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Abstract: Switchable optical properties are essential for numerous technologies including
communication, anticounterfeiting, camouflage, and imaging/sensing. Typically, the switching is
enabled by applying external stimulation such as UV light for fluorescence detection. In contrast,
ground squirrels utilize spontaneous live infrared emission for fencing off predators as a unique way of
communication. Inspired by this, we demonstrate live evolution of both optical and thermal images for
temporal communication in which time is the encoded information. Our system is based on a digital
light cured polymeric phase change material for which the crystallization kinetics can be controlled in
a pixelated manner. Consequently, live evolution in optical transparency during the crystallization
process enables temporal optical communication. Additionally, by harnessing the dynamic evolution
of the thermal enthalpy, multiple sets of time specific information can be reversibly retrieved as
self-evolving infrared thermal images. The versatility of our dual mode temporal system expands the

scope for secured communication, with potential implications for many other areas.



Being adaptive to the surrounding environment is crucial for animals surviving in the wild. Amongst
numerous examples, cephalopods achieve camouflage via adaptive color switching whereas
chameleons shift colors to express their emotion'?. Inspired by these biological systems, many
artificial materials capable of switching optical properties have been invented. Their underlying
mechanisms are diverse, including notably photo-luminescence®®, photonic crystals’”,and
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thermo-/electro-/mechano-chromism'®"°. This has led to many technological innovations such as

1-12 "and smart windows'4-15.

biomedical sensing/imaging*?, anticounterfeiting?, displays
While humans and most animals are mostly sensitive to optical changes, some creatures such as
mosquitos and vampire bats rely on infrared emission for seeing in the dark'®!?. Infrared emission is
strongly associated with temperature and its detection/manipulation is uniquely important for
medical sensing and camouflage. For instance, infrared based thermography allows quick detection
of fever. For camouflage, the goal is to conceal the infrared emission'®!?. Active manipulation of
infrared patterns is possible?” but self-evolving pattern switching is not known. Intriguingly, certain
animals utilize infrared emission as an active mechanism for communication. Specifically,
rattlesnakes rely on their infrared sensitive pit organs for detecting preys in the dark®!. To threaten off
rattlesnakes, ground squirrels emit strong and deceptive infrared tail flagging signals by increasing
blood flow to the tails?2. Inspired by the active thermoregulation of ground squirrels and the intended
functions, we report hereafter our effort in designing a digitally programmable polymeric phase
change material as a self-evolving communication platform. Its most notable feature is that it allows
writing multiple temporal thermal information that can only be retrieved at specific time domains

encoded into the material system. In addition, since the polymeric phase change material operates via

melt/crystallization, the associated change in optical transparency simultaneously permits temporal



optical communication. We show that the dual modes (thermal and optical) work in a synergetic way

to not only broaden the working conditions but also enhance the level of security.

Main text

Our system/device is created by photo-curing of a preheated liquid precursor (70 °C) consisting of a
crystallizable monomer (stearyl acrylate), a crosslinker (1,6-hexanediol diacrylate), and a
photo-initiator (Fig. 1a). A commercial projector generates a digital light pattern to trigger the curing
reaction”>. The digital light exposure allows spatio-temporal control of the polymer network
formation, with notable simplicity and versatility beyond other methods that can program polymers
in a pixelated manner?*?%. Here, longer light exposure (region 1 in Fig. 1b) results in a higher
crosslink density with less unreacted crystallizable monomer. In contrast, region 2 in Fig. 1b receives
shorter light exposure, leading to a network with lower crosslink density with more unreacted
crystallizable monomer. Upon cooling after the curing, the two regions should show distinctive
crystallization behaviors due to their different network structures. In the time evolution of the
cooling induced crystallization process, one possible scenario is that region 1 crystallizes first since
the higher crosslinking may result in a high crystallization temperature due to the more established
network. Upon further cooling to the full/equilibrium crystallization states, the situation reverses.
The region 2 should reach a higher equilibrium crystallinity due to the less constraint in the
molecular mobility in a lower crosslinked network. The different trends in the crystallization order
and equilibrium crystallinity should lead to corresponding change in optical transmission since the
crystallized regions would block light transmission.

Figure lc confirms the above hypotheses. A thin film sample produced with a cup-shaped light



pattern appears transparent in its melt states at 70 °C. Upon cooling (to 20 °C unless otherwise
noted), the regions corresponding to a longer light exposure of 16 s becomes opaque first. Upon
further cooling, the regions corresponding to a shorter light exposure of 8 s appear more opaque at
the equilibrium crystallization state. The overall result is that the “cup” shape evolves with time into
a “face” shape, as captured in Supplementary Movie S1. To reflect the versatility of our fabrication
process, a checkerboard pattern can be created following an identical fabrication process except the
digital file. This pattern also shows similar time evolving optical changes. The optical evolution is
fully reversible by simply heating the devices back to the melt states at 70 °C. This reversibility is
applicable to all the other demonstrations shown hereafter.

For quantitative understanding of the above phenomena, we fabricate several films with various light
curing times labelled as PSA-X with “X” being the curing time in seconds. Fig. S1 shows the curing
kinetics and Fig. S2 confirms that the gel content increases with time. Fig. 2a shows the time
evolution of their visible light transmittance upon cooling. The comparison between PSA-16 and
PSA-8 clearly shows that the light transmission of the former reduces at a faster pace, but reaches an
equilibrium value higher than that of the latter, consistent with the observations in Fig. 1c. This trend
is also applicable to PSA-24. For PSA-48, its transmission descends much slower than other samples
before reaching a high plateau value around 85%. This suggests its poor tendency toward
crystallization as a result of excessive crosslinking.

Figure 2b illustrates the enthalpy evolution during the cooling induced crystallization. The unreacted
stearyl acrylate monomer has a main exothermal peak at 27 °C. Two small peaks at 10 and 37 °C are
also present due to its polymorphic nature?’. By comparison, PSA-8 shows a broader exothermic

peak at a slightly higher temperature. For the samples of longer curing times, the crystallization



temperature gradually increases whereas the corresponding enthalpy (peak area) follows an opposite
trend. This suggests lower crystallinity as the result of longer curing, consistent with the XRD results
in Fig. 2c¢ which shows that the diffraction peak broadens with the curing time.

Figure 2d illustrates the equilibrium optical contrast corresponding to various curing time
combinations denoted as PSA-X/Y with X and Y being the two curing times. Herein, a fixed curing
time of 8 s is used in the opaque regions (the zebras) whereas the background curing time is varied.
Compared to PSA-8/16, PSA-8/24 offers a much higher contrast due to the increased background
transmission, consistent with Fig. 2a. Although Fig. 2a suggests further increase the background
curing time to 48 s should lead to an even better contrast, the reality is the opposite with the image of
PSA-8/48 appearing severely blurred. We believe this is because an excessively long curing time of
48 s causes radical diffusion outside the irradiated regions. Guided by the above results, a series of
images of high contrast are obtained (Fig. 2e) using the PSA-8/24 combination. We note that the
spatial resolution of our system is around 150 pm (Fig. S3), limited largely by the light resolution of
the projector which is 100 um.

The above results set the stage for making programmable time-encrypted devices. Fig. 3a shows two
quick response (QR) codes based on PSA-8/24 and PSA-8/12 combinations, respectively. The
encoded information is not readable in their transparent melt states. Upon cooling, the PSA-8/24
device becomes scannable at time domains beyond 300 s when the system shows sufficient contrast
as the regions approaching full crystallization. By comparison, the information hidden in PSA-8/12
is only retrievable between 100-150 s beyond which the required contrast is lost, which is captured in
Supplementary Movie S2. To take this one step further, a temporal QR code film is overlaid on a

regular QR code as the background. At the melted state, only the background QR code is scannable



(left figure in Fig. 3B). Upon cooling to 200 s, the overlaying of the two QR codes is such that the
device is no longer readable. Upon further cooling to 600 s, the foreground temporal QR code
becomes dominant and a new information becomes accessible by scanning. Overall, Fig. 3a and Fig.
3b show that temporal optical information can be encoded for additional security beyond regular QR
devices.

We next explore the exothermic nature of the crystallization for infrared based temporal
communication. Fig. 3c illustrates that an optically readable pattern is invisible under infrared. It
remains infrared unreadable upon heating to its melted state. However, upon cooling at 25 °C, the
information becomes readable at 20 s (note: time counting starts from 40 °C). Upon further cooling,
the infrared contrast gradually disappears and the information is lost. This intriguing temporal
evolution is captured in Movie S3. The above phenomenon arises from the phase change nature of
the networks in which the programmable exothermic crystallization in the selected regions
temporarily delay the temperature change. Fig. 3d illustrates that an optical pattern becomes
undetectable when combined with a complex optical background. Utilizing the phase change
principle, however, this pattern can be retrieved as an infrared signal by heating and subsequent
cooling, again only at a specific time domain. The comparison of the same device under visible light
and infrared camera is shown in Movie S4.

More complex manipulation of temporal infrared information is feasible by employing more than
two curing times on a particular set of pattern. Using the combination of three curing times, an
optical pattern of a night-blooming epiphyllum is created (Fig. 4a). The dynamic evolution of the
infrared pattern upon cooling is captured in Fig. 4a, showing its emergence and disappearance over

time. In particular, while the epiphyllum is fully visible at 10 s and 20 s, their infrared contrast



appears distinctively different. The two sets of central petals are clearly distinguishable at 10 s
whereas their contrast is lost at 20 s (see Supplementary Movie SS5). Taking this concept further, a
snake-squirrel combination pattern is fabricated, with both images optically visible (Fig. 4b). Upon
melting and subsequent cooling, both the snake and squirrel emerge at 10 s as infrared images. At 40
s, the snake disappears whereas the squirrel remains present, mimicking a scenario in which a ground
squirrel scares away a rattlesnake. Both creatures vanish eventually, but the entire evolution cycle

can be repeated by heating and cooling.

Discussion

In summary, this work demonstrates the use of digital light curing of a phase change material for
programming temporal information. The simplicity in materials and fabrication process is favorable
for potential commercial implementation. The use of time as a live dimension increases the amount
of stored information and the level of security. The dual operating modes (optical and thermal)
further extend the versatility and the temporal information can be naturally monitored without
requiring any sophisticated equipment. While this work focuses on temporal communication, we

believe that the unexpected benefits illustrated here can inspire advances in many other areas.

Methods

Materials: Stearyl acrylate and 1,6-hexanediol diacrylate were purchased from J&K scientific
corporation. Irgacure 819 was obtained from TCL Prior to their use, the inhibitor in the monomer and
crosslinker was removed using an inhibitor remover from Sigma-Aldrich.

Digital light printing: Irgacure 819, 1,6-hexanediol diacrylate, and stearyl acrylate were mixed at a



weight ratio of 1:10:100 and the mixture was vigorously stirred at 70 °C to make a homogenous
solution. Digital pattern model files in a stl format were produced using AutoCAD. The light curing
reaction cell consisted of two glass slides separated by a silicone spacer (0.5 mm thick). The
preheated liquid curing precursor was injected into the reaction cell and a commercial projector
(DELL 1609WX) was used for the digital curing.

Measurement of curing kinetics and gel contents: Double bond conversion was measured by a
Nicolet 5700 FT-IR spectrometer (Madison, WI) in the Attenuated Total Reflection mode. The
conversion was calculated by the decrease of the acrylate characteristic band at 810 cm-1. Films with
various curing times were weighed and immersed in n-hexane for 24 hours, then dried in 70 °C oven
for 12 hours. Gel contents were calculated as the weight ratios between the dried samples and the
original samples.

Material characterization: The light transmission was measured using a handheld transmission
meter (model) manufactured by 3M corporation. Differential scanning calorimetry measurements
were conducted using a TA Q200 instrument under nitrogen atmosphere and the cooling rate was
1 °C/min. X-Ray diffraction experiments were carried out with a Bruker D8 Advance instrument
using Ni-filtered Cu Ka radiation (A = 0.154 nm) and the scanning rate was set as 8°/min. The
real-time infrared pattern evolution was recorded by a Fotric 237 thermometer with video-capturing

capability.

Data availability
The data that support the findings of this study are available from the corresponding

author on reasonable request.
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using PSA-8/24. c. Temporal infrared evolution using PSA-8/30. d. Temporal infrared detection of an
optical hidden information using PSA-12/30. All scale bars are 1 cm.
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