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ABSTRACT Gold nanorods have significant technological potential and are of broad interest
to the nanotechnology community. The discovery of the seeded, wet-chemical synthetic
process to produce them may be regarded as a landmark in the control of metal nanoparticle
shape. However, the mechanism by which the initial spherical gold seeds acquire anisotropy
is a critical, yet poorly understood, factor. Here we examine the very early stages of rod
growth using a combination of techniques including cryogenic transmission electron
microscopy, optical spectroscopy and computational modeling. Reconciliation of the
available experimental observations can only be achieved by invoking a stochastic,
‘popcorn’-like mechanism of growth, in which individual seeds lie quiescent for some time
before suddenly and rapidly growing into rods. This is quite different from the steady,
concurrent growth of nanorods that has been previously generally assumed. Furthermore we
propose that the shape is controlled by the ratio of surface energy of rod sides to rod ends,

with values of this quantity in the range of 0.3 to 0.8 indicated for typical growth solutions.
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old nanorods have strongly anisotropic optical properties, which suggest diverse
Gtechnological applications.'™ The rods exhibit optical absorption peaks arising
from surface plasmon resonances in the longitudinal as well as transverse directions. The
resonances can be tuned to absorb light with wavelengths ranging from 520 to more than
1600 nm by control of the aspect ratio (the length / diameter ratio) of the rods.”® Although
gold nanoshells possess similar tunability and absorption efficiencies,”'' gold nanorods
arguably offer a more convenient platform'>"® because they are more readily synthesized.

s 14

The ‘seeded process’ ~ (Equ. 1) to grow nanorods is now widely adopted:

CisTABr
Ag*
2HAuCly + 3C¢HgOg _— 2Au®(manorod) + 3C6HeO6 + 8HCI (D

0
AU (nanosphere)

where C¢HgOg is ascorbic acid and C¢HgOg is dehydroascorbic acid (DHA), the oxidized
form of ascorbic acid. Silver nitrate is usually added to provide shape control
([C16TA][AgBr] has also been used" (where C;sTA = cetyltrimethylammonium)). Related
routes requiring neither pre-synthesized seed'>'” or Ag'®"? have also been demonstrated.

In the ‘seeded’ process, gold nanorods are formed by the addition of small gold
nanoparticle seeds (usually ~1 to 3 nm in diameter) to an aqueous ‘growth solution’
consisting of a mixture of surfactant (C;¢TABr), ionic gold (usually AuCly’), weak reductant
(ascorbic acid) and ionic silver. The resultant nanorods are usually 10 — 20 nm in diameter
and 30 — 60 nm in length, and the dimensions are typically determined by the amount of seed
and/or by the ionic silver concentration. If the concentration of C;¢TABr is at least tenfold
greater than that of AuCly, then the gold complex is solubilized within the surfactant
micelles.” C;¢TABr has an aggregation number of around 100 — 200 (depending on other
solution components),”’ and a size of about 2.5 by 4 nm,*' so that, in the range of

concentrations employed in most nanorod syntheses, there may on average be only one or
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two gold-containing ions associated with a micelle. Although chloride ions may poison rod-

.19, 222
growth reactions,' #%

the concentration arising from those released from AuCly has an
insignificant effect in this case.

There is still difficulty in explaining how the initially isotropic seed particle switches to an
anisotropic nanorod geometry, particularly in the case of silver-assisted synthesis which
produces nanorods that are single crystals.”* To start with, these particles possess six
equivalent growth directions. Somehow, only two of these, at 180° to one another, are
selected in the transition from seed to rod. In syntheses performed without silver ions, the
resulting nanorods are pentagonally twinned and it has been suggested that the anisotropic
factor that seeds rod growth may be twinning in the seed.” Alternately, it has been proposed
for syntheses with or without silver ions that electrostatic considerations were responsible,
with rod growth favored at sites of greater surface curvature.'” However, this still leaves the
question of how an anisotropic particle with a region of greater curvature was established in
the first place.

Attempts have been made to resolve this puzzle by determining the particle geometry at
various stages in the growth process.””?’ For example, arresting the nanorod growth at
various times by additions of sulfide ions has been investigated,?® but there is no guarantee
that chemical and subsequent centrifugation treatments do not affect the particle geometry in
this case. Another method to determine the dimensions of nanorods is to match the kinetically
monitored longitudinal peak position to a range of simulated optical spectra.”®*’ This method
requires detailed knowledge of the actual geometry of the nanorods because particles with
equal aspect ratios but varied geometries e.g. ellipsoids or sphero-cylinders, will display
different spectra; additionally, simply changing the end-cap geometry can cause a significant

peak shift.>**' Henkel er al. and Morita et al. used SAXS to estimate the in situ particle



3233 and then invoked the optical determination of Brioude

dimensions of growing nanorods,
et al.>* to validate their results in terms of the aspect ratio.

In general, however, detailed characterization of the very earliest stages of growth, in
which the equiaxed seeds begin to grow anisotropically, has eluded investigators. This is the
topic that we address here.

The directed growth of gold nanorods is generally attributed to the preferential passivation
of the sides of a growing rod by the formation of a C,¢TABr bilayer,”> leaving the ends of
the rod free to grow, however, there has also been a suggestion that the mechanism involves
soft templating by C;sTABr micelles.'® *® If Ag is present, it has been determined to be on the
sides of the nanorods in the form of a sparingly soluble Ag-containing complex with the
formula CoH4,-NAgBr,.">*" The sides of the rods generally present relatively loosely packed
crystallographic planes to the environment, e.g. {110}** or higher index (e.g. {250}°®) planes,
and it has also been suggested that underpotential deposition (UPD) of Ag” on such loosely
packed Au facets is responsible for their passivation.”* However, due to the high
concentration of bromide ions in the growth solution, it might be expected that the silver
metal will return to the complex form. A mechanism where AgBr (rather than Ag’) shields
the sides of the nanorod to promote elongation has also been mooted.'*">** *° The net effect
of any of these processes is to retard inwards mass transfer of Au onto the sides of the
nanorods, thus encouraging anisotropic growth at the ends. It is now well known that
Ci6TABr is considerably superior to any of the other single chain cationic surfactants in

1922 The reasons appear to be that (1) the C tail has the

regard to growth of gold nanorods.
optimum steric properties and aqueous solubility to form a stable bilayer'” ** and (2) of

several known counter-ions for the C;4TA", Br’ provides a salt with the strongest adherence

4
to an Au surface.*



From previous studies examining the growth rates of nanorods,'” *% >

it was reported
that the radial and longitudinal growth rates are initially comparatively rapid, and then
decline asymptotically to zero. A coupled pair of empirical growth models for Au nanorods
has been proposed.’ These can certainly be used to empirically reproduce the appearance and
observed shifts of the longitudinal plasmon peak (see Supporting Information). However, a
critical assumption in this approach and in most previous studies, is that all seed particles
grow to rods simultaneously. Nevertheless, it may be deduced from the details of the multi-
step rod growth protocol of Busbee ef al., for example, that growth times of 3 to 5 seconds
are already sufficient to convert at least some seeds to rods.'® Here we show that the
assumption of parallel growth is generally false, even in the single-stage technique of rod
growth. The transition of seed particles to rods actually takes place by a stochastic process so
that there is a period in which significant proportions of seed nuclei and growing rods of

various shapes and sizes co-exist. This is a very different situation from that usually assumed

for nucleation and growth of colloidal nanoparticles.

RESULTS

In this section, we first discuss the chemistry involved in the formation of gold nanorods
followed by our investigations into their anisotropic growth. The important chemical
reactions involved in the synthesis of gold nanorods are summarized in Scheme 1. Upon
addition of [Au"'Cl4] to a C;¢TABr solution, we (see Section 3 of Supporting Information)
and others*'™* have identified the Au species present in micellar C;4TABr solution as AuBry,
with the bromide ions originating from the partially dissociated C;sTABr.*** Once dispersed
in the micellar C;sTABr solution, Au'"'Bry is reduced in a two-electron process to Au'Br,” by
1T

the addition of ascorbic acid (reportedly via an inner-sphere process involving a Au

ascorbate complex).”® The ascorbic acid is itself oxidized to dehydroascorbic acid (also a
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two-electron process). It is possible for the oxidation products of ascorbic acid,
dehydroascorbic and 2,3 — diketo — gulonic acids, to reduce gold ions*’ but elevated
temperatures (approaching 100°C) are typically required before this reduction is evident on a
short time scale.

AUO(nanosphere or rod)

CisTABr 2e (from ascorbic acid) Ag"
— >

[AUMCla] (aq) [AU""Bra] (micelte) > [Au'Brz]

!

» Au'll + AUO(nanorod)

2e (from ascorbic acid)

Scheme 1: Reactions involved in the surfactant-mediated growth of gold nanorods.

Ascorbic acid in C;sTABr solution dissociates to a greater extent than in water alone
indicating an interaction with the surfactant monomers or micelles*® and the oxidation
potential of ascorbic acid is lower in micellar environments*® than in pure aqueous solutions.
Importantly however, at this stage we find that Au' ions in the growth solution are not
reduced to Au” at any appreciable rate even when an excess of up to five molar equivalents of
ascorbic acid is present. Au' ions in the growth solution are reduced to Au’ only upon
addition of the Au nanoparticle seeds.

Figure 1 presents data obtained from UV-visible spectroscopy experiments that show the
amount of Au’ after nanorod growth has completed, as a function of the amount of added
ascorbic acid (see Section 4 of Supporting Information for complete data). No Au’ is

1II

produced at stoichiometries of less than 1:1 ascorbic acid : Au. In this range, the additions

of ascorbic acid reduce Au™

to Au' only. However, after an equimolar amount of ascorbic
acid has been added, Au’ is produced in an approximately 2:1 proportion to the further

additions of ascorbic acid within the growth solution. This is in agreement with the results

predicted by stoichiometry.
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Figure 1. Graph showing the amount of Au” formed as a function of added ascorbic acid in a
mixture comprised of growth solution and seed. The initial gold content for all experiments is

5 umoles of Au™.

1

A key feature of the disproportionation of Au' via 3Au" — 2Au” + Au'™ that helps to

establish its role during the formation of nanorods is that the disproportionation reaction is

d**" and is (2) therefore autocataly‘[ic.14 As mentioned above,

(1) catalyzed by metallic gol
we found that no reaction occurred in the absence of gold seed, even when the concentration
of ascorbic acid was increased to five times that required, but the reaction proceeded rapidly
when Au’ particles were added, thus verifying (1). Figure 2 shows the amount of Au' that has
been reduced to the theoretical maximum amount of Au” obtainable (with ascorbic acid the
limiting reactant) during the reaction with growth solution. The sigmoidal shape of the curve
indicates that the reaction is autocatalytic,'” thus verifying (2). For the reaction to proceed to

" formed by disproportionation must be rapidly reduced back to Au' by

completion, any Au
excess ascorbic acid to avoid it re-oxidizing any Au’.'” °' However, from a purely
stoichiometric perspective it does not matter whether the Au’ is produced by

disproportionation of Au' or by direct reduction of Au' by ascorbic acid because both

processes still require one mole of ascorbic acid per two moles of Au’ produced from Au'.



Based on our data, the sequence of reactions that we propose occurs on the surface of a

growing gold nanoparticle are shown schematically in Figure 3.
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Figure 2. Graph showing the concentration of Au’ (as suspended nanoparticles) resulting

from the reaction of two different concentrations of ascorbic acid with Au'.

M at the

Figure 3. Disproportionation of AuBr, according to the reaction 3Au' — 2Au” + Au
surface of a 2 nm diameter gold nanoparticle leading to growth of the particle (approximately

to scale).

Figure 4 shows UV-visible spectra recorded during the growth of nanorods in solution, in
this case produced with a growth solution containing 0.50 mM HAuCl,, 0.1 M CTABr, 0.65
mM ascorbic acid and 70 uM AgNOs. A longitudinal plasmon resonance at ~750 nm appears
in the very earliest stages of growth (# < 180 s). The peak red-shifts to ~800 nm over a period
25,27, 31, 52-

of ~180 s and subsequently blue-shifts to ~660 nm, a trend also reported by others.

> These data confirm that rods can form quite early in the synthetic process and that the
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shape then changes during the growth phase. However, the conventional interpretation of
such early spectra would be that they had been generated by an ensemble of tiny rods, each
well below the final rod size. Tantalizing evidence to the contrary is available from
experimental data provided in the prior literature but the significance was evidently not fully
recognized at the time. For example, TEM images provided by Sau and Murphy,” and
Niidome et al.?” show that nanorods of nearly full size were present even at the earliest stages
of the synthesis process, at a time when the absorbance of the colloid was still low, while
Miranda et al. interpreted the blue shift of the longitudinal resonance as evidence that
nucleation and growth had operated in a parallel rather than sequential fashion within their

photochemically-activated growth solution.*®
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Figure 4. Representative spectra of the kinetics of gold nanorods in solution. Inset shows an
enlargement of the data recorded up to 600 seconds. The earliest trace shown in either panel

is for 2.5 minutes.

To further investigate the rapid growth phase, cryogenic transmission electron microscope
(‘cryo-TEM’) images of rapidly frozen solutions containing nanorods were obtained. Figure 5
shows images obtained after 2.5 minutes and up to 24 hours after the addition of seed

particles to growth solutions. Surprisingly, rods of nearly full size are evident after only 2.5
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minutes into the growth phase. At the synthesis concentrations used and considering the
observed particle dimensions, the nanorod concentration is on the order of nanomolar and
hence rods are only sparsely distributed in the TEM samples. Nevertheless, the present work
was sufficiently exhaustive that we conclude that rods of sizes between those shown and that
of the starting seed must be exceedingly rare. Other workers who have provided TEM images
of the earliest stages of rod growth®*** have also not reported rods smaller than those shown
here. Even though a much more exhaustive TEM study may find examples of even smaller
rods, the implication of the present results is that rods must pass through this size range very
rapidly indeed. In addition it is clear that a seed can transition into a rod of nearly full size in
about two minutes. We note that the cryogenic process used to produce the TEM samples
would have rapidly halted the growth of the nanorods once freezing had occurred and so we
conclude that if any very small rods had been present in the examined material they would

have been preserved and found.

2.5 min.

15 min.

25 min.

~24 hr.

Figure 5. Cryo-TEM images of rods found in nanorod growth solution frozen after a) 2.5
minutes, b) 15 minutes, ¢) 25 minutes and d) 24 hours, demonstrating examples of the various
intermediate geometries found in each sample. Note that rods are still nucleating in the 25

minute sample, as shown by the small, pale rod in the lower left quadrant of the first panel.
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The end profiles of the imaged rods varied from flat-ended through conical to
hemispherical as time progressed but their sizes were surprisingly similar. Considering the
particle dimensions and geometry observed in the TEM in the context of the spectral data
which show steadily increasing optical density (Figure 4) it is clearly not possible for all
seeds to grow to nanorods in parallel from the point of seeding. That is, each seed particle
does not begin growing into a nanorod immediately. This is supported by fact that the volume
percent of metallic gold at 2.5 minutes (Figure 2) is only about 1% that of the final product
whereas the volumes of the largest nanoparticles observed at this time are already
approximately 50 — 60 % that of the final shape.

Previous kinetic models®* for nanorod growth have assumed that the applicable geometry
is that of a hemispherically-capped right cylinder. Our cryo-TEM data suggest that this is not
strictly correct. Furthermore, the distributions of shapes of the nanorods in an ensemble is
also expected to exert an effect on its optical extinction.’’ The presence of intermediate
particle geometries is also evident from optical absorption spectra collected towards the end
of the primary reaction prior to ageing (Figure 6). These spectra reveal that the average
geometry of the distribution is changing, and that the concentration of shapes with a red-
shifted longitudinal resonance is decreasing while that of shapes with a more blue-shifted
longitudinal resonance is increasing. Since the bulk of the shift in resonance wavelength is
associated with the longitudinal peak, and because the volume of Au” has ceased to change
much at this point in the growth process, it can be deduced that the spectral changes are due
to the flared end-cap geometry morphing into the final, familiar, hemispherical-cap. This type
of shape change has been shown to be associated with a significant blue-shifting of the
longitudinal plasmon resonance, even if the aspect ratio itself does not change.’' This change
is driven by surface energy since the early flared end-cap morphology must have a relatively

smaller area of the low energy {111} facets than the well-aged rods at the end of the growth
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process. A remaining issue is how the flared end-caps developed in the first place. We
suggest that this results from two factors; first the main growth is along a <100> direction
thus favoring flattened {100} rod ends during that initial time period when rapid growth is
dominant, and second, the limited lateral growth on the sides that does occur must proceed
somewhat faster on freshly-formed side surfaces than on the older ones. This difference in
reactivity of side surfaces with age might be the result of the surface passivating process
requiring some time to reach an optimum configuration. Such a situation would naturally
result initially in a slightly flared particle, followed later by its conversion later into the

familiar hemispherically-capped cylinder.

0.95

0.85

0.75

Absorbance

0-65 1 1 L L L L
450 475 500 525 550 575 600

Wavelength (nm)
Figure 6. Absorbance spectra collected towards the end of growth sequence ( 0.5 <7 <1
hour) when a nearly constant volume of Au’ has been achieved. Arrows show change in

absorbance with time.

Some insights into the above phenomena may be gained from two simple mathematical
models. Using the first model we illustrate the effect of nanorod shape on the optical spectra,
while the second model demonstrates how surface energy considerations affect the aspect

ratio of rods during the growth process.
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Intermediate nanoparticle geometries can be approximated from the TEM data (e.g. Figure
5) by assuming rotational symmetry about the longitudinal axis. Figure 7 illustrates
prototypical examples of these intermediate geometries and the designations that we have

given them.

Figure 7. Geometries observed during growth of gold nanorods, (a) bow-tie (BT), (b)
conically-capped bow-tie (CBT), (c) conically-capped cylinder (CC) and (d) the final

nanorod morphology, a hemispherically-capped cylinder (SC).

Optical extinction spectra, Figure 8, were calculated for ensembles of these prototypical
shapes using sizes that were observed in the TEM data. The shapes intermediate between the
prototypes were generated by assuming a linear progression of the particle dimensions. It was
assumed that the end product in the growth sequence is the familiar spherically capped
cylinder (SC). Besides the well-known strong red-shifting associated with an increase in
aspect ratio, an increase in volume also has a red-shifting effect on the main extinction peak,
while a change in the shape of the end-caps can cause blue- or red-shifts, depending on its
nature. The BT particle geometry was assigned as the most primitive (optically resolvable)
structure in the growth sequence and so the progression in morphology is BT - CBT — CC
— SC (as indicated by the arrow in Figure 8). The sequence of simulations then shows that

the longitudinal peak initially blue-shifts, corresponding mainly to an increase in aspect ratio,
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and then red shifts when the waist of the particle begins to develop and/or the rod decreases

in length and the end-caps change geometry from conical to hemispherical.

0.00

Normalized C,,,/V (m™)

600 650 700 750 800 850 900
Wavelength (nm)

Figure 8. Normalized simulated nanoparticle spectra. Corresponding geometries are
indicated on the right with intermediate spectra generated by a linear interpolation of the

relevant geometries. The large arrow indicates the direction of development.

This illustrative model reproduces the behavior of the experimentally measured data,
Figure 9. However, the experimental data has a somewhat broader longitudinal plasmon
resonance peak than the simulated data, presumably due to it having a broader distribution of
particle sizes than the simulated data (our simulations aimed to correctly account for peak
position rather than for peak broadening). We therefore conclude that the evolution of the
experimental optical spectra, and also of the growing nanorods, may be ascribed to the

sequence of events shown in Figure 8.
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Figure 9. (a) Measured absorbance spectrum of growing nanorod solution with 0.65 mM
ascorbic acid. (b) Distributions of calculated particle spectra progressing from BT — CBT —
CC — SC. Spectra normalized to experimental peak position and gold volume. (c)

Longitudinal peak positions of experimental and simulated data from (a) and (b) respectively.

The second mathematical model illustrates the effect of surface energy and kinetics on the
aspect ratio of the rod. It begins with the recognition that the development of rod-like shapes
in a single crystal of face-centered cubic gold can only result if growth proceeds more rapidly
along a particular pair of oppositely aligned <100> directions than any of the other possible
directions. While it has been generally argued that growth is restricted in the other directions
by a layer of surfactant and/or silver species that passivates the sides of the rod, here we will
show that a mechanism based on the interplay between volume and surface energy will also
provide rod-like shapes. This scheme does not impose any a priori restrictions for growth

rates along different crystallographic directions, and requires only that the surface energies of
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different crystallographic faces differ. It is therefore fundamentally different in nature, for
example, to the recently published growth model of Seyed-Razavi et al. in which the growth
of gold nanorods was modeled by prohibiting growth on any face other than the {100}.”’

To simplify the development of a model based on surface energies we considered only two
kinds of crystal facet, corresponding to either the sides or the end caps of the nanorods, with
surface energies of Ssiqe and Scap respectively. In general, a number of studies have concluded
that Ssge < Scap and that the difference may be attributed to factors such as the selective
binding of C;sTABr** ***® and/or Ag-containing compounds along the sides.">*” Of course,
the {100}, {110} or {250} facets found along the sides of the rod would have a higher
surface energy than the highly coordinated {111} facets observed at the ends of well-aged
rods in a vacuum environment. However, in the solutions used to make rods this original
difference in energy is evidently diminished or even reversed by the selective binding of
material derived from the surrounding solution onto the less highly coordinated side facets.
The important factor that influences the final shape of a nanorod is the ratio S = Ssde/Scap
operating in the aqueous environment during growth. The mechanism by which Ag ions
control rod shape can then be readily explained since the presumed attachment of Ag ions or
complexes that occurs on the sides of the rod will change the surface energy there and thus
the Sgde/Scap Tatio. For simplicity, we depict a nanorod as a hemispherically-capped right
cylinder of total length, L, and diameter, D, with a volume, V, of gold. (Although the model
could be extended to the more complex shapes described above, this would not provide a
materially different result and greatly complicates the analytical expressions.)

For convenience, V' can be expressed (see Section 6 of Supporting Information) in terms of

the aspect ratio, Y = L/D, as

Lf=nr§ =+2.(r-1) (2)
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By analogy to standard homogenous nucleation and growth theory, the work done to create
a particular nanorod can be expressed as the difference between its total surface energy and
the chemical energy released when the volume ¥ of gold was reduced to Au’ from Au'.

Normalizing both the surface energy and the volume energy with respect to Scap, and
allowing the coefficient f to contain the normalized volumetric energy of the nanorod per

nm’ (see Supporting Information), the net work done (AW) can be expressed as

Seide

AW/ =4mR*+2mRC

cap cap

— 7R? g—z.(v—lj B 3)

B was estimated from the observation that Au spheres of ~5 nm diameter represent a
threshold for longer term thermodynamic stability in growth solutions of the type used here,
so that when R=2.5 nm and S= 0.5, for example, B must be approximately 1.20 m™ in order to
AW

give =0 (the threshold condition). The trajectory that can be followed by a

cap

growing nanoparticle can be determined if (1) it is assumed that changes in shape occur in a
manner that lowers its energy, and (2) that a Monte Carlo-driven stochastic process of

incremental volume change applies.
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Figure 10. (a) Example of predicted growth trajectories for the case of Ssige/Scap=0.5 for five
differently-sized seeds that grow stochastically in a way that reduces their overall energy.
Starting seed shown with symbol ‘*’. (b) Example of predicted growth trajectories for case of
Sside/Scap=0.9 for four differently-sized seeds that grow stochastically in a way that reduces
their overall energy. Spontaneous dissolution of the seed will occur in the region to the left of
the dashed line. (c) Effect of ratio Sde/Scap On the predicted aspect ratio of a hemispherically-

capped right cylindrical nanorod in terms of the simple model proposed.
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Figure 10(a) and (b) shows data from simulations with plots of growth trajectories for
several starting seed geometries for the illustrative cases of S=0.5 and $=0.9. It is clear that
growth cannot occur if the seed is too small (dashed line) as in that case only dissolution is
energetically possible. However, any seed that is larger than the critical size will grow on a
trajectory that reaches the final aspect ratio quite rapidly. Furthermore, the final aspect ratio is
completely determined by the value of S. In Figure 10(c) we plot the aspect ratios as a
function of S. It can be seen that the stable aspect ratio of the particle can be varied from 1.0
(for § =1) to greater than 19 (for S =0.2). However, given that real gold nanorods are
generally found to have aspect ratios in the 2 to 5 range, it follows that this model predicts

that 0.35 < §<0.65 in typical growth solutions.

DISCUSSION

To account for the difference in the amount of gold deduced from the optical absorbance
versus that implied from the particle dimensions observed using TEM, both the number and
volume of nanorods in the solution must be increasing with time. This would imply both that
there 1s a threshold condition for a seed particle which must be satisfied before it will begin
growing toward the nanorod geometry, and that this threshold is reached at different times in
individual seed particles. Furthermore, an analysis of the products of nanorod syntheses
provides evidence for a bifurcation in particle dimensions at ~5 nm.”® This bifurcation
suggests that if the seed particle does not undergo the symmetry-breaking event before it has
reached about 5 nm in diameter, then it will never form a nanorod. Instead such a
nanoparticle will coarsen to become one of the larger spherical nanoparticles that are
inevitably present in small proportions in the ensembles produced by the seeded-growth
technique. However, if the symmetry-breaking threshold condition is met while it is still

smaller than the 5 nm threshold then anisotropic growth is initiated and the resulting
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nanorods achieve a reasonably tight dispersion of aspect ratios. Once the threshold condition
for rod-growth has been met the initial growth rate is very rapid. The initial mechanism is
analogous to a ‘popcorn-like’ event followed by a gradual further development of the
particle’s dimensions. A possible explanation for the failure of seeds larger than 5 nm to form
nanorods may be found in the ‘nanophase stability diagrams’ of Barnard ez al.>® which show
that a gold nanoparticle at room temperature will be most stable when adopting the
icosohedral form for a diameter less than about 4 nm, and decahedral when the diameter is
above 4 nm but less than about 15 nm, Figure 11. The implication here for the growth of rods
is that only icosohedral particles can seed a nanorod so any spherical seed that coarsens past
the critical diameter of about 5 nm will not contribute to rod growth and will instead coarsen

to an equiaxed decahedral or fcc shape.
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Figure 11. Calculated phase stability diagram for spherical gold nanoparticles. Reprinted

with permission from ref *°. Copyright 2009 American Chemical Society.

While the threshold condition that initiates rod growth could be crystallographic, the idea
of electric field assisted growth'® could also provide an explanation. The origin of this

electric field would be the adsorption of ionic species at the surface of the seed particles
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where fluctuations in the charge density or local concentration of Au ions could induce a
symmetry-breaking event. In either event, the random fluctuations in local environment that
trigger the symmetry-breaking threshold require some time to occur, hence the stochastic
delay in growth of the rod. This effect would be more significant for smaller particles leading
to another potential reason for the bifurcation in particle growth trajectories at about 5 nm
diameter. There is no reason why stochastic growth of this type should be restricted to gold
nanorods, and evidence of its occurrence in the growth of other anisotropic nanoparticles

should be sought.

CONCLUSION

Whereas previous work has assumed a gradual and parallel growth of seeds into nanorods,
here we have shown that intermediate geometries are formed by a comparatively early
growth event which is of a stochastic nature. These intermediate particle geometries have
been observed in cryo-TEM data and inferred from optical extinction data. The
transformation between these intermediate geometries has been simulated and the associated
optical properties calculated, and the results are consistent with the experimental data. The
important influence of the ratio of surface energies between side and cap of the nanorod was
identified. The reduction mechanism of gold species was also considered. The concentration
of gold in the nanorod product is closely related to the expected amount from the
disproportionation mechanism although the formation of an Au-ascorbate complex as
intermediate is not excluded. The blue-shifting of the longitudinal plasmon peak that occurs
at the end of the growth process is associated with a change in shape from ‘bow tie’ to

hemispherically-capped right-cylinder.
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METHODS

The following chemicals were purchased commercially and used as received: C;([ABr and
ascorbic acid (Alfa Aesar), HAuBr,;, AgNO; and KBH, (Sigma Aldrich), and C;,TACI (Nanjing
Robiot). Tetrachloroauric acid (HAuCly) was synthesized according to published methods.®” Water
was purified by a MilliQ system (18.2 mQ ).

Gold nanorods were prepared using a variation of a reported method.'* *® First, growth solutions
(each of 10 mL volume) with the following concentrations were prepared: 0.1 M C;(TABr, 0.5 mM
tetrachloroauric acid (HAuCly), x mM ascorbic acid (where x varied from 0.4 to 1.0) and 50, 70 or 100
uM silver nitrate (AgNOs3). Separately, a seed solution was prepared by adding 0.5 mL of ice-cold
0.01 M potassium borohydride to 10 mL of a solution containing HAuCl, (0.1 mM) and C;sTABr (25
mM). The seed solution was aged for one hour at 30°C. Growth was initiated by addition of 10 pL of
the seed solution to the a growth solution and the mixture was maintained at 30°C for the duration of
the reaction.

UV-Vis-NIR spectra were recorded using an Agilent 8453E photodiode array spectrophotometer.
During the early stages of rod growth (up to 5 — 10 min., depending on the ascorbic acid
concentration), the optical density of the suspension was quite low and so a 10 cm path length quartz
cuvette (Starna) was utilized during this phase. For growth times longer than 10 min., a 1 cm quartz
cuvette was used. Kinetics data for the 0.65 mM ascorbic acid sample approached the detection limit
of the spectrophotometer towards the end of the reaction so it was diluted for the remainder of the
reaction. The gold concentration in the 0.65 mM sample follows the same curve shape as that of the
0.60 mM ascorbic acid sample and so diluting the sample does not appear to have affected this stage
of the reaction significantly.

The concentration of Au” during the reactions was determined by monitoring the optical absorbance
of solutions at 390 nm. Metallic gold exhibits an optical response that is relatively independent of
shape in the wavelength range 350 to 450 nm, which lies within the region of interband transitions.®"
2 In this range the absorbance depends predominantly on the number and volume of Au’

nanoparticles present and . Therefore, this has been used in the past to provide an estimate of Au’
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concentration.” *" " In the present work, the method was calibrated using well-aged suspensions of
CisTABr-stabilized gold nanoparticles of known concentration that were well-aged . This was to
ensure such that all gold was reduced and that size effects did not contribute to the absorbance at 390
nm. Another verification of the technique could be found by correlating the published inductively
coupled plasma-mass spectrometry (ICP-MS) and optical measurements of Orendorff et al.® for gold
nanorods (see Section 2 of Supporting Information). The optical method provides an estimate of Au’
that is within 20% of the ICP-MS result, a discrepancy that is much smaller than the 50% loss of Au
found by Orendorff ef al. in their overall mass balance. The discrepancy in the original work may
have been due to some of the Au remaining in the oxidized state, or due to some of the Au’ not
reporting to the pellet that was analyzed, but the net result is that optical and ICP-MS analyses are
considerably more accurate than the overall level of uncertainty of the reacting system.

Cryo-TEM experiments were performed to probe the early stages of development of gold nanorods.
The rods were synthesized in the sample preparation room adjacent to the microscope. Our standard
technique, which was found in prior work to produce a colloid with a final absorption peak at about
680 nm was applied. However, the position of this peak was not re-verified during the sample
preparation as a suitable spectrometer was not available at the location of the TEM. Images were
taken using an FEI TECNAI F30 G2 TEM at 300keV using a sample stage cooled with liquid
nitrogen. For the sample preparation no chemical changes were made to the standard growth solution
and the concentrations and method were identical to those used in the kinetics studies. TEM samples
were prepared with the aid of an FEI Vitrobot system to ensure reproducible sample conditions. In
this step 2 to 3 pL of sample was taken and placed on a TEM grid held in a controlled environment at
30°C and 100% relative humidity. A blotting time of 8 s was used to achieve an ice thickness of ~50 —
100 nm. After blotting, the TEM grid was plunged into a bath of liquid ethane to form a layer of
vitreous ice. Multiple grids were prepared and subsequently stored in liquid nitrogen. Any failure of
the specimen preparation process, as for example could hypothetically occur by reheating of the
sample, necessarily renders the TEM samples unusable. Therefore, the observed rod structures may be

confidently assumed to have grown prior to freezing
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The optical extinction properties of gold nanorods of various shapes were calculated using the
DDSCAT code of Draine and Flatau.®®®” This method uses the discrete dipole approximation (DDA)
and has been found in previous work to be accurate provided that the dipole spacing is sufficiently
small.®® A dipole spacing of between 0.4 and 0.6 nm was used here, with the larger spacing used for
the larger rods. The target was sampled once in the longitudinal direction and twice in the transverse

direction to give an average optical extinction representative of a colloidal suspension.
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