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represents the first surface decorated ZnO nanoparticles for 
their application in lighting devices.

1 Introduction

The fabrication of light emitting diodes and the design of 
high speed optoelectronic device desire a semiconduc-
tor material with direct band gap, high carrier mobility, 
high carrier velocity, high breakdown field strength and 
so suitable for optoelectronic applications. ZnO possess-
ing all these properties and due to its versatility and mul-
tifunctionality has created interest in the research field 
[1]. Even though operated for a very long time, it is only 
during the last decade that zinc oxide (ZnO) has been the 
focus of research in relation to promising optoelectronic 
applications of this material. Much of the research effort 
these days is focused in finding the materials to realize 
UV lighting device. ZnO with band gap 3.37  eV, exciton 
binding energy 60 meV (2.4 times that of GaAs) can find 
extensive photonic applications especially for UV light 
emitting diode (LED) [2–4]. In addition, the application of 
lead and cadmium chalcogenides in lighting devices (and 
other electronic applications) is not feasible because of 
environmental regulations [5–7]. The concerns about the 
potential toxicity and environmental impact of these com-
pounds, desires the hunt for alternative materials. ZnO with 
large exciton binding energy is able to persist at room tem-
perature and higher too [8]. Other advantage of ZnO based 
materials is that it is a non-toxic, biodegradable and a cheap 
material [9, 10]. ZnO nanoparticles are chemically stable, 
have high optical transparency and are easy to synthesize. 
The easy synthesis, cheap fabrication and enhanced opti-
cal properties of ZnO nanoparticles have led its use as next 
generation LEDs [11–14]. The researchers worldwide are 

Abstract Wet chemical precipitation route is developed 
for the synthesis of ZnO nanoparticles using a dipodal 
receptor as capping agent to control the size and shape of 
ZnO nanoparticles and also to passivate the surface defects. 
The capping of ZnO nanoparticles with dipodal recep-
tor is characterized with NMR and IR spectroscopy. EDX 
analyses also confirmed the presence of organic receptors 
together with ZnO nanoparticles. The morphology and 
size of surface modified ZnO nanoparticles is checked by 
SEM, TEM and DLS spectroscopic techniques. The sur-
face decorated ZnO nanoparticles demonstrate emission 
peak at 333 nm. The emission peak at 333 nm in case of 
surface capped ZnO demonstrate fewer surface defects pre-
sent in comparison to their bulk counterpart, where blue, 
red, green, yellowish green emission peaks are present. 
The photophysical studies of ZnO nanoparticles are further 
carried in presence of metal ions where it is observed that 
the binding with Mn(II) result in increase in fluorescence 
intensity. The three fold increase in fluorescence intensity 
of ZnO nanoparticles in presence of Mn(II) can be utilized 
in case of lighting devices, where high quantum yield is 
desirable. To the best of our knowledge, this manuscript 

 * Charu Madhu 
 charu_uiet@pu.ac.in

1 Centre for Nanoscience and Nanotechnology (UIEAST), 
Panjab University, Chandigarh 160014, India

2 U.I.E.T, Panjab University, Chandigarh, India
3 Department of Chemistry, Panjab University, Chandigarh, 

India
4 Biomolecular Electronics and Nanotechnology Division 

(BEND), Central Scientific Instruments Organization 
(CSIO), Chandigarh 160030, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-6323-2&domain=pdf


6389J Mater Sci: Mater Electron (2017) 28:6388–6398 

1 3

making effort to enhance luminous efficiency of inorganic 
LED, so that its performance can approach that of organic 
light emitting diodes (OLEDs). ZnO materials exhibit two 
types of emissions: UV emission due to excitonic transi-
tions and broad emission in the visible region due to the 
deep level transitions [15, 16]. The deep level emission 
given by ZnO covers the wide range of visible spectrum 
due to green, blue, yellow, bluish yellow luminescence in 
the PL spectra, and theoretically, white emission can be 
obtained [17–20]. The deep level emission appearing in 
the visible region is owed to the presence of defects on the 
surface of ZnO [21–23]. In order to improve the lumines-
cence of ZnO nanoparticles and for the device application 
in UV ranges, the emission due to the deep level transi-
tions need to be censored. As the surface-to-volume ratio 
of nanoparticles is very high, the surface states play a key 
role on optical absorption, luminescence and detection in 
determining the electrical and optoelectronic properties of 
ZnO nanoparticles based nano-devices [24–29]. ZnO can 
be synthesized using different techniques, importantly the 
surface defects are required to be noticed which increases 
as the size of nanoparticle reduces. The high surface energy 
also leads to the agglomeration in nanoparticles [30]. The 
surface modification using capping agent leads to the pas-
sivation of both radiative and non-radiative recombination 
sites on the surface of nanoparticle. The capping monolayer 
of organic receptor over ZnO nanoparticle surface can also 
avoid agglomeration and thus reduces the defects on its 
surface as it stops the growth of ZnO nanoparticles imme-
diately soon the nucleation stage [31–36]. In this research 
paper, we propose an imine linked dipodal organic receptor 
that is used to modify the surface of ZnO nanoparticles and 
provide new insight into the emission of surface function-
alized ZnO nanoparticles for their application in lighting 
devices. The photo physical properties of surface modified 
ZnO nanoparticles were studied. The effect of metal nitrate 
salts on the photophysical properties of imine linked ZnO 
nanoparticles was further explored. Reduction in the band 
gap is observed in the case of receptor directed ZnO nano-
particles. Theoretical investigation of the system is also 
carried out using DFT computational calculations in order 
to explain the experimental data. The geometry of organic 
receptor was optimized using DFT Gaussian 03 software. 
DFT calculations were run again to study the effect of cap-
ping agent on the ZnO nanoparticles and it was observed 
that the interaction of organic receptor with the surface of 
ZnO nanoparticles has resulted in static conformal geom-
etry as the free rotation of the ligand is restricted, which 
ultimately led to the increase in the selectivity of nano-
particles. So, an increase in the fluorescence intensity was 
observed when Mn(II) was added to surface modified ZnO 
nanoparticles. Surface modified ZnO nanoparticles func-
tionalized with Mn(II) for high quantum yield and narrow 

emission line width are proposed as an emitter to achieve 
pure UV electroluminescence.

2  Experimental section

2.1  Chemicals and methods

Zinc nitrate hexahydrate, Sodium hydroxide, 2-furan-car-
boxaldehyde and 2-aminothiophenol were purchased from 
Sigma Aldrich and were used without further purifica-
tion. 1H NMR spectra of organic receptor and ZnO coated 
with organic receptor were obtained from JNM-ECS400 
(JEOL) NMR spectrophotometer at 400 MHz. An Agilent 
7700 Series ICP-mass spectrometer was used for the deter-
mination of the masses of the compounds. The elemental 
and morphology analysis were carried out with scanning 
electron microscope (SEM JEOL JSM-6610LV) at 15 kV 
voltage. TEM images were recorded on Hitachi instrument 
(H-7500) at 100  kV. For TEM measurements the organic 
receptor coated ZnO nanoparticles were dispersed homo-
geneously in methanol solvent using ultrasonic treatment. 
A tiny drop of this solution was direct on to a carbon-
coated copper grid followed by subsequently drying in air 
before transfer it in to microscope. The particle size was 
determined using Dynamic Light Scattering (DLS), with 
the external probe feature of a MetrohmMicrotrac Ultra 
Nanotrac Particle Size Analyzer. FTIR spectrophotometer 
Thermo Fisher Scientific Inc., USA was used to confirm 
the functional groups of organic receptor and to observe 
shift in the bands on surface modified ZnO nanoparticles. 
The sample used for this measurement was in the form of 
pellets prepared by mixing 1% weight of nanoparticles with 
KBr. Perkin Elmer LS55 Fluorescence spectrophotometer 
was used to carry out the fluorescence measurements. DFT 
calculations were performed on Gaussian 03 program by 
using B3LYP/6-311G basis set.

2.2  Synthesis of organic receptor and coating on ZnO

The organic receptor was synthesized by condensa-
tion reaction between 2-furan-carboxaldehyde (0.83  ml, 
10  mmol) and 2-aminothiophenol (1.07  ml, 10  mmol) 
in dry methanol (30  ml) under  O2 and basic conditions 
(Scheme 1). After completion of reaction, the precipitates 
were filtered and washed with methanol a number of times 
to get rid of impurities. The resultant yellow solid fine par-
ticles were dried for 40 h. ZnO nanoparticles (Scheme 1) 
were synthesized by taking an alcoholic solution of zinc 
nitrate hexahydrate (0.2472  mmol, 0.073  g) along with 
organic receptor (0.4944  mmol, 0.2  g) in round bottom 
flask. The reaction was kept on continuous stirring at 
room temperature. Alcoholic solution of sodium hydroxide 
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(0.3708 mmol, 0.0148 g) was then added drop by drop. The 
stirring of the solution was kept continuous for 8 h and a 
dispersion of ZnO nanoparticles were gradually formed in 
the solution. The as prepared dispersion of ZnO nanoparti-
cles was filtered and washed with methanol and water sev-
eral times. The resultant fine nanoparticles were then dried 
for 40 h.

3  Results and discussion

The ligand was fully characterized by mass spectroscopic 
technique ESI-MS, which shows m/z = 427.5 [M + Na]+, 
where M = C22H16N2O2S2 (Fig.  1a) and 1H NMR. 
1H NMR (400  MHz, DMSO-d6) δ: 6.6 (t, 2  H, ArH, 
J = 1.72  Hz), 7.1 (d, 2  H, ArH, J = 6.08  Hz), 7.16–7.18 
(m, 6  H, ArH), 7.66 (t, 4  H, ArH, J = 1.56  Hz), 8.3 (s, 
2  H, –CH = N–) (Fig.  1b). DFT calculations were per-
formed using Gauss View 03 software. DFT calculations 
were made to realize the optimized structure of the organic 
receptor and also to find the band gap. The optimized struc-
ture (Fig. 1c) has band gap of 3.59 eV.

3.1  Characterization of surface passivated ZnO 
nanoparticles

The surface of ZnO nanoparticles was coated with an 
organic receptor in order to get rid of the surface defects. 
The capping monolayer improved the photoluminescence 
characteristics of ZnO nanoparticles which otherwise dem-
onstrated broad emission. The surface passivated ZnO nan-
oparticles were characterized using 1H NMR, where shift 
in the peaks were observed (Fig. 2).

The imine linked dipodal receptor used as capping mon-
olayer over ZnO nanoparticle must have attached in a sym-
metrical manner. Scanning Electron Microscopy (SEM) 
was used to study the morphology of the ZnO nanoparti-
cles. The SEM image demonstrated that the synthesized 
ZnO nanoparticles are spherical in shape. Inset shown in 
Fig.  3b clearly demonstrate the spherical nature of ZnO 

nanoparticles. The elemental analysis was done using 
energy dispersive X-ray spectrum (EDX), which confirmed 
the coating of organic receptor over the surface of ZnO 
nanoparticles (Fig. 3c). The image demonstrated the pres-
ence of elements C, N, S of organic compound along with 
Zn and O. The structure and size of ZnO nanoparticles was 
obtained using Transmission Electron Microscopy (TEM), 
which demonstrated the spherical ZnO nanoparticles with 
average size 50  nm (Fig.  3d). The distribution of particle 
size of organic ligand directed ZnO nanoparticles (1.ZnO), 
showing average particle size of 67 nm, was measured with 
DLS based particle size analyzer (Fig. 3d) by dissolving the 
compound in DMSO:H2O (70:30; v/v). DLS was showing 
somewhat larger particle size as compared to TEM analy-
sis due to hydro- dynamic radius of nano- aggregates dur-
ing DLS analysis. The structural analysis of surface passi-
vated ZnO nanoparticles was also supported through the IR 
spectrum, where a series of peaks were observed from 400 
to 4000  cm− 1 (Fig.  3f). The IR spectrum of imine-linked 
organic ligand 1 (above) exhibits a band at 1618 cm− 1 due 
to the stretching of imine linkage (– CH=N) and a band at 
1620  cm− 1 was observed which is assigned as the band 
due to imine linkages of organic receptor-coated on ZnO 
(below). Shift in the peaks was observed in the IR spectra 
of surface decorated ZnO nanoparticles (below) in compar-
ison to the IR spectra of organic receptor (above). These 
shifts may be related to the change in the bond length of 
Zn–O in the nanoparticles. Broadening of all signals also 
substantiate the binding of receptor 1 on the surface of 
ZnO. So, it was clear that the influence of capping agent 
exists and ZnO electronic environment has been modified.

3.2  Theoretical investigation of surface modified ZnO 
using DFT

To demonstrate the influence and interactions of imine 
linked capping agent with ZnO nanoparticles surface, DFT 
calculations were run. A comparison is made between the 
optimized geometry of an organic receptor and organic 
receptor with ZnO cluster. A clear change in the geometry 

Scheme 1  ZnO nanoparticles 
capped with receptor 1

Synthesis of organic receptor 1
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is demonstrated (Fig.  3a, b). The optimized geometry of 
dipodal receptor used as capping monolayer had both arms 
perpendicular to each other in the absence of ZnO nanopar-
ticles represented by a small cluster (ZnO)5.

Change in the geometry was observed when dipodal 
receptor was taken in environment of ZnO nanoparti-
cles. Both arms of the organic receptor came closer in the 
presence of ZnO nanoparticles (Fig.  3b). The optimized 
geometry clearly demonstrated the development of a fix 
cavity between the two arms closer to the disulphide 
bond. So, ZnO offers a size-specific preorganized cavity 

for ion interaction. It can be inferred that the interaction 
of organic receptor with the surface of ZnO nanoparticles 
has resulted in static conformal geometry as the free rota-
tion of the ligand would have restricted, which ultimately 
may lead to the increase in the selectivity of nanoparti-
cles. The HOMO densities are completely concentrated 
on (ZnO)5 cluster with LUMO densities concentrated on 
the organic receptor. The DFT optimized geometry also 
showed that the two arms of organic receptor which were 
initially perpendicular to each other now came closer to 
one another.

Synthesis of organic receptor 1
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3.3  Photoluminescence studies of surface passivated 
ZnO nanoparticles

ZnO semiconductor nanoparticles demonstrate two types 
of emission: the emission in the visible region due to the 
deep level transitions and the emission in the UV region 
due to the excitonic transitions. The presence of defects on 
the surface of pure ZnO nanoparticles result in deep level 
transitions. The presence of defects introduces different 
electronic levels within the band gap, which result in elec-
tronic transitions by these levels. The optoelectronic prop-
erty of metal oxide semiconductor will improve if the broad 
emission in the visible region due to the surface defects 
could get censored. The PL emission spectrum of surface 

modified ZnO nanoparticles excited at 293 nm was obtained 
and it showed emission at 333 and 350 nm. A single peak 
at 333  nm was observed in the case of surface improved 
ZnO nanoparticles with a shoulder at 350 nm, whereas the 
pure ZnO nanoparticles demonstrate broad emission due 
to green, blue, yellow, bluish yellow luminescence in the 
PL spectra. The visible emission band is explained on the 
basis of formation of a recombination center (Vo**), where 
the valence band hole is trapped by the surface state and 
then tunnels back into oxygen vacancies containing one 
electron (Vo*). This recombination of a shallow trapped 
electron with a deeply trapped hole in a Vo** center is 
responsible for visible emission [37]. For the use of ZnO 
nanoparticles in devices like LEDs, the selectivity factor is 
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important. The broad emission in the visible range owing 
to the presence of surface defects may result in the white 
light by combination of all the emitted colors from pure 
ZnO nanoparticles [38–41]. However, if the specific color 
is desired, the broad emission in the visible region needs 

to be improved. The capping monolayer of organic recep-
tor was used to decorate the surface of ZnO nanoparticles, 
so that the defect originated emission could be avoided. 
Figure  4a showed the room temperature PL spectra with 
emission at 333 and 350  nm from surface improved ZnO 
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Fig. 2  a 1H NMR of ZnO capped with an organic ligand (1.ZnO), 
b SEM image of 1.ZnO showing spherical structure, c EDX image 
of 1.ZnO showing the presence of organic compound together with 

Zn and O, d DLS based particle size analyzer showing particle size 
of 67  nm, e A comparison of FTIR spectrum of organic receptor 1 
(below) and ZnO capped with organic receptor 1 (above)
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nanoparticles. The PL spectrum was recorded in the range 
of 300–800  nm. Clearly the figure shows that the defect 
related emission and dangling bonds available at the sur-
face of uncapped ZnO nanoparticles is reduced and also the 
selectivity factor is achieved as the modified ZnO nanopar-
ticles resulted in emission at only 333 nm. The oxygenated 
zinc defects at the grain boundaries of ZnO may facilitate 
the conjugation with –CH=N group of organic ligand 1. As 
a result, the interface defects decrease in surface modified 
ZnO (1.ZnO). Dijken et  al. also presented a model where 
it was showed that capping of the metal oxide semiconduc-
tor nanoparticles resulted in passivation of surface defects. 
From the existing literature, it is observed that the organic 
receptors are good capping agents for metal oxide nanopar-
ticles, as they can nicely passivate the surface defects and 
thus lessens the defect related visible emission [42–45]. 

Thus, the surface properties of uncapped ZnO nanoparti-
cles with high electron affinity were modulated by coating 
it with electron donating organic material such as imine 
linkages.

Apart from decreasing the interface defects of ZnO, 
the coating of the organic receptor on the surface of ZnO 
leads to selectivity. The coating of ZnO nanoparticles 
with the receptor resulted in static conformal geometry as 
the free rotation of the receptor is restricted which may 
lead to increase in the selectivity of ZnO nanoparticles. 
Thus, the optoelectronic properties may change in vicin-
ity of a particular metal nitrate salt. In order to observe the 
changes in the optoelectronic properties on the receptor 
capped ZnO nanoparticles, change in the emission profile 
of ZnO nanoparticles is practiced upon addition of a par-
ticular metal nitrate salt as the photophysical properties of 
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the fluorescent chemosensors changes upon its interaction 
with the chemical species in such a way that its fluores-
cent signatures are observed [46]. All the recognition stud-
ies were carried out at 25 ± 1 °C, and before recording any 
spectrum, sufficient time was given for shaking to ensure 
the uniformity of the solution. The metal nitrate salts of dif-
ferent cations were added to the compound 1.ZnO to study 
the effect of the presence of different cations, including 
 Li+,  Na+,  K+,  Mg2+,  Ca2+,  Sr2+,  Ba2+,  Cr3+,  Co3+,  Zn2+, 
 Ag+,  Cd2+,  Hg2+,  Pb2+,  Cs+ and  Al3+, on ZnO coated with 
receptor through the changes in emission spectra of 1.ZnO 
(Fig. 4b). The metal binding test was carried out by mixing 
standard solutions of the sensor 1.ZnO (5  ml) along with 
fixed amounts of a particular metal nitrate salt (20 μM in 

HEPES-buffered in DMSO/  H2O (7:3, v/v)). The changes 
in the PL spectra were recorded to monitor any change 
in the emission profile of 1.ZnO (host) in presence of the 
metal nitrate salts. The emission spectra (between 333 
and 350 nm) of host has not shown any significant change 
with most of the metal ions tested, however the addition 
of  Mn2+ resulted in the enhancement in the fluorescence 
intensity in emission spectra (Fig. 4c). The increased fluo-
rescence intensity caused by the addition of  Mn2+ cation in 
1.ZnO conjugate resulted in the increase in quantum yield. 
The possible reason for increase in fluorescence intensity 
upon binding of 1.ZnO with Mn(II) is the binding of metal 
ion with –CH=N–. The coordination of Mn(II) with the 
nitrogen atoms, led to increase in fluorescence intensity. 

Fig. 3  a DFT optimized structure of organic receptor 1, b DFT optimized structure of surface modified ZnO nanoparticles 1.ZnO, c 
LUMO(above) and HOMO (below) of organic receptor 1, d LUMO(above) and HOMO (below) of 1.ZnO



6396 J Mater Sci: Mater Electron (2017) 28:6388–6398

1 3

So, cancellation of PET is a possible mechanism for fluo-
rescence enhancement. However, a close binding to fluo-
rophore led to shift in λmax due to modulations in charge 
transfer transitions. For the application of nanomaterials 
in the electronic device like LED, the quantum yield is a 
very important parameter to monitor. The increased quan-
tum yield was observed by adding  Mn2+ to the conjugate 
1.ZnO as the conjugate became selective for a particular 
metal ion. The quantum yield was calculated for 1.ZnO 
and 1.ZnO + Mn(II) separately using, Q.Y = NE /  NA, where 
 NE =  (Esample -  Eblank) and  NA =  (Asample -  Ablank).  Esample, 
 Eblank—sample and blank integrated spectra of emission 
beam and  Asample,  Ablank - sample and blank integrated 
spectra of excitation beam. The calculated quantum yield 
for 1.ZnO and 1.ZnO + Mn(II) was 31 and 87% respec-
tively. To observe further change in the emission spectra 
and thus the quantum yield, small aliquots of  Mn2+ were 
added and changes were observed using Photolumines-
cence spectroscopy (Fig.  4d). The successive addition 
of  Mn2+ ion (0–35 μM) to the host solution taken in 5 ml 
volumetric flask confirmed to the changes observed during 
the metal binding tests as an increase in the fluorescence 
intensity was observed upon addition of  Mn2+ ion. The 
PL intensity has increased three-folds approximately upon 

surface binding with  Mn2+ ions. The receptor itself was 
checked for the metal binding studies with the metal nitrate 
salts but the ligand showed no selectivity for any of the 
metal ion. The Imine linked ZnO biocompatible nanoparti-
cles functionalized with  Mn2+ ion can be used in electronic 
devices like light emitting diodes as an improved quantum 
yield was observed. Also, ZnO being safe, biocompatible, 
nontoxic considering environmental issues can be picked 
for electronic devices. Thus, both pure and narrow line blue 
emission with enhanced quantum yield can be achieved 
with this proposed material. The introduced findings open 
a path towards low cost, bio safe, lighting applications with 
excellent color selectivity.

4  Conclusion

ZnO Semiconductor nanoparticles are very promising can-
didates for light emitting diodes. Environmentally safe, 
biocompatible, stable alternative to conventional quan-
tum dots utilized in existing LEDs is proposed as active 
light emitting material with both pure and narrow emis-
sion at 333  nm. The photophysical studies were carried 
out for organic receptor capped ZnO nanoparticles which 
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established the emission at 333  nm. The photophysical 
studies were further investigated for ZnO nanoparticles 
capped with organic receptor in the presence of metal 
ions. The luminescent property of ZnO nanoparticles is 
optimized to achieve maximum quantum yield. Three fold 
improvements in the fluorescent intensity is achieved.
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