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a b s t r a c t

Achieving biomimetic leaves with high reflectance and polarization spectral similarity to vegetation is

highly desirable. However, the polarization, often masked by the complex compositions of coatings, has

long been overlooked. Herein, the reflectance and polarization spectral properties are simultaneously re-

alized via electrostatic adsorption between hypoxanthine (HX) and sodium copper chlorophyllin (SCC).

The SCC-doped HX coating exhibits high reflectance spectral similarity to vegetation, with a correlation

coefficient of 0.9440 and a spectral angle cosine of 0.9685. Additionally, the degree of linear polariza-

tion is reduced by 39.3 %. This study provides a reference for obtaining high-performance pigments for

biomimetic leaves.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

When nature sparks technology, simplicity follows [1–3].

Biomimetic leaves (BLs), which can mimic the optical properties

of vegetation, have attracted widespread attention (Fig. 1 and Fig.

S1 in Supporting information) [4–6]. Researchers generally focus

on developing novel pigments to obtain BLs that simulate the re-

flectance spectrum of vegetation [7–9]. Currently, researchers com-

monly use inorganic (such as Cr2O3) or organic pigments (such as

AG25, AY25) in combination with organic (e.g., hydrogels) or in-

organic hydrated matrix (e.g., layered double hydroxides) for re-

flectance spectral simulation of green vegetation [10]. However, the

polarization performance of pigments is often ignored by complex

coating components [11]. Currently, it is rarely seen that a coating

both imitates the reflection and polarization of vegetation [12].

Hypoxanthine (HX) acts as an important purine derivative

[13–15]. Its crystals could form a stable lattice via intramolec-

ular hydrogen bonds and interlayer π-π stacking. This ordered,

isotropic stacking disperses incident light polarization: π-π stack-

ing reduces directionally selective reflection, while hydrogen bonds

weaken anisotropic responses to polarized light, granting inherent
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depolarization potential [16–18]. When a composite structure is

constructed using two types of hypoxanthine flake-like materials

with different refractive indices, the degree of polarization of the

material will decrease to a certain extent. Sodium copper chloro-

phyllin (SCC) is a copper-substituted porphyrin compound synthe-

sized via acid-catalyzed replacement of Mg2+ in chlorophyll with

Cu2+ [19]. SCC has a highly conjugated copper-sodium salt coor-

dination structure, whose effect further enhances water solubility

to regulate its color and spectral similarity [20]. Electrostatic ad-

sorption refers to an interfacial interaction that achieves bonding

based on the Coulomb force [21–23]. It not only retains the in-

herent properties of each component but also synergistically op-

timizes the overall function through charge interaction, providing

an efficient way to simulate the complex optical characteristics of

natural vegetation [24–26]. As far as we know, HX has not been

employed by any researchers to date for the spectral simulation

of green vegetation. SCC is frequently employed in spectroscopic

simulation, including its encapsulation within microencapsulated

foamed polyurethane materials or intercalation into layered dou-

ble hydroxides for such research [27]. To date, there have been no

reports on the combination of HX and SCC for BLs research.

In this work, the BLs, which achieve the simultaneous simula-

tion of reflectance and polarization, were realized via the electro-

static adsorption between SCC and HX. The SCC–HX pigments in

https://doi.org/10.1016/j.cclet.2025.112284
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Fig. 1. Schematic diagram of a biomimetic leaf for integrating reflectance and po-

larization spectra of vegetation.

the coating exert a depolarization effect, reducing the polarization

degree by 39.3%. The SCC–HX coating exhibits high solar spectral

similarity to vegetation, with a spectral angle cosine of 0.9685 in

350∼2500nm. Moreover, the polarization spectrum of the SCC–HX

coating also shows high similarity to that of vegetation. This work

thus presents a novel approach to developing multifunctional pig-

ments.

The composition and structural characterizations of pigments

are given. Four types of pigments were synthesized by adding SCC

at different concentrations (Fig. 2a). Among them, P-1.0 (with a

SCC concentration of 1.0 g/L) was designated as SCC–HX. In Fig. 2b,

the peak positions of SCC–HX are in full accordance with those

of HX and standard HX (PDF #00–007–0712), indicating SCC dop-

ing does not affect HX’s normal crystallization [28,29]. Further-

more, the strongest diffraction peak at 27.8° corresponds to HX’s

π-π stacking interlayer spacing (3.22 Å in HX), which remains un-

changed in SCC–HX [15]. Additionally, the powder X-ray diffraction

(PXRD) pattern of SCC exhibits a broad diffraction envelope, con-

firming it is amorphous (Fig. S2 in Supporting information). PXRD

analysis was also conducted on the other three pigments: P-0.1,

P-0.5, and P-2.0 (Fig. S3 in Supporting information). They display

structural consistency with standard HX (PDF #00–007–0712). In

summary, the sharp and intense peaks of SCC–HX indicate its high

crystallinity.

The SCC Raman spectrum exhibits distinct peaks at 1162, 1279,

and 1588 cm-1, assigned to C–H in-plane bending, C–N stretching,

and skeletal C=C vibrations in the conjugated porphyrin ring sys-

tem, respectively (Fig. 2c). These Raman peaks match prior re-

ports [30]. The Raman spectrum of SCC–HX shows distinct peaks

at 720, 1288, 1371, 1583, and 1637 cm-1 [15]. The peak at 720 cm-1

corresponds to the purine ring in keto-form N9–HX (Fig. S4a in

Supporting information), confirming its successful preparation [31].

The peaks at 1288 and 1371 cm-1 correspond to C8–H8 rocking and

C2–H2/N1–H1 stretching vibrations, respectively. The peaks at 1463,

1512, and 1583 cm-1 are attributed to N9–H9 rocking/imidazole

ring deformation, imidazole ring stretching, and N3–C4/imidazole

ring stretching vibrations, respectively. The peak at 964 cm-1 cor-

responds to N1–C2=N3 bending vibration. The absence of this

peak in the SCC–HX spectrum results from interference between

SCC and HX. The SCC–HX spectrum shows a C6–O6H1 stretch at

1166 cm-1, characteristic of enol-form N9–HX (Fig. S4b in Support-

ing information), which is absent in pure HX [32]. This absence in-

dicates that HX is exclusively in the keto form, whereas SCC–HX

contains both the keto and enol forms of N9–HX. Additionally,

compared to HX, some of the Raman peaks of SCC–HX exhibit a

Fig. 2. Composition and structural characterizations of pigments. (a) The preparation diagram of pigments. (b) PXRD patterns for different samples. (c) Raman spectra for

different samples. (d) FTIR spectra for different samples. (e) Cu 2p high-resolution XPS spectra for SCC–HX and SCC. (f) UV–vis absorption spectra of different samples. (g)

Zeta potential for different samples.
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slight red shift and a reduction in intensity, which may be indica-

tive of intermolecular interactions such as electrostatic adsorption,

hydrogen bonds, and π-π stacking between HX and SCC [33].

Fourier transform infrared spectroscopy (FTIR, Fig. 2d), the peak

at 643 cm-1 corresponds to C–H out-of-plane bending vibrations

for SCC–HX [34]. Meanwhile, the peaks at 966 and 914 cm-1 are

attributed to the skeletal vibration from the HX ring. The peak at

1348 and 1578 cm-1 corresponds to the C=C and C=N stretching vi-

brations. The peak at around 1667 cm-1 is ascribed to C=O stretch-

ing. Compared to HX, the peaks in SCC–HX show a minimal shift

in peak positions. Specifically, the C=O characteristic peak shifts

from 1676 cm-1 to 1667 cm-1. This shift arises from intermolecular

interactions between HX and SCC during the doping [35]. Notably,

the characteristic peaks of SCC were consistent with those reported

in the literature [36,37]. However, its peaks are not detectable in

SCC–HX due to the low doping concentration (1 g/L) and spectral

overlap with HX absorption peaks.

In Fig. S5a (Supporting information), X-ray photoelectron spec-

troscopy (XPS) survey spectra indicated the existence of C, N, and

O in three samples, while the Cu element was identified in SCC

and SCC–HX. The Cu 2p3/2 and 2p1/2 peaks of SCC were observed at

935.6 and 955.6 eV, respectively, whereas these in SCC–HX shifted

upward by 0.5 and 0.4 eV, respectively (Fig. 2e) [38,39]. This Cu

peak offset could confirm electrostatic adsorption between SCC and

HX. The C 1s high-resolution XPS spectrum of HX shows three

peaks at 285.5, 286.7, and 288.0 eV attributed to C=N, C-N, and

C=O bonds, respectively. After SCC doping, these peaks in SCC–HX

increased to 285.6, 286.9, and 288.2 eV, respectively (Fig. S5b in

Supporting information) [40,41]. Characteristic peaks at 399.0 and

400.3 eV in the N 1s high-resolution XPS spectrum of HX were

attributed to imino (-N=) and amino (-NH-) groups, respectively.

However, peaks for these groups in SCC–HX shifted upward by

0.2 and 0.3 eV, respectively (Fig. S5c in Supporting information).

Focusing on O 1s spectra, HX showed peaks at 531.4 eV (C=O)

and 532.8 eV (C-O), whereas SCC doping increased these peaks in

SCC–HX to 531.9 and 533.6 eV, respectively (Fig. S5d in Support-

ing information). Compared with HX, SCC–HX exhibited overall in-

creased binding energies in C 1s, O 1s, and N 1s high-resolution

XPS spectra, indicating stronger intermolecular interactions within

SCC–HX than in HX and suggesting enhanced interlayer π-π stack-

ing of HX molecules through SCC incorporation.

Ultraviolet-visible (UV–vis) absorption spectra were also used

to identify the components (Fig. 2f). The characteristic absorption

peak of SCC occurs at 376 and 624nm, and those of SCC–HX oc-

cur at 419 and 646nm. The same peak number confirms suc-

cessful incorporation of SCC into the HX [42]. Compared to SCC,

the absorption band maximum in SCC–HX undergoes a red shift.

This further demonstrates structural modifications in the HX ma-

trix. The attenuated absorption intensity, peak position shifts, and

spectral redshift collectively provide evidence for π-π stacking

interactions.

The zeta potential of the reaction solution during the prepara-

tion of SCC–HX was measured (Fig. 2g) [43]. SCC was observed to

be negatively charged at all tested concentrations (0.1–2.0mg/mL),

with its zeta potential remaining in a low negative range. This

is attributed to the ionization of functional groups, such as car-

boxyl groups, within its molecular structure. HX was observed to

have a weak positive charge (approximately +6.67mV), probably

due to positively charged groups in the sample [44]. When the

SCC–HX complex is formed through interaction between SCC and

HX, all complexes maintain a negative charge, and the negativity is

gradually enhanced with increasing SCC concentration. This indi-

cates that the amount of SCC adsorbed onto the surface of HX via

electrostatic interaction increases accordingly, leading to a higher

negative charge density on the composite surface. The above phe-

nomenon indicates that electrostatic adsorption occurs between

the positively charged HX molecules and the negatively charged

SCC molecules.

SCC–HX displays a nanosheet morphology (Fig. S6a in Support-

ing information). The same nanosheet-like topography is observed

in its transmission electron microscope (TEM) image (Fig. S6b in

Supporting information). Fig. S7 (Supporting information) exhibits

the elemental distribution of C, N, O, Na, and Cu in SCC–HX. The

uniform dispersion of Na and Cu elements confirms the doping

of SCC within the HX matrix [45,46]. Fig. S8 (Supporting informa-

tion) displays the energy dispersive spectroscopy (EDS) analysis of

the SCC–HX. It quantifies elemental composition and spatial dis-

tribution through X-ray characteristic peaks. EDS analysis reveals

that SCC doping increases nitrogen content while decreasing car-

bon content compared to HX (Table S1 in Supporting information).

The presence of Na and Cu elements from SCC in SCC–HX directly

confirms effective doping. Furthermore, inductively coupled plasma

optical emission spectrometry (ICP-OES) analysis was employed to

detect Cu in SCC–HX. In Table S2 (Supporting information), the Cu

content in the SCC–HX formed was 0.29ppm.

The optical performance of pigments and coatings are pre-

sented. Optical photographs of the pigments are presented (Fig. 3a

(Ⅰ-Ⅵ)). P-0.1 exhibits a light green color, and as the SCC concentra-

tion increases, this green color deepens, turning into a dark green

for P-2.0. SCC is dark green and HX is white, and both have a large

color difference with vegetation. The corresponding coating shows

the same trend of green color deepening (Fig. 3a (Ⅶ-XII)). Optical

photographs of the P-0.0 and SCC–HX paints, as well as the P-0.0

powder and its corresponding coating, are also provided (Figs. S9a,

b, and S10 in Supporting information). The P-0.0 paint, powder,

and coating all exhibit a bright white color, whereas the SCC–HX

paint appears dark green.

To clarify the chromatic properties of the pigments, the CIE1931

chromaticity coordinates of various pigments and their corre-

sponding coatings are provided in Figs. 3b and e. The SCC–HX pig-

ments’ chromaticity points lie on the 6000K isotherm (Fig. 3b),

whereas their corresponding coatings shift leftward to the 6000–

10,000K range (Fig. 3e). This shift stems from polyurethane mod-

ifying light reflectance, likely by enhancing short-wavelength rel-

ative to long-wavelength light, thereby increasing the perceived

color temperature. The L∗, a∗, and b∗ values of the pigments and

coatings are shown in Table S3 (Supporting information). To ex-

clude the spectral interference of waterborne polyurethane on pig-

ments, its optical property was investigated. In Fig. S11 (Sup-

porting information), a low and gentle reflectance of 10% and a

high transmittance of 85% are exhibited, indicating excellent light-

transmitting performance. Then, a weak absorption peak appears

in the transmittance curve at ∼1740nm, mainly from the C=O

bond absorption. Additionally, a strong peak at 2305nm arises

primarily from -CH2 bond absorption [47,48]. In a word, except

for an additional oscillation peak near 2305nm, the waterborne

polyurethane film-forming agent has little impact on the shape and

trend of the fillers’ spectra [49].

The UV–vis-NIR reflectance spectra of SCC–HX pigments are

given, showing relatively complete spectral profiles with green

peaks, red edges, and near-infrared plateaus (Fig. 3c). They also

exhibit high reflectance with 88.6% across the 350–2500nm. No-

tably, two chlorophyll absorption valleys from SCC are observed at

416 and 645nm (Fig. 3d). P-0.1 and P-0.5 display relatively high

reflectance at the green peak, which differs from that of veg-

etation. In contrast, P-1.0 and P-2.0 show moderate reflectance,

with values below 25%. Fig. 3f shows the UV–vis-NIR reflectance

spectra of the coatings. Two distinct absorption valleys are ob-

served around 1740 and 2305nm, attributed to the C=O and -CH2

bonds of polyurethane, respectively. The reflectance of the near-

infrared plateau is enhanced by approximately 5.2 %, which cor-

roborates the changes in chromaticity coordinates. In Fig. 3g, the
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Fig. 3. Optical performance of pigments and coatings. (a) Optical photographs of pigments: P-0.1, P-0.5, P-1.0, P-2.0, SCC and HX (Ⅰ-Ⅵ), and coatings: C-0.1, C-0.5, C-1.0,

C-2.0, C-SCC and C–HX (Ⅶ-XII). The scale bar is 0.5 cm. (b) Chromaticity coordinates of different pigments. (c) UV–vis-NIR reflectance spectra of different pigments in

350–2500nm. (d) Enlarged reflectance spectra of pigments in 400–700nm. (e) Chromaticity coordinates of different coatings. (f) UV–vis-NIR reflectance spectra of coatings

in 350–2500nm. (g) Enlarged reflectance spectra of coatings in 400–700nm.

green peak remains stable at 487nm, indicating that the addition

of polyurethane does not affect its position. The reflectance spec-

tra of P-0.0 and C-0.0 are similar to the diffuse reflectance spectra

of HX and C–HX (Fig. S12 in Supporting information). Reflectance

spectroscopy analysis shows that neither SCC nor HX alone can

simulate vegetation reflectance spectra.

To explore the heat resistance of pigments, thermogravimet-

ric analysis (TG) is given (Fig. S13 in Supporting information). The

weight loss of SCC occurs in two stages: One involves the loss of

free water, and the other corresponds to the initial decomposition

of SCC. The starting point of the second stage is defined as the

decomposition temperature (Tonset) of SCC, which is 208 °C. This

Tonset value indicates the heat resistance performance. For HX and

SCC–HX, after sufficient drying to remove free water, the inflection

point of their first weight loss stage is defined as their Tonset. In

comparison, the Tonset of SCC–HX increased from 208 °C to 347 °C,
thereby confirming a significant improvement in heat resistance.

To illustrate the UV resistance, the CIELAB color difference

(�Eab
∗) of the SCC–HX coating and the control sample (a physi-

cal mixture of SCC and HX) was recorded (Fig. 4a). On the first

day of UV aging, the �Eab
∗ of the SCC–HX coating was 2.60, while

that of the control coating reached 5.21. Throughout the 12-day ag-

ing period, the �Eab
∗ of the SCC–HX remained below 3, indicating

its ability to withstand at least 12 days of UV exposure. To verify

the spectral stability during UV aging, the reflectance spectra were

monitored. Compared with the original spectrum, the position and

reflectance value of the coating’s green peak show slight changes

(Fig. 4b), demonstrating excellent spectral stability. This aligns with

the minimal �Eab
∗ observed before and after aging (Fig. 4a), and

the enhanced color fastness results from the electrostatic adsorp-

tion between HX and SCC.

To verify the improved heat resistance, the SCC–HX coating

was subjected to heat treatment at 90 °C and 120 °C, respectively.
Fig. 4c shows the changes in color coordinates during heating:

The L∗, a∗, and b∗ values remained stable, with a small �Eab
∗

before and after treatment, indicating that the SCC–HX coating

has good thermal stability and color retention. The UV–vis-NIR

reflectance spectra recorded during heat treatment (Fig. 4d) fur-

ther confirm that the SCC–HX coating maintains spectral stability

at 90 °C and 120 °C [50]. Specifically, the reflectance of the green

peak changed minimally, from 20.1% to 19.7%, demonstrating that

SCC–HX coating has extremely high spectral stability under heat

treatment.

In addition, polarization performance of pigments and coatings

are shown. Depolarization aids biological invisibility by weaken-

ing polarized light signatures. HX induces this effect through low

molecular symmetry, anisotropic conjugation, and thermal motion

that disrupts the orientation of polarized light [51]. To investigate

the depolarization effect and the influence of the environment on

the polarization stability of SCC–HX, the degree of linear polariza-

tion (DOLP) was measured (Fig. 5). The depolarization performance

of the pigments was evaluated by dissolving them in ethanol and

applying them to the substrate. The coating sprayed with HX is

named Spray HX, and that sprayed with SCC–HX is named Spray

SCC–HX.

The DOLP of three pigments (SCC, HX, and SCC–HX) was mea-

sured separately (Fig. 5a). The addition of HX significantly reduces

the DOLP of SCC–HX, exhibiting excellent depolarization perfor-
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Fig. 4. Environmental resistance of coatings. (a) The �Eab
∗ changes between adjacent time points in 12 days of UV aging of different coatings. (b) Reflectance spectral

changes of SCC–HX coatings during 12 days of UV aging in 350–2500nm. (c) Chromaticity and �Eab
∗ changes of SCC–HX coating at different temperatures. (d) Reflectance

spectral changes of SCC–HX coatings at different temperatures in 350–2500nm.

Fig. 5. Polarization performance of coatings and radar comparison. (a) DOLP plots of different pigments. (b) DOLP plots of sprayed and treated pigments. (c) DOLP changes

of SCC–HX coatings at different temperatures in 400–900nm. (d) DOLP changes of SCC–HX coatings during 10 days of UV aging in 400–900nm. (e) Layered structure model

of SCC–HX. (f) Comparison of key indicators with other literature.

mance. Fig. 5b shows the DOLP of the sprayed and treated SCC–HX.

Compared to the substrate, the DOLP value of Spray SCC–HX de-

creases by 39.3% (from 0.28 to 0.17), demonstrating a significant

depolarization effect. Even when compared with the Spray HX, its

polarization is reduced by 32.0 %. Additionally, the Spray SCC–HX

displays a high polarization spectral similarity to vegetation (Fig.

S14 in Supporting information).

To examine the heat impact on depolarization, the pigment was

heat-treated at 90 °C and 120 °C, sprayed onto the substrate, and

tested (Fig. 5c). No significant changes were observed. Addition-

ally, SCC–HX pigment was subjected to UV aging in a test cham-

ber, then sprayed onto the substrate for polarization testing. Fig.

5d shows that its DOLP remained virtually unchanged after 10 days

of UV exposure, indicating no degradation in depolarizing perfor-

mance. Thus, SCC–HX retains its depolarizing effect after both heat

treatment and UV aging. As is known, the refractive indices of HX

are 1.85, 1.78, and 1.42 [52]. When two purine flake motifs with

different refractive indices are used to form a composite structure,

the DOLP could decrease (Fig. 5e). Also, under the heterocycles in

the conjugated system of HX that disperse the vibration direction

of light, in synergy with the C=O and -NH- groups to enhance light

scattering, the DOLP is reduced.
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In Fig. 5f, the spectral and depolarization properties of our

work are compared with those of other counterparts using

a radar map [3,53]. The larger the area of the radar map,

the better the overall performance. The results show that our

work’s spectral similarity is comparable to that of other coun-

terparts, highlighting its high potential for hyperspectral coatings

[54,55]. It also exhibits a more obvious depolarization effect than

its counterparts, with promising applications in low-polarization

coatings. However, the reciprocal of the chromaticity changes

(1/�Eab
∗) value of 0.25 is slightly inferior compared to some

counterparts [56].

In conclusion, a cosθ of 0.9685 and a γ of 0.9440 (350–

2500nm) are shown for the SCC–HX coating, indicating high re-

flectance spectral similarity to vegetation. Moreover, the SCC–HX

pigment exhibits a depolarization effect, with the DOLP re-

duced by 39.3%. These properties arise from the electrostatic

adsorption between HX and SCC, enabling the SCC–HX coat-

ing to simulate both the reflectance and polarization spectra of

vegetation.
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[48] K. Beć, J. Grabska, C. Huck, Molecules 25 (2020) 2948.
[49] P. Yang, Y. Chen, Y. Wang, et al., J. Mater. Sci. Technol. 253 (2026) 98–104.

[50] D. Deng, J. Wu, Q. Feng, et al., Adv. Funct. Mater. 34 (2024) 2308762.

[51] S. Choi, D. Kim, Y. Lee, et al., Nat. Rev. Bioeng. 3 (2025) 579–595.
[52] H. Athmani, A. Direm, F.A.P. Osório, et al., J. Mol. Model. 30 (2024) 280.

[53] S. Miao, Z. Luo, S. Tan, et al., Prog. Org. Coat. 186 (2024) 108074.
[54] Q. Lu, M. Li, A. Tian, et al., J. Bionic. Eng. 19 (2022) 788–798.

[55] Y. Yang, Z. Liu, B. Hu, et al., Spectrosc. Spect. Anal. 31 (2011) 166.
[56] P. Yang, X. Liu, Z. Liu, et al., Adv. Funct. Mater. 34 (2024) 2405908.

6




