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ABSTRACT: Colloidal quantum dots (QDs) exhibit several o® ®,
advantageous photophysical properties combined with a high o K K7 Ky R
surface-to-volume ratio, making them very attractive for use in
processes relying on energy-transfer (ET) interactions. We have
tested the effectiveness of CsPbBr; perovskite quantum dots
(PQDs) as energy-transfer donors in hybrid PQD—dye assemblies.
We combined PQDs and various cyanine dye molecules that
present zwitterionic moieties and/or salt groups to promote
tailored binding via electrostatic interactions and control the
spectral overlap in PQD—dye pairs. This enabled the manipulation of the donor—acceptor stoichiometry of the assemblies. Using
steady-state and time-resolved fluorescence spectroscopy, we evaluated the impact of varying the dye structure, photophysical
characteristics, and dye-to-PQD ratio on the fluorescence properties of these hybrid conjugates. We find that the fluorescence
quenching efficiency measured for these assemblies depends on key parameters, such as spectral overlap and number of dyes per
assembly (or valence). Thorough analysis of our results indicates that invoking the Forster dipole—dipole and Dexter charge-transfer
interaction mechanisms provides the best interpretation of the energy-transfer interaction in these donor—acceptor assemblies.
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B INTRODUCTION emission spectra, broad absorption profiles, and enhanced

quantum yield achieved through surface passivation strat-

Fluorescence resonance energy transfer, FRET, has for decades o 10
egies. "~ Several studies investigating QD-based FRET have

generated much interest as a fundamental photophysical

phenomenon.”” It has also found applications in many been reported over the past two decades. ™" A large
scientific areas such as physics, chemistry, biology, and fraction of those studies employed QDs as energy donors
engineering.” ® FRET between distinct dyes that are either interacting with organic dye acceptors.'™'”***” However, the
tethered to the ends of a biomolecule or attached to individual use of QDs as acceptors was limited to FRET between
molecules brought in close proximity has been used by differently sized QDs in close-packed films or QDs interacting
researchers as a tool to probe a variety of biophysical with lanthanide—chelate donors.**?*73* In the latter, energy
processes.” Examples include changes in protein or a synthetic transfer (ET) was characterized using time-gated fluorescence
polymer conformation in response to external stimuli, measurements, which exploit the rather long exciton lifetime of
protein—protein interactions, and ligand—receptor binding.' ~ the lanthanide to circumvent the efficient direct excitation of
FRET-based investigations have routinely employed organic the QDs by acquiring the FRET-induced emission after several
fluorophores as donor and acceptor molecules.” However, microseconds when the nanocrystal excitation has completely
these compounds have faced inherent photophysical limi- decayed (~10—20 ns).*®
tations, such as broad emission peaks with red tailing, small More recently, the success in preparing colloidal cesium lead
spectral differences between absorption and emission profiles, halide perovskite nanocrystals made of CsPbX, (where X =
and relatively narrow absorption windows. These features can chloride, bromide, or iodide) has added a new set of
significantly complicate spectral deconvolution and data dispersible fluorescent materials, referred to as perovskite

analysis, which has limited the efficacy of FRET as an QDs (PQDs).”>™* These materials have generated great
analytical tool in sensing and bioimaging applications.” The

development of bottom-up, solution-phase growth of highly
fluorescent and colloidally stable metal chalcogenide semi-
conductor quantum dots (QDs) has provided the community
with new fluorophores that exhibit unique optical and
spectroscopic characteristics that can improve FRET effective-
ness and its use in various sensing applications.*”"” Some of
these advantages include size-dependent properties resulting
from carrier quantum confinement, including narrow photo-

interest, motivated by their photophysical attributes, including
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high photoluminescence quantum yield (PLQY) coupled with
size- and composition-tunable narrow emission profiles. Owing
to these characteristics, perovskite materials hold significant
promise for various optoelectronic applications, including solar
cell technology and light-emitting diodes.**™*° PQDs are also
tolerant to structural defects because energy traps tend to be
shallow compared to conventional QDs.*

The broad light absorption and high PLQY exhibited by
PQDs make them promising fluorophores that can enhance
nonradiative energy-transfer interactions. For instance, Davis
and co-workers have investigated the use of perylene-diimides
(PDIs) as surface ligands and acceptor fluorophores interacting
with CsPbBr; PQDs. In particular, they showed that mixing as-
grown nanocrystals with carboxyl-functionalized PDI promotes
enhanced emission by red and orange perylene diimide dye
ligands through energy-transfer interactions.*” Kamat and co-
workers have characterized the excited-state interactions
between CsPbBr; PQDs and RhB dyes and reported among
others findings that they follow the dipole—dipole FRET
interaction formalism.*' In a recent study, Kovalenko and co-
workers investigated energy-transfer interactions between
CsPbBr; QDs and Cy3-NHS ester dyes at the single-molecule
level.”” They also reported data that exhibit characteristic
dependencies on the spectral overlap.

In this study, we investigate the effectiveness of PQDs as ET
donors in hybrid PQD—dye assemblies. We utilize cyanine
(Cy3 and CyS) dyes bearing zwitterionic moieties and/or salt
groups as acceptor molecules that are brought in close
proximity to the PQD surfaces by electrostatic interactions.
We analyze the effects of varying the dye structure,
photophysical characteristics, and valence on the fluorescence
properties of these hybrid assemblies. Strong energy-transfer
interactions have been measured using steady-state and time-
resolved fluorescence experiments. Estimates of the transfer
rates extracted from the data were compared to the predictions
of the Forster dipole—dipole formalism. We find that the
Forster model accounts well for the experimental data acquired
for the PQD—Cy3 pair with a strong spectral overlap.
However, a combination of dipole—dipole coupling and
charge-transfer interactions invoked in the Dexter model is
required to account for the data measured for the smaller
spectral overlap PQD—CyS pair.

B EXPERIMENTAL SECTION/MATERIALS AND
METHODS

Growth of CsPbBr; Nanocrystals. The colloidal CsPbBr;
PQDs used in this study were prepared under high-
temperature reaction conditions, originally introduced by
Kovalenko and co-workers.*> A few minor adjustments were
introduced to allow a larger-scale reaction to be imple-
mented.”* A stock solution of Cs-oleate precursor was first
prepared by mixing 0.814 g (2.50 mmol) of Cs,COj, 2.50 mL
(7.90 mmol) of oleic acid (OA), and 40 mL of octadecene
(ODE) in a 50 mL three-necked round-bottomed flask
equipped with a stir bar. The mixture was degassed under
vacuum for 1 h at 120 °C, and then the atmosphere was
switched to nitrogen and the content was further heated to 150
°C, yielding a clear solution of Cs-oleate (after ~30 min). The
prepared Cs-oleate was stored under a nitrogen atmosphere at
room temperature. In a separate 50 mL three-necked, round-
bottomed flask equipped with a stir bar, 0.200 g (0.545 mmol)
of PbBr, salt, 1.50 mL of OA, and 1.50 mL of OLA were mixed
with 15 mL of ODE, heated to 120 °C, and degassed under
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vacuum for 30 min. The atmosphere was then switched to
nitrogen, and the content was further heated to 160 °C until
the PbBr, salt was dissolved. Then, 1.20 mL of the above Cs-
oleate solution was rapidly injected into a flask containing the
PbBr, mixture to initiate the growth of CsPbBr; nanocrystals.
After 5 s of stirring, the flask was immersed in an ice bath to
quench the growth, yielding a bright-green dispersion of
nanocrystals. The dispersion was subjected to one round of
centrifugation at 3500 rpm for S min. The supernatant
containing ODE, byproducts, and excess ligands was discarded,
and the green pellet was dispersed with sonication in S mL of
hexane. One additional round of centrifugation for 5 min was
applied, collecting the clear supernatant. A stock dispersion of
nanocrystals with an adjusted final molar concentration of ~$
UM was prepared by adding hexane and then stored until
further use.”” TEM characterization of the PQD sample
indicated that the nanocrystals are cubic in shape with an edge
size of 8.2 + 2.1 nm (see Figure S1)

Ligand Exchange and Phase Transfer. The sulfocyanine
dyes used in this investigation are soluble in polar media, e.g.,
ethanol and water. However, the as-grown OA/OLA-PQDs
exhibit severe colloidal and structural instability when exposed
to polar media, a problem that arises from the ionic nature of
the nanocrystal cores and dynamic binding of surface
ligands.”>*® One common approach for addressing nanocrystal
instability is to substitute the native coating with higher-affinity
ligands capable of endowing colloidal stability and enhanced
passivation of the nanocrystal surfaces. We recently introduced
a set of polyzwitterionic and polysalt polymer ligands that can
simultaneously interact with cations and anions alike on the
PQD surfaces. These ligands were shown to be effective in
enabling the colloidal and structural stabilization of CsPbBr;
PQDs in polar solvents such as ethanol for extended storage
periods, making them ideally suitable for testing FRET
interactions with our sulfo-cyanine dyes.**** Ligand exchange
of the as-grown PQDs with the zwitterion-rich polysulfobe-
taine polymer (polySB) and phase transfer to ethanol was
performed following the steps described in reference 4S.
Briefly, in a 7 mL scintillation vial, 200 xL of OLA/OA-capped
CsPbBr; PQDs in hexane was mixed with 6 mg of polySB
dissolved in 400 uL of THF (prepared using an Eppendorf
tube). After mixing for ~1 min, the PQDs were precipitated by
adding 3 mL of hexane. After sonication for ~30 s, the mixture
was centrifuged at 3500 rpm for 5 min. The clear supernatant
was discarded, and the green pellet was redispersed in THF
(200 uL), followed by another round of precipitation using
excess hexane and centrifugation at 3500 rpm for § min. The
resulting polySB-capped PQD powder was dispersed in
anhydrous ethanol. More details about the polymer synthesis
and characterization are provided in the Supporting
Information and reference 45.

Assembly of PQD—Dye Conjugates. The samples used
to probe the energy-transfer interactions between CsPbBr;
PQDs and various cyanine dyes were prepared by mixing the
nanocrystals dispersed in ethanol with varying molar amounts
of the selected dye dissolved in ethanol. We first prepared
stock samples of QD dispersions and dye solutions with a
given molar concentration of each; these values were extracted
from the UV-—vis absorption data and using the molar
absorption coefficients of the PQDs and dyes reported in the
literature:*® £,5, (CsPbBr; PQDs) = 6.65 uM~' cm™, &g
(Cy3—maleimide) = 150,000 cm™ M7, g4, (CyS—
maleimide) = 250,000 cm™ M™, and &5 (Cy3—NHS) =

https://doi.org/10.1021/acs.jpcc.5c00337
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150,000 cm™" M~'. When preparing the various PQD-plus-dye
mixtures, the volumes of the stock PQD dispersion and dye
solution were adjusted to yield samples with a fixed PQD
molar concentration [PQD] of ~120 nM, while the dye
concentration was varied over the range of 0.3—14 uM. A few
additional samples with [PQD] = 60 or 190 nM were also
prepared and tested.

Dispersions of the hybrid assemblies were loaded onto a
fluorescence quartz cuvette with a S mm optical path and a
volume of ~1 mL. The fluorescence spectra were acquired
from the various samples using a narrow excitation line at 365
nm, where the dyes have minimal absorption, thus reducing
the effects of the direct excitation contribution. Additionally,
control spectra collected from solutions of the dye only were
recorded and subtracted from the sample spectra to remove
the dye contribution generated from direct excitation. To avoid
inner filtering effects, PQD dispersions with an optical density
(OD) at the excitation line below 0.5 were used for our
measurements.

B RESULTS AND DISCUSSION

Rationale. In this study, we aim to probe and understand
the process of nonradiative energy-transfer interactions
between all-inorganic CsPbBr; PQDs and conventional dye
acceptors using a configuration that permits spatial proximity
between the fluorophores and additionally allows control over
the dye-to-PQD molar ratio (or hybrid conjugate valence). For
this, we performed ligand substitution of the as-grown OA/
OLA-stabilized PQDs with a multicoordinating polyzwitterion
polymer presenting several sulfobetaine motifs along its
backbone. We have previously demonstrated the capacity of
this polymer to readily transfer CsPbBr; PQDs to several polar
solvents including ethanol while promoting great long-term
colloidal stability and preserving the high PL quantum yield of
the nanocrystals.”” Three cyanine dyes were used, one
presenting an ammonium salt derivative (Cy3—NHS—ester)
and the other two having a charge-balanced zwitterion group
along with a potassium sulfonate salt (sulfo—Cy3—Mal and
sulfo—CyS—Mal). These dyes are expected to interact with the
ionic PQD surfaces via electrostatic coupling, although binding
is expected to be much stronger for sulfo—dye—Mal.

We evaluate the effectiveness of two models, the dipole—
dipole coupling developed by Forster and the Dexter charge-
transfer model, to explain the measured changes in the
fluorescence properties of PQDs interacting with three
different cyanine dyes using our hybrid assemblies. We first
summarize the main features detailed in the Forster theory and
Dexter model and then investigate the ability of those
theoretical predictions to explain our experimental results.

Energy-Transfer Interaction Mechanism: Back-
ground. Within the dipole—dipole coupling formalism
developed by Forster to treat fluorescence resonance energy-
transfer interactions (FRET), the rate of nonradiative energy
transfer between an excited donor and a ground-state proximal
acceptor (one D—A pair), separated by a distance r, is

expressed as”’
R
2
D> r (1a)

where 7, and Qp denote the excited-state lifetime and PL
quantum yield of the donor molecule, respectively, and I is the

B x QI

kD—A,F = 5
T
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spectral overlap integral between donor PL and acceptor
absorption profiles, defined as

(o)
I= [ PLypom(?) €& (02" d2
0 D ( ) A ( ) (lb)
The constant B is a function of the refractive index of the
medium np, Avogadro’s number N, and the dipole orientation
factor Kf,:

9000(In 10)x,*
B p—

©1287%m,'N, @)

For a configuration where the random orientation of the
donor and acceptor transition dipoles is applicable to the D—A
pair, a value of K'P2 =2/3 is used. The term Ry, in eq la, is the
Forster radius given by

1/6
16 [ 9000(In 10)x,’
Ro = (BQyD™ = 8 N,

7T Np ANy (3)
which corresponds to a separation distance at which the
energy-transfer rate is equal to the donor exciton decay rate:
kp_ar(Ro) = TL Using the above relations, the FRET
efficiency which accounts for the competition between
nonradiative and radiative decay channels for the excitation
energy is defined as

6
Rg + 76

kD—A,F

E.. =
ET -1
kp_ar + Tp

(4)

Comparing eqs la and 4, one can deduce that for r = R, the
energy-transfer efficiency is equal to 0.5. For a nanoscale donor
(such as a spherical quantum dot made of either a
conventional or an ionic perovskite semiconductor), the
donor can be made to interact with equidistant surrounding
acceptors. Such a configuration increases the spectral overlap
integral (the ET cross-section), and the efficiency equation can
then be rewritten as

Zi kD—A,i

= _1 =
2 kpoai +

nkp_a “Rg
nkp_ap + o RS + 1S
(5)

This implies that the presence of multiple acceptor
molecules interacting with the same donor can sizably increase
the ET efficiency.

In a competing and complementary energy-transfer model
developed by Dexter, the interactions depend on the orbital
overlap between the donor and acceptor (K) and thus require
1 to 2 nm proximity. The energy-transfer rate constant in this
formalism is given by

E

kp_ape = Ke 270 x I

(6)

where r; is the sum of the van der Waals donor and acceptor
radii and I’ is the normalized spectral overlap integral between
the donor emission and acceptor absorption normalized
spectra. The Dexter ET rate varies linearly with the overlap
integral (as in the case for the Forster ET). Note that in
comparison to the Forster model, the Dexter ET rate has a
linear dependence on the spectral overlap I’ but does not
depend on the actual magnitude of the acceptor molar
absorFtion coeflicient, €,, or the donor fluorescence quantum
yield."*”*® For a configuration involving one donor interacting

https://doi.org/10.1021/acs.jpcc.5c00337
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with n proximal acceptors, one can write an expression for the A . B e ©
015, 0. @ 3,8, 5059
ET efficiency as o o " .@;rj:/\j:/ +E
NI DN S
C .
kg \Lf k‘p \\%
A Dex Sulfo-Cy3- o ulfo-Cy5- o v3-NHS- Okl
Eprpe = — = N U Be
nkp_a,pex t 7 (7) » 3 »
The differences between the two formalisms could help 1.2 =
. . =
distinguish whether the Forster model alone can explain our .
results or a combination of the two models is necessary to 1.0 z ]
accurately account for the experimental data. 408 z f E
Experimentally, E can be determined from the steady-state g ’ P |
fluorescence data using 206 Wavelenath (nm)
F £
E=1--24 (steady state) S04+ —raprL
F, (8) T Suifo-cya Mai Abe
0.2 f=——Cy3-NHS Abs.
where the donor fluorescence intensities in the absence (Fp) or
presence (Fp,) of the acceptor are used. Here, ET is 0.0 -

manifested in a loss of donor fluorescence combined with
sensitization of the acceptor when the latter is an emitter.
Similarly, energy transfer can result in a shortening of the
excited-state lifetime of the donor coupled with a lengthening
of the acceptor exciton lifetime. This provides an additional
means to estimate the ET efficiency of any given pair using*’

T
E=1— 22 (time-resolved)
Q)

)

where 7, and 7, respectively designate the donor excited-state
lifetime in the absence and presence of the acceptors.

We hereby combine steady-state and time-resolved fluo-
rescence spectroscopy measurements to probe the effects of
varying two key parameters, namely, spectral overlap and
conjugate valence. We first probe the effects of tuning the
spectral overlap integral on changes in the fluorescence profiles
of both the PQD donor and dye acceptor. For this, we use two
representative dyes (sulfo—Cy3—Mal and sulfo—CyS—Mal)
which have cyanine conjugated architectures and solubilizing
ionic groups, as shown in Figure 1A—C. The normalized
emission spectra of the CsPbBr; PQD together with
absorption profiles of the cyanine dyes are shown in Figure
1D. A quantum yield of 65% was measured using an
integrating sphere for the CsPbBr; PQDs grown in our
laboratory. The inset shows the spectral overlap function J(4)
for each PQD—dye pair. The corresponding calculated overlap
integral, I, and Forster radius, Ry, for the various PQD—dye
pairs using eq 1b are provided in Table 1. Additionally, a
dipole orientation factor K¥* & 2/3 was used for the present
hybrid, accounting for a random relative distribution of PQD
and dye dipoles in the formed hybrids.’® The use of this
condition is justified for such hybrids because the coupling
strategy used here relying on electrostatic interactions is
expected to yield a random arrangement of the dye molecules
as they self-assemble around the PQDs.'*"'

Figure 2A,B shows the progression of the absorbance spectra
and the ensemble fluorescence profiles acquired from
dispersions of PQD—sulfo—Cy3 assemblies with increasing
valence, n. The latter was deduced from the dye molar
concentration normalized with respect to the concentration of
the PQDs (fixed at 120 nM) in these experiments; the dye
concentration was extracted from the absorbance data shown
in Figure 2A using the molar absorption coeflicient of Cy3.
There is a progressive loss of PQD emission concomitant with
a gradual increase in dye sensitization when n is increased.
Figure 3B shows the progression of the ensemble fluorescence
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Figure 1. Chemical structures of the three distinct dyes used in this
study: (A) sulfo—Cy3—Mal, (B) sulfo—CyS—Mal, and (C) Cy3—
NHS—ester. (D) Normalized UV—vis absorption spectra of the three
cyanine dyes along with the PL profile of CsPbBr; PQDs. Overlap
areas are highlighted in gray and brown, respectively. Plots of the
spectral overlap functions, J(4), for PQD—sulfo—Cy3—mal, PQD—
sulfo—CyS—Mal, and PQD—Cy3—NHS—ester assemblies are shown
in the inset.

spectra acquired from PQD-—sulfo—CyS assemblies for a
similar range of valences; these were extracted from the
absorbance spectra in Figure 3A. The fluorescence spectra in
Figure 3B show a trend similar to the one shown in Figure 2B,
but the PL changes measured for the PQDs are substantially
smaller. Additionally, the CyS sensitized emission is overall
very small. We used the fluorescence data shown in Figure 2B
and Figure 3B to deduce estimates for the energy-transfer
efficiency, E, for both pairs at every valence n. Plots of E vs n
are summarized in Figure 2C for PQD—Cy3 and in Figure 3C
for PQD—CyS5. The PQD PL decay and dye sensitization
increase with n are also provided. In both cases, a hyperbolic
profile for E vs n is generated using the R, values summarized
in Table 1; data can be easily fit using eq 5. We note that the
efficiencies calculated from the experimental PL data (shown
here and below) were carried out using the intensity at the
PQD PL peak for all samples, not the integrated PL intensity.”"
Indeed, a comparison of the quenching efficiency calculated
from the peak values in the composite spectra (e.g, those
shown in Figure S2) to those extracted using the integrated
intensity of the area under the PL peak, after deconvolution of
the composite spectra for the PQD-—sulfo—Cy3—Mal
assemblies (e.g, those in Figure 2), yields nearly identical
values. This agreement can be ascribed to the fact that the
donor PL is narrow and has minimal overlap with the PL of
Cy3 and CysS.

Remark: The hyperbolic profile for E vs n is not affected by
changes in [PQD]. Indeed, two additional values for E vs n
collected from assemblies formed using different values
([PQD] = 60 nM and 190 nM) have been integrated into
the data shown in Figure 2 without altering the hyperbolic fit
to eq S. see Figure S3.

The ensemble PL data are complemented by time-resolved
fluorescence experiments. Figure 4A,B shows the PL decay
profiles with time, acquired from the various PQD—Cy3 and

https://doi.org/10.1021/acs.jpcc.5c00337
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Table 1. Calculated Overlap Integral, I?, and Forster Radius, R, of the Various PQD—Dye Pairs, Extracted from the

Absorption and Emission Data

Donor—Acceptor Pair Overlap Integral (10" X I) (em®>M™)

PQD—sulfo—Cy3—Mal 3.10
PQD—sulfo—CyS—Mal 0.103
PQD-Cy3—NHS—ester 297

“T= [§ PLp pom(4) €a(A)A* d2 = [$](2) dA.

Forster Radius, R, (nm)

108 x Kp_aexp (s7h) 10° x kp—atheo (s

4.34 5.5 5.7
2.46 0.88 0.19
4.31 14 5.5

PQD—CyS assemblies used for the steady-state measurements,
following a picosecond excitation with a laser pulse at 440 nm.
A faster decay is measured for dispersions of conjugates with
higher valences. The decay profiles were used to extract values
for the average exciton lifetime, 7z vs n (summarized in the
Supporting Information, Table S1). The PL lifetimes were
combined with eq 9 to extract estimates for ET efliciency, E.
Plots of the lifetime-based efficiency vs [dye]/[PQD],
summarized in Figure 4C,D, show hyperbolic profiles with
efficiencies that are comparable to those generated from the
steady-state data (shown in Figures 2C and 3C).

The measured changes in the PL spectra shown in Figures
2B and 3B can be attributed to nonradiative energy-transfer
interactions between a central PQD (donor) and a proximal
dye (Cy3 or CyS) acceptors decorating the nanocrystal
surfaces. From a first qualitative inspection, the data shown
above follow the trend predicted by the Forster dipole—dipole
coupling model where the smaller spectral overlap for the
PQD—CyS pair is expected to yield smaller quenching
efficiencies. However, more detailed analysis is necessary to
better identify the mechanism(s) involved. For this, we first
evaluate the effects of changing the spectral overlap integral, I,
on the experimental ET rate, kp_p., extracted from the
quenching efficiency data shown in Figures 2C and 3C
(normalized to n = 1) using

EVl

k o
P n(1 — E )

—A,exp (10)
Then, we compare that to the predicted/theoretical transfer
rate, kp_pmeo extracted using eq la (ie, kp_,p) and the
overlap integral for each PQD—sulfo—Cy dye pair (see Table
1). A side-by-side comparison of the kp_jme, and kp_aexp
values for each PQD—dye pair is provided in Table 1. We find
that the experimental and theoretical rates are essentially
identical for the PQD—Cy3 assemblies (kp_pep = 5.5 X 10°
(s7") vs kp_ame = S.7 X 10° (s7')). However, the
experimental rate is much larger than the theoretical one for
the PQD—CyS assemblies (kD_A’exp R 4.63 X kp_ heo)- These
results imply that while there is good agreement between the
experimental ET data and the predictions of the Forster
formalism for the PQD—sulfo—Cy3 pair, the model seriously
underestimates the ET rate for PQD—sulfo—CyS. That
difference may be attributed to contributions emanating from
the Dexter type interactions involving charge transfer between
the PQD and proximal Cy$ dye (further discussed below).>>**
These interactions can sizably reduce the donor PL signal but
would not contribute to dye sensitization. This assertion is
supported by the much weaker sensitized CyS emission
compared to the acceptor emission registered for the PQD—
sulfo—Cy3 pair; compare the data in Figures 2C and 3C.
The hyperbolic profile for the E vs n plot generated from the
experimental data (shown in Figures 2C and 3C) is critical as it
confirms that our assemblies are made of bound PQD—dye
hybrids, each with a given stoichiometry determined by the
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[dye]/[PQD] molar ratio used. We anticipate that binding
interactions characterizing our PQDs and Cy dyes would be
stronger than those expected in PQD—dye pairs explored by
other groups because of the weaker ionicity of those dyes used
(e.g, rhodamine B).>* We confirm this hypothesis by applying
the Benesi—Hildebrand method to determine the association
constant between the quencher molecules and PQD surfaces in
the solution, as recently done by Kamat’s group.*" %%
Applying this analytical method to the fluorescence data
shown in Figures 2—4 provides association constants of K, ~
1.1 X 10° M~ for PQD—sulfo—Cy3—Mal and 5.2 X 10" M~}
for PQD—sulfo—CyS5—Mal; see Supporting Information Figure
S4. These values are larger by ~2—4 orders of magnitude than
those reported in the above reference, which indicates that a
much stronger association combined with a slower rate of
desorption is measured, in particular for the sulfo—Cy3/CyS—
Mal presenting a combined ZW moiety and a salt group.
Additional details about the Benesi—Hildebrand method are
provided in the Supporting Information.

Fitting the ET efliciency data for the PQD-—sulfo—Cy3
assemblies to eq 5 using the Forster radius shown in Table 1
yields a value for the center-to-center distance r 2 7.5 nm (for
a spherical symmetry). That value is reasonable if we consider
a few characteristic facts about the nanocrystals. We
approximate the dye by a sphere with radius 0.6 nm. The
cubic morphology of the PQD affects the distribution of r for
dyes at/near the center of the facets differently, compared to
those near the edges and corners of the cube. Dyes located
near the center of the facets have the shortest distance r ~ 4.7
nm (4.1 + 0.6 nm), which encompasses a small fraction of the
total number of dyes per PQD—dye assembly. Conversely,
acceptors distributed in areas near the corners and edges of the
cube have longer separation distances, ~7.7 nm for corners
and ~6.5 nm for edges. There are 6 facets, 8 corners, and 12
edges in each PQD cube. This implies that the larger fraction
of attached dyes is located in areas farther from the center. An
inspection of the TEM image shown in Figure S for a single
nanocrystal indicates that the cube’s corners are not sharp,
making the PQD appear like a smooth cuboid and the
separation distance near the corners slightly smaller (~7.5
nm). Combining these observations with heterogeneities in
nanocrystal size and dye orientation on the PQD surfaces
would imply that an average center-to-center distance for dyes
distributed around the PQD surface of 7.5 nm is reasonable for
our assemblies. This agreement further supports the above
results that the dipole—dipole coupling formalism characterizes
the ET interactions well for the PQD—sulfo—Cy3 pair.

Next, we used photoluminescence excitation (PLE) spec-
troscopy to identify the main absorbing species in the
assemblies that contribute to the measured dye emission. We
focused on the dispersions of PQD—sulfo—Cy3 and PQD—
sulfo—CyS. For this, we tracked the dye emission integrated
over a narrow range at the PL peak (580 nm) while scanning
the excitation signal from 350 to 800 nm for PQD—sulfo—Cy3.
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Figure 2. (A) Select sets of UV—vis absorption and (B) deconvoluted
PL spectra measured from the PQD—sulfo—Cy3 assemblies formed
with an increasing [dye]/[PQD] ratio. Samples were excited at 365
nm. The contribution from direct dye excitation was subtracted from
each spectrum. Only selected profiles are shown; the full set of data
can be found in Figure S1. (C) Plots of the relative PQD PL loss
(green squares), FRET efficiency vs valence (purple squares), and dye
PL normalized with respect to that of PQDs (orange spheres). The
efficiency data were fit to eq S by using the R, values in Table 1.

A similar protocol was applied to the PQD-—sulfo—CyS
sample, but the dye emission was collected at the CyS peak
(680 nm). The PLE spectra shown in Figure 6A,B, indicate
that the dye sensitization for both pairs is primarily triggered
by excitation of the central PQD up to the band edge
wavelength (at ~507 nm). In comparison, the signal generated
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Figure 3. (A) UV—vis absorption and (B) PL spectra acquired from
the PQD—sulfo—CyS assemblies with an increasing [dye]/[PQD]
ratio. (C) Plots of the relative PQD PL loss (green squares), ET
efficiency vs valence (blue squares), predicted efficiency based on the
Forster model (magenta diamonds), and normalized dye PL (maroon
spheres). The efficiency data were fit to a hyperbolic function shown
in eq S, as done in Figure 2.

using excitation beyond the PQD absorption band edge
emanates exclusively from direct excitation of the dye in the
assemblies. Additionally, the spectra shown in Figure 6A,B can
be deconvoluted into a PQD absorption profile and dye
absorption. This confirms the formation of a singlet excited
dye as a result of resonant energy transfer from CsPbBr;
PQDs. Finally, we should note that the PLE spectra after
deconvolution show that the dye signal promoted by excitation
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Figure 5. (A) HRSTEM image of an individual PQD with resolved crystal planes. (B) Schematic representation of the estimation of the PQD—dye
distance using the equivalent sphere extracted from the average edge length of the CsPbBr; cube with sulfo—Cy3 dye.

of the PQDs is much larger for the PQD—Cy3 pair than for the
PQD—CyS pair; see Figure 6AB. This clearly reflects the
higher rate of resonance nonradiative energy transfer from

PQD to Cy3 acceptors compared to CyS. It is consistent with

the results shown in Figures 2 and 3 and the ensuing
discussion above.

Finally, we tested the configuration where the PQDs are
mixed with Cy3—NHS ester, which presents only one
ammonium salt in its structure. Thus, interactions with the
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Figure 6. (A) Photoluminescence excitation spectrum of the PQD—
sulfo—Cy3—Mal assembly together with the absorption profiles of
PQD only and dye only. (B) Photoluminescence excitation spectrum
of the PQD—sulfo—CyS—Mal assembly together with the absorption
profiles of PQD only and dye only. We used [Cy3]:[PQD] = 65:1
and [CyS]:[PQD] = 75:1 for these measurements.

nanocrystal surfaces, attributed to complexation with the
ammonium groups, are expected to be weaker than those
governing PQD—sulfo—Cy3/CyS systems. Estimates of the
[dye]/[PQD] ratio in the dispersions were deduced from the
absorption spectra measured for the PQD-plus-dye mixture, as
above. Figure 7A shows the fluorescent profiles acquired from
dispersions with an increasing dye-to-PQD ratio. There is a
progressive loss of nanocrystal fluorescence coupled with an
increase in dye emission similar to what is shown for PQD—
sulfo—Cy3 in Figure 2. However, the plot of the efficiency vs
[dye]/[PQD] molar ratio is not hyperbolic. Instead, the
measured efficiency data exhibit a linear dependence on [dye]/
[PQD] (Figure 7B), which is more indicative of collisional
quenching. Figure S5 shows a linear fit of the data using
Stern—Volmer analysis for the PQD—Cy3—NHS—ester
assemblies. The ensemble PL data are further supported by
time-resolved fluorescence decay profiles from PQD—Cy3—
NHS—ester dispersions; see Figure 7C,D. The efliciency
results extracted from the steady-state and lifetime data are
essentially identical. Application of the Benesi—Hildebrand
analysis has yielded K, ~ 5 X 10° M™" for this pair, ~2 orders
of magnitude smaller than the one measured for the PQD—
sulfo—Cy3—Mal pair (see Table 2). Additionally, we note that
the ET rate, kp_peqy is ~4 times smaller than the one
measured for PQD—sulfo—Cy3—Mal.
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We now discuss our experimental results within the
framework of the Forster dipole—dipole coupling and the
Dexter electron-transfer formalisms. We also compare our
findings to those of recent literature reports. Our combined
results suggest that a process consistent with a resonant
dipole—dipole interaction model provides a good interpreta-
tion for the data acquired for the Br-based PQD—sulfo—Cy3
system, where the measured ET rate is essentially identical to
that predicted by the model. For these assemblies, spectral
overlap, spatial proximity, and conjugate stoichiometry play
roles in controlling the ET process and its efficiency, as shown
in Figure 2. However, we found that even though the total ET
efficiency measured for PQD—sulfo—CyS was much smaller
than the efficiency measured for PQD—sulfo—Cy3, the PL
quenching registered for this pair sizably exceeds the value
predicted by the Forster dipole coupling model (Figure 3).
This indicates that there is an additional nonradiative pathway
for donor excitation decay which requires close proximity to
the nanocrystal, namely Dexter type, where ET efliciency
strongly depends on the orbital overlap between donor and
acceptor.

Overall, the above results complement the findings reported
by Davis and co-workers, Kamat and co-workers, and more
recently Kovalenko and co-workers.**~****7=% For instance,
Kovalenko and co-workers used single-molecule experiments
to probe the proximity interaction between CsPbBr; PQD and
Cy3-NHS and measured ET rates that are consistent with the
Forster formalism.”” Kamat’s group used blue-emitting CsPb-
(Cl/Br); or green-emitting CsPbBr; donors and rhodamine-
based acceptors. They reported ET rates that support the
Forster model for CsPbBr;—RhB mixtures with increasing
[dye]/[PQD].*' However, they found that when using mixed
halide donors with varying CI/Br molar fractions to generate
blue PL and vary the spectral overlap with RhB, the measured
ET transfer rates sizably exceeded the prediction of the Forster
model. They attributed the difference to a Dexter charge-
transfer process favored by better coupling K.> The main
difference between our configuration and theirs is the reagent
concentrations used; our [dye]/[PQD] ratio varied over the
range of ~2.5—120, while theirs were 1 order of magnitude
larger, approximately ~33—840. Our study probed the effects
of tuning the spectral overlap using sulfo—Cy3—Mal and
sulfo—Cy5—Mal as well as the binding affinity of dye acceptors
by comparing hybrids assembled using sulfo—Cy3—Mal and
sulfo—Cy3—NHS—ester, which exhibit drastically different
affinities for CsPbBr; cores, as indicated by the Benesi—
Hildebrand analysis. Our PQDs have been ligand substituted
with a higher coordination polyzwitterion coating. Due to their
small size and the strong affinity of the zwitterion motifs for the
PQD surfaces, the sulfo dyes diffuse through the coating and
interact with the inorganic cores. In a recent study, Ginger and
co-workers combined single-molecule blinking experiments
with first-principles calculations to show that at equilibrium
molecular zwitterion lecithin exhibits much stronger binding
energy on CsPbBr; QDs than the native oleic acid/oleylamine
coating, which agrees with our rationale.® The ET efficiencies
extracted from steady-state and time-resolved PL exhibit a
hyperbolic profile for the E versus [Cy3/CyS—Mal]/[PQD]
ratio, confirming stable PQD—dye association. However, when
NHS—ester-modified Cy3 dyes are used, the ET data suggest a
rather collisional interaction process, where a linear depend-
ence on the valence is observed, confirming that weaker
interactions characterize this D—A pair.
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Figure 7. (A) PL spectra of the PQD—Cy3—NHS—ester assemblies formed with varying [dye]/[PQD] ratios. The UV—vis absorption spectra are
shown as an inset. (B) Plots of the relative PQD PL decay (green squares), enhanced dye emission normalized with respect to the PQD signal
(orange spheres), and corresponding efficiency data (blue squares). The efficiency data show a more linear trend, not a hyperbolic profile. This is
attributed to a lack of stable Cy3—NHS—ester binding for these assemblies. (C) PL lifetime profiles measured for the PQD—Cy3—NHS—ester
assemblies. (D) Plots of the normalized lifetime decay along with the corresponding efficiency values.

Table 2. Values for the Association Constants, K,, Extracted
from the Fluorescence Data Analysis Using the Benesi—
Hildebrand Method

D—A pair K, (M™)
PQD—Cy3—sulfo—Mal 1.1 x 10°
PQD—CyS—sulfo—Mal 5.2 X 107
PQD—Cy3—NHS ester 5% 10°

We should add that a mix of Forster and non-Forster ET
quenching has been reported for CdSe—ZnS QD—dye pairs
depending on the spectral overlap integrals.'****>"" In
particular, larger non-Forster-induced PL quenching of CdSe—
ZnS QDs, chemically coupled to CyS and Cy7 dye acceptors,
has been reported by Zamkov and coworkers. A much weaker
Forster contribution to the total energy transfer was measured
for Cy7 compared to that of QD—Cy$ pairs.”

B CONCLUSIONS

We have characterized the energy-transfer interactions in
hybrid PQD—dye donor—acceptor assemblies. We employed
CsPbBr; nanocrystals and various cyanine dye molecules that
present zwitterionic moieties and salt groups to promote
conjugation between PQD and dyes via electrostatic binding
while tuning the spectral overlap and binding affinity. By
controlling the donor—acceptor proximity and varying the
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spectral overlap through the structures of cyanine dyes, we
formed a unique system suitable for investigating energy-
transfer interactions in PQD-—dye assemblies. Combining
steady-state and time-resolved fluorescence experiments, we
measured strong ET interactions, with efficiencies that depend
on a few key parameters outlined in the Forster dipole—dipole
coupling model, namely, spectral overlap, spatial proximity,
and valence promoted by stable binding and the number of
dyes interacting with an individual PQD in each assembly.
However, quantitatively accounting for the measured PL
changes is better achieved by invoking a combination of the
Forster dipole—dipole coupling and the Dexter electron-
transfer mechanisms, in particular, for the pair with the weaker
spectral overlap. Our investigation not only advances our
understanding of ET mechanisms applied to PQD—dye
systems but also underscores the potential of such systems
for applications in energy harvesting and sensing. Our
approach could be easily expanded to probe ET interactions
involving other colloidal PQDs with different sizes, shapes,
compositions, and stabilizing surface ligands. Additional
characterization relying on transient absorption measurements
using PQDs assembled with sulfo dyes that exhibit varying
degrees of spectral overlap is underway, which would provide
additional and valuable insights into the ET interactions in
such donor—acceptor pairs.
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