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Formation of Silver Nanoprisms with Surface Plasmons at

Communication Wavelengths**

By Vytautas Bastys, Isabel Pastoriza-Santos,* Benito Rodriguez-Gonzdlez, Rimas Vaisnoras, and

Luis M. Liz-Marzan*

Silver nanoprisms with strong absorption in the near-IR have been synthesized using a modification of the photoinduced meth-
od by illuminating preformed silver seeds under different illumination conditions. Low-intensity light-emitting diodes and white
light combined with different color filters are used as light sources. The lateral dimensions of the nanoprisms are found to be
correlated in a quasilinear fashion with the emission wavelength and the position of the main in-plane dipole plasmon band.
The structural characterization of the Ag nanoparticles, carried out using scanning electron microscopy, transmission electron
microscopy (TEM), high-resolution TEM, and electron diffraction, reveal that the particles are flat and have a single-crystal
face-centered-cubic structure. Time-resolved studies suggest that the nanoprisms are formed by steady consumption of the orig-
inal Ag seeds with little variation of the aspect ratio after a short induction time.

1. Introduction

Nanotechnology promises to provide solutions for and tools
with which to tackle existing difficulties and forthcoming chal-
lenges.!! While “physical nanotechnologies”, such as electron-
beam lithography, are widely applied in micro- and nanoelec-
tronics, nanoparticle-based technologies are more rare and
mostly restricted to biological applications.m Metal nanoparti-
cles are among the most promising systems for applications in
optics and electronics mainly because of their characteristic
large electric-field enhancement, which is directly linked to sur-
face plasmons arising from the resonance of the conduction
electrons of individual nanoparticles upon interaction with an
incoming electromagnetic field.”! The plasmon-resonance con-
ditions depend on a number of parameters, such as particle
size, surface charge, the nature of the dielectric environment,
and interparticle coupling, but the particle morphology has
been shown to play a fundamental role.”! Applications of metal
nanoparticles in sensors,”” plasmonic devices,”® and surface-en-
hanced Raman spectroscopy (SERS)***7 are already well es-
tablished. Since the formation of anisotropic nanoparticles also
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provides a convenient tool to control the optical response,
mainly through variation of the aspect ratio,[***# new methods
to produce disks,” rods and wires,'"! and prisms!"'¥ have
been rapidly developed in the last few years.

Recent publications have focused on the synthesis and opti-
cal characterization of gold"! and silver!”>"®) nanoprisms
because of their unusual optical properties, which result in sur-
face-plasmon resonance (SPR) peaks at relatively long wave-
lengths.[m] Focusing on silver, various physical and chemical
procedures have been devised to fabricate nanoprisms. A good
example of an effective physical technique to prepare Ag nano-
prisms is nanosphere lithography (NSL).'"! This lithographic
approach yields nanoparticles supported on solid substrates
and is capable of producing Ag nanoprisms with good control
over their morphology, and even of fabricating large arrays of
well-ordered nanoparticle structures. Although these litho-
graphic nanofabrication techniques have been demonstrated to
be an alternative to solution-phase methods, the chemical
methods are more versatile. So far, two main chemical ap-
proaches can be identified: chemical reduction of metal salts!?!
and photoinduced aggregation of small nanoparticle seeds.!"”!
The latter has recently become very popular, especially in the
case of silver. Callegari et al.l®® first demonstrated that the use
of filters during illumination directly influences the final geom-
etry of the nanoprisms. In a detailed mechanistic study, Jin et
al.l*! have recently proposed that the process is mainly con-
trolled by the charge distribution on the seeds so that, while
aggregation is induced by illumination with a laser beam of a
certain wavelength, further growth could be prevented by illu-
mination with a secondary laser tuned to the quadrupole reso-
nance of the intermediate species. In these studies the obtained
plasmon resonances could be tuned between approximately
400 and 1000 nm, but well-defined plasmons at lower energies
(longer wavelengths) have not been reported so far, despite
the great interest they could raise if the communication wave-
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length (1550 nm) could be matched. Nanoparticles with large
absorption coefficients around 1.55 um could be used, for in-
stance, to coat communication fibers and, thereby, reduce
losses that are responsible for signal contamination. Apart
from this obvious application, other fields where such systems
would become useful are biotechnology, since they could allow
local heating with low-energy irradiation,!” and glazing for the
selective attenuation of IR solar radiation.!"!

In this paper, we present a modification of the photoinduced
method, using either low-intensity light-emitting diodes
(LEDs) of different emission wavelengths or white light com-
bined with different color filters for illumination; this allows
the preparation of Ag nanoprisms with high aspect ratios, so
that the in-plane dipole plasmon resonance is shifted to wave-
lengths above 1 um. We additionally discuss the structural and
optical properties of the obtained Ag nanoprisms using (scan-
ning and transmission) electron microscopy techniques and
UV-vis—near-IR (UV-vis—NIR) spectroscopy. Finally, we pro-
pose a mechanism for the formation of the nanoparticles on
the basis of time-resolved optical measurements.

2. Results and Discussion

2.1. Growth of Nanoprisms via LED Illumination

Ag nanoprisms were grown using a modification of the pho-
toinduced method!® through illumination of a preformed Ag-
seed solution using low-intensity LEDs with different emission
spectra. Specifically, we used LEDs with emission bands cen-
tered at 518 nm (hereafter referred to as green LEDs), 641 nm
(hereafter redl LEDs), and 653 nm (hereafter red2 LEDs)
(see spectra below). The minimum luminous intensities and the
viewing angles of the green and red LEDs, as well as the cur-
rent applied in each experiment are indicated in Table 1.

The main difference in the results presented here with re-
spect to previous photoinduced synthesis methods is the possi-
bility to prepare silver nanoprisms with high absorption coeffi-
cients well within the NIR region. Callegari et al.'*"! selected
their illumination wavelength by fitting colored filters in front
of a conventional fluorescent tube, while Jin et al.l®l ysed
single-wavelength lasers for illumination, obtaining silver
nanoprisms with varying sizes and plasmon resonances that
could be tuned between approximately 400 and 1000 nm. Al-
though Ag nanoprisms with plasmons at lower energies have
not been reported so far, we found that illumination of an
aqueous solution of spherical silver nanoparticles (average di-

Table 1. Minimum luminous intensities and viewing angles of the green
and red LEDs. The current applied in each experiment is also indicated.

Illumination source  Minimum luminous Viewing angle Applied current

intensity [mcd] [degrees] [mA]
Green LEDs 7200 23 5
Red LEDs (red1) 10 000 6 20
Red LEDs (red2) 4500 10 30
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ameter 5.3+1.5 nm, see Supporting Information and transmis-
sion electron microscopy (TEM) images below) with low-in-
tensity LEDs leads to silver nanoprisms with high aspect ratios,
so that the in-plane dipole plasmon resonance is red-shifted to
wavelengths well above 1 um (see Fig. 1). We start with a gen-
eral description of the spectra, based on two representative
samples made by illumination with green and red LEDs, which
display main absorption bands at 1037 and 1491 nm, respec-
tively. Since the main absorption band of the sample grown

1491nm

1037nm ‘ ",

Absorbance

0.0

800 1000 1200 1400 1600 1800
Wavelength (nm)

' 400 600

Figure 1. UV—vis—NIR spectra of dispersions of Ag seeds (), and nanopr-
isms grown by illumination with green (---) and red (red2, ———) LEDs, in
water and D,0, respectively. The wavelengths of the corresponding maxi-
ma are indicated by the labels.

with red LEDs is centered at 1491 nm, prior to measurement
of the spectrum it was necessary to exchange the solvent from
water to D,O via various centrifugation/redispersion cycles, so
as to avoid overlap with the intense stretching vibrational peak
of water at 1470 nm. Because above 1500 nm the absorption
coefficient of D,0 increases dramatically (see Supporting In-
formation), a shoulder still arises on the low-energy side of the
plasmon band.

Besides the above-mentioned, intense, low-energy band,
which is due to the in-plane dipole plasmon resonance asso-
ciated with polarization of the conduction electrons in the
plane parallel to the flat nanoprism, the spectra also display
other bands, which is consistent with previously reported ex-
perimental and theoretical spectra.l! Less-intense bands cen-
tered at 960 and 621 nm for the samples illuminated with red
and green LEDs, respectively, most likely arise from the in-
plane dipole resonance of a second population of smaller nano-
prisms (see TEM images below), probably overlapping with
the out-of-plane dipole (associated with polarization of the
conduction electrons perpendicular to the plane of the nanopr-
isms) and in-plane quadrupole resonances of the larger ones.
The relative intensity of this second band is larger for the sam-
ple illuminated with green LEDs, which may be related to the
relative contribution of each population, owing to both the re-
spective number of particles and extinction coefficients (which
increases with particle size). Another well-defined peak (with
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low intensity) located (for both samples) at 330 nm is due to
out-of-plane quadrupole resonances. This band has been pre-
dicted (mainly using discrete dipole approximation (DDA) cal-
culations) to be independent of lateral size, but to undergo a
slight red-shift when either the truncation degree increases or
the aspect ratio decreases.*"!

Compared with previous reports, our results confirm
that illumination with higher emission wavelengths leads to for-
mation of dispersions with longer in-plane plasmon wave-
lengths (621 and 1037 nm for an illumination wavelength of
518 nm; 960 and 1490 nm for an illumination wavelength of
653 nm, Fig. 1). Furthermore, the extinction spectrum of the
nanoprisms is also sensitive to the aspect ratio of the particles,
as well as to the truncation of the triangular nanoparticles;
thus, if we compare particles with the same thickness and as-
sume no truncation, longer-wavelength peaks would corre-
spond to longer sides (higher aspect ratios). As discussed in the
following section, the thickness of the triangles was found to be
independent of the irradiation wavelength. We can thus postu-
late that the side length of the particles is controlled by the ir-
radiation wavelength.

[13cd]

2.2. Morphology and Structural Characterization

Characterization of the Ag-seed solution by high-resolution
TEM (HRTEM) revealed that the colloid is constituted of tiny
spherical particles 5.35%+1.53 nm in diameter (Fig. 2a and Sup-
porting Information). Although we found that most of the par-
ticles have single-crystal face-centered-cubic (fcc) structures
(Fig. 2c), there was also a very small fraction of particles with
multitwinned structures (Fig. 2b).

Shown in Figure 3 are representative TEM images of the Ag
nanoprism samples whose absorption spectra are displayed in
Figure 1. Analysis of the TEM images yields average lateral di-
mensions of the nanoprisms made by illumination with green

Figure 2. A) Representative TEM image of Ag seeds prepared by reduction
of AgNOj; with NaBH, in the presence of sodium citrate and poly(vinylpyr-
rolidone) (PVP). HRTEM images of a B) multitwinned and C) single-crys-
tal Ag nanoparticle.
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Figure 3. Representative TEM images of Ag nanoprisms prepared by illu-
mination of Ag seeds with green (left) and red (red2, right) LEDs.

LEDs of 110£16.5 nm, while illumination with red2 LEDs
yields particles with an average side length of 242+52.5 nm.
The average lateral dimensions were determined by averaging
over more than one hundred particles, neglecting a second
smaller population since it was considered that, in spite of
some polydispersity, there is a main population of larger parti-
cles that ultimately dominates the optical response of the dis-
persion. However, especially in the case of green LEDs, the
second population (side length of 51+8.5 nm) is not insignifi-
cant, and this is consistent with the larger relative intensity of
the second band (621 nm) in the spectrum. Additionally, a
small population of truncated nanoprisms is also present, which
may be responsible for the presence of intermediate resonan-
ces between the quadrupolar out-of-plane and dipolar in-plane
resonances.

Detailed scanning electron microscopy (SEM) analysis
allowed us to measure the thickness, while categorically dem-
onstrating the flat nature of the Ag nanoprisms (Fig. 4). The
measurements were performed using holey Formvar polymer-
coated copper grids as substrates for the deposition of concen-
trated nanoprism dispersions. Occasionally this led, in certain
areas, to stacking of the nanoprisms perpendicular to the grid.
From the SEM images, an average thickness of 10.5+1.8 nm
was obtained after subtraction of the thickness of the polymer
(polyvinylpyrrolidone (PVP)) layers observed between the
prisms. One should note here that the stacks are made of trian-
gles with a variety of lateral dimensions, and still the obtained
thickness shows a remarkably narrow distribution. Analysis of
samples synthesized under different illumination conditions
yield very similar average thickness values. Occasionally, bend-
ing of some nanoprisms was observed, which points to some
structural instability of these nano-objects. A more detailed
study of these observations will be reported elsewhere.

Further characterization of silver nanoprisms obtained using
LEDs and filters was carried out by HRTEM. Figure 5 shows
high-resolution images, as well as the corresponding electron
diffraction pattern obtained from a single Ag nanoprism lying
flat on the support film, with the electron beam perpendicular
to the {111} main face, which reveals a regular, hexagonal, dif-
fraction-spot array (Fig. 5b). Detailed analysis of the diffrac-
tion pattern shows that it corresponds to a [111] zone-axis sin-
gle crystal with an atomically flat surface. Moreover the
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Figure 4. SEM images of silver nanoprisms made by illumination with red LEDs, stacked on a TEM grid, using both secondary electron imaging (SEl; left)
and backscattered electron imaging (yttrium aluminum garnet (YAG) detector; right).

The high-resolution image in Figure 5c shows
the lattice at the edge of one of the main
faces, revealing a spacing of 2.5 A, which cor-
responds to Bragg diffraction precisely from
1/3{422} lattice planes.'” In this image it can
be also seen that near the edge, the crystalline
structure presents almost no defects and the
roughness of the edges is basically at an atom-
ic scale. The HRTEM image shown in Fig-
ure 5d is a side view of two parallel triangles
near their tips. The regularity and single-crys-
talline structure is obvious, with constant in-
terplane distances and thicknesses. In Figure-
s 5aand d it can be seen that the tips are
almost perfect except for some curvature,
which may slightly influence the ultimate op-
tical response. It is also interesting to note
that the HRTEM images in Figures 5c and d
clearly show the amorphous PVP protective
layer around the surfaces of the Ag particles,
with a thickness usually ranging between
1 and 3 nm.

2.3. Growth of Nanoprisms via Illumination

Through Filters

Figure 5. A) TEM image of a silver nanoprism. B) Electron diffraction pattern taken from an in-
dividual silver nanoprism and the assigned reflection indices. C) High-resolution lattice image
with a spacing of 2.5 A shown in the border of one of the main faces. D) High-resolution im-
age of two Ag nanoprisms that are on their sides. The PVP-protected thin layer around the Ag
nanoparticles can be seen.

pattern also displays interesting 1/3{422}-type faint spots, which
are forbidden in a typical fcc single-crystal structure. Although
the origin of these spots is not completely clear, some authors
claim that they derive from a local hexagonal-like structure
observable only for silver or gold samples that are atomically
flat.32417) Lofton et al.l'®l recently proposed the presence of
twinning planes in the platelets to explain the presence of these
1/3{422} forbidden spots, but we have not observed any acute
edges in our TEM observations, as suggested by these authors.
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So far, we have shown solid evidence to
claim that the size and shape of the particles
(and, subsequently, their optical properties)
are mainly determined by the wavelength of
illumination, though other parameters such as
temperature and the intensity of irradiation can also have some
effect. To confirm this, additional experiments were performed
using a photoreactor containing 16 fluorescent tubes. The emis-
sion spectrum of these lamps shows a broad band between
300 and 700 nm, with two sharp emission peaks at 436 and
546 nm (see Supporting Information). Apart from direct illu-
mination with the fluorescent tubes, illumination conditions
similar to those used in the experiments performed with LEDs
were achieved by wrapping the samples with green- and red-
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color filters and illuminating with the fluorescent tubes. The
transmission spectra of the filters overlapped with the emission
spectra of the photoreactor lamps as shown in the Supporting
Information. In Figure 6, we show the result of subtracting the
absorption spectrum of the filters from the emission spectrum
of the lamps, compared to the emission spectra of the LEDs.

1.0 518 nm
35 - emission of green LED i
8 0.8 -{---- emission through green filter ;
> -----emission through red filter -
b 1—— emission of red LED (red1) :
S  0.6- - -emission of red LED (red2) :
€ :
c
©
i 0.4-
£ !
w .
0.2 :
i
2 L
00—t
300 400 500

Wavelength (nm)

Figure 6. Normalized emission spectra of light emitted by fluorescent
tubes after passing through green (———) and red (——-) filters, compared
to the emission spectra of green (--), red1 (=), and red2 (- — -) LEDs.
The maximum wavelengths are indicated by the labels.

The result of using green and red filters is somehow similar
to that using illumination with green and red LEDs, although
we see clear shifts in the emission bands (518 and 546 nm for
the green LED and filter, respectively; 610, 641, and 653 nm
for the red filter and red1 and red2 LEDs, respectively). Thus,
it will be interesting to compare the results of the two illumina-
tion systems, since they provide a systematic shift of the illumi-
nation wavelength between 518 and 653 nm. Additionally, the
use of filters leads to red-shifted emission with respect to green
LED but blue-shifted emission with respect to red LEDs,
which is beneficial for a proper comparison.

Figure 7 shows the UV-vis—NIR spectra of the silver-nano-
prism dispersions obtained through illumination of the starting
Ag colloids within the photoreactor, both with no filter and
with wrapping the sample with green and red filters. While di-
rect illumination with the broad lamp emission led to a spec-
trum with the intense in-plane dipolar plasmon absorption cen-
tered at 642 nm (indicating formation
of relatively small triangles), illumina-
tion through the green filter produced
Ag nanoprisms with the main absorp-
tion at 1076 nm, and the main band of

1294 nm
1076 nm \
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Figure 7. UV—vis—NIR spectra of dispersions of Ag seeds (-) and nano-
prisms in water obtained using a photoreactor (———), and combining it
with green (---++) and red (— — -) filters. The band maxima are indicated by
the labels.

which, according to the model proposed by Jin et al. should
yield a monomodal distribution, we find, again, a bimodal dis-
tribution, reflected in the intense secondary band at 461 nm,
which is mainly due to the presence of smaller particles (mainly
prisms), as confirmed by TEM (see Supporting Information).
Again, we see that higher emission wavelengths lead to highly
red-shifted in-plane dipole plasmon bands, and, thus, assuming
that the particles have the same thickness (which was con-
firmed by SEM and TEM), to nanoprisms with higher aspect
ratios. Additionally, the relative positions of the absorption
bands correlate well with the relative positions of the emission
bands shown in Figure 6. The particles illuminated through the
green filter absorb at higher wavelengths than those obtained
using green LEDs, while the particles illuminated through the
red filter absorb at lower wavelengths than those obtained
using red LEDs. The sizes of the obtained triangles were mea-
sured using TEM and correlate well with the expected trend
(see Table 2), i.e., longer lateral sizes for samples illuminated
at longer wavelengths.

Nevertheless, under “red conditions” particles produced
using filters were smaller than nanoprisms obtained using
LEDs. This was all confirmed by TEM (Table 2); the green fil-
ter led to particles with an average side length of 123 nm
(110 nm in the case of green LEDs), while the red filter led to
particles with an average side length of 174 nm (192 and
242 nm in the case of the red LEDs).

Table 2. Average side lengths and band maxima of Ag nanoprisms obtained under different illumination

the sample wrapped with a red filter

was located at 1294 nm. Although the
main emission peaks of the photoreac-
tor are located at 436 and 546 nm,

conditions.

Light source (emission wavelength [nm]) Green LEDs  Green filter ~ Red filter Red1 LEDs  Red2 LEDs
(518) (546) (610) (641) (653)

Main band maximum [nm] 1037 1076 1294 1385 1491

Average side length [nm] 110+16.5  123+£25.1 174+46.0 192+39.2 242+524
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Besides the bands due to in-plane dipole plasmon resonances,
the absorption spectra shown in Figure 7 display other bands at
lower wavelengths (461, 684, and 870 nm for no filter, the green
and the red filter, respectively), which again arise from in-plane
dipole resonances of a second population of smaller particles.
Absorption at 330 nm (a less-intense but well-defined peak) is
also observed, which is due to out-of-plane quadrupole reso-
nances.!*’! As usual, the out-of-plane dipole and in-plane quad-
rupole resonances cannot be clearly distinguished. It should
also be noted that the bands are wider and less intense than
those obtained using LEDs, probably because of the higher
wavelength dispersion of the illumination when filters are used,
and this is also reflected in a higher polydispersity of the nano-
prisms, as determined by TEM (see Table 2).

Figure 8 summarizes the results obtained from the LED and
filter experiments. We find a quasilinear correlation of the par-
ticle side length with the emission wavelength and the position
of the in-plane dipole plasmon band. This is a clear demonstra-
tion that particle size can be tuned by controlling the illumina-
tion wavelength, without affecting the particle shape and thick-
ness. Similar results have been reported by Jin et al. using
lasers as the illumination source,*! but obtaining in-plane
plasmon bands centered below 900 nm.

1500 - 650 _
H
— 1400 625
E 5
f=1 c
£ 1300 B
< 3
5 575 £
c
3 1200+ <
g L 550 ‘3
8 8
= 1100- 525 5
1000 500

100 120 140 160 180 200 220 240
Edge Length (nm)

Figure 8. Average side length as a function of the position of the plasmon
band (circles) and the emission wavelength of the illumination source
(squares) for nanoprisms prepared by illumination with green LEDs (1),
through a green filter (2), through a red filter (3), and with red1 (4) and
red2 LEDs (5).

2.4. Influence of Temperature

The sphere-to-prism conversion is, in general, a slow process
(typical reaction times of several days). However, both temper-
ature and the intensity of the illumination source were found
to affect the rate of the process. An increase from 25 to 37°C
was sufficient to reduce the time needed for completion (no
further spectral changes) from 159 to 69 h when illumination
was performed with green LEDs (working at 20 mA), and
from 185 to 96 h for illumination with red LEDs (red2, work-
ing at 20 mA). However, the temperature increase did not af-
fect either the final shape or size of the particles, and, thus, the
final spectra obtained at room temperature and at 37 °C were
very similar (see Supporting Information).

Adv. Funct. Mater. 2006, 16, 766773
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2.5. Mechanism

As previously reported,’*® when the starting Ag colloid is
stored in the dark, no conversion takes place. Additionally, illu-
mination with NIR or UV light was observed to drive the ag-
gregation of the Ag colloids to form larger, spherical particles.
It is thus quite clear that the process of Ag-nanoprism forma-
tion is induced by visible light, and is mostly sensitive to the
emission wavelength of the illumination source. However,
despite some attempts to determine the mechanism of the pro-
cess,*! there is still some controversy. Trying to shed some
light on the mechanism, we carefully analyzed the spectral
evolution during the reaction for the various illumination con-
ditions, and combined it with the information about the nano-
prism morphology obtained from electron microscopy. Fig-
ure 9 shows the evolution of UV-vis—NIR spectra during the
formation of Ag nanoprisms using red LEDs (Fig. 9A) and
white light combined with a red filter (Fig. 9B). To simplify the
analysis of the spectra, we plotted in the corresponding insets
the kinetic traces at 397 nm (maximum wavelength, A,.x, for
the starting Ag colloids), 1330 and 890 nm (A, for the in-
plane dipole bands of the two main nanoprism populations
produced with red2 LEDs), and 1290 and 870 nm (4. for the
in-plane dipole bands of the two main populations produced
with the red filter). In each trace we can distinguish three dif-
ferent stages. In the initial stage nanoprism formation has not
commenced, but there is an increase and a slight red-shift of

1.5 "

| 81.2) e, _/'

5 o

8097 2 1330nm pr
) 6 06{ - 397nm _aa %

= ] —-—890nm

E 0:3 m/u —e e e
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Figure 9. Time evolution of UV-vis—NIR spectra during the formation of
Ag nanoprisms by illumination with red LEDs (A) and through a red filter
(B). The insets show the evolution of the absorbance at the wavelength of
the three main peaks as a function of the illumination time.
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the band at 397 nm. TEM analysis (Fig. 10) provided evidence
that, during this stage, larger particles were formed by aggrega-
tion of the small starting spherical particles. A similar process
was observed by Callegari et al.,®® who claimed that this was

Figure 10. Representative TEM image of the process of Ag-seed aggrega-
tion during sample illumination with red LEDs.

due to weak attractive forces arising after the excess borohy-
dride ions constituting the particle repulsive layer were photo-
oxidized.

Once such larger particles are present, an intermediate stage
starts where the band at 397 nm drops (original Ag seeds are
consumed) and two new bands appear, corresponding to in-
plane resonances of the two main populations of silver nano-
prisms. Both processes start basically at the same irradiation
time, suggesting that they are correlated, i.e., the nanoprisms
are formed by consumption of the original Ag seeds. This state-
ment is supported by two further observations: almost no shift
of the low-energy bands during the reaction (just a steady in-
crease in intensity); and the presence of an isosbestic point at
approximately 490 nm (observed in all experiments, see
Fig. 9). These results rule out mechanisms such as Ostwald ri-
pening (even at short reaction times the nanoprisms are well
defined) as well as fusion of intermediate prisms (extensive
TEM analysis during different stages of the process did not re-
veal the presence of dimer or trimer intermediates). Addition-
ally, since Ostwald ripening is almost temperature insensitive
(within the range considered here), the observed increase in
reaction rate with temperature agrees with the previous state-
ment, and suggests that collisions between particles play an im-
portant role. The continuous decrease in the concentration of
small particles and early formation of large nanoprisms sug-
gests that a well-defined final optimum size exists for each par-
ticular illumination condition, which is achieved through aggre-
gation of small silver spheres (Fig. 10). One aspect that has
been recently pointed out by Sun and Xia is the importance
of the presence of sodium citrate during irradiation, suggesting
that a combination of chemical and photochemical processes
can be involved for the sphere-to-prism conversion.

www.afm-journal.de
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3. Conclusions

Anisotropic silver nanoprisms with strong absorption in the
NIR region can be synthesized by illumination of small silver-
nanoparticle seeds with low-intensity LEDs or white light com-
bined with color filters. The observed quasilinear dependency
of particle size on the illumination wavelength, regardless of
the nature of the light source, indicates that the final nanoprism
size can be tuned by controlling the illumination conditions,
without affecting the shape and thickness of the particles. We
propose a mechanism based on the formation of the Ag nano-
prisms via the consumption of the preformed Ag seeds, which
is different from other mechanisms previously proposed by
others.

4. Experimental

Chemicals: Sodium borohydride (NaBH,, 99 %), silver nitrate
(AgNO;, 99+ %), and sodium chloride (NaCl, 299 %) were purchased
from Aldrich. Trisodium citrate dihydrate (98 %) was purchased from
Sigma and poly(vinylpyrrolidone) (PVP, weight-average molecular
weight, My =10000 kg mol™), from Fluka. MilliQ deionized water (re-
sistivity higher than 18 MQcm) was used for all preparations. All
chemicals were used without further purification.

Preparation of Silver Nanoprisms: Small silver nanoparticles were
prepared as previously reported [8c]. Briefly, 200 mL 0.1 mm AgNO;
solution was reduced with 2 mL 0.5 mm NaBH, in the presence of tri-
sodium citrate (0.3 mm) under gentle stirring. Immediately after injec-
tion of the reducing agent, 2 mL of a 5 wt % aqueous solution of PVP
was added.

Growth of Nanoprisms via lllumination with LEDs: The experimen-
tal setup consisted of a dark box with four LEDs that entered the lat-
eral walls and were connected to a standard power supply. Emission
spectra and other operation parameters of the LEDs used are shown in
the Supporting Information and in Table 1. The Ag-seed solution was
placed within a quartz cuvette (10 mm path length) in the center of the
box, at a distance of 2.5 cm from each LED. The temperature inside
the dark box was 25+2°C. The experiments at 37 °C were performed
inside an oven (Memmert, ULE 400).

Growth of Nanoprisms via [llumination through Filters: The ex-
periments were carried out inside a commercial photoreactor (Luz-
chem LZC-Vis) containing 16 Sylvania cool-white fluorescent tubes
(300 nm < A< 700 nm, 8 W). To change the illumination conditions,
the samples (20 mL) were wrapped with green or red plastic filters
(e-color+, Rosco) (transmission spectra are included in the Support-
ing Information). The distance from the sample to the fluorescent
tube was 3 cm. The temperature inside the photoreactor was
30+2°C.

Characterization: A JEOL JEM 1010 transmission electron micro-
scope operating at an acceleration voltage of 100 kV was used for low-
magnification imaging, while HRTEM images were obtained using a
JEOL JEM 2010 FEG-TEM operating at an acceleration voltage of
200 kV. SEM characterization was carried out using a JEOL JSM-
6700F FEG-SEM operating at an acceleration voltage of 5 kV for sec-
ondary-electron imaging (SEI) and at 20 kV for backscattering-elec-
tron imaging (YAG detector).

UV-vis-NIR spectra were measured using a Cary 5000 UV-vis—-NIR
spectrophotometer. Samples requiring measurements above 1350 nm
were centrifuged and redispersed in D,0O to avoid absorption contribu-
tion from H,O.
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