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ABSTRACT Gold nanoparticles and nearby fluorophores interact
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via electromagnetic coupling upon light excitation. We determine
the distance and wavelength dependence of this coupling theore-
tically and experimentally via steady-state and time-resolved

fluorescence spectroscopy. For the first time, the fluorescence
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quenching of four different dye molecules, which absorb light at
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different wavelengths across the visible spectrum and into the near-

infrared, is studied using a rigid silica shell as a spacer. A

comprehensive experimental determination of the distance depen-

dence from complete quenching to no coupling is carried out by a systematic variation of the silica shell thickness. Electrodynamic theory predicts the
observed quenching quantitatively in terms of energy transfer from the molecular emitter to the gold nanoparticle. The plasmonic field enhancement in
the vicinity of the 13 nm gold nanoparticles is calculated as a function of distance and excitation wavelength and is included in all calculations. Relative
radiative and energy transfer rates are determined experimentally and are in good agreement with calculated rates. We demonstrate and quantify the
severe effect of dye—dye interactions on the fluorescence properties of dyes attached to the surface of a silica nanoparticle in control experiments. This

allows us to determine the experimental conditions, under which dye—dye interactions do not affect the experimental results.
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isible light excites localized surface

plasmon resonances (LSPR) in metal

nanoparticles. At this resonance
wavelength, gold nanoparticles (Au NPs)
both scatter and absorb incident light very
efficiently. At the same time, the excitation
of a LSPR results in an enhanced electro-
magnetic near-field in the vicinity of the
nanoparticle.”? This enhanced near-field is
important because it “focuses” light on a
length scale far below the wavelength of
light and provides a means to use gold
nanoparticles as nanoscale energy transfer
antennae in various applications.>™” The
interactions of the near-field of an Au NP
with nearby excited states of fluorescent
dye molecules, provides an important mod-
el for exploring the possibilities and limita-
tions of nanoscale energy transfer.
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However, experimental quantification of
the electromagnetic coupling between a
gold nanoparticle and a dye molecule is
difficult. There are two fundamental chal-
lenges. First, it is necessary to distinguish
near-field coupling between dye molecules
and gold nanoparticles from far field effects.
In general, nanoparticles larger than about
50 nm scatter visible light significantly.
Therefore, their strong absorption and scat-
tering must be distinguished experimentally
from fluorescence quenching and enhance-
ments, respectively. Second, it is important
to separate energy transfer from all other
possible nonradiative decay pathways
(Scheme 1). Itis impossible to fix the position
of a molecule close to a nanoparticle without
changing its local environment with respect
to the free molecule in solution. In the
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Scheme 1. Possible relaxation pathways for excited fluor-
escent dye molecules, bound to the silica shell of an
Au@SiO; core—shell nanoparticle. The separation between
gold nanoparticle surface and dye (d) is assumed to be the
silica shell thickness plus 1 nm to account for the length of
the linker molecule ((3-aminopropyl)triethoxysilane) and
the dye's functional group.

absence of any electromagnetic coupling, this change
in local environment alone can significantly alter the
molecule's excited state decay pathways and must be
accounted for experimentally. These changes in life-
time or radiative quantum vyield can be caused by
interactions of the probe dye with the nanoparticle
surface or with other neighboring adsorbed dye mol-
ecules on the particle surface.

There have been numerous studies of gold nano-
particle-induced quenching and enhancements, includ-
ing both single molecule experiments®~'* and ensemble
measurements in bulk solution.'*~2' Generally, fluores-
cence quenching is observed in both types of experi-
ments for nanoparticles smaller than 20 nm."*~"® How-
ever, both fluorescence enhancement and quenching
have been observed as a function of distance for
strongly scattering 80 nm and larger gold nanoparti-
cles in single particle experiments.”~"" Whether purely
scattering particles of the same size, such as silica
nanoparticles, which do not exhibit a LSPR, can also
cause fluorescence enhancements has not been in-
vestigated to date. In the majority of single molecule
and ensemble measurements, organic molecules such
as polymers or DNA, are used as spacers to separate the
gold particles and dye molecules. Feldmann et al. have
observed strong fluorescence quenching and shorter
fluorescence lifetimes for a dye emitting at 670 nm in
the presence of 12 nm gold nanoparticles.”” Here as
well as in many other reports, DNA was used as a linker
and spacer molecule between nanoparticle and dye
and strong quenching was observed even for the
largest separation investigated (16 nm).'® Significantly
weaker quenching has been reported recently by
Tinnefeld et al. who employed a dye emitting in the
same spectral region in single molecule experiments.'?
Gold particles of similar size have also been found
to reduce the fluorescence lifetime and intensity of
fluorophores, if these emit photons close to the LSPR
wavelength of the gold nanoparticles (530 nm).'?
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These effects were also observed in single molecule
experiments—again using DNA as a spacer molecule.
Using molecular spacers, precise distance control
can be challenging, and the separations that can be
achieved are often limited by the persistence length of
the linker molecule. The conductivity of DNA is still a
matter of debate?? and may have an impact on experi-
mental results, especially at short Au NP—dye dis-
tances. Also, if more than one dye molecule is
attached to a nanoparticle, dye—dye interactions can
cause pronounced fluorescence quenching and life-
time shortening as we demonstrate in this study. This
effect is notoriously difficult to quantify in the Au
NP—dye system and has therefore not been taken into
account in previous studies.

Theoretical predictions for the fluorescence inten-
sity quenching or enhancement of a molecular emitter
by a gold nanoparticle are generally in qualitative
agreement with experimental results.”~'> The model
proposed by Gersten and Nitzan?* has been employed
successfully to rationalize experimental findings.">~'°
In very few publications to date are radiative decay and
energy transfer rates determined experimentally and
compared to theoretical results. However, identifying
the effect of the electromagnetic coupling between
dye and Au NP on the decay rate is indispensable
for our understanding of the underlying mechanisms.
For small nonplasmonic gold nanoparticles of 1.5 nm,
a theory referred to as “nanosurface energy transfer”
(NSET) has been shown to predict the quenching of
fluorophores.’®?* Here, the quenching obeys a simple
1/d* distance dependence in analogy to the 1/d°
distance dependence that governs Forster resonance
energy transfer between fluorophores. However,
NSET theory has been reported to underestimate the
quenching of plasmonic nanoparticles of about 10 nm
diameter.''6

Gold nanoparticles between 10 and 20 nm in di-
ameter are important because they are too small to
scatter light significantly, but exhibit a well-defined
LSPR and an enhanced electromagnetic near-field. It is
established that fluorescence of molecules in close
proximity to these particles is quenched. Yet, the
experimental observation of the complete transition
from strong quenching to a full recovery of fluores-
cence as a function of dye—nanoparticle separation
has not been reported for particles in this size regime.
The recovery for large separations is crucial as it
indicates that no other deactivation mechanisms, ex-
cept the ones intrinsic to the molecule, are present.

In this report we experimentally observe and analyze
this complete transition for 4 different fluorophores.
We show that both the fluorescence quenching and
lifetime shortening of molecular fluorescence by a
13 nm gold particle are quantitatively predicted by
electrodynamic theory. The enhanced electric near-
field in the vicinity of the Au NP as well as modifications
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to the fluorophore's decay rates due to electromag-
netic coupling with the Au NP are included in all
calculations. Radiative decay and energy transfer rates
are determined from experiments and found to be in
agreement with the rates predicted by our model.
Spherical gold nanoparticles are coated with insulating
silica shells (Au@SiO, NPs), which act as a rigid, chemi-
cally inert, and electronically insulating spacer be-
tween gold core and fluorophore. The shell thickness
is tuned precisely via a wet chemical growth process
and verified through the analysis of transmission elec-
tron microscopy (TEM) images. For the first time, Au
NP—dye distances are continuously varied from 4 to
43 nm for four different dye molecules throughout the
visible to the near-infrared region in ensemble mea-
surements in solution. Within this distance range we
are able to observe the transition from almost com-
plete (>90%) quenching at short separations to negli-
gible electromagnetic coupling at a distance of 43 nm.
In contrast to most previous studies, we focus on
fluorophores, which absorb and emit light close to
the Au NP LSPR wavelength, where the strongest
electromagnetic coupling is expected. Silica nanopar-
ticles without a metal core are used to study both the
effect of dye—dye interactions and the effect of the
dye's attachment to the nanoparticle surface on its
luminescence in control experiments.

RESULTS AND DISCUSSION

In the simplest model of molecular fluorescence, an
excited dye molecule can return to its ground state by
emitting a photon or via a nonradiative decay pathway
such as internal conversion. The fluorescence quantum
yield (Q) and fluorescence lifetime () are in this case
given by the rate constants that characterize the
radiative (k;.q) and nonradiative decay (k,,):

krad
Q= krad+knr - krad'r (1)

For a free dye molecule in solution, nonradiative
decay is usually caused by an internal conversion of the
excited state energy of the dye to molecular vibrations,
by intersystem crossing to the triplet state or by
collisional quenching with molecular quenchers such
as oxygen. However, when the fluorophore is attached
to a metallic nanoparticle and is located in close vicinity
to other dye molecules, more excited state deactiva-
tion processes become relevant (Scheme 1) and eq 1
must be modified to take these pathways into account:

krad

Q= )
krad + knr + ket + kdd + ks

Here k.. is the rate of energy transfer between NP and
dye, kqq the energy transfer rate between dyes on the
NP surface, and k; the rate for excited state relaxation
through dye—surface interactions (see Scheme 1). The
fluorescence intensity (/q,,) detected by an experimental
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setup with the photon collection efficiency # also
depends on the excitation intensity (/) and can be
expressed as Inuo= lex7Q. In this study, the fluorescence
intensity and lifetime of a dye bound to a Au@SiO, NP
is analyzed with respect to two reference samples and
the corresponding fluorescence intensity lnuol, Which
accounts for the optical attenuation of the excitation
by the Au NPs and the effect of the dye-surface inter-
actions (see section “Experiments” for details). Since
the collection efficiency can be assumed to be the same
in all experiments, the detected relative fluorescence
intensity reads

lfluo Iex Q
fuo _ T&x = 3
I?Iuo ng Q@ ®

where I,/ I, is the excitation intensity at the position
of the dye molecule relative to the intensity of the
incident electromagnetic field. In this way, the en-
hanced excitation of the dye molecule by the gold
NP's enhanced electric near-field is accounted for.

The main goal of the present work is to determine
the relative changes in k,,q and ke as a function of Au
NP-dye separation and peak emission wavelength of
the molecular emitter. To be able t0 do 50, ley/ lox’, Knrs
kgq and ks must either be known or assumed to be
negligibly small. In the following, all four quantities will
be analyzed for the Au NP—dye system under investi-
gation. We will show that kyqq can have a particularly
strong impact on measurements, and we will also
determine the conditions under which it becomes
negligible.

Au@Si0, Nanoparticles and Fluorescent Dyes. Transmis-
sion electron micrographs of nanoparticles with differ-
ent shell thicknesses are shown in Figures TA—C. Even
in the case of the thinnest SiO, shell, the shell is clearly
visible surrounding the metal core and despite small
variations in thickness, no particles with incomplete
shells were found. In general, variations in shell thick-
ness were found to be small (0.8 nm average standard
deviation) yielding highly monodisperse Au@SiO,
core—shell nanoparticles (Figure 1D). The fluorescent
dye molecules were chosen to investigate three differ-
ent coupling regimes (Figure 1E): (1) The fluorescence
emission peak coincides with the localized surface
plasmon resonance (LSPR) absorption peak of the
Au@SiO, NPs (Atto 488). (2) Absorption spectrum of
dye and metal NP strongly overlap and the dye fluo-
rescence is red-shifted from the metal NPs LSPR band
(Atto 532, Atto 565). (3) Insignificant overlap of dye
and Au NP absorption (Alexa 700). In cases 1 and 2,
pronounced electromagnetic coupling between dye
and Au NP is expected, while significantly weaker
interactions are expected in case 3 due to the differ-
ence between the energy of the localized surface
plasmon resonance and that of the oscillating molec-
ular emitter.
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Figure 1. (A—C) Transmission electron microscopy images
of Au@SiO, core—shell nanoparticles with 12.7 + 0.3 nm Au
cores and 3.6 = 0.5 nm (A), 17.6 + 0.7 nm (B), and 34 +
1.0 nm thick (C) silica shells. Scale bar in all images: 50 nm.
(D) Histogram showing the silica shell thickness distribution
of the different particles used. The distribution for particles
with shell thicknesses of 8.5 and 10.4 nm are not shown for
clarity. (E) Emission spectra of the dyes investigated and a
typical extinction spectrum of Au@SiO, nanoparticles (shell
thickness: 8.5 nm). Solvent: ethanol. See Supporting Infor-
mation for published dye structures and exact SiO, shell
thicknesses with standard deviations.

Nanoparticle Functionalization and Dye Attachment. To
bind the dye molecules to the silica shell, the Au@SiO,
NPs were functionalized with (3-aminopropyl)tri-
ethoxysilane (APTES) to obtain an amine-modified
nanoparticle surface (Figure 2A). A concentration
equivalent to 4 APTES monolayers per NP was used
in the functionalization step. The zeta potential of the
silica-coated gold particles changes from negative
to positive following the surface functionalization
(Figure 2B).

To attach the fluorescent dye, N-hydroxysuccinimide
(NHS)-modified dye molecules were allowed to react
with the amine-capped gold particles. Both surface
functionalization with APTES and the dye-coupling re-
action were carried out in ethanol as the amine-capped
Au@SiO, NPs exhibited higher colloidal stability in
ethanol than in water.?® Dye attachment yields above
80% were routinely obtained in ethanol because the
hydrolysis of the reactive NHS moiety on the dye is much
slower in ethanol than in water.

A change in silica shell thickness before and after
the functionalization could not be detected from TEM
image analysis (see Supporting Information Figure S6).
Only five dyes per nanoparticle were used in
the coupling reaction, and a high NP concentration

REINECK ET AL.
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Figure 2. (A) Functionalization of the Au@SiO, nanoparticles
with (3-aminopropyl)triethoxysilane (APTES) in ethanol,
followed by the binding of a N-hydroxysuccinimide (NHS)-
modified dye molecule to the amine moieties on the NP
surface. (B) Zeta potential of Au@SiO, before and after the
APTES functionalization.

between 50 and 100 nM was necessary to obtain an
average degree of labeling of about 75%. Generally,
the attachment was more efficient for particles with a
thicker silica shell due to the higher surface area and
the increased number of binding sites available per
particle. To verify that the dye was indeed bound to the
NP surface and not only adsorbed electrostatically
or nonspecifically, carboxylic acid instead of NHS-
modified dyes were used in an otherwise identical
attachment procedure. Less than 5% of the dyes
were found to attach to the nanoparticle surface in
this control experiment. This identifies the formation of
an amide bond between the dye's reactive NHS group
and the surface confined amine moieties to be the
major attachment mechanism.

Dye—Dye and Dye—Surface Interactions. Changing the
local environment of a dye molecule, for example by
binding it to a surface, or locating many dye molecules
in close proximity to one another can both significantly
affect the dye luminescence. Electronic charge in
general?” and amines in particular’®*° are known to
affect the fluorescence of nearby dye molecules.
The confinement of several dyes to the surface of a
nanoparticle leads to a significant local increase in
dye concentration. This facilitates multimer formation
between dyes, which can lead to significant fluores-
cence quenching. Therefore, APTES functionalized
silica particles (50 nm diameter) were used in control
experiments to determine (i) whether the binding of
the dye to an amine-modified silica surface affects
the fluorescence and (ii) how many dyes can be bound
to one silica particle before dye—dye interactions
between the adsorbed fluorophores dominate the
observed fluorescence signals.
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Figure 3. Steady-state fluorescence intensity (black squares)
and fluorescence lifetime (blue circles) of the dye Atto 532
bound to a silica nanoparticle of 50 nm diameter as a function
of the average separation between dyes on the nanoparticle
surface. The shortest (2.4 nm) and largest (47 nm) average
dye separations correspond to 1350 and 3.5 dyes bound to
one nanoparticle on average, respectively. The highest dye
concentration used in any experiment was 2.5 uM. The
dashed horizontal line indicates both steady-state fluores-
cence intensity and fluorescence lifetime of the free dye in
solution. The solid lines are a guide to the eye only.

Figure 3 shows that both the binding itself as well as
the number of dyes bound to one particle affect the
fluorescence and the fluorescence lifetime relative to a
free dye in solution. For average dye separations above
15 nm (less than 30 dyes per particle), only the effect
of the dye's surface confinement is seen resulting in a
small (<5%) decrease in fluorescence lifetime and in a
20% decrease in steady-state fluorescence relative to
the fluorescence of the free dye. A very pronounced
decrease in both fluorescence intensity and lifetime is
observed for dye separations below 10 nm (more than
75 dyes per particle). For the highest dye loading,
the steady-state fluorescence decreases by more than
90% and the fluorescence lifetime is reduced to 0.5 ns
compared to 4.0 ns for the free dye in solution.

A possible cause for the observed fluorescence
intensity quenching and lifetime shortening is the
interplay of the existence of trap states and homo-
Forster resonance energy transfer (homo-FRET). At
short average dye separations, trap states are created
on the NP surface for example through the formation
of weakly fluorescent dimers. Even at the shortest
average dye separations, only a fraction of the dye
molecules on the NP surface will create trap states. At
these separations however, energy can be transferred
efficiently between neighboring fluorophores via
homo-FRET, for which the Forster radius of Atto 532
is ro = 5.8 nm?* (see Supporting Information Figure $15
for a comparison between calculated FRET efficiencies
and the observed quenching). Homo-FRET alone is not
expected to alter the fluorescence properties of the
dye molecule. Nonetheless, in combination with the
existence of trap states, homo-FRET can enhance the
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effect of trap states and explain the significant de-
crease in fluorescence intensity and lifetime: At dye
separations below 5.8 nm excitation energy is trans-
ferred very efficiently between dye molecules until it
dissipates nonradiatively upon transfer to a trap state.
However, the unambiguous identification of the cause
of this pronounced decrease in fluorescence intensity
and lifetime is beyond the scope of this work. The
result is nonetheless very important since it clearly
demonstrates the importance of a close control over
the number of dyes bound to each particle. For the
assumption kyq A 0 to be valid, dyes must be separated
by more than 15 nm on the nanoparticle surface.
For the smallest particle used in this study (20 nm
diameter), this means that no more than about five
dyes can be bound to each NP.

Another possible de-excitation mechanism is
charge transfer between dye and gold nanoparticle.
However, SiO, is used as an insulating material in
various micro- and nanoelectronic devices*® and even
ultrathin films below 5 nm thickness are known to
conduct electronic charge poorly unless bias voltages,
sufficient to change the atomic structure of the films,
are applied.?” We therefore assume this mechanism to
be negligible.

EXPERIMENTS

One big experimental challenge for the determina-
tion of steady-state fluorescence intensities of fluores-
cent dyes in the presence of gold nanoparticles is that
the molar extinction coefficient at the surface plasmon
peak even of small Au NPs (<20 nm) is 3 orders of
magnitude higher than those of the adsorbed dye
molecules at their respective absorption maxima. The
fact that only a maximum of five dye molecules can
be bound to one particle to prevent dye—dye energy
transfer means that the problem cannot be solved by
using a large molar excess of dyes in the experiments.
One strategy to circumvent this problem is to use dyes,
which absorb at wavelengths above 620 nm where the
Au NP extinction is about 1 order of magnitude weaker.
However in this case, the regime where dye and Au NP
extinction spectra strongly overlap and the strongest
coupling is expected, cannot be investigated.

Therefore, to account for the strong effect of the Au
NP extinction on excitation and emission intensities
between 475 and 600 nm, the steady-state fluores-
cence of each sample is compared to two references
(Scheme 2): “Reference 1” contains the same concen-
tration of Au NPs and dye molecules and the only
difference to the sample is that the dyes are not
attached to the NP. Thereby, the high optical density
of the gold nanoparticles in general and the light
scattering of the Au@SiO, NPs with a thicker silica shell
in particular are accounted for experimentally. A silica
nanoparticle was used as a second reference sample
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Scheme 2. Schematic representation of a typical sample
and the corresponding reference samples. For each sample,
areference sample with the same concentration of dyes and
Au NPs was prepared, where the dyes were not bound to the
NP surface (Reference 1). Reference 2 was used to account
for the effect of the dye's confinement to an amine modified
silica surface.

(Reference 2) to account for fluorescence changes
due to the surface confinement. The relative fluores-
cence intensity luo/laue’ Was then calculated from the
“Sample” and Reference 1 integrated fluorescence
intensities (lample and lres1, respectively) and normal-
ized to the fluorescence of Reference 2 relative to the
free dye in solution (lrefo/lfree  aye) USING

huo _ Lampte/hety @
Ifluo l79f2/lfree dye

(see Supporting Information for details on the data
analysis). By normalizing the Sample fluorescence
signal to the fluorescence of the dye attached to a
silica particle (Reference 2), the intrinsic nonradiative
decay rate of the dye (k,,) and the influence of sur-
face confinement (k) are both accounted for. Hence,
the effects of the electromagnetic coupling between
the Au NP and the dye molecules are isolated and
Inuo/lauo” is expected to return to unity in the absence
of this coupling. Fluorescence lifetime measurements
are not affected by light absorption or scattering of the
Au@SiO, NPs. Using Reference 1-type samples verified
that this is true, and this also ensured that collisional
quenching between Au@SiO, NPs and dyes does not
affect the measured lifetimes.

Theory. To interpret our experimental results, we
adopt a simple model of the gold NP—dye system:
The dye is described as a Hertzian dipole,*? which is
driven both by an incident (and uniform) electric field
and the field reflected by the nanoparticle. The latter is
calculated using Mie theory®® assuming the gold nano-
particle to be a sphere located in an infinite homoge-
neous medium of refractive index 1.36 (corresponding
to the solvent ethanol used in this study). The calcula-
tion of the radiative (y,ag) and total (y.ora)) decay rates
relative to the same emitter at an infinite distance (y aq/
1%0tal AN Viora'y rotal respectively) follows the model
derived by Kim et al.** which has recently been dis-
cussed and employed in a number of publications.>* =2
We note that this approach is an exact one within the
two main approximations we have made (see Support-
ing Information) and we further note that the model by
Gersten and Nitzan is a special case of the one pre-
sented here. Importantly, within this model the dipole
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TABLE 1. Optical Properties of the Fluorophores Used in
This Study. Absorption and Emission Peak Position Were
Determined in Ethanol. The Fluorescence Quantum Yield
Is Provided by the Supplier for Fluorophores in Water*
absorption peak

emission peak intrinsic quantum

dye position [nm] position [nm] yield [%]
Atto 488 509 527 80
Atto 532 538 556 ]
Atto 565 559 581 ]
Alexa 700 710 730 25

emitter in free space can only decay via emission of
radiation, implying that in the absence of a gold
nanoparticle, this dipole has a quantum yield of unity
(and thus exhibits a total decay rate which equals the
radiative decay rate, i.e. ¥%aq = ¥%ota)). Calculated are
the radiative and total decay rate relative to a molecular
emitter at an infinite distance to the gold nanoparticle,
krad = )/rad/yototal and ktotal = ytotal/yototall respectively. In
both cases, normal and tangential dye orientations with
respect to the nanoparticle surface (kaq™, Kiotar~ and
krad”, krad”) are evaluated separately at the experimental
emission maximum of each dye (Table 1). From these,
values for a statistical dye orientation are calculated
according to the geometrical average (X) = X"+ 2X')/3°
and are referred to as “Theory average”. This geometrical
averaging is reasonable here as the dye's transition
dipole moment will in general neither be exactly
normally nor tangentially oriented to the nanoparticle
surface, but at a variable angle due to the position and
the flexibility of the carbon chain linker (see Supporting
Information, Figure S1).

To include the effect of the Au NP's near-field on the
fluorophore's excitation rate in our theoretical model,
we define the electric field enhancement loy/ley’ as

lx  |E(d @)

Eiairre—— (5)

& |Fw)|
where E and £ are the electric field of the incident light
wave in the presence and in the absence of the gold
nanoparticle, respectively, at the excitation wave-
length @ and distance d from the nanoparticle surface.
This enhancement factor is calculated following the
approach suggested by Gaponenko et al3¢ (see Sup-
porting Information for details) and evaluated at the
respective experimental excitation wavelength. Radial
and tangential components are again calculated sepa-
rately and an average value is calculated according
to the geometrical average defined in the previous
paragraph. To estimate the impact of the local field
enhancement on our experimental results, the en-
hancement was calculated for three excitation wave-
lengths used in experiments as a function of distance
from the NP surface (Figure 4). For an excitation
wavelength close to the Au NP LSPR (525 nm), the
average local electric field is enhanced by a factor of
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Figure 4. The average local electric field enhancement as a
function of distance from the gold nanoparticle surface for
three excitation wavelengths used in this study.

1.6 at the shortest dye-NP separation investigated. The
enhancement decreases rapidly for larger distances d
and is weaker at all distances for the other excitation
wavelengths used in experiments. The average field
enhancement increases rapidly for distances below
4 nm to values above 6 at a distance of 1 nm for an
excitation wavelength of 525 nm. The obtained results
are in good agreement with recent literature reports. 344

The theoretical average relative fluorescence inten-
sity is calculated from the quantities defined and
discussed above using

e
fluo ex total

which takes into account the enhanced electromag-

netic near-field as well as modifications of the decay

rates of the emitter due to electromagnetic coupling

between molecular emitter and the gold nanoparticle.

Relative fluorescence intensities for normal and tan-
gential dye orientations are calculated according to

L L 1
lfluo _ Iex krad (7)
oL = Ll
fluo ex total
and
| | Il
fluo _ ﬁex krad (8)
IO/ I IOI I k”
fluo ex ‘total

The impact of {lex/le’) ON the theoretical relative
fluorescence intensities at short distances calculated
from eq 6 is discussed in more detail in the Supporting
Information Figure S9.

Distance Dependence. Experimental and theoretical
results for the relative fluorescence intensity as a
function of gold nanoparticle—dye separation d are
shown in Figure 5 for the four fluorophores investi-
gated. In all cases, the steady-state fluorescence is
quenched by more than 90% at the shortest distance
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investigated experimentally (4.6 nm) and recovers to
reference measurement values above d = 40 nm.
Between these extremes the recovery of the fluores-
cence intensity with increasing distance is strongly
wavelength dependent. The most pronounced
quenching is observed for Atto 532 (Figure 5B), whose
absorption peak position coincides with the Au NP
LSPR. Here, lauo/lfiuo’ is reduced by 95% up to a distance
of 10 nm and is still significantly affected above
d = 25 nm. For Alexa 700 on the other hand the
fluorescence intensity recovers to 50% at d = 10 nm
and is completely unaffected by the presence of the
gold core for separations above 25 nm, indicating a
significantly weaker electromagnetic coupling in this
spectral region.

Theoretical fluorescence intensities have been cal-
culated for a statistical orientation of the fluorophore
with respect to the NP surface (Figure 5, solid lines) as
well as for normally and tangentially aligned dye
molecules (Figure 5, dashed lines) to illustrate the
effect of the dye orientation on the predicted fluores-
cence intensity quenching. For Atto 532, Atto 565, and
Alexa 700, the theoretical prediction for a statistical dye
orientation is in excellent quantitative agreement with
the observed quenching at all distances. In the case of
Atto 488, the theoretical results obtained for a tangen-
tial dye orientation show the best agreement with
experimental results. This suggests that the preferred
orientation of Atto 488 is tangential to the NP surface,
possibly due to the formation of hydrogen bonds
between the primary amine side groups of Atto 488
with the primary amines of APTES on the NP surface
(see Supporting Information for the chemical struc-
tures of the dye molecules). Interestingly, our model
also predicts that the strongest orientation depen-
dence of the fluorescence intensity quenching will
occur for Atto 488. While the fluorescence intensity
of a normally oriented emitter is quenched by about
70% at a distance of 21 nm, that of a tangentially
oriented fluorophore is only quenched by about 30%
at the same distance. In the case of Alexa 700 on the
other hand, the predicted quenching only weakly
depends on the emitter orientation at most distances.

A decrease in fluorescence intensity can be caused
by a decrease in the radiative rate, an increase in the
nonradiative rate or a change in both (eq 1). From
changes in the fluorescence intensity alone, one can-
not separate radiative and nonradiative contributions.
Therefore, the relative fluorescence lifetime was deter-
mined as a function of the Au NP-dye separation d for
all dye molecules as well (Figure 6A—D). T and 1° refer
to the fluorescence lifetime of the fluorophore bound
to a Au@SiO, NP and a silica nanoparticle, respectively.
See Supporting Information Figure S12 for raw data
and analysis of the time-resolved fluorescence decay
measurements. For short distances below 8 nm, the
lifetime of all fluorophores decreases by 80% or more,
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Figure 5. Experimental (black squares) and theoretical (solid and dashed lines) results for the relative fluorescence intensity
as a function of the nanoparticle—dye separation d. The fluorophores shown are Atto 488 (A), Atto 532 (B), Atto 565 (C), Alexa
700 (D). Experimental and averaged theoretical results were obtained using eqs 4 and 6, respectively. Theoretical relative
fluorescence intensities for normal and tangential dye orientations (dashed lines) were calculated using eqs 7 and 8.

and recovers to reference measurement values for
separations above 40 nm. The trend in the recovery
of the fluorescence lifetime with increasing distance
closely resembles the one observed for the relative
fluorescence intensities in Figure 5, that is, the influ-
ence of the gold nanoparticle is most pronounced
for Atto 488 and Atto 532 and significantly weaker in
the case of Alexa 700. Also shown in Figure 6 are the
relative fluorescence lifetimes predicted by our model,
which we assume to be equal to the inverse of the
relative total decay rate according to

T 1
70 <ktotal>

The normal and tangential components of the relative
fluorescence lifetime are calculated from 1/ks and
1/ktota|”, respectively. The theoretical average of 7/7° is
in good quantitative agreement with the experimental
values obtained for Atto 532, Atto 565, and Alexa 700
with only small deviations at large distances in the case
of Atto 565. The experimental fluorescence lifetimes of
Atto 488 are in excellent quantitative agreement with
the theoretical predictions for a tangentially oriented
emitter, also pointing toward a preferred tangential
orientation of Atto 488.

Our results are in agreement with recent studies on
gold nanoparticle induced fluorescence quenching.'* ¢

©)
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Since the coupling between Au NP and dye strongly
depends on the nanoparticle size,'>*> we can only
compare our findings to literature results obtained for
gold particles of comparable size. In the spectral region
above 600 nm our experimental results are in good
agreement with a very recent study by Tinnefeld et al.'®
based on single molecule experiments where only
one dye molecule was used per Au NP, which excludes
dye—dye interactions as a cause for the observed
quenching. Feldmann et al. report quenching efficiencies
of about 50% for another dye absorbing in the red
part of the spectrum (Cy5) for NP-dye separations up
to 16 nm."> The more pronounced quenching observed
by Feldmann et al. compared to the results obtained
by Tinnefeld et al. may be due to dye—dye interactions,
which can be significant as we have demonstrated in
this report. In the spectral region between 500 and
600 nm quenching efficiencies above 90% have been
reported for NP—dye separations below 5 nm,'* which
is in agreement with our observations. The lifetime
shortening reported by Sandoghdar et al.'? based on
single molecule experiments for Atto 532 attached to
an Au NP through double-stranded DNA are also in
qualitative agreement with our results. The quenching
observed by Liu and Lindsay et al. in ensemble measure-
ments is in qualitative agreement with our findings as
well.'®
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Figure 6. Relative fluorescence lifetime 7/7° as a function of distance d between dye and gold nanoparticle. ° is the
fluorescence lifetime of the dye molecule bound to a silica NP, which is slightly shorter than the lifetime of the free dye in
solution. Theory averages were calculated from eq 9 and the corresponding normal and tangential component as 1/kyora and
1/kotal. The 7° values for the different dyes are: (A) Atto 488: 4.1 ns, (B) Atto 532:4.0 ns, (C) Atto 565:4.1 ns, and (D) Alexa 700:
1.8 ns. See Supporting Information Table S9 for the fluorescence lifetimes of the free dyes in solution.

NSET theory was found to strongly underestimate
the observed quenching in agreement with the find-
ings of Tinnefeld et al. This is reasonable as the theory
was developed for metal surfaces only and does
not take into account the occurrence of nanoparticle
LSPRs. Nonetheless, the general 1/d* distance depen-
dence was found to describe the experimental
results obtained here well. See Supporting Informa-
tion for a comparison between our results and NSET
theory (Figure S11) and a 1/d* distance dependence
(Figure S10).

From the experiments presented here, a strict
separation of an increase in the dye's “intrinsic” non-
radiative decay rate (the direct conversion of an elec-
tronically excited state to phonons) from an increasing
rate of energy transfer is not possible. However, con-
sidering that the dyes are attached to the same surface
through the same functional groups it is reasonable
to assume that the intrinsic nonradiative decay of
the dye does not change as a function of the Au
NP—dye distance d. It is therefore instructive to derive
relative decay rates from the measured relative fluo-
rescence intensity and fluorescence lifetime 7/7° (both
of which are corrected for intrinsic radiationless decay)
using the calculated field enhancement factor (lex/lex?).
Assuming ki, to be negligible and in accordance with

REINECK ET AL.

our dipole model for the dye, we use

I / k
# _ <%> rad (10)
lﬂuo Iex krad + ket
to compare experimental and theoretical decay rates.
The experimental relative radiative rate can then be

calculated from the equation:

4= Ifluo/lguo
T lex /BT /70)

The rate of energy transfer between the Au NP and a
nearby dye molecule is calculated from the difference
between total and radiative contributions:

k (1

ket = ktotal _krad (12)

where kol is given experimentally by 7%/7. Using this
equation the rate of energy transfer can be calculated
for our model as well. In this model, the term “energy
transfer” is well-defined and refers to the damping of
the emitter oscillation through electromagnetic cou-
pling to the gold nanoparticle. This coupling results in
the excitation of higher-order (non-dipolar) resonant
modes in the nanoparticle, which decay into phonons
and eventually result in joule heating. Hence, in the
model fluorescence enhancements are represented
by increases in the relative radiative decay rate or the
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Figure 7. Relative radiative and energy transfer rates determined experimentally (symbols) and calculated (solid lines) for
Atto 532 (A) and Alexa 700 (B) as a function of the distance d between Au NP and dye. Energy transfer from the dye emitter to
the gold nanoparticle causes the pronounced increase in the rate of energy transfer with decreasing distance (see main text
for Discussion). Relative experimental radiative decay and energy transfer rates were determined from eqs 11 and 12,
respectively. The averaged theoretical counterparts were calculated accordingly as (kraqg) = (Q/Q°)ktotar) and (Ket) = (Keotal) —
(krad)- The upper and lower bounds of the theory traces represent the results for a normal and tangential dye orientation
respectively in all cases.
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Figure 8. Wavelength dependence of the quenching efficiency (A), the relative energy transfer rate ke (B), the relative
radiative decay rate k.4 (B), and the calculated local field enhancement (Iexlltx°> (C). Theoretical results (solid lines) are shown
as well as results calculated from experimental data (symbols). In panels A and B, the upper and lower bounds of the
theoretical traces represent the results for a normal and tangential orientation of the fluorophore, respectively. Dashed lines

are a guide to the eye only.

locally enhanced electric near-field and fluorescence
quenching by the relative rate of energy transfer. A
detailed description of experimental and theoretical
quantities and their assumed relation is given in the
Supporting Information.

Experimentally and theoretically determined rela-
tive radiative and energy transfer rates for Atto 532 and
Alexa 700 are shown in Figure 7 panels A and B,
respectively. Interestingly the radiative rate is largely
unaffected by the presence of the gold nanoparticle
for distances between 15 and 44 nm and increases
by about 1 order of magnitude at shorter distances.
Conversely, energy transfer starts above d =20 nm and
increases superexponentially with decreasing distance
by a total of about 4 orders of magnitude. This highly
efficient energy transfer determines the observed
steady-state fluorescence quenching and the excited
state lifetime shortening at smaller distances—despite
an increase in the radiative decay rate. Both the
comparatively weak distance dependence of the

REINECK ET AL.

radiative rate and the drastic increase in the rate of
energy transfer for decreasing Au NP—dye separations
are predicted by our model and are in good agreement
with experiment. Despite the apparently similar in-
crease in the relative energy transfer rate for Atto 532
and Alexa 700 it is important to note that the scales
in Figure 7A,B are offset by 1 order of magnitude.
At 4.6 nm, both the theoretical and experimentally
observed energy transfer rates are about 30 times
more efficient in the case of Atto 532 compared to
Alexa 700.

Wavelength Dependence. The spectral separation be-
tween the fluorophore emission and the Au NP ab-
sorption is the second most important parameter
determining the electromagnetic coupling between
fluorophore and gold nanoparticle. Therefore, the
quenching efficiency, the relative energy transfer rate,
the relative radiative rate, and the near-field enhance-
ment have been calculated as a function of wave-
length and are compared to experimental results in
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Figure 8A—C. The quenching efficiency is here defined
as 1 — lnuo/lnue’ and was evaluated at a distance of
d = 18.6 nm (Figure 8A). Our model predicts the
strongest quenching for a fluorophore emitting exactly
at the spectral position of the Au NP LSPR at 525 nm,
while the strongest quenching is observed for Atto 532
in experiments. The theoretical quenching efficiency
closely follows the plasmonic absorption characteris-
tics of the Au@SiO, NPs (see Supporting Information
Figure S13 for a graphical comparison). The wave-
length dependence of key, Krag and (lex/le’) is investi-
gated at a distance of 4.6 nm and shows that energy
transfer from the fluorophore to the Au NP is the
dominant decay mechanism at all wavelengths, caus-
ing the pronounced quenching of the fluorescence
intensity and lifetime at short dye—NP separations.
Compared to the relative energy transfer rates, the
experimental and theoretical values of k,,q remain at
values between 1 and 5 over the whole spectral range
investigated. Also a 1.6-fold enhanced average local
electric near-field at 540 nm has no significant effect on
the observed fluorescence intensity due to the highly
efficient energy transfer. The strongest electromag-
netic coupling is observed for a normal fluorophore
orientation in our model. From the experimental re-
sults presented in this study, it cannot be excluded
that the observed wavelength dependence of the
fluorescence quenching is also partially caused by
the differences in intrinsic quantum yield between
the dyes used.

METHODS

Au@Si0, Nanoparticles and Fluorescent Dyes. Au nanoparticles
were synthesized using the Turkevich method. Silica shells were
grown following the procedure reported by Liz-Marzan et al.*'
For typical TEM images for all silica shell thicknesses see
Supporting Information Figure S4. Atto and Alexa dye molecules
were purchased from Atto-Tec, Germany and Invitrogen, USA,
respectively, and used as received. See Supporting Information
for details on NP functionalization and dye attachment.

Nanoparticle-Dye Coupling Reaction. Dye stock solutions (0.2—1 mM)
were prepared and stored under nitrogen atmosphere in dimethyl
sulfoxide (Sigma-Aldrich, USA) to prevent the hydrolysis of the
dyes' reactive NHS group. Aliquots thereof were prepared and
diluted in an ethanoic solution of Tween20 (0.05 wt %, Sigma-
Aldrich, USA) to the desired concentration before each dye
attachment step, which was carried out under ambient conditions.
Au@SiO, NP solutions were concentrated (50—150 nM nano-
particle concentration) to create favorable conditions for the
NHS—NH, coupling reaction. In a typical dye coupling reaction,
the dye solution (10 uL) was added to the NP solution (30 uL)
under sonication to ensure a fast concentration equilibration. The
mixture was allowed to react for 3 h and then diluted 40 times in
ethanol (0.05 wt % Tween20). See Supporting Information for
details on the preparation of samples and their references for the
different measurements.

Zeta-Potential Measurements. A Zeta Sizer nano ZS (Malvern
Instruments Ltd., UK) was used to determine zeta potentials of
functionalized and unfunctionalized nanoparticles in ethanol.

Optical Spectroscopy. Absorption and steady-state fluorescence
spectra were obtained using a Lambda-950 UV—vis absorption
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CONCLUSION

Au@SiO, core—shell nanoparticles were used to
systematically study the electromagnetic coupling
between a fluorophore and 13 nm diameter gold
nanoparticles via steady-state and time-resolved fluo-
rescence spectroscopy. For a spherical gold particle of a
given size, this coupling is known to critically depend
on two parameters: the distance between the gold
nanoparticle and the dye emitter, and the wavelength
of the emitter with respect to the gold nanoparticle
LSPR. Both parameters were varied and investigated
experimentally and theoretically, yielding three major
results. (1) Our theoretical model quantitatively predicts
the observed quenching of the steady-state fluores-
cence and shortening of the fluorescence lifetime. The
quenching is caused by energy transfer from the
molecular emitter to higher-order localized surface
plasmon modes in the gold nanoparticle. (2) The most
efficient energy transfer (and resulting quenching)
occurs for an emitter wavelength, 30 nm red-shifted
from the gold nanoparticle LSPR. Quenching is more
than 40% less efficient for the near-infrared fluorophore
with ca. 200 nm red-shifted emission at 730 nm. (3) In
the absence of a metal nanoparticle, dye—dye interac-
tions between fluorophores attached to silica nanopar-
ticles can decrease the fluorescence of the fluorophores
by more than 90%. For the fluorophore Atto 532, these
interactions start to significantly reduce the observed
fluorescence intensities and lifetimes for average dye
separations below 10 nm.

spectrometer (Perkin-Elmer, USA) and a Fluoromax 4 fluorometer
(Horiba, Japan), respectively. Fluorescence decay histograms
were recorded via time correlated single photon counting
(TCSPC). A picosecond pulsed supercontinuum fiber laser
(Fianium, SC 400-4-pp) was used as a exciation source. The
excitation wavelength was selected by using appropriate band-
pass filters (Chroma, USA). Emission from the sample was col-
lected at a 90° angle with respect to the excitation beam, passed
through a monochromator (Digikrém DK480, Spectral Products,
USA) and focused onto a fast response avalanche photodiode
detector (ID-100, IDQuantique, Switzerland). Photon emission
times were recorded by a photon counting module (PicoHarp
300, Picoquant, Germany). The time-resolved traces were ana-
lyzed by a nonlinear least-squares iterative deconvolution based
on the Levenberg—Marquardt algorithm. For raw data, experi-
mental and data-analysis details see Supporting Information.
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opores; TEM images of all Au@SiO, NPs; silica shell thicknesses
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and definitions used in our theoretical model; equations and
parameters used for the numerical evaluation of the model;
influence of near-field on calculated relative fluorescence in-
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