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Abstract

Camouflage is critically important because it improves the survival ability of animals when
facing predators'. Some organisms (€.g., chameleon, octopus) with an active camouflage ability
exhibit a changeable appearance with switching of environments®*. However, manmade active
camouflage systems heavily rely on the integration of electronic devices, which encounters
problems such as a complex structure, poor usability, and high cost>”’. In the current work, we
report active camouflage as an intrinsic function of materials by proposing self-adaptive
photochromism (SAP). The SAP materials were fabricated using donor-acceptor Stenhouse
adducts (DASAs) as the negative photochromic phases and organic dyes as the fixed phases.
Incident light with a specific wavelength induces linear-to-cyclic isomerization of DASAs, which
generates an absorption gap at the wavelength and accordingly switches the color. The SAP
materials are in the primary black state in the dark and spontaneously switch to another color upon
triggering by transmitted and reflected light in the background. SAP films and coatings were
fabricated by incorporating polycaprolactone and are applicable to a wide variety of surfaces. Our
work reports SAP as a distinct intrinsic property of materials, guiding the development of source-

free active camouflage and anticounterfeiting technology.
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Fig. 1| Design of SAP materials. a, Creatures with active camouflage (generated by Midjourney). b, Schematic illustration of the
mechanism of SAP. ¢, General chemical structure and isomerization between linear and cyclic DASAs. d, Normalized UV—vis
absorption spectra of the color-contributing units in fixed and negative photochromic phases (0.1 g/mL PCL in THF/DCM, 1:9
v/v). e Relative color of DASAs under light irradiation with different wavelengths and distances.

Camouflage is a common and important trait of animals, including disruptive coloration®
(Commerson's frogfish), self-decoration’ (decorator crabs), mimesis'® (flower mantis), distraction'!
(peacock butterfly), and active camouflage** (chameleon, octopus). Among them, active camouflage is
attractive because the appearance could be altered to match the background, making the organisms difficult
to recognize in different environments. This camouflage skill could be achieved by manmade systems
through a sequential operation of recognize, process, stimulate, and change (Fig. 1a). The color of the

environment is first recognized by a camera and then transformed into digital signals, which control stimuli

https://doi.org/10.26434/chemrxiv-2024-x9t38 ORCID: https://orcid.org/0000-0001-6794-5226 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-x9t38
https://orcid.org/0000-0001-6794-5226
https://creativecommons.org/licenses/by-nc-nd/4.0/

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

(e.g., heat, electricity) to induce color switching of materials®’. However, the systems heavily rely on the
integration of electronic devices, which brings problems such as a complex structure, poor usability, and

high cost.

One strategy is to make active camouflage an intrinsic function of materials. We propose self-adaptive
photochromism (SAP), where the color of materials could be directly switched to and maintained the same
as that of incident light. The design of SAP materials follows the theory of complementary colors'?. The
material exhibits an even absorption band in the entire visible light region, corresponding to black, in the
dark (Fig. 1b). After exposure to light irradiation with a specific wavelength, the absorbance at this
wavelength decreases, generating a gap in the absorption spectrum (Fig. 1b). This further switches the color
of the SAP materials to match that of the incident light. To realize SAP, photoswitches (photochromic
molecules) are needed that meet the following requirements: (1) exhibit a visible-light-induced colored-to-
colorless transition (negative photochromism) and a thermal-dominated colorless-to-colored transition and

(2) show a narrow and tunable absorption band in the visible light region.

Donor-acceptor Stenhouse adducts (DASAs) are selected as the photoswitches, which exhibit linear-
to-cyclic isomerization under triggering by visible light, while the reverse cyclic-to-linear isomerization is
thermally induced'*'* (Fig. 1c). The cyclic isomer could be either zwitterionic or nonzwitterionic based on
the chemical structure of electron-donating moieties'>!”. The absorption spectra could be shifted by varying
the electron-donating and electron-withdrawing moieties'*'®!°. For the construction of SAP materials,
DASAs termed D1%° (Absux=556 nm), D2 (Abspa=590 nm), D3 (Absmx=614 nm), and D4*!
(Absmax=045 nm) were synthesized and used as the negative photochromic phases (Fig. 1d and Extended
data Fig. 1). Because of the push-pull nature of DASAs, blueshifting of the absorption spectra encounters
obstacles and thus does not cover the entire visible light region'®. Thus, organic dyes (F1-F4)"*** with
absorption bands between ~300 nm and ~550 nm were used as the fixed phases (Fig. 1d and Extended

data Fig. 1). Notably, the fixed phases do not show photochromism.
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All the DASAs exhibit a sharply decreased absorption band in the visible light region with the linear-
to-cyclic isomerization, which results in colored-to-colorless switching (Extended data Fig. 2c-f). The
reverse Cyclic-to-linear isomerization spontaneously occurs in the dark®. Typically, D4, as the third
generation of DASAs, shows fast thermal relaxation, which induces an increase in the absorbance band
during the scanning of spectra'® (Extended data Fig. 2f). DASAs are in an equilibrium state
(photostationary state) between linear and cyclic under light irradiation, and the linear content closely
interrelated with the light conditions (i.e., wavelength, intensity) determines the color of SAP materials.
Light-emitting diodes (LEDs) with emission wavelengths of 520 nm (green), 590 nm (yellow), 620 nm
(orange) and 660 nm (red) were selected to switch the color of the SAP materials. The dynamics of the
photoisomerization of DASAs under LED triggering were investigated to determine the linear content at
equilibrium. The intensity of the irradiation was adjusted by controlling the distance between the LEDs and
samples, ranging between 5 and 200 cm (Extended data Fig. 3a). With increasing distance, the intensity

of the light irradiation monotonically decreases (Extended data Fig. 3b and Supplementary Table 1).

DASA solutions in a mixture of tetrahydrofuran (THF), dichloromethane (DCM) and
polycaprolactone (PCL) were used. The linear-to-cyclic isomerization of all the DASAs follows first-order
kinetics, and the linear content at equilibrium (Le) could be obtained by fitting through the following

equation'>** (Extended data Fig. 3b and Supplementary Table 4-32).

(%)
L=L,+L;Xe' to €y
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Fig. 2| Optimization of SAP materials. a, Simulated UV—vis absorption (left) and transmission (right) spectra of SAP solutions
with various combinations. b, Modified CIE 1931 a* b* values of SAP solutions. ¢, Calculated lightness (L*, colored solid) and
deviation (SQRT(a*?+b*?), diagonal filled) values of the A4 solutions with initial absorbance between 0.5 and 50; the inset shows
photographic images of A4 solutions with the initial absorbance of 0.5, 2 and 6. d, Accuracy of the color (A) of A4 solutions under
light irradiation with various conditions (wavelength and distance).

In the first-order kinetics, L and to represent the linear content (%) at irradiation time t and
the fitted time to reach equilibrium, respectively. The fitted linear content at equilibrium for the
DASAs under light irradiation with various wavelengths and intensities is shown in Extended
data Fig. 3b and Supplementary Table 32. To make the tendency visual, the data of the linear
content were transformed into color information and are summarized in Fig. 1e. With decreasing
distance between the LEDs and samples, the linear content exhibits a monotonic decrease for all
the DASAs (Extended data Fig. 3b). This results in the colorless appearance of DASAs (Fig. 1e).

The matching between the absorbance spectra of DASAs and emission spectra of LEDs is critically
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important for the promotion of photoisomerization. When the DASAs are irradiated by green light
(distance<75 cm), D1, D2 and D3 exhibit a cyclic-rich equilibrium state (linear content<10%); in
contrast, most of D4 is in the linear form (Extended data Fig. 3b). Redshifting of the light
increases the linear content of D1 and enriches the cyclic isomer of D4. However, D2 and D3 are
mostly in the colorless cyclic form (linear content<30%) under light irradiation between 520 and
660 nm (Fig. le and Extended data Fig. 3b). These results might be attributed to the
thermodynamically stable cyclic isomers of D2 and D3'>**+2°, Therefore, D1 and D4 could be
tuned over a wide range of lightness of color by controlling the wavelength and intensity of light,

which contributes to the diversity of color for the SAP materials.

For the construction of SAP materials, the constituents of the negative photochromic phases
and fixed phases were optimized. The selection, ratio and concentration of the organic dyes (F1-
F4) and DASAs (D1-D4) were considered. We propose two general strategies to construct the SAP
materials: (1) A, short for average, represents that all the color-contributing units show the same
peak value of the absorbance spectra; (2) R, short for ratio, represents that the ratio between the
color-contributing units is controlled to keep the accumulated absorbance spectra as flat as possible.
The compositions of the SAP materials include A2 (F4+D4), A4 (F1+F3+D1+D4), A6 and R6

(F1+F2+F3+D1+D2+D4), A8 and R8.

The absorbance spectra of the SAP materials were obtained through the accumulation of each

color-contributing unit using the following equation®’ (Fig. 2a).
A = agpy + bepy + cepz + depy + eepy + fepy + geps + hepy (2)

The factors (a, b, c...) represent the contents (uM) of color-contributing units, and &y (uM™)

represents the molar absorption coefficient obtained through the standard curve method?®
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(Supplementary Fig. 9 and Supplementary Table 2). The composition of each SAP material is
shown in Supplementary Table 33. The cumulative absorbance spectra were transformed into
transmittance through T = 104 (Fig. 2a). With increasing number of color-contributing units,
the SAP materials gradually exhibit even and quasi-full absorbance and transmittance bands in the

visible light region.

A modified CIE 1931 color space?® with a* b* coordinates was obtained through the
transmittance spectra to quantitatively determine the color*® (Fig. 2b and Supplementary Table
34). All the SAP materials show a greenish pristine color in the dark. R6 (-34.0, 8.3) is located
outside the diagram due to the large absorption gap at approximately 460-520 nm (Fig. 2a and
2b). Among them, A4 (-4.4,4.6) and R8 (-3.1, 4.3) are close to the center of the diagram, indicating
that the pristine color of these composites is sufficiently black, meeting the design of SAP materials.
Interestingly, quasi-full absorption of visible light is not essential to produce an accurate black
color. A4 with a uniformly distributed absorption band exhibits high accuracy of black color as
well as concise composition (Fig. 2a). Therefore, A4 was selected for the construction of SAP

materials.

The concentration of the color-contributing units is closely interrelated with the lightness (L*)
of SAP materials. The initial absorbance of A4 was varied between 0.5 and 50 (Extended data
Fig. 4a). With increasing initial absorbance, the portion of transmitted light gradually decreases,
while the transmittance spectrum switches from a uniformly distributed band (such as for A4) to
an even band (such as for R8) (Extended data Fig. 4c). When the initial absorbance is kept
between 0.5 and 4, the transmission light at 350~650 nm dominates the spectra, which results in a
greenish pristine color for A4 (Extended data Fig. 4b and 4c, Supplementary Table 35). A

further increase in the initial absorbance cuts off the transmission of green light, making A4
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slightly reddish. The value of L* + SQRT (a*? + b*?) was calculated to quantitatively determine
the color accuracy, where SQRT (a*? + b*?) represents the color deviation® (Fig. 2c). A lower
value of L* + SQRT (a*? + b*?) indicates that the pristine state of SAP materials is blacker. For
A4 with a relatively low initial absorbance (0.5-4), L* is the main factor affecting the color
accuracy. An increase in the initial absorbance induces a monotonic and sharp decrease in L*;
additionally, the variation in SQRT (a*? + b*?) is related to the initial absorbance (Fig. 2c). With
increasing initial absorbance, A4 gradually switches from light gray (A=0.5) to deep green (A=2)
and black (A=6), which corresponds well to the results in Fig. 2c and Extended data Fig. 4b.
Consequently, the initial absorbance needs to be greater than 4 to ensure an accurately black

pristine state for the SAP materials.

The color accuracy of the SAP materials under light irradiation was simulated. A4 with an
initial absorbance between 0.5 and 50 was considered. The wavelength of light irradiation was set
at 520, 590, 620 and 660 nm, and the distance between the light and sample was kept at 5~200 cm
to control the irradiation intensity. The simulation was based on the linear content of DASAs at
equilibrium under light irradiation (Fig. 1e and Extended data Fig. 3b). The photoisomerization
of DASAs has been reported to show a concentration dependence, where the linear content at
equilibrium increases with increasing concentration®'*?. Under the same light conditions, we found
that the linear content did not obviously change for the DASA solutions with initial absorbances
ranging 1-25 (Supplementary Fig. 11). The absorption and transmission spectra of A4 under light
irradiation with different wavelengths and intensities were calculated by accumulating the spectra
of color-contributing units in the photostationary state (Supplementary Fig. 12-20). In the
modified CIE 1931 color space, the color of incident light was expressed as a straight line through

the center and in a specific direction®’ (Extended data Fig. 4d and 4f). Light irradiation shifts the
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dot representing the color of SAP materials toward the corresponding line. However, for all
wavelengths of light, with decreasing distance, the color of A4 gradually deviates and exhibits a
tendency to switch to yellow. These results might be attributed to the photoisomerization of both
D1 and D4 under strong LED light (Fig. 1e and Extended data Fig. 3b). A4 exhibits a tunable
range of color, which first increases with increasing initial absorbance of the solution. After

reaching the maximum at A=6, the tunable range sharply decreases (Extended data Fig. 4d-f).

To quantitatively determine the color accuracy, the absolute difference in the angle between
the dot and line (A8) in the chromaticity diagram was calculated (Extended data Fig. 4d and 4f).
The results are summarized in Fig. 2d and Supplementary Table 47-55. When irradiated with
green light, the color of A4 gradually approaches that of the incident light with increasing distance
(Fig. 2d). For the A4 solutions with an initial absorbance between 4 and 10, Af reaches 0 at
distances greater than 100 cm, indicating that the color deviation could be eliminated. Meanwhile,
A4 with an initial absorbance of 6-10 exhibits accurate orange and red colors under 620 and 660
nm light irradiation, respectively. Therefore, for the construction of SAP materials, accounting for

the color accuracy, A4 with an initial absorbance of 6 was selected.
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Fig. 3| SAP and active camouflage in solutions. a, Schematic illustration of the philosophy for the active camouflage: the color
of the environment depends on the transmitted and reflected light. b, Normalized UV-vis absorption spectra of the SAP solutions
in the dark and under 660 nm, 520 nm, and 590 nm light irradiation, insert shows the photographic images of each color-contributing
unit and the resulted SAP solutions (the spectra of 590 and 660 nm irradiation were obtained under the liquid nitrogen treatment).
¢, Fatigue resistance of SAP solutions switching of black-red (red line, absorbance at 644 nm monitored), black-green (green line,
absorbance at 556 nm monitored), and black-yellow (yellow line, absorbance at 602 nm monitored) for 20 cycles. d, Color switching
of SAP solutions in black, red, green and yellow acrylic boxes; the left cuvette was loaded with SAP solutions and the right cuvette
with black ink as the control. Black dots represent the in situ distance between the average RGB values of regions C and B, and
colored dots represent the distance between regions A and B. €, Video screenshots of the active camouflage of SAP solutions in
red, green, and yellow bushes. f, Schematic illustration and video screen shots of realizing active camouflage by SAP solutions in
an NMR tube covered by sequentially arranged sticky notes.

184 The achievement of active camouflage through SAP materials is based on the transmitted and

185  reflected light of the background, which shows a specific wavelength according to the color of the
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environment® (Fig. 3a). For example, when the SAP materials are placed in a green environment,
the green transmitted and reflected light switches the SAP materials to green, which could thus be

hidden in the background.

The photochromism of SAP solutions was investigated. Before light irradiation, the SAP
solutions show a black pristine state, which switches to red, green and yellow under 660, 520 and
590 nm light irradiation (5 mW/cm?) (Fig. 3b). Green light and red light generate gaps in the
absorption spectra of the SAP solutions at 500-600 nm and 600-700 nm due to the linear-to-cyclic
isomerization of D1 and D4, respectively. In contrast, 590 nm yellow light switches both D1 and
D4 to the colorless cyclic state, and the resulting SAP solutions show the overlaid color of F1 and
F3. The color switching of SAP materials between black, red, green and yellow is reversible (Fig.
3c). No obvious loss of absorbance!® (645 nm for red, 556 nm for green, 602 nm for yellow) was

noticed, indicating that the SAP materials are stable under light irradiation.

The active camouflage of SAP materials was evaluated by setting them in environments with
different background colors. Cubic boxes of black, red, green and yellow were fabricated from
acrylic boards. The transmission spectra of the boxes were recorded to determine the incident light
information (Extended data Fig. 5a). Two cuvettes filled with the SAP solution (left) and
nonswitchable black ink as the control (right) were placed in the boxes, and a white light LED
(10000 lux) was used as the light source for triggering of photochromism as well as illumination.
Both solutions were in the pristine state in the black box after 30 s (Fig. 3d and Supplementary
Video 1). Placing the cuvettes in the red box switched the SAP solution to red in 80 s, which
became difficult to identify by the naked eye. The SAP solution changed to green and yellow in
110 and 50 s in the green and yellow boxes. After being set in the black box, the SAP solution

switched back to the pristine state. In contrast, the black ink remained black throughout the whole

https://doi.org/10.26434/chemrxiv-2024-x9t38 ORCID: https://orcid.org/0000-0001-6794-5226 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-x9t38
https://orcid.org/0000-0001-6794-5226
https://creativecommons.org/licenses/by-nc-nd/4.0/

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

process. Moreover, the acrylic boards could be used as filters set between the light and SAP
materials, which accordingly switched the solutions to green, yellow, orange and red (Extended
data Fig. 5b and Supplementary Video 2). We used self-written color-analysis software to
quantitatively evaluate the performance of active camouflage of the SAP materials*** (the source
code is available in Supplementary I nformation section 9). The average RGB values in the fixed
areas A (SAP solution), B (background) and C (black ink) were collected, and the absolute
differences of A-B and C-B (AA-B and AC-B) were calculated, as shown in Fig. 3d. The SAP
solution exhibited a monotonically decreasing AA-B value with time in the red, green and yellow
boxes, indicating that the color gradually switched to the same color as the background. Therefore,
the SAP materials could be hidden in the environment and exhibit active camouflage. In contrast,

the AC-B value of the black ink did not change in any environment.

For real applications, the SAP materials were placed in red (Cyclamen persicum), green
(Epipremnum aureum) and yellow (Ginkgo) bushes, and a white light LED was set to the left of
the plants. The transmitted and reflected light in the bushes induced photochromism of the SAP
materials, as shown in Fig. 3a and Extended data Fig. 5d. The reflectance spectra of the leaves
were recorded, as shown in Extended data Fig. 5¢c, which well matched the absorbance spectra of
the SAP materials. Taking Cyclamen persicumas an example, the leaves mainly reflect light above
600 nm, resulting in red incident light for the SAP materials. The SAP solutions gradually switched
from black to red, green and yellow in the bushes of Cyclamen persicum, Epipremnum aureum
and Ginkgo, respectively (Fig. 3e and Supplementary Video 3 and 4). An outdoor experiment

was conducted under sunlight (60000 lux, 37 °C, and bottles were stored in the dark and immersed
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Fig. 4|SAPin filmsand coatings. a, UV-vis diffuse reflectance spectra of SAP films before (black, solid) and after (colored) 660
nm (95 mW/cm?, 30 s), 520 nm (140 mW/cm?, 30 s), and 590 nm (25 mW/cm?, 120 s) light irradiation; the spectra were recorded
under room temperature (solid) and liquid nitrogen (dashed), and the inserts show photographic images of the SAP films before
irradiation, immediately after irradiation, and after 85 s scanning. b, Schematic illustration of spray coating an SAP solution on the
surface of a white ABS model. ¢, Video screenshots of the SAP process of three black ABS models in response to 660 nm (top),
520 nm (middle) and 590 nm (bottom) light. d, Schematic illustration of irradiating the “UESTC” by green and red light. €,
Photographic images of SAP coatings on smooth surfaces (glass and stainless steel) before (left) and after (right) light irradiation.

in liquid nitrogen for 5 s before the experiments), in which umbrellas of green, yellow, orange and
red were used (Extended data Fig. 6). The SAP solutions accordingly switched and could be

hidden under the umbrella (Extended data Fig. 6 and Supplementary Video 5 and 6).

The addition of PCL increases the viscosity of SAP solutions, which slows the diffusion of
color-contributing units. Therefore, we expect that semisolid SAP materials could mimic
surrounding patterns with different colors, similar to octopuses. The SAP solution was filled into
a nuclear magnetic resonance tube, which was covered with sequentially arranged red, green and
yellow sticky notes (Fig. 3f). A white light LED was set on the top. With irradiation, the SAP
solution gradually switched from black to polychromic, making the sticky notes difficult to
recognize (Fig. 3f and Supplementary Video 7). The SAP solution exhibited a periodic yellow-

red-green arrangement, which well-matched the color of the above sticky notes.
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Photochromism in the solid state furthers the applications of SAP materials in the real world.¢
PCL with a low glass transition temperature (-60 °C) and rich ester functional groups is an
important matrix to efficiently promote the isomerization between linear and cyclic DASAs. On
the one hand, the rubbery state of PCL at room temperature provides sufficient free space for
molecular isomerization; on the other hand, the rich ester groups thermodynamically promote the
linear-to-cyclic isomerization of DASAs by facilitating the process of intermolecular proton

transfer’’.

The SAP solution was spin-coated onto the surface of a glass substrate, and after gentle
peeling off, an SAP film was fabricated. The SAP film was in the black pristine state and switched
to red, green and yellow after 660, 520 and 590 nm light irradiation (60 mW/cm?), respectively
(Fig. 4a and Supplementary Video 8). Compared to the solution, the SAP film needs a higher
intensity of light and a longer irradiation time for photochromism, which is attributed to the
hindered photoisomerization of DASAs in the solid state®®. The reflectance spectra of the SAP
film after light irradiation are recorded in Fig. 4a. Due to the fast thermally induced cyclic-to-
linear isomerization of D4, the reflectance spectra of the SAP film after 660 and 590 nm light
irradiation were difficult to capture'8. More than 50% of cyclic D4 relaxed to the linear form during
the scanning process (85 s), resulting in color deviation (solid line in Fig. 4a). Liquid nitrogen was
used immediately after light irradiation to obtain the reflectance spectra of the SAP film (dashed

line in Fig. 4a).

Coating is an attractive and important application for SAP materials. The SAP solution was
spray coated onto the surface of a figurine model made of acrylonitrile butadiene styrene (ABS)
plastic (Fig. 4b). A rapid annealing process generated a homogenously black and smooth surface

of the figurine (Supplementary Fig. 22-23). Light irradiation at 660, 520 and 590 nm (60 mW/cm?)
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was used to trigger photochromism of the SAP coating. The figurine switched to red, green and
yellow after light irradiation for 20~80 s (Fig. 4c and Supplementary Video 9). Notably, the
irradiation time for photochromism of the SAP coating is similar to that for the SAP film, where
the 590 nm yellow light takes the longest time (Fig. 4a and 4c) because the yellow light is located
between the absorbance spectra of D1 and D4. The word “UESTC” (abbreviation for the
University of Electronic Science and Technology of China) was recorded by spray coating the
SAP solution through a mask (Fig. 4d and Extended data Fig. 7a). Green and red LEDs were set
separately on two sides of the substrate. The “UE” and “TC” were irradiated by green and red light,
respectively. The “S” was simultaneously treated by green and red light, which resulted in yellow
incident light. The SAP coating adapts well to a variety of surfaces, including glass, stainless steel,
painted walls, A4 paper, wood and clothes (Fig. 4e and Extended data Fig. 7b). The black
“UESTC” switched to polychromic after light irradiation, with green “UE”, yellow “S” and red

“TC”. These results indicate that the SAP materials work well in the solid state.

In summary, we reported SAP of materials, where the color could be controllably switched
to and maintained the same as that of incident light. DASAs (D1-D4) and nonphotochromic
organic dyes (F1-F4) were used as the negative photochromic and fixed phases for the construction
of SAP materials. Based on optimizing the selection, ratio and concentration of the color-
contributing units, A4 constituted by F1, F3, D1 and D4 was chosen for the construction of SAP
materials, where the initial absorbance was kept at 6. In the solution state, the SAP materials
switched to green, yellow and red under 520, 590 and 660 nm light irradiation. More importantly,
active camouflage was successfully achieved. In the environments with the background color of
green (green acrylic box and umbrella, Epipremnum aureum), yellow (yellow acrylic box and

umbrella, Ginkgo), orange (orange acrylic box and umbrella) and red (red acrylic box and umbrella,
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Cyclamen persicum), the SAP materials switched accordingly. Active camouflage works well in
polychromic backgrounds with complex patterns. By applying PCL as the matrix, films and

coatings were fabricated to demonstrate SAP in the solid state.

SAP materials show great potential to be applied in camouflage systems, smart coatings, and
display devices. However, there are still some challenges that must be addressed. Due to the
limitation of the chemical structure of DASAs, the absorbance spectra of SAP materials could be
controlled above 520 nm'#. Therefore, purple and blue colors are missing for the current SAP
materials. Future work could focus on developing negative photochromic molecules with an
absorbance band in the blue light region. Overall, this work reported SAP as a distinct intrinsic
property of materials, guiding the development of source-free camouflage and anticounterfeiting

technology.
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Supplementary Video 1. Active camouflage of SAP solutions in black, red, green, and yellow

acrylic boxes.

The left cuvette was loaded with SAP solutions and the right cuvette with black ink as the control.
Black dots represent the in situ distance between the average RGB values of regions C and B, and
colored dots represent the distance between regions A and B. The video was speeded up and the

timing information of the original video was embedded in the video.

Supplementary Video 2: Color switching of SAP solutions below black, red, orange, yellow and

green acrylic plates.

The SAP solutions were placed below black, red, orange, yellow and green arylic plates. The video

was speeded up and the timing information of the original video was embedded in the video.

Supplementary Video 3: Color switching of SAP solutionsin red, green and yellow bushes.

The SAP solutions were placed in red (Cyclamen persicum), green (Epipremnum aureum) and
yellow (Ginkgo) bushes, and a white light LED was set to the left of the plants. The video was

speeded up and the timing information of the original video was embedded in the video.
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Supplementary Video 4: Color switching of SAP solutionsbelow red petal, green leaf and yellow

| eaf.

SAP solutions were placed below red petal, green leaf and yellow leaf. The video was speeded up

and the timing information of the original video was embedded in the video.

Supplementary Video 5: Color switching of SAP solutions under red, orange, yellow and green

umbrellas.

SAP solutions were set under red, orange, yellow and green umbrellas, respectively, which were
put under sunlight (60000 lux, 37 °C, and bottles were stored in the dark and immersed in liquid
nitrogen for 5 s before the experiments). The video was speeded up and the timing information of

the original video was embedded in the video.

Supplementary Video 6: Active camouflage of SAP solutions under red, orange, yellow and

green umbrellas.

SAP solutions were set under a red umbrella, which were put under sunlight (60000 lux, 37 °C,
and bottles were stored in the dark and immersed in liquid nitrogen for 5 s before the experiments).
The umbrella was changed by yellow and green umbrellas sequentially. The video was speeded

up and the timing information of the original video was embedded in the video.

Supplementary Video 7: Active camouflage of SAP solutionsin NMR tube below sequentially

arranged sticky notes.

SAP solution was filled into a NMR tube, which was covered with sequentially arranged red, green
and yellow sticky notes. A white light LED was set on the top. The video was speeded up and the

timing information of the original video was embedded in the video.
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Supplementary Video 8: Color switching of SAP filmsupon light irradiation with corresponding

wavelength.

SAP films were irradiated by 660, 520 and 590 nm light irradiation, respectively. The video was

speeded up and the timing information of the original video was embedded in the video.

Supplementary Video 9: Color switching of ABS models upon light irradiation with

corresponding wavelength.

ABS models coated with SAP coatings were irradiated by 660, 520 and 590 nm light irradiation,
respectively. The video was speeded up and the timing information of the original video was

embedded in the video.
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Methods
Synthesis
The synthesis of the color-contributing units was shown in Extended data Fig. 1.

Synthesis of F1. 2,2-dimethyl-1,3-dioxane-4,6-dione (1.44 g, 10 mmol) was dissolved into 30 mL
distilled water under stirring. After slowly dropping 2-furaldehyde (0.96 g, 10 mmol), the solution
was heated to 40 °C and kept for 2 h. The formed yellow solid was collected by vacuum filtration,
followed by washing with distilled water. The solid was dissolved into 30 mL. DCM and
sequentially washed with 30 mL saturated NaHSO3 aqueous solution and 30 mL saturated NaCl
aqueous solution for 2 times. The organic layer was dried with Na2SO4 and purified by column
chromatography, obtaining 2.11 g yellow product (Yield: 95%)'. The single crystal structure of

F1 is shown in Supplementary Fig. 2.

Synthesis of F3. 1,3-dimethylbarbituric acid (1.56 g, 10 mmol) and 4-
(dimethylamino)benzaldehyde (1.49 g, 10 mmol) were dissolved into 25 mL ethanol. The solution
was then heated to 90 °C under vigorous sitting for 4 h. The red precipitates were collected by
filtration and dried overnight to obtain 2.59 g red solid (Yield: 90%)??. The single crystal structure

of F3 is shown in Supplementary Fig. 3.

Synthesis of F4. 1-phenyl-3-(trifluoromethyl)-1H-pyrazol-5(4H)-one (2.28 g, 10 mmol) and 4-
(dimethylamino)benzaldehyde (1.49 g, 10 mmol) were dissolved into 25 mL ethanol. The solution
was then heated to 90 °C under vigorous sitting for 4 h. The red precipitates were collected by
filtration and dried overnight to obtain 3.23 g brown solid (Yield: 90%). The single crystal

structure of F4 is shown in Supplementary Fig. 4.

Synthesisof D1. F1 (1.11 g, 5 mmol) was dissolved into 50 mL DCM, followed by slowly adding

n-propylaniline (0.68 g, 5 mmol). The reaction was kept stirring at 40 °C and monitored by thin
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layer chromatography (TLC). The mixture was condensed by rotary evaporation and further
purified by column chromatography to give 0.89 g D1 as deep purple solid (Yield: 50%)?. The

single crystal structure of D1 is shown in Supplementary Fig. 5.

Synthesisof D2. F1 (1.11 g, 5 mmol) was dissolved into 50 mL DCM, followed by slowly adding
indoline (0.60 g, 5 mmol). After stirring at 40 °C for 2 h, the solution was condensed by rotary
evaporation and redissolved in the minimum amount of DCM in a 250 mL beaker. 100 mL cold
hexane (-20 °C) was slowly poured into the beaker, which was then transferred to a refrigerator at
-20 °C for 30 min and slowly stirred for 5 min. The purple solid was filtered and further purified
by column chromatography to give 1.02 g D2 (Yield: 60%)". The single crystal structure of D2 is

shown in Supplementary Fig. 6.

Synthesis of D3. 1,3-dimethylbarbituric acid (1.56 g, 10 mmol) was dissolved into 30 mL distilled
water under stirring. After slowly dropping 2-furaldehyde (0.96 g, 10 mmol), the solution was
heated to 40 °C and kept for 2 h. The formed yellow solid was collected by vacuum filtration,
followed by washing with distilled water. The solid was dissolved into 30 mL DCM and
sequentially washed with 30 mL saturated NaHSO3 aqueous solution and 30 mL saturated NaCl
aqueous solution for 2 times. The organic layer was dried with Na2SO4 and purified by column

chromatography, obtaining 1.99 g yellow product as the intermediate (Yield: 85%).

The intermediate (1.17 g, 5 mmol) was dissolved into 50 mL DCM, followed by slowly
adding indoline (0.60 g, 5 mmol). After stirring at 40 °C for 2 h, the solution was condensed by
rotary evaporation and redissolved in the minimum amount of DCM in a 250 mL beaker. 100 mL
cold hexane (-20 °C) was slowly poured into the beaker, which was then transferred to a

refrigerator at -20 °C for 30 min and slowly stirred for 5 min. The dark blue solid was filtered and
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further purified by column chromatography to give 0.88 g D3 (Yield: 50%)!°. The single crystal

structure of D3 is shown in Supplementary Fig. 7.

Synthesis of D4. 1-phenyl-3-(trifluoromethyl)-1H-pyrazol-5(4H)-one (2.28 g, 10 mmol) and 2-
furaldehyde (0.96 g, 10 mmol) were dissolved into 30 mL DCM and stirred for 2 h at 40 °C. The
mixture was condensed by rotary evaporation, which was washed with water and further purified

by column chromatography to give 2.45 g intermediate as dark red solid (Yield: 80%).

The intermediate (1.53 g, 5 mmol) was dissolved into methanol at 20 °C, followed by slowly
adding Indoline (0.60 g, 5 mmol). Green crystal-like solid slowly precipitated from the dark blue
solution, which was filtered and washed serval times with cold methanol. The solid was collected
and dried overnight to give 1.47 g D4 (Yield: 70%)?!. The single crystal structure of D4 is shown

in Supplementary Fig. 8.
Photoisomerization of DASAS

Preparation of DASAs solutions. PCL was dissolved into the mixed solvent of DCM and THF (9:1,
v/v) with the concentration of 0.1 g/mL under stirring. DASAs were dissolved into the mixture
with a specific concentration to make the initial absorbance between 0.5 and 1.5, ensuring the

accuracy of the spectrophotometer, which was sealed and stored at room temperature in the dark.

Experimental setup. LED lights with the emission wavelength at 520 nm (green), 590 nm (yellow),
620 nm (orange), and 660 nm (red) were used to induce the linear-to-cyclic isomerization of
DASAs (D1-D4). The interrelationship between the intensity of irradiation and distance was
monitored with an illuminometer (Extended Data Fig. 2a). The distance between the sample and
LEDs were set as 5 cm, 10 cm, 30 cm, 50 cm, 75 cm, 100 cm, and 200 cm (Extended Data Fig.

3a). The temperature was maintained at 25 °C. Each kinetic measurement lasts 1800 s.
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Data processing. DASAs in cyclic do not absorb in the visible light region'*, therefore, the linear-
to-cyclic isomerization induces the decrease in absorbance. Based on the Lambert-Beer law, the
absorbance is linearly dependent with the concentration®’. Therefore, the portion of linear DASAs

at any given time (Lt) was obtained by the following equation.

At - Abaseline

L X 100% (3

AO s Abaseline

The linear DASAs content (%) at equilibrium(Le) is obtained by fitting!>?* (equation 1) except in
three scenarios 1) when the R-square is lower than 90%; 2) when the fitted linear% is negative
(slightly lower than zero); 3) when the first-order exponential function is not applicable to describe
linear-to-cyclic isomerization, for example, while using an irrelevant light to irradiate the DASAs
that has no or little absorption in corresponding wavelength at low intensity (irradiating D1 with
660 nm at 200 cm), no or little isomerization occurs. For these invalid fitting data, the linear% at
equilibrium(Le) is obtained by only considering the starting(Los) and ending(L1soos) linear%, by

following equation.

L
Ly = —1LS°°S x 100% 4
0s

The raw data of absorbance and transformed linear content at each time interval are shown

in Supplementary Table 4-32.
Optimizing the SAP materials

Obtainthe L*, a*, b* values. The simulated transmission spectra of SAP solutions were input into
the plugin of OriginLab (Chromaticity Diagram, Transmittance (0-1), mode D65, Standard
Observer CIE 1931 2°) to obtain the L*, a*, b* values®®. To make a direct investigation on the

color, the a* b* coordinates were constructed in the chromaticity diagram. For the selection of
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color-contributing units, the L*, a*, b* values of the SAP solutions of A2, A4, A6, R6, A8, and
R8 were calculated (Supplementary Table 34). Besides, A4 solutions with the initial absorbance
between 0.5 and 50 were investigated (Supplementary Table 35). For the investigation of the
SAP solutions under light irradiation, the cumulative absorption spectra were calculated via the
equilibrated linear content (%) of D1 and D4, the data were obtained from Fig.1le, Extended Data
Fig. 3b and Supplementary Table 32. The absorption and transmission spectra of the SAP
solutions were recorded in Supplementary Fig. 12-20, which were further transferred into the L*,
a*, b* values and recorded in the chromaticity diagram (Supplementary Table 36-44 and

Extended Data Fig. 4d and 4f).

Determine the accuracy of color. The accuracy of color without light irradiation (black state) was
determined by the sum of L* and SQRT(a*?+b*?), which represent lightness and deviation,

respectively?’. The SQRT(a*>+b*?) was obtained through the following equation.

SQRT(a*? + b*2) = \Ja*2 + b*2 (5)

The absorption spectra of A4 under light irradiation with different wavelengths and intensities
were calculated by accumulating the spectra of color-contributed units at photostationary state

through the following equation?’.
A = aepy + cepz +e[Lep1&ipy + (1 — Lepi)écpr] + h[Lepa&ipa + (1 — Lepa)ecpal (6)

L.p; and L,p, represent the linear content at equilibrium for D1 and D4; €51, €:p1, Epa and €.p4
represent the molar absorption coefficients for linear D1, cyclic D1, linear D4 and cyclic D4,
respectively. Theoretically, the €.p, and €.p,4 are equal to 0 between the wavelengths of 400 and
700 nm, due to the dispersed conjugation of cyclic DASAs. The information of calculated

absorbance spectra was shown in Supplementary Fig.12-20.

https://doi.org/10.26434/chemrxiv-2024-x9t38 ORCID: https://orcid.org/0000-0001-6794-5226 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-x9t38
https://orcid.org/0000-0001-6794-5226
https://creativecommons.org/licenses/by-nc-nd/4.0/

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

In the chromaticity diagram, the color of SAP solutions after light irradiation is recorded with
a dot with specific a*b* values, while the color of light is recorded with a straight line across the
origin of coordinate?. The direction of the line is determined according to the emission spectra of
the LEDs(Extended data Fig. 2b). The accuracy of color under light irradiation (colored state)
was determined by the difference of angle (A6) in the chromaticity diagram between the SAP
solutions (dot, Op) and corresponding light (line, O.). For any dot with a specific a*b* value, the

Op could be calculated by the following equation.

e Ly arctan(b*/a*), b*/a* >0
6(a’,b") = {arctan(b*/a*) + 180, b*/a* <0 @)

Sequentially, the A8 could be obtained by the following equation, and the results were

recorded in Supplementary Table 47-55.
AH = HD - HL (8)
Active camouflage of SAP solutions

Preparation of SAP solutions. The color-contributing units were dissolved into the mixture of PCL,
DCM and THF to prepare SAP solutions. A4 with the initial absorbance of 6 was selected for the
fabrication. F1, F3, D1 and D4 were dissolved into the mixed solvent, while the absorbance at 362 ,
461 , 556 and 645 nm were kept at 3 (in a 0.5 cm cuvette). Due to the spontaneously occurred
linear-to-cyclic isomerization of D1, the absorbance at 556 nm decreases sharply at the end of the
first day'>* (Supplementary Fig. 21a-b). The absorbance at 556 nm keeps decreasing the in the
second and third day, which however is less than the first day. Therefore, we used a “little and
often” strategy to prepare the SAP solutions. After the first day, a small amount of D1 was added

to make the absorbance at 556 nm reaches 3 again (Supplementary Fig. 21c-d). This step was
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repeated at the third day. The absorbance does not obviously change after 3 days (Supplementary

Fig. 21e-f). The SAP solutions were sealed and stored in the dark under room temperature.

Processing of the video for active camouflage. The video of active camouflage with acrylic boxes
was processed to quantitatively determine the camouflage property of SAP solutions. The LAB
color space is based on the human eye’s perception of colors and represent all the colors those the
human eyes can perceive.?’ “L” represents the lightness, “A” represents the red-green color
difference, and “B” represents the blue-yellow color difference. The total color difference (AE)

between the two colors is calculated as the following equation®”.

AE = +/AL? + AA? + AB? 9)

To make the calculation simpler, we used a weighted Euclidean distance formula in RGB

color space to determine the color difference, as shown in equations S7-S9°,

Cigp +C
7= 1,R2 2,R (10)

AR = Cl,R - CZ,R
AG = Cy 6 — (o (11)
AB = Cl,B —_ CZ,B

AC = 2+i X AR? + 4 X AG? + 2+255_F X AB2 (12)
N 256 256

In this formula, 7 is the average value of the red channel of colors C; p and C; ; (Ci and C2
represent any two channels in the video for comparison), AR is the difference between the red
channel values of colors C; p and C, r, AG is the difference between the red channel values of

colors C; g and C; g, AB is the difference between the red channel values of colors C;  and C; .
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To eliminate the side effects in the video such as reflection on the cuvette, rectangular regions
with the size of 10*40 pixels were selected on both the samples (SAP solution and black ink) and
on the acrylic box (as the background), respectively (Fig. 3d). For each frame of the video, the
average values of the R, G, and B channels within the selected rectangular region were calculated.
The color difference on the SAP solution (A), background (B), and black ink (C) were calculated.

The source code for the processing of video is available.

SAP in the solid state

Fabrication of SAP films. The SAP film was fabricated by spin-coating with the rotate speed of
500 rpm, rotational acceleration of 100 rpm/s and spin coating time of 60 s. Glass was used as the
substrate. After spin-coating, the substrate was annealed in the vaccum oven at 80 °C for 30 min,
obtaining a relatively flat and smooth surface. The film was carefully peeled off from the glass

substrate.

Coating on figurine models. The SAP coatings were prepared in a similar procedure with that for
the SAP solutions. The SAP coatings were spray-coated onto the surface of figurine models made
of ABS. A commercial spray-coating suit was used, the nozzle diameter is 0.5 mm, the distance
between the tube and model is kept at 3 cm, the air pressure is set between 15-30 psi. During the
spray-coating, the moving speed of the spraying gun is controlled at 5 cm/s. The spray-coating is
repeated for 10 times to make the film thick enough (Supplementary Fig. 22). After coating, the
substrates were annealed by a temperature-adjustable heat gun at 150 °C for 10 s, which generates

a smooth surface (Supplementary Fig. 23).
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Extended Data Fig. 1 | Synthesis of the color-contributing units. Synthetic route for F1, F3, and F4 as
fixed phases, and D1, D2, D3, and D4 as negative photochromic phases.
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Extended Data Fig. 3 | Equilibrium of DASAs under light irradiation. a, Schematic illustration of the
experimental setup for testing the dynamics of isomerization of DASAs under light irradiation with

different wavelengths and intensities. The intensity was varied by controlling the distance between the
samples and LEDs. b, linear content (%) of DASAs at equilibrium under 520 nm, 590 nm, 620 nm, and
660 nm light irradiation. The distance between the sample and the LEDs was kept between 5 cm and 200

cm.
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Extended Data Fig. 4 | The accuracy of color for the A4 solutions. a, Simulated UV-vis absorption
spectra of A4 solutions with the initial absorbance increasing from 0.5 to 10 (A=25 and 50 are not shown).
b, Modified CIE 1931 a* b* values of A4 solutions with the initial absorbance increasing from 0.5 to 50. c,
Simulated UV-vis transmission spectra of A4 solutions with various initial absorbance. d, Top half: Tunable
range of color for A4 solutions with various initial absorbance; Down half: Modified CIE 1931 a* b* values
of A4 solutions (A=6) under 520 nm (green), 590 nm (yellow), 620 nm (orange), and 660 nm (red) light
irradiation, the distance was kept at 5 cm, 10 cm, 30 cm, 50 cm, 75 cm, 100 cm, and 200 cm, dash lines
stand for the color of LED lights. € Summarized tunable range of color for A4 solutions. f, Modified CIE
1931 a*b* values of A4 solutions (Abs=0.5, 1, 2, 4, 8, 10, 25, and 50) under 520 nm (green), 590 nm
(yellow), 620 nm (orange), and 660 nm (red) light irradiation, the distance was kept at 5 cm, 10 cm, 30 cm,
50 cm, 75 cm, 100 cm, 200 cm, dash lines stand for the color of LED lights.
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Extended Data Fig. 5 | Self-adaptive color-changing process of SAP solutions. a, Transmission spectra
and images of red, orange, yellow and green acrylic plates. b, Video screenshots of the self-adaptive color-
changing process of SAP solutions under red, orange, yellow and green acrylic plates. ¢, UV-vis diffuse
reflectance spectra of Cyclamen persicum (red), Epipremnum aureum (green), and Ginkgo (yellow) and the
UV-vis absorption spectra of the corresponding SAP solutions. d, Video screenshots of the self-adaptive
color-changing process of SAP solutions under red petal, green leaf and yellow leaf.
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702  Extended DataFig. 6| SAP in practical. a, Photographic images of hiding SAP solutions into red, orange,
703  yellow and green umbrellas under sunlight.
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711  Extended DataFig. 7| SAPin the solid state. a, Schematic illustration of the mask-assisted spray-coating
712 process and irradiation method of green light (520 nm), red light (660 nm) and mixed yellow light. b,
713  Images of SAP coating on rough surfaces (painted wall, A4 paper, wood, paperboard and clothes), images
714  of the above surfaces irradiated by green light(520 nm), red light(660 nm) and mixed yellow light.
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