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Introduction

Towards site-specific emission enhancement of
gold nanoclusters using plasmonic systems:
advantages and limitations

Ondrej Pavelka, (2 @ Sergey Dyakov,” Klaudia Kvakova,“ Jozef Vesely,® Petr Cigler®
and Jan Valenta (2 *2

Photoluminescent gold nanoclusters are widely seen as a promising candidate for applications in biosen-
sing and bioimaging. Although they have many of the required properties, such as biocompatibility and
photostability, the luminescence of near infrared emitting gold nanoclusters is still relatively weak com-
pared to the best available fluorophores. This study contributes to the ongoing debate on the possibilities
and limitations of improving the performance of gold nanoclusters by combining them with plasmonic
nanostructures. We focus on a detailed description of the emission enhancement and compare it with
the excitation enhancement obtained in recent works. We prepared a well-defined series of gold nano-
clusters attached to gold nanorods whose plasmonic band is tuned to the emission band of gold nano-
clusters. In the resultant single-element hybrid nanostructure, the gold nanorods control the lumine-
scence of gold nanoclusters in terms of its spectral position, polarization and lifetime. We identified a
range of parameters which determine the mutual interaction of both particles including the inter-particle
distance, plasmon-emission spectral overlap, dimension of gold nanorods and even the specific position
of gold nanoclusters attached on their surface. We critically assess the practical and theoretical photo-
luminescence enhancements achievable using the above strategy. Although the emission enhancement
was generally low, the observations and methodology presented in this study can provide a valuable
insight into the plasmonic enhancement in general and into the photophysics of gold nanoclusters. We
believe that our approach can be largely generalized for other relevant studies on plasmon enhanced
luminescence.

magnetic, and electronic properties such as optical chirality,>°
ferromagnetism,'”'* and size dependent photoluminescence

Ultra-small photoluminescent gold nanoclusters (AuNCs) are a
group of red to near-infrared emitters’™ with a rapidly broad-
ening field of applications.*” Due to their strong quantum
confinement effects (the diameter of the Au core is typically
<2 nm) and various possibilities of atomic arrangements of
their cores, AuNCs show characteristic, molecule-like optical,
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(PL).>'>"® Furthermore, the AUNC PL can be tuned by the
ligands used for AuNC surface capping."*™’ In combination with
good biocompatibility'® and reasonable photostability,"> AuNCs
are a promising candidate for use in sensing®?* and
biotechnology.>** The limiting factor for the potential applica-
bility of AuNCs is their modest quantum yield (QY) which is
usually below 10%°**” and can be improved by appropriate
ligand design." Nevertheless, compared to the currently available
most efficient NIR-emitting quantum dots (QY up to 80%),>*
the brightness of AuNCs leaves plenty of room for improvement.
One of the widely explored techniques for improving the
performance of photoluminescent agents is their combination
with plasmonic nanostructures.’*>* The so-called plasmon
enhanced PL can in principle originate from two different pro-
cesses. Localized surface plasmon resonance (LSPR) can either
increase the effective absorption cross section of fluorophores
(referred to as excitation enhancement) or accelerate their
radiative recombination rate by increasing the local density of
states (referred to as emission enhancement). Both types of
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enhancements have been previously explored for various com-
binations of noble metal nanoclusters and plasmonic
nanoparticles.”>** However, there is no clear consensus on
what effect the introduction of plasmonic particles has as both
PL enhancement®*° and quenching have been reported.****
In our recent work,” we contributed to this discussion by
studying the excitation enhancement in AuNCs attached to
silica (SiO,) coated gold nanorods (AuNRs). By carefully evalu-
ating the stoichiometry of the resultant core@shell nano-
particles (AuNRs@AuNCs) we were able to come up with a cali-
brated PL enhancement measurement which yielded enhance-
ment factors up to 4.4x. In this study we use the same combi-
nation of nanoparticles to investigate the emission enhance-
ment in AuNCs. This is enabled by a wide tunability of the
stronger, longitudinal plasmonic band of AuNRs (LSPR), which
can be shifted from the region of AuNC absorption (as used for
excitation enhancement) to the region of AuNC emission. Such
a setting leads to an increased radiative recombination rate in
AuNCs placed in the vicinity of AuNRs, traditionally known as
the Purcell effect and described by the (total) Purcell factor
(fior) However, due to losses caused by energy transfer and
absorption in the plasmonic particles, only part of the acceler-
ated radiation is outcoupled to the far field (described by the
external Purcell factor f.). In the end, it is the interplay
between the gains and losses caused by the plasmonic particles
that decides the resultant PL enhancement or quenching.
Although the modified QY of AuNCs attached to AuNRs can
be theoretically calculated for a known combination of f,. and
fext (see eqn (14), the model presented in the ESIt), finding it
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experimentally is extremely challenging.*® As an alternative,
the effect of AuNRs can be assessed by comparing the PL
intensity from samples with calibrated amounts of bare and
modified AuNCs. Still, as we show in this study, such evalu-
ation must be performed with care and all contributing factors
have to be considered. Thus, apart from standard parameters
such as the AuNC-AuNR distance, we discuss the influence of
the used spacer, PL-LSPR overlap, AuNR volume and even a
specific position of AuNCs on the surface of AuNRs.

An overview of the experimental situation discussed in this
work is shown in Fig. 1. The tunable longitudinal LSPR band
of AuNRs overlaps with the emission band of AuNCs, while the
excitation wavelength is chosen not to match either of the plas-
monic resonances of AuNRs (see Fig. 1a). Therefore, no signifi-
cant excitation enhancement of PL is expected. Due to the
shape anisotropy of AuNRs, the spatial profile of the local
density of states associated with their longitudinal LSPR band
is inhomogeneous, with the density being higher near the
AuNR tips. The same spatial inhomogeneity is then translated
into the Purcell factor and the resulting PL emission enhance-
ment. This is qualitatively shown in Fig. 1b, which displays a
map of the external Purcell factor at variable distances and
positions around AuNRs. Assuming that AuNCs distributed
homogeneously on the whole surface of the AuNRs (schemati-
cally illustrated in Fig. 1c; experimental result in Fig. 1e),
higher PL enhancement is expected for AuNCs near the AuNR
tips (Fig. 1d). As a result, the position of AuNCs on the surface
of AuNRs represents an additional parameter in the PL
enhancement studies.

(b) External Purcell factor I()] AuNR@AUNCs
of AuNR @ 700 nm

U

(e) AuNR@AUNCs (G} Enhanced PL
(HAADF-STEM) of AuNCs

Fig. 1 An overview of the plasmonic emission enhancement in AUNCs by AuNRs. (a) The longitudinal LSPR band of AuNRs and the PL band of
AuNCs overlap at 700 nm. The excitation wavelength (405 nm) does not match either of the LSPR bands of AuNRs. (b) Map of the external Purcell
factor around a single AuNR (see the ESIt for details of the calculation). (c) A homogeneous coverage of an Au@SiO, NR by AuNCs can be assumed
as confirmed by (e) HAADF-STEM imaging. Note that a 2D projection of a 3D object is shown in (e), causing AuNCs seemingly appear at variable dis-

tances from the AuNR. (d) Based on the findings shown in (b) + (c), a site-sp
enhancement near the tips of the AuNR.
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Experimental
Synthesis of nanoparticles

Functionalized AuNCs were prepared according to a previously
published procedure.?” Briefly, the AuNCs were capped with a
combination of thioctic acid and thiolated poly(ethylene
glycol). The AuNCs were then further modified with the
3-(aminopropyl)triphenylphosphonium cation, which is respon-
sible for the positive surface charge of functionalized AuNCs.
High resolution TEM (HRTEM) and additional characteriz-
ation of the particles can be found in a previous report.’ The
concentration of AuNCs was determined from the total con-
centration of Au in the solution (as determined by ICP OES)
and the average diameter of AuNCs (~1.2 + 0.2 nm) obtained
from HRTEM.

The synthesis of AuNRs was based on the well-established
seeded growth method,*”® which wuses cetyltrimethyl-
ammonium bromide (CTAB) as a capping agent. The aspect
ratio of the AuNRs was controlled by the concentration of
silver nitrate and by slow addition of the gold salt into the
growth solution as described in our previous report.” The
dimensions of the AuNRs were measured from SEM images by
analyzing more than 200 particles. The concentrations of
AuNRs in the solution were estimated from extinction
measurements using an empirical formula published by Edgar
et al.>® and by assuming the AuNR shape to be cylindrical with
hemispherical caps. As noted in our previous work,*® such cal-
culation agrees very well with results of the more accurate ICP
OES and can therefore be used instead. For coating the AuNRs
with silica (SiO,), the previously published protocol was
used,*® yielding homogeneous shells even at a low thicknesses
of several nanometers. Two set (8 + 7) samples of silica-coated
AuNRs (Au@SiO, NRs) were prepared with the silica shell
thicknesses ranging from 5 to 23 nm for PL lifetime measure-
ments, and 4 to 13.5 nm for PL enhancement measurements,
respectively. All samples were characterized using SEM and/or
transmission electron microscopy (TEM) analogously to our
previous report’® and some of the samples were also character-
ized by {-potential measurement in a 2 pM aqueous solution
of the particles at 25 °C in a dip cell (Zetasizer Nano ZS,
Malvern Instruments).

The as prepared Au@SiO, NRs were stabilized by CTAB and
have positive {-potential (%50 mV).”" Mixing them with the
positively charged AuNCs therefore yields no permanent con-
nection between the two types of particles. Such CTAB-stabil-
ized particles were used for preparation of a control sample
(denoted as AuNRs + AuNCs) where AuNCs are not attached to
the AuNRs.*> However, silica coating enables the transfer of
Au@SiO, NRs into ethanol, where their {-potential turns to
negative (%—25 mV)*® and thus allows the electrostatic binding
of AuNCs. This approach was used for the preparation of a
serious of AUNRS@AUNCs.

For reference experiments, spherical SiO, nanoparticles
(SiO,NPs) attached with AuNCs (SiO,NPs@AuNCs), and SiO,-
coated spherical Au nanoparticles (AuNPs) attached with
AuNCs (AuNPs@AuNCs) were also prepared. Monodisperse

This journal is © The Royal Society of Chemistry 2023
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spherical SiO,NPs were prepared using the Stober procedure®
(see Fig. S10t for TEM). The particles showed a ¢-potential of
—48 + 1 mV in aqueous solution. The electrostatic adsorption
of AuNCs on the SiO,NPs led to a strong charge compensation,
resulting in a ({-potential of 0.09 = 0.08 mV of the
SiO,NPs@AuNCs.

AuNPs were prepared in accordance with the protocol intro-
duced by Turkevich et al.>® This procedure yields AuNPs stabil-
ized by sodium citrate, which in our case had a mean diameter
of 30 nm. AuNPs were transferred to 1 mM CTAB solution
through one round of centrifugation (8000g, 20 min, 27 °C)
upon which the same protocol for silica coating was applied as
for AuNRs. The electrostatic adsorption of AuNCs on the sili-
cated surface provided AuNPsS@AuNCs and showed a similar
charge compensation as observed for SiO,NPs@AuNCs.

Electron microscopy

Images of AuNRs for measuring dimensions were obtained
using an Auriga Compact SEM (Zeiss) microscope operated at
7-15 kV. The images of Au@SiO, NRs and AuNRs@AuNCs
were recorded on a JEOL JEM-2200FS microscope operated at
200 kV. HAADF-STEM mode was used to enhance the contrast
between AuNCs and SiO, shells in most of the characterization
studies. Solutions with particles were drop-casted on a silicon
wafer or lacey carbon coated copper grids (SPI) for SEM and
TEM analysis, respectively.

Optical spectroscopy

Extinction spectra of the solutions were recorded with a
Specord 250 spectrophotometer (Analytik Jena). PL and dark
field (DF) spectra were recorded using a custom-built micro-
spectroscopy setup based on an inverted optical microscope
with a spectrometer and a liquid-nitrogen-cooled CCD
camera.>* CW 405 nm and 510 nm lasers were used for PL exci-
tation and a halogen lamp was used for DF excitation, respect-
ively. For measurements at a single particle level a dilute solu-
tion of AuUNRsS@AuNCs in ethanol was drop-casted on a glass
slide. Fast evaporation of ethanol yielded regions with well sep-
arated particles.

Calibrated PL intensity enhancement measurements were
performed with solutions of AuNRs@AuNCs. In a typical
experiment, the PL spectra were collected from a ~300 pl
volume of AuUNRsS@AuUNCs placed in a quartz cuvette (optical
path length of 1 mm). The excitation intensity was limited to
ensure that absorption saturation in AuNCs was avoided.
Cuvettes were cleaned with aqua regia between individual
measurements to remove all AuNCs that could potentially
remain attached at the walls of the cuvettes.

PL quantum yield determination

The PL QY of the initial AuNC solution was measured using an
integrating sphere (IS) (d = 10 cm, Sphere Optics) with tunable
excitation by a laser-driven light source (EQ-99X-S, Energetiq)
connected to a 15 cm monochromator (SP-2150i, Acton). Both
excitation and emission light was guided to IS and out from IS
using silica fiber bundles. The output fiber was coupled to the
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detection system of the above described micro-spectroscopy
setup. The whole system was calibrated using the standard of
spectral irradiance (Oriel 63360).*°

PL lifetime measurements

PL lifetime measurements were performed via time-gated
imaging.”® 10 ps pulses of a 405 nm laser were used for exci-
tation and an ICCD camera was used for imaging. The time
gate width was usually set to 50 ns and 65 000 frames were
accumulated for each delay. At least 8 different spots on the
substrate were studied for each sample with 20-100 emission
sources on each spot. A summed signal from all the single
sources was used for average lifetime fitting and calculations.
More details on the method of PL lifetime calculations can be
found in our previous study.*’

Numerical simulations

For numerical simulations, PL was approximated by the radi-
ation of oscillating electric dipoles that are placed near AuNRs.
The Purcell factor and excitation efficiency of dipoles in the
vicinity of AuNRs were calculated with the boundary element
method (BEM)*® using the MNPBEM toolbox.>”*® More details
about the simulations and theoretical model for the calcu-
lations can be found in the ESIL.{

Results and discussion

Preparation and basic characterization of AUNRs@AuNC
ensembles

Two types of AuNRs, which differ in the spectral position of
their longitudinal LSPR bands, were used in our experiments.
The first type of AuNRs, denoted as AuNRs 1, exhibits a longi-
tudinal LSPR band that nearly perfectly matches the emission
band of AuNCs at 700 nm. This represents the optimal situ-
ation shown in Fig. 1a. The other type of nanorods, denoted as
AuNRs 2, exhibits a longitudinal LSPR band that is redshifted
from the center of the PL of AuNCs but still partially overlaps
with it at ~750 nm. The full characterization of AuNRs 1 and 2
is in shown Fig. S1a (in the ESIt), which shows their extinction
spectra and size distributions. Using these data, the different
positions of the longitudinal LSPR peaks are explained by the
different aspect ratios of the two types of AuNRs, which
yield 2.7 for AuNRs 1 and 3.2 for AuNRs 2. Although AuNRs 1
are clearly more suitable for achieving the maximum PL emis-
sion enhancement in AuNCs, we show in the following
that the spectral offset created for AuNRs 2 opens a path
towards a deeper understanding of the site specificity of the
enhancement discussed in the Introduction section of this
study.

The synthesis of AUNRs@AuNCs in this study is based on
the results of our recent work, where we studied plasmonic
excitation enhancement on the same type of hybrid particles.*®
First, silica shells were grown on AuNRs, forming a transparent
tunable spacer between AuNRs and AuNCs. To monitor the
influence of the AuNR-AuNC distance on the PL enhance-
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ment, a wide range (5-28 nm) of SiO, shell thicknesses was
prepared. Representative SEM images of all SiO, coated AuNRs
(Au@SiO, NRs) prepared from AuNRs 2 are shown in Fig. S2
(in the ESIY), proving a good uniformity of the SiO, shells at
all thicknesses. As a second step, AuNCs were attached to
Au@SiO, NRs by mixing the two respective solutions together
and using the opposite surface charge of the two types of par-
ticles. Previously, a thorough characterization using a combi-
nation of complementary techniques (such as TEM imaging,
PL measurements, and neutron activation radiolabeling)
enabled us to draw several important conclusions about the
AuNRs@AuUNCs prepared in this way:

(1) the electrostatic attraction between the positively
charged AuNCs and the negatively charged silica surface of
AuNRs is sufficiently strong for the permanent attachment of
AuNCs to Au@SiO, NRs.

(2) Unbound AuNCs can be efficiently removed from the
solution of AuUNRs@AuNCs by centrifugation without affecting
the AuNCs that were already attached.

(3) There is an upper limit for the number of AuNCs that
can be attached to a unit surface of Au@SiO, NRs, yielding
approximately 20% surface coverage of Au@SiO, NRs by
AuNCs. With AuNR dimensions used in our work, this corres-
ponds to ~10° of AUNCs per single AuNR. Importantly, AuNCs
remain exclusively on the surface of the SiO, shells and do not
penetrate into their volume. This ensures a good control of the
distance between AuNCs and AuNRs.

(4) Particles with partial AuNC loading can be prepared
when a sublimit amount of AuNCs is mixed with Au@SiO,
NRs. Conveniently, the capture of the AuNCs by the SiO,
surface is quantitative, so the number of non-attached AuNCs
is negligible. In this situation, no centrifugation of the solu-
tion is thus required.

All these findings serve as an important precondition for
the validity of the results of the optical experiments presented
in this study. Given that the only difference between
AuNRs@AuNCs used here and in our previous report is the
aspect ratio of AuNRs, we assume the validity of the claims in
(1)—(4) with no further evidence. The achieved quality of the
prepared AuNRs@AuNCs is evidenced by the HAADF-STEM
images in Fig. S3 (in the ESI{), where rich and homogeneous
AuNC loading is shown for three SiO, shell thicknesses (6.5,
11, and 17 nm). Importantly, these images also demonstrate
that regardless of the thickness, the uniformity of the shells is
sustained even after AuNC attachment.

The main objective of this work is to study the PL emission
enhancement of AuNCs by AuNRs. This type of enhancement
is caused by the Purcell effect, where the radiative recombina-
tion rate in AuNCs is accelerated by the plasmonic modes of
AuNRs. Consequently, the PL emission is coupled to the LSPR
of AuNRs and the optical response of AuNRs then determines
the optical response of the whole AuNC-AuNR hybrid system.
In practice, this is often demonstrated by a spectral shift of the
PL towards the plasmonic resonance (in the cases where some
offset between the PL and LSPR bands is present) and by the
alignment of PL and LSPR polarizations.*®

This journal is © The Royal Society of Chemistry 2023
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Single particle scattering and photoluminescence

Following this theory, the coupling between the PL of AuNCs
and LSPR of AuNRs was first examined to make sure that our
design of AUNRsS@AuNCs meets the conditions for emission
enhancement. In this experiment, a solution of
AuNRs@AuUNCs with a low particle concentration was drop-
casted on a glass slide to create spots enabling investigation at
a single particle level. Dark field (DF) scattering spectra and PL
spectra were collected from the same spot and their polariz-
ation dependence was monitored (see the Experimental
section for the details of the experimental setting). A represen-
tative result is shown in Fig. 2, which shows an example of the
spectra measured for a sample of AUNRS@AuUNCs prepared
from AuNRs 2 with a 11 nm SiO, shell. The DF scattering
spectra (Fig. 2a) have two major peaks at ~705 and ~770 nm,
indicating that the signal was collected from at least two
different particles (or two small groups of particles). Taking
the maximum intensities of these two peaks at varying polariz-
ation angles, ¢ generates datapoints as shown in Fig. 2b. Both
of these sets of datapoints are well reproduced by a ~cos*(¢)

~~
QO
N—"
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function (solid lines in Fig. 2b), which, as expected, demon-
strates that the scattering associated with the longitudinal
LSPR of AuNRs is linearly polarized. Note that the polarization
dependencies are offset from each other by ~n/2. Considering
that the polarization of the longitudinal LSPR mode is along
the longer axis of AuNRs, this can be explained as the obser-
vation of two perpendicularly oriented AuNRs (or groups of
AuNRs with perpendicular dominant orientations).
Importantly, the same features are recognized also in the
corresponding PL spectra in Fig. 2c and d. The two major PL
peaks at ~710 and 770 nm match the spectral positions of DF
scattering peaks nearly perfectly and also their polarization
dependence shows the same pattern. The only difference is a
gradual attenuation of the PL signal (see the decreased PL
intensity at ¢ = compared to the intensity at ¢ = 0) caused by
long exposure times during the measurement. The datapoints
in Fig. 2d were therefore fitted with a modified function which
accounts for the attenuation but keeps the same periodicity.
This is explained in more detail in the ESI,;7 where another
example of a spectral and polarization match between the PL
and DF scattering of AuUNRS@AuNCs is also shown (Fig. S47).
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Fig. 2 Single particle measurement of (a and b) DF scattering and (c and

d) PL spectra of AuNRs@AuUNC s for different polarizations. AuNRs 2 with a

11 nm silica shell was used. Peak values from (a) and (c) are plotted as a function of polarization in (b) and (d), respectively, to visualize the same
polarization dependency of PL and DF scatterings for either of the observed peaks at 700 and 770 nm.
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The results presented in Fig. 2 and S47 suggest a successful
establishment of coupling between the PL of AuNCs and the
LSPR of AuNRs in our hybrid nanoparticles. This is further
confirmed by the statistics obtained from analyzing a large
number of similar isolated spots. Due to the variations of
AuNR dimensions within the ensemble, different LSPR peak
positions were obtained for different spots, which could be
then correlated with the positions of the corresponding PL
peaks. The result is shown in Fig. 3a and the obtained corre-
lation in the broad spectral range (690-770 nm) clearly proves
that the PL emission of AuNCs attached to AuNRs is controlled
by the longitudinal LSPR of the AuNRs.

Using the data from Fig. 3a a histogram of PL peak posi-
tions can be created. Given the large extent of the underlying
statistical sample (>450 points), such a histogram should
reproduce the shape of the PL spectrum measured for an
ensemble of AuNRS@AuNCs. The comparison is shown in
Fig. 3b, where the PL spectrum of pure AuNCs is also shown.
Looking first at the ensemble spectra (orange and blue lines),
a redshift by ~#30 nm is observed for AuNRs@AuNCs compared
with pure AuNCs. As already explained, this is caused by coup-
ling of the PL to the LSPR of AuNRs 2, whose plasmonic band

View Article Online
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is shifted with respect to the emission band of AuNCs. Now,
although the position of the main emission peak of
AuNRs@AuUNCs agrees very well with the constructed histo-
gram, a non-negligible intensity appears also in the high
energy tail of the PL spectrum (580-680 nm) where, however,
no PL peaks were found during the analysis of isolated spots.
Such a finding led us to a hypothesis that in addition to the
emission from AuNCs coupled to AuNRs, the observed PL
spectrum of AuNRs@AuNCs has another contribution from
AuNCs which are not affected by AuNRs (denoted as non-
coupled). Here we remind the thorough characterization of
AUNRs@AUNCs in our previous report,*® which showed that
the purification of samples by centrifugation leaves a negli-
gible amount of free (nonattached) AuNCs in the solution.
Consequently, the non-coupled, high-energy contribution in
the ensemble PL spectrum must also originate from the
AuNCs attached to Au@SiO, NRs. The suggested picture of the
two contributions is shown in Fig. 3c. We assume that the
non-coupled AuNCs have the same PL spectrum as free
AuNCs. The high energy shoulder of the AuNRsS@AuNC spec-
trum (blue line) can thus be reproduced by a suitable normali-
zation of the spectrum of pure AuNCs (orange line). The con-
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(a) Correlation of PL and DF scattering peak positions obtained from single particle measurements of AuNRs@AUNCs prepared from AuNRs 2

with a 11 nm shell. (b) Comparison of the ensemble spectra of the same sample of AuUNRs@AUNCs with a histogram of PL peak positions constructed
from the data in (a). Ensemble PL spectrum of pure AuNCs is shown as a reference. (c) Suggested decomposition of the ensemble spectrum of
AuNRs@AUNCs into “coupled” and “non-coupled” contributions. (d) Different positions of AUNCs attached to Au@SiO, NRs as an origin of the

“coupled” and “non-coupled” contributions.
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tribution of the coupled AuNCs can be then obtained by sub-
tracting the non-coupled part from the original spectrum of
AuNRs@AUNCs. The spectrum of the coupled AuNCs thus
obtained (green line) can be directly compared with the longi-
tudinal LSPR peak of AuNRs 2 (red line). The excellent overlap
shown in Fig. 3c agrees well with our previous observations for
isolated particles (Fig. 2 and S4t) and therefore serves as the
first indication of the correctness of our hypothesis.

As already argued, both the coupled and non-coupled con-
tributions to the overall spectrum of AuNRs@AuNCs must
originate from AuNCs that are attached to Au@SiO, NRs. We
suggest that the difference between the two groups of AuNCs
is due to their different position on the surface of Au@SiO,
NRs. Considering the inhomogeneous spatial profile of the
Purcell factor around the AuNRs shown in Fig. 1b, a higher
chance of coupling is expected for AuNCs located closer to the
AuNR tips. Therefore, in Fig. 3d we suggest that the coupled
and non-coupled contributions are from AuNCs resting at the
tips and on the sides of Au@SiO, NRs, respectively. In the fol-
lowing we shall support this hypothesis with further evidence
based on PL measurements.

Position-dependent plasmon-coupling of AuNCs on Au@SiO,
NRs

First, we focus on the coupled contribution. Looking more
closely on the map of the Purcell factor around the AuNR tip
(Fig. 1b), we find that the area with high enhancement (coup-
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ling) potential has practically the same spherical symmetry as
the tip of the AuNRs. Consequently, the relative number of
AuNGCs lying in the high Purcell factor region should decrease
with the increasing distance of AuNCs from AuNRs - i.e., with
increasing SiO, shell thickness. The suggested difference
between the thin and thick SiO, shells is shown in Fig. 4a and
b, respectively.

The different ratios of the number of coupled and non-
coupled AuNCs should be then also reflected in the PL spectra
of the corresponding AUNRS@AuNCs. Starting from the model
in Fig. 4a and b, let us first consider the ensemble PL spectra
of AuNCs attached to AuNRs 2 with thin (5 nm) and thick
(23.5 nm) SiO, shells - see Fig. 4c. Clearly, the shapes of the
overall spectra of AuUNRS@AuNCs (blue lines) are different for
the two samples. Using the same disentanglement as in
Fig. 3c, this can be explained by the different relative contri-
butions of the coupled (red) and non-coupled (green) parts. As
expected, the ratio between the coupled and non-coupled
peaks is higher in the sample with a 5 nm shell compared to a
23.5 nm shell, indicating that more AuNCs were affected by
the plasmonic resonance when attached closer to the AuNRs.
As shown in Fig. 4d, this trend was further confirmed by
measuring the PL spectra for samples within the whole range
of SiO, shell thicknesses between 5 and 23.5 nm. Note that the
spectra in Fig. 4d were normalized to the same intensity at
630 nm, which is where the influence of LSPR from AuNRs is
the least (see the extinction spectrum of AuNRs 2 in Fig. S17).
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Fig. 4 Finding the position of coupled AuNCs. Schematic illustration of the relative number of coupled and non-coupled AuNCs attached to AuNRs
with (a) a thin SiO; shell and (b) a thick SiO; shell. (c) Comparison of the PL spectral shapes of AuUNRs@AUNCs prepared from AuNRs with a thin/thick
SiO, shell explained as different contributions from the coupled and non-coupled AuNCs. (d) Comparison of the PL spectral shapes of
AuNRs@AUNC:s in the full range of SiO; shell thicknesses from 5 to 23.5 nm as measured in the experiment. (€) Comparison of the PL spectral
shapes of AUNRs@AUNC:Ss in the full range of SiO; shell thicknesses from 5 to 23.5 nm as calculated by BEM simulation.

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023, 15, 3351-3365 | 3357


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr06680g

Open Access Article. Published on 09 January 2023. Downloaded on 5/9/2026 9:48:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Such normalization directly illustrates the increasing contri-
bution from the coupled AuNCs in relationship with the fixed
contribution from the non-coupled AuNCs with decreasing
SiO, shell thickness. Moreover, due to the different spectral
positions of the coupled and non-coupled peaks, their varying
contribution causes varying spectral positions of the overall
spectrum of AUNRS@AUNCs. As a result, the thinner the SiO,
shell, the more redshifted is the spectrum of AuNRS@AuNCs.
Such observation was finally also confirmed by calculating the
PL spectra of AuNRs@AuNCs with comparable SiO, shell
thicknesses using BEM simulations (see the ESIf for details of
BEM simulations). The calculated spectra presented in Fig. 4e
show the same trend as the experimental result in Fig. 4d,
which confirms the coherence of our theory.

We now focus more on the non-coupled part of the spectra
and prove that this contribution is from AuNCs placed on the
sides of Au@SiO, NRs. To do so, we designed an experiment
with two excitation wavelengths as shown in Fig. 5. In addition
to an excitation at 405 nm, which was used in all the experi-
ments presented so far, an excitation at 510 nm was used,
which matches the transversal LSPR peak of AuNRs - see
Fig. 5a. It is well known that the excitation light scattered by
the LSPR is concentrated in the close vicinity of the plasmonic

—
Y
~
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particles, which enables a stronger excitation of nearby fluoro-
phores. In fact, this is the principle of plasmonic excitation
enhancement discussed in our previous report.*> For the trans-
versal LSPR of AuNRs the region of the high excitation inten-
sity is at the sides of the AuNRs - see the maps of calculated
field enhancement around the AuNRs for excitation at 405 and
510 nm in Fig. 5b and c. As a result, measuring the PL spectra
from the same sample of AUNRS@AuUNCs using either of the
excitation should make it possible to distinguish the contri-
bution from AuNCs at the sides of Au@SiO, NRs. The result of
PL measurements is shown in Fig. 5d, where the spectra col-
lected at 405 nm (blue) and 510 nm (orange) excitation are
directly compared for three samples of AuUNRS@AuNCs and a
reference sample of pure AuNCs. Note that while the shape of
the PL spectrum of pure AuNCs remains practically identical
regardless of the excitation, for AUNRS@AuNCs switching the
excitation from 405 nm to 510 nm causes a blueshift of the
spectra. Keeping in mind the results presented in Fig. 4, this
blueshift can be explained as an increased contribution from
the non-coupled fraction of AuNCs. To support this claim, we
plotted a peak decomposition (analogous to the one in Fig. 4c)
where the increased non-coupled PL emission under 510 nm
excitation is directly shown - see Fig. S5 in the ESL.{ In other
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Fig. 5 Finding the position of non-coupled AuNCs. (a) In addition to an excitation at 405 nm, an excitation at 510 nm was used in the experiment
which matches the transversal LSPR peak of AuNRs. (b) BEM simulation of electric field enhancement around the AuNRs at 405 nm excitation. (c) BEM
simulation of electric field enhancement around the AuNRs at 510 nm excitation. (d) Comparison of the PL spectra of AUNRs@AUNCs under 405 nm
(blue) and 510 nm (orange) excitation at different SiO, shell thicknesses (5, 9.5, and 28 nm). A reference sample of pure AuNCs is also shown.
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words, favoring the excitation of AuNCs at the sides of
Au@SiO, NRs led to an increased intensity of the non-coupled
part of the PL spectrum. We can therefore conclude that the
non-coupled contribution must originate from the AuNCs
placed at the sides of Au@SiO, NRs.

Assessment of the PL enhancement factor from PL spectra

The presented discrimination between the coupled and non-
coupled AuNCs has an important consequence for their PL
emission enhancement, as apparently only a certain fraction of
the attached AuNCs can be influenced by AuNRs. Therefore,
the specific position of AuNCs on Au@SiO, NRs represents
another parameter to be considered in the PL enhancement
studies. However, the experimental reality makes it almost
impossible to measure the signal from the two contributions
separately and the ensemble studies will always only provide
averaged information. Yet, this problem can be circumvented
by using the disentanglement introduced in Fig. 3c. Here, sep-
aration of the coupled and non-coupled parts of the overall PL
spectrum enables calculating the photon count from the two
groups of AuNCs. By estimating the number of AuNCs in
either of the groups, the number of photons emitted by a
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single coupled vs. single non-coupled AuNC can be compared.
Assuming that the non-coupled AuNCs are not affected by
AuNRs at all, such a comparison directly yields the PL
enhancement factor.

Following this idea, we performed the separation of the
coupled and non-coupled contributions for all spectra shown
in Fig. 4d and calculated the enhancement factors. The results
presented in Fig. 6a show a monotonous tendency with the
highest enhancement of ~2.1x obtained for the 5 nm SiO,
shell and decreasing down to ~0.2x for the 23.5 nm shell.
These data therefore suggest that the enhancement is only
achieved for thin (<10 nm) shells and turns into quenching for
thicker shells. Note that this calculation would not be possible
if it was not for the offset between the LSPR of AuNRs 2 and
the PL of AuNCs. As shown in Fig. S6 (in the ESI}), attaching
AuNCs to the better matching AuNRs 1 yields the PL spectra of
AuNRs@AuUNCs that are very similar to the original spectrum
of pure AuNCs, which makes the separation of the coupled
and non-coupled contributions impossible.

However, keeping in mind the assumptions made on the
way, the result presented in Fig. 6a should be taken with
caution. First, the assumption that the non-coupled AuNCs are

Direct measurement

(b)

- 10
3 %0.8 B AuNRs 2 AuNCs
g £ DAuNRs1}@AuNCs
@ ,?06 B SiO;NPs
: 2
g' 0)04 $ 3 }
¥ E .
§ 021, ?
(%)
0.0t _, . . . , . . .
4 6 7 11 135 17 125 -
Thickness of SiO, shells [nm]
(d)2.0
H i {
- 1.5
=
()
£10
2
g |
0.5 AuNCs SiO,NPs  AuNPs
@AUNCs @AuNCs
0.0

Fig. 6 Calculation of PL enhancement by two different methods. (a) Results obtained from the PL peak disentanglement into coupled and non-
coupled parts show decreasing enhancement for increasing SiO, shell thickness. The model used for predicting the number of non-coupled and
coupled AuNCs (orange line) shows a similar shell thickness dependence. (b) Normalized PL intensity obtained directly by measuring the signal from
the calibrated samples of AuNRs@AUNC:s. In addition to the samples based on AuNRs 2, a sample based on AuNRs 1 and on pure SiO, NPs was also
studied (orange and green points, respectively). The horizontal gray lines represent a reference value of 1.00 + 0.05 for the PL intensity of pure
AuNCs. A reversed shell thickness dependence is observed compared to (a). Although different sets of Au@SiO, NR samples were used in (a) and (b),
the range of shell thicknesses is comparable in both cases. (c) Dependence of the PL lifetime of AuNRs@AUNCs on SiO, shell thickness. The experi-
mental data agree with the tendency predicted by BEM simulations. The horizontal yellow lines represent a reference value of 1.73 + 0.04 ps for the
PL lifetime of pure AuNCs. (d) PL lifetimes of the reference samples.
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completely unaffected may not be true. Therefore, strictly
speaking such a calculated enhancement only provides infor-
mation about how many times the PL from the coupled AuNCs
is stronger than the PL from the non-coupled AuNCs. More
notably, the whole calculation is strongly dependent on the
chosen model for the number of coupled and non-coupled
AuNCs. In Fig. 6a a simple model was used, which assumes
that the borderline between the two groups is always fixed in
the transition plane where the body of AuNRs turns into its tip
- see the details of the model in Fig. S7 (in the ESI{). With the
homogeneous distribution of AuNCs on the surface of
Au@SiO, NRs (confirmed by TEM imaging), the ratio between
the number of non-coupled and coupled AuNCs can be calcu-
lated as the ratio between the areas of the corresponding parts
of SiO, shells. In the proposed model, however, this ratio
changes rapidly with the shell thickness because the tip area
of Au@SiO, NR increases much faster than the area of its
sides — see the dependence of the ratio on shell thickness in
Fig. 6a. Apparently, the calculated enhancement follows a
similar dependence on the shell thickness as the predicted
number ratio between the non-coupled and coupled AuNCs.
Given the uncertainty in the selection of the model, this
represents a significant drawback of such enhancement
calculations.

Therefore, we designed an alternative experiment where the
PL enhancement was measured directly. For this, a set of cali-
brated samples was prepared, where the number of AuNCs was
accurately determined using neutron activation radiolabeling
as reported previously.*’ Besides the samples based on AuNRs
2 (SiO, shells ranging from 4 to 17 nm), a calibrated sample
based on AuNRs 1 with a 12.5 nm SiO, shell was also prepared
to include a case with optimal LSPR-PL overlap. Apart from
pure AuNCs, spherical SiO, nanoparticles attached with
AuNCs (SiO,NPs@AuNCs) were also prepared as a reference so
that the effect of fixing AuNCs on the SiO, surface could be
assessed. Thanks to the calibration, the measured PL spectra
could be related to the total number of AuNCs, which then
enabled a direct comparison of the PL intensity per AuNC
between the samples. The result is shown in Fig. 6b, where the
PL intensity of the reference sample of pure AuNCs, was nor-
malized to 1. In contrast to our expectations, a reduced PL
intensity was observed for all the samples of AUNRs@AuNCs
compared to pure AuNCs, indicating that instead of enhance-
ment, PL quenching was induced by AuNRs. The shell thick-
ness dependency is again monotonous with the strongest
quenching found for the sample with the thinnest (4 nm) SiO,
shell (x~0.15x) and the weakest quenching (~0.40x) found for
the sample with a 17 nm shell. A slightly weaker quenching
(~0.42x) was then obtained for the sample prepared from
AuNRs 1 with a 12.5 nm SiO, shell. Such observation suggests
that the information extracted from this experiment is still not
complete, because if the PL was merely quenched then using
AuNRs with better LSPR-PL overlap should cause stronger
quenching than AuNRs with an LSPR offset from AuNC
emission. Moreover, a significantly reduced PL intensity
(~0.49x) was obtained even for the reference sample of
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SiO,NPs@AuNCs, implying that most of the quenching might
be actually due to the SiO, surface.

To gain more insight into how the AuNRs and SiO, surface
affect the emission of AuNCs, we measured the PL lifetimes of
the prepared samples. First, the SiO, shell thickness depen-
dency was studied for AuUNRs@AuNCs based on AuNRs 2.
According to the definition of PL lifetime, both the Purcell
enhancement and non-radiative quenching should lead to a
reduction of the lifetime. The stronger the particular effect the
stronger the impact on the lifetime is expected. This was con-
firmed by our measurement, and the results are shown in
Fig. 6¢c. The decrease of the lifetime from the original value of
~1.73 ps for pure AuNCs is relatively monotonous and goes
from =1.28 ps for AUNRsS@AuNCs with a 28 nm shell down to
~0.23 ps for AuNRs@AuNCs with a 5 nm shell. This
dataset also serves as a good opportunity to verify the accuracy
of our BEM simulations. The calculated PL lifetime is shown
in Fig. 6¢ as a blue line and shows a good agreement with the
experimental data.

Fig. 6d shows the measured PL lifetimes for three reference
samples — pure AuNCs, SiO,NPs@AuNCs, and AuNCs attached
to spherical Au nanoparticles (AuNPs@AuNCs) - which were
compared to see the effect of the SiO, surface and the effect of
gold nanoparticles whose LSPR (at 510 nm) is far from the
emission of AuNCs. The observation of a nearly identical PL
lifetime in all three cases means that neither silica nor gold by
themselves cause an increase of the radiative or nonradiative
rate in AuNCs. In the case of AUNPs@AuUNCs this confirms
that a sufficient overlap of LSPR and PL is required to affect
the emission.

In the case of SiO,NPs@AuNCs, important deduction can
be obtained by combing data from Fig. 6b and d. While the PL
intensity is reduced to half, the PL lifetime is not changed
compared to the initial solution of AuNCs. The decrease in the
PL intensity of SiO,NPs@AuNCs can then be explained by an
increased number of AuNCs switched into a non-luminescent
(“dark”) state upon their attachment to the SiO, surface. Such
quenching can be due to charge carriers localized on the SiO,
surface close to AuNCs.®° Alternatively, the PL of AuNCs can be
switched off by forming aggregates during attachment to
$i0,.%" Yet, from the theoretical point of view the effect of the
SiO, shell can be separated from the effect of LSPR and the
achievable PL enhancement/quenching can be studied inde-
pendently. Still, there is one more variable left that has not
been accounted for in the experiment presented in Fig. 6b,
which is the reabsorption of the emitted PL photons by other
AuNRs in the bulk solution.

Real enhancement factor from AuNC-concentration dependent
PL spectra

Another approach to PL enhancement measurement was there-
fore used in the last experiment. In this method, which we
first introduced in our previous report,*’ three solutions are
always studied at the same time - pure AuNCs,
AuNRS@AuUNCs, and AuNCs mixed with AuNRs but not
attached to them (denoted as AuNRs + AuNCs). The measure-
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ment then proceeds in many steps, where the number of
AuNCs added to each sample is gradually increased. Thanks to
the thorough characterization of AuNRs@AuNCs summarized
at the beginning of this section, these steps can be designed
in such a way that the number of AuNCs used ranges from far
below to far above the attachment saturation (ie., the
maximum achievable surface coverage of Au@SiO,NRs by
AuNCs). The dataset thus created yields a dependency of the
PL intensity on the number (concentration) of AuNCs, whose
slope has the meaning of PL intensity per AuNC (at given
AuNC loading).

The results of four such measurements are shown in Fig. 7.
The same samples of Au@SiO,NRs (and SiO,NPs) were used
here as in the experiment presented in Fig. 6. The most impor-
tant features of the obtained data can be described in the
example of AuUNRS@AuNCs based on AuNRs 2 with a 6 nm
shell (Fig. 7a). The situation for pure AuNCs and AuNRs +
AuNCs is quite simple as the PL intensity increases linearly
with the concentration of AuNCs. However, the slope of this
increase is smaller for AuNRs + AuNCs, proving that the reab-
sorption of the PL photons takes place in the bulk solution
containing AuNRs. Now, for AuNRs@AuNCs two regions must
be distinguished. First, at small AuNC concentrations all
AuNCs introduced in the solution are attached to
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Au@SiO,NRs. Then attachment saturation is reached (the
region of expected saturation lies between the two vertical
dashed lines in Fig. 7a) upon which no more additional
AuNCs can be attached and remain free in the solution.
Consequently, the slope of increase of the PL intensity
changes, from which the effect of AuNC attachment to
Au@SiO,NRs can be deduced. In Fig. 7a the slope for
AuNRs@AuNCs is higher in the saturated region than in the
non-saturated region, indicating that the PL of AuNCs was
quenched by AuNRs in this sample (~0.6x enhancement factor
can be calculated).

The situation is different for a sample of AuUNRs@AuNCs
based on AuNRs 2 with a 13.5 nm shell as shown in Fig. 7b.
This time the slope of the dependence (i.e., the PL intensity
per AuNC) slightly decreases after reaching the saturation
point, showing that in this case attaching AuNCs to
Au@SiO,NRs resulted in PL enhancement. Still, this enhance-
ment (~1.2x) is too small to fully compensate for the reabsorp-
tion in the bulk solution (note that the PL intensity remains
lower for AUNRsS@AuUNCs compared to pure AuNCs even at the
saturation limit in Fig. 7b). It is also noted that the increase of
PL intensity in the non-saturated region is not linear but
rather accelerates with increasing concentration of AuNCs. The
source of this nonlinearity is not clear, but arguably it is
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Fig. 7 Results of PL intensity enhancement in AuNCs attached to Au@SiO, NRs (AuNRs@AuUNCs; orange) compared to free AuNCs (blue) and
AuNCs mixed with but not attached to AuNRs (AuNRs + AuNCs; green) for the samples prepared from (a) AuNRs 2 with a 6 nm shell, (b) AuNRs 2
with a 13.5 nm shell, and (c) AuNRs 1 with a 12.5 nm shell. (d) An analogous measurement for a reference sample of pure SiO, NPs. In all graphs, the
horizontal axes were normalized to the maximum loading capacity of the used Au@SiO, NRs. The dashed vertical lines indicate the range where
attachment saturation is expected (100% + standard deviation). The two dashed orange lines represent the tangents of the fits of data in the satu-
rated and non-saturated regions of AUNRs@AUNCs (SiO,NPs@AuUNCs), respectively.
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somehow related to a mild aggregation of AuNRs@AuNCs
caused by surface charge neutralization as discussed in our
previous report.”> Nevertheless, strictly speaking, the only
important region of the measured data is close to the satur-
ation point. Assuming that the colloidal state of the particles
does not change rapidly here, all we need is to compare the
tangent of the non-saturated dependence and the saturated
dependence, both evaluated at the saturation point (tangents
indicated as dashed lines in all graphs in Fig. 7). The enhance-
ment is then calculated simply as a ratio of the non-saturated
to the saturated tangent.

This principle only failed for AUNRS@AuNCs based on
AuNRs 1 with a 12.5 nm shell. As shown in Fig. 7c, there is no
apparent change of the slope in the saturation region here.
Still, note that the PL intensity is considerably higher than for
AuNRs + AuNCs at all AuNC concentrations. Therefore, rather
than to the absence of enhancement this might be attributed
to the small amount of datapoints in the saturated region.
Comparing the slopes for AuUNRsS@AuNCs and AuNRs + AuNCs
we can obtain an alternative enhancement factor of =~1.3x.
Finally, the reference sample of SiO,NPs@AuNCs was also
studied in this experiment. The result presented in Fig. 7d con-
firms the finding from Fig. 6 that the significantly decreased
PL intensity of AuNCs is caused solely by their attachment to
the silica surface. The ratio of tangents calculated from the
data in Fig. 7d yields a factor of ~0.2x, which is even less than
what was found in Fig. 6.

As for the PL enhancement, the combined information
obtained from all the presented experiments can be viewed in
two ways — what can be achieved within the combination of
AuNRs and AuNCs theoretically and what is achieved in reality.
The reality evidenced by the data in Fig. 7 clearly shows that
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even in the cases where PL enhancement was stated, the
obtained PL intensity does not exceed the level for pure
AuNCs. Therefore, attaching AuNCs to AuNRs via a SiO, spacer
for emission enhancement does not seem to be beneficial for
practical purposes. Yet, as shown throughout this section, the
main drawbacks of our experimental setting result from the PL
loss upon attachment of AuNCs on the SiO, spacer and from
the reabsorption of PL photons in bulk solutions containing
AuNRs. These limitations could be in principle circumvented
if a different spacer was used, and if the particles were
arranged in a thin layer where the reabsorption should be neg-
ligible. Therefore, it still makes sense to look at the theoretical
capabilities of AuNRs@AuNCs.

Theoretical enhancement capability of optimized
AuNRs@AuNCs

We have performed a set of BEM simulations for
AuNRs@AuNCs with different parameters (see the ESI} for the
full description of the model used). Apart from the spacer
thickness, the AuNR volume (V) and aspect ratio (AR) were also
varied. As discussed above, varying the AR causes a shift of the
longitudinal LSPR band of AuNRs. Calculating the PL
enhancement (&) as a function of the AR therefore enables the
evaluation of the effect of LSPR-PL band overlap/mismatch
created for AuNRs 1 and AuNRs 2, respectively. Fig. 8a shows
the result calculated for a range of AuNRs with a fixed particle
volume (16 304 nm?; corresponds to AuNRs 2) and SiO, shell
thickness (5 nm), and the AR varying from 2.5 to 3.5. In this
calculation the AuNC QY was set as 7, = 7.8%, which is a value
that we measured directly for a sample of pure AuNCs. As
expected, the highest PL enhancement (~2.3%) is predicted for
AuNRs with AR = 2.8, whose LSPR matches the PL band of

A [nm]
(@) es0 700 720 740 760 780 (b) _ ,
2.3l % ) 0 O LSPRA 7t M o5 g‘ 6
& i N 1 P >
222 O PL peak A 2 6 . s g )
QE) 9 CD uE) of M5 E 3
g O O g l W75 % 2
S 2.0f S a 2 4 6 8 1004
d 1.9t @) i 2F NR volume (V/Vg)
1 ________________
1.8 , G| ok . ‘ ‘ . :
26 2.8 3.0 3.2 3.4 0 20 40 60 80 100
NR aspect ratio no [%]

Fig. 8 Calculated theoretical PL enhancement in AUNRs@AUNCs as a function of (a) AuNR aspect ratio (at a fixed AUNR volume V, = 16 304 nm?, an
AuNC QY 79 = 7.8%, and 5 nm SiO; shell thickness) and (b) AUNC QY 7, (for a set of different AUNR volumes, at optimal AuNR aspect ratio ensuring
perfect PL-LSPR match, and 5 nm SiO; shell thickness). In (a) the upper horizontal axis shows the peak longitudinal LSPR wavelength of AuNRs with
the aspect ratio given by the lower horizontal axis. By looking at the upper horizontal axis, the orange crosses in (a) show the peak PL wavelength of
AuNCs attached to AuNRs with varying aspect ratios (each orange cross corresponds to the blue circle at the same PL enhancement level). The two
dashed vertical lines indicate the incidence of theoretical results for AuNRs 1 and AuNRs 2, respectively. The vertical line in (b) indicates the
measured QY of AuNCs 7.8%, and the dashed horizontal line indicates the limit of positive PL enhancement (>1). The inset in (b) extends the data
from the main plot by the dependence on the SiO; shell thickness (calculated for the measured AUNC QY 7 = 7.8%).
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AuNCs at 700 nm (see the LSPR wavelength corresponding to a
particular AR on the upper horizontal axis of Fig. 8a). This rep-
resents the optimal case of using AuNRs 1. However, increas-
ing the AR to 3.2, which represents the case of using AuNRs 2
with LSPR at 750 nm, only decreases the predicted enhance-
ment to ~2.15x. Apart from the PL enhancement (blue circles),
Fig. 8a also shows the calculated PL peak positions for the
same set of AUNRS@AuNCs (orange crosses — the PL peak
wavelength was found on the wupper horizontal axis).
Comparison of the two results shows that the ensemble PL
band of AuNRS@AuNCs cannot follow the LSPR band of
AuNRs indefinitely and the larger the offset the smaller the
enhancement.

Two important conclusions can be made based on the data
presented in Fig. 8a. First, even a quite large LSPR-PL offset
does not reduce the PL enhancement too far below the
maximum value. Second, even the maximum theoretical PL
enhancement is relatively small for the given combination of
AuNRs, AuNCs and the SiO, spacer. Therefore, the AuNR
volume was considered as an additional parameter in the cal-
culations to extend the options for achieving a higher enhance-
ment factor. It is well known from the basic principles of plas-
monics that with an increasing particle volume the ratio
between light scattering and absorption at the resonant wave-
length also increases.®® We expected that as a result the ratio
between the external and total Purcell factors would increase
and the achievable enhancement would be higher. This was
confirmed by the simulations as shown in Fig. 8b. Here the
calculated PL enhancement is plotted as a function of the QY
of AuNCs (7,) for a set of different AuNR volumes. A fixed shell
thickness of 5 nm was used in all the cases and the optimal
AuNR aspect ratio of 2.8 was individually adjusted to compen-
sate the small LSPR shift caused by the varying AuNR size
(thus creating a perfect PL-LSPR match for all AuNR volumes).
We found that PL enhancement increases with the AuNR
volume and this trend continues until an order of magnitude
increase of the original volume (V/V, ~ 10) is reached, after
which increasing the AuNR size no longer seems to be ben-
eficial. Naturally, the smaller the input QY of pure AuNCs, the
larger enhancement factors can be achieved. For our sample of
AuNCs with the QY measured as 7, = 7.8%, the calculations
predict an increase of ¢ from 2.3x (at the original AuNR
volume) to 6.1x (at the 10 times increased AuNR volume).
Fixing the AuNC QY at 7.8%, the calculations further predict
that the optimal SiO, shell thickness is 5 nm (see the inset of
Fig. 8b), which justifies the use of this spacer in all the pre-
vious calculations shown in Fig. 8. Thus, increasing the AuNR
volume seems to be a possible way of achieving a PL emission
enhancement whose magnitude is comparable to the exci-
tation enhancement reported previously.”> Importantly,
note that even the largest AuNRs considered (V/V, = 10) can
still be prepared by the conventional seeded growth method,
as their dimensions would be ~120 x 45 nm. Nevertheless,
such an experimental demonstration exceeds the scope of
this study and we will focus on this problem in our following
work.

This journal is © The Royal Society of Chemistry 2023
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Conclusion

This study provides a comprehensive description and spec-
troscopic study of a single-element system based on plas-
monic gold nanorods bearing ultra-small fluorescent gold
nanoclusters. The geometrical and optical tunability of the
system enabled us to identify leading principles determin-
ing the advantages and limits of plasmonic emission
enhancement in similar systems. We benefit from the extra-
ordinary degree of structural control in our hybrid nano-
particles and characterize the subtle balance between emis-
sion enhancement and quenching. We show, for example,
that not just the separation distance but also the specific
position of AuNCs on the surface of AuNRs play an impor-
tant role in PL-LSPR coupling. By careful evaluation of the
PL spectra of AuNRs@AuNCs, we managed to separate the
coupled and non-coupled parts and assigned it to AuNCs
attached to the tips and sides of AuNRs, respectively. We
further developed a general way of measuring the PL
enhancement, which accounts even for the reabsorption of
the emitted PL photons by AuNRs in the bulk solution and
thus enables the assessment of the PL enhancement effect
itself.

In addition to the spectroscopic characterization, we per-
formed BEM calculations which showed an excellent match
with the experimental results. Among other results, BEM cal-
culations helped us to identify a potential improvement of the
emission enhancement by increasing the AuNR volume. We
emphasize that the good match between our experimental
data and simulations suggests the reliability of the predicted
results even for samples that were not examined in our
experiments.

We critically compared the possibilities of emission
enhancement determined in this work and excitation enhance-
ment which we observed experimentally for the same combi-
nation of AuNRs and AuNCs in our previous study.*> We found
that even the maximum emission enhancement that can be
achieved theoretically is lower than the excitation enhance-
ment and does not improve the applicability of the AuNCs as
luminescent particles.

One possible way to increase the enhancement factor is to
avoid the non-coupled particles on the side of AuNRs by
growing a silica shell on the tips of NRs only. Such a
dumbbell-shaped composite was recently prepared to demon-
strate the increased efficiency of the SERS effect by Meyer and
Murphy.®® Other approaches can be used as well, for
example, tip-selective modification by fluorescent molecules.®*
Eventual demonstration of the fluorescence enhancement
improvement in the AuNRs@AuNC composite with the dumb-
bell coverage by silica would require another laborious
investigation.

Finally, we believe that the methodological approach used
in this study is relevant for a variety of analogous studies and
can be applied to any plasmonic system based on gold nano-
rods optically tuned for the emission enhancement of a suit-
able fluorophore.
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