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Tailoring the aggregation-induced emission (AIE) characteristics of well-defined metal nanoclusters
(MNCs) is highly sought after for numerous practical applications. Studies have primarily focused on
assembling AlE-type MNCs using monomorphic molecules. Achieving polymorphic assemblies, with
different molecular arrangements could provide valuable insights into the role of external molecular
matrices on the photoluminescence (PL) behaviour of these NCs. In this study, by mimicking biominerali-
zation, we successfully embedded AIE-type Au,,SGig NCs within different polymorphic environments of
CaCOs. Upon incorporation into CaCOs matrices such as, calcite, vaterite and a mixture of both, the PL
was enhanced in all the inorganic composites accompanied by a significant blue shift. In the metastable
vaterite matrix, Au,,SG1g NCs exhibited the highest blue shift in the PL spectrum while in the stable crys-
talline matrix of calcite, the NCs showed the highest PL intensity as well as excited state lifetime. Time-

Received 30th September 2024,
Accepted 14th November 2024

DOI: 10.1039/d4nr04022h

resolved spectroscopic and single-molecule Raman studies revealed that variations in the PL of NCs are
linked to the stability of their polymorphic structures, progressing from vaterite to a vaterite/calcite
mixture, and finally to calcite. These findings shed light on the crucial role of external molecular arrange-

rsc.li/nanoscale ment in the AIE behaviour of MNCs.

Published on 19 Ximoli 2024. Downloaded on 16/07/2025 12:47:14 PM.

Introduction

Recently, atomically precise metal nanoclusters (MNCs) have
emerged as prime contenders in various application domains,
including solid-state lighting and displays, catalysis, biosen-
sing, bioimaging, and therapy, due to their intriguing mole-
cular-like properties such as photoluminescence (PL), HOMO-
LUMO transitions, molecular chirality, etc."® Among these
features, their well-defined crystal structures and strong PL are
particularly noteworthy, enabling researchers to create a range
of self-assembled superstructures in three dimensions. This
approach has led to significant improvements in properties
such as PL, catalytic activity, and biological functions."*™*®

To construct self-assembled MNCs-based superstructures,
various components such as polymers, small organic mole-
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cules, metal ions, and biomolecules have been utilized."” >3

These components often act as counterparts, facilitating
assembly formation through a range of covalent and non-
covalent interactions.”*° When MNCs are successfully inte-
grated into these assembles, one of the most notable changes
in their physicochemical properties is PL, which is highly sen-
sitive to immediate changes in the MNCs environment. This
effect is particularly pronounced in MNCs exhibiting aggrega-
tion-induced emission (AIE) characteristics, a phenomenon
associated with restricted intra and inter-molecular rotational
and vibrational motions, that are very responsive to their
surroundings.>®?°3> Supramolecular interactions, such as
hydrogen-bonding, hydrophobic effects, and electrostatic
forces within the assembled superstructures contribute to the
rigidity and molecular packing, and thereby restrict the intra-
and inter-molecular motions of the ligand shell of the AIE-type
MNCs, leading to a significant enhancement in their PL
quantum yield.***> Many of these supramolecular interactions
have been extensively studied in relation to the AIE behavior in
MNCs.>® These interactions primarily generate an organic
environment or matrix that is uniform and monomorphic in
nature.’*® However, the AIE behavior of MNCs within in-
organic solid frameworks or matrices exhibiting polymorph-
ism remains largely unexplored.
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Polymorphism arises when a compound adopts at least two
different molecular arrangements in the solid state.>*™** These
distinct arrangements create varied matrix environments for
the assembled MNCs. Integrating AIE-type well-defined MNCs
within different polymorphic environments would possibly
offer a unique platform to investigate the influence of poly-
morphism on the AIE behavior of the MNCs. Understanding
how polymorphism affects the AIE phenomenon could help
establish correlations between specific molecular arrange-
ments and the resulting AIE properties of MNCs. This area of
research is crucial for furthering our knowledge of the relation-
ship between molecular structure and AIE behavior in MNCs.

Biomineralization is a natural process where molecules or
ions assemble through electrostatic or weak dipole-dipole
interactions.*>*® We hypothesize that mimicking this process
to create self-assembled inorganic host matrices for AIE-type
MNCs could be a promising approach for studying the effects
of polymorphism on the AIE behavior of MNCs."”**® Inorganic
solid matrices formed through biomineralization offer tunable
cavities and customizable chemistries, which can generate dis-
tinct polymorphic environments for AIE-type MNCs.**° For
example, the mechanism of CaCO; nucleation via biominerali-
zation is well understood.®® By mimicking this process
through different synthetic methods, it is possible to obtain
various polymorphs of CaCOj;, such as crystalline CaCO; via
the coprecipitation method or amorphous CaCO; (ACC)
through vapor deposition.*” These distinct polymorphs could
provide unique matrices for the MNCs, offering a valuable
opportunity to investigate how different polymorphic environ-
ments influence the AIE phenomenon.

In this study, we selected CaCO; as the inorganic host
matrix for assembling pre-synthesized AIE-type AuNCs i.e.,
Au,,SGyg (where -SG stands for reduced glutathione). Using
different synthetic routes, we obtained distinct polymorphs of
CaCO;: crystalline CaCO; through a coprecipitation method
and vaterite CaCO3 by vapor diffusion method, and a mixture
of calcite and vaterite also through an ethanol based coprecipi-
tation method. Upon embedding the Au,,SG;3 NCs into these
polymorphic environments, we investigated their AIE behavior.
Remarkably, the PL of the NCs was significantly enhanced in
all the CaCO; matrices, driven by the self-assembling PL
enhancement effect. This strong PL enhancement is the
characteristic of an AIE-like phenomenon, arising from the
rigidification of the ligand shells and conformational orien-
tation of the assemblies. Interestingly, in the vaterite CaCO;
matrix, the NCs exhibited a greater blue shift compared to
their behavior in the crystalline matrix, while the PL lifetime
of the NCs was longer in the crystalline calcite environment.>>
These findings highlight how the distinct polymorphic
matrices of CaCO; affect the AIE behavior of the NCs, offering
insight into the relationship between matrix structure and
photophysical properties. This study demonstrates that the
stability and polymorphic transitions of CaCO; matrices, from
vaterite to calcite, significantly impact the photophysical pro-
perties of Au,,SG,3 NCs, providing new insights into how poly-
morphism governs AIE behavior.
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Results and discussion

To investigate the AIE-behavior of MNCs in an inorganic poly-
morphic matrix, we selected CaCO; as an appropriate matrix,
due to its straightforward preparation via biomineralization.>?
With the right preparation methods and experimental con-
ditions, various crystalline polymorphs of CaCO; can be pro-
duced. Among these, vaterite is the least stable, aragonite is
marginally less stable, and calcite is the most thermo-
dynamically stable polymorph at ambient temperature.
Additionally, there exists an amorphous polymorph known as
amorphous calcium carbonate (ACC).

For our model MNCs, we chose atomically precise Au,,SG;s
NCs (SG = reduced glutathione) due to their well-documented
AIE properties, large Stokes shift (>100 nm), excellent photo-
luminescence quantum yield, biocompatibility, and good
photostability.>*® The successful synthesis of Au,,SG;3 was
confirmed by UV-vis spectroscopy and PL spectroscopy, which
showed an absorbance peak at 520 nm along with PL exci-
tation and emission spectra around 520 nm and 660 nm,
respectively as illustrated in Fig. S1.f Furthermore, the large
Stokes shift (~140 nm) validated the AIE property of the NCs
(Fig. S1t). These NCs underwent rigorous purification before
being utilized in subsequent studies.

Au,,SG3 NCs were embedded within the polymorphic
matrix of CaCO; through biomineralization (detailed methods
are provided in the Experimental section, Fig. S2-S4}). As
shown in Field emission scanning electron microscopy
(FESEM) and High-resolution transmission electron
microscopy (HRTEM) images in Fig. 1A-F, the morphology of
the assemblies was distinct and varied. The Au,,SG;g NCs were
incorporated into different polymorphs of CaCOs:
Au,,SG,5@CaCO5-Cube  with  crystalline cubic matrix,
Au,,SG,3@CaCO;-Cube/Sphere featuring both crystalline cubic
and spherical matrix, and Au,,SG;3@CaCO;-Sphere with a
spherical matrix. Given their varied structures, the surround-
ing environments of the NCs were expected to differ. Such
morphology was consistent with the control structures of
respective CaCO; types without NCs, as shown in Fig. S5-S7.F
These findings suggest that different morphologies arose from
the inherent synthetic procedure of CaCOj;, rather than being
induced by the NCs. Additionally, scanning transmission elec-
tron microscopy (STEM) images confirmed that the NCs were
uniformly embedded within the respective CaCO; matrices
(Fig. 1G-Z-AA).

To reveal the differences in internal crystal structures
among the materials with varied morphologies, we conducted
powder X-ray diffraction (PXRD) analysis, which allowed us to
distinguish the structural differences between the polymorphs
of CaCO; based on these morphological changes. As shown in
Fig. 2A, the 20 peaks for Au,,SG;s@CaCO;-Cube at 23.01° and
29.41° correspond to the (0 1 2) and (1 0 4) planes, respectively,
resembling the calcite structure (JCPDS code 01-072-1937).%7
Similar peaks were observed in the control CaCOs;-Cube, indi-
cating that the Au,,SG;3 NCs were embedded within the crys-
talline matrix. In contrast, the PXRD spectrum for

This journal is © The Royal Society of Chemistry 2025
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Au,,SG,;@CaCO;-Sphere

Fig. 1 FESEM images of (A) Au;,SG1g@CaCO3z-Cube, (B) Auy,SGig@CaCO3-Cube/Sphere, and (C) Au,,SG1g@CaCOz-Sphere. HRTEM images of (D)
Au,,SG15@CaC0O3-Cube, (E) Au,,SG;@CaCOs-Cube/Sphere, and (F) Auz,SG;s@CaCOs-Sphere. STEM images and nanoscale elemental mapping of
(G—M) Au,,SG;8@CaCO3-Cube, (N-T) Aux,SG1s@CaCOz-Cube/Sphere, and (U-AA) Au,,SG1@CaCOz-Sphere.

Au,,SG;3@CaCO;-Sphere was nearly featureless, suggesting an
amorphous nature; however, a magnified view revealed small
crystalline peaks attributed to the vaterite structure of CaCO;,
This indicates that the Au,,SG;g NCs were likely embedded in
a vaterite matrix, although the presence of some ACC cannot
be ruled out.’®>° Alternatively, it is possible that the NCs were
initially embedded in an ACC matrix, which gradually con-
verted to vaterite due to the instability of the ACC form under

This journal is © The Royal Society of Chemistry 2025

ambient conditions. Interestingly, PXRD results for
Au,,SG,3@CaCO;-Cube/Sphere indicated a mixed state, dis-
playing peaks at 24.91° and 27.05°, corresponding to the (100)
and (101) planes of vaterite (JCPDS code - 00-024-0030), along-
side a peak at 29.39° associated with the calcite phase (104
plane).®® Similar peaks were also observed in the control
CaCO;-Cube/Sphere.  These results suggest that in
Au,,SG,3@CaCO;-Cube/Sphere, the NCs were embedded in
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Fig. 2 (A) PXRD spectra of Auy,SG;g@CaCO3z-Cube, CaCOs-Cube-control, Au,,SGig@CaCO3-Cube/Sphere, CaCOs-Cube/Sphere-control,
Au,,SG;13@CaC0O3-Sphere and CaCOs3-Sphere-control. (B) FTIR spectra of Au,,SGig@CaCO3z-Cube, CaCO3z-Cube-control, Auy,;SGig@CaCO3-Cube/
Sphere, CaCO3z-Cube/Sphere-control, Au,,SG1g@CaCOs-Sphere and CaCOsz-Sphere-control. (C) Raman spectra of Au»;SGig@CaCOs-Cube,
CaCOsz-Cube-control, Au,,SG1g@CaCO3z-Cube/Sphere, CaCO3-Cube/Sphere-control, Au,,SG1g@CaCO3-Sphere and CaCOsz-Sphere-control.

both calcite and vaterite matrices. The presence of gold in
different polymorphs was also probed by inductively coupled
plasma-optical emission spectrometer (ICP-OES) measurement
(Table S3t). Taken together, we successfully embedded the
NCs in distinct polymorphic environments of CaCO3.

The different polymorphic environments were further
characterized by Fourier Transform Infrared Spectroscopy
(FTIR) analysis (Fig. 2B). The Au,,SG;3s@CaCOs-Sphere showed
the absorption band at 858 cm™",744 cm™" and splitting bands
at 1402 cm ™" and 1481 cm™" that reflected its vaterite nature.®*
The Au,,;SG13@CaCO;3-Cube showed the absorption bands at
874 cm™' and 708 cm™' representing a calcite phase that
reflected its crystalline nature.®® The Au,,SG;s@CaCO;-Cube/
Sphere showed the absorption band at 744 cm™" representing

the vaterite phase and bending bands at 873 cm™"
61,62

and
710 cm™" signals its crystalline polymorph calcite. Raman
spectroscopy also reflected similar inorganic assemblies
(Fig. 2C). Raman Peak was observed at 1087 cm™' for
Au,,SG;3@CaCO3-Cube which was aligned with CaCO;-Cube-
control. Raman peaks at 281 cm™', 712 cm™" and 1088 cm™*
were observed in the CaCO;-Cube-control, resembling those of
calcite.®® The spectroscopic signal at 1087 cm™" cemented out
that Au,,SG;3@CaCO;z;-cube had a crystalline environment
with calcite polymorphism. Again, in the Au,,SG;s@CaCO;-
Sphere, peaks were observed at 300 cm™', 748 cm™'
1089 cm™' with a shoulder peak at 1078 cm™', which was
similar to CaCO;-Sphere-control. The shoulder peak originated
at 1078 cm ™" strongly matched with the spherical vaterite.®*
Similarly, peaks in Au,,SG;3@CaCO;-Cube/Sphere resembled

and
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those of CaCO;-Cube/Sphere which was previously confirmed
that the synthesized material was a mixture of both calcite and
vaterite polymorphs embedded with AuNCs.**

Following the successful integration of NCs into various
polymorphic structures of CaCO3, all materials were subjected
to PL analysis. In the solid-state PL spectra, the NCs within the
CaCO; matrix exhibited a blue shift, which was attributed to
their structural compactness. Notably, this blue shift was more
pronounced as the structure transitioned from cubic (calcite)
to spherical (vaterite/ACC) via intermediate forms (calcite/
vaterite/ACC). This indicates a clear relationship between the
PL properties and the crystallinity or stability of the inorganic
matrix. As the crystallinity and stability decreased from cubic
to spherical structures, the PL maxima shifted towards lower
wavelengths, resulting in a blue shift (Fig. 3A). NCs embedded
in spherical solids can be considered isotropic, as they exhibit
identical physical properties in all directions due to the
random arrangement of particles. However, their crystallinity
is expected to be lower than that of the calcite matrix. The PL
spectra revealed a maximum blue shift for solid-state Au,,SG;s
(around 46 nm), likely due to the increased compactness and
rigidity in this form. In the solid state, the free molecular
movement observed in the liquid state was restricted, as the
molecules came closer together, reducing the available free
space. The largest blue shift was observed for
Au,,SG;3@CaCO;5-Sphere (~33 nm), while smaller shifts were
seen for  Au,,SG13@CaCO;-Cube (~18 nm) and
Au,,SG;35@CaCO;-Cube/Sphere intermediate structures
(~28 nm). This difference in blue shift may also be related to

This journal is © The Royal Society of Chemistry 2025
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Fig.3 (A) PL intensity of solid AuxSGie, liquid  AuppSGys,
Au,SG1g@CaC0O3-Cube,  Au»,SGis@CaCOz-Cube/Sphere,  AupSGig@
CaCOs-Sphere and. Digital images of (B and C) liquid Au,;SGig, (D and E)
Au55G;3@CaCO3-Cube, (F and G) Au,,5G;5@CaCO3-Cube/Sphere, (H and
1) Auz2SGi18@CaCOs-Sphere taken under visible and UV (lex = 520 nm).

the synthesis conditions. Au,,SG;s@CaCO;s-Sphere was syn-
thesized in an ethanolic medium, leading to enhanced aggre-
gation of the AuNCs from the start. Ethanol, being an antisol-
vent, promoted aggregation by increasing the hydrophobicity
of the medium, resulting in a larger blue shift. For
Au,,SG;3@CaCO;-Cube/Sphere, ethanol was introduced after
15 seconds to suspend the reaction, which similarly contribu-
ted to the blue shift in the PL emission maxima. In contrast,
Au,,SG,35@CaCO;3-Cube was prepared in an ethylene glycol-
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water medium, which resulted in a smaller blue shift. Notably,
using core-shell type glutathione protected AuNCs instead of
Au,,SGyg, resulted in a similar blue shift across all three poly-
morph structures, suggesting the broad applicability of this
method (Experimental section and Fig. S87).

Images of all cluster-loaded polymorphs were taken under
visible and UV light. In the solid state, all powdered samples
appeared slightly yellowish (Fig. 3D, F and H), similar to the
solution color of Au,,SG;g3 NCs (Fig. 3B), indicating successful
encapsulation within the white CaCO; matrices. Under UV
light, the images show that the characteristic reddish emission
of the Au,,SG;s NCs (Fig. 3C) was retained across all cluster-
encapsulated polymorphs (Fig. 3E, G, & I). To confirm the suc-
cessful incorporation of Au,,SG;g NCs into individual cubic or
spherical structures, single-particle confocal microscopy was
performed. The cubic and spherical morphologies of the
Au,,SG5@CaCO;-Cube and Au,,SG,3@CaCO;-Sphere were
clearly visible in Fig. S9 and S10.f Further analysis using
single-particle Raman spectroscopy provided insight into the
surrounding environment of the Au,,SG;g NCs (Fig. 4A-D).
These data confirmed the polymorphic nature of the CaCO;
matrices around the Au,,SG;3 NCs in the Au,,SG;3@CaCO;-
Cube, and Au,,SG;3@CaCO;-Sphere. In Au,,SG;13@CaCO;-
Cube, the Raman spectra showed characteristic calcite peaks
at 156 cm™', 275 cm™', 710 cm™' and 1084 cm™'. For
Au,,SG;s@CaCO;-Sphere, Raman peaks at 102 cm ' and
301 cm™" were indicative of vaterite.®°® These results suggest
that the Au,,SG;g3 NCs exist within distinct polymorphic
environments.

After analyzing the steady-state PL performance, we per-
formed Time-Correlated-Single-Photon-Counting  (TCSPC)
experiment in the solid state as shown in Fig. 5. The average
lifetimes of the samples were first measured in microsecond
windows (Fig. 5A). The decay profiles as well as the average life-
time values followed the trend as Au,,SG,3@CaCO;-Cube >
Au,,SG,5@CaCO;-Cube/Sphere > Au,,SG;3@CaCO;-Sphere
(Table S1t). Interestingly, Au,,SG.s exhibited the shortest
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301 cm-!
740 cm™
(i i) Au,,SG,;@CaCO,-Sphere Vaterite
200 400 600 800 1000 1200

Wavelength (cm'1)

Fig. 4 (A) Pictorial diagram of single particle Raman instrumentation. Confocal images of (B) Au,,SG;g@CaCO3z-Cube, (C) Au,,SG;g@CaCOs-
Sphere, (D) single particle Raman spectrum of as-synthesized samples (i) Au,,SG;s@CaCO3-Cube and (i) Au,,SG;8@CaCO3-Sphere.
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Fig. 5 (A) TCSPC lifetime (microsecond) of solid Au,,SGig, liquid
Aux5SGig,  Au»,SGig@CaCO3z-Cube, Au,»SG;3@CaC0O5-Cube/Sphere,
Au,,SG;18@CaC0O3-Sphere. (B) TCSPC lifetime (nanosecond) of solid
Au,,SGyg, lquId Au2,SGig, AuzSGi1g@CaC0O3-Cube, Au,SGig@CaCOs-
Cube/Sphere, Au,,SG;g@CaCOsz-Sphere. (C) Jablonski diagram depict-
ing the different energy levels of Auy,SG;3@CaCO3-Cube,
Au,,SG318@CaC03-Cube/Sphere,  Auy,SG;g@CaCOsz-Sphere  (ley =
375 nm and dem = 660 Nm).

average microsecond lifetime among all variants, suggesting a
beneficial role of polymorph structures in reducing non-radia-
tive channels. The trend observed in the nanosecond decay
mirrored that of the microsecond results. In the nanosecond
decay analysis, Au,,SG;3@CaCO;-Cube exhibited the longest
lifetime of 76.71 ns, Au,,SG;3@CaCO;-Cube/Sphere had a life-
time of 45.75 ns, and Au,,SG;3@CaCO;-Sphere showed the
shortest lifetime of 10.12 ns (Fig. 5B). We hypothesize that as
the crystallinity of the matrices increases, the energy of the
excited state decreases, leading to longer lifetimes and slower
decay rates. As the structure shifts from cubic to spherical, the
shorter decay component increases, resulting in faster decay
and shorter lifetimes for Au,,SG;3s@CaCO;-Sphere. Conversely,
as crystallinity increases in the cubic phase, decay slows down,
yielding longer lifetimes (Fig. 5C, Table S2). This enhance-
ment is likely due to reduced non-radiative decay in more crys-
talline structures, explaining why the cubic polymorph exhibits
the highest excited-state lifetime.

Maintaining the structure and composition of the NCs after
integration with various CaCO; polymorphs is crucial. To
confirm this, we conducted a pH-dependent study. Since
CaCO; is known to degrade in acidic environments, lowering
the pH of the solution should release the NCs from their
respective matrices, allowing us to verify their structural integ-
rity through optical characterization.®” Initially, at pH 9, the
dispersion of the composites in ultrapure water (1 mg mL™")
resulted in a cloudy solution, which cleared upon reducing the
pH to 5 by adding 1 M HCI. This occurs because the calcium
carbonate anions react with protons to form weak carbonic
acid. When the pH was raised back to 9 using 1 M NaOH, the
solution became cloudy again (Fig. S10t). At pH 5, the PL
emission peak of Au,,SG;3@CaCO;-Cube diminished entirely,
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but when the pH was increased again, the emission peak reap-
peared but the intensity of the emission was not recovered
completely which was near about half of the intensity peak at
the initial stage with ~5 nm red shift which was approximately
9-fold of PL emission peak at pH 5 (Fig. 6A). Similar results
were observed for Au,,SG;3@CaCO;-Cube/Sphere. However, in
this case the PL intensity was recovered up to 90% of the
initial intensity at the same position i.e., 629 nm. PL intensity
peak was observed at 629 nm for both cases and PL intensity
recovered when the pH was raised back to 9 was approximately
6-fold of PL emission peak at pH (Fig. 6B). The trend was
similar in the case of Au,,SG;s@CaCOs-Sphere, however, the
metastable nature of these samples makes it difficult to
analyse the PL data (Fig. 6C).

Since the concentration of the AuNCs remains constant
before and after pH changes, comparing their PL intensity
before and after dissociation allowed us to assess the impact
of polymorph structure on the PL properties of the NCs.
Specifically, embedding within a calcite matrix enhanced PL
by up to 20-fold, while in the case of vaterite, PL enhancement
was 7-fold. These findings suggest that the greater stability
and crystallinity of the matrix provide a more rigid environ-
ment for the NCs, thereby improving their PL through AIE
mechanism.

Since Au,,SG;3@CaCO;-Cube was the most stable poly-
morph among the samples studied, we analyzed its mor-
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Fig. 6 PL intensity of as-synthesized materials in liquid state at different
pH environment (A) Au,,SG;s@CaCO3-Cube, (B) Au»;SG;g@CaCOs-
Cube/Sphere, (C) Au,,SG;4@CaCOsz-Sphere. HRTEM images of
Au,,SG;3@CaC0O3-Cube at (D) pH 9, (E) pH 5 and (F) back to pH 9. (G)
Schematic showing the morphological change of Au,,SG;s@CaCOs-
Cube at different pH.
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phology using TEM. At pH 5, the cube’s morphology was
observed to change into a spherical shape (Fig. 6D and E),
with the sphere consisting of smaller-sized NCs (inset of
Fig. 6E). This transformation is attributed to the coordination
between the carboxylate groups of the GSH ligands and the
free Ca®" ions in solution. Similar spherical aggregates, co-
ordinated by metal ions, have been reported previously for
other MNCs.®® Interestingly, when the solution pH was
reverted to 9, the cubic morphology did not reappear; instead,
aggregated NCs were observed (Fig. 6F), indicating the irrevers-
ible nature of the morphological change. A proposed mecha-
nism for this pH-dependent morphology transformation is
shown in Fig. 6G.

Experimental
Materials and methods

All the chemicals were purchased commercially and used as
received. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0),
reduced i-glutathione (GSH), ethylene glycol (C,Hs0O,), calcium
chloride (CaCl,), sodium carbonate (Na,CO;), sodium boro-
hydride (NaBH,), ethanol (EtOH) and hydrochloric acid were pur-
chased from Sigma-Aldrich. Sodium hydroxide (NaOH) was pur-
chased from Qualigens. Ammonium bicarbonate (NH,HCO;) was
purchased from Thermo Fisher Scientific. All the glassware used
was washed with aqua-regia and rinsed with deionized water.
Ultra-pure Milli-Q water was used as a solvent throughout the
experiments unless mentioned.

Characterisation

UV-vis absorption spectra were recorded by JASCO V-750
spectrophotometer. PL spectra of both liquid and solid
samples were measured with a JASCO FP-8350 spectrofluorom-
eter. Time-correlated single photon counting (TCSPC) lifetime
was measured in an Edinburgh FLS 980 Instrument.
Transmission electron microscopy (TEM) images were cap-
tured with a JEOL JEM-200 at 200 kV whereas FESEM (Field
emission scanning electron microscopy) images were captured
in a ZEISS SUPRA 55 Instrument for studying the surface mor-
phology and microstructures of the synthesized samples. For
SEM sample preparation, synthesized materials were well dis-
persed in Milli-Q water and drop-casted on glass slides.
Similarly, TEM samples were prepared by drop casting the
well-dispersed sample (in Milli-Q water) on copper grids
(200 mesh) followed by drying in vacuum. The infrared spectra
(FT-IR) of solid samples were recorded by a Thermo Scientific
Nicolet iS20 Smart iTX-Diamond ATR-IR spectrometer. Raman
spectrum measurements were recorded using a Renishaw
microscopic confocal Raman spectrometer at room tempera-
ture using a 532 nm diode laser to explore the structural infor-
mation and chemical environment of the synthesized samples.
The confocal images were obtained using an inverted confocal
microscope, Leica (Leica TCS SP8). The samples were excited
using a diode laser (490 nm) through a water objective (63 x
1.4 NA). After cleansing the glass slide with double-distilled
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water to remove dirt particles, a 10-15 pL sample solution
aliquot was dropped onto it and covered with a clean coverslip.
Coverslips were repeatedly washed in double-distilled water to
ensure cleanliness. For single particle Raman spectra measure-
ments, the samples were excited with a 532 nm diode laser
through a 50x objective, using a WItec GmbH (alpha 300)
instrument. Rigaku RINT 2500X diffractometer with mono-
chromate Cu Ko radiation (40 kV, 40 mA) at a scan rate of 0.1°
min~' has been utilized to analyse the wide-angle powder
X-ray diffraction (PXRD) pattern for the as-synthesized
materials for structural information. The pH of the solutions
was measured with an Oakton pH 700 pH meter. Inductively
coupled plasma-optical emission spectrometer (ICP-OES)
experiments were performed by PerkinElmer Optima 2100 DV.

Synthesis of Au,,SGg NCs

The was carried out following a reported procedure with slight
modifications.’*>® Briefly, a freshly prepared aqueous solution
of HAuCl, (1.5 mL, 20 mM) was added to 27.6 mL of ultra-pure
water under stirring, followed by the addition of GSH (0.9 mL,
50 mM). The solution turned from yellow to a turbid white
upon the addition of GSH. After 3-4 minutes, the pH was
adjusted to 11, causing the turbidity to disappear, and the
mixture was stirred at 600 rpm for 20 minutes. NaBH, (75 pL,
10 mM) was then added dropwise, and the solution was stirred
gently at 200 rpm for 30 minutes. Subsequently, 1 M HCI was
added to lower the pH to 2.5, and the mixture was stirred for
24 hours at 200 rpm. After synthesis, the Au,,SG;3 NCs were
purified using a Pur-A-Lyzer (Mega 3500 dialysis Kkit).

Synthesis of Au,,SG;3@CaCO;-Cube & CaCO;-Cube-control

We had followed a reported protocol with some required
alteration.®® Au,,SG,3@CaCO;-Cube & CaCOs-Cube-control
4 mL of CaCl, (0.33M, in EG:H,0 = 5:1) was mixed with
28 mL Milli-Q water in a conical flask under stirring at 600
rpm. After 5 minutes, 4 mL of freshly prepared Au,,SG;g NCs
solution was added to the flask. Following 20 minutes of stir-
ring, 4 mL of Na,CO; (0.33M, in EG:H,0 = 5:1) was intro-
duced into the mixture causing the solution to turn from clear
to cloudy. The mixture was then stirred at 600 rpm for 1 hour.
The synthesized product was collected by centrifugation at
10 000 rpm for 5 minutes, followed by washing the precipitate
twice with Milli-Q water. The washed precipitate was freeze-
dried to obtain a solid powder, referred to as
Au,,SG;s@CaCO;-Cube. CaCO;-Cube-control without NCs was
also obtained following a similar procedure.

Synthesis of Au,,SG;3@CaCO;-Cube/Sphere & CaCO;-Cube/
Sphere-control

With some minimal adaptation, Au,,SG;3@CaCO;-Cube/
Sphere & CaCOj;-Cube/Sphere-control was synthesized.”® 30 mL
of CaCl, (0.1 M in H,0) was placed in a conical flask and
stirred at 600 rpm. Freshly prepared 6 mL of Au,,SG,g cluster
solution was then added. After 5 minutes of stirring, 30 mL of
Na,CO; (0.1 M in H,0) was poured into the reaction mixture
under vigorous stirring for 15 seconds. The resulting cloudy
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suspension was mixed with 60 mL (1:1) of ethanol and centri-
fuged at 5000 rpm. The precipitate was washed twice with
ethanol, and centrifuged again at 5000 rpm, and then dried in
a vacuum oven at room temperature overnight to obtain a solid
powder, termed as Au,,SG;3@CaCO;-Cube/Sphere. A control
CaCO;-Cube/Sphere was synthesised using a similar synthetic
procedure without the addition of NCs.

Synthesis of Au,,SG;3@CaCO;-Sphere & CaCO,-Sphere-control

Synthesis of spherical CaCO; assembly was based on a
reported procedure for ACC with minor modifications.”
Briefly, 200 mg of CaCl, was dissolved in 100 mL of absolute
ethanol in a beaker with 500 pL Au,,SGyg (10 mL of as-syn-
thesized Au,,SG;3 NCs was concentrated to 1 mL). The beaker
was covered with parafilm punctured with several holes and
placed in a desiccator. A Petri dish containing crushed
NH,HCO; was placed in the desiccator. After 48 hours, the
product was collected by centrifugation at 8000 rpm for
5 minutes. The precipitate was washed three times with
ethanol and dried in a vacuum oven at room temperature over-
night to yield a solid powder, termed as Au,,SG;3@CaCO;-
sphere. CaCO;-spheres without NCs were synthesized with a
similar synthetic procedure.

pH-Dependent stability test

All the composites, Au,,SG;3@CaCO;-Cube, Au,,SG;s@CaCO;-
Cube/Sphere, and Au,,SG;3@CaCO;-Sphere were dispersed in
Milli-Q water (1 mg mL™") for pH-dependent stability test.
Initially, the pH of all the dispersions was around 9 and the
solution was cloudy. After reducing the pH to 5 (by adding 1 M
HCl) the solution became clear. Furthermore, when the pH
was reversed to 9 the cloudiness reappeared. PL intensity of
the NCs in solution was monitored at different pH values.

Synthesis of core-shell type gold nanoclusters (AuNCs) and
AuNCs@CaCO;-composites

We followed a well-established protocol to synthesize core-
shell type AuNCs.”” To prepare a 50 mL stock solution contain-
ing 2 mM AuNCs, we began by adding 43.5 mL of Milli-Q water
to a round bottom flask. Then, 5 mL of freshly prepared
20 mM HAuCl, solution was added under stirring at 75 °C.
After 3 minutes, 1.5 mL of 100 mM GSH was introduced,
which turned the initial yellow solution colourless. The
mixture was incubated under stirring for 24 h, during which
the yellow colour gradually reappeared. The resulting orange
emitting AuNCs were stored at 4 °C for future use. We used
similar  synthetic  protocol for AuNCs@CaCO;-Cube,
AuNCs@CaCO;-Cube/Sphere  and  AuNCs@CaCO;-Sphere,
where we used AuNCs instead of Au,,SGg.

Conclusions

In summary, by mimicking biomineralization, we have suc-
cessfully integrated atomically precise atomically precise AIE-
type Au,,SG;g NCs into various polymorphic forms of CaCOj;.
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The red-emitting Au,,SG;g NCs exhibited distinct PL character-
istics: the cubic crystalline calcite matrix displayed the highest
PL intensity and excited-state lifetime, while the metastable
vaterite matrix induced a pronounced blue shift due to self-
aggregation within its spherical structure. Detailed spectro-
scopic and microscopic analyses confirmed the successful
encapsulation and preservation of the PL properties. Single-
molecule Raman spectroscopy validated the presence of the
NCs within individual nanocubes or nanospheres, and con-
focal imaging combined with STEM studies revealed the
uniform distribution of luminescent NCs within the calcite
nanocubes, vaterite nanospheres and in their mixed form.
Furthermore, the clusters could be released from the CaCOj;
matrices by adjusting the solution pH. With pH-dependent
release properties, coupled with the biocompatibility and bio-
degradability of calcium carbonate-based nanomaterials, our
developed cluster-embedded polymorphs could have strong
potential as safe and effective drug carriers for biomedical
applications. Overall, this work introduces a novel inorganic
matrix for studying the behavior of AIE-type atomically precise
NCs, potentially paving the way for further exploration of lumi-
nescent properties in other MNCs and beyond.
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