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Blue-emitting InP quantum dots participate in an
efficient resonance energy transfer process in
watery

Pradyut Roy, & Mishika Virmani and Pramod P. Pillai ©*

Development of stable blue-emitting materials has always been a challenging task because of the necessity
of high crystal quality and good optical properties. We have developed a highly efficient blue-emitter, based
on environmentally friendly indium phosphide/zinc sulphide quantum dots (InP/ZnS QDs) in water, by
controlling the growth kinetics of the core as well as the shell. A rational combination of less-reactive
metal-halides, phosphorus, and sulphur precursors is the key for achieving the uniform growth of the InP
core and ZnS shell. The InP/ZnS QDs showed long-term stable photoluminescence (PL) in the pure-blue
region (~462 nm), with an absolute PL quantum yield of ~50% and a colour purity of ~80% in water.
Cytotoxicity studies revealed that the cells can withstand up to ~2 micromolar concentration of pure-
blue emitting InP/ZnS QDs (~120 pg mL™Y). Multicolour imaging studies show that the PL of InP/ZnS
QDs was well-retained inside the cells as well, without interfering with the fluorescence signal of
commercially available biomarkers. Moreover, the ability of InP based pure-blue emitters to participate in
an efficient Forster resonance energy transfer (FRET) process is demonstrated. Installing a favorable
electrostatic interaction turned out to be crucial in achieving an efficient FRET process (E ~75%) from
blue-emitting InP/ZnS QDs to rhodamine B dye (Rh B) in water. The quenching dynamics fits well with
the Perrin formalism and the distance-dependent quenching (DDQ) model, which confirms an
electrostatically driven multi-layer assembly of Rh B acceptor molecules around the InP/ZnS QD donor.
Furthermore, the process of FRET was successfully translated into the solid state, proving their suitability
for device-level studies as well. In short, our study expands the spectrum of aqueous QDs based on InP
towards the blue region for future biological and light harvesting studies.

challenge, as they possess unique optoelectronic properties,
such as large absorption cross-section, tunable and narrow

Luminescent materials find applications in broad areas of
science and technology including full-color display devices,
photovoltaics, bioimaging and targeting, sensing, and so on."”
The diversity of modern science demands for the need of
luminescent materials that emit in all regions of the visible and
near-infrared spectra.” But, it is challenging to prepare ‘pure’
blue-emitting luminescent materials as they often fail to meet
the stringent requirement of colour purity, high and stable
quantum yield, and long-term photostability."* This has been
an obstacle in realizing the full use of luminescent materials in
different areas of energy and medical research. Quantum dots
(QDs) can be one class of materials that could solve this
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emission bandwidth, high photoluminescence quantum yield
(PL QY), and enhanced photostability.>** In this direction,
indium phosphide (InP) based QDs are emerging as one of the
luminescent materials of choice because of their intrinsically
lower toxicity over traditional Cd- and Pb-based QDs.'**’
However, the creation of highly luminescent blue-emitting InP
QDs is not a straight-forward task in QD research because of the
necessity of an ultra-small sized QD core (<2 nm).**® The ultra-
small QDs are prone to contain more crystal defects that could
hamper their luminescent properties, and this demands for
improved synthetic strategies. Moreover, the high covalent
nature of InP QDs makes them more vulnerable to oxidizing
environments.*® A few protocols are available to prepare blue-
emitting InP QDs in organic medium, wherein the growth
kinetics of QDs is slowed down by controlling the reaction
temperature, precursor reactivity, surface etching, shell growth,
competitive secondary nucleation process, etc.>*>° In one
example, stable blue-emitting InP/ZnS/ZnS QDS (Aey, ~475 nm)
were prepared by fine-tuning the inherent reactivity between
phosphorus and indium precursors, thereby achieving a control
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over nucleation and growth processes.*® This has led to the
development of efficient blue-emitting light emitting diodes
(LEDs) based on InP/ZnS/ZnS core/shell/shell QDs. The use of
a double layer of a very thick ZnS shell was crucial in this study
for stabilizing the QDs and achieving high PL QY. The presence
of a thick ZnS shell in this study (~8 monolayers) eventually
increases the overall size of the QDs to ~6.8 nm, which might
have inherent limitations in light-harvesting (poor energy
transfer efficiency because of the thick shell)*” as well as in
biological studies (poor renal clearance because of the large
size).*® In a very recent study, Douhal and co-workers were
successful in preparing smaller sized InP/ZnS/ZnS QDs (~4 nm)
with the PL centered in the deep-blue region in organic
medium, by fine-tuning the growth kinetics and ZnS shell-
thickness.?® The other demand in the area is to retain the high
PL of blue-emitting InP/ZnS QDs in aqueous medium to expand
their scope in diverse areas of science. Therefore, there is
a necessity to optimize the synthetic protocol for preparing
stable pure-blue emitting InP/ZnS QDs in the aqueous medium,
along with demonstrating their versatile applied properties in
water.

Here, we report the preparation of highly luminescent pure-
blue emitting InP/ZnS QDs (~462 nm) in organic medium and
their successful transfer to the aqueous phase, with an absolute
PL quantum yield of ~50% and a colour purity of ~80% (CIE
0.16,0.15) in water. These InP QDs contain a thin shell of ZnS
compared to previous reports (3 vs. 8 monolayers), which
motivated us to test their suitability for both bioimaging as well
as light induced Forster resonance energy transfer studies
(FRET). Majority of the QD based FRET donors used so far
emitted from the green region, which limits the use of acceptor
molecules that emit from the yellow region and above. In other
words, the unavailability of pure-blue emitting QD donors
restricts the use of acceptor molecules (biomolecules, organic
and inorganic chromophores) that absorb in the blue to cyan
regions. Thus, there is a high demand for the demonstration of
a FRET system based on a pure-blue emitting QD donor, and
this forms the main focus of the present work. As a proof of
concept, we have demonstrated an efficient FRET from the blue-
emitting InP/ZnS QD donor to the red-emitting rhodamine B
dye acceptor. This system also serves as an example for a long-
range FRET process (here, long-range is in terms of wide color
gamut).

A fine-control over the core size and shell thickness of InP/
ZnS QDs, by optimizing the precursor amounts and the
growth kinetics, enabled us to achieve a strong and stable PL in
the pure-blue region. A rational combination of less-reactive
metal-halides, phosphorus, and sulphur precursors was the
key for achieving the uniform growth of the InP core and ZnS
shell. For instance, the dual role of aminophosphine as both the
precursor and reducing agent (disproportionation), coupled
with the weak bond strength of iodide salts of indium and zinc
was crucial in achieving the desired control over the growth
kinetics of the core. The as-synthesized InP/ZnS QDs (3.5 +
0.4 nm diameter) exhibited a first excitonic peak at ~410 nm
with the peak-to-valley ratio of 1.45, and a sharp PL peak at
~462 nm (full-width half-maxima of ~58 nm). The uniformity
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in the ZnS shell led to the proper surface modification with 11-
mercaptoundecanoic acid ([—], MUA), which imparted the
much-required colloidal stability to pure-blue emitting InP/ZnS
QDs in water as well as in biological media. Importantly, there
was only a marginal decrease in the absolute PL quantum yield
(QY) of blue-emitting InP/ZnS QDs after the surface function-
alization and dispersion in water (~60% in chloroform and
~50% in water). The blue-emitting InP/ZnS QDs retained their
strong PL inside the biological cells without interfering with the
fluorescence signal of commercial dyes. Moreover, the InP/ZnS
QDs participated in an efficient FRET process, which expands
the spectrum of aqueous QDs towards the blue region for future
light harvesting studies. The presence of negative surface
charges on QDs led to the formation of an electrostatically
bounded donor-acceptor system consisting of a [—] pure-blue
emitting InP/ZnS QD donor and a [+] rhodamine B dye (Rh B)
acceptor. Installing a favourable electrostatic interaction turned
out to be crucial in achieving a ~75% efficient FRET process
from InP/ZnS QDs to Rh B dye, in water. Furthermore, the
process of FRET was successfully translated into the solid state
as well, which proves their suitability for device level studies.
Thus, the bioimaging and FRET studies showcase the potency
of water-stable pure-blue emitting InP/ZnS QDs for future bio-
logical as well as light harvesting studies.

Results and discussion

Synthesis and characterization of pure-blue emitting InP/ZnS
QDs

One of the main challenges in the preparation of stable blue-
emitting InP/ZnS QDs was controlling the growth kinetics of
the core as well as the shell. In the literature, the control over
the growth kinetics of the InP core has been achieved by the
appropriate choice of metal-ion precursors in combination with
aminophosphine.’”*+° For instance, the emission of InP/ZnS
QDs shifts from red to green to blue regions, by changing the
halide salts of In and Zn precursors from chloride to bromide to
iodide, respectively.’” Likewise, the moderate disproportion-
ation reaction of aminophosphine controls the speed of the
reaction, and thus, the emission colour of InP QDs. By adopting
this approach, stable blue-emitting InP/ZnS/ZnS QDS (Aep, ~475
nm) have already been prepared by Sun and co-workers.** Our
first attempt was to use these blue-emitting InP/ZnS/ZnS QDs as
a model system for energy transfer studies with appropriate
acceptor molecules. However, the thick double ZnS shell (~8
monolayers) prevented any photophysical interaction between
the blue-emitting InP core and the acceptor molecules. Conse-
quently, our efforts were to fine-tune the kinetics of shell growth
to generate a thin layer of ZnS around the blue emitting InP
core. Decreasing the reaction temperature and time of the shell
formation failed to reduce the shell thickness, and the emission
was still centered around 475 nm (even non-uniform shell
growth was observed in some cases). Next, the ratios of Zn:S
precursors were optimized to obtain a thin shell of ZnS (~3
monolayers), which allowed the InP core to participate in an
efficient FRET process with rhodamine B acceptor (vide infra).
Along with reducing the shell thickness, the optimization of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Zn : S precursors resulted in lowering the emission maxima of
the InP/ZnS QDs to the pure-blue region (~462 nm). To the best
of our knowledge, this is the shortest wavelength reported so far
for environmentally friendly blue-emitting InP/ZnS QDs in
water.

The as-synthesized InP/ZnS QDs exhibited a sharp first
excitonic peak at ~410 nm with a peak-to-valley ratio of 1.45,
indicating a high degree of size homogeneity (Fig. 1 and S1}).*
The PL of InP/ZnS QDs was centered around the pure-blue
region (~462 nm) in chloroform, with a colour purity of
~80% (CIE 0.16, 0.15) and a full-width half-maxima of ~58 nm
(Fig. S1 and S2t). The absolute PL QY of InP/ZnS QDs was
estimated to be ~0.6 £ 0.2 in chloroform, which is significant
for this class of blue-emitting QDs (inset of Fig. 1a and S37).
Now, it is essential to disperse these blue-emitting QDs in
aqueous medium to expand their scope beyond the organic
medium. However, it is often difficult to retain the excellent PL
properties of QDs in aqueous medium, especially for blue-
emitting QDs. In this regard, a place exchange protocol was
developed to replace oleylamine ligands on blue-emitting InP/
ZnS QDs with 11-mercaptoundecanoic acid ([—], MUA)
(Scheme 1).>**° The transfer of the blue PL from the chloroform
to the aqueous phase indicates the successful dispersion of QDs
in water (Scheme 1). Zeta potential studies revealed that the
surface of the QDs is negatively charged (—45.8 £ 1.8 mV),
which confirms the success of the place exchange reaction
(Fig. S47). The presence of MUA ligands on the surface of blue-
emitting InP/ZnS QDs was further confirmed using standard
analytical techniques (see Section 2 in the ESI}) (Fig. S5-S7,
Tables S1 and S2+t). The thiol groups in MUA ligands bind on
the surface of the ZnS shell, whereas the terminal carboxylate
groups provide the much-needed dispersion in aqueous
medium.

All the photophysical properties of pure-blue emitting InP/
ZnS QDs were well-retained even after the place exchange
reaction (Fig. 1a, b, S8, S9 and Table S3t). The multiexponential
PL decay of blue-emitting InP/ZnS QDs was preserved in the
aqueous medium, with an average lifetime of ~212 ns (Fig. 1b).
Importantly, the absolute PL QY was estimated to be 0.47 £ 0.2
in water for blue-emitting [—] InP/ZnS QDs (~85% retention)
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Scheme 1 Schematic representation of the ligand exchange process,
along with the optical photographs showing the transfer of pure-blue
emitting InP/ZnS QDs from the chloroform to the water layer.
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(inset of Fig. 1a, S3 and S8t). The photostability experiment
shows that the PL of the [—] InP/ZnS QD blue-emitter was
preserved for at least ~10 h under continuous illumination with
a 365 nm xenon lamp (the power measured at the cuvette wall
was ~6.2 mW cm %) (Fig. $101). High-resolution transmission
electron microscopy (HRTEM) studies confirm the formation of
uniform sized [—] InP/ZnS QDs having an average diameter of
3.5 + 0.4 nm (Fig. 1c and S117). Furthermore, the powder X-ray
diffraction (PXRD) studies confirm the zinc blend phase for the
InP core (Fig. S121).>* A large shift in the diffraction peaks
toward the ZnS planes was observed for the core/shell [—] InP/
ZnS QDs. The shell thickness was determined to be ~0.85 nm
(~3 monolayers) (Fig. S12t). The average diameter of the blue-
emitting [—] InP/ZnS QDs was estimated to be 3.5 &+ 0.2 nm
from the PXRD study, which corroborates well with the TEM
data. The elemental analyses from X-ray photoelectron spec-
troscopy (XPS) and energy dispersive X-ray spectroscopy (EDAX)
confirm the presence of all the major elements in [—] InP/ZnS
QDs (see the detailed discussion in Section 2 of the ESIY)
(Fig. S13-S16 and Table S4+t). The valence and conduction band
positions of [—] InP/ZnS QDs were estimated to be at —6.33 eV
and —3.63 eV (vs. vacuum), respectively, with the combination
of cyclic voltammetry and absorption studies (Fig. S17t). These
values are in good agreement with literature reports on sky-blue
emitting InP/ZnS/ZnS QDs.** It is worth mentioning that the
molar extinction coefficient (¢) for small InP/ZnS QDs is not
available in the literature. In the present study, the ¢ of pure-
blue emitting [—] InP/ZnS QDs was estimated to be ~2.5 X

2.0
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Fig.1 Spectroscopic and microscopic characterization of pure-blue emitting InP/ZnS QDs. (a) The normalized UV-vis absorption and PL spectra
of InP/ZnS QDs before (black) and after (olive) ligand exchange with [-] MUA ligands. The corresponding absolute PL QY data shown in the inset
prove ~85% retention of PL in water. (b) The PL decay profiles of InP/ZnS QDs before (black) and after (olive) place exchange with [-] MUA
ligands. (c) A representative TEM image of [-] InP/ZnS QDs. The corresponding size distribution histogram (from ~500 QDs) is shown in the inset.
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10* M~ em ™!, from the combination of inductively coupled
plasma-mass spectroscopy (ICP-MS), PXRD, and UV-vis
absorption spectroscopy (see the detailed discussion in
Section 2 of the ESIt) (Fig. S18 and Table S57). In the literature,
the ¢ of InP magic-sized clusters at the first excitonic peak
~390 nm is reported to be ~2.8 x 10* M~* em™*.** Thus, the ¢ of
pure-blue emitting [—] InP/ZnS QDs is within the range of small
sized InP QDs.

The photophysical properties of QDs depend on the quality
of the crystals formed, which is governed by the kinetics of
nucleation and crystallization growth processes. In the present
study, the less reactive aminophosphine and weak In/Zn-1 bond
strength led to the balance between the nucleation and growth
rates.***® As a result, the size of the core InP QDs was controlled
below 2 nm. Furthermore, a fine control over the shell growth
and thickness was achieved, which led to the unusually high
photophysical performance of blue-emitting InP/ZnS QDs. This
was achieved by optimizing the amount of Zn- and S-precursors
and growing the ZnS shell at a high temperature (details are
provided in the ESI{). The consequence of having a small InP
core size and a thin ZnS shell is as follows. The energy difference
between the small InP core (~1.8 nm) and ZnS shell is not
significant enough to form a typical type-I core-shell QDs.
Instead, they form a quasi-type-II core-shell QDs.*® As the shell
thickness is less, the excitons will be mainly confined within the
InP core.*** As a result, the PL QY will be high, and the PL

b)

Q
~
-
(=]
o
N
:

[-] InP/ZnS

Cell Viability (%)
&8 8 8

N
o
P

0 - T T T v T i3 T
Control 2 3 4 5
Concentration (M)

View Article Online

Edge Article

maxima will be centered around the band edge emission of the
core QDs (~462 nm in the present study). A thicker shell will
lead to the delocalization of the electron wave function to the
shell, which compromises the photophysical properties of the
QDs.*” Furthermore, the uniformity in the ZnS shell and the
robust nature of the core-shell QD allowed for the transfer of
blue-emitting InP/ZnS QDs to the aqueous medium (via place
exchange reaction), without compromise in their photophysical
properties.

Thus, the blue-emitting InP/ZnS QDs exhibit all the funda-
mental characteristics that a material should possess for
studying the applied properties. Accordingly, the InP QD based
pure-blue emitters were used in multicolour bioimaging and
resonance energy transfer studies, as representative examples,
to prove their potency for future biological and light harvesting
applications.

Biocompatibility and cellular bioimaging studies

First, the compatibility of blue-emitting [—] InP/ZnS QDs as
bioimaging agents was tested. The colloidal stability as well as
the PL of [—] InP/ZnS QDs was well-retained in buffer and bio-
logical media for a long time (~30 h) (Fig. S19}). Next, the
cytotoxicity of [—] InP/ZnS QDs was tested in HeLa cell lines
using the MTT assay.** Up to ~95% cell viability was exhibited
by [~] InP/ZnS QDs till ~120 pg mL~" concentration (~2 pM),
beyond which a mild toxicity was observed (~75% cell viability

QD Channel Merge

¢) Multicolor Imaging Study

QD Channel PHD Channel

SYTO Channel Merge

Fig. 2 Biocompatibility and bioimaging studies with pure-blue emitting [-] InP/ZnS QDs. (a) MTT assay showing the viability of Hela cells
incubated with different concentrations of [—] InP/ZnS QDs for ~72 h. (b) Representative confocal images of Hela cells recorded, after inter-
nalizing with 0.70 uM [—] InP/ZnS QDs for ~7 h. (c) Multicolour imaging of pure-blue emitting InP/ZnS QDs with PHD and SYTO-Deep Red

commercial dyes.
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at ~300 ug mL ") (Fig. 2a and S207). It can be concluded that
the blue-emitting [—] InP/ZnS QDs are less cytotoxic compared
to the traditional Cd based QDs.>* The less toxic metal ions and
anionic charges displayed on the surface of the QDs prevent
their unwarranted interactions with a multitude of cytosolic
proteins and other biomolecules inside the cells, thereby
preserving the cellular viability. Inspired by the excellent cell
viability data, detailed imaging experiments were then carried
out. As seen in Fig. S21, the PL signals emanating from the
cells intensified as the concentration of the [—] InP/ZnS QD
blue-emitter was increased. The observed images were then
quantified, and the resultant corrected total cell fluorescence
(CTCF) values were coherent with the physical inspection
(Fig. 2b and S217). Co-staining experiments with the commer-
cially available red Lysotracker dye confirm that the cellular
uptake of blue-emitting [—] InP/ZnS QDs is via the endocytosis
pathway (details are provided in Section 3 of the ESIY)
(Fig. S227).

The narrow absorption and emission features of blue-
emitting [—] InP/ZnS QDs motivated us to check their compat-
ibility with other commercially available fluorophores. For this,
the cells were treated with blue-emitting [—] InP/ZnS QDs for
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a period of 6 hours, followed by the sequential staining of the
nuclei as well as the actin and filaments with commercially
available SYTO-dye and phalloidin green (PHD), respectively.
The cells were visualized using Zeiss confocal microscopy under
simultaneous excitations with 3 different laser sources (405 nm,
488 nm, and 633 nm). The QDs and the commercial markers
fluoresce individually at their respective excitation wavelengths.
The presence of QDs did not interfere with the fluorescence
signals of the other two dyes (Fig. 2c). Thus, the blue-emitting
[-] InP/ZnS QDs displayed excellent multicolour bioimaging
abilities, which are essential for any optical probes in cellular
imaging studies.

Light induced resonance energy transfer studies

Steady-state experiments. The stable and high PL quantum
yield of the blue-emitting [—] InP/ZnS QDs motivated us to test
their suitability for light harvesting studies as well. The light
induced Forster resonance energy transfer (FRET) process was
selected as the case study, because of its wide applicability in
biology and energy research.**** It is worth mentioning that
most of the QD based FRET studies that have been reported so
far in water, are with QDs emitting in the green or higher
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Fig. 3 Steady-state FRET studies in the [-] InP/ZnS QD:::Rh B donor—acceptor system. (a) Schematic representation of the electrostatically
driven FRET process from the pure-blue emitting [—] InP/ZnS QD donor to the Rh B acceptor dye. (b) The PL spectral changes in [-] InP/ZnS QDs
upon addition of varying concentrations of Rh B dye. The inset shows the corresponding Stern—Volmer plot. (c) A saturation in both the relative

PL intensity of donor [-] InP/ZnS QDs and the quenching efficiency was

observed after ~6.5 uM addition of the acceptor Rh B dye. (d) Reverse

addition experiment: a steady enhancement in the PL of ~7.5 pM acceptor Rh B dye was observed, upon addition of varying concentrations of the
[=] InP/ZnS QD donor. The excitation wavelength was 370 nm in all these studies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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wavelength regions.*®**>>** Thus, the suitability of [] InP/ZnS
QDs to participate as an efficient FRET donor was studied in the
present work, in view of expanding the spectrum of environ-
mentally friendly QDs towards the blue-region in energy trans-
fer studies. Rhodamine B (Rh B) having emission in the red
region (575-625 nm) was chosen as the energy acceptor, to test
the suitability of blue-emitting [—] InP/ZnS QDs in participating
in the wide-range FRET process (Fig. 3a). A large spectral over-
lap integral value of ~8 x 10"* M~ ecm ™' nm* indicates that the
pure-blue emitting [—] InP/ZnS QDs and Rh B dye form a good
donor-acceptor pair for FRET studies (Fig. S23at).** Moreover,
the presence of a permanent positive charge on Rh B (because of
the quaternary ammonium group) will ensure strong electro-
static attraction with [—] InP/ZnS QDs, which will be crucial in
realizing an efficient FRET process. In a typical PL quenching
study, different aliquots of Rh B acceptor dye (3 puL each from
~700 uM stock solution) were added to ~4 pM of blue-emitting
[-] InP/ZnS QDs (the optical density at the first excitonic peak
was fixed at ~0.1). The corresponding spectral changes were
monitored through steady-state and time-resolved spectro-
scopic techniques (Fig. 3, S23b and ct). The [—] InP/ZnS QD:::Rh
B complex was excited at 370 nm, in order to achieve the
selective excitation of the QD donor (Rh B has negligible
absorption at ~370 nm). Upon successive additions of the Rh B
dye, a gradual decrease in the PL of blue-emitting InP/ZnS QDs
was observed, along with a concomitant increase in the emis-
sion corresponding to the Rh B dye (Amax ~575 nm) (Fig. 3b).
The PL quenching efficiency was estimated to be ~92% from
steady-state studies (E = 1 — I/I,, where I and I, are the PL
intensities of QDs in the presence and absence of the acceptor,
respectively).** The non-linear Stern-Volmer (SV) plot, with
upward-exponential curvature, indicates the involvement of
both static and dynamic components in the PL quenching
mechanism (inset of Fig. 3b). This upward-exponential varia-
tion in PL quenching can be treated within the framework of
Perrin formalism,*** where the logarithm of the relative PL of
the donor shows a linear variation with acceptor concentration
(see the detailed discussion in Section 5 of the ESIt). The
quenching volume and radius for the [—] InP/ZnS QD:::Rh B dye
donor-acceptor system were estimated to be ~6.62 x 10~ '® cm®
and ~54.1 nm, respectively (Fig. S247). This essentially means
that any acceptor molecule in this quenching volume can
diffuse close to the surface of the QD donor and participate in
an efficient FRET process within the lifetime of the donor. This
large value for the quenching volume can be attributed to the
presence of strong electrostatic interaction in the [—] InP/ZnS
QD:::Rh B dye donor-acceptor system (vide infra). The relative
PL of the donor and acceptor, as well as the PL quenching
efficiency was saturated after the addition of ~6.5 pM of Rh B
dye (Fig. 3c and S23dt). The emission intensity of the Rh B dye
alone (~7.5 uM) under direct excitation at 370 nm was much
lower than that in the [—] InP/ZnS QD:::Rh B complex (red and
orange traces, respectively in Fig. 3b), confirming the transfer of
energy from the QD donor to the Rh B acceptor.

In another set of studies, reverse addition experiments were
performed to rule out the interference from the direct excitation
of Rh B dye acceptors. Here, the PL of the acceptor Rh B dye
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(~7.5 pM) was monitored upon successive addition of the donor
QDs (4 pL each of ~418 pM QD). A steady increase in the PL of
Rh B dye was observed (~4.5 times, I/I, = 4.5) in the presence of
~6 pM of InP/ZnS QDs (Fig. 3d), which further confirms an
efficient energy transfer process from the QDs to the Rh B dye.
Likewise, detailed excitation spectroscopy studies reaffirm the
involvement of an efficient energy transfer process in the [—]
InP/ZnS QD:::Rh B dye donor-acceptor system (see Section 5 in
the ESIt) (Fig. S251). A high efficiency in the energy transfer
process (~92%) proves a strong interaction between the blue-
emitting [—] InP/ZnS QDs and Rh B dye. The presence of
opposite charges on both InP/ZnS QDs and Rh B point towards
the involvement of electrostatic attraction in achieving an effi-
cient PL quenching in the [—] InP/ZnS QD:::Rh B dye donor-
acceptor system. Accordingly, PL quenching experiments were
performed in buffer to weaken the electrostatic interactions in
the [—] InP/ZnS QD:::Rh B dye donor-acceptor system.**** An
increase in the ionic strength of the medium will weaken the
electrostatic attraction due to the screening of charges on both
the donor and the acceptor.*® As predicted, the PL enhancement
for the acceptor Rh B dye showed a substantial decrease from
5.5 to 3.4 times, as the ionic strength of the medium was
increased from 0.05 mM (basic water, pH ~10) to 0.85 M (5%
PBS) (see details in Section 5 of the ESIf) (Fig. S26%). This
confirms an electrostatically driven energy transfer from the
InP/ZnS QD donor to the Rh B dye acceptor.

Time-resolved experiments. Detailed time-resolved PL decay
kinetic studies were carried out to confirm the energy transfer
process in the electrostatically bound [—] InP/ZnS QD:::Rh B dye
donor-acceptor system. A clear quenching in the average PL
lifetime of the donor QD was observed in the presence of
acceptor Rh B dyes (from ~212 ns to ~61 ns), with the
quenching efficiency estimated to be ~73% (E =1 — /74, where
7o and 7 are the average lifetimes of QDs in the absence and
presence of Rh B dye, respectively)* (Fig. 4a and Table S67). The
Stern-Volmer plot constructed from the time-resolved PL data
showed a non-linear variation of the relative QD donor lifetime
as a function of acceptor concentration (Fig. 4b). The non-linear
nature of the Stern-Volmer plot suggests the involvement of
factors beyond the normal diffusional or collisional quenching
process. Accordingly, the relative PL lifetime data were analysed
with other models to explain the non-linear Stern-Volmer plot.
The variation in the relative QD donor lifetime fits well with the
model of distance-dependent quenching (DDQ) (details are
provided in Section 5 of the ESIT) (Fig. S27at).?® The bimolecular
quenching constant was estimated to be ~1.24 x 10> M~' s™*
using the DDQ model, which is higher than the typical
diffusion-only controlled quenching process (~10' M~* s71).
Detailed analysis of the DDQ model proves the involvement of
a distance-dependent quenching, and formation of multiple
layers of Rh B dye acceptors around the InP/ZnS QD donor. The
presence of both positive and negative charges on the Rh B dye
can be the driving force for the formation of multi-layer
arrangement of the dyes around the QD (Fig. S27b and ct). A
negligible change in the negative zeta potential of the [—] InP/
ZnS QD:::Rh B dye complex at different donor-acceptor ratios

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Time-resolved FRET studies in [-] InP/ZnS:::Rh B dye donor—acceptor system. (a) PL decay profiles of [-] InP/ZnS QDs in the presence
(orange) and absence (blue) of ~7.5 uM Rh B dye (the excitation wavelength was 370 nm). (b) The corresponding Stern—Volmer plot based on
relative PL lifetime values of InP/ZnS QDs. (c) A plot of FRET efficiency (estimated from lifetime quenching) vs. temperature. Negligible effect of
temperature on the quenching efficiency confirms the process of resonance energy transfer in the [-] InP/ZnS:::Rh B dye donor—acceptor
system. (d) Table summarizing various quenching parameters estimated based on FRET formalism: the spectral overlap integral [J(A)]; Forster
radius (Ro); FRET efficiency (E); rate of energy transfer (k); quenching volume (V); quenching radius (ry), and bimolecular quenching constant (k).

supports the formation of multiple layers of the acceptor dyes
(Fig. S28t).

The ultimate proof for the FRET in [—] InP/ZnS QD:::Rh B dye
donor-acceptor system was obtained from the temperature
dependent PL lifetime studies. Typically, the PL lifetime
increases upon decreasing the temperature, since the non-
radiative recombination channels will be inhibited because of
the suppression of phonon vibrations.*” On the other hand,
FRET is a non-radiative process which will be independent of
the temperature, at a given donor-acceptor distance.>**” Thus,
performing temperature dependent PL lifetime studies is
a common practice to confirm the process of FRET in a donor-
acceptor system.***” In the present study as well, a linear
increase was observed in the individual PL lifetime of the [—]
InP/ZnS QD donor and [—] InP/ZnS QD:::Rh B complex as the
temperature was lowered (Fig. S291). In contrast, negligible
changes were observed in the efficiency of PL lifetime quench-
ing as a function of temperature, which confirms the prominent
involvement of the non-radiative resonance energy transfer
process in the PL quenching of InP/ZnS QD by the Rh B dye
(Fig. 4c, S30 and Table S7t). Accordingly, different energy
transfer parameters were calculated for the [—] InP/ZnS QD:::Rh
B dye donor-acceptor system using the FRET formalism, as
summarized in Fig. 4d (details of each parameter calculation
are given in Section 5 of the ESIT).

FRET in the solid state. Demonstration of the FRET process
in the solid state is essential to prove the suitability of pure-blue
emitting InP/ZnS QDs for device-level applications, such as in
full-color display and photovoltaic devices. As a result, FRET
studies were performed by preparing thin films of donor,
acceptor, and donor-acceptor complex in agarose. The pure-
blue PL of the InP/ZnS QDs was well-retained in the agarose
film prepared with only the donor, overruling the inter-QD

© 2023 The Author(s). Published by the Royal Society of Chemistry

energy transfer in the system (Fig. S317). In contrast, the PL of
the agarose film containing only the Rh B dye was completely
quenched because of the inter-molecular aggregation (aggre-
gation induced quenching). Interestingly, the PL of the Rh B dye
was dominating in the agarose film prepared from a mixture of
InP/ZnS QD + Rh B dye (Fig. S32t). Steady-state and time-
resolved PL studies confirm an efficient FRET process in the
[-] InP/ZnS QD:::Rh B dye donor-acceptor system in agarose
film as well (Fig. 5a and b). For instance, the PL lifetime of the
InP/ZnS QDs decreased from ~217 ns to ~5 ns (~98%) in the
presence of Rh B dye in the agarose film (Table S8t). The elec-
trostatic assembly between [—] InP/ZnS QDs and Rh B dye
prevents the dye from undergoing aggregation within them-
selves, thereby preserving the process of FRET in the agarose
film.

Finally, a temporal evolution of the FRET process was visu-
alized via the droplet-evaporation method. In a typical experi-
ment, droplets (~10 pL) of different donor:acceptor (D:A)
ratios were placed on a Teflon-coated glass slide, and the PL
colour of the droplet was monitored in a UV chamber as
a function of time/evaporation. At the initial stage, the droplet
showed a PL colour corresponding to the mixing of donor and
acceptor colours (such as magenta, pink, and orange corre-
sponding to the D: A of 1:0.3, 1: 0.6, and 1:1.3, respectively).
As the time proceeds, the drying of the droplet occurs, and the
colour of the droplet shifts towards red (corresponding to the
Rh B dye) on complete evaporation of water (Fig. 5¢). This PL
colour change of the droplets can be explained based on Forster
formalism.** The efficiency of the FRET process is extremely
sensitive towards the distance between the donor and the
acceptor (E a 1/r°, where r is the donor-acceptor distance).® In
the present study, the evaporation of the droplet decreases the
D-A distance, resulting in an increase in the FRET efficiency.

Chem. Sci., 2023, 14, 5167-5176 | 5173
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Fig.5 FRET studiesin the solid-state. (a) Steady-state and (b) time-resolved PL of [-] InP/ZnS QDs in the absence (blue) and presence (orange) of
Rh B dye, in 1% agarose gel. The inset of (a) shows the true colour PL image of pure-blue emitting [—] INP/ZnS QDs and [-] InP/ZnS QD:::Rh B
complex agarose film. (c) Temporal evolution of FRET in the solid state: true colour PL images of [-] InP/ZnS QDs (first row), 1: 0.3 molar ratio of
QDs : dye (2nd row), 1: 0.6 molar ratio of QDs : dye (3rd row), 1: 1.3 molar ratio of QDs : dye (4th row), and only Rh B dye (5th row), as a function
of drying. The first and the third columns correspond to the liquid drop (0 h) and solid film (~12 h), respectively. The donor—acceptor distance
decreases as drying proceeds, resulting in an increase in the FRET efficiency. Consequently, the colour of the droplet shifts towards the red
region corresponding to the Rh B dye (rows 2—-4). First row: the blue PL of the InP/ZnS QDs shifts towards the cyan colour upon complete drying,
indicating inter-QD interactions. Last row: the background of the last image was intentionally changed to blue to improve the visibility of the

dried droplet.

This will be accompanied by a temporal colour change towards
the PL of the Rh B acceptor, which once again ascertains the
involvement of an efficient FRET process in the [—] InP/ZnS
QD:::Rh B dye donor-acceptor system.

Conclusions

Our work introduces environmentally friendly InP/ZnS QDs to
the family of pure-blue emitting luminescent materials. A fine
control over the growth kinetics of the core as well as the shell
was crucial in achieving a stable PL in blue-emitting InP/ZnS
QDs (PL QY ~60% at 462 nm). The retention of the strong PL
of blue-emitting InP/ZnS QDs in the aqueous medium enabled
their use in diverse areas including cellular bioimaging and
light harvesting. Cytotoxicity and bioimaging experiments
showcase the potency of blue-emitting InP/ZnS QDs as optical
probes for multicolour cellular imaging studies. As part of the
light harvesting, an efficient FRET process from blue-emitting

5174 | Chem. Sci, 2023, 14, 5167-5176

[-] InP/ZnS QDs to Rh B dye was demonstrated in water.
Detailed steady-state and time-resolved photophysical studies
show that the non-linear Stern-Volmer (SV) plots fit well with
the Perrin formalism and DDQ model, which further confirms
a multi-layer assembly of Rh B acceptor molecules in the
quenching radius. The large values of bimolecular quenching
constant (~1.24 x 10> M~' s7') and quenching radius (~54
nm) reveal the involvement of electrostatic attraction between
the oppositely charged InP/ZnS QDs and Rh B dyes. This turned
out to be a crucial factor in achieving an efficient FRET process
in blue-emitting [—] InP/ZnS QD::Rh B dye donor-acceptor
system. The process of FRET was demonstrated in the solid
state as well, in a temporal fashion, which enhances the pros-
pects of blue-emitting InP/ZnS QDs for device-level applica-
tions. The successful demonstration of a FRET process based on
blue-emitting InP/ZnS QDs opens up various possibilities in
energy transfer studies with a wide range of acceptors emitting
from the cyan region onwards. A logical extension will be to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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check the suitability of blue-emitting InP/ZnS QDs in photo-
catalysis and photovoltaics, to establish them as an efficient
light harvester. Looking forward, the blue-emitting InP/ZnS
QDs developed in this work can potentially be an alternative
to the existing luminescent materials for both biological as well
as energy applications.
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