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Following the gradual maturation of synthetic techniques for nanomaterials, exciton—plasmon composites have be-
come a research hot-spot due to their controllable energy transfer through electromagnetic fields on the nanoscale. How-
ever, most reports ignore fluorescence resonance energy transfer (FRET) under electrostatic repulsion conditions. In this
study, the FRET process is investigated in both electrostatic attraction and electrostatic repulsion systems. By changing the
Au : quantum dot ratio, local-field induced FRET can be observed with a lifetime of ns and a fast component of hundreds
of ps. These results indicate that the intrinsic transfer process can only elucidated by considering both steady and transient

state information.
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1. Introduction

Fluorescence resonance energy transfer (FRET) refers to
fluorescence energy transfer from a donor fluorophore to an
acceptor fluorophore. FRET can be combined with fluores-
cence quenching for optoelectronics, bio-labeling, the detec-
tion of heavy metals, erc.!"»?] Quantum dots (QDs) are replac-
ing traditional fluorescent materials because of their benefits,
which include tunable absorption peaks, large Stokes shifts,
high quantum yields, and high compatibility.[*~! FRET can
be strongly enhanced for the detection of heavy metals in QD-
metal nanoparticle (MNP) systems due to the local field ef-
fect generated by localized surface plasmons of excited metal
NPs. Investigations of exciton (QD)—plasmon (MNP) inter-
actions have progressed greatly in recent years. Hammer et
al. studied CdSe-oligo(phenylene vinylene) (OPV) compos-
ite nanostructures and found blinking suppression in these
QDs, which might be due to energy and charge transfer con-
trolled by the ligands of QDs.[®) Mohammed e al. found that
FRET occurs nonradiatively through a very short distance be-
tween the donor and acceptor.l’! Changwoo Nahm et al. also
verified the optimum distance for the highest photolumines-
cence (PL) efficiency and the correlations between the cal-
culated and measured quantum efficiencies in semiconduc-
tor/metal mixtures.'8! Excellent photostability can be obtained
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in an MUA-Au—-CA—CdTe system for the detection of Pb>*+
ions, as reported by Wang and Guo.l”) Wang et al. inves-
tigated metallic microdisk-size dependence of QD’s sponta-
neous emission rate and micro-antenna directional emission
effect for hybrid structures based on a particular single QD
emission.[!% Research in this field has included investigations
of fluorescence enhancement properties and the detection of
mixed states, among other topics.[!1~18]

The combination of QDs and MNPs shows various possi-
bilities of adjusting fluorescent properties in nanoscale. MNPs
with localized surface plasmon modes are an alternative op-
tion for enhancing the radiative recombination rate of a light
emitter to increase the internal quantum efficiency of the sys-
tem, the special characteristics of MNPs do not always play a
positive role in other reports.!!%23] Most reported results are
based on electrostatic attraction systems, which are similar to
QDs and MNPs. However, QDs and MNPs other than those
that are electrostatically attracted are involved in biomedical
systems. When a target needs to be labeled and cured si-
multaneously, the labeling particle (QD) and curing particle
(MNP) must have the same surface properties to attach to
the target. Interactions between various nanomaterials thus
need to be understood. Studying FRET-based luminescence
quenching in an electrostatically repulsive system is therefore
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important since fluorescence detection is commonly used in
biomedical treatments, and fluorescent dyes have been used
to analyze the functions of internal granules, proteins, mem-
branes, and nuclei./**! Exciton and plasmon interactions can
be analyzed kinetically by using time-resolved spectroscopy,
which is helpful to understanding interactions between com-
ponents and has been applied in fluorophore-labeled protein
systems. 25291

In this article, exciton—plasmon interactions are inves-
tigated in a system with electrostatic repulsion; this system
is composed of negatively charged thioglycolic acid (TGA)-
CdTe QDs and negatively charged sodium citrate (NAC)-Au
NPs.
tem by both steady-state and time-resolved spectroscopy. We
found that FRET between QDs and metal NPs easily occurs
under strong coupling conditions, while FRET among QDs

Kinetic processes are observed in the QD-MNP sys-

is dominant with weak coupling. These two kinds of FRET
cannot be distinguished well by steady-state spectra. Time-
resolved spectroscopy can show the difference via the decay
rates and amplitudes of each time component.

2. Experiments
2.1. Preparation of materials

Au NPs are prepared using the following compounds:
sodium citrate (NazCgHs507, Tianjin Chemical Reagent),
HAuC;4 powder (99.8%, high-purity, Aldrich Company), and
ultrapure water (electrical resistivity 18.2 MQ/cm, Milli-Q).
First 100 ml of 0.01% HAuC;4 aqueous solution is heated to
boiling. Then, 1.0 ml of a 1% Na-citrate aqueous solution is
added to the above solution during stirring. The color changes
from yellow to gray and then becomes black, soon turning red
afterward. The whole process occurs in 2 min—3 min. The so-
lution is then boiled for 15 min. After the solution is cooled
to room temperature, distilled water is added to recover the
original volume of the solution. Positively charged Au par-
ticles are prepared with hexadecyltrimethyl ammonium bro-
mide (C16H33(CH3)3NBr, CTAB) as surface ligand instead of
sodium citrate.*%! The synthesis of QDs has been described in
Ref. [31]. The composites are prepared by mixing each QD
with Au in a series of molar ratios and are named Au-QDI,
Au-QD?2 (repulsion mode) and Au+QD1, Au+QD?2 (attractive
mode), referring to each QD size.

2.2. Materials analysis

The sizes of Au NPs are observed by using a Hitachi H-
800 IV SEM (200 kV). UV-visible absorption spectra of Au
QDs are measured by a Shimadzu UV-3101PC. Luminescence
spectra of QDs and composites are recorded by using a SHI-
MADZU RF-5301PC.

2.3. Materials analysis

Nanosecond fluorescence lifetime experiments are per-
formed by a time-correlated single-photon counting (TCSPC)
system with a right-angle sample geometry. A 405-nm pi-
cosecond diode laser (Edinburgh Instruments EPL375, repe-
tition rate 2 MHz) is used to excite the samples. The fluo-
rescence is collected by a photomultiplier tube (Hamamatsu
H5783p) connected to a TCSPC board (Becker & Hickel SPC-
130). The time constant of the instrument response function
(IRF) is approximately 500 ps.

3. Results and discussion
3.1. Electrostatic repulsion

We choose two sizes of QDs for this investigation. The
aim is to find the effect of resonance on energy transfer. Fig-
ure 1 shows the UV-visible absorption of Au NPs and the lu-
minescence spectra of QDs. The resonance absorption peak of
the NPs is located at 518 nm. The peak luminescence of the
QDs is found at 525 nm (QD1) and 532 nm (QD2). According
to these spectra, exciton—plasmon resonance can occur in QDs
of both sizes. For comparison, luminescence quenching ex-
periments are carried out with different exciton—plasmon com-
posite ratios. The mixing ratio (Au:QD) is 1:5, 1:3, 1:1, 3:1,
and 5:1.132331 And the luminescence quenching spectra of the
composites are shown in Fig. 2.
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Fig. 1. Normalized UV-Vis absorption spectra of Au NPs (black solid line)
and luminescence spectra of QDs (red QD1/blue QD2).

The band-edge absorption of QDs becomes broader with
increasing Au particle concentrations for each composite. For
the case with near resonance (Au-QDI), the amplitude of
spectral broadening is slight for Au: QD1 =1:5, 1:3, 1:1,
and 3:1 (FWHM = 38 nm) and dramatic for Au: QD1 =5:1
(FWHM = 52 nm, inset of Fig. 2(a)). The shift of the lumi-
nescence peak (Apeak) is 30 nm. A gentler trend of spectral
broadening appears in the Au-QD2 composite as does a dra-
matic increase in spectral width (inset of Fig. 2(b)).

The luminescence intensity of Au-QD1 does not van-
ish rapidly with a spectral redshift (Fig. 2(a)). The lumi-
nescence disappears incrementally with increasing Au NPs
concentrations. Meanwhile, dramatic quenching accompanies
a spectral redshift in Au-QD2 at mixing ratios greater than
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1:1 (Fig. 2(b)). The luminescence of Au-QD2 is quenched
more dramatically than that of Au-QD1 with the same mixing
ratio.®*] This result is caused by the strong resonance between
the Au NPs and QD1. FRET easily occurs in a system with
strong resonance (Au-QD1) when the distances between Au
NPs and QDs are the same (the same mixing ratio). In the sys-
tem with weak resonance (Au-QD2), FRET occurs only when
the distance between Au and QDs is close enough. For system
with strong resonance, no clear redshift occurs with quench-
ing. In contrast, a redshift suddenly appears at mixing ratios up
to 1:1 in the system with weak resonance. The redshift could
be due to either local-field-induced mixing of states in QDs
or steric hindrance-induced aggregation of QDs with increas-
ing of Au particle concentrations. Decreases in the distances
between QDs can also induce FRET, but this FRET causes a
redshift as a spectral signature. This process should be slower
than local-field-induced FRET. The dynamics results give a
reasonable explanation for this phenomenon.

1000

T
= (a) 1:5 El 60 E
@ =550 55
= 800F = =
2 @ 540 50 %
3 E 45 5
N

600 2530 10 £
8 g e |03
= S 520 35 &
[ =N 1:5 1:3 1:1 3:1 5:1 a
% 4001 Au-QD1 1
O
g
g 200
=
-

500 520 540 560 580 600 620
Wavelength (nm)

1000 T —= T T

A
o—o—"

£ 5¢ / 60
y 55
. N 50

5t

—o0

800

600

Spectra broaden (nm)

45
1:5 1:3 1:1 3:1 5:1

4001

200}

Photoluminescence (counts)

of 5:1 %15
520 540 560 580 600
Wavelength (nm)

620 640

Fig. 2. Photoluminescence spectra of the Au-QD composites Au:QD1 (a)
and Au:QD2 (b) with different mixing ratios: 1:5 black, 1:3 red, 1:1 green,
3:1 blue, 5:1 pink.

The dynamics of the process of luminescence quenching
is observed by TCSPC. The results of the experiments are
listed in Fig. 3. The fitting parameters are shown in Table 1.
Both the lifetimes and amplitudes of Au:QD1 slightly de-
crease with increasing quantities of Au, the lifetimes range
from 4.0 ns (16%), 8.6 ns (32%), and 25.9 ns (52%) for
Au:QD1=1:5, but the lifetimes range for Au:QD1=3:1 is
1.9 ns (22%), 8.3 ns (36%), and 25.6 ns (42%) (Fig. 3(a)
& Table 1). As the Au:QDI1 value reaches 5:1, the life-
times and their amplitudes suddenly decrease, with values of

Table 1. Fitting parameters of the luminescence lifetime of Au-QD

composites.

Samples 71 (ns) T, (ns) T3 (ns) T (ns)
Pristine QD1 - 7.1(47%)  29.4 (53%) 18.9
Au:QDI=1:5 4.0(16%) 8.6(32%) 25.9 (52%) 16.9
AwQDI=13 3722%) 94(33%) 25.5(45%) 15.4
Au:QD1=1:1 3.6 (20%) 9.8(35%) 25.1(45%) 15.4
Au:QD1=3:1 19(22%) 83(36%) 25.6(42%) 13.6
Au:QD1=5:1 0.7(65%) 3.6 (28%) 21.4 (7%) 3.0

Samples 71 (ns) T, (ns) T3 (ns) T (ns)
Pristine QD2 - 7.7 (28%)  32.6 (72%) 25.6
Au:QD2=1:5 09 (59%) 4.8(33%) 26.9 (8%) 4.2
AuQD2=1:3 09(62%) 4.9 (31%) 27.0 (7%) 3.9
Au:QD2=1:1 0.8(82%) 6.2 (18%) - 1.7
Au:QD2=3:1 0.6(81%) 5.2(19%) - 1.5
Au:QD2=5:1 03(89%) 3.2(11%) - 0.7

*FWHM of the response is 0.27 ps for the 100-ns scale.

0.7 (65%), 3.6 (28%), and 21.4 ns (7%). Ninety percent of
the luminescence is quenched within 4 ns, and a large lumi-
nescence redshift of 80 nm is observed. This quenching is
much faster than that of aggregation-induced luminescence
quenching.?>3¢] The quenching is thus induced by energy
transfer between Au and QD1 particles. The rate of this pro-
cess is limited by the distance between particles. Since both
Au and QD1 are negatively charged, the barrier for energy
transfer is higher when the distance between them is large, for
example, when Au:QD1=1:5, 1:3, 1:1, or 3:1. The distance
between Au and QD1 particles decreases with the space com-
pression due to increased Au particle steric hindrance. Local-
field-induced FRET can occur and induce dramatic change in
dynamics at Au:QD1=5:1 (Fig. 3(a)). This result is consis-
tent with the spectrum broadening induced by the local-field-
induced hybrid states (FWHM = 58 nm, inset of Fig. 2(a));
the width of this spectrum is much larger than that of an
aggregation-induced spectrum (FWHM = 39 nm).[33-3¢ The
dynamic change as the mixing ratio changes is much gentler
in Au-QD2 (Fig. 3(b)). The decay rates of the fast and medium
components do not change much between the Au:QD2=1:5,
1:3, 1:1, and 3:1 samples, which exhibit lifetimes of ~ 0.6 ns
and ~ 4.5 ns. The amplitude of the fast component increases
from 59% to 81% with the disappearance of the slow compo-
nent at ~ 20 ns. The fast component in the Au:QD2 =5:1 sam-
ple lives for 0.3 ps, which is close to the resolution of this TC-
SPC setup. The average lifetime is calculated to be less than
1 ns, and the initially photoexcited hot carriers thermalize and
redistribute primarily through electron—electron (e—e) scatter-
ing within tens of femtoseconds (fs). Since the decay rate
of the fast component is on the scale of local-field-enhanced
FRET, the luminescence quenching in weakly resonant Au-
QD2 may be due to FRET between Au and QDs. 3?31l These
results are consistent with the slight broadening of the lu-
minescence spectra of Au:QD2=1:1, 3:1, and 5:1 systems
(FWHM = 50 nm-62 nm), which occurs at lower Au ratios
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than in the Au-QD1 system and suggests that local-field-
induced FRET occurs (inset of Fig. 2(b)). The difference in
Au-QD1 and Au-QD2 results from the easier aggregation of
QD1 than QD2 as a result of the higher surface energy and
less electrostatic repulsion of QD1. In summary, aggregation-
induced FRET among QDs at the same Au:QD ratio is the
main contributor to the quenching process in the strongly res-
onant/small composite (Au-QD1).137) In contrast, local-field-
enhanced FRET between Au and QDs is the main contributor
to luminescence quenching in the weakly resonant/large com-
posite (Au-QD?2).
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Fig. 3. The luminescence decay of the Au-QD composites Au:QDI1 (a) and
Au:QD2 (b) with different mixing ratios: 1:5 black, 1:3 red, 1:1 green, 3:1
blue, 5:1 pink, IRF (system reference scattering) circle+solid gray line.

3.2. Electrostatic attraction

To compare electrostatic effects, we repeated the above
experiments in Au+QD composites in which the Au is pos-
itively charged. Figures 4(a) and 4(b) show that absorption
spectra slightly redshift as well as broaden at the band-edge for
both composites. Luminescence redshifts and becomes asym-
metrical as the mixing ratio increases to Au:QD=1:1. The
Au+QD1 composite luminescence extends further at the band-
edge (Apeak = 24 nm) than the Au+QD2 composite lumines-
cence (Apeak = 18 nm). The luminescence of Au+QD?2 red-
shifts more clearly at mixing ratios up to 1:1 (Apeak = 28 nm)
than that of Au+QD1 (Apeax = 6 nm). The larger redshift
of luminescence in Au+QD?2 is caused by a strong electro-
static effect, which is the same factor as that in the Au-QD
system,as saying, either local-field-induced mixing of states
in QDs or steric hindrance-induced aggregation of QDs. For
mixing ratio Au:QD2 =5:1, Apeak = 21 nm for Au+QD]1, and

Apeak = 32 nm for Au+QD2. The quenching is stronger in
Au+QD2 than Au+QD1 for the same mixing ratio. At a par-
ticular distance, FRET occurs more easily with the strong res-
onance in Au+QD1. With the weak resonance in Au+QD2,
FRET does not occur until the distance between Au and QDs is
short enough. Strongly and weakly resonant systems show ob-
vious redshifts in luminescence in the Au+QD systems. This
result can be due to the enhanced electrostatics between neg-
ative QDs and positive Au, which reduces the distance be-
tween particles. The local-field effect is thus stronger in the
Au+QD systems, and hybrid states are more easily generated,
which leads to the non-Gaussian shapes of their luminescence
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Fig. 4. The photoluminescence of the Au+QD composites Au:QD1 (a) and
Au:QD2 (b) with different mixing ratios: 1:5 black, 1:3 red, 1:1 green, 3:1
blue, 5:1 pink.

Considering the slight broadening of spectra and the fast
component (< 50%) with a lifetime > 1 ns in dynamics, both
Au+QDI1 and Au+QD?2 show aggregation-induced quenching
at the low Au:QD ratios of 1:5 and 1:3. When Au:QD is 1:1,
local-field-induced quenching appears in the large QD system
(Au+QD?2) (0.5 ns (87%), Fig. 5 and Table 2). This result
is consistent with spectral changes in Figs. 4(a) and 4(b), in
which the spectra are broadened when average lifetimes < 3 ns
and fast components that decay in less than 1 ns appear. The
situation is similar to the Au-QD system. At low Au:QD ra-
tios, aggregation-induced FRET leads to lifetimes > 10 ns
and the slow component accounting for over 30% of the de-
cay, accompanied by small changes in the spectra (Table 2).
At high Au:QD ratios, local-field-induced FRET leads to life-
times < 3 ns and a fast component that accounts for over 60%
of the decay, accompanied by greater broadening of spectra.
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The difference results in Au-QD2 having a faster lifetime than
Au+QD2 at Au:QD=1:5 and 1:3; these lifetimes are 3 ns—5 ns
in Au-QD2 and 11 ns—15 ns in Au+QD2. This result may be
due to QD aggregation on the Au particles’ surface in the elec-
trostatically attracted system, which is the main contributor to
FRET in the weakly resonant Au+QD system (Au+QD?2).
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Fig. 5. The luminescence decay of the Au+QD composites Au:QD1 (a) and
Au:QD2 (b) with different mixing ratios: 1:5 black, 1:3 red, 1:1 green, 3:1
blue, 5:1 pink, IRF (system reference scattering) circle+solid gray line.

Table 2. Fitting parameters of the luminescence lifetime of Au+QD
composites.

Samples 71 (ns) T, (ns) 73 (ns) T (ns)
Pristine QD1 - 7.1 (47%)  29.4 (53%) 18.9
Au:QDI=1:5 3.020%) 8937%) 25.0(43%) 14.6
AuQDI=1:3 2821%) 8837%) 25.0(42%) 14.3
AuwQDIl=1:1 2.0(29%) 8.0(36%) 26.2(35%) 12.6
Au:QD1=3:1 1.0 (62%) 4.4 (32%) 22.4 (6%) 3.0
Auw:QD1=5:1 0.8(71%) 3.3(25%) 17.7 (4%) 2.1

Samples 71 (ns) T, (ns) 73 (ns) T (ns)
Pristine QD2 - 7.7 28%)  32.6 (72%) 25.6
AuwQD2=1:5 23(22%) 83(35%) 25.9(43%) 14.5
Au:QD2=1:3 1.1 (32%) 6.6 (33%) 25.2(35%) 11.4
AwQD2=1:1 05@87%) 4.513%) - 1.0
AuwQD2=3:1 0.6 (86%) 3.3 (14%) - 1.0
AuwQD2=5:1 0.588%) 3.1 (12%) - 0.9

*FWHM of the response is 0.27 ps for the 100-ns scale.

4. Conclusion

FRET between excitons (QDs) and plasmons (Au NPs)
was observed in both electrostatically repulsed and attracted
systems. Steady-state spectroscopy shows that luminescence
quenching occurs in both systems with increasing Au quan-

tities. However, time-resolved spectroscopy indicates that

aggregation-induced FRET between QDs is a priority com-
pared to the FRET between Au and QDs at low Au:QD ratios
in both electrostatically attracted and repulsed systems, which
show lifetimes of tens of ns and an ns fast component. Local-
field-induced FRET is observed when the steric hindrance of
plasmons is improved at high Au:QD ratios, resulting in ns
lifetimes and fast components decaying at hundreds of ps. For
different sized QDs, aggregation-induced FRET is prominent
in small QDs and local-field-induced FRET is prominent in
large QDs. The above process is difficult to identify using only
steady-state spectroscopy. Aggregation-induced FRET cannot
be ignored in any environment regardless of the electrostatic
conditions. Local-field-induced FRET appears when Au con-
centrations reach a certain threshold. The nature of FRET can-
not be determined by steady-state spectroscopy only. Under
complicated conditions, time-resolved spectroscopy must be
employed too.
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