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ABSTRACT: Quantum dots (QDs) are semiconducting nanocrystals that exhibit
size- and composition-dependent optical and electronic properties. Recently, Cu-
based II−VI ternary CuxCd1−xS (CCS) QDs have emerged as a promising class of
QDs as compared to their binary counterparts (CuS and CdS). Herein, a series of
ternary CCS QDs are synthesized by changing the molar concentration of Cu2+
ions only keeping the 1:1 ratio of the stoichiometric mixture of Cd2+ and S2−.
These CCS QDs are attached to 2-phenylbenzimidazole-5-sulfonic acid (PBSA),
an eminent UV-B filter widely used in many commercial sunscreen products to
avoid skin erythema and DNA mutagenic photolesions. The photoinduced Förster
resonance energy transfer (FRET) is investigated from PBSA to CCS QDs as a
function of Cu concentration in CCS QDs using the steady-state photo-
luminescence and time-resolved photoluminescence measurements. A 2-fold increase in the magnitude of non-radiative energy
transfer rate (KT(r)) is observed as the molar concentration of Cu in CCS QDs increases from 2 to 10 mM. Our findings suggest that
in PBSA-CCS QD dyads, the FRET occurrence from PBSA to QDs is dictated by the dynamic mode of photoluminescence (PL)
quenching. The bimolecular PL quenching rate constants (kq) estimated by Stern−Volmer’s plots for PBSA-CCS QD dyads are of
the order of 1010 M−1 s−1, which signifies that in the PBSA-CCS QD dyad FRET system, the process of PL quenching is entirely
diffusion-controlled.

1. INTRODUCTION
Quantum dots (QDs) are semiconducting nanocrystals having
a size in the range of 1.5−10.0 nm with three-dimensional
confinement of electrons and exhibit size-dependent optical
and electronic properties.1,2 They also demonstrate several
distinguishable features including size-dependent lumines-
cence,3 a high quantum yield,4 long fluorescence lifetimes,5

photobleaching stability,6 a large absorption coefficient, broad
absorption spectra,7 and narrow emission spectra.8 Owing to
the distinct and unique properties of QDs, they are widely used
in fluorescence biosensors,9 photocatalysts,10 drug delivery,11

bioimaging,12 and optoelectronic devices, such as solar cells,13

light-emitting diodes,14 and lasers.13 Although the binary
semiconductor QDs are widely used,15 recently, alloyed
(ternary and quaternary) QDs have been at the prime focus
because of their potential applications that can be tuned by
controlling the constituent stoichiometries and internal
structure.8,9,16 More recently, Cu-based II−VI semiconductor
nanocrystals such as CuxCd1−xS (CCS) have emerged as
promising candidates due to their specific advantages relative
to their corresponding binary counterparts CuS and CdS,
which allow tuning the desirable optoelectronic properties.17

In addition, Cu chalcogenide QDs are inexpensive, stabilized

under photoirradiation, moisture and oxygen, biocompatible,
and durable.18−20

In parallel in the past two decades, there has been growing
interest to prepare the biocompatible semiconductor QDs
containing sunscreen systems to filter the ultraviolet (UV)
radiations.21 Contemplating human health risks, the extremely
pertinent and concerning section of the solar spectrum is the
UV radiations that are further subdivided into UV-A (320−
400 nm), UV-B (280−320 nm), and UV-C (below 280 nm)
radiations.22 The more energetic UV-C radiations are entirely
absorbed by ozone in the stratosphere, while less energetic
UV-B (1−10%) and UV-A (80−90%) reach the earth’s
surface.23 Tanning and photoaging are linked with UV-A
exposure.24 UV-B radiations are genotoxic radiations that
directly cause skin erythema and DNA mutagenic photo-
lesions.25 The adjacent DNA bases through various molecular
rearrangements form dimeric photoproducts such as cyclo-
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butene dimers and pyrimidine (6-4 photoproducts) after direct
absorption of UV-B radiations.26,27 These mutations in DNA
are self-repaired by the excision repair mechanism.28 The UV-
B radiations have 1000 times more damaging effects than UV-
A.22 An ever-increasing worldwide utilization of sunblock
components has been noticed in the global sun care market of
net worth up to 11.6 billion USD in 2018, and it is estimated
that it will achieve a globally 24.4 billion USD by 2029.29 2-
Phenylbenzimidazole-5-sulfonic acid (PBSA), also recognized
as “ensulizole”, is a renowned UV-B-type artificial sunscreen
filter.30 Previously, this compound was analyzed extensively as
an environmental pollutant in the treatment of waste-
water.31−34

Herein, we attach PBSA with ternary CCS QDs and
investigate the photoinduced FRET from PBSA donor coupled
with CCS QD acceptor for the first time to the best of our
knowledge. The optical properties of CCS QDs are not only
size-dependent but also composition-dependent and can be
tailored by changing the ratios of their constituent elements
Cu, Cd, and S.16 In alloyed ternary CCS QDs, the band gap,
absorption edge, and the position of the valence band (VB)
and conduction band (CB) can be regulated by changing
Cu2+/Cd2+ ratios.35 In this study, a series of ternary CCS QDs
are synthesized by changing the molar concentration of Cu
only in the 1:1 stoichiometric mixture of Cd and S. After
synthesis, the CCS QDs are mixed with PBSA in an aqueous
solution, and the effect of the molar ratio of Cu on FRET in
terms of PL quenching is investigated by SSPL and TRPL
analysis. In PBSA-CCS QD dyads, the mercaptoacetic acid
(MAA)-functionalized CCS QDs interact with PBSA through
H-bonding and PBSA exhibits a diffusion-controlled dynamic
mode of PL quenching that is inferred from the magnitude of
bimolecular quenching rate constant.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All the chemicals used for experimental

work were purchased from Sigma-Aldrich and used as received
from the company without any further purification. These
included copper nitrate (Cu(NO3)2·3H2O, ≥98%), cadmium
chloride (CdCl2·2.5H2O, ≥99%), sodium hydroxide (NaOH,
99%), mercaptoacetic acid (MAA, ≥98%), sodium sulfide
(Na2S·9H2O, ≥99.9%), anhydrous methanol (99.8%), and
absolute ethanol (99.8%). All the solutions were prepared in
doubly deionized water during the experiments.
2.2. Synthesis of CCS QDs and Association with

PBSA. The colloidal synthesis method was used to synthesize
ternary CCS QDs. Briefly, 20 mL of 2 mM (x = 2) aqueous
solution of Cu(NO3)2·3H2O and 20 mL of 2 mM aqueous

solution of CdCl2·2.5H2O were added to a three-necked
round-bottom flask. Nitrogen gas purging was performed to
create an oxygen-free environment for the reaction. A turbid
solution was formed after the addition of a 10 mL aqueous
solution of 0.5 M MAA (as a stabilizing agent) into the above
solution. Afterward, 0.1 M aqueous NaOH was added
dropwise with stirring to adjust the pH value between 9 and
11, and the turbid solution turned clear. In the end, 20 mL of
an aqueous solution of 2 mM sodium sulfide (as a sulfur
source) was injected into the reaction mixture. After the
addition of sodium sulfide, the color of the solution became
brown. The reaction mixture was heated at 80 °C with
constant magnetic stirring at 300 rpm for 1 h. Afterward, the
reaction mixture was cooled to room temperature. Then
ethanol was added to the above mixture to precipitate out CCS
QDs powder. The obtained solution was centrifuged at the
speed of 5000 rpm for 4 min. To remove unreacted species,
washing with different solvents (double-deionized water and
methanol) was carried out repeatedly. The final product was
dried in an oven at 60 °C for 4−6 h, and the QDs obtained in
the form of powder were dispersed in deionized water and
analyzed. The same synthetic scheme was followed for 4 mM
(x = 4), 6 mM (x = 6), 8 mM (x = 8), and 10 mM (x = 10)
concentrations of Cu precursor, without changing the
concentration of Cd and S ingredients. Then, 5 mL of each
CCS QDs were re-dispersed in deionized water and mixed
separately with 5 mL of aqueous solution of PBSA and stirred
for 60 min at 50 °C to prepare the PBSA-CCS QD dyads. The
intermolecular hydrogen bonding between PBSA and MAA-
functionalized CCS QDs was responsible for the association of
these dyads.

3. CHARACTERIZATION
FTIR spectroscopy analysis of CCS QDs was carried out in the
region of 4000−500 cm−1 by using a Bruker TENSOR-II FT-
IR spectrometer. The crystal structure of CCS QDs was
determined by using a PANalytical X-ray diffractometer model
3040/60 X’Pert PRO operating at 45 kV and 40 mA with a
source having Cu Kα (λ = 1.5406 Å) radiation over an angle
range of 10−80°. The UV−vis absorption measurements of
CCS QDs were carried out by dispersing QDs in double-
deionized water using a Shimadzu spectrophotometer UV-
1601. Energy-dispersive X-ray analysis (EDX) and high-
resolution transmission electron microscopy (TEM) analysis
of QDs were made by utilizing a JSM-6460 LV and Philips CM
30, JEOL, JEM-2100F, respectively. The SSPL and TRPL
measurements were performed by using a Pico-Quant Fluo
Time 300 (FT-300) spectrometer. The samples were excited

Figure 1. (a) As-measured absorption spectra of CCS QDs and normalized PL emission spectrum of PBSA, (b) as-measured absorption spectrum
of PBSA, and (c) absorption spectrum of association of PBSA with QDs.
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with a pulsed LED laser source at 306 nm, and the PL was
measured at room temperature as described in our previously
reported work.30

4. RESULTS AND DISCUSSION
The CCS QDs having 2 mM (x = 2), 4 mM (x = 4), 6 mM (x
= 6), 8 mM (x = 8), and 10 mM (x = 10) concentrations of Cu

without any change in molar concentration of Cd, S, and MAA
precursor are labeled as CCS-1, CCS-2, CCS-3, CCS-4, and
CCS-5, respectively, throughout the Results and Discussion
section. Figure 1a illustrates the as-measured absorption
spectra of QDs and the normalized PL emission spectrum of
PBSA. Figure 1b demonstrates the as-measured absorption
spectrum of PBSA that exhibits λmax at 303 nm, which is just in
resonance with the excitation wavelength of 306 nm. It is
evident from Figure 1a,b that the QDs exhibit a very low
optical density (approximately 5 times less) as inferred from
Beer−Lambert’s law at the given concentration corresponding
to the excitation wavelength in comparison to PBSA. Hence, it
can be inferred that after excitation, the light in-coupling with
PBSA would be higher than the CCS QDs. The molar
concentration of QDs is estimated by dividing the total volume
per liter of the QDs by the volume of a single QD which is
determined from TEM measurements, Figure 4b. For the
calculation of total volume per liter of QDs, it is assumed that
both the nanomaterial and bulk material have the same
density.36 Subsequently, the molar absorption coefficient of
QDs is evaluated from the slope of the line by plotting
absorption versus concentrations. The appearance of absorp-
tion features of both PBSA and QDs in the same spectrum
(Figure 1c) is an obvious indication of the presence of both
PBSA and QDs in the solution. The existence of H-bonding
between the polar groups of PBSA and MAA-functionalized
QDs is responsible for their association. To calculate the
average number of PBSA molecules surrounding a definite
CCS QDs, Beer−Lambert’s law is used. It can be inferred from
Figure 1c that the magnitude of absorption of PBSA at 303 nm
is 0.9, which corresponds to ∼8.61 × 1015 PBSA molecules,
and that of CCS-1 at 401 nm is 0.2, which corresponds to
∼1.86 × 1015 CCS-1 QDs. Thus, the average number of
experimentally determined PBSA molecules that surround one
QD is ∼4.6.
The relationship between the molar concentration of Cu and

the respective band gap energy values is given in Table 1. A red
shift is observed in UV−vis spectra of ternary CCS QDs with
increasing amount of Cu content. The excitonic peaks appear
at 401, 410, 417, 421, and 426 nm for CCS QDs with Cu
concentrations of 2, 4, 6, 8, and 10 mM, respectively. This
bathochromic shift is attributed to an increase in the molar
concentration of Cu in ternary CCS QDs (Table 1).
The gradual increase in molar concentration of Cu from 2 to

10 mM results in the decrease of band gap energy from 3.09 to

Table 1. Effect of the Molar Concentration of Cu2+ Ions on
the Optical Band Gap of CCS QDs

sample code molar conc. of Cu2+ ions (mM) optical band gap (eV)

CCS-1 2 3.09
CCS-2 4 3.02
CCS-3 6 2.97
CCS-4 8 2.94
CCS-5 10 2.91

Figure 2. XRD patterns of synthesized CCS QDs.

Figure 3. FTIR spectra of MAA-functionalized CCS QDs.

Figure 4. (a) EDX analysis, (b) TEM micrograph, and (c) HRTEM micrograph of MAA-functionalized CCS QDs.
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2.91 eV of CCS QDs. Therefore, the optical properties of
copper-based ternary alloyed CCS QDs can greatly be tuned
by changing the ratio of Cu.
Moreover, in ternary copper chalcogenides, VB is composed

of 3d orbitals of Cu that are hybridized with the p-orbitals of
the chalcogen element, while CB is composed of 4s-orbitals of
Cu with some p-character mixing from the chalcogen element.
In this way, the composition-dependent band gap can be tuned
with the increase in Cu content since VB is pushed toward a
higher energy, and thereby, the band gap is decreased.19,37,38 In
CCS QDs, as the Cu content increases from 2 to 10 mM, the
band gap decreases from 3.09 to 2.91 eV, as shown in Figure
1c.
The XRD patterns of all the synthesized samples of CCS

QDs are presented in Figure 2. These patterns match with the
crystal structure of the cubic zinc blende and are verified by
JCPDS-10-0454. The four peaks are observed at 2θ values of
26.0, 43.2, 51.5, and 71.2° corresponding to (111), (220),
(311), and (331) crystal planes, respectively. The plane with
(111) index is the most intense peak, and the appearance of
two closely spaced reflections (220) and (311) confirm the
crystalline nature of CCS QDs.
These fairly broad peaks suggest the small nature of QDs.

No remarkable difference is detected in the lattice parameters
of CCS QDs with a change in the concentration of Cu2+ ions.
This is anticipated because of comparable ionic radius of the
Cu2+ ion (0.72 Å) with Cd2+ ion (0.97 Å).39 The average
crystallite size of all the samples is evaluated using Scherrer’s
equation40 corresponding to the full width at half-maximum of

the most intense peak. The estimated crystallite size range is
4.4−5.1 nm, suggesting a very slight change in particle size
with the change in molar concentration of Cu2+ ions in CCS
QDs.
To verify the successful anchoring of the capping ligand on

the surface of as-synthesized CCS QDs, FTIR analysis is
performed over the range of 400−4000 cm−1. The character-
istic vibrational modes appear at 3330, 2974, 1650, 1375, and
561 cm−1, as displayed in Figure 3. A broad peak centered at
3330 cm−1 is attributed to the stretching vibration of the O−H
bond of MAA. The peak that appeared at 2974 cm−1 is
assigned to the stretching vibration of C−H.41 The peak that
occurred at 1650 cm−1 is ascribed to stretching vibrations of
the C�O bond of MAA. The peak at 1375 cm−1 is attributed
to the bending vibration of the C−H bond. The absence of a
S−H bond peak in the region between 2550 and 2700 cm−1 is
an indication of attachment of the MAA capping ligand to the
surface of CCS QDs through metal−sulfur (M−S) linkage.
This illustrates that a coordinate bond is formed between the
metal cations present at the surface of QDs and the sulfur atom
that comes from the thiol group (S−H) of MAA by losing a
proton.42,43 The weak IR vibrational peaks in the region of
500−600 cm−1 are attributed to the metal−sulfur bond
vibrations (561 cm−1).44

To further confirm the synthesis of MAA-functionalized
CCS QDs, EDX, TEM, and HRTEM analyses are performed.
The purity of the synthesized samples of QDs and the
incorporation of Cu in the lattice are confirmed by EDX
analysis due to the presence of peaks of Cu, Cd, and S, as
depicted in Figure 4a. The average size of synthesized QDs is
also investigated from the TEM micrograph (Figure 4b) by
using ImageJ software, which is ∼5 nm. This measurement is
in good agreement with the crystallite size obtained from XRD
data (Figure 2). The HRTEM micrograph (Figure 4c) reveals
the crystallinity of the synthesized sample of MAA-function-
alized QDs. The inter-planar distance of 0.34 nm corresponds
to the (111) crystal plane of the QDs, which is in good
agreement with the aforementioned Figure 2 with the XRD
pattern.

Figure 5. (a) SSPL spectra and (b) PL decay kinetics of PBSA in the absence and presence of CCS QDs.

Table 2. FRET Parameters for Various PBSA-CCS QD Dyads

sample I.D. τav (ns) E (%) J(λ) (M−1 cm−1 nm4) Ro (nm)
r

Ro KT(r) (s−1)

PBSA-CCS-1 2.75 45.97 5.52 × 1014 3.73 1.03 1.68 × 108

PBSA-CCS-2 2.51 50.69 2.09 × 1015 4.65 0.99 2.02 × 108

PBSA-CCS-3 2.22 56.39 6.16 × 1015 5.57 0.96 2.53 × 108

PBSA-CCS-4 1.99 60.91 1.05 × 1016 6.09 0.93 3.05 × 108

PBSA-CCS-5 1.83 64.05 9.15 × 1016 8.73 0.91 3.50 × 108

Table 3. PL Quenching Parameters for Various PBSA-CCS
QD Dyads

sample I.D. slope (Ksv) (M−1) kq (M−1 s−1)

PBSA-CCS-1 190.51 3.74 × 1010

PBSA-CCS-2 227.31 4.47 × 1010

PBSA-CCS-3 258.74 5.08 × 1010

PBSA-CCS-4 308.06 6.05 × 1010

PBSA-CCS-5 349.37 6.86 × 1010
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To investigate the interactions between PBSA and various
types of synthesized CCS QDs in the solution phase, SSPL and
TRPL measurements are performed. Following the excitation
at 306 nm, the PL spectra of PBSA in the absence and
presence of CCS QDs with varying concentrations of Cu+2
ions are displayed in Figure 5a. The PL of PBSA peaks at 411
nm, which gradually reduces with an increase in the
concentration of Cu+2 ions in CCS QDs without any
substantial wavelength shift. The decrease in PL intensity of
PBSA upon progressive addition of 5 mM of each CCS QD
into PBSA solution is an obvious indication of PL quenching
that strongly depends on the Cu2+ ion concentration. The
various MAA-functionalized CCS QDs are noticed to be
proficient quenchers for PBSA with up to 64% decline in PL
intensity in the case of CCS-5. This suggests an efficient
energy-transfer process that can be attributed to the over-
lapping between the absorption spectrum of CCS-5 and the
emission spectrum of PBSA (Figure 1a), prerequisite for an
effective FRET process to occur. Here, PBSA acts as the FRET
donor and CCS QDs act as the FRET acceptor. However, it is
an open fact that the semiconductor QDs exhibit large
absorption UV cross-section. However, at the given concen-
tration, PBSA and the CCS QDs in PBSA-CCS QD dyads and
their absorption (Figure 1a,b) suggest that PBSA with higher
absorption at 306 nm works as the FRET donor and the CCS
QDs work as the acceptor. The fluorescence quenching

efficiency or energy-transfer efficiency (E) of different donor−
acceptor pairs are estimated using eq 1

E 1 DA

D
=

(1)

where τD and τDA are the PL decay lifetimes of the donor in the
absence and presence of the acceptor, respectively. The PL
decay lifetime is an intrinsic feature of a luminescent species
that confers a significant insight into excited-state dynamics.
The TRPL measurements demonstrate a remarkable trend of
PL quenching of PBSA in conjunction with various MAA-
functionalized CCS QDs as depicted in Figure 5b. The
measured PL kinetics is best fitted by bi- and triexponential
decay functions. To assess the average PL decay lifetime, eq 2
is employed

A

A
i
n

i i

i
n

i
av

1

1

= =

= (2)

The estimated average PL decay lifetime of the sole donor
(PBSA) is 5.09 ns, which drops to 2.75, 2.51, 2.22, 1.99, and
1.83 ns for PBSA-CCS-1, PBSA-CCS-2, PBSA-CCS-3, PBSA-
CCS-4, and PBSA-CCS-5 donor−acceptor pairs, respectively,
for a constant concentration of all the acceptor’s moieties.
To develop an understanding of the origin of PL quenching,

the FRET model is applied to the PBSA-CCS QD system.

Figure 6. SSPL spectra exhibiting PL quenching of (a) PBSA-CCS-1, (b) PBSA-CCS-2, (c) PBSA-CCS-3, (d) PBSA-CCS-4, and (e) PBSA-CCS-5
at various quencher concentrations. The figure legend is displayed in section (e) of the figure panel with a similar color scheme.
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FRET is a non-radiative energy-transfer process that occurs
due to dipole−diploe interactions of the excited donor
molecules (PBSA) and the ground-state acceptors (CCS
QDs).45 The Förster or critical distance (Ro) is the distance at
which the energy-transfer efficiency is 50% and is determined
using eq 3, and the spectral overlapping region by using the
integral (J(λ)) between the PL spectrum of PBSA sunscreen
and the absorption spectra of CCS QDs is computed, eq 4

R 0.0211 k n J(nm) ( )2 4
o D

6= · · · (3)

J F( ) ( ) ( ) d
0

4
D A= · · ·

(4)

where ϕD, k2, ϵA(λ), n, and FD(λ) denote the fluorescence
quantum yield of the donor in the absence of the acceptor, the
orientation factor k 2 3( / )2 = for the randomly oriented PBSA-
CCS system, the molar extinction coefficient (M−1 cm−1) of
the acceptor, the refractive index of the medium (n = 1.4), and
the corrected emission intensity of PBSA in the wavelength
range of λ to λ + Δλ with the total intensity normalized to 1,
respectively. The quantum yield of PBSA (ϕD = 0.315) is
estimated by a relative method46 employing fluorescein (in 0.1
M aqueous NaOH) as a reference fluorophore47
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Figure 7. PL decay kinetics in (a) PBSA-CCS-1, (b) PBSA-CCS-2, (c) PBSA-CCS-3, (d) PBSA-CCS-4, and (e) PBSA-CCS-5 dyads at various
CCS QDs concentrations. The figure legends are displayed in section (e) of the figure panel with a similar color scheme.

Figure 8. Stern−Volmer plots of various PBSA-CCS QD dyads.
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where KT(r) and “r” in the above equations are the rate constant
for the non-radiative energy-transfer process and the actual
distance between donor and acceptor moieties, respectively.
Different types of FRET parameters mentioned in Table 2 are
appraised by using equations from 1 to 6.
Figure 1a clearly reveals a spectral overlap between PBSA

emission and CCS QDs absorption spectra. This is an
indication of the occurrence of FRET between these two
moieties. For the scope of an effective FRET process, besides
spectral overlapping, there must be a decrease in the PL decay
lifetime of the donor in the presence of the acceptor and the
magnitude of Förster distance should be within the permissible
limit of 1−10 nm. The current scenario satisfies all these three
prerequisites for the existence of FRET between PBSA and
CCS QDs. The data of various parameters presented in Table
2 further corroborate the aforementioned statement. The
assessed values of spectral overlapping integral by using eq 4
for various PBSA-CCS QD dyads are depicted in Table 2. This
trend in the magnitude of J(λ) is in accordance with Figure 1a,
that is, the lowest for CCS-1 and the highest for CCS-5. The
values of Ro mentioned in Table 2 are evaluated with the help
of eq 3. These values of distance Ro are 3.73, 4.65, 5.57, 6.09,
and 8.73 nm for PBSA-CCS-1, PBSA-CCS-2, PBSA-CCS-3,
PBSA-CCS-4, and PBSA-CCS-5 FRET pairs, respectively. The
FRET efficiency (E) of all the donor−acceptor pairs is
calculated by eq 1. For the FRET pairs PBSA-CCS-1, PBSA-
CCS-2, PBSA-CCS-3, PBSA-CCS-4, and PBSA-CCS-5, the
value of E comes out to be 45.97, 50.69, 56.39, 60.91, and
64.05%, respectively. The magnitude of the non-radiative rate
constant displayed in Table 2 increases with an increase in Ro
values. The KT(r) values are of the order of 108 s−1 for various
PBSA-CCS dyads. This increasing trend in KT(r) values for
various donor−acceptor pairs can be attributed to the
increasing concentration of Cu2+ ions in the QD acceptors.
This is because of the diffused nature of Cu2+ orbitals that
changed the position of VB and CB as compared to Cd2+ in the
QDs. It is observed that the value of KT(r) becomes
approximately double as the concentration of Cu2+ ions
increases from 2 to 10 mM in the PBSA-CCS QD dyad. In our
case, we believe that by increasing the amount of Cu2+, it
replaces the Cd2+ in the QDs, thus causing a slight change in
the diameter of the QDs, although the colloidal properties
remain the same. However, this slight change in the size of the
QDs cannot be assessed in these experiments. We speculate
that this slight change in the size of QDs is responsible for the
change in actual donor−acceptor distance “r” as a slight change
in the “r” hugely affects the energy-transfer efficiency and the
rate (eqs 5 and 6). Based on the above discussion, we can
conclude that an increase in the concentration of Cu2+ ions
escalates the non-radiative energy-transfer process between
PBSA donors and various CCS QDs acceptors. This can be
attributed to a decrease in band gap width of CCS QDs with

an increase in the concentration of Cu2+ ions that facilitate the
resonance phenomenon of energy transfer.
To further understand the FRET process, the PL quenching

analysis of PBSA is performed by measuring its PL intensity
and PL decay kinetics in both the absence and presence of
various concentrations of CCS QDs (5, 10, 15, 20, and 25
mM) in phosphate buffer. To determine the mechanism of PL
quenching, the well-known Stern−Volmer’s (SV) equation30 is
used (eq 7)

K k1 Q 1 Qo
SV q o= + [ ] = + [ ]

(7)

where τo and τ are the PL decay lifetimes of the donor in the
absence and presence of the acceptor, respectively. KSV (=
kq·τo) is the Stern−Volmer’s constant, kq is the bimolecular
quenching rate constant, and [Q] is the molar concentration of
the quencher (CCS QDs here), and the estimated values of kq
are given in Table 3. The PL intensity or the PL decay lifetime
can be employed to evaluate the kq from the slope of the linear
plot as both the parameters give the same outcomes. However,
the usage of average lifetime gives an insight into the nature of
PL quenching, that is, static or dynamic, which is why we use
lifetime to estimate the PL quenching.
In the current study, the amount of PBSA is fixed (1 mmol)

and the concentration of all the samples of CCS QDs
(quencher) varies from 5, 10, 15, 20, and 25 mM.
In the first instance, 1 mmol of PBSA is mixed with 5, 10, 15,

20, and 25 mM concentrations of CCS-1 (quencher) and a
consequent decline in PL intensity is measured for the PBSA-
CCS-1 system (Figure 6a). The same protocol is adopted for
PBSA-CCS-2, PBSA-CCS-3, PBSA-CCS-4, and PBSA-CCS-5
systems (Figure 6b−e). Figure 6a−e demonstrates PL
quenching upon a gradual increase in concentration of the
respective quencher. To ascertain the accurate mechanism of
PL quenching, TRPL measurements are performed (Figure
7a−e). This analysis helps to specify the operative static or
dynamic mode of fluorescence quenching precisely. In the
static mode of PL quenching, the average PL decay lifetime of
the fluorophore does not change; however, the PL intensity
decreases upon increasing the concentration of the quencher
due to ground-state complex formation. Herein, the PL decay
lifetime of the fluorophore is changed upon varying the
concentration of the quencher in the dynamic mode of
quenching owing to excited-state complex formation between
the fluorophore and the quencher. This leads to the conclusion
that an increase in concentration of CCS QDs from CCS-1 to
CCS-5 in all the samples has a linear effect on PL quenching of
PBSA. The PL decay kinetics of all the samples are plotted in
Figure 7a−e.
The Stern−Volmer plots for all these systems are depicted in

Figure 8, which show straight lines with the vertical intercept
equal to 1. The slope of all these linear plots (Ksv) is used to
calculate the respective bimolecular quenching rate constant.

Table 4. Average PL Lifetime Calculated from the Extracted Fitting Parameters of Measured PL Kinetics using eq 2

[CCS] (mM) PBSA-CCS-1 τav (ns) PBSA-CCS-2 τav (ns) PBSA-CCS-3 τav (ns) PBSA-CCS-4 τav (ns) PBSA-CCS-5 τav (ns)
0 5.09 5.09 5.09 5.09 5.09
5 2.75 2.51 2.22 1.99 1.83
10 1.84 1.63 1.44 1.24 1.11
15 1.37 1.19 1.05 0.91 0.8
20 1.08 0.94 0.83 0.71 0.63
25 0.89 0.77 0.68 0.58 0.52
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The numerical value of kq is an indication of quenching
efficiency. The assessed values of kq for different concen-
trations of PBSA-CCS-1, PBSA-CCS-2, PBSA-CCS-3, PBSA-
CCS-4, and PBSA-CCS-5 evaluated from slopes of linear plots
of Figure 8 are presented in Table 3. It is believed that if the
magnitude of kq is of the order of ∼1010 M−1 s−1, the process is
assumed to be fully diffusion-controlled.48 The observed values
of kq suggest here that the process of PL quenching is entirely
diffusion-controlled. Also, from Table 3 and Figure 8 (slopes of
linear plots), it is inferred that the quenching efficiency is the
highest for PBSA-CCS-5 and the lowest for PBSA-CCS-1,
which is attributed to the respective variation in the
concentration of CCS QDs present in each sample from
CCS-1 to CCS-5, where QDs act as potential quenchers and
the increase in the Cu2+ content in the CCS QDs increases the
overlap integral F(λ).
Figure 8 reveals that our findings are consistent as depicted

by eq 7 for all the concentration ranges of different quenchers
examined here. These Stern−Volmer plots do not exhibit any
deviation from straight line behavior toward the ordinate (y-
axis) within the investigated limit of quenchers. This rules out
any possibility of occurrence of both static and dynamic
quenching simultaneously.
These findings obtained from Figure 8 and Table 4

comprising the data of average PL decay lifetimes confirm
that the dynamic mode of PL quenching is operative as the PL
lifetime of PBSA varies with the change in the quencher’s
(CCS QDs) concentration.

5. CONCLUSIONS
We observed a meticulous PL analysis of PBSA as the FRET
donor and CCS QDs as acceptors as well as PL quenching on
the basis of measured PL spectra and PL decay kinetics. The
estimated various parameters like E, J(λ), Ro, r, and KT(r)
confirmed the existence of an efficient FRET process between
PBSA and CCS QDs. The estimated values of KT(r) were of the
order of 108 s−1 for different PBSA-CCS dyads. This increasing
trend in KT(r) values for various donor−acceptor dyads was
attributed to the increasing concentration of Cu2+ ions in the
QD acceptors due to the diffused nature of Cu2+ orbitals that
changed the position of VB and CB as compared to Cd2+. It
was noticed that the value of KT(r) became approximately
double as the concentration of Cu2+ ions changed from 2 to 10
mM in the PBSA-CCS QD dyad. Therefore, it can be
concluded that an increase in the concentration of Cu2+ ions
escalated the non-radiative energy-transfer process between
PBSA donor and various CCS QDs acceptors. This could be
ascribed to a decrease in band gap width of CCS QDs with an
increase in the concentration of Cu2+ ions that facilitated the
resonance phenomenon of energy transfer. The change in PL
decay, average lifetime values, and estimated bimolecular
quenching rate constant suggested the dynamic and diffusion-
controlled nature of PL quenching in PBSA-CCS QD dyads. In
future, this work can be extended to gauge the fluorescence
properties of DNA and other molecular proteins.
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