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ybridization of dissimilar building

materials into highly organized struc-

tures can tailor the functionality of
each component by coupling phenomena.'?
In particular, the collective oscillation of elec-
trons in metal nanoparticles (NPs) known as a
localized surface plasmon resonance gained
much attention since light—matter interac-
tion can be engineered by positioning metal
NPs in the vicinity of fluorophores such as
semiconductor quantum dots (QDs) or fluor-
escent dyes.®> ° In this context, metal NPs are
often referred to as near-field antennas since
they can (1) enhance local electric fields around
NPs and (2) engineer the radiative and non-
radiative decay rate of fluorophores>~¢ To
understand the nature of NP effect, chemi-
cally or lithographically fabricated metal
NPs and nanostructures have been widely
utilized, and it was found that fluorophores
in the vicinity of metal NPs undergo excitation
enhancement (increased light absorption),
emission enhancement (increased radiative
decay), or quenching (increased nonradiative
decay).* "> These competitive near-field in-
teractions arose from several experimental
parameters such as the extinction character-
istics of metal NPs,”? the distance between
NPs and fluorophores,'®~ "% and spectral over-
lap between absorption/emission of fluoro-
phores and the extinction of metal NPs.'>'*
The consequence of those understandings
now stimulates widespread applications in
biology,® diagnostics,' photonics,'® and opto-
electronics.'””~"?

These recent findings on plasmonics with
metal NPs may highlight the apparent similar-
ity to fluorescence resonance energy transfer
(FRET) between a donor—acceptor pair of
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principles for understanding a number of experimental observations such as enhanced and quenched

emission of fluorophores in the vicinity of metal nanoparticles. At the same time, there are apparent

similarities between surface-plasmon-coupled fluorescence and fluorescence resonance energy

transfer (FRET), as both are nearfield through-space interactions. From this perspective, we

hypothesize that donor—acceptor interaction in the FRET can be altered by metal nanopartides.

Our approach is based on diblock copolymer micelles, which have been widely applied for nanoscale

arrangement of functionalities. By applying self-assembling techniques of copolymer micelles to

organize the spatial location of semiconductor quantum dots, fluorescent dyes, and metal

nanoparticles, the FRET in hybrid assemblies can be switched off by plasmonic effects.

KEYWORDS: self-assembly - micelles - hybrid materials - energy transfer -

surface plasmon

fluorophores. As well formulated, FRET is a
nonradiative through-space energy flow from
excited-state donors to ground-state accep-
tors by dipole—dipole interaction and occurs
when the donor-to-acceptor distance is com-
parable to or smaller than their Forster radius
(Ry).2°~% Therefore, one may envision that
donor—acceptor interactions in FRET can be
modulated by near-field effects of metal NPs,
but such a research direction might be quite
complex since multiple parameters aforemen-
tioned have to be carefully analyzed. Recently,
surface-plasmon-coupled FRET systems have
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been investigated, however only to a limited degree,
using self-assembling techniques such as layer-by-
layer assembly'>?® and multilayered core—shell
particles.?” The pre-existing results suggest that metal
NPs can strongly enhance the FRET efficiency by
increasing the Forster radius.?®?° Lakowicz et al.
inferred that the FRET enhancement might be strongly
correlated with a distribution of local electric fields
near metal NPs, as such an enhancement was more
facilitated with larger metal NPs and shorter distances
between NPs and donor—acceptor pairs.>?® Consider-
ing that the Forster radius is usually in the range
2—6 nm and is too short to be widely applicable
for immunoassay of typical globular proteins and
antibodies,®*' they are convinced that such an en-
hanced FRET will eventually find an opportunity in
biological sensing systems.®2®

Another important aspect that needs to be consid-
ered is that FRET might also be restricted in the vicinity
of metal NPs, and such a restriction may facilitate new
material design, as in the case of plasmon-coupled
light-emitting diodes (LEDs)."” "' In a current white
LED, for example, multiple fluorophores, which can
work as a donor—acceptor pair, are often applied to
LED structures to convert high-energy photons
to low-energy ones.3%3! With regard to the lower
device performance, one can utilize metal NPs to
enhance the spontaneous emission rate and quan-
tum efficiency of emitting materials.'”” ' However,
given that the color of LEDs originates from a com-
position of fluorophores as well as their interaction
with metal NPs, the fine-tuning of the emitted color
may be quite intricate, unless FRET between multiple
fluorophores is restricted.

Perceiving that surface-plasmon-coupled FRET has a
fundamental and practical importance in many fields
of science, it is important to realize highly organized
nano- or meso-structures consisting of metal NPs and
fluorophores and to engineer their interactions on a
nanometer scale. As a new step in this direction, we
report here that FRET in hybrid assemblies of diblock
copolymer micelles, QDs, and dyes can be turned off by
silver NPs. Our finding strongly suggests that the decay
channels of dissimilar fluorophores can be engineered
by metal NPs in a way that inhibits FRET. Diblock
copolymer micelles were originally selected because
(1) a single-layered film of copolymer micelles in a
hexagonal order can be easily fabricated by spin-
coating,*?3* (2) some dye molecules are found to be
incorporated solely into the core of micelles,* 3" and
(3) QDs can be positioned at the peripheral region of
micelles in their single-layered film.3®~*° These unique
properties of copolymer micelles discovered by our
group and others provide a precise tool for the nano-
scale organization of dyes, QDs, and metal NPs to
achieve novel material properties and a better under-
standing of plasmonic effects of metal NPs.
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RESULTS AND DISCUSSION

Polystyrene—poly(4-vinylpyridine), PS-PVP, diblock co-
polymers self-associate into spherical micelles consisting
of a soluble PS corona and an insoluble PVP core in
toluene, which is a selective solvent for PS blocks.3%4*2
The molecular weights of PS and PVP blocks in this study
are 51000 and 18000 g/mol, respectively, with a poly-
dispersity index (PDI) of 1.15 (Polymer Source Inc.). To
produce PS-PVP micelles, as-received PS-PVP copolymers
were dissolved in toluene (0.5 wt %), stirred for 3 h at
70 °C, and then cooled to room temperature. From the
solution, a single-layer film of PS-PVP micelles was fabri-
cated by spin-coating. A transmission electron miscopy
(TEM) image (Supporting Information Figure S1) showed
spherical micelles arranged in a hexagonal order with a
dark PVP core and a bright PS matrix without multi-
layered structures. The average diameter of PVP cores
and the center-to-center distance between micelles
were estimated as ~27 nm and ~52 nm, respectively.
This single-layered film of micelles gives a modality for
simultaneous positioning of QDs and dyes that will be
described herein.

For a donor—acceptor pair in this study, QDs of
core—shell CdSe@ZnS capped by oleic acid were
synthesized*® as a donor, and commercially available
rhodamine 123 (R123) was selected as an acceptor.
Since the emission/absorption spectra of QDs can be
tuned by quantum confinement, one can easily induce
the spectral overlap between emission of QD donor
and absorption of dye acceptor, which is necessary for
FRET studies.®®~>° To produce hybrid assemblies of
PS-PVP micelles with QDs and dyes, we first loaded
R123 into the PVP core of micelles with a molar ratio of
[R123]/[VP] = 0.005. While R123 dyes were not soluble
and remained powdery in toluene without micelles, a
homogeneous solution was prepared after adding
R123 to the micellar solution with vigorous stirring
(~7 days) by a selective inclusion of dyes into the
hydrophilic PVP cores.*®*” The amount of R123 in the
PVP core can be controlled by changing the molar ratio
of [R1231/[VP], which was confirmed from a gradual
change of fluorescence intensity in a dose-dependent
manner (see Supporting Information Figure S2). Then,
QDs (having a diameter of ~8.7 nm) were added to the
dye-loaded micellar solution (0.3 wt % to the micellar
solution). The oleic acid coating on the surface of QDs
provided appreciable solubility in toluene and also
chemical stability.** From the mixture, a single-layered
film of micelles with R123 and QDs was prepared by
spin-coating (2000 rpm, 60 s), the structure of which
was examined by TEM.

In Figure 1a, QDs appear as small dark spots and are
distributed around spherical micelles, while PS-PVP
micelles are indirectly discernible in the region sur-
rounded by QDs. In addition, PVP cores are recogniz-
able by a gray spherical area in the center of each
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Figure 1. (a) TEM image of a single-layered film of PS-PVP micelles with dyes in the cores and QDs in the periphery. (b) Steady-
state fluorescence spectra from micellar film with only QDs (blue dashed line), with only dyes (green dashed line), and with
QDs and dyes (pink solid line). (c) Time-resolved fluorescence monitored at 500 nm from micellar film with only QDs (blue) and

with QDs and dyes (pink).

micelle even without staining due to their height
difference. Noticeably, QDs are mostly located at the
peripheral region of PS-PVP micelles without macro-
scopic separation from them. The center-to-center
distance between micelles was increased from 52 to
59 nm by the inclusion of QDs. Since the surface of QDs
was functionalized by oleic acid, they were not com-
patible with the polar PVP core or aromatic PS corona.
Therefore, they are physically entrapped between the
micelles by a lateral capillary force during the coating
process. >~ In addition, QDs themselves are sepa-
rated from each other in a regular spacing (~2.7 nm)
without noticeable agglomerations due to the capping
agent. While surface modification of QDs by thiol-
functionalized polystyrene (PS) can provide compat-
ibility with the PS corona, the PS coating also substan-
tially increases the QD size. From TEM image of
Supporting Information Figure S3, PS-coated QDs
are found to be macroscopically separated from the
micelles presumably because PS-coated QDs are too
bulky to occupy the peripheral region of the micelles.
With respect to the location of dye molecules, they are
most likely located in the PVP cores (gray area in TEM
image) because glassy PVP cores cannot be reorga-
nized during the fast spin-coating process.3%>’
Confirming the fact that both QDs and dyes are
simultaneously positioned in the micellar nanostruc-
ture, we subsequently focused on the analysis of FRET
in the hybrid system with complementary spectro-
scopic techniques. Prior to that, a single-layered film
of micelles with only R123 in the core or micelles with
only QDs in the periphery was prepared as a reference.
UV—vis and fluorescence spectra from reference sam-
ples (Supporting Information Figure S4) showed a
strong spectral overlap between QD emission (blue
solid line) centered at 500 nm and dye absorption
(green dashed line) at 510 nm. In the steady-state
fluorescence from micelles with both dyes in the cores
and QDs in the periphery (pink solid line in Figure 1b),
QD emission at 500 nm was dramatically quenched,
while dye emission at 545 nm was enhanced signifi-
cantly with virtually no shift in the peak position. This
indicated an effective energy transfer from the QDs to
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the dyes in the micellar hybrid. For a comparison,
reference fluorescence spectra from micelles contain-
ing only QDs (blue dashed line) and micelles contain-
ing only R123 (green dashed line) are also included.
The excitation wavelength was 442 nm in all cases.
FRET was further analyzed by time-resolved fluores-
cence (TRF) of the QD donor at 500 nm (Figure 1c).
Multiexponential fits to the data are included as solid
lines to extract some kinetic variables. For micellar films
containing only QD donors (blue line), the average
lifetime of the donor (zp) was 21.8 ns with two decay
times of 23.9 ns (87.3%) and 7.0 ns (12.7%). In the case
of micelles containing both QD donors and dye accep-
tors (pink line), the average lifetime of QDs (7pa) was
considerably shortened to 4.30 ns with two rate con-
stants of 1.77 ns (50.3%) and 6.86 ns (49.7%), which
confirmed an efficient FRET in the micellar film. From the
average lifetime, the FRET rate (kprer) Was calculated to
0.187 ns~ ' by the relation keper = 1/70a —1/7p,°" and this
value will be discussed later.

Having verified FRET in micellar hybrids, it is impor-
tant to apply the result to metal NP systems to exploit
surface-plasmon-coupled FRET. To this end, Ag NPs
stabilized by polyvinylpyrrolidone (10000 g/mol,
Sigma-Aldrich) having a 34 nm diameter (Figure 2a)
were synthesized as described in the literature.** After
centrifugation (4000 rpm, 10 min) four times, Ag NPs
were redispersed in ethanol at a final concentration of
10 mg mL ™. Then, a film of Ag NPs was fabricated by
spin-coating (2000 rpm, 60 s), the extinction of which
showed the well-known plasmon resonance at 437 nm
(Supporting Information Figure S5). The thickness of
the film was about ~1.2 um, as obtained from the
cross-sectional scanning electron microscopy (SEM)
image (Figure 2b), but direct visualization of Ag NPs
was not possible due to the thick polymer coating on
the Ag NPs. Intriguingly, the surface of the Ag film was
quite smooth, as shown in the atomic force microscopy
(AFM) image (Figure 2c), even if we used Ag NPs of
34 nm diameter. The rms roughness of the film of the
Ag NPs was 0.3 nm. Although the Ag NP solution was
washed several times, polyvinylpyrrolidone was not
completely removed from the solution presumably
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Figure 3. (a, c) AFM images of a single-layered film of PS-PVP micelles with QDs in the periphery (a) and with dyes in the core
(c) on the NP film. (b, e) Steady-state fluorescence spectra from a micellar film with QDs in the periphery (b) and with dyes in
the core (e). (¢, f) Time-resolved fluorescence spectra from a micellar film with QDs in the periphery (c) and with dyes in the
core (f). The monitoring wavelengths were 500 and 540 nm for QDs and dyes, respectively.

due to its high viscosity. Hence, the residual polymer
may flatten the surface morphology of the Ag films, in
turn reducing the surface area.

Given that the surface of the film of Ag NPs (denoted
as NP film hereafter) is atomically flat and the solubility
of polyvinylpyrrolidone in toluene is negligible (the
solubility parameters of toluene and polyvinylpyrroli-
done are 18.2, 25.6 (J/cm?)""?, respectively),*® we could
spin-coat an additional single layer of micelles with
dyes in the core or QDs in the periphery directly on the
NP film. This allowed us to examine how QDs or dyes
can interact with Ag NPs in the micellar film. After
coating a single layer of micelles containing only QDs
from their mixture, we examined the surface topogra-
phy by AFM. It should be noted that direct TEM analysis
was not possible in this case due to the thick NP film.
From AFM, the location of QDs and micelles can be
recognized by their size without chemical analysis, as
we employed small-sized QDs and large-sized micelles.
In Figure 3a, hexagonally ordered micelles are sur-
rounded by QDs with a center-to-center distance
between micelles of 61 nm. This value was found to
be virtually identical to that (59 nm) of the bare
substrate. However, a sharp visualization of QDs was
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hindered in the AFM analysis, which further indicates
that QDs are most likely located on the surface of the
NP film with an appreciable overlap with the PS corona.

With this structural information, we focused on the
NP effect on the fluorescence of QDs. In the steady-
state fluorescence (Figure 3b), the QD emission at
500 nm on a bare substrate (dashed line) became
strongly quenched when the same micellar film was
coated on the NP film (solid line). To gain further
insights into the NP effect, TRF of QDs was monitored
at 500 nm in the absence and presence of NP films. In
Figure 3¢, the blue fitting curve was obtained from
micelles with QDs on a bare substrate, which showed
an average lifetime of 21.8 ns, having two components
of 23.9 ns (87.3%) and 7.0 ns (12.7%). When the same
micellar film was coated on the NP film (gray line), the
decay process of QDs became much faster, with an
average lifetime of 2.57 ns, having two decay compo-
nents of 3.16 ns (77.9%) and 0.50 ns (22.1%). In general,
the lifetime of fluorophores is inversely proportional to
the total decay rate (k%), which is the sum of the
radiative decay rate (k%q) and the nonradiative decay
rate (k%).2" On the other hand, if fluorophores are
placed in the vicinity of metal NPs, surface plasmons
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Figure 4. (a) Steady-state fluorescence spectra from a single-layered film of micelles on a NP film with only QDs (blue), with
only dyes (green), and with QDs and dyes (pink). (b) Time-resolved fluorescence monitored at 500 nm from a single-layered
film of micelles on the NPs film with only QDs (pink) and with QDs and dyes (gray). Multiexponential fits were included as solid
lines. (c) Schematics of near-field interactions among QDs, dyes, and Ag NPs in the micellar hybrid. Green, blue, and red arrows
were used for presenting FRET, NSET, and excitation/emission enhancement factors, respectively.

of metal NPs can affect the intrinsic radiative and
nonradiative decay rate of fluorophores.*®*6 8 There-
fore, the shortened lifetime illustrated by a steeper
slope in the TRF of QDs indicates that either k%4 or
K8, was increased by the NP film. However, the radiative
decay rate cannot be increased in this case, as we
observed quenched QD emission in Figure 3b. Therefore,
the shortened lifetime of QDs on the NP film can be
attributed to an increased nonradiative decay rate by
metal NPs. This quenched QD emission may be compar-
able to a recent study by Mahrt and co-workers.*° In their
paper, they incorporated dye molecules and small Ag
NPs (2—3 nm) simultaneously into the PVP core of PS-PVP
micelles. As a result, the fluorescence of the dyes was
quenched with a shortened lifetime by the closeness of
the dyes to the NPs, which was explained by a nonradia-
tive energy transfer process.

Subsequently, we spin-coated micelles containing
dyes in the cores on the NP film. An AFM image showed
a hexagonal array of spherical micelles with a center-to-
center distance of 52 nm (Figure 3d), similar to those on a
bare substrate. However, quite different results were
obtained from the fluorescence data in the absence
and presence of the NP film. Clearly, the dye emission
at 545 nm on a bare substrate (dashed line in Figure 3e)
was greatly enhanced after coating the same structure
on the NP film (solid line). In addition, the peak position
was blue-shifted from 545 to 537 nm. Therefore, one
can speculate that the NPs exerted a different effect on
QDs and dyes in micellar films. TRFs of dyes on a bare
substrate (green line) and on the NP film (gray line) were
also monitored at 540 nm (Figure 3f). The decay profile of
dyes on a bare substrate showed an average lifetime of
1.96 ns with two decay components of 2.70 ns (64.2%)
and 0.62 ns (35.8%). Since the dye molecules in a dilute
ethanol solution showed a single-exponential decay with
a lifetime of 3.89 ns (Supporting Information Figure S6),
the short component of 0.62 ns can be attributed to some
agglomeration of dye molecules in the PVP cores. When
the same micelles were coated on the NP film, the
average lifetime of the dyes was increased to 3.17 ns
with two decay components of 3.42 ns (90.7%) and 0.75
ns (9.3%). This increased lifetime apparently contradicts
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the general NP effect discussed before. In order to
enhance dye emission, the intrinsic radiative decay rate
of the dyes has to be increased, and therefore the lifetime
of the dyes has to be reduced. The abnormality observed
here can be attributed to the dye agglomeration in the
micellar core. Note, such an agglomeration usually red-
shifts the fluorescence peak position and also reduces the
lifetime by a self-quenching mechanism.?' Therefore, the
NP effect on the dye molecules can be understood as
reduction of the self-quenching process. This feature can
explain a number of observations: (a) an increased life-
time of the dyes along with a reduced amplitude of the
short time component in TRF and (b) the blue-shifted
steady-state fluorescence of dyes on the NP films. As we
noted that this kind of NP effect has not been reported
yet, a systematic study of the NP effect on the self-
quenching process will follow in future work.

On the basis of the information collected so far, we
decided to coat a single-layered film of micelles with
both dyes in a core and QDs in the periphery on the NP
film (denoted by micelles with QD/dye/NP hereafter). It
is important to recall that the same micellar film on a
bare substrate showed efficient FRET from QD donors
to dye acceptors in Figure 1. In stark contrast, when the
same micelles containing both dyes and QDs were
applied to the NP film, the fluorescence spectrum from
QDs at 500 nm and dyes at 545 nm basically remained
unaltered (pink line in Figure 4a) compared to the
fluorescence spectra from micelles containing only
QDs (blue line) and micelles containing only dyes
(green line) on the NP film, ie, the quenched QD
emission and enhanced dye emission on the NPs film
discussed in Figure 3. The slight decrease in the dye
emission at 545 nm can be attributed to the reduced
number of micelles because QDs replaced some of the
micelles in the mixed film. Furthermore, the average
lifetime and fluorescence time components of the QD
donors were greatly maintained, even in the presence
of dye acceptors when they were placed on the NP film
(see TRF in Figure 4b). In other words, Ag NPs comple-
tely switched off FRET from QDs to dyes in a micellar
hybrid. From the decay profile of the QD donors from
micelles with QD/dye/NP (gray line) an average lifetime
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of 2.84 ns with two decay times of 3.33 ns (81.9%) and
0.64 ns (18.1%) was extracted. These values were nearly
identical to those obtained from micelles with only
QDs on the NP films (pink line), which have an average
lifetime of 2.57 ns with two decay times of 3.16 ns
(77.9%) and 0.50 ns (22.1%). The inhibited FRET by Ag
NPs was further confirmed by comparing TRF spectra
of dye acceptors at 540 nm. When micelles with QDs
and dyes were coated on a bare substrate, time-
dependent intensity of dye fluorescence was increased
with a rise component of 0.59 ns (Supporting Informa-
tion Figure S7a). However, when the same micellar film
was coated on the NP film, no rise component was
detected in the TRF spectrum (Supporting Information
Figure S7b). Since the rise component is an indication
of additional excitation of dyes by energy transfer from
QDs, it further confirms that FRET was inhibited by Ag
NPs in the micellar hybrid.

How can FRET in micellar films be switched off by
metal NPs? In order to answer this question, one has
to consider all the near-field interactions among
QDs, dyes, and Ag NPs in their hybrid structures. At
the beginning, it would be instructive to discuss gen-
eral aspects of NP effects on nearby fluorophores
and to quantitatively analyze the spectroscopic results
in Figures 3 and 4 according to recent kinetic
models.#6467483051 |n general, the emission rate of
fluorophores can be described as y2,.Q°% where y9,. is
the excitation rate and Q° is the quantum yield of the
fluorophores. Metal NPs can potentially affect the
intrinsic excitation rate and quantum yield with the
following processes. In the micellar hybrid of Figure 4,
as the extinction spectrum of the NP film is centered at
437 nm, the incident light (442 nm) excites the surface
plasmon of Ag NPs, which subsequently creates a
strong electromagnetic field. Thus, the excitation rate
of QDs or dyes in the vicinity of Ag NPs can be
enhanced. In addition, the excited fluorophores further
induce an electron oscillation in the Ag NPs and lead to
resonance between fluorophores and Ag NPs. This
coupling effect can affect the quantum yield of fluor-
ophores by modifying the intrinsic radiative (k%q) and
nonradiative decay (k%) rate with kg and ko, respec-
tively. At the same time, the excited-state energy of
fluorophores can be transferred to metal NPs and then
dissipated as heat. This nonradiative energy transfer to
metal NPs is inversely proportional to the fourth power
of the distance between the fluorophores and the
surface of metal NPs and can be adequately described
by the empirical nanometal surface energy transfer
(NSET) mechanism.>®*! Perceiving that QDs are stabi-
lized by oleic acid and dyes are located in the PVP cores
that are surrounded by PS coronas, the separation of
QDs and dyes from the surface of Ag NPs can be
evaluated from the thickness of stabilizers or PS coronas.
Within this structural picture, the NSET efficiency was
calculated as 0.99 for QDs and 0.08 for dyes in the micellar
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films, respectively. (see Supporting Information). The
proximity of the QDs to the NP film facilitated the NSET
process, while such a process is restricted to dyes in the
PVP core due to the large separation by the PS coronas.

By combining the aforementioned near-field inter-
actions, the overall NP effect on the nearby fluoro-
phores can be expressed as the total enhancement
factor (E), which is a product of the excitation enhance-
ment factor (E..) and the emission enhancement
factor (E.ms) originating from the modified excitation
rate and the decay rate by metal NPs.*6346~%8 Experi-
mentally, the total enhancement factor can be deter-
mined from the intensity ratio of the steady-state
fluorescence from bare substrates and from the NP
filmin Figure 3. Then, the total enhancement factor can
be further resolved into the excitation enhancement
factor (E..) and the emission enhancement factor
(Eems) by the TRF spectra in Figure 3. By combining
these enhancement factors with the lifetime informa-
tion, all the decay rates (k%gq, k%, Krag, knr, and knser) can
be determined, which are summarized in the Support-
ing Information Table S2 (this is discussed in greater
detail in the Supporting Information).

All these considerations can provide a rationale on
the inhibited FRET presented in Figure 4a and b. At the
beginning, we considered all the near-field interac-
tions among QDs, dyes, and NPs as depicted in
Figure 4c. In the schematics, FRET, NSET, and excita-
tion/emission enhancement factors are represented by
green, blue, and red arrows, respectively. However, the
excitation enhancement factor (E.x) cannot change
the intrinsic radiative and nonradiative decay pro-
cesses that are occurring after excitation, and so this
factor can be excluded in the discussion of inhibited
FRET. The emission enhancement factor (E..) indeed
altered the intrinsic decay processes, and this effect
was taken into consideration as k;,q and k. Further-
more, the NSET process from dyes to metal NPs can be
neglected by the thick PS coronas, as we have already
discussed. Therefore, after excluding the aforemen-
tioned interactions, the question of how the FRET from
QDs to dyes was inhibited by metal NPs can be
rephrased as, which decay process is the more favor-
able one for the excited QDs. In other words, there is a
competition among radiative decay, nonradiative de-
cay, FRET, and NSET processes for the excited QDs in
the hybrid structure. Since the rate constants of radia-
tive (k,aq), nonradiative (k,,), and NSET (knsgt) processes
in the presence of metal NPs were calculated as 0.009,
0.008, and 0.373 ns~' (Supporting Information), re-
spectively, and the FRET rate (kgrer) Was evaluated as
0.187 ns™ ' in Figure 1, one can see the nonradiative
energy transfer to Ag NPs (NSET) is much faster than all
the other decay processes. All together, these features
allow the donor (QDs)—acceptor (dyes) interaction in
FRET to be turned off by metal NPs in the micellar
hybrid.
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Considering the fastest NSET process was created by
the closeness of QDs to the NP film, it can also be
blocked by introducing a spacer layer that alienates
QDs from the NP film. To test this idea, a spacer layer of
poly(2-vinlyprindine) (P2VP) homopolymer of 15.5 nm
thickness was inserted between the NP film and the
micellar film. In such a hybrid structure, it turns out that
the NSET process becomes insignificant and FRET
becomes the fastest decay processes for the excited
QDs. As a result, FRET from QDs to dyes can be
retrieved even in the presence of the NP film (see
Supporting Information Figure S9).

CONCLUSION

Our results strongly suggest that near-field interactions
among QDs, dyes, and metal NPs can be engineered by
nanoscale organization. Both the radiative and nonradia-
tive decay processes of fluorophores were controlled in
the vicinity of metal NPs to induce either enhanced or
quenched fluorescence. In particular, FRET from QDs to

EXPERIMENTAL SECTION

Polystyrene—poly(4-vinylpyridine) was purchased from Poly-
mer Source, Inc. The number average molecular weights of PS
and PVP blocks are 51000 and 18 000 g/mol, respectively, with
a PDI of 1.15. PS-PVP copolymers were dissolved in toluene
(0.5 wt %) at room temperature, heated to 70 °Cfor 3 h, and then
cooled to room temperature with mild stirring. Rhodamine 123
(Sigma-Aldrich) was added to a toluene solution of PS-PVP
micelles with a molar ratio of [R123]/[VP] = 0.005, and then
the solution was vigorously stirred for at least 7 days for a
selective inclusion of R123 into the PVP cores. QDs of core—shell
CdSe@ZnS capped by oleic acid were synthesized as in the
literature and then dried under vacuum.*® Then, QDs in a
powdery state were dissolved in the micellar solution (weight
percent of QDs in micellar solution was 0.3 wt %). A single-
layered film of PS-PVP micelles with and without dyes or QDs
was prepared by spin-coating (2000 rpm, 60 s).

To synthesize polyvinylpyrrolidone-stabilized Ag NPs, 10 g of
polyvinylpyrrolidone (10000 g/mol, Sigma-Aldrich) was dis-
solved in 50 mL of ethylene glycol at room temperature. Then,
800 mg of silver nitrate was added to the ethylene glycol
solution. The reaction mixture was heated to 120 °C under
stirring for 1 h to reduce silver nitrate to Ag NPs.** To purify Ag
NPs, an excess amount of acetone was added to the NP solution
and the solution was centrifuged at 4000 rpm for 10 min.
After carefully removing the supernatant, the precipitates were
redispersed in ethanol. This process was repeated four times.
The final concentration of Ag NPs in ethanol was adjusted as
10 mg/mL, which was used for spin-coating on quartz plates or
Si-wafers (2000 rpm, 60 s). Before coating, the substrates were
cleaned in a piranha solution (70/30 v/v of concentrated H,SO,
and 30% H,0,).

UV—vis absorption spectra were recorded on a Varian Cary-
5000 spectrophotometer. Steady-state fluorescence was mea-
sured on an Acton SpectraPro with a He—Cd laser (442 nm) as
the excitation source. Time-resolved fluorescence was obtained
using the time-correlated single-photon counting (TCSPC) tech-
nique. The excitation source is a self-mode-locked femtosecond
Ti:Sapphire laser (Coherent model Mira 900) pumped by an Nd:
YVO, laser (Coherent Verdi diode-pumped laser). The laser
output has a pulse width of ~260 fs and can span excitation
wavelengths in the range 350—490 nm by second-harmonic
generation. The excitation wavelength was 420 nm. All the
standard electronics for the TCSPC system were from Edinburgh

KIM ET AL.

dyes was inhibited by the presence of metal NPs, which
was explained by the fastest NSET decay process by the
closeness of QDs and metal NPs. In addition, after
introducing a spacer layer of P2VP homopolymer, the
inhibited FRET can be retrieved even in the presence of
the NP film. One can assess the prospects of this result
from a perspective of turning on and off FRET by
NP—fluorophore interactions. In this regard, metal
NPs can be considered as an optical switch, which
can potentially control FRET in optoelectric devices or
in biological systems such as fluorophore-labeled pro-
teins. Overall, a number of features discussed in this
study can stimulate future interest in plasmonic effects
on hybrid systems and also represent a new approach
for engineering mutual interactions between dissimilar
functionalities in the framework of block copolymers.
Systematic tuning of the extinction spectrum of metal
NPs may help create a better understanding of the
underlying physical process and can be suggested as a
future direction.

Instruments, which provided a temporal resolution less than 10
ps after deconvolution of instrument response function. This
picosecond setup can measure the decay and the rise of
fluorescence after laser pulse excitation.”>*> All measurements
were performed at room temperature. Surface morphologies of
thin films of Ag NPs and hybrid assemblies of PS-PVP micelles,
QDs, and dyes were investigated by atomic force microscopy
(AFM Nanoscope llIA, Digital Instrument) in tapping mode with
Si cantilevers. The morphology of the nanoparticles and single-
layered films of micelles was investigated by transmission
electron microscopy (Hitachi 7600) and field-emission scanning
electron microscopy (JSM-6700F JEOL) after Pt coating on the
sample.
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