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A facile method for the preparation of silver nanoparticles
(AgNPs) of various sizes and morphologies, including dodecahedra,
nanorods, and nanoplates, has been discovered. We describe a
photochemical synthesis of citrate mildly stabilized spherica AgNPs
that can in turn be used to prepare multiple nanostructures with
predictable and controllable size and morphology through irradiation
with inexpensive narrow band LEDs. We also describe a common
mechanism for the formation of the various types of AgNP. The
changes in morphology aso result in dramatic spectroscopic
changes, as illustrated in Figure 1.
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Figure 1. Image of the various colloidal solutions produced under the
corresponding LED irradiation at the wavelength indicated (in nm) at the
top of each cuvette. All solutions are derived from the same seed stock
solution and only differ on the wavelength and exposure time (vide infra).

Silver nanostructures are valuable materials for surface enhanced
Raman scattering (SERS), optoelectronics, surface-enhanced fluo-
rescence, sensing using surface plasmon resonance (SPR) spec-
troscopy, catalysis, and numerous biomedical applications; this has
led to extensive research into silver nanomaterials,*? since the
properties and applicability of the AQNPs are drastically influenced
by their size, shape, and optical properties. For example, in the
case of SERS morphology greatly influences the enhancement
observed.®*

There are many thermal methods for the synthesis as well as to
control the shape of AgNPs.* Thermal synthesis of the various
shapes (plates, dodecahedra, rods, etc.) is usually fast but gives a
broad particle polydispersity and requires strong reducing agents
and frequently high temperatures.™ Neverthel ess, thermal methods
are available for producing silver nanowires, nanorods, nanobeams,
nanobars and nanorice, nanocubes, rod needles and plate belts,
dodecahedra, bipyramids, nanoplates and nanoprisms, and other
complex structures.>~” Photochemical methods have also been
developed for the synthesis of spherical nanoparticles,® dodecahe-
dra,® and nanoprisms.®*° The advantages of photochemical methods
are that they have excellent spatial and temporal control, avoid the
use of harmful strong reducing agents, and are frequently room

10.1021/ja910010b © 2010 American Chemical Society

Scheme 1. Synthesis of AgNP Seeds
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temperature procedures. Further, reducing agents and other materials
used in therma synthesis can leave chemica debris on the
nanostructure surface; in contrast, light is simply turned off at the
end of the synthesis. Current photochemical synthesis of nano-
spheres shows little control over particle size, unless one uses a
variety of techniques to produce the colloids. The synthesis of plates
and dodecahedra require prolonged irradiation and also strong
reducing agents such as citrate or NaBH, to form theinitial AgNP,
followed by modification with a variety of stabilizing agents such
as L-arginine and poly(vinyl pyrrolidone) (PVP).

For usit was critical to obtain small AgNP seeds, since the shape
control methods reported here al lead to particle growth; further
to prepare dodecahedra, small seeds are indispensable. An agueous
solution of 1-2959 and AgNO; containing citrate was photolyzed
with UVA light. The citrate arrests the growth of the particles at
~3 nm. Further details are given in the Supporting Information
(Sl). See Scheme 1 and Figure 2.

Size control over spherical AgQNPs was achieved by irradiating
a solution of AgNP seeds in our LED apparatus with four LEDs
with Amax 405 nm; spectral changesin the UV —visregion are shown
in Figure 3. Upon 405 nm excitation the AgNP colloids show a
Amax Shift from 395 to 416 nm. The maximum at ~395 nm is due
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Figure 2. A representative UV/vis absorption spectrum of a0.2 mM Ag*
solution after UVA irradiation and a TEM image of the AgNP seeds with
a scale bar of 20 nm.
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to the dipolar plasmon absorption of 3.3 + 0.4 nm AgNP colloids
(our seeds), and according to Mie theory the increasing contribution
of higher order plasmon modes results in a red shift in their
absorption.*>*? Figure 3 shows the change in average particle size
against irradiation time as determined by SEM (see Figure S2 in
the SI). The change in particle size and the red shift in the plasmon
absorption with increasing irradiation are a consequence of 405
nm excitation. The process begins as a rapid change in size (see
first minute) attributed to the initially high concentration of small
reactive AgNP seeds that combine to make larger particles; the
rate of growth decreases as the particles coalesce at longer times.
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Figure 3. UV/vis spectral change upon 405 nm irradiation (initial in black,
final in red) and (inset) change in particle size (determined by SEM) against
irradiation time. The line in the plot is simply a visua aid.

Irradiation of AgNP seeds with 455 nm LED causes the spectral
changes shown in Figure 4. The end spectrum after irradiation
shows a principal absorption at ~480 nm due to the in-plane dipole
and weaker bands at 400 and 340 nm due to the in-plane quadrupole
and the out-of-plane quadrupole plasmon modes, respectively.™®
The SEM and TEM images of the resultant Ag nanoparticles show
complete conversion of seeds to dodecahedra with a narrow
polydispersity. For SEM images, see Sl.
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Figure 4. UV/vis spectral change during 455 nm LED excitation (initial
in black, final in red); note that at ~650 nm the maximum absorbance
increases and then decreases at intermediate times (green) during conversion.
The inset shows TEM image for a representative particle (size bar = 20
nmy.

The irradiation of AgNP seeds with 627 nm light led to the
spectral changes of Figure 5, corresponding to the conversion of
small spherical seeds to platelets. Figure 5 aso shows a representa-
tive image of the AgNPs formed that have a large distribution of
nanoplates. The new absorption bands in the UV/vis spectrum at
690 and 331 nm are due to the longitudinal and transversal plasmon
mode absorptions respectively.® The same conversion to Ag
nanoplates can also be obtained using 590 nm LED irradiation (see
Sl).
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Figure 5. UV/vis spectral change and TEM image (background) during
627 nm LED excitation of AgNP seeds with ~900 nm absorption increase
and then decrease during the overall conversion.

The spectral change upon 720 nm excitation is shown in Figure
6 (SEM included in Supporting Information). Again, there is a
decrease in the dipolar absorption at ~395 nm and a subsequent
increase in absorbance at 800 nm attributed to the longitudinal
plasmon mode of Ag nanorods. While the reproducibility of the
synthesis of Ag nanorods proved difficult, the spectroscopic change
seen in Figure 6 was aways observed for 720 nm irradiation
whether the final absorbing species was plates or rods. Figure 6
also includes the image for an exceptionally long rod (70 nm x
730 nm); most rods had an aspect ratio of 2 or 3.
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Figure 6. UV/vis spectral change during 720 nm LED irradiation as well
as an exceptionally large aspect ratio nanorod (inset).

Upon inspection of the UV /vis absorption spectra of seeds during
LED photoconversion to other sizes and morphologies two observa-
tions are striking. First, in al cases the major absorption at ~395
nm due to the well-known dipolar absorption of citrate-stabilized
spherical AgNPs decreases as the absorption band of the final
nanostructures increases; e.g., under 627 nm LED irradiation, the
dipolar absorption decreases while the longitudinal absorption for
platelets at ~690 nm increases. Similarly, for dodecahedra and rods
the in-plane dipole and longitudinal plasmon modes increase upon
455 and 720 nm irradiation, respectively. In all cases thereis aso
a broad absorption at long wavelengths that increases and then
subsequently decreases as the initial seeds are consumed. Thislong
wavelength transient absorption is attributed to aggregates that form
during the photoconversion to other shapes, as described by the
aggregation/coalescence mechanism of Scheme 2.
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Scheme 2. Aggregation/Coalescence Mechanism of
Transformation of AQNP Seeds

When metal nanoparticles, especialy AgNPs, are excited by light
there is a corresponding electromagnetic (EM) field induced
surrounding the excited particles that is one of the major mecha-
nisms in SERS enhancement by metal nanoparticles.” In fact the
resultant EM field in the vicinity of AgNP is extremely high in
comparison with other metals, and it is likely that this is why
photoconversion of metal NPs to shapes like plates is dominated
by Agin theliterature and why the mechanism proposed here works
so well for Ag. ThisEM field has been shown to cause aggregation
and further increase the SERS intensity,** and it is this EM field
that is used here to cause the transient aggregation of AgNP seeds
resulting in the broad absorption characteristic of these aggregates™*°
In all cases the aggregates that form absorb light and the light is
efficiently converted to thermal energy that causes coalescence, but
if the process was only thermal, then the high energy 410 nm
photons should have enough energy to form the most stable
dodecahedra but growth to larger spheresis observed instead. It is
presumed that O, plays an important role in the initial stages of
formation of anisotropic seeds as described by Maillard et al.*®
However, in the work by Maillard et d. it is briefly stated that the
synthesis of Ag nanoplates becomes nonlinear at high light intensity,
which we éttribute to the contribution of the aggregation/coa escence
mechanism described here that becomes more important under high
light intensity (provided by LED).

Exposure around 455 nm produces multitwinned seeds that
reduce the surface energy as the most stable form of small AgNP
seeds under these light conditions, which then grow into dodeca-
hedra.™® However, 405, 627, and 720 nm excitation produces larger
spheres, platelets, and rods respectively, which do not arise from
seeds with twinning defects but are generally considered structures
from single crystalline seeds.*” Therefore, it cannot be defects that
direct the growth of nanoplates, rods, and larger spheres; it israther
the excitation wavelength and induced electromagnetic field that
directs the growth. LEDs at 505 nm were also used to test the
mechanism, and they produced particles with three major absorption
bands at 541, 421, and 333 nm (S| and center cuvette in Figure 2).
The absorption spectrum and SEM images correspond to a mixture
of mostly hexagonal nanoplates and a small population of dodeca-
hedra that have a similar major absorption at 541 nm, which helps
confirm that the LEDs act as a “pull” to form particles with major
absorption at or near the excitation wavelength. It is important to
note that LEDs were preferred for excitation because of their high
emission intensity and low cost. Other conditions required for LED
transformation and experiments to support the aggregation/
coal escence mechanism are stated in the Sl.

In conclusion, we show a new photochemica synthesis of ~3
nm AgNPs used as seeds to photogenerate other nanostructures with
size and morphology control, including larger spheres, as well as

dodecahedra, nanoplates, and nanorods. The size control and
formation of nanorods are examples of a new method of synthesiz-
ing these structures, whereas dodecahedra and nanoplates provide
evidence that the complex mixtures of stabilizing agents frequently
used to photochemically produce these materials are unnecessary.
The use of LEDs as excitation sources allows versatility and control
in the cost-efficient manufacture of a variety of particles, which
display predictable and controllable optical absorption over the
entire visible range. Photochemically grown AgNP seeds are used
to provide rapid and exceptional photochemical control over AGNP
morphology and optical properties by exploiting the intense
emission of light emitting diodes and the plasmon absorption of
AgNPs.
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Supporting Information Available: LED apparatus used to irradiate
3 mL samples in cuvettes, SEM images of AgNPs used to determine
the average particle size after 405 nm irradiation, spectroscopic data
from experiments attempting to convert seeds to plates and dodecahedra
with a Xe lamp and band-pass filters, 590 nm LED irradiation results,
spectra of seeds after ambient light exposure as well as experiments
using alaser to attempt size control and PVA as a stabilizing agent are
described. This material is available free of charge via the Internet at
http://pubs.acs.org.
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