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hape- and size-controlled metal nano-

particles (MNPs)' ~2 have demon-

strated their utility in diverse applica-
tions ranging from catalysis* to
plasmonics>® and optical sensing.”® For
such applications, faceted anisotropic MNPs
hold several key advantages: a well-defined
surface type,>* easy maneuvering of plas-
mon resonance,® and strong electric field
enhancement at regular tips and asperi-
ties.'® Surface-enhanced Raman scattering
(SERS) benefits greatly from an increase in
the magnitude of electric field due to a
strong power dependence.'" Silver nano-
particles are superior to any other metal NPs
for SERS; for instance, the second best
metal, gold, shows 2 orders of magnitude
less enhancement.' As a result, significant
research efforts have been invested into
shape selection and control of AgNPs. In ad-
dition to single-crystalline cubes'® and octa-
hedra,'* diverse silver nanoshapes, includ-
ing pentagonal wires,'” right bipyramids,'®
pentagonal bipyramids,'” nanobars, and
nanorice,'® were reported based on judi-
cious synthetic stabilization of lattice twin-
ning defects. Pentagonal silver nanowires
were one of the earliest twinned silver
nanostructures reported’” and are cur-
rently an established area of research in Ag-
NPs."® Since pentagonal rods and wires fea-
ture pentagonal multiple twinning
(PMT),2%2" decahedra (the simplest shape
with PMT2?) have been proposed but have
not been proved explicitly as intermediates
to rods and wires.”® At the same time, there
has been only limited progress in achiev-
ing control over the length and width of sil-
ver nanowires and rods, demonstrated by
few studies that have reported control over
plasmon resonance properties.?*?° Further-

Www.acsnano.org

ABSTRACT Monodisperse size-controlled faceted pentagonal silver nanorods were synthesized by thermal
regrowth of decahedral silver nanoparticle (AgNPs) in aqueous solution at 95 °C, using citrate as a reducing agent.
The width of the silver nanorods was determined by the size of the starting decahedral particle, while the length
was varied from 50 nm to 2 pum by the amount of new silver added to the growth solution. Controlled regrowth
allowed us to produce monodisperse AgNPs with a shape of elongated pentagonal dipyramid (regular Johnson
solid, /). Faceted pentagonal particles exhibited remarkable optical properties with sharp plasmon resonances
precisely tunable across visible and NIR. Due to the narrow size distribution, faceted pentagonal silver nanorods
readily self-assembled into the 3-D arrays similar to smectic mesophases. Hexagonal arrangement in the array
completely overrode five-fold symmetry of the nanorods. Overall, our findings highlight the importance of
pentagonal symmetry in metal nanoparticles and offer a facile method of the preparation of monodisperse AgNPs
with controlled dimensions and plasmonic properties that are promising for optical applications and functional
self-assembly.

KEYWORDS: silver nanoparticle synthesis - faceted pentagonal
rods - monodisperse - size- and length-controlled nanoparticles - tunable plasmonic
absorption - rod self-assembly

more, for most preparation procedures, the
problem of plasmon control is exacerbated
by the rounding of facets** related to low
selectivity between {110} and {100} facets
upon surfactant
binding.?®

Herein we report the synthesis of pen-
tagonal faceted silver rods with precise
length and width control using decahe-
dra®” as well-defined intermediates and
clearly identify the role of decahedra in the
transformation mechanism. Plasmonic
properties of the faceted rods and their
SERS are described. Tunability of plasmonic
properties of the rods and the versatility of ~ *Address correspondence to
the synthetic approach are demonstrated. ~ Vkitaevewlu.ca.

See the accompanying Perspective by
Skrabalak and Xia on p 10.
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Figure 1. Representative TEM images of decahedra regrowth into fac-
eted pentagonal rods performed in ethylene glycol at 150—180 °C. The

scale bar is 100 nm for all images.

Figure 2. SEM and TEM images of faceted rod AgNPs prepared by the regrowth in aque-
ous solution. The rod length is (a) 62 = 3 nm; (b) 75 %= 3 nm; (c) 108 = 5 nm; (d) 142 = 7

b

gold pentagonal rods,*3° different conditions of deca-
hedra regrowth were explored after establishing their
preparation. Initially, we were able to prove that deca-
hedra conversion to rods is possible in a polyol
process.'®?® At the same time, even after considerable
efforts, the rod yield could not be improved beyond ca.
30% (Figure 1). A likely reason for low yields in our re-
growth attempts is that, at the synthesis temperature,
added Ag™ etches the decahedra surface faster com-
pared to silver reduction by hot ethylene glycol.
Subsequently, thermal regrowth in

b water at 95 °C with citrate as a reducing
(and stabilizing) agent was found to be
optimal for high-yield rod preparation.
Purified silver decahedra were introduced
into a temperature-controlled solution
immediately followed by silver nitrate ad-
dition. Polyvinylpyrrolidone (PVP) was
found to improve the yield and stability
mmmmm - of the resulting AgNPs, but not absolutely
necessary for the shape transformation.
The most notable aspect of the regrowth
process is that it occurs exclusively one-
dimensionally in the direction of the five-
fold decahedra axis, as proposed in the
literature.'3° This result was confirmed
in several independent runs using identi-
cal seeds and regrowing them to rods
with different aspect ratios. The resulting
rod diameters within a margin of statisti-
cal error remained essentially the same as
the diameter of the seed decahedral Ag-
NPs. Such remarkable growth selectivity
coupled with the full control over the rod
length by varying the amount of silver
added to decahedra seeds enables prepa-
ration of faceted pentagonal rods with

e

~ BMNITTE | desired length and thickness, shown in

Figure 2.
To demonstrate precise control over

nm; (e) 260 = 10 nm; (f) 430 = 15 nm; (g) 138 = 8 nm. The rod width is 49.5 = 2.5 nm for ~ pentagonal morphology, we judiciously

(a)—(f) and 40 = 5 nm for (g). The scale bar is 100 nm for all images.

a

Figure 3. SEM images of the initial stages of the growth of pentago-
nal rods with (a) 40% and (b) 80% of new silver added relative to that
present in the original decahedral AgNPs. The scale bar is 100 nm for

all images.

120 nm and larger.?” Since decahedra were postulated
to be a key intermediate in the synthesis of silver and

17 . .
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created pentadecahedra (elongated pen-

tagonal dipyramid, regular Johnson solid,
J16 also referred as Ino (truncated) decahedron for
metal clusters?®), which can be visualized as a decahe-
dron stretched along the five-fold axis by square facets
so that it retains a pentagonal cross section (Figures 2a
and 6b). The J,4, NP morphology has not been reported
previously to the best of our knowledge. Additional evi-
dence of length control during the decahedra regrowth
is the ability to extend the decahedra by several nanom-
eters demonstrated in Figure 3b.

The regrowth process is nearly flawless for rods
with an aspect ratio (L/D) below 4 (Figure 2a—d). The
rod yield progressively drops to 95% and below for L/D
> 5. An L/D ratio of up to ca. 11 (Figures 2f and 4) can
be readily achieved by semicontinuous silver addition.

www.acsnano.org



Figure 4. SEM images of longer pentagonal faceted rod AgNPs with

shifting to longer wavelengths and into NIR.
The sequence of color changes is represented
in Figure 5a by photographs of solutions of the
rods with different aspect ratios accompanied
by the optical spectra in Figure 5b.
Noteworthy is the resolved doublet struc-
ture of the transverse plasmon (Figures 5b
and 6a), which was predicted theoretically.®
This doublet originates from two distinct sur-
face plasmon modes supported by the pen-
tagonal geometry. The resolved doublet high-
lights the uniformity and faceting of the
pentagonal rod cross sections. With respect to
faceting, there are two reasons that it is pre-
served in our preparation: (i) well-defined

the aspect ratios of (a) 8.7 and (b) 10.2; as well as (c) and (d) longer 2 decahedra seeds and (ii) the absence of etch-
m pentagonal faceted rod AgNPs regrown in turn from ca. 0.5 pm ing structure-directing agents, such as

rods. The scale bar is 100 nm for (a) and (b) and 2 pum for (c) and (d).

For further regrowth, quasi-spherical byproduct accu-
mulates and purification becomes necessary. In an im-
portant development, we were able to restart regrowth
of relatively long rods and obtain perfectly width-
monodisperse and fairly length-monodisperse 2 pm
rods (Figure 4c,d). Therefore, the reported regrowth
process can be further optimized for synthesis of fac-
eted rods with the length of several microns.

The visual changes accompanying rod growth are
striking: first, the orange or red decahedra solution be-
comes yellow or yellow-orange as two plasmonic peaks
merge at 430—440 nm (Figure 5) and the AgNPs be-
come more isotropic as shown in Figure 2a,b. Upon fur-
ther growth, the increase in elongation leads to a split-
ting of the plasmon peaks with the longitudinal peak
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Figure 5. Optical properties of synthesized pentagonal
faceted rod AgNPs. (a) Photographs of aqueous disper-
sions and (b) UV—vis spectra of pentagonal faceted rod
AgNPs with the thickness of 49.5 *+ 2.5 nm and length of
(1)62 =3 nm; (2) 75 £ 3 nm; (3) 108 = 5 nm; (4)142 =
7 nm; (5) 158 = 8 nm.
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CTAB.2*3° Exposing the synthesized faceted
rods to CTAB or basic solutions with high pH
> 11 resulted in rounding of their edges (Figure 7).
Another point worthy of mentioning is the rather
uncommon ratio of intensities of the longitudinal and
transverse plasmon peaks. This intensity of the longitu-
dinal mode is typically significantly higher for most of
the rods reported,?*2® which is also supported by theo-
retical modeling. In this respect, it has to be realized
that, in the case of pentagonal rods, there are two sym-
metric pencil-like tips. These tips effectively present a
distribution of lengths that should broaden the longitu-
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Figure 6. (a) UV—vis spectra of the growth kinetics of pen-
tagonal faceted rod AgNPs monitored in situ at 95 °C for 17
min following silver addition. The final aspect ratio of the
synthesized rods was ca. 2.7. Each curve is separated by 1
min interval. First four spectra in a sequence are labeled with
circled symbols 1—4 for clarity. (b) Proposed mechanism
for decahedra transformation to rods including HR-TEM evi-
dence. The scale bar is 5 nm.
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can be proposed (Figure 6b). Ag™ is reduced by cit-
rate (kinetically limiting stage), and silver deposition
takes place in the areas of the highest surface en-
ergy in decahedra. Such areas are disclination
wedges between facets arising from an intrinsic geo-
metric misfit of five tetrahedral constituent units of
a decahedron,?® which are resolved in a HR-TEM im-
age (Figure 6b). Following selective silver deposi-
tion into the wedges, {111} facets are continuously

Figure 7. TEM and SEM images of rod AgNPs rounded by exposure to
corrosive environment: (a) CTAB and (b) basic solutions with pH > 11.
The scale bar is 100 nm for all images.

reconstructed with preserved dimensions, while new
rectangular {100} facets®® are progressively en-

dinal plasmonic mode significantly. (Note that inte-
grated intensity of the longitudinal mode is noticeably
higher compared to the transverse one.) At the same
time, metals rods reported and modeled so far had
rounded or flat ends, which do not induce comparable
broadening of the longitudinal plasmonic mode. It
should be noted that the actual distribution of the
length of the reported faceted rods is significantly bet-
ter than the width distribution (ca. 5% vs ca. 10% stan-
dard deviation).

In accordance with the previously proposed mod-
els of silver anisotropic regrowth®*'3? and our evi-
dence that the pentagonal cross section remains un-
changed, the following transformation mechanism
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larged. Preferential stabilization of the pentagonal
rim and {100} facets with citrate and PVP at higher
temperatures®*33 may be another contributing fac-
tor. The difference between thermal and photo-
chemical decahedra regrowth is that the latter pre-
serves the shape upon {111} facet enlargement?”
and likely initiates at the tips of the pentagonal rim,
similarly to the silver prism growth via an active
edge.®' Supporting evidence for this scenario is the
fact that decahedra overexposed to light in the ab-
sence of AgNP solution become partially truncated
(rounded) at the vertices of the pentagonal rim.?”
Due to excellent monodispersity and good stabiliza-
tion in aqueous solution, our faceted pentagonal rod
AgNPs readily self-assemble into densely
packed rafts and arrays upon drying of their
dispersions. Self-assembly is assisted by
slower solvent evaporation (>5 min) and
higher NP concentrations (2—5 mM silver).
The self-assembled layers, shown in Figure 8,
feature the structures similar to smectic mes-
ophases. The order between the layers can
be readily frustrated as shown in Figure 8b,d,
while the regular arrangement within the lay-
ers is strongly persistent. Noteworthy, the
long-range hexagonal order prevails within
the layers despite the pentagonal symmetry
of the rods (Figure 8¢,e,f). This observation is
consistent with the fact that five-fold symme-
try is not compatible with the close packing
that results from evaporation-induced self-
assembly.>* General trends of the self-
assembly were explored upon variation of
the L/D ratio. The self-assembly into well-
defined layered structures starts to be ob-
served for the pentagonal AgNPs with L/D ra-
tio as low as 2. For the L/D > ca. 4, it seems
that the silver nanorods do not have enough
mobility in the dispersions to self-assemble
readily into long-range structures, though
' the local ordering is typically observed. Fig-
i ure 8d,f demonstrates more disordered pack-

Figure 8. SEM images of self-assembled packing of monodisperse faceted pentagonal
rod AgNPs. The rod length is 102 nm for (a) and (c), 123 nm for (b) and (e), and 142 nm
for (d) and (f). The rod width is 38 nm for (c) and (f) and ca. 50 nm for the rest of the im-
ages. The scale bar is 1 um for (a) and (b), 200 nm for (c) and (d), and 100 nm for (e)
and (f).
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ing for L/D = 3.7, our current boundary as-
pect ratio for the self-assembly. The best
packing has been obtained for the particles
with L/D about 2.5 (Figure 8a). Overall, re-
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Figure 9. Comparison of surface-enhanced Raman scatter-
ing (SERS) efficiency of several decahedral and faceted rod
AgNPs (with the same silver concentration and surface cov-
erage of ca. 1.5 monolayers) using thiosalicylic acid as a
probing molecule.

ported monodisperse nanoshapes provide ample op-
portunities to systematically explore packing arrange-
ments of uniform nanoscale objects with five-fold
symmetry.

Due to ease of preparation and excellent shape and
size control, the reported faceted pentagonal rods
should be attractive for most practical applications of
metal NPs, such as in plasmonics,® sensing,® and medi-
cal treatment.” For instance, using Xia’s approach to
metal cages,'® gold pentagonal shells with two plas-
mon absorption modes tunable across visible and NIR
can be created. Pentagonal faceted AgNPs were also in-
vestigated for surface-enhanced Raman scattering
(SERS) following the observation that decahedra SERS

METHODS

Reagents. Silver nitrate (99%), sodium citrate tribasic dihy-
drate (Aldrich 99+%), polyvinylpyrrolidone (PVP, M,, = 40K), so-
dium borohydride (99%), and -arginine (TLC, 98%) were sup-
plied by Aldrich and used as received. High-purity deionized
water (>18.4 M) - cm) was produced using Millipore A10 Milli-Q.

Synthesis of Faceted Pentagonal Rod AgNPs. To prepare decahedral
AgNPs, a precursor solution of silver NPs was first prepared us-
ing a mixture of 0.500 mL of 0.05 M sodium citrate, 0.015 mL of
0.05 M PVP, 0.050 mL of 0.005 M L-arginine, 0.200 mL of 0.005 M
AgNO; and 7.0 mL of deionized water in a 20 mL vial reduced
by 0.080 mL of 0.10 M NaBH,. The resulting pale yellow solution
was stirred until it became bright yellow after several minutes.
The bright yellow solution was then exposed to a 400 W metal
halide lamp (Sunmaster).?” To produce smaller decahedra of
35—45 nm in a diameter largely used to prepare the rods, the
blue light was used (LS-500-R-HS07 Corion filter) with the expo-
sure time from 2 to 15 h depending on intensity.?”

In the next step, 2.9 mL of the freshly prepared decahedral
AgNP solution®” was centrifuged to sediment particles and re-
place a supernatant with 1.0 mL of pure deionized water. The re-
sulting silver concentration was ca. 0.33 mM. After supernatant
replacement, the decahedral AgNPs should be used within a few
days (while in presence of citrate and PVP, the decahedral Ag-
NPs are stable for at least several months). Having prepared the
decahedra seeds, 2.0 mL of water, 0.400 mL of 0.05 M sodium ci-
trate, and 0.066 mL of 0.05 M PVP were heated to 95 °C in a 20
mL vial on a magnetic stirrer (Heidolph MR3004). After tempera-
ture equilibration, 1 mL of decahedra solution was added fol-
lowed immediately by silver nitrate. Varying amounts of silver ni-
trate allowed producing rods of different length. Up to
0.15—0.20 mL of silver nitrate (0.005 M) can be added at once
to produce rods with an aspect ratio up to 4—5 in high yield in

www.acsnano.org

was superior to other common NP shapes, such as
quasi-spherical particles and platelets.?” Notably, rods
showed less enhancement compared to decahedra of
different sizes and the efficiency of SERS enhancement
dropped with the increase in L/D (Figure 9). Supported
also by the observation of minimal SERS enhancement
in solution both for rods and decahedra, it suggests that
interparticle cavities play a dominant role in this sys-
tem.>® The extensive interparticle spacing is typical for
decahedra dry films®” compared to more densely
packed pentagonal rods (Figure 8).

In conclusion, decahedra regrowth into faceted pen-
tagonal rods with the controlled dimensions has been re-
ported, and the transformation pathway is elucidated.
The rod length could be varied precisely during the re-
growth, while the width was determined by the choice
of decahedra seeds since rod growth occurs exclusively
along the five-fold axis. High symmetry and low size varia-
tion of the synthesized silver nanoshapes resulted in nar-
row plasmon peaks tunable across the entire visible and
NIR range. The faceted pentagonal rods self-assembled
readily into highly ordered layered structures with the
predominant hexagonal packing. In light of the reliable
synthetic approach, high monodispersity, excellent size
control, prominent optical properties, and propensity for
self-assembly, the reported silver NPs should be attractive
for diverse optical applications including plasmonics and
photonic sensing.

10—15 min of the reaction. To grow larger rods, 0.1 mL incre-
ments of AGNO; (0.005 M) were added every 10 min to produce
rods with an aspect ratio up to 12. In a control experiment, rods
with an aspect ratio of ca. 10 were centrifuged several times and
their regrowth was restarted following the above procedure.
The resulting rods reached the aspect ratio of ca. 40 (average
length of 2 um). Finally, adding 10 L of 0.1 M KOH prior to deca-
hedra and silver nitrate was found to improve the rod yield
slightly but was not essential for the reaction.

Characterization. Electron microscopy (both TEM and SEM) was
performed using Hitachi S-5200. Hitachi HD-2000 was used for HR-
TEM. NP solutions were deposited on a carbon-coated Formvar
grid (EMS Corp.). Operating voltage was 30.0 kV. The average size
and standard deviation were determined from SEM and TEM im-
ages by averaging diameters of at least 100 particles. UV—vis spec-
tra were acquired with either Ocean Optics QE65000 fiber-optic
UV —vis spectrometer or Cary 50Bio UV—vis spectrophotometer.
Raman spectra were recorded using R-3000QE fiber-optic Raman
spectrometer equipped with 290 mW laser at 785 nm (RSI).
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