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Automation assisted systematic investigation on ZIF photonic
crystals: From microscopic mechanism to the detection of
organophosphorus compounds
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ABSTRACT: Metal-organic framework materials exhibit significant
advantages in the field of harmful gas adsorption by virtue of their
large pore size and high specific surface area. The construction of
photonic crystals using zeolitic imidazolate framework-8 (ZIF-8)
particles as assembly units can enhance the signal transduction 4
ability, and their polyhedral morphology further expands the ordered

arrangement of photonic crystals. In this study, we focus on the o I -

optimization of the assembly conditions, response properties, and O, ¢ medin W
mechanism of action of ZIF-8 particles, and combine with an CWA simulants

automated photonic crystal preparation platform to realize the rapid Quart
screening of assembly parameters. The optimized ZIF-8 photonic
crystal arrays exhibit selective naked-eye recognition of é’i;;__: o
organophosphorus compounds: It is experimentally confirmed that ‘:/" H&?W
organophosphorus compounds induce particle size changes ) gs
through adsorption—surface interactions, which in turn modulate the photonic bandgap widths and lead to the quenching or
enhancement of reflectance spectra at specific wavelengths, whereas small-molecule alcohols trigger the spectral
quenching of only a single wavelength due to the adsorption-induced particle swelling. The Python-based automated
control platform further enables scalable morphology tuning and successfully prepares colored microspheres with tunable
photonic properties. This study reveals the ligand-mediated assembly mechanism of metal-organic framework photonic
crystals and provides a theoretical basis for the design of metal-organic framework photonic crystals.
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band gap (PBG) characteristics. When the PBG falls within the
visible light range, PCs can exhibit vivid structural colors by
prohibiting the propagation of specific wavelengths of light within
this PBG range [1-3]. Historically, photonic crystal sensors
developed through particle assembly utilized the response material
modulation to controllably tune their optical properties [4-6].

1 Introduction

Photonic crystals (PCs), as photonic nanomaterials composed of
periodically modulated dielectric materials, have unique photonic
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Metal organic framework (MOF) materials have the characteristics
of large surface area, high porosity, and diverse structures. When
combined with photonic crystal sensors, the composite material can
have the characteristics of both PCs and MOFs. For a long time, the
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assembly of spherical particles has been a foundational approach for
constructing PCs. By assembling crystalline materials into PC
structures and making full use of the morphological diversity of
particles, PCs can be endowed with richer and more unique optical
properties [7-9], which greatly expands the potential of PCs to be
used in many fields such as optical sensing, optical
communications, and display technologies.

Organophosphorus compounds (OPs) are widely used in
agricultural production and as flame retardants, and have a wide
range of impacts on daily life, with some of these compounds
classified as chemical weapon analogs (CWAs). Their molecular
structures closely resemble those of typical chemical warfare agents
such as sarin, soman, and VX. For the detection of these substances,
the conventional techniques are mainly liquid chromatography
(LC), gas chromatography (GC), thin-layer chromatography (TLC),
and gas chromatography-mass spectrometry (GC/MS) [10]
techniques, which are not suitable for fast detection on site.

Studies showed that MOFs have good adsorption and
degradation capabilities for OPs such as methyl paraoxon (MP),
methylphosphonic acid (MPA), and dimethyl methylphosphonate
(DMMP), while also functioning as high-efficiency filtration media
for these hazardous substances in environmental or defense
applications [11-16]. The degradation of OPs can be effectively
catalyzed by constructing nanoreactors that utilize multi-enzyme
synergistic or metalloenzyme synergistic mechanisms [13, 17-19].
In addition, the detection performance of metal-organic framework
sensors was significantly improved through metal doping or
structural modification [18, 20]. Given the unique performance
advantages of polyhedral MOF particles, more and more
researchers have chosen them as the assembly matrix for photonic
crystal sensors to construct metal organic framework
organophosphorus compounds (MOEF-PCs) [21-29], which
provides new possibilities for combining the advantages of PCs and
MOFs for substance detection and sensing, as exemplified by the
detection of OPs. In existing studies, some researchers have
constructed self-assembled PC using zeolitic imidazolate framework-
8 (ZIF-8) particles as a substrate and applied them to the field of gas
sensing for the DMMP [30]. However, these works lacked
comprehensive exploration of the assembly conditions of MOF-
PCs and the sensing principle based on MOF-OPs interactions in
terms of microscopic aspects.

In this study, we connect the work pipeline of MOF-PCs
including  preparation,  characterization, and  detection
systematically (Fig. 1). We achieved a more rational understanding
of the colloidal and interface chemistry of MOF PC from
combinatorial study of their assembly and interaction with OPs.
ZIF-8 PC sensors with good performance and good response to
OPs have been prepared, and the exploration of their assembly
conditions and the development and expansion of their
multidisciplinary applications have been fully completed with the
help of an automated PC synthesis platform. Experimental
validation showed that the obtained photonic crystal sensors
exhibited specific selectivity for OPs. A naked-eye response is first
reported for MOF-PCs detecting OPs, bringing in more rapidness
and convenience compared with conventional means. In order to
further optimize the performance and application qualification of
the sensor, we used the automated equipment set to rapidly screen
and prepare the MOF-PCs under varied experimental conditions.
From the standardized automation data, the mechanism of the
superstructure is investigated to help with the deeper understanding
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of the system, and therefore establishing a new general research
paradigm for MOF-PCs.

2 Experimental

Materials: All the chemicals were commercially available.

Synthesis of ZIF-8 particles: First, 1117 mg of
dimethylimidazole and 1.3 mg of hexadecyl trimethyl ammonium
bromide (CTAB) were dissolved in 5 mL of H,O as solution A.
Then 300 mg of Zn (CH,COO),2H,0 was dissolved in 5 mL of
H,O as solution B. After sonication for 10 min, the two solutions
were fully mixed in a 50 mL beaker. Next, solution B was added to
solution A at a uniform rate and stirred slowly until the solution
turned white. The mixture was kept at 40 °C for 2 h. After
centrifugation for 5 min, the product was washed twice with
deionized water to obtain ZIF-8 particles.

Configure different concentrations of ZIF-8 colloidal
solutions for storage: Colloidal solutions were prepared with
product particles at concentrations of 10, 20, and 100 mg/mL.

Self-assembly of MOF crystals: Glass slides were treated with
acetone, ethanol, and deionized water for 10 min. After the
processed glass slides were dried, the slides were hydrophilically
treated using a plasma cleaning machine. 50 pL of colloidal solution
was moved onto the glass sheet and the glass sheet was placed in a
preheated oven at 60 °C for 2 h.

Automated Synthesis of PC: A colloidal solution with a
concentration of 100 mg/mL was selected, and different dosages
and assembly temperatures were set in the control program of the
automated synthesis platform to quickly assemble the PCs and
screen the optimal conditions. The composition of the PC
automated synthesis platform and the roles played by each part of
the components in the PC synthesis process are shown in Table 1.
The speed of the robotic arm was varied according to the detail
function stage. Due to the complexity of the automated workflow
for photonic crystal microsphere synthesis, detailed control scripts
and source codes are being systematically organized and will be
disclosed upon final submission.

Characterization: X-ray diffraction (XRD) patterns were
obtained using Rigaku IV XRD (CuKa radiation, A = 1.5406 A).
Scanning electron microscopy (SEM) images were taken using a
Carl Zeiss. Nitrogen adsorption isotherms of ZIF-8 samples were
measured with a Brunauer-Emmett-Teller (BET).

3 Results and discussion

3.1 Synthesis of ZIF-8 particles

The superstructure assembly of three-dimensional long-range-
ordered PCs is wusually significantly correlated with the
monodispersity, size, and morphology of the functional building

Table 1 Components and functions of the automated preparation platform for
PCs

Components Basic functions Contribution
o . Precise transfer of carrier
Robot arm Gripping and clamping platforms
. L o Precise addition of
Syringe pump Liquid addition dispersion
Heating Constructing controlled Temperature control
platform thermal fields P

94908381 (2 of 12)
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Figure1 Schematic diagram of the preparation process and sensing principle of photonic crystal sensors.

blocks. Therefore, ZIF-8 particles with different morphologies were
synthesized and utilized for superstructure assembly attempts.
Among the various shapes of ZIF-8 particles, the cube-shaped
particles were selected as the functional building blocks of PCs due
to their excellent optical properties and unique naked-eye
recognizability.

The structural and physicochemical properties of cubic ZIF-8
particles prepared by the synergistic modulation of CTAB, 2-
methylimidazole, and Zn(II) ions were systematically characterized.
The XRD signals of the synthesized ZIF-8 particles, subjected to
basic characterization and dimensional testing (as shown in
Fig. 2(d)), showed peak shapes highly consistent with the
simulation results. Figure 2(c) shows the specific surface area of the
prepared pristine particles, with an experimental value of 1235 m?/g,
in agreement with literature-reported ZIF-8 specific surface area
values. These results indicate the successful synthesis of ZIF-8
particles with good crystallinity. The prepared ZIF-8 particles
exhibit good monodispersity, with particle size distribution
characterized by narrow dispersion (mainly concentrated at 200 +
5 nm, as shown in Fig. 2(b)). Particles of this size display bright
luster after centrifugation (Fig. 2(a)), which can serve as a
macroscopic indicator for rapid quality assessment. SEM
morphology analysis (Fig. 2(a)) confirmed that the crystals exhibit a
typical truncated rhombic dodecahedron structure.

3.2 Self-assembly of MOF crystals

On the macroscopic scale, the spatial dimension of the assembled
PC can reach the centimeter scale, and this property is correlated
with the assembly process parameters. To more efficiently
investigate the effects of colloidal solution amount and assembly
temperature on the assembly effect, PCs with different process
parameters were rapidly prepared using an automated PC synthesis
platform (Table SI in the Electronic Supplementary Material
(ESM)). This method not only improves the experimental
efficiency, but also systematically optimizes the conditions to obtain
the best assembly effect quickly.

(B 7~ 2w | Sci@pen
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The reflectance spectral signals were combined with optical
microscopy pictures, and the ZIF-8 PCs with high-quality were
screened out. The experimental results show that the PCs under
certain assembly conditions exhibit a coffee ring effect under the
combined effect of different temperatures, particle concentrations,
and surfactants. All reflectance spectra shown in Fig. 3 were
obtained from five independent repeated experiments (n = 5). The
spectral deviations observed in certain units correspond to non-
optimal assembly parameters and were intentionally retained for
parameter screening, rather than indicating intrinsic instability of
the photonic crystal system.

Under low-temperature assembly conditions, the evaporation
rate of the colloidal solution is slow, the thermal motion of the
particles is less intense, and inter-particle interactions dominate the
assembly process. This results in a large number of particles
accumulating in the central region with an inconspicuous outer
ring (Fig. S7 in the ESM). When the temperature is elevated, the
dispersion exhibits a rapid evaporation rate with intensified droplet
evaporation effects. Under these conditions, the particle thermal
motion becomes more vigorous, and the influence of particle
concentration on assembly becomes predominant. At low particle
concentrations, strong edge evaporation induces capillary flow that
transports particles to the droplet periphery, thereby forming
distinct coffee ring patterns. Conversely, at high particle
concentrations, enhanced thermal motion combined with
surfactant effects significantly increases interparticle contact
probability. This promotes the formation of large, stabilized
aggregates that resist capillary flow, unlike individual particles, thus
effectively suppressing coffee ring formation (Fig. S7 in the ESM).

At moderate temperatures, assembly is affected by a variety of
factors. When the number of particles is large, on the one hand, the
thermal movement of particles is not as intense as at high
temperatures, and the aggregates are not fully stabilized, which
counteracts the influence of capillary flow; on the other hand, due
to the large number of particles, the liquid is affected by the surface
tension at the edges, and the two aspects work together to form an

Nano Research, 2026, 19, 94908381
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Figure2 The basic physical properties of ZIF-8 particles. (a) The SEM image of the particles. (b) The particle size distribution, reflecting the distribution characteristics of
particle diameters. (c) The adsorption—desorption curve of the particles. (d) The XRD patterns of the particles and the comparison diagram with the simulated signal.

obvious coffee ring (Figs. S7 and S8 in the ESM). When the
amounts of particles are small (80 pL), a slight outer ring reappears
due to the hydrophilicity of the substrate and the effect of edge
tension, resulting in a partly dense and partly loose microstructure
(Figs. S7 and S8 in the ESM).

In the variation of assembly volume, the G channel values are
higher at 80, 100, and 120 pL under different assembly
temperatures; temperature has a more direct effect on the assembly
quality of PCs, with the red, green, and blue (RGB) channel pixel
values generally increasing with temperature (Fig. S9 in the ESM).

After several screenings, the ideal coverage effect was found to be
achievable by using 100 pL of colloidal solution with a
concentration of 100 mg/mL, which was just enough to uniformly
cover the surface of a 10 mm x 10 mm quartz substrate, thereby
avoiding assembly defects caused by insufficient or excessive
solution.

3.3 Response of self-assembled ZIF PC to OPs

Three OPs, MP, MPA, and DMMP, were selected in this study,
while common alcohol solvents were chosen as the analyte control
group. The assembled photonic crystal sensors were reacted by
direct exposure to the atmospheres of DMMP, MP, and MPA. The
spectral analysis (Fig. 4) shows an excellent agreement between the
reflectance spectra of different microregions of the same PCs. The
initial sample shows two groups of reflection peak: the 450 and
500-600 nm bands. With the comparison over the reflectance of
bare glass substrate, 450 nm was the background peak of the
experimental setup. However, the 450 nm peak of the bare glass
substrate was very weak from the signal/noise ratio aspect (Fig. S22
in the ESM). The intensity of 450 nm peak could be used as the
indicator of the surface smoothness and degree of order of ZIF
assemblies (Fig. 3) due to the diffuse reflection. For the optimized
photonic crystal sensors shown in Fig. 4, repeated measurements
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(n = 5) exhibit nearly fully overlapped reflectance spectra,
demonstrating  excellent optical response stability and
reproducibility under identical sensing conditions.

When exposed to DMMP atmosphere, the intensity of the
characteristic peak at 450 nm is attenuated by about 41.82%,
whereas the reflected intensity in the 500-600 nm band increases to
2.34 times the original intensity, and there is a displacement of the
high peak from 500 to 600 nm. The reaction with MPA was similar
to that of DMMP, with a significant increase in the reflectance
intensity in the 500-600 nm band and the same displacement of the
high peaks. Comparison experiments show that exposure to MPA
leads to a similar attenuation of the intensity in the 450 nm band
(~ 42.8%), and the reflectance intensity in the 500-600 nm region is
increased to 1.78 times of the original one, with an increase in the
amplitude of the bimodal region by AA = 1.3 nm, and a red shift of
the higher peaks by AA = 48.01 nm. Unlike DMMP and MPA, the
reflectance spectra of PC reacting with MP did not show obvious
attenuation or enhancement of light intensity.

It is worth noting that alcohols show a different reaction
mechanism from that of OPs in the reflectance spectra. The
intensities in the 450 nm band are significantly reduced by about
60.8% with methanol and 56.4% with ethanol. Although there is no
significant change in the intensity in the 500-600 nm region, the
distribution of the high peaks becomes haphazard, and
homogeneity is significantly reduced. SEM characterization (Fig. 5)
shows that ethanol molecules cause swelling of ZIF-8 particles,
while local agglomeration leads to a widening of the particle spacing
distribution, which disrupts the long-range ordering of the PCs.
This inhomogeneous structural distortion plausibly explains the
wavelength fluctuations of the high peaks observed in the
reflectance spectra.

We speculate that the different effects of alcohol molecules and
OPs molecules on ZIF-8 PCs may stem from the synergistic effects

(8) 27 wa | Sci@pen
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Figure3 Automated platform for rapid screening of PC preparation conditions. (a)-(d) Spectra of PC assembled at the same temperature with different particle
additions. (e) Optical images of PC corresponding to the dual dimensions of temperature and particle additions (red boxes are the best).

of size and polarity. Small-sized alcohol molecules enter the ZIF-8
pores and initiate dynamic pore contraction through hydrogen
bonding, weakening the peak intensity at 450 nm but failing to
initiate lattice expansion, leaving the peak at 500-600 nm
unchanged. DMMP/MPA with strong polar groups preferentially
interact with the surface, leading to local structural collapse. They
may trigger solvation swelling or molecular layer coverage on the
surface, leading to the displacement of the reflection peaks at high
peaks. On the other hand, MP has no significant spectral response
due to its large size and too strongly polarized phosphonate group.
The rigid structure of MP makes it unable to cause deformation of
the ZIF-8 lattice, so its spectral change is negligible.

The experimental results show that when the PCs were exposed
to DMMP and MPA atmospheres, the structural colors observable
by naked-eye disappeared (Fig. 6), whereas in the MP atmosphere,
the structural colors of the PCs remained basically unchanged. For
further comparative analysis, this study conducted control

@ H¥rs
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experiments with ethanol and methanol under the same conditions.
The results demonstrate that the system exhibits an extinction
phenomenon distinct from that of OPs. From the optical images,
the slight differences in structural colors of the PCs exposed to
alcohols and OPs can be clearly distinguished, indicating that the
PCs formed by self-assembly of ZIF-8 particles are selective in
response to OP molecules.

Optical microscopy analysis reveals that both alcohol interfering
agents and OPs exhibit similar warm-yellow hues post reaction.
This chromatic overlap, combined with the limited resolution of
human vision, can result in misinterpretation during naked-eye
observation. To address this, RGB channel peak shifts in optical
images were analyzed (Fig. 6). RGB values were extracted from
optical images using a Python-based image processing script. For
each sample, at least three independent measurements (n = 3) were
analyzed. RGB intensities were normalized to the maximum
channel value of the original photonic crystal to minimize

Nano Research, 2026, 19, 94908381
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Figure4 Reflectance spectra of PCs in their original state, and comparison of reflectance spectra after reaction with OPs and with alcohols in the control group. (a)
Reflectance spectra of assembled PCs after complete reaction with DMMP to saturation. (b) Reflectance spectra of assembled PCs after complete reaction with MP to
saturation. (c) Reflectance spectra of assembled PCs after complete reaction with MPA to saturation. (d) Reflectance spectra of PCs after complete reaction with methanol
(control) to saturation. (e) Reflectance spectra of PCs after complete reaction with ethanol (control) to saturation. (f) Principle of spectral response generation by PCs.

illumination-induced variations. The results are presented as mean
values with standard deviation. The G > R and B > R sequences
were demonstrated to remain unchanged after MP exposure,
corresponding to stable structural colors. Alcohol exposure was
found to induce the most pronounced increase in the R-channel
intensity, resulting in GRB ordering, which aligns with the red shift
phenomenon caused by solvent-induced structural disorder. In
contrast, OPs significantly reduced B channel intensity, with
DMMP showing a marked expansion in the B/G differential,
forming a distinct fingerprint pattern (R > G >> B). Based on these
findings, the ZIF-8-based photonic crystal sensor establishes a tri-
mode detection system: structural color screening, RGB ratio
validation, and PCA-assisted classification (Fig. S18 in the ESM).
This system enables rapid in situ detection by replacing complex
chromatographic analyses with optical signals while minimizing
false-positive rates.

Although the sensor selectively discriminates alcohols from OPs,
its ability to differentiate structurally analogous OPs remains
limited. The principal component analysis (Fig. S18 in the ESM)
effectively distinguishes alcohol and OP signals but exhibits reduced
discriminative power among structurally similar OPs. Although the
algorithm is compatible with lightweight computing architectures,
its efficacy in resolving subtle selectivity variations requires further
optimization through synergistic enhancement strategies. These
results highlight the sensor’s robust selectivity between OPs and
alcohols, whereas precise identification of analogous OPs
necessitates multidimensional signal integration techniques.
Although the current ZIF-8 photonic crystal sensor shows limited
discrimination between structurally similar OPs such as DMMP
and MPA, selectivity may be further improved through several
strategies. These include regulating the ZIF framework structure or
particle size distribution, introducing surface functionalization to
create differentiated host-guest interactions, and integrating
multidimensional optical signals such as reflectance peak position,
bandwidth, and RGB evolution.
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34 Response mechanism of ZIF photonic crystal sensor
formed by self-assembly

PCs exhibit bright structural colors that originate from the ordered
arrangement of matrix particles, and this periodic structure in turn
forms the PBG. To investigate the effect of periodic structure
changes on the response to OPs, the self-assembled structures
before and after the reaction were characterized by SEM in this
study. As shown in Fig. 5(a), the self-assembled ZIF-8 particles
exhibit an ordered arrangement.

As shown in Fig. 5(b), after exposure to a DMMP atmosphere,
the structural adhesion between ZIF-8 particles occurs alongside a
reduction in particle size. In an MPA atmosphere, the particle size
variation and interparticle adhesion are observed, with adhered
particles forming a lamellar structure. In an MP atmosphere,
despite significant particle size alteration, the particles adopt a
denser arrangement, thereby partially retaining the original optical
structure.

Figures 5(e) and 5(f) demonstrate that after exposure to
methanol and ethanol atmospheres, the particles undergo
significant size expansion, with their assembled structures
exhibiting pronounced irregularities. The increased particle size
alters the PBG, causing a red shift in the reflected wavelength.
When the wavelength exceeds the visible spectrum range, no
distinct structural color is detectable by naked-eye observation.

These results demonstrate that the self-assembled ZIF-8-based
PC structures can serve as sensing materials for OP differentiation
and detection. The optical property changes of PCs primarily
originate from PBG modulation. The selectivity between OPs and
alcohols is attributed to their differential effects on the PC
structures. Specifically, non-periodic structures formed by particles
through interparticle adhesive interactions modify light propagation
paths within the crystal, thereby altering photon transport modes
and ultimately inducing significant optical property changes.
According to the Bragg-Snell relationship, the photonic band gap
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Figure5 Optical images of the PCs in the original state, and the comparison of optical images after reaction with OPs and with the control group of alcohol substances.
(a) The optical image of the assembled PCs in the original state. (b) The optical image of the assembled PCs after saturation reaction with DMMP. (c) The optical image of
the assembled PCs after saturation reaction with MP. (d) The optical image of the assembled PCs after saturation reaction with MPA. (e) and (f) The optical images of the
PCs after saturation reactions with the alcohol control substances, respectively. (g) Distribution diagrams of RGB values and peak pixel values of three channels for optical
images of different reactants. (h) Each RGB data point represents the statistically processed result obtained from three independent measurements (1 = 3).

position is proportional to the effective lattice spacing and refractive
index. Therefore, the adsorption-induced particle shrinkage or
swelling leads to corresponding blue or red shifts of the PBG. Due
to the structural disorder and local heterogeneity, an exact linear
relationship is difficult to establish; however, a clear monotonic
correlation between particle size variation and PBG shift is
consistently observed.

Figure 7 further illustrates the synergistic mechanism of
adsorption between different molecules and ZIF-8 photonic
crystals. With the help of structural models (Figs. 7(a)-7(e)), it can
be seen that the small-sized alcohols can enter the ZIF-8 pores
smoothly due to their small molecular dynamics diameter. After
entering the pore, the interaction between the alcohol molecules
and ZIF-8 results in the shrinkage of the pore, which leads to the
localized deformation of the material, and ultimately results in the
attenuation of the 450 nm reflection peaks. In contrast, the
adsorption capacity of DMMP and MPA is weaker than that of
small-sized alcohols, but the adsorption phenomenon still exists.
This explains the burst and enhancement of DMMP and MPA at
specific wavelengths of the reflectance spectrum: On the one hand,
their adsorption causes local deformation of the material, resulting
in the attenuation of the 450 nm peaks; on the other hand, the
strong polar phosphoric acid groups contained in DMMP and
MPA may interact with the surface structure of ZIF-8, which may
lead to the collapse of the structure of ZIF-8 through the solvation
effect or molecular coverage effect, and ultimately to the collapse of
4% uer | Sci@pen
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the structure at 500 nm. On the other hand, the strong polar
phosphate groups in DMMP and MPA may interact with the
surface structure of ZIF-8 and cause structural changes of ZIF-8
through solvation or molecular coverage effects, resulting in the
formation of enhanced reflection peaks in the 500-600 nm region.
It is noteworthy that the MP molecules with benzene ring structure
do not penetrate the ZIF-8 pores and match the lattice effectively
due to their large spatial resistances and weak polarity, so the
spectral responses do not show significant changes (Fig. 4(b)).

To deeply investigate the sensor’s response mechanism to OPs,
this study selected DMMP as a representative analyte. When the
PCs saturate in high-concentration DMMP environments,
dendritic patterns become distinctly visible in optical micrographs.
As shown in Fig. S$22(c) in the ESM, these characteristic growth
patterns correlate with DMMP diffusion through ZIF-8 pores. The
adsorbed saturated particles resemble crystalline seeds that diffuse
outward with increasing DMMP concentration while undergoing
agglomeration, a process analogous to dendritic growth.

In contrast, the alcohol diffusion in ZIF-8 particles exhibits island-
like characteristics, with aggregated particles forming layered
structures that display partial cementation and dispersion (Fig.
S22(e) in the ESM). Notably, neither diffusion-agglomeration
mode alters ZIF-8 crystallinity but modulates optical signals
through ordered structural adhesion and collapse (Fig. S22(a) in the
ESM).

Under DMMP concentration changes, reflectance spectral

Nano Research, 2026, 19, 94908381
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Figure6 SEM images of the PCs in the original state, and the comparison diagrams of the optical images after the reaction with OPs and after the reaction with the
alcohol substances in the control group. (a) The SEM image of the assembled PCs in the original state. (b) The SEM image of the assembled PCs after a saturation reaction
with DMMP. (c) The SEM image of the assembled PCs after a saturation reaction with MP. (d) The SEM image of the assembled PCs after a saturation reaction with
MPA. (e) and (f) The SEM images of the PCs after saturation reactions with the alcohol control substances, respectively.
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Figure7 Adsorption of ZIF-8 particles for different gases at 60 °C simulated using Material studio software. (a)-(e) Corresponding to the adsorption of DMMP, MPA,
MP, CH;CH,OH, and CH,OH, respectively. (f) The energy distribution in the adsorption.

signals diminish progressively until stabilizing in a non-reflective
state (Fig. S16 in the ESM). At DMMP saturation, the particle pore
size remained unchanged (~ 1.5 nm), whereas the specific surface
area decreased from 1235 to 7 m’/g, and the adsorption isotherm
transitioned from type I(b) to type III. This suggests that the
DMMP in the ZIF-8 pores is saturated and the ZIF-8 voids have
weakened nitrogen interaction forces, as evidenced by reduced
adsorption at saturation pressure (Fig. 8).

For the DMMP adsorption and diffusion in ZIF-8, further
analysis was conducted by nuclear magnetic resonance (NMR) and
Fourier transform infrared (FTIR) (Figs. S20 and S21 in the ESM).
The adsorption of DMMP molecules in ZIF-8 PC was further
confirmed by fingerprinting the characteristic peaks of DMMP in
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NMR and FTIR. These results suggest that the porosity of ZIF-8
particles plays an important role in the performance of photonic
crystal sensors.

By studying the time series of the reaction process of PC with
DMMP, it was found that after 10 min of reaction, the particles
began to stick together. With time, the adhesion between the
particles became more severe, and voids gradually formed. As the
voids increased, the ordered structure began to collapse, eventually
leading to extinction (Fig. 9(a)). By analyzing the RGB values of the
optical image, it was observed that the adhesion between particles
significantly affected the pixel values of the G channel. When the
voids caused by adhesion expanded to the point where they could
not support the periodic structure, the pixel values of the R and B
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channels changed significantly, which eventually led to optical
extinction (Fig. 9(d)).

In contrast, the reaction process of MPA showed different
characteristics: initial aggregation of particles and creation of voids,
followed by progressive adhesion of particles over time, eventually
leading to structural collapse. This result is similar to that of
DMMP reaction but with a distinct reaction pathway (Fig. S17 in
the ESM).

3.5 Rapid expansion of self-assembly optimal condition
studies using automated equipment and algorithms

Our ZIF-8-based photonic crystal sensor offers distinct advantages
over existing systems. Conventional opitcal sensors for OPs often
rely on enzymes, which are fragile and limit real-world use. In
contrast, our sensor uses ZIF-8 for direct, enzyme-free recognition,
ensuring greater robustness.

Furthermore, ~ 34 A of ZIF-8 pore provides exceptional
molecular sieving selectivity for small OPs, a key advantage over
other MOFs with larger, non-selective pores. The integration of this
selective MOF into a photonic crystal enables a direct visual
readout, a rare feature in MOF-based sensing. This unique
combination of enzyme-free operation, precise size selectivity, and
simple visual detection distinguishes our platform and highlights its
potential for practical on-site monitoring.

In addition, the assembly of ZIF-8 particles to form PCs was
briefly extended using an automated PC synthesis platform, and
rapid investigation attempts were made into the effects of different
assembly temperatures on PCs. Furthermore, ZIF-8 photonic
crystal microspheres were also prepared using the automated
platform (Fig. 10).

YIELNEPY 18Y4] FSEBTO 8
Figure 8 Comparison diagrams of changes before and after reaction with DMMP: (a) nitrogen adsorption—desorption curves of ZIF-8 particles before reaction and (b)
adsorption—desorption curves of ZIF-8 particles after reaction with DMMP. (c) Assembly structure of the original PCs. (d) Assembly structure of the PCs after reaction
with DMMP.

The automated PC preparation platform is a highly integrated
and intelligent system, primarily composed of three core
components: a robotic arm, an injection system, and a heating
system. During platform operation, the robotic arm simulates
human hand movements and flexibly switches between the
injection and heating systems. As shown in Fig. 10(a), the robotic
arm exhibits high versatility and flexibility, enabling precise
clamping of substrates for photonic crystal microsphere or planar
PC preparation.

For PC microsphere synthesis, the robotic arm controls the
injection system to deliver specific solutions into molds or reaction
environments per predefined protocols, while coordinates with the
heating system to maintain optimal temperatures. The movement
speed of the robotic arm is dynamically adjusted according to the
specific task, such as substrate transfer, solution dispensing, or
positioning. When the robotic arm carries and supports liquid
droplets during colloidal assembly, relatively low speeds are applied,
specifically ~ 30 cm/s for dispersion assembly and 50-80 cm/s for
movements between different operation stations, in order to ensure
uniform droplet spreading and stable evaporation. In contrast,
during unloaded motions without droplet support, the robotic arm
can operate at higher speeds of 100-300 cm/s to improve overall
operational efficiency. This induces solution self-assembly under
controlled conditions, forming PC microspheres. For planar PC
fabrication, the robotic arm uniformly deposits materials onto
planar substrates through precise motions, leveraging heating
system temperature control to achieve ordered material
arrangement and high-quality planar PCs.

The advantages of platform include not only rapid screening of
PC assembly conditions to significantly enhance experimental
efficiency and exploration speed but also scalable PC microsphere
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Figure9 Images of microstructural changes in PC sensors after reaction with DMMP at different time intervals were acquired through multiple characterization
techniques. (a) Microstructural evolution of PC sensors after varying reaction times observed via SEM. (b) Structural color variations of PC sensors after different reaction
time captured by optical microscopy. (c) Statistical analysis plots of optical images analyzed using the RGB method. (d) Temporal trends of RGB values extracted from
optical images at different reaction stages.
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Figure 10 Operation principle and flow chart of the automated PC preparation platform. (a) Schematic diagram of platform operation principle. (b) Schematic diagram

of platform control mode and PC preparation flow.
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synthesis enabled by innovative substrate replacement and liquid
injection methods.

The prepared PC microspheres exhibit structural coloration
observable to the naked eye. A dense and uniform arrangement of
ZIF-8 particles is visible in SEM imaging after fracturing a section
of the microspheres (Fig. 11). The reflectance spectra exhibit dual
peaks within the range of 500-600 nm, with the primary peak
centered at 600 nm.

4 Conclusions

This study demonstrates the successful assembly of ZIF-8-based
MOF-PCs with enhanced optical sensing capabilities for OPs. By
optimizing colloidal assembly conditions and leveraging an
automated synthesis platform, we achieved rapid parameter
screening and scalable fabrication of high-quality MOF-PC arrays.
The automated methodology significantly accelerated the
exploration of temperature, concentration, and surfactant effects,
enabling precise control over particle arrangement and photonic
bandgap modulation. The resulting MOF-PCs exhibited selective
naked-eye detection of OPs such as DMMP and MPA through
adsorption-induced structural changes, while distinguishing them
from interfering alcohols via distinct reflectance spectral shifts and
RGB channel analysis.

The integration of automation not only streamlined the
preparation process but also provided standardized data for
mechanistic insights, revealing OPs-specific response mechanisms.
The MOEF-PCs’ ability to translate molecular interactions into
visible optical signals highlights their potential for on-site
environmental monitoring, chemical threat detection, and portable
sensing devices. Furthermore, the automated platform’s versatility
in synthesizing tunable photonic microspheres underscores its
applicability in advanced optical materials design.

This work establishes a paradigm for combining MOF versatility
with photonic crystal engineering, emphasizing automation as a
critical enabler for reproducibility and scalability. Future efforts will

100 pm
w——

3 b o e g~
Figure 11 Characterization of the basic properties of PC microspheres. (a)
Optical image with corresponding spectrum. (b) Microsphere morphology under
SEM. (c) and (d) Microsphere internal assembly morphology under SEM. Inset:
the spectrum of PC microspheres.
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focus on enhancing selectivity for structurally similar OPs and
expanding the platform to diverse MOF architectures, paving the
way for next-generation smart sensors and multifunctional optical
systems.

Electronic Supplementary Material: Supplementary material (the
synthesis of ZIF-8 particles, exploration of ZIF-8 particle self-
assembly conditions, optical images, spectral data, and physical
images) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908381.
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