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ABSTRACT: Assemblies of metal nanostructures and fluo-
rescent molecules represent a promising platform for the
development of biosensing and near-field imaging applica-
tions. Typically, the interaction of molecular fluorophores with
surface plasmons in metals results in either quenching or
enhancement of the dye excitation energy. Here, we
demonstrate that fluorescent molecules can also engage in a
reversible energy transfer (ET) with proximal metal surfaces,
during which quenching of the dye emission via the energy
transfer to localized surface plasmons can trigger delayed ET
from metal back to the fluorescent molecule. The resulting
two-step process leads to the sustained delayed photo-
luminescence (PL) in metal-conjugated fluorophores, as was
demonstrated here through the observation of increased PL lifetime in assemblies of Au nanoparticles and organic dyes (Alexa
488, Cy3.5, and Cy5). The observed enhancement of the PL lifetime in metal-conjugated fluorophores was corroborated by
theoretical calculations based on the reverse ET model, suggesting that these processes could be ubiquitous in many other dye−
metal assemblies.

■ INTRODUCTION

The interaction of fluorescent dyes with proximal metal
surfaces can result in either the enhancement1−5 or
quenching6−15 of the dye photoluminescence (PL). The
ultimate change in the PL intensity is determined by the
specific nature of electric dipole−dipole interactions at the
molecule−metal interface that can shift the energy transfer
(ET) balance in either direction. For instance, PL quench-
ing16−21 is commonly observed when the surface plasmon
band of a metal nanoparticle has a significant spectral overlap
with the emission profile of a dye, favoring the transfer of its
excitation energy via Förster or nanosurface energy transfer
mechanisms. Such metal-induced quenching of the dye PL has
recently evolved into a popular strategy of signal transduction
in biosensing22−31 and near-field imaging applications.22,32−34

The realization of the metal-enhanced fluorescence,35−44 on
the other hand, demands more stringent requirements to be
met by a dye−metal system, which include the spectral overlap
in the excitation region, spatial alignment of dye and metal
electric dipoles, and the absence of the photoinduced charge
transfer between the two components. Under these conditions,
the excitation energy in a metal could be transferred to a
proximal dye through the plasmon-induced resonant energy
transfer (PIRET),4,45−49 also known as the field enhancement

mechanism.40,50−52 Examples of the PIRET process in dye−
metal assemblies have been witnessed in photocatalytic,49,52−60

photovoltaic,61−67 and biosensing22−24,27,35,68,69 applications of
metal nanoparticles.
From a theoretical standpoint, the interaction of fluorescent

molecules with surface plasmons in metals is usually treated as
an incoherent process,70 which excludes the possibility of the
reversible energy transfer between the two components.
Consequently, quenching of the dye PL is usually not
considered to result in the enhancement of the excitation
energy in the metal. This scenario, however, is not character-
istic of localized surface plasmons in metal nanoparticles,
where the energy accepted from a proximal dye could be
resonantly transferred back to conjugated molecules due to the
absence of Stokes shifts associated with nonradiative emission
by metals45,71 (no vibrational relaxation losses). Furthermore,
an electric dipole of a metal nanoparticle excited via the dye →
metal ET would be aligned with a dipole of the energy-
donating molecule, such that the rate of the corresponding
reverse metal → dye energy transfer process could exceed that
of the polarization-averaged field enhancement in the same
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dye−metal system. In order to account for a coherent
excitation transfer in a metal−fluorophore assembly, the
interaction of fluorescent molecules with metal surfaces must
be treated as reversible, which assumes that the loss of dye
excitations (−dNdye) augments the population of metal
plasmons (+dNmetal) and vice versa. This scenario is possible
when the system is excited in the vicinity of the exciton−
plasmon resonance (hω̵pl ≈ hω̵exciton), a condition met by
many dye−metal assemblies.4,21,72,73

Here, we report on the experimental observation of the
reversible energy transfer in assemblies of Au nanoparticles and
fluorescent molecules (Alexa 488, Cy3.5, Cy5). The present
study reveals that quenching of the dye emission via FRET or
NSET to localized surface plasmons in Au nanoparticles is
followed by the backward transfer of metal excitations to dye
molecules (Figure 1). Such a delayed repopulation of the dye

excitation energy was manifested in this work through the
observation of an increased PL lifetime of Au-conjugated dyes
in comparison to nonconjugated molecules. Ultrafast transient
absorption measurements have confirmed the delayed rise of
the excitation energy in Au-conjugated fluorophores, which
was temporally correlated with the excited-state decay in
polymer-capped Au nanoparticles. Notably, relative amplitudes
of the reverse metal→ dye ET in each of the three investigated
samples were found proportional to the respective metal-
induced PL enhancement factors, determined using polar-
ization-averaged sample transmitted excitation photolumines-
cence (STEP) spectroscopy. Theoretical calculations based on
the reversible ET model were subsequently employed to
explain the observed PL lifetime enhancement in dye−AuNP
assemblies, suggesting that such processes could be ubiquitous
in many other dye−metal systems. Considering the significant
role that metal−dye assemblies play in many areas of science
and technology, the present findings could have important
implications for the development of biological sensors,
light-emitting materials, and light-harvesting assem-
blies.22,24,26,35,74−82

■ RESULTS AND DISCUSSION
Early studies of the metal-enhanced fluorescence83−92 have
identified the existence of several competing processes that
contribute to the energy exchange between a metal nano-
particle and a semiconducting fluorophore. In the absence of
charge-transfer interactions, quenching of the fluorophore
emission is usually described by the dye to metal FRET,93

NSET,94 or the Gersten−Nitzan95 mechanisms (nonradiative
quenching), whereas the PL enhancement process is attributed
to the metal → dye PIRET (field enhancement).45,46,70 When
the two processes are incoherent (absence of the back and
forth transfer), their cumulative effect on emission changes in
metal-coupled fluorophores (ΔFL) can be expressed using a
weak-coupling96 dipole−dipole approximation, as follows:49
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where n = 4−6 depending on whether the dipoles are
considered to be surface- or pointlike, α represents the
wavelength-dependent absorption coefficient, and RET

0 is the
donor−acceptor distance corresponding to the 50% efficiency
for nonradiative dye energy quenching (via FRET or NSET).
The competition of metal-induced FL quenching (ΔFL < 1)

and field enhancement (ΔFL > 1) processes is well
documented in the literature. Typically, quenching prevails
when the size of a metal nanoparticle falls below 20 nm.6−9,97

In this size regime, quenching via FRET or NSET, as well as
the photoinduced charge transfer back to metal, overwhelm the
effect of PIRET-based enhancement.20,97 Meanwhile, the
plasmon-enhanced fluorescence (ΔFL > 1) is usually observed
in systems featuring large-diameter metal nanoparticles (>30
nm in size)4,83,88,91,98−103 and metal nanorods,104−108 where
slower dephasing surface plasmons exhibit a greater probability
of interacting with semiconductor excitons through the PIRET
mechanism. In the case of weakly emitting dyes, the PL gain
may be further increased by the plasmon enhancement of the
semiconductor radiative rates,8,109,110,94 although a radiative
rate reduction has also been predicted for chemically
conjugated dyes.9

In the present study, the interaction of fluorescent molecules
with localized surface plasmons was investigated by using three
dye−metal assemblies comprising 14.4 nm Au nanoparticles (a
characteristic TEM image is shown in Figure SF5) conjugated
with Alexa 488, Cy3.5, and Cy5 dye molecules. Au NP surfaces
were capped with a lipoic acid (LA)-containing polymer111

with an average thickness of 4−6 nm. The three types of
fluorophores were chosen to represent different regimes of the
spectral overlap between the molecular absorption range and
the surface plasmon band, as shown in Figure 2. The Cy3.5−
AuNP assembly exhibited the strongest overlap in the
absorption range, which was expected to enhance the
corresponding “reverse” AuNP → Cy3.5 energy transfer rate.
Meanwhile, the absorption bands of Alexa 488 and Cy5 dyes
were offset toward the higher and lower energy regions of the
Au NP absorption maximum, respectively. In terms of PL
quenching, the Alexa 488 assembly exhibited the strongest
emission−absorption overlap, favoring the Alexa → AuNP ET,
while PL emission spectral ranges for Cy3.5 and Cy5 were red-
shifted from the Au absorption maximum. The conjugation
protocol was performed according to a previous report,111 as

Figure 1. Illustration of the forward (dye → AuNP) and reverse
(AuNP → dye) energy transfer. Quenching of the dye PL via Förster
resonant energy transfer (FRET) or nanosurface energy transfer
(NSET) results in the excitation of localized surface plasmons in Au
NPs. The induced excitation energy in the metal can subsequently be
transferred back to surface-anchored dyes (via the PIRET
mechanism). The resulting two-step energy transfer process, there-
fore, can cause the repopulation of the dye excitation energy, which is
evidenced as the delayed photoluminescence in conjugated dyes.
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illustrated in the diagram of Figure SF1. The dye−AuNP
product was characterized using 1H NMR (Figure SF2),
dynamic light scattering (Figure SF3), and exclusion column
filtration (Figure SF4).
The conjugation of fluorescent dyes with Au nanoparticles

has resulted in 7−8-fold quenching of the steady-state emission
for all three investigated samples, as illustrated in Figure 2d−f.

Considering the substantial spectral overlap between the
surface plasmon band and emission profiles of Alexa 488
(Figure 2d), Cy3.5 (Figure 2e), and Cy5 (Figure 2f), the
reduction in the PL intensity in all cases was attributed
primarily to dye → AuNP nonradiative quenching via resonant
energy transfer (FRET, NSET). The photoinduced charge
transfer from the excited dye to a metal surface was considered

Figure 2. (a−c) Absorption profiles of three dye−AuNP assemblies comprising 14.4 nm Au nanoparticles conjugated to (a) Alexa 488, (b) Cy3.5,
and (c) Cy5 dye molecules. The inserts show approximate dye to AuNP molar ratios estimated from known extinction coefficients. (d−f) Emission
profiles of the three dye molecules before (dark red) and after (gray) conjugation to Au nanoparticles. The PL intensity quenching ratios for each
case are shown. (g−i) PL lifetimes of the three investigated dye molecules before (gray) and after (red) conjugation to Au nanoparticles. Notably,
the PL lifetimes of Cy3.5−AuNP in (h) and Cy5−AuNP in (i) are increased relative to those of isolated molecules.

Figure 3. Summary of ultrafast transient absorption (TA) measurements. (a) Transient absorption spectra of Cy3.5−AuNP assemblies. TA bleach
features corresponding to AuNP and Cy3.5 dye components are indicated by blue and red arrows, respectively. The pump excitation wavelength
was set to λexc = 590 nm. (b). Transient absorption spectra of Cy5−AuNP assemblies, where blue and red arrows indicate the TA bleach in AuNP
and Cy5 dye, respectively. The pump excitation wavelength was set to λexc = 640 nm. (c). Integrated TA bleach recovery corresponding to Cy3.5
(red) and AuNP (blue) spectral ranges of a Cy3.5−AuNP system, shown in (a). The rise of the Cy3.5 bleach amplitude at short pump−probe
delays (τ < 3 ps) is attributed to the 3 ps recovery of the spectrally broad photoinduced absorption in Au nanoparticles. (d) Integrated TA bleach
recovery corresponding to Cy5 (red) and AuNP (blue) spectral ranges of the Cy5−AuNP system, shown in (b). (e). Comparison of the Cy3.5
bleach recovery before (red) and after (blue) conjugation with Au nanoparticles. The increased lifetime of the excited-state population in Au-
conjugated dyes is consistent with the observation of increased PL intensity decay in Cy3.5−AuNP assemblies.
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as another possible mechanism of PL quenching,112 which
affected the subpopulation of conjugated molecules exhibiting
electrical coupling with Au.
Contrary to expectations based on dye → AuNP energy

transfer scenario, the changes in the PL lifetime of Au-
conjugated dyes (Figure 2g−i) were not proportional to their
respective PL quenching efficiencies. The difference was
particularly prominent in the case of Cy3.5−AuNP assemblies,
where, despite an 88.2% reduction in the Cy3.5 PL intensity
(ΔI = 0.12), the corresponding lifetime was increased almost
2-fold relative to that of isolated fluorophores, Δτ ≈ 2 (Figure
2h). A similar trend was observed for Cy5−AuNP assemblies,
where the PL lifetime was increased upon conjugation (Figure
2i), despite a 7-fold reduction in the total emission intensity
(Figure 2f). The Alexa 488−AuNP assembly was the only
system that showed a slight PL lifetime reduction upon
conjugation (Figure 2g). Nevertheless, the relative change in
the PL lifetime of Au-anchored Alexa 488 (Δτ ≈ 1) did not
correspond to the change in the emission intensity (ΔI =
0.14).
The increase in the excited-state lifetime of metal-conjugated

Cy3.5 and Cy5 fluorophores was corroborated by ultrafast
transient absorption (TA) measurements (Figure 3 and Figure
SF6). To determine the lifetime of dye excitations in dye−
AuNP and dye-only samples, chirp-corrected TA spectra were
recorded in the 0.3−2.5 ns time interval (see Figure 3a,b).
Excitation at the high-energy side of the dye absorption range
(λexc = 590 nm for Cy3.5−AuNP and λexc = 640 nm for Cy5−
AuNP) has caused an instantaneous bleach of both the dye and
metal nanoparticle excitation transitions, as indicated in Figure
3a,b by red and blue arrows, respectively. The negative ΔA
feature in the TA spectra of Au nanoparticles (blue arrow) is
known to arise from excitation-induced broadening of the
surface plasmon peak, which causes a characteristic spectral
“dip” at the plasmon wavelength sandwiched by the two
positive “wings”.113,114 Such broadening of the plasmon
absorbance results from nondipolar plasma oscillations in Au
nanoparticles induced by the excitation pulse.
According to the time-dependent evolution of the spectrally

integrated Cy3.5 TA bleach in Figure 3e, the recovery of
excitations in dye-only Cy3.5 samples (red curve) was
substantially faster than the corresponding bleach recovery in
Cy3.5−AuNP assemblies (blue curve). The difference in the
excited state decay time between dye−metal and dye-only
samples was very similar to the difference observed in
measurements of the PL intensity decay. Indeed, over the
2.5 ns pump−probe delay range, depicted in Figure 3e, the
recovery of Au-conjugated Cy3.5 appears to be at least twice as
slow as in isolated Cy3.5 molecules. This observation provides
strong evidence that excited-state lifetimes of Cy3.5 dyes
increase upon conjugation with Au NPs.
In addition to a slower decay of excited states in metal-

conjugated dyes, the TA dynamics of Cy3.5−AuNP and Cy5−
AuNP assemblies showed some other interesting features. At
early pump−probe times (τ < 3 ps), metal-conjugated dyes
exhibited a fast rise of the excited-state population, which was
not observed in isolated molecules (Figure 3c,d). In this case,
no correlation between the early onset of the dye bleach and
the decay of plasmon excitations in Au NPs was inferred. In
particular, a careful analysis of TA traces was able to attribute
the initial growth of the spectrally integrated bleach in Cy3.5
and Cy5 dyes (Figure 3c,d, red curve) to the early-time
background contribution. According to Figure 3a,b and Figure

SF6, TA spectra of Au-conjugated dyes contained a spectrally
broad, positive feature associated with the photoinduced
absorption (PA) in metals (positive “wings”),115 which
effectively reduced the amplitude of the dye bleach in dye−
metal assemblies. On the basis of these observations, we
conclude that the early-time recovery of the TA bleach in Au
domains (Figure 4a, blue circles) did not correlate with the rise
of the TA bleach in Cy3.5 dyes (Figure 3a, red circles). This
refers to both hot electron and resonant energy transfer

Figure 4. Illustration of the STEP technique for measurements of the
Au → dye energy transfer efficiency, which relies on either (a) Au-
donor type or (b) dye-acceptor type excitation filters. The broad-band
excitation light is passed through a respective excitation filter (Au-
donor type, solutions of CdSe/CdS nanocrystals, which spectrally
match the plasmon absorption of Au NPs; dye-acceptor type, Alexa
488, Cy3.5, Cy5), which causes the acceptor emission, NA

PL, to change
proportionally to the energy transfer efficiency, ED→A. To obtain the
ED→A value, the measured f ratio ( fA or f D, see text) is fitted with a
model parametric curve, f theor(ED→A), featuring a single fitting
parameter, ED→A. (c) Summary of STEP measurements for all three
investigated dye−Au assemblies. (d) STEP measurements of ED→A in
Alexa 488−AuNP assemblies utilizing an acceptor-type filter. The
observed set of experimental fA is consistent with ED→A ≈ 0%. (e)
STEP measurements of ED→A in Cy3.5−AuNP assemblies utilizing a
donor-type filter. The observed experimental f D values are best fitted
with a model curve utilizing ED→A = 3.6%. (f) STEP measurements of
ED→A in Cy3.5−AuNP assemblies utilizing an acceptor-type filter. The
observed experimental fA values are best fitted with a model curve
utilizing ED→A = 3.2%. (g) Donor-type STEP measurements of ED→A
in Cy5−AuNP assemblies resulting in ED→A = 0.1%. (h) Acceptor-
type STEP measurements of ED→A in Cy5−AuNP assemblies resulting
in ED→A = 0.2%.
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processes, as the former mechanism does not enhance the
Cy3.5 TA bleach signal beyond the aforementioned PA effect,
while the AuNP → Cy3.5 PIRET process is generally too fast
(<50 fs) to be resolved in present TA measurements (pump
pulse duration ∼120 fs).
The presence of a long-lived PL component in the decay of

Cy3.5 and Cy5 dyes (and to a lesser extent in Alexa 488)
suggests the existence of the excited-state repopulation process
(dNdye(t) > 0). As was stated above, the AuNP → dye PIRET
resulting from the direct excitation of Au nanoparticles and the
hot electron transfer have relatively short decay times to
contribute to such a long-lived excited state of metal-
conjugated fluorophores (>1 ns). In this regard, any possible
mechanism that could result in a continuous repopulation of
metal-conjugated dyes must involve an excited-state reservoir,
which slowly feeds the excitation energy to a dye. Under these
considerations, one possible mechanism of the delayed PL in
metal-conjugated dyes could be attributed to a two-step
excitation transfer process, involving the dye → metal energy
transfer followed by the metal → dye PIRET. This scenario is
schematically illustrated in Figure 1. The reverse PIRET
process is triggered by the ET from a dye molecule and,
therefore, is temporally delayed relative to the initial excitation
event. The Au to dye energy transfer could be mediated by an
LA-containing polymer shell, which accepts the initial
excitation energy from a metal. The evidence in favor of
such metal → polymer excitation transfer is seen in the TA
spectra of Au−polymer composites (Figure SF10) as a
spectrally broad photoinduced absorption. The long-lived
positive ΔA feature implies that new states in a Au−polymer
assembly become occupied as the plasmon excitation relaxes.
The decay of these states can therefore induce a delayed
excitation of conjugated dyes. Considering that surface
plasmons induced by the energy transfer from conjugated
dyes are dipole-aligned with the electric field of the donating
molecule, the reverse plasmon → dye energy transfer could be
more efficient than a “direct” PIRET process.
In order to understand whether the proposed “reverse”

energy transfer via the field enhancement is feasible in
investigated dye−metal systems, we have performed sample
transmitted excitation photoluminescence (STEP) measure-
ments of the metal-enhanced PL in all three samples. STEP
spectroscopy116−119 was recently introduced for measurements
of the ET efficiency, ED→A, in systems with nonemissive donor
species (e.g., plasmonic nanoparticles). It is based on the
assumption that the number of photons emitted by an acceptor
fluorophore, NA

PL, depends linearly on the number of excited
acceptor (A) and donor (D) molecules, NA and ND,
respectively:

N N E NQY ( )A
PL

A A D A D= + → (2)

where QYA is the emission quantum yield of the fluorophore A
in the presence of the donor D (as measured in the donor−
acceptor assembly). The ED→A parameter represents the
percentage of donor excitations that are transferred non-
radiatively to the acceptor moiety. To determine ED→A, the
donor−acceptor sample is excited using a broad-band light
source and the emission intensity of the acceptor dye NA

PL(E) is
recorded. The excitation light is then spectrally shaped using
donor-like or acceptor-like filters (Figure 4a,b) designed to
suppress the excitation of Au NP donor or dye acceptor species
in the investigated sample (ND ≪ NA or NA ≪ ND,

respectively). If the spectral profile of the excitation light,
n(λ), and the optical density (OD) of the excitation filter are
known, one can predict the change in the acceptor emission as
a function of a single parameter, ED→A (see Figure SF9). It
should be noted that eq 2 does account for the loss of the
acceptor (dye quenching) excitations due to the dye→ Au ET.
This is because quenching of the dye emission lowers the
effective QYA in eq 2. The corresponding reduction, ΔQYA, is
the same with and without the excitation filter present since Au
nanoparticles do not need to be excited to accept energy from
a proximal dye. As a result, the value of QYA cancels out from
the equation for ED→A, as shown in the diagram of Figure SF9.
Figure 4ab illustrates the procedure for extracting the energy

transfer efficiencies from STEP measurements utilizing the two
types of excitation filters. A donor-type excitation filter is used
to suppress the excitation of donor molecules in the sample,
causing the acceptor emission to change proportionally to
ED→A (Figure 4a). These changes are best illustrated by
plotting a normalized dye-acceptor emission, f D = NA

PL/NA, as a
function of the donor-type filter optical density, as shown for
the two limiting cases of ED→A: E = 100% and E = 0%.
Conversely, an acceptor-like excitation filter (e.g., a solution of
acceptor dye molecules) can be used to selectively suppress the
excitation of acceptor molecules, such that the energy transfer
efficiency, ED→A, could be obtained from the acceptor emission
scaled by the number of donor excitations, f D = NA

PL/ND, as
illustrated in Figure 4b. To reduce an experimental error,
present STEP measurements were performed through
sequential injections of the reference (dye-only) and dye−
AuNP samples into the target cuvette without realigning the
optical setup or changing the filter solution (see Methods in
the Supporting Information for details). Such a reference-based
measurement strategy has allowed for the experimental
uncertainty to be contained within 1−2%.
Figure 4 summarizes the results of STEP measurements. Out

of three investigated dye−AuNP systems, the Cy3.5−AuNP
assembly resulted in the highest value of the PIRET efficiency.
According to the analysis in Figure 4e, the f D ratio
corresponding to Cy3.5-only samples was essentially inde-
pendent of the Au-donor type filter OD, as was expected in this
case due to the lack of donor (Au) contribution into the dye
emission. Conversely, for Cy3.5−AuNP samples, the exper-
imental f D ratio (blue circles) decreased with the filter OD,
indicating the contribution of Au excitations to the Cy3.5
emission. The measured f D was fitted with a model parametric
curve, f theor, featuring a single fitting parameter, ED→A, where
f theor(E) = NA

PL(E)/NA, was determined using eq 2 as a
parametric function of the energy transfer efficiency, E. As
shown in Figure 5e, the average PIRET efficiency for Cy3.5−
AuNP samples was determined to be 3.6%. This value
represents the percentage of Au-absorbed excitations that
were transferred to the entire population of proximal Cy3.5
dyes. In other words, the group of surface-anchored dyes was
treated as a single acceptor moiety. STEP measurements of the
same sample, utilizing an acceptor-like excitation filter (Figure
4f), have yielded a slightly lower value for ED→A, which equaled
3.2%. Consequently, we conclude that the average metal →
dye ET efficiency for a Cy3.5−AuNP system was 3.4%, which
represents the PIRET efficiency averaged over different
molecular orientations (κ2 ≈ 2/3). In the case of Cy5−
AuNP samples, the PIRET efficiency was found to be 0.15%
(Figure 4g,h). A relatively lower value of ED→A for Cy5−AuNP
assemblies (in comparison to Cy3.5−AuNP) was consistent
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with a reduced spectral overlap, F, between Au and Cy5
species in the excitation spectral range (FCy3.5/FCy5 ≈ 2.7). In
the case of Alexa 488−AuNP samples, Au-donor-type STEP
measurements could not be performed due to a significant
spectral cross talk between the surface plasmon band and
acceptor (Alexa 488) emission profile. Consequently, on the
basis of only dye-acceptor type measurements, we determined
that the metal to dye PIRET in this case was close to zero,
ED→A ≈ 0.0 ± 0.1 (Figure 4d). It should be noted, however,
that due to a relatively high ratio of optical extinction
coefficients in Au and Alexa 488 dye (∼1400), the transfer of
up to 0.1% of the excitation energy from a Au nanoparticle to
about 70 surface-appended dyes is sufficient to increase the
Alexa 488 emission by 3−4% (ΔFL ≤ 1.03−1.04, see section
2e in the Supporting Information).
STEP measurements of the polarization-averaged ET

efficiencies in Figure 4 suggest that “instantaneous” plasmon
→ dye energy transfer can occur in all three systems with the

highest rate expected in Cy3.5−AuNP assemblies and the
lowest in Alexa 488−AuNP. By taking into account the relative
nanoparticle/dye extinction ratios and the average number of
conjugated dyes, we estimate that, for a single direct excitation
absorbed by one of the Cy3.5 dyes on the surface of Au, it
receives an average of 0.31 excitations from the metal
nanoparticle (please see section 2e in the Supporting
Information for details of calculations). For instance, if PL
quenching due to FRET or NSET were negligible, the resulting
PL enhancement due to proximal Au would have been 31%
(ΔFL = 1.31). For Cy5 and Alexa 488, the estimated increase
in the exciton population due to the plasmon-induced energy
transfer from Au was ∼6% (ΔFL = 1.06) and ∼3.5% (ΔFL ≤
1.035), respectively. Notably, the latter value represents the
upper bound rather than the average efficiency due to large
experimental uncertainties.
The experiment manifestation of the metal to dye energy

transfer in Cy3.5−AuNP and Cy5−AuNP assemblies supports
our hypothesis that the reverse PIRET process is possible in
these systems. As was previously mentioned, the reverse
PIRET rate is expected to be enhanced relative to polarization-
averaged ET observed in STEP measurements due to the
favorable orientation of the surface plasmon and exciton
electric dipoles. This concept is illustrated in Figure 5a, which
compares the amplitude of the plasmon electric field (dAu =
14.4 nm) for aligned and isotopically oriented molecules. Since
quenching of the dye emission gives rise to surface plasmons
that are dipole-aligned with the fluorophore electric field, the
orientation factor κ2 for these molecules is assumed to be
maximized (κ2 ≈ 4). In comparison to the isotropic orientation
of dipoles observed in STEP measurements (κ2 ≈ 2/3), the
corresponding enhancement of the Förster radius for the
reverse PIRET R0

aligned/R0
isotropic is expected to range between

1.35 and 1.56, depending on whether metal dipoles are
considered to be point- or surfacelike.
To model the coherent energy exchange in Cy3.5−AuNP

and Cy5−AuNP assemblies, which includes the possibility of a
reverse PIRET, we assume that the number of excitations in
Au-conjugated dye molecules (Ndye) can grow proportionally
to the number of surface plasmon excitations in Au (Nmetal)
caused by the reverse PIRET mechanism. Under this
assumption, the temporal evolution of Ndye and Nmetal
populations can be determined by solving coupled rate
equations that include the metal → dye energy transfer rate
(kPIRET):

N t k N k N k Nd /ddye spon dye ET dye PIRET metal= − − + (3)

N t k N k N k Nd /dmetal PIRET metal metal metal ET dye= − − +* (4)

where kET is the PL quenching rate due to the dye to metal
FRET and NSET, kspon is the rate of a spontaneous decay in
nonconjugated dyes, and kmetal* is the rate of the excitation
decay in metal. We assume that any modifications of kspon due
to the stimulated-emission effect of metal surfaces are
negligible in systems with strong emitters. Indeed, since the
interaction of surface plasmons with proximal dyes is short-
lived (<50 fs), a significant change in the value of kspon is
expected only if the nonradiative decay rate greatly exceeds the
rate of radiative processes (weakly emitting fluorophores). This
is not the case for strongly emitting Cy3.5 and Cy5
fluorophores exhibiting PL quantum yields over 30%.120,121

The value of kmetal* is nominally determined by the rate of
the plasmon energy relaxation in Au NPs. Due to the presence

Figure 5. (a) Comparison of surface plasmon electric field amplitudes
for aligned and isotopically oriented dye molecules. The reverse
PIRET is expected to result in a preferential alignment of metal and
dye dipoles (κ2 ≈ 4). The electric field intensity amplification was
calculated for a spherical Au nanoparticle (ε = −8.4953 + 1.6239i)
using the T matrix linking of outgoing (Hankel) and incident (Bessel)
fields, as detailed in refs 117 and 122. (b) Fitting the delayed PL in
Cy3.5−AuNP assemblies (purple circles) with the solution of coupled
rate equations (eqs 3 and 4) on the basis of the reverse ET model
(purple curve). The best fit is obtained for kPIRET = (0.29 ns)−1. The
emission of nonconjugated Cy3.5 is shown by gray circles. (c) Fitting
the delayed PL in Cy5−AuNP assemblies (purple circles) with the
solution of coupled rate equations on the basis of the reverse ET
model (purple curve). The best fit was obtained for kPIRET = (0.33
ns)−1. The emission of nonconjugated Cy5 is shown by gray circles.
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of a surrounding polymer matrix, however, the excitation
energy in metal could be thermalized into long-lived states of a
polymer or a polymer−dye interface. This could be attested by
the long-lived photoinduced absorption feature observed in TA
measurements of LA-PIMA-PEG-capped Au NPs (positive ΔA
in Figure SF10). The relaxation of this PA feature (∼100 ps) is
more than 103 times slower than the plasmon dephasing time
constant. We therefore propose that the presence of the
polymer matrix effectively extends the lifetime of plasmon
excitations in Au NPs.
The results of model calculations for the PL decay in

Cy3.5−AuNP and Cy5−AuNP assemblies are summarized in
Figure 5b,c, as well as in Table 1. Out of four independent

parameters entering eqs 3 and 4, kspon, kET, kPIRET, and kmetal*,
the first two were acquired from experimental measurements.
The value of kspon was obtained from the single-exponential fit
of the PL intensity decay for nonconjugated dyes (gray curve
in Figure 5b,c), while the initial value of kET was determined by
assuming that nonradiative energy transfer was the sole process
responsible for PL quenching in Au-conjugated dyes. In the
case of Cy3.5−AuNP assemblies, this yielded: kET = kspon ×
EQ/(1 − EQ) = (0.21 ns)−1, where EQ = 0.882 is the PL
quenching efficiency. In order to include any non-ET
contributions to PL quenching (e.g., dye → Au photoinduced
charge transfer), the above equation was modified to kET +
knon‑ET = kspon × EQ/(1 − EQ), which effectively reduced the
value of the kET parameter. To allow for small adjustments of
the ET rate during the fitting procedure, both kET and kPIRET
parameters were allowed to be varied in a self-consistent
manner in order to obtain the best fit of the experimental PL
intensity decay. In the case of Cy3.5−AuNP assemblies, the
ultimate value of kET = (0.32 ns)−1, resulting from a model fit,
was 34% lower than the initial kET = (0.21 ns)−1, suggesting
that 34% of excitations in Cy3.5 are likely to be depleted by
non-ET processes (e.g., dye → Au charge transfer). The
resulting PIRET rate, kPIRET = (0.29 ns)−1, was found to be
similar to the kET value, indicating that the excitation energy
transfer to and from the dye molecule occurred with
comparable rates. The similarity of kET and kPIRET parameters
could be explained by the nearly symmetric overlap integrals
associated with ET (e.g., FRET, NSET) and PIRET processes
(see eq 1).
The results of model calculations for the Cy5−AuNP system

are shown in Figure 5c and Table 1. The value of kspon = (1.23
ns)−1 was determined by fitting the PL intensity decay in
nonconjugated Cy5 samples (gray curve), while the initial
value of kET = ksponEQ/(1 − EQ) = (0.19ns)−1 was estimated
from the quenching efficiency. Coupled rate equations were
then solved in a self-consistent manner to obtain the best fit of
the experimental PL decay for the Cy5−AuNP system (Figure

5c, purple curve). The resulting ET rate, kET = (0.51 ns)−1, was
found to be lower than its initial assessment of (0.19 ns)−1

determined from EQ = 0.866. Accordingly, we estimate that PL
quenching in Cy5−AuNP assemblies could be contributed up
to 63% by non-ET processes. Such a non-ET contribution to
Cy5 PL quenching could arise from Au-conjugated molecules
that share the electron density with the metal surface (e.g.,
molecules that are in direct electrical contact with Au) and
therefore essentially dark. Due to their absorption contribu-
tion, these dyes are accounted for in calculations of PL intensity
quenching (ΔI), but not in the PL lifetime measurements (Δτ).
Finally, the PL lifetime enhancement effect in model
calculations based on eqs 3 and 4 could be reproduced only
by assuming that kmetal* was much lower than kspon. This
condition was necessary for the excited state “reservoir” that
feeds the dye excitation population to exist. The exact nature of
such an excited state, however, could not be determined in this
work.
In the case of Alexa 488−AuNP colloids, the application of

the fitting procedure based on eqs 3 and 4 was only partially
successful (see Figure SF7). While the model reproduced the
long-term decay component accurately, the early-time PL
decay could not be fit well using a reasonable range of kET and
kPIRET parameters. The discrepancy between the experimental
and simulated PL intensities for t < 1 ns could be attributed to
the contribution of short-lived processes that were not
accounted for by the three rates in eqs 3 and 4. For instance,
the dye → Au NP photoinduced charge transfer affecting a
subpopulation of dyes that are electrically coupled to a metal
surface represents one example of such processes. In regard to
a long-term decay of the Alexa 488−AuNP emission, the fitting
procedure has yielded a comparatively large value of kPIRET
(see Table 1) that exceeded the corresponding rates in Cy3.5−
AuNP and Cy5−AuNP samples.
One of the key questions raised by the present investigation

concerns the lack of previous reports of the reverse PIRET
process in dye−metal assemblies. According to the majority of
publications reporting PL intensity decay measurements, the
conjugation of dyes with metal nanoparticles results in the
reduction of the PL lifetime.9,16,44,97,123−130 Only one other
study131 has reported a 1.5-fold enhancement in the PL
lifetime of Au-conjugated Cy3 fluorophores despite ∼41% PL
intensity quenching. After a careful examination of the existing
literature, we were not able to determine any particular
condition that was responsible for a different trend observed in
the PL lifetime by both the present work and ref 131, as similar
dye−metal assemblies (e.g., Cy5-DNA−AuNP) were also
reported to result in the reduced PL lifetime by other
groups.125 Nevertheless, the present observation of the
enhanced PL lifetime was supported by transient absorption
measurements, clearly showing that the excited-state pop-
ulation in Au-conjugated dyes exhibits a longer lifetime than in
isolated molecules. Such PL lifetime enhancement in metal-
coupled fluorophores can be predicted for an arbitrary dye−
metal assembly using the aforementioned coherent ET model
(eqs 3 and 4) as a parametric function of kPIRET and kET rates.
As shown in Figure 6, the increase in the dye → metal ET rate
relative to kspon leads to a reduction in the PL lifetime of a
conjugated fluorophore, Δτ = τdye−metal/τdye < 1 (blue-green
color region), which is commonly observed in PL quenching
measurements. Meanwhile, when both kET and kPIRET
parameters are large (kET, kPIRET > kspon), an enhancement in

Table 1. Summary of Model Calculations for the Three
Conjugated Systems, Showing k−1spon, k

−1
ET, and k−1PIRET

Inverse Ratesa

Alexa 488−AuNP Cy3.5−AuNP Cy5−AuNP
k−1spon (ns) 4.06 1.45 1.23
k−1ET (ns) 1.9 0.32 0.51
k−1PIRET (ns) 0.15 0.29 0.33

aThe first parameter was determined by fitting the PL intensity decay
of nonconjugated dyes, while the last two rates were obtained by
solving coupled rate equations (eqs 3 and 4).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b04697
J. Am. Chem. Soc. 2019, 141, 11286−11297

11292

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04697/suppl_file/ja9b04697_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04697/suppl_file/ja9b04697_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b04697


the PL lifetime of a conjugated fluorophore Δτ > 1 (orange-
red color region) is expected.

■ CONCLUSIONS
Quenching of the dye fluorescence by proximal metal surfaces
represent a popular strategy of determining intermolecular
distances in biosensing and near-field imaging applications.
The vast majority of experimental measurements rely on the
reduction in the PL intensity of metal-conjugated fluorophores,
ΔI, assuming that corresponding changes in the PL lifetime,
Δτ, are proportional. Our work demonstrates that this is not
the case when the metal to dye energy transfer is significant.
Under these conditions, the energy transferred from the
photoexcited fluorophore to a metal nanoparticle could be
transferred back to the conjugated molecule, causing an
enhancement in the PL lifetime. The difference between ΔI
and Δτ is expected to be particularly large when both the
nonradiative quenching and PIRET rates are greater than the
rate of the spontaneous decay. Consequently, metal−dye
assemblies featuring a strong plasmon−exciton coupling are
likely to exhibit different values of ΔI and Δτ.
From a theoretical standpoint, the present observation of the

enhanced PL lifetime in metal-conjugated dyes reveals the
underlying coherent interaction between metal and molecular
electric dipoles. By using a combination of time-resolved
spectroscopy and rate-equation calculations, we showed that
fluorescent molecules can engage in a reversible energy transfer
with proximal metal surfaces, during which quenching of the
dye emission via the energy transfer to localized surface
plasmons triggers the delayed ET from the metal back to the
fluorescent molecule. The reverse ET was shown to occur
concurrently with PL quenching, which causes the PL lifetime
of metal-conjugated fluorophores to increase despite an overall
reduction of the dye emission intensity. The amplitude of the
reversible ET in dye−metal assemblies was found to be
proportional to the metal to dye energy transfer efficiency,
determined by means of polarization-averaged STEP spectros-
copy measurements. Theoretical simulations based on the
coherent ET model were employed to explain the observed PL
lifetime enhancement in Alexa 488−AuNP, Cy3.5−AuNP, and
Cy5−AuNP assemblies, indicating that such processes could

be pervasive in other dye−metal systems. Considering a broad
scientific interest in metal-conjugated dye assemblies, the
present findings could have an important scientific and
technological impact on the development of biological sensors,
light-emitting materials, and light-harvesting assemblies.
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