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ABSTRACT

The development of high-performance, universal stimuli-responsive materials is hindered by the disconnect between fundamental
design principles and macroscopic multifunctionality. Herein, we report an atomically precise copper nanocluster Cu,
engineered with the dual alkynyl/perfluorocarboxylate ligands to simultaneously control molecular and supramolecular assembly.
Endowed with ambient ultrastability and ultrabright luminescence, Cu,, undergoes well-defined, stimuli-induced changes that
produce distinct, high-contrast responses to five functionally independent stimuli. Systematic studies reveal that Cu,, operates
through a dual-channel responsive mechanism, where the structural channel governs responses to volatile organic compounds
and pressure via structural perturbations at different extents, and the luminescent channel mediates responses to temperature, O,,
and X-ray radiation via distinct electronic state transitions. The orthogonal discrimination of five stimuli yields quintuple optical
switching effects, which not only establishes Cu,4 as a state-of-the-art stimuli-responsive metal cluster with multidimensional
signaling capability, but also confers unprecedented functional breadth. This work provides an atomic-precision blueprint
to engineer advanced stimuli-responsive materials with multifunctionality, revealing explicit synthesis-structure-property
correlations to guide the development of next-generation programmable smart materials.

1 | Introduction their widespread adoption faces three critical barriers: i) Existing

paradigms lack construction principles to create orthogonal acti-

Stimuli-responsive materials transcend static systems by exhibit-
ing distinct, sensitive, and visually discernible responses to
environmental triggers [1-4]. They demonstrate multifunction-
ality to enable frontier applications in sensing, optoelectronics,
anti-counterfeiting, and information storage [5-13]. However,

vation pathways that ensure stimuli compatibility [14], limiting
responses to only 2 - 3 stimuli. Furthermore, when exposed
to different stimuli, they exhibit a monotonic optical switching
effect—such as simple emission color changes—rather than dis-
criminative optical modulation [15]. To date, integrating a variety
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of stimuli into a single material to achieve independent, high-
contrast optical responses remains a fundamental challenge,
whose resolution would unlock the advanced multidimensional
signaling capability [16-18]. ii) While high luminescence quan-
tum yields (QYs) and robust stability are essential for practical
applications, existing stimuli-responsive materials typically suffer
from insufficient stability and low QYs (< 20%), which diminish
visual contrast, reduce sensitivity, and compromise real-world
applicability [11, 12, 15]. iii) There is a lack of benchmark studies
utilizing structurally precise models to directly link material
engineering to the multidimensional signaling performance,
impeding the understanding of structure-property correlations to
achieve mechanistic progress [3, 4, 11].

Ligand-protected coinage-metal (Cu', Ag', Au') nanoclusters
(NCs) constitute a promising platform to overcome these limita-
tions [19-23]. They exhibit molecule-like properties to facilitate
tunable photophysics [24-26], offering intrinsic pathways to
stimuli responsiveness. Meanwhile, by bridging single atoms and
nanoparticles, they possess monodisperse structures that can
be characterized at atomic precision, providing unambiguous
insights into the stimulus-responsiveness relationships [27-44].
However, their vast structural variability complicates rational
design [45-47]. Among the coinage triad, Cu! NCs underperform
their Ag' and Au' counterparts [47]. This gap arises from copper’s
inherent limitations: weak spin-orbit coupling (SOC) and dimin-
ished relativistic effects [29, 35, 46], and the oxidation susceptibil-
ity of Cu! due to its low reduction potential [27, 43]. Intuitively,
engineering high-performance stimuli-responsive Cu' NCs is
a formidable task. To address this, we revisited the synthetic
strategy, focusing on achieving structural control to tailor the
luminescent properties.

At the molecular level, ligands critically determine the struc-
tures and photophysical properties of metal NCs [26, 47].
While thiolates, selenolates, phosphines, hydrides, alkynyls, and
halides with varied donors (S, Se, P, C, and halide) have
been frequently employed [29-44], introducing other strongly
bound ligands with distinct coordination motifs can assem-
ble novel NCs. This offers dual benefits: enhancing stability
by shielding the Cu' core from the environment [37], and
bringing in new luminescent attributes, irrespective of the
emission origin (core- or ligand-based) [26]. Supramolecular
assembly represents a higher-order approach to tailor lumi-
nescence, where the ligand-mediated inter-NC interactions can
suppress vibrational non-radiative pathways to enhance QYs
[48]. However, achieving controlled supramolecular assembly
presents significant challenges, including constructing suitable
NC synthons, selecting effective interactions, and controlling
subtle assembly parameters [49]. In this context, an innovative
ligand strategy that simultaneously controls molecular structure
and orchestrates supramolecular organization is essential to
achieve stable, high-QY Cu' NCs [48, 50-53]. Such stability per-
mits well-defined, stimuli-induced transformations for structural
analysis, while high QYs enable reliable luminescence tracking,
both crucial for mechanistic elucidation of stimuli-responsive
behaviors.

Herein, we developed a dual-ligand strategy to realize simultane-
ous molecular and supramolecular engineering of an atomically
precise NC Cuy,, exhibiting three synergistic features: i) Ultra-

bright luminescence. Perfluorocarboxylates (O-donor) combine
with alkynyls as structural modifiers to assemble Cu, as a novel
NC luminophore. Concurrently, the dual ligands form a dense
3D supramolecular network, dominated by C—H—F and C—F—F
interactions, connecting each NC to twelve neighbors. This rigid
matrix suppresses non-radiative decays to achieve a 75.7% QY, the
highest reported for Cu' NCs. ii) Ambient ultrastability. Perfluoro-
carboxylates impart surface superhydrophobicity, endowing Cu, ¢
with ambient ultrastability. This ligand strategy provides a direct
approach to access ultrastable metal NCs for functional studies.
iii) Orthogonal quintuple-stimuli responsiveness. Capitalizing on
the high QY and exceptional stability, we studied the responses
of Cuy4 to five functionally independent stimuli. Briefly, exter-
nal stimuli activate the dual structural/luminescent responsive
channels, giving rise to quintuple optical switching responses,
including thermochromism, luminescence quenching, radio-
luminescence, photophysical switching, and piezochromism,
establishing Cu,4 as a state-of-the-art stimuli-responsive cluster
material.

As illustrated in Scheme 1, the luminescent channel mediates
responses to temperature, O,, and X-ray radiation via differ-
ent electronic state transitions: Temperature drives a dynamic
singlet < triplet excited-state switching to induce thermally
activated delayed fluorescence (TADF) with thermochromism;
Interestingly, O, directly harvests the triplet state energy to
quench luminescence, simultaneously generating singlet oxygen
'0,; Upon X-ray radiation, Cu,4 generates radioluminescence
(RL) via ionization and luminescent decay pathway. By contrast,
the responses to VOCs and pressure operate via the structural
channel through structural perturbations at different extents:
volatile organic compounds (VOCs) trigger single-crystal-to-
single-crystal (SCSC) transformations to yield structurally dis-
tinct materials to exhibit photophysical switching; Pressure
induces a progressive structural evolution (isostructural phase
transition — molecular compression — amorphization), leading
to a high-contrast piezochromism. Notably, although VOCs and
pressure ultimately alter both crystal structure and lumines-
cence, their primary action is to perturb the supramolecular or
molecular architecture. These structural changes subsequently
modify the electronic environment and energy-transfer pathways,
giving rise to the observed luminescence responses. This interplay
underscores the interconnected yet functionally separable nature
of the two response channels in Cu,4. This work explored atomic-
precision engineering of Cu! NCs with ambient ultrastability
and ultrabright luminescence to enable orthogonal quintuple-
stimuli responsiveness with multifunctionality. By establishing
deep synthesis-structure-property correlations, we provide a
design blueprint for next-generation smart NCs with tailored
functionalities.

2 | Results and Discussion
2.1 | Synthesis and Characterization

Cu,, was synthesized by reacting Cu!,0, ‘BuC=CH, and
C,;F,COOH in n-hexane at 120°C for 10 h. The resulting solution
was filtered, and rapid solvent evaporation afforded yellow
crystals of Cu,¢ in a high yield of 89% (based on Cu). Notably,
cooling the filtrate to —20°C instead produced a Cu,, NC
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SCHEME 1 | The development of Cu,q that unifies ambient ultrastability, ultrabright luminescence, and orthogonal quintuple-stimuli responsive-

ness. Abbreviations: NC = nanocluster; QY = quantum yield; LED = light-emitting diode; TADF = thermally activated delayed fluorescence; ISC =

intersystem crossing; RISC = reverse intersystem crossing; Ph = phosphorescence; SCSC = single-crystal-to-single-crystal; RL = radioluminescence.

(75% yield). The absence of significant inter-NC interactions
in Cuy gives a low QY of 1.44%, much lower than that of
Cu,. This underscores the crystallization condition as a
decisive parameter to steer the assembly of NCs with desirable
luminescent properties (see SI for comparison between Cu,, and
Cuy).

Single-crystal X-ray diffraction revealed that Cu,q crystal-
lizes in the P2,/c space group with a molecular formula
[Cul,(‘BuC=C)4(C,F,CO0);(‘BuC=CH),] [54]. The Cu!; kernel
can be structurally described as a central Cu'}, unit flanked by
two Cu', appendages (Figure 1a), stabilized by two ‘BuC=CH,
eight '‘BuC=C", and eight C,F,COO~ ligands (Figure S7). To
our knowledge, Cu,, represents the first example of a coinage
metal NC featuring m-coordinated alkyne — metal bonding
[47]. Impressively, the dual C;F,COO~/'BuC=C" ligands mediate
a dense supramolecular network, linking each NC to twelve
neighbors through four interaction types: I) C—H—F, II) C—F—F,
IIT) C—H—H, and IV) C—H—O (Figure 1b), which suppresses the
non-radiative decays to boost QY [55]. Hirshfeld surface analysis
reveals the relative contributions of interactions I to IV to the total
inter-NC contacts as 48.5%, 26.9%, 21.1%, and 2.6%, respectively
(Figure 1b).

Beyond supramolecular effect, C;F,COO~ ligands confer an
extreme superhydrophobicity, which is evidenced by a remark-
able water contact angle (WCA) of 170.9° (Figure 1c), under-
pinning the exceptional stability of Cu,4 [56]. The stability is
demonstrated by Cu,q retaining its crystallinity after one-year
ambient storage followed by one-week immersion in aqueous
HNO; (pH =1), with its powder X-ray diffraction (PXRD) pattern
remaining identical to the simulated pattern. This confirms
the robustness of Cu,4 against hydrolysis, oxidation, and acidic
degradation.

2.2 | Luminescent Property and LED Phosphor

Under UV light excitation at 365 nm, Cu, 4 exhibits intense yellow
emission centered at 587 nm (Figure 2a) with a decay lifetime
of 21.0 us (Figure S16). Its high QY (75.7%) and stability suggest
significant potential for solid-state lighting. To demonstrate this
utility, a white light-emitting diode (WLED) device was fabricated
by coating Cu, and a green-emitting phosphor (Ba,Sr)SiO,:Eu**
onto a blue-emitting chip. As displayed in Figure 2b, the device
produces white light with CIE (Commission Internationale
de I'Eclairage) coordinates of (0.32, 0.33), which are nearly
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FIGURE 2 |
the device in its Off- and On-states.

identical to the ideal white light (0.33, 0.33) [57, 58]. Furthermore,
the emission color remains stable under varying driving currents
(Figure S18b), confirming Cu,q as a stable phosphor for WLED
applications.

2.3 | Thermochromism via TADF

Cu,¢ exhibits TADF arising from dynamic interconversion
between singlet (S;) and triplet (T,) excited states [59]. This
process, sustained by the inter-NC interactions that suppress non-
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(a) Luminescence spectrum of Cuy¢ at 298 K. (b) Emission spectrum of the WLED device. Driving current = 20 mA. The inset shows

radiative decays, enables its pronounced thermochromism and
high QY (Figure 3a). Upon increasing temperature, Cu,4 exhibits
continuous hypsochromic shifts, transitioning from 626 nm at
9 K to 582 nm at 333 K, accompanied by the luminescent color
change from orange-red to yellow (Figure 3b). The emission
lifetime evolution reveals distinct regimes (Figure 3c). At 9 - 33
K, the lifetime remains constant at 505 us, corresponding to the
phosphorescence (Ph) regime (T, — S,). This is followed by a
sharp decrease to 80 us at 203 K, marking the transition from
Ph to TADF (S, — S,) [60]. Upon further warming to 333 K, the
lifetime declines to 8 us without reaching a plateau, indicating
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diagram for Cuyg. (k) HOMO and LUMO from TD-DFT calculations.

that a dual TADF/Ph channel is still operating. Fitting lifetimes
to the Boltzmann equation [61, 62]:

_ AEQI-D) _ AE(I-T) _ AE(S;-Tp)
l+e 7 +e 7 +e T
T =
_ AE(I-D _ AE(I-D _ AE(S;-Tp)
TI_l + TH_l e kpT + THI_l e kpT + Tsl_l e kpT

yielded T, sublevel splittings AE(III-1) = 125 cm ™! and AE(II-1) ~
0, with lifetimes of 7;;; = 85 us and 7;; = 7; = 510 us; the S, lifetime,
Ty, iS 240 ns; the singlet-triplet splitting energy AE(S,—T,) is
0.09 eV, significantly lower than the typical barrier of 0.37 eV
required for TADF [61].

The S, and T, excited states were further characterized. The
emission energy at 9 K is independent of the excitation wave-

length, revealing that Ph originates solely from the T, state
(Figure 3d) [63]. The wavelength-resolved lifetimes of 407 to 479
us prove the existence of T, sublevels (Figure 3e) [63, 64]. At
298 K, similarly excitation-independent emission substantiates
exclusive S; involvement (Figure 3f). While the lifetime remains
constant at 21 us across emission wavelengths (Figure 3g), S,
sublevels may exist with short lifetimes obscured by Ph. In this
vein, picosecond-nanosecond transient absorption (ps-ns TA)
spectroscopy resolved the sublevels and excited-state dynamics.
A sharp excited-state absorption (ESA) centered at 516 nm decays
rapidly (7 = 0.33 ps, Figure 3h,i), attributed to vibrational relax-
ation (VR) to the lowest-lying S, state, verifying the S, sublevels.
Concurrently, a wide ESA band centered at 603 nm emerges,
exhibiting a triexponential decay of 0.89, 14.6, and 492.5 ps,
corresponding to ISC, RISC, and VR, respectively (Figure 3i) [45].
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The ultrafast S, — T, transition occurs in the early time delay
of 0.02 - 1 ps, confirming the proposed TADF mechanism [64].
Based on these results, a TADF energy level diagram is proposed
in Figure 3j.

Time-dependent density functional theory (TD-DFT) calcula-
tions elucidated the electronic origin of Cu,s. Both S, and T,
states originate primarily from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) transition. As shown in Figure 3k, HOMO localizes
predominantly on the Cu,, kernel with a moderate contribution
from ‘BuC=C~, and LUMO is distributed on the Cuy; kernel
and '‘BuC=C" ligands. Hence, the emission originates from a
Cuy, cluster-centered [d — s/p] transition with partial ligand-to-
metal ['BuC=C~ — s/p (Cu)] charge transfer (Table S1). Crucially,
the calculated small AE(S,—T,) of 0.14 eV and a large spin-orbit
coupling (SOC) matrix element of 16.73 cm™ confirm Cu,4 as an
effective TADF luminophore, facilitated by rapid RISC [61].

2.4 | O,-Induced Luminescence Quenching via
Energy Transfer

Cu,, exhibits O,-responsive luminescence quenching
(Figure 4a,b). The quenching behavior was explored by using
the finely ground powder sample to overcome the limited O,
diffusion inherent to single crystals. Across the full O, pressure
(PO,) range of 0 - 101 kPa, the emission quenching ratio (I,/I)
follows an exponential trend (Figure 4c), fitted by the modified
Stern-Volmer equation [65, 66]: I,/I = 0.06367exp(0.07801P0,)
+ 0.09429, where I, and I represent the emission intensity in
vacuum and under O,, respectively. This nonlinear correlation
indicates combined dynamic and static quenching processes,
particularly at high O, pressures, leading to an amplified
quenching effect [66]. At PO, = 101 kPa, complete quenching
(= 99.3%) was achieved. In fact, within the low PO, regime
of 0 - 21 kPa, quenching is predominantly dynamic, adhering
to the linear Stern-Volmer equation: I,/I = 0.01079PO, + 1
(K, = 0.01079 kPa™') (Figure 4c inset). This exceptionally low
quenching constant K, translates to merely 3% intensity loss at
the atmospheric O, level (PO, = 21 kPa), preserving the bright
emission of Cuyg in air. This contrasts sharply with conventional
O, sensors that suffer from substantial air quenching [67, 68].

Pressure-dependent lifetime measurements corroborate the dual
quenching mechanism (Figure 4d). As shown in Figure 4e,
7,/T increases exponentially with PO, following 7,/ =
3.48exp(0.016PO,) — 2.93 (PO, = 0 - 101 kPa), with 7, and
7 representing the decay lifetime in vacuum and under O,,
respectively. This dependence establishes the coexistence of
static and dynamic quenching, since a pure static quenching
would not affect the lifetime [67]. Besides, upon switching
from vacuum to 101 kPa O,, the emission vanished within 0.3
s, realizing an in situ real-time quenching (Figure 4f). The
quenching reversibility was demonstrated when cycled between
vacuum and 101 kPa O,, maintaining a steady emission-On and
-Off response without photobleaching (Figure 4g).

Figure 4h illustrates the quenching mechanism. Following ISC,
Cu,, populates a long-lived triplet excited state. This state
transfers energy to the triplet oxygen >0, (*Z,), in situ generating

singlet oxygen 'O, ('A,) and returning Cu, to the ground
state to quench luminescence [69, 70]. Control experiments
demonstrate that O, is the quencher, giving rise to the charac-
teristic Ph of 0, peaked at 1270 nm (Figure 4i) [71]. Indeed,
this process is thermodynamically favorable as the triplet-state
energy of Cu,q exceeds the 'O, excitation energy (0.98 eV)
[72]. Very importantly, the TADF mechanism enables effective
ISC, boosting triplet population to facilitate 'O, production [73-
75]. Remarkably, continuous photoexcitation yields stable 'O,
production for at least 24 h (Figure 4j), verifying Cu,4 as a robust
photosensitizer [76]. Collectively, Cu,q represents the first metal
NC to switch emission and 'O, production on and off quickly,
reversibly, and steadily, enabling dual-function oxygen sensing
and photodynamic applications.

2.5 | X-Ray-Induced RL via Ionization and
Radiative Decay

Upon X-ray irradiation, Cu,, generates RL with an emission
profile identical to its photoluminescence (Figure 5a,d, Figure
S29), confirming the same emissive states. Unlike hygroscopic
inorganic scintillators that degrade under ambient conditions
[77, 78], Cu,e exhibits persistent RL even after acid treatment
(Figure 5b). Furthermore, it functions as a sensitive X-ray dosime-
ter, exhibiting a linear RL response to the X-ray dose rate in the
range of 3.50 - 34.8 uGy s~ (Figure 5c,d). The calculated LOD
(limit of detection) is 1.5 uGy s7!, lower than the standard dosage
of 5.5 uGy s™! required for X-ray diagnosis [79]. Cu,4 also exhibits
excellent radiation stability, as confirmed by continuous radiation
over 100 cycles (Figure 5e).

The RL generation mechanism is depicted in Figure 5f. The
ionization process initiates when Cu atoms absorb high-energy
X-ray photons, ejecting hot electrons via the photoelectric effect
[59, 80]. The hot electrons further collide with other atoms of
the NCs to produce secondary electrons. After energy dissipation,
these electrons are captured by the NCs to form hole-electron
pairs, producing S, (25%) and T, (75%) excitons by obeying
the spin-conservation rule [81]. Finally, radiative decay of these
excitons via the established luminescent pathway produces RL
[82]. Leveraging the persistent RL, a wafer was fabricated from
Cu,, to evaluate its X-ray imaging capability. Using a standard test
pattern plate, the wafer demonstrates a high spatial resolution of
20 lp mm™ (Figure 5g). In addition, Cu,4 resolved fine structural
details of staples and an integrated circuit chip (Figure 5h,i).
These results validate Cu,4 as a novel, stable scintillator for X-ray
detection and imaging.

2.6 | VOC-Induced Photophysical Switching via
SCSC Transformations

Cu,, recognizes six types of hazardous VOCs by exhibiting dis-
cernible colorimetric and luminescent responses. Based on their
types, they are clarified into: i) aliphatic alcohol; ii) formamides;
iii) alkylnitriles; iv) THF; v) arenes and aryl halides; and vi)
chloroalkanes (representative examples shown in Figure 6a).
Such capability leverages the VOC-specific SCSC transformations
(Figure 6€e), where upon exposure of Cu,4 to i)—vi), compounds
1-6 were generated correspondingly [54]. 1—-6 endow emergent
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FIGURE 4 | (a) Luminescence quenching of Cuyg. (b) PO,-dependent emission spectra. (c) Stern-Volmer plot of I/I vs PO, across the entire
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of 7y/7 vs PO,. (f) Transient emission response to O,. (g) Emission-On and -Off pattern upon vacuum/101 kPa O, switching for 10 cycles. (h) Proposed

quenching mechanism. (i) NIR emission spectrum of '0,. (j) Normalized emission intensity at 1270 nm as a function of time.

optical and luminescent properties (Figure 6b,c), thus enabling
VOC differentiation via a 2D map based on their bandgap and
emission energies (Figure 6d). Particularly, Cu,4 serves as a dual
colorimetric-luminescent sensor for type i to iv VOCs.

Remarkably, Cu,; achieves record-low trace detection of 1-
pentanol and DMF (Figure 6e). Exposure to 1l-pentanol at a
concentration of 6.5 mg/L transformed yellow Cu,q crystals
into red crystals of [Cu';s("BuC=C),,(C;F,CO0);] (1), inducing
a near-infrared (NIR) emission (peak = 730 nm). Similarly,
exposure to DMF at a concentration of 0.5 mg/L yielded orange

crystals of [Cu'},(‘BuC=C),,(C;F,C00),(DMF),] (2) with a red
emission (peak = 680 nm). These transformations originate
from VOC-triggered facile cleavage of the ‘BuC=CH ligand,
initiating SCSC processes to generate 1-6. We observed that
Cu,, could not be recovered from 1-6 due to the difficulty
in reconstituting ‘BuC=CH. Taken together, Cu,4 represents a
unique NC platform demonstrating unprecedented structural
versatility, from new discrete NCs (1—-4) to NC-based polymers
(5 and 6), to discriminate a broad spectrum of VOCs, featuring
dual colorimetric-luminescent responses, and trace sensing of
1-pentanol and DMF [83-85].
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2.7 | Pressure-Driven Piezochromism via
Progressive Structural Evolution

Cu,, exhibits a high-contrast piezochromic behavior (Figure 7a),
which was disclosed by the diamond anvil cell (DAC) device (see
Section S7 for instrumental details) [86]. The structural evolution
was investigated by synchrotron PXRD. When pressure increases,
all Bragg diffraction peaks shift to the higher 2theta angle regions
due to crystal lattice contraction (Figure 7b). According to the
Le Bail refinement results, the a, b, and ¢ axes are reduced
anisotropically by around 12%, resulting in a 30% reduction of the
cell volume (Figure 7c). Notably, an isostructural phase transition
(phase I — phase II) occurs at around 2 GPa, as evidenced by a
discontinuity in lattice constants/volume without the presence of
new diffraction peaks [87]. The pressure-volume data were mod-
eled using the second-order and third-order Birch-Murnaghan
equation of state, yielding bulk modulus of B, = 8.3 GPa for
phase I, and B, = 31 GPa for phase II (Figure 7c), suggesting
significant structural stiffening after transition. Above 10 GPa, all

peaks weaken and broaden with an obvious contribution from the
background, indicating pressure-induced amorphization under
quasi-hydrostatic conditions [88].

This structural evolution drives a pronounced piezochromism.
From 1 atm to 15.16 GPa, Cu,s undergoes a drastic optical
color change from yellow to dark brown (Figure 7a). This is
accompanied by a continuous redshift of the UV-vis absorption
edge (Figure 7d), corresponding to a marked reduction of bandgap
energy from 2.75 (1 atm) to 1.88 eV (15.16 GPa) (Figure 7e).
Notably, the occurrence of phase transition was also observed
at around 2.0 GPa, where the decreasing rate of the bandgap
energy of 42 meV GPa™! in phase I (1 atm - 2.0 GPa) is slightly
smaller than that of 47 meV GPa! in phase II (2.0 - 15.16 GPa),
correlating with the crystallographic phase transition observed by
PXRD. Upon releasing pressure to 1 atm (denoted as R1 atm), the
initial color of Cu,4 could not be reverted (Figure S41). Cu,¢ also
exhibits piezochromic luminescence. With increasing pressure,
the emission intensity decreases monotonically until quenching
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FIGURE 7 | (a)High-contrast piezochromism of Cuys. (b) Evolution of synchrotron PXRD patterns. (¢) Evolution of unit-cell volume and lattice
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at 10.02 GPa (Figure 7f). The emission peak exhibits an initial under compression (Figure 7h) [89]. At R1 atm, for Csp—H groups
redshift followed by a blueshift (Figure 7g). At R1 atm, the peak  without inter-NC interactions, ¥(Csp—H) restores to the original
position recovers but the intensity remains drastically reduced state at 1 atm, as the molecular compression of Cu, is reversible
(Figure 7g; Figures S43 and S44), as the amorphizationisnot fully ~ (Figure S48). For Csp>—H, COO~, and C—F groups involving
reversible. inter-NC interactions, »(Csp>—H), »(COO~), and »(C—F) could

not be fully recovered because these interactions were reorga-
For the infrared (IR) spectra, all peaks shift to the higher  nized by amorphization (Figure S48). DFT calculation results
frequency regions due to shrinkage of interatomic distances validate the pressure-induced molecular compression, showing
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a continuous decrease of the average Cu!—Cu! bond length,
denoted as Cu'—Cu' (av.), from 2.746 (1 atm) to 2.546 A (11 GPa)
for the Cu', kernel (Figure 7i; Figure S46 and S47). This kernel
distortion directly drives the bandgap reduction and emission
change, as the emission primarily stems from the Cus-centered
transition. Overall, our systematic characterization reveals the
high-contrast piezochromism of Cu,4, stemming from a progres-
sive structural evolution driven by an isostructural phase tran-
sition, molecular compression, and a crystalline-to-amorphous
state transformation. This work positions Cu,4 as a model system
to study the underexplored frontier of piezochromic metal NCs
[86, 89, 90].

3 | Conclusions

In summary, we utilized a ligand engineering approach to achieve
coordinated molecular/supramolecular control for assembly of
an atomically precise Cu,;, NC. This multifaceted platform
integrates exceptional intrinsic properties with advanced stimuli-
responsive performance. Cu,4 exhibits ambient ultrastability
and ultrabright luminescence for practical LED implementation.
Upon exposure to five external stimuli, it selectively activates
the structural or luminescent response channels in an orthog-
onal manner to yield five optical switching effects, including
thermochromism, luminescence quenching, radioluminescence,
photophysical switching, and piezochromism. This responsive-
ness breadth surpasses all reported responsive materials, which
not only provides a platform for selective discrimination of
environmental stimuli, but also supports multifunctional appli-
cations in temperature/O,/hazardous VOCs/pressure sensing,
photodynamic therapy (via !0, generation), and X-ray scintilla-
tion imaging. Uniquely, Cu,4 serves as an atomic-precision model
system that decodes stimulus-response mechanisms, demon-
strating how orthogonal activation pathways can be integrated
within a single material to achieve sophisticated multifunc-
tionality. This work significantly deepens the understanding
of relationships between nanoscale synthesis, atomic structure,
and macroscopic properties at multiple levels, establishing a
transformative design-to-function roadmap for next-generation
programmable materials.

3.1 | Physical Measurements and
Characterizations

Elemental analysis of C and H was carried out on an Agilent 710
Series Inductive Coupled Plasma Optical Emission Spectrometer.
Infrared (IR) spectra were recorded on KBr pellets with a Thermo
Fisher Scientific Nicolet iS5 spectrometer in the range of 4000 -
400 cm™. Raman spectra were recorded using a Renishaw Micro-
Raman Spectroscopy System equipped with a 785 nm laser source
in the range of 4000 — 400 cm ™. Powder X-ray diffraction (PXRD)
was performed using a Rigaku SmartLab X-ray diffractometer
(CuKa radiation) at a sweeping rate of 5°/min. Thermogravimet-
ric analysis (TGA) was carried out on a Mettler Toledo TGA/DSC
3+ analyzer at a ramp rate of 10°C/min from 40 to 700°C under
an N, atmosphere. SEM-EDS tests were conducted by a TESCAN
VEGA3 scanning electron microscope. UV-vis diffuse reflectance
spectra were recorded on a SHIMADZU UV-3600 spectropho-
tometer using the finely ground samples with BaSO, reference,

and the corresponding bandgap energy was estimated from the
Tauc plot by using (¢hv)? vs. hv. X-ray photoelectron spectroscopy
(XPS) and LMM Auger spectra were carried out on a Thermo
Scientific K-Alpha spectrometer equipped with a monochromatic
Al Ka X-ray source (hy = 1486.6 eV) operating at 150 W and a
spot size of 400 um; survey scans were measured at a constant
pass energy of 150 eV and region scans at 50 eV; binding energies
were referenced to the C 1s peak of the (C—C, C—H) bond, which
was set at 284.8 eV. Water contact angle (WCA) was measured on
a Lauda Scientific LSA100 instrument (water droplet volume =
5 uL) at room temperature. Thickness of the wafer and pellets
was measured on an optical profilometer of Mahr MarSurf LD
130. Transient absorption spectra were recorded on a HARPIA
ultrafast transient absorption spectroscopy with a PHAROS laser
by using the thin pellets prepared from the samples. Steady-
state photoluminescent measurements including PL spectra,
lifetime decay, QY, and 3D excitation-emission matrix (3D-
EEM) luminescence were conducted on crystal samples using
an Edinburgh FLS1000 spectrometer (excitation wavelength =
365 nm); absolute photoluminescence QY was measured with
an integrating sphere for six times with a standard deviation
of 0.02, with re-absorption/scattering corrected; temperature-
dependent study in the range of 9 to 333 K was conducted
with the assistance of a liquid helium cryostat; long decay
lifetimes in the microsecond scale were measured using uF,
microsecond flash lamp as the excitation source, and short
decay lifetimes in the nanosecond scale were measured using
EPL-Series picosecond pulsed diode laser. Photosensitized 'O,
generation was directly monitored by the FLS980 spectrometer
with an InGaAs NIR detector under different atmospheres.
For stimulus-responsive experiments, complete instrumentation
configurations are detailed in their respective sections.
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