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hotoluminescence (PL), in which a

photon is emitted by an atom, mole-

cule, or nanoparticle after the absorp-
tion of another photon, has been important
for many technologies. A specific type of PL,
fluorescence, is widely used in modern
scientific research, with applications ranging
from sensing, imaging, quantitative analysis,
to lighting." 3 Due to the inevitable limita-
tions of fluorescence, photobleaching and
photoblinking, it is of currentinterest to study
the PL from more robust nanostructures,
that is, artificial molecules, such as inorganic
nanocrystals® or carbon nanotubes.”> Among
them, gold nanoparticles have attracted spe-
cial attention due to their high biocompat-
ibility and thermal robustness.®~° However,
the detailed mechanism of the PL in gold
nanoparticles still remains an open question.
In most artificial molecules, an electron—hole
pair, or exciton, is excited and then radiatively
recombines, generating the PL. This process
is typically very inefficient in metals'® but can
be enhanced by the local surface plasmon
field."" " In contrast, other studies on gold
nanoparticles smaller than 100 nm have in-
stead assigned the PL to the radiative decay
of the surface plasmon.?®~%

For fluorescence in most molecular sys-
tems, the energy separation between ex-
cited states is smaller than the one between
the lowest excited state and the ground
state. This leads to an initial fast nonradia-
tive relaxation to the first excited state.
Therefore, the fluorescence quantum yield
remains constant regardless of the excitation
wavelength. This is well-known as the Kasha—
Vavilov rule.>*?* With very few exceptions,**®
this rule holds true for most artificial mol-
ecules, but there are no studies regarding
the applicability of a similar rule to the PL
quantum yield of metal nanoparticles.

Gold nanorods (AuNRs) represent an ex-
cellent model system for studying energy
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We report on the one-photon photoluminescence of gold nanorods with different aspect
ratios. We measured photoluminescence and scattering spectra from 82 gold nanorods using
single-particle spectroscopy. We found that the emission and scattering spectra closely
resemble each other independent of the nanorod aspect ratio. We assign the photolumines-
cence to the radiative decay of the longitudinal surface plasmon generated after fast
interconversion from excited electron—hole pairs that were initially created by 532 nm
excitation. The emission intensity was converted to the quantum yield and was found to
approximately exponentially decrease as the energy difference between the excitation and
emission wavelength increased for gold nanorods with plasmon resonances between 600 and
800 nm. We compare this plasmon emission to its molecular analogue, fluorescence.
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relaxation in an artificial molecule. Unlike
gold nanospheres, which only have one
plasmon mode and for which the PL yield
has been observed to be independent of
size,”” AuNRs have a longitudinal surface
plasmon resonance (LSPR) that is easily
tunable from ~600 nm to the near-infrared
by increasing the AuNR aspect ratio.?® In
addition, a small, mostly size-insensitive
absorption feature exists below 550 nm  *Address correspondence to
due to the combination of the transverse  Sfinkerice.edu.
surface plasmon resonance (TSPR) and in- . aived for review May 21, 2012
terband transitions. Because excitation of  and accepted July 25, 2012.
these transitions at shorter wavelengths X .
. L. 53 . Published online July 25, 2012
leads mainly to emission by the LSPR,” it 10.1021/nn3022469
is possible to easily separate the PL from
elastic scattering. Moreover, by increasing ~ ©2012 American Chemical Society
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the AuNR aspect ratio and thus red-shifting the LSPR,
one can study an artificial molecule with a variable gap
between the absorption and emission states. Instead of
tuning the excitation wavelength as in the case of
molecules to which the Kasha—Vavilov rule applies, we
here changed the aspect ratio of single AuNRs while
keeping the excitation wavelength the same in order
to examine how the intrinsic PL from AuNRs scales
with the energy gap between excitation and emis-
sion. We consider this experiment as a nanoparticle
analogue of the Kasha—Vavilov rule because by
increasing the AuNR aspect ratio the electronic
energy levels are not affected except for the LSPR
maximum.

RESULTS AND DISCUSSION

Single-particle imaging and spectroscopy correlated
with scanning electron microscopy (SEM) were essen-
tial to exclude effects due to sample heterogeneity and
impurities. Commercially available AuNRs, which we
first characterized by transmission electron microscopy
(TEM) and extinction spectroscopy (Figure S1 in the
Supporting Information), were spin-coated at low con-
centrations on quartz substrates. Markers were added
to the substrate for identification of the same single
AuNRs in SEM and optical microscopy.>*3° Figure 1A
shows a typical PL image of individual AuNRs and a
dimer. The high-magnification SEM images of the cor-
responding AuNRs are included in Figure 1A (see
Figure S2 for the low-magnification SEM image).
The PL was excited with a circularly polarized
532 nm laser and detected by an avalanche photo-
diode. Images were recorded by scanning the sam-
ple (see Figure S3 for a scheme of the microscope
setup).

Despite the low quantum yield, the PL images
were more sensitive than the dark-field (DF) scattering
images on the same microscope. Figure 1B shows the
corresponding DF scattering image. Comparison to the
PL image shows that two of the AuNRs are not suffi-
ciently resolved by DF scattering. The higher sensitivity
for PL imaging is mainly due to a better spatial resolu-
tion because the laser could be focused to a diffraction-
limited spot. In addition, the PL is not as biased toward
larger nanostructures because it scales as absorption
with the particle volume instead of as scattering with
the volume squared.?*?’

To determine quantum yields, we measured the PL
spectra of individual AuNRs. Single AuNR spectra were
collected by moving the sample to the location of a
single AuNR and switching the detection to a spectro-
meter equipped with a CCD camera. The wavelength
response of the collection system was corrected by
a calibrated white light lamp (Figure S4). Figure 2A
shows the normalized PL spectra of four AuNRs with
different aspect ratios. The spectral shape of the PL
follows closely that of surface plasmon scattering.
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Figure 1. (A) PL image of AuNRs. (B) Corresponding DF
scattering image. Correlated high-magnification SEM images
are shown in A next to the PL signal.
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Figure 2. (A) Normalized PL (solid line) and DF scattering
(open circles) spectra of single AuNRs. Inset: Relationship
between the PL and DF scattering maxima, Amax '~ and
Amax "'+ For nearly all AUNRS, A max 7" < Amax " - (B) Three-step
model for the PL.

Simultaneous PL and DF imaging and spectroscopy
furthermore allowed us to distinguish single AuNRs
from clusters and impurities based on image patterns
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and spectral signatures, especially in the absence of
correlated SEM data. The spectra of single AuNRs
showed only one band that was characteristic of the
LSPR mode, while spectra of aggregates had several
features because of plasmon coupling. Interestingly, the
spectral response of AuNR aggregates was different
between PL and DF scattering (Figure S5).

The close resemblance between the PL and DF scat-
tering spectra independent of the aspect ratio mea-
sured for 82 single AuNRs is consistent with our pre-
viously suggested mechanism of plasmon emission.?®
Plasmon emission occurs due to radiative decay of a
plasmon that has been created from an excited elec-
tron—hole pair after absorption of a 532 nm photon, as
illustrated in Figure 2B. At 532 nm, both the TSPR and
interband transitions are excited for the AuNRs studied.
Although, due to their spectral overlap, we are not able
to separate these two excitation pathways, it is known
from photoelectron spectroscopy that the TSPR quickly
generates electron—hole pairs.3' >3 The hot electrons
lose their energy nonradiatively and then interconvert
to the LSPR mode, which emits a photon. A direct inter-
conversion between the TSPR and LSPR modes without
the involvement of electron—hole pairs is not possible
because of the orthogonal nature of these plasmons. In
addition, results obtained with an excitation wavelength
of 488 nm (Figure S6), which only excites interband
transitions, also revealed a close resemblance between
the PL and scattering spectra, further suggesting that
electron—hole pairs are responsible for exciting the
LSPR mode, which subsequently emits. The re-excitation
of the LSPR by a hot electron should be possible based
on reversibility arguments and considering that plas-
mon modes can be excited by electrons as in electron
energy loss spectroscopy (EELS).>*

The close resemblance between the PL and DF
scattering spectra is, however, not a definite proof of
the suggested plasmon emission mechanism. Instead,
any luminescence process could radiate through the
AuNR antenna, giving an optical response that follows
the plasmon resonance with respect to the spectral shape
as well as the polarization dependence (Figure S7 shows
that the PL emission has a perfect dipole response
along the long axis of the AuNR). Especially at 532 nm
and shorter wavelengths, interband transitions are also
excited and their radiative recombination has pre-
viously been assigned to the origin of the observed
PL."73> While we cannot rule out that the plasmon
merely acts as a radiating dipole antenna, we can,
however, exclude that interband transitions are the
cause of the PL. To show this, we collected the PL
spectrum of a single AuNR using 785 nm (1.58 eV)
excitation, which is well below the 1.8 eV band gap
around the X region for the interband transitions in
gold.""'%'8 Figure 3 compares the PL and DF scattering
spectra and illustrates that again the PL resembles the
DF scattering even though part of the PL spectrum was
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Figure 3. Single AuNR PL spectrum with 785 nm excitation
and corresponding DF scattering spectrum. The AuNR was
embedded in a polyvinyl alcohol matrix to red shift the
LSPR. Top inset: PL intensity as a function of emission
polarization, where 0° was parallel to the long AuNR axis
as determined from the polarization-dependent scattering.
Bottom inset: linear dependence of the PL intensity on the
excitation power indicates a one-photon process.

blocked by the dichroic as 785 nm excitation was
resonant with the blue edge of the LSPR. The excitation
power dependence was again linear, and the PL was
polarized along the main AuNR axis.

Closer inspection of the LSPR maximum revealed
that there was a small but reproducible spectral blue
shift of the PL compared to the DF scattering indepen-
dent of the AuNR aspect ratio. The inset in Figure 2A
shows the correlation between the PL and DF scatter-
iNg Maxima, Amax - and Amax"', for 82 single AuNRs.
The blue line indicates the trend if Amax - = Amax_ - The
value of Amax - Was almost universally blue-shifted by
an average amount of 11 £ 3 nm. An excitation power
dependence furthermore showed that An.. - de-
creased with increasing laser power (Figure S8) and
also confirmed a one-photon process (Figure S9).
Laser-induced melting into smaller aspect ratio AuUNRs
can be excluded because the DF scattering spectra
recorded before and after measuring the PL were the
same (Figure S10). A thermal effect due to a change in
the refractive index because of continued laser excita-
tion is also unlikely because the temperature increase
was estimated to be smaller than 10 K under our
experimental conditions (see the Supporting Informa-
tion for further discussion). A difference in the angular
distribution of the PL and DF scattering, imaged through
a high numerical aperture (NA) objective, could also
lead to small differences in the spectral shape3%*’
However, when we changed the NA from 0.8 to 0.6,
we observed no significant difference (Figure S11).
Another possible explanation is that the blue shift of
the PL spectrum was caused by charging of the AuNRs
through reactions of the environment with the hot
electrons and holes as effective higher electron densi-
ties cause blue shifts of the LSPR3® To address this
hypothesis, we collected DF scattering spectra under
simultaneous 532 nm laser illumination as a function of
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Figure 4. PL and DF scattering intensities as a function of
LSPR maximum for 82 AuNRs. The LSPR maximum was
converted into an aspect ratio and is included as the top
X-axis.

laser power. While the DF scattering spectra were also
blue-shifted with laser excitation (see Figure S12 for an
example and Table S1 for a summary of peak shifts
measured for different AuNRs and laser powers), the
blue shift of the corresponding PL peak was always
more pronounced. Although these results indeed sug-
gest a dynamic, photoinduced charging process, further
investigations are needed to completely resolve the
underlying mechanism.

AuNRs are an ideal system to study the dependence
of the quantum yield on the energy gap between
absorption and emission states, considering that only
the LSPR and not the TSPR or intrinsic interband transi-
tions is shifted by an increase of the aspect ratio.”®
Therefore, the PL intensity at the LSPR region for each
single AuNR was integrated. The result is shown in
Figure 4 as a function of the LSPR maximum and AuNR
aspect ratio (top x-axis), which was obtained from its
linear dependence on the LSPR maximum (Figure 5)3°
The DF scattering intensities for all 82 single AuNRs are
also given in Figure 4. The data presented in Figure 4
show that, in general, the PL intensity decreased with
increasing AuNR aspect ratio and LSPR maxima, where-
as the DF scattering intensity increased under the same
conditions. As the volume of the AuNRs slightly de-
creased with increasing aspect ratio (based on the size
distribution shown in Figure S1), the trend of the DF
scattering is not as pronounced as expected. This
change in PL intensity is unexpected if the limiting
step was the emission instead of the internal conver-
sion to the LSPR mode, as is the case for molecules
according to the Kasha—Vavilov rule. However, to gain
further insight, we need to compare quantum yields
instead of PL intensities.

To calculate the quantum yield from the PL intensity,
we need to account for the size-dependent absorption
cross section of the AuNRs. We therefore calculated the
absorption spectra for eight AuNRs of different aspect
ratios at a constant width of 25 nm (Figure 5A) using
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Figure 5. (A) Absorption spectra for different AuNRs with
width fixed at 25 nm and lengths given by the legend. Inset:
Zoom-in around the excitation wavelength of 532 nm. (B)
Absorption cross section at 532 nm for the AuNRs from
panel A with the red curve being a polynomial fit. Inset:
Linear relationship between the LSPR maximum and the
aspect ratio. (C) Aspect ratio dependence of the calculated
scattering intensity. As the aspect ratio changed for the
actual AuNRs in the experiment, the calculated scattering
intensity was corrected using the experimental dependence
of the AuNR width on the aspect ratio, as given in Figure
S1B. The data show that the scattering intensity is indepen-
dent of the AuNR aspect ratio.

the commercial software package COMSOL. The length
was varied from 65 to 105 nm. The inset is a zoom-in for
the region around 532 nm. At 532 nm, the absorption
cross section is not very sensitive to the aspect ratio
as it only increases by 20% when the aspect ratio is
doubled (Figure 5B). The dependence of the LSPR
maximum on the aspect ratio, as obtained from these
calculations, is also displayed in the inset of Figure 5B.
This dependence was used to convert between LSPR
maxima and aspect ratios. Figure 5C shows the calcu-
lated integrated scattering intensities for the LSPR,
which have been corrected by the experimental width
dependence on the aspect ratio (Figure S1B). To match
the data in Figure S1B to the calculations, the range of
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Figure 6. PL quantum yield as a function of the energy gap
between absorption and emission states for 82 AuNRs. The
red line is a linear fit as a guide to the eye only.

AuNR aspect ratios was first divided into eight equal
parts between 2.5 and 4.1 with an interval of 0.2. The
correction involved dividing the calculated scattering
intensity by the sixth power of the ratio of the calcu-
lated to actual width as scattering scales with the
volume squared. The data in Figure 5C show that the
scattering intensity is mostly independent of the AuNR
aspect ratio.>® Thus the span of scattering intensities
seen in Figure 4 is likely due to differences in the AuNR
volume, consistent with our analysis.

In contrast to the weak dependence of the absorp-
tion cross section on the aspect ratio, the total absorp-
tion strongly depends on the overall size of the AuNRs
as it is proportional to the volume.?” This has a signif-
icant effect on the final quantum yield because the
actual mean diameter of our AuNRs decreased from
30 to 15 nm with increasing aspect ratio (Figure S1B).
Calculations for all individual AuNRs based on the
dimensions obtained from high-resolution SEM are
not feasible. However, this problem of correcting the
quantum yield for each single AuNR can nevertheless
be accomplished by considering that the DF scattering
intensity scales with the square of the particle volume.
We can therefore exclude the effects of volume fluc-
tuations on the absorption cross section by dividing
the measured PL intensity by the square root of the
scattering intensity measured for the same individual
AuNR. Using this correction, the quantum yields of all
82 single AuNRs were calculated as shown in Figure 6.
Interestingly, the scatter in the PL intensities in Figure 4
is thereby strongly reduced for the quantum yields in
Figure 6, presumably by reducing the effect of the
spread in AuNR volumes. Further details of the calcula-
tion are provided in the Methods section.

According to the suggested mechanism in Figure 2B,
the PL quantum yield in AuNRs is determined not only
by the radiative decay probability from the emission
state but also by the coupling strength between the
absorption and emission states. In total, there are
four rate constants involved in the PL process: k; and
ky are the decay constants from the excited state
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(electron—hole pairs) to the ground state and the LSPR,
respectively; k3 and k, are the radiative and nonradia-
tive decay constants for the LSPR mode, respectively.
The overall PL quantum yield is ky/(ky + k) x ka/(ks +
k4). In molecules, higher excited states S,, usually first
relax to the lowest excited state S;, which then decays
back to the ground state S, because k; < kj. The
fluorescence quantum yield is therefore simply given
by the second factor, that is, the ratio of the radiative
decay constant to the sum of all decay constants for
S;. In contrast, due to the high density of states, the
dominating channel of the energy relaxation in the
AuNRs is the nonradiative decay of the electron—
hole pairs back to the ground state without exciting
the LSPR (k; > k), and the quantum yield is therefore
given by (ky/k;) x ks/(ks + kg). Assuming that the
emission probability from the LSPR, ks/(ks + kg), is
proportional to the elastic scattering efficiency,*
which is mostly independent of the AuNR aspect ratio
(Figure 5C),* the overall PL quantum yield is mainly
determined by k, as k; is determined by intrinsic
properties of gold. Hence, we suggest that it is the
decrease of the decay constant k, which is determined
by the coupling strength between electron—hole pairs
and the LSPR, causing the decrease of the PL quantum
yield when the AuNR aspect ratio increases, as shown
in Figure 6. In other words, with increasing energy
gap between absorption and emission states, the
electron—hole pairs are less likely to couple to the
LSPR and to generate plasmon emission.

The PL quantum yield approximately displays an ex-
ponential decrease with increasing AuNR aspect ratio, as
seen in Figure 6. It is interesting to again invoke a compar-
ison to molecular systems. In molecules, k; is related to
the transition probability rate constant, which can be
obtained using Fermi's golden rule and yields the well-
known energy gap law;*' that is, the probability of
nonradiative decay decreases exponentially with the
energy gap. Our experimental data show a similar
trend, which can be interpreted by a less efficient non-
radiative coupling to the LSPR (k,) as the energy gap
increases. However, this is only a qualitative compar-
ison because in molecules the nonradiative relaxation
has to occur via multiphonon processes while intra-
band relaxation within the metal conduction band is
dominated by fast electron—electron scattering and
one-phonon assisted relaxation.

During the revision process of this work, a similar
study of the PL quantum yield of AuNRs appeared by
Orrit and co-workers.*? Despite using a shorter excita-
tion wavelength of 476 nm, their results are very similar
to what we report here, including the magnitude of
the quantum yield, considering that we estimated a
slightly lower instrument detection efficiency. One of
their main points is that the quantum yield increases by
an order of magnitude for the transition from a sphe-
rical nanoparticle to a AuNR as interband relaxation is
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no longer an available decay mechanism for AuNRs.
For AuNRs with LSPR peaks beyond 650 nm, they
report no significant change in the quantum yield, in
contrast to our results here. However, the decrease in
quantum yield of a factor of ~5, which we observed
here (Figure 6) for AuNRs with LSPR peaks between 600
and 800 nm, is not necessarily inconsistent with their
spread in data that is displayed on a larger scale to
highlight the difference to the nanospheres. While both
of these studies provide important new insight into the
one-photon luminescence of gold nanoparticles, more
experiments are clearly needed to conclusively under-
stand this interesting photophysical process in AuNRs
and plasmonic nanoparticles in general.

CONCLUSIONS

In summary, our study has revealed new properties
of the PL from an artificial molecule, especially the

METHODS

AuNRs were purchased from Nanopartz and characterized
by transmission electron microscopy (TEM) using a JEOL 1230
and UV—vis extinction spectroscopy using a Ocean Optics
S1024DWX spectrometer. The extinction spectrum of the
AuNR solution is given in Figure S1A, which also shows a
typical TEM image in the inset. The AuNR dimensions were
determined from the TEM images and are summarized in
Figure S1B. Afterward, they were spin-coated at low concen-
trations on quartz substrates. Scanning electron microscopy
(SEM) for correlation with optical microscopy was carried out
using a FEI Quanta ESEM2. Figure S2 shows the SEM image of
the same area as in Figure 1.

The instrument setup is shown in Figure S3. A home-built
instrument based on an inverted Zeiss microscope was used.
Unless otherwise noted, excitation was carried out using the
532 nm line of a diode pumped continuous wave laser (Verdi V6,
Coherent). A quarter-wave plate was inserted into the optical
path to convert the laser light to circular polarization. The PL
signal was collected by a 50x (NA = 0.8) air-spaced objective
and passed through a dichroic filter, a notch filter (RNF-532, CVI),
and a long-pass filter, which assured that all excitation light was
removed from the signal. Alternatively, a 50/50 beam splitter
was used instead of the dichroic filter because longer wave-
lengths were blocked by the dichroic filter. PL images were
recorded using a scanning stage and an avalanche photodiode
(APD, SPCM-AQR, Perkin-EImer). Single AuNR spectra were col-
lected by moving the sample to the location of a single AuNR
and switching the detection to a spectrometer equipped with a
CCD camera (Triax 190 and Symphony, Jobin Yovin). Because the
collection efficiency depends on the polarization of the emission
light, which in turn is dependent on the orientation of the
randomly orientated AuNRs, a depolarizer was inserted before
the spectrograph to minimize any polarization effects of the
collection system. Typical excitation powers for the PL measure-
ments were 200 uW at the sample with a spot size of 400 nm
(fwhm). Transmission dark-field scattering spectroscopy was
conducted on the same setup, with the notch and long-pass
filters removed. The white light generated by a halogen lamp was
focused on the sample by an oil-immersion condenser (NA=1.4).
The transmission dark-field setup measured plasmon scatter-
ing only without a contribution from plasmon absorption. For the
PL measurements, the wavelength response of the collection
system was corrected by a calibrated white light lamp (Figure S4).

The quantum yield @ of the AuNRs was calculated from the
measured PL spectrum according to eq 1:*3
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coupling between single excited electron—hole pairs
and the collective behavior of free electrons. We have
applied single-particle spectroscopy to study the PL
quantum yield of AuNRs for which the energy gap
between the absorption and emission states is variable
by tuning the aspect ratio while keeping the excitation
wavelength constant. The PL decreased exponentially
with increasing energy gap for AuNRs with LSPR peaks
between 600 and 800 nm. We assign this decrease to
the change in coupling efficiency between excited
electronic states and the surface plasmon (ie., the
collective electron motion of the LSPR mode). Our
results provide new insights into the mechanism of
the PL from AuNRs and are important because of
potential application in biosensing and imaging.”?
The PL could also be used to understand energy relaxation
of hot electrons in metal nanoparticles, which is relevant
for plasmon-enhanced photochemical reactions.>®

_ Nem _ Nsignal hV532
Nabs Det.Eff 0aps/

Nem and N,ps are the number of emitted and absorbed photons
per second, respectively. Nqignal is the background-corrected
signal intensity per second. /is the incident laser intensity, ,ps is
the absorption cross section at 532 nm with the energy of a
532 nm photon given by hvss, and Det.Eff. is the detection
efficiency, which was estimated to be 1%. The background-
corrected signal was first corrected by the wavelength-depen-
dent sensitivity curve given in Figure S4. The absorption cross
section was calculated using COMSOL for different aspect ratio
AuNRs (Figure 5). Using the polynomial fit and the dependence
of the LSPR maximum on the aspect ratio (Figure 5B), each
measured PL spectrum was corrected for the corresponding
calculated absorption cross section. However, the absorption
cross section was calculated for a constant AuNR width of
25 nm, while the experimental trend in Figure S1B shows that
the width decreased with increasing aspect ratio. To correct for
the effect of this volume difference on the absorption cross
section, we have used the measured scattering intensity for
each AuNR as an indicator for the actual AuNR volume, con-
sidering that the LSPR scattering intensity is proportional to the
volume squared but insensitive to the aspect ratio (Figure 5C).
We therefore divided the measured PL intensity by the square
root of the dark-field scattering intensity for the same single
AuNR, as absorption scales with the particle volume. To account
for the fact that the scattering intensity was recorded in
arbitrary units, we used the fact that the average width of the
AuNRs with an aspect ratio from 2.5 to 2.9 was 25 nm, which is
the same value as used in the calculation. Therefore the dark-
field scattering intensity was first normalized in this range by
calculating the average intensity for all AuNRs with an aspect
ratio between 2.5 and 2.9 (LSPR maximum from 640 to 685 nm).
The scattering intensity of all other AuNRs was then expressed
as a relative intensity.
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