms that soft nematic LCEs represent a novel
and promising PSA system, with fine details of the adhesion
process, and the choice of potential applications, depending on
whether they are of nematic or isotropic genesis (i.e. having
smooth or rough surface at room temperature). The compar-
ison with isotropic PDMS in Figure 1d shows that adding the
nematic order to a soft rubber imparts a significantly enhanced
adhesion, and we found the direct correlation between the vis-
coelastic loss factor of the material and the PSA strength. All
of the LCEs lose their added dynamic adhesion on heating
above Ty;. A much better understanding is achieved for the
mechanism of LCE adhesion, with a theoretical description
accounting for the frequency spectrum of tand, and role of
surface roughness flattening under vertical load, both of which
accurately describe experimental data. Here we worked with
thermoset networks, and confirmed that there was no perma-
nent damage to the adhesive layer, which recovers its original
characteristics after annealing, making the LCE a true multiple-
use PSA system.

5. Experimental Section

Materials and Preparation of LCE: For preparation of LCEs, the
methods reported previously were followed,?l with a single-step
crosslinking reaction of thiol-acrylate Michael addition. The diacrylate
monomer, 1,4-bis-[4-(3-acryloyloxypropypropyloxy) benzoyloxy]-2-
methylbenzene (RM257) was purchased from Daken Chemical Co.
The dithiol spacer, 2,2-(ethylenedioxy) diethanethiol (EDDT), and
tetrathiol crosslinker pentaerythritol tetrakis (3-mercaptopropionate)
(PETMP), were purchased from Sigma Aldrich. Triethylamine (TEA,
Sigma Aldrich) was used as the catalyst of the thiol-acrylate Michael-
addition reaction. As the radical scavenger, butylated hydroxytoluene
(BHT, from Sigma Aldrich) was used to suppress the unwanted radical
polymerization reaction between acrylates, (see Figure S1: Supporting
Information). All chemicals were used in their as-received condition
with no purification. At the specific molar ratio of functional groups
corresponding to the 10% or 80% crosslinking density, RM257, EDDT,
PETMP, and BHT (0.5 wt%) were weighed. The Supporting Information
gives a table with precise weight fractions. After each mixture was gently
mixed at an elevated T =90°C for =10 min, TEA was added at 0.8 wt% to
start the Michael-addition reaction between thiol and acrylate groups.

Adv. Funct. Mater. 2021, 2110190
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The mixture was then transferred into a Teflon mold to complete the
polymerization at 90 °C (in isotropic phase) or at 20 °C (in nematic
phase) overnight. In this way the four materials were prepared: LCE10n
and LCE10i for low crosslinking density, and LCE80n and LCE80i for high
crosslinking density.

Adhesion Tests: The adhesion measurements used the home-made
setup shown in Figure 1, which follows the probe-tack test standard
ASTM DA4541, programmed using a LabView software package. Peel
tests were not used for the measurements as these are unsuitable for
LCE materials: in a typical peel test (ASTM D3330) the strip of LCE is
being pulled, which invokes a complicated mechanics of polydomain-
monodomain transition 7] that would totally confuse the peel-force
detection. A spherical probe was used to avoid misalignment between
the sample and the probe. The load and probe were lowered to
compress the sample for a constant adhesion time, and pulled off at
a speed v. The effect of adhesion time on pull-off force plateaued after
about 20 s, so the 40 s adhesion time was used in the investigation
(Figure S2, Supporting Information). The load of 0.5 N was used in all
constant-load tests. The pull-off force was measured with the home-
made instrument using a stepper-motorized stage and an analogue
load cell, reading the digitized data via the National Instruments data
acquisition card. The sample was shifted after each detachment to
avoid reattachment on a deformed surface (see Figure S4, Supporting
Information). Such deformations disappear by heating the sample
to an isotropic phase and re-cooling, showing the reversibility of the
material's adhesion on annealing, which was also confirmed by over
10 heating-cooling cycles. Unusually low F, measurements were
discarded, as these were likely caused by dust accidentally covering the
contact spot. The probe and sample were cleaned with ethanol after each
set of measurements. As different samples had moduli ranging from
1 to 400 MPa, the amount of deformation would vary too widely with a
thick sample, so all materials were prepared with a constant thickness
of 0.2 mm. The speed of v = 0.3 mm s was chosen for fixed-v tests as
this activates enough frequency modes for viscoelastic energy loss to be
significant, and is the interception point for all samples’ speed response
allowing closer comparisons to be made for other studied variables such
as temperature.

Dynamic Mechanical Characterization: The small-amplitude oscillating
measurements were carried out on TA DMA 850 instrument in tensile
mode. The constant-frequency temperature scans were performed
to identify the key phases of the materials (glass, nematic, isotropic
rubber). For this the low frequency of 1 Hz was used to obtain the
storage modulus closer to the expected equilibrium values of the Young
modulus in different phases. The elevated values of the loss factor
indicated enhanced mechanical dissipation across the nematic phase.

The time-temperature superposition was used to produce dynamic
Master Curves of elastomers at a chosen reference temperature. As is
standard in the WLF method,?2%%] frequency scans were carried out in
the available range of 0.01-200 Hz at different temperatures, and then
scaled the frequency by a temperature dependent factor to achieve
the overlapping of consecutive scans. This was successful across the
glass transition (for which the WLF method is designed), however,
crossing the nematic-isotropic transition makes it impossible to overlap
the modulus curves since the overall modulus magnitude changes
(downward) due to the nematic softness, and (upward) due to the
entropic rubber-elastic effect on heating in the isotropic phase. The high-
temperature data un-scaled across the nematic transition was left for the
E'(w) Master Curves. In contrast, the superposition of the loss factor
worked perfectly across the nematic-isotropic transition.[®24

Surface Topography Measurements

Surface scans were carried out on the Bruker Dektak XT using a 2 um
radius stylus, measuring at 0.1 mm s, with the load of 0.1 N.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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