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Abstract

We have studied the intrinsic one-photon excited luminescence of freely diffusing gold nanoparticles of
different shapes in agueous suspension. Gold nanospheres were used as a reference, since their
luminescence has been investigated previously and their light absorption and scattering properties are
described analytically by Mie theory. We then studied gold nanobipyramids and nanostars that have
recently gained interest as building blocks for new plasmonic nanosensors. The aim of our study is to
determine whether the luminescence of gold nanoparticles of complex shape (bipyramids and nanostars) is
a plasmon-assisted process, in line with the conclusions of recent spectroscopic studies on spheres and
nanorods. Our study has been performed on particles in suspension in order to avoid any artefact from the
heterogeneous environment created when particles are deposited on a substrate. We employ a recently
developed photon time-of-flight method in combination with correlation spectroscopy of the light
scattered by the particles to probe the luminescent properties of individual particles based on a particle-by-
particle spectral analysis. Furthermore, we have performed resonant light scattering spectroscopic
measurements on the same samples. Our work demonstrates the power of our time-of flight method for
uncovering the plasmonic signatures of individual bypramids and nanostars during their brief passage in the
focal volume of a confocal set-up. These spectral features of individual particles remain hidden in
macroscopic measurements. We find that the intrinsic photoluminescence emission of gold bipyramids and

gold nanostars is mediated by their localized surface plasmons.
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Introduction
The intrinsic photoluminescence of plasmonic nano-objects provides an interesting alternative to their
more commonly used light scattering’™® for detecting and studying such particles. The luminescence of
noble metals can be observed under one- or multi-photon excitation conditions. The interest for this type
of metal-based photoluminescence (PL), initially studied by Mooradian on smooth metallic films,® has been
renewed since the discovery that metal nanoparticles have a much higher PL quantum yield in comparison
to these smooth films.™ In ensemble measurements, PL quantum yields were obtained varying from 10 to
10™ for gold nanospheres™ and in the range 10™ to 10” for gold nanorods,** whereas smooth gold films
have a quantum yield on the order of 10™°. Very large two-photon absorption cross-sections have been
measured for gold nanoclusters.” The studies of gold nanoparticle luminescence have been extended to
the single particle level, beginning with gold nanospheres under two-photon excitation.** Interestingly,
Yorulmaz et al. reported that the quantum yield for nanorods with a longitudinal plasmon resonance
beyond 650 nm is an order of magnitude larger than that of spherical particles.” The growing interest for
nanorods may be explained by the fact that these particles sustain a longitudinal surface plasmon whose
frequency varies with the aspect ratio of the nanorod.™*®

The mechanism behind the photoluminescence of plasmonic nanoparticles is not yet entirely clear.
Different processes have been proposed to explain the luminescence mechanism: (1) energy transfer from

1118 51 (2) a specific electromagnetic antenna

an electron-hole pair to a surface plasmon and vice versa,
effect of the particle.’> More recently, an electron-hole assisted indirect energy transfer between the
transverse and longitudinal plasmon resonances has been suggested in the case of gold nanorods."” These
models account for the experimental observation that the photoluminescence spectrum for spheres and

1719 aven if some shifts in wavelength have been

nanorods correlates well with the light scattering spectrum
observed.”

In most of the single particle studies, the objects are deposited onto a substrate with which they interact.

Deposited particles are immobile and can be illuminated for a substantial amount of time, which enables

3
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the measurement of weak signals and the resolution of the emission spectrum. Substrate-immobilized
particles are also suitable for correlating the structural properties of the studied object with its optical
response by combining optical spectroscopic and electron microscopic analyses on the same objects. The
role of the substrate and the orientation of the nano-object with respect to the substrate nevertheless
complicate the analysis. Moreover, the number of studied objects is necessarily limited, which is not
favourable for statistical analysis, and sample heterogeneity can hardly be accounted for.

Studies performed on single metallic particles freely diffusing in (aqueous) solution have several
advantages. The particles are in a homogeneous, isotropic environment. Moreover, large numbers of
individual objects in a given liquid sample can be monitored, without any prior selection bias. Fluctuation
correlation spectroscopies (FCS) have already been used to study the dynamics of the luminescence

14,16,18,19 Moreover, combination of

process of gold nanospheres and nanorods diffusing in water.
photoluminescence FCS (here referred to as PL-FCS for consistency, but generally known as fluorescence
correlation spectroscopy) with FCS of the light scattering (LS-FCS, sometimes called scattering correlation
spectroscopy) provides additional information on the size and shape of the particles. In the case of
anisotropic nanoparticles, additional polarization measurements can further help in analyzing the
luminescence response. Nevertheless, recording the emission spectrum of single particles diffusing in
solution is challenging. It often requires an increase of the observation time for each particle either by using
large particles that slowly diffuse through the excitation volume or by increasing the viscosity of the
solution.

Recently, we have developed a photon time-of-flight spectroscopic method, named PTOFS, which
overcomes this drawback.?® The principle of the method relies on the transformation of a spectral
dispersion into a temporal dispersion using a long optical fiber, which allows us to recover the spectrum of
each diffusing particle over a wide range of wavelengths, typically from 400 nm to 1100 nm. This method is

closely related to the so-called dispersive Fourier transformation, which has been developed to encode in

the time-domain the spectrum of a fast pulse by using the chromatic dispersion of a medium, in order to

4
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perform single-shot measurements. The ability of the method to perform ultrafast real-time spectroscopy
has been exploited in different fields, such as the detection of rare events in biology or the discovery of
optical rogue waves.”

In this work, we combine PL-FCS, LS-FCS and PTOFS to study the intrinsic luminescence of individual
plasmonic nanostructures in aqueous suspension. Additionally, ensemble measurements of the absorption
and scattering properties of the samples in solution have been performed. The nanostructures of interest
are gold spheres, gold bipyramids and gold stars. The spheres were included as reference objects for
validation of the methodology. Bipyramids and stars have recently attracted a particular interest because

2232 The intrinsic

they offer the opportunity of high electromagnetic field concentration at their tips.
luminescence of these nanostructures or their optical properties have not yet been studied experimentally
in solution.

After introducing the experimental methodology used, we report on the experimental results obtained
on the intrinsic luminescence of gold nanospheres, gold nanobipyramids and gold nanostars. We discuss
the new statistical methods that have been applied to PTOFS to extract information on the nanostructures.
We describe the luminescence of bipyramids and demonstrate how spectral selection can be a powerful
method not only for extracting the intrinsic emission of the nanostructures but also for identifying the
presence of an impurity in the solution. We subsequently report on the properties of luminescence of gold
nanostars. The complexity of their luminescence spectra is discussed in the light of the models developed
to account for the extinction spectrum of deposited nanostars. Our results demonstrate the interest of the
combination of a spectral analysis of individual bursts of photons with a pure temporal analysis for the
analysis of the intrinsic luminescence of plasmonic structures. Comparison with the ensemble light

scattering spectra of the same samples highlights the plasmonic origin of their intrinsic luminescence,

which is of great interest for the imaging of these plasmonic nanoparticles in biological media.
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Experimental

Materials

Reference gold nanospheres with a diameter of 80 nm in aqueous solution were obtained from BBI
International (Cardiff, UK), and used as received. All samples were diluted with air-equilibrated purified
water as necessary, in order to obtain samples of sufficiently low optical density (bulk measurements) or
sufficiently low particle concentration (fluctuation correlation spectroscopy).

Nanoparticle synthesis

2233 \were synthesized using a seed-mediated growth process

The gold nanostars? and gold bipyramids
(two-step synthesis). The gold nanoparticles were purified through centrifugation steps (4200x g, 20 min.).
The supernatant was removed and replaced with milliQ water. This purification step was repeated twice.
The gold nanoparticles were functionalized with an anionic polyelectrolyte using the layer-by-layer process
as described previously.?® Briefly, the purified particles were dispersed in 5 mL of milliQ water and an
aqueous solution of PSS (30 mg/3mL) was slowly added under constant stirring. The suspensions were
finally stirred for 24h and stored in the dark. The bipyramids have a tip-to-tip distance of 110 (+/-16) nm

and a base diameter of 37 (+/- 5 nm). The stars have an outer diameter of 130 (+/- 10) nm, and have 10 (+/-

3) tips. TEM images are shown in Figure 1.

Figure 1. TEM images of gold nanobipyramids (left) and nanostars (right).
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Light extinction and scattering measurements on bulk suspensions

Bulk optical spectroscopic measurements were carried out on aqueous suspensions of nanoparticles
contained in standard 1 cm plastic or quartz spectroscopic cells. When required, the suspensions were
diluted using air-equilibrated purified water. Extinction spectra were measured using a single-beam fiber-
coupled CCD spectrometer (USB4000-VIS-NIR, Ocean Optics, USA) and a fiber-coupled tungsten-halogen
light source (6.5 W, 3100 K, LS-1, Ocean Optics) equipped with a BG34 color correction filter. The extinction

spectra of the three different nanostructures are displayed in Figure 2.
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Figure 2. Extinction spectra of 80 nm gold nanospheres in water (black line), gold nanobipyramids in water
(blue line) and gold nanostars in water (red line). The optical densities of the suspensions have been

arbitrarily scaled for clarity.

Spectra of the resonant light scattering (RLS) of the nanoparticle suspensions were measured in right angle
geometry on samples contained in standard 1 cm spectroscopic cells using the methodology that we
developed recently,> and which is further refined in the present work. The complete procedure is detailed
in the Electronic Supplementary Information, and is based on comparing intensities of light scattered by the
samples to a reference scatterer. As a reference we used diluted Ludox suspension, which behaves as a
perfect Rayleigh scatterer.® The method yields scattering spectra whose intensities are proportional to the
scattering cross sections a,.,(1). The scattering cross section is related to the extinction cross section

Ouxt(A) via 0y, (1) = @1 5(A) 0. (1), Wwhere ¢sis the (wavelength-dependent) scattering efficiency.

7
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Single particle optical measurements

In a typical photon time-of-flight spectroscopy (PTOFS) experiment® the sample is illuminated by a
pulsed light source, in our case a frequency-doubled titanium-sapphire laser (repetition rate 80 MHz, pulse
width 100 fs, Figure 3, #1). The light signal generated by the particle diffusing through the excitation
volume is divided over two detection paths by a beam splitter (Figure 3, #2). In the first path (Figure 3, #3),
the photons are directly detected by an avalanche photodiode. This path allows detecting either elastically
scattered light or luminescence, depending on the choice of the optical filters that are inserted in the
optical path. The signal from this path can be used for generating fluctuation correlation spectroscopic
(FCS) profiles, and for identification of bursts indicating the presence of an active object in the focal

volume.

3 LIGHT SPECTRAL ANALYSIS

i SCATTERING TOFPS

Figure3. Principle of the experimental procedure. 1-Confocal volume illuminated by a pulsed excitation; 2-
Chromatic splitting of the collected emission; 3-Single-photon detection of elastically scattered photons; 4-
Selection of luminescence photons using an optical filter; 5-Spectral dispersion of the luminescence
photons after coupling into a long optical fiber; 6-Example of luminescence spectrum of a single

nanobipyramid.
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In the second path (Figure3, #4), the photons are sent into a dispersive medium (94 meter long optical
fiber, Figure 3, #5), which is connected to a second avalanche photodiode. As a result, the initial burst of
light emitted during the passage of the luminescent object in the focal volume is temporally dispersed and
its spectrum is encoded in the temporal profile of the burst at the exit of the fiber. This temporal profile is
measured using the APD and the time-correlated photon counting electronics. While in the focal volume,
the object undergoes many excitation-deexcitation cycles, a histogram of the time delay between
excitation and emission events is built up using time-correlated single photon counting techniques. This
effectively yields the time-of-flight spectrum of the photons emitted from the focal volume as a result of
the exciting short laser pulse (Figure 3, #5 & 6). The experimental and burst selection procedures are

detailed in the Electronic Supplementary Information (S1-2, ESI).

Results and Discussion

Spectral analysis of single bursts of luminescence from individual nano-objects in solution is a challenge
in single particle spectroscopy, because of the limited time that a diffusing small particle spends in the
excitation volume. Replacing spatial dispersion of light using prisms or gratings with temporal dispersion
using a glass fiber offers a valuable opportunity to overcome this limitation, which is the principle of the
photon time-of-flight spectroscopy (PTOFS).?° The major advantage of this method is the replacement of a
multichannel detector by a single-channel detector, which can efficiently enhance the temporal resolution
and additionally reduce the cost and complexity of the set-up. The PTOFS method is capable of recording
the full emission spectrum of a single object diffusing through the focal volume in only a few milliseconds.
Beyond the spectral analysis of individual bursts of luminescence, PTOFS can be combined with other time-

correlated spectroscopic signals, for example with elastic light scattering or luminescence.
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In the present work, the studied luminescence emission is very short-lived, decaying much faster than
the temporal response of our set-up (which is ~250 ps FWHM). This observation is consistent with the
reported lifetime of the luminescence process around 100fs.*® PTOFS is particularly appropriate to the
analysis of this type of signal. Indeed, the measured delay (in the ns domain) between the excitation pulse
and the arrival time of the photon emitted by the corresponding nanoparticle is only due to the chromatic
dispersion inside the optical fiber. We have developed an algorithm that allows retrieving the emission
spectrum over a desired time range. This time interval can span many individual bursts (i.e. the passing of
several objects in the focal volume) or be as short to span only parts of a single burst (i.e. a spectral snap-
shot of a single object at a specific instant during its passage). In the first situation, the spectrum obtained
on a sufficiently large number of bursts can be compared to the spectrum acquired in a macroscopic

ensemble experiment. The second case provides details on the dynamics of the emission of a single particle.

Luminescence and light scattering of gold nanospheres freely diffusing in water

In order to validate our methods we have first studied the luminescence of gold nanospheres in agueous
suspension under pulsed excitation at 430 nm. This wavelength is sufficiently apart from the plasmon
resonance to be able to filter out the Raman signature of water using optical filters. The choice of
wavelength is also guided by the possibility of efficiently separating the elastic light scattering by the
particles from their luminescence.

Figure 4 displays the profile of the bulk luminescence spectrum of the gold nanospheres in water whose
emission has been averaged over many excitation-deexcitation cycles and many bursts (blue curve). The
spectrum of the overall ensemble luminescence has a maximum at 560 nm, and has a close spectral
similarity with the experimental resonant light scattering (RLS) spectrum of a bulk sample in a spectroscopic
cell (also shown in Figure 4, red curve). The similarity between the luminescence spectrum and the RLS
spectrum of spheres has been already pointed out in several previous studies. This similarity suggests that

the observed intrinsic luminescence of gold nanoparticles is plasmon-assisted.**%*6%7%9

10
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Luminescence intensity (arb. units)
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Figure 4. Luminescence and resonant light scattering of 80 nm gold spheres in water. Bulk resonant light
scattering (RLS) spectrum recorded using a standard 1 cm spectroscopic cell using white light
illumination(red line), bulk one-photon excited luminescence spectrum from PTOFS (excitation wavelength
=430 nm, blue line) and histogram of the peak wavelengths of luminescence of individual particles (gray

bars) obtained by analyzing the TOF spectra of individual bursts.

An example of a luminescence spectrum emitted by a single sphere during its passage through the focal
volume is shown in Figure 5b. This spectrum was extracted from a single burst in a sequence of many bursts

as depicted by the time histogram (Figure 5a).
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Figure 5. Luminescence of 80 nm gold spheres. Top: example of bursts in the time histogram; Bottom:
example of luminescence spectrum of a single sphere corresponding to the burst indicated by the arrow in

Figure 4a (excitation wavelength 430 nm, P=1400 puW).

One of the advantages of our PTOFS method is the flexibility of the numerical post-processing procedures
that can be developed to exploit the large amount of information contained in the simultaneous recording
of the absolute arrival time (“macrotime”) and of the wavelength for each emitted photon (delay relative to
the excitation pulse, encoded in the “microtime”). Each burst corresponding to a passing particle is
described by its PTOF spectrum. This offers for example the opportunity of constructing a histogram of
peak emission wavelengths of the luminescence spectrum of the individual bursts. Here, we demonstrate
the principle of this novel procedure by applying it to the PTOFS recordings of the nanosphere model
system.

The first step of the procedure involves the identification of all individual bursts in the time histogram, as
explained in the Electronic Supplementary Information (S1-2). Each burst corresponds to the emission of
light by a particle that crosses the excitation volume. In a second step, the PTOF spectrum is extracted from

the data for each burst and the wavelength of the maximum of this spectrum is identified. The

12



Page 13 of 30 Nanoscale

corresponding distribution of maxima yields the histogram of the bursts with respect to the peak
wavelengths of the spectra of the bursts. An example of such a histogram is displayed in Figure 4. The full
width at half maximum (FWHM) of the histogram is about 35 nm, a width which reflects the distribution of
the sizes of the gold nanospheres diffusing in water. The width of the ensemble luminescence spectrum, of
the order of 110 nm, thus corresponds roughly to the convolution of this distribution with the width (~90
nm) of the plasmon resonance of a gold nanosphere of 80nm diameter. The information included in the
histogram and in the time-integrated PTOFS luminescence spectrum is complementary. The histogram
provides a measure of the number of particles that emit with a given peak wavelength whereas the time-
integrated luminescence spectrum gives the intensity of the signal with respect to wavelength. The
comparison between both data provides information on the luminescence efficiency of the objects.

Finally, the autocorrelation of the Rayleigh scattering allowed measuring the size and the concentration
of the particles. The autocorrelation of the Rayleigh scattering (Electronic Supplementary Information,

Figure S4) corresponds to the Brownian motion of spheres with a hydrodynamic radius of 83 nm.

Correlated analysis of the photoluminescence and light scattering of gold bipyramids in water

Until now, the only anisotropic nanoparticles of well-defined geometry whose one-photon excited
luminescence has been studied are gold nanorods. The similarity between the shapes of the luminescence
and the scattering spectra has been demonstrated for single nanorods with different aspect ratios

1318 |n the following, we extend the measurement of one-photon excited

deposited on a substrate.
luminescence of plasmonic structures to the case of gold bipyramids in agueous suspension. Bipyramids are
attractive nano-objects since their shape symmetry leads to the existence of two orthogonal plasmon
modes. Similarly to nanorods, the frequency of the longitudinal plasmon resonance can be tuned by
adjusting the ratio between the dimensions of the basis and height of the pyramid. However, in contrast to

gold nanorods, the bipyramids have sharp tips at their extremities, where the confinement of the

electromagnetic field can be even more efficient. Bipyramids combine the plasmonic sensing capabilities of

13
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elongated plasmonic particles with an increased efficiency for SERS.? Their light scattering has been
studied on individual particles deposited on a substrate in combination with numerical modeling based on
structural parameters deduced from TEM measurements including the tip shape,®® but no measurement of
their intrinsic luminescence has been made.

In the present study, the sample of bipyramids has been excited at 430 nm, under similar conditions as
those used above for the 80 nm gold spheres. Our analysis starts with the autocorrelation profile of the

elastic light scattering (LS-FCS) of the bipyramids, displayed in Figure 6 .

20-\

154

10+

Correlation G(r)

— T T T T T T T T T T T T T T T T T T

10° 10° 10" 10° 10°

T(Us)
Figure 6. Correlation profile of the elastic light scattering by gold bipyramids (A = 430 nm). Red dots,

experimental curve; Blue line, fit according to Equation 5.

The LS-FCS autocorrelation profile of the bipyramids is best described by the product of the correlation

function of Brownian diffusion G (7) and a rotational term (Equation 5).

G(r) = 1+ Gp(o)(1 + Ce™/rr) (5)

Gp(D) = ;754 . (6)

(1425 [1+(50) 55

In this expression, Tp, is the diffusion time. N, o, and ®, are the mean number of particles simultaneously
present in the excitation volume, and the radial and axial waists of the excitation volume, assuming a 3D

Gaussian excitation beam, respectively. 7, is the rotational time and C is the contrast of the rotational

14
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contribution to the profile.* A satisfying fit of the translational contribution was obtained by using a single
diffusion time of 2500us, which is a strong indication that the size distribution of the bipyramids is quite
narrow. This corroborates the analysis by TEM.

A rotational time constant of 70 +/- 5 us was obtained by fitting Eq. 5 to the data. The contrast of
rotation Cis found equal to 0.15, which is large enough to have a good estimation of the rotation time.
Tirado et al. have developed a model to account for the diffusion constants for translation and rotation of
short nanorods.>” The order of magnitude of the length L of the bipyramids from TEM measurements is 110
nm (£ 16 nm). The aspect ratio L/d of nanorods whose time of diffusion would match that of bipyramids of
length 110 nm is 1.2. The rotation time of such a nanorod is of the order of 260 us, larger than that
observed for the bipyramids. The rotation time may therefore be used to distinguish a bipyramid from a
nanorod.

On the basis of our previous work on the effect of a pulsed excitation on the luminescence of gold
nanoparticle excited at one-photon,'® we can say that the laser induced heating of a 50 nm spherical
nanoparticle immersed in water does not have a significant impact on its hydrodynamic radius. The volume
of the bipyramids is comparable with the volume of a 50 nm diameter sphere. Since the absorption cross
section associated to the intraband transitions (far from the plasmonic resonance) is mainly governed by
the volume of the nanoparticle and not its shape, we can draw the same conclusion for the bipyramids.

The LS-FCS autocorrelation curve gives access to the concentration of particles in the sample via its
amplitude Gp(0) at zero time lag (Equation 6), since this amplitude is inversely proportional to the number
of particles N present on average in the focal volume. The determination of the concentration using this
amplitude relies on calibration of the focal volume,* which was achieved using samples of known
concentration and optical response (Rhodamine 6G in water and 50 nm gold nanospheres in water). Based
on the concentration of the samples from FCS, and the bulk UV-visible extinction spectra of the same
sample, the extinction cross-section of the nanobipyramids at any wavelength can be estimated. Three

independent measurements were done and this yields an extinction cross-section of the gold

15
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nanobipyramids in water of 2.4 (+ 1.6) x 10™° cm? at the maximum of the plasmon band at 772 nm. A value
of 1.5 10 cm? was reported in reference 26 for a gold bipyramid of nearly same aspect ratio but a shorter
length of 77 nm.

For comparison, we have furthermore estimated the maximum extinction cross-section of a (theoretical)
nanorod in water with a diameter of 37 nm and an aspect ratio of 3, matching the longitudinal and
transverse dimensions of the bipyramids. The nanorod was given the shape of a spherically capped cylinder
and the geometrical factors tabulated by Prescott and Mulvaney were used.*® The calculated value of the
extinction cross-section of this nanorod model, ~6 10™*° cm? is on the same order of magnitude as the

experimental value measured here for bipyramids which are of same dimensions but smaller volume.

A typical example of the raw luminescence spectrum of an ensemble of gold bipyramids in water
acquired by PTOFS averaged over the entire acquisition time (56 seconds) is displayed in Figure 7a. In this
spectrum, a clear emission band appears at long wavelengths (A.x =772 nm). Additionally, a shoulder is
observed at shorter wavelengths (between approximately 500 and 650 nm). However, this short-
wavelength shoulder is not observed in the spectrum of individual bursts (Figure 9), which indicates that it
is not an intrinsic feature of the gold bipyramid luminescence. In the Electronic Supplementary Information
(51-3), we demonstrate how we isolate, identify and eliminate this spurious contribution, which is due to a
fluorescent molecular impurity, to the overall luminescence spectrum, using a burst-selection procedure on
the individual bursts, obtaining a luminescence spectrum of ‘pure’ gold bipyramids (Figure 7b). It can be

seen as another demonstration of the versatility of the PTOFS method.

16
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Figure 7.Ensemble-averaged spectrum of luminescence of gold bipyramids in water. (a) spectrum deduced

from the raw histogram of photons; (b) spectrum rebuilt after burst filtering procedure (see ESI, S1-3 ); (c)

correlation function of the residual signal.

After filtering out the contribution of the fluorescent impurity using the burst selection procedure, we
have built the histogram of the bursts of luminescence with respect to their wavelength maximum, as we

have done previously for the gold nanospheres. Figure 8 superimposes this histogram, the filtered

luminescence spectrum, and the light scattering spectrum.

17
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Luminescence counts (arb. units)

600 700 800 900 1000
Wavelength (nm)

Figure 8.Spectral properties of the luminescence of gold bipyramids freely diffusing in water. Blue curve:
luminescence spectrum acquired by PTOFS, after filtering by burst selection. Grey bars: histogram of the
maximum wavelength of the spectra of individual bursts. Red curve: experimental ensemble light scattering

spectrum of the bipyramids.

The maxima of the luminescence and of the RLS spectra coincide fairly well. Moreover, the luminescence
spectrum clearly overlaps with the scattering spectrum. These observations suggest that the one-photon

excited luminescence of bipyramids is a plasmon-assisted process, as previously determined for

15-17,36 11,15,16,36

nanorods, and nanospheres. Our observations on gold bipyramids thus extend the results of
previous studies on gold nanoparticle luminescence to an object with a more complex shape.

However, we also note that in the case of bipyramids, contrary to the case of gold nanospheres, the
profile of the total luminescence spectrum is broader (FWHM~160 nm) than the spectrum of the scattering
process (FWHM~85 nm). Theoretical calculations have demonstrated that the width of the scattering
spectrum of a single bipyramid itself is larger than the width of the corresponding spheroid with similar
resonance frequency.?* The broadening of the plasmon resonance of bipyramids has been recently studied
in detail.” The possible role of chemical interface damping, induced by the presence of molecules at the
surface of the particles, was pointed out. The role of the molecules at the interface between a nanoparticle

surface and water has also been evoked in the case of luminescence of spherical particles.* We propose

therefore that chemical damping is likely to play a role in the broadening of luminescence of bipyramids in

18
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water. Whereas the width of the histogram of peak maxima is narrow (FWHM~40 nm), which corresponds
to a narrow distribution of shapes of the synthesized bipyramids, we note the presence of objects whose
wavelength peak is shifted towards the blue range (from ~520 nm to ~700 nm), indicating the presence of
bipyramids of smaller aspect ratio or more spherical objects. It can explain the slight asymmetry in the
profile of the luminescence spectrum. The profile of the scattering spectrum, however, is nearly
symmetrical. This difference could be explained by the fact that the scattering emission efficiency depends
strongly on the size of the particle (e.g. for spheres as the sixth power of the diameter) whereas the
dependence of the luminescence intensity on the size of the particles is not straightforward. Consequently,
the contribution of smaller particles to the overall intensity at a given wavelength can be different for both
processes.

In order to further investigate the effect of particle size and shape heterogeneity on the width of the
overall luminescence spectrum, it is useful to extract the luminescence spectra of individual bursts due to
the passage of a bipyramid through the focal volume. Some typical luminescence spectra of single
bipyramids are displayed in Figure 9.The large majority of the bipyramid luminescence spectra have a width
of the order of 75 to 110 nm, as illustrated by spectra 1, 2 and 4. The narrowest spectrum (Figure 9- 4) has

a profile that can be described fairly well by a Lorentzian shape of 75 nm FWHM, for example.
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Figure 9. Luminescence spectra of individual bipyramids, numbered 1 to 5 on the corresponding time trace

of luminescence intensity.

A limited number of bipyramids show a broader spectrum, such as the bipyramid of spectrum 3, whose
width is 120 nm (Figure 9-3). A broadening of the luminescence spectrum with respect to the scattering
spectrum has also been noticed in the case of single deposited nanorods, which is more pronounced for
low aspect ratio objects.” The last example of Figure 9 (spectrum 5) corresponds to a more spherical
object, which contributes to the blue wing of the total luminescence spectrum. We have applied an
automated procedure to describe the shape of the bipyramid PL to a series of a large number of PTOFS
luminescence spectra recorded on diffusing, individual bipyramids, and recorded the widths (full widths at
half maximum, FWHM) in a histogram (see Supporting Info, Figure S7). This histogram shows a monomodal
distribution centered around a typical spectral width of65 nm. The standard deviation is 25 nm. The origin
of the broadening of the overall luminescence spectrum compared to the RL scattering spectrum can only
partly be explained by the presence of particles with a blue-shifted resonance and by that of broad spectra
objects. The origin of the discrepancy between both spectra deserves additional investigations.

To summarize, the PTOFS measurements combined with RLS spectroscopy on the same sample of

bipyramids has allowed demonstrating that also in the case of gold bipyramids the RLS and luminescence
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spectra overlap and that their maxima are in coincidence. This extends prior observations****"*"*® on

plasmonic nanospheres and nanorods. It suggests that the intrinsic one-photon excited luminescence is a
plasmon assisted process. However, the broad width of the luminescence spectrum cannot be readily
explained by this model. The very good signal-to-noise ratio obtained in the detection of single bipyramids
allows for the measurement the luminescence spectrum of single, individual bipyramids, even in the

presence of a fluorescent impurities as in the present case.

Light scattering and intrinsic photoluminescence of gold nanostars in water

The interest of using bipyramids instead of nanorods is the presence of sharp tips at their extremities,
which enables large local enhancements of the electromagnetic field. From this point of view, nanostars
appear to be even more promising. With the growing complexity in shape of nanostars comes the difficulty
to model their optical response. A hybridization model has been successfully combined with FDTD
calculations to reproduce the experimentally measured scattering spectra and to interpret the main

2831 The calculations demonstrate that the

plasmon resonances in the case of a deposited nanostar.
scattering spectrum of a gold nanostar presents different resonances, which depend on the number of tips
and on their lengths and their radii of curvature. The spectral position of these resonances spreads over a
large range. Consequently, the scattering spectrum of an individual gold nanostar is broad and shows a
structure composed of overlapping resonances, in contrast to gold bipyramids whose spectra are narrow
and mainly consists of the band of the longitudinal resonance. The width and the structure of the optical
spectrum of a nanostar both depend on the shape of the nanostar, which is unique for each specimen.

The time-correlation profile of the light scattering intensity of the gold nanostar sample (LS-FCS) presents
a diffusion contribution with a characteristic time tp of 2450 ps, which corresponds to a particle with a
hydrodynamic radius of about 110 nm (Figure S5, Electronic Supplementary Information). There is also a

rotational contribution with a weak contrast of 0.07 and a characteristic time of 80 +/- 15 ps, indicating the

presence of non-spherical particles, which is compatible with structures of nanostars.
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The total luminescence spectrum accumulated over the whole acquisition time presents a bump in the
visible range similar to what was observed for the bipyramids. This contribution corresponds to the
fluorescence of the same impurity as found in the bipyramid samples and can be numerically filtered out by

the burst selection procedure described above. The resulting filtered spectrum is displayed in Figure 10.

50001
4000+
3000+
2000+

1000+

Luminescence counts (arb. units)

600 700 800 900 1000
Wavelength (nm)

Figure 10. Intrinsic photoluminescence of gold nanostars in water and comparison with resonant light
scattering.Blue curve: luminescence spectrum acquired by PTOFS (excitation wavelength 430 nm; P = 1400
UW, filtered using burst selection by intensity threshold). Red curve: experimental ensemble elastic

scattering spectrum of the nanostars.

The bulk luminescence spectrum of the nanostars is clearly broader (FWHM~300 nm) than that of the
bipyramids (FWHM~160 nm). This profile is in agreement with the spectral profile of resonant light
scattering, which displays a similar broad band with a width of nearly 300 nm (Figure 1 and Figure S6 in
Electronic Supporting Information).

Interestingly, the high luminescence intensity allows us to follow via PTOFS the time evolution of the
emission spectrum of individual particles during their passage through the excitation volume. In fact, the
concentration of particles in this sample is quite low, which is confirmed by the high value of Gp(0) (Figure
S5, Electronic Supplementary Information). Consequently, the selection of a given burst of luminescence in

the intensity versus time histogram is unambiguous. Some examples of spectra of freely diffusing nanostars
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in water are shown in Figure 11.The spectral analysis of individual bursts reveals that the luminescence

spectra of individual nanostars show a large variation between the particles, in contrast to the case of

bipyramids.
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Figure 11. Typical luminescence spectra of single gold nanostars freely diffusing in water; excitation

wavelength 430 nm; P = 1400 uW. The spectra were extracted from bursts taken from a 200s long

recording.

The most striking spectral features shared by a significant fraction of the luminescent nanostars are a
broad width (of the order of 200 nm to 300 nm depending on the spectra) and a profile that displays
intensity fluctuations much larger than the inherent statistical fluctuations of the measurement (of the
order of VN with N the counts number), assuming a Poisson noise. Consequently, the luminescence

spectrum of a given nanostar has not a smooth profile but rather display several peaks on a background.

23



Page 24 of 30

Nanoscale

T T T T 5
58.0 584 588 59.2x10) T 1
Lag time (ps) 700 900

=

/

0

500 600 700 800 900
Wavelength (nm)

Figure 12. Dynamics of the luminescence of an individual gold nanostar in water crossing the excitation

volume. The duration of the passage is 3.2 ms. At the top, on the left side, a fragment of the intensity-
versus-time histogram. The burst labeled “A” was analyzed. At the top, on the right side, the total spectrum
of the burst (i.e. the PTOFS signal accumulated over the total duration of the burst). At the bottom on the
left side, a zoom of the burst showing the intensity fluctuations of the count number with respect to time;
At the bottom, on the right side the PTOFS luminescence spectra corresponding to the sub-bursts delimited

by the lines in the burst structure and by arrows of same colors than the corresponding spectra. In red is

schematically underlined the peak at 750nm in the successive spectra.

Additionally, an example of the spectral dynamics of a freely diffusing nanostar in water is shown in
Figure 12.The burst analyzed in Figure 12 has duration of 3.2 milliseconds and the width of the
corresponding luminescence spectrum is 200 nm. During the burst, the luminescence intensity fluctuates,
alternating intervals of high emission intensity separated by intervals where the signal is rapidly fluctuating

between different levels. We have divided the burst into 10 intervals separated by the instants that a drop
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in emission intensity occurs. From eight of these sub-bursts (for sake of clarity) we derived the
luminescence spectrum by PTOFS (i.e. each of the spectra represents a snapshot of approximately 300 ps).
This analysis reveals spectral jumps in the emission. Moreover, several peaks are present that are recurrent
in different spectra, at varying intensity. This is the case of the peak at ~750nm, for example, which is
present on spectra #0, #1, #3, #5 and weakly in #8. The intensity of the peaks in spectra #1, #3, #5 is higher
than the amplitude of the noise. It has to be noted that the evolution shown in Figure 12, does not
demonstrate a reshaping process, which would have implied a continuous shift of the plasmon resonances
towards the blue range. Previous studies have demonstrated that light scattering spectra of deposited gold
nanostars present several peaks, whose amplitude and occurrence vary with the polarisation of the

2831 These maxima have been satisfyingly interpreted as the plasmonic resonances resulting

excitation light.
from the hybridization of the plasmonic resonances of the core and of the various tips of the nanostar.**
This plasmonic hybridization is an analogy to the hybridization of electronic wavefunctions, and within this
model, the signature of the tips is dominant in the low-energy bonding modes. Depending on the relative
orientation of the nanostar and of the polarization of the excitation beam, the amplitude of the different
resonances varies, which leads to modifications in the profile of the scattering spectrum.

In this work, spectra of the intrinsic luminescence were acquired under linearly polarized excitation.
While passing the excitation volume, the nanostar rotates under Brownian motion and the angle between
the light polarization and the axis of each tip of the nanostar varies. The observation of peaks in the
structure of the luminescence spectrum in combination with the fluctuations in the luminescence spectrum
during the bursts is a strong argument to attribute the observed peaks to the signature of the tips of the

given nanostar. This interpretation further strengthens the idea that the luminescence spectrum of a gold

nanostar is plasmon-mediated as it is the case for other plasmonic nanoparticles such as the bipyramids

15-17,36 11,15,16,36

studied in this paper, and for nanorods and nanospheres. The comparison between the

resonant light scattering spectrum and the average luminescence spectrum of many nanostars supports

this hypothesis (Figure 10).
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In the case of bipyramids, the spectra of the single objects are composed of a single peak, which can be
attributed to the longitudinal plasmon of the bipyramid. The quite narrow distribution of shapes of the
bipyramids in the sample makes the interpretation unambiguous. In contrast, the structure and in
particular the number of tips of the nanostars can vary from star to star in the same sample, leading to a
change in the corresponding spectral profiles of luminescence. As the nanostar rotates during its passage
through the excitation volume (with a rotation time given by FCS of the order of 80us), the peaks of the
spectrum corresponding to the different plasmon resonances are partly washed out over the (sub-)burst
duration (with a characteristic diffusion time given by FCS of the order of 2500us). The spectrum presents
clearly distinguishable peaks only in the case of a nanostar of a limited number of tips, such as the
spectrum in Figure 11a for which two low energy peaks at 830 nm and 880 nm reveal the presence of two
well-defined tips.

Finally, using concentration data from LS-FCS and the ensemble UV-visible extinction spectrum as
explained above, we have determined an average value of 3.9 (+/- 2.3) x 10 em? at 793 nm for the

extinction cross-section of these nanostars, one order of magnitude lower than that of the bipyramids.

Conclusion

By studying three different types of gold nanoparticles freely diffusing in aqueous suspension, we found
that the correlation between the spectra of the intrinsic photoluminescence and the resonant light
scattering is also observed for gold bipyramids and gold nanostars. This further strengthens the notion that
the intrinsic photoluminescence of gold nanoparticles in general stems from a plasmon-mediated process,
independently of the shape of the particle. This study has further highlighted the potential of photon time-
of-flight spectroscopy to derive spectral information on the light emission of individual particles in liquid
suspension from an analysis of luminescence bursts. In particular, it offers the opportunity to efficiently

separate emissions of different spectral characteristics, such as that of a fluorescent impurity and
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luminescent gold nanoparticles. It also gives spectroscopic access to the sub-millisecond dynamics of
individual nanoparticles as they evolve in the excitation volume.

The basic principle of PTOFS, which resembles that of the dispersive Fourier transform,** makes its
combination with photon-counting correlation spectroscopies straightforward. In the present study on gold
nanobipyramids and nanostars we have combined light-scattering fluctuation correlation spectroscopy (LS-
FCS) and PTOFS, which provides simultaneously information about the hydrodynamic radii of the particles
and their spectra. Finally, this method proved to be efficient to record spectral fluctuations in the
luminescence of individual nanostars rotating in the observation volume under linearly polarized excitation.
The presence of multiple peaks in the spectrum of nanostars compared to the simple profile of the
spectrum of nanobipyramids can be interpreted as the signatures of the plasmon resonances of the
different tips of the nanostars.

Here, we combined PTOFS and fluctuation correlation spectroscopies for the investigation of the intrinsic
photoluminescence of plasmonic nano-objects freely diffusing in an isotropic and homogeneous dielectric
environment. We obtained information on the single-object level that is complementary to studies on
objects deposited on a solid substrate where the environment is inherently anisotropic. Our methodology
exploits the single-object detection capability of a confocal detection scheme with the statistical power of

correlation analysis and the spectral resolution of photon time-of-flight spectroscopy.
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