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Gold cluster-loaded dendritic nanosilica: single
particle luminescence and catalytic properties in
the bulkt
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We report a hybrid material in which surface anchoring-induced enhanced luminescence of Augc@BSA
clusters on high surface area dendritic fibrous nanosilica of 800 nm diameter enabled their luminescence
imaging at a single particle level. The photophysical and structural properties of the hybrid material were
characterized by various spectroscopic and microscopic techniques. Concomitant imaging using scatter-
ing and luminescence of such mesostructures and their response to analytes have been used to develop
a chemical sensor. The hybrid material was found to be catalytically active in silane to silanol conversion,
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and 100% conversion was observed in 4 h when the reaction was carried out at 30 °C in the presence of
light. Such materials at submicron dimensions with enhanced surface area, emission in the solid state
along with a high quantum yield of 12% in water along with enhanced scattering, and surface functional-
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Introduction

Atomically precise noble metal nanoclusters owing to their fas-
cinating physical and chemical properties have been studied
extensively." Different ligands such as thiols,® DNA,”® den-
drimers,” and proteins® have been used for synthesizing such
sub-nanometer-sized clusters. Among them, use of proteins as
ligands is emerging as a result of the simple synthetic pro-
cedure employed in cluster synthesis and due to their biocom-
patible nature and promising applications. Bovine serum
albumin (BSA),"*"" Lactoferrin (Lf),"” Lysozyme (Lyz),">"* etc.,
are the commonly used proteins for synthesizing noble metal
nanoclusters. Intense photoluminescence, high quantum
yield, and stability over a wide range of pH make them suitable
candidates in the field of sensors."

Protein protected clusters (PPCs) are sensitive to specific
metal ions. Xie et al. reported the sensing of Hg>* using BSA-
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ities present numerous benefits for the creation of multifunctional materials.

protected gold clusters (Augc@BSA) for the first time.'® The
subscript, QC is used to indicate a quantum cluster, to ensure
that these are distinctly different from BSA protected plasmo-
nic nanoparticles. Subsequently, several other groups have
demonstrated sensing of heavy metal ions like Cu”**, Hg*", and
Pb** using PPCs.>>'”"'® Mercury is one of the most hazardous
environmental contaminants among other heavy metal ions. It
is toxic both in the inorganic and organic forms."® Different
methods have been developed to determine trace levels of
Hg>". Luminescent PPCs are suitable candidates for approach-
ing such problems.

Anchoring such cluster systems on suitable substrates can
extend their applications in the field. A few attempts have also
been made in this direction using a variety of hybrid materials.
Binding of Augc@BSA to nanofibers was demonstrated by
Ghosh et al. and they have used it for the detection of Hg>".>
A CdTe@SiO, hybrid sphere was synthesized by Wang et al.,
where Augc@BSA was covalently linked to the hybrid sphere
through EDC chemistry and used it as a ratiometric fluo-
rescent probe for the determination of Cu®".*! Mohammed
et al. have shown simultaneous sensing and scavenging of
heavy metal ions using an Augc@BSA-cellulose nanocrystal
(CNC) composite.** Adsorption of heavy metal ions by the
composite showed a visible change in the color. Recently,
Upadhyay et al. synthesized porous, pH responsive Augc@BSA
hydrogel beads which were used for the removal of heavy
metal cations from contaminated water.>?

Silane to silanol chemistry has been used in organic syn-
thesis for industrial applications to prepare silicon based pre-
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cursors.”® The traditional way for synthesizing these silanol
molecules is via hydrolysis of halosilanes, by reacting siloxanes
with alkali substrates or by controlled oxidation of organosi-
lanes.”® Among them, the stoichiometric oxidation of silane
with water is environmentally friendly. The reaction not only
produces silanols with improved selectivity but also releases
hydrogen which is also a useful by-product, although conduct-
ing this reaction at lower temperature is always a synthetic
challenge.?® Dendritic fibrous nanosilica (DFNS)*” is a meso-
sphere with thin sheet-like fibers of 3.5 to 5.2 nm thickness. It
possesses radially oriented fibrous channels with variable pore
sizes ranging from 3 nm to 25 nm. Such dendritic fibrous mor-
phology with a high surface area and better chemical and
thermal stability made them distinctive from the conventional
mesoporous silica materials. Until now, there have been no
reports on DFNS-based luminescent materials using protein
protected clusters. Herein, for the first time, we have syn-
thesized a hybrid material, DFNS@ AugcBSA by anchoring
luminescent Augc@BSA on the DFNS substrate. It has been
shown before that adhesion on substrates increases lumine-
scence of protein protected clusters.””** The hybrid material
was capable of sensing Hg”" and was found to be catalytically
active for silane to silanol conversion.

Experimental
Materials

Bovine serum albumin (BSA) at pH 6-7 was purchased from
SRL Chemical Co. Ltd, India. Tetrachloroauric acid trihydrate
(HAuCl,-3H,0) was purchased from CDH, India. Tetraethyl
orthosilicate, 3-aminopropyl triethoxysilane and sinapic acid
were purchased from Sigma Aldrich, India. Urea, p-xylene, and
sodium hydroxide (NaOH) were purchased from Rankem,
India. Sodium borohydride (NaBH,) was purchased from
Spectrochem, India. Cetyl trimethyl ammonium bromide
(CTAB) was purchased from Fluka, India. All the chemicals
were used without further purification.

Instrumentation

UV-Vis spectra were collected using a PerkinElmer Lambda 25
instrument in the range of 200-1100 nm. Luminescence
measurements were carried out on a Jobin Yvon NanoLog
instrument. The band pass for excitation and emission was set
as 3 nm. X-ray photoelectron spectroscopy (XPS) studies were
conducted with an Omicron ESCA probe spectrometer with
polychromatic Mg Ko X-rays (Av = 1253.6 eV). The samples
were spotted as drop-cast films on a sample stub. A constant
analyser energy of 20 eV was used for the measurements. High
resolution transmission electron microscopy (HRTEM) was
performed with a JEOL 3010 instrument working at 300 kV,
equipped with an ultra high resolution (UHR) pole piece.
Energy dispersive X-ray analysis (EDS) was carried out with an
Oxford EDAX housed in the TEM. A sample for HRTEM was
prepared by dropping the dispersion on a carbon coated
copper grid and drying under ambient conditions. High
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resolution scanning electron microscopy (HRSEM) images
were collected using a Quanta 200 FEG SEM. Depending upon
the compatibility of the sample, the instrument can work on
three different operating modes namely, the high vacuum
mode, low vacuum mode and environmental scanning elec-
tron microscope mode. For imaging purpose, samples were
spotted on an indium tin oxide (ITO) conducting glass sub-
strate and dried under ambient conditions. Atomic force
microscopy (AFM) images were obtained using the asylum
research Cypher ES AFM. Tapping mode (AC mode) was used
for the measurement. X-ray diffraction (XRD) data were col-
lected with a Bruker AXS, D8 discover diffractometer using Cu-
Ka (4 = 1.54 A) radiation. The diffractogram was collected from
5-100 degree 26 range. Dark-field imaging of the hybrid
material was performed using an Olympus BX-51 microscope
and a 100 W quartz halogen light source on a Cyto Viva micro-
scope setup. A broadband white light was used for the
imaging purpose via a dark field condenser and a 100x oil
immersion objective was used for collecting the scattered/
emitted light from the particle. Imaging was performed using
a true-color charge-coupled device (CCD). Hyperspectral image
analysis software was used for spectral analysis and a mercury
lamp was used for fluorescence images. GC-MS study was
carried out using an Agilent 7890B instrument. For the light
induced catalysis reaction, a Xe lamp of range 385-740 nm
(Power 250 mW cm™?) wavelength was used.

Synthesis

Synthesis of DFNS. Dendritic fibrous nanosilica (DFNS) was
synthesized following a previously reported method.*® The
reaction was carried out using a 2 L four-neck round-bottom
(RB) flask under refluxing conditions with a water condenser.
In a typical synthesis, CTAB (10 g, 0.027 mol) and urea (12 g,
0.2 mol) were dissolved in 500 mL of water and mixed at 700
rpm using a magnetic stirrer for 30 minutes at room tempera-
ture. To the above solution, TEOS (50 mL, 0.24 mol) in 500 mL
of p-xylene was added dropwise over 30 minutes under stirring.
This reaction mixture was further stirred for 30 minutes. Then,
1-pentanol (30 mL) was added slowly into the reaction mixture
and stirred for 30 minutes. The reaction mixture was heated to
130 °C (oil bath temperature) during 30 minutes ramp up and
refluxed for 6 h under stirring at 700 rpm. After cooling, the
solid product was isolated via centrifugation and washed
several times with water and ethanol. After drying for 12 h at
80 °C, CTAB was removed by calcination at 550 °C for 6 h in
air.

Synthesis of APTS functionalized DFNS. Functionalization of
DFNS was performed following the reported method.*® In
brief, grafting of APTS was carried out by refluxing 2 g of cal-
cined DFNS with 3-aminopropyl triethoxysilane (2 mL,
8.5 mM) in 250 mL of toluene at 80 °C for 24 h. The resulting
material was washed repeatedly with toluene and ethanol fol-
lowed by drying under vacuum at 60 °C for 12 h. The obtained
material was APTS functionalized DFNS.

Synthesis of the hybrid material, DFNS@ AuqgcBSA. In a
typical synthesis, 20 mg of BSA in 0.5 mL DI H,0 was added

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/D1NR00619C

Published on 11 May 2021. Downloaded by Indian Institute of Technology Chennai on 6/1/2021 6:06:30 PM.

Nanoscale

into 8 mg of APTS functionalized DFNS in 0.5 mL DI H,O
under vigorous stirring. After 5 minutes, 6 mM HAuCl, was
added to the above mixture followed by the addition of 150 pL
1 M NaOH. The reaction mixture was stirred vigorously until
the solution turned golden brown in color. The change in
color indicated the formation of clusters. The reaction was
carried out for 10 h at room temperature. The sample was cen-
trifuged, and the residue was washed with DI H,O and this
process was followed repeatedly to ensure the removal of
unbound clusters from the solution. Then the final residue
was used for various characterization studies.

Oxidation of silanes by DFNS@Au,cBSA

About 5 mg DFNS@AugpcBSA was placed in a 10 mL round
bottom test-tube. To the reaction tube, a mixture of tetrahydro-
furan (1 mL), water (30 pL) and silane [dimethylphenylsilane
(230 pL, 1.5 mM), triisopropylsilane (307 pL, 1.5 mM), tributyl-
silane (385 pL, 1.5 mM) and triphenylsilane (391 mg, 1.5 mM)]
was added and the reaction mixture was vigorously stirred at
required temperature. The reaction was monitored by taking
aliquots at different intervals of time and the products were
determined by GC-MS analysis.

Results and discussion
Synthesis and characterization of the hybrid material,

DFNS@AuqcBSA

The hybrid material, DFNS@AuocBSA, made of AugcBSA and
DFNS was synthesized by a two-step procedure. In the first
step, BSA was covalently linked to the amine functionalized
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DFNS in an aqueous medium to form a DFNS-BSA complex
and in the next step, HAuCl, was added to the above complex
at alkaline pH (Fig. 1A). BSA acted as both reducing and stabi-
lizing agents during the synthesis of Auq,c@BSA." Basically,
when HAuCl, is added to BSA, it forms a complex through its
various functional groups and reduces Au®" to Au” and further
reduction of Au" to its metallic state is achieved at alkaline pH.
The DFNS-BSA-HAuCl, complex at pH ~ 12 was allowed to stir
at room temperature. After 4 h, the turbid reaction mixture
started changing its color from yellowish to light brown and
finally turned to golden brown after 10 h of reaction. Change
in color indicated the formation of the cluster on DFNS. The
nanosized pores and fibrous morphology of DFNS provided an
efficient template for the encapsulation of sub-nanometer
sized Augc@BSA. To observe the structural changes, FESEM
and HRTEM studies were performed for both parent DFNS
and the hybrid material. Fig. 1(B, C) and (F, G) represent the
FESEM and HRTEM images of the parent DFNS, respectively.
DFNS is dendritic mesospheres of diameter ~800 nm with
increasing fibrous morphology towards the outer surface and
is of uniform size. After 10 h of reaction, FESEM and HRTEM
studies of the hybrid material were carried out and are shown
in Fig. 1(D, E) and (H, I), respectively.

Incorporation of clusters on DFNS gave rise to a well-
defined structure, where the clusters were uniformly dispersed
towards the outer surface of the DFNS and appeared as a ring-
like pattern. Distinct morphological changes were observed in
DFNS@AuqcBSA compared to the parent DFNS but no signifi-
cant change in their size could be observed from both FESEM
and HRTEM studies. It suggested that incorporation of the
clusters on the DFNS did not bring any change in the overall

Under visible i
light DENS

HAuCl,+ NaOH

Stirred for
10 h at RT

Under visible
DFNS@AuqBSA light

0.2 Em

Fig. 1 (A) Schematic illustration showing the synthetic process leading to the hybrid material, DFNS@AuqcBSA. (B and C) and (D and E) are the
FESEM images of DFNS and DFNS@AuqcBSA, respectively. (F and G) and (H and 1) are the HRTEM images of DFNS and DFNS@AuqcBSA, respectively.

A well-defined morphological change was observed in DFNS@AuqcBSA.

This journal is © The Royal Society of Chemistry 2021
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size or shape of the material. As the sizes of the clusters were
less than 2 nm, they were difficult to be observed from the
HRTEM images of the hybrid material. Isolated AuqgcBSA clus-
ters were not prepared in solution, but they were investigated
before.>'° The core size of such clusters was found to be less
than 2 nm.**?"

UV-Vis and zeta potential study of DFNS@AuocBSA

Surface modification of DFNS helped to conjugate BSA onto it
effectively and this was achieved through APTS functionali-
zation, by replacing the hydroxyl groups (-OH) of DFNS with
the amine (-NH,) groups. This was monitored by measuring
zeta potential of DFNS which was changed from —16.9 mV to
+19.3 mV after functionalization. The binding of BSA to the
amine functionalized DFNS was confirmed from the surface
charge of —26.1 mV and it reached —34.7 mV after 10 h, which
confirmed the binding and encapsulation of the cluster on
DFNS (Fig. S1At). To evaluate the changes in the optical pro-
perties during the formation of the hybrid material, UV-Vis
spectra were collected (Fig. S1BT). BSA has a sharp absorption
feature at 280 nm due to the presence of aromatic amino acid
residues while DFNS did not show any absorption feature in
the 300-800 nm range. A slight decrease in the absorption
peak along with a gradual increase in absorbance from
800 nm was found in the DFNS-BSA complex, which suggested
the conjugation of the protein onto DFNS. After 10 h of the
reaction, the absorption feature at 280 nm decreased signifi-
cantly along with a slope around 375 nm which confirmed the
formation of clusters inside the protein template and proved
successful incorporation of the cluster on DFNS.

Evolution of DFNS@AugcBSA

To understand the evolution of the hybrid material, time
dependent HRTEM studies were conducted. Control experi-
ments were also performed to know the effect of NaOH on
DFNS during the synthesis (Fig. S21). Addition of NaOH into
the solution of DFNS induced a drastic morphological change
due to etching of the surface (Fig. S2Bt). But when NaOH was
added into the DFNS-BSA complex, similar morphological
changes were not observed; it was due to the conjugation of
BSA on the fibrous channels of DFNS which prevented the
etching of the DFNS surface (Fig. S2Ct). During in situ syn-
thesis of the cluster, HAuCl, was added to the DFNS-BSA
complex followed by the addition of NaOH into the mixture.
Although formation of the cluster started after 4 h of the reac-
tion (started to show luminescence under UV light), visible
morphological changes were not observed compared to the
parent DFNS (Fig. S2Dt). But after 6 h, the structure of the
hybrid material started to emerge (Fig. S2Ef) and a well-
defined pattern with uniform arrangement of clusters towards
the periphery of DFNS was observed post 10 h of the reaction
(Fig. S2Ff). During the reaction, a slight etching from the
surface of the material was seen. We have already mentioned
that the formation of clusters occurs only at alkaline pH.
Therefore, here NaOH played a major role in reducing the gold
ions in the cluster synthesis rather than only interacting with
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the surface of DFNS and this could be the reason for minimal
surface etching seen in the hybrid material as compared to the
parent DFNS. According to our earlier report, sizes of BSA and
the cluster (including the protein shell) were found to be
around 7.3 and 9 nm, respectively.’> As the pore sizes of the
DFNS decrease from the outer surface towards the center, BSA
could easily enter into the compatible pore of the DFNS. A
probable mechanism for the formation of DFNS@AugcBSA
could be explained on the basis of dendritic fibrous mor-
phology with varying pore sizes of DFNS which made it acces-
sible for the conjugation of BSA (through its various functional
groups) on DFNS from all the directions followed by the for-
mation of the cluster with the addition of HAuCl, into alkaline
medium. The reduced pore sizes towards the center of the
DFNS restricted the entry of BSA as well as the growth of the
cluster around the center which resulted in the formation of
ring patterns near the edges of DFNS.

HRTEM EDS analysis of DFNS@AuqcBSA

The incorporation of clusters on DFNS was confirmed further
using HRTEM EDS elemental mapping (Fig. 2). The EDS map
of Au L clearly showed a uniform dispersion of the cluster only
at the edge while Si was nearly absent on that specific region
as shown in the Si K map. The presence of silica was observed
at the center of the hybrid material, where Au was nearly
absent. Distribution of oxygen in O K was found similar to
that of the Si K map and dispersion of S in the S K map
matched well with the Au L map as the source of sulphur was
from the protein. These data confirmed the presence of clus-
ters as well as their uniform distribution at the edges of the
hybrid material as speculated in the earlier section. Fig. 2F
provides the quantification data of the hybrid material.

The powder X-ray diffraction (PXRD) pattern of DFNS
showed a diffraction peak at 26 = 22.5° and BSA showed two
diffraction peaks at 20 = 9° and 26 = 20.5° related to its crystal-
line nature (Cu Ka). The obtained values matched with the
values reported.>**® For the hybrid material, very weak and
broad peaks around 26 = 38° and 64° along with the one at 20
= 22.5° were observed, due to Au (111), Au (220) and amor-
phous SiO,, respectively (Fig. S37).

Photoluminescence properties of DFNS@Au,cBSA

DFNS@AuqcBSA showed strong red emission both in the solu-
tion and solid state indicating effective incorporation of clus-
ters on DFNS, which were responsible for the strong lumine-
scence exhibited by the hybrid material. DFNS@AuocBSA
showed an emission maximum of ~640 nm with two excitation
maxima around 365 and 500 nm (Fig. 3A). The photographs of
the hybrid material in the aqueous solution under visible and
UV light are shown in the inset of Fig. 3A. The material was
freeze dried into a powder form and the powders also showed
bright luminescence under UV light (Fig. 3B). A similar exci-
tation maximum was observed for both solid and solution
states. But a red shift from 640 to 645 nm was observed in the
emission maximum of the solid material. This shift was attrib-
uted to the confinement of the cluster in the solid form.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 EDS analysis to confirm the presence of clusters in the DFNS@AuqcBSA. (A) TEM image of the hybrid material and the corresponding Si Ka,
Au Lo, O Ka, and S Ka maps are shown in B, C, D and E, respectively. Au La mapping shows the presence of gold only at the edges of the sphere
while the absence of silica from those regions is clearly seen from the Si Ko map. Quantification data and EDS spectrum showing the presence of
expected elements in DFNS@AuqcBSA are presented in F and G, respectively.

A)

Visible UV
light light

A =365 nm A.,=640 nm

B)

A.=365nm

A..,=645 nm

400 500 600
Wavelength(nm)

700

400 500
Wavelength (nm)

600 700

Fig. 3 Luminescence profile of DFNS@AuqcBSA in the (A) solution and (B) solid states. Photographs of DFNS@AuqcBSA in the solution and powder
form under UV and visible light are shown in the respective insets. Both the samples were excited at 365 nm. The emission was found around

640 nm for the solution and around 645 nm for the solid state.

This journal is © The Royal Society of Chemistry 2021
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Resemblance of the luminescence spectrum with that of
AugcBSA in solution suggested that the clusters formed on the
DFNS surface were essentially similar to that in the free state.'®
The evolution of luminescence during the formation of the
hybrid material was studied by measuring the time dependent
PL spectra (Fig. S47). After 4 h of synthesis, the mixture started
to show faint luminescence and the color of the mixture also
changed from slightly yellowish to light brown. This was an
indication of the formation of the cluster. With time, a gradual
increase in the luminescence intensity was observed along with
a change in the color of the mixture. Maximum emission inten-
sity was observed after 10 h of the reaction and the color of the
reaction mixture turned golden brown. All the samples were
excited at 365 nm and emission maxima were found to be
around 640 nm. Luminescence of the hybrid material was stable
and PL spectra up to 5 days are shown in Fig. S4.F The lumine-
scence profile of the DFNS@AuqcBSA at various stages of the
reaction did not show any shift in its emission wavelength
which suggested the formation of a stable species on DFNS.

Investigation of structural morphology of DFNS@Au,cBSA
using AFM

The formation of a hybrid material was further studied using
atomic force microscopy (AFM). The 3D topographical images
of DFNS and the hybrid material are presented in Fig. 4A and
C, respectively. It clearly showed the significant changes in the
morphology of the hybrid material as compared to their
parent analogues. The height profile of a single DFNS particle
was found to be 650 nm (Fig. 4B) while in the case of a single
particle of the hybrid material, the height decreased to 320 nm
(Fig. 4D).
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We have mentioned in section 3.1 that during the growth of
clusters on DFNS, the fibrous morphology of the latter was
decreased due to etching of the surface. Although the exact
reason is not apparent in this study, the reduced fibrous mor-
phology could be the probable reason for the significant
change in the height of the hybrid material.

Phase imaging provides complementary information on the
topography and reveals the variations in the surface properties
including the composition of the material. A large area phase
image of the parent DFNS is shown in Fig. S5Af and the high
resolution image of the edge of a DFNS is presented in
Fig. S5B.7 A thin sheet-like surface was observed in the parent
DFNS which could be compared to the fibrous morphology as
seen in the HRTEM image. But the hybrid material appeared to
be completely different from the parent structure (Fig. S5CT).
The thickness of the edge was increased, and it exhibited a
brighter contrast which was absent in the case of parent DFNS
(Fig. S5D7). The enhanced contrast was due to the presence of
clusters at the edge of the hybrid material which was supported
by the observation made by TEM EDS mapping.

XPS studies of DFNS@Au,cBSA

X-ray photoelectron spectroscopy (XPS) helps to determine the
oxidation state and binding properties of the protein stabilized
gold clusters. XPS analysis of DFNS@AuqcBSA confirmed the
existence of the metallic state of gold. Au 4f,,, appeared at 84.5
eV close to its Au’ binding energy. The observed slightly
higher binding energy (BE) could be contributed to its
bonding environment. The S 2p3, and 2p,,, BEs of 164.0 and
165.5 €V, respectively, are characteristic of thiolate."** This
suggested that the cluster core is stabilized by the thiol groups
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Fig. 4 The 3D topographical images of DFNS and the hybrid material are presented in (A) and (C), respectively. (B) and (D) Height profiles of DFNS
and the hybrid material based on the line scans (labelled in red) in the AFM images, respectively.
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Fig. 5 XPS analysis of DFNS@AugcBSA showing metallic (A) Au 4f and thiolate (B) S 2p regions.

of the protein (mostly through the cysteine residues and are
highly reactive, BSA has 35 cysteines). Slightly higher binding
energy could be attributed to the oxidized state of sulphur,
which is observed in the case of thiolate protected clusters
upon X-ray exposure, thus leading to sulphite, sulphonate and
sulphate species.*>*® The cluster remained intact on DFNS as
no Au' was observed. This is in agreement with the lumine-
scence data also (Fig. 5).

Darkfield microscopy and metal ion sensing using
DFNS@Au,cBSA

The hybrid material, DFNS@AuqcBSA, with distinct structural
properties was observable under an optical microscope. For

Intensity (a.u.) 2

N

600 800 1000
Wavelength (nm)

this analysis, a diluted solution of the sample was dropcast
and dried on a glass slide. Dark field optical microscopy
images of the parent DFNS appeared as spherical particles and
a large area optical image of them is shown in Fig. 6A. The par-
ticles were subjected to hyperspectral imaging (HSI) analysis
and the scattering spectrum of a single DFNS was collected
(Fig. 6B). The corresponding single DFNS is provided in the
inset of B in which the specific positions from where the
spectra were collected are marked as 1 and 2. The scattering
intensity was higher at the center than the edges and was due
to the fibrous morphology, with decreasing density from the
center towards the edge of the DFNS. Interestingly, the dark
field image of the hybrid material was entirely different from

~ Intensity (a.u.) E

600 800 1000
Wavelength (nm)

1 ppm Hg*

Fig. 6 Large area optical images of (A) DFNS and (C) DFNS@AuqcBSA. The corresponding scattering spectra collected from the surface of DFNS
and DFNS@AuqcBSA are presented in (B) and (D), respectively. The positions in the single particle from where the spectra are collected are marked
in the insets. (E) The white light and the corresponding (F) fluorescence image of DFNS@AuqcBSA. (G-I1) Fluorescence images of DFNS@AuqgcBSA,
(G) before and after exposure to Hg?* at concentrations of (H) 100 ppb and (I) 1 ppm, respectively. The corresponding optical images are shown in

the insets.
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that of the parent DFNS and appeared like hollow spheres or
donuts (Fig. 6C).

Scattering spectra of the hybrid material were collected
from similar positions as in the parent DFNS (Fig. 6D) and the
corresponding single hybrid material particle is given in the
inset. The results obtained were opposite to that of parent
DFNS, where a higher scattering intensity was observed from
the edge of the hybrid material compared to the center. The
presence of clusters at the edges of the hybrid material results
in such unique structure under an optical microscope which
was strengthened by EDS mapping as well as AFM phase
imaging. The increased electron density at the edges due to
the clusters contributed to this enhanced scattering intensity.
Fig. 6E shows a large area optical light image of the hybrid
material and the corresponding fluorescence image is depicted
in Fig. 6F. The fluorescence image exhibits red emission due
to the clusters anchored on the surface of DFNS and similar
hollow sphere structures were also observed in fluorescence
images. Hg>" is known to quench the luminescence of
Augc@BSA and the interaction of Hg>" with the core of the
cluster has been suggested as the plausible reason for this
quenching effect. In order to study the effect of Hg>" on the
luminescence of the hybrid material, different concentrations
of Hg>" were introduced to the former. Gradual disappearance
of the luminescence intensity from the hybrid material upon
addition of varying concentrations (100 ppb, 1 ppm) is shown
in Fig. 6G-1. Though a significant decrease in the lumine-
scence of the hybrid material was observable at 100 ppb of
Hg>*, a complete quenching of the luminescence occurred
upon exposure to 1 ppm concentration of the Hg*". In both
the cases, the optical images of the hybrid material remained
unaffected as shown in the inset of Fig. 6H and I as scattering
intensity was nearly the same. It suggested that even at higher
concentration of Hg?*, the structure of the material was not
affected. Parent DFNS was not luminescent and a large area
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Ry—Si—H L Ry—gi—OH
R, THF-H,0 Ry
459C, 24 h
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optical image and the corresponding fluorescence image of
DFNS are shown in Fig. S6A and S6B,T respectively. Different
concentrations of Hg>" were introduced to the parent DFNS
and optical images were captured. No structural changes were
observed. Thus, it can be confirmed that the quenching effect
was due to the clusters alone. This approach is advantageous
over the solution phase method as single particle level investi-
gations are possible.

Conversion of silane to silanol by DEFNS@AuqcBSA

DFNS acts as an excellent material to support metal nano-
particles and organometallic complexes to design nanocata-
lysts.”” This prompted us to use the hybrid material
(DFNS@AuqcBSA) for the oxidation of organosilanes to sila-
nols. The silane to silanol reaction was performed in a tetra-
hydrofuran THF-water mixture at 45 °C using 5 mg of the
hybrid material as the catalyst as shown in scheme Fig. 7A.
The result showed that these clusters were catalytically active
(Fig. 7B). The catalyst showed higher kinetics for dimethyl-
phenylsilane as compared to other silanes with 77% of silane
to silanol conversion in 10 h. For other silanes, kinetics as well
as conversion dropped as a function of neighbouring func-
tional group of the silane molecule. For both triisopropylsilane
and tributylsilane, 42% silane was converted to silanol while
for triphenylsilane, only 19% conversion was observed and
such reduced conversion rate could be attributed to the steric
hindrance caused due to the presence of the bulky phenyl
group. To study the catalytic effect of the hybrid material, the
conversion of dimethylphenylsilane to dimethylphenylsilanol
reaction was performed at 45 °C in the presence and absence
of light (>385 to 740 nm) but no significant improvement was
observed as compared to the conventional reaction without
light (Fig. S71). To maximize the effect of light on the catalysis
reaction, temperature was reduced to 30 °C and in this case, it
was possible to differentiate the effect of light on the catalysis

Dimethylphenylsilane (R, R,: Methyl), (R;: Phenyl)
Triisopropylsilane (R, Ry,R5: Isopropyl) 432
Tributylsilane (R,, R,,R5: Butyl)

Triphenylsilane (R, Ry,R3: Phenyl)

(@)
~
=
® o
© o
I "

2]
o
L

40-

% Conversion

Time (h)

Fig. 7 (A) The reaction scheme showing the conversion of silane to silanol. (B) The conversion of various silanes to silanol at 45 °C during different
time intervals. (C) The effect of light for the dimethylphenylsilane to dimethylphenylsilanol conversion reaction, at 30 °C (error in the catalytic

measurements is +5%).
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as compared to the reaction conducted in the dark at 30 °C
(Fig. 7C). In the presence of light, the reaction occurred much
faster (100% conversion in 4 h) while only 56% conversion was
observed without light at 4 h. There was no role of the enzyme
in the silane hydrolysis reaction which was confirmed by con-
trolled catalytic experiments using DFNS and BSA complex, in
which no catalytic activity was found under similar experi-
mental conditions. Thus, the enhancement could be directly
attributed to the presence of clusters.

UV-Vis absorption spectra of DFNS@AugcBSA were
measured in the presence and absence of light, after the cata-
lytic reaction (Fig. S81). In both the cases, a plasmonic peak
around 532 nm was found which was absent before the cata-
lytic activity (Fig. S1Bt). This clearly suggested the change in
the size of the cluster after catalysis. It showed that the cata-
lytic conditions made gold clusters to aggregate.

Conclusions

In conclusion, we have developed a luminescent hybrid
material (DFNS@AuqgcBSA) using Auqgc@BSA loaded on DFNS
which can act both as a chemical sensor and a catalyst.
Utilizing the scattering and luminescence properties, imaging
of such mesostructures was performed and they were used for
sensing Hg>". This approach enabled a single particle lumine-
scence imaging with a unique donut like mesostructure. The
hybrid material was demonstrated as the catalyst in the oxi-
dation of organosilanes to silanols, with higher kinetics of
77% conversion for dimethylphenylsilane to dimethyl-
phenylsilanol. The efficiency of the catalyst was found to
increase in the presence of light when the reaction was per-
formed at 30 °C and 100% conversion was achieved only in
4 h. The hybrid material has great potential in numerous
applications in various fields using combined properties of the
luminescent clusters and DFNS. Additional experiments are
required to understand the system in more detail and to
improve the sensitivity of detection as well as the catalytic
efficiency of the material.
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