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ABSTRACT

The distance dependence of localised surface plasmon (LSP) coupled Forster
resonance energy transfer (FRET) is experimentally and theoretically investigated
using a trilayer structure comprised of separated monolayers of donor and acceptor
quantum dots with an intermediate Au nanoparticle layer. The dependence of the
energy transfer efficiency, rate and characteristic distance, as well as the enhancement

of the acceptor emission, on the separations between the three constituent layers is

examined. A d*dependence of the energy transfer rate is observed for LSP coupled
FRET between the donor and acceptor planes with the increased energy transfer range

described by an enhanced Forster radius. The conventional FRET rate also follows a

d™ dependence in this geometry. The conditions under which this distance
dependence is valid for LSP coupled FRET are theoretically investigated. The
influence of the placement of the intermediate Au NP is investigated and it is shown
that donor-plasmon coupling has the greater influence on the characteristic energy
transfer range in this LSP coupled FRET system. The LSP enhanced Forster radius is
dependent on the Au nanoparticle concentration. The potential to tune the
characteristic energy transfer distance has implications for applications in

nanophotonic devices or sensors.



Forster resonance energy transfer (FRET) is a well-defined distance dependent
dipole-dipole interaction.' It has been widely used for measuring the distance between
two ﬂuorophores.z'4 However, as a spectroscopic ruler conventional FRET suffers
from a limited length scale of approximately 10 nm. Plasmonic structures provide a
route towards longer range non-radiative energy transfer (NRET) via nanometal
surface energy transfer (NSET) or localised surface plasmon (LSP) coupled FRET.>®
The near-field of the plasmonic structure can modify the emission of a fluorophore.”
12 Depending on the plasmonic properties of the metallic nanoparticle (MNP) it can
lead to quenching or enhancement of the fluorophore emission. The modified
emission can be a consequence of many processes such as NRET to the MNP,
scattering and absorption by the MNP, and changes in the emitter’s radiative and non-
radiative decay rates. The plasmonic nanoparticle can also modify the excitation rate.
NRET directly from fluorophores to MNPs has been demonstrated to provide a longer
interaction range than traditional FRET pairs.” The distance dependence of the energy
transfer from dyes or light-emitting colloidal quantum dots (QDs) to MNPs has been
described using the NSET formalism for single emitter-metallic nanosphere pairs'>'*
and for planes of nanospheres."

LSP coupled FRET between donor-acceptor pairs has also been theoretically
investigated.'®'® Increases in the energy transfer rate, efficiency and range can be
expected depending on the plasmonic properties of the MNP, and the relative
positions of the donor and acceptor. With three constituent elements (namely donor,
acceptor and plasmonic structure), LSP coupled FRET is a complex mechanism with
a large number of parameters that can be tuned. The near-field of plasmonic
nanostructures modifies the emission of the donor and acceptor and influences their

near-field interaction through LSP coupled FRET. The FRET mechanism between the
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donor and acceptor competes with other decay mechanisms. Therefore, the various
dependences need to be fully investigated and well understood to develop systems
which can take advantage of plasmon controlled FRET for light emission, light
harvesting or sensing applications.

Experiments have verified that enhancement of the energy transfer rate,
efficiency, and range is achieved in different geometries with a variety of
fluorophores and MNPs.*""?* LSP coupled FRET has been observed using single

metallic nanoparticles coupled to a single donor-acceptor pairé, core-shell structures®”

% and planar structures.”*** Studying FRET from a conjugated polymer to fluorescent
multilayer core-shell NP, Lessard-Viger et al. observed a 70% increase in the Forster
radius and an increase in the FRET-rate by two orders of magnitude.”* Also using a
core-shell geometry, composed of donor and acceptor fluorophore molecules
embedded in a shell coating a Au-Ag core-shell nanocrystal, Wang et al.
demonstrated that FRET could be switched on and off by varying the spectral position
of the LSP resonance relative to the donor emission and acceptor absorption.””> LSP
coupled FRET was reported in planar structures comprised of a layer of dyes and/or
QDs, acting as donors and acceptors, placed on a MNP layer. There is the possibility
to enhance® or inhibit”’ the energy transfer process depending on how the LSP
coupled FRET rate competes with the rates of the other processes. The competition
between plasmon modified radiative rate, non-radiative rate and LSP coupled FRET
rate is influenced by the spectral properties of the donor and acceptor, the overlap
with the surface plasmon resonance and the relative placement of the donor and
acceptor within the near-field of the plasmonic structure. The impact of modifying
the plasmon field has been probed by tuning the MNP size®™ and changing the

distance between the donor-acceptor pair and a MNP layer.29



LSP enhanced FRET has also been observed in multilayer structures with

273031 The multilayer

separated donors, acceptors and plasmonic nanostructures.
geometry provides the opportunity to study the dependence of LSP coupled FRET on
the concentrations of the constituent layers as well as the separations between the
layers and the ordering of the layers. The authors have previously reported that, by
tuning the concentration of an intermediate Au NP monolayer, the LSP coupled FRET
rate between monolayers of donor and acceptor QDs could be increased by a factor of
~200, with ~150-fold enhancement of the FRET efficiency and 240% increase of the
Forster radius for the highest Au NP concentration investigated.’® It was also
demonstrated that the maximum acceptor emission enhancement does not occur at the
Au NP concentrations corresponding to the highest LSP coupled FRET rates. This is a
consequence of competition between enhancement of the acceptor emission due LSP
coupled FRET from the donor QDs and direct quenching of the acceptor emission via
energy transfer to the MNP layer.’® The influence of preferential donor-plasmon
coupling or acceptor-plasmon coupling on LSP mediated FRET was investigated by
changing the order of the donor QD layers, acceptor QD layers and Au nanospheres
layers in a multilayer stack.’’

It is important to understand how LSP coupled FRET parameters, such as the
energy transfer efficiency, rate and characteristic distance, depend on the separation
between the donor and acceptor, in the presence of plasmonic nanostructures. In this
work, trilayer structures with varying separations between the constituent layers are
experimentally and theoretically investigated to determine how coupling to plasmonic
nanostructures influences the distance dependence of LSP coupled FRET.
Experimental measurements show evidence of strong donor-plasmon coupling and a

dipole-dipole FRET-like distance dependence of the LSP coupled FRET is observed.
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It is found that the extended energy transfer range, in comparison with conventional
FRET, can be described by an increase in the effective Forster radius in the presence
of MNPs. A theoretical study is undertaken to further investigate the ranges over
which the FRET-like distance dependence of the LSP coupled FRET mechanism is
valid for this experimental system. The theoretical results also demonstrate that
greater enhancement of the LSP coupled FRET efficiency is achieved for preferential

donor-plasmon coupling compared with acceptor-plasmon coupling.

RESULTS AND DISCUSSION

Multilayer planar structures were assembled using a layer-by-layer (LbL)
technique.”” The trilayer structure is comprised of an acceptor CdTe QD monolayer,
an intermediate Au NP monolayer and a donor CdTe QD monolayer, each separated
by a polyelectrolye (PE) spacer layer. PE spacer layers have been previously used to
investigate the distance dependence of NRET between separated QD monolayers and
in QD-plasmon coupled systems.”>’ Donor-acceptor QD bilayers, QD-Au NP
bilayers and QD monolayers were also prepared as reference samples. Schematics of
the trilayer, donor-acceptor QD bilayer and QD-Au NP bilayer reference structures
are shown in Figure 1(a).

The donor and acceptor QDs are negatively charged CdTe QDs stabilized by

38,39

thiolglycolic acid in aqueous solution. The donor QDs, with a diameter of 2.6 nm,

have an emission peak at 547 nm. The larger acceptor QDs, with a diameter of 3.4 nm,
have maximum emission at 660 nm. Emission and absorption spectra for the donor
and acceptor QD and Au NP monolayers are shown in Figure 1(b). As can been seen,

this donor-acceptor QD pair has spectrally separated PL emission spectra. For



measurement of the donor PL decays a 550 nm broadband filter with a full-width-
half-maximum of approximately (70+5)nm was used to select the donor QD
emission. The 5.5 nm diameter, colloidal Au NPs are positively charged.* The Au

NP and QD monolayer concentrations were determined from the absorption
spectra.®®***> The LSP resonance of the Au NP monolayer is clearly evident from the

peak in the absorption at ~ 532 nm, which overlaps well with the donor emission

peak, see Figure 1(b).
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Figure 1. (a) Schematics of the trilayer, donor-acceptor bilayer and QD-Au NP bilayer

o
o

reference structures. The PE spacer layer thickness is denoted by t, where t,, ,, and
tec_a, cOrrespond to the PE spacer layer thickness between the intermediate Au NP

monolayer and the donor QD and acceptor QD monolayers, respectively. The donor-
acceptor center-to-center distance is denoted by d. (b) Normalized PL spectra of a
donor QD monolayer (green line) and acceptor QD monolayers (red line). Absorption
spectra of both the QD monolayers (grey lines) and Au NP layer (yellow line) are also

shown.

To establish that clear signatures of LSP coupled FRET are observed for this

donor-acceptor pair, photoluminescence (PL) spectra of the trilayer structure as well
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as reference donor-acceptor QD and QD-Au NP bilayer samples are shown in Figure

2(a). Firstly, we consider the trilayer sample with t,,, ,, = 3nm and t,_ ,, =12 nm.

The donor and acceptor QD monolayers in the reference bilayer sample are separated

by a PE spacer layer with thickness t = 21 nm, which is equivalent to the

Don—-Acc
surface-to-surface donor-acceptor separation in the trilayer structure. The samples

have similar donor and acceptor QD concentrations, C,, = (2.8£0.2)x10"" m™ and

Caee = (0.5240.04)x107 m? , respectively. The Au NP concentration is

Acc
Ch, = (0.15£0.02)x 10" m™ . As can be seen in Figure 2(a), the acceptor emission in

the trilayer sample is increased compared to the Au-absent donor-acceptor bilayer

reference sample. The spectrum shows enhancement of the acceptor emission by a

I Acc,Tri

factor 7 = =22, where |, r;and |, are the integrated acceptor PL in the

Acc BL
trilayer structure and donor-acceptor bilayer reference sample, respectively. The
donor and acceptor QD-Au NP bilayer structures show reduced emission relative to
the donor-acceptor bilayer which is a consequence of the PL quenching effect of the

1327 The PL quenching arises due to direct NRET from

5.5. nm diameter Au NP layer.
the QDs to the Au NPs.*® Therefore, the large acceptor enhancement in the trilayer
structure is attributed to LSP coupled FRET from the donor to acceptor QDs.

Further evidence of LSP coupled FRET is seen on examination of the donor PL

decays, shown in Figure 2(b). The donor PL decay shows a reduction of the average

lifetime in the donor-Au NP bilayer structure, 7y, A, = 2.8+ 0.2) ns, compared to
the reference donor-acceptor bilayer structure, 7p,,5 = (3.7£0.2)ns. In the trilayer
structure, the donor lifetime is further shortened to 7,1, = (2.24+0.06)ns due to

the introduction of the LSP coupled FRET mechanism from the donor QDs to the
8



acceptor QDs. The LSP coupled FRET efficiency can be calculated using

Eisp_rrer = 1= Tponmi / Tponau - An efficiency of (20 + 7)% is calculated for the example

shown in Figure 2(b).
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Figure 2. (a) PL spectra of the donor-acceptor bilayer with a t = 21 nm (blue

Don-Acc
open circle), donor-Au NP bilayer with t,,_,, = 3 nm (green open square) and the
acceptor-Au NP bilayer with t,,. ,, = 12nm (red filled squares) which is
subsequently capped with a PE spacer layer, t,, ,, = 3nm, and the donor QD

monolayer to form the completed trilayer structure (black line, black spheres). All

Acc

samples have Cp, =(2.8£0.2)x10"m? and c,, =(0.48+0.08)x10" m? ,

Don
respectively. The Au NP concentration is C,, =(0.13£0.03)x10"m™> . (b)
Normalized donor PL decays for the donor-acceptor bilayer, labelled 7, 5 , donor-

Au NP bilayer with t,; _,, = 3 nm, labelled 7, ,, , and the trilayer, labelled 7, ;.

The inset shows the LSP coupled FRET efficiency, E, ¢_grer , in the trilayer samples



as a function of the donor-Au NP spacer layer thickness, t,,,_,,. The result of the

numerical simulation, calculated using equation 1, is shown as a solid line.

To examine the dependence of the LSP coupled FRET signatures on the
position of the Au NP monolayer, two distance dependent studies were undertaken. In

the first case the acceptor QD-Au NP spacer layer thickness, t, . ,,, 1s constant while
the donor QD-Au NP spacer layer thickness, tj,, ,,, is varied. In the second case,
toon s, 18 fixed with varying t,.. ,,. We consider firstly t, . ,, fixed at 12 nm with
tpon_a, Varying from 3 nm to 12 nm. It was observed that the donor PL increases with

increasing donor-Au NP separation and the acceptor PL rapidly reduces (PL spectra
are given in the Supplementary Information, Figure S1). An increase in the donor PL
is expected due to reduced direct quenching of the donor emission by NRET to the Au
NPs as well as reduced LSP coupled energy transfer to the acceptors. Enhancement of
the acceptor PL is observed only for the smallest donor-Au NP separation, after which
the acceptor PL becomes dominated by the direct quenching by the Au NP layer. The

influence of increasingt,,, ,, on the LSP coupled FRET efficiency, calculated from
the donor PL decays, is shown in the inset of Figure 2(b). Determining the LSP
coupled efficiency using E sp_grer =1~ Zpontri/Toon au takes account of the effects of

reduced direct energy transfer from the donor QDs to the Au NPs. The energy transfer
efficiency decreases from 20 % at t,,, ,, =3 nmto 0 for t,,_,, =9 nm.
We have calculated numerically the energy transfer rate and efficiency from

the donor to acceptor QDs using a Green's tensor formalism.** The Green’s tensor of a

Au nanosphere can be calculated from Mie theory, This can be extended to an

10



ensemble of spheres through a multiple scattering method.*>*” The Green’s tensor
couples to dipolar sources, which can approximate fluorophores such as fluorescent
dyes and QDs. Once the Green's tensor of the ensemble (in our case a monolayer of

Au NPs) is known, the LSP coupled energy transfer rate, K s rrer, 1S calculated

directly from it via the following expression™®
_ < _ ~ — - ~ 2
Kisp_rrer = TDi)n Au 36772YDon J. daa~ foon (/?’)GACC (/I)|nDon : G(rDon 1Face J‘)' nAcc|
0
where G is the Green's tensor of the system, Ypon is the intrinsic quantum yield of the

donor, f,,, and o, are the donor emission spectrum and acceptor absorption cross-

Don

section, respectively, and 7y, », is the calculated donor lifetime in the presence of the

Au NP ensemble.” The LSP coupled FRET efficiency, E can then be

LSP-FRET >

obtained from

kLSP—FRET ) (1)

ELSP—FRET =3 K
Toon.au T Kisp_rrer

All the inputs to the model are taken from experimental values, such as the Au NP
and acceptor QD concentrations, the donor QD emission spectrum, acceptor QD
absorption spectrum, the donor quantum yield and spacer layer thicknesses. The
measured quantum yield of the donor QD monolayer is 3%.">* A correction term has
been added to the dielectric permittivity of Au NPs to account for finite-size effects.
We have fitted this term to the experimental absorption spectrum of Au NPs in

solution.

To model layered structures, as in the experimental samples, we have

calculated the energy transfer rate from a single donor to a layer of acceptors in the

11



presence of the Au NP monolayer and we have averaged this energy transfer rate over
a large number of realizations where the donor position in the donor monolayer has
been randomly assigned. The acceptor and Au NP monolayers have been constructed
by randomly placing individual acceptors and Au NPs in their respective monolayers,
with the specific concentrations used in experiments. The results of the numerical

simulation for the LSP coupled FRET efficiency, E as a function of t , ,, is

LSP—FRET »
shown as the solid line in the inset of Figure 2(b). There is good agreement between
the theoretical and experimental results. It should be noted that the numerical model is

not a fit, there are no free parameters, as discussed above.

Next we probe the dependence of the LSP coupled FRET efficiency on the

acceptor-Au NP separation, t,.. ,,. The donor-Au NP spacer layer thickness, ty,,_,,>

is fixed at 3nm , while t is varied from 3nm to 27nm . The Au NP

Acc—Au
concentration is fixed at c,, = (0.12£0.01)x 10" m™, with donor and acceptor QD
concentrations of Cp,, =(1.840.2)x10"m? and c,, =(0.8+0.1)x10" m* ,
respectively. The donor PL decay lifetimes for the trilayer structures and a donor-Au
NP bilayer (with fixed separation of 3 nm and the same Au NP concentration) are
used to calculate the LSP coupled FRET efficiency and rate,
Kisp_rrer = ToonTri — Toen.au » Shown in Figure 3. The donor PL lifetime in the trilayer
structure is strongly dependent on the acceptor-Au NP separation. The donor PL
lifetime is shortest at the smallest acceptor-Au NP separations, which also
corresponds to the smallest donor-acceptor separation, and steadily increases as the

acceptor-Au NP separation increases. Correspondingly, the highest LSP coupled

FRET efficiency and rate are observed at the shortest acceptor-Au NP separation. In

12



Figure 3, the LSP coupled FRET efficiency, E ¢ prer» is shown as a function of the
acceptor-Au NP separation, t,.,, , and the donor-acceptor center-to-center
separation, d =y, +3nm+2x 1, + 1, a + M I0 Which ry,, I, and r,, are the

donor QD, acceptor QD and Au NP radii, respectively. An acceptor-Au NP

separation, t,. ,, , ranging from 3nm to 27nm corresponds to donor-acceptor

center-to-center distances, d, varying from 14.5 nm to 38.5 nm.

To see the influence of the LSP coupling on the donor-acceptor energy
transfer range, this data is compared with the NRET efficiency expected for a donor-
acceptor bilayers and donor-Au NP bilayers with the same center-to-center
separations, d. The FRET efficiency between monolayers of donor and acceptor QDs

in bilayer structures has been previously shown to be well described by

-1
4
Errer :{1+2d% ﬂRé:l ()
Acc 0

where d is the donor-acceptor center-to-center distance, R, is the Forster radius and
: s 3335 1y :
Cac 18 the acceptor concentration. Using the same acceptor concentration as for

the trilayer system, the FRET efficiency for the donor-acceptor bilayers is calculated

using a Forster radius, R, = 4.2 nm. A Forster radius R, = (4.2+0.4)nm was

calculated from the spectral overlap of the donor emission and acceptor absorption for
this donor-acceptor pair, using a volume weight refractive index n=1.5+0.3 and the
15,35

measured quantum yield of the donor QD monolayer of 3%.

The interaction between monolayers of CdTe QDs and 5.5 nm diameter Au

NPs has been the subject of a previous separate study, reported in reference 15. It was
previous shown that the dependence of the NRET efficiency on both the separation

between the QDs and Au NPs, or the Au NP concentration, in a QD-Au NP bilayer
13



structure, could be described using a NSET formalism. The NSET efficiency for

energy transfer from the QDs to a plane of MNP acceptors is given by

=1+ 3 .(d_rAu) (3)

E
NSET CAU 7Z'd04 (3d _ rAu)

where d, is the characteristic distance at which the energy transfer efficiency is 50%
for a single emitter-MNP pair. In this case the MNP is the acceptor and d is the
donor-acceptor center-to-center distance between the QD monolayer and Au NP

monolayer. E q; 1s calculated wusing a Au NP concentration of
Cp, =(0.12£0.01)x10""m™ (corresponding to the trilayer samples) and d, = 3.1 nm

(determined from the reference donor-Au NP bilayer samples). Comparison of the
three cases, in Figure 3, shows clearly the large enhancement of the energy transfer

range via LSP coupled FRET.
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Figure 3. The LSP coupled FRET efficiency in trilayer structures (blue solid squares)

with varying acceptor-Au NP spacer thickness, t,. ,,, (top axis) and a fixed donor-
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Au NP spacer thickness, t,, ,, =3 nm. All samples have C,,, =(0.8+£0.1)x10" m~,

Acc
Coon =(1.8£0.2)x10" m? and c,, =(0.12£0.01)x10"m™> . The corresponding

donor-acceptor center-to-center separation, d, is shown on the bottom axis. The blue
solid line is the numerical simulation of the LSP coupled FRET using the Green’s
tensor formalism (equation 1). The conventional FRET efficiency expected for this
donor-acceptor pair is also shown (black dashed line calculated using equation 2),

with the same acceptor monolayer concentration and R, =4.2nm. The NRET

efficiency for the donor-Au NP bilayer based on the NSET formalism, with

d, =3.1nm , is also included for comparison (black dotted line calculated using

equation 3). The inset shows the dependence of the LSP coupled energy transfer rate

on the separation, d .

Using the Green’s tensor approach described earlier, we calculated
numerically the LSP coupled energy transfer efficiency for the fixed donor-Au NP
separation and varying acceptor-Au NP separation. The results of the numerical
simulation are shown as the solid line in Figure 3. As before the theoretical results are
in good agreement with the trilayer LSP coupled FRET efficiency experimental data.
The agreement of the numerical simulation with experimental data, shown in both
figures 2(b) and 3, validates the model. Further simulation results will be presented
later.

Analysis of the experimentally measured separation dependence of the LSP
coupled energy transfer rate as a function of the donor-acceptor center-to-center
distance, d, shows a d % dependence, see inset of Figure 3. As seen earlier,

conventional FRET between separated planes of donor and acceptor QDs exhibits a

15



-1
4 33-35 . . E _ 2d*
d ™ dependence. It is found that the expression Epper =|1+ c R fits
Acc

0
the experimental data plotted in Figure 3 for R, =(8.1i0.7)nm , which can be

considered as the LSP enhanced effective Forster radius. The fit is shown in the

Supplementary Information, Figure S2. The enhanced R, corresponds to a ~2 fold

increase in the Forster radius in the trilayer structures compared with the donor-
acceptor bilayer. The observation of the d ™ separation dependence for the LSP
coupled FRET indicates that the LSPs can enhance the dipole-dipole coupling while
maintaining the conventional FRET-like separation dependence.

To better elucidate the fundamental donor-Au NP-acceptor interaction, we
next investigate numerically the energy transfer efficiency for a single donor-Au NP-
acceptor triad. The donor QD and acceptor QD are placed on opposite sides of the Au
NP and have the same properties as in the trilayer samples. The numerical results for

the donor-acceptor energy transfer efficiency, E as a function of the donor-

LSP—-FRET
acceptor center-to-center distance, d , are shown in Figure 4. Two cases are

considered, firstly, the donor-Au NP separation, t is kept fixed and the

Don-Au

acceptor-Au NP separation, t,. ,,, 1s varied, and secondly, t,.. ,, 1s kept fixed with
varying t,,. .,» shown in Figure 4(a) and Figure 4(b), respectively. In Figure 4(a)

the numerical simulation results are shown for two values of t 3 nm and 6 nm.

Don-Au
The case of a single donor-acceptor pair, in the absence of a Au NP is also shown as a
reference. The lines shown in Figure 4(a) correspond to fitting the numerical
simulation data with a conventional FRET model for the energy transfer efficiency for

a single donor-acceptor pair,

16



EFRET = T “4)

The fitting shows that over one order of magnitude of the donor-acceptor center-to-
center separation, d, the Au NP-mediated donor-acceptor interaction closely

resembles conventional FRET (n = 6), but with an increased Forster radius, R,. For
the two donor-Au NP distances investigated, t,,,_,, = 3 nm and t,, ,,= 6 nm, the
corresponding Forster radii are R, = 82 nm and R, = 6.8 nm, respectively.

Comparing this with the Forster radius of the donor-acceptor pair in the absence of the
Au NP, R, = 4.3 nm, we see that the Forster radius can be nearly doubled, depending
on the donor-Au NP separation, t,,, _,,. As the donor is moved further from the Au
NP, the enhancement of the Forster radius becomes less and less prominent,
eventually vanishing. It can be noted that the Forster radius of 4.3 nm obtained for
the donor-acceptor pair is in agreement the experimentally determined Forster radius

R, = (4.2 +0.4) nm which was discussed earlier.

' 1 ]
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Figure 4. (a) Calculated LSP coupled energy transfer efficiency, E, ¢ rer » as a function
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of the donor-acceptor center-to-center separation, d, with fixed donor-Au NP separations

toonas = 3 Nm (red circles) and 6 nm (blue triangles). The symbols represent the

numerical simulation results calculated using the Green’s tensor formalism. The lines
represent the fit of these results with a FRET model given by equation 4. (b) Calculated

LSP coupled energy transfer efficiency, E o rrer » @s @ function of the donor-acceptor

center-to-center separation, d, for fixed acceptor-Au NP separations t = 3 nm (red

Acc-Au
circles) and 6 nm (blue triangles). Both axes are logarithmic. The case of a single donor-

acceptor pair, without a Au NP is also shown (black circles) as a reference in both panels.

Figure 4(b) shows the same calculated energy transfer efficiency dependence
on the donor-acceptor separation, d, but now it is the acceptor-Au NP spacer thickness,

t pcc_ay » Which is kept fixed while the donor-Au NP spacer thickness, tg, ,,, Increases.
Two values of t, ,, are considered, 3 nm and 6 nm. In this case it is seen that the

FRET model is only valid over a much smaller range of d. Furthermore, within this

range the fitting shows only a very small enhancement of the Forster radius from R, =

4.3 nm to R,= 4.8 nm for t =3 nm and R, = 4.6 nm for t = 6 nm. The

Acc—Au Acc—Au
increase in the LSP coupled FRET efficiency at the lower values of d corresponds to
where the donor and Au NP are sufficiently close that the LSP coupled FRET is once
again strongly influenced by the donor-plasmon coupling. Comparison of Figures 4(a)

and 4(b) shows that the donor-acceptor interaction in the presence of the Au NP is more

sensitive to ty,, ,, than it is to t,. ,,. This is manifest in the greater sensitivity of the

energy transfer efficiency, E ¢ poer , to the change in t for a fixed t

Don—-Au Acc—Au

compared with modification of E g_pper for changing t, . ,, with a constant t, ,_,, .

18



To further investigate the influence of the placement of the Au NPs on the LSP
coupled energy transfer mechanism, we calculated the LSP coupled FRET efficiency
between the donor and acceptor as a function of the position of an intermediate Au NP
for a three values of donor-acceptor separation, d. The results are shown in Figure 5. To
facilitate direct comparison of the effect of the position of the Au NP for different values
of d, we plot the relative energy transfer efficiency, which is ratio of the energy transfer
efficiency between the donor QD and acceptor QD in the presence of the Au NP,

E sp_rrer » and in the absence of the Au NP, E ;. To plot the data for a number of

different values of d on the same graph, the intermediate Au NP position is presented as
a fraction, X . This fraction is given by
X =1poon_au /[d - (rD +r,+2XT,, )] = '[Don_Au/[tDon_Au +tACC_Au] and can vary from 0 to 1,
where x= 0 and x= 1 correspond to the Au NP adjacent to the donor and acceptor,

respectively.
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Figure 5. Relative energy transfer efficiency as a function of the intermediate Au NP
position between the donor and acceptor QDs, for several fixed donor-acceptor center-

to-center distances, d.
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It is clearly evident from Figure 5 that the LSP coupled FRET efficiency is
more enhanced when the Au NP is close to the donor (X~ 0) rather than when it is
close to the acceptor (X ~ 1). Furthermore, the LSP coupled FRET efficiency with the
Au NP close to the donor extends further than for Au NP closer to the acceptor. For
smaller values of d there evidence of QD-plasmon coupling for all positions of the Au
NP, as demonstrated by the fact that the logarithm of the relative energy transfer
efficiency does not go to zero, i.e. the LSP coupled energy transfer efficiency is
enhanced compared with its value in the absence of the Au NP. For d = 50 nm, the Au
NP can be placed sufficiently far from both the donor and acceptor QDs such that
neither QD is coupled to the Au NP, and the energy transfer efficiency is the same as

in the absence of the Au NP.

Acceptor-Au NP spacer(nm)
3 6 9 12 15 18 21 24 27
3.0 .

0]
N
o

s *T{{{ _

Acceptor PL rati

_05 1 1 1 1 L 1 1 1 1
12 15 18 21 24 27 30 33 36 39
Center-to-center separation d(nm)

Figure 6. The acceptor PL ratio, | i/l accs » in trilayer structures, as a function of
the donor-Au NP spacer thickness, t,. ,, (top axis, inner values), acceptor-Au NP
spacer thickness, t,.. ,, (top axis, outer values) and donor-acceptor center-to-center

distance, d (bottom axis). The samples with a fixed acceptor-Au NP separation,
20



tyoa = 12 nm, and varying t,,, ,, with ¢,, =(0.13£0.02)x10""m™ are shown as

green circles. The samples with a fixed donor-Au NP separation, t = 3 nm, and

Don-Au

-2

varying t,.. ,, with ¢,, =(0.12+0.01)x10"m™ are shown as red squares. The solid

line is the calculated acceptor PL ratio, |, 5, /1 =1— Eyger » for acceptor-Au NP

bilayers, with the same separations and Au NP concentration as the varying acceptor-

Au NP separation trilayer samples. This is calculated using equation 3.

Having shown the influence of the placement of the Au NP monolayer on the
LSP coupled FRET efficiency, it is interesting to consider the influence of the various
separations within the trilayer structure on the acceptor emission. The acceptor PL

ratio, | e/l acceL » @s a function of varying acceptor-Au NP separation, with a fixed
donor-Au NP separation, t,,, ,, =3 nm, is shown in Figure 6. The PL ratio expected

for acceptor-Au NP bilayers with varying QD-Au NP separation relative to the

emission for an acceptor monolayer, |1, , /| is also shown for comparison. This
acceptor PL ratio is calculated based on the NSET formalism using d, = 5.7 nm in

equation 3. The value for dy was determined from experimental data for the acceptor-
Au NP reference samples.”” In the trilayer samples quenching of the acceptor PL is
observed for the shortest acceptor-Au NP separations. This suggests that direct
quenching of the acceptor PL by the Au NPs is dominant despite the highest LSP
coupled FRET efficiency and fastest LSP coupled FRET rates at the smaller acceptor-
Au NP separations. At larger separations the acceptor PL in the trilayer structure

increases, showing that the acceptor PL enhancement due to the LSP coupled FRET

21



competes favorably with direct quenching of the acceptor emission by the Au NPs in

this range. A maximum PL ratio of ~1.8 is observed for a t,,  ,, = 12nm. As the

separation is further increased, the acceptor PL ratio reduces as the LSP coupled
FRET contribution decreases.

The PL ratio, for the varying donor-Au NP separation and varying acceptor-
Au NP separation, is also presented as a function of the donor-acceptor center-to-
center distance, d, on the bottom axis of Figure 6. The acceptor PL is more sensitive

to the donor-Au NP separation, t than the acceptor-Au NP separation, t, ,,-

Don-Au
For the same donor-acceptor center-to-center distance, d, maximum enhancement of
the acceptor PL requires the smallest donor-Au NP separation. These observations are
in agreement with the earlier results which showed that that plasmon-donor coupling
has a larger influence on LSP coupled FRET in this donor-Au NP-acceptor energy
transfer system. The greater quenching of the acceptor PL in the trilayer structures
with larger donor-Au NP separations, where the LSP coupled FRET efficiency is low
and direct quenching by the Au NPs dominates, is due to the slightly higher Au NP
concentration for that set of samples.

The influence of the interplay between the acceptor-Au NP separation and the
Au NP concentration on the acceptor emission was also investigated. The acceptor

PL ratio, | 1 /1 accsL » as a function of Au NP concentration is shown in Figure 7(a)

for two different acceptor-Au NP separation, t = 6 nm and 12 nm, respectively.

Acc—Au
The donor-Au NP separation is fixed at 3 nm. Also shown for comparison is the
measured PL ratio for acceptor-Au NP bilayer structures relative to the emission from
an acceptor monolayer, |, /I > along with fits based on the NSET model with

d, = 5.7 nm (solid lines calculated using equation 3). For both t, . ,, separations the
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acceptor PL in the trilayer structure shows a maximum at a specific concentration. At
the larger Au NP concentrations the trend of the acceptor PL ratio in the trilayer
structures is similar to that observed for the acceptor-Au NP bilayer structures. As
previously reported, this is a result of the competition between direct quenching of the
acceptor PL by the Au NPs and enhancement of the acceptor emission due to LSP
coupled FRET.? The Au NP concentration at which the maximum PL ratio occurs is

higher for t, ,,=12 nm than for t,, ,,= 6 nm. Additionally, the trilayer structure
with t, . ,,= 6 nm shows greater sensitivity to the Au NP concentration in the form

of a narrower peak in PL enhancement. The shift in the PL ratio peak to lower Au NP
concentrations and the increased sensitivity is a consequence of the interplay between
the enhancement of the acceptor PL due to LSP coupled FRET and the direct acceptor
PL quenching. The quenching due to NRET from the QDs to the Au NPs is a function

of both the acceptor-Au NP separation and the Au NP concentration. As seen earlier,
in equation 3, the NSET efficiency has the form E g, =1/ (1+Const -d?/c Au), and
therefore, the increase in the quenching efficiency due to the reduction of the
acceptor-Au NP separation from 12 nm to 6 nm, can be compensated by reducing the
Au NP concentration. Consequently, the maximum acceptor PL enhancement will

occur at a lower Au NP concentration, as observed.
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Figure 7. (a) PL ratio of the acceptor PL in a trilayer structure, |, 1/l » and the
acceptor on Au NP structure, |, n, /14 » s a function of the Au NP concentration.
The trilayer samples with an acceptor-Au NP separation of t, . ,,= 6 nm (solid blue
squares) and t,.. ,,= 12 nm (solid red circles) have a fixed donor-Au NP separation,
toonau = 3 nm. Data for the acceptor-Au NP bilayer samples with an acceptor-Au NP
separation of t, ,, = 6 nm (open blue squares) and t,. ,, = 12nm (open red

circles) are also shown. The solid lines show the calculated acceptor PL ratio for
acceptor-Au NP bilayers with the same separations using the NSET model (equation
3). (b) The dependence of the extracted effective Forster radius for trilayer samples

on the Au NP concentration. The acceptor-Au NP separations are t, . ,,= 6 nm
(solid blue squares) and t,. . ,,= 12 nm (solid red circles), with a fixed donor-Au NP

separation, t, ,,=3 nm.

Using the same set of trilayer structures we can probe how the LSP coupled
FRET characteristic distance depends on the Au NP concentration. From the donor
PL decays of trilayer structures and donor-Au NP bilayer reference samples, the LSP

coupled energy transfer efficiency, E s rrer =1—Tpontri/Tomas 1S determined.
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Using the expression for FRET to a plane of acceptors described earlier in equation 2,
A -1
Errer = {1 +2d % 7zR6} where d is the donor-acceptor center-to-center distance
Acc 0

and c, is the experimentally measured concentration in the acceptor QD monolayer
for each sample, the effective Forster radius, R,, for the LSP coupled system is

extracted at each Au NP concentration. These data are presented in Figure 7(b). The
effective Forster radius increases with increasing Au NP concentration, and values as
high as 10 nm are determined at the largest Au NP concentrations investigated. The
conventional Forster radius, R,=(4.2+0.4)nm for the donor-acceptor bilayer
reference is shown at zero Au NP concentration. It is observed that for fixed donor-
Au NP separation, t,, ., , the dependence of the Forster radius on the Au NP

concentration appears to be independent of the acceptor-Au NP separation, t,. . ,, -

This suggests that the donor-plasmon coupling is the dominant influence on the LSP
coupled FRET efficiency. This observation also agrees with the theoretical results

presented in Figure 4(a). The numerical simulation results in Figure 3 showed that
under certain conditions the LSP coupled FRET efficiency follows a d *separation
dependence with a single value for the effective R,. The trilayer structures with
varying acceptor-Au NP separation, presented in Figure 3, had a Au NP concentration
of ¢,, =(0.12£0.01)x 10" m™. This concentration corresponds to a Férster radius of
9 + 1 nm from Figure 7(b). This value agrees, within the error range, with the Forster

radius obtain from fitting directly the donor-acceptor separation dependence of the

LSP coupled FRET efficiency in Figure 3 using equation 2.
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CONCLUSIONS

It has been demonstrated that the signatures of LSP coupled FRET between
donor and acceptor QD planes depend strongly on the position of an intermediate Au
NP monolayer. The dependence of the LSP coupled FRET efficiency on the
separations between the three components of the system has been theoretically and
experimentally investigated. The largest LSP coupled FRET rates and efficiencies are
observed for the smallest donor-Au NP and acceptor-Au NP separations. However,
LSP coupled FRET through the intermediate Au NP layer is observed to be more
sensitive to the donor-Au NP separation. It was experimentally observed that the

dependence of the LSP coupled FRET efficiency on the donor-acceptor separation

had the same d ™ form as conventional FRET. The independence of the Férster radius
on the acceptor-Au NP separation indicates a LSP coupled FRET system in which
donor-plasmon coupling is dominant. The dipole-dipole behaviour of the separation
dependence of the LSP coupled FRET efficiency suggests that the strongly coupled
donor-plasmon system can be considered as an enhanced donor dipole. Theoretical
studies have confirmed that donor-plasmon coupling provides greater enhancement of
the LSP coupled FRET efficiency and range compared with acceptor-plasmon
coupling in the system studied. Additionally, the numerical simulations confirm that
LSP coupled FRET is well described a d* distance dependence with an enhanced
Forster radius over particular ranges of the donor-acceptor separation. The possibility
to engineer systems with a well-defined distance dependence has potential as a long-
range spectroscopic ruler or for sensing applications. The characteristic energy
transfer distance can be tuned though the Au NP concentration. For any acceptor-Au

NP separation the Au NP concentration can be adjusted to optimise the LSP coupled
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FRET enhanced acceptor PL. The large enhancement of the acceptor emission
reported, despite competition with direct quenching by the Au NPs, demonstrates that

LSP coupled FRET could be suitable for light emitting device application.

METHODS

The bilayer and trilayer structures were prepared by a layer-by-layer
technique. They were fabricated on quartz substrates covered with a polyelectrolyte
buffer layer. Bilayer structures comprised of a monolayer of QDs and a monolayer of
Au NPs separated by a PE spacer layer. Trilayer structures comprised of donor and
acceptor QD monolayers, separated from an intermediate Au NP layer by PE spacer
layers. The PE spacer layers are formed using bilayers of oppositely charged
polyelectrolytes, namely, positively charged poly(diallyldimethylammonium chloride)
(PDDA) and negatively charged poly(sodium 4-styrene sulfonate) (PSS). Further
details on the sample preparation and the solution concentrations can be found in
references 27 and 35. The PE layer thicknesses were validated by X-ray diffraction
measurements. PE spacer layers have been previously used to investigate the distance
dependence of FRET between QDs and QD-plasmon coupling effects.*’

The negatively charged CdTe QDs, stabilized by thioglycolic acid, were
synthesized in water according to standard procedures.’®*’ The sizes of the QDs and
the QD concentrations in the multilayer structures were determined from the
absorption spectra.”® The quantum yield (QY) of the QDs in the layers was
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
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between donor and acceptor nanocrystal QDs. The theoretical dependencies were
calculated using the measured QY of the QDs in monolayers.35

The colloidal Au NPs were stabilized by 4-dimethylaminopyridine (DMAP)
and had an average diameter of 5.5 nm.*” To achieve different Au NP concentrations
in the layer the immersion time in the Au NP solution, with a concentration of the
order of 1x1077 M, was varied between 1 and 20 minutes. The fitting of the solution

41,42

spectra gave a molar extinction coefficient of 4.19x10°M'em™ at the

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

Absorption spectra were measured using a double beam UV-vis spectrometer
(Shimadzu UV-2401 PC). Steady-state PL spectra were recorded using a Perkin-

Elmer LS S5 fluorescence spectrometer with a 400 nm excitation wavelength,
provided by a pulsed Xenon lamp. The donor QD PL decays were recorded over an
area of 80 x80 um’ (150x150pixels) using a PicoQuant Microtime200 time-resolved
confocal microscope system with 150 ps resolution. Picosecond excitation pulses, at
a wavelength of 470 nm, were provided by a LDH-480 laser head controlled by a
PDL-800B driver (PicoQuant). A 550 nm broadband filter with a full-width-half-
maximum of approximately (70i 5) nm was used to select the donor QD emission.
Typically, a repetition rate of 10 MHzand an integration time of 4 ms per pixel were

used. The PL decays can be fitted using two exponentials and the average decay
lifetime, 7 , is calculated from the intensity weighted mean. All samples were

fabricated and measured at room temperature.
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