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ABSTRACT:

Non-radiative energy transfer to metal nanoparticles is a technique used for optical based distance
measurements which is often implemented in sensing. Both Forster resonant energy transfer (FRET) and
nanometal surface energy transfer (NSET) mechanisms have been proposed for emission quenching in
proximity to metal nanoparticles. Here quenching of emission of colloidal quantum dots in proximity to a
monolayer of gold nanoparticles is investigated. Five differently sized CdTe quantum dots are used to
probe the wavelength dependence of the quenching mechanism as their emission peak moves from on
resonance to off resonance with respect to the localized surface plasmon peak of the gold nanoparticle
layer. The gold nanoparticle concentration and distance dependences of energy transfer are discussed.
Photoluminescence quenching and lifetime data are analysed using both FRET and NSET models and the
extracted characteristic distances are compared with theory. Good agreement with FRET theory has been
found for quantum dots with emission close to the localized surface plasmon resonance, though larger
than expected Forster radii are observed for quantum dots with emission red-shifted with respect to the
localized surface plasmon peak. Closer agreement between experimental and theoretical characteristic

distances can be found across the full wavelength range within a NSET approach.

KEYWORDS: Surface Plasmons, Fluorescence Quenching, Gold Nanoparticles, Quantum Dots, Forster

Resonance Energy Transfer, Nanometal Surface Energy Transfer



In recent years, nano-sensors based on the localized surface plasmon (LSP) induced quenching
of fluorophores continue to attract a lot of interest.> In particular the distance dependence of the
quenching process of molecular dyes* and colloidal quantum dots (QDs)" ° created the basis for
a plasmon-ruler with an extended range compared to the previously proposed nano-ruler® based
on FRET between two fluorescent molecules.” ® A good understanding of the distance
dependence is important for the design of nano-sensors as the transfer efficiency, and
consequently the sensitivity of the nano-sensor, drops off strongly with increasing distance.
Distance dependent quenching in single fluorophore-metal nanoparticle (MNPS) pairs has been

studied using variable length polypeptide® and DNA strands® °

and more recently gold
nanoparticles (Au NPs) incorporated in DNA origami.’® The impact of the spectral overlap, of
the LSP resonance and the emission spectrum of the fluorophore, on the quenching efficiency by
the MNP has been analyzed by varying the molecular dye or QD emission or the Au NP size. **
12 It is important to investigate the concentration dependence of the LSP quenching process, as
this can also impact on the sensitivity nano-sensors. By understanding the distance and
concentration dependence of a particular MNP-fluorophore system, the optimum conditions for
high sensitivity can be determined. The distance, wavelength and concentration dependences of
the quenching process of molecular dyes and QDs by MNPs can be analysed using theories
describing non-radiative energy transfer between dipoles within both FRET™'® and NSET
formalisms.* > 1

For many applications semiconductor QDs offer advantages over the typically used molecular
dyes, such as their narrow and tunable emission lines, higher photostability and high quantum
yields.® ' In addition to the distance dependence of the QD emission quenching by near-by

metal NPs,>° the formation of oppositely charged QD-metal NP nano-assemblies in solution has

been investigated and the observed QD emission quenching as a function of the QD — metal NP



ratio was explained by energy transfer in predominantly single QD - single metal NP
structures.”® The dependence of the QD emission quenching efficiency on the spectral overlap
with respect to the LSP resonance and the MNP concentration are important characteristics for
optimization of QD — metal based nano-sensors and other photonic devices.’* % In particular,
guenching of QD emission by a plane of MNPs has not been comprehensively studied. For
example, the authors reported on LSP enhancement of energy transfer between planes of QDs
and in such a system quenching of the QD emission by a plane of MNPs is a competing
mechanism.?>* 22 Energy transfer from dyes to a nanostructured silver film, formed by the
accumulation of particles of various sizes ranging from nanometers to microns, has also been
recently reported.* Apart from its relevance to sensing and photonic device applications, by
using a planar geometry the Au NP-QD separation as well as the Au NP concentration can be
independently controlled. The wavelength dependence can be probed by using differently sized
QDs. To the best of our knowledge this is the first characterization of the QD — metal energy
transfer mechanism as a function of the separation, MNP concentration and wavelength

dependence in a planar geometry.

Here, the emission quenching in a CdTe QD - colloidal Au NP bilayer structure is examined.
Distance and Au NP concentration dependences of the emission quenching are characterized for
five different sizes of CdTe QDs, with peak emission wavelength varying from 534 nm to 660
nm (see Fig. 1). The QD emission is tuned from on resonance to off resonance with respect to
the LSP peak of the Au NP layer. The quenching is characterized using both photoluminescence
(PL) spectra and PL lifetime decays. The distance and Au NP concentration dependences are
compared with both FRET and NSET models. The different formalisms to describe non-radiative

energy transfer for single emitter-MNP pairs have been reviewed elsewhere, here we will present



details relevant to energy transfer to a plane of MNPs.>** A schematic of the structure is shown

as an inset in Fig. 1.

The non-radiative energy transfer efficiency is given by
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where k,, k,,. and kp; are the radiative recombination rate, the non-radiative recombination

rate and the non-radiative energy transfer rate, respectively. Within the FRET formalism, the QD
and Au NP are approximated as point dipoles, and for a single QD-Au NP pair the energy

transfer rate can be expressed as
6
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where 7, =(k, +k, ) "is the intrinsic lifetime of the quantum emission decay, that can be
determined from time-resolved photoluminescence measurements, r,, is the centre to centre
separation between the QD and Au NP. R,, the Forster radius, is the characteristic distance at

which the energy transfer efficiency is 50%. The Forster radius is given by?* %*

n4
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x* is the orientation factor of the dipoles and has a value of 2/3 for randomly oriented dipoles as

in the structures considered in this paper. QY is the PL quantum yield of the QDs, = is the

refractive index of the surrounding medium and J:IIAQD(A)-gAMNP(/I)-l“d/‘L is the spectral
0



overlap of the area-normalized donor QD emission spectrum, fQD(/I) , and the acceptor Au NP

extinction spectrum. The QD QY can be experimentally obtained by comparing the spectral
properties of the QDs with those of a well known luminescent reference such as Rhodamine 6G,
as used here. In case of bilayer structures the rate of energy transfer to the Au NP plane is

expressed as
R 6
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where 7, is the separation from the centre of the QD to the centre of each Au NP. Performing an

integration over an infinite plane the energy transfer efficiency can be expressed as

1
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where ¢, is the Au NP concentration and d =t +ryp +14,is the separation between the QD

monolayer and Au NP monolayer, which includes the spacer layer thickness, ¢, as well as the

radii of the QD, ryp and Au NP, ry,. It can be seen that the FRET efficiency for a QD

interacting with a plane of Au NP acceptors shows a ¢ dependence as opposed to the d~°

dependence observed for a single donor-acceptor pair.?

Within the NSET formalism, energy transfer for a single QD-Au NP pair is considered to
occur from a donor point dipole QD to an infinite Au surface.”® The energy transfer rate can be

expressed as
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in which the separation between the QD and the Au surface includes only the QD radius and the

spacer layer thickness, ¢. The characteristic distance for which the NSET efficiency is 50%,

denoted as d;, can be calculated from
y l 3 1/4
d, = [0.225-9—-—-0—] )

where @, =8.4x10"rad/s and k, =1.2x10° cm™ are the bulk gold angular frequency and

Fermi vector, respectively, c¢ is the speed of light, » is the refractive index of the medium, and

oy, 1S the QD emission frequency.* The inclusion of the refractive index in this manner is

justified by observing that the radiative decay rate in a medium of refractive index » is given

by k., = nk°, where k° is the radiative decay rate in vacuum.

In case of bilayer structures, with each QD-Au NP pair interaction treated within the NSET

formalism, the rate of energy transfer to the Au NP plane is expressed as

4
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By integration the NSET efficiency can be expressed as
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The non-radiative energy transfer efficiency for a QD interacting with a plane of Au NP
acceptors within the NSET formalism shows a 42 separation dependence as opposed to the d*

dependence for FRET to a plane of acceptors.



RESULTS AND DISCUSSION
Bilayer structures with QDs and Au NPs were prepared by a layer-by-layer deposition
technique. The colloidal Au NPs have an average diameter of 5.5 nm, and monolayers of

different Au NP concentrations are prepared by varying the immersion time in the Au NP
solution. An absorption spectrum of a Au NP layer with a concentration of ¢,, =0.11x10" m?

is shown in Fig. 1.
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Figure 1: Photoluminescence (PL) spectra of monolayers of each of the five different sizes

thioglycolic acid (TGA) stabilized CdTe QDs (right axis), and the absorption spectrum (left axis)
of a gold nanoparticle (NP) layer, with a concentration of ¢, =0.11x10" m?, (grey line). A

schematic of the bi-layer structure is also shown.

Five different sizes of TGA stabilised CdTe QDs were used, and the diameters are given in

Table 1. Reference monolayers of the QDs are prepared by depositing the QDs directly on a

polyelectrolyte buffer layer on a quartz substrate. The monolayer PL emission peak (4,,,) varies

from 534 nm to 660 nm with increasing QD size, as shown in Fig. 1. The emission of the



smaller, green emitting QDs is close to the resonance of the LSP absorption peak of the Au NP
layer. As the size of the QDs increases the emission is red-shifted with respect to the LSP peak.
To complete the QD-Au NP bi-layer structures, the QD layers are deposited on a polyelectrolyte

spacer layer covering the Au NP layer. The QYs of the QDs in the layers are given in Table 1.

The quenching of the QD emission through interaction with the Au NP layer was characterized
using the PL spectral quenching and the lifetime quenching. The PL quenching,

Opr =1 1,4,/ 1op » Was calculated from the integrated spectral emission of the QD reference

monolayer, [,,, and that of the layers deposited on top of gold NP layers, I The lifetime

oD onAu *

quenching, Q;7 =1-1,,4,/7op , Was calculated from the PL decay times of the QD reference

monolayer, z,,,, and the QD layer on top of the Au NP layer, 7 The average lifetimes were

ondu *
determined from bi-exponential fits of the time-resolved PL traces.”” ?® The QD reference
monolayer has the same QD concentration, to take account of the QD concentration dependence
of the PL lifetime of monodispersed QD monolayers.?’

The distance dependent quenching, as a function of the polyelectrolyte spacer layer thickness,
is shown for four QDs in figures 2(a)-(d). The Au NP concentration was adjusted slightly to
achieve a similar quenching range for the different QDs. The Au NP concentration dependence
of the quenching efficiency is fully examined in the next section. The polyelectrolyte spacer
layer thickness, verified using a X-ray diffraction technique,”® was varied from 3 nm to 18 nm.
For all QDs the PL emission quenching increases as the separation between the QD and Au NP
monolayers is reduced, and the lifetime shortens more as the QD monolayer is brought in closer
proximity to the Au NP layer. Firstly, it can be noted that there is close agreement of the PL

quenching with the lifetime quenching indicating that the change in the QD PL and lifetime is



due only to changes in the non-radiative rate, through the introduction of the additional

mechanism of energy transfer to the Au NPs, and that the QD radiative rate, %, , is unchanged.”
It is also expected that the intrinsic non-radiative rate, %,,, of the QD is unaffected by the QD-

Au NP interaction.®® Therefore, the PL and lifetime quenching are signatures of the non-radiative
energy transfer mechanism from the QD to the Au NP layer and the energy transfer efficiency is
E=0p =01

The separation dependence can firstly be analyzed within the FRET model. The experimental
FRET efficiency can be fitted using equation (5). As the centre to centre separation, d , and the

Au NP concentration, c,,, have been independently measured, the Forster radius, R,, can be

determined from the fit. The best fit is shown as solid black line on each of the graphs in Fig. 2,

and the extracted Forster radii, R,, are given on each graph. Firstly, it can be noted that the trend

of the experimental data can be well predicted by the form of equation (5). Secondly, Foérster
radii greater than 6 nm are observed in all cases. These are relatively large values compared to
the Forster radii determined for FRET between donor and acceptor QDs for solid-state structures
at room temperature,?” 2% 3 but similar to the characteristic interaction distances reported for
energy transfer from QDs to 1.4 nm gold NPs.® It can also be noted that the measured Férster
radius is larger for the off-resonance QDs red-shifted from the LSP resonance. This would
suggest that the gold nanoparticle — QD interaction is stronger for QDs red shifted with respect

to the LSP resonance rather than in resonance.
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Figure 2: Distance dependence of the quenching efficiency, £, of QD monolayers deposited

on top of a Au NP monolayer. The PL quenching efficiency was determined from the integrated

PL spectra for the overall ensemble emission (solid black triangle) and the lifetime quenching

was determined from the average decay lifetimes (open blue square). The solid line (black)

represents the fit of the quenching efficiency with a model based on the FRET mechanism. The

dashed line (red) represents the fit of the quenching efficiency with a model based on the NSET

mechanism. (a) QD-1 A,,, =534 nm (c 4, =(0.16+0.01)x10" m™2), (b) QD-2 A4,,, = 547 nm

(¢, =(0.094+0.01)x10'" m™2), (c) QD-3 4, =559 nm (c,, =(0.21+0.03)x10*" m~2) and

d) QD-5 4, =660 nm (c,, =(0.26+0.04)x10'" m~2).
( em Au
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The Au NP concentration dependence of the PL and lifetime quenching is shown in Fig. 3(a)-

(). The Au NP concentration was varied from approximately 0.05x10Y m™2 to

0.35x10Y" m2. The polyelectrolyte spacer layer thickness, ¢, is indicated on each plot. As the
strength of QD-Au NP interaction varies for the different QD species, the spacer layer thickness
was adjusted to have similar quenching efficiencies for all five QDs over the concentration
range. Again, there is close agreement of the PL and lifetime quenching data, as was observed
for the distance dependent data. The Forster radius of each QD-Au NP pair can be extracted by

fitting with equation (5). The centre to centre separation, d, is known for each pair. The best fit
is shown as the solid black line on each of the plots in Fig. 3, and the extracted Forster radii, R, ,
are also given on each graph. Firstly, similar to what was observed for the separation dependence
of the energy transfer efficiency, the trend of the experimental data is in good agreement with the
FRET model, and secondly, there is close agreement between the Forster radii determined from
the concentration and separation dependences for QD-1, QD-2, QD-3 and QD-5. The average
R, value for each QD is given in Table 1. To provide an additional data point for the wavelength
dependence of the quenching, the Au concentration dependence for QD-4, with central emission

wavelength at 623 nm, has also been shown in Fig. 3 and the R, extracted from the fit is

included in Table 1.

12
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Figure 3: Au NP concentration dependence of the quenching efficiency, E, of QD
monolayers deposited on top of a Au NP monolayer. The PL quenching efficiency was
determined from the integrated PL spectra for the overall ensemble emission (solid black
triangle) and the lifetime quenching was determined from the average decay lifetimes (open blue
square). The solid line (black) represents the fit of the quenching efficiency with a model based
on the FRET mechanism. The fit of the quenching efficiency with a model based on the NSET

mechanism overlaps the fit from the FRET model. (a) QD-1 A4,, =534 nm, (b) QD-2

Aoy =547 nm , (¢) QD-3 A4,,, =559 nm , (d) QD-4 4,,, =623 nm and (e) QD-5 A4,,, =660 nm .

Furthermore, using equation (3), R, can be estimated from the spectral overlap of the area-

normalized donor (QD) emission spectrum, 7, (1), and the acceptor (LSP) extinction spectrum,

¢ ,,(2), which can be obtained by scaling the absorption spectrum of the Au NPs to show a value

of 4.19x10° M™*cm™ as the peak value of the surface plasmon resonance. The spectral overlap

13



and QY for the QD monolayers is also given in Table 1 and the volume weighted refractive

index is n=(1.5+0.3). The calculated R,values can be compared with those obtained from
fitting the separation and Au NP concentration dependence. The calculated R, shows a relatively

small variation of approximately 1 nm over the full wavelength range. It is seen that for the QD-
1 and QD-2, emitting close to the localized surface plasmon resonance, there is reasonable

agreement between the R, values obtained from the fitting and those calculated. However, for
QD-3, QD-4 and QD-5, with emission red-shifted from the LSP resonance, the R,values

obtained from the fitting the separation and Au NP concentration dependences are significantly
larger than those calculated from the spectral overlap. Therefore, analysis of the QD emission
quenching within the FRET formalism does not provide good agreement between experiment

and theory over the full wavelength range. Additionally, as mentioned earlier, the larger R,

values imply that LSP — QD interaction, and consequently energy transfer from QDs to the Au
NPs, is more efficient when the QD emission is red-shifted off the LSP resonance, contrary to
expectations. This stronger interaction is also reflected in the increased separation between the
off-resonance QD monolayers and the Au NP monolayer to obtain a similar level of quenching
as for the on resonance QD bilayer samples. While the trends of the experimental data could be
well reproduced by FRET theory, the characteristic interaction distance obtained from fitting the
experimental data with theory does not agree with the value calculated from the spectral overlap
over the full wavelength range. Therefore, NSET theory was considered as an alternative model

to explain the distance and concentration dependences of the quenching efficiency.

Table 1. Properties of the QDs: central emission wavelength (nm), diameter (nm) and QY of the

QD monolayers on quartz. The calculated R, is determined from equation (3) using the spectral

14



overlap, J, and quantum yield, QY . The calculated dis determined from equation (7) using
the central emission wavelength and quantum yield, QY . The experimental R, and d, are the

averages of the values obtained from fitting the distance and Au NP concentration dependences.

Quantum Dots QD-1 QD-2 QD-3 QD-4 QD-5
Central emission 534 547 559 623 660
wavelength (nm)
QD diameter (hm) 2.55 2.6 2.7 3.3 3.4
Quantum yield, QY 3.5% 3.5% 6% 11% 6%
Spectral overlap, J 34 3.3 3.3 3.0 2.5
1017

cm-M
Calculated Ry (nm) (6.9+05) (6.7+£0.5) (7.5+05) (8.0+05) (7.0+£0.5)

Experimental Ry (nm) (6.7+0.6) (6.2+0.6) (9.4+0.8) (9.9+0.7) (9.5%0.8)
Calculated o, (nm) (33+0.4) (3.4+04) (3.8+05) (4.7+05) (4.2+0.5)

Experimental dg (nm) (3.7+06) (35+06) (5.7+0.8) (5.7£07) (55+0.8)

To investigate the NSET mechanism for energy transfer to a plane of Au NPs, the separation
and Au NP concentration data can be fitted using equation (9) with d, as the fit parameter. All

other parameters have been independently measured, and in this case the relevant separation is

from the centre of the QD to the Au NP surface, d —r,,. The best fits are shown as dashed lines

in Fig. 2 and Fig. 3. The corresponding d, values are given on each graph. The dependence of

E s ON the spacer layer thickness is clearly different to that of E,,,, however a good fit to the

experimental data, within the measurement error, can be observed for all four QD species shown

15



in Fig. 2. As can be clearly seen from equations (5) and (9), E,. has the same Au NP

concentration dependence as E,,., and therefore, the fits overlay each other in Fig. 3. There is

good agreement between the d, values extracted from the separation and Au NP concentration
dependences, and the average values for each QD are given in Table 1.

The dy values extracted from the fitting can be compared with those calculated using equation
(7). The QD emission frequency is calculated using the central emission wavelength and QD
monolayer quantum yield, given in Table 1. The calculated d, values for each of the five QDs are
also given in Table 1. It can be seen that the fitting and calculated values are in closer agreement
across the entire wavelength range than is found using FRET analysis. In particular, the values
for QD-1 and QD-2, emitting close the localized surface plasmon peak, agree within the
experimental error.

At this point it can be noted that we have not considered the Au monolayer itself as an infinite

surface, in which case the energy transfer rate would be given by equation (6) and the surface

energy transfer efficiency would be described by E =;4. Such an approach would
d-r
1+( “

0

neglect the observed strong Au NP concentration dependence observed in the bilayer structures.
Instead, this is the form of the NSET transfer efficiency for a single emitter-Au NP pair.*
However, it is worth commenting that the d, values obtained by fitting the separation and
concentration dependent data with this expression also show a large discrepancy with the
calculated values for the three off-resonance QDs, similar to what was observed using the FRET

analysis.

CONCLUSIONS

16



In conclusion, five different sized CdTe QDs have been used to probe the wavelength
dependence of quenching of a QD monolayer deposited in proximity to a plane of 5.5 nm
diameter Au NPs. Strong QD emission quenching is observed for QDs red-shifted by 120 nm
from the peak of the LSP resonance. We have shown that while the distance and Au NP
concentration dependences of the quenching efficiencies for all five QDs follow trends that can
be fitted with a model for FRET between two planes, the extracted Forster radii do not agree
with expected values for QDs emitting off the LSP resonance. Agreement within experimental
error is only observed for QDs emitting close to the LSP peak. Analysis using a NSET model for
the QD-Au NP interaction can also predict the trends of the separation and Au NP concentration
dependences of the non-radiative energy transfer. It is found that closer agreement between the
extracted characteristic distance, dy, and the theoretically expected value is observed over the full
wavelength range. While further theoretical studies are required to explain the approximation of
MNPs of such small dimensions as infinite surfaces within the NSET approach, this
experimental study suggests that the NSET formalism can be a convenient phenomenological
tool for the analysis of emission quenching due to non-radiative energy transfer to a plane of

metal NPs.

METHODS

Bilayer structures with QDs and Au NPs were prepared by a layer-by-layer deposition
technique. Details on the polyelectrolytes and concentrations used can be found elsewhere.?’
Colloidal Au NPs with an average diameter of 5.5 nm stabilized by 4-dimethylaminopyridine
(DMAP)* were deposited first on a polyelectrolyte buffer layer covering a quartz slide. To

achieve different Au NP concentrations in the layer the immersion time in the Au NP solution,

with a concentration of the order of 1x10~' M, was varied between 1 and 20 minutes. The

17



33,34

fitting of the solution spectra®** gave a molar extinction coefficient of 4.19x10° M*cm™ at the

wavelength of the LSP absorption peak, which was used to estimate the gold NP concentration
from the Au NP layer absorption spectra.

The CdTe QDs, stabilized by thioglycolic acid, were synthesized in water according to
standard procedures.® *®* To make the QD-Au NP bi-layer structures, the QD layers are
deposited on a polyelectrolyte spacer layer covering the Au NP layer.

The QYs of the QDs in the layers were determined in comparison to the luminescent standard
Rhodamine 6G. The measured QY in the monolayers have been validated by comparison of the
theoretical and experimentally measured separation and concentration dependencies of FRET
between donor and acceptor nanocrystal QDs. The theoretical dependencies were calculated
using the measured QYs of the QDs in monolayers.?® %’

A Shimadzu UV-2401 PC double-beam UV-Vis recording spectrometer was used to measure
the absorption spectra of the layer structures. The room temperature PL spectra of the samples
were recorded with a Perkin-Elmer LS 55 fluorescence spectrometer using an excitation
wavelength of 400 nm. The time-resolved PL decays were measured with a PicoQuant
Microtime200 time-resolved confocal microscope system for an excitation wavelength of 470
nm and an average excitation power of 16 nW. The emission signal of the QD monolayers was

recorded by scanning an area of 80 um x 80 um (150 x 150 pixels) with a repetition rate of 10

MHz and an integration time of 4 ms per pixel.
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