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Abstract

Metal-semiconductor heterostructures/composites are found to be a new class of
functional materials because of their unprecedented properties and potential applications.
Various strategies have been adopted to design such materials with unique properties. Here, we
have synthesized Au-CdTe nanocomposites using Au nanoclusters, and the growth rate is
controlled by changing Au:Cd ratio. The structural characterization of Au-CdTe nanocomposites
is done by the SAXS (small angle X-ray scattering), TEM (transmission electron microscope),
X-ray photoelectron spectroscopy (XPS), FTIR (Fourier transformed infrared), steady state and
time resolved spectroscopy. The blue shifting of absorption band of CdTe QDs and strong
photoluminescence quenching in presence of Au suggest the metal cluster-semiconductor
composite formation. Time resolved spectroscopic study confirms the Forster resonance energy
transfer from QDs to proximal Au nanocluster by changing of non-radiative decay rate.
Interestingly, turn on of signal i.e. the enhancement of photoluminescence (PL) intensity of the
nanocomposite is observed in presence of amino acid and the limit of detection (LOD) for L-
cystein amino acid is found to be 192 nM. These nanocomposites open up new platforms to

design optical based probes for selective sensing of amino acids.
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Introduction

The metal nanoclusters (NCs) being a new class of materials having a size less than 2 nm,
lies between the metal atom and nanoparticle (NP)"* and these nanoclusters have various
advantages like discrete electronic state, chirality, high fluorescence life time and magnetic
properties due to strong quantum confinement." > *® The distinctive property of nanoclusters are
intense fluorescence and molecule-like d—sp and sp—sp transitions, which are due to strong

quantum confinement.”"!

The number of atoms in the core and the capping ligands control the
photoluminescence wavelength of metal nanocluster, which can be tuned from near infrared
(NIR) to ultraviolet (UV)." '*"* Unlike nanoparticle, the nanocluster within this size regime do
not show surface plasmon resonance (SPR) because the density of state for Au NC is very low.'®
'8 Therefore, due to the low density of state, molecule like single-electron transition is feasible in
Au NC rather than plasmonic collective electron excitation.' >

Considering the above advantages, often Au nanoclusters are coupled with other
semiconducting materials to achieve unprecedented properties. Nanocomposite of Au NC and
semiconducting TiO, is found to be a potential candidate due to its direct application in solar cell,
hydrogen generation and photocatalysis.”' TiO, possess a larger band gap (3.2 eV) and acts as
universal electron acceptor, but do not response in visible light.'"® Whereas, Au nanocluster can
be excited under simulated solar illumination because it has size tunable band gap (1.8 and 2.8
eV).'® Therefore the photoexcited electron injection is easily possible from Au NC to the
conduction band of the TiO,.** The enhanced charge separation of metal-semiconductor hetero-
nanostructures is found to play crucial role on hydrogen generation, nonlinear optical as well as
photocatalytic properties.”>>" Various hybrid nanostructured architectures, including individual

31, 32 core/shell,33 ‘[e‘[rapods,24 and dumbbell

metal conjugated with semiconductor via a spacer,
shapes,’* etc are reported. Generally, such heterostructures were synthesized in non-aqueous
phase, mostly by surfactant mediated seed growth methods using long chain organic
acids/amines.” ** 3> 3® Low yield, high temperature heating, two step air sensitive reaction and

costly reagents are the main drawbacks of these syntheses.’” **

From the application point of
view, it is noted here that singlet oxygen generation is possible from Au NC-lyposome
nanocomposite to kill the infectious bacteria.” For the detection of both Hg* and F ions, a

single probe of Au NC-CdTe quantum dots nanocomposite is designed.*’ Previously, glutathione
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capped metal nanoclusters (Au, Ag, Cu, and Pt) with tunable colors are being used for label free-
detection of Hg®" ion.*! Here, our emphasis is to design Au nanocluster-QD composite and
understand their photophysical properties by steady state and time resolved spectroscopy.
Finally, we would like to use this optical probe for detection of amino acid which is a real
challenge because amino acids are taking leading role in several biological activities.****

Here, our emphasis is to synthesis of Au nanocluster-QDs nanocomposite by controlling
the aggregation of Au NCs to develop optical sensor. In the present study, we describe an in situ
method to synthesize Au NC—-CdTe QDs nanocomposite by a systematic growth of Au
nanocluster. The detail structural evolution of Au-CdTe system is investigated by the SAXS
(small angle X-ray scattering), TEM (transmission electron microscope), X-ray photoelectron
spectroscopy (XPS), FTIR (Fourier transformed infrared), steady state and time resolved
spectroscopy. The fundamental photophysical studies of composition dependent metal cluster-
semiconductor nanocomposite have been done by using steady state and time resolved
spectroscopy. Time resolved spectroscopic study reveals that the change in nonradiative
relaxation rate is due to energy transfer from QDs to Au cluster in the nanocomposite. Finally,
the nanocomposites are being used as optical based sensor for probing L-cystein amino acid,
selectively. It is very important to detect the amount of Cys for diagnostic purpose because the
deficiency of Cys in living body causes several diseases like, depigmentation of hair, damage of
liver and skin, weakness etc.? Above all, important biological functions like metabolism,
detoxification of excess metal ions are also regulated by cystein.****

Experimental section

Tetrachloroauric acid (HAuCly. 3H,0), glutathione reduced (GSH), tellurium powder and
cadmium chloride hemi-pentahydrate (CdCl,. 5/2 H,0), were obtained from Sigma-Aldrich.
Other chemicals like sodium borohydride (NaBH4), sodium hydroxide (NaOH) and 2-propanol
were received from Merck. Amino acids used for the experiment, having highest purity grade,
were obtained from Spectrochem (India). Millipore deionized water (= 18.2 MQ) was used for
all solution preparation in this study. Dialysis tube (molecular cut off < 14 KDa) was purchased

from Fischer-Chemicals. All chemicals of analytical grade were used for our experiment without

further purification.
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Synthesis of in situ Au NC-CdTe QDs nanocomposite

The Au NC-CdTe QDs nanocomposites were prepared by mixing the NaHTe with Cd**
chelated Au-GSH complex. First, we have prepared NaHTe by following method.” In this
typical experiment, 0.0115 g of Te powder was dispersed in 2 mL of argon saturated deionized
water in a round bottom flask. The mixture was allowed to stir for 5-7 min to make uniform
dispersion of Te powder. Then, 0.01 g of NaBH4 was added to the mixture and vigorous stirring
was continued for 30 mins and the color of the solution was changed from black to faint pink
after 30 mins. Faint pink color became darker with time, suggesting the formation of fresh and
highly reactive NaHTe. Argon atmosphere was maintained to preserve the highly reactive
NaHTe.

Preparation of Cd”" chelated gold-GSH complex:

In a round bottom flask, variable amount of chloroauric acid (0.0032 to 0.0172 g) was
mixed with 0.046 g of GSH in 20 mL argon saturated water with slow stirring to get a white
precipitate like Au-glutathione complex.*® After 5 min, 1 (M) NaOH was added to adjust the pH
7.0 of the solution. The clear solution was allowed to stir for lh to complete the Au-GSH
complex formation. Then, 0.028 g of cadmium chloride hemi-pentahydrate was mixed and the
pH of the solution was raised to 9.2 by adding drop by drop 1 (M) NaOH. This cadmium
chelated Au-glutathione complex was left to stir for another 1 h.

Then previously prepared NaHTe was immediately injected into the Cd*" chelated Au-
GSH solution. This mixture solution was stirred at room temperature for another 30 min; keeping
argon atmosphere. Finally the solution was heated at 110°C, argon purged situation. The Au-
CdTe QDs nanocomposite having emission at 523 nm was taken out from the reaction mixture.
Extensive dialysis was done to remove unreacted substances and excess capping ligand from
AuNC-CdTe QDs nanocomposite. The nanocomposite solution was stored at 4°C in dark for
further use. The structure of glutathione is given in fig. S1 (see ESIf). The details of controlled
experiments like synthesis of pure Au NC and CdTe QDs are given in the supporting information
(see ESIY).

Fluorescence measurement of the nanocomposite with and without amino acids
QDs and the AuNC-QDs nanocomposites, having variable Au:Cd ratios were dissolved

in water for fluorescence study. The samples were left to incubate at 25° C for overnight and the



Journal of Materials Chemistry C

PL of the samples was recorded. To observe the selectivity of the nanocomposites on amino
acids, 20 pL of the nanocomposite solutions were used. Different types of amino acids were
taken in a cuvette and the final volume of the solution was kept fixed to 3 mL. Then, the assays
were incubated for overnight at 25° C.
Characterization

The transmission electron microscopic (TEM) image and the energy dispersive X-ray
spectroscopy (EDX) were taken using JEOL-JEM-2100F transmission electron microscope. The
high-angle annular dark-field imaging (HAADF) of samples are executed in scanning
transmission electron microscope (STEM) mode of the same TEM instrument. X-ray
photoelectron spectroscopy (XPS) measurements were carried out using an Omicron
Nanotechnology instrument. Small angle X-ray scattering (SAXS) profile of all liquid samples
were measured in transmission mode by Rigaku Smart Lab X-ray diffractometer (9 kW; Cu K,
radiation; A = 1.54059 A°). The samples were put in transparent Borosilicate capillary tube,
having internal diameter almost 1.5 mm. The capillary was fixed with the sample holder and the
sample alignment and premeasurement scan were carried out before run of the sample. The
NANO-solver software of Rigaku was used to fit the SAXS profiles. The maximum time taken
for each SAXS data acquisition was 20 min. The background correction was done in each case
before fitting of the SAXS profile. Fourier transformed infrared (FTIR) spectra of the samples
were recorded with Nicolet 380 FTIR by making pellet with KBr. Room-temperature optical
absorption spectra were recorded by UV-VIS spectrophotometer (Shimadzu). The
photoluminescence spectra of all samples were obtained with FluoroMax-P (HORIBA Jobin
Yvon) luminescence spectrophotometer. All fluorescence spectra were recorded at an excitation
wavelength of 375 nm at room temperature. For the time correlated single photon counting
(TCSPC) measurement the samples were excited at 375 nm using a picoseconds NANO-LED
IBH 375 L. The following expression was used to analyze the experimental time resolved

fluorescence decays, P(¢);

P(t)=b+ Zn: a, exp(—%) (1)
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Here, n is the number of emissive species and b is the baseline correction (“dc” offset), and

a,and 7, are the pre-exponential factors and excited state fluorescence lifetimes associated with

the i™ component respectively. The intensity-weighted average lifetime, <z >, was calculated

from the following formula

>art

<r>=-‘— (2)

2arT

Where a,is contribution of the decay component.

The quantum yield (QY) of all samples were obtained by comparison with reference dye,

rhodamine 6G (in water), using the following equation
QY. = (Fyx Arx e x QYo) / (Fr x Agx ) (3)

Where, F; and F; are the integrated fluorescence emission of the sample and the reference. A and
A are the absorbance at the excitation wavelength of the sample and the reference. QY and QY
are the quantum yields of the sample and the reference (QY; = 0.95). The refractive indices of
the solvents used for the preparation of the sample and reference are given by ng (1.33) and n,
(1.33), respectively (here both solvents are water).
Results and discussion
Structural characterization

Transmission electron microscope (TEM), fourier transform infrared spectroscopy
(FTIR), small angle X-ray scattering (SAXS) are being used to characterize these nanocomposite
systems. Fig. 1 (A-B) shows the bright field TEM images of nanocomposite with Au:Cd ratio
0.25:1. The light contrast particles (Fig. 1A) are CdTe QDs and the dark particles are Au NCs.
The dark field (HAADF) image (Fig. 1B) clearly identifies the Au nanocluster in presence of
CdTe. In the dark field image of Au NCs exhibit light contrast and CdTe QDs exhibit dark
contrast, unlike to the bright field image. The bright field and the dark field images confirm the
presence of CdTe and Au nanocluster, suggesting in situ nanocomposite formation. Noteworthy,

the TEM image of nanocomposite (Au: Cd ratio is 0.07:1) is similar (Fig. S4, ESI) to the TEM

7
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image of nanocomposite having Au: Cd ratio 0.25:1. In the EDX spectrum, two distinct peaks of
Au and Cd (Fig. S5, ESIT) are observed which confirm the formation of Au nanocluster-CdTe

QDs nanocomposites.

Fig. 1 Bright field TEM image (A) and HAADF image (B) of the nanocomposite, Au: Cd ratio
0.25: 1.

Small angle X-ray scattering (SAXS) is found to be important tool to evaluate size of
nanocomposites.”” ** The working principle of SAXS is given in detail in the supporting
information (ESIt).* Fig. S6A (ESIt) depicts both simulate and raw data of the SAXS profile
of CdTe QDs in pure state. For best fitting of raw data, the only residual factor is chosen which
have error value within 4 % (Fig. S6A, ESIT). The good agreement between raw and simulate
data indicating the spherical model assumption is correct to analysis the SAXS data.”’ The size
distribution of the CdTe QDs in pure state is shown in Fig. S6B (ESIT). The diameter of the
particle (QDs) is around 2.9 nm and the narrow distribution curve indicates that the QDs are
monodispersed in nature. The SAXS profile of pure Au nanoclusters (Fig. S7TA, ESIT) shows that
the simulate data matches well with the raw data. The size distributions of the Au NC are shown
in Fig. S7B (ESIY). It is clear from the size distribution curve that the average diameter of the Au
NC is 1.8 nm, very close to the TEM data. For the SAXS analysis of the nanocomposite, first we
have monitored CdTe QDs and then we have monitored the Au NCs, without changing the other
parameters. Background correction was done by the opposite solution to eliminate other effects.
We have corrected the background by Au NCs and vice versa to find the effect of CdTe QDs in
the nanocomposite. Fig. S8A (ESIT) represents SAXS profile with raw and simulated data of the

8
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naonocomposite (Au:Cd = 0.25:1), where only CdTe is monitored. Size distributions
corresponding to the CdTe QDs are given in Fig. S8B (ESIT), which is similar to pure QDs. To
visualize all the SAXS profile and size distribution of CdTe, the data are given Fig. 2A and Fig.
2B, respectively. Fig. 2 and Table 1 imply that the increase of Au content does not affect the
shape and size of CdTe QDs, also supported by the TEM. Noteworthy, the SAXS profile (Fig.
S9A, ESIf) of Au NC in the nanocomposite (Au:Cd = 0.25:1), changes significantly with respect
to the pure Au NC. It is clear from Fig. S9B (ESIt) that the size of Au NC increases from 1.8
nm to 4.0 nm. To confirm the systematic change of the size of the Au nanocluster, we have
obtained the SAXS profile of the other nanocomposite (Au:Cd = 0.07:1) also. All the SAXS data
of the nanocomposite (Au:Cd = 0.07:1) follows the same trend like nanocomposite (Au:Cd =
0.25:1). Therefore, the SAXS profile of the nanocomposite (Au:Cd = 0.07:1) is given in the
supporting information (Fig. S10, ESIT). Interestingly, the size evolution of Au NC from 1.8 nm
to 3.6 nm is also observed for 0.07:1 ratio of Au:Cd (Fig. S11, ESIf). For better representation,
we have plotted all the simulated data in Fig. 3 and it reveals that a gradual increase of the size of
Au nanocluster occurs. It is important to mention that we did not observe any change of size Au

NC and CdTe in the physical mixture (Fig. 3, show in Table 2).
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Fig. 2 SAXS profiles (A) and size distributions (B) of pure CdTe QDs (a) and nanocomposites (b
and c having Au:Cd are 0.07:1 and 0.25:1, respectively); where CdTe QDs is monitored.
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Fig. 3 SAXS profiles (A) and size distributions (B) of pure Au NC (a), nanocomposite (b and ¢
having Au:Cd are 0.07:1 and 0.25:1, respectively) and mixture (0.07:1) (d); where AuNC is
monitored.

To better characterize this nanocomposite, an XPS study was performed. In XPS study,
the peaks at 405.03 eV and 411.88 eV are due to Cd 3Ds;; and 3Ds), respectively for pure CdTe
QDs (Fig. 4A), which are consistent with previous results.” It is seen that the binding energy of
Cd 3Dsj; and 3Ds); are shifted towards lower eV region with increasing Au:Cd ratio. The binding
energy of Cd 3Ds/; and 3Ds; are shifted to 404.57 and 411.35 eV for lower Au:Cd ratio (0.07:1).
Shifting of the peaks to lower binding energy in nanocomposite system occurs due to the
difference of electronegativity between atoms. The higher electronegativity of Au atom causes
the shifting of Cd peak to lower eV in the present nanocomposite system.”' Consequently, the
peaks of Cd 3Ds; and 3Ds); are shifted to 404.02 and 410.8 eV, respectively for Au:Cd ratio
(0.25:1). Thus, the systematic shifting of the Cd 3Ds;, and 3D;), peaks to the lower binding
energy confirms the in-situ nanocomposite formation in present study. The peaks of 3Ds;, and
3D;;, of Te for pure CdTe are appeared at 571.81 and 582.17 eV (Fig. 4B), respectively.”
However, the 3Ds/, and 3Ds; peaks of Te are shifted to 570.94 eV and 581.14 eV, respectively at
highest Au:Cd ratio (0.25:1). Similarly, for the elements of Au in the pure Au NC, the
characteristic peaks of 4f;, and 4fs, are observed at 84.23 eV and 87.93 eV (Fig. 4C),
respectively.”® Nevertheless, the 4f;, and 4fs, peaks are shifted to 83.16 eV and 87.35 eV (Fig.
4C), respectively at higher Au:Cd ratio. This spectral shifting in nanocomposites is mainly due to

the interaction of the constituent (elements having different electronegativity), as depicted by the
10
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previous reports.”" > ** In controlled experiment, the peaks for the elements Cd, Te, and Au are
not shifted compare to the pure QDs and Au NC (Fig. S12, ESI{) in physical mixture (mixture of
pure Au NC and QDs). This confirms the interaction of the Au NC and QDs only occur in the
nanocomposite (in situ synthesis). Therefore, the systematic analysis of XPS data for the

elements of Cd, Te and Au confirms the formation of nanocomposite.
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Fig. 4 XPS spectra for the elements of (A) Cd, (B) Te and (C) Au in the nanocomposite having
variable of Au:Cd and in pure state.

Results from XPS, TEM and SAXS reveal that in-situ transformations formation of
nanocomposites. In the FTIR spectra (Fig. S13, ESIT), the small peak at 2507 cm™ is only found
in the pure GSH, is responsible for the S-H stretching.”® The absorption band at 2507 cm™ is

11
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absent in other systems, confirms the direct attachment of the S to Au NC and CdTe. The
relatively strong doublet in the Au NC and CdTe at 1116 and 1074 cm™ is due to the overlap of
the of C-O stretching and N-C bending.40 The doublet at 1600 cm™ and 1526 cm™ are
responsible for carboxylate of GSH. Therefore, the FTIR spectra confirm that the both the Au
NC and CdTe QDs are capped by the tripeptide GSH because of the high thiol affinity of the Au.
It is well established that even Au’" forms stable Au-GSH complex in presence of GSH, because
of the strong thiol-gold interaction.* The Au-GSH complex is insoluble in water as a result
precipitation occurs. The precipitate dissolves due to the de-protonation of the GSH (carboxylic
acid moiety) after the addition of NaOH and the Au-GSH complexes are negatively charged after
deprotonation. In solution, the negatively charged Au-GSH complexes are experienced strong
repulsive interaction among themselves. This electrostatic repulsion hinders aggregation and
aurophillic interaction (d'°-d"® interaction of Au) among Au-GSH complexes.*® Therefore, Au-
GSH moieties can freely move in to the solution and does not show any emission under the
expose of UV torch. Chelation between the negatively charged GSH and Cd*" takes place when
Cd*" is mixed with this solution. The chelation between Cd*" and GSH become prominent

(scheme 1) with time due to binding of Cd*" ions with Au-GSH complex.46’ 36

In presence of
Cd*" ions, the aurophillic interaction between Au-GSH complexes become favorable and
aggregation occurs. The Cd*" bind Au-GSH complex exhibits faint orange-red emission under
the exposure of UV light. Fluorescence of Au-GSH complex in presence of Cd*" ions arises due
to aggregation induced emission.*® The formation of nanocomposite between CdTe and Au NC
occurs after addition of Te* (NaHTe) because Cd*" interacts with the highly reactive Te”
(scheme 1). Therefore, Cd*" takes the leading role for the in situ nanocomposite formation by
controlling the aggregation of Au-GSH complex. The schematic representation of mechanism for

nanocomposite formation is shown in scheme 1, which is supported experimentally in details by

SAXS, XPS and FTIR.

12
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Heating at ¢
1100C

AuNC-CdTe
Nanocomposite

Scheme 1. Schematic representation of the Au NC-CdTe nanocomposite formation

Spectroscopic study

In Fig. 5, the strong absorption peak at 475 nm is due to the formation of pure CdTe QDs
having size about 2.9 nm, which is consistent with previous results.** Again, we have observed
that pure Au nanocluster shows a continuous absorption from 300 nm-500 nm (Fig. 5, purple
line) due the sp-sp and d-sp transition of Au NC, as described by the previous reports.” >
However, a systematic blue shifting with enhancement of the absorbance value occurs in
nanocomposite. The absorption band of QDs is shifted from 475 nm to 461 nm for the
nanocomposite having Au:Cd ratio is 0.25:1 (Fig. 5). However, the physical mixture of pure
CdTe QDs and Au nanocluster does not show any spectral shift. In the other nanocomposites
(Au:Cd ratio 0.07:1), the blue shifting of absorption peak with respect to the pure QDs is

observed and the absorption maxima of nanocomposites (Au:Cd ratio 0.07:1) is found to be at

470 nm (Fig. S14, ESIT). Therefore, the blue shifting of absorption spectra may be related to the

13
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metal cluster-semiconductor interaction in the nanocomposite, also supported by previous

report.”’
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Fig. 5 The absorption spectra of pure QDs (represented by ‘a’ red line), pure Au NC (represented
by ‘b’ black line) and nanocomposites (Au: Cd is 0.25:1, represented by ‘c’ blue line),
respectively.

Fig. 6 shows the PL spectra of CdTe QDs in pure and in the nanocomposite. Pure QDs
shows a strong emission at 523 nm upon the excitation at 375 nm and the emission maxima of
QDs does not change in the nanocomposite. The PL intensity of QDs decreases with increasing
the Au:Cd ratio. About 44% PL quenching of the QDs emission is observed in the
nanocomposite having 0.07:1 ratio of Au:Cd, whereas 99 % PL quenching of the QDs is
observed in the nanocomposite (Au:Cd ratio 0.25:1). There is no notable change in PL intensity
in the physical mixture of pure CdTe and pure Au NC (data are not shown). We have calculated
QY for pure QDs and nanocomposites (Table 3). The QY for pure CdTe is 12.0 % whereas the
QY is reduced to 0.6 % for Au: Cd ratio (0.25: 1). Therefore, the dramatic decrease of PL
intensity (99 %) and QY (95 %) suggests that several non-radiative processes occur in the

nanocomposite, which will be discussed later in details by time resolved spectroscopy.
14
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Pure CdTe QDs
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Fig. 6 The emission spectra of QDs in the nanocomposite, having variable Au:Cd ratio (0.07: 1,
0.14: 1 and 0.25: 1)

Time resolved spectroscopy is used to understand the decay dynamics of the CdTe QDs
in presence of Au nanocluster in the nanocomposite (Fig. 7). The average decay time of pure QD
is 29.29 ns with components of 2.24 ns (2 %), 12.5 ns (26 %) and 36.11 ns (72 %). On the other
hand, the average decay time of QDs in the nanocomposite (having Au:Cd ratio is 0.07:1) is
reduced to 26.42 ns, lower than the pure QDs. Corresponding decay components of
nanocomposite (Au:Cd ratio is 0.07:1) are 0.67 ns (7 %), 8.59 ns (19 %) and 33.44 ns (74 %),
respectively. The shortest lifetime is arising for the nanocomposite (Au:Cd ratio is 0.25:1) and it
is found to be 15.30 ns. The decay components are 0.46 ns (24 %), 5.08 ns (26 %) and 27.67 ns
(50 %), respectively (Table 3). The shortening of decay time of QDs is observed with increasing
the Au:Cd ratio. The shortening of the decay time is reflected on the drastic change of faster
component of the decay time. Though, the value of slower component of decay time is not
affected significantly by the increase of Au:Cd ratio (Table 3). Noteworthy, the value of the
faster component is 2.24 ns (2 %) for pure QDs and it reduces to 0.46 ns (24 %) for
nanocomposite, having Au:Cd ratio is 0.25:1. The drastic change of the faster component is due

to the involvement of nonradiative decay in the nanocomposite.

15
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To find the exact fluorescence decay pathways of QDs in the nanocomposite, we have
calculated the radiative and nonradiative rates (Table 3). The radiative (k;) and nonradiative (k)

rates are calculated using the following equations;

ki=¢/1 4)
and
ko =(1-9)/ T 5)

¢ and 1 denotes the QY and the average lifetime of the sample, respectively. The radiative and
nonradiative rates of pure QDs are 4.10x 10° s™ and 30.05x 10° s™', respectively. The radiative
and nonradiative rates in the nanocomposite (Au:Cd ratio 0.07:1) are 2.27 x 10° s™ and 35.58 x
10° s, respectively. Similarly, the radiative and nonradiative rates of the nanocomposite (Au:Cd
ratio 0.25:1) are 0.39 x 10° s™ and 65.13 x 10° s, respectively. It is well established that the
energy transfer is a nonradiative process, thus the drastic change in nonradiative process in the

nanocomposite (having different Au:Cd ratio) is may be related to the energy transfer (ET).>"*>*

Counts

= v v l v v v -
0 10 20 30 40 50 60
Time (ns)

Fig. 7 The decay curves of pure CdTe QD (a) and in the nanocomposite (Au: Cd 0.07: 1, Au: Cd
0.14: 1 and Au: Cd 0.25: 1 are shown by b, ¢ and d, respectively).
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Energy transfer study

To understand the mechanism of energy transfer, the evaluation of important parameters
like, spectral overlap and distance between donor and acceptor are needed. It is clearly seen that
there is a good overlap between the absorption spectrum of Au NC and the emission spectrum of
the CdTe QDs (Fig. S15, ESIT), indicating the possibility of energy transfer from donor QDs to
the proximal Au NC in the nanocomposite.

Generally, fluorescence resonance energy transfer (FRET) involves radiationless transfer
of energy from the donor fluorophore to an appropriate acceptor species. This process arises
from the dipole-dipole interaction and strongly depends on the center to center distance of the
donor and acceptor.”® In the nanocluster, semiconductor like band gap arises due to the strong
quantum confinement.'® Therefore, the energy transfer from QDs to Au NC can be viewed as
dipole-dipole interaction; hence the FRET model could be used, as depicted by the previous
report.”® According to the Forster theory,® the Forster distance is defined as the following:

2 6
R- 9000(1n150)z<4ch J() (6)
1287° Nn

where ¢p is the quantum yield of donor in the absence of acceptor (12.0 %), N is Avogadro’s
number, n is the refractive index of medium (1.33) and «* is the orientation factor of two
interacting dipoles. The value of k> depends on the relative orientation of donor and acceptor
dipoles.” For randomly oriented dipoles k* = 2/3, and it varies between 0 and 4 for the cases of
orthogonal and parallel dipoles, respectively. J(A) is the spectral overlap integral that is defined
as the following

» (7)
J(A) = j F,(A)e (A) A dA

Where Fp(A) is the normalized emission spectrum of donor, €5()) is the absorption coefficient of

acceptor at wavelength A (in nm). Again, according to the Forster theory the rate of the energy

transfer for donor-acceptor pair separated by a distance ‘r’ is given by the following equation:
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6 (8)
kT (7’) = i(%j

Tp

where kr(r) and 7 p are the rate of the energy transfer and lifetime of the donor in absence of the
acceptor, respectively. Noteworthy, the spectral overlap between donor QDs and the acceptor Au
NC increases with increasing the Au:Cd ratio in the nanocomposite. The calculated overlap
integrals are found to be 2.24 ><1015, 2.41 x 10" and 2.73 x 10" M! cm’ nm4, for the
nanocomposite systems (having Au:Cd are 0.007:1, 0.14:1 and 0.25:1), respectively. Forster
distances between the donor and acceptor are found to be 38.72, 39.20 and 40.58 A for the
nanocomposite (having Au:Cd are 0.007:1, 0.14:1 and 0.25:1), respectively. We have calculated
the donor-acceptor distance and rate of energy transfer using FRET model. The distance between
donor and acceptor for nanocomposite (Au:Cd ratio is 0:007:1) is found to be 56.05 A and the
distance is decreased to 43.25 A for the nanocomposite having 0.14:1 ratio of Au: Cd ratio.
However, the shortest donor-acceptor appears in the nanocomposite having Au: Cd is 0.25:1 and
the estimated donor-acceptor distance is 40.58 A. The rate of energy transfer in the
nanocomposite is also affected by the change of the donor-acceptor distance. The donor-acceptor
distance decreases with increasing the Au:Cd ratio in the nanocomposite, therefore the rate of
energy transfer is increased. The rate of energy transfer is found to be 3.71 x 10°s™, 18.90 x 10°
s and 31.41 x 10° s for the nanocomposite, Au:Cd ratios are 0.007:1, 0.14:1 and 0.25:1,
respectively. We have also calculated the energy transfer efficiency is by using the following

equation,

$er = 1- (tpa/ ) )
where, ¢rr, Tpa and 1p are the energy transfer efficiency, decay time of QDs in nanocomposite

and in pure state, respectively. The obtained energy transfer efficiency (Table 3) changes from
9.8 % to 35.6 % with changing the Au:Cd ratio from 0.07: 1 to 0.14:1. However, the highest
energy transfer efficiency is obtained in the nanocomposite (Au:Cd ratio 0.25: 1) and it is found
to be 47.9 %. Therefore, the increase of energy transfer efficiency with increasing the Au content
in the nanocomposite is not only due to the better spectral overlap between the donor-acceptor

but also due to the close proximity of the acceptor Au nanocluster around the QDs surface.

18



Page 19 of 31

Journal of Materials Chemistry C

Sensing of amino acid

These metal cluster-semiconductor nanocomposites (Au: Cd ratio 0.07:1) are being used
as optical based sensor for probing different amino acids. Fig. 8 shows the drastical increment in
PL intensity of the nanocomposite with the addition of the L-Cys amino acid. Other amino acids
do not exhibit significant change in the PL intensity, the concentration of other amino acids was
taken 10 times higher than the L-Cys. Analysis of the histogram (Fig. 9) reveals that this
nanocomposite is very selective to L-Cys. The PL intensity of the nanocomposite does not show
any enhancement even in the mixture of all amino acids (except L-Cys). However, about 55%
enhancement of the PL intensity of this nanocomposite is observed in presence of L-Cys which
confirms high sensitivity and selectivity of the nanocomposite to the L-Cys. In the controlled
experiment, we have observed that pure CdTe QDs does not show any PL enhancement in
presence of L-Cys. The enhancement of PL intensity of the nanocomposite in presence of L-Cys,
is said to be turn on of the signal. Thus, this nanocomposite could be used as a turn on optical

probe for the sensing of L-Cys.

180
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— Gly Lys
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1204 —— Met Asp
— Mix Tyr
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PL Intensity (a.u)
8
1

60
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460 480 500 520 540 560 580 600
Wavelength(nm)

Fig. 8 The PL response of the composite probe in presence of different amino acids
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Fig. 9 Histogram of the PL intensity of the composite probe in presence of different amino acids.

Fig. 10A demonstrates the enhancement of PL intensity in presence of variable concentration of
L-Cys. The maximum enhancement of PL intensity is observed for the 24.6 uM concentration of
L-Cys, after that saturation occurs. To get the calibration curve, the enhanced PL intensity of the
nanocomposite is plotted against the concentration of L-Cys (Fig. 10B). The probe shows a very
good linear behavior up to 24.6 uM concentration of L-Cys. The limit of detection (LOD) for L-
Cys is calculated from the slope and the intercept of the calibration line and the LOD for L-Cys
is found to be 192 nM in the present study. Therefore, this nanocomposite system could be used

as an optical sensor for the detection of L-Cys, using turn on approach.
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Fig. 10 The enhancement of PL intensity of the nanocomposite probe (Au:Cd is 0.07: 1) in
presence of different concentrations of L-Cys (A). The calibration curve of L-Cys to calculate
the limit of detection (LOD) (B).

The nanocomposites with the ratio of Au:Cd is 0.14:1 could also be used for the detection
of L-Cys. It is clear from Fig. S16A (ESI) that the PL enhancement of the nanocomposite
(having Au:Cd is 0.14: 1) occurs in presence of L-Cys. However, the PL enhancement of this
nanocomposite is much lower than the nanocomposites (Au:Cd is 0.07: 1) for same L-Cys
concentration. The LOD is found to be 268 nM for the nanocomposite (having Au:Cd is 0.14: 1)
from Fig. S16B (ESIt), which is much higher than LOD value in nanocomposite (Au:Cd is 0.07:
1). Lower efficiency of the nanocomposite (Au:Cd is 0.14: 1) is due to the lower QY than the
nanocomposite (having Au:Cd is 0.07: 1, Table 3).

The plausible mechanism for PL enhancement of the nanocomposite in presence of L-
Cys is proposed. L-Cysteine contains thiol (SH) group. Thiols have very strong affinity to the Au
or Ag metals due to the soft-soft interactions.*® Generally, if thiol containing ligands are
incubated with the Au NC, sulfur group interacts with the Au NC and form Au-S bond.
However, L-Cys can interact with different way with the nanocluster. It is suggested.*” ¢' that
the etching of the GSH capped nanocluster is observed in presence of L-Cys due to the small size
of L-Cys. To support the hypothesis, we have performed XPS and lifetime measurement of the
nanocomposite (Au:Cd is 0.07: 1) in absence and presence of L-Cys. The XPS spectra (Fig.
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S17A, ESIf) for Au (in the nanocomposite) in presence of L-Cys is found to be at 84.12 and
87.81 eV for 4f7, and 4fs), respectively, which is similar to the nanocomposite in absence of L-
Cys (Fig. 4C ). However, the XPS of the S (in the nanocomposite) changes significantly in
presence of L-Cys. In absence of L-Cys, Fig. S17B (ESIt) depicts that the spectrum of S is
highly symmetric in nature (peak maxima is at 161.96 eV). Nevertheless, the spectrum became
asymmetric due to arise of a new peak at the higher binding energy (at around 163.0 eV) in
presence of L-Cys. The peak at 161.96 eV (Fig. S17B, ESIf, both in presence and absence of L-
Cys) is due to the Au bound S in the nanocluster, which is consistent with previous report.> The
curve is deconvoluted (Fig. S17C, ESIT) to analysis the asymmetric nature of the S peak in
presence of L-Cys,. The deconvoluted spectrum suggests that the new peak arises at 163.07 eV
(Fig. S17C, ESIf) which is due to S-S bond formation.'* ®* The S-S bond formation is further
supported by the FTIR spectra of the nanocomposite in presence of L-Cys (Fig. S18, ESIT). A
very weak peak close to 587 cm™ is observed in the nanocomposite only in presence of L-Cys,
due to the S-S bond formation, as suggested by the previous report.”> However, the peak is
absent in pure L-Cys and nanocomposite (in absence of L-Cys). Noteworthy, we have incubated
the nanocomposite only with L-Cys, which only has S-H group, thus in-situ S-S bond is formed
after the incubation. It is well established that the S-S bond is formed during etching and the
deconvoluted XPS the spectra (Fig. S17C, ESIT) suggest that S-S bond formation.** Therefore
the PL enhancement of the nanocomposite in presence of L-Cys could be due to the etching of
the Au NC in the nanocomposite. However, the other possibility is the displacement of GSH by
L-Cys may. To confirm the inhibition of energy transfer from QDs to Au NC, after the
incubation of L-Cys, we have performed the time resolved measurement. Fig. S19 (ESIt) depicts
the lifetime of the nanocomposite increases in presence of L-Cys in compare to the
nanocomposite in absence of L-Cys. The average lifetime of the nanocomposite in presence of
L-Cys is found to be 28.34 ns whereas it was 26.24 ns (Table 3) in absence of L-Cys. The decay
components of the nanocomposite in presence of L-Cys are found to be 1.02 (2 %), 8.52 (18 %)
and 33.48 ns (80 %). Therefore, the enhancement of lifetime in presence of L-Cys confirms the
restriction of ET from donor QDs to Au NC quencher. Possibly etching of the Au NC (quencher)

by L-Cys is the main reason behind the turn on (PL enhancement) of the nanocomposite.
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Conclusion

In summary, Au nanocluster-CdTe QDs nanocomposites are synthesized from Au
clusters and photophysical properties of metal-semiconductor nanocomposites are found to be
composition dependent. The blue shifting of absorption band of QDs and photoluminescence
quenching is related to metal cluster-semiconductor interactions in the nanocomposite. Time
resolved spectroscopic study confirms the Forster resonance energy transfer process from QDs to
Au cluster under photoexcitation. Furthermore, the energy transfer process from QDs to Au
cluster is stalled due to the strong Au-S interaction in presence of L-Cys, as a result turn on of
the PL signal is observed. The PL signal enhancement has been used to detect the L-Cys amino
acid selectively and the LOD for L-Cys is found to be 192 nM. Thus, we may conclude that this
new optical probe of Au NC-QD nanocomposites would be very promising for detection of

amino acids.
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Table 1. The particle size distributions of pure CdTe and nanocomposites

Page 28 of 31

Sample Particle size (nm) Normalized Volume (%) R factor (%)
Distribution (%)
Pure QD 2.9 21.8 92.17 2.24
Nanocomposite
(Au:CdTe 2.9 33.8 84.94 1.98
=0.07:1)
Nanocomposite 2.9 46.9 74.05 5.43
(Au:CdTe
=0.14:1)
Mixture 2.9 31.5 96.33 2.56
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Table 2. The particle size distributions of Au naocluster and nanocomposites

Sample Particle size (nm) Normalized Volume (%) R factor (%)
Distribution (%)
Pure AuNC 1.8 29.0 86.71 3.28
Nanocomposite 3.6 40.4 87.19 2.23
(Au: CdT =0.07:1)
Nanocomposite 4.0 55.0 85.70 2.30
(Au: CdTe
=0.14:1)
Mixture 1.9 54.0 97.85 2.71

29



Journal of Materials Chemistry C

Page 30 of 31

Table 3. The Average decay times, quantum yields, radiative rates, nonradiative rates and

energy transfer efficiencies of pure CdTe QDs and nanocomposites

Au: Emission t;inns T inns T3inns <> QY Kix 10° Knr><106 Qe

Mo (Mm@ @ @ ) ) 6 6) o

0 523 2.24 12.5 36.11  29.29  12.0 4.10 30.05 ---
(0.02) (0.26) (0.72)

0.07:1 523 0.67 8.59 33.44  26.24 6.0 2.27 35.58 9.8
0.07)  (0.19) (0.74)

0.14:1 523 1.03 7.52 27.10  18.85 5.0 2.65 50.39 35.6
(0.12)  (0.26) (0.62)

0.25:1 523 0.46 5.08 27.67 15.26 0.6 0.39 65.93 47.9
(0.24)  (0.26)  (0.50)
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TOC: Photoluminescence quenching and enhancement of the Au NC-CdTe nanocomposite.
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