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R
ational design and assembly of colloi-
dal metal and inorganic nanoparticles
has stimulated intense research ef-

forts in the past years, especially from
the perspective of obtaining nanoclusters
with novel optical properties or even with
tunable optical response.1�5 When com-
ponents like gold nanoparticles and col-
loidal quantum dots are spaced apart suffi-
ciently so that they do not exchange carriers,
the interaction between such nanoparticles
is primarily of Coulomb (dipole�dipole)
type in the form of energy transfer, specifi-
cally photoluminescence quenching by the
metal nanoparticle and electromagnetic
enhancement, usually seen as an increase
in the emitted photoluminescence of
the quantum dots.2�4,6�9 This so-called
plasmon�exciton interaction is determined
by several factors, including the type, shape,
and size of the metal nanoparticles, the
electronic properties of the quantum dots,
the intercomponent (separation) distance,
and the nature of the environment between
components.10�17 Therefore, it is expected

that by tuning one ormore of such variables
in a controlled way one can achieve control
and regulation of the optical output from
suchmetal nanoparticle�quantum dot nano-
structures.
In this work, we demonstrate the use of

DNA-driven assembly methods for the fabri-
cation of nanoclusters with controllable
optical outputs. DNA-based approaches are
versatile for creating precisely self-assembled
organizations of nanoparticles,18�21 which
is advantageous for fabrication of optically
active materials.5,22�27 We propose to assem-
ble core/shell gold nanoparticle (AuNP)�
quantum dot (Qdot) nanoclusters with satel-
lite-like architecture, as depicted in Figure 1a,
where a large (50 nm size) AuNP functions
as the core and several CdSe/ZnS Qdots
linked by DNA constitute the shell. DNA was
utilized for assembly of both homo- and
heteronanoclusters (e.g., like the case
of AuNPs and Qdots)4,13,19,20,28�32 where
the distances between nanocomponents
could be adjusted by changing the DNA
length with single base-pair precision.
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ABSTRACT We used DNA self-assembly methods to fabricate a series of

core�shell gold nanoparticle�DNA�colloidal quantum dot (AuNP�DNA�Qdot)

nanoclusters with satellite-like architecture to modulate optical (photoluminescence)

response. By varying the intercomponent distance through the DNA linker length

designs, we demonstrate precise tuning of the plasmon�exciton interaction and the

optical behavior of the nanoclusters from regimes characterized by photolumines-

cence quenching to photoluminescence enhancement. The combination of detailed

X-ray scattering probing with photoluminescence intensity and lifetime studies revealed the relation between the cluster structure and its optical output.

Compared to conventional light-harvesting systems like conjugated polymers and multichromophoric dendrimers, the proposed nanoclusters bring

enhanced flexibility in controlling the optical behavior toward a desired application, and they can be regarded as controllable optical switches via the

optically pumped color.
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This approach allows for the accurate regulation of
interparticle distances with a precision limited by
micromechanical properties of DNA constructs. Such
architectures mimic the structure of photosynthetic
light-harvesting complexes. Apart from the assembly
role, the persistence length of hybridized DNA strands,
about 50 nm, provides a reasonable structural integrity
to assembled nanoclusters in a spatial range relevant
for the study of plasmon�exciton interactions. We
focus on core�shell nanoclusters incorporating rather
large (50 nm sized) AuNPs for two particular reasons.
First, such AuNPs can provide electromagnetic en-
hancement capable of overwhelming the photolumi-
nescence (PL) quenching of Qdots by energy transfer
to the metal NP when appropriate intercomponent
distances are in place (see below). As such, the
proposed nanoclusters can be designed to exhibit
plasmon-assisted optical regimes in the form of both
enhanced and quenched photoluminescence. Second,
a large AuNP core offers a relatively large surface on
which several Qdots (here, 20 on average in our
assembly) can be connected via DNA linkers of similar
length on a single AuNP. As such, the proposed core/
shell structure represents not only a model system for
the investigation of the distance-dependent plasmon�
exciton interactions in the case of AuNP and Qdots
but also a plasmon-assisted light-harvesting system
where Qdots located in the shell harvest the light and
transfer it to a “reaction center” represented here by
the AuNP core.
The paper is organized as follows: we first describe

the proposed design, the self-assembly procedure,
and the structural characterization of the AuNP�Qdot
core�shell clusters, then demonstrate control (tun-
ability) of the optical signal (PL) for the clusters, from
regimes of PL quenching to PL enhancement, by

varying the length of the DNA linker connecting
the heterocomponents, and finally, we discuss the
origin of plasmon-enhanced PL in these cluster archi-
tectures.

RESULTS AND DISCUSSION

Nanocluster Design and Its Fabrication via Self-Assembly. A
metal nanoparticle near a fluorescent molecule and
under light illumination can enhance the excitation
rate of the molecule by local field enhancement; it can
lower the quantum yield by introducing additional
nonradiative channels such as energy transfer, in
particular, at short metal NP�molecule separation
distances, or it can increase the emission rate of the
molecule by coupling plasmons and excitons at
resonance.2,11,33 In the assumption that a Qdot can
be approximated with a single point dipole, the elec-
tromagnetic field distribution for a coupled metal
nanoparticle�dipole system can be calculated using
the multiple-multipole method.11,33 Using the method
developed by Gersten and Nitzan,34 we calculated
PL enhancement (see Supporting Information) for a
coupled AuNP�dipole system in water with the AuNP
having 50 nm size and the dipole emitting at 605 nm,
as shown in Figure 1b. Such a coupled heterosystem is
expected to exhibit PL quenching at separation dis-
tances below 13 nm for any given optical pumping
wavelength and PL enhancement at separation dis-
tances above 13 nm when optically pumped at the
surface plasmon resonance (SPR).

Based on the theoretical calculations from
Figure 1b, we designed a series of core/shell nanoclus-
ters (NCs) with surface-to-center separation distances
(d) ranging from ∼15 to ∼47 nm (Figure 2, left panel,
black dots, cluster systems NC1�NC7) between core
(AuNP) and shell (Qdot) particles.

Figure 1. (a) Core�shell AuNP�Qdot nanocluster with satellite-like architecture in which a core AuNP and several CdSe/ZnS
Qdots are linked by DNA (purple). (b) Right panel displays the predicted PL enhancement for a coupled AuNP point dipole
system as a function of the AuNP�dipole separation distance, d, and optical pumping (excitation) wavelength, calculated for
a 50 nm size AuNP and a point dipole emitting (in water) at 605 nm. Calculations adapted from refs 11, 33, 34, and 42; see
Supporting Information for details. Left panel shows the predicted PL enhancement for optical pumping at the surface
plasmon resonance (at 530 nm) as derived from the left panel.
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To populate a large range of separation distances
for the proposed core/shell nanoclusters, we used
three different molecular designs to build the inter-
connecting DNA linkers. An estimate of AuNP�Qdot
surface-to-center separation distance for each case
follows after the assembly description. In the first
design, for short separation distances (Figure 2a, sam-
ples NC1, NC2, and NC3), we utilized a direct hybridiza-
tion of single-stranded (ss) DNA attached to both
AuNPs and Qdots, with ssDNA possessing a 15 base
complementary region at the end opposite to the
point of attachment to the nanoparticle. The number
of unpaired oligonucleotides (S) on the surfaces of
AuNPs and Qdots is correspondingly denoted as “m”

and “n”. For NC1, we used a 30 base ssDNA connected
to each nanoparticle type (Figure 2a, NAuNP = NQdot =
30, m = n = 15); for NC2, we used a 95 base ssDNA
for AuNPs and a 30 base ssDNA on Qdots (Figure 2a,
NAuNP = 95, NQdot = 30,m = 80, n = 15), and for NC3, we
used 95 base ssDNA for both types of nanoparticles
(Figure 2a,NAuNP =NQdot = 95,m= n= 80). As discussed
below, the direct hybridization approach provides
separation distances of ∼15 nm (NC1), ∼24 nm
(NC2), and ∼36 nm (NC3) (Figure 2, left). In the second
design, in order to achieve further increase in separa-
tion distance, we introduced an additional 18 base-pair
dsDNA segment in the linker attached to the AuNP
in NC3 (Figure 2a) to obtain NC4 (Figure 2b, NAuNP =
NQdot = 95)with a separation distance now increased to
about 40 nm (see discussion below). From NC4 to NC5,
the separation distance was further increased to 42 nm
by the introduction of an additional 15 base-pair
dsDNA segment on the Qdot linker, now having three
dsDNA segments on the entire linker connecting the
AuNP and Qdots (Figure 2c). In the third design, we
used a linker-mediated hybridization: AuNPs and
Qdots were functionalized with noncomplementary
ssDNA strands, each of 95 bases, and nanoparticles
were connected by a third ssDNA linker (Figure 2d,
L motif), with the linker designed with 15 base com-
plementarity at each end with the strands on the
nanoparticles (Figure 2d), and “l” represents the number

of unpaired single-stranded oligonucleotides in the
middle part of linker DNA. For NC6, l = 30, and for
NC7, l= 60. Thus, the separation distances in these cases
were 44 and 47 nm, respectively. DNA-functionalized
AuNPs and Qdots were mixed in a ratio of 1:20 and
aged for 2�3 h before the measurements. Our mea-
surements (Figure S5) indicated that Qdots in the
solution were completely consumed due to the reac-
tion and attachment to the AuNP, thus resulting in the
formation of clusters in which the AuNP core is sur-
rounded on average by 20 Qdots (see the Supporting
Information for the analysis of a cluster population by
Monte Carlo simulation). For systems NC4 and NC5,
AuNPs andQdots were each incubated separately with
the DNA linker at a 1:10000molar ratio of nanoparticle/
DNA and for about 1 h, and the final solutions were
mixed. For systems NC6 and NC7, L30 or L60 was first
incubated with AuNPs for 1 h, and the resulting solu-
tion was further mixed with Qdots.

Estimation of Interparticle Distances. First, dynamic light
scattering (DLS) was used to measure the size of
commercial CdSe/ZnS Qdots covered by a carboxyl-
functionalized polymer, before and after functionaliza-
tion with DNA, and to probe assembled clusters
(Figure S4). The polymer-coated Qdot with a 605 nm
PL emission peak has a hydrodynamic diameter
of ≈10 nm. A Qdot is composed of a CdSe core,35,36 a
ZnS shell, and a carboxyl-functionalized polymer outer
shell. We then employed a DNA model reported pre-
viously by our group37,38 to estimate AuNP�Qdot
surface-to-center separation distances for the seven
cluster systems. In our approach, we used a Daoud-
Cotton (DC) blob model to calculate the thickness of
tethered DNA on the particle surface and adopted a
worm-like chain model to estimate the length of the
linker between particles (see Supporting Information
for details on calculations). The estimated distances
based on the DNA model are plotted in Figure 2, left
(dots and solid line), and thederivedAuNP�Qdot surface-
to-center distances are 15.3 nm (NC1), 24.3 nm (NC2),
36.0 nm (NC3), 39.5 nm (NC4), 41.8 nm (NC5), 44.2 nm
(NC6), and 47 nm (NC7).

Figure 2. Left: AuNP�Qdot surface-to-center intercomponent distances for a series of AuNP�DNA�Qdot core�shell
nanoclusters named herein NC1�NC7, as estimated based on a DNA model (dots and solid line) and synchrotron-based
small-angle X-ray scattering measurements (squares and dashed line). Right: DNA linker designs for nanoclusters NC1, NC2,
and NC3 (a), NC4 (b), NC5 (c), and NC6 and NC7 (d). See the text for details.
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To obtain the detailed information about interpar-
ticle separations within clusters, we used synchrotron-
based small-angle X-ray scattering (SAXS) measure-
ments at the beamline X9 at the National Synchrotron
Light Source (Brookhaven National Laboratory), as
shown in Figure 2, left panel (squares and dashed line
are derived from data shown in Figure S1, Supporting
Information). In order to achieve a sufficient scattering
signal, we replaced the Qdots in each of the seven
cluster systems with AuNPs of similar diameter (10 nm
gold core size), thus obtaining core�shell nanoclusters
assembled from gold nanoparticles of two different
sizes. These core�shell homonanoclusters of 50 nm
AuNP/10 nm AuNP were assembled following an
identical recipe as for AuNP�DNA�Qdot nanoclusters,
including linker design and assembly procedures, and
the corresponding samples are labeled as NC10�NC70.
Figure S1 illustrates the SAXS patterns measured for
samples NC10�NC70. By modeling the SAXS data (see
Supporting Information), we first obtained the 50 nm
Au/10 nm Au surface-to-center distance, and then,
after substituting 10 nm Au with a Qdot, we estimated
the AuNP�Qdot surface-to-center distance as 15.1 nm
(NC1), 24.1 nm (NC2), 33.2 nm (NC3), 38.1 nm (NC4),
40.0 nm (NC5), 42.9 nm (NC6), and 46.3 nm (NC7)
(Figure 2 left, squares and dashed line). These values
match closely with our calculation based on the DNA
model discussed above (Figure 2 left, dots and solid line).

Distance-Dependent Optical Response of Core�Shell Nano-
clusters. We show in Figure 3a the spectra of the
components making up the core�shell nanoclusters,
the optical scattering spectrum of the 50 nm AuNPs
(black), as well as the UV�vis absorption (red) and PL
(blue) spectra of Qdots. The unique shape of the Qdot's
absorption spectrum, increasing toward higher en-
ergy, allows selective excitation of the AuNP�Qdot
nanocluster outside gold's SPR (for example, here at
440 nm) and at the SPR at 530 nmwhilemonitoring the

spectrally narrow PL emitted by the Qdot. This allows
probing the distance dependency for both the non-
radiative energy transfer from the photoexcited Qdots
to the core AuNP and the plasmon-assisted PL en-
hancement. Accounting for changes in the optical
density in the Qdot spectrum from 440 to 530 nm,
the overall PL enhancement factor (EFPL) for Qdots in
the presence of a AuNP can be calculated using4

EFPL ¼ PL(530nm)
PL(440nm)

� Abs(440nm)
Abs(530nm)

(1)

where PL represents the photoluminescence intensity
signal measured from the core�shell nanocluster by
alternating the optical pumping off and onto the SPR.
Figure 3b shows the optical scattering spectra of
AuNP�Qdot core�shell nanoclusters of various inter-
component distances, and they feature a monotonic red
shift of the SPR peak with increased DNA linker length
(Figure 3b, inset). DNA's refractive index (1.76) is higher
than that of water (1.33), and an increase in the DNA
linker length will result in an increase of the amount
of DNA as a dielectric material occupying the space
between the AuNP and Qdot components. Therefore,
the medium between the components experiences a
monotonic increase in the overall dielectric constantwith
the increase of the DNA linker length. Because the di-
electric constant of the medium between the AuNP and
Qdot factors in the valueof theAuNP's SPRpeak, this leads
to a monotonic red shift of the SPR peak with increased
DNA linker length (Figure 3b).33 Based on the SPR, we
chose the optical pumping with 530 nm: the changes in
the scattering profile across the seven core/shell clusters
are minimal at this wavelength and so are changes in the
scattering cross section (see Figure 3b, inset).

We probed the AuNP�Qdot nanoclusters with
time-resolved confocal PL microscopy using alternate
pulsed laser excitation at 440 nm/530 nm by employ-
ing a time-tagged time-resolved detection mode that

Figure 3. (a) Optical scattering spectrum for 50 nm size AuNPs (black) and UV�vis absorption (red) and photoluminescence
(blue) spectra for CdSe/ZnSQdots in aqueous solution. Scattering andPL spectra are normalizedat thepeak,while theUV�vis
spectrum is normalized at the lowest energy peak. (b) Normalized optical scattering spectra for core/shell AuNP�Qdot
nanoclusters with varying DNA linker length. Inset shows the SPR peak vs DNA linker length monotonic dependency.
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measured simultaneously the PL intensity and PL life-
time fromphotoexcited nanoclusters freely diffusing in
an aqueous solution at low (picomolar) concentration.

Optical Pumping Off-Surface Plasmon Resonance

(at 440 nm). Freely diffusing Qdots (control sample)
exhibit an average PL lifetime τQdot = ∼10.2 ns. The
dependency for the PL intensity and for the energy
transfer rate (kET) versus DNA linker length (AuNP�
Qdot separation distance) for the seven core�shell
nanoclusters following optical pumping off-SPR (440 nm)
is shown in Figure 4a,b, respectively. The energy transfer
rate was calculated as

kET ¼ 1=τQdot=AuNP � 1=τQdot (2)

Here, τQdot and τQdot/AuNP are PL lifetimes of Qdots
(control sample) and of AuNP�Qdot nanoclusters, re-
spectively, with PL lifetimes estimated as amplitude
averaged lifetimes using a biexponential model (see
Supporting Information for details). Figure 5b shows
the PL lifetime versus separation distance for the in-
vestigated nanoclusters optically pumped at 440 nm,

while Figure S9, contains raw PL decays measured at
440 nm from which PL lifetimes from Figure 5b were
extracted.

Both dependencies, in particular, that from Figure 4b,
demonstrate separation distance-dependent PL quench-
ing by energy transfer from photoexcited Qdots to
AuNPs. The strongest PL quenching (32%) was ob-
served for the shortest DNA linker (∼15 nm).

Quenching of fluorescent moieties like colloidal
quantum dots and organic fluorescent dyes by prox-
imal metal nanoparticles by energy transfer has been
treated analytically by using either a Förster resonance
energy transfer (FRET) formalism13,14,30,39 or a nanosur-
face energy transfer (NSET) formalism,30,31,40 or both.41

Both formalisms are described by a generic formula for
the energy transfer efficiency32

E ¼ N

Nþ (R=R0)
n (3)

where N is number of metal nanoparticles and R0 is the
critical distance where the efficiency E = 50%. FRET
assumes a dipole�dipole couplingmechanismbetween

Figure 4. (a) PL intensity vsAuNP�Qdot separation distance
(dots and black line). Data are normalized to the value
corresponding to the longest linker where quenching by a
AuNP is negligible. (b) Energy transfer rate (kET) vs AuNP�
Qdot separation distance (dots and black line) calculated
from PL lifetimes according to eq 2. (c) Energy transfer effi-
ciency (E) vs linker length (AuNP�Qdot separation distance)
(black dots) with E estimated from PL lifetimes according to
eq 4. Fits according to various energy transfer models:
nanosurface energy transfer model with n = 4 (green dashed
line) and n = 3.5 (blue solid line) and Förster resonance
energy transfer model with n = 6 (red dotted line) yielding
critical distances of R0 = 12.7, 12.4, and 13.4 nm, respectively.

Figure 5. (a) PL enhancement (EFPL) vs separation distance
(triangle and line) following optical pumping at 440 nm
(square and black line), 490 nm (triangle and black line), and
530 nm (dots and black line), with EFPL calculated from PL
intensity data according to eq1. (b,c) Normalized PL life-
times of AuNP�Qdot clusters vs separation distance for
optical pumping at 440 and 530 nm, respectively. Normal-
ization was done to the PL lifetimes of control samples
(Qdots only).
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the emitting moiety (donor or Qdot) and the metal
nanoparticle (acceptor or AuNP) and requires the con-
dition of resonance or spectral overlap between the
donor's emission and acceptor's absorption transitions.
FRET is a popular formalism for describing dye�dye
and Qdot�dye interactions with components sepa-
rated at distances of 2�10 nm.42,43 In FRET, donor�
acceptor dipole�dipole interaction leads to a 1/R6

energy transfer efficiency versus distance dependency
(n = 6, eq 3) with the requirement that donor and
acceptor components have strong resonance coupling
(spectral overlap) and proper (dipole) orientation. The
NSET model considers the emitter as a point dipole
transferring to an infinite metal surface, leading to a
slower 1/R4 distance dependency (n = 4 in eq 3) and
without a requirement for resonance coupling. FRET
has been found to model AuNP emitter systems with
short separation distances,39 while NSET was found to
be more suitable for donor�acceptor pairs with larger
intercomponent distances.31,32,40,41 Figure 4c (dots)
shows the energy transfer efficiency (E) versus separa-
tion distance (d) for the seven nanoclusters optically
pumped at 440 nm, with the efficiency calculated from
the PL lifetimes according to

E ¼ 1 � τQdot=AuNP=τQdot (4)

To model the data from Figure 4c, we consider N = 1 in
eq 3 and we assume noninteracting adjacent Qdots
within a single nanocluster due to the relatively large
Qdot�Qdot distance. Indeed, such an assumption is
fully justified by our Monte Carlo simulations, which
were performed in order to evaluate the surface-to-
surface Qdot distances (see Supporting Information
and Figure S7), either in the limit of all clusters contain-
ing 20 Qdots per AuNP or considering the Poisson
distribution of Qdots in shells for the cluster population
(Figure S8). We therefore treat the energy transfer
interaction in a nanocluster as a single AuNP/Qdot
pair. A fit to the data from Figure 4b,c, according to eq 3
where N = 1, yields n = 3.5 (solid line in Figure 4d), a
value which is close to the NSET model (n = 4, dashed
line in Figure 4d) and far from a FRET model (n = 6,
dotted line in Figure 4d), and which provides a critical
distance R0(NSET) = 12.4 nm. Our nanoclusters exhibit
large donor�acceptor separation distances and a
rather poor spectral overlap (here, the overlap be-
tween the Qdot's PL spectrum and the AuNP's SPR
band; see Figure 2a), and these conditions favor the
NSET model against the FRET model in treating the
quenching of Qdot PL by AuNPs by energy transfer.
According to the data in Figure 4c,d, energy transfer is
extinguished in nanoclusters NC4�NC7, that is, for
separation distances around 38 nm and larger. For
NSET, the critical distance R0 is given by31,32,40

R40(NSET) ¼ 0:225� cn2

4π2ωFkF
� φQdot � λQdot

2 (5)

being a function of donor quantum yield (φQdot) and PL
emission (λQdot), of the Fermi frequency (ωF) and Fermi
vector (kF) of the acceptor, of the refractive index (n) of
the embedding medium, and of the speed of light (c).
Using kF = 1.2 � 1010 m�1 and ωF = 8.4 � 1015 s�1 as
values defined for bulk gold,31 n = 1.76 for DNA as the
medium filling the space between donor and acceptor,
and φQdot ≈ 0.5, the NSET critical distance for the
energy transfer from Qdots to AuNPs estimated with
eq 5 is R0(NSET)≈ 10.8 nm, a value close to that obtained
from the fit of the data in Figure 4d assuming an NSET
model (12.4 nm).

Optical Pumping at Surface Plasmon Resonance (at

530 nm). The PL enhancement (EFPL) versus AuNP�
Qdot separation distance for the seven nanoclusters
subjected to optical pumping at SPR (530 nm) is shown
in Figure 5a (dots and line). Also shown in the same
graph are the PL enhancements versus separation
distance estimated fromPL intensity data for two other
optical pumping wavelengths, off-SPR at 440 nm
(square and line) and at 490 nm (triangles and line),
an intermediate wavelength. At SPR (at 530 nm), PL
enhancement (EFPL > 1) is observed for nanoclusters
with separation distances from around 24 nm and
up to 43 nm (NC2�NC6, Figure 2), with the highest
value (EFPL = 4.3) observed for nanocluster NC5
(donor�acceptor separation distance of 40 nm). For
the shortest separation distance (NC1, 15 nm), EFPL < 1,
indicating that PL quenching by energy transfer dom-
inates over plasmon-assisted PL enhancement. For the
largest separation distance (NC7, 46 nm), EFPL = 1,
which indicates noninteracting Qdots and AuNPs. As
such, the designed DNA linkers connecting the donor
(Qdot) and acceptor (AuNP) components provide a
dynamic range for the plasmon�exciton interaction
in our nanoclusters, evolving from regimes of PL
quenching to PL enhancement, thus demonstrating
the ability to tune the optical output (PL intensity) of a
AuNP�Qdot nanocluster by DNA design and DNA self-
assembly.

Theoretically, a point dipole emitting at 605 nm and
coupled to a 50 nm size AuNP experiences plasmon-
assisted PL enhancement for optical pumping at the
SPR (at 530 nm) and for separation distances d > 13 nm
(Figure 1b, left panel, EFPL > 1), with amaximum EFPL at
∼25 nm. Experimentally, we observed EFPL > 1 for d =
∼24 nm and larger and maximal EFPL at d ∼ 40 nm
(Figure 5a, dots and dashed line). These differences
between theoretical and experimental data may arise
here from the theoretical treatment of the plasmon�
exciton interactionwith a rather simplisticmodel7,11,34,42

in which we assumed that (i) the Qdot is a point dipole
with a well-defined transition dipole moment, while
recent single-particle studies showed that Qdots do
not have awell-defined transition dipolemoment;44 (ii)
the nonradiative energy transfer between Qdots and
the AuNP is modeled by a FRET formalism, while our
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nanoclusters were found experimentally to obey a
NSET model (Figure 4d).

Figure 5c shows the changes in PL lifetime with
donor�acceptor separation distance for nanoclusters
optically pumped at the SPR (at 530 nm). Raw PL
decays of nanoclusters following 530 nm optical prob-
ing are presented in Figure S9. A clear anticorrelation is
seen between the PL enhancement and PL lifetimes vs
separation distance (see Figure 5a&5c, dots and line),
which could not be observed for optical pumping off-
SPR (440 nm) (Figure 5a� 5b, squares and lines). The PL
lifetime of a Qdot is τQdot = 1/(γr þ γnr), with γr and γnr
radiative and nonradiate rates, while the PL quantum
yield is φQdot = γr/(γrþ γnr). To understand the origin of
the enhancement in both intensity and decay rates
occurring at SPR, we can treat the PL emission from a
Qdot as a two-step process that involves (i) optical
excitation by the incident electrical field which can be
perturbed by the local nanoenvironment and (ii) radia-
tion emission; this latter process was determined by
the quantum yield of the Qdot.45 If we assume for
simplicity that excitation and emission occur at a
similar frequency, φQdot = γem/γexc, with γem being
the PL emission rate and γexc the excitation rate. For a
coupled AuNP�Qdot system, the incident light excit-
ing the Qdot will also excite plasmons in the AuNP that
can enhance the Qdot's PL quantum yield by increas-
ing the excitation rate, γexc, and the radiative rate, γr.
An increase in γr requires coupling between the Qdot's
exciton andAuNP's plasmon,which is accomplished by
a strong spectral overlap between the AuNP's SPR and
Qdot's PL emission. In this case, an enhancement in PL
intensity is accompanied by an increase in emission
rate (decrease in PL lifetime).10,46 Anticorrelated beha-
viorwith PL enhancement accompanied by an increase
in the emission rate (decrease in PL lifetime) has been
observed previously for isolated terrylene molecules
interacting with large 100 nm AuNPs and optically
pumped at the SPR,10 a behavior explained by the fact
that the presence of the nearby nanoparticle alters the
excitation electric field at the emitter's position, en-
hancing the excitation rate γexc and making both the
radiative (γr) and nonradiative (γnr) rates strongly
distance- and dye- (dipole) orientation-dependent. In
that study, the authors acknowledged the importance
of the AuNP plasmon resonance in the enhancement
process by performing optical pumping away from the
resonance to observe a decrease in PL enhancement
compared to the condition of the SPR. Similarly, we
also observed a reduction in the PL enhancement with

the change in optical pumping away from SPR (e.g.,
from 530 to 490 nm), with the PL enhancement at
an optimal separation distance (40 nm, Figure 5a)
decreasing from 4.3 (EFPL(530 nm) = 4.3) to 1.44
(EFPL(490 nm) = 1.44), respectively, thus reconfirming
the importance of the Au plasmon resonance in en-
hancing the Qdot's emitted PL. A more recent study46

reported anticorrelated PL enhancement and PL life-
time versus separation distance for CdSe/ZnS Qdots
deposited on vertically aligned Au nanorods and opti-
cally pumped at the SPR. These authors claimed that
the PL enhancement resulted from local enhancement
of the excitation electric field due to the presence of
the nanostructure which in turn enhanced γexc (absorp-
tion) and γr (by Purcell effect).47 For our AuNP/Qdot
nanoclusters, the SPR (530�540 nm) and the Qdot PL
spectrum (605 nm) are rather well separated, with little
overlap (Figure 3a), which is not expected to promote a
strong plasmon�exciton resonant interaction. Conse-
quently, PL enhancement is expected mostly from
an increase in γexc, therefore, we believe this is why
changes in PL lifetime from SPR to off-SPR in our case
are not as large as those observed in refs 14 (20 times)
and 28 (10 times).

CONCLUSIONS

We have shown that by smart design and DNA self-
recognition we can create a set of core�shell AuNP�
Qdot nanoclusters where the optical output, here
photoluminescence, can be controlled by optical
pumping color from a quenched to an enhanced
state in a stepwise manner. For example, optical ex-
citation off-surface plasmon resonance can produce a
quenched PL signal with the quenching rate (effi-
ciency) controlled by the DNA linker length by a 1/d4

dependency dictated by nonradiative NSET. For the
same set of nanoclusters, optical pumping at the sur-
face plasmon resonance enhances the overall PL,
maximally (>4�) for a component separation distance
d = 40 nm. An anticorrelation between the PL intensity
and PL decay rate was observed for optical pumping at
surface plasmon resonance, and this was attributed to
an increase in both excitation and radiative rate, lead-
ing to enhanced PL intensity and decreased PL lifetime.
Compared to conventional light-harvesting systems
like conjugated polymers andmultichromophoric den-
drimers, our nanoclusters bring an enhanced flexibility
to control the optical output toward a desired applica-
tion and can be regarded as controllable optical
switches via the optically pumped color.

METHODS

AuNPs (50 nm size, Nanopartz Inc.) and carboxyl-function-
alized CdSe/ZnS Qdots (Invitrogen, 605 nm PL peak, 10 nm size
including polymer coating) were functionalized with thiolated

and aminated ssDNA (Integrated DNA Technologies), respec-
tively, and purified according to literature recipes.29,48 We
estimated, on average, about 224 strands of DNA attached
per 50 nm AuNP and 10 strands per Qdot (see Supporting
Information). Functionalized AuNPs and Qdots dispersed in a
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50 mM borate buffer (pH 8.5, 100 mM NaCl) were mixed at a
AuNP/Qdot molar ratio of 1:20 in the presence of appropriate
ssDNA linker(s) and depending on the particular sample and left
to self-assemble onto core/shell nanoclusters by annealing at
room temperature for at least 3 h, followed by several washes by
centrifugation and finally buffer resuspension, with the super-
natant showing no detectable PL signal, thus indicating that all
Qdots have bound to AuNPs (Figure S5).
All spectroscopic experiments reported here were performed

at room temperaturewith bothQdots and core�shell nanoclus-
ters in borate buffer (pH 8.5). UV�vis and PL spectra were
measured with a PerkinElmer Lambda 25 spectrophotometer
and a Varian Cary fluorometer, respectively.
Photoluminescence intensities and lifetimes under laser ex-

citation were measured using an inverted confocal optical
microscope equipped with a 1.4 NA, 100� oil immersion
objective lens with optical excitation achieved with either a
440 nm or a 530 nm pulsed solid-state laser (LDH440/530,
Picoquant, GmbH) using a 10 MHz repetition rate with average
power at the sample of 1 μW at 440 nm and 1.2 μW at 530 nm,
thus accounting for differences in photon energy for the two
colors. The PL emitted by the sample was collected by the same
lens, filtered by a dichroic mirror (Semrock 532DRLP), a long-
pass filter (Semrock 532 LP), and a 75 μm pinhole before
focusing onto a single-photon counting avalanche photodiode
connected to a PicoHarp300 time analyzer utilized in time-
tagged time-resolvedmode. PL intensities and PL lifetimeswere
estimated with the Symphotime (Picoquant) software. The de-
tails of lifetime analysis are given in Supporting Information.
Synchrotron-based SAXS experiments were performed at the

National Synchrotron Light Source (NSLS) X-9 beamline, and
DLS experiments were performed with a Malvern Zetasizer
instrument using a 632 nm He�Ne laser.
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