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Abstract. A fluorescent probe termed as quantum dot complex (QDC) was synthesized by surface functionalizing
Pd(II) complex to ZnS Qdot surface mediated through dangling S2- ions. The optical and morphological properties
of QDC have been studied extensively through various characterization techniques. Steady state fluorescence study
revealed the ultrasensitive capacity of QDC to selectively detect pyrophosphate (PPi) anion within few seconds of
analyte addition. The limit of detection was found to be 39.4 lM. The sensing phenomenon is based on a unique
partial quenching behaviour exhibited by QDC emission on analyte addition. The partial quenching effect is
governed by the combined effect of photo-induced electron transfer and reabsorption in the complex system
comprising of Qdot, Pd(II) complex and PPi anions. The selectivity results were compared with a statistical
analysis by performing paired t-test. Significant difference in quenching efficiency of PPi with other ions, on the
emission intensity of QDC was observed (95% confidence interval). Thus the sensor can be said to be demonstrating selectivity.
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Introduction

As fluorescence sensing approaches its ultimate dimension
of applications, newer mechanisms are being sought after
for sensing of biologically important anions. The mechanism of sensor operation should be based on molecular
recognition of the target with the involvement of some
signal transduction and reporting functions. Two distinguishing characteristics of fluorescence sensing: ultra-high
sensitivity and high speed of response are expected to be
evolved more in case of nanosensor comprising of
quantum dots (Qdots), bestowed with large Stoke-shifted
intrinsic photoluminescence and excellent photostability.
The advent of new class of material ‘quantum dot complexes (QDC)’ by systematic functionalization of the
surface of Qdot with inorganic complexes has led to the
development of metal complexes enriched with Qdot
characteristics [1–6]. QDCs are designed in such a way
that are expected to exhibit rapid as well as selective
recognition of target analyte with novel fluorescence
characteristics.

Pyrophosphate (PPi), the product of adenosine triphosphate (ATP) hydrolysis in cells, is a biologically very
important anion as it plays pivotal role in metabolic enzymatic reactions and physiological energetic transduction
[7]. PPi detection is useful in identification of several diseases viz. chondrocalcinosis and cancers [8–10]. Therefore,
selective detection of PPi with fastest response time is the
need of the hour [7,11].
Numerous fluorescent sensors have been developed for
PPi detection based on photo-induced electron transfer
(PET) [12], intermolecular charge transfer (ICT) [13] and
Föster resonance energy transfer (FRET) [14] induced fluorescence quenching. The efficacy of the probes based on
these effects are limited by illumination intensity and
optical path length [7]. However, ‘turn-on’ type of fluorescent chemosensors are reported for other ions, e.g.,
ascorbate ion, governed by aggregation-induced emission
mechanism [15]. But to the best of our knowledge, there is
no such report in this regard for PPi detection. An attempt to
develop a fluorescence sensor not belonging exactly to the
‘turn-off’ or ‘turn-on’ type, but exhibiting a unique partial
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quenching mechanism would be useful in overcoming the
limitations of the conventional types.
Here, we designed a fluorescent probe QDC by surface
complexation of ZnS Qdots with (Pd(phen)(gly))? complex
mediated through S2- coordination. The so-developed QDC
exhibits fast response to PPi analyte in 4-(2-hydroxyethyl)1-piperazineethanesulphonic acid (HEPES) buffer solution.
The QDC showed a unique fluorescence behaviour towards
PPi sensing which made it a novel chemosensor of PPi.
Combined effect of PET between energy levels of QDC and
PPi with compatible energy and reabsorption by QDC due
to energy transfer by spectral overlapping, forms the basis
for such fluorescence behaviour. However, the QDC was
found to be highly selective towards PPi only among other
anions. This is due to the proper positioning of the energy
levels between the two species for PET and other energy
transfers to occur. The selectivity of QDC towards PPi is
probed by performing a paired t-test and P \ 0.05 was
considered significant. All statistical data analyses were
performed using the software SPSS 19.
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purified pellet was dispersed in 100 ml water by sonication
and was used for further experiments.

2.3

2.1

Synthesis of QDC

Experimental
Materials

8-hydroxyquinoline (HQ, Merck), zinc acetate dihydrate
(99%, Merck), sodium sulphide (58%, Merck), sodium
hydroxide (Merck), L-cysteine hydrochloride (Loba Chemie, India), ethanol (Merck), ethanol (HPLC), potassium
bromide (Sigma-Aldrich), palladium chloride (99%,
Aldrich), glycine (99.5%, Sisco Research Laboratories Pvt.
Ltd.), 1,10-phenanthroline (99.5%, Sisco Research Laboratories Pvt. Ltd.), tyrosine (99%, Sisco Research Laboratories Pvt. Ltd.), DL-tryptophan (99?%, Aldrich), HEPES
buffer ([99.5%, Sigma) and sodium pyrophosphate tetrabasic decahydrate (99%, Sigma-Aldrich) were used as
received without further purification. Milli-Q grade water
was used in all experiments.

2.2

Synthesis of Pd(II) complex

The Pd(II) complex of the type [Pd(phen)(AA)]? (where
AA is an anion of amino acid, in our case AA was glycinato) was prepared by following a reported procedure [16].
Briefly, 10 ml solution of 1,10-phenanthroline of strength
4.0 mM, 10 ml solution of PdCl2 of strength 4.0 mM and 10
ml solution of glycine of strength 13.3 mM were prepared in
a 1:1 water:ethanol medium using sonication for 15 min.
Then, all three solutions were mixed together and kept on
stirring for 12 h at room temperature. The medium turned
light yellow, which was centrifuged at 25,000 rpm for 30
min to precipitate the complex. It was dried in an oven at
60°C for 12 h to obtain the yellow-coloured powder of the
complex. Further, characterization was performed with this
powder of the complex.

2.4
2.
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Synthesis of Qdots

L-cysteine capped ZnS Qdots were synthesized by aqueous
colloidal synthesis method [1]. To synthesize the Qdots,
8.33 mM zinc acetate dihydrate was dissolved in 30 ml of
water and to that solution, 10 ml of 25.0 mM sodium sulphide and 10 ml of 25.0 mM cysteine hydrochloride solution (with pH adjusted to * 11 by adding 0.8 M NaOH
solution) were added simultaneously under constant stirring
at 70°C. Immediately, white turbidity appeared and the
resulting mixture was refluxed for 3 h at 100°C under
constant stirring. Then, the colloidal dispersion was centrifuged at 25,000 rpm for 15 min. The pellet was washed
with water and ethanol and again centrifuged twice. The

QDC was prepared by simple addition of [Pd(Phen)(Gly)]Cl
complex to cysteine-capped ZnS Qdot dispersion in water.
Briefly, the pellet of the Qdot obtained after purification and
centrifugation was dispersed in 30 ml water. To it, a solution of the complex, obtained by dissolving 3 mg of Pdcomplex powder in 30 ml water followed by sonication for
15 min, was added and the mixture was kept as such for 12
h. A bright yellow (light brownish) precipitate was obtained
with clear supernatant on centrifugation at 25,000 rpm for
15 min. The precipitate was washed with water and was
redispersed in water following sonication and used for
further studies.

2.5

Characterization of sensing materials

QDC was characterized extensively using various techniques viz. powder X-ray diffractometer (Bruker, D2 Phaser), UV–visible absorption spectroscopy (Perkin Elmer,
Lambda 25 spectrometer), photoluminescence spectroscopy
(Horriba Scientific, Fluoromax-4 spectrometer), transmission electron microscopy and energy dispersive X-ray
spectroscopy (JEOL, JEM 2100 microscope at an accelerating voltage of 200 kV), Fourier transform infra-red
spectroscopy (Thermo Scientific, Nicolet iS10), nuclear
magnetic resonance (NMR) spectroscopy (Bruker, Ascend
600 MHz spectrometer), time-resolved photoluminescence
(TRPL) spectroscopy (Eddinburg Instruments, FSP920 and
Photon Technologies International, Quanta Master 30plus).
The hydrodynamic diameter of QDC was measured through
dynamic light scattering (DLS) technique (Malvern Zetasizer Nano ZS) and cyclic voltammetry study was carried
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out by Interface 1000
(Gamry Instrument).

2.6

Potentiostat/Galvanostat/ZRA

Sensing experiment of pyrophosphate anion

To mimic the biological environment of neutral pH, all the
solutions were prepared in 25 mM HEPES buffer of pH 7,
for the sensing experiment of biologically important anions.
QDC solutions were prepared with Pd concentration of 250
lM . Similarly, solutions of only Pd(II) complex and ZnS
Qdot of concentrations of 250 and 25 lM, respectively,
were prepared for control experiment. Analyte solutions of
sodium pyrophosphate tetra-basic decahydrate (PPi) of
three different concentrations viz. 1, 10 and 20 mM were
prepared. Now, for sensing experiments, the fluorescence
measurements of QDC were recorded by the gradual addition of analyte solutions from 10–500 ll to 2.5 ml of welldispersed QDC solution. The excitation wavelength was
fixed at 270 nm. For the control experiments, the fluorescence study was carried out separately with Pd(II) complex
and Qdot solutions, added with increasing volume of analyte solution. The excitation wavelength for Pd(II) complex
and Qdot were fixed at 270 and 300 nm, respectively. For
selectivity study, 1 mM solution of NaCl, NaHCO3,
NaH2PO4, NaH2PO42H2O, NaNO3, NaOAc and (?)sodium L-ascorbate were prepared in HEPES buffer.

3.

Results and discussion

QDCs based on Qdots and ligands are important from the
point of view of optical property based applications viz.
white light emitting material, sensing, etc. due to the wide
range of emission arising from multiple components
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[3,4,6,17]. Therefore, the absorption and emission characteristics of QDC are discussed in detail to understand the
sensing experiment based on optical property.
The absorption and emission spectra of Qdot, QDC and
complex are shown in figure 1. The pristine Qdot exhibits
emission centred around 454 nm which is blue-shifted than
its bulk counterpart (330 nm) due to trap-state emission in
quantum-confined structures [18]. Whereas in the complex,
it is due to p–p* intraligand transitions as confirmed from
the emission spectra of ligand solutions (supplementary
figure S1e and f). On the other hand, QDC shows both the
absorption peaks of Qdot and complex at 300 and 270 nm,
respectively (figure 1a). However, QDC exhibits emission
consisting of a doublet centred around 366 and 383 nm
(figure 1b). Here, the emission due to ZnS Qdot has been
completely quenched, whereas the observed emissions are
due to intra-ligand transitions of glycine and 1,10-phenanthroline ligands. To establish the origin of the emission
peaks in Qdot, complex and QDC, their excitation spectra
as well as the excitation spectra of the constituent ligands
are presented in supplementary figure S1. The excitation
spectra of Qdot (supplementary figure S1a) exhibits a peak
at 323 nm which is corroborating with the absorption peak
of Qdot at *320 nm (figure 1a). This observation explains
the correlation between absorption and emission spectra of
Qdot. On the other hand, on QDC formation, simultaneous
quenching of Qdot emission and evolving of new doublet
emission have been observed during the experiment when
increasing volume of Pd(II) complex solution was added to
Qdot solution and fluorescence spectroscopy was being
performed. The results are shown in supplementary
figure S1b and c. In the meantime, the emission spectra of
the complex are seen as featureless broad spectra, covering
a wide range of wavelength (figure 1b). The corresponding
excitation spectra of the complex is shown in

Figure 1. Comparative (a) absorption and (b) emission spectra of Qdot, QDC and complex (excitation 270 nm for complex and QDC,
and 300 nm for Qdot).
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supplementary figure S1d which exhibits three peaks at 217,
263 and 327 nm. Whereas the absorption spectra of the
complex consist of peaks centred at 220 and 274 nm and a
small hump beyond 300 nm. The origin of these peaks
corresponds to various transitions present in the constituent
ligands i.e., glycine and 1,10-phenanthroline. To substantiate this fact, excitation spectroscopy of the ligands is done
and the results are shown in supplementary figure S1e and f,
from where the perception is established that the absorption
as well as emission of the complex are originating from the
electronic transitions present in the ligands. In QDC formation, these intra-ligand transitions of the complex dominated the substantial emission behaviour of it indicated by
the similarity of excitation spectra of QDC (supplementary
figure S1g) with that of complex (supplementary
figure S1d).
Since, we assumed that fluorescence property of QDC
was mainly governed by its constituent entities hence, we
investigated the structural and morphological characteristics
of QDC and its constituents as well.
The ZnS Qdot is of cubic structure and of size *3.2 nm
which is confirmed from the SAED pattern and HRTEM
image of Qdot present in QDC as shown in supplementary
figure S3. Moreover, the formation of Pd(II) complex was
confirmed from FTIR spectroscopy results of the complex
and its constituent ligands as shown in supplementary
figure S2b, in which the stretches of ligands were observed
clearly. For example, in the FTIR spectra of the complex,
quadruple bonds for ring frequencies in the range of
1640–1562 cm-1 correspond to phenanthroline ring [19,20],
whereas N–Hstretching at 3428 cm-1, N–Hwagging at 920
cm-1, hydrogen bonded symmentric and antisymmetric
stretching and bending of NH3? at 3063, 3081 and 1517
cm-1, respectively, correspond to glycinato ion [21,22]. In
addition, C–Hdeformation bands at 1454 and 1341 cm-1, in
plane, out of plane H motion in the range of 1200–850 cm-1
and C=Cstretching at 1626 cm-1 are characteristics of
phenanthroline ligand indicating its coordination with the
metal [23]. The QDC formed by simple addition of Qdot
and complex is studied via various spectroscopic as well as
microscopic techniques. The FTIR results are shown in
supplementary figure S2 and table S1. The complexation of
Qdot with Pd(II) complex to form QDC is substantiated by
the presence of quadruple ring frequencies at 1600 cm-1
corresponding to phenanthroline ring, out of plane motion
of ring H at 718 and 846 cm-1, M–Nstretch at 470 cm-1 and
C–Hsymm and C–Hantisymm stretches of CH2 group at 2853
and 2920 cm-1 in the QDC spectra. However, the capping
effect of L-cysteine on the Qdot, demonstrated by the
presence of N–Hwagg band at 922 cm-1 and M–Nstretch band
at 470 cm-1, is assumed to be removed by the complex
during QDC formation.
Further, microstructural characterization of QDC was
done by HRTEM technique and the results are presented in
supplementary figure S3. As observed from supplementary
figure S3a, b, c and d, the cylindrical morphology of the
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complexes of size *1–2 lm are prominently visible,
whereas existence of Qdots of size *3 nm is distinct in
QDC (supplementary figure S3c and d). Moreover, from the
SAED pattern and EDX spectra of QDC in supplementary
figure S3e and f, presence of ZnS phase is confirmed in the
QDC. Therefore, the Qdots of size *3 nm are assumed to
be present on the complex surface forming the QDCs. The
rod-like structure of complexes has been reported earlier
also for other complexes viz. reference [24].

3.1

Sensing of pyrophosphate anion

The highly fluorescent nature of QDC in both solution as
well as in solid state helped in conceiving the idea of its
potential use as a sensor for biologically important anions
viz. pyrophosphate (PPi).
For that, we have studied the fluorescence behaviour of
QDC in presence of biologically important anions and
control experiments were performed with only Qdot and
complex separately. First of all, time-dependent emission
behaviour of QDC (250 lM of Pd concentration in HEPES
buffer) treated with 1 mM PPi solution (10 ll) has been
studied and the results are shown in supplementary
figure S4a. A unique quenching behaviour of the fluorescence intensity was observed where the intensity is
approximately halved within 25 s of PPi addition. Then, the
fluorescence remains unaffected with further elapse of time
which indicates whatever be the type of energy transfer, it is
completed within 25 s. Therefore, all the experiments have
been carried out by recording the emission at 25 s of
treatment with PPi solution. Figure 2a, and supplementary
figure S4b and c, ESI, show the emission behaviour of QDC
treated with 1, 10 and 20 mM PPi solutions, respectively. It
was observed that with 1 mM solution, the fluorescence
intensity is quenched to approximately half with 10 ll PPi
addition and then, gets saturated with further addition. The
corresponding quenching efficiency plot is shown in
figure 2b, from where the quenching efficiency is calculated
to be 54% with analyte addition (average of saturated efficiencies) and the saturation behaviour is distinctly observed.
However, with 10- and 20-mM solutions, trending of
intensity quenching with increasing addition of PPi solution
was observed which is significant in the initial stages and
then tends to become saturated with higher volume addition.
To explain the plausible reason behind this, the mechanism
of quenching behaviour was explored. This is described in
the later part of the paper, where it is demonstrated that PPi
is an emissive analyte and its emission band overlaps with
absorption band of QDC leading to reabsorption. Hence, as
the concentration of pyrophosphate increases, the process of
reabsorption also increases which finally inhibit the
quenching phenomenon to reach up to *50%. A plot
between the intensity of emission peaks of QDC at 368 and
381 nm and volume of PPi solution added (1 mM) is shown
in supplementary figure S4d. Not any additional emission
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Figure 2. (a) Quenching of fluorescence intensity of QDC solution (250 lM of Pd) treated with 1 mM PPi solution and (b) quenching
efficiency plot of the same, where I0 and I are the emission intensity before and after addition of analyte, respectively.

has been observed in the QDC solution after treatment with
PPi solution other than the partial quenching and then saturation. From the absorption plot of QDC treated with 10
mM PPi solution (supplementary figure S4e), gradual
decrease in absorption with increasing volume of PPi
addition has been observed unlike the fluorescence partial
quenching behaviour. This decrease in absorption with
increasing volume of PPi solution is due to simple dilution
effect.
Control experiments were carried out to find any contribution from the complex (250 lM of Pd, supplementary
figure S5a) and L-cysteine capped ZnS Qdot (supplementary figure S5b), when treated with 1 mM PPi solution.
Also, effect of only buffer addition on the emission spectra
of complex and QDC were experimented and the results are
shown in supplementary figure S5c and d. However, no
such behaviour was observed with the complex and Qdots
alone or with buffer. Decreasing trend observed is due to
simple dilution effect.

3.2

Mechanism

All the above observations evoked two vital questions to be
examined: (i) to ascertain the type of quenching (whether
static or dynamic) and then, (ii) to investigate the reason
behind the unique quenching behaviour of emission property of QDC after treatment with PPi solution.
To investigate the type of quenching, the Stern Volmer
plot has been developed by performing the steady-state
fluorescence measurement of QDC solution added with
increasing volume of PPi solution (1 mM). The Stern
Volmer equation is I0/I = KSV[A] ? 1, where [A] is the

molar concentration of the analyte, I0 is the initial fluorescence intensity before addition of analyte, I is the
fluorescence intensity after addition of analyte, [A] is the
molar concentration of analyte and KSV is the quenching
constant (in M-1) [25]. The dose response curve of fluorescence of QDC vs. concentration of PPi solution starting
from 3.98 9 10-3 to 0.167 mM is presented in figure 3a. As
evident from quenching efficiency curve in figure 2b, the
quenching tends to be saturated. Therefore, to find out the
quenching constant (KSV), linear fitting has been done in the
(I0/I) vs. [PPi] plot, only with the higher values of [PPi]. The
plot shows a linear curve, indicating that either dynamic or
static quenching is taking place, and the value of KSV is
obtained to be 77.9 M-1. Then, TRPL spectroscopy has
been performed with QDC before and after PPi addition to
confirm the type of quenching. The decay curves of QDC
have been fitted with biexponential function using equation
(1) [1]. The results are shown in figure 3b and the fitting
parameters are given in supplementary table S2. The fastest
lifetime is associated with shallow trap emission, whereas
the longer lifetime with deep trap emission [26]. As detailed
in supplementary table S2, lifetime associated with both
shallow and deep trap state emissions of QDC decrease on
treatment with pyrophosphate which is indicative of static
quenching caused by charge transfer between QDC and
pyrophosphate for complexation [27]. In general, complexation leads to decrease in number of fluorophores and
hence, to static quenching, but there will be uncomplexed
fluorophores also, which contribute to the observed excited
state lifetime.
P
s i a2
sav ¼ Pi i ;
i si a i

ð1Þ
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Figure 3. (a) Stern Volmer of fluorescence quenching of QDC upon addition of PPi solution, (b) TRPL plot of QDC and QDC treated
with PPi solution (1 mM). Excitation at 290 nm LED and emission was fixed at 368 nm, (c) plot for calculation of association constant
of QDC with PPi and (d) calibration curve of the sensing system. The strength of PPi solution was 1 mM and the volume of it added to
the QDC solution, range from 10 to 500 lL. The final concentration of PPi in the solution is calculated to be in the range from 0.00398
to 0.1666 mM.

where ai and si are the pre-exponential factors and excitedstate luminescence decay time associated with the i-th
component, respectively.
Since the association leading to complex formation
between QDC and PPi ions is confirmed from the above
observations, the association constant (Ka) was determined
from Benesi–Hildebrand equation (2) [28].
1
1
1
þ
¼
;
I  I0 Ka ðImax  I0 Þ  ½M  Imax  I0

ð2Þ

where I = fluorescence intensity of QDC at 366 nm at any
given PPi concentration, I0 = fluorescence intensity of QDC
at 366 nm in the absence of PPi, Imax = maximum intensity
at 366 nm in the presence of PPi in solution, and M =
concentration of PPi.

The association constant (Ka) is evaluated graphically by
plotting the double reciprocal plot between 1/(I0 - I) and
1/[PPi] and the result is shown in figure 3c. Data were
linearly fitted and Ka value was obtained from the slope and
intercept of the line and its value was 4.72 9 102 M-1.
The sensitivity of QDC towards PPi detection can be
characterized from the intercept of the plot of fluorescence
quenching against various concentrations of PPi. For this, a
calibration curve has been developed by plotting the
intensity of 366 nm peak of QDC vs. increasing concentrations of PPi. The concentrations are calculated as the
strength of the stock PPi solution was 1 mM and an
increasing volume of it (ranging from 10 to 500 ll) was
added to 2.5 ml solution of QDC in buffer. From the calibration curve in figure 3d, as stated earlier, the lower
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concentration plot deviates from linearity, therefore, linear
fitting has been done with the higher (PPi) values and the
limit of detection (LOD) was calculated using the formula
LOD = 3.3 r S-1, where r is the standard error obtained
from regression analysis as detailed in supplementary
table S3 and S is the slope of the linear fitting curve [29,30].
The value of LOD was found out to be 39.4 lM which is
comparable with reported chemosensor for PPi [31]. A
comparative study of limit of detection of other fluorescence-based sensors for pyrophosphate anion is presented in
supplementary table S4. This study demonstrates that our
sensor is at par with the reported chemosensors for PPi.
Also, this method is applicable for biological sample study
as PPi concentration ranges from submicromolar to[25 lM
in human samples [32]. In addition to this, not any reference
sample is required in the described method unlike other
ratio-metric fluorescence-based methods and hence, provides a direct way to sense the pyrophosphate anion.
To evaluate the selectivity of QDC toward PPi, we carried out fluorescence titration with other anions including
HCO3-, H2PO4-, Cl-, NO3- and OAc- under identical
conditions. It is clearly seen from figure 4 that the most
striking influence is observed only with PPi, confirming the
probe is selectively responsive to PPi.
After confirming the type of quenching, now it is needed
to investigate the mechanism for partial quenching behaviour in the sensing process. Fluorescence method for
sensing is based on different processes: aggregation, PET or
FRET between sensor and analyte molecules. In general, an
aggregation-induced emission (AIE)-based ‘turn-on’ fluorescence is observed in detection of many ions [15],
whereas aggregation caused quenching (ACQ) limits the
real world application of conventional organic fluorophores
which are highly fluorescent in dilute solutions [33]. To
investigate the presence of any aggregation in the QDC

Figure 4. Dependence of the emission intensity quenching
(I0/I) of QDC at 366 nm upon addition of different anions at
various concentrations in HEPES buffer.
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Energy level diagram of ZnS, complex and PPi.

molecules after treatment with PPi, DLS study was carried
out. The results are presented in supplementary figure S6a
and b, from where not any significant change is observed in
the hydrodynamic diameter of QDC, ruling out the possibility of aggregate formation.
A PET mechanism has been proposed for the fluorescence quenching-based sensing of PPi by QDC molecules.
For that the HOMO and LUMO energy levels of PPi were

Figure 6. Schematic diagram of the proposed mechanism of
sensing experiment.
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Results of paired sample test.
Mean ± SE mean

Vol.
(ll)
10
50
100
150
200
250
300
350
400
450
500

Quench PPi
- quench Cl-213728.37
196479.67
182517.43
181349.47
166370.96
158696.09
152822.22
155472.32
131684.93
133663.01
109827.49

±
±
±
±
±
±
±
±
±
±
±

18827.09
17315.01
16222.54
15965.68
14690.88
14255.88
15194.15
13945.89
12761.85
13305.05
11727.42

Quench PPi
- quench PO43215349.94
190449.67
176963.96
166204.44
149106.69
131625.35
125002.86
136488.15
122480.31
103249.87
93394.10

±
±
±
±
±
±
±
±
±
±
±

19845.85
17663.72
16598.98
15413.28
14026.23
12725.79
13632.57
13201.82
12767.72
11288.00
11002.88

Quench PPi
- quench CO32234357.61
200971.70
182399.54
177974.29
162656.89
145831.76
141194.24
140793.05
124671.33
113431.93
95585.16

determined from cyclic voltammetry (CV) results applying
Bredas et al’s [34] equation (3). The CV plot of PPi is
shown in supplementary figure S6c from where the Eox and
Ered were obtained. The energy levels of ZnS were taken as
standard values [35]. On the other hand, the Eg (HOMO–
LUMO gap) values have been determined from the
respective Tauc’s plot (supplementary figure S7).
 onset

EHOMO ¼ e Eox
þ 4:4 ;
 onset

ELUMO ¼ e Ered
þ 4:4 ;
EHOMO ¼ ELUMO  Eg :

ð3Þ

Based on the HOMO–LUMO positions of all three
components, an energy level diagram was developed and
shown in figure 5. It is explained above that the QDC
emission is governed by complex emission. Also, it is
evident from figure 5 that electron transfer can occur
from CB of ZnS to LUMO of complex efficiently. Now,
the LUMO of analyte PPi is calculated to be -4.0 eV
which is lower than that of the complex (-3.7 eV).
Therefore, excited state electron transfer from complex to
PPi can occur effectively. Thus, PET can be a pathway
for the observed quenching behaviour of QDC in sensing
of PPi.
However, resonance energy transfer from the fluorophore
QDC to the analyte PPi can occur if the absorption band of
QDC has a significant overlapping with the emission band
of PPi. It is observed from supplementary figure S8a, that
the two have no overlapping at all which nullifies the role of
energy transfer in the quenching mechanism. On the other
hand, PPi is found to be an emissive analyte, whereas its
emission band overlaps significantly with the absorption
band of QDC (supplementary figure S8b). Therefore, a
process of reabsorption by QDC may occur effectively.
Based on the above observations, a possible mechanism is
proposed which states that coexistence of two phenomena

±
±
±
±
±
±
±
±
±
±
±

18560.27
15492.43
13959.40
13482.97
12339.81
11023.58
12061.59
10719.99
10309.74
9582.30
8702.36

Quench PPi
- quench NO3261336.92
237369.31
223699.11
223127.80
201531.78
184823.00
182229.41
181141.90
165793.47
160924.21
141760.52

±
±
±
±
±
±
±
±
±
±
±

24714.62
22589.36
21303.87
21151.73
19369.61
17961.89
18883.94
17346.40
16758.69
16335.84
14968.99

Quench PPi
- quench OAc300182.00
292934.25
268533.88
258406.90
249039.17
232036.08
225842.69
233221.30
214143.78
197254.24
184357.42

±
±
±
±
±
±
±
±
±
±
±

26004.18
24779.40
22550.37
21205.37
20474.78
18948.08
19629.64
18824.66
17932.36
16716.40
16053.90

viz. (i) quenching by PET and (ii) reabsorption due to
energy transfer mechanisms has led to dropping of QDC
emission to approximately half of its intensity on treating
with PPi and remains almost constant or decreases
insignificantly upon further addition of PPi analyte solution.
This is the proposed ground of sensing of PPi anion by QDC
through partial quenching phenomenon. A schematic diagram has been developed based on the proposed mechanism
of the sensing experiment and shown in figure 6.
In addition to this, another hypothesis can be made for
the partial quenching behaviour of QDC treated with PPi,
based on the report of Escudero [36]. Here, it is assumed
that dark states are involved in the photo-deactivation
pathways causing partial quenching [36]. Dark excited
states are known to possess no absorption or emission of
light except playing a vital role in radiationless deactivation
of many molecular systems [36]. In case of PPi sensing by
QDC, similar dark states may form because of the presence
of multiple functional groups and aromatic ring and lead to
partial quenching. Detailed computational study is required
to establish this hypothesis.
The selectivity results were validated by statistical analysis by performing paired t-test. It is observed from the first
pair in table 1 that on an average, the quenching effect of
PPi is significantly greater (M = 236821.96, SE = 21009.86)
than that of Cl- ion (M = 23093.59, SE = 2237.70), t(200) =
11.35, P \ 0.05, r = 0.62 for 10 ll addition. Similar effect
has been observed for PO43-, CO32-, NO3- and OAc- ions
also for all the volumes ranging from 50 to 500 ll.

4.

Conclusion

In summary, we developed a QDC-based fluorescence
sensing system by surface functionalizing Pd(II) complex to
ZnS Qdots for the determination of pyrophosphate (PPi)
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anion. QDC can selectively detect PPi with a very high rate
of selectivity as indicated by 95% confidence level in the
paired t-test analysis. The detection limit of QDC for the
sensing of PPi was estimated to be 39.4 lM which is at par
with chemosensor for PPi, reported so far. The partial
quenching behaviour of emission intensity of QDC in
presence of PPi was demonstrated as a combined effect of
PET and reabsorption between the two species. Whereas the
type of quenching is estimated to be static due to complexation between QDC and PPi. However, the presence of
uncomplexed fluorophores is responsible for the observed
increase in the excited state lifetime in this regard. Due to
synthesis process simplicity and sensing efficiency of QDC
towards PPi with unique partial quenching mechanism, this
material is a promising sensor for the practical detection of
PPi.
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