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ABSTRACT

Dynamic covalent chemistry has enabled adaptive behavior in organic polymer networks and molecular crystals, yet analogous
control in inorganic crystalline solids remains largely unexplored. Here we show that elemental selenium can operate as a
dynamic covalent inorganic crystal, whose architectural and functional adaptability arises from dynamic covalent Se—Se bonds
within the trigonal selenium backbone. External mechanical (or optical) stimuli drive Se—Se bond cleavage and reformation,
mediating structural reconfiguration of the crystalline framework. Embedding selenium in a crosslinked polymer matrix
creates a mechanically programmable environment that exerts real-time and persistent mechanical signals in situ. Under this
chemo-mechanical coupling, crystal branching frequency and three-dimensional architecture respond to matrix stiffness and

external light, and these translate directly into tunable dielectric behavior in polymer-selenium composites. This work expands

dynamic covalent chemistry from organic to inorganic crystalline materials, and reveals dynamic covalent inorganic crystals as a

new class of adaptive materials.

1 | Introduction

Crystals, particularly inorganic crystals, are conventionally
viewed as rigid and static solids, whereas adaptability and
stimulus responsiveness are defining hallmarks of soft matter [1-
4]. Bridging gap of these two regimes by endowing crystals with
intrinsic dynamicity, represents a conceptual beyond traditional
views and a fundamental challenge in intelligent materials
science [5-10].

Toward this goal, dynamic covalent chemistry, widely exploited
in polymers for switchable chemical bond and network recon-
figuration [11-16], has been introduced into organic molecu-
lar crystals, enabling transformation of the constituent units

[17-20] and collective, responsive behaviors [21-25]. However,
such dynamic behavior is far less explored in inorganic crystals,
due to strong atomic bonding and three-dimensional lattice con-
nectivity that generally suppress bond dynamics and structural
plasticity. Extending the concept of dynamic covalent chemistry
to inorganic crystals is therefore both scientifically challenging
and appealing, as it would expand the materials landscape for
responsive and adaptive functionalities.

Elemental selenium offers a compelling opportunity to address
this challenge [26, 27]. Its trigonal crystal consists of an inorganic
dynamic covalent backbone, Se,, where one-dimensional helical
chains linked by Se—Se bonds [28, 29]. Se—Se bonds have
relatively low bond energies (172 kJ/mol) [30, 31] and represent
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a typical class of dynamic covalent bonds capable of reversible
cleavage and reformation under multiple stimuli, including light,
heat, and mechanical force [32-36]. These characteristics increase
susceptibility of crystal framework to structural perturbation [37-
41], suggesting that selenium crystals may possess an intrinsic
capacity for dynamic structural response as a “dynamic polymer”
[30], despite their inorganic composition. However, whether
such bond-level dynamicity can be activated within a crystalline
lattice and translated into adaptive crystal behavior and property
modulation has not been demonstrated.

Here, we show that selenium crystals can exhibit structural
and functional adaptivity through stimuli-induced cleavage and
reformation of dynamic covalent Se—Se bonds. We develop an
in situ reaction-induced crystallization strategy that generates
elemental selenium directly within a crosslinked polymer net-
work (PSe,Gy), thereby integrating a dynamic covalent inorganic
backbone into a mechanically programmable soft matrix. In
this composite architecture, the polymer network acts as a tun-
able mechanical environment that delivers persistent, spatially
heterogeneous stress fields to the selenium while maintaining
continuous and intimate interfacial contact. Under this chemo-
mechanical coupling, the Se—Se bond exchange within the trigo-
nal selenium backbone enables local stress relaxation and defect
formation, which are expressed at the macroscale as mechanically
regulated branching frequency and three-dimensional crystal
architecture. Beyond the structural adaptivity, these mechan-
ically regulated morphologies, in turn, translate directly into
tunable dielectric behavior in polymer-selenium composites.
More broadly, our results establish that dynamic covalent bond
exchange can endow inorganic crystals with architectural and
functional adaptability, expanding dynamic covalent chemistry
from organic polymer networks and molecular crystals to inor-
ganic crystalline solids.

2 | Results and Discussion
2.1 | In Situ Formation of Selenium Crystals in
Polymer Networks

The in situ growth of selenium crystal within polymer matrix
was achieved through a strategy of “reaction induced crys-
tallization”, which employed a selenium-containing polymer
as a precursor, followed by a photochemical reaction to gen-
erate elemental selenium below the melting point, leading
to crystallization (Figure la). This approach circumvents the
poor thermal stability of polymers at the melt temperature
of Se (~220°C), as well as the lack of solvents for solution
precipitation. The polymer network was denoted as PSe,G,,
by copolymerizing a selenium-containing monomer, bis(4-
hydroxybutyl)-3,3’-selenodipropanoate (SeC2CO), which incor-
porates the -selenocarbonyl structure, with polyethylene glycol
(PEG, M,, =1000) as a chain extender, glycerol as a crosslinker
and equivalent stoichiometric isocyanates (Figure S1 and Table
S1). Under basic and air conditions, -selenocarbonyl unit in
SeC20 underwent a coupled reaction comprising a retro-Michael
elimination and subsequent oxidation by oxygen, yielding ele-
mental selenium and corresponding «, S-unsaturated carbonyl,
as confirmed by x-ray photoelectron spectroscopy (XPS) and
'H-NMR (Figures 1b and S2-S4). Additionally, we incorporated

a photo-base generator, 1,8-diazabicyclo[5.4.0]Jundec-7-ene-1-ium
2-(3-benzoylphenyl)propanoate (PBG, w = 3%) for controlling
selenium formation. Upon 365 nm irradiation, the PBG could
undergo UV-initiated photochemical reactions and release the
organic base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), while
remaining inert prior to irradiation (Figures S5, S6). In the 'H-
NMR spectra, those peaks of chemical shift around 6.1 ppm,
corresponding to an alkene structure, emerged in a mixture of
DBU and SeC2CO, consistent with a base-triggered retro-Michael
elimination (Figure S4). However, those peaks referring to alkene
structures were in absence when only mixing PBG and SeC20
without irradiation, and increased after UV exposure. (Figures 1c
and S7-S10). These results demonstrated controllable onset of
selenium formation, thereby suppressing premature selenium
generation before complete network formation, and ensuring a
uniform mechanic environment for crystal growth.

After UV exposure and maintaining PSe,G, at 60°C, one far
below the melting point of selenium (~220°C), allowed formed
elemental selenium to gradually crystallize within the polymer
(Figure 1d and Movie S1), forming branched crystals with an
average diameter of 250 um (Figures le,S11, and S12). Owing to the
strong attenuation of x-rays by selenium near its K-edge and the
resulting contrast relative to the polymer matrix, selenium crys-
tals exhibit markedly lower transmittance than the surrounding
polymer. This contrast enables x-ray microscopy to resolve the
three-dimensional crystal morphology (red) and its spatial dis-
tribution within the polymer matrix (gray) (Figures 1a,S13). The
selenium crystals form a branched morphology that expands in
three dimensions. Scanning electron microscopy (SEM) revealed
that they differed from conventional spherulites formed from the
melt, which typically contain non-crystalline regions between
radial branches. They have polymer matrix continuously filling
the spaces between individual branches (Figure 1f). We proposed
that this interpenetrating structure ensures intimate contact
between the polymer and the advancing growth front [42],
facilitating polymer-crystal interactions.

Selenium’s dynamic covalent backbone is the basis for its
potential dynamicity. In x-ray diffraction spectrum, although the
broad background from the amorphous polymer matrix partially
obscured the selenium diffraction peaks (Figure S14), they could
still be indexed to the standard pattern of trigonal selenium, the
most stable allotrope, in which atoms are linked by Se-Se bonds
into long helical chains. (Figure 1g,h). Additionally, Raman spec-
troscopy could avoid signal interference from polymer (Figure
S15), and identify a characteristic signal at a wavenumber of 237
cm™!, corresponding to the stretching vibration of Se—Se bond
within Se, chains [43] (Figure 1i). Time-resolved in situ Raman
spectra revealed the presence of amorphous selenium (a-Se, ~251
cm™) at the onset of crystallization and its rapid conversion
to trigonal selenium (t-Se) via reversible Se—Se bond cleavage
and reformation, suggesting that a-Se serves as a short-lived
intermediate during early nucleation and growth, whereas the
subsequent branching stage is dominated by t-Se (Figure S16).
Mapping signal of this wavenumber precisely overlapped with
the optical image of crystal (Figures 1i and S17), supporting that
Se, chain is predominant structural unit. We suggested that this
specific polymer-like structure constituted by abundant Se—Se
bonds introduce the susceptibility of structural perturbation
into selenium crystal, particularly embodied in the interaction
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FIGURE 1 | In situ formation of selenium crystals in polymer networks (a) Schematic process of in situ reaction induced crystallization and also

3D image under x-ray microscope, where gray background refers to selenium-containing polymer (PSe,Gy) and red part refers to selenium crystal,
respectively, where x and y represent selenium monomer and crosslinker content, x (0r ¥) = M(vonomer/crosslinker)/ P(pEG) X 100%. (b) Coupled retro-
michael reaction (elimination) and oxidation reaction. (c) "H-NMR spectrum of the mixture of SeC20 and PBG before and after UV 365 nm exposure,
then heating in the air for 1 h (CDCl3, 400 MHz). (d) Images of in situ growth of selenium crystal obtained by optical microscope, dark branch structure
refers to selenium crystal and light part refers to polymer matrix, respectively, scale bar = 50 um. (e) Image of branched selenium crystals within polymer
network. (f) SEM image of selenium crystal within polymer matrix, scale bar = 3 um. The thickness of branch individual is approximate 150 nm. (g)
XRD spectrums of selenium crystals within polymer and standard card. (h) According selenium chains in the unit cell. (i) Raman spectrum of selenium
crystals and mapping result using the wavenumber at 237 cm™!, laser = 785 nm. Top figure is signal distribution and bottom one is the photograph of
practical crystal.

stress on growth front [44] (Figure 2a). The stress magnitude
was primarily governed by the mechanical property of polymer.
Because crystal growth is dynamic and conducted at 60°C,
one well above the glass transition temperature (T, = —50.7

between crystal’s advancing front and polymer matrix, hopefully
leading to structure response of selenium crystals under stress.

2.2 | Programable Mechanical Inputs and
Adaptive Mechanical Response of Se

Conventional crystal growth methods, such as melt quenching
or solution precipitation, provide limited control over local stress
and thus obscuring stress-structure coupling. By contrast, our
in situ growth system used polymer as a real-time, programable
source of stress. Conceptionally, those polymer chains constrain-
ing the growing crystals were progressively strained, exerting

to —26.3°C) of PSe,G, (Figure S18), the viscoelastic response of
the polymer must be carefully considered. Specifically, polymer
stress depends on deformation frequency, which in this system is
dictated by the crystal growth rate. At high growth rates, limited
relaxation time increases stress, whereas at very low growth
rates, extensive chain relaxation suppresses effective stress gen-
eration. Thus, the stress experienced by the crystal depends not
only on intrinsic polymer mechanics but also on the growth
rate.
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FIGURE 2 |

Programable mechanical inputs and mechanical response of Se (a) Schematic process of selenium experiencing the stress exerted by

polymer chains during growth. (b) Growth rate of selenium crystal within PSe;Gy, y = 6, 12, 18, 30. (c) Storage moduli (G’) and (d) correspondingly
calculated effective crosslink density (1) of PSe;Gy, y = 6, 12, 18, 30. () Images of selenium crystals within PSe;Gy, x =2, 3, 4 and y = 6, 12, 18, 30, scale

bar = 250 pm.

The growth rates of selenium crystals in PSe;Gy ,_ 115,30
decreased slightly with increasing y, ranging from 0.14 to 0.08
um/s, corresponding to characteristic timescales (7) of 10.1 -
16.7 s (Figures 2b and S19). Notably, within 7 this range, the
polymer exhibits rate-independent elastic behavior: their stor-
age modulus all reside on a plateau across the corresponding
frequency window (~27/t = 0.3-0.7 rad/s; Figures 2¢,S20, and
S21). Consequently, growth-rate effects can be excluded. Effective
density (n) deviated from G’puea Can be utilized to quantify
applied stress based on classical rubber elasticity [45].

G!
"= RT
The calculated n was 0.68 x 10~*mol/cm? for PSe;G, and 2.67 X
10~*mol/cm? for PSe; G;, increasing with the y values (Figure 2d).
Notably, these values were significantly lower that measured by
low-field 'H-NMR, due to the latter accounts for all crosslinks,
while former only reflects stress-bearing ones (Figures S22, S23).
Moreover, the rheological strain-sweep tests at 0.1 Hz show a
plateau in G’ for strains <1%, indicating that the network also
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demonstrates a linear elastic response at this regime (Figure
S24). Considering the pre-branching growth distance between
two branch points is ~3 um from SEM, which gives a nominal
strain of <1% relative to the millimeter-scale matrix size, the local
(microscopic) stress per unit strain accumulated in the polymer
network was approximately proportional to n, obeying following
equation:

o, EX K, =21+ y)nRTK,

where the o, is the effective stress per unit strain, E is the
elastic modulus of polymer, y is the Poisson’s ratio of polymer,
R is the ideal gas constant, T is the temperature and K, is the
Inglis stress-concentration factor associated with the thin mor-
phology of growth front. This framework enables a quantitative
estimation of o from experimentally measured n, demonstrating
that higher effective crosslink density leads to greater stress
(Figure 2a).

Having established a quantitative framework for stress evalu-
ation, we next investigated how selenium crystals respond to
mechanical signals. Twelve samples (PSe,Gy, x = 2, 3, 4, y =
6, 12, 18, 30) were analyzed by optical microscopy (Figure 2e).
Across all compositions, selenium crystals exhibited stress-
adaptive architectures. At same selenium contents x, lightly
crosslinked polymers produced needle-like crystals with few
branches, whereas higher crosslink (y) yielded rounder mor-
phologies with dense branching. This trend was consistent across
all samples, revealing a general rule: increasing crosslink density,
and thus stress promotes branching. In highly crosslinked sam-
ples, selenium crystals even displayed pronounced birefringence
under polarized light, characteristic of spherulitic structures
and indicative of highly frequent branch (Figure S25). At fixed
crosslink density, increasing x further enhanced branching,
which we attribute to a higher crystallization driving force
resulting from increased precursor concentration and accelerated
growth rates. These observations allow us to partially rule out
diffusion as the primary origin in our system, although diffusion
is often invoked to explain branched morphology. In diffusion-
dominated growth, slower diffusion favors branching. In our
system, increasing crosslink density does reduce internal diffu-
sion, as confirmed by fluorescence recovery after photobleaching
(FRAP) [46] (Figures S26, S27). If branching were diffusion-
controlled, then at fixed crosslink density, a higher monomer
concentration should suppress branching by enhancing the local
diffusion rate of selenium species to the growth front. Instead, we
observe the opposite trend: increasing the selenium-containing
monomer content markedly enhances branching (Figure S28).
This contradiction indicates that branch formation bases pre-
dominantly on a mechanical stress-adaptive mode rather than
diffusion-controlled one.

2.3 | Adaptive Branching Modes in Selenium
Crystals

To further verify the dynamic branching mode of selenium
crystals, we developed an integrated framework combining math-
ematical modeling, deep learning, and experimental imaging
(Figure 3a, Supporting Information). First, we established a
quantitative link between microscopic branching and macro-

scopic morphology using a stochastic 3D growth model based
on Markov process [47, 48] (Figures 3a, and S29). This model
simulated the continuous forward growth of crystal tips with
stochastic directional deviations and reveals a positive correlation
between branching frequency f and morphological isotropy:
increasing f yields rounder, more spherical structures (Figure
S30). These simulated morphologies exhibited strong agree-
ment with experimental selenium crystal images obtained under
different stress conditions, validating the simulation’s physical
relevance. And then, we further developed a deep learning-based
framework ResNet34 [49-51] to invert the distribution of f from
experimental 2D projection images (Supporting Information).
Although indirect, this approach offers two advantages: (1)
Resolution Independence: It bypasses the optical resolution limit
by inferring microscopic branching generations from macro-
scopic morphological descriptors (e.g., anisotropy and fractal
dimension, Figure S31 and Table S2), eliminating manual count-
ing errors associated with blurred boundaries. (2) Orientation
Invariance: It decouples morphological features from observation
angles. Since experimental micrographs are 2D projections of
randomly oriented 3D crystals, our model is trained on a dataset
comprising projections of simulated models from exhaustive
viewpoints (Figure S32), enabling robust prediction regardless
of the crystal’s orientation (Figures S33, S34). Applying this
framework, we identified a stress-adaptive branching mechanism
in selenium crystals: an increase in crosslink density, that is
stress magnitude drives a corresponding increase in branching
frequency (Figure 3b,c), facilitating a structure evolution from
needle to sphere. (Figure 3d).

2.4 | Mechanistic Origin of Se—Se Bond-Mediated
Mechanic and Light Responsiveness

We propose that the dynamic behavior of selenium crystals orig-
inated from the responsiveness of Se—Se bonds. In our previous
work, we demonstrated that Se—Se bonds enable efficient stress
relaxation in polymer materials via Se—Se exchange-mediated
network reconstruction [36]. In analogy, we posit that stress relax-
ation at growth fronts, driven by force-induced Se—Se cleavage
and reformation, underlies the stress-adaptive branching of sele-
nium crystals. Figure 4a qualitatively illustrates the relationship
between local stress accumulation and the growth/branching
behavior of an individual crystal branch. As the crystal grows
in an elastic medium, stress (o) progressively accumulates at
the advancing front with propagation distance (d). When the
local stress approaches a critical level sufficient to activate Se—Se
exchange, the structural order of the Se, chains can consequently
be disrupted, generating dislocations or defects. These localized
structural deformations promote stress relaxation [52]. Simulta-
neously, they act as nucleation sites that cause newly formed
sub-individuals to deviate from the orientation of the parent
crystal, ultimately giving rise to macroscopic branches [53]. From
an energy perspective, crystal propagation in an elastic matrix
progressively accumulates elastic strain energy, and branching
becomes thermodynamically favorable when the reduction of
elastic energy outweighs the cost of creating additional interfaces
that lead to branching [54, 55]. Here, the critical stress (o.)
for Se—Se exchange is treated as an effective phenomenological
threshold, and the relationship between elastic modulus (E)
and d does not rely on its exact value. Assuming that the
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assistant image recognition for inverting structural descriptors of branched crystals. x; is the tip position, u, is the branch orientation, ¢, is the advancing
length, p is probability, s represents the state, A represents the length decay factor, and € stands for the perturbation of length. (b) Distribution of branch
frequency of PSe3Gy, y = 6, 12, 18, 30. () The relationship between branch frequency of PSe;Gy and effective crosslink density n. (d) Adaptive mode of

selenium crystals to stress.

accumulated strain (¢) scales with the propagation distance (d),
the local stress follows the linear elastic relation: o « Eg, giving
o « Ed. The characteristic branching interval (d.) is expected
to scale inversely with the matrix modulus, that is d. & E~..
Accordingly, the branching frequency (f) follows fx1/d, «x E
n. This mechanism, based on Se—Se bond-mechanics coupling,
implies a general rule for branch regulation: a stiffer matrix
requires a shorter propagation distance to reach the effective
stress level for Se—Se exchange, thereby increasing the branching
frequency (Figure 4b).

Based on our understanding that Se—Se exchange governs
the dynamic branching behavior of selenium crystals under
mechanical stimulation, this responsiveness can be rationally
extended beyond mechanical fields. Since Se—Se bond are photo-
responsive and can undergo exchange upon light irradiation,
light may provide an orthogonal means to dynamically reg-
ulate branching during growth (Figure 4c). In our system,

mechanical forces are geometrically related and opposite to
the local advancing direction, which is crucial for inducing
branching. In contrast, light does not have such a strict physical
relation to the growth direction. Consequently, photoinduced
Se—Se exchange is expected to occur more uniformly in space,
without inducing macroscopic branching along specific orienta-
tions. Instead, such bond rearrangement would lead to averaged
microscopic structural reorganization, which macroscopically
manifests as additional stress relaxation at the growth front,
leading to suppressed macroscopic branching (Figure 4d). Our
experimental results are consistent with this expectation: the
branching frequency in the illuminated group is significantly
lower than that in the non-illuminated controls (Figure 4e,f).
Even under high-power irradiation, only very small crystals can
be observed under a microscope (Figure S35) which we attributed
to excessive Se—Se exchange that disrupts the long-range ordering
of selenium chains, and impedes the growth of large crystals
[56]. Once removing the irradiation, those small crystals serve as
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a stress window near Se—Se effective activation condition. (b) Comparison of branch frequency f of crystals within soft and stiff polymer matrices. (c)

The process of introducing light in real time during growth. The light source is Xe lamp, power = 2 W. (d) Mechanism of light responsiveness of selenium

crystals. (e, f) Images of crystals within PSe;G;, growing with and without light, scale bar = 250 pm.

nuclei, enabling the subsequent regrowth of observable branched
crystals (Figure S36). Collectively, these results strongly support a
chemo-mechanical coupling mechanism, whereby the dynamic
response of selenium crystals arises from bond-level Se—Se
exchange rather than from purely mechanical effects.

2.5 | Tunable Dielectric Behavior in
Polymer-Selenium Composites

Beyond architectural control, the properties of selenium crystals
can also be modulated within our crystal-polymer composite
system. During in situ crystallization, PSe, G, evolves from a pure
polymer into a composite in which selenium crystals are embed-
ded in the matrix and function as inorganic fillers. Those crystals
effectively reinforce the matrix and enhance the overall mechani-
cal strength (Figure S37). In addition, as a typical semiconductor,
selenium substantially modifies the dielectric behavior of the host
polymer. Previous studies have established that the morphology
of inorganic fillers critically determines the magnitude of dielec-
tric enhancement: fillers with high aspect ratios concentrate elec-
tric fields at tips and readily to reach percolation threshold, pro-
ducing a pronounced increase in the effective dielectric constant
(¢") [57, 58] (Figure 5a). In our system, selenium crystals exhibit
programable aspect ratios through stress-adaptive branching
growth, providing a direct route to on-demand tuning of dielectric
properties.

Prior to in situ crystal growth, the ¢’ of the PSe;G, was
approximately 30, decreasing slightly as y increased, likely due
to reduced chain mobility and suppressed polarization under
an electric field. Notably, selenium monomers facilitated the
polarity of polymer networks, resulting in a higher ¢’ than
those without selenium monomers (Figure S38). After in situ
growth of selenium crystals, the dielectric constant increased
markedly (e.g., from 28.2 to 50.9 in sample PSe;G,) (Figures 5b

and S39). To exclude the effect of PBG, we measured materials
with varying PBG content and without crystals. Although their ¢’
increased with higher PBG content, they remained significantly
lower than those of materials with selenium crystals (Figure
S40). This confirms that selenium crystals primarily contribute
to the increased dielectric constant. Furthermore, the crystal
morphology is critical for dielectric enhancement. Needle-like
crystals with fewer branches provide the greatest increase in
dielectric constant. As branching increases and crystals become
more spherical, the enhancement diminishes. (Figure 5b). Fur-
thermore, we physically doped an equivalent amount of spherical
selenium powder into polymer and observed only a slight increase
in dielectric constant, comparable to the most highly branched,
spherical crystal samples (Figures 5c and S41). This supports
the conclusion that enhancements are indeed morphology-
dependent. Consequently, selenium crystal is a functional inor-
ganic material beyond a filler, by mechanically programing
selenium crystal branching, we can produce composite materials
with tunable dielectric properties, demonstrating a multi-scale
and dynamic regulation of selenium crystal from its structure to
performance.

3 | Conclusion

In this work, we experimentally demonstrate the availability
of endowing responsiveness into inorganic crystals through
dynamic covalent bond and regulating their structures and
properties by external stimuli. Using elemental selenium as a
model system and polymer as growth matrix, we overcome the
limitation arising in part from the absence of intrinsic bond-level
dynamicity in typical inorganic solids, as well as from the lack
of a growth environment capable of exerting real-time, persis-
tent, and microscopically relevant regulation. Although direct,
in situ visualization of Se—Se bond cleavage and reformation
at the growth front remains experimentally challenging, the
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FIGURE 5 | Tunable dielectric behavior in polymer-selenium composites (a) Schematic relationship between aspect ratio of selenium crystals and

strength of deformation in electric field. (b) Dielectric constant of PSe;Gy, (v = 6, 12, 18, 30) before and after growing selenium crystals, f = 1 kHz. (c)
Comparison of ¢’ of PSe;Gy (y = 6, 12, 18, 30) after growing Se crystals and physically doped with spherical Se powder at same content, f =1 kHz.

consistent correlation between regulation by mechanic stress and
light irradiation, crystal architecture, and functional dielectric
response provides strong evidence that bond-level dynamics are
operative within the crystal lattice. We provide an inspiring,
interdisciplinary research paradigm to bridge the dynamic cova-
lent chemistry and inorganic materials. This paradigm can be
extended to uncover more adaptive inorganic materials, such as
chalcogen compounds containing disulfide, diselenide, or ditel-
luride bonds. Furthermore, the synergy between a programmable
matrix and intrinsic dynamicity may offers a new perspective
on biomineralization, inspiring how nature regulates the growth
of complex, hierarchical structures through dynamic interfacial
constraints.
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