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ABSTRACT: Control over nanoparticle shape and size is
commonly achieved via a seed-mediated approach, where
nanoparticle precursors, or seeds, are hypothesized to act
as templates for the heterogeneous nucleation of
anisotropic products. Despite the wide variety of shapes
that have been produced via this approach, high yield and
uniformity have been more difficult to achieve. These
shortcomings are attributed to limited structural control
and characterization of the initial distribution of seeds.
Herein, we report how iterative reductive growth and
oxidative dissolution reactions can be used to systemati-
cally control seed structural uniformity. Using these
reactions, we verify that seed structure dictates anisotropic
nanoparticle uniformity and show that iterative seed
refinement leads to unprecedented noble metal nano-
particle uniformities and purities for eight different shapes
produced from a single seed source. Because of this
uniformity, the first nanoparticle optical extinction
coefficients for these eight shapes were analytically
determined.

he ability to predict and control the final products of any

chemical reaction is limited by the uniformity of the
starting materials. This guiding principle is deeply engrained in
molecular chemistry where structurally well-defined and
analytically pure reagents have enabled the wealth of knowledge
and synthetic capabilities that chemists, biologists, and materials
scientists now enjoy. In contrast, chemistry involving nano-
particles as reactants, or seeds, for the heterogeneous
nucleation of noble metal anisotropic nanoparticle products
often does not rely on this tenet due to the difficulty in
accessing structurally well-defined particle precursors. Instead,
most researchers focus on how to transform an ill-defined initial
state into a well-defined end state through manipulation of
reaction conditions.'* While this focus on reaction conditions
(e.g, reaction rate, the presence of trace metals, ligand affinity)
has enabled predictable control of nanoparticle shape, the yield
and uniformity of each shape are often not well controlled or
understood. Drawing inspiration from molecular chemistry, we
hypothesized that a renewed attention to the structural
uniformity of the seed precursors could be used to control
the yield and uniformity of anisotropic nanoparticle products.
However, the inability to prepare a uniform starting point
consisting of seeds with a single size, shape, and crystalline
defect structure, and to deliberately change seed uniformity and
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type,”~* has precluded rigorous mechanistic studies correlating
seed structure with product structure and generalizable
methods that consistently produce uniform nanoparticles.
Herein, we report how iterative reductive growth and
subsequent oxidative dissolution can be used for the stepwise
refinement of gold nanoparticle seeds used for anisotropic
particle synthesis (Scheme 1). This novel capability allows one

Scheme 1. (a) An Iterative and Cyclical Process of Reductive
Growth and Oxidative Dissolution Was Used To Refine
Nanoparticles (red) To Use As Seeds for the Synthesis of
Anisotropic Nanoparticle Products (blue). (b) Controlled
Oxidative Dissolution of an Anisotropic Nanoparticle with a
Au®* Species Occurs Preferentially at Coordinatively
Unsaturated Atoms, Wherein Two Au Atoms Are Liberated
for Every Au’

“Single crystalline gold nanorods were transformed through oxidative
dissolution into pseudo-spherical seeds, reductive growth into concave
rhombic dodecahedra, and subsequent oxidative dissolution into
spherical seeds. The latter two steps were repeated in a cyclical fashion.
Numbers indicate steps where nanoparticles were used as seeds to
template the growth of cubes. 4 represents an additional round of the
cyclic refinement.

to systematically study how size dispersity, shape variation, and
crystalline structure of the seed influence anisotropic nano-
particle products and enables the synthesis of eight classes of
single crystalline nanostructures from the same batch of seeds,
each consisting of a different shape, where the shape and size
uniformity exceeds that of all previously reported syntheses.
While oxidative dissolution has been used to alter nano-
particle shape through preferential removal of coordinatively
unsaturated features on anisotropic nanoparticles,"®™** cyclical
approaches are rarely used in nanoparticle syntheses and in the
refinement of a given class of nanostructures. We hypothesized
that an iterative process of reductive growth into anisotropic
nanostructures and subsequent preferential oxidative dissolu-
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tion could be used to refine the size distribution for a batch of
nanoparticles to use as more uniform seeds (Scheme 1a). In
order to study this, we synthesized seeds from single crystalline
gold nanorods, grown via the method pioneered by El-
Sayed.">'® These structures were chosen because they can be
made in greater than 95% yield, which ensures a consistent
crystalline structure in the seeds throughout the refinement
process (SI Figure S1).'* When nanorods are exposed to
HAuCl, in the presence of cetyltrimethylammonium bromide,
nanorod dissolution proceeds via a conproportionation reaction
and occurs preferentially at the more coordinatively unsaturated
features at the tips of the rod until a sphere-like geometry is
observed, as first reported by Liz-Marzin and co-workers (SI
Figure $2a—d).'® However, after this etching process, the
spherical seeds are still disperse in size, with some residual
aspect ratio (Figure 1a). Therefore, a reductive growth step was
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Figure 1. Structural analysis of (a) nanoparticle seeds and (b) cubes
grown from these seeds at stages 1, 2, and 3 in the refinement process
depicted in Scheme 1 (from left to right, respectively). The number of
nanoparticles measured is displayed in the top right of each panel.
Frequency plots of (c) the deviation of measured edge length (1) from
the average edge length of each sample (lavmge) and (d) aspect ratio
are plotted for cubes from 4 subsequent rounds of refinement.

employed to grow seeds into symmetric, highly faceted concave
rhombic dodecahedra. During this process, the size distribution
further narrows, which we attribute to the dependence of
growth rate on the size, radius of curvature, and degree of
coordination of the surface atoms of the seed. Reductive growth
was followed by a second round of oxidative dissolution, where
high-energy sites were again preferentially oxidized (Scheme
1b; Figure la) and residual aspect ratio was further removed
(SI Figure S3). Importantly, we find that this two-step
refinement process can be repeated again to further improve
the uniformity of the seeds (Figure 1c, SI Figure S4).

The particles obtained at each step in the refinement process
described above can be used to systematically investigate the
relationship between seed structural uniformity and anisotropic
nanoparticle uniformity in seed-mediated syntheses (Scheme
la; Figure la—d). While this relationship is generally
appreciated for the synthesis of core—shell nanoparticles,'”” ™"
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where the relationship between seed and product can be
correlated simultaneously, it is more difficult to determine the
fate of the seed for single composition aqueous seed-mediated
syntheses. The uniformity of a nanoparticle synthesis can be
defined by how much a collection of nanostructures deviates
from an idealized geometric solid in three important ways:
yield, shape, and size. In brief, yield provides information about
the selectivity of the synthesis for a particular shape (and is
intimately related to the crystalline structure of the seed), while
aspect ratio (AR) and coefficient of variation (CV) describe the
size and shape uniformity within that given shape (which derive
from the physical dimensions of the seed; SI Section VII).
Cubes were chosen as the product for this study, as they dry in
one orientation ({100}-facets parallel to the surface) with no
particle overlap. This is a property that enables an automated
and standardized measurement of two dimensions per
nanoparticle in a high-throughput fashion (SI Section IV,
Figures S7—S9). Analysis of these data revealed that as the size
dispersity of the seeds decreased with each step in the
refinement process from 21.5% to 15.7% to 7.3% to 4.9%
(Figure 1a; SI Figure S4), cubes grown from each set of seeds
exhibit the same trend, going from 13.2% to 9.3% to 4.8% to
2.8% (Figure 1b,c; Figure S), all with yields of >95%. Additional
analysis of cube aspect ratio suggests that this improvement in
size uniformity extends from both a tightening of absolute
dimensions, as well as a narrowing in the distribution of aspect
ratios, rather than just a shift in aspect ratio, which remains
centered at 1 for all samples (Figure 1d). These trends
demonstrate a strong correlation between the uniformity of the
seed and the uniformity of the nanoparticle and enable the
most uniform synthesis of cubes reported to date.'”**~** The
change in particle quality can be corroborated through an
ensemble measurement of the full width at half-maximum
(fwhm) of the localized surface plasmon resonance (LSPR),
where inhomogeneities manifest as peak broadening (SI Figure
$6).2%%¢ Indeed, these data show the fwhm of the seed and
cube LSPRs decrease with each refinement step (from 90 to 72
to 60 to 58 nm for seeds and from 86 to 66 to 56 to 55 nm for
cubes).

The fundamental hypothesis of our work is that the shape,
size, and crystalline structure of the seeds should dictate the
uniformity and shape yield of anisotropic nanoparticle
products. This simple idea suggests that highly uniform
nanoparticle seeds could be used interchangeably in a variety
of syntheses as a universal precursor. If true, this would
eliminate the need for unique seed synthesis protocols as
currently exists in the literature and facilitate a systematic
approach to investigation of nanoparticle shape-based phenom-
ena. To confirm this, we used one set of seeds to template the
growth of ei§ht unique shapes: cubes, tetrahexahedra,®’
concave cubes,”® octahedra, cuboctahedra, thombic dodecahe-
dra,”® concave rhombic dodecahedra, and truncated ditetrago-
nal prisms*>>° (Figure 2; SI Figures S12—524). Importantly, all
follow the relationship established above between seed quality
and nanoparticle quality and are obtained in greater yield
(>95%) with better uniformity than existing reports over a wide
range of sizes. The range of shapes generated spans multiple
exposed crystal facets ({111}, {110}, {100}, {310}, {520},
{720}), a range of degrees of anisotropy, and includes both
concave and convex polyhedra. This property of interchange-
ability represents the greatest number of shapes generated from
a single set of seeds and suggests that the wealth of literature on
shape control in seed-mediated nanoparticle synthesis could be
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Figure 2. High quality seeds can be used interchangeably to generate eight different shapes. Each panel represents a different shape synthesized from
seeds at stage 3 in Scheme 1 and is arranged counterclockwise from top left as three-dimensional graphic rendering of the shape; TEM image (scale
bars are 100 nm); high-magnification SEM image of crystallized nanoparticles (scale bars are S00 nm) with FFT pattern inset. Moving clockwise
from the top left, the shapes described are cubes, concave rhombic dodecahedra, octahedra, tetrahexahedra, truncated ditetragonal prisms,

cuboctahedra, concave cubes, and concave rhombic dodecahedra.

repeated with a renewed focus on seed uniformity to receive
markedly better results.

Many fundamental physical and chemical properties of
anisotropic nanoparticles have not been experimentally
measured due to the lack of sufficiently uniform solutions to
correlate bulk behavior with that of individual nanoparticles.
One important example of this is an optical extinction
coefficient, a property that is influenced by nanoparticle size,
shape, and composition and enables one to determine the
number of species in a solution with a simple bulk
spectroscopic measurement. However, for all gold anisotropic
nanoparticle shapes except triangular prisms®' and rods,>*~>*
extinction coeflicients have not been determined. To probe the
effect of size dispersity on the observed extinction coefficient,
we systematically prepared several solutions of cubes with the
same average edge length but varied dispersity though the
above refinement procedure. Importantly, we found that the
extinction coefficients measured for these samples monotoni-
cally increases by 40% as the CV decreases from 14.4% to 2.8%
(SI Figures S10—S11; Table S1; sections V and VI), showing
the importance of size and shape dispersity in determining bulk
optical properties. As a result, we have measured extinction
coefficients for eight shapes produced from refined seeds, all as
a function of size (Table 1). These values enhance our ability to
understand trends in optical properties as a function of size,
shape, and degree of anisotropy, and simultaneously facilitate
the use of these anisotropic nanoparticles.

The seed-focused approach to anisotropic nanoparticle
synthesis presented here will help establish a paradigm shift
in the field of nanoparticle chemistry toward an emphasis on
control and characterization of the starting reagents in order to
achieve high quality products. Such an approach likely can be
extended to other crystal defect structures (e.g., planar-twinned
and penta-twinned seeds) and compositions to not only
improve the uniformity of existing nanostructures but also to
realize novel morphologies. Furthermore, the systematic
approach used to vary particle shape and dispersity make this
approach an ideal platform to investigate how nanoparticle
uniformity and morphology impact properties and performance
in a wide range of applications beyond the extinction coefficient
measurements explored here.
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Table 1. Average Edge Lengths (I), Dispersity in Edge
Length Measured by the Coeficient of Variation (CV),
Localized Surface Plasmon Resonance (LSPR), and
Extinction Coefficients at the LSPR for Several Sizes of Each
Shape Investigated”

1 CV LSPR extinction coefficient
shape (nm) (%) (nm) M em™)

cube 43 4.1 538 451 + 0.02 x 10"
62 4.0 565 1.40 + 0.01 x 10"

74 47 589 2.17 + 0.01 x 104

87 45 602 2.86 + 0.01 x 10"

rhombic dodecahedron 39 39 556 8.99 + 0.02 X 10
49 2.4 568 1.60 + 0.01 x 10"

54 32 580 1.87 + 0.01 x 10"

truncated ditetragonal 58 54 554 8.96 + 0.03 X 10"
prism 76 42 567 1.64 + 0.01 x 10"
99 46 583 3.17 + 0.01 x 10"

cuboctahedron 40 3.8 531 226 + 0.07 x 10
67 33 553 1.19 + 0.01 x 10"

concave cube 43 5.6 576 6.40 + 0.01 x 10%°
63 6.6 612 1.54 + 0.01 x 10"

84 53 648 2.62 + 0.01 x 10"

tetrahexahedron 43 38 546 6.95 + 0.33 X 10'°
62 30 572 1.12 + 0.02 x 10"

75 4.0 588 2.17 + 0.02 x 10"

octahedron 62 37 571 7.59 + 0.01 x 10
80 26 591 143 + 0.01 x 10"

110 32 624 243 + 0.01 x 101

concave rhombic 28 4.2 558 3.69 + 0.02 X 10%°
dodecahedron 39 37 578 9.56 + 0.08 X 10'°
56 24 608 2.50 + 0.01 x 10"

“Nanoparticle dimensions were measured from at least 100 nano-
particles for each sample, details of which can be found in the
Supporting Information (SI Section VII; Figures S13—524).
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B NOTE ADDED AFTER ASAP PUBLICATION

After this paper was published ASAP May 15, 2014, a
correction was made to the grouping of the data in Table 1.
The corrected version was reposted May 16, 2014.
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