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n recent years, there has been a growing
interest in the synthesis and control of
nanostructures of (noble) metal assem-
blies. Their unique optical properties caused
by the collective oscillation of free electrons,
known as plasmon resonances, are a central
subject of most recent research.' > In parti-
cular, silver is known for exhibiting plasmon
resonances for particle sizes in the nano-
meter regime. Also the shape of the metal,
such as the aspect ratio of silver nanowires,
has a tremendous influence on the plasmo-
nic properties.* Consequently, a thorough
understanding of these properties is essen-
tial for the development of customized
plasmonic systems for nanotechnology ap-
plications. Such potential utilizations in-
clude surface-enhanced Raman scattering
(SERS),>® plasmon wave-guiding,®'® gas
or biomolecular sensors,'*'® and coupling to
luminescent particles, such as dye mole-
cules,'™"® quantum dots,'**° or metal
nanoparticles.?’ Despite the extensive ef-
forts put into the investigation of synthesis
conditions of metal nanoparticles, such as
silver nanowires (Ag-NWs), and their plasmo-
nic properties for spectroscopic enhance-
ment, only few studies on their lumines-
cence after photoactivation exist as high
detection sensitivity is required.?>2*
Uniform silver nanowires are usually
synthesized by templating methods using
either hard templates, such as porous
alumina,®® or soft templates, including ce-
tyltrimethylammonium bromide (CTAB),
polyvinylpyrrolidone (PVP),>”%® or trisodium
citrate.?? It is known that small defects in the
nanowire as well as the presence of silver
nanoparticles in the close vicinity of the
nanowire can have tremendous influence
on their emission properties. One important
example is the photochemical formation of
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ABSTRACT

We investigated silver nanowires using correlative wide-field fluorescence and transmission
electron microscopy. In the wide-field fluorescence images, synchronous emission from different
distinct positions along the silver nanowires was observed. The sites of emission were separated
spatially by up to several micrometers. Nanowires emitting in such cooperative manner were
then also investigated with a combination of transmission electron microscopy based techniques,
such as high-resolution, bright-field imaging, electron diffraction, high-angle annular dark-field
imaging, and energy-dispersive X-ray spectroscopy. In particular, analyzing the chemical
composition of the emissive areas using energy-dispersive X-ray spectroscopy led to the model
that the active emissive centers are small silver clusters generated photochemically and that
individual clusters are coupled via surface plasmons of the nanowire.

KEYWORDS: silver nanowire - plasmon coupling - synchronous fluorescence
emission - single molecule fluorescence - HR-TEM

a silver nanocluster in such defects, which
form local emitting entities. The formation
of such entities has recently been descri-
bed.2°~33 First, pure silver is oxidized, fol-
lowed by the generation of small silver *Address correspondence to
clusters within the silver oxide layer caused  jens.michaelis@uni-ulm.de,
by irradiation with a laser beam christina.scheu@cup.uni-muenchen.de.
Important insight into the emission char-  peceived for review March 14, 2012
acteristics of metal nanoparticles can be  and accepted June 4, 2012.
obtained by single molecule spectrosco
y_ 9 K P . Py Published online
(SMS) experiments, where a single particle  10.1021/nn3011224
or molecule is observed continuously over a
long time interval, providing a direct view  ©xxxx American Chemical Society
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Figure 1. (a) Bright-field TEM image of an exemplary silver nanowire with dimensions of about 11 um length and 80 nm
thickness. The red squares indicate specific areas that were then imaged at higher magnifications. (b) Higher magnified TEM
image of a selected area showing a 10—20 nm thick layer surrounding the Ag-NW, which was attributed to citrate. The inset in
the top left shows the Ag-NW surface at even higher magnification. In the citrate layer, particles of about 5—10 nm can be
observed, which are attributed to AgO, Ag,0, or Ag. The recorded electron diffraction pattern of the Ag-NW indicates the
presence of pure Ag (second inset). (c) High-resolution image of a specific region from (a) showing the citrate layer
surrounding the Ag-NW and an additionally 2—3 thick layer on the interface between the NW and citrate layer. (d) Fast Fourier
transformation of the marked area (red) in (c) shows an [011] orientation of the nanowire and indicates reflections
corresponding to the d values of Ag. One additional set of reflections (red) was found, which matches the (—1—11) plane
of Ag,0 or (—111) of AgO. (e) Inverse fast Fourier transformation (FFT) of this additional set of reflections (red in (d)) indicates

that it can be assigned to the surface layer.

on the heterogeneity of molecular behavior.3*~3” With
SMS subpopulations, rare events and the influence of
structural heterogeneous environment on the differ-
ent single particles can be revealed. However, detailed
structural analysis of the nanowires and nanoclusters is
hindered due to the limited spatial resolution.

Here, we investigated silver nanowires using a com-
bination of SMS and transmission electron microscopy
(TEM) including analytical techniques. Using wide-field
illumination, we observed synchronous fluorescence
emission from emitters located at distinct positions
along single nanowires. By correlating fluorescence,
high-resolution TEM, and energy-dispersive X-ray
spectroscopy, we were able to attribute the coopera-
tive behavior to spectroscopic features of the silver
nanowires.

RESULTS AND DISCUSSION

Single crystalline silver nanowires, synthesized by a
seedless wet-chemical approach (Materials and
Methods), were imaged using bright-field electron
microscopy (Materials and Methods). The image of an
exemplary silver nanowire (Ag-NW) in Figure 1a shows
an ~11 um long and 80 nm thick Ag-NW deposited on
a holey carbon-coated copper grid. As can be seen, the
nanowire has a rather homogeneous thickness over
the entire length.
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Higher magnification images and diffraction studies
revealed more detailed information of the Ag-NWs
structure. Figure 1b shows a higher magnification
bright-field image of a selected region of this Ag-NW
(indicated by the red square in Figure 1a). A 10—20 nm
thick layer surrounding the Ag-NW can be observed,
which is attributed to the sodium citrate used for the
growth and stabilization of the Ag-NWs during their
synthesis (Materials and Methods). Additionally, parti-
cles of about 5—10 nm in size can be seen in this citrate
layer. The electron diffraction pattern (Figure 1b inset)
taken in the middle of the Ag-NW from Figure 1b
displays spots corresponding to Ag reflections. In
addition, reflections due to twinning, that is, two or
more separate crystals sharing some of the same
crystal lattice points in a symmetrical manner, of the
Ag-NW occur in accordance with the observations
reported in the literature where five-fold twinning
is frequently observed for Ag-NWs and nanopar-
ticles.3%3° Moreover, diffraction experiments and fast
Fourier transformation (FFT) analysis of high-resolution
TEM (HRTEM) micrograph analysis taken at various
positions along the surface of the Ag-NW and of parti-
cles in the citrate layer showed additional weaker
reflections attributed to silver oxide. Hence, the particles
in the citrate layers are primarily pure Ag particles, and
only some of them are composed of silver oxide.
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When imaged at a higher magnification, an addi-
tional ~1 nm thick layer is observed at the interface
between the NW and citrate layer, consisting of 2—3
atomic layers (Figure 1c). The FFT of the marked area
(red) from Figure 1c indicates reflections correspond-
ing to the d values of Ag and shows the same orienta-
tion as the nanowire in [011] (Figure 1d). Furthermore,
one additional set of reflections was found (marked red
in Figure 1d), which corresponds either to the (—1—11)
plane of Ag,0 or to the (—111) of AgO. By comparing
the inverse FFT of these reflections to the original
image, it becomes clear that these reflections stem
from the surface layer (Figure 1e). Thus, the Ag-NWs
possess a thin silver oxide layer, in accordance with
data from additional diffraction experiments and FFT
analysis (data not shown).

In order to unravel the optical properties of the Ag-
NWs, the luminescence of individual NWs was investi-
gated using a wide-field optical microscope with single
molecule fluorescence sensitivity (Materials and
Methods). Typically each NW had several localized
spots from where luminescence emission occurred.
Single particle tracking (SPT) was used to determine
the positions of these emitting entities on the silver
nanowires by fitting, frame-by-frame, a two-dimen-
sional Gaussian function to the fluorescence spots:

2 2
| = Aoexp( —%)exp( —M) (1)

202

where Ag and o? are the amplitude and the variance of
the two-dimensional Gaussian curve, respectively, and
Xo and y, are the coordinates of the position of the
individual emitting entities. With this method, the
positions of the entities can be determined with a
positioning accuracy of up to 5 nm (on glass substrates)
depending on the signal-to-noise ratio. Changes in the
brightness of the emitting entities, background fluo-
rescence, or other emitters nearby can decrease the
signal-to-noise ratio and thereby the positioning accu-
racy. For experiments requiring an overlay of TEM and
fluorescence images, a SisN, membrane was used as a
substrate (Materials and Methods). This resulted in a
reduced signal-to-noise ratio and thus a lower posi-
tioning accuracy (typically about 20—25 nm) as com-
pared to experiments on glass substrates, which were
only used for fluorescence measurements.

The fluorescence from the spots was not continuous,
but blinking and changes in fluorescence intensity was
observed (Figure 2). This effect has been reported
previously using confocal microscopy?® and was at-
tributed to random surface diffusion and agglomera-
tion of Ag atoms which form photoactive Ag
nanoclusters*® or photoactivated silver oxide.?? Inter-
estingly, using the wide-field excitation, we find that
oftentimes the emission from several spots on a single
NW is highly cooperative; that is, blinking and intensity
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fluctuations are observed exactly at the same time,
given our time resolution of 10 ms. Blinking of both
cooperatively emitting sites, as well as that of single
emitters, follows a power law (see experimental data in
Figure S1 in the Supporting Information). As an exam-
ple of the cooperative effect, Figure 2 displays three
consecutive frames extracted from a sequence of
images (movie S1 in Supporting Information) showing
the synchronous appearance and disappearance of
two spatially separated fluorescence spots along a
single Ag-NW (the approximate shape of the nanowire
as observed using bright-field microscopy (data not
shown) is indicated by the yellow striped line). The
fluorescence patterns of the spots were fitted with two-
dimensional Gaussian functions (eq 1). The two centers
of emission (marked by arrows in Figure 2a,b) were
separated by a distance of about 1.5 um. The recorded
trajectories of the fluorescence intensity of both emit-
ters show repetitive correlated blinking events
(Figure 2¢). The time at which emission occurs appears
to be stochastic, but the fluorescence emission from
both emitters is perfectly synchronized (as indicated by
the gray dotted lines). Additionally, a statistical analysis
of 120 distances between pairs of synchronous emit-
ters was performed. The distribution of these distances
(Figure S2 in the Supporting Information) is continuous
and decays with longer distances. This observation can
be explained by the exponential decay of the intensity
of surface plasmons along metal surfaces. This plas-
mon damping is caused by power loss in the metal.
Moreover, while the exemplary trace from Figure 2
shows rather long on-times, oftentimes observed on-
times were below our time resolution of 10 ms; that is,
we observed only a single “on-frame”.

In our experiments, we investigated more than 200
nanowires and detected cooperative emission for
about 35% of the nanowires, and about 2% of the
NWs exhibited no emission at all while the remaining
NWs showed noncoupled blinking of single emission
sites. Interestingly, cooperative emission was observed
only after an aging time under air atmosphere of at
least one day (after growth); we never observed co-
operative emission from freshly prepared nanowires.
Also, the total number of emitters increased with
aging. This indicates that the formation of silver clus-
ters from silver oxide layers is a prerequisite for the
occurrence of the observed cooperative emission.
Furthermore, emitters on different NWs were never
observed to emit simultaneously even when they were
at distances smaller than the largest distances
(approximately 10 um) for which the cooperative effect
was observed (data not shown). Thus the coupling of
the emitters observed through the cooperative emis-
sion occurs via the Ag-NW most likely through surface
plasmons.

The question then arises whether the two (or more)
cooperative emissive sites are all active or whether
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Figure 2. Wide-field fluorescence study of a Ag-NW. (a) Series of wide-field images of emitting entities exhibiting a
cooperative fluorescence emission. The positions of the emitters are marked with a black and gray arrow in the middle
panel. (b) Corresponding 3D surface plots of the fluorescence intensity. (c) Fluorescence intensity trajectories over time for
both emitters (gray and black lines matching the color of the respective arrows in (a)). Exemplary synchronous emission

events are highlighted by dashed lines.

some of them behave in a passive fashion (i.e., as
scatterers). In the case of one active center, the laser
beam would excite one entity which could emit itself
but also couple energy to the surface plasmon of the
nanowire. This energy could then be transmitted to a
passive center (such as a defect site or a nanoparticle),
located on the same wire, but separated by some
distance. In this case, the emitted fluorescence inten-
sity of all emissive sites should be perfectly correlated.
In contrast, we observed for NWs showing more than
two coupled emitters, such as the example in Figure 3a
(movie S2 in Supporting Information), that while the
emission off all emission sites is highly cooperative at
times (Figure 3b), there are also emission bursts from
only subsets of the emitters (Figure 3c). Therefore, it is
highly likely that these emitters are active centers
rather than passive scatterers.

In order to provide direct evidence that cooperative
emitters are active and not passive scattering centers,
we performed additional experiments in which we
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temporarily blocked the excitation of single emitters
by inserting a physical mask in the excitation pathway,
while at the same time always collecting the emission
from all emitters. In the case of scattering (i.e., passive
emitters), one would still expect to see cooperative
emission. However, if there is more than one active center
involved, then one will observe emission only at the
excited sites and no signal from the sites that are blocked.
The results of an exemplary experiment are shown in
Figure 4. A single Ag-NW showing cooperative emission
from several sites when using wide-field illumination
(Figure 4a and movie S3a in the Supporting Information)
is shown. If the excitation of either emissive site is
physically masked, no fluorescence from it is observed,
while the other sites still show emission (Figure 4b,c and
movie S3b,c in the Supporting Information). After remov-
ing the aperture, the Ag-NW shows again cooperative
fluorescence emission (Figure 4d and movie S3d in the
Supporting Information) and thus the emissive centers
are active rather than passive scatterers.
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Figure 3. Selected wide-field fluorescence image of movie S2 showing cooperative emission from eight emitters on one
single nanowire (scale bar is 2 um). The computed Pearson's correlation coefficients are given in Table S2. (b) Time trajectory
of emitted fluorescence intensity from the eight emission sites showing highly correlated intensity fluctuations. The
displayed data are only a small fraction of the complete time trajectory. (c) Complete fluorescence time trajectories of
cooperative emission from the NW shown in (a). For clarity, only emitters 1, 2, and 3 are displayed. These three emitters exhibit
at some times cooperative fluorescence bursts (marked by respective numbers above the trajectory); however, there are also
burst events from only two emitters or even from only a single emitter.

To unravel structural and chemical reasons for the
occurrence of the cooperative effect, we imaged a
nanowire by TEM, for which the cooperative effect
was observed in the wide-field fluorescence measure-
ments. The TEM image (Figure 5a) shows a 1.38 um
long and 80 nm thick Ag-NW surrounded by several
small particles. The NW and the nanoparticles were
characterized with energy-dispersive X-ray spectros-
copy (EDX) measurements in scanning transmission
electron microscopy (STEM) mode in detail to correlate
optical and chemical properties (Table S1).

To find out which parts of the nanowire cause the
emission, approximately 50 EDX measurements were
performed at different parts of the nanowire and
surrounding nanoparticles using an electron beam size
of about 1 nm. Figure 5a shows the bright-field image
of the Ag-NW together with numbers indicating
the positions of the EDX measurements. The values of the
quantification of the EDX spectra are given in Table S1
(Supporting Information). Besides Ag, which was de-
tected at all positions along the nanowire, also O (red
numbers) and some traces of S (yellow numbers) were
found. The O stems most likely from the thin surface
layer described above. The FFT taken from a part of the
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surface of the Ag-NW (Figure 5b) shows reflections of
Ag (reflections marked in white) and silver oxide
(reflections marked in red). Both the diffraction as well
as the FFT data show that most of the particles
investigated by EDX contain mainly Ag, and some have
a high O content, supporting the presence of silver
oxide (e.g., positions 13,14, 17,42, 22,25,30,and 31).In
addition, S, probably originating from air, is detected in
parts of the citrate film and in some of the nanoparti-
cles (EDX measurements 5, 6, 7, 14, 2125, 32, 33, 35,
39, 40, 47, and 48).

The 3D surface plots of the fluorescence intensity
(Figure 5c¢) for five frames extracted from a wide-field
fluorescence  movie (movie S4 in Supporting
Information) show the coupling of the fluorescence
emission between two entities along the nanowire (as
imaged by TEM). The corresponding fluorescence in-
tensity time trajectories are depicted in Figure 5d (gray
and black curves corresponding to the left and right
fluorescent spot, respectively). Both appear simulta-
neously (i.e., within less than 10 ms, the experimental
time resolution) at about 7.8 s and disappear simulta-
neously at about 9.2 s. Between, strong fluorescence
intensity fluctuations are detected, which also appear
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Figure 4. Wide-field fluorescence study of two active emitting entities on a Ag-NW. (a) Wide-field image with fluorescence
time trajectories for two emitters (positions 2 and 4, marked with yellow circles) exhibiting cooperative fluorescence
emission. Using an aperture in the excitation laser pathway from the left (b) or from the right side of the white dotted line (c),
only one of these emitters is excited, respectively. Emitters, which are not excited, show no fluorescence emission. (d) Wide-
field image and time trajectory taken after the mask has been removed show again cooperative fluorescence emission from

positions 2 and 4.

to be synchronized, as highlighted by the dotted line
between exemplary simultaneous fluorescence burst
events. After 9.6 s, the signals appear again before the
measurement stops. For each frame, the determined
positions of the two emitters are plotted in Figure 5e
(gray and black). The average distance between the two
cooperative emitters was found to be 911 &+ 49 nm.
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As the length of this nanowire is 1.38 um (as
determined by TEM), the two emitters are not located
at the ends of the NW. However, by inspecting the
“map” of the EDX measurements displayed in
Figure 5a, we were able to identify two regions with
high O content (red numbers) separated by about
900 nm (highlighted with the gray and black dotted
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Figure 5. (a) Bright-field TEM image of a Ag-NW, showing cooperative fluorescence emission. The position investigated by
EDX measurements (data shown in Supporting Information Table S1) is marked with numbers (black/white numbers show
high Ag values; red numbers contain high Ag and high O values; yellow numbers contain high Ag and high S values). (b) FFT
taken from a part of the surface indicates reflections of Ag (marked white) and Ag,0 (marked red) and shows an orientation in
[001]. (c) Snapshots of the fluorescence intensity distribution emitted from the same NW displayed by 3D surface plots. The
cooperative emission from two spots is marked by arrows. (d) Fluorescence time trajectories of both emitters showing
interesting fluctuations of the cooperative effect (marked with dashed lines). (e) Determined positions with corresponding
error bars (on average 15 nm (black) and 32 nm (gray)) for both emitters.

squares). This observation and the necessity for sample
aging in the presence of oxygen for synchronous
emission mentioned strongly suggest that one can
attribute cooperative emitters to silver clusters which
are generated photochemically from silver oxide3® 33
and which are optically coupled through the silver
nanowire.

Additional support for the interpretation that the
coupled emitters are silver clusters generated photo-
chemically from silver oxide comes from the following
observations: TEM studies showed that there is a
2—3 atomic layer thin silver oxide layer around the
silver nanowires. During the TEM measurements, it
could be observed that exposure of the sample to
the electron beam over long time scales damages the
citrate layer around the nanowires and also the silver
oxide layer. Fluorescence measurements performed

MATERIALS AND METHODS

Crystalline Ag-NWs were synthesized using a seedless, sur-
factantless wet-chemical fabrication developed by Caswell
et al.?® This solution, containing about 100 nm thick and up to
15 um long Ag-NWs, was then spin-coated onto a glass cover
slide (20 mm x 20 mm, thickness 170 um, Marienfeld). Fluores-
cence signals from individual nanowires were then collected
using a wide-field setup described previously.*' Briefly, an
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directly afterward showed no fluorescence of pre-
viously emitting nanowires. Additionally, EDX studies
showed that some nanowires, which did not exhibit
any fluorescence emission, contained a relatively high
amount of sulfide, which might prevent the formation
of a silver oxide layer and thus the generation of a silver
cluster.

CONCLUSIONS

In summary, while emission of single entities on
silver nanostructures is well studied, we observed a
coupled emission for some of the investigated NWs
(about 35%). Such a coupled emission can only be
observed if several active emitters are investigated simul-
taneously. Since the emitters are located within a few
micrometers on the NW, the coupled emission can be
attributed to plasmonic coupling through the wire.

Eclipse TE200 (Nikon) epi-fluorescence microscope with a high
numerical aperture (NA) oil-immersion objective (Nikon Plan
Apo 100x, NA = 1.40) was used, and the nanowires were excited
at 633 nm with a He—Ne gas laser with an excitation power of
7 mW (measured in front of the microscope). Fluorescence was
collected using a combination of filters (dichroic mirror 640 nm
cutoff and band-pass 730/140 AHF) and imaged onto a
back-illuminated electron multiplying charge-coupled device
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(EM-CCD) camera (Andor, iXon DV897). A series of typically 1000
fluorescence images were recorded with a temporal resolution
of 10 ms per frame.

In some experiments, we wanted to selectively excite only
parts of a Ag-NW. We therefore placed a physical aperture in the
excitation laser pathway in front of the microscope to shrink the
excitated area, while keeping the complete detection area.

To combine optical and structural properties, we also per-
formed experiments for which Ag-NWs were deposited on silicon
nitride membranes (SisN4, Agar Scientific). For these samples, a
different objective lens (Nikon water immersion objective, NA =
1.20, 63 x) was used. Some of the optically investigated nanowires
were then also studied by TEM in order to correlate fluorescence
and structural features. These investigations were done using a FEI
Titan 80-300 (S)TEM microscope equipped with a Gatan Tridiem
image filter and an EDAX energy-dispersive X-ray spectroscopy
detector for analytical measurements. The Titan was operated with
300 kV. A high-angle annular dark-field (HAADF) detector from
Fischione Instruments (model 3000) was attached to the micro-
scope for scanning TEM imaging.

Besides the correlative optical and TEM measurements, some
Ag-NWs were also investigated only using the TEM measure-
ments, and for these measurements, samples were prepared by
placing the Ag-NW on a carbon-coated copper grid (Plano).
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