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ABSTRACT: Forster resonance energy transfer (FRET) using colloidal semi-
conductor quantum dots (QDs) and dyes is of importance in a wide range of
biological and biophysical studies. Here, we report a study on FRET between %
CulnS,/ZnS QDs and dark quencher dye molecules (IRDye QC-1). Oleate-capped
QDs with photoluminescence quantum yields (PLQYs) of 5SS + 4% are transferred
into water by using two types of multifunctional polymer ligands combining
imidazole groups and specific moieties with amine or methoxy groups as the
terminal sites. The resulting water-dispersible QDs show PLQYs as high as 44 + 4%

CulnS,/ZnS QD Dark Quencher Dye

and exhibit long-term colloidal stability (at least 10 months at 4 °C in the dark) with

a hydrodynamic diameter of less than 20 nm. A side-by-side comparison experiment

was performed using the amine or methoxy-functionalized QDs for coupling to dark quencher dye molecules. The amine-
functionalized QDs bind to the dye molecules via covalent bonds, while methoxy-functionalized ones bind only weakly and
nonspecifically. The progressive quenching of the QD emission and shortening of its photoluminescence decay time upon
increasing the number of conjugated dye molecules demonstrate that the QD acts as the energy donor and the dark quencher
dye as the energy acceptor in a donor—acceptor FRET pair. The FRET dynamics of the QD—dye conjugates are simulated
using two different models based on the possible origin of the multiexponential PL decay of the QDs (i.e., variations in
nonradiative or radiative decay rates). The model based on the radiative decay rates provides a better fit of our experimental
data and estimates a donor—acceptor distance (6.5 nm) that matches well the hydrodynamic radius of the amine-functionalized

QDs.

B INTRODUCTION

Colloidal semiconductor quantum dot (QD)-based Forster
resonance energy transfer (FRET) has been studied for a wide
range of applications, such as biomedical imaging,'~* photo-
dynamic therapy,”™” light harvesting, "’ and diagnostic and
sensing devices.”'°”"> The QD in a FRET pair can act as
either an energy donor or an energy acceptor upon coupling to,
for example, lanthanide complexes and lanthanide-doped
nanoparticles,”’_17 fluorescent dye molecules,”57 118725 op
bioluminescent enzymes.”*”” Among those, a QD donor
paired with an organic dye acceptor is attractive since QDs can
be excited over a wide spectral range with high absorption
cross sections, making it possible to excite them at wavelengths
where absorption by the dye molecule is minimal, thus
minimizing the direct excitation of the acceptor and enhancing
FRET sensitivity.3’4’13’28 Moreover, the tunable photolumines-
cence (PL) of QDs provides flexibility in optimizing spectral
overlap between the emission of QD donors and absorption of
dye acceptors, thereby avoiding crosstalk between the FRET
donor and acceptor.”*"'***

To date, the most commonly used QDs for FRET-based
probes and sensors are CdX-based (X = Se, Te),"* which are
however of restricted applicability due to the high toxicity of
Cd ions."* Nontoxic alternatives are thus highly needed but
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are still underdeveloped. Recently, copper indium sulfide
(CulnS,) QDs have attracted much attention since they
combine low toxicity,”” ' high PL quantum yields (PLQYs,
~80% at 590 nm,”> ~75% at 810 nm,”> ~25% at 1050 nm™"),
large absorption coefficients (~10° M™' cm™ at the first
excitonic transitions),”* and unparalleled PL tunability from
visible to the near-infrared biological window (500—1100
nm).”> These advantages make CulnS, QDs a promising
alternative to CdX-based QDs for biomedical imaging
applications.

Nonetheless, achieving robust colloidal stability for hydro-
philic QDs under ambient conditions while keeping a compact
hydrodynamic size is challenging, which has motivated
extensive research over the past decade."” Post-synthetic
ligand exchange is commonly used to transfer ZnS-capped
QDs into water using ligands with thiol (-SH) head groups due
to their strong affinity for Zn-rich surfaces.****~* Monothiol
ligands, however, tend to oxidize and desorb from the surface
of the QDs with time, potentially leading to particle
aggregation and PL quenching.’****' Encapsulation of the
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QDs within amphiphilic polymers or phospholipid micelles has
also been reported to make them dispersible in water.”****
The hydrodynamic sizes of the product QDs are however quite
large, resulting in low FRET rates, since these are strongly
dependent on the donor—acceptor distance.” Recently,
polymer ligands containing multiple imidazole (or pyridine)
groups have been developed that provide an attractive
alternative to thiol ligands and amphiphilic polymers as
hydrophilic ligands to obtain water-dispersible CdSe/ZnS
QDs.””** As the imidazole groups are more resistant to
oxidation than thiol groups, the resultant hydrophilic QDs
show improved long-term (at least 1 year) colloidal stability at
very low concentrations (10 nM) under ambient conditions
(room temperature and ambient light).”>** They also exhibit
good biocompatibility and compact hydrodynamic size (~10
to 20 nm diameter for green-emitting QDs). > Owing to
these advantageous characteristics, this new class of ligands was
chosen in the present study to obtain water-dispersible
CulnS,/ZnS core/shell QDs by post-synthetic ligand ex-
change.

Previous works on CdX-based QDs have demonstrated that
the assembly of multiple acceptor dyes at the surface of a QD
increases the overall FRET efficiency.'®* ™ However, this
may also result in energy transfer between neighboring dye
molecules," leading to self-quenching of the dye emission,
which complicates the analysis and extraction of the FRET
rates. The use of non-fluorescent dyes as energy acceptors
provides an effective way to prevent complications due to
crosstalk between acceptors. In our work, we chose a
commercial quencher dye molecule, IRDye QC-1," as the
energy acceptor. This dye absorbs light over a broad spectral
range (600—1000 nm), which overlaps with the emission of
CulnS, QDs while not emitting any light. This characteristic is
of interest not only because it eliminates crosstalk between
acceptors but also because it allows circumventing the inherent
limitations of CulnS, QDs as donors: CulnS, QDs exhibit
broad PL bandwidths (~200 to 300 meV) and a low-energy
tail in the absorption spectrum,”” which may lead to crosstalk
between donor and acceptor due to simultaneous detection of
QD and dye emission, and bleed-through in excitation caused
by reabsorption of dye emission by QDs. As the IRDye QC-1
dark quencher dye only absorbs light without any emission,
crosstalk between acceptors and between donors and acceptors
as well as excitation bleed-through is no longer relevant, which
greatly simplifies the extraction of the FRET rates.

In this report, we describe a novel strategy for assembling
FRET pairs using CulnS,/ZnS QDs and dark quencher IRDye
QC-1 dye molecules. The CulnS,/ZnS core/shell QDs are
synthesized by a sequential multistage method and have
PLQYs of 55 + 4%. These QDs are transferred into water
through the exchange of the native oleate ligands for
multifunctional polymer ligands combining imidazole groups
and specific moieties with amine or methoxy groups as the
terminal sites. The ligand exchange yields robust, compact, and
bright QDs (e.g, PLQYs of 44 + 4% for amine-terminated
QDs) that are suitable for coupling to dark quencher dye
molecules via covalent coupling between the amine groups and
N-hydroxysuccinimide ester (NHS) groups. We found that the
FRET efficiency increases with the number of dyes attached
per QD. This study thus sheds light on designing novel Cd-free
QD-based FRET nanoprobes, which is beneficial to a wide
range of biological and biophysical studies.'™'* Overall, the PL
quenching data for these ternary QDs was successfully
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interpreted within the Forster dipole—dipole coupling model,
as has been done before for CdSe-based QDs."*™** This is very
relevant because it shows that the point-dipole approximation
of the exciton is also valid in quantum dots of I-III-VI,
semiconductors despite the disparate nature of the exciton
radiative recombination in these materials with respect to QDs
of II-VI semiconductors.”>** It is important to note that the
nature of the radiative recombination in CulnS, (and other I-
I1I-V],) nanocrystals has been under intense debate in the
literature.”® The observations reported in the present work
provide an important contribution to this debate since they are
consistent with a model recently proposed for the emission in
CulnS, nanocrystals, which involves the radiative recombina-
tion of a delocalized conduction band electron with a hole
localized at a Cu cation.**

B EXPERIMENTAL SECTION

Materials. Copper (1) iodide (Cul, 98%), indium acetate
(In(Ac);, 99.99%), zinc acetate dihydrate (Zn(Ac),-H,O,
98%), zinc iodide (Znl,), sulfur powder (99.98%), 1-
dodecanethiol (DDT, 98%), l-octadecene (ODE, 90%),
trioctylphosphine (TOP, 90%), oleic acid (OA, 90%),
poly(isobutylene-alt-maleic anhydride) [PIMA, average MW,
~6000, 12—200 mesh (85%)], histamine (97%), N,N-
dimethylformamide (DMF, 99.8%), deuterated chloroform
(CDCl;, 99.8 atom % D), deuterium oxide (D,0, 99.9 atom%
D), dimethyl sulfoxide (DMSO, 99.9%), anhydrous toluene,
methanol, and butanol were purchased from Sigma-Aldrich.
Lumogen red 305 (article no. 94720) and the IRDye QC-1
dark quencher dye were purchased from Kremer Pigmente
GmbH & Co. KG and LI-COR Biosciences, respectively. ODE
and OA were degassed at 120 °C for 3 h prior to use. The
precursors H,N-PEG,5-OCH; and H,N-PEGgy,-NH, were
synthesized starting from poly(ethylene glycol) methyl ether
(average MW, ~750 Da) and poly(ethylene glycol) (average
MW ~600 Da), respectively, following previously reported
procedures.””*" Other reagents were used as received. The
syntheses were performed in a standard Schlenk line.

Synthesis of His-PIMA-PEG/OMe (50% His and 50%
NH,-PEG-OMe). The polymer ligands were synthesized
following the method reported by Wang and co-workers.”>**
In brief, solution A was prepared by dissolving PIMA (0.385 g,
~2.5 mmol monomer units) in 10 mL of anhydrous DMF. The
solution was loaded into a three-neck flask and heated to 40 °C
under N, flow. In the meantime, solution B was prepared by
mixing histamine (0.139 g, 1.25 mmol) and NH,-PEG-OMe
(0.941 g, 1.25 mmol) in 2 mL of DMF. Solution B was
dropwise added to solution A, and the mixture was stirred
overnight at 40 °C. Then, the solvent was removed under
vacuum, and the crude reaction product was dispersed in 3 mL
of anhydrous chloroform. The resulting solution was loaded
onto a silica column, and the compound was purified with
chloroform as the eluent. Evaporating the solvent yielded a
yellow gel-like product.

His-PIMA-PEG/NH, (50% His, 40% NH,-PEG-OMe, and
10% NH,-PEG-NH,). The amine-functionalized polymer
ligands were synthesized following a modification of the
procedure mentioned above. Specifically, solution A was
prepared by dissolving PIMA (0.385 g, ~2.5 mmol monomer
units) in 10 mL of anhydrous DMF. The solution was loaded
into a three-neck flask and heated to 40 °C under N, flow.
Meanwhile, solution B was prepared by dissolving histamine
(0.139 g, 1.25 mmol) and H,N-PEG-OMe (0.377 g 0.5
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mmol) in 2 mL of DMF, and solution C was obtained by
dissolving H,N-PEG-OMe (0.377 g, 0.5 mmol) and NH,-
PEG-NH, (0.150 g, 0.25 mmol) in 2 mL of DMF. To the flask
containing solution A, the as-prepared solution B was dropwise
added, and the mixture was kept stirring for 1 h at 40 °C.
Subsequently, solution C was also dropwise added to this
mixture. The reaction mixture was left stirring overnight at 40
°C, followed by purification using the same procedure
described above.

Synthesis of CulnS, Core QDs. The CulnS, core QDs
were synthesized following a previously reported method.”!
Cul (190 mg, 1 mmol), In(Ac); (292 mg, 1 mmol), and DDT
(10 mL) were degassed at 60 °C for 2 h. Then, the reaction
flask was purged with N, and heated to 230 °C. The mixture
was allowed to react for 25 min and then cooled down to 210
°C for further synthesis.

Synthesis of Alloy (Cu,In,Zn)S, QDs. Prior to synthesis,
the Zn$ stock solution was prepared by dissolving Znl, (1629
mg, S mmol) and S/TOP (160 mg of S in S mL of TOP) into
S mL of ODE. Gradient alloy (CuInZn)S, QDs were
synthesized by slowly injecting the as-prepared ZnS precursors
(0.5 mL/min) into the preformed CulnS, QD solution at 210
°C. The reaction mixture was kept at 210 °C for 2 h followed
by naturally cooling down to room temperature. The crude
products were washed twice by repeated precipitation with an
isometric butanol and methanol mixture and redispersion into
toluene. The purified products were dried under vacuum for 2

h.

Synthesis of CulnS,/ZnS Core/Shell QDs. The gradient
alloy (Cu,In,Zn)S, QDs were coated with additional ZnS shells
through a SILAR method at 230 °C. The Zn solution (0.25
mmol/g) was prepared by degassing a mixture of Zn(Ac),
H,0 (2.19 g, 10 mmol) into OA (6.21 g 22 mmol) and ODE
(33 g) at 140 °C for 2 h. The S solution (0.5 M) was prepared
by dissolving S powder (0.321 g, 10 mmol) into ODE (20 mL)
at 180 °C. For a typical CulnS,/ZnS core/shell QD synthesis,
all of the dried gradient alloy (Cu,In,Zn)S, QD products were
redispersed in a mixed solution of DDT (2 mL) and ODE (8
mL) in a 100 mL three-neck flask. The reaction mixture was
heated to 230 °C for the injections. The first injection cycle
was 1 mL of Zn solution (~0.2 mmol) followed by injecting
400 uL of S solution (0.2 mmol) after 10 min. This injection
procedure was repeated five times with an interval time of 10
min. After the injections, the reaction mixture was annealed at
230 °C for another hour. Finally, the crude reaction products
were cooled down to room temperature and were washed
three times by using the same washing procedure described
above for alloy (CulIn,Zn)S, QDs. The purified QDs were
dried under vacuum to obtain ~1.2 g of red powder. The
product CulnS,/ZnS core/shell QDs were redispersed in 20
mL of anhydrous toluene, yielding a 60 mg/mL (4.74 x 107*
M) stock solution. The QD concentration was estimated by
absorption spectrophotometric analysis according to the
previous literature.”

Ligand Exchange. The ligand exchange reaction was
performed usin§ an adaptation of the protocol reported by
Wang et al.”>*" Typically, 50 uL of the as-prepared stock
solution of CulnS,/ZnS QDs (3 mg of QDs) was dried and
redispersed in 300 uL of chloroform. Then, 25 mg of His-
PIMA-PEG/NH, or His-PIMA-PEG/OMe dissolved in 300
uL of chloroform was added to the QD solution. This
homogeneous mixture was stirred (600 rpm) at room
temperature overnight. After that, the QDs were precipitated
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by adding 400 yL of methanol and 4 mL of hexane followed by
centrifugation at 3600 rpm for 7 min. The top layer of solvents
was removed, and the red precipitate was redispersed in 300
uL of chloroform and 300 pL of methanol followed by
addition of 4 mL of hexane. The resulting turbid solution was
sonicated for 1 min and centrifuged at 3600 rpm for 7 min.
The supernatant was discarded, and the precipitate was dried
under vacuum for 10 min to obtain a red pellet. This pellet was
redispersed in 4 mL of deionized water (18.2 MQ-cm at 25
°C), and the clear QD solution was filtered through a
disposable syringe filter (pore size 0.45 um). The excess free
ligands were removed by applying three rounds of concen-
tration/dilution using a centrifugal filtration device (Millipore,
MW cutoff = 50 kDa) by centrifugation at 3600 rpm for 9 min.
Finally, the purified QDs were dispersed in 2 mL of deionized
water and stored in the dark at 4 °C for further use. The QD
concentration (~13 pM) was estimated according to the
literature.”* The ligand exchange approach can be scaled up 10
times by increasing the amount of each component while
keeping all the ratios fixed. Briefly, S00 uL of the as-prepared
stock solution of CuInS,/ZnS QDs (30 mg of QDs) was dried
and redispersed in 3 mL of chloroform. Then, 250 mg of His-
PIMA-PEG/NH, or His-PIMA-PEG/OMe dissolved in 3 mL
of chloroform was added to the QD solution. This
homogeneous mixture was stirred (600 rpm) at room
temperature overnight. The products were purified using the
same procedure described above and finally dispersed in 4 mL
of deionized water.

Conjugation of QDs to IRDye QC-1 Dark Quencher.
The amino group of water-soluble QDs reacted with the NHS
ester group of the IRDye QC-1 dark quencher dye to provide
the QD—dye conjugate. The preformed amine-functionalized
His-PIMA-PEG/NH,-capped QDs (900 uL; ~13.05 uM)
were transferred into 900 yL of potassium phosphate buffer
(50 mM, pH = 8.5 at 25 °C) by applying two rounds of
concentration/dilution using a centrifugal filtration device
(Millipore, MW cutoff = SO kDa) by centrifugation at 3600
rpm for 9 min. The QDs (80 uL) in phosphate buffer were
mixed with a certain amount of dye molecules (0—7.79 uL,
2.23 mg/mL in anhydrous DMSO) according to the dye/QD
feeding molar ratios from 0 to 20 and then incubated overnight
in the dark at 4 °C. Subsequently, the QD—dye conjugates
were separated from free dye molecules and NHS byproducts
via size-exclusion chromatography using G-25 columns,
resulting in ~80 yL of QD—dye conjugates. A side-by-side
control experiment was performed under the same conditions
but using His-PIMA-PEG/OMe-capped QDs instead. To
avoid inner filter effects, the optical density of the QD—dye
conjugates at the excitation wavelength (445 nm) was kept
below 0.05 by diluting 50 4L of the QD—dye eluates in 2 mL
of deionized water for optical measurements.

Optical Spectroscopy. Samples for optical measurements
were prepared by dissolving the QDs into 3 mL of anhydrous
toluene or deionized water in 1 cm path length sealed quartz
cuvettes. Absorption spectra were measured using a
PerkinElmer Lambda 950 UV—vis—NIR spectrometer. PL
spectra were recorded on an Edinburgh Instruments FLS920
spectrofluorometer. The PL spectra were corrected for the
instrumental response. PL decay measurements were carried
out in the same spectrofluorometer using an Edinburgh
Instruments picosecond pulsed diode laser (EPL 44S)
operating at 441.4 nm (80.2 ps pulse width, 0.02—20 MHz
repetition rate) as an excitation source, and a fast Hamamatsu

DOI: 10.1021/acs.jpcc.9b10536
J. Phys. Chem. C 2020, 124, 1717-1731



The Journal of Physical Chemistry C

(@)

MI H.N ‘(‘/\0’)1/5\/0_(: H,

Polymer M1:

DMF, 40 °C

DMF, 40 °C

His-PIMA-PEG/OMe

Polymer M2:

M2 Ha“‘{\/\o/II}/NHR

His-PIMA-PEG/NH,

=N
/_J'N
HN
(b)
Polymer Name Molar Fractions Nominal Number per Chain Experimental Number per Chain Purity
His-PIMA-PEG/OMe x:y = 50:50 His: 20 OMe: 20 His: 18  OMe: 19 ~B82%
His-PIMA-PEG/NH, xy:z = 50:40:10 His:20 OMe: 16 NH,: 4 His: 19 OMe: 17 NH,: ~(0-3) ~T1%

Figure 1. (a) Schematic illustration of the nucleophilic addition reaction for preparing His-PIMA-PEG/OMe and His-PIMA-PEG/NH, polymer
ligands. The His-PIMA-PEG/NH, was obtained by partially replacing NH,-PEG-OMe for NH,-PEG-NH,. (b) Detailed information on the
prepared ligands, including the feeding molar fractions of each functional groups (x: His; y: NH,-PEG-OMe; z: NH,-PEG-NH,) with respect to
the PIMA backbone, corresponding nominal and experimental numbers per PIMA chain, and the product purity. The experimental numbers per
chain were estimated by comparing the 'H NMR signal integrations of the three protons from the terminal methoxy group of the poly(ethylene
glycol) (PEG) segments (3.37 ppm), the proton from imidazole rings (7.14 ppm), and the protons from methyl groups of PIMA chains (~1.04
ppm) (Supporting Information, Figure S1). The purity is the yield without purification, which was estimated using the information of grafting
degree and the known amount of ferrocene in deuterated chloroform as a standard (Supporting Information, Figure S1).

photomultiplier tube (H7422—40) as the detector. A 455 nm
long pass filter was fixed before the detector. The peak position
of steady-state PL spectra of each sample was used as the
detection wavelength for the PL decay measurements.

Photoluminescence Quantum Yields (PLQYs). The
PLQYs were measured using Lumogen red 305 (PLQY =
95%) in anhydrous toluene as a standard. To avoid inner filter
effects, the absorbances of QD and Lumogen red 305 solutions
at and above the excitation wavelength (442 nm) were below
0.1. For each sample, five different concentrations were
prepared. The PLQYs were calculated according to

Grady Ry
Ox = QSTKdST X R
standard and sample, respectively, @ is the PLQY, Grad is the
gradient that was generated by linear fitting a scatter plot of
integrated PL intensity versus the absorbance at excitation
wavelength, and 7 is the refractive index of the solvent (toluene
for Lumogen red 30S and toluene or water for the QDs).

Powder X-ray Diffraction (XRD). XRD results were
obtained on Bruker D2 Phaser, equipped with a Co Ka X-ray
source (1.79026 A). Samples were washed at least 3 times,
dried under vacuum overnight, and uniformly dispersed on a
silicon wafer prior to the XRD measurements.

Nuclear Magnetic Resonance Spectroscopy (NMR).
'"H NMR measurements were performed using an Agilent
MRF400 equipped with a OneNMR probe and an Optima
Tune system. Spectra were collected using the following

where the subscripts ST and X denote
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conditions: 400 MHz, 25 °C, a pulse repetition time of 25.0 s,
a pulse width of 14.0 ys, and an acquisition time of 5 min. The
hydrophobic samples were dried and dispersed in anhydrous
CDCl;, while hydrophilic samples were dissolved in D,0. All
samples have a volume of 500 yL. The concentration of
organic molecules was 30 mg/mL. The QD concentration was
~40 uM. Ferrocene (0.2 M) was used as the reference for
calculating the purity of product polymer ligands. Pyridine (0.1
M) was used as the reference for calculating the ligand density
per QD.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra were measured from 400 to 4000 cm™' (2 cm™
resolution) for 400 scans using a vertex 70 FTIR spectrometer
(BRUKER) equipped with a KBr/DLaTGS D301 detector.
Approximately 0.1 to 1.0 wt % purified sample was well
dispersed into 200—250 mg of fine KBr powder followed by
grinding under an infrared lamp and pressing into a pellet.

Zeta Potential and Dynamic Light Scattering (DLS).
Zeta potential and DLS measurements were conducted on a
Malvern instrument Zetasizer Nano ZS using a DTS1070
folded capillary cell. The samples were loaded into the folded
capillary cell after passing through Millex syringe filter units
(pore size, 0.45 um). To reduce the incident error, a sample
was separately measured for three times with 20 scans for each
measurement. The spectra were corrected by the instrument
software for viscosity (0.8872 cP at 25 °C), absorption (at 532
nm), solvent (water), refractive index (1.33), and material
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(CulnS,) refractive index (2.55). The hydrodynamic sizes
were collected in automatic mode and expressed in number
(%). The same settings were used to measure the zeta
potential. The pH measurements were carried out on the line-
powered 827 pH lab with Primatrode. The instrument was
calibrated beforehand using standard pH calibration buffer
solutions pH 4, 7, and 9. The pH value of a sample was
obtained by averaging three measurements.

B RESULTS AND DISCUSSION

Ligand Design. The polymer ligands were synthesized via
a nucleophilic addition reaction by introducing histamine
(His), amine-poly(ethylene glycol)-methoxy (NH,-PEG-OMe,
MW = 750 g/mol), and amine-poly(ethylene glycol)-amine
(NH,-PEG-NH,, MW = 600 g/mol) to the maleic anhydride
groups of the poly(isobutylene-alt-maleic anhydride) (PIMA)
backbone (MW = 6000 g/mol; ~39 maleic anhydrides per
chain), following previously reported procedures.””** The
nucleophilic addition reaction between amine groups and
anhydride rings is highly efficient, allowing controlled insertion
of specific moieties to the PIMA backbone. Moreover, the
presence of dimethyl groups between adjacent cis—trans
anhydride rings improves the reactivity and reduces the steric
hindrance, leading to efficient addition reactions and compact
configuration of polymer ligands.””** The architecture of the
product ligands is strongly dependent on the feeding ratios of
the introduced segments with respect to PIMA. In this work,
two types of polymer ligands (viz, His-PIMA-PEG/OMe and
His-PIMA-PEG/NH,) were prepared, as schematically de-
picted in Figure la. The polymer His-PIMA-PEG/OMe was
obtained by reacting PIMA with a mixture of 50% His and 50%
NH,-PEG-OMe per chain. The polymer His-PIMA-PEG/NH,
was synthesized by replacing 20% of the NH,-PEG-OMe for
NH,-PEG-NH,, viz., 50% His, 40% NH,-PEG-OMe, and 10%
NH,-PEG-NH, per chain (the product is thus 80% His-PIMA-
PEG/OMe and 20% His-PIMA-PEG/NH,). The experimental
numbers of the functional groups per chain were measured by
"H nuclear magnetic resonance (NMR) spectroscopy [Figure
1b and Supporting Information, Figure S1]. The resulting
values are consistent with the nominal values, demonstrating
the high efficiency of the nucleophilic addition reactions. The
purity of the His-PIMA-PEG/OMe and His-PIMA-PEG/NH,
products is 82 and 71%, respectively (Figure 1b and
Supporting Information, Figure S1). Different from the
methoxy-terminated His-PIMA-PEG/OMe, the terminal
—NH, groups of the product His-PIMA-PEG/NH, make the
conjugation of the IRDye QC-1 dark quencher dye easier since
it allows the use of NHS reaction chemistry. These two types
of polymer ligands allow side-by-side comparison of the FRET
process in chemically bound QD—dye conjugates (amine-
terminated polymers) and in control systems in which the dye
molecules and the QDs are only weakly interacting (methoxy-
terminated polymers).

Colloidal Oleate Capped CulnS,/ZnS QDs. The
CulnS,/ZnS QDs used in this study were synthesized by a
multistage approach in three steps (Figure 2a). Briefly,
preformed CulnS, QDs were used as cores for the overgrowth
of a thin ZnS shell by using a mixture of zinc iodide and sulfur/
trioctylphosphine in octadecene as ZnS precursors. This
process yields gradient-alloy (Cu,In,Zn)S, QDs, which were
further used as cores for additional ZnS shelling by a successive
ion layer adsorption and reaction (SILAR) method at 230 °C
(Figure 2a) (see the Experimental Section for details). Powder
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Figure 2. (a) Schematic diagram of the synthesis of CulnS,/ZnS
QDs. (b) XRD patterns of CulnS, QDs before and after ZnS shelling.
The red line indicates standard PDF card (PDF Card—01—081—
9515) of the chalcopyrite CulnS,. (c) Absorption (dashed line) and
PL (solid line) spectra of CulnS, QDs before and after Zn$ shelling
(color code is the same in panel (b)). The final product CulnS,/ZnS
QDs have PLQYs of 5SS + 4%.

X-ray diffraction (XRD, Figure 2b) and high-resolution
transmission electron microscopy (HRTEM, Supporting
Information, Figure S2a) demonstrate that the CulnS, QDs
used as cores have the chalcopyrite crystal structure and a
diameter of 3.2 nm, which agrees well with the size estimated
from absorption spectrophotometric analysis (viz, 3.1 nm)
using a previously reported sizing curve.”* The chalcopyrite
crystal structure is preserved after the first ZnS shelling cycle
(Figure 2b), which is accompanied by an increase in diameter
to 3.6 nm (Supporting Information, Figure S2), a shift of the
absorption and PL spectra to higher energies (by 80 and 164
meV, respectively), and a pronounced improvement of the
PLQY from 20 + 2% (at 715 nm) to 70 + 5% (at 642 nm)
(Figure 2c and Supporting Information, Figure S3). Spectral
blueshifts after ZnS shelling on CulnS, QDs have been
previously reported in many studies and are ascribed to several
reasons (e.g,, partial Zn®>" for In** and Cu’ cation exchange
followed by interdiffusion,”>****~>* shrinkage of the core due
to either etching prior to the shell overgrowth®*® or shell
ingrowth by cation exchange®”). A detailed discussion of this
topic can be found in previous papers.””>> Considering the
nature of the ZnS precursors used for the first ZnS shelling
cycle (i.e., a very reactive Zn precursor, Znl,, combined with a
less reactive sulfur precursor, viz., sulfur/trioctylphosphine, in
the presence of the Cu" extracting agent trioctylphosphine),
we attribute the spectral blueshift observed in the present study
to the formation of a gradient (Cu,In,Zn)S, alloy QD with a
ZnS-rich surface since under these conditions, cation exchange
followed by interdiffusion is expected to be the dominant
process.” This is consistent with the small increase in diameter
after the first shelling cycle (viz., 0.4 nm), which corresponds
to a shell thickness of only 0.2 nm (equivalent to 0.6
monolayers of ZnS).

Following the first ZnS shelling cycle and after purification
of the product (CulIn,Zn)S, QDs, a SILAR method was
adopted to further grow the ZnS shell using zinc oleate and
sulfur/octadecene as the ZnS precursors (Figure 2a). The
chalcopyrite crystal structure is preserved in the final CulnS,/
ZnS core/shell QDs (Figure 2b and Supporting Information,
Figure S2c,d), showing that the ZnS overgrowth proceeds by
heteroepitaxy (i.e, the ZnS shell adopts the zinc-blende
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Figure 3. (a) Schematic diagram of the ligand exchange process. Hydrophobic CulnS,/ZnS QDs were transferred to water upon exchange of native
ligands for His-PIMA-PEG/OMe and His-PIMA-PEG/NH,. Inset digital image is the water-dispersible QDs-OMe and QDs-NH, under a 405 nm
ultraviolet lamp. (b) 'H NMR spectrum of hydrophobic QDs-oleate. The broad peak at ~5.3 ppm is ascribed to the protons from the C=C
double bond. The strong signatures at ~1.2 and 0.88 ppm are attributed to the resonances from the protons in the methylene groups and in the
terminal methyl groups, respectively. Deuterated chloroform (CDCl;) was used as the solvent. (¢, d) 'H NMR spectrum of QDs-OMe and QDs-
NH,, respectively. The weak broad resonances at ~7.4 and ~8.6 ppm are ascribed to the protons from the imidazole rings. The strong signatures at
3.57 and 3.25 ppm are attributed to the resonances from the protons in the PEG segments and in the terminal methoxy groups, respectively.

Deuterium oxide (D,0) was used as the solvent.

structure). The QD diameter increases from 3.6 to 4.2 nm
(Supporting Information, Figure S2c,d), demonstrating that
the gradient alloy (Cu,In,Zn)S, QDs are overcoated by 1
monolayer of ZnS during the SILAR cycle, bringing the total
thickness of the ZnS shell to ~1.6 ZnS monolayers. The PLQY
of the product CulnS,/ZnS core/shell QDs however decreases
from 70 + S to S5 + 4% (peak at 645 nm), implying that new

nonradiative recombination sites were generated during the
SILAR cycle,””** p0581b1y due to diffusion of Cu and/or In
atoms to the surface®® since the small lattice mismatch
between CulnS, and ZnS (2%) and the high diffusion rates in
CulnS, facilitate interdiffusion.”” These surface Cu or In atoms
are likely less well passivated than in the original gradient alloy
(Cu,In,Zn)S, cores because the second Zn$ shelling cycle also
results in replacement of the original capping ligands
(dodecanethiol) by oleate, as evidenced by Fourier transform
infrared spectroscopy, which clearly shows the asymmetric
C(=0)O— stretching vibration of the carboxylic acid group
from Zn(oleate), at 1556 cm™ (Supporting Information,
Figure $4).

Exchange of the Native Ligands for the Designed
Polymers. The oleate-capped CulnS,/ZnS QDs (QDs-
oleate) are transferred into water through exchange of the
native ligands for His-PIMA-PEG/OMe and His-PIMA-PEG/
NH,.”>*" This step results in two types of water-dispersible
QDs: His-PIMA-PEG/OMe-capped QDs (QDs-OMe) and
His-PIMA-PEG/NH,-capped QDs (QDs-NH,). Figure 3a
shows the schematic diagram of the ligand exchange process.
The imidazole rings serve as anchors onto the ZnS surface of
the CulnS,/ZnS QDs. As Zn>* forms strong coordination
bonds with the electron-donor groups of imidazole rings,””*’
the ligand exchange can be readily completed at room
temperature overnight. 'H NMR spectra of CulnS,/ZnS
QDs before and after ligand exchange were acquired (Figure

1722

3b—d). A pronounced broad C=C double bond resonance
(~5.3 ppm) coming from the surface oleate group disappears
after transfer to water (Figure 3b—d). For the water-dispersible
QDs, a broad peak is observed at ~0.8 ppm, which is
attributed to the protons from PIMA backbones (Figure 3c,d
and Supporting Information, Figure SS). In addition, the
characteristic peaks of imidazole rings (~7.4 and ~8.6 ppm)
become broad compared with the ligand alone, demonstrating
that the designed polymer ligands bind to the QDs through
their imidazole groups (Figure 3c,d and Supporting
Information, Figures S1 and SS5). NMR spectroscopy was
further employed to quantify the ligand coverage density on
QDs by comparing the molar concentrations of the polymer
ligands and the QDs. The QD molar concentration was
calculated by absorption spectrophotometric analysis using
molar absorption coefficients recently provided in the
literature.”* The original size of the CulnS, cores (3.1 nm)
is not used for calculating the extinction coefficients of the
CulnS,/ZnS core/shell QDs because the sizes of the CulnS,
cores are affected during the ZnS shelling, as evidenced by the
spectral blueshift observed after the shelling reaction. As
discussed above, this spectral blueshift reflects a reduction in
the effective core diameter due to the formation of a gradient
(Cu,In,Zn)S, alloy. Therefore, the effective diameter of the
CulnS, cores (2.3 nm) is deduced from the first absorption
transition energies combined with the sizing curve of
chalcopyrite CulnS, QDs reported in the previous literature.”
This effective core size is then used to obtain the QD molar
concentration.”* The molar concentration of polymer ligands
was obtained by comparing the integrations of the methyl
proton of the PIMA backbone and the y-proton of the pyridine
standard. This analysis yields a value of ~10 His-PIMA-PEG/
NH, ligands per QD, which corresponds to ~195 imidazole
anchors and ~39 amines per QD (Supporting Information,
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Figure SS). The same calculation was applied to the QDs-
OMe, yielding ~3 His-PIMA-PEG/OMe per QD, which
corresponds to ~59 imidazole anchors per QD (Supporting
Information, Figure SS5). The number of polymer ligands
estimated for the His-PIMA-PEG-NH, is close to what was
measured in previous studies.”> We attribute the difference
between the number of ligands per QD for the two types of
ligands to batch-to-batch variations since the major ligands are
His-PIMA-PEG-OMe in both cases as NH,-modified ligands
are prepared by reacting the PIMA precursor with a mixture of
PEG-NH, and PEG-OMe.

After transfer to water, the absorption spectra of the
hydrophilic CulnS,/ZnS QDs remain nearly the same (Figure
4a), indicating that no aggregates are formed. The PL spectra
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Figure 4. (a) Absorption (dashed line) and PL (solid line) spectra of
CulnS,/ZnS QDs before and after transfer to deionized water upon
exchange of the native ligands for His-PIMA-PEG/OMe and His-
PIMA-PEG/NH, polymer ligands. (b) PL decay curves of CulnS,/
ZnS QDs before and after ligand exchange. The instrument response
function (IRF) is also shown (red dots). The decay curves are fitted
by triple exponential functions. For QDs-oleate: 7, = 20 ns (2.6%), 7,
140 ns (31.45%), 73 = 408 ns (65.95%), y* = 1.027, average
TQDsoleate = 314 ns; for QDs-OMe: 7, = 17 ns (4.09%), 7, = 128 ns
(35.65%), 73 = 400 ns (60.26%), x> = 1.04, average Tqp, ome = 287 ns;
for QDs-NH,: 7, = 15 ns (3.32%), 7, = 122 ns (29.84%), 7; = 394 ns
(66.84%), x* = 1.06, average Tapenmz = 300 ns. (c) Histogram plot of
relative integrated PL intensity of QDs-oleate (PLQY of S5 + 4%,
peak at 645 nm), QDs-OMe (PLQY of 27 + 3%, peak at 660 nm),
and QDs-NH, (PLQY of 44 + 4%, peak at 650 nm). The QD
concentrations were kept the same. (d) Hydrodynamic diameters of
QDs-OMe and QDs-NH,. Inset is the product hydrophilic QDs
obtained by scaled-up ligand exchange (see the Experimental Section
for details).

are also essentially the same, apart from a small redshift (35
meV for QDs-OMe and 12 meV for QDs-NH,) accompanied
by a reduction in the PL intensity (Figure 4a,c). Redshifts in
PL spectra are commonly observed after ligand exchangem’é2
and may be attributed to partial extension of the exciton wave
function in the ligand shell, thereby relaxing its confinement
within the QD. Reductions in PLQY upon transfer of QDs to
water have also been widely reported and are commonly
ascribed to the insufficient shell quality in part of the QD
ensemble.’”*” Nonetheless, the PLQYs of the polymer-capped
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CulnS,/ZnS QDs (27 + 3%, peak at 660 nm and 44 + 4%,
peak at 650 nm for QDs-OMe and QDs-NH,, respectively) are
comparable to those of other water-dispersible CulnS,-based
QDs and dyes previously reported in the literature.*”*'*¢>3
Figure 4b shows that the PL decay is multiexponential, with
decay times varying from ~20 ns to several hundreds of ns.
The average exciton lifetime of CulnS,/ZnS QDs decreases
after the ligand exchange, reflecting an increase in the
nonradiative recombination rates, which is consistent with
the decrease of PLQYs (Figure 4b,c). It should be noted that,
despite their multiexponential character, the PL decay curves
of the CulnS,/ZnS QDs studied in our work are very
reproducible. The errors in the exciton lifetimes reported in
Figure 4 (and throughout this work) thus originate primarily
from the standard deviations in the fitting procedure, which are
very small (<5%). The resulting negatively charged QDs-NH,
[{-potential, —(50 + 5) mV] have a compact hydrodynamic
diameter of ~13 nm, which increases to ~19 nm after storing
in dark at 4 °C for 10 months (Figure 4d and SI, Figure S6).
Moreover, TEM image shows that these QDs are well-
dispersed and have an average size of 4.4 &+ 0.7 nm after the
storage (SI, Figure S6). These observations demonstrate that
the resulting water-dispersible QDs-NH, have superior
colloidal stability for long-term storage. Overall, the QDs-
NH, show better properties than QDs-OMe (i.e., higher
PLQYs, longer average exciton lifetime, smaller hydrodynamic
sizes), which is likely due to a better passivation of surface
metal dangling orbitals since QDs-NH, have a higher average
ligand density than QDs-OMe, as discussed above (SI, Figure
SS). For comparison, we also performed exchange of native
ligands for other common hydrophilic surfactants (ie., 11-
mercaptoundecanoic acid and cysteine) (Supporting Informa-
tion, Figure S7). The QDs-NH, shows the highest PLQY (44
+ 4%), while the QDs capped by small molecules show lower
PLQYs (<10%). After 180 days of storage in the dark at 4 °C
(QD concentrations, ~10 uM), the PLQYs of QDs-NH, were
still nearly 80% of the initial value. In contrast, the 11-
mercaptoundecanoic acid or cysteine-capped QD suspensions
became turbid and exhibited PLQYs below 5% (Supporting
Information, Figure S7).

QD-Dark Quencher FRET Pairs. The schematic diagram
in Figure Sa shows the conjugation of amine-functionalized
CulnS,/ZnS QDs and IRDye QC-1 dark quencher molecules
(Supporting Information, Figure S8) via NHS reaction
chemistry. Herein, a side-by-side comparison experiment was
performed by using amine-functionalized QDs-NH, and
control methoxy-functionalized QDs-OMe for targeting the
dark quencher dye molecules in a dye/QD feeding molar ratio
from 0 to 20 (see the Experimental Section for details). After
removal of the free dye molecules and byproducts by size-
exclusion chromatography, the product QD—dye conjugate
suspensions show obvious differences in color: green for QDs-
NH,—dye conjugates and nearly colorless for QDs-OMe—dye
conjugates (Supporting Information, Figure S9). The corre-
sponding absorption and PL spectra and PL decay curves of
QD—dye conjugates were measured (Figure Sb—g). In the case
of QDs-OMe, very small absorbances (<0.03) at ~740 nm (a
characteristic peak of IRDye QC-1, Supporting Information,
Figure S8) are observed upon increasing the dye/QD feeding
molar ratio up to 20 (Figure Sb). These low absorbance values
indicate negligible binding efficiencies, as expected for
methoxy-functionalized dyes since the —OMe group is unable
to react with the —NHS moieties in the IRDye QC-1 dye
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Figure S. (a) Schematic diagram of the conjugation between QDs-NH, and the IRDye QC-1 dark quencher molecule through NHS ester reaction
at pH = 8.5. (b—d) Absorption and PL spectra and PL decay curves of QDs-OMe—dye conjugates with an increase of the dye/QD feeding ratio
from 0 to 20. Inset in (b) is the binding efficiencies of dye molecules to QDs-OMe (average value of 3.2%). They were calculated by comparing the
experimental dye/QD ratio to the nominal dye/QD feeding ratio. Logarithmic binning was used for the PL decay curves to improve the signal-to-
noise ratio at long times. A four-exponential decay function [Are™ + Aye™™ + Ase™™ + Ae™™] is used to describe the PL decay to the data
without dye molecules (solid black lines), without giving any particular interpretation to the four exponents. (e—g) Same analysis as that in (b—d),
but for QDs-NH,—dye conjugates. The arrows in (b—g) indicate the trends upon increasing the dye/QD feeding ratio.

molecules. In contrast, the conjugates using QDs-NH, show a
progressive increase of the absorption peak of the dark
quencher dye, indicating that an increasing number of dye
molecules are immobilized to the QDs (Figure Se).

The average dye coverage densities on the QDs are
estimated by absorption spectrophotometric analysis of the
QD—dye conjugates using extinction coeflicients of the QDs
(~1.2 x 10° M~ ecm™ at 400 nm’*) and the dye molecules
(9.6 x 10* M™" em™ at 737 nm"), irrespective of the
influence of FRET on their absorption/excitation character-
istics. The extinction coefficients of the CulnS,/ZnS QDs are
estimated considering that the light absorption of the QDs at
400 nm is only related to the CulnS, cores, not to the ZnS
shell. As discussed above, the effective diameter of the CulnS,
cores (2.3 nm), deduced from the first absorption transition
energies and the sizing curve reported in the literature,”* was
used for calculating the extinction coefficients of the CulnS,/
ZnS core/shell QDs, instead of the original diameter of the
CulnS, cores (3.1 nm). The extinction coefficients of CulnS,
QD cores at 400 nm can then be estimated following the size-
dependent trends reported in the literature for wurtzite CulnS,
QDS (g3,0y = 101754%).>* As discussed in ref 34, the size
dependence of the extinction coefficients far above the band-
edge is not significantly different for wurtzite and chalcopyrite
CulnS, since the absorption cross section per formula unit of
wurtzite CulnS, is close to that of chalcopyrite CulnS,.**

The analysis of the average dye coverage density on the QDs
is somewhat complicated by the fact that not only the QDs but
also the dark quencher dye absorbs (weakly) at 400 nm. We
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account for this by subtracting the absorption contribution of
the dark quencher from that of the mixture. Using this
procedure, we estimate that the binding efficiencies of the dye
molecules to QDs-OMe (i.e., the ratio between the number of
bound dye molecules per QD and the nominal feeding molar
ratio) are very low (3.2%) and essentially the same for all
feeding ratios, indicating minimal nonspecific adsorption of the
dye molecules onto QDs (inset in Figure Sb). In sharp
contrast, the binding efficiencies of the dye molecules to QDs-
NH, decrease upon increasing the dye/QD feeding molar ratio
with a much higher average value of 41% (inset in Figure Se).
The clear differences in suspension color (Supporting
Information, Figure S9) and binding efficiencies (Figure
Sb,e) of the two sets of experiments demonstrate that the
QDs-NH, is indeed linked to the dark quencher dye molecules
through covalent bonds with the NHS group while the QDs-
OMe shows no indication of binding, which is consistent with
the functionality of the designed polymer ligands. The number
of dye molecules per QD (e.g.,, ~S dyes per QD for a nominal
dye/QD feeding ratio of 20) is lower than the number of
amine groups per QD estimated by NMR spectroscopy
analysis (~39). Similar observations are rather common and
reflect the fact that coupling reactions are not 100% efficient,
typically requiring the use of excess reagents to increase the
binding efficiency.” It is also possible that some amine groups
coordinate directly onto the QD surface since the Zn**—NH,
coordinating bond is quite strong.64

Intriguingly, the PL spectra are observed to blueshift upon
increasing the dark quencher dye to QD ratio (Figure Sc and,
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Figure 6. (a) Overall FRET efficiency of QDs-NH,—dye conjugates upon increasing the amount of dark quencher dye molecules conjugated to
QDs. The FRET efficiencies are estimated from the integrated intensity of the PL decay curves shown in Figure 5g using eq 1. The gray error bars
are generated from the integration errors. (b) Average dye molecules per QD calculated from eqs 2 and 3 versus the feeding ratio of dye/QD in
QD-OMe—dye (green dot) and QD-NH,—dye (red dot) conjugates. The variations of the intensity ratio of L/I; (c—f) in the limit of sufficiently
long times after the excitation pulse lead to larger uncertainties in estimation of the average dye molecules per QD. (c—f) Examples of PL decay
curves of QD-NH,—dye conjugates at different dye/QD feeding ratios x = 0 (red), 1 (yellow), 8 (green), and 20 (blue) divided by the reference
curve at x = 0. (d, f) Zooms of (c) and (e), respectively. Four-exponential decay functions (solid lines) are used to describe the decays at different
dye/QD feeding ratios, either considering the variations in nonradiative decay rates (model 1, (c, d)) or in radiative decay rates (model 2, (e, f)).
The same analysis for QD-OMe—dye conjugates can be found in Supporting Information, Figure S12.

more clearly, Figure Sf). This is likely related to the
polydispersity-induced heterogeneity of the QD emission
wavelengths, which translates into different extents of overlap
between the PL spectrum of the donor QD and the absorption
spectrum of the acceptor dye (Supporting Information, Figure
S8). For instance, larger QDs within the ensemble emit at
lower energies, resulting in larger spectral overlaps with the
dark quencher dye molecules, thereby leading to more efficient
energy transfer and consequently more pronounced quenching
of the QD PL, thus leading to bluing of the measured spectra
due to removal of the contribution of the larger QDs. This
quenching accompanied by spectral blueshifts also implies that
energy transfer is the most plausible quenching mechanism
rather than, for example, charge transfer. Moreover,
reabsorption of the QD emission by the QD—dye conjugates
is largely dependent on the emission wavelength, with lower
energy emission being more strongly reabsorbed. For example,
QDs-NH,—dye conjugates (dye/QD = 20, Figure Se) show
6.4 and 18.7% reabsorption at 645 and 745 nm over 0.5 cm (1
cm path length sealed quartz cuvettes were used), respectively.
As a result, the emission spectra of the ensemble exhibit
blueshifts, which are accompanied by slight narrowing of PL
emission spectra (Supporting Information, Figure S10).
Nevertheless, the PL bandwidths remain broad (~410 meV,
Figure Sf and Supporting Information, Figure S10). This is
consistent with broad single-particle emission linewidths that
have recently been observed for individual CulnS,-based
QDs.”® These broad single-particle linewidths can be under-
stood considering that the emitting transition involves the
recombination of a delocalized conduction band electron with
a localized hole, being thus akin to a metal-to-ligand-charge-
transfer transition, therefore coupling strongly to vibra-
tions. ">

The PL decay of the QDs becomes faster as the dye feeding
ratio increases (Figure Sd,g). This confirms that the QD and
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dark quencher dye form donor—acceptor FRET pairs, in which
the QD acts as the energy donor (D) and the dark quencher
dye as the energy acceptor (A). The PL decay curves are
clearly multiexponential, even in the absence of dark quencher
dye (black curves in Figure Sd,g). This is a characteristic of
CulnS,-based QDs that has been reported in many previous
studies, even for samples with PLQYs as high as
859. 4343065768 No consensus has yet been reached about
the origin of the multiexponential character of the PL decay
dynamics of CulnS,-based QDs.** It may simply be related to
variations in the nonradiative decay rate in different QDs in the
ensemble, but it could also originate from intrinsic variations in
the radiative decay rates of CulnS,-based QDs due to
variations in the location of the Cu-localized hole state
involved in the QD emission.**¢”

By analyzing the PL decay curves as a function of dye/QD
feeding ratio, we can extract information about the dye binding
and the FRET efficiencies. However, we have to take into
account the intrinsic multiexponential nature of the excited-
state dynamics of CulnS, QDs. For example, the expression

ID—A —
ID

n=1- _ o-a

(1
is often used to estimate the FRET efficiency # for a donor
dye—acceptor dye FRET pair from the intensities (I) or
lifetimes (7) of donor emission, comparing the values in the
absence (D) and in the presence (D—A) of acceptor
molecules.¥®” However, in contrast to dye molecules, CulnS,
QDs show a wide variation in lifetimes even in the absence of
FRET acceptors (black curves in Figure 5d,g). In addition, the
QDs in the ensemble may bind a variable number of dark
quencher dyes, resulting in a different FRET rate for each QD.
In this case, the relation between average efficiency, average
intensity, and average lifetime is not straightforward and does
not exactly follow eq 1. Indeed, while eq 1 provides useful

D
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rough estimates for the FRET efficiency, it yields higher values
by a factor of 2—4 when using the donor lifetimes than when
using the donor intensities extracted from the PL decay curves
(Figure 6a and Figure S11). This illustrates that more in-depth
analysis is necessary to understand the FRET process with
CulnS, QD donors. It should be noted that the donor
intensities extracted from the PL spectra in Figure S are less
reliable because the dark quencher dye also weakly absorbs at
the wavelengths used to excite the QDs (400—450 nm, see
Supporting Information, Figure S8). We note that the rather
weak quenching observed for the QD-OMe—dye system can
be interpreted within the framework of solution-phase
collisional quenching since the overall FRET efficiency
increases linearly with the dye concentration, particularly in
the low concentration regime (i.e., nominal dye/QD ratio <
12, Supporting Information, Figure Sll).69

Modeling of FRET Dynamics in CulnS,-Based QD—
Dye Conjugates. We introduce and apply two different
models for the FRET dynamics with CulnS,-based QD
donors. For both, we first use a four-exponential decay
function [A,e™™ + A,e™™ + Ae™™ + Ae™™] to describe
the PL decay in the absence of a dark quencher dye (Figure
5d,g). We do not interpret the separate lifetime components
here but realize that a fit function with any discrete number of
lifetime components is a simple approximation to the (likely)
continuous distribution that exists in the QD ensemble. Our
aim here is to obtain a good analytical expression to the PL
decay in the absence of FRET. We found that four
exponentials provide an acceptable match to the experimental
data. Thus, fitting the decay data using a higher number of
exponentials is not necessary. Next, we assume that the
conjugation of dye molecules to QDs follows Poisson
statistics'”’® due to variations in the number of binding sites
per QD and in the occupation of the binding sites. The
probability P that a QD has n dye molecules bound is then

e u"

n ()

where p is the average number dye molecules per QD. The
value of y is assumed to be independent of the lifetime of a
QD; that is, dyes are equally likely to bind to fast-emitting and
slow-emitting QDs. We chose the model of a Poisson
distribution over a binomial distribution, which has previously
also been used to model the distribution of bound molecules to
QD surfaces.”' Implementing a binomial model would force us
to assume an upper limit to the number of bound dyes, which
in reality likely does not exist because of a variation in the
number of binding sites per QDs and the possibility of
nonspecific binding.

We then use that, in the limit of sufficiently long times after
the excitation pulse, all QDs have decayed, except those
without dark quencher dyes attached. From the emission
intensity at long times, we can thus extract the fraction of QDs
with no acceptor molecules attached. More precisely,

lim &
t=o0 I(t)

P(n; p) =

= P(0; ) = e
H=e 3)

where I(t) is the normalized PL decay curve of the sample and
I,(t) is the normalized reference measurement on the donor-
only system (ie., QDs without dye added). The use of the
normalized PL decay curve of the donor-only system as
reference makes it easier to quantify the changes induced by
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the interaction with the acceptor dyes regardless of the
intrinsic multiexponential character of the PL decay of the
donor QDs. Figure 6¢c—f shows I(t)/I;(t) for the QDs-NH,
with various dye/QD feeding ratios (see Supporting
Information, Figure S12 for the data for QDs-OMe). For
illustration, P(0; p) = 0.25 is highlighted for the dye/QD
feeding ratio of 8. From this analysis we can estimate y and
therefore the dye binding efficiency for each sample (Figure
6b). The values extracted in this way are ~2 times smaller than
those obtained from analyzing the absorption spectra (Figure
Se). This difference can be understood by considering that
unconjugated dye molecules that were not completely
removed by the washing procedure also contribute to the
absorption spectra, while the PL decay curves are affected
primarily by directly bound dye molecules. In this situation, the
analysis of the PL decay curves provides a more accurate way
to estimate the number of bound dye molecules per QD.

Next, we construct two possible models for the FRET
dynamics from CulnS,/ZnS QDs. The first starts from the
assumption that the PL decay of CulnS,-based QDs is
multiexponential because of variations in nonradiative decay
rates k,on.q While the radiative decay rate k,,q is the same for all
QDs in the ensemble. This is the conventional situation for dye
molecules in which case the PLQY is the ensemble-average of
keaa/ (kaq + Koonraa)- In the second model, we assume that all PL
decays we observe in the time-resolved PL profile are purely
radiative and the multiexponential character arises from
variations in radiative decay rates kg 7% In this model,
the PLQY is determined by a fraction of QDs in the ensemble
that are entirely “dark”; that is, they absorb light but exhibit no
emission.””””® These dark QDs do not contribute to the PL
decay curve, but they do lower the PLQY of the ensemble. The
presence of a fraction of dark QDs has been invoked to explain
why shell growth on CulnS, QDs’® or crown growth on CdSe
nanoplatelets’” strongly increases the PLQY, but does not
affect the PL decay curve: shell or crown growth turns dark
emitters bright but does not affect the decay dynamics of the
bright ones. This also implies that for QDs, in contrast to
typical dye molecules, the PLQY of the ensemble is not equal
to the PLQY of the bright emitters that contribute to the PL
decay curve. In fact, it has been shown in previous studies that
the PLQY of bright QDs contributing to the PL decay curve is
(nearly) unity even if the ensemble PLQY is lower.”®”” The PL
decay curve combined with the PLQY can therefore not be
used to directly estimate the radiative and nonradiative decay
rates of QDs.

Starting from these two possible models for the PL decay of
our CulnS,/ZnS QDs, we realize that FRET is based on
dipole—dipole coupling, the rate of which scales linearly with
the dipole strength and therefore the radiative decay rate of the
donor.® If the nonradiative decay rate of the QDs varies while
the radiative decay rate is constant (model 1), then the FRET
rate kpppr per QD—dye pair is the same for all QDs regardless
of their PLQY. In contrast, if the radiative decay rate varies
(model 2), then the FRET rate per QD—dye pair varies along
with it. In the latter case, the Forster radius R is the same for
all QDs; in the former case, it is not.

Our model for the PL decay of CulnS,-based QDs with
varying nonradiative decay rates but constant FRET rate kppgr
per QD—dye pair (model 1) is

I(t) = ZA‘ Z P(I’l; ﬂ)e_(ki+nkFRET)t
-l @)
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The summation i = 1, 2, 3, 4 runs over the different intrinsic
QD decay rates (i.e., in the absence of dark quencher dye) in
the sample and n = 0, 1, 2, ... over the possible number of dyes
attached. A; and k; are fixed by the four-exponential fit to the
reference data (Figure 5d,g).

Our model for the PL decay of CulnS,-based QDs with
varying radiative decay rates and the FRET rate varying along
(model 2) is

1(t) = 3 A, 3 Pln; p) e 500
Lo s)

where the factor f is the proportionality between the radiative
decay rate k; and the FRET rate fk;. This correlation is only
valid for FRET processes (i.e., energy transfer by dipole—
dipole coupling) and is absent if the quenching is due to
charge transfer between donor and acceptor.

Model 2 (variable radiative decay rate of the QDs; Figure
6e,f) fits the experimental data for the QDs-NH, samples
better than model 1 (variable nonradiative decay rate of the
QDs; Figure 6¢,d). This implies that the observed quenching is
indeed due to FRET between the donor QDs and the acceptor
dyes and that the multiexponential character of the PL decay
curves is due to variations in the intrinsic radiative lifetimes of
the donor QDs. This latter aspect is consistent with the model
recently proposed for the radiative recombination in CulnS,
and other ternary I-III-VI, nanocrystals, which involves
recombination of a delocalized conduction band electron
with a hole localized at the group-I cation.***”*®

The fit yields f = 3.2. Rewriting the FRET equation (kgpgr =
kR$/R$ ,) where k is the donor radiative decay rate and Ry, the
donor—acceptor distance, we obtain

~1/6
Rpy=f "R, (6)

The Forster radius of a donor—acceptor pair can be
estimated using
1/6
]]
(7)

where N, is Avogadro’s number, n, is the refractive index of
the medium between donor and acceptor®' (here, we estimate
n, = 1.40 for PEG in water), the factor x> = 2/3 accounts for
dipole orientation averaging, and J = 1.62 X 10'®* M~'cm™'nm*
is the overlap integral between QD donor emission and dye
acceptor absorption spectra (Supporting Information, Figure
§13). This gives Ry = 7.9 nm for the QDs—dye FRET pair.
From this value and the fit result of Figure 6ef, we estimate
that the donor—acceptor distance in the QD-NH, system is
Rpa = 6.5 nm. This matches well the distance estimated from
the combination of the QD radius and the coating amine-
functionalized polymer. Note that in eq 7, we did not include a
correction for the finite ensemble PLQY of our QDs, which
would appear if we applied the standard equation often used to
estimate the Forster radius for donor—acceptor dye pairs.”” We
leave out this correction because our analysis of Figure 6 is
consistent with the model of a dark and bright QD fraction in
the ensemble (see discussion above). This implies that FRET
in QD—dye conjugates will only take place between the bright
QDs in the ensemble, with a PLQY of near unity,”*”” and the
acceptor dye molecules. We note that if the ensemble PLQY of
44% for the QD-NH,—dye system is included in eq 7, slightly

(9000(ln10)1<2
| = [ 2000n10)x”

1287°Nyny*
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lower estimates of Ry = 6.9 nm and Rp, = 5.7 nm would be
obtained.

FRET efliciencies in multiacceptor systems were previously
analyzed by our group using the expression

nf+ 1

n
(8)
which depends on the FRET rate per acceptor, determined by f
= (Ry/Rpa)® and the number n of acceptors bound to a
donor.'” Tt is however important to realize that in the case of
an inhomogeneous sample, eq 8 does not correctly describe
the relationship between n, f and the average FRET efficiency
1. This is clear from Figure 7 where we fit eq 8 (blue line) to

o o o =
s (o)) [+-] (=]
P M | Lol

o
R
PR -

FRET Efficiency (from integrating PL decay)

=4
o
L

1.0 1.5 20 25 30
Average dyes/QD (from I,/1)

o
o

Figure 7. Overall FRET efficiency (obtained from integrating the
total intensity contained in the PL decay curve) as a function of the
average number y of dye molecules per QD (obtained from eq 3).
The data points (black) are fitted to eq 8 (blue line) and eq 9 (red
line). The white and black error bars are the estimated errors of FRET
efficiencies and average dye molecules per QD, respectively.

the experimental FRET efficiencies. Adaptations to eq 8 are
necessary to reproduce the dependence of FRET efliciency on
the acceptor binding. We have shown above (Figure 6) that
the FRET dynamics can be better reproduced assuming that
the QDs vary in radiative decay rate but all have the same value
of f. To correct eq 8 for the inhomogeneity in our sample
would thus only require explicit averaging over the distribution
of n, while fis kept constant and therefore does not complicate
the averaging procedure. Assuming a Poisson distribution of
number of acceptors bound,'” the expression for the average
FRET efliciency () becomes

nf
nf + 1’

() =Y P(n; )
” ©)

where y is the average number of bound dyes and P(n; u) is
given by eq 2. The model of eq 9 provides a good match (red
line in Figure 7) to the experimental data. From this analysis of
the FRET efficiency, we obtain f = 2.5, close to the value of f =
3.2 obtained from the analysis of the FRET dynamics. This
corresponds to a difference of only 4% in the estimated
donor—acceptor distance (Rp, = 6.8 nm versus Rp, = 6.5 nm).
Considering the complex multiexponential PL decay dynamics
of our system, this is an acceptable difference in estimated
FRET parameters using two analysis methods. Our model, in
which CulnS, QDs exhibit inhomogeneity in the radiative
decay rates but constant Forster radius Ry, thus provides a
consistent description of the properties of our FRET probes.
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B CONCLUSIONS

To conclude, we have reported here a multistep protocol that
yields water-soluble FRET pairs using colloidal CulnS,/ZnS
QDs and IRDye QC-1 dark quencher dye molecules. NIR-
emitting CulnS,/ZnS QDs (PLQY of 55 + 4%, peak at 645
nm) were synthesized through a combination of one-pot
heating method and two ZnS shelling steps. These QDs were
subsequently transferred into water by exchange of the native
oleate ligands for two different types of polymer ligands (viz.,
methoxy-functionalized His-PIMA-PEG and amine-function-
alized His-PIMA-PEG/NH,). The product water-dispersible
QDs-OMe and QDs-NH, have competitive PLQYs (27 + 3%,
peak at 660 nm and 44 + 4%, peak at 650 nm, respectively), a
compact hydrodynamic diameter of less than 20 nm, and
excellent long-term colloidal stability (at least 10 months).
These two types of polymer-capped QDs (QD-OMe and QD-
NH,) were subsequently conjugated to the IRDye QC-1
through NHS chemical reaction. The results confirm that
QDs-NH, is conjugated with dark quencher dye molecules via
covalent bonds, while the QDs-OMe binds only nonspecifi-
cally. The progressive quenching of the CulnS,/ZnS QD
emission and shortening of its exciton lifetime upon increasing
the number of conjugated dye molecules demonstrate that the
QD acts as the energy donor and the dark quencher dye as the
energy acceptor in a donor-acceptor FRET pair. By assuming
that the conjugation of dye molecules to QDs follows Poisson
statistics, the average number of dye molecules per QD is
estimated. Two different models based on the possible origin
of the multiexponential character of the PL decay of CulnS,-
based QDs (i.e., variations in nonradiative or in radiative decay
rates) were used to simulate the FRET dynamics of the QD—
dye conjugates. The model based on variations in radiative
decay rates provides a better fit of our experimental data. This
suggests that the multiexponential character of the PL decay
curves is due to variations in the intrinsic radiative lifetimes of
the donor CulnS, QDs rather than to variations in the
nonradiative decay rates. The model also estimates the donor—
acceptor distance (6.5 nm), which matches well the hydro-
dynamic radius of the QDs-NH, prepared in our work. Overall,
the quenching data collected for the present system can be
interpreted within the framework of the Forster dipole—dipole
coupling model, in line with previous reports on CdSe-based
QD donors. This implies that CulnS,-based QDs exhibit
consistent mode of nonradiative transfer of excitation energy to
proximal dyes by dipolar coupling despite their inherently
broad emission spectra and long and multiexponential PL
decays. This study sheds light on designing new eflicient, Cd-
free QD-based FRET nanoprobes, which are beneficial to a
wide range of biological and biophysical studies such as
biomedical imaging, photodynamic therapy, diagnostic and
sensing devices.
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