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tum dots (QDs) have been proposed as

fluorescent labels for biological sam-
ples, both in vitro and in vivo, as long as
efficient synthetic routes to high quality
QDs have been available.' ™ Their advan-
tage over organic dyes are their broad absorp-
tion and narrow emission band, large ab-
sorption cross section, adjustable emission
wavelength and high photostability. The
usual route to highly luminescent, mono-
disperse QDs is the hot injection synthesis in
high-boiling, organic solvents.* ® To further
enhance the fluorescence quantum yield
(QY), one or more shells of a higher bandgap
material are epitaxially grown onto the QDs
in order to reduce the overlap of the excited
electron and hole wave functions inside the
core particle with surface trap states.”

For biological application the hydropho-
bic particles have to be transferred into
aqueous solution. This can be done by
ligand exchange® " intercalating water-
soluble molecules into the organic ligand
shell’? or encapsulating the particles into
micelles.”* A wide range of organic mol-
ecules containing one or more thiol groups
have been used for ligand exchange, includ-
ing mercaptopropionic acid, dihydrolipoic
acid, mercaptoundecanoic acid, and conju-
gates of these molecules with a polymer
chain." Very small cysteine-capped CdSe/
ZnS particles have been synthesized by
Liu et al., which exhibit quantum yields of
10—15% and show renal clearance below a
hydrodynamic diameter of 5.5 nm."> Poly-
mer conjugates with a longer chain length
result in a larger hydrodynamic radius, better
long-term stability of the QDs, and a higher
photoluminescence (PL) quantum yield.
Poly(ethylene oxide) (PEO) has been widely
employed as a capping agent, because it

Semiconductor nanoparticles or quan-
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ABSTRACT We present the characterization of the organic ligand shell of CdSe/Cd,Zn; _,5/ZnS
nanoparticles by means of fluorescence quenching experiments. Both electron scavengers and

acceptors for resonance energy transfer were employed as probes. Different quenching behavior for

short and long chain thiol ligands in water was found. It could be shown that poly(ethylene oxide)

(PEO)-capping of the particles comprises a densely packed inner shell and a loosely packed outer

shell in which ions and small molecules diffuse unhindered. A quantitative uptake of quencher

molecules into the PEO shell was observed, through which the particle volume including the ligand

sphere could be determined.
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poly(ethylene) glycol

does not interact strongly with proteins
and other molecules in blood serum or cell
media.'® Recently, we have published the
synthesis of a versatile tridentate polyethy-
lene oxide ligand with thiol anchor groups
(PEO(SH)3), which is extremely facile to pro-
duce. The PL QY of this system was deter-
mined to be as high as 43% in water."”

Apart from the particle size the potential
use of water-soluble nanoparticles depends
on the permeability of the organic layer for
small molecules and ions. Blocking the ac-
cess from the medium to the particle sur-
face can effectively suppress PL quenching
and decreases possible toxic effects from
dissolving cadmium or selenide ions from
the inorganic particle.'® A thorough knowl-
edge of its internal structure is therefore
desirable.

Fluorescence quenching caused by elec-
tron transfer (ET), which is based on a tunnel-
ing process over the distance of afew A, and
Forster resonance energy transfer (FRET)
between donor and acceptor fluorophores
have been widely used to characterize nano-
scale systems.'® 2% Because of the distance
dependency of FRET in the order of several
nanometers the penomenon has been called
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a “molecular ruler”.?® The applicability of FRET on QDs
with a finite volume is not self-evident, since the theory
describes donors and acceptors as point dipoles. Baer
and Rabani have shown that QDs acting as donors
can be described as dipoles within the effective mass
approximation, because the radiative decay of the
exciton is quadrupole forbidden.?* Treatment of QDs
as point dipoles is adequate for dipole distances that
are larger than the particle size.?® Allan et al. could
show that Forster's theory is correct for nanoscale, direct
semiconductors within tight-binding calculations by
introducing a screening factor, which takes into ac-
count the dielectric constants of the donor, acceptor,
and the surrounding medium.?® Despite these limita-
tions FRET is commonly applied to nanoparticle sys-
tems as the best available theory.?”3°

In this publication we present the characterization of
CdSe/Cd,Zn;_,S/ZnS particles capped with PEO(SH)3
or cysteine by deliberate PL quenching due to electron
transfer or FRET in aqueous solution.

RESULTS AND DISCUSSION

Characterization of the Quantum Dots. Two batches of
CdSe/Cd,Zn;_,S/ZnS particles of different sizes were
synthesized following the protocol of Talapin et al.”
and used for electron transfer and FRET experiments,
respectively. The first sample had a particle diameter of
5.8 £ 0.6 nm, determined from TEM measurements
(Figure 1A). The size has been achieved by a growth
time of 60 min for the core particles and subsequent
growth of two chalcogenide sulfide shells in order to
enhance PL QY. The first absorption maximum of the
core/shell/shell particles was observed at a wavelength
of 570 nm, the PL maximum at 585 nm (Figure 1B).

For fluorescence quenching due to FRET smaller
particles were employed, with which optimal spectral
overlap was achieved with the absorption spectrum of
the employed organic dye, BODIPY TR. Also, the PL
spectra of donor and acceptor were clearly separated.
The growth of these particles was stopped immediately
after precursor injection, which resulted in a diameter
of 4.9 + 0.6 nm, an absorption maximum at 531 nm and
a PL maximum at a wavelength of 546 nm after shell
growth (Figure 1C—D). A nucleation of Cd,Zn;_,5/ZnS
and ZnS particles occurred during the shell synthesis,
the fluorescence of which could be observed as a high
energy shoulder in the emission spectrum.

Ligand exchange with cysteine and PEO(SH); was
performed according to the protocols of Liu et al.'® and
Thiry et al,'” respectively. No significant shift in the
absorption spectra was observed, while the particles'
PL QY decreased in accordance with the results re-
ported in the respective publications to a QY of 11%
for cysteine and 26% for PEO(SH); ligands in water.
Typically, particle concentrations in the order of
500 nM were employed in the experiments.

BOLDT ET AL.

Electron Transfer with Cysteine-Capped QDs. Methy! violo-
gen dichloride and iron(lll) nitrate were used as elec-
tron scavengers, which quench the fluorescence by
extracting the excited electron from the QDs3'32
The methyl viologen cation MV>" forms a redox sys-
tem with the radical cation MV" with a reduction
potential of E° = —0.44 V close to the conduction band
edge of bulk CdSe.** Fe*" is reduced to Fe’" at a
potential of F° = 0.77 V.>*

Cysteine-capped particles exhibited static quench-
ing with either of the two electron scavengers, where
the formation of a fluorophor—quencher complex
creates a nonfluorescent species and the ensemble of
emitting particles is depleted. This mechanism does
not change the fluorescence lifetime, but reduces the
initial photon count at t = 0 ns in the TCSPC spectra
proportionally to the PL intensity (see Supporting
Information, Figure S1). The slope of the linear
Stern—Volmer plot is the equilibrium constant K, for
the formation of the fluorophor—quencher complex.?
K, was determined to be 17600 + 300 L mol~" for Fe*"
and 54000 = 900 L mol™' for MV>". Methyl viologen
proved to be the more efficient quencher. The fluores-
cence intensity decreased to 80% at a concentration of
4.7 uM MV>" or 14 uM Fe*". To achieve a quenching
efficiency of 50%, a MV2" concentration of 16 uM or
an Fe®" concentration of 66 uM were necessary. No
apparent dependency of the quenching behavior on
the particle concentration was observed between 10
and 800 nmol.

The Stern—Volmer constant K; was used to fit the
normalized fluorescence intensity as a function of the
quencher concentration [Q] with a Langmuir adsorp-
tion model (Figures 2 and 3).

1

(=0 = Q

(1)
The fit reproduces the data very well for both Fe*"
and MV2™, In the case of methyl viologen the adsorp-
tion behavior deviated from the Langmuir isotherm at
high quencher concentrations. The onset of the devia-
tion coincides with a kink in the Stern—Volmer plot,
caused by the beginning of precipitation of QDs due to
photooxidation of the ligands to disulfides. When
other thiol ligands than cysteine (mercaptopropionic
acid, dihydrolipoic acid, 1-thioglycerol) were employed,
accelerated precipitation of the particles during the
measurement occurred, which increased with increasing
dilution and made an analysis of the data impossible.
Temperature dependent measurements in the
range of 20—50 °C were performed for the quench-
ing reaction with iron nitrate, which confirmed the
Langmuir adsorption model. The van't Hoff plot of
In Ky against 1/T gave the thermodynamic param-
eters for the adsorption reaction (Figure 4). Measured
values for the adsorption enthalpy, entropy, and Gibbs
free enthalpy were AgH° = —39.0 & 0.4 kJ mol ',
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Figure 1. TEM images, absorption, and PL emission spectra of the 5.8 nm (A,B) and 4.9 nm-sized (B,C) core/shell/shell QDs in

chloroform before ligand exchange.
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Figure 2. (A) Normalized, integrated fluorescence intensity (l) and initial counts of the fluorescence decay curve (O) of
cysteine-capped QDs plotted against MV>" concentration. (B) Stern—Volmer plot of the same data. Linear regression at lower
MV2" concentration yielded the Stern—Volmer constant K,, which was used as a parameter for a Langmuir isotherm.

AgS°=—38240.02Jmol™" K 'and AgG®=-27.6+
0.4 kJ mol™". Adsorption of Fe*" to cysteine-stabilized
QDs is therefore enthalpy driven. Comparable
values have been measured by Ding et al. for similar,
cysteine-stabilized QDs with BSA as an adsorbate.”
The free enthalpy corresponds to a physisorption
reaction.

Electron Transfer with PEO(SH);-Capped QDs. Quenching
of PEO(SH)s-capped particles was found to follow a
dynamic quenching mechanism, in contrast to parti-
cles stabilized with short, organic thiols. Dynamic
quenching is explained by a diffusion-controlled

BOLDT ET AL.

electron transfer reaction, in which the transfer
competes against the radiative decay and therefore
reduces the fluorescence lifetime of the particles. Fe**
ions quenched the PL to 80% of the original intensity
at a concentration of 300 uM, which is a 4.5 times
lower quenching efficiency in comparison to cysteine-
capped QDs (Figure 5). The PL of single PEO(SH)s-
capped particles spin coated onto a glass cover slide
was decreased in the presence of Fe*" and dropped
below the detection limit after 5—10 s of continuous
irradiation (see Supporting Information). This irreversi-
ble bleaching happened on a larger time scale than
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Figure 3. (A) Normalized, integrated fluorescence intensity (H) and initial counts of the fluorescence decay curve (O) of
cysteine-capped QDs plotted against Fe>" concentration. (B) Stern—Volmer plot of the same data. Linear regression yielded
the Stern—Volmer constant K, which was used as a parameter for a Langmuir isotherm. Deviation of the initial counts from
the total intensity at high quencher concentrations results from a small contribution of dynamic quenching.

both the electron transfer and particle diffusion
through the excitation beam.

PEOs with a molar weight of 1000 and 2000 g mol ™"
were used in the experiments and no dependency of
the quenching efficiency on the polymer chain length
was observed. This finding agrees with our earlier
observations that the ligand number density on the
particle surface decreases with an increasing PEO chain
length due to the increasing volume of the coiled
polymer.'” The hydrodynamic diameter of the particles
determined by dynamic light scattering (DLS) mea-
surements varied between 20 and 30 nm. This corre-
lates well with literature values for the hydrodynamic
diameter of free PEO chains in water, which vary
between 8 and 12.6 nm.*®

The electron transfer rate constant kg can be
calculated from the slope Ky = 7okt for the Stern—
Volmer plots of both PL intensity and fluorescence
lifetime against the quencher concentration [Q].>2

lo

T o_y + Toker[Q] (2)
T

To = 13.6 ns is the PL lifetime in the absence of electron
scavengers. Assuming a diffusion controlled electron
transfer reaction, the collision rate constant is equal to
the rate of the quenching reaction and can be used to
calculate the effective radius Rqp of the particles.

ket = 4.7TNAfQ(RQD =+ RFe“)(DQD + DFe”) (3)

where N, is Avogadro's number, fy is the quenching
efficiency, and D is the diffusion coefficient for the
specified components. Owing to the large size differ-
ence between the metal ion and the nanoparticle, the
ion radius and particle diffusion coefficient can be
neglected. A value of Dre:: = 1.812 x 107° cm? s at
infinite dilution was used for iron(lll) ions.3* Assuming a
quenching efficiency of 1 the effective particle radius is
Rap ~ 4 nm. After subtraction of the radius determined

BOLDT ET AL.
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Figure 4. Temperature dependence of the Stern—Volmer
constant of cysteine-capped QDs quenched statically by
Fe3" ions. Adsorption enthalpy and entropy were deter-
mined from the van't Hoff plot. The nonlinear behavior of
the data at room temperature was attributed to the onset of
photooxidation and particle aggregation during the
measurement.

by TEM this equals a distance of 1.1 nm between the
electron scavenger and the particle surface.

No quenching was observed with methyl viologen. It
can be assumed that the quencher molecules do not
come in close enough contact with the particle surface
for the electron transfer to take place, while smaller metal
ions pass that barrier or are accumulated in high enough
concentrations to enable electron transfer. This has been
attributed to an inner layer of the organic shell, which
consists of densely packed ligands, while the outer part of
the PEO chain has been swelled by the solvent. Diffusion
of small molecules and ions is relatively unhindered in the
outer ligand shell and comparable to free solution.

The diffusion model requires a number of assump-
tions: In reality the quenching efficiency is likely to be
lower than 1. At very high iron concentrations the QD
PL was found to saturate at 50—70% of the initial
intensity. This corresponds to a quencher-particle dis-
tance of approximately 1.8 nm. Also, due to the swelled
PEO layer the viscosity of the medium is likely to
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Figure 5. (A) Normalized fluorescence intensity (M) and initial counts of the fluorescence decay curve (O) of PEO(SH);-capped
QDs plotted against Fe>* concentration. (B) Stern—Volmer plot of the PL intensity and fluorescence lifetime (+). Linear

regression yielded the Stern—Volmer constant K.

increase gradually near the particle surface. With a
lower Fe*" diffusion coefficient the thickness of the
impenetrable inner layer shifts to larger values, limited
by the electron tunneling mechanism, which does not
occur over distances longer than a few angstroms. An
increased distance between quencher and particle
surface indicates an accumulation of iron ions inside
the PEO layer, which compensates the decrease in
tunneling probability. Complexation of metal ions by
PEO has been described previously in the literature.3”—3°
In acetate buffer solution at pH 5 the Stern—Volmer
constant depended on the particle concentration, which
was not observed at neutral pH. The relationship of K4 to
the particle concentration was reciprocal (Figure 6). This
behavior indicates a destabilization of the particle system
that is independent of the actual quenching reaction.
Since the surface ligands were in equilibrium at the
beginning of the measurement, the decrease of Ky was
attributed to desorption of protonated ligand molecules
due to photooxidation and the dilution caused by the
added quencher solution. This, in turn, increased the
ligand shell's permeability for the quenching agent.
Energy Transfer. The fluorescence of cysteine- and
PEO(SH)s-capped QDs was quenched by adding an
aqueous solution of BODIPY TR conjugated with a cada-
verine moiety. The absorption of the fluorescent dye
overlaps strongly with the PL spectrum of small CdSe/
Cd,Zn;_,S5/ZnS QDs, while the emission spectra of the
two species can be separated with optical filters (Figure
7A). BODIPY TR has minimal absorption at the employed
excitation wavelength of 438 nm and an extinction
coefficient of 64000 cm~' M~ at the absorption max-
imum of 588 nm, which is relatively independent of the
solvent.** The PL QY was determined to be ~0.6 in water.
In FRET theory the distance between donor and
acceptor fluorophor can be calculated from the Forster
radius Ro, at which the transfer efficiency is exactly 0.5.*'

" 9(In 10)

=— ' gntd 4
0 = Tagm, 1 P @
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Ro depends on the relative dipole orientation factor «2,
which is /5 in isotropic distributions, the refractive
index of the medium n, the quantum yield of the free
donor @, and the overlap integral J(4) of the donor
emission spectrum normalized to unit area and accep-
tor extinction coefficient as a measure of the dipole
oscillator strengths.*?

JA) = / i Io(A)ea(MA* di (5)
0

In isotropic solution, where donor and acceptor diffuse
freely, the ratio of the donor intensity to the PL of free
donor particles is given by

I P

=1 = Vay el —erf(y) 6)
D

in which erf(x) is the error function. The acceptor concen-

tration [A] is expressed by the dimensionless number .

_ VT A

2 [Alo @)

The distance dependence is introduced into the equa-
tion as the characteristic concentration [A]lo, which
depends on Ry and gives the concentration at which

the energy transfer efficiency is 0.72.%
1 (4 o

Al = —( —nR3 8

[ ]O NA (375 0) ( )

The characteristic concentration for PEO(SH)s- and
cysteine-stabilized particles was calculated to be 458
and 1176 uM, respectively, with a numerical value for
the overlap integral of 1.37 x 107" m® mol™". The
difference between the two particle systems is due to
their different quantum yields. Table 1 summarizes the
calculated values. A diffractive index n = 1.34 of water
at 434 nm was used.

The particles were titrated with a 0.83 uM BODIPY
TR solution up to an acceptor concentration of 5 uM,
well below the characteristic concentrations of both
systems, and the spectra were corrected for the change
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of QDs stabilized with cysteine (green) and PEO(SH); (yellow) in the presence of BODIPY TR, as well as pure dye solution
(violet). The spectra have been detected at an emission wavelength of 616 nm.

in volume. As can be expected cysteine-capped parti-
cles showed no FRET to dye molecules at this concen-
tration. This can be observed in the excitation spec-
trum of a mixture of cysteine-capped particles and
BODIPY TR, which was detected at the dye emission
wavelength of 616 nm and is equal to that of pure dye
molecules (Figure 7B). The occurrence of binding
between the particle surface and the dye via the amine
group of the cadaverine moiety can thus be excluded.

In contrary to the results from cysteine-capped QDs,
the excitation spectrum of PEO(SH)s-capped particles
with BODIPY TR showed characteristic signals of the
particle absorption spectrum, which indicates FRET
between the fluorophores. The particles do not emit
at the detection wavelength. A shift of the BODIPY TR
peak in the excitation spectrum to larger wavelengths
was attributed to the change in polarity that the dye
molecules experience in proximity to PEO ligands.
During the titration of the QDs with BODIPY TR the
particle emission was significantly quenched to 20%
of the original intensity at a dye concentration of
5 uM, which was accompanied by an increase in

BOLDT ET AL.

TABLE 1. Calculated Values for FRET between PEO(SH);-
or Cysteine-Stabilized QDs

ligand [ON Ry (nm) [Alo (M)
PEO(SH)3 0.30 9.5 458
qysteine 0.05 7.1 1176

dye emission (Figure 8). A fit of eq 6 to the data resulted
in a characteristic concentration of 3.3 uM. Comparing
this value to the characteristic concentration calcu-
lated from eq 8 leads to a local dye concentration in the
vicinity of the particles that is by a factor of 140 larger
than for a homogeneous distribution. The reason for
this is an accumulation of the dye inside the ligand
shell, likely driven by the limited solubility of BODIPY TR
in water and higher solubility in PEO.**

The volume Vpeo and radius of one particle with its
PEO shell was calculated from the characteristic
concentration by assuming a quantitative uptake of
dye into the PEO and neglecting the inorganic QD
volume due to the approximation of point dipoles in
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Forster's theory. The total volume of all particles is
equal to the number of dye molecules nqy. multiplied
by the Forster volume Veg;sier-

4

3 7R

NapVeeo = NdyeVrsrster = [AloNa (9)
This calculation yielded a volume of Vpgo = 1.44 X
10 nm® and a particle radius of r = 15.1 nm. The
particle concentration was determined from absorp-
tion spectra employing the empirical formula by Yu
et al*® A discussion of the applicability of this method
on core/shell particles can be found in the Supporting
Information of a previous publication.'” Assuming a
factor of 2 as the maximal error for the QD concentra-
tion the particle radius lies in the interval between 12
and 19 nm with a tendency to smaller values. These
values are in good agreement with the hydrodynamic
radii of 10—15 nm determined by DLS.

The analysis of QD fluorescence decay curves
showed that the particle fluorescence was statically
quenched by the dye molecules. The initial photon
count decreased by 20% after addition of Tequiv of
BODIPY TR, while the fluorescence lifetime (tqp) =
179 ns did not change significantly. The Stern—
Volmer constant K; = 3.6 x 10° L mol™' was 1 order
of magnitude larger than the one for the adsorption of
Fe*" to cysteine-capped QDs. Funston et al. report com-
plete, static quenching of hydrophobic QDs conjugated
with Texas Red via a cadaverine bridge in agreement
with these results.*® Contrary to these reports we
found no enhancement of the total emission inten-
sity of the system with increasing dye concentration.

EXPERIMENTAL SECTION

Materials. Milli-Q water (Millipore) was used as bidistilled
water. All solvents were of analytical grade and purchased
from Merck or Th. Geyer GmbH. n-Trioctylphosphine (TOP), n-
trioctylphosphine oxide (TOPO), L-cysteine, N-ethyldiisopro-
pyl amine, and methyl viologen dichlorid were purchased

BOLDT ET AL.

The intensity was at 92% of the original value at a
donor—acceptor ratio of 1:1 and decreased to 60% at a
6-fold excess of BODIPY TR. Extrapolation of the ac-
ceptor intensity to eq 6 showed a saturation at 51% of
the initial donor intensity at high dye concentrations.
The fluorescence lifetime of the dye was close to the
experimentally determined value 74y = 5.2 ns of free
BODIPY TR at low concentrations and decreased
exponentially to 60% with increasing concentration
(Supporting Information, Figure S7). This behavior is
explained by a locally high dye concentration inside
the PEO shell. Homotransfer between dye mole-
cules favors nonradiative deactivation and lowers
the PL QY.

CONCLUSIONS

These results of the quenching experiments with
PEO-capped semiconductor quantum dots allow a
picture of the ligand shell's inner structure. It contains
a densely packed inner shell of 1—2 nm that contains
the ligand head groups and represents a barrier for
small, organic molecules and to a lesser extent for metal
ions. The outer shell of swelled polymer is less densely
packed and allows small molecules to diffuse freely.
BODIPY TR molecules, which function as acceptors for
Forster resonance energy transfer, are accumulated in
the PEO shell and effectively quench the particle fluo-
rescence. The PEO shell's volume was calculated from
the quenching efficiency using a model of freely diffus-
ing acceptor molecules. The effective particle radius
could be estimated to be 12 nm, which is in good
agreement with the measured hydrodynamic radius.

from Sigma-Aldrich, hexadecyl amine (HDA), iron(lll) nitrate
nonahydrate and zinc acetate dihydrate from Merck, sele-
nium and n-tetradecyl phosphonic acid (TDPA) from Alfa
Aesar, pentaerythritol tetrakis(3-mercaptopopionate) from
Fluka, anhydrous cadmium acetate from ChemPur, and poly-
(ethylene oxide) monoacrylate from Monomer-Polymer & Dajac
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Laboratories, Inc. BODIPY TR cadaverine was purchased from
Invitrogen.

Characterization. Absorption spectra were acquired with a
Cary 50 UV—vis spectrometer (Varian); PL spectra were acquired
with a Fluorolog-3 and Fluoromax-4 spectrometer (Horiba Jobin
Yvon). Time-resolved single photon counting was performed
with a PDL 800-D pulsed diode laser at a wavelength of 438 nm
and detected with a PMA-M 185 photomultipier with a resolution
of 250 ps (PicoQuant). The signal was processed by a constant-
fraction 200 MHz discriminator and a time-to-amplitude conver-
ter (EG&G Ortec). Curve fitting was performed with the software
FluoFit 4.4 (PicoQuant). DLS measurements were performed with
a Zetasizer Nano ZS ZEN 3600 (Malvern Instruments).

Partide Synthesis. The core/shell/shell nanoparticles were
synthesized following published protocols.>” Briefly, cadmium
acetate dissolved in TOP was rapidly injected into a mixture of
TOPO, HDA, TDPA, and selenium in TOP at 300 °C. The tem-
perature was lowered to 260 °C and the particles were allowed
to grow to the desired size. Toluene was added after cooling to
room temperature, and the product was cleaned by precipitat-
ing it three times with methanol and dissolving in chloroform.

The shells were synthesized by adding freshly prepared
CdSe into a mixture of TOPO, HDA and TDPA. For the first shell, a
solution of cadmium and zinc acetate in TOP was injected at 200
°C, and H,S gas was slowly added over the vigorously stirred
solution with a syringe pump. A solution of zinc acetate in TOP
was used for the second shell.

Synthesis of PEO(SH);. The PEO ligand was synthesized follow-
ing the protocol of Thiry et al."” Briefly, poly(ethylene oxide)
monoacrylate with the desired chain length was dissolved in
chloroform and pentaerythritol tetrakis(3-mercaptopopionate)
and N-ethyldiisopropyl amine were added. The solution was
stirred for 72 h at 50 °C and precipitated with cold diethyl ether.

Ligand Exchange with PEO(SH);. Ligand exchange with PEO(SH)3
was performed following the protocol of Thiry et al'” by
precomplexating the ligands with zinc acetate in TOP and
stirring the CdSe/Cd,Zn;_,S/ZnS particles in chloroform in the
presence of an 4500-fold excess of ligand for 4 h. The particles
were precipitated twice with hexane and dissolved in bidistilled
water, dialyzed in a Vivaspin centrifugal unit with a MWCO of 10
kD and passed through a 0.2 mm CME syringe filter.

Ligand Exchange with Cysteine. Ligand exchange with L-cysteine
was performed following the protocol of Liu et al.'® by adding
cysteine in bidistilled water to a solution of CdSe/Cd,Zn;_,5/ZnS
particles in chloroform and stirring the biphasic mixture until the
QDs had transferred into the aqueous solution. The particles were
precipitated with ethanol and passed through a 0.2 um CME
syringe filter.

Sample Preparation and Analysis. The measurements were per-
formed in quartz cuvettes filled with a volume of 2500 mL of a
QD solution in water. The samples were allowed to equilibrate
for 2 h in the dark. For the quenching series aliquots of the
quencher solution (up to 1000 mL) were added, and fluores-
cence decay curves (TCSPC) and steady-state fluorescence
spectra were acquired. The PL intensity was corrected for the
dilution due to the added volume. In the case of Fe*, which
absorbed at the excitation wavelength A, = 438 nm, the inner
filter effect for the excitation was also taken into account using
Lakowicz's correction method.*”

v

= 100-5¢kes+ (Aex)[Fe**]

10
o Vo (10

leorr =
Iron nitrate solutions were freshly prepared before the experi-
ment and aged for 3 h until the optical density remained
constant.
Fluorescence decay curves from the time-resolved particle
spectra were fitted with a stretched biexponential function.

It = A e*(f/n)’31 +A, e*(l‘/fz)’32 (11)

The stretching factor for the second decay component was set
to B, = 1 to reduce the number of fitting parameters. The
resulting monoexponential decay had a long fluorescence life-
time 7, in the order of several 100 ns and contributed less than
1% to the total decay. 7, was determined for free QDs and set

BOLDT ET AL.

constant in successive measurements. Schops et al. have re-
ported similar behavior for CdTe/CdS particles, which they
contributed to the decay of dark excitons, trap emission or
charge separation.*® The mean lifetime of the particles was

calculated as
T 1
= 57(3)
ﬂ] 1

where T'(x) is the Gamma function.*® The stretching factor 8, isa
measure for the distribution within the particle sample. It
correlated with the initial PL QY of the particles and varied
between 0.9 for high and 0.4 for low quantum yields. No
significant trend for 3, was observed during the course of one
measurement; the sample homogeneity of the particle ensem-
ble was therefore assumed to be unchanged.*®

(12)
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