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From Gold Nanoseeds to Nanorods: The Microscopic Origin of the

Anisotropic Growth
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Abstract: Directly manipulating and controlling the size and
shape of metal nanoparticles is a key step for their tailored
applications. In this work, molecular dynamics simulations
were applied to understand the microscopic origin of the
asymmetric growth mechanism in gold nanorods. Different
factors influencing the growth were selectively included in the
models to unravel the role of the surfactants and ions. In the
early stage of the growth, when the seed is only a few
nanometers large, a dramatic symmetry breaking occurs as the
surfactant layer preferentially covers the (100) and (110) facets,
leaving the (111) facets unprotected. This anisotropic surfac-
tant layer in turn promotes anisotropic growth with the less
protected tips growing faster. When silver salt is added to the
growth solution, the asymmetry of the facets is preserved, but
the Br~ concentration at the interface increases, resulting in
increased surface passivation.

M any applications of noble-metal nanoparticles in medical
imaging, chemical sensing, and cancer treatment'™ require
specific morphologies and dimensions. Plasmonic resonance
responses and local field enhancements, for example, can be
tuned through the particle size and shape. This has motivated
intense research activities aiming to understand the growth
mechanism of gold nanorods to control their morphology.

Gold nanorods are usually prepared according to a well
established seed-mediated growth technique.*® The final
crystal morphology is the result of different factors, including
the initial seed geometry, the interaction of ligands, and the
presence of other additives that play a role in stabilizing
certain crystallographic facets. Determining the crystal mor-
phology of gold nanorods has been a major challenge owing
to their small size. High-resolution transmission electron
microscopy (HRTEM) studies have shown that nanorods
prepared in the absence of Ag™ have an idealized 3D prism
morphology (penta-twinned decahedral) with five Au(111)
facets at the two ends and five Au(100) side facets” (Fig-
ure 1a).

Most gold nanorods are currently prepared with addition
of silver nitrate to the growth solution as this can increase the
yield of short gold nanorods (with an aspect ratio of ca. 6) to
nearly 100 %." The cross-section of the nanorods prepared by
silver-assisted seeded growth can present more than one set of
facet orientations depending on the growth parameters and
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Figure 1. Schematic models for a) penta-twinned bipyramidal nanorods
obtained in the absence of Ag”, b) truncated hexagonal-bipyramidal
nanorods obtained in the presence of Ag*, and c) nanorods with eight
Au(5120) lateral facets."?

can include low-index (100) and (110) planes'” as well as
high-index planes.""' A nanorod geometry with eight
identical high-index lateral Au(250) facets'!! is shown in
Figure 1b. A nanorod that consists of octagonal Au(5120) side
facets, terminating in pyramids with Au(130) facets at the two
ends that are connected to the sides by four small Au(5120)
“bridging” facets,'? is reported in Figure 1c. Coexisting high-
and low-index facets, namely an alternating sequence
(14+v2,1,0), (110), (1,14+v2,0), (010), and so on, with
comparable stability and dimensions have also been
reported.!"”!

These recent studies point to the fact that the interaction
with surfactants and ions can lead to a reduction in the
relative energy of a high-index facet. This suggests that
growth can occurs on relatively open facets beyond the
standard view that the most probable facets are also the most
thermodynamically stable ones.

To understand the observed geometries, a key step is the
microscopic analysis of the facet stabilization and the
mechanism that induces the symmetry breaking from the
initially isotropic seeds. Density functional theory (DFT)
calculations have recently been used to show that surfactants,
bromide, and silver preferentially adsorb on some facets of
the seeds.'"¥ However, the cost of DFT calculations is still
preventing the study of systems that include more than a few
molecules. Force-field-based molecular dynamics (MD) sim-
ulations have proven to be effective for studying larger
systems at the nanometer scale, including the electrolyte
solution, and for accounting for the effect of temperature and
dynamics on the nano- to microsecond timescale. In our
recent work,">'! we have shown that the adsorption of
surfactants on Au facets with different indices can lead to
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different properties. Our atomistic simulations showed that
on all surfaces, cetyltrimethylammonium bromide (CTAB)
formed distorted cylindrical micelles spaced by water/ion
channels, which can provide a path for the diffusion of the
gold reactants towards the surface.'” Moreover, CTAB
formed a protective layer on Au(100) and Au(110) planes
that is denser than that observed on the Au(111) surface, thus
explaining why the Au(100) or Au(110) facets could grow
more slowly, eventually resulting in anisotropic seed growth.
Facet-specific coverage has also been observed for peptides
on Pt nanoparticles."”

Describing nanoparticle facets as infinite planes is cer-
tainly appropriate when addressing a mature growth stage in
which the nanorods have already reached a size larger than
the micellar size, namely beyond 4-5 nm.!">'®l How would this
picture change when considering smaller particles whose
facets can be of the same size as the micelle, or even smaller?
A detailed atomistic-scale investigation of the initial stages of
gold nanorod growth has recently confirmed that the seed
particles initially grow isotropically until a critical particle
diameter of 4-6 nm is reached in the Ag" assisted growth
solution.' This is exactly the size that we aim to investigate
to understand the effect of the edges on the facet-dependent
CTAB adsorption and to address the atomistic origin of the
symmetry breaking.

The second key question is: How would CTAB adsorption
change on the higher-index facets? In particular, how would
the presence of higher-index facets challenge our
explanation of the anisotropic growth based on the
differences between (111) and (100) or (110) planes?
To answer this question, we have investigated the
adsorption of CTAB on Au(250), Au(130), and

Snapshots of the three systems are shown in Figure 2a—c,
respectively.

In the case of the cuboctahedral seed, almost no micelle
adsorption was observed on the Au(111) facets while micelle
adsorption was observed on the Au(100) facets with a struc-
ture similar to that observed on the infinite planes. In
Figure 2d-f, the Br~ and CTA" surface densities on the
different facets of the nanocrystals are reported as a function
of the simulation time. The final surface densities of CTA"
and Br~ are 1.49 and 1.53 ions nm~ on the Au(100) facets,
respectively (Table 1 and Figure 2d). These values are very
close to those determined for the infinite planes (Table 2)
while the surface densities on Au(111) are negligible.

Table 1: Surface densities of CTA" and Br~ on the facets of the various
nanostructures. The maximum standard error is 0.05 ions nm 2.

Structure CTA" Br-
[ionsnm™?| [ionsnm™?|
cuboctahedral nanoseed, Au(100) 1.49 1.53
cuboctahedral nanoseed, Au(111) 0.18 0.19
penta-twinned nanoseed, Au(100) 1.62 1.62
penta-twinned nanoseed, Au(111) 0.19 0.30
penta-twinned nanorod, Au(100) 1.53 1.48
penta-twinned nanorod, Au(111) 0.30 0.16

Table 2: Surface densities of CTA™ and Br~ and widths of the water ion channels on
different gold surfaces.”

Au(5120) surfaces in the growth electrolyte solution.  Surface Au(111)  Au(110)  Au(100) Au(250) Au(130) Au(5120)
. Fir.lally, the tIlli-rd objective of our wo¥k was to At 131 1.49 1.49 138 150 162
investigate the critical role played by the silver ions. lionsnm ™7
To date, the exact role of silver in the anisotropic Br 1.09 1.41 1.40 153 1.46 1.55
growth is still unclear. Part of the challenge stems [ionsnm 7]

channel width  0.94 0.71 0.73 0.56 0.65 0.60

from the difficulty to experimentally determine the

silver oxidation state and the location of silver on the ~ [M

gold nanoparticles. We here aimed to investigate
how silver addition modifies the structure of the
protective layer on the gold surfaces.

We considered three models of gold nanoseeds: a cuboc-
tahedron bound by (111) and (100) facets, which is the initial
geometry of the seed before any truncation™ (see the
Supporting Information, Figure S1a), a penta-twinned deca-
hedron (Figure S1b) with lateral (100) facets and tips formed
by five twinned (111) facets, and a penta-twinned decahedral
nanorod with an aspect ratio of 2:1 (Figure S1c). Each of the
nanoseeds was immersed in an orthorhombic box containing
water, ions, and surfactants. As a starting point of all
simulations, a uniform layer of CTAB, exceeding the critical
micellar concentration, was built on all of the facets. The
systems were equilibrated for a rather extended time on the
order of a few microseconds. All MD simulations were
performed with the GROMACS package (version 4.5.5),1°%
using the CTAB force field from Ref. [23] and the Lennard-
Jones parameters for gold from Heinz and co-workers™® (for
details of the simulations, see the Supporting Information).

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] The data for Au(111), Au(110), and Au(100) were taken from Ref. [15].

For the penta-twinned seeds, similar results were
obtained. On the lateral Au(100) facets, micelles clearly
adsorb with a structure similar to that observed on the infinite
planes while the situation is dramatically different on the tips.
Indeed, no clear micellar adsorption was observed on the
inter-twinned Au(111) surfaces. The surface densities of
CTA" are 1.62 and 1.53 ions nm 2 on the Au(100) facets of
the nanoseed and nanorod, respectively (Table 1). These
values are very close to those on the infinite planes (Table 2).

Our simulations suggest that at an early stage, when the
seed dimensions are comparable to those of the micelles,
a strong anisotropy is built up between the facets, which in
turn results in unprotected Au(111) facets, where faster
growth should be possible. In the case of the penta-twinned
seeds, this anisotropy would then favor the growth of
elongated rods (such an argument would not hold for the
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Figure 2. Snapshots of a) the cuboctahedral nanoseed (after 900 ns), b) the penta-twinned nanoseed (after 2950 ns), and c) the nanorod (after
1668 ns) in CTAB solution (water molecules omitted for clarity). Surface densities on the lateral sides and tips of d) the cuboctahedral nanoseeds,
e) the penta-twinned nanoseeds, and f) the nanorods as a function of time.

cuboctahedral seed where growth of the (111) facets would
result in a cube).

As already described in the introduction, rods can exhibit
higher-index facets. In Figure 3, the CTAB layers adsorbed on
different facets are compared. We generally found that on the
higher-index facets, the adsorbed micelles have a structure
rather similar to that on the lower-index facets although the
overall surfactant layer appears to be flatter and more
compact. Looking at the Br~ density (solid orange line in
Figure 3 f-h), we found that Br™ ions can adsorb in the gaps
available on the more open surfaces, resulting in a broader
peak that is closer to the higher-index facets than to Au(111).
The CTA™" density (solid blue line) follows the Br~ density
profile, also resulting in broader peaks for the higher-index
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facets. On Au(110), Au(100), Au(250), Au(130), and Au-
(5120), the Br~ density is approximately 1.4-1.5 ionsnm 2,
which is higher than the value of 1.1 ionsnm 2 obtained for
Au(111) (Table 2). The surface density of CTA™" is also higher
on the higher-index facets except for Au(250) (in the range of
1.4-1.6 ionsnm? for Au(110), Au(100), Au(250), Au(130),
and Au(5120)) and higher than the value of 1.3 ionsnm >
measured for Au(111). The denser ion coverage on the
higher-index surfaces could, in turn, be responsible for a lower
ion diffusion flux towards such surfaces. This would suggest
that in all of the considered rod models (a—c) in Figure 1, the
lateral facets would be more protected by the surfactants than
the tips, allowing for the anisotropic growth. Finally, the
water/ion channels between the micelles are narrower on the
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CTA® e CTA surfaces and forms, together with Br~, the
mi % first adsorbed layer (gray line, Figure S5 f—
5 %0 5 h). The Ag" adsorption leads to a higher
g zz 'g concentration of Br~ on the surface than in
o > £ the absence of Ag'. In fact, on Au(111),

£ 15 @ - o
g 10 g the Br surface‘ density is 1ncreas§d from
2 £ 1.09ionsnm~? in the absence of silver to
s ° 2.14ionsnm™? in the presence of silver.
Bigiss £ 32 Overall, on all three planes, passivation by
éé“ & a6 the Br~ ions is increased. Whereas the
%‘/&: g, > 9 § e 5 CTA" surface densities are similar on
S &’ ‘ & = E Au(111), Au(110), and Au(100), the Br~
%%3 > 7 < surface density is higher on Au(110) than
< %6;3 % - g’ on Au(111). Aside from the increased
‘Q{,“ : g 5 = surface passivation, the preferential silver
;*,u“é%‘ 4 = Lk adsorption (in the order (110)> (100) >
& len g 3 (111)) will slow down further gold depo-
4@. 5 < 30 sition, as the surface energy of silver is
_ 9 " £ 5 & 15% lower than that of gold. Such an
5% S SIEN S 20 § argument was also used in Ref. [25] to
;a& S Z 15 s explain the anisotropic growth of metal

< % «i‘, 2L 8 10 é’ particles in ionic liquids.

aw‘_j; . 6 5 5 - The results from the simulations sug-
Ero g B 0 gest that in the early stage of the growth,
d ge e h 5 when the seed is only a few nanometers
*L_‘(z‘“_ o u ; % 30 large, a dramatic symmetry breaking can
Aa{ : : 513 £ 25 & occur. The surfactant layer preferentially
EQ - 5\;& ﬁw\\?' W9s 5 o g covers the (100) and (110) facets, leaving
‘2’&{"." N AN ST s the (111) facets unprotected. In the case of
< @‘ﬁ" - g 10 gf penta-twinned nanocrystals, for example,
%é‘ : Mol 5§ 5 ~  CTAB micelles adsorb on the lateral Au-
& e, 0 (100) facets with a structure similar to that

Figure 3. Snapshots from the simulations for a) Au(111), b) Au(250), c) Au(130), and d) Au-
(5120). lon densities and integral numbers as a function of the distance from the surface for

e) Au(111), f) Au(250), g) Au(130), and h) Au(5120).

higher-index facets than on the lower-index facets (Figure S4
and Table 2). This would eventually lead to faster diffusion of
the gold reactants towards the Au(111) surface than towards
the higher-index facets.

How is the depicted scenario modified upon addition of
silver salt? In silver-assisted seed-mediated growth, the
presence of 5% Ag" already increases the yield of the gold
nanorods to nearly 100% although higher concentrations
(comparable to the CTAB concentration, 0.1m) of Ag" have
also been used.”” However, the actual concentration at the
interface, namely the Ag" surface density, has not been
determined experimentally. Given the high propensity of Ag*
to adsorb on gold surfaces, it is expected that even in the
presence of a relatively low concentration of AgNO; in the
electrolyte solution, the surface concentration of Ag" may be
quite high. In our simulations, we considered an electrolyte
solution containing a AgBr amount that corresponds to 20 %
of the CTAB amount. In our model, Ag" and Br~ are
adsorbed on the surface in ionic form, and silver reduction
was not considered.

www.angewandte.de
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observed on the infinite plane while no
micellar adsorption is observed on the tips.
The anisotropic surfactant distribution in
turn promotes anisotropic growth, with
the less protected tips growing faster.
Some higher-index facets that have also
been experimentally observed in the mature nanorods behave
similar to the low-index (100) and (110) facets, but are at odds
with respect to Au(111).

Finally, we investigated how the picture described thus far
changes upon addition of a silver salt to the solution. Silver
ions have a strong propensity for the gold surface where they
can form AgBr islands with different specific geometries
depending on the surface plane. Although the structure of the
surfactant layer is similar to that in the absence of silver, silver
substantially increases the Br~ concentration at the interface,
resulting in increased surface passivation.

In conclusion, our work has shed new light on the
microscopic structure of the nanorods and electrolyte solu-
tion, dissecting the roles of the different components, includ-
ing the shapes of the nanoparticles at an early growth stage,
the higher-index facets, and the silver ions, in the anisotropic
growth process. Our work paves the way for further simu-
lations in this area, which will include gold reduction at the
interface.

Angew. Chem. 2016, 128, 12139-12143
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