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The present work describes the tunable emission in inorganic-organic hybrid NPs
which can be useful for optoelectronic and biosensing applications. In this work,
Mn- ZnS nanoparticles emitting various colors, including blue and orange, were
synthesized by simple chemical precipitation method using chitosan as a capping
agent. Earlier reports describe that emission color characteristics in nanoparticles are
tuned by varying particle size and with doping concentration. Here in this article
tunable emission has been achieved by varying excitation wavelength in a single
sample. This tunable emission property with high emission intensity was further
achieved by changing capping concentration keeping host Mn-ZnS concentration
same. Tunable emission is explained by FRET mechanism. Commission Interna-
tionale de 1’Eclairage (CIE) chromaticity coordinates shifts from (0.273, 0.20) and
(0.344, 0.275) for same naocrystals by suitably tuning excitation energy from higher
and lower ultra-violet (UV) range. Synthesized nanoparticles have been characterized
by X-ray diffraction, SEM, HRTEM, UV- Visible absorption and PL spectroscopy
for structural and optical studies. Using tunable emission property, these highly
emissive nanoparticles functionalized with biocompatible polymer chitosan were
further used for glucose sensing applications. Copyright 2012 Author(s). This ar-
ticle is distributed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.3698310]

Il. INTRODUCTION

Semiconductor nanoparticles (NP’s) exhibit tunable emission either by size selective synthesis
or by doping suitable transition metal ions in wide band gap nanocrystals (NC’s). These properties
enable NPs to be used as lasers, flat panel displays, optical storage, single electron transistors and
as biological probes.'™ CdSe and CdTe have been widely studied as tunable emitters due to their
quantum size effect.>* These NPs have been synthesized in the range of 2 to 20nm to obtain colors in
the visible spectrum. But intrinsic toxicity of cadmium has created doubt for its end application.’ Also
many groups have studied various kinds of doped NC’s for other applications.’~!? Suitable doping
in host NC’s lattice can give different colors in visible region. Moreover, for sensing applications a
suitable functional group is required for attachment of QDs with biological molecules. Considering
this aspect a need is felt to search for a nanophosphor of non toxic nature to be used in sensing
applications. Among all semiconductor nanomaterials, ZnS nanocrystals doped with transition metal
ions such as Mn?* have been regarded as a promising new class of nanophosphors, owing to their
superior luminescent properties.”'* Also in these materials we can get various colors in visible
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region by doping ZnS with different transition metal ions.'®~'> However, as synthesized Mn?>* doped

ZnS NC'’s usually suffer some problem such as poor quality of NC’s and limited tunable emission
color.” It is also reported earlier that by doping transition metal ions or rare-earth elements into ZnS
NCs, the luminescence region can extend to the full UV—visible band. Bhargava et al.'? first reported
the preparation and photoluminescence (PL) properties of ZnS: Mn NCs. Thereafter, Mn>* doped
ZnS NCs become a favorable phosphor, contributing to the characteristic luminescence properties
in orange region for potential applications in displays, sensors, and lasers.'> In Mn>* doped systems
usually orange emission around 590 nm resulting from *T;-%A; transition of the Mn>* impurity
excited by energy transfer from the ZnS host is observed. However, in all reports mentioned above
many samples of different particle sizes (CdSe, CdTe etc.) or with different dopants (ZnS: Mn, ZnS:
Cu, CdS: Mn, ZnO: Eu etc.) or different doping concentrations (ZnS: Mn (0.1-5%) are required
to achieve tunable color.>*7-%-11:14 Despite the promise of these systems, so far, no study has
been reported on tunable emission in visible region in a single sample which at nanoscale can be
functionalized for biosensing applications. Recently our group has reported a tunable emission in
manganese doped and capped ZnS NPs where single sample of defined concentration emit two colors
(orange and green).'”!® In that case it was achieved by changing excitation wavelength from 215nm
to 320nm in organic inorganic doped hybrid nanocomposites. These synthesized samples were used
for biosensing applications using fluorescence studies. In order to achieve same property many
samples were required earlier with precise control of size or doping.>>’ Cao et al.'® have reported
excitation intensity dependent tunable color emissions in CdS/ZnS doped with Mn in single sample
where blue and orange colors in a single sample was observed. Here in this article we have used
three different concentration of chitosan (CH) for synthesis of ZnS: Mn?* (0.1at. %) NPs. Tunable
emission wavelength from blue to yellow orange is achieved by changing excitation wavelength
for the same sample. Apart from this an increase in chitosan concentration from 0.01 to 1.0 at. %
results ten fold rise in PL intensity along with tunable emission property in same sample. Optimized
concentration of capping polymer has been achieved by synthesizing chitosan (0.1, 0.5, 1.0, 1.5,
2.0%) capped ZnS NPs. Chitosan being non toxic and biocompatible polymer possesses tunable
emission with ZnS Mn?>* NPs which is excitation modulated. Often organic polymers are used to
stabilize the NPs and also terminate growth.'> Here organic polymer is not only stabilizing the NPs
but may result charge generation, charge transfer and charge separation at the interface between
polymers and NPs.!>1® Also fluorescence resonance energy transfer (FRET) mechanism is used to
explain this new type of tunable emission in singe sample. This work illustrate coupling between
Frenkel exciton in organic polymers with wannier exciton in inorganic semiconductors which has
been observed for the present nanophosphors and is used for sensing different concentrations of
glucose. As glucose level in blood is usually used as a clinical indicator of diabetes, so rapid
and accurate determination of glucose in human blood and urine is essential in the diagnosis of
diabetes, which is affecting about 150 million people in the world.?’ Based on the enzyme-catalyzed
oxidation mechanism glucose oxidase (GOD) has been widely used for optical and electrochemical
determination of glucose. Also phosphorescence based detection for blood glucose is reported by
tagging ZnS: Mn?* with enzyme GOD.?° But here in this article we have used biocompatible polymer
chitosan for functionalizing ZnS: Mn?* core for sensing of glucose-D. Also tunable emissions from
400nm to 587nm have been reported for same sample with tenfold increase in emission intensity
than previously synthesized samples.'®

II. EXPERIMENTAL SECTION
A. Materials

In the present study, raw materials used for preparing the samples were zinc acetate (Zn
(CH3COO), - 2H;0) (99.99%, Sigma Aldrich), sodium sulphide nonahydrate (99.99%, Sigma
Aldrich), chitosan (CH, 99.99%, Sigma Aldrich), Manganese acetate (Mn (CH3COO), - 2H,0,
99.99%, Sigma Aldrich), double distilled water. All these materials were used without any further
purification.
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B. Synthesis of CH capped ZnS and CH capped Mn doped ZnS nanocrystals

High purity research grade chemicals purchased from Sigma Aldrich were used without further
purification. Chitosan is hydrophilic, nontoxic, biocompatible and biodegradable. CH (0.1-2.0%)
capped undoped and CH capped Mn (0.1%) doped ZnS NPs were synthesized by chemical precipi-
tation method as mentioned in our earlier reports.'”-!8 In the first step 40mL homogenous solutions
of 0.5M zinc acetate, 0.5M sodium sulphide was prepared separately in distilled water by stirring
them for half an hour. Also solution of different concentration (0.1, 0.5, 1.0, 1.5, 2.0 at. wt. %)
of capping agent (chitosan) used in present investigation was prepared in 40mL solution of 1.0 %
acetic acid in distilled water separately. Chitosan is insoluble in water and strong acids but is soluble
in dilute acids, as amine group is protonated to NH;*. Here we have used 1% acetic acid solution
in distilled water to dissolve chitosan. For the synthesis of capped ZnS NPs with various capping
concentrations, different sets of 40mL solution of CH (0.1-2.0%) were added slowly in different
sets of 40mL solution of 0.5M zinc acetate. All these sets were stirred for half an hour at room
temperature. Then to these reaction mixtures 40mL solution of 0.5M sodium sulphide was added
drop wise. Soon after the addition of sodium sulphide the precipitation phenomenon occurs and
concentration of precipitates increases as addition was increased. For the synthesis of CH (0.01,
0.1, and 1.0 %) capped ZnS: Mn NPs, 0.1% manganese acetate solution was added to zinc acetate
solution prior to addition of CH solutions. The procedure following this is same as for undoped
NPs and is described above. The solution containing particles (CH capped and doped, CH capped
undoped ZnS NPs) were then centrifuged at 4000 rpm for 5 minutes. The precipitated particles were
filtered using Whatman 40 filter paper. To remove the last traces of adhered impurities, the particles
were washed several times using double distilled water. The washed particles were dried in vacuum
oven at 60°C for 24 hours. For comparison of PL intensity and tunable emission property ZnS: Mn>*
(0.1at. %) NPs were synthesized with three different concentrations of chitosan (0.01, 0.1, 1.0 at.
%). In this study, chitosan was used as surfactant to control the nanocrystal growth and to stabilize
the nanocrystals against aggregation. In addition, chitosan was also used to render the nanocrystals
water soluble and provide functional chemical groups for further attachment of glucose. For glucose
sensing five sets of 0.2 gm of ZnS: Mn?t @ chitosan particles dispersed in 5 mL of Mili-Q water
were made. First one is labeled as control. In other four sets 2.5uL, SuL, 7.5 nL and 10 L of 0.5M
glucose-D solution was added and used for further studies.

C. Characterization

The ZnS NPs were characterized by X-ray diffraction (XRD) using Panalytical Xpert Pro MPD
with Cu-K,, radiation. TEM micrograph has been recorded using Analytical Transmission electron
microscope (FEI model Technai G2-F30) S-Twin having field emission gun with EDS attachment
and also having accelerating voltage of 300KV. For TEM study the powder was ultrasonicated in
ethanol. One drop of this solution was dropped on carbon coated Cu grid. Ethanol was allowed to
evaporate to get finally dispersed powder. Optical absorption of the ZnS particles were recorded with
a double beam UV-Visible spectrophotometer (Model: Specord-205) in the 190—1100nm range. PL
studies were done with spectrometer (Model: Perkin Elmer55) having slit width of 10nm in all the
samples. For all optical studies 0.01gm sample was dispersed in 5 mL of distilled water and further
ultrasonicated for half hour to obtain transparent colloidal solutions.

lll. RESULTS AND DISCUSSIONS
A. Structural Studies

Fig. 1(a) and 1(b) shows X-ray diffraction pattern of CH (0.1, 0.5, 1.0, 1.5, and 2.0%) capped
ZnS and Mn (0.1%) doped, CH (0.01, 0.1, and 1.0%) capped ZnS NPs. It shows three broad peaks
corresponding to the (111), (220) and (311) planes of FCC ZnS structure. It is to be noted that,
the peaks observed in the XRD pattern match well with those of the 8-ZnS (cubic) reported in the
ICDD Powder Diffraction files (File. No.80-0020). Lattice spacing (d values) of most intense peak
of (111) plane comes out to be 3.09A. The lattice constant determined from the XRD pattern using
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FIG. 1. (a) XRD pattern of CH (0.1-2.0%) capped ZnS NC'’s (b) CH (0.01-1.0%) capped ZnS:Mn NPs.
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(111) plane is a = 5.334 A, which is close to the reported value of cubic ZnS (JCPDS card, No.
80-0020, a = 5.345A). Broadening of the XRD peaks indicates the formation of ZnS NC’s. The nano
crystals have lesser lattice planes compared to bulk which contributes to the broadening of peaks in
the diffraction pattern. This broadening is also due to micro straining of the crystal structure which
arises from dislocation and twinning.?! No secondary phase(s) are present in the ZnS: Mn>* NP’s.
The average crystallite size using Scherer’s formula is estimated from three planes is 2.65, 2.55,
2.45, 2.60, 2.64nm for CH (0.1-2.0%) capped ZnS NC'’s and 2.15, 2.13 and 2.01 nm respectively
for CH (0.01, 0.1, 1.0 at. %) capped ZnS: Mn>* NC’s. Fig.2(a) shows SEM micrograph of CH
(0.1%) capped ZnS:Mn NPs. It shows abundance of spherical particles along with surface present
polymer chitosan. Fig.2(b) shows SEM micrograph of CH (1.0%) capped NPs. It shows presence
of well separated spherical microspheres of average diameter 2um (shown in Fig. 2(c)). On the
surface of each sphere small particles are adsorbed which show agglomeration by adsorbed polymer.
TEM micrograph of CH (0.01%) capped ZnS NPs is showing spherical crystallites of average size
3nm (Fig.S1, Ref.22). Inset of this Fig.S1 shows corresponding SAED pattern showing the presence
of three planes. TEM micrograph of CH (0.1%) capped NPs are shown in Fig-3(a) which shows
spherical crystallites having mean size ~3.0-4.0 nm. It shows isolated NPs embedded in clusters
which are shown in SEM images. Fig-3(b) shows TEM micrograph of CH (1.0 at. %) capped NPs. It
shows an abundance of nearly spherical crystallites, which also have a mean particle size of 3.0 nm.
Fig. 3(c) represents a magnified HRTEM image of the Mn-doped chitosan (1.0 at.%) capped ZnS
NPs with the (111) lattice planes. Magnified HRTEM image of capped NPs is shown in right upper
and middle inset. The spacing of the lattice fringes in this HRTEM image is found to be 3.08 A,
which corresponds to the (111) plane of the cubic phase of ZnS which is nearly same as observed in
XRD studies as shown above. This is also confirmed from the fast Fourier transform (FFT) pattern of
the HRTEM image, as shown in the lower right inset of Fig. 3(c). Fig. 3(d) shows SAED pattern for
CH (1.0%) capped NPs. The SAED pattern shows a set of sharp rings corresponding to diffraction
from different planes of the nanocrystallites instead of spots due to the random orientation of the
crystallites. It is evidently observed three rings corresponding to the (111), (220) and (311) lattice
planes of the cubic phase of ZnS, which is in good agreement with the above XRD patterns. Fig.S2
(Ref. 22) shows EDAX pattern of CH (1.0%) capped NPs showing presence of zinc, sulphur and
little oxygen and carbon due to polymer.

B. Absorption Studies

Fig-S3 (Ref. 22) shows the absorbance versus wavelength (A) traces of the CH (0.1- 2.0%)
capped ZnS NPs. The absorption spectrum of capped samples show blue shift in absorption shoulder
edge as compared to bulk ZnS (340nm) which is due to quantum size effect. Using the Manifacier
model,>® the absorption coefficients (c) were calculated in the region of strong absorption. The
values of the band gap were determined by extrapolating the straight line portion of the (ahv )
versus hv graphs to the kv axis as shown in Fig-4(a) and Table I. As ZnS is direct band gap material
so value of n taken is % From the plots the values of band gap were obtained as 3.92, 4.32, 4.65,
4.42 and 4.42eV for CH (0.1, 0.5, 1.0, 1.5, 2.0 at. wt. %) capped ZnS NPs respectively. The results
of 1.0% capped sample shows maximum band gap which accounts for high quantum confinement
of electrons in this concentration of chitosan. The optical absorption spectra of the CH capped
and Mn doped ZnS NPs are shown in Fig-4(b). The absorption spectrum for CH (0.01, 0.1, and
1.0%) capped NP’s shows absorption shoulder at 325nm, 325nm and 311nm respectively. Again
using the Manifacier model,?® the absorption coefficients () were calculated in the region of strong
absorption. The exact values of the band gap were determined by extrapolating the straight line
portion of the (ahv)'* versus hv graphs to the hv axis as shown in Fig-4(c). From the plots the
values of band gap were obtained as 4.65eV, 4.73eV and 4.82eV for CH (0.01, 0.1 and 1.0 at. %)
capped ZnS: Mn>* NPs respectively. The band gap values were found to increase due to reduced
particle size showing strong quantum confinement effect which is higher than the bulk value (340nm
of ZnS) having band gap of 3.6 eV.
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SEM HV: 15.00 kv WD: 2.9536 mm
SEM MAG: 6.34 kx Det: SE Detector
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FIG. 2. (a) SEM micrograph of CH (0.1%) capped ZnS:Mn (0.1%) NPs, (b) SEM micrograph of (c) particle size distribution
of CH (1.0%) capped ZnS:Mn (0.1%) NPs.
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(a)

20 nm
—

(@

FIG. 3. (a) TEM micrograph of CH(0.01%) capped, (b) CH (1.0%) capped, (c¢) HRTEM (right upper and middle inset shows
magnified HRTEM image showing 0.308nm d spacing, bottom right inset shows FFT pattern of selected HRTEM image),
(d) SAED pattern of CH (1.0%) capped ZnS NPs.
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FIG. 4. (a) Estimated band gap by tauc’s plot for CH (0.1-2.0%) capped ZnS NPs, (b) Absorbance spectra, (c) estimated
band gap by tauc’s plot for CH capped ZnS: Mn NPs.
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TABLE I. Showing particle size variation of all samples with absorption and photoluminescence results.

Absorption Excitation ~ Excitation

wavelength wavelength  wavelength Emission
Particle (nm) (nm) (nm) wavelength (nm)

Size (nm) UV-Vis. 410nm 590nm Band gap (eV) 284nm  325nm
Sample XRD TEM  Spectra emission emission  UV-Vis. PLE PLE PLE
CH(0.1%)ZnS NPs 2.65 - 305 280 - 392 442 395 395
CH(0.5%)ZnS NPs 2.55 - 270 281 - 432 441 395 395
CH(1.0%)ZnS NPs 2.45 - 276 284 - 4.65 436 395 395
CH(1.5%)ZnS NPs 260 - 285 282 - 442 439 395 395
CH(2.0%)ZnS NPs 264 - 305 280 - 442 442 395 395
CH(0.01%)ZnS:Mn(0.1%)NPs  2.15 3-4 325 281" 344" 4.65 - 400,587 447,587
CH(0.1%)ZnS:Mn(0.1%)NPs ~ 2.13  3-4 325 284" 298, 340" 4.73 - 400,587 447,587
CH(1.0%)ZnS:Mn(0.1%)NPs ~ 2.01 3-4 311 284 298,318,325 4.82 436 400,587 447,587

*Data is not shown in Figures.
Spaces left vacant shows data not collected, not possible or not applicable.

C. Luminescence Studies

Fig.5(a) shows excitation spectra of CH (0.1-2.0%) capped ZnS NPs at fixed emission wave-
length of 410nm. It shows excitonic peak centered around 280nm for all CH (0.1-2.0%) concen-
trations. With increase in concentration of capping agent CH from 0.1-1.0%, intensity of excitonic
peak increases and spectra becomes broadened. With further increase in CH from 1.0-1.5 and 2.0%
intensity of excitonic peak decreases with slight reduction in broadening. Calculated band gap from
excitation spectra are given in Table I for all samples which matches with those calculated with
absorption spectroscopy.

Fig. 5(b) shows PL spectra of CH (0.1-2.0%) capped ZnS NPs at 284nm excitation wavelength.
Emission peak is observed at 395nm for CH capped ZnS NPs. With increase in capping concentration
from 0.1 to 0.5% and further to 1.0% there is increase in emission intensity along with increase
in full-width at half maximum. From Table I it is clear that with increase in concentration of
capping polymer from 0.1-1.0% there is decrease in crystallite size causing increase in band gap.
This increase in PL intensity is due to strong quantum confinement effect and decrease of surface
defects with increase in capping agent. The emission observed around 390-410nm results from
defect states (sulphur vacancies acting as trap states) which should be further passivated as the
amount of capping agent is increased. However, the observed PL intensity of defect states increases
surprising (for 0.1-1.0% CH). Moreover, with further increase in CH concentration from 1.0-1.5
and 2.0 % emission intensity observed is decreased. This decrease is probable because the increased
capping concentration leads to partially passivation of zinc defects, resulting in decrease of their
characteristic emission. It is reported in our previous paper'® and later on (Fig. 6(d)) in this article
that pure chitosan shows broad emission around 350-450nm having maxima at 357nm. So with
increase in chitosan concentration from 0.1-0.5 and 1.0% increase in PL intensity can be attributed
to convolution of chitosan emission with defect related emission around 410nm. It is reported earlier
that 410nm peak in ZnS is due to transfer of electrons from sulphur vacancies acting as trap states
to zinc defects.” !%18:24 It is possible that for 1.5% and 2.0% CH sample, zinc defects are passivated
resulting in elimination of its corresponding peak at 410nm. This might have slightly decreased the
integrated emission around 395nm in this case. The adsorbed polymer lies on surface of NP and
due to high surface to volume ratio at nano regime more defects would lie on surface so sufficient
amount of polymer can passivate defects causing decrease in emission intensity of 410nm peak for
1.5 and 2.0 % CH. Since we wish to achieve tunable emission color in single sample and 1.0%
CH capped NC’s show maximum PL intensity for 395nm emission so for further PL studies with
capping and doping both, this concentration of CH is selected. As for higher concentration of CH
(1.5-2.0%) there is decrease in blue color intensity so that samples after doping (Mn) could only
give orange color which is well reported in literature.” %24
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Exciation spectra of Chitosan capped ZnS NPs
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FIG. 6. (a) Excitation spectra of CH capped ZnS Mn NPs. (b, ¢) PL spectra of chitosan (CH) capped ZnS: Mn at different
excitation wavelengths. (Excitation wavelength and sample specifications are written as an inset for each case) (d) FRET
mechanism with absorption and PL spectra (e) Energy transfer mechanism for CH capped ZnS: Mn NPs at 284nm excitation
(f) Energy transfer mechanism for CH capped ZnS: Mn NPs at 325nm excitation.

Fig-6(a) shows excitation spectra of CH (1.0%) capped ZnS: Mn>* NC’s for two possible emis-
sions (400, 590nm). For emission in range of 400nm excitation spectra is broadened in comparison
to undoped CH (1.0%) ZnS NPs showing highest excitonic peak at 280nm along with weak peaks at
305nm, 330nm respectively. This broadening can be attributed to more energy states present in doped
and capped sample in comparison to undoped and capped sample. Further for Mn dopant related
emission (590nm), the PLE spectra exhibit red shifts from 284nm to 298nm and 318nm. This shows
that in doped sample there are two possible emission sites for emission. As excitonic peak around
284nm is observed for undoped samples also so it can be responsible for 410nm emission due to trap
states and 350-400nm emission due to chitosan. Also excitonic peak around 298-330nm results for
590nm emission so this shows that emission spectra would be dependent on excitation wavelength.
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TABLE II. showing relative emission intensities of blue and orange color along with CIE coordinates.

T400/587 (blue/orange) CIE coordinates Color O/P
For 284nm  For 325nm  For 284nm For 327nm For 284nm  For 325nm
Sample PLE PLE PLE PLE PLE PLE
CH (0.01%) ZnS: Mn (0.1%) NPs 1.11 0.66 - - Blue Orange
CH (0.1%) ZnS: Mn (0.1%) NPs 1.35 0.85 - - Blue Orange
CH (1.0%) ZnS: Mn (0.1%) NPs 3.59 0.79 (0.273,0.20)  (0.344, 0.275) Blue Orange

“Data is not shown in Figures.
Spaces left vacant shows data not collected, not possible or not applicable.

In order to further explain these dual excitonic peaks for same sample in excitation spectra, emission
spectra were recorded for all doped and undoped samples at two different excitation wavelengths
(284, 325nm).

Fig-6(b) and 6(c) shows a comparison study of PL spectra of these ZnS: Mn>* NP’s at two
different excitations (284, 325nm). The spectra were recorded at an emission filter at 290 and 350nm
for corresponding excitation wavelength of 284 and 325nm. Fig 6(b) shows PL spectra of chitosan
capped ZnS: Mn NPs at 284nm excitation wavelength showing emission at 400nm in all the samples.
This emission corresponds to the self activated blue emission near band edge emission which is due
to radiative transition from the sulphur vacancies (Vy) to zinc defects?*2¢ and adsorbed chitosan on
host ZnS surface (discussed later). Emission at 587 nm is due to *T; - ®A, transitions in dopant Mn?**
energy levels.® %2425 As shown in Fig 6(b) and 6(c) an increase in integrated PL emission intensity
is observed with increase in capping concentrations from 0.01-1.0at % for both excitations. This
rise in PL intensity is also observed for undoped CH (0.1-2.0%) ZnS NPs which is due to presence
of chitosan emission for same excitation conditions. So, for further study we have used CH (1.0%)
capped sample only.

It is observed in Fig.6(b) that for excitation wavelength of 284nm, emission spectrum is broad
having two peaks at 400nm and 587nm. Emission intensity of 400nm peak is higher than 587nm peak
which is calculated and presented in Table II. However, at 325nm excitation, emission corresponding
to 400nm is quenched and 590nm is enhanced for the same sample (Fig-6(c)). This shows single
sample (CH 1.0 at. % ZnS: Mn”*) is emitting two different colors at different excitations. For
understanding the possible influence of chitosan on PL intensity of doped QDs, the fluorescence of
chitosan was investigated. Using 284nm excitation wavelength a broad fluorescence spectrum (300-
500nm) with peak centered at 357nm was observed for pure chitosan (Fig-6(d)). Since the emission
spectrum of chitosan was observed to overlap with the absorption band of QDs, the fluorescence
resonance energy transfer (FRET) should be taken into account to explain excitation induced tunable
emission in our case. The enhancement in fluorescence of QDs with increase in concentration of
chitosan (0.01 to 1.0at. wt. %) was more pronounced for 400nm emission in comparison to 587nm
emission. This can be explained by two mechanisms. First effective FRET is taking place (from
adsorbed chitosan to ZnS) in case of 400nm emission as compared to 587nm emission. This is because
the absorption spectra of QDs (around 300-350nm) is overlapping to some extend with emission
spectra of chitosan (300-500nm) causing enhancement of emission at 400nm instead of 590nm
(Fig-6(d)). Second possibility exists in case of overlapping of emission spectra of pure chitosan
(which is broad and centered on 357nm) with emission spectra due to sulphur vacancy (which is also
broad and centered around 420nm’-%%). It is shown by shaded portion in Fig. 3(c). Because of high
surface to volume ratio, more vacancy exists at surface which gets partially passivated by adsorbed
chitosan. This creates an atmosphere of vacancy and defects at the surface. This behavior is also
observed for CH (0.1-1.0%) capped undoped ZnS NPs which is discussed above. As per published
work?*~27 if Mn?* ions are substituted outside the ZnS crystal then emission peak at 350nm appear
instead of 430 and 590nm. Since this type of behavior is not observed in our case (Fig.6(c)) so,
it can be concluded that Mn>* ions are doped at interstitial sites of host ZnS NPs. According to
foster theory” energy transfer is dependent on spatial distance between donor and acceptor. In all the
samples sulphur vacancies exist at the surface giving rise to Zn dangling bonds which forms shallow
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donor levels. As these dangling bonds are lying at surface of quantum dots so there can be strong
coupling between defect states and capping polymer. The distance between adsorbed chitosan and
interstitially existing Mn’* ions is more as compared to sulphur vacancy which is existing at surface.
Because of this the effective energy transfer (based on Foster theory) would take place from chitosan
molecular energy levels to defect states which get further enhanced with increase in concentration
of chitosan (0.01 to 1.0%) on surface (Fig-6(b) and 6(c)). Kong et al.?® have also studied effect of
distance between acceptor and donor on optical properties of composite semiconducting polymer
films. They have shown that energy transfer efficiencies calculated from time resolved PL spectra
are consistent with calculated from emission spectra of donor with and without acceptor. The energy
transfer efficiency from adsorbed chitosan to host ZnS and chitosan to dopant Mn can be calculated
from emission occurring from donor (chitosan) in the absence and presence of acceptor(ZnS:Mn
QDs), which can be written in the following form:

B Jo~ Ip()da

dr =1
’ IR

ey

where, Ig(k) dA and Ip(X) dA are the PL intensities of chitosan without ZnS: Mn and with ZnS:Mn,
respectively, at the emission wavelength of A(nm). It can be calculated from PL spectra of pure
chitosan without ZnS:Mn and with ZnS:Mn in Fig. 6(d) that energy transfer efficiency from chitosan
to ZnS :Mn for 284nm excitation is 55.8%. Also following the same procedure energy transfer
efficiency from chitosan to dopants for 325nm excitation comes out to be 40.0% which is less
than for 284nm excitation. These studies suggest that if molecular energy levels of chitosan are
excited then emission is obtained from defect states of ZnS and not from dopant sites (Fig.6(b)).
Fig-6(c) shows second case for same capped sample where dopant related emission (587nm) is
enhanced and defect related emission (~400nm) is partially quenched, when excitation wavelength
is 325nm i.e. near conduction band of ZnS. Fig.6(e) and 6(f) shows energy transfer mechanism
for two possible emissions (400nm, 587nm) corresponding to 284nm and 325nm excitations in
single sample respectively. In our previous paper'® we have shown preliminary results for excitation
induced tunable emission in CH (0.01, 0.1 at %) capped ZnS: Mn>t NP’s. But there excitation
wavelength required for getting two emission colors were 215 and 320nm respectively. The exact
concentration required for getting enhanced emission with tunable property was not done. Also for
215nm excitation multiple emission peaks at 421 and 486nm (green color) along with some small
peaks were observed. But here we report broad peak centered at 400nm (for 284nm excitation) due
to sulphur vacancies and adsorbed chitosan with tenfold rise in emission intensity in comparison to
previously synthesized samples. Also for 325nm excitation, dopant (Mn>*) related emission peak at
587nm is greatly enhanced (four fold) than reported earlier.'® Here in this article we have optimized
capping concentration for achieving high emission intensity and at the same time dual emission is
achieved at this concentration in same sample. As shown in Fig.6(c) we have also observed broad
emission peak at 450nm along with 587nm, which corresponds to sulphur vacancy related emission.
But for (1.0 at. %) CH capped ZnS:Mn?* NP’s 587nm emission peak is sharp and slightly higher
in intensity than 450nm peak although concentration of Mn?* is same in all samples. This shows
better coupling of sp states of ZnS with 3d® levels of Mn>* instead of defect states of ZnS NPs.
Bhargava et al.'? reported that in Mn?* doped ZnS NP’s, very strong hybridization occurs between
the sp levels of zinc and d levels of Mn?* ions which results in crystal field splitting of Mn?* levels
in between the bands of host material. Subsequent transfer of excited electrons from CB to Mn?*
levels and further transition between *T; - ®A; leads the emission of orange color. Secondly at
325nm excitation wavelength, energy states of adsorbed polymer are not excited which otherwise
could have given emission at 400nm.

So, the emission observed in our case is different than reported previously”-'” because we are
getting energy transfer in two different ways. In the first case energy transfer takes place from
molecular energy levels of capping agent to defect states where dopant related emission is quenched,
which according to earlier reports is enhanced.” In second case for same sample at different excitation
wavelength energy transfer takes place from ZnS band states to Mn>* d levels giving orange emission
as shown in Fig-6(c) and defect related emission is quenched.
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CIE 1931 Chromaticity Diagram

¥ 284nm excitation

# 325nmexcitation

FIG. 7. Showing CIE color coordinates of CH (1.0%) capped ZnS:Mn NPs at two different excitation wavelengths.

Table II shows I4gsg7 (blue/orange) ratio for all doped and capped samples. For CH (1.0%)
capped ZnS:Mn sample it comes out to be 3.59, which shows, this sample emits intense blue color
instead of orange (expected for Mn doped ZnS) at 284nm excitation. Fig.S 4(a) shows digital picture
of this sample excited by UV lamp at high energy (low wavelength). This shows intense blue
emission at this excitation. Corresponding Commission Internationale de I’ Eclaerage (CIE) color
coordinates for this same sample at 284nm excitation as shown in Table II and Fig.7 are (0.273,
0.200) suggesting blue emission. I4sg/sg7 (blue/orange) for 325nm excitation wavelength comes out to
be 0.79 (less than one) showing orange color dominant emissions (Table II). Fig-S 4(b) shows orange
color emitting NC’s excited with UV lamp having lower excitation energy. There the corresponding
CIE color coordinates comes out to be (0.344, 0.275) are shown in Fig. 7 and Table II. The CIE color
coordinates corresponding emission spectra (Fig. 6(b) and 6(c)) are shifted from (0.273, 0.200) to
(0.344, 0.275) for single sample with shift in excitation wavelength. This clearly shows by changing
excitation energy in this hybrid CH (1.0%) capped Mn doped ZnS NC’s sample we can manipulate
the relative emission intensities of blue light and orange light. This results in a tunable color output
in visible region for a single sample. It is important to note that this kind of tunable emission is
also reported for ZnS: Mn NPs having different concentrations of Mn.> Secondly this is achieved by
doping different transition metal ions (Mn, Cu, Eu etc.) in host ZnS or varying particle size of same
sample.”-'? But here in this paper we report same tunable emission but in single sample instead of
many samples. It is important to mention here that peak position is not shifted but their emission
intensities are changed with shift in excitation energy from 284nm to 325nm respectively resulting
in shift of emission color from blue to orange in same NC sample.

D. Glucose Sensing

The observed tunable emission property is greatly enhanced with more specific emission color
w.r.t. fixed excitation in CH (1.0%) capped NPs. Since these synthesized CH (1.0 at. %) capped NPs
(single sample) are emitting two colors. So in the present study it is used for sensing of glucose. As
mentioned above in experimental section five sets were made for sensing studies of glucose with
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FIG. 8. (a, b) Glucose detection by change in PL intensity of Chitosan capped ZnS Mn NPs at 284nm and 327nm excitation.

capped NP’s. Though our PL studies exhibit multicolor emission from single sample but sample
exhibiting high PL intensity (CH-1.0% capped NPs) has been selected for possible application
in future glucose-D sensing. Solution of glucose doesnot shows any considerable emission in the
studied emission range (400-600nm) of CH capped ZnS: Mn?>* NPs (Fig.S5, Ref. 22). Fig-8(a)
and 8(b) shows PL intensity response of CH (1.0at. %) capped ZnS: Mn?** at 284 and 325nm
excitation with different concentration (0-10L) of glucose-D. Quenching of PL intensity of NP’s
was observed with increasing glucose concentration from 0-10 pL. This quenching of PL peak for
284nm excitation is more pronounced than for 325nm excitation as shown in Fig 8(a) and 8(b).
This can be due to attachment of glucose with surface defects and adsorbed chitosan which will
affect its luminescence peak at 400nm. The emission at 400nm for capped ZnS: Mn?* NPs is due
to surface defects and 587nm is due to Mn?*. Also Mn2" ions are incorporated inside the host
ZnS$ at interstitial sites so interaction of Mn>* with glucose is less probabilistic than with surface
adsorbed chitosan and excess Zn>* ions. So there is non- uniform quenching of PL intensity due
to dopant related emission (587nm). It indicates that variation in PL intensity with concentration
of surface adsorbed glucose is more at 284nm excitation having 400nm emission. When glucose is
added there is change in surface of capped ZnS NPs. This is due to interactions between glucose and
surface polymer (chitosan) which are shown in FigS6. These interactions may be due to: formation
of hydrogen bond between N of chitosan and H of glucose, formation of hydrogen bond between O
of chitosan and H of glucose, formation of O-glycosidic linkage between glucose and chitosan and
formation of N-glycosidic linkage between glucose and chitosan. Further research on the detailed
mechanism of glucose sensing with CH capped NPs is being carried out.

IV. CONCLUSIONS

We have shown a shift in PL. emission spectra from orange to blue in chitosan capped Mn-
ZnS sample. Our studies suggest that different colors in visible range can be observed in a single
organic-inorganic hybrid sample with change in excitation wavelength. Earlier it is reported that
only PL intensity varies if excitation wavelength is changed. But here we have shown multicolor
emission in single sample with enhanced PL intensity. Energy transfer mechanism from donor to
acceptor states based on resonance energy transfer has been discussed in detail. The intensity of
emission peak around 400nm is having ten fold rise as compared to previously reported values. CIE
color coordinates shows shifting from (0.273, 0.200) to (0.34, 0.275) with variation in excitation
energy showing tunable color characteristics in single sample. In all previous cases many samples
with controlled synthesis procedures are required but in our case it is observed in single sample
which will be useful for different more stable and efficient light-emitting devices in optoelectronics
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and biosensors. At last we have also shown preliminary results showing glucose sensing with
biocompatible chitosan capped manganese doped ZnS NP’s and compared their results for two
possible emission (400, 587nm) sites of same sample.
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