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A Printable Optical Time-Temperature Integrator Based
on Shape Memory in a Chiral Nematic Polymer Network

Dylan J. D. Davies, Antonio R. Vaccaro, Stephen M. Morris, Nicole Herzer,
Albertus P. H. J. Schenning,* and Cees W. M. Bastiaansen*

An optical and irreversible temperature sensor (e.g., a time-temperature inte-
grator) is reported based on a mechanically embossed chiral-nematic polymer
network. The polymer consists of a chemical and a physical (hydrogen-
bonded) network and has a reflection band in the visible wavelength range.
The sensors are produced by mechanical embossing at elevated tempera-
tures. A relative large compressive deformation (up to 10%) is obtained
inducing a shift to shorter wavelength of the reflection band (>30 nm). After
embossing, a temperature sensor is obtained that exhibits an irreversible
optical response. A permanent color shift to longer wavelengths (red) is
observed upon heating of the polymer material to temperatures above the
glass transition temperature. It is illustrated that the observed permanent
color shift is related to shape memory in the polymer material. The films can
be printed on a foil, thus showing that these sensors are potentially inter-
esting as time-temperature integrators for applications in food and pharma-

ceutical products.

1. Introduction

In the past, a variety of optical temperature sensors based on
liquid crystalline materials were proposed. Typically, low molar
weight non-reactive liquid crystals were employed and an optical
effect was generated via a change in birefringence or reflection
band.'3 Such sensors are often liquid-like (e.g., nematic) and
behave as real-time sensors. However, a need persists for pol-
ymer based optical sensors that exhibit an irreversible response
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to temperature and/or analytes. The poly-
meric character of such a sensor would
greatly simplify processing because, for
instance, complex encapsulation proce-
dures can be omitted. More importantly,
an irreversible temperature sensor could
be particularly useful in applications such
as food or pharmaceutical products.**!

Chiral nematic liquid crystalline (also
called cholesteric liquid crystalline (CLC))
polymer networks based on crosslinked,
reactive mesogens have been extensively
investigated for the constructing of battery-
free optical sensors.! In these systems, a
chiral dopant is added to a nematic, reac-
tive mesogen which induces a helical
structure in the monomer mixture. The
helical structure results in the reflection
of circularly polarized light in the visible
wavelength range which is directly related
to the pitch of the helix.”! The reflection
band of the liquid crystalline monomer mixture is fixated in
the polymer network,® and the change of the reflection band
is due to swelling/shrinkage and/or loss of molecular order in
the polymer film. In nearly all these cases, the optical response
is reversible. Only recently we have reported on a CLC polymer
salt saturated with water that could potentially act as a time-
temperature integrator. However, contact with water should be
avoided since the color changes in the film were reversible.l°f]
The optical reversible response can be a limiting factor in spe-
cific applications. For instance, pharmaceutical and food prod-
ucts often have to be stored below a certain threshold tempera-
ture and sensors are required which permanently record tem-
peratures above this threshold.!*1%

Here, a new irreversible temperature, optical sensor is
reported which is based on shape memory of a mechani-
cally embossed chiral nematic polymer network consisting of
hydrogen bonded mesogens (Figure 1,2).'1-1%] The strong cova-
lent bonds of the chemical polymer network are able to provide
shape memory.l'1”] Shape memory polymers have recently
attracted a lot of interest and are capable to return from a tem-
porary deformed state to their original, permanent shape by
an external stimulus, such as temperature change.'® A large
mechanical response, which is required for a large visible color
change, is ensured by the supramolecular hydrogen bonded
network.l'-2!] The deformation and color only goes back to its
original state after heating the polymer above the glass transi-
tion temperature (Ig).
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the H-bonding mesogens. C6BP is added to
decrease the crystalline-nematic phase transi-
tion. Polymer films with a thickness of 5 to
7 um were obtained by bar-coating the CLC
mixture in THF (1:1) onto a polyimide coated

p—— = 1 rubbed glass substrate. Infrared (IR) spectros-
—-?-_ 1 >Tq -- copy measurement revealed that photopolym-
- T @ Q e erization followed by thermal curing led to full
—es— = acrylate conversion (Supporting Information)

Figure 1. a) Fabrication ofthe irreversible temperature optical sensor by mechanical embossing.
A CLC layer is embossed above the glass transition temperature (T;) and cooled down below T,
to fixate compressive deformation together with the blue shift caused by reduction of the helical
pitch. b) Sensing principle of the embossed CLC-layer. The embossed area is preserved below

T, and a permanent red shift is obtained above T,

2. Results and Discussion

The chiral nematic hydrogen bonded liquid crystal polymer
network films were prepared as described previously.f] The
CLC mixture contains both chemically (polymerizable acrylate
groups) and physically (carboxylic acid groups which form
hydrogen bonded dimers) crosslinkable groups (Figure 2a). The
reactive mesogens C6M and LC756 act as chemical crosslinker
and chiral dopant, respectively, while 60BA and 60BA-M are

a.  Lcrse

and a polymeric film with a narrow selective
reflection band (SRB) at =600 nm was obtained
(Figure 2b,c and Supporting Information).

Thermal and thermomechanical studies
were performed using free-standing 50 um
thick polymerized CLC films, produced by
capillary filling of glass cells. Differential
scanning calorimetry (DSC) showed a glass transition between
40 °Cand 60 °C (Supporting Information). Dynamic mechan-
ical thermoanalysis (DMTA; Figure 3) revealed that the elastic
modulus of the material drops from approximately 1 GPa in the
glassy phase to less than 50 MPa in the rubbery phase between
40 °Cand 60 °C, and that T, = 50 °C.

The hydrogen bonded network is hardly affected by heating
up to 60 °C, as revealed by IR spectroscopy monitoring the

BHT
ﬂ\&k

60BA

Irgacure 369
O

e

H

60BA-M

100
b.

< 75

=

]

8 50 -

IS

(%]

g

= 25 4
0 T T T
400 500 600 700

Wavelength | nm

Figure 2. The CLC polymeric network. a) Chemical composition of the reactive mesogenic mixture: 60BA, 21.9 wt%; 60BA-M, 21.9 wt%,; LC756,
4.5 wt%; C6BP, 38 wt%; C6M, 13 wt%,; photoinitiator (Irgacure 369), 0.6 wt%; and 0.1 wt% of inhibitor (BHT, 3,5-di-t-butyl-4-hydroxytolueen). b) The
reflection band of the polymer cholesteric network, measured with circularly polarized light. c) A photograph of the bar-coated polymer film showing

an orange reflection.
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Figure 3. DMTA analysis of the polymer CLC network.

asymmetric carbonyl vibration manifested by hydrogen bonded
carboxylic acid groups (Supporting Information). Upon heating
above 60 °C, a gradual weakening of hydrogen bonded network
strength is observed. It is also shown that residual hydrogen
bonded carboxylic acid groups are present even at 180 °C.

The CLC films are mechanically embossed above T, (60 °C)
using a rigid sphere as a stamp (r = 8 mm).?2 Typically, a
static load of 2.5 kg was used. After embossing at elevated
temperatures, the film was slowly cooled to room temperature
and the metal sphere was removed (Figure 1a). The mechanical
embossing creates a spherical indentation that exhibits a color
shift from orange to green, that can be observed by the naked
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eye and by optical microscopy (Figure 4a—c). The embossed
regions had a radius between 0.2 and 0.25 mm. Interferometry
measurements showed that the maximal indentation found in
the center of the indentation is 5-10% (Supporting Informa-
tion). As indicated by IR spectroscopy, the mechanical defor-
mation was accompanied by higher average distance between
hydrogen bonding units due to mechanical deformation and
subsequent network fixation (Supporting Information). Most
importantly, local transmission spectroscopic measurements
showed that the reflection band is shifting to lower wavelengths
by AA = 30 nm (Figure 4d). This blue shift is roughly five per-
cent (AA/A = 0.05), which is of the same order of magnitude as
the indentation. As expected compressive mechanical deforma-
tion largely translates into a decrease of the pitch. The reflec-
tion band is broadened and decreases in intensity, indicating
loss of the cholesteric order and/or a non-linear deformation
of the pitch across the sample thickness.??! Interestingly, these
mechanically embossed films can be stored at room tempera-
ture without a change of the green reflection color.

After mechanical embossing, an optical sensor is obtained
which exhibits a red shift upon heating above the glass transi-
tion temperature of the polymer. In fact, the embossed areas
return to their original color, reflection wavelength, as well as
original spectral width, indicating restoration of the original
cholesteric pitch and the original cholesteric order (Figure 4).
In addition, interferometry showed that upon heating above T,
the indentation of the embossed spherical spot flattens and a
smooth film is obtained (Supporting Information). Therefore,
this irreversible optical sensing of heat is attributed to a shape
memory effect.

100um t FE % : 100pm

—non-embossed film
—embossed film

—embossed film after heating to 60°C
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Figure 4. CLC films embossed at 60 °C with 2.5 kg load. Microscopy images recorded in reflection mode at room temperature show a) the non-
embossed film, b) the embossed film, and c) the embossed film after heating to 60 °C. d) Local transmission spectra recorded at room temperature
using unpolarized light.
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Figure 5. Time dependent sensor response at different temperatures. At
t=0s, the sensor had reached the temperature set point, 4, is the wave-
length of the SRB after heating the sample to 60 °C leading to recovery
of the original SRB band.

The capability of mechanically embossed CLC films to act
as irreversible optical temperature sensors depends on the
embossing conditions. Less load resulted in smaller indenta-
tion and less pronounced color shift, while loads being exces-
sively higher than 2.5 kg led to fracture phenomena in the CLC
film or fracture of the glass substrate. Embossing tempera-
tures exceeding 70 °C resulted in indentations well over 10%.
However, such highly deformed material was not capable of
returning to the original shape (Supporting Information).

The kinetics of the optical sensor at temperatures near
the glass transition temperature were evaluated by following
the local reflection band (4,) over time under isothermal con-
ditions. While the sensor is stable in the glassy state, a clear
time- and temperature-integrating behavior could be demon-
strated between 40 and 55 °C with small temperature changes
inducing a large effect on the response rate (Figure 5). Full
recovery within less than a minute was found above 50 °C, pre-
sumably due to a high degree of chain mobility. Below 50 °C,
the embossed films were not fully shifted to the original color
after 10 min, which correlated well with the interferometric pro-
file of a sensor heated to 45 °C indicating partial shape recovery
(Supporting Information). This kinetic behavior reveals, that a
time-temperature (t-T) integrator has been constructed with a
well-defined threshold temperature.

The manufacturing of low cost sensors is potentially facili-
tated if printing procedures can be introduced in combination
with flexible substrates and roll-to-roll processing. Therefore,
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square patterned CLC layers were deposited on a rubbed, flex-
ible substrate, cellulose triacetate (TAC), using inkjet printing
(see Experimental Section). As ink formulation, the CLC
mixture was dissolved in THF. Droplet spacing was tuned to
achieve homogeneous layers with a thickness of 4 to 5 pm
(Figure 6a). Optical microscopy images of the photopolymer-
ized printed CLC patterns exhibited an oily streak texture and
a narrow reflection band is observed in UV-vis spectra (Sup-
porting Information) indicating a good planar alignment of the
polymer film. Upon mechanical embossing, a spherical inden-
tation is obtained with a radius of 0.35 mm, accounting for a
doubled indentation area compared to embossed CLC films on
glass. This increase is attributed to the deformation of the flex-
ible TAC foil (Supporting Information). The color of the spher-
ical indentation in the printed CLC is shifted to the blue and
shows a fast and irreversible red shift when the film is heated
above glass transition temperature of the polymer network
(Figure 6b). These results show that printable t-T integrators
can be made based on mechanical embossing.

3. Conclusions

A printable optical time-temperature integrator based on shape
memory of a mechanically embossed CLC polymer network
has been constructed. The sensor is capable of returning from
a pitch reduction caused by shape deformation back to the orig-
inal state as a function of time and temperature, which causes
a visible color shift. This threshold is related to the glass transi-
tion temperature of the polymer network and, as such, it may
be tunable by using other CLC mixtures. As the response of
our sensor is highly interesting for time temperature devices
labeling products with strict requirements on staying below a
certain temperature during its entire lifetime, our concept is
applicable in food packaging and medical industry. CLC layers
printed on flexible foil maintain their optical sensing capability,
proving the feasibility of using this system for industrial mass
production based on reel-to-reel processing, which includes a
whole range of device design possibilities like using patterns or
assembling sensor arrays with different glass temperatures or
sensing functionalities.

4. Experimental Section

Materials: C6M and C6BP were kindly provided by Merck, other
materials were purchased from BASF (chiral dopant LC756), and
Synthon (60BA and 60BA-M). The reactive components are mixed with

Y

SRy

Figure 6. Inkjet printed CLC polymer film. a) Photographic image with black background. b) Microscopy images recorded in reflection mode at room
temperature of a sample embossed at 60 °C with 2.5 kg load and subsequently heated to 60 °C.
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0.1 wt% of inhibitor (BHT, 3,5-di-t-butyl-4-hydroxytolueen, Aldrich) and
0.6 wt% photoinitiator (Irgacure 369, Ciba).

Barcoated Films: Square 30 mm x 30 mm glass pieces were used
as substrate. After cleaning with ethanol, ultrasonic bath (Branson
2510) and UV-Ozone photoreactor (Ultraviolet PR-100) treatment, the
substrates are spincoated with polyimide (JSR grade AL24101), dried on
a hot plate at 80 °C, and baked at 190 °C for 90 min. For inducing planar
alighment, coated slides were rubbed on velvet cloth. The CLC mixture
in THF (1:1) is bar-coated onto the slide at a coater temperature set
point of 55 °C. The sample was placed on a hot plate of 80 °C for 5 min
to evaporate remaining THF. The curing is executed by illumination
with a high intensity EXFO lamp for 100 s under nitrogen atmosphere.
This is followed by an additional post curing step of 3 h at 130 °C under
nitrogen atmosphere.

Preparation of Thick Samples: The solvent free CLC mixture was heated
to 80 °C and placed inside planar cells by capillary filling. Cells consisted
of two polyimide-coated, velvet cloth rubbed glass sheets (antiparallel
alignment), glued together using 50 um thick spacers. Curing and post
curing was done in a similar manner as the bar-coated films.

Inkjet Printing: Inkjet printing experiments on flexible substrate were
performed on a Fuji Dimatix printer (DMP-2800) using 10 pL droplet
size cartridges. As ink, CLC mixture in THF (1:1) was used. As substrate,
TAC foil with thickness of 50 um was used. To induce planar alignment,
the TAC foil was rubbed prior to printing using a velvet cloth. As print
patterns, 10 X 10 mm? squares were set with a droplet spacing of 30 um.
During printing the TAC foil was fixed on the printer table by air suction
and heated to 53 °C. Deposited layers turned from scattering white to
transparent orange within a few minutes. To account for more effective
heat transfer through thin TAC foil than through thick glass slides, a
lower temperature set-point was chosen during curing by illumination
(53 °C). Apart from that, curing and post curing were done in a similar
manner as the barcoated films. TAC foil maintained its shape integrity
during these thermal curing conditions.

Thermal and Thermomechanical Characterization: A TA Instruments
DSC Q1000 calorimeter was used to record DSC of thick samples. A
TA Instruments DMA Q800 rheometer was used for DMTA analysis.
Storage moduli, Loss moduli, and Tan Delta were derived from the
strain response to oscillatory tensile stress (heating rate: 10 °C/min).
For approximation of T, the onset of tan delta and the storage modulus,
as well as the loss modulus was considered.

Mechanical Embossing: A Daca Tribotrack mechanical press was used,
consisting of a temperature-controlled static table and temperature-
controlled mobile stamp with a rigid sphere (r = 8 mm) attached to it.
PDMS rubber was placed between sample and static table. To ensure
conditions comparable to bar-coated glass slides, an additional glass
slide was placed between TAC foil-based samples and PDMS rubber. At
Tembossing (>Tg) the sphere was pressed into the sample by putting a load
on top of the stamp. The load was removed when the setup was cooled
to room temperature.

Microscopy: A Leica CTR 6000 optical microscope was used in bright
field reflection mode to monitor color shifts; in crossed polarizer
transmission mode to verify planar alignment of CLC films; and in
differential interference contrast (DIC) mode to visualize height profiles
on blank TAC foil.

UV-Vis Spectroscopy: Determining of the global SRB position of original
CLC films was done in a Shimadzu UV 3102 PC Spectroscope with
circularly polarized light. Local transmission spectra on embossed areas
were recorded with an Olympus BH-2 polarizing optical microscope
with a resolution of 1.3 nm coupled to an Ocean Optics USB2000
Spectrometer. The light input was unpolarized.

Temperature Control: A Linkam Black TMS92 hot stage was used
to control the temperature of the model system when studying the
temperature dependent UV-spectra of the original film and when studying
the time-temperature dependency of the height profile and the UV-Vis
spectrum of the embossed area. For monitoring the heat response of
TAC foil samples, a hot plate was used. To ensure reproducible heat
transfer conditions despite their conical deformation after mechanical
embossing, TAC foil was covered with a pre-heated glass slide.
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