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ABSTRACT: Understanding the interactions that control the
energy transfer between dyes, or luminescent quantum dots
(QDs), and gold nanoparticles still has several unanswered
questions. In this study we probed these interactions using a
unique model where CdSe-ZnS QDs were coupled to
fluorescent gold nanoclusters (AuNCs). Steady-state and
time-resolved fluorescence measurements were used to
investigate the effects of spectral overlap and separation
distance on the quenching of QD photoemission in these
assemblies, using three different size QDs with distinct
emission spectra and a variable length polyethylene glycol
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bridge. We found that the QD photoluminescence quenching efficiency depends on the spectral overlap and separation distance,
with larger quenching efficiencies than what would be expected for a QD-dye pair with similar overlap. Moreover, despite the
large losses in QD PL, we found no resonance enhancement in the cluster emission for any of the sample configurations used.
These results indicate that the mechanism driving the quenching by metal clusters shares an important feature (namely
dependence on the spectral overlap) with the Forster dipole—dipole coupling at the heart of fluorescence resonance energy
transfer (FRET) and widely validated for dye-dye and QD-dye assemblies. They also prove that the energy losses induced by
metal nanostructures are governed by a process that is different from the Forster mechanism.

B INTRODUCTION

Following the earlier observations proving that proximity to
metal surfaces induces strong quenching of dye emission,
several reports have shown that gold nanoparticles (AuNPs) as
well as other metal nanostructures can act as effective energy
quenchers of proximal organic dyes."” This is in part due to
their broad plasmon absorption, which can overlap with the
emission spectra of several dye donors and high molar
extinction coefficients.> * Such dye—metal nanostructures
were further utilized by various groups to develop an array of
bioassays including sensing of bindin§ events, oligonucleotide
hybridization, and enzymatic activity.” > For instance, Strouse
and co-workers have thoroughly investigated the effects of
changing the spectral overlap and separation distance on the
measured quenching efficiencies for several dye-AuNP pairs."°

Energy transfer quenching of luminescent quantum dots
(QDs) by AuNPs and redox active complexes has also
generated great interest in the past few years.''~'* Assemblies
of QD and metal NPs combine the metal nature of the
nanoparticles (namely, broad plasmon absorption and high
extinction coefficient) with the narrow and size-tunable
emission of the QDs.">™'® Several groups have shown that
the quenching of QD emission in QD-AuNP assemblies,
formed using various chemical schemes, strongly depends on
the nanoparticle size.'”~>* For example, Song and co-workers
compared the quenching efficiencies of CdSe-ZnS QDs
coupled to 1.8- and 5-nm AuNPs in vitro and in live cells.”®
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In particular, they used polymer-coated QDs, which were
modified with sulfo-succinimidyl 4-[N-maleimidomethyl]-
cyclohexane-1-carboxylate (sulfo-SMCC) heterobifunctional
linker, then coupled to a cysteine-terminated peptide; the
latter includes a BACE1 (f-secretase 1) cleavage site and C-
terminal 6 histidine tag. These QDs were coupled to Ni-
nitrilotriacetic acid (Ni-NTA)-modified AuNPs, producing a set
of QD-peptide-AuNP assemblies. The authors measured higher
quenching efficiencies for assemblies using S5-nm AuNDPs
compared to those prepared with smaller NPs (1.8 nm).
They further used these assemblies to detect enzymatic activity
of BACEL in solution and in cell cultures.

In all these studies, the quenching of dyes or QDs (donors)
by proximal AuNPs (acceptors) was found to strongly depend
on the separation distance, r, with quenching efficiencies
extending beyond the usual threshold imposed by the Forster
(fluorescence resonance energy transfer, FRET) dipole—dipole
formalism, where donor losses tend to become negligible at r >
10 nm.** A few earlier studies have used the Forster mechanism
to interpret data collected for dye-metal surfaces, dye-AuNP,
and QD-AuNP constructs, where authors have focused on the
distance-dependence of the quenching efficiency, with 1/r°
dependence reported for ensemble and single molecules
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studies.'"'* More recently, several studies have suggested that a
nanosurface energy transfer (NSET) formalism, based on
dipole-surface interactions between the donor and the electron-
rich metal surface of AuNPs (with a slower decay of the
quenching efficiencies versus separation distance, i.e., 1/
instead of 1/7°), accounts much better for the experimental
data.*'®* Furthermore, quenching driven by NSET does not
conceptually rely on spectral overlap as FRET does.>**

In a previous report, we investigated the photoluminescence
quenching of CdSe-ZnS QDs by 1.4-nm AuNPs using a rigid
variable-length polypeptide bridge (YEHK,,), made of several
core f-strand repeat units, with tyrosine (Y), glutamic acid (E),
histidine (H), and lysine (K) residues located at the turns of
each unit.”” In that study we explored the effects of varying the
number of AuNPs around a QD and the center-to-center
separation distance. We measured higher QD PL quenching
efficiencies for those QD-peptide-AuNP conjugates than for
their QD-peptide-dye counterparts. We also found that even
though the NSET model provided a better description for the
observed trend in the distance-dependence of the quenching
efficiencies, agreement was only qualitative. The values
predicted by the model were consistently smaller than the
experimental ones.”” These findings clearly indicate that overall,
the energy transfer process involving Au and potentially other
metal NPs requires further work and additional rationales to
develop a quantitative understanding of the mechanism(s)
involved. Such understanding will also help to design better
sensing platforms using AuNP quenchers.

More recently, a few groups have succeeded in developing
reproducible synthetic routes to prepare fluorescent gold and
silver nanoclusters (AuNCs and AgNCs) with diameters
smaller than 2 nm.**7' These metal clusters exhibit unique
molecule-like properties, including broad absorption combined
with achievable large Stokes shifts.>**>*3 In certain instances,
tunable emission from green to red and promising colloidal
stability have been regor‘ced.31 A few groups have used them in
cell labeling studies.”® We have reported the use of one phase
growth along with modular polyethylene glycol (PEG)-
functionalized ligands to prepare Au and Ag nanoparticles,
and ultrasmall (~1.2 nm) fluorescent clusters with great
colloidal stability and broad solubility in aqueous and organic
solvents.'*+3°

In this report, we probe the interactions of these fluorescing
clusters with CdSe-ZnS QDs, using constructs assembled via a
polyethylene glycol bridge (ie.,, QD-PEG-AuNC conjugates).
Three different size QDs (green-, yellow- and red-emitting) and
variable length (PEG) ligands have been used to investigate the
effects of the spectral overlap and separation distances on the
measured quenching efficiencies. Because the metal clusters are
fluorescent, our construct provides a new feature to probe the
interactions and quenching mechanism involved, namely, by
addressing the following question: Is there enhancement in the
cluster emission following interaction with the QDs?

B EXPERIMENTAL SECTION

Ligand Synthesis. The ligands used in this study are
modular in nature; each is made up of a lipoic acid (LA) group
appended with a varying length polyethylene glycol (PEG)
segment. We used four terminally reactive ligands, LA-PEG q0-
NH, (PEG My, = 1000), LA-PEGg,-NH, (PEG My, = 600),
LA-PEG,pNH, (PEG My = 200), and LA-PEG,-COOH
(PEG M,y = 600), along with one terminally inert ligand, LA-
PEG.,-OCH; (PEG M,y = 750); the latter was used for

preparing reference samples and for controlling the fraction of
reactive amines per QD. These ligands have been synthesized,
purified, and characterized following the protocols detailed in
previous reports.*®*” The chemically-reduced form of the
ligands, DHLA-PEG,5,-OCH; mixed with small fractions of
DHLA-PEG-NH,, were applied for cap exchange on the QDs,
while pure LA-PEG4y-COOH or LA-PEG,5-OCH; were used
for the growth, stabilization, and functionalization of the red-
emitting Au clusters.'>**

Synthesis and Surface-Functionalization of CdSe-ZnS
Quantum Dots. Three different sets of CdSe-ZnS core—shell
QDs emitting at 525 nm (green, diameter 2 5.6 nm), at 574
nm (yellow, diameter & 6.8 nm), and at 610 nm (red, diameter
~ 7.8 nm) were prepared and used.*** The QD growth was
carried out by reacting organometallic precursors at high
temperature in a coordinating solvent mixture made of trioctyl
phosphine (TOP), trioctyl phosphine oxide (TOPO), and
alkylamines, using two steps: growth of CdSe cores followed by
overcoating with 5—6 monolayers of ZnS.*****' Following
growth and purification, cap exchange with a mixture of
methoxy-terminated DHLA-PEG,5, (95%) and amine-termi-
nated DHLA-PEGy0/600/1000 (5%) has been carried out
following the protocols described in our previous reports;*®’
these QDs are referred to as amine-QDs. We also prepared
QDs capped with 100% methoxy-terminated DHLA-PEG;,
and used them for control experiments.

Growth of Red Fluorescent Gold Nanoclusters
(AuNCs). Here, we briefly describe the preparation of
COOH-functionalized clusters. In a 50-mL round-bottomed
flask, 26.5 mg of LA-PEGg,-COOH ligand was dispersed in 20
mL of deionized water, followed by the addition of 50 uL of
NaOH (2 M) to maintain the pH at 11. Then, 200 uL of S0
mM HAuCl,-3H,0 was added to the reaction mixture; this
corresponds to a Au:ligand molar ratio of 1:3. After S min of
Au-complexes formation, 400 uL of 50 mM NaBH, solution
was added dropwise. The reaction mixture was further stirred
for 1S h at room temperature, and then purified from free
ligands and NaBH, by applying three cycles of centrifugation/
filtration, using a membrane filtration device with a molecular
weight cutoff of 10 kDa (from Millipore).>* AuNCs surface-
functionalized with LA-PEG,-OCH; were prepared and used
for control experiments. These clusters are referred to as
carboxy (COOH)-AuNCs or methoxy (OMe)-AuNCs.

Covalent Conjugation of Carboxy-AuNCs to Amine-
QDs. AuNCs capped with 100% LA-PEG,,-COOH (500 4L, 2
uM) were first activated by using 10 000 equiv of EDC (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N-
hydroxysuccinimide) in PBS buffer (10 mM, pH 6.5) for 30
min. Excess unreacted EDC and NHS byproducts were
removed by centrifugation/filtration, using a membrane
filtration device with a cutoff molecular weight of 10 kDa
(Millipore). Then, the desired amount of activated AuNCs was
added to a dispersion containing SO uL (from a 2 uM stock
dispersion) of amine-QDs in 450 uL of PBS buffer (10 mM,
pH 7.4) and incubated for 1 h. The final concentration of QDs
in the samples was maintained at 0.2 yM, while the AuNC-to-
QD molar ratio was varied between 0-to-1 and 3-to-1. The
concentration of AuNCs was calculated by using the extinction
coefficient reported for commercially available 1.4 nm size
AuNPs (g450 = 112000 cm™ M™'); the size of the present
cluster determined by TEM is ~1.2 nm.*® This indicates that
the extinction coefficient is only approximate, implying that the
reported molar ratios are slightly underestimated.””
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Photophysical Characterizations. The optical absorption
spectra were collected with use of a UV—vis absorption
spectrophotometer, UV 2450 model from Shimadzu (Durham,
NC). The emission spectra were collected on a Fluorolog-3
spectrometer (HORIBA Jobin Yvon Inc., Edison, NJ) equipped
with TBX PMT and air-cooled CCD camera detectors. The
time-resolved (TR) fluorescence decay data were collected and
analyzed with a TCSPC (time correlation single photon
counting) system integrated into the same Fluorolog-3. We
used a pulsed excitation signal at 440 nm (100 ps, fwhm) with a
repetition rate of 1 MHz, provided by a NanoLED-440LH,
while the detection was collected on the same TBX PMT
detector mentioned above. The fluorescence decay traces of the
QD emission (limited to a narrow window centered at the peak
of the PL spectrum) were fitted to a three-exponential function:

(1)

where ¢ is time and A, is a weighing parameter associated with
each decay time, 7, From fits of the decay curves using Data
Station software (Horiba Jovin-Yvon), we extracted an average
amplitude-weighted lifetime defined as:

ZAiTiz
T, ==
" T

I(t) = Ale_t/r‘ + Aze_t/f2 + A3e_t/T3

)

The PL quenching efficiency, E, was extracted from the steady-
state and/or time-resolved fluorescence profiles, using the
expressions

E=1 Fpa
Fp )
for steady-state and
E=1_ DA
D (4)

for time-resolved, where Fp, and Fj, designate the PL intensity
measured for QDs coupled to AuNCs and QDs alone,
respectively. Similarly, 7p, and 7p, designate the exciton
lifetime measured for QD-assemblies with and without
AuNCs, respectively. The quantum yields of the samples
(QYqumpte) Were determined with respect to a reference (QY,.f)
with use of the following equation: QYmple [ (Foampte/
Fref) (Aref/Asample)(nsamplez/nrefz)Q.Yref]) where F, A, and n are the
measured fluorescence (area under the emission peak),
absorbance at the excitation wavelength, and the refractive
index of the solvent, respectively.”* The PL QY values were
determined relative to Rhodamine 6G in ethanol (QY,, =
94%).

B RESULTS AND DISCUSSION

The QD-AuNC assemblies used in this investigation were
formed via covalent coupling of luminescent QDs and
fluorescent clusters capped with similar PEGylated ligands.
The assembly relies on a common and easy to implement
coupling strategy, and it provides an inert bridge between the
QDs and Au clusters. Starting with carboxy-functionalized
clusters (AuNCs grown using LA-PEG4,,-COOH ligands), the
COOH groups were activated with N-hydroxysuccinimide
(NHS) to yield NHS-activated AuNCs, which were further
reacted with amine-functionalized QDs (amine-QDs); the QDs
were prepared via cap exchange, using a 95:5 mixture of
DHLA-PEG,5-OCH, (inert) and DHLA-PEGg,-NH, (reac-
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tive) ligands.>**” Figure 1A schematically shows a nanoscale
construct in which the QD acts as the exciton donor while the
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Figure 1. (A) Schematic representation of the QD-PEG-AuNC
conjugates; one cluster per conjugate is shown. (B) UV-—vis
absorption spectrum of AuNCs (black line) and normalized emission
spectra of the three CdSe-ZnS QDs used in this study, 525-nm QD
(green circle), $74-nm QD (dark yellow circle), and 610-nm QD (red
circle) and the far red-emitting AuNCs (red-wine line). The inset
shows plots of the resulting overlap functions, J(4) =
PLp.or(4)A%€4(1), highlighting the effects of size tuning the QD
emission on the degree of spectral overlap with the AuNCs. The
absorption spectrum was collected by using a cell with 10 mm optical
path and a concentration of 0.2 yM AuNCs.

clusters are the acceptors/quenchers. These constructs allowed
the attachment of controllable numbers of AuNCs to a QD
center and the ability to vary the spectral overlap between the
AuNC absorption and QD photoluminescence spectra, as well
as the separation distance, all via an inert PEG linker. The
broad but progressively decaying absorption profile of the
clusters expanding to 700 nm allowed easy tuning of the
spectral overlap (Figure 2B). We used three different size
CdSe-ZnS QDs with emission peaks centered at 525, 574, and
610 nm; these correspond to inorganic core—shell diameters of
5.6, 6.8, and 7.8 nm, respectively (Figure 1B).*** The
corresponding spectral overlap integrals, I, were calculated
from integration of the spectral overlap function, defined as
J(4) PLp o (A)A%€s, where PL, and &, designate the
normalized fluorescence spectrum of the donor and the
extinction coeflicient spectrum of the acceptor, respectively
(see Table 1 and Figure 1B). %

We would like to stress that the present des{gn differs from
what we have used in our previous work.”” The present
quenchers are made of far red-emitting (~750 nm) cluster
materials with a size of 1.2 nm, whereas those used previously
were made of commercially available (1.4 nm) nonfluorescent
small nanoparticles. This provides a new system to test the
nature of the interactions between luminescent QDs and
metallic platforms beyond the commonly used approach where
effects of the separation distance, r, are often investigated. In
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Figure 2. Select PL spectra collected from 525-nm emitting QD-PEG-AuNC conjugates (assembled via a PEGgy-plus-PEGg, bridge), using
excitation at 450 nm, before (A) and after (B) subtracting the contribution from direct excitation of the clusters and signal deconvolution. The inset
shows the PL emission spectra of 525-nm QDs, red-emitting AuNCs and QD-PEG-AuNCs conjugates using an AuNC-to-QD ratio of 3-to-1. (C)
Plot of the quenching efficiency as a function of the number of AuNCs per QD from data in part B. The quenching data were fitted by using eq S,
accounting for the correction due to conjugate heterogeneity using the Poisson distribution (solid red line) and eq 6 (solid blue line). (D) The
corresponding normalized time-resolved PL decay curves with increasing AuNC-to-QD molar ratio. The solid red lines are fits to the data using

three-exponential-decay using eq 1, as described in the text.

Table 1. Summary of the Measured PL Quenching
Efficiencies for the Three Different Size QDs Used, Together
with the Corresponding Spectral Overlap Integrals, and
Ratios k,/k? and k,/k.*

525-nm QDs 574-nm QDs  610-nm QDs
PL quenching 0.64 £0.019 041 £0.022  0.17 £ 0.01
overlap integral, 4.54 4.31 3.46
10 X I (ecm®/M)
k./kp 0.67 + 0.026  0.83 + 0.037 097 + 0.04
ke/k, 1621 £ 0.59  5.64 + 0.49 2.19 £ 0.5

“Data compiled for an average QD-AuNC valence of 1.

those studies, authors often focused on addressing the following
question: Does the quenching efficiency vary as the fourth or sixth
power of 12>

Steady-State and Time-Resolved Fluorescence. We
combined steady-state and time-resolved fluorescence measure-
ments to evaluate the QD PL quenching induced by the
proximal AuNCs. Figure 2AB shows the composite and
deconvoluted steady-state PL spectra collected from a set of
green-emitting (525 nm) QDs, coupled to Au clusters with
increasing AuNC-to-QD ratio. The direct excitation contribu-
tion to the total signal was removed from the final
deconvoluted spectra as shown in Figure 2B. Figure 2C
shows a plot of the quenching efficiency, E, vs AuNC-to-QD
molar ratio extracted from the data. The corresponding time-
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resolved decay profiles compiled in Figure 2D show a
significant decrease in the QD excited-state lifetime upon
conjugation to the AuNCs, and that such change also tracks the
number of clusters coupled to a QD. The above changes in the
steady-state and time-reolved PL clearly show that a
pronounced and progressive quenching of the QD PL is
measured for increasing AuNC-to-QD ratio. In comparison,
control experiments with inert (methoxy-functionalized)
AuNCs mixed with amine-QDs or methoxy-terminated QDs
mixed with NHS-activated AuNCs show marginal PL
quenching, attributable to solution phase interactions (see the
Supporting Information, Figure S1). This result indicates that
the contributions from nonspecific interactions are negligible.
We have also investigated the effects of varying the spectral
overlap between the QD emission and cluster absorption
spectra on the measured PL quenching. A representative set of
deconvoluted steady-state PL spectra, corrected for direct
excitation contribution of the AuNCs, along with time-resolved
decay curves collected from the 574-nm-emitting QD-PEG,-
plus-PEG¢y,-AuNCs are shown in Figure 3A,B. The data
corresponding to 610-nm-emitting QD-AuNC assemblies are
shown in the Supporting Information (Figure S2). Figure 3C
shows plots of the PL quenching efficiency, E, of all three size
QDs as a function of the number of AuNCs coupled to
(reacted with) the nanocrystals. All these QDs (emitting at 525,
574, and 610 nm) were ligand exchanged with 5% DHLA-
PEGgy-NH, (see the Experimental Section). Data show that

dx.doi.org/10.1021/jp404952x | J. Phys. Chem. C 2013, 117, 15429—15437
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Figure 3. (A) Select PL spectra collected from assemblies using 574-
nm-emitting QDs after correction for direct excitation contribution to
the cluster emission and signal deconvolution; samples were excited at
450 nm; (B) the corresponding normalized time-resolved PL decay
curves with the increasing number of AuNCs per conjugate. (C) Plots
of the quenching efficiency versus number of clusters per QD for the
three different size QDs, green (square), yellow (circle), and red QDs
(triangle) used in this study. The solid red lines correspond to fits to
the data using eq S, as described in the text.

among the dispersions studied, the highest PL quenching is
measured for the green-emitting QDs, while the red-emitting
QDs experienced the weakest quenching; the green- and red-
emitting QDs have the largest and smallest spectral overlap
with the cluster absorption, respectively (see Figure 1B).
Nonetheless, we should note that in addition to the decrease in
the spectral overlap when the QD emission shifts to larger
wavelengths (red vs green emission), the center-to-center
separation distance is also slightly increased. Though modest,
such increase further weakens the interactions and reduces the

measured quenching for the yellow- and red-emitting nano-
crystals compared to the smaller size (green-emitting) QDs;
this occurs in addition to the effects of changes in the spectral
overlap.

Finally, we probed the effects of varying the separation
distance between QD and AuNCs. This was achieved by using
QDs functionalized with different length PEG-amine ligands
prior to coupling to the COOH-AuNCs. Three samples of 574-
nm (yellow-emitting) QDs were prepared by using 95%
DHLA-PEG,,-OCH, mixed with 5% DHLA-PEG,-NH, (M,
= 200), DHLA-PEG,-NH, (M,, = 600), or DHLA-PEG, 00"
NH, (M,, = 1000), and conjugated to PEGgy-COOH-AuNCs
(see the Experimental Section). Figure 4 shows the quenching
efficiency measured for these three sets of QD-PEG-bridge-
AuNC assemblies. A representative set of deconvoluted spectra,
corrected for direct excitation contribution of AuNCs along
with time-resolved decay curves collected from QD-AuNC
conjugates assembled by using a PEG,g-plus-PEG, bridge are
also shown. Data collected with use of longer bridges (PEG;ggo-
plus-PEGqq,) are provided in the Supporting Information
(Figure S3). These results clearly indicate that longer PEG
bridges (i.e, larger r values) produce smaller quenching
efficienies throughout the AuNC-to-QD molar ratios used,
and vice versa. The differences measured in the steady-state
data are supported by the time-resolved data where shorter
exciton lifetimes are measured for the shorter PEG bridge
(Figure 4).

We now discuss the above findings within the framework of
nonradiative quenching of the QD emission by proximal Au
clusters. We attribute the measured and ratio-dependent PL
losses for the various QD-PEG-AuNC assemblies to non-
radiative loss of the QD excitation energy when Au clusters are
brought in close proximity (see Figure 3). Such loss is strongly
affected by the degree of spectral overlap and the separation
distance, r, as has been observed for QD-dye as well as dye-
AuNP pairs.'"”* The dependence of the quenching efficiency
on the AuNC-to-QD ratio (or conjugate valence, n) shown for
the various samples (see Figures 3C and 4C) could be best
fitted by using an equation of the form:"’

N
E(N) = ) p(n, N)E(n) “

with p(n,N) = N"(e™/n!), where N is the average acceptor-to-
QD ratio used and 7 is the exact number of acceptors (AuNCs)
conjugated to the QD. The Poisson distribution function,
p(n,N), accounts for heterogeneity in the conjugate valence,
and E(n) is given by:**

pn

Eln) = bn+ K ©)

This expression for E versus # is similar to what was developed
for centro-symmetric Forster one-donor-multiple-acceptor
assemblies such as QD-dye conjugates, Epppr = nRy/(nRy® +
1°), where R, is the Forster radius corresponding to Egppr(n=1)
= 50%, and r is the center-to-center separation distance (see
below).*> Here K depends on the separation distance and /3 is
related to the strength of the interactions between the QD and
bound clusters. This analysis reflects two important features of
our materials: (1) the centro-symmetric configuration of the
QD-assemblies, imposed by the spherical nature of the QDs
and the equidistant but random arrangement of the attached
clusters; (2) the effects of heterogeneity in the conjugate
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Figure 4. (A) Select PL spectra collected from $74-nm-emitting QD
conjugates (formed using a PEG,g,-plus-PEGg, bridge) after
subtraction of the direct excitation contribution to the cluster emission
and signal deconvolution (samples were excited at 450 nm); (B) the
corresponding normalized time-resolved PL decay curves with
increasing AuNC-to-QD ratio. (C) Cumulative plots of the quenching
efficiency versus AuNC-to-QD molar ratio for conjugates using 574-
nm-emitting QDs and three different PEG bridges, PEG,y-plus-
PEGg, (square), PEGgy-plus-PEGg, (circle), and PEG,g-plus-
PEGgy, (triangle). The solid red lines are fits to the data with the
Poisson distribution correction taken into account (using eq S).

structure (i.e., valence), which is an inherent property of these
assemblies.*¥**

The values for K/f extracted from fits by using eqs S and 6
vary with the size/emission of the QDs used (for QD-PEG-
AuNCs conjugates with the same PEGgy-plus-PEGg, bridge),
with K/f = 1.35, 3, and 8.2 for the green-, yellow-, and red-
emitting QDs, respectively. The observed trend is consistent
with the expected slight increase in K (due to an increase in the
nanocrystal size) combined with a decrease in  due to changes
in spectral overlap associated with red shifting of the QD
emission. A similar trend is also observed when the separation
distance between the QD and AuNCs is varied by using
different PEG bridges while maintaining the same QDs in the

assemblies: we measured K/f values of 1.8, 3, and 4.8 for
assemblies using yellow-emitting QDs coupled via PEGyp-plus-
PEGgo, PEGggo-plus-PEGggp, and PEG, ygp-plus-PEGgq, bridges,
respectively (Figure 4).

We should note that fitting the experimental data (E vs n) by
using only eq 6, without accounting for the heterogeneity in the
conjugate valence (using the Poisson distribution), does not
provide a good agreement with the experimental results (see
Figure 2C). Moreover, the values for K/f extracted by using
data fit to eq 6 are slightly different from (smaller than) those
provided by fits to eq S, with K/f = 0.39, 1.62, and 6.83 for the
green-, yellow-, and red-emitting QDs, respectively. This is due
to the fact that rather high quenching efficiencies are measured
at 104\27 valences where conjugate heterogeneity plays a larger
role.

In the above treatment using E vs AuNC-to-QD molar ratio,
we assumed that all the clusters have reacted with the QDs,
producing a final valence equal to the molar ratios of added
reactants. The data could also be analyzed by using a plot of E
versus the concentration of the clusters (cyuc), using E =
B caanc/ (B camnc + K), and a similar trend would result.*® This
is due to the fact that the final number of attached clusters per
QD-conjugate is proportional to the relative concentrations of
the QDs and clusters used during the coupling reaction, as
anticipated from the first-order bimolecular kinetics.*”**

We would also like to emphasize that the quenching
efficiencies measured for the present QD-AuNC assemblies
are larger than what would be expected for QD-dye pairs
having the same spectral overlap and dot-to-dye separation
distance. For example, using the overlap integral measured for
the 525-nm-emitting QD-AuNC pair (I = 4.54 X 107" cm®
M), the expected value for the Forster radius (given by R, =
[9.78 X 103]{nD_4KP2(DDI}1/6 is = 43 A; here we used the QY of
the QD (donor), ®p, the refractive index of the water medium,
np, and a value for the dipole orientation parameter, kP2 =
2/3.434 Combining the value for Ry an estimate for the
separation distance, , extracted from the lateral extension of
the PEG bridge r = SS A, and the classical expression for the
FRET efficiency given by E = Ry*/(R,® + r°), a quenching
efficiency for a one-donor-to-one-acceptor pair of 0.20 is
calculated.** We used a swollen (Flory type) configuration for
the PEG bridge with a monomer size of 3.4 A and an end-to-
end-distance of ~2.3 nm.* This estimated quenching efficiency
is 3 times smaller than that obtained for the equivalent QD-
AuNC pair and is consistent with what we reported in our
previous study.”’

Our results also show that these QD-cluster systems exhibit
another substantial difference from what is observed for a
FRET process: there is no enhancement in the cluster
fluorescence despite the substantial loss in the QD emission.
Indeed, we consistently found that the contribution of the
clusters to the measured PL spectra completely emanates from
direct excitation, and once that direct excitation contribution is
subtracted from the composite spectra, only the fraction of PL
emission left from the QDs is collected for every set of QD-

AuNC assemblies studied (see Figures 2—4). This is drastically
different from what has been measured when fluorescent dyes
(or proteins) are coupled to the QDs.**° In those systems, the
loss in QD PL is always accompanied with a substantial
enhancement in the dye emission, unless the dye acceptor is a
dark quencher.”*! Such enhancement was found to track the
number of dyes coupled to a QD, and increases with increasing
spectral overlap and/or decreasing separation distance. The
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data shown in Figures 2—4, though somewhat puzzling, indicate
that the mechanism driving the interactions and quenching still
shares a few common features with resonance energy transfer
treated within the conventional Forster dipole—dipole inter-
action mechanism, with its reliance on proximity and spectral
overlap. However, the absence of any enhancement in the
cluster emission indicates that such quenching is driven by a
process that is different from the conventional Forster dipole—
dipole process, where the relaxation of QD excitation energy is
altered nonradiatively and presumably lost into the surround-
ings as heat. No fraction of that excitation energy serves to
resonantly excite the surrounding clusters and produce added
contribution to their emission. We should note that additional
experiments to measure the PLE (photoluminescence
excitation or excitation scan) spectra of the clusters using
detection anywhere across the emission profile consistently
produced spectra that are similar in shape (see the Supporting
Information, Figure SS). Furthermore, those spectra repro-
duced the features measured in the absorption profile shown in
Figure 1. This essentially indicates that the fluorescence
emission of these clusters obeys the Kasha rule.>>

Radiative and Nonradiative Exciton Relaxation. To
gain further insight into how the exciton relaxation pathways
are affected/altered by the presence of the clusters, we follow
the rationales we used in our previous report.”” We introduce a
nonradiative channel for the exciton relaxation (identified as
energy transfer or energy loss), caused by interactions with the
proximal clusters, with a decay rate k. As done previously, we
assume that the QD PL nonradiative pathways (other than ET)
are not affected by the cluster presence, i.e., k. = k.’ ky, and
k, correspond to QD-AuNC assemblies and QDs alone,
respectively.>>>* Using the expression of the QY as a function
of the decay rates, one can derive relations between changes in
the radiative and energy transfer rates, k, and k, and the total
decay rates, k° and k, of the QDs before and after assembly with
the clusters.”>*’

R
k, ¢ ¢ k (7)
ke pktketke ¢k
K¢ kO +k, ¢k 8)

where @° and @ are respectively the quantum yields (QY)
measured in the absence and presence of AuNCs.

We use these expressions along with the experimental
parameters to extract values for the energy transfer and
radiative rates, k. and k,, as done in ref 27. Combining steady-
state data and time-resolved QD PL measurements, we
extracted estimates for the normalized radiative and energy
transfer decay rates (using eqs 7 and 8) for the QD-AuNC
conjugates, and tracked their dependence on the nanocrystal
size (or spectral overlap). Table 1 shows the quenching
efficiencies of the three sets of QDs used in this study after
conjugation with approximately one AuNC per conjugate,
along with the progression of k,/k,° and k./k,. The ratio k/k°
is equal to 0.67 + 0.026, 0.83 + 0.037, and 0.97 + 0.04 for the
green-, yellow-, and red-emitting QDs, respectively. Data show
that the 525-nm-emitting QDs, which have the highest spectral
overlap with the cluster absorption, exhibit the largest change
(decrease) in the radiative rate compared to the control sample.
Conversely, k., is significantly higher (k./k, > 1 for all three
samples, see Table 1) and progressively decreases with

increasing QD sizes, or decreasing spectral overlap. These
observations confirm that while the QD radiative rate is slightly
changed, the presence of AuNCs introduces a nonradiative
pathway which importance strongly depends on the spectral
overlap between QDs and Au clusters.

Similarly, Table 2 shows that the radiative decay rate, k,
derived for the yellow-emitting QD-conjugates prepared by

Table 2. Summary of the PL Quenching Efficiencies
Measured for 574 nm-emitting QDs Coupled to the AuNCs
Using Three Different PEG Bridges.” The Corresponding
Ratios k. /k° and k,/k, are also Shown

PEG-plus- PEGggp-plus- PEG; gpo-plus-
PEGgq, bridge PEGgq, bridge PEGgq, bridge
PL 0.57 + 0.028 0.41 + 0.022 0.27 £+ 0.02
quenching
k./k? 0.86 + 0.03 0.83 + 0.037 0.87 + 0.046
ko /k. 665 + 022 5.64 + 0.49 3.14 + 0.66

“Data compiled for an average QD-AuNC valence of 1.

using PEG,g-plus-PEGgg, PEGgg-plus-PEGgy, or PEGigg0-
plus-PEGgy, bridges is essentially unchanged in the presence of
AuNC:s (k,/k° ~ 0.9), even when the QD PL quenching is very
efficient (shortest separation distance). However, the ratio k,/
k. decreases with increasing separation distance (Table 2). This
observation is similar to results reported in previous studies
with dyes or QDs paired with AuNPs, and indicates that the ET
decay rates are drastcially reduced at larger separation
distances.>>*’

Overall, the above results indicate that the radiative decay
rates measured for the QD-AuNC conjugates with a fixed PEG
bridge slightly increase with decreasing spectral overlap (Table
1). These rates are not affected by changes in the PEG bridge
(separation distance) if the spectral overlap stays constant (e.g.,
see k,/k.? values for QD-AuNC conjugates assembled by using
574 nm-emitting QDs, Table 2). In contrast, k., is significantly
higher than k, (k./k. > 1) and progressively decreases with
increasing separation distance. Decrease is even more
pronounced with decreasing spectral overlap (see Table 1).
These observations confirm that while the QD donor radiative
rate is either marginally or not changed, the presence of the
clusters introduces an additional and efficient nonradiative
pathway for the QD exciton relaxation.>* Nonetheless, the
nonradiative interactions with the proximal Au clusters are “not
resonant”, as all the transferred excitation energy does not
contribute additional enhancement to the emission of the
AuNC “acceptors”. This further confirms that the quenching of
the QD emission in this system is controlled by quenching
mechanisms other than the Forster resonant energy transfer
process.

B CONCLUSION

In summary, we have designed and tested a new energy transfer
nanostructure model, combining luminescent CdSe-ZnS QDs
and fluorescent gold nanoclusters (AuNCs). We used steady-
state and time-resolved fluorescence measurements to system-
atically examine the quenching of the QD photoemission
induced by interactions with the proximal AuNCs, and varied
three important parameters: (1) the ratio of AuNC-to-QD for a
given bridge length, (2) the spectral overlap using three
different size QDs emitting at 525, 574, and 610 nm, and (3)
the separation distance, using variable polyethylene glycol
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bridges. We found that higher quenching efficiency was
measured for the smallest QD, which exhibits larger spectral
overlap with the cluster absorption, and/or when shorter
separation distances are used. We also found that, regardless of
how strong the quenching for all QD samples studied was, no
enhancement in the cluster emission was measured.

We attributed these findings to nonradiative alteration of the
QD excitation energy due to interactions with the proximal
metal clusters, where a strong energy transfer channel is
introduced, while little to no change is measured for the
radiative channel. Our results also indicate that the quenching
of the QD fluorescence is due to mechanisms other than the
conventional Forster (FRET) formalism. The strong quenching
measured for these assemblies could provide an effective
platform for sensing applications. In these constructs, a peptide
or oligonucleotide bridge (e.g., recognized and cleaved by an
enzyme) could be used to promote the interactions and
quenching of the QD emission. The fixed cluster emission
would provide a reference signal, while modulation of the QD
emission will permit a quantification of the interaction
efficiency and sensing.

B ASSOCIATED CONTENT

© Supporting Information

Additional data on the PL quenching from control solutions
and using other QD-PEG-bridge-AuNC assemblies, along with
PLE spectra collected from cluster dispersions. This material is
available free of charge via the Internet at http://pubs.acs.org.
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