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Improvements to published reports of the seed-mediated synthesis of
silver nanorods (AgNRs) are reported. These improvements include the
application of a depletion purification process to facilitate the
assignment of the transverse surface plasmon resonances (TSPR) of
AgNRs and access to increased lengths of the AgNRs by increasing the
solubility of the reaction intermediate, CTA-Ag—Br.

Gold and silver nanomaterials have been the subject of
considerable investigation due to their rather unique optical
properties that lead to potential applications in optical sensors,*
photocatalysis,"* plasmonic nanocircuits,® antibacterial prod-
ucts, and quantum plasmonic systems.” A commonly used
entry into the synthesis of morphologically asymmetric gold
nanoparticles (AuNPs) such as rods, plates, and tetrahedra
involves the use of growth from an initial solution population of
spherically symmetric NPs or seeds. The seed-mediated growth
method pioneered by Murphy and El-Sayed has been particu-
larly effective in achieving precise control of both the size and
aspect ratio (AR; length:width ratio) of gold nanorods
(AuNRs)*” and several methodologies have been reported for
the preparation of both AgNRs and silver nanowires (AgNWs),?
including the thermal reshaping of Ag decahedra,’ the polyol
method,* light-assisted synthesis,"** and the seed-mediated
growth method.” Seed-mediated methods using Au nano-
particle seeds or palladium (Pd) nanoparticle seeds' have
been established by Wang and Liz-Marzan for AgNR prepara-
tion."™*®* However, the preparation of AgNRs with relatively short
lengths and small diameters (<30 nm) remains challenging.'”*®
Moreover, the documented methods also involve considerable
experimental complexity, perhaps hindering a full exploration
of their application.

AgNRs synthesized via the seed-mediated method first
introduced by Murphy are particularly appealing due to their
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relatively facile control of NR length and associated longitu-
dinal surface plasmon resonance (LSPR) outcome, through the
variation of the seed quantity."*** AgNRs thus prepared have an
aspect ratio of 3.5 to 10 and diameters of 12 to 20 nm, charac-
teristics that are of particular interest in photothermal appli-
cations® and optoacoustic imaging.*® However, AuNRs
prepared using a similar seed-mediated methodology exhibit
aweak transverse SPR (TSPR) around 510 nm and a strong LSPR
signal in the 600-850 nm range.”> AgNRs prepared using this
synthesis methodology exhibit a strong absorbance at 420 nm
(assigned to a TSPR) and a strong absorbance in the range of
470 to 665 nm (assigned to a LSPR).'*'2*2% (Calculations
however suggest that AgNRs whose diameters are <30 nm
should have TSPR peaks <400 nm." On the other hand, the
absorbance observed at around 410 nm in the polyol synthesis
of silver nanowires (AgNWs; width of 30 to 40 nm) has been
assigned to AgNP impurities.”>*® After removal of these AgNPs
from the desired AgNWs, an absorbance shoulder at 350 nm
and a strong peak at 380 nm emerge. These were respectively
assigned to the SPR of bulk silver and the TSPR of NWs.>>?¢
Similarly, Murphy et al. synthesized AgNWs with widths of
35 nm using a seedless method and reported a resulting TSPR
peak at around 370 nm.*” Although absorbance maxima at
350 nm and 380 nm have been reported in several studies,**™° to
date a consensus assignment of these peaks has not emerged.

We report here the use of the depletion purification method
in AgNR syntheses that had previously been used in the puri-
fication of AuNRs* and gold nanotriangles (AuNTs).** This is
necessary because unlike the case of AgNWs, where the AgNP
impurities can be readily removed by centrifugation because of
the large differences in size/mass, AgNP impurities in AgNR
syntheses cannot be removed by centrifugation and thus
require alternate separation strategies. In parallel, increasing
the solubility of the reaction's key silver intermediate (a CTA-
Ag-Br complex), by addition of small quantities of a cosolvent,
is shown to increase the AgNR length to 224 + 77 nm from 97.3
+ 8.5 nm and extend the resulting LSPR signal to 850 nm from
the previous limit of 665 nm.
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Scheme 1 Schematic of the typical steps in the seed-mediated AgNR
synthesis. A co-solvent (2% acetonitrile) is added in the modified seed
mediated AgNR synthesis reported here in order to enhance solubility
of the key reaction intermediate — the CTA-Ag—-Br complex.

AgNRs were synthesized using the seed mediated method-
ology following a published procedure (Scheme 1).** AgNP seeds
were prepared by reducing AgNO; with NaBH, in trisodium
citrate solution (Fig. S1). The growth solution was prepared by
mixing 0.025 mL of 50 mM AgNO; and 0.25 mL of 100 mM
ascorbic acid into 5 mL of 80 mM cetyltrimethylammonium
bromide (CTAB) solution. In a typical synthesis, 0.05 mL of the
seed solution was added to the growth solution, followed by the
addition of 0.05 mL of 1 M NaOH to initiate the formation of
AgNRs. The dark green crude AgNR solution was centrifuged at
6000g for 5 min to remove excess CTAB and ascorbic acid. After
discarding the supernatant, the crude AgNR sample was re-
dispersed in 5 mL of a 1 mM CTAB solution. Note that
a white precipitate is observed after mixing AgNO; into the
CTAB solution during the preparation of the growth solution
and a layer of white precipitate exists after the product forma-
tion. The formation of this white precipitate not only reduces
the yield of AgNRs, but is also observed to limit the aspect ratio
of the resulting AgNRs.

Micron-long AgNWs have been shown to be readily separated
from the small AgNP impurities (diameter 30-50 nm) by
centrifugation.?®* This centrifugation method cannot however
be applied to efficiently separate AgNRs from AgNPs. Given the
successful use of the depletion method to induce shape and size
selection separation of AuNPs from AuNRs*' or AuNTs,** we
applied this separation method to the AgNR samples prepared
here. AgNRs thus precipitated within 1 hour after the addition
of 1 mL of a 25 wt% CTAC solution to the crude AgNR disper-
sion. After decanting the pale-yellow supernatant, the AgNRs
were redissolved in 5 mL of water to give a clear, blueish solu-
tion for further characterization.

The progress of the AgNR purification process was moni-
tored using UV-vis spectroscopy (Fig. 1a) and TEM. TEM images
establish that the AgNRs formed have an aspect ratio of 5.5 +
1.0 (diameter = 17.6 £ 1.9 nm; length = 97.3 + 8.5 nm).
Importantly, the widths of these AgNRs is smaller (<20 nm) than
those of AgNRs reported using other methods.”*'*'® These
results demonstrate the effectiveness of the depletion
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Fig. 1 UV-vis spectroscopy and TEM characterization of AgNRs. (a)
UV-vis spectra of AgNRs before (crude) and after (supernatant and
purified AgNRs) application of depletion purification. TEM images of (b)
the supernatant AgNPs separated from AgNRs in the depletion puri-
fication process and (c) AgNRs obtained via the depletion purification
process.

purification process in the preparation of morphologically
uniform AgNR samples where >95% of the Ag is in the form of
AgNRs (Fig. 1c).

The crude AgNR sample features absorbances at 350 nm
(shoulder), 420 nm (previously assigned to the TSPR of
AgNRs;***%); and 665 nm (assigned to the AgNR LSPR;''923),
After purification, the pale-yellow supernatant exhibits a single
absorbance peak at 420 nm. TEM images establish that this
supernatant solely contains AgNP impurities (Fig. 1b). The
isolated AgNR sample retains the same LSPR band at 665 nm as
that of the crude AgNR solution. However, a sharp peak at
350 nm and a broad peak at 370 nm are also present. Neither are
apparent in the unpurified sample because the absorbance of
ascorbic acid and AgNP impurities (Fig. 1a) masks them in the
spectra of the crude, as-prepared sample. Removal of the
residual ascorbate and AgNP impurities in the purification
process thus establishes that the 350 nm and 370 nm peaks are
nanomaterial-related.

A previous mechanistic study of the seed-mediated AuNR
synthesis concluded that the final aspect ratio of the AuNRs is
limited by solubility of the reaction CTA-Ag-Br intermediate.*
Noting that the AgNR LSPR band is limited to about 665 nm
when using the original seed-mediated method™ and that
a white precipitate arises in the growth solution after AgNR
formation, we reasoned that the AgNR synthesis likely proceeds
via the same CTA-Ag-Br intermediate and is thus subject to the
same solubility limitations. Although binary surfactants, such
as CTAB/cetyldimethylbenzylammonium chloride,” CTAB/
sodium oleate,® or CTAB:1-decanol,®® have been applied to
improve the solubility of reaction intermediates, their use
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introduces additional experimental complexity. Given this,
a simple co-solvent approach was employed using the addition
of acetonitrile (2% final concentration) to the reaction mixture.
This yields significantly longer AgNRs (Fig. S3; 224 + 77 nm), an
LSPR that extends to 850 nm (Fig. S2), and the two characteristic
peaks at 350 nm and 370 nm.

The attribution of the 350 nm and 370 nm absorbances to
the TSPR of the AgNRs is supported by Finite Difference Time
Domain (FDTD) simulations.>*® In these simulations, AgNRs
are modelled as cylinders with two hemispherical ends. When
the experimentally observed dimensions of the AgNRs are used
as inputs in the simulations (97.3 nm length and 17.6 nm
width), the resulting FDTD simulated UV-vis spectrum exhibits
two distinct bands at 350 nm and 370 nm (Fig. 2a), in excellent
agreement with the experimental spectrum (Fig. 1a). Additional
FDTD simulations using a range of lengths (88.8 nm to 105.8
nm) and widths (15.7 nm to 19.5 nm) establish that these
absorbance maxima are quite insensitive to the precise NR
lengths and widths (SI, Fig. S4).

The local charge density oscillations in the transverse
direction of AgNRs are shown in Fig. 2b-e. Fig. 2b and c and
present the field propagating along the z-axis and polarized
along the x-y axis of the AgNRs at 350 nm. The collective oscil-
lation of the charges follows an out-of-plane quadrupolar
resonance mode. The field enhancement at the plasmon
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Fig. 2 FDTD simulations of the TSPR of an AgNR with a length of
97.3 nm and width of 17.6 nm. (a) Calculated UV-vis spectrum of
AgNRs in the wavelength range of 300-500 nm. (b) and (c) The field
profiles of the top view and side view indicating the out-of-plane
quadruple mode (350 nm); (d) and (e) the field profiles of the top view
and side view of the dipolar resonance (370 nm) mode.
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resonance at 370 nm is presented in Fig. 2d and e. The reso-
nance peak can be labelled as dipolar resonance based on the
symmetries of the distribution.

Conclusions

In summary, we have refined the seed-mediated synthesis of
AgNRs to enable access to samples with greater physical lengths
and longer wavelength LSPR peaks. Adjustment of the solubility
of the CTA-Ag-Br complex intermediate with limited quantities
of the co-solvent acetonitrile yields AgNRs with LSPR maxima of
850 nm. Application of the depletion purification method
verifies an assignment of the 420 nm absorbance to NP impu-
rities, and FDTD simulations provide for an assignment of
AgNR 350 nm and 370 nm absorbance maxima to TSPR.
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