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ABSTRACT: Sensitization of organic molecules by semiconductor nanocrystals is a FAESTENIEIIEE
promising way to boost the absorption of the former, important for applications in |l A IR e
fluorescence labeling and photocatalysis. Semiconductor nanoplatelets provide the "

. . . 9 q . . . . More efficient FRET
opportunity of increasing the absorption cross section by increasing the lateral dimension Py EERTS
without inducing changes to the band gap. However, the lateral size dependence of FRET in
nanoplatelet small-molecule conjugates is unknown. Our FRET study supports the view that
excitons in nanoplatelets are localized in a small area and spatially distributed in a stochastic fashion. In larger nanoplatelets, the
likelihood of an offset between the position of the exciton and the acceptor increases. Although this could be mitigated by increasing
the number of fluorophores, excessive coverage of the nanoplatelets with the fluorophores leads to severe self-quenching. Based on
these results, we predict that using few fluorophores on nanoplatelets with edge lengths of ~9 nm would optimize the delicate
balance between maximizing the absorption cross section of the nanoplatelets and minimizing the likelihood of exciton—fluorophore

offset and self-quenching simultaneously, thus leading to optimal FRET conditions.

B INTRODUCTION

Organic fluorophores play an indispensable role in a variety of
applications, including bioimaging, sensing, and photocatal-
ysis.'" > Their versatility arises from the fact that their
properties can be fine-tuned by changing their molecular
structures. However, their absorption cross sections are lower
and of narrow bandwidth compared to those of inorganic
materials.® This limits the choice of excitation wavelengths and
requires higher excitation powers for image acquisition with
organic fluorophores in (bio) imaging applications and
increased loading of the photocatalyst and/or high excitation
powers in photocatalysis with organic fluorophores. Semi-
conductor nanocrystals possess size-tunable absorption bands
and absorption cross sections,”~ are relatively photostable,'°
and can act as a sensitizer for molecules in their proximity.''~®
Therefore, the combination of semiconductor nanocrystals
with organic fluorophores could be useful for applications
where excitation intensities are low, e.g., absorption of sunlight
without concentrators. To make this principle work, the energy
absorbed by the nanocrystals must be transferred to the
organic fluorophore, e.g., via FRET."”

FRET occurs when the nanocrystal and the organic
fluorophore are in close proximity, oriented at a suitable
angle, and if there is sufficient spectral overlap between the
nanocrystal emission and the fluorophore absorption band.
Since the absorption and emission bands of quasi-spherical
nanocrystals (quantum dots, QDs) are size-dependent,
concurrent and independent tuning of the absorption cross
section (by the size) and the spectral overlap (also by size) is
problematic. Anisotropic semiconductor nanoplatelets
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(NPLs),*® also known as colloidal quantum wells, overcome
this issue. The atomically precise thickness of a few atomic
layers of NPLs (e.g, made from CdSe) is smaller and the
lateral extension larger than the Bohr exciton radius.”' Due to
this highly anisotropic structure, NPLs exhibit large absorption
cross sections and the spectral position of the absorption and
emission bands only depend on the thickness, while the lateral
extensions determine the absorption cross section.” Further-
more, their flat and well-defined surfaces should simplify their
surface chemistry.

This implies that it should be beneficial to conjugate NPLs
with organic fluorophores in a donor—acceptor FRET couple.
This arrangement would allow us to significantly broaden the
absorption bandwidth and boost the absorption cross section
of the conjugate using laterally large NPLs as the sensitizer.

However, recently Brumberg et al. measured the size of the
exciton in NPLs using magneto-optical spectroscopy and
concluded that excitons are not delocalized across the lateral
dimensions of the NPL but rather localized within a radius in
the range of 1.0—1.5 nm.”* By employing transient absorption
spectroscopy, Li et al.”® and Morgan et al.”* have reported
much larger exciton sizes in the range of several tens of
nanometers. While the discrepancies of the various measure-
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ments are still under debate, a common finding is exciton
localization at room temperature. Thus, in laterally extended
NPLs, the fluorophore would have to be in close proximity to
the localized exciton to allow for efficient energy transfer. For
FRET, this would mean a distance not much further than the
Forster radius. Based on this, it would be important for
practical applications to know the largest possible NPL size
one can use as a sensitizer, without losing too much of the
FRET efficiency due to large exciton—acceptor separation
distance.

Here, we present our findings on FRET between 3
monolayer (ML, defined as the number of Se layers in zinc-
blende CdSe across the thickness) thick CdSe NPLs and a
carboxyl-functionalized diethienyl benzothiadiazole derivative
[DBTCA, 5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-y1)-
thiophene-2-carboxylic acid]. DBTCA has an excellent spectral
overlap with 3 ML CdSe NPLs’ photoluminescence (PL), and
its derivatives have found applications in the field of
photovoltaics>*® and photocatalysis.””** Therefore, we used
it as a model system for our study, using the carboxyl group of
DBTCA as an anchor for the Cd-terminated NPL facets. By
varying the DBT CA coverage on the surface of differently sized
NPLs, we found a relationship between the size and the FRET
efficiency. The analysis of the FRET behaviors observed in this
work confirms that excitons are indeed of a small radius and
stochastically distributed in CdSe NPLs. This shows that an
optimum lateral size and fluorophore coverage exists and
simply increasing the absorption cross section using larger
NPLs is detrimental to the sensitization efficiency of small
organic molecules. This finding serves as a useful guideline for
developing more efficient nanocrystal sensitizer systems for
FRET-based photocatalysis and fluorescent imaging.

B EXPERIMENTAL SECTION

Chemicals. n-Hexane (95%) was purchased from Fischer
Scientific. Methyl acetate (99%) was purchased from Merck
KGaA. 1-Octadecene (ODE, 90%) and cadmium acetate
dihydrate (98%) were purchased from Acros Organics.
Selenium powder (99.999%) and methanol (100%) were
purchased from Alfa-Aesar. Toluene (99.8%) was purchased
from VWR Chemicals. Oleic acid (90%), cadmium nitrate
tetrahydrate (98%), and myristic acid (>98%) were purchased
from Aldrich. All chemicals were used as received without
further purification.

Synthesis of Cadmium Myristate. Cadmium myristate
was prepared from its nitrate salt using standard literature
methods.””*" Cadmium nitrate (1.23 g) was dissolved in 10
mL of methanol. Sodium myristate (3.13 g) was dissolved in
100 mL of methanol. The solutions were stirred well separately
for 10 min until they were clear. Then, they were mixed
together and stirred for 30 min at room temperature. The
resulting white precipitate (Cd myristate) was filtered, rinsed
three times using cold methanol, and dried under vacuum
overnight. The white powder was stored at room temperature
in the dark.

Synthesis of Bis(stearoyl)selenide. Bis(stearoyl)selenide
was prepared using LiAlHSeH as the selenating agent.”” To
prepare LiAlHSeH, LiAlH, (0.76 g, 20 mmol) was added to a
suspension of Se powder (1.92 g, 24 mmol) in 200 mL of THF
at —10 °C under an argon atmosphere. The mixture was stirred
for 30 min, and LiAlHSeH was formed in situ as a grayish
dispersion. Then, 80 mmol (27.2 mL) of stearoyl chloride was
slowly added to the dispersion of 20 mmol of LiAIHSeH. The

mixture was stirred at —10 °C under a nitrogen atmosphere.
After 2 h, 5 mL of deionized water was added to quench
unreacted reagents. The organic reaction mixture was diluted
with 300 mL of diethyl ether and washed four times with 100
mL of brine. Bis(stearoyl)selenide was crystallized at 20 °C (12
h), filtered, and dried under high vacuum for 12 h. The
resulting white flakes were stored in a nitrogen-filled glovebox.

Synthesis of Laterally Small 3 ML NPLs (NPL 150).*3
In a three-necked flask, 127.5 mg (0.225 mmol) of cadmium
myristate and 17.3 mg (0.065 mmol) of Cd(OAc),-2H,0 were
dispersed in 15 mL of ODE. This mixture was heated to 100
°C and degassed under vacuum for 15 min. Afterward, the
mixture was heated to 140 °C under argon. At this
temperature, a solution of 45.8 mg (0.075 mmol) of
bis(stearoyl)selenide dissolved in 1 mL of anhydrous toluene
was added with a syringe. One minute later, 52 mg (0.195
mmol) of Cd(OAc),-2H,0 was added. The mixture was kept
heated at 140 °C with an oil bath for 5 days. After S days, the
mixture was cooled to room temperature. Then, 0.5 mL of
oleic acid was added. The reaction mixture was transferred to a
centrifuge tube; the volume was filled up to 15 mL with hexane
and the mixture was centrifuged at 5000 rpm (2599g) for 10
min. The supernatant of this centrifugation was diluted with 15
mL of methyl acetate to induce agglomeration of the NPLs and
centrifuged again at 8000 rpm (6654g) for 10 min. The
precipitate of this centrifugation was redispersed in S mL of
hexane. The resulting solution was clear yellow and contained
pure 3 ML NPLs.

Preparation of 0.1 M Se-ODE Solution. Briefly, 46.5 mL
of ODE was introduced into a three-necked flask and degassed
under vacuum for 15 min at 100 °C. Afterward, ODE was
heated to 180 °C under argon and 393 mg (4.976 mmol) of
selenium dispersed in 3.3 mL of toluene was added. The Se-
ODE mixture was heated to 205 °C for 25 min. During this
period, the color of the mixture changed from gray to yellow.
Then, the mixture was kept at 205 °C for 30 min. Next, the
solution was cooled to room temperature and transferred to a
nitrogen-filled glovebox.

Seeded Growth of 3 ML NPLs to Obtain Larger
Lateral Sizes (NPL 600, NPL 710). We synthesized NPL 600
and NPL 710 from lateral extension of NPL 150. Briefly, S mL
of ODE, 2 mL of NPL 150 (840 X 1077 M, based on
absorption), 12.8 mg of cadmium myristate, and 8.5 mg of
Cd(OAc),-2H,0 were degassed at 100 °C for 15 min. Then,
the solution was heated to 190 °C under argon. Next, 1.0/1.5
mL of Se-ODE (for NPL 600/NPL 710, respectively) was
introduced using a syringe pump at a speed of 50 #L/min. The
reaction was stopped by cooling to room temperature with a
water bath. As the reaction was cooling, the syringe pump was
stopped at 100 °C and 1 mL of oleic acid was added at 60 °C.
After reaching room temperature, the reaction mixture was
diluted with S mL of methyl acetate to induce agglomeration of
the NPLs and centrifuged at 8000 rpm for 10 min. The
precipitate was redispersed with 5 mL of hexane. No side
products from the formation of new crystal nuclei or sample
losses from loss of NPLs were found after purification.

Synthesis of 4,7-Di(thiophen-2-yl)benzolc][1,2,5]-
thiadiazole (DBT).?” 4,7-Dibromobenzo[c][1,2,5]thiadiazole
(1.15 g, 3.91 mmol) and tributyl(thiophen-2-yl)stannane (2.73
mL, 8.61 mmol) were added to a previously dried Schlenk tube
and dissolved in dry THF (40 mL). The solution was degassed
with argon for 15 min; PdCL(PPh;), (55 mg, 0.08 mmol) was
added, and the mixture was heated to 70 °C for 12 h. After
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cooling to room temperature, THF was evaporated and the
residue was taken up in DCM (50 mL). The organic phase was
extracted with water (3 X 25 mL) and brine (25 mL). After
drying with anhydrous MgSO, and filtration, the resulting
solution was concentrated by evaporation. The crude product
was recrystallized in methanol, followed by washing with cold
hexanes (100 mL). 4,7-Di(thiophen-2-yl)benzo-2,1,3-thiadia-
zole was obtained as red needles (1.07 g, 91%).

'H NMR (300 MHz, CDCL,) § 8.10 (d, 2H), 7.83 (s, 2H),
7.45 (d, 2H), 7.21 (t, 2H) ppm.

13C NMR (75 MHz, CDCL) & 152.72, 139.47, 128.13,
127.62, 126.92, 126.07, 125.86 ppm.

Synthesis of 5-(7-(Thiophen-2-yl)benzolc][1,2,5]-
thiadiazol-4-yl)thiophene-2-carboxylic Acid (DBTCA).
Step 1: In a dried Schlenk tube, DBT (650 mg, 2.16 mmol)
and DMF (469 uL, 6.06 mmol) were dissolved in 1,2-
dichloroethane (20 mL). POCI; (217 uL, 2.38 mmol) was
slowly added to the solution. The mixture was stirred at 80 °C
for 24 h. After cooling to room temperature, a saturated
ammonium acetate solution (20 mL) was added and was left
under stirring for 30 min. DCM (20 mL) was added, and the
organic phase was extracted with water (3 X 20 mL) and brine
(20 mL). The combined organic phases were dried over
MgSO, and concentrated through rotary evaporation. The
crude product was purified by column chromatography with
hexanes/ethyl acetate (gradient from 2:1 to 0:1 v/v), and 5-(7-
(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-
carbaldehyde (380 mg, 53%) was obtained as a red powder.

'H NMR (300 MHz, CDCL,) 6 9.97 (s, 1H), 8.17 (s, 2H),
7.97 (d, 1H), 7.89 (d, 1H), 7.83 (d, 1H), 7.50 (d, 1H), 7.23 (t,
1H) ppm.

3C NMR (75 MHz, CDCL) & 183.14, 152.58, 152.52,
148.71, 143.52, 139.01, 136.93, 128.50, 128.35, 128.18, 128.06,
127.91, 127.51, 125.39, 124.46 ppm.

Step 2: In a dried Schlenk tube, S-(7-(thiophen-2-yl)benzo-
[c][1,2,5]thiadiazol-4-yl)thiophene-2-carbaldehyde (150 mg,
0.46 mmol) was dissolved in acetone (12 mL) and the
solution was cooled to 0 °C in an ice bath. Potassium
permanganate (87 mg, 0.55 mmol) was added and the reaction
was stirred at room temperature for 8 h. The mixture was
concentrated via rotary evaporation, and the residue was
dissolved in a solution of N,N-diisopropylethylamine in
acetonitrile (10 vol %) and was left under stirring for 2 h. A
slurry of ion exchange resin (Dowex IX8 chloride form 200—
400 mesh) in acetonitrile was prepared and loaded into a short
column. The product solution was then absorbed into the
column and washed several times with acetonitrile and DCM.
For elution, trifluoroacetic acid in DCM (S vol %) was passed
through the column. After washing the resulting organic phase
with brine and drying over MgSO,, the solution was
concentrated to dryness. 5-(7-(Thiophen-2-yl)benzo[c]-
[1,2,5]thiadiazol-4-yl)thiophene-2-carboxylic acid was ob-
tained as a red powder (139 mg, 89%).

'H NMR (500 MHz, DMSO-d,, 373 K) 6 8.14 (m, 2H),
8.05 (d, 1H), 8.04 (d, 1H), 7.79 (d, 1H), 7.71 (d, 1H), 7.25 (t,
1H) ppm.

13C NMR (125 MHz, DMSO-d,, 373 K) § 162.27, 151.50,
151.49, 144.04, 137.98, 135.12, 132.87, 127.97, 127.64, 127.58,
127.12, 126.78, 126.28, 125.37, 123.87 ppm.

Sample Preparation for FRET Experiments. A stock
solution of DBTCA was prepared by dissolving 1.6 mg of pure
powder in 33.78 mL of toluene ([DBTCA] = 1.375 X 107*
M). Dispersions of NPL 150, NPL 600, and NPL 710 were

diluted with 600 uL of toluene in a 700 yL quartz cuvette and
adjusted to the same molar concentration of 4.87 X 10~ M.
The NPL samples were characterized using absorption, steady-
state, and time-correlated single-photon counting (TCSPC)
PL spectroscopies. Then, 1 uL of the DBTCA stock solution
was mixed with the NPL dispersion and the samples were
characterized again by absorption, steady-state, and TCSPC PL
spectroscopies. This process was repeated until a ratio of ~700
DBTCA/NPL was reached.

Sample Preparation for Kinetic Experiments. NPL
150, NPL 600, and NPL 710 were diluted to a volume of 600
uL with toluene in a four-sided cuvette to molar concen-
trations of 1.95 X 1077, 4.83 X 1078 and 4.0 X 107 M,
respectively, to reach the same absorption. Then, 40 uL of the
DBTCA stock solution (described in the previous paragraph)
was added. The PL spectra were taken every second for a
duration of 10 min.

Transmission Electron Microscopy (TEM). To provide
the TEM images of the NPLs, 10 uL of a sample was diluted
with hexane and drop-casted to a carbon-coated copper TEM-
grid. Within 1 min, the hexane fully evaporated. Afterward, the
sample was analyzed with a JEOL JEM-1400 TEM at an
acceleration voltage of 120 kV. The sizes of the NPLs were
measured from the TEM images using Image]. The geometry
of the NPLs was assumed to be perfect squares. For typical size
determination, 100—200 NPLs were measured.

Steady-State Absorption Spectroscopy. The absorp-
tion spectra were measured using an Agilent Cary 60
spectrophotometer or Avantes spectrophotometer consisting
of Avantes AvaLight-DH-S-BAL as the UV—vis light source
passing through a neutral density filter (optical density = 2.0)
and fiber-coupled to an Avantes SensLine AvaSpec-HSC-TEC
detector.

Steady-State Photoluminescence (PL) Spectroscopy.
The photoluminescence spectra were recorded using an
Avantes SensLine AvaSpec-HSC-TEC spectrophotometer in
90° geometry. A Prizmatix Silver high-power LED was used as
the excitation source (emission peak 369 nm, FWHM ~10
nm).

Time-Resolved PL Spectroscopy/Time-Correlated
Single-Photon Counting (TCSPC). PL lifetime measure-
ments were conducted with a FluoTime200 time-correlated
single-photon counting setup. Samples were excited with a
laser at 380 nm, which was controlled by PicoQuant PDL 800-
D. The signal was detected using a microchannel plate
photomultiplier tube that was connected to a PicoHarp 300
time-correlated single-photon counting system. NPL PL
signals were read at 462 nm, while DBTCA signals were
read at 565 nm. The instrument response function was
measured using a dispersion of silica nanoparticles (LUDOX
HS-40 colloidal silica) in water. Lifetimes of the NPLs were
fitted with a double exponential function, while the lifetime of
DBTCA was fitted with a monoexponential function.

Determination of Quantum Yields (QYs). Quantum
yields were determined relative to a reference dye’* and
conducted in open air. Rhodamine 6G was dissolved in
absolute ethanol. 3 ML CdSe NPLs were diluted in hexane
until the sample absorption approached a value of 0.1 at a
wavelength of 370 nm. The photoluminescence of the samples
was recorded at this concentration using blue LED excitation
at 369 nm (FWHM ~ 10 nm). Further dilution of the samples
allowed us to obtain a linear fit between the sample absorption
and the integrated photoluminescence, which was compared to
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Figure 1. Properties of 3 ML CdSe NPLs and DBTCA. (a) Absorption (dark blue/red line) and PL spectra (pale blue/red dotted line) of NPLs/
DBTCA in toluene. The inset shows the structure of DBTCA. The overlap integral ] between the NPLs’ PL emission and DBTCA’s absorption is
2.2 X 10" nm* M™! cm™. (b) TEM image of the small NPLs with an average lateral area of 150 nm? (c) TEM image of the medium NPLs with an
average lateral area of 600 nm?. (d) TEM image of the large NPLs with an average lateral area of 710 nm?. Scale bars correspond to a length of 100
nm.

the Rhodamine 6G standard linear fit to obtain the quantum
yield of the samples.

Isothermal Titration Calorimetry (ITC). ITC experi-
ments were performed with a Nano ITC Low Volume from
TA Instruments (Eschborn, Germany). The temperature was
set to 25 °C during all measurements. The effective cell volume
was 170 uL, and a stirring rate of 350 rpm was chosen for all
experiments. During each experiment, 50 yuL of DBTCA
([DBTCA] = 1.0 X 107* M in toluene) was titrated into a
toluene dispersion of NPLs with a lateral size of 454 nm* (NPL
450, [NPL 450] = 3.3 X 107® M) and titration steps of 25 X 2
uL. Additionally, the same DBTCA solution was titrated into
pure toluene to determine the heat of dilution. The temporal
spacing between injections was set to 300 s. The integrated
heats for each titration were analyzed with an independent
binding model after subtraction of the heat of dilution using
the NanoAnalyze software, version 3.5.0, by TA Instruments.’
Measurements were performed in triplicate and fit parameter
mean values and standard deviation were calculated from these
measurements.

B RESULTS AND DISCUSSION

Synthesis and Functionalization of 3 ML NPLs. To get
a good spectral overlap between the NPLs and DBTCA, 3 ML
thick CdSe NPLs were selected as the donor (Figure 1a). The
emission peak of 3 ML NPLs lies at 462 nm, close to the
absorption maximum of DBTCA at 446 nm. This results in a
large overlap integral ] of 2.2 X 10" nm* M~ ecm™.

To study the influence of the lateral size in FRET with
DBTCA we first had to develop a synthesis pathway for high-
quality 3 ML NPLs of adjustable lateral dimensions. First, we
synthesized laterally small NPLs (surface area of ~150 nm?
Figure 1b “NPL 150”) with a modified protocol according to
the work of Riedinger et al.’> These NPLs were laterally
extended with a seeded growth synthesis based on the method
developed by Tessier et al.* to obtain a series of laterally larger
NPLs (Figure 1c,d, “NPL 600” and “NPL 7107, respectively).

Using our modified procedure, we were able to produce
three differently sized NPLs with narrow lateral size
distribution and a relatively regular shape (Figure 1b,c). As
expected, the lateral size extension increased the absorption of
the NPLs linearly with the lateral area, which agrees with
previous findings in 4 ML and S ML NPLs [see the Supporting
Information (SI), Figure $1].°

25031

After having a series of differently sized 3 ML NPLs at hand,
we first had to look into the chemistry of DBTCA with the
NPL surface. Since FRET is strongly distance-dependent, it is
important to know whether DBTCA, when mixed with NPLs
in toluene, freely diffuses or is directly bound to the surface of
the NPLs.

We analyzed this using isothermal titration calorimetry
(ITC). If the binding of DBTCA to the surface atoms is
favored by equilibrium, addition of DBTCA to the NPLs
results in a heat release or absorption upon interaction of the
carboxylic group with the Cd-terminated NPL surfaces. Note
that the lack of a carboxylic group results in no binding (Figure
S3). If the equilibrium disfavors binding, no appreciable heat
change occurs due to a few products. In our experiments, the
binding of DBTCA to NPLs’ surface indeed absorbs heat
(Figures 2 and S2), which shows that binding is favored and
could also be used to quantify the maximum number of

100

95

90

Heat / kJ mol”' DBTCA

85

04 06 08 10

Ligand coverage DBTCA/nm?

00 02 1.2

Figure 2. Exemplary ITC measurement of DBTCA titrated to NPL
450 in toluene. Results are shown in DBTCA coverage per nm” Data
shows integrated heats after subtraction of dilution heats together
with an independent binding model fit. The molar ratio at full
coverage corresponds to 0.61 DBTCA/nm? For corrected heat rates
of the titration of DBTCA to NPLs and into pure toluene (dilution
experiment), see Figure S2.
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DBTCA per NPL. Based on the observed heat changes
(negative Gibbs free energy, indicating surface binding), we
determined the thermodynamic reaction parameters of the
titration by careful fitting. We found that AH = 20.4 + 1.2 kJ/
mol, AS = 180.0 + 2.9 J/mol K, AG = —33.2 + 0.4 kJ/mo],
and K = 1.6 + 0.2 X 107° M. The negative Gibbs free energy
in relation to positive enthalpy and entropy indicates that the
process is entropically driven, most likely due to unlocking of
the rotational degrees of freedom of the myristic acid released
into solution after an exchange with DBTCA, further changes
of the solvation shell, and inter-DBTCA 7z—r interactions in
solution.””*® Meanwhile, the small dissociation constant K
indicates that the DBTCA binding to the NPLs is highly
favored. Noteworthily, the entire NPL surface can participate
in binding. This enhances the binding probability significantly,
similar to the situation of macromolecules with multiple
binding sites (for details, see Figure $4).>’ We confirmed the
favorable binding by kinetic experiments (Figure S5). This
suggests that almost all DBTCA introduced to the system bind
to the NPLs until the surface is fully covered. Furthermore, we
observed the inflection point (reaction stoichiometry) at a
ligand coverage of 0.61 DBTCA/nm?* (Figure 2). In terms of
DBTCA/NPL, this corresponds to 1.8 X 10% 7.0 X 10% and
8.4 X 10> DBTCA/NPL for NPLs 150, 600, and 710,
respectively. When the DBTCA/NPL ratio exceeds these
values, we should only see changes resulting from free excess
DBTCA in solution, in the steady-state PL and time-resolved
PL measurements of the NPLs and the DBTCA.
Estimation of Forster Radius Based on FRET
Equation. The energy transfer from photoexcited semi-
conductor nanocrystals to suitable organic ligands can often
be described through FRET-based mechanisms'**~** with
few exceptions.”’43 For NPLs, this involves the interaction
between the transition dipole of the exciton and the transition
dipole of the fluorophore. When the NPLs are excited, the
position of the exciton on the NPL is unknown.** This means
that we cannot use the traditional assumption of center—center
distance of donor and acceptor since the donor (the exciton)
exhibits a stochastic distribution of residence within the NPL.
Thus, the distance between the donor and the acceptor must
be measured from the center-to-center distance of the exciton
and DBTCA rather than the center of NPLs (Scheme 1).
However, since the position of the generated exciton is
unknown, we must estimate this by statistical means using the
DBTCA surface coverage. As the surface coverage increases,
the likelihood of the exciton to be near DBTCA increases.
Energy transfer via FRET can occur efficiently as long as
DBTCA lies within the Forster radius (R,) of NPL—DBTCA

Scheme 1. Surface Binding of DBTCA on the (100) Basal
Planes of 3 ML CdSe NPLs”

S

DBTCA-DBTCA
Donor-DBTCA distance
distance .

“The left-hand side DBTCA is positioned within the exciton radius,
while the right is positioned outside the radius. Red atoms represent
Cd, while yellow atoms represent Se. Atomic sizes are not to scale.
Green arrows indicate the dipole moment of DBTCA.

and the orientation factor k* for the conjugate is nonzero.
Once the energy is transferred to DBTCA, the molecule can
relax back to its ground state by emission of a photon.
However, this process could be complicated by the possibility
of (partial) self-quenching from dimerization/oligomerization
of nearby DBTCA molecules*’ on the surface of NPLs at high
ligand coverage (refer to Figures S13 and S14).

Based on the properties of the three differently sized NPLs
and DBTCA, R, can be estimated using eq 1% to estimate
expected distances for efficient FRET (Table 1).

@J’
nt (1
Here, @ is the quantum yield of the donor, x is the orientation

factor between the donor and the acceptor, n is the refractive

index of the solvent, and ] is the overlap integral, given by eq
247

] = /fdonor (l)gacceptor(A)AA‘d/‘L (2)

Here, f is the normalized fluorescence intensity of the donor
and ¢ is the molar extinction coefficient of the acceptor. Since
the transition dipole moment in NPLs is mainly oriented in-
plane,48 the orientation factor k* changes when DBTCA binds
to the basal planes or the side facet. Erdem et al. demonstrated
that x* is 1/3 when a pointlike donor dipole interacts with the
basal plane of NPLs but is enhanced to 5/6 when it interacts
with the side facet of the NPLs.** Since small NPLs have a
greater contribution of side facet area compared to the basal
plane area (Table S3), we accounted for this difference for the
determination of the effective orientation factor x,* (Table 1).

R, of the NPLs are calculated using eq 1 and are found to lie
in a similar range (Table 1). The differences are mainly due to
the different QYs of the NPL samples (Figure S6 and Table 1).
Note that the distance dependence in this work is not (1/r%),
unlike in the study by Erdem et al,” since the distance
dependence is determined by the dimensionality of the
acceptor (DBTCA in our case) as shown by Martinez et al.*”’

Interestingly, R, of the homo-FRET between DBTCA
molecules is in the same range as the FRET process between
NPLs and DBTCA, which implies that self-quenching is always
a possible decay pathway for DBTCA when its surface-bound
concentration is sufficiently high.

Lateral Size-Dependent FRET. To assess size and
concentration dependencies in NPL—DBTCA FRET couples
experimentally, we conjugated various amounts of DBTCA
with the NPLs by mixing the two components at different
ratios in toluene. As shown in Figure 3a—c, the PL intensities
of the 3 ML NPLs decrease with increasing concentrations of
DBTCA, while the DBTCA PL intensities increase first and
decrease again after a certain critical surface coverage is
reached. Furthermore, we observed subsequently decreasing
NPL PL lifetimes upon binding of DBTCA (Figures S8, S9,
and S10). We confirm the FRET-based nature of these
phenomena by analyzing the quenching of the donor (NPL)
PL and the concomitant enhancement of the acceptor
(DBTCA) PL in Figure S11. As predicted from R, values of
DBTCA-DBTCA homo-FRET (Table 1), self-quenching
starts to occur at high DBTCA/NPL ratios where the average
DBTCA—DBTCA distance becomes increasingly shorter.

As a result of self-quenching, the DBTCA PL intensity peaks
at certain DBTCA/NPL ratios (Figure 3d, dotted arrows).
Beyond this point, self-quenching starts to become the

RS =879 x 10" (nm® M cm) x
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Table 1. Estimated k.4 and R, of the Possible Donor—Acceptor Pairs in This Study”

NPL 150
QYoo 0.48 + 0.048
R nm* M™! em™! 2.20 X 10%°
]donor DBTCA (
estimated ¢ 0.40

Ry donor—pprca (nm) 4.4

“Estimation details are shown in Table S3.

NPL 600 NPL 710 DBTCA
0.05 + 0.005 0.02 + 0.002 0.80 + 0.080
2.20 X 10" 2.20 X 10%° 5.36 x 10
0.37 0.37 0.67
3.0 2.6 4.1
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Figure 3. FRET between NPL and DBTCA at different DBTCA/NPL ratios. (a—c) PL spectra of differently sized NPLs with increasing DBTCA
concentrations. Samples were excited with a blue LED (4 = 369 nm, FWHM ~10 nm) where DBTCA weakly absorbs (Figure S7). NPL PL (4 =
462 nm) decreases as DBTCA concentration increases, while the DBTCA PL (4,,,, = 565 nm) increases. The small peak at ~510 nm stems from a
small amount of 4 ML CdSe NPL impurities. (d) Change of DBTCA steady-state PL intensity. PL increases from near zero at low DBTCA and
reaches a maximum at a certain DBTCA/NPL ratio (dotted arrows) until the PL intensity decreases again. The position of the maximum PL shifts
to higher DBTCA/NPL ratios for larger NPLs. (e) FRET efficiency calculated from donor quenching (eq 3) of differently sized NPLs at different
DBTCA/NPL ratios. Solid lines indicate fits with eq 4. (f) FRET efficiency calculated from donor quenching of differently sized NPLs at equal

DBTCA coverage.

Table 2. DBTCA/NPL Ratios and Ligand Coverage Values for the Three NPLs in Different Situations: Maximum DBTCA PL
Intensity (from Figure 3d) and Maximum Coverage (Obtained from Figure 2, ITC Turnover Point)”

NPL 150 NPL 600 NPL 710
DBTCA/NPL at max. PL 66 £ 5 216 + 13 228 + 18
DBTCA/NPL at max. coverage (1.8 + 0.1) x 10? (7.3 £ 0.4) x 10° (8.7 £ 0.5) x 10*
DBTCA/nm? at max. PL 0.22 + 0.02 0.18 + 0.01 0.16 + 0.01
DBTCA/nm? at max. coverage 0.61 + 0.03 0.61 + 0.03 0.61 + 0.03
avg. DBTCA—DBTCA distance (nm) at max. PL 2.1 2.4 2.5
avg. DBTCA-DBTCA distance (nm) at max. coverage 13 13 13

“We approximate the NPLs’ surface area by considering only the basal planes.

dominant relaxation pathway. The maximum PL intensity is
reached at 66, 216, and 228 DBTCA/NPL ratios for NPLs
150, 600, and 710, respectively (Table 2).

The larger amount of DBTCA required to reach this
maximum on larger NPLs can be more easily understood by
looking at the PL normalized to the number of ligands per
surface area of each NPL in the series (DBTCA/nm?). As
shown in Table 2 (third row), the coverage values for the three
NPLs are in the same range, with smaller NPLs being more
tolerant to higher coverage.

If we convert the coverage to the average separation distance
of DBTCA—DBTCA (row 5), we obtain distances of 2.1—2.5
nm. These distances are clearly below the calculated R, of

25033

DBTCA—DBTCA (Table 1) and represents the point where
self-quenching starts to dominate as the relaxation pathway.
The shorter DBTCA—-DBTCA distance for small NPLs
implies that there is some tolerance to having DBTCA close to
one another before they efficiently quench. We attribute this to
the higher relative amount of DBTCA ligands bound to the
side facet that terminate the lateral expansion of the NPLs
(Table S3). Binding to the small facets changes the orientation
of the molecule and thus the orientation factors x* for DBTCA
homo-FRET and the desired NPL-DBTCA FRET. The
orientation factor x* of DBTCA—DBTCA decreases for cases
where one molecule is bound to the narrow and one to the
wide facets since they would be roughly orthogonally oriented

https://dx.doi.org/10.1021/acs.jpcc.0c06199
J. Phys. Chem. C 2020, 124, 25028—25037


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c06199/suppl_file/jp0c06199_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c06199/suppl_file/jp0c06199_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06199?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06199?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06199?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c06199/suppl_file/jp0c06199_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06199?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c06199?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

to each other. Meanwhile, the NPL—DBTCA orientation
factor increases,** since the transition dipole moment of NPLs
lie in their flat plane,”® opening the possibility of (nearly) co-
parallel transition dipole moment orientations in the best case.
This difference, along with some unspecified losses observed in
the large NPLs (Figure S11), could explain why NPL 710 need
~3.5X more DBTCA to only reach ~2X PL intensity
compared to NPL 150.

The quenching of the NPL PL is calculated by eq 3, where
Nerer 1S the FRET efficiency. Moreover, in a first
approximation, eq 4 has been fitted to the data keeping in
mind that r as well as R, can be widely distributed.”’

Mer = 1 — —

FRET K, 3)

DBTCA/NPL

MereT JRRY
DBTCA/NPL + ( r, ) 4)
We made a plot of FRET efficiency as a function of DBTCA/
NPL ratios (Figure 3e) and fitted the data with eq 4. These fits
yielded <r>/R, values of 1.62, 2.28, and 2.36 for NPL 150,
600, and 710, respectively. The lower <r>/R, values for smaller
NPLs indicate that it is easier to reach high FRET efhiciencies
using small NPLs at equal DBTCA/NPL ratios.

By looking at the DBTCA coverage (DBTCA/nm?) instead
of DBTCA/NPL ratios, we found that the three NPLs exhibit
similar FRET efficiencies at the same coverage (Figure 3f).
This supports the idea that the excitons are localized rather
than completely delocalized across the entire NPL, since the
coverage shows the density of acceptors in the local proximity.
Interestingly, when DBTCA/nm?* > 0.5, the FRET efficiency
obtained by donor quenching converges to a value of around
0.8—0.9. This happens close to when the surface of the NPLs is
fully covered by DBTCA =~ 0.61 DBTCA/nm? (ITC, Figure 2
and Table 2). Based on this, we can conclude that the FRET
efficiency between NPLs and DBTCA does reach its maximum
at the highest possible ligand coverage.

However, if we compare the maximum DBTCA surface
coverage to the surface coverage at maximum DBTCA PL
(Table 2, rows 1 and 2), we find the maximum PL at a much
lower surface coverage relative to the surface coverage where
maximum FRET efliciency occurs. Therefore, we can conclude
that although the energy is transferred to DBTCA efliciently
when the surface is fully covered, it undergoes subsequent
(partial) self-quenching processes. In other words, when using
NPLs as sensitizers for fluorophores, it is best to minimize the
self-quenching effects rather than maximize the FRET
efficiency.

Qualitative Estimation of Ideal NPL Size for NPL—
DBTCA FRET. Since the excitons in NPLs have a small radius
and their location of residence is stochastically distributed, the
size of NPLs must play an important role. The higher the ratio
of DBTCA/NPL, the denser the DBTCA packing on the NPL
surface. At increasing ligand coverage, the probability of a
DBTCA molecule to be situated near the exciton becomes
higher. Therefore, if the FRET efficiencies are high at low
DBTCA amounts, DBTCA must already be placed where it
can interact with the exciton efficiently. We evaluated this
tentatively by looking at the steepness of the slopes in Figure
S12. The slope corresponds to the reciprocal probability of
DBTCA being positioned next to the generated exciton. To
interpret this parameter qualitatively, we fitted the curves with

an exponential growth function (Figure S12a—c). The
steepness of the exponential growth is measured by the
denominator of the exponent and scales linearly with the
lateral area of the NPLs (Figure 4a, gray line). While this fit is

0

O
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Exponential growth denominator

Region where lateral size 0.5

< oriti :
250 critical NPL size

0.0
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Lateral area [nm?]

T T e
Figure 4. Determination of NPL size where DBTCA is always
expected to be positioned close to the exciton. (a) Extrapolation of
the exponential growth denominator determined from the fit of the
slopes of Figure S12 using an exponential growth function. Results of
the fits using eq 4 are shown in red for comparison. The fits do not
include Poisson statistics since it introduces negligible changes of the
results, smaller than the error margin of the measurements (Table
SS). The denominator approaches zero at a lateral size of 78.5 nm?
(b) Sketch of square NPL with a lateral size ~78.5 nm? with an
illustration of the exciton radius and R,,.

not based on a physical model, a linear dependency could also
be obtained by fitting the curves using eq 4 (Figure 4a, red
line; refer to Figure 3e for the corresponding fits). This finding
agrees well with the assumed uniformly distributed density of
excitons in NPLs by Erdem et al.**

When the exponential growth denominator approaches zero,
the exponential growth function becomes infinitely steep. This
means that the increase in FRET efficiency becomes infinitely
fast as DBTCA binds to the NPLs’ surface. In other words,
DBTCA is always next to the exciton regardless of the binding
site (for nonzero k.). By extrapolation, we can obtain the
critical NPL size where this phenomenon can occur (Figure 4a,
blue region).

Since our study was carried out on roughly square NPLs,
this size corresponds to square NPLs with dimensions of ~9
nm X 9 nm, slightly smaller than two times the sum of the
exciton radius and average Ry, (average overall R in Table 1
= 3.3 nm) for the NPL—DBTCA FRET couple (Figure 4b).
Although the localization of the exciton and DBTCA binding is
subject to statistical distributions, our qualitative estimation
enables us to propose NPL sizes where high average FRET
efficiencies could be reached without using high dye
concentrations.

B CONCLUSIONS

Our results on FRET between 3 ML CdSe NPLs and DBTCA
ligands can be best described by dipole—dipole interactions
between DBTCA and excitons in NPLs with radii in the range
of a few nanometers, exhibiting stochastically distributed
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locations of residence in the NPL. We observed the influence
of this distribution by comparing the FRET efficiency of
NPL—DBTCA pairs, using differently sized NPLs. For laterally
small NPLs, FRET efficiencies increase rapidly at low
DBTCA/NPL ratios, which indicates that the probability of
DBTCA to be positioned near the exciton is high. Conversely,
for large NPLs, the FRET efhiciency increases slowly until the
conjugate reaches similar DBTCA surface densities, high-
lighting the dependence of FRET on surface coverage per unit
area rather than DBTCA/NPL ratios. For smaller NPLs, there
is a greater population of DBTCA that is positioned on the
side facets, which experience less self-quenching compared to
DBTCA positioned on the basal planes due to changes in the
orientation factor. Therefore, increasing the absorption cross
section of NPLs using large NPLs is accompanied by an
increased separation between exciton and the acceptors, the
most critical parameter in FRET (1/7°). Thus, optimal
sensitization by NPLs should aim at using smaller NPLs to
enhance FRET from exciton to acceptor molecules. Note-
worthily, even small NPLs have significantly higher absorlption
cross sections compared to their spherical counterparts’' that
the coupled system could benefit from. From our findings and
estimations, these small NPLs should be isotropic in the lateral
dimensions (e.g., square), with the edge length smaller than 9
nm to maximize the probability of DBTCA being located close
to the exciton. The fluorophore density should be around 0.2
fluorophores/nm?* on the surface to minimize self-quenching.
This result aids the design of efficient NPL—fluorophore
systems for sensing, imaging, and photocatalysis.
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