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ABSTRACT: Superstructures made by assemblies of metal
nanoclusters (NCs) have gained interest due to their atomic
precision and exciting photophysical properties. Although there are
some reports of cluster-assembled materials of NCs protected with
thiols, the preparation of stable thiol-free analogs is largely
unexplored due to the poor stability of such structures. Herein,
we report the synthesis of phosphine-protected alloy NCs of silver
with varying gold doping and superstructures of such systems. We
show that alloying of phosphine-protected silver clusters with gold
results in comparatively more stable clusters than weakly ligated
hydride- and phosphine-coprotected silver clusters. Two new Ag−
Au alloy cluster series, [Ag11−xAux(DPPB)5Cl5O2]2+, where x = 1−
10 (Ag11−xAux in short), and [Ag15−xAux(DPPP)6Cl5]2+, where x =
1−6 (Ag15−xAux in short), have been synthesized using two different phosphines, 1,4-bis(diphenylphosphino)butane (DPPB) and
1,3-bis(diphenylphosphino)propane (DPPP), respectively. These alloy clusters possess aggregation-induced emission (AIE)
property, which was unexplored till now for phosphine-protected silver clusters. A visibly nonluminescent methanol solution of these
clusters showed strong red luminescence in the presence of water due to the formation of cluster-assembled spherical hollow
superstructures without any template. A solvophobic effect along with π···π and C−H···π interactions in the ligand shell make the
alloy NCs assemble compactly within the hollow spheres. The assembly makes them highly emitting due to the restriction of
intramolecular motion. The emissive states of the alloy clusters show a many-fold increase in lifetime in the presence of water.
Femtosecond transient absorption studies revealed the lifetime of the excited-state charge carriers in their monomeric and
aggregated states. Apart from enriching the limited family of phosphine-protected silver alloy NCs, this work also provides a new
strategy to build a controlled assembly of NCs with tailored luminescence. These materials could be new phosphors for applications
in composites, sensors, thin films, and photonic materials.

■ INTRODUCTION
Metal nanoclusters (NCs) are molecular entities composed of
a few to tens of metal atoms in their core. As their sizes
decrease to the Fermi wavelength of electrons in the specific
metal, discrete electronic states appear in them.1−3 As a result,
these ultrasmall NCs become sensitive to particle size, even to
the extent of a single atom.4 Metal NCs with atomic precision
have been synthesized successfully by various research groups
in the last two decades. They exhibit several unique properties,
such as quantized charging,5 magnetism,6 luminescence,7

chirality,8 and so on, compared to their bulk counterparts.
Among them, luminescence is the most remarkable property of
such NCs due to applications in chemical sensing,9

optoelectronics,10 biosensing and bioimaging,11 etc. Thus,
the synthesis of highly luminescent NCs with good photo-
stability, large Stokes shift, tunable emissive property, low
toxicity, and biocompatibility is extremely important. However,
poor stability and weak luminescence of NCs are limiting

factors for their practical applications. To overcome these
issues, several synthetic strategies have been followed, and
alloying of metal clusters is one of them.12,13 Compositional
tuning of NCs by doping with other metals offers a way to
improve their luminescence property along with stability, and
therefore, the topic has attracted intense research interest.14−16

The photophysical properties of luminescent NCs have been
investigated mainly in solution, and there are several reports on
this.17−19 Their solid-state luminescence has also gained
significant interest in the fields of light-emitting diodes
(LEDs)20−22 and sensors.23−25 Aggregation-induced emission
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(AIE) has been a promising strategy for luminescence
enhancement in the solid and solution states to fabricate
novel photoluminescent materials.26−31 AIE was discovered by
Tang’s group in 2001, and it mainly occurs due to the
restriction of intramolecular motion, thus reducing the
nonradiative relaxation pathways.32 For metal NCs, in their
aggregated state, due to the metallophilic interaction and/or
suppressed molecular motion of ligands, radiative relaxation
pathways are greatly enhanced, which result in luminescence
enhancement with high quantum yield, large Stokes shift,
higher emissive lifetime, and high chemical stability. Because of
the AIE phenomenon, the construction of hierarchical self-
assembly of NCs has been explored to achieve higher
brightness compared to their elementary components. This
self-assembly is an effective strategy to regulate the spatial
distribution of NCs to form regular superstructures so that
their luminescence property can be tuned. This approach
involves the right balance of intercluster interactions, which are
mainly attractive forces between the surface ligands or motifs
of different NCs.33−36

As the properties2,3 and reactivities37 of metal NCs can be
changed dramatically by changing the capping ligands, the
nature of surface ligands also plays an important role in
manipulating the attractive forces (metallophilic, electrostatic,
dipole−dipole, hydrogen bonding, and hydrophobic inter-
actions) to drive the formation of NC-assembled super-
structures.33−36 However, it has also been demonstrated that
metal doping can reconstruct the metal−ligand motif and thus
facilitate the radiative relaxation pathway of the excited
electrons.38,39 Furthermore, the emission energy of the
cluster-assembled structures depends on the interatomic
distance as well as the compactness of the superstructures.40

The process of self-assembly can also be induced by external
stimuli like metal ions, solvents, light, temperature, polymers,
pH, etc.34 These cluster-assembled superstructures provide
innovative approaches in the field of LEDs, sensing,
bioimaging, and theranostics.34 They also have advantages
over discrete NCs in terms of their sensitivity, photostability,
and cellular retention. Therefore, creating self-assembly of
different classes of metal NCs is necessary to better understand
their structural details, associated luminescence enhancement,

Figure 1. (A) Schematic illustration of the synthesis of the Ag11−xAux clusters and the formation of luminescent spheres due to solvent-induced
aggregation. (B) Corresponding photographs of the samples with different water fractions under visible light and UV light. (C) Positive-mode
electrospray ionization mass spectrometry (ESI MS) of [Ag11−xAux(DPPB)5Cl5O2]2+ (x = 1−10), synthesized by varying the doped Au from 5 to
30 mmol %. The peaks labeled * refer to fragmented species. (D) Comparison of the experimental and calculated isotopic distributions of the
cluster [Ag11−xAux(DPPB)5Cl5O2]2+, when x = 1.
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and potential applications. However, there is limited diversity
of ligands in making these self-assembled luminescent
superstructures of metal clusters, and as of now, the most
preferred choice for such structures is thiolate-protected NCs.
Therefore, besides the fundamental interest in using different
kinds of ligands in cluster-assembled materials, there is also
interest in controlling the size, structure, density, and AIE
properties of their assembled structures.
Herein, we have synthesized two new series of Ag−Au alloy

NCs to explore the diversity and photophysical properties of
phosphine-protected clusters in the absence of any thiolate
ligand. During the synthesis, the concentration of incoming Au
precursor was varied with two different phosphines, and the
compositions of these two alloy cluster series were assigned as
[Ag11−xAux(DPPB)5Cl5O2]2+, where x = 1−10, and
[Ag15−xAux(DPPP)6Cl5]2+, where x = 1−6, from their high-
resolution electrospray ionization mass spectrometry (HRESI
MS) data. These clusters are referred to as Ag11−xAux and
Ag15−xAux, respectively, in discussion. The most important
finding here is the emergence of the AIE property of these
phosphine-protected alloy clusters. We note that there are two
reports of the AIE of phosphine-protected gold clusters but
without any confined superstructures.41,42 In this study, the
silver-rich alloy clusters form luminescent hollow super-
structures in their aggregated state, confirmed by dynamic
light scattering (DLS), transmission electron microscopy
(TEM), field emission scanning electron microscopy
(FESEM), and hyperspectral imaging (HSI). Aggregates
exhibit characteristic signatures in photoluminescence (PL)
spectroscopy. The PL lifetimes of these cluster aggregates have
also been determined using time-correlated single-photon
counting (TCSPC) measurements. To further understand the
excited-state relaxation dynamics of these alloy clusters, we
have performed femtosecond transient absorption (fs-TA)
spectroscopy for different forms (monomeric and aggregated)
of the clusters. Thus, this work offers a strategy to build

spherical luminescent superstructures from atomically precise
phosphine-protected alloy NCs along with an understanding of
their structures and photophysical properties.

■ RESULTS AND DISCUSSION
Synthesis of Phosphine-Protected Alloy Clusters and

their AIE Property. We have synthesized phosphine- and
chlorine-coprotected Ag-Au alloy NCs using a single-step
coreduction method. So far, there is only one report of
phosphine- and chlorine-protected heteroatom (Pt)-doped
silver cluster using a single-step reaction.43 Here, both the alloy
NC series, Ag11−xAux and Ag15−xAux, were synthesized by
coreducing the mixture of silver and gold precursors in the
presence of diphosphine ligands in CH3OH and CH2Cl2 as
cosolvents. A detailed synthetic procedure is given in the
Experimental Section. During the synthesis of Ag11−xAux, after
8 h of reaction in the dark, the monomeric mixed alloy clusters
were formed, and they were nonluminescent under UV light.
An important finding of these phosphine-protected alloy NCs
was that they generated strong luminescence in the solid state
and in the presence of a poor solvent, namely, water, due to
aggregation. In the absence of the gold precursor, the same
reaction resulted in a hydride- and phosphine-protected
[Ag27H22(DPPB)7]3+ cluster, which was nonluminescent both
in the solution and in the aggregated state (in the aqueous
phase). This comparatively less stable hydride and 1,4-
bis(diphenylphosphino)butane (DPPB)-coprotected silver
cluster was already reported by our group.44 In this work,
the luminescence intensity of the aggregated Ag−Au alloy
clusters can be altered by changing the fraction of water ( fw =
vol % of water) in the methanol/water mixture due to the
formation of differently sized aggregates. A schematic of the
same is presented in Figure 1A for the Ag11−xAux clusters. The
corresponding photographs of the samples under visible and
UV light are shown in Figure 1B.

Figure 2. (A) UV−vis absorption spectra of the Ag11−xAux clusters by varying the amount of doped gold from 5 to 30 mmol %. The shift in peak
position is marked. The change in absorbance at 386 nm is due to a lamp change. Inset: photograph of cluster 1 in methanol (under visible light)
with TEM micrograph and particle size distribution. (B) Photographs of the solid-state cluster 1 (vacuum dried) under visible light and UV light.
(C) Excitation (dotted line) and emission spectra (solid line) of 1 in the solid state show room-temperature stability of the cluster.
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Characterization of the Ag11−xAux Clusters. For
characterization of the Ag11−xAux clusters, the concentration
of incoming Au precursor was varied from 5 to 30 mmol % to
know the maximum doping position of Au in the alloy cluster
core. Figure 1C represents the positive-mode HRESI MS data,
where 5 mmol % Au doping exhibited a group of peaks in +2
charge state. Each of the peaks of this group was separated by
m/z 44.5, with a total mass difference of Δm = 44.5 × 2 = 89
(z = 2). This mass difference signified a sequential replacement
of Ag atoms in the parent cluster with Au atoms. Here, among
the five peaks, the first sharp peak appeared at m/z 1808.0, and
the last peak appeared at a mass difference of Δm = 357 (Δm/
z = 178.5, z = 2), which indicates that 4 Ag atoms were
replaced with Au atoms. The cluster composition was assigned
as [Ag11−xAux(DPPB)5Cl5O2]2+, where x = 1−5 for 5 mmol %
Au. The origin of oxygen can be from the solvent or from the
atmosphere. The mass spectrometric composition of the alloy
clusters was further confirmed by the exact matching of the
experimental spectrum with the calculated isotopic patterns of
each of the species. Figure 1D represents the comparison
between the experimental and calculated spectra of
[Ag11−xAux(DPPB)5Cl5O2]2+ when x = 1. By increasing the
amount of doped Au from 5 to 30 mmol %, we were able to
incorporate a maximum of 10 Au atoms in the alloy clusters,
a n d t h e t o t a l c ompo s i t i o n wa s a s s i g n e d a s
[Ag11−xAux(DPPB)5Cl5O2]2+, where x = 1−10.

Optical characterization of the Ag11−xAux clusters was
carried out by UV−vis and PL spectroscopy. The UV−vis
spectra of 5−30 mmol % of Au doping are shown in Figure 2A.
With increasing Au incorporation in the alloy cluster, the main
absorption peak was red-shifted from 387 to 409 nm, and the
shoulder peak was red-shifted from 485 to 520 nm, which is
attributed to a reduction in the highest occupied molecular
orbital−lowest unoccupied molecular orbital (HOMO−
LUMO) gap.45,46 During this Au incorporation, both the
absorption peaks were broadened, while the shape of all of the
spectra remained the same, indicating successful Au doping in
the Ag NCs and similar geometrical structures for all of the
alloy clusters. These nonluminescent alloy NCs were orange in
color in methanol, and for 5 mmol % Au doping, the average
size of the particles was found to be 1.4 ± 0.2 nm in the TEM
images (inset of Figure 2A). All of the Ag11−xAux clusters with
5−30 mmol % Au doping showed AIE; for ease of
measurement, alloy clusters with 5 mmol % gold doping
were selected for further characterization and labeled as 1. The
methanol solution of 1 was nonemissive to the naked eye and
very weakly emissive in the PL spectrum with a large Stokes
shift, as shown in Figure S1. Interestingly, when the methanol
solution was vacuum dried to get the cluster in the solid state,
it showed strong red luminescence under UV light, as shown in
Figure 2B. Excitation and emission spectra of 1 in the solid
state have been recorded by drop-casting a methanol solution
on a glass slide and making a film. The excitation wavelength

Figure 3. (A) PL emission spectra of 1 in methanol/water mixtures with different fractions of water. Inset: variation of luminescence intensity of
the aggregates at different water fractions. (B) PL decay curves measured by TCSPC for fw 0%, 70%, and film of cluster 1. (C) Schematic diagram
showing the PL decay pathways of cluster 1 at different states. (D) DLS data of 1 in methanol/water mixtures with different fractions of water.
Inset: variation of DLS size of the aggregates at different water fractions.
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was 370 nm, and the emission wavelength was 665 nm, as
shown in Figure 2C. This large Stokes shift (>250 nm) can
minimize reabsorption losses during their application as solid-
state emitters. To further investigate the stability of this solid-
state alloy NCs, PL spectra of the same sample (film on a glass
slide) were recorded after storing it in the dark and at room
temperature for 1 month. After 1 month also, it emitted strong
red luminescence at 665 nm, where the PL intensity was
decreased from 1.40 × 107 to 1.19 × 107 (15%). UV−vis
spectra of this sample were also recorded before and after 1
month, as shown in Figure S2.
For characterization of 1, 31P nuclear magnetic resonance

(NMR) spectroscopy was performed, and the data were
compared with that of the ligand DPPB (Figure S3). The
appearance of two new broad peaks at −1.21 and −3.27 ppm
confirmed the formation of a bond between phosphine and the
alloy metal core. More than one new peak also indicated the
different ligand environments in 1, and the disappearance of
the peak at −16.15 ppm confirmed the absence of any free
phosphine ligand in the NCs. X-ray photoelectron spectros-
copy (XPS) measurements were carried out to know the
chemical state of Au and Ag in the alloy NCs. In Figure S4A,
the XPS survey spectrum confirms the presence of elements C,
O, P, Cl, Ag, and Au. The specific regions of Ag, Au, P, and Cl
are deconvoluted in Figure S4B−E, respectively. The Ag 3d5/2
peak appeared at 367.8 eV (i.e., oxidation side), which is
slightly lower than the metallic Ag(0) value (368.0 eV),
suggesting that the metal is between Ag(0) and Ag(I). The Au
4f7/2 peak appeared at 85.4 eV, which is higher than the
metallic Au(0) value (84.0 eV) and suggested that doped Au
was present as Au(I).47 The position of the Au 4f7/2 peak
indicates that the doping position of Au in the alloy cluster is
not at the center; instead, it is at the outer shell of the cluster
core, attached to the ligands. Transmission electron micros-
copy energy-dispersive X-ray spectroscopy (TEM EDS)
analysis also confirmed the presence of Ag, Au, P, and Cl in
1 (Figure S5).
Solvent-Induced Aggregation of the Ag11−xAux

Clusters. For the solvent-induced aggregation, we have
already observed that by adding different vol % of water to
the methanol solution of the cluster, different luminescence
intensities appear. To check their luminescence property, PL
spectra were collected (for samples with different fw) upon
excitation at 400 nm with a cluster concentration of 1 mg/mL
(Figure 3A). The emission peak was blue-shifted from 695 to
670 nm when fw was varied from 0 to 90%. During the
addition of water, strong emission of the sample did not appear
until fw reached 60%, and an emission maximum appeared at
670 nm. The PL intensity reached its maximum value when fw
was 70% with 53-fold luminescence enhancement. This
enhancement might be due to the π···π and C−H···π
interactions of the phosphine ligands induced by the
solvophobic effect, which restrict the intramolecular motion
of the bulky phosphine ligands in the aggregated state.48,49

Afterward, the luminescence intensity was gradually reduced
from fw 70 to 90%, and the emission peak position appeared
constant at 670 nm.50 The inset of Figure 3A shows the
variation of PL intensity at 670 nm with changing fractions of
water. The UV−vis spectra for these solutions showed a small
red shift for both the main peak and the shoulder peak after the
formation of aggregates. Though there was a visible decrease in
molar absorptivity due to the formation of aggregates, no
change was observed in the absorption peak pattern (Figure

S6).51 Notably, apart from the PL enhancement, aggregation of
NCs also causes the manipulation of PL lifetime. To monitor
it, we have measured the PL lifetime using TCSPC
spectroscopy (instrumental details are given in the Supporting
Information (SI)). The acquired PL decay curves of 1 in
monomeric (in methanol or fw 0%), water-aggregated ( fw
70%), and solid (film) states are shown in Figure 3B. It clearly
shows the significant increase in the lifetime for aggregates in
water and solid states of cluster 1 in comparison to the
monomeric form. To determine the corresponding lifetime,
TCSPC curves were fitted with the exponential function

and the average decay constants were calculated using

The average lifetime values of monomeric, water aggregates,
and solid states were 26.8, 131.8, and 311.4 ns, respectively
(see Table S1 for details).
To verify the nature of the excited state, the PL intensity of

water aggregates of 1 was checked after oxygen exposure. The
PL spectra were almost identical before and after oxygen-
saturated conditions (Figure S7), which implies that this
photophysical phenomenon is fluorescence in nature.52 Here,
the monomeric cluster 1 in methanol ( fw 0%) exhibits
emission maximum at 695 nm, whereas the water-aggregated
( fw 70%) and solid-state film show almost the same blue-
shifted peak position at 670 and 665 nm, respectively.
Therefore, cluster 1 in methanol relaxes from a low-lying
singlet state to S0 with 695 nm emission, and the nonradiative
relaxation pathways become more dominant than the radiative
pathways. At a higher water fraction ( fw 70%) and in the solid
state, there was the suppression of free rotation and vibration
of the ligands in the cluster aggregates, which reduced the
nonradiative relaxation pathways, and radiative decay occurred
from a high-lying singlet state to S0 with an emission at 670
nm.53 A schematic diagram of the PL decay pathway of cluster
1 at different states is shown in Figure 3C.
Characterization of the Aggregated Structures of

Ag11−xAux Clusters. To examine the sizes of these aggregates
in the solvent mixtures, DLS experiments were performed, and
the data are shown in Figure 3D. The DLS data indicated that
for up to fw 40%, the particle sizes were in the range of 1−4
nm, which is in the size range of ligand-protected NCs in
solution without any aggregation. For fw 50%, the aggregates
started to form, and an average hydrodynamic diameter of ca.
280 nm was seen. Upon further increasing fw to 60 and 70%,
the average hydrodynamic diameters of the aggregates
increased to ca. 290 and 315 nm, respectively, along with an
increase in the PL intensity. The aggregates gradually
decreased in size from fw 70 to 90% and gave a reduced
diameter of ca. 180 nm, along with a reduced PL intensity.
Hence, the difference in the luminescence intensity can be
attributed to the different aggregation diameters of the clusters
formed at different polarities of solvents.50 The inset of Figure
3D shows the variation of DLS size of the particles with
changing fractions of water.
To know more about the packing of clusters in these

nanoscale aggregates, TEM images were collected for the
solutions of different fw values along with their average particle
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sizes (Figure 4A,B). The spherical aggregates started to be
observed when fw reached 50%, and the clusters were loosely
assembled in spheres of 78.6 ± 19.8 nm diameter. At fw 60%,
the average size of the aggregates increased to 104.5 ± 28.8
nm, and at fw 70%, the average size became 176.8 ± 33.1 nm.
As observed from TEM images, upon increasing fw from 50 to
70%, the sizes of aggregates become larger, denser, and solely
spherical. For fw 90%, the average size of the spheres decreased
to 102.6 ± 30.4 nm and became less dense compared to the
structures formed at fw 70%. Here, the larger and denser the
aggregates, the higher the amount of restricted intra- and
intermolecular motions and the brighter the luminescence
would be. Thus, it was concluded that the ratio of methanol/
water in the solution plays an important role in modulating the
size of the aggregates, which leads to variation in their PL
intensity.
At fw 70%, the sample exhibited the highest luminescence

intensity due to the formation of bigger and denser spherical
aggregates, and these structures were closely monitored with a
transmission electron microscope and a field emission scanning
electron microscope. In Figure 5A, we can see the formation of
discrete spheres under TEM, which has been discussed before.
Figure 5B represents a higher magnified view of a single
sphere, whereas the inset of Figure 5A clearly shows that these
spheres are actually made up of the assembly of small NCs.
These spheres are hollow in nature, forming vesicle-like
structures. They have visible peripheral and interior domains,
and the former can be made by the assembly of NCs with
varying packing densities. The inner layer of the periphery was
denser compared to the outer layer, which sealed the hollow
interior space. More TEM images of hollow spheres with
different magnifications are shown in Figure S8A. However,
the thickness of the peripheral bilayer can vary from one
sphere to another, and they can be connected with each other
through the outer layer of their periphery (Figure S8B). Figure

5C represents the TEM EDS of the aggregates, which shows
the presence of all elements Ag, Au, P, and Cl along with their
wt % and atom %. The morphology and size of these
aggregates were also analyzed by FESEM after sputter coating
the samples with Au−Pd. Figure 5D represents a large area
view, whereas Figure 5E presents a magnified view of a single
sphere. As SEM focuses on the surface, it shows only the
spherical shape of the aggregates and does not show the
interior hollow morphology as in TEM. The distribution of
elements on a single sphere was examined using line scan
profiles of the FESEM (Figure 5F). All of the elements (Ag,
Au, P, Cl) were detected in the line scan, and the atomic ratio
matches well with the atomic ratio of the alloy cluster except
Au, which arises due to Au−Pd sputtering. During a line scan
through the center of the sphere, the signals for all of the
elements enhanced significantly across the sphere, as expected.
The stability of these superstructures was checked after 1 week,
and they were stable in the solution and solid states, as shown
in Figure S9. The spatial distribution of these spheres was
investigated by dark-field microscopy (Figure 5G), along with
fluorescence microscopy (Figure 5H). A broadband white light
was used as the source for hyperspectral imaging, where the
light scattered by a single sphere was light green in color.
Figure 5I presents the measured average scattering spectrum
centered at 502 nm. The fluorescence micrograph showed that
each sphere is red luminescent.
Mechanism of the Formation of Superstructures. The

mechanism of the formation of such hollow spherical
superstructures can be attributed to the presence of hydro-
philic (Cl) and hydrophobic (diphosphine) ligands in the
ligand shell of the alloy clusters. According to the directionality
of these two types of ligands, there can be breaking of the
spherical symmetry of the ligands, and thus, clusters can have
some amphiphilic character.54,55 The π···π and C−H···π
interactions among the diphosphine ligands of alloy clusters

Figure 4. (A) TEM images of 1 during the formation of solvent-induced aggregates in the presence of 50, 60, 70, and 90% water. (B) Evolution of
particle size distribution by increasing the water fraction in a methanol/water mixture.
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may contribute to the stabilization and growth of the cluster
assembly.56 Therefore, to achieve minimum surface energy, the
assembly of amphiphilic NCs might tend to attain a spherical
shape and make hollow vesicle structures.57,58 Such an

assembly of clusters can be tuned by changing the solvent
polarity. Based on the TEM result of superstructures, the NCs
are located in the wall region of hollow vesicles. By increasing
the water content, the wall becomes thicker, presumably to

Figure 5. Microscopic characterization of the aggregates of 1 formed at fw 70%. (A, B) TEM images of the spheres with different magnifications.
(C) TEM EDS spectrum and elemental composition of the aggregates. (D, E) FESEM images with different magnifications. (F) SEM EDS line
scan is measured along a single sphere indicated by the arrow. (G) Dark-field and (H) fluorescence micrograph of the cluster aggregates,
immobilized on an ultraclean glass slide. (I) Average scattering spectrum of the aggregates. (J) Schematic illustration of the possible assembly of
clusters within the superstructures.
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reduce the contact between NCs and highly polar solvent
water, which has been seen for fw 50−70% in Figure 4A. For fw
90%, due to very high solvent polarity, the aggregate formation
of 1 can be very fast, which can decrease the effective size of
the spheres.51 A schematic illustration of the possible assembly
of clusters within the superstructures is presented in Figure 5J.
TA Spectroscopy of the Monomeric and Aggregated

Forms of Ag11−xAux Clusters. We have performed fs-TA
spectroscopy to further understand the excited-state electronic
transition of 1 in methanol and in aggregated states (with
water and thin film). Our setup consists of pumping the
carriers from HOMO to LUMO using an intense pump beam
and then investigating the carrier’s excited state and relaxation
dynamics using a probe pulse. In the experiments, samples
were first excited using a 120 fs pulse with a pump fluence of
127 μJ/cm2 centered at 400 nm. Then, a broadband pulse
(440−655 nm), delayed with respect to the pump pulse, was
used to probe the time evolution of carriers in the excited
states. The instrumental setup and measurement details are
given in the SI. Figure 6A−C summarizes the TA data of 1 in
methanol. The contour plot of TA is in Figure 6A, and spectral
profiles at selected time delays are plotted in Figure 6B, where
the observed prominent feature is a band of photoinduced

absorption (PIA). Interestingly, no ground-state photobleach-
ing (GSPB) (due to the Pauli blocking of electronic state by
pump excited carriers) was observed corresponding to the
UV−vis peak in the regime of 500 nm, which manifests the
dominance of excited-state transitions in 1, similar to the
behavior observed in the protein-protected Ag−Au alloy
clusters.59 For a better insight into PIA, the time evolution
of TA is shown in Figure 6C. It reveals the long lifetime of
carriers in the excited state, which does not decay in the time
window of our instrument.19 Moreover, from the contour plot
and spectral slices, it is also clear that the decay of excited
states is accompanied by red-shifting of PIA with respect to the
initial time scale, which indicates that PIA in different
wavelength regimes consists of multiple components and
arises from different states. Figure 6D−F shows the TA data of
1 in the water-aggregated state ( fw 70%). Unlike the
monomeric form upon photoexcitation, the aggregated cluster
showed a broad PIA. Although the TA features are the same,
the spectrum consists of relatively fast decay profiles (Figure
6F) and a more pronounced red shift of PIA. Similar spectral
features with contrasting temporal behavior of both samples
suggest the presence of the same type of electronic transition
in the monomeric and aggregated forms but with different

Figure 6. fs-TA pump−probe spectra of 1. (A) Contour plot, (B) TA spectral profile as a function of time delay, and (C) transient kinetic trace at a
selected wavelength of 552 nm for 1 in methanol. The same measurements have also been done for the aggregates formed at fw 70% (D−F) and in
the solid state (G−I).
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rates of transitions. This is further supported by the same type
of UV−vis spectra in their monomeric and water-aggregated
states as shown in Figure S6. In addition, the TA data of cluster
1 in the solid state (thin film) are shown in Figure 6G−I. It
also has similar TA features but a relatively very short lifetime
of PIA in contrast to monomeric and water-aggregated forms.
In fact, instead of the red shift of PIA, a blue shift takes place at
a delayed time. Here, it is interesting to see that in all forms of
cluster 1, the excited-state carriers mainly exhibit the PIA, and
the lifetime of PIA decreases in water and even more in the
solid state compared to its monomeric form.
Characterization of the Ag15−xAux Clusters. As we

know, the size of the NCs is very much dependent on the
ligand structure. Therefore, we have tried to synthesize the
Ag−Au alloy NCs with different phosphines. We saw that
among all of the phosphines studied (triphenylphosphine;
bis(diphenylphosphino)methane; 1,2-bis(diphenylphosphino)-
ethane; 1,3-bis(diphenylphosphino)propane (DPPP); 1,4-bis-
( d i p h en y l p ho s ph i n o )bu t a n e (DPPB) ; 1 , 5 - b i s -
( d i p h e n y l p h o s p h i n o ) p e n t a n e , a n d 1 , 6 - b i s -
(diphenylphosphino)hexane), only DPPB and DPPP formed
Ag−Au alloy clusters. Detailed synthetic procedure of
Ag15−xAux protected with DPPP is given in the Experimental
Section. During the synthesis of Ag15−xAux, the concentration
of incoming Au precursor was varied from 5 to 40 mmol %.
Figure 7A represents the positive-mode HRESI MS data of
Ag15−xAux, where 5 mmol % Au doping shows the presence of
a single major peak. For 10 mmol % Au doping, there were a
group of peaks separated by m/z 44.5, and a total mass
difference of Δm = 44.5 × 2 = 89 (z = 2) appeared,
corresponding to the mass difference between Au and Ag
atoms. By increasing the doped Au concentration from 5 to 40
mmol %, a maximum of six Au atoms was possible to be
incorporated, and the total composition was assigned as
[Ag15−xAux(DPPP)6Cl5]2+, where x = 1−6. The composition
was also confirmed by the exact matching between the isotopic
distributions of the experimental and calculated spectra as
shown in Figure 7B. For this alloy cluster also, their methanol

solution was nonluminescent, and in the presence of water, it
generated red luminescence. Corresponding photographs of
the samples under visible and UV light are shown in Figure 7C,
which show an increment in emission intensity from fw 0 to
90%.
The UV−vis spectra of Ag15−xAux clusters are shown in

Figure S10A. By increasing the fraction of Au, the peak
positions were blue-shifted except for the peak at 495 nm. The
blue shift was attributed to the increase in the HOMO−
LUMO gap due to the modulation of their electronic structure
during doping.16,19 During alloying with different mmol % of
Au, Ag11−xAux showed a red shift, while Ag15−xAux showed a
blue shift in the absorption spectra, which is attributed to the
unique nature of the electronic perturbation upon incorporat-
ing Au at different positions. The alloy NCs Ag15−xAux were
deep brown in color (inset of Figure S10A), and the solution
was nonemissive to the naked eye and very weakly emissive in
the PL spectrum (Figure S11). For ease of measurement, the
alloy clusters with 5 mmol % gold doping labeled as 2 were
selected for further characterization. Similar to 1, here also, we
observed solid-state red luminescence after vacuum drying.
Photographs of the solid-state cluster under visible and UV
light are shown in Figure S10B. The PL spectrum showed an
excitation peak at 395 nm and an emission peak at 660 nm,
with a large Stokes shift. After 1 month, the PL intensity
decreased from 6.16 × 106 to 5.07 × 106 (17%) (Figure
S10C). UV−vis spectra of the same sample were also recorded
before and after 1 month, which is shown in Figure S12.
In Figure S13, 31P NMR data of 2 were compared with that

of the ligand DPPP, and it confirmed the formation of a bond
between phosphine and the alloy metal core. In Figure S14A,
the XPS survey spectrum confirms the presence of C, O, P, Cl,
Ag, and Au. The specific regions of Ag, Au, P, and Cl were
deconvoluted in Figure S14B−E, respectively. For this alloy
cluster also, the Ag 3d5/2 peak appeared slightly lower than that
of Ag(0), and the Au 4f7/2 peak appeared higher than that of
Au(0). TEM EDS analysis also confirmed the presence of Ag,
Au, P, and Cl in 2 (Figure S15).

Figure 7. (A) Positive-mode ESI MS of [Ag15−xAux(DPPP)6Cl5]2+, where x = 1−6, synthesized by varying the doped Au from 5 to 40 mmol %.
The peaks labeled * refer to solvent (water and methanol) added peaks of the clusters. (B) Comparison of the experimental and calculated isotopic
distributions of the cluster [Ag15−xAux(DPPP)6Cl5]2+, when x = 1. (C) Photographs of the samples in different fractions of water under visible light
and UV light, showing the solvent-induced aggregation property of the cluster.
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Solvent-Induced Aggregation of the Ag15−xAux
Clusters. Similar to 1, sample 2 too exhibited aggregation-
induced emission in the solid state and in the presence of a
methanol/water mixture. The emission peak was blue-shifted
from 710 to 655 nm when fw was varied from 0 to 90%. At fw
60%, the emission peak centered at 655 nm started to appear,
and it reached its maximum intensity at fw 90% (Figure 8A)
with 180-fold luminescence enhancement.60 The inset of
Figure 8A shows the variation of the PL intensity at 655 nm
with changing fractions of water. For these samples, the peak
positions in the UV−vis spectra (Figure S16) showed a small
red shift during aggregate formation. With the initial increase
of fw values, there was a hyperchromic shift of the spectrum
due to the formation of aggregates and background scattering.
Further increment of fw values causes much bigger particles to
form with a hypochromic shift and broadening of the
spectrum.26 Here also, no change was observed in the
absorption peak pattern. The aggregation process of both
clusters 1 and 2 was reversible. Further, PL lifetime
measurements were also carried out on cluster 2 and in the
aggregated form. Results for the three different forms are
plotted in Figure S17. Average lifetimes of 53.9 and 153.9 ns
were obtained for the monomeric and water-aggregated states,
respectively. For the solid state, the PL decay is dominated
(≈99%) by a fast decaying component, having a short lifetime
compared to the IRF (≈400 ps). The rest consists of two slow-
decaying components having lifetimes of ≈50 and 500 ns. The
lifetimes observed are given in Table S2. The PL spectra of
water-aggregated states of 2 were almost identical before and
after oxygen exposure (Figure S18), which implies that this is a
fluorescence phenomenon. The blue shift in PL emission from
monomeric to the aggregated state also suggests that similar to
1, here also, radiative decay at fw 0% occurs from the low-lying
singlet state to S0, and for fw 70% and film, it occurs from the
high-lying singlet state to S0. The PL decay pathway is similar
to that in Figure 3C.
Characterization of the Aggregated Structures of

Ag15−xAux Clusters. In Figure S19, the DLS data indicated
that at fw 30%, the average hydrodynamic diameter of the
particle was ca. 60 nm, while for fw 40−60%, they were 300−

400 nm, and for fw 70−90%, the sizes became microscopic.
TEM images were also investigated for different fw, as shown in
Figure 8B. For fw 0%, there was the existence of only
monomeric alloy NCs, and no aggregates were formed. The
initial stage of formation of aggregates was noticed when fw
reached 40%, and the clusters were very loosely assembled in
these 50−120 nm structures. At fw 70%, the average size of the
aggregated spheres was increased to 100−200 nm, and at some
places, these spheres were connected (shown in the inset). For
fw 90%, the average sizes became 300 and 400 nm, and many
of them were interconnected and precipitated by forming
micrometer-sized aggregates (shown in the inset). This result
is in accordance with the trend observed in the DLS data and
PL spectra, where the larger and denser aggregates exhibited a
higher luminescence intensity due to the large physical
constraints of the ligands.
For an fw value of 70%, the structures were closely studied

with TEM and FESEM. Figure S20A represents some discrete
spheres of aggregates under the transmission electron micro-
scope. The high-magnification image in Figure S20B shows
that these spheres are made by the assembly of small NCs, and
they are hollow in nature. In contrast to 1, here, the thickness
of the peripheral domain was much higher compared to the
interior domain, which can be due to the different ratios of
hydrophilic and hydrophobic ligands present in these two
NCs.54Figure S20C represents the TEM EDS of the
aggregates. Figure S20D,E represents differently magnified
FESEM images of a single sphere. The distribution of elements
on a single sphere was examined by scanning the line profile in
FESEM (Figure S20F), and all of the elements were
successfully detected by it. The spatial distribution of these
spheres was investigated by dark-field microscopy (Figure
S20G) along with fluorescence microscopy (Figure S20H). As
these particles have a tendency to connect with each other, the
very bright spots observed in Figure S20G,H are likely to be
due to the aggregation of multiple spheres. Figure S20I
represents the measured average scattering spectrum centered
at 510 nm.
TA Spectroscopy of the Monomeric and Aggregated

Forms of Ag15−xAux Clusters. To understand the nature of

Figure 8. (A) PL emission spectra of 2 in methanol/water mixtures with different fractions of water. Inset: variation of luminescence intensity of
the aggregates at different water fractions. (B) TEM images of 2 during the formation of solvent-induced aggregates in the presence of 0, 40, 70,
and 90% water.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c03222
Chem. Mater. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03222/suppl_file/cm2c03222_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03222?fig=fig8&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electronic transitions of 2, TA spectroscopy has been
performed, and Figure S21A−C shows a summary of the TA
data at a pump fluence of 127 μJ/cm2 in methanol. The TA
spectral profiles plotted for selected time delays in Figure S21B
reveal that the excited state features are dominated by the PIA.
However, here, a weak GSPB signal is present, corresponding
to the phase-space filling of the absorption peak in the region
of 500 nm in the UV−vis spectrum. Possibly, in contrast to 1,
GSPB in 2 arises due to a sharper and more prominent
absorption peak at 500 nm. Further, the time evolution of PIA
in Figure S21C reveals a fast decay profile and indicates a short
lifetime of excited-state carriers in the 2. Figure S21D−F
presents the TA data of 2 after adding water ( fw 70%). It
exhibits only PIA bands in the aggregated clusters, and no
GSPB signal was observed. The time evolution of PIA in
Figure S21F shows that the decay profile consists of an
additional fast component at the early time compared to 2 in
methanol and nearly the same time profile for the delayed
time. The results of 2 in the solid state (thin film) are plotted
in Figure S21G−I. It also shows nearly identical spectral and
temporal features. From the obtained fs-TA results, it can be
seen that compared to 1, cluster 2 did not show much
difference in the spectral and time evolution features in PIA
among their monomeric, water-aggregated, and solid states.
Possibly, the different behavior of clusters 1 and 2 is due to the
different electronic structures corresponding to their different
core compositions and ligands, which is also reflected in their
different aggregation behavior at different water fractions.
Stability of the Ag11−xAux and Ag15−xAux Clusters. To

check the stability of 1 and 2, they were vacuum dried and
stored at 4 °C. For the UV−vis characterization, the samples
were dissolved in methanol, and the spectra were collected.
The clusters exhibited the same absorption features, which
reveals their higher stability, as shown in Figure S22.

■ CONCLUSIONS
In conclusion, we have reported the synthesis of two new series
of phosphine- and chlorine-protected Ag−Au alloy NCs
[Ag11−xAux(DPPB)5Cl5O2]2+, where x = 1−10, and
[Ag15−xAux(DPPP)6Cl5]2+, where x = 1−6. The use of two
different phosphines resulted in the formation of two different
cluster cores, which are more stable compared to the reported
hydride- and phosphine-coprotected silver clusters. Interest-
ingly, these nonluminescent phosphine-protected Ag−Au alloy
clusters show solid-state and solvent-induced red luminescence
due to AIE. For solvent-induced aggregation, different PL
intensities were observed at varying solvent polarity, which is
due to the formation of differently dense superstructures. Such
spherical discrete hollow superstructures are formed by the
assembly of alloy NCs, revealed by different microscopic
studies performed on them. The more the density or
compactness of the aggregated superstructures, the more the
rigidification on the cluster surfaces results in enhanced
emission. The mechanism of rigidification-induced emission
was attributed to the modification in the excited-state
relaxation pathways in the aggregated state of clusters. The
degree of assembly of clusters to differently dense super-
structures depends on the cluster core, ligand composition, and
polarity of the solvents. Along with the extent of aggregation,
the different behavior of these two alloy clusters is also
reflected in their fs-TA spectroscopy results. As these cluster-
assembled superstructures exhibit strong red luminescence
with large Stokes shift and higher stability, they have great

potential in numerous applications like photonic materials,
bioimaging or bio-labeling, sensors, etc. These hollow
superstructures also can be used to encapsulate other
functional molecules or nanoparticles. Thus, this work provides
a new path for creating luminescent functional materials with
atomically precise NCs as the building blocks.

■ EXPERIMENTAL SECTION
Chemicals. Silver nitrate (AgNO3) was purchased from Rankem

India. Tetrachloroauric acid trihydrate (HAuCl4·3H2O) was prepared
in our laboratory starting from elemental gold. 1,3-bis-
( d i ph eny l pho sph i no )p r op an e (DPPP) and 1 , 4 - b i s -
(diphenylphosphino)butane (DPPB) were purchased from Spec-
trochem. Sodium borohydride (NaBH4, 98%) was purchased from
Sigma-Aldrich. All solvents, such as dichloromethane (DCM) and
methanol (MeOH), were purchased from Rankem and were of high-
performance liquid chromatography (HPLC) grade. Deuterated
solvent CDCl3 (99.8 atom % D) was purchased from Sigma-Aldrich
for NMR measurements. All of the chemicals were used without
further purification. Millipore water, obtained from Milli-Q (Millipore
apparatus), was used for the experiments.
Synthesis of [Ag11−xAux(DPPB)5Cl5O2]2+, x = 1−10. Synthesis

of DPPB-protected alloy metal clusters has been done, followed by
the coreduction method, where mmol % of incoming metal precursor
is varied. AgNO3 and HAuCl4·3H2O of different mmol % were
dissolved in 5 mL of MeOH by keeping the total metal ion
concentration at 0.118 mmol (Table 1).

To the mixture of Ag and Au precursors, 75 mg of DPPB, dissolved
in 9 mL of DCM, was added with constant stirring. After 20 min of
stirring, 35 mg of NaBH4 in 1 mL of ice-cold water was added. The
addition of NaBH4 immediately changed the color of the reaction
mixture from almost colorless to brown. After 8 h of vigorous stirring
under dark conditions, the color of the solution turned orange, and it
was kept aside at 4 °C for 1 day. Then, the crude product was
obtained by rotary evaporation, and the cluster was extracted with 10
mL of MeOH. During extraction, the solution was centrifuged two
times at 8000 rpm for 5 min to remove excess DPPB as a precipitate.
After that, the methanol solution was vacuum dried, and the cluster
was cleaned one more time with DCM. Finally, the dried alloy cluster
was dissolved in methanol and used for further characterization.
Synthesis of [Ag15−xAux(DPPP)6Cl5]2+, x = 1−6. For the

synthesis of the [Ag15−xAux(DPPP)6Cl5]2+ cluster, the above-
mentioned procedure was followed only by exchanging DPPB with
DPPP and keeping all other chemicals the same. Here, mmol % of
HAuCl4·3H2O was varied from 0 to 40% by keeping the total metal
ion concentration at 0.118 mmol (Table 2).
After 8 h of continuous stirring in the dark, the reaction mixture

became dark brown in color, and it was kept aside at 4 °C for 1 day.
For cleaning this cluster, the above-mentioned procedure was
followed. Finally, the dried alloy cluster was dissolved in methanol
and used for further characterization.

Table 1. Different mmol % of Ag and Au Precursors for
[Ag11−xAux(DPPB)5Cl5O2]2+ (x = 1−10) Synthesis

mmol 5% Au 10% Au 20% Au 30% Au

AgNO3 0.112 0.106 0.094 0.082
HAuCl4·3H2O 0.006 0.0118 0.0236 0.0354

Table 2. Different mmol % of Ag and Au Precursors for
[Ag15−xAux(DPPP)6Cl5]2+ (x = 1−6) Synthesis

mmol 5% Au 10% Au 20% Au 30% Au 40% Au

AgNO3 0.112 0.106 0.094 0.082 0.071
HAuCl4·3H2O 0.006 0.0118 0.0236 0.0354 0.0472
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