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E
ver since the pioneering work of
Förster,1,2 fluorescence resonance en-
ergy transfer (FRET) has become a

basic experimental tool extensively used in
a variety of fields. Its strong dependence on
distancemakes FRET a “nature-made” nano-
metric ruler used in biological and chemical
systems to determine distances on the
molecular scale and as an instrument for
following the dynamics of attachment pro-
cesses and changes in configurations and
dimensionality of systems.
The high sensitivity of FRET in the nano-

metric regime makes it a natural tool for
investigation of systems involving nano-
particles (NPs). The use of fluorescence NPs
as donors and acceptors for FRET applica-
tions is becoming increasingly common,3�8

stimulated by the rapid development in
the synthesis of colloidal semiconductor
NPs and the improved ability to design
and control their properties through chemi-
cal procedures. NPs are suitable for that
purpose mostly because of the ability
to modify their absorption and emission
through size control, but also because of
their high emission quantum yields (QYs),
the flexibility of using different ligands as
linkers for conjugation between NPs and
molecular systems, and the ability to transfer
them from organic to aqueous media
through ligand exchange, crucial for biolog-
ical usages. In particular, NPs are excellent
long-lived energy donors due to their nar-
row emission peaks, wide and continuous
absorption spectra above the band edge,
and high stability under illumination.9

A key advantage of using NPs for FRET is
the ability to connect to them several
donors (or acceptors), which leads to in-
creased FRET efficiency. FRET using NPs was
utilized for a variety of applications including

sensing,5,10 biolabeling,11�13 and energy
funneling for light-harvesting devices.14,15

Furthermore, the study of FRET properties of
spherical quantum dots (QDs) in solutions
and arrays is well presented in the literature.
While nonspherical NPs were utilized for
FRET as well, only a few studies examined
the effect of NPs' dimensionality on the
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ABSTRACT

Fluorescence resonance energy transfer (FRET) involving a semiconductor nanoparticle (NP) acting as
a donor, attached to multiple acceptors, is becoming a common tool for sensing, biolabeling, and
energy transfer applications. Such nanosystems, with dimensions that are in the range of FRET
interactions, exhibit unique characteristics that are related to the shape and dimensionality of the
particles and to the spatial distribution of the acceptors. Understanding the effect of these
parameters is of high importance for describing the FRET process in such systems and for utilizing
them for different applications. In order to demonstrate these dimensionality effects, the FRET
between CdSe/CdS core/shell NPs with different geometries and dimensionalities and Atto 590 dye
molecules acting as multiple acceptors covalently linked to the NP surface is examined. Steady-state
emission and temporal decay measurements were performed on the NPs, ranging from spherical to
rod-like shaped systems, as a function of acceptor concentration. Changes in the NP geometry, and
consequently in the distributions of acceptors, lead to distinctively different FRET behaviors. The
results are analyzed using amodified restricted geometriesmodel, which captures the dimensionality
of the acceptor distribution and allows extracting the concentration of dye molecules on the surface
of the NP for both spherical and elongated NPs. The results obtained from the model are in good
agreement with the experimental results. The approach may be useful for following the spatial
dynamics of self-assembly and for a wide variety of sensing applications.

KEYWORDS: energy transfer . semiconductor nanoparticles . core/shell
quantum dots . seeded rods . organic dye . spectroscopy
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FRET characteristics. In particular, comparisons be-
tween nanorods and spherical QDs were performed
for NP and dye mixtures,16,17 for NPs acting as
acceptors,18 and recently also for systems of dye
acceptors attached to NP donors.19 Yet, the improved
ability to control the geometry, size, and morphology
of highly emissive NP heterostructures that was ob-
tained in recent years and the emerging capabilities to
specifically conjugate acceptors to the surface of the
NPs open new possibilities to methodically study the
effect of changing the NPs' geometry and dimension-
ality on its FRET properties.
In this study, we explore the effects of the dimen-

sionality and shape of NPs acting as donors on the FRET
to dye molecules chemically conjugated to the NP
surface, acting as multiple acceptors (see Figure 1a).
We examine the steady-state emission, temporal de-
cay, and FRET efficiency of systems consisting of CdSe/
CdS core/shell NPs of different geometries and dimen-
sions, including spherical QDs, dot in a rod (DR)
structures, and rod in a rod (RR) structures. The ob-
tained results are analyzed using a restricted geomet-
ries model, which captures the effect of the acceptors'
distribution, governed by the dimensionality and
shape of the NPs, on the FRET behavior of the system.
Combining the model with the experimental results,
we extract the acceptors' distribution and concentra-
tions around the NP, demonstrating the power of FRET
using NPs as a direct spectroscopic analytical tool for
sensing. In addition, by comparing the behavior of DR
systems to a RR system of similar dimensions, we study

the effect of the NP emission center dimensionality on
the FRET behavior, showing improved FRET efficiency
when going from point dipole in DR to line dipole in
RR donor.

RESULTS AND DISCUSSION

Systems Characterization and Spectroscopic Properties. In
order to directly compare the effect of dimensionality,
without introducing other effects, it was important to
obtain NPs with close emission wavelengths but with
different shapes. CdSe/CdS core/shell NPs were se-
lected as a model system due to the developed ability
to control their shape and to engineer their band gaps
through synthesis parameters. CdSe/CdS core/shell
NPs of different dimensionalities were synthesized,
including core/shell spherical NPs,20 DR elongated
NPs in which the emission center is a spherical core,21

and RR elongated NPs,22 in which the emission center
is an elongated rod. The NPs dimensions, obtained
from tunneling electron microscopy (TEM) images
shown in Figure 1b, and the spectroscopic parameters
of the NPs are summarized in Table 1.

The ability to directly bind dye molecules to the
surface of the NP makes NP�dye conjugates a unique
system in which the NP acts not only as the donor but
also as a scaffold that governs the spatial distribution of
the acceptors. In order to form the conjugation, the
NPs were first transferred from organic to aqueous
medium, by exchanging the hydrophobic phosphonic
surface ligands to hydrophilic glutathione peptide
ligands, which strongly attach to the surface of the

Figure 1. (a) Illustration of the FRET process in a dot in a rod conjugated system. Energy transfer occurs from the CdSe core to
the dyemolecules as a function of the distance. (b) TEM images of the three types of nanostructures used as donors: (1) CdSe/
CdS QDs, (2) CdSe/CdS DRs, and (3) CdSe/CdS RRs. (c) Illustration of the conjugation process between the NP and the dye
molecules. The first step consists in ligand exchange from the organic ligands to the water-soluble glutathione ligand. The
second step consists in chemical amide bond formation between the amine group of the glutathione and the carboxylic
group of the dye molecule, accompanied by the release of the dye NHS ester group.
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NP through a thiol group without significantly quench-
ing the emission of the NPs. Next, Atto 590 N-hydroxy-
succinimide (NHS) ester dye in dimethylformamide was
added to the NPs solution. The dye conjugates to the
glutathione through the formation of an amide bond, as
portrayed in Figure 1c. The conjugationprocedure leads to
formation of a layer of dyes with a well-defined distance
from the NP surface that follows the particle's contour.

Aside from the necessary proximity between the
donor and the acceptor achieved by the conjugation,
an essential condition for an efficient energy transfer is
a good spectral overlap between the emission of the
donor and the absorption of the acceptor. Figure 2a
shows, as a representative example of the NPs used as
donors in this study, the absorption (solid) and the
emission (dotted) spectra of the sample DR45 (in blue)
and of the Atto 590 dye (in red) used as acceptor. The
spectral overlap between the emission of the different
NPs and the absorption of the dye is presented in
Figure 2b, indicating, as mentioned above, that the
emission spectra of the NPs, and hence the overlap

integral with the dye absorption (summarized in
Table 1), are similar. In order to minimize the direct
excitation of the dye, the conjugated systems were
excited at a wavelength of 470 nm, where the acceptor
absorption is negligible in comparison to that of the NP
donors, as can be seen in Figure 2a. Using the overlap
integral, one can obtain the Förster distance (R0) for the
system, which represents the distance between the
donor and a single acceptor at which the donor's
radiative decay is equal to its decay through FRET.
The values of R0, presented in Table 1, are between
5.2 and 6.5 nm, in agreement with previous results.23

FRET in Steady-State and Lifetime Measurements. The
FRET characteristics of the systems can be obtained
by following two observables: the steady-state emis-
sion and the temporal decay. Figure 3 presents the
steady-state emission (Figure 3 top) and the time-
resolved emission traces (Figure 3 bottom) obtained
for samples QD4.4, DR93, and RR (Figure 3, panels a, b,
and c, respectively), mixed with different concentra-
tions of dye, where the added dye molecules to NP
ratios in solution range from 0 to 280. The overall
concentration of the solutions was kept low in order
to reduce the probability of FRET to unconjugated dye
molecules. The presence of a FRET process is clearly
evident in the steady-state emission measurements
from the decrease in emission of the donor NPs,
accompanied by the increase in emission of the dye
acceptors, and in the time-resolved emission decay
curves of the NPs, which show a decrease of the
donor's lifetime. Control experiments were performed
on NP�dye mixture of the same concentrations but
with no conjugation. In these experiments only negli-
gible changes in emission were observed, indicating
that the FRET occurs as a result of chemical conjugation
of the dye (Supporting Information, Figure S1).

Both methods indicate that the FRET increases as
the dye concentrations increase. Moreover, the decay
rate of the conjugated system can even exceed that of
the free dye upon conjugation of enough dye mol-
ecules. While at a ratio of 125 dyemolecules added per
NP, the emission from QD4.4 is almost completely
quenched, for DR93 NPs such a quench was not
obtained even at higher ratios of dye per NP. Assuming
that the number of dyemolecules attached to the NP is
dictated by the amount of dye added per NP, the lower
quenching for the DR systemunder a similar amount of

TABLE 1. Summary of the Properties of the Different Systems Described in This Paper

particle structure sample name core dimensions [nm] NP dimensions [nm] overlap integral �1015 [M�1cm3] calculated R0 [nm]

spherical core/shell QD4.4 2.2 4.4 6.5 5.4
QD7.6 1.9 7.6 20 6.5

dot in rod DR45 2.2 45 � 4.6 7.1 5.5
DR93 2.2 93 � 3.5 5.2 5.2

rod in rod RR 9 � 2.2 40 � 3.6 13 6.0

Figure 2. (a) Absorption (solid line) and emission (dotted
line) spectra of DR45 (blue) and Atto 590 dye (red). (b)
Emission spectra of (from left to right) DR93, QD4.4, DR45,
QD7.6, and RR (blue solid lines), compared to the absorption
of Atto 590 dye (red), indicating the overlap integral be-
tween the different donors and the acceptor.
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dye attached per NP can be attributed to the much
lower surface dye concentration obtained in the elon-
gated NP, leading to fewer acceptors in the proximity
of the CdSe core and to less efficient FRET. The RR
system also exhibits stronger quenching than the DR
system despite their similar rod-like shell. This can be
explained by considering that the inner rod transition
dipole moment is spread throughout the particle,
proximal to a larger surface area, and thus under similar
surface concentration interacts with a larger number of
acceptors.

Modeling the NP Conjugates Lifetime Behavior. In order to
gain further information about the system, in particular
regarding the dimensionality of the acceptor distribu-
tion, we employed a model based on a restricted
geometries method,24,25 which was shown to success-
fully describe the dependence of donors' emission
time decay on the shape anddensity of the distribution
of fluorophores in space. Within the model, the en-
semble-averaged fluorescence intensity decay for the
donor, φ(t), can be calculated using a probability
density approach.1,24 Averaging the single pair FRET
rate term, kFRET(r) = τD

�1(R0/r)
6, over all possible

donor�acceptor configurations, the decay of an excited
donor positioned at the origin as a function of time t is
given by

φ(t) ¼ exp( �kDt) exp( �cAI) (1)

where kD is the donor radiative decay rate (kD =
τD

�1), cA is the acceptor concentration, and I is the

integration term,

I(t) ¼
Z

V

1 � exp � t

τD

R0
r

� �6
" #0

@
1
AdV (2)

carried out over the volume V of the region under
consideration. This type of treatment was presented
for spherical24,26,27 and cylindrical systems24,25 of dif-
ferent donor and acceptor distributions. Themodel can
be formulated to treat a spherical core embedded in
shells of different geometries, by treating the spherical
core as a point dipole positioned in the center of the
core.28�30 The acceptors are assumed to reside in a
shell whose shape is dictated by the shape of the NP, of
specific thickness and distance from the surface of the
particle. While the spherical core can be treated as a
point dipole, this is not the case for the RR structure,
where the core is rod-shaped and its transition dipole
moment is directed along the main axis of the rod.31

For describing the FRET of such systems, a complete
quantum mechanical treatment extending beyond
the Förster point dipole approximation should be
employed,28,32�34 which is not treated within the
scope of the restricted geometries model. In order to
obtain an approximate behavior of the system, we
used a variation of the line dipole approximation,35

where the overall dipole of the rod is partitioned into a
sequence of fractional transition point dipoles linearly
distributed along the main axis of the core�rod.

Figure 3. (a) Steady-state emission (top) and time-resolved spectra (bottom) for NPs with increasing ratios of Atto 590 to NP
for (a) QD4.4, (b) DR93, and (c) RR. The existence of FRET between the NPs (donors) and the dye molecules (acceptors) is
indicated both from steady-state emission, through quench of emission from the NPs and increase of emission from the dye,
and from the temporal behavior, through the decrease in NP emission lifetime. Both phenomena increasewith the addition of
dye molecules per NP. Ratio of added dye molecules per NP, obtained from spectroscopic absorption measurements, is
indicated in the legends. The temporal decay of free dye is portrayed in white squares and is fitted by a single exponential.
Modeled fits for emission decays are portrayed in dashed black lines, showing very good agreement with the experimental
results.
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For additional details regarding themodel, we refer the
readers to the Supporting Information.

As can be seen in Figure 3, the agreement between
the temporal decay measurements (symbols) and the
modeled results under homogeneous distribution of
the acceptors (dashed lines) is high, and the model
captures the correct behavior for all measured systems

(rods and dots) both at short times (first few nanoseconds)
and at longer times.

Dimensionality Effect on FRET Efficiency. In order to
establish the effect of dimensionality on the FRET
process, we first examine the efficiency of FRET (ηFRET)
for different systems,which canbe easily obtained from
the steady-state emission by

ηFRET ¼ 1 � FDA
FD

(3)

where FD is the emission intensity of the donor NPs, and
FDA the intensity measured for the donor�acceptor
conjugates. Figure 4a shows the efficiencies ob-
tained from the steady-state emission (symbols) as a
function of the number of dye molecules added per
NP. In general, the increase in efficiency as dye con-
centration increases is more pronounced as the size of
the NP decreases. Again, assuming that the number of
dye molecules attached to the NP is dictated by the
amount of dye added per NP, this can be explained by
the differences in the dye concentration on the NP
surface of the different systems. At high numbers of
dye molecules per NP, saturation of the efficiency is
observed, though it does not approach unity, likely
because of steric effects, which hinder the attachment
of further acceptors at high surface concentration. As in
these systems the R0 values are quite close, the effi-
ciency of the FRET process is mostly affected by the
number of dye molecules attached in proximity to the
NP core position. Thus in these systems the efficiency
acts as an excellent indicator of the dye surface
concentration.

Figure 4b shows the efficiency as a function of
number of dye molecules added per unit surface area.
Upon this normalization, the efficiency curves of all
systemswith spherical cores overlap, indeed indicating
a correlation between the amounts of added and
attached dye molecules per NP. In this set of experi-
ments, where a complete ligand exchange was per-
formed, it is reasonable to assume that the glutathione
distribution is uniform, leading to a uniform distribu-
tion of attached dye. Under the assumption that
the distribution of acceptors is directly governed by
the NP shape, the restricted geometry model can
be used for extracting the amount of acceptors per
donor and the surface concentration from the effi-
ciency, regardless of the NP shape. Figure 4c portrays
the efficiency as a function of the extracted acceptors'
surface density. Again, under such normalization the
efficiency curves highly overlap, demonstrating the
strong effect of local acceptor density in proximity of
the donor on the efficiency. Plotting the extracted
surface density against the dye added per surface
area shows a linear relation between the two, indicat-
ing that under the experimental conditions, approxi-
mately for every 250 dye molecules added to the
solution, one gets attached to the NP surface.

Figure 4. (a) FRET efficiency as a function of the number of
dye molecules added per NP. For the same number of dye
molecules per NP, higher efficiency is obtained as the
volume of the NP decreases. The RR system exhibits re-
markably higher efficiencies compared to the equivalent
DR45 system under the same NP�dye ratios. (b) FRET
efficiency as a function of dye molecules added per NP,
normalized to the NP surface area. The normalized efficien-
cies for all systems with spherical cores overlap, while
the RR system exhibits higher efficiencies for the same
surface concentration. (c) FRET efficiency as a function
of dye surface concentration extracted from the model.
Under similar surface concentration systems exhibit
similar efficiencies. Inset: Attached dye (from model) vs
added dye (experimental) plot indicates a linear relation
between added and attached dye molecules. The slope
value of 3.8 � 10�3 indicates that for every 250 dye
molecules added to the solution, approximately 1 gets
attached to the NP surface. Dashed lines are guidance to
the eye.
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It should be accentuated that the FRET obtained from
the system is related only to dyemolecules attached to
the NP surface and not to free dye molecules in the
solution, as can be deduced both from the lack of FRET
in nonconjugated systems and from theminor effect of
dilution on the FRET behavior in conjugated systems,
as described in detail in the Supporting Information
(Figures S1 and S2).

In comparison to systems with spherical cores, the
RR system exhibits amuch higher increase in efficiency
after normalization. This indicates that the FRET behav-
ior of the RR system is different from all other systems
examined in this study. This difference is attributed to
the change in dimensionality of the emission center,
leading to a different FRET interaction term, which falls
beyond the Förster point dipole behavior, and to
the interaction of the rod core dipole moment with a
larger number of dye molecules on the NP surface.

Recently published results by Hardzei et al.,19 appear-
ing after this paper was first submitted, indicated that
upon attachment of a similar number of dye molecules
per particle, the efficiency obtained for theQD system is
higher than that obtained for the nanorod system. Yet,
when examining their results after normalization of the
efficiency to the number of dyemolecules attached per
surface area, higher efficiency per dye molecule at-
tached per surface area is obtained for the elongated
system in comparison with the spherical system, in
agreement with the results obtained in this report.
These results call for more detailed research of FRET
in rod-like systems with elongated transition dipoles.
The higher efficiency per surface concentration of elon-
gated core systems is of particular interest for light-
harvesting systems, as less dye is needed in order to
obtain similar efficiencies of the energy transfer.

Dimensionality Effects in FRET Time Decay. While inspec-
tion of the FRET efficiency already reflects differences
in the donor dimensionality, it is lacking sensitivity for
extracting information regarding the long-range dis-
tribution of acceptors due to its high sensitivity to the
local acceptor density. The FRET temporal decay, on
the other hand, is dictated by the correlation between
time and space, which is inherent to the FRET interac-
tion (eq 2), and therefore it directly reflects the struc-
tural details. In general, in the case of multiple
acceptors, the donor's decay can be described by a
stretched exponent, φ(t) = e�(t/τrad)β, where β reflects
the dimensionality of the system. In the case of a
system with restricted geometries, where the dimen-
sionality of the acceptor distribution changes through-
out the system, β approaches different values at differ-
ent time regimes.36 Due to the stretched exponential
behavior, these crossovers are most apparent when
the data are portrayed as a �log(�log(φ/exp(�kt)))
vs log(t) plot.

Figure 5a depicts the logarithmic plot for the
experimental time decay (symbols) and the modeled
results (lines) for QD4.4 (red, squares) as an example of
a spherical system, and for DR93 (blue, circles), as an
example of an elongated system, under similar surface
concentration of ∼0.006 dye molecule per nm2 (inset
shows the standard decay curve of the systems). While
at short times (t < kradR0

6/r6, where r is the system
radius) both systems exhibit exponential decay, at long
times (t > kradR0

6/r6, which for these systems is ∼8 ns),
the two systems show distinctively different behavior.
In the spherical QDs, the decay at long times becomes
parallel to that of the bare particle fluorescent decay
(Figure 4a inset, solid red), a behavior referred to as a
0D FRET. In the DR systems, on the other hand, the
decay at long times converges to that of a 1D FRET
system with equivalent acceptor concentration
(dashed black line), thus capturing the elongated
shape of the acceptor distribution of the rod system.
Time decays of DR systems with similar thickness but

Figure 5. (a) Comparison of decay curves of QD4.4 spherical
core/shell (red) and DR93 (green), obtained experimentally
(symbols) and modeled using the restricted geometry
model (lines) in a logarithmic plot. While at short times
both systems decay exponentially, at long times QD4.4
shows no decay due to FRET (0D FRET), while DR93 con-
verges to a 1D FRET decay curve. Inset shows the standard
decay plot. Decay of bare NPs with no dyes attached is
portrayed as dashed lines and open symbols, and decay of
the conjugated NPs is shown as solid lines. (b) Modeled
decay curve of NPs of different aspect ratios. Under the
same conditions, the decay behavior at long times goes
from 0D in the spherical system to 1D as the aspect
ratio increases. A 1D decay becomes dominant at an aspect
ratio of 6.
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different aspect ratios calculated using the model
indicate that already at an aspect ratio of 1:6 a
pronounced 1D behavior is obtained (Figure 5b). Thus,
the temporal decay at long times, which is still within
the measurement scope, gives a direct indication of
the dimensionality of the acceptor distribution.

CONCLUSIONS

The dimensionality of nanoparticles acting as do-
nors can strongly affect the energy transfer charac-
teristics in systems that consist of NPs conjugated to
multiple acceptors. For nanorod donors of similar
dimensions, going from a 0D to a 1D emission center
leads to a large increase in FRET efficiency, making
NP systems that go beyond the Förster point dipole
limit highly sensitive single-particle probes for the
nanoscale regime. The dimensionality and shape of

the acceptor distribution, which is dictated by the NP
geometry, are strongly manifested in the time decay
curves and can be extracted from the experimental
results by using a restricted geometries model. The
ability to combine theoretical and experimental
results and obtain such a detailed description of
the FRET in nanosystems makes FRET lifetime not
only an extremely sensitive analytical tool for extrac-
tion of the number of attached acceptors but,
furthermore, also a unique probe for directly assess-
ing the spatial distribution of acceptors in the vicinity
of the nanoparticles, which can be used as an
excellent real-time probe for inspecting the dy-
namics of attachment and conjugation processes,
thus acting not only as a “nanoruler” for distances
but also as a concentration indicator in the nanoscale
regime.

METHODS
NP Synthesis. CdSe/CdS core/shell NPs were prepared follow-

ing previously reported procedures for seeded growth. Briefly,
CdSe spherical cores were synthesized according to ref 21 by
swiftly injecting a stock solution of Se dissolved in trioctylpho-
sphine (TOP) into a three-neck flask containing CdO in tri
-n-octylphosphine oxide (TOPO) and n-octadecylphosphonic
acid (ODPA) at 360 �C under an Ar atmosphere. In order to
obtain diameters of 1.9�2.2 nm, the synthesis was immediately
quenched by swift injection of cold TOP. The crude solution was
then washed with methanol to remove excess ligands. The
concentration of cores in the solution was calculated from
absorption measurements and then divided into batches for
further synthesis. CdSe nanorodswere synthesized according to
ref 37. In this synthesis, a Cd stock solution, prepared by
dissolving Cd(CH3)2 in tributylphosphine (TBP), was added
dropwise to a flask containing TOPO and tetradecylphosphonic
acid heated under an argon atmosphere to 360 �C. A minute
later a solution of Se in TBP was rapidly injected, and the
solution was cooled to 290 �C. The reaction was stopped by
rapid cooling after 15 min to yield rods of 9 nm � 2.2 nm. The
crude reaction mixture was diluted with toluene. Methanol was
added in order to precipitate the nanorods with the aid of
centrifugation.

CdSe/CdS spherical core/shell NPs were prepared using the
SILAR method.20 In a typical synthesis, CdSe cores dissolved in
chloroform are added to a three-neck flask containing 1-
octadecene and octadecylamine at 50 �C. The system is then
allowed to heat under vacuum to 100 �C for 1 h in order to
remove the chloroform and then transferred to an argon atmo-
sphere. The system was then heated to 200 �C, and pre-
cursor solutions of Cd(Ac)2 in TOP and elemental sulfur in TOP
(both 0.1 M) were added dropwise sequentially with a time
interval of 10 min between each injection. The amount of
precursor added in each step was calculated according to
ref 20, and the number of additions was determined according
to the desired shell size. The crude reaction mixture was diluted
with toluene. Methanol was added, and the solution was
centrifuged in order to precipitate the NPs. CdSe/CdS DRs were
prepared according to the seeded growth synthesis reported in
ref 21, and RRs were prepared according to the synthesis
reported in ref 22. In a typical synthesis, elemental sulfur was
dissolved in TOP and added to CdSe NPs (either dots or rods)
synthesized as described above. The solution of CdSe NPs and
sulfur in TOPwas swiftly injected into a three-neck flask contain-
ing TOPO, ODPA, hexylphosphonic acid, and CdO at 360 �C.
The nanocrystals were grown for 8 min after the injection.

After cooling, the crude solution was dissolved in toluene, and
methanolwas added in order to precipitate theNPs and remove
excessive surfactants. Rods with different lengths of CdS shells
were obtained by changing the ratio of precursors to CdSe
cores, as was previously reported.21

Transmission electrons microscope characterization was
performed using a Tecnai T12 G2. Absorption spectra were
collected using a JASCO V-570 UV�vis�near IR spectrophoto-
meter, and emission measurements were collected using a
Varian Cary Eclipse fluorometer. Extinction coefficient values of
the NPs were calculated using a previously reported method.38

Conjugation to the Dye Molecules. The aqueous fraction contain-
ing the NPs with glutathione ligands was collected and trans-
ferred into Millipore-Amicon Ultra centrifugal filters of 10K for
QDs or of 100K for nanorods. The samples were washed several
times and centrifuged at 4000 rpm for 40 min to remove excess
glutathione and base, until a pH of 6 was obtained, in which a
conjugation reaction to the dye molecules can be achieved.
Atto dye 590 NHS ester (2.5� 10�1mg) was dissolved in 2mL of
dimethylformamide, and different volumes of the solution
(ranging from 3 to 120 μL) were added to 100 μL of aqueous
solutions of NPs. The solutions were then stirred for 3 h at room
temperature. The overall process is portrayed in Figure 1c.

Lifetime Measurements. A series of NP�dye solutions of dif-
ferent dye concentrations in water were diluted to low con-
centrations to eliminate FRET between adjacent nonconjugated
NPs or dye molecules. A cuvette containing each of the solu-
tions was excited by amode-locked doubled Ti:sapphire laser at
450 nm (Coherent Mira) with pulse width of 120 fs and repeti-
tion rate of 76MHz. The laser was horizontally polarized, and the
excitation power was attenuated by a variable neutral density
filter. The laser beam with an average power of 1 mW was
focused to a 2 mm spot. The emission from the sample was
collected at a right angle, filtered with a short pass filter to
suppress the fundamental excitation light of the laser, dispersed
using a monochromator (Acton SpectraPro-300i), and detected
with an iCCD (LaVision PicoStar HR).
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