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ABSTRACT: We demonstrate the formation of a versatile
luminescent organo-inorganic layered hybrid material, composed
of bovine serum albumin (BSA)-protected Au30 clusters and
aminoclay sheets. X-ray diffraction revealed the intercalation of
Au30@BSA in the layered superstructure of aminoclay sheets.
Coulombic attraction of the clusters and the clay initiates the
interaction, and the appropriate size of the clusters allowed them to
intercalate within the lamellar aminoclay galleries. Electron
microscopy measurements confirmed the hierarchical structure of
the material and also showed the cluster-attached clay sheets. Zeta
potential measurement and dynamic light scattering probed the
gradual formation of the ordered aggregates in solution. The hybrid
material could be stretched up to 300% without fracture. The
emergence of a new peak in the luminescence spectrum was observed during the course of mechanical stretching. This peak
increased in intensity gradually with the degree of elongation or strain of the material. A mechanochromic luminescence response
was further demonstrated with a writing experiment on a luminescent mat of the material, made by electrospinning.
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■ INTRODUCTION

Metal nanoclusters (NCs), especially of gold and silver,
protected with ligands have drawn attention due to their
unique molecular properties such as dye-like absorption,
characteristic emission, chirality, reactivity, and so forth.1

Among them, intense luminescence in the visible and NIR
regions made these clusters very attractive in multiple areas of
research. Protein-protected clusters (PPCs), a subclass of
atomically precise clusters, have been grown within pro-
teins.2−4 They are water-soluble and exhibit intense
luminescence. Besides, they are comparatively more stable
than other classes of ligand-protected NCs. The highest
quantum yield (QY) of noble metal cluster systems till date
have been known for PPCs.5 This has made PPCs to be used
for a range of multidisciplinary applications, especially in
sensing and biology.6 Different topics such as sensing of
hazardous analytes, targeting and bioimaging, drug delivery,
and therapeutic applications have been researched upon for
more than a decade. Recently, cluster-conjugated hybrid
materials are being pursued for improved performance.
Clays have been used from antiquity.7,8 In prehistoric times,

clays were used to make bricks. They were used as bleaching
materials and as soaps in ancient civilizations. Nowadays, they
are used in our daily life in toothpastes, paints, pencils,
different household ceramics, and so forth.9 Considerable

interest has been developed in clay materials due to their
applications in catalysis,10 functional nanocomposites,11,12

separation,13 biomedicine,14 ferrofluids,15 and so forth. Despite
these widespread applications, poor solubilities of common
clays such as kaolinite, smectite, bentonites, and so forth, in
water, limit their utilization in specific applications. Mann and
co-workers synthesized a tailormade clay, coined as aminoclay,
which is an aminopropyl-functionalized magnesium phyllosili-
cate clay.16−18 It has high water solubility and shows
fascinating properties.19−22

Nacre, the gold standard for biomimicry, also known as the
mother of pearl is an example of a bioinspired structural
material.23−26 Nacre mimics are nanocomposites made by
assembling two-dimensional (2D) nanosheets to achieve a
higher-order structure and high mechanical performance,
similar to nacre.27−29 The unique combination of strength
and toughness in these biomimetic hybrid materials made
them fascinating light-weight structural components for the
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future.30 Nacre mimics are obtained by intercalating a soft
phase between the layers of a hard phase. Both the hard and
soft phases contribute to the mechanical properties of the
resultant hybrid material. Mimicking the characteristics of
these natural materials is not an easy task.31−33 Clay materials,
due to their unique 2D structure, have often been utilized as
the hard phase in nacre mimics. Polymers, biomolecules, and a
combination of both have been used as the soft phase.
Although the systematic integration of hard and soft phases in
a hierarchical fashion is a recent development, confinement of
guest molecules in layered 2D matrices to form an organo-
inorganic hybrid is well established.34 Multifunctional poly-
mer−clay hydrogels were formed by “guest-molecule-directed
self-assembly” of a nanocomposite.35 Lipid templates helped to
grow higher-order organoclay pipes by self-assembly.36

Wrapping of biomolecules such as proteins, enzymes, DNAs,
and so forth, by the aminoclay, was carried out to make
functional hybrid materials for real-life use.37,38 The secondary
structure of the entrapped biomolecules was retained during
bioimmobilization.39 Thus, there is reduced probability for
losing the biological function in these hybrid materials. Their
structural and chemical properties could be integrated to
enhance their applications, and their thermal and chemical
stability enhanced their scope in biocatalysis, biosensing, and
biomedical devices.
Herein, we have made an attempt to incorporate optically

active biomolecules between the layers of functionalized clay
sheets to create a unique nacre mimic. Highly luminescent,
stable, and BSA-protected Au30 NC was used to intercalate in
the aminoclay template. Water-soluble Au30@BSA clusters
attach to the aminoclay sheets through Coulombic interactions
due to their opposite charges in solution and form a water-
insoluble hierarchical organo-inorganic hybrid material. The
layered structure of the hybrid material was observed through
field emission scanning electron microscopy (FESEM).
Intercalation of the cluster between the layers of aminoclay
sheets was identified from powder X-ray diffraction (pXRD).
Gradual formation of larger aggregates in solution during the
synergistic interaction of both the cluster and the aminoclay
sheets was seen in dynamic light scattering (DLS) measure-
ments. These cluster-attached clay sheets were also identified
by transmission electron microscopy (TEM). Luminescence of
Au30@BSA was retained in the hybrid material. The material
was cast into different shapes after the addition of polyvinyl
alcohol (PVA) into it. This PVA-added hybrid material was
highly ductile in nature. The material, shaped as a dog bone,
could be stretched to 300% of its original length without
failure. Moreover, the change in the luminescence of the
cluster was observed when the material was stretched,
indicating its inherent strain sensitivity. This sensitivity was
enhanced and was evident in the form of changing
luminescence of an electrospun mat, when it was used for
writing. Combination of interesting optical and mechanical
properties in a cluster-based hybrid material makes it an
exciting material.

■ EXPERIMENTAL METHODS
Materials. Magnesium chloride and BSA (about 96% purity) at

pH 6−7 were purchased from Sisco Research Laboratory.
Tetrachloroauric acid trihydrate (HAuCl4·3H2O) was prepared in-
house starting from elemental gold. Sodium hydroxide pellets were
purchased from a local supplier (Rankem, India). Milli-Q water with a
resistivity of 18.2 MΩ·cm was used for synthesis. 3-Amino-

propyltriethoxysilane was purchased from Sigma-Aldrich. PVA
(MW: 85,000−124,000) was purchased from S. D. Fine-Chem
Limited. All the chemicals were used as received without further
purification.

Synthesis of Au30@BSA NC. About 25 mg of BSA was dissolved
in 1 mL of Milli-Q water. Then, 1 mL of 6 mM HAuCl4 aqueous
solution was mixed with it and stirred vigorously for 5 min. Then, 100
μL of 1 M NaOH solution was added to it. The reaction was stirred
for 12 h. A brown colored solution was formed, indicating the
formation of Au30@BSA, which showed bright red luminescence.

Synthesis of Aminoclay. The aminoclay was synthesized by a
method reported earlier.17,18 An organosilane precursor-like 3-
aminopropyltriethoxysilane (1.3 mL, 5.85 mmol) was used at room
temperature to prepare the amine-functionalized nanoclay. A solution
of magnesium chloride (0.84 g, 3.62 mmol) in ethanol (20 g) was
prepared. The precursor was added dropwise to the solution and kept
for constant stirring at room temperature for 24 h. The white gel-type
material was formed, which was recovered by centrifugation followed
by washing with ethanol and distilled water and finally dried at 313 K.

Synthesis of a Clay-Cluster Hybrid (Will be Denoted as CCH
Subsequently) and Its Casting in Different Forms. About 20 mL
of aqueous solution of aminoclay (250 mg/mL) was prepared by
sonication. This was mixed with 20 mL of Au30@BSA solution (10:1
weight % of clay/cluster) under constant stirring. The reaction was
continued for 12 h. Then, the resultant solution (I) was air-dried at
room temperature. Finally, a luminescent solid clay-cluster hybrid
(CCH) was formed.

PVA (6 weight %) was added to I to prepare precursor solutions
for making various shapes. The solution was dried in a Petridish to
form the film samples. Using plaster of paris, the dog bone-shaped die
was made. Here, die is the molding device, which was used for
shaping the CCH. The dog bone-shaped luminescent PVA-added
CCH was made using this die.

Formation of Luminescent Mats by Electrospinning. Clay-
cluster luminescent nanofibers were made using the ESPIN-NANO
electrospinning machine. The same mixture, which was used to make
the dog bone-shaped sample, was loaded into a 2 mL syringe for
electrospinning. The luminescent spun mat was collected on top of
the Al sheet. The parameters used for spinning were: flow rate, 0.15
mL/h; voltage, 18 kV, and working distance, 12 cm.

Stress−Strain Experiments. Tensile strength measurements of
cluster-sandwiched aminoclay materials were conducted by Nano
Plug and Play servo-hydraulic testing machine of 5 kN capacity, which
comes with an application software capable of doing tension,
compression, three-point bend, fatigue tests, and so forth. Materials
were stretched in different percentages of elongation, for example, 80,
140, 250, and 300%. Experiments were carried out with both dog
bone-shaped and rectangular film samples. In both cases, the trend of
the luminescence with % of elongation was the same. Five positions
were marked for each sample, shown in Figure 5A. Luminescence was
measured before and immediately after the tensile strength experi-
ments. The gauge length of the sample was 17 mm, the rate of
elongation was 0.05 mm/s, and the test mode was stroke. The
elongation of the specimen was calculated by [(final gauge length −
initial gauge length)/initial gauge length × 100].

Writing Experiments. The luminescent membrane was placed
inside a ziplock cover, and a pattern was drawn on it with the tip of a
cotton swab. After this, we saw it under UV light. To show the
uniform pressure sensitivity across the membrane, the grid pattern
was drawn. In a similar way, the alphabet a was written on another
membrane.

Characterization. UV−vis spectra were recorded using a
PerkinElmer Lambda 25 UV−vis spectrometer. Photoluminescence
measurement for Au30@BSA was carried out in a HORIBA, Jobin
Yvon NanoLog instrument. Solid-state luminescence of CCH was
measured in a Witec GmbH, Alpha-SNOM alpha300 S confocal
Raman instrument. For excitation, a 532 nm laser source was used,
and the emission spectrum was recorded. Particle size and zeta
potential measurements in solution were conducted using a Malvern
Zetasizer Nano ZSP instrument. FESEM measurements were carried
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out using a Thermo Scientific Verios G4 UC instrument. High-
resolution TEM (HRTEM) was carried out with a JEOL 3010 (JEOL
Ltd.), a 300 kV instrument equipped with an ultrahigh-resolution pole
piece. Dark field imaging was performed using an Olympus BX-51
microscope having a 100 W quartz halogen light source mounted on a
CytoViva microscope setup. Matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI MS) measurements of proteins and
clusters were conducted using an Applied Biosystems Voyager-DE
PRO MALDI TOF spectrometer. A pulsed nitrogen laser of 337 nm
was used for ionizing the proteins and the clusters, using the sinapic
acid matrix. pXRD data were collected with a Bruker AXS, D8
Discover diffractometer using Cu Kα (λ = 1.54 υ) radiation.

■ RESULTS AND DISCUSSION

Preparation of the Luminescent Organo-Inorganic
Hybrid Material. Aminoclay, a synthetic clay, is aminopropyl-
functionalized 2D magnesium phyllosilicate. Dispersing the as-
synthesized aminoclay in water results in the protonation of
amine groups and leads to its exfoliation into individual 2D

clay sheets. The parent cluster Au30@BSA was characterized by
(A) UV−vis and (B) luminescence spectra, shown in Figure
S1. The cluster showed an emission at 650 nm. The light
brown color of the cluster solution in visible light and its bright
red color under UV light are shown in the inset of Figure S1B.
The hydrodynamic diameter of the cluster solution was 6 nm,
as shown in Figure S2. Mixing a clear solution of the exfoliated
clay with an aqueous solution of Au30@BSA NCs (10:1 weight
%) resulted in the immediate formation of a slight turbid
solution, indicating a reaction between the two. The turbidity
of the reaction mixture increased with time and was left under
stirring for 12 h at room temperature for completion of the
reaction. Finally, the turbid solution was air-dried at room
temperature to obtain a brown translucent film. Here, the
oppositely charged clusters and clay sheets attach together
through Coulombic interaction to create a hybrid material in
the course of the reaction. The formation of the CCH is
represented schematically in Figure 1A.

Figure 1. (A) Schematic representation of the formation of the organo-inorganic CCH material. The inset shows the TEM image (i) and
photograph (ii) of the intense red luminescent aggregates formed during the reaction of the clay and cluster. The schematic of the aminoclay sheet
is presented for representation purpose only. (B) TEM image of the aminoclay sheet. (C) MALDI MS of the Au30@BSA. (D) Optical (left) and
fluorescence (right) images of CCH. (E) Luminescence spectrum of CCH showed a maximum at 650 nm for 365 nm excitation.

Figure 2. Electron microscopic characterization of the composite. (A) FESEM images of a cross-sectional view of CCH. The inset shows the TEM
image of the cluster-attached clay sheets. (B) Layers of clay sheets are seen clearly in a zoomed-in image.
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Randomly oriented clay sheets were observed in the course
of the reaction (shown in inset a), which shows red
luminescence under UV light due to the presence of the
clusters (shown in inset b). The TEM image of the parent
aminoclay is shown in Figure 1B. MALDI MS of pure BSA
(green trace) and the Au30@BSA cluster (purple trace) is
shown in Figure 1C. BSA showed its molecular ion peak at m/
z 66.42 kDa, and the cluster showed the peak at m/z 72.28
kDa. The difference in the m/z value in MALDI MS spectra of
the cluster than the parent protein confirmed the atomicity of
the Au30 core within BSA.40 Bright red luminescence of CCH
was seen by fluorescence microscopy, shown in Figure 1D
(right side). The luminescence spectrum of CCH showed a
maximum at 650 nm (Figure 1E), similar to the cluster, which
confirmed that the cluster is intact in the hybrid. The oxidation
state of Au remains unchanged after the formation of CCH.
The lifetime of the hybrid material is similar to that of the
cluster, 0.13 ns (62%), 1.23 ns (25%), and 33.0 ns (13%). The
QYs of Au30@BSA and the CCH are 29 and 40%, respectively.
This hybrid material is very stable up to 200 °C and in the pH
range of 1−14. The sample was characterized in detail to reveal
the structure of the composite material.
Formation of the Nacre-like Layered Structure. Self-

ordering of the hybrid material into multilayered structures is
shown in Figure 2. Removal of water from the composite
material led to self-ordering and stacking of layers, which is
confirmed from the FESEM image, presented in Figure 2A.
FESEM images were measured from using dried samples. Due
to opposite electrostatic charges present on the cluster and the
clay sheets, they attract each other, forming a single layer of
CCH. These layers stack together to form a hierarchical
layered structure, which can be seen from Figure 2B, although
the clusters, due to their very small core size (∼1 nm), cannot
be seen in the FESEM images. However, the red luminescence
of CCH confirms their presence. The TEM image of CCH
(shown in inset of Figure 2A) shows the clear presence of
clusters attached to aminoclay sheets. The wavy nature of the
surface showed the nanoscale roughness of CCH, which is
clear from Figure S3.
Intercalation of Au30 Clusters into Layered Galleries.

From the data presented, the layered structure of the
biomimetic material, CCH, and the attachment of the NCs
with aminoclay were confirmed. However, the position of the
clusters in the composite was not clear from microscopic
studies. To prove our hypothesis that clusters intercalate
between the layers of aminoclay sheets in CCH, pXRD was
performed. The parent aminoclay shows several peaks in its
pXRD pattern corresponding to different crystallographic
planes of the clay (Figure S4). The peak at 2θ = 6.1°
(shown in Figure 3A) corresponds to an interlayer spacing of
1.45 nm between the aminoclay sheets [(001) plane]. The
peak shifts to 2θ = 1.5° in CCH, corresponding to an interlayer
spacing of 6.00 nm. The increase in interlayer spacing from the
aminoclay to CCH points to intercalation of the Au30@BSA
cluster between the aminoclay sheets. Complete disappearance
of the aminoclay peak in CCH suggests that CCH is a pure
phase and excess aminoclay does not exist. Although the
clusters intercalated between the clay sheets could not be
clearly resolved in FESEM, a distance of 6 nm between the
layers was confirmed (Figure 3B). A long-range ordered
structure of CCH is shown in Figure 3C.
Probable Mechanism for the Interaction of Au30

Clusters and Aminoclay. The mechanism of formation of

the intercalated hybrid structure was investigated by zeta
potential measurements and DLS. Host−guest interaction of
biomolecules and organoclay was studied earlier. Successful
intercalation depends on two factors, electrostatic interaction
between the host and the guest and the size of the guest
molecules. In our case, Coulombic interactions between the
positively charged aminoclay sheets and negatively charged
NCs helped to form the coassembly of the clusters in between
the delaminated sheets. The zeta potential value for aminoclay
was +25.6 mV, and for NCs, it was −22.0 mV. The zeta
potential value of the solution after the formation of CCH was
+8.5 mV (shown in Figure 4B). Considerable reduction of the

positive charge of aminoclay in presence of NCs confirmed
that CCH was formed through electrostatic interactions
between the positively charged aminopropyl moieties of the
clay and the negatively charged carboxylate groups on the
protein surface. The reduced zeta potential value of CCH also
contributed to their aggregation, and the solution thus
becomes turbid. Finally, a uniformly stacked hybrid organo-
inorganic structure was formed from solution during drying.
Regular stacking of the hybrid material also depends on the

size of the guest molecule. An earlier report34 showed the
formation of regular stacking between myoglobin (Mb) and
aminoclay, while disordered stacking was observed for
hemoglobin (Hb) (with aminoclay). The surface charge of

Figure 3. (A) Powder XRD data of the cluster, aminoclay, and CCH.
Intercalation of the cluster is evident. (B) FESEM image showing a
cross-sectional view of CCH. This shows the 6.00 nm spacing
between the layers. (C) FESEM image showing the long-range
ordered structure of CCH.

Figure 4. (A) Time-dependent DLS data show the conversion of a
nanometer-scale material into micron-scale particles. (B) Zeta
potential values are shown in a tabular form.
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both Hb and Mb is the same; however, the size of Hb is larger
than that of Mb. Although this interaction is initiated through
opposite charges, Hb failed to produce the regularly stacked
structure due to larger size. In our case, the hydrodynamic size
of Au30@BSA is only 6 nm (shown in Figure S2). This size is
small enough to be accommodated between the clay sheets,
and thus, a regular hierarchical structure could be formed in
this case.
The attachment of the clusters to aminoclay sheets and

subsequent formation of larger ordered aggregates was probed
by time-dependent DLS measurements. A systematic increase
in the hydrodynamic diameter of the aggregates in the reaction
mixture with time is shown in Figure 4A. This points to the
fact that the cluster-attached aminoclay sheets stacked together
to form larger structures in solution as the reaction progressed.
These subsequently act as the nucleation sites for the new
cluster-attached aminoclay sheets for deposition and micro-
meter-sized aggregates started to form (shown in the inset of
Figure 4A), making the solution turbid. These ultimately come
together during drying to form highly ordered hierarchical
structures.
Stress−Strain Behavior of CCH. Cluster-sandwiched clay

materials were cast in different shapes, such as film, dog bone,
and so forth, to study their mechanical properties. During
casting of the sample, PVA was added to the mixture. Since the
clusters are already intercalated with CCH, the addition of
PVA is not expected to alter the interlayer spacing. The layered
structure of CCH was retained, as shown in Figure S5.
Although the polymer and clay interaction is not new in the

literature,41,42 this composition is completely new, where PVA
acts as a binder for our hybrid material. To study the stress−
strain behavior, we have performed tensile strength measure-
ments. This material showed highly ductile behavior after
mixing with PVA (6 weight %). It could stretch up to 300%
without failure (Figure S6).
For a systematic understanding of the mechanical property

of the material, tensile strength experiments were conducted
under the displacement control mode. This was performed in
such a way that the final elongation of the sample was 80, 140,
and 250% of the original sample length. A schematic
representation of the experiment is shown in Figure 5A. The
corresponding stress−strain curves are shown in Figure 5B,
respectively. Interestingly, the change in the luminescence of
the material was observed upon elongation, and a new
luminescence peak at 575 nm emerged along with the peak
of cluster luminescence at 650 nm. Here, the luminescence
spectra were measured immediately after the tensile strength
experiments, using 365 nm excitation. The intensity of the 575
nm peak (with respect to the 650 nm peak) was dependent on
the degree of elongation of the sample. The luminescence
spectra collected from different locations (1, 2, 3, 4, and 5) of
the dog bone-shaped material after 80, 140, and 250%
elongation are shown in Figure 5C. Intensity of the 575 nm
peak increases with the degree of elongation of the sample.
The change in the luminescence spectrum was not uniform
throughout the length of the sample. The intensity of the 575
nm peak was maximum at the center, that is, at position 1, and
minimum at the edges, that is, at positions 4 and 5. Positions 3

Figure 5. (A) Schematic representation of the tensile strength experiment. This experiment was carried out using dog bone-shaped luminescent
PVA-added CCH samples. Samples were stretched up to 80, 140, and 250% of their original size. Each point, where the luminescence spectrum was
collected, is marked by an asterisk (*) and labeled 1, 2, 3, 4, and 5 (corresponding to the different positions of the sample). (B) Stress−strain curve
of the experiment. These three measurements correspond to three separate samples. (C) Corresponding changes in the luminescence profile. The
spectra were collected from points (*) illustrated in (A).
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and 4 showed intermediate intensity. With regard to the
intensity of the 575 nm peak for different degrees of
elongation, only a small hump was observed for 80%
elongation. The same peak became more prominent for the
sample stretched to 140% and at 250%, the intensity surpassed
that at 650 nm. It is important to mention that the spectra
collected from different points across the length of the sample
prior to elongation showed only the 650 nm peak at
comparable intensity (Figure S7). Upon elongation at 250%,
the peak at 650 nm got split and at 600 nm, a shoulder peak
was observed. The spectra did not show significant change
with time, in the course of 1 week, suggesting that irreversible
changes have happened to the composite.
Luminescence in noble metal NCs is perceived to originate

due to ligand to metal charge transfer (LMCT). In Au30@BSA,
the Au core is protected by cysteine residues of the protein
through the formation of Au−S bonds. The presence of these
Au−S bonds was confirmed by the extended X-ray absorption
fine structure experiment in an earlier report.43 In CCH, the
cluster layer is sandwiched between two aminoclay layers.
Stretching of the sample is likely to perturb the structure of the
confined proteins. These, in turn, would affect the Au−S
bonds. Thus, small changes in the bond length of Au−S bonds
or their relative orientations around the Au core can happen,
which would perturb the electronic states of the cluster. This
can bring about changes in the luminescence of the cluster.
This is proposed as one of the possible reasons for the
emergence of the peak at 575 nm. Under high pressures, red
shifts of the absorption and the emission onset of the
Au21(SR)12(dppm)2 (SR = cyclohexanethiolate; dppm =
bisdiphenylphosphinemethane) and Au28(S-TBBT)20 (S-
TBBT = tert-butyl-benzenethiolate) NCs were shown in a
recent report.44 This red shift is due to the narrowing of the
energy levels of NCs because of the delocalization of the core
electrons to the ligands under compression. These high-
pressure experiments were carried out in a diamond anvil cell,
and the effects of compression on clusters were monitored in

situ using the changes in the optical properties. In our studies,
a blue-shifted peak was observed under elongation. This new
report supports our observation that the change in
luminescence of CCH upon stretching originates from the
alteration of the cluster structure, which cannot go back to a
relaxed state due to its confinement within the aminoclay
sheets. The change in the peak width in the newly originated
peak was also observed. This may be due to the reason that all
the clusters have not undergone the same amount of the
structural change at the same percentage of strain.

Application of Mechanochromic Luminescence. The
change in the luminescence spectrum of the confined
sandwiched cluster upon application of mechanical forces is
the first of this kind in the literature of such clusters. Some gold
complexes are known to show mechanoresponses.45,46

Disruption of an ordered structure could lead to changes in
photoluminescence. Organoboron materials showed solid-state
mechanochromic luminescence.47,48

These clusters have long been utilized as chemical sensors to
sense analytes such as toxic metal ions (such as Hg2+ and
Pb2+), explosives (such as 2,4,6-trinitrotoluene and 1,3,5-
trinitroperhydro-1,3,5-triazine), and small molecules (such as
dopamine, halocarbons, etc.).49,50 In these cases, analytes
interact with the cluster chemically and thus quench the
luminescence. In order to utilize the newly found mechano-
chromic luminescence of the clusters in CCH, we proceeded to
make large-area electrospun mats incorporating the compo-
sites. The reason for choosing the nanofiber mat was to have
1D geometry, which is known to have enhanced the
performance due to their large surface-to-volume ratio.51

Electrospun mats of luminescence cluster-coated polymers
have been shown to enhance sensitivity toward analytes.50,52

Electrospun mats were created using the same composite
material used for mechanical studies. This mat exhibited bright
red luminescence, indicating intactness of the confined clusters
(shown in Figure S8). After the electrospining process, the
morphology of the fibers in the electrospun mat was studied in

Figure 6. Characterization and application of nanofibers made from CCH. (A,B) FESEM image of an electrospun cluster-based clay material, in
different magnifications. (C) TEM image of the fiber. (D) Dark field image of a single fiber showing the red luminescence (i). Inset shows bright
field image of a single fiber (ii), and same image is shown in the gray scale (iii). (E) Writing experiment on the electrospun mat (see the inset)
shows white light emission from the luminescent mat under UV light. Mechanochromic luminescence is shown by drawing the grid pattern on the
luminescent mat with the tip of the cotton swab. The same effect is shown on another mat by writing “a” in a similar fashion (see the inset). White
light emission was seen from the red luminescent mat under UV light in both cases. The UV light source of 365 nm excitation was used to visualize
the luminescent pattern.
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detail through microscopy. Uniform fibers were clearly seen in
FESEM images (Figure 6A,B) at different magnifications,
constituting the mat. Similar observations regarding the
dimension of the fibers were also obtained from the TEM
images (Figure 6C). The luminescence property of a single
fiber was measured through fluorescence microscopy. The
image showing a red luminescent fiber is shown in Figure 6D.
The corresponding optical image is shown in the inset of
Figure 6D. Pressure-sensitive nature of the incorporated fiber
mat was examined by a writing experiment using a cotton
swab. The areas where pressure was exerted during this writing
experiment appeared white when exposed to UV light, while
rest of the mat retained red luminescence (Figure 6E). Such a
change in the luminescence in response to mechanical forces
can be used as a security feature for devices.

■ SUMMARY AND CONCLUSIONS
In conclusion, protein-protected noble metal clusters were
intercalated between the layers of aminoclay sheets to create a
luminescent hierarchical organo-inorganic hybrid material.
Coulombic interactions between these two species helped
them to assemble and to create a higher order, insoluble
structural material. FESEM studies proved the layered
structure of CCH, and intercalation of the luminescent clusters
between these clay layers was proven by pXRD measurements.
DLS and zeta potential measurements shed light on the
mechanistic pathway of the formation of CCH. High ductility
of the material was shown by tensile strength measurements.
Structural distortion in the cluster-sandwiched material led to
the emergence of a new emission peak. This new property
could be utilized to create a cluster-based pressure sensor. The
mechanochromic luminescence response of the composite
could also be utilized for monitoring physical damage in
structures.
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