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40 ABSTRACT

a4 Density Functional Theory simulations including dispersion provide an atomistic description of
46 the role of different compounds in the synthesis of gold-nanorods. Anisotropy is caused by the
formation of a complex between the surfactant, bromine, and silver that preferentially adsorbs on
51 some facets of the seeds, blocking them from further growth. In turn, the nanorod structure is
53 driven by the perferential adsorption of the surfactant, which induces the appearance of open

{520} lateral facets.
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Understanding synthesis-structure relationships constitutes a major challenge in the study of
materials science and catalysis. Such relationships could abridge the usually cumbersome
synthetic procedures. However, complex synthetic conditions with multiple parameters and
computational difficulties in coping with the large dimensions and long timescales necessary for
worthwhile simulations mean that sufficiently detailed studies on synthesis mechanisms are still
scarce. One of the most revealing sets of experiments with a large body of data regarding the
different architectures of nanoparticles is the surfactant driven growth of gold nanocrystals. By
slightly modifying the growth conditions different architectures can be reached, opening the way
toward a myriad of applications in sensing and plasmonics.'” Among such a variety of shapes,

nanorods are definitely the most popular choice.

Nanorods are commonly prepared by seeded growth on 1-2 nm Au seeds, which are prepared
by reduction of HAuCl, with NaBH, in a solution with hexadecyltrimethylammomium bromide
(CTAB). A growth solution containing HAuCl, and a milder reductant, usually ascorbic acid, is
then added to the seed solution. Importantly, silver nitrate and CTAB are also present in the
growth solution and are believed to be crucial to induce nanorod growth.” In fact, the final aspect
ratio and dimensions of the rods can be tuned through small variations of silver nitrate
concentration.*” Elemental analysis has shown that about 9% of the nanorod is actually Ag,
which means between 2.5 and 4.3% of the surface atoms.> X-ray photoelectron spectroscopy
(XPS) has been used to confirm adsorption of Br and both Au-Br and Ag-Br interactions,® and
recent surface-assisted laser desorption/ionization time-of-flight mass spectrometry has identified
adsorbed [Br-Ag-Br] ions on the gold surfaces.” Several experimental evidences have also been

reported that support the organization of CTAB as a surfactant bilayer covering the surface of the
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nanorods.'® The crystalline structure of Au nanorods has been analyzed in detail and structural
features have been described, though there has been considerable debate in the literature. Wang
et al."" indicated an octagonal cross-section in which alternating {100} and {110} planes form
the lateral surfaces, with an angle between planes of 135°, and tips containing {110} and {111}
facets. Recent reports based on more sophisticated electron microscopy techniques claim that the
lateral facets actually comprise rather open {1250}'? or {520} crystal planes."> However, this
issue is not fully settled, as atomic-resolution electron tomography has revealed that {520} facets
may coexist with {100}/{110} facets, which can be influenced by the choice of surfactant.'* It
should be noted that {520} and {1250} planes are nearly equivalent as the former is formed by

{100}/{110} terraces and steps, and in the latter a central terrace is present.

All the ingredients, including Ag" ions, seem to be crucial for the selective formation of
nanorods. Recently, Murphy et al.® have summarized the three different mechanisms proposed to
account for the aspect ratio control observed by Ag: (i) deposition of a submonolayer of Ag on
the lateral AuNR faces (silver under-potential deposition); (if) the synergic behaviour of an
unspecified CTA-Br-Ag" complex as face-specific capping agent; and (iii) the Ag and Br
modulated solf-templating effect of the micelles (the ions inducing the spherical to cylindrical
transition). The evolving nanoparticle morphology identified by stabilizing different growth
stages through thiol adsorption” has shown that the seed rapidly elongates, followed by

widening, generating {110} and {100} surfaces that ultimately evolve into {520} facets.

All these experiments call for the use of reliable theoretical methods. The surface energy,
adsorption energy, and interaction sites can be obtained from molecular dynamics simulations in
solution. These methods have been employed with success to study the interaction of large

16-19
d.

molecules or ionic liquids on gol However, they require experimental data as the employed
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potentials that are fitted to some observables. Alternatively, first principles methods do not
require this input. The interactions including polarization and charge transfer do not need to be

2021 hot only being able to

pre-empted®® and had large success in the field of chemical activity,
reproduce data but also as a predictive tool. Unfortunately, Density Functional Theory, DFT,
methods cannot easily consider the role of the solvent when applied to surfaces. In our case
however, the interaction of water with these gold surfaces is quite weak. Therefore, mechanisms
(7) and (i) as described in the previous paragraph can be safely analyzed by DFT. To this end

we: (i) analyzed the surface energy of different facets; (i7) described the effect of halides; and

(iii) investigated the potential role of Ag on the thermodynamics of the growth process.
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Figure 1. Top and lateral views are presented for: Au(111), (100), (110), stepped (211), (520)
and (1250). Different facets that comprise open surfaces are marked by black lines for (111),

(100), (110), and (211) planes.

Calculations were performed with the VASP code.””?* The methodology follows that of

1.25

Remediakis et a where the surface energies have been computed through the PBE
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functional*® For the interaction energies of large molecules a DFT-D2 approach®”*® to account
for dispersion terms has been employed with the parameters developed by Tatchenko and

2430 \while the valence

coworkers.”” Inner electrons were replaced by PAW frozen cores
monoelectronic states were expanded in plane waves with a kinetic cut-off energy of 450 eV.
The metal slabs were constructed with 5 to 10 layers depending on the degree of openness of the
(111), (100), (110), (211), and (520) surfaces, as shown in Figure 1. The structures were
interleaved by 12 A vacuum. In all cases optimizations were performed for the topmost half
layers whereas the rest were kept constant to mimic the bulk. The corresponding k-point
samplings were denser than 0.3 A, The dipole correction was employed to correct potential
spurious terms arising from the asymmetry of the slabs.*' With such a set up our surface energies
were found to converge up to 0.005 eV/A% The calculation details and benchmarks are presented
in the Supporting Information (SI, in Figure SI-1and Table SI-1). The calculated surface energies
are similar to others previously reported in the literature with DFT.*>***7 Experimental surface
energies have only been reported for the lowest energy facet (111) and are quite scattered, values
range from 1.54 Jm® to 1.1 J/m>** The equilibrium morphology of the nanoparticles is
obtained through the Wulff construction method,”® which depends on the relative surface
energies (Table SI-2). Therefore, systematic deviations between calculated and experimental

surface energies do not affect the reconstructed nanoparticle shape.>*!

The crystal morphology
model was created with the VESTA (Visualization for Electronic and STructural Analysis)
version 3.1.4 package.”” Adsorption was only allowed on one of the sides of the slab in the

largest possible concentration as previously reported in ref.[43]. The adsorption energies of

halide anions were derived from the Born-Haber cycle.**
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The interaction of halogens, X, (or halides, X") on these surfaces was computed with respect to
the neutral molecules (or the solvated ions). The adsorption energy of halogen atoms is similar in
the case of Cl and Br and only slightly larger for I, due to its larger polarizability, see Figure 2.
Halogen atoms prefer to adsorb at the defective positions of the surface; the extra stabilization
gained at low-coordinated sites is quite small, 0.15 eV (much smaller than the value for CO,
about 1 eV*). However, the adsorption of neutral halogen atoms cannot explain why Br is
preferred in the synthetic process. If instead halide adsorption is inspected then the solvated ions
are taken as the reference point. Solvation energies are larger for ions with small radii and thus
CI" is adsorbed more weakly than Br  and I', for which specific adsorption was described in
electrochemical environments.” These results show that CI” is endothermically adsorbed to the
surface while Br™ is almost thermoneutral, and I" is quite exothermically bonded. Therefore,
overlayers of Cl" would be too labile to block surface growth due to rapid adsorption/desorption
processes.’®  Therefore, equilibrium structures close to the Wulff construction are likely
preferred when these atoms are present. On the contrary, I is too strongly bound to the surface,
thus blocking the growth process or the self-healing ability of sufficiently labile structures. In
comparison, the specific adsorption of Br™ species on the different surfaces is strong enough to
structure the particle but weak enough to allow self-healing (adsorption/readsorption) during the
growth process. This implies that halide adsorption can determine to a certain extent the

preferred facets but cannot change the morphology of the seeds.

However, the interaction of the halides with the surface cannot explain two key factors in the
structure of the nanorods. The most important is that NR growth from the spherical seed requires
a symmetry breaking event that induces the preferential growth in one particular direction. A

second aspect that requires investigation is that the lateral facets are high index planes
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preferentially identified as {520}. Therefore, a detailed analysis on the initial growth step is

required.
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Figure 2. Binding energy of atomic halogen series to the different Au surfaces with respect to
the X, molecule and for the solvated halide anions X" (X and X"; Cl = red, Br = olive and |
=blue). It can be seen that while the values for the neutral species are constant, those of the ions

differ significantly.

The structure of the small Au seeds can be estimated through Wulff construction with energies
obtained from Figure 2, which leads to a cuboctahedron structure. The crystal morphologies of
the Au nanoparticle are shown in Figure 3; the main surface is formed by {111} planes with

small contributions from {100}. The structures are in good agreement with earlier experimental
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and theoretical results.”>*! Vaia et al. suggested that this is the stage at which the 1-2 nm seed is
completed. The seed is therefore associated with some adsorbed Br atoms, but is not in contact

with the CTA™ micelle as the radius of the latter is larger at about 2.6 nm."

Figure 3. (a) Wulff construction of a gold nanoparticle representative of the seed. Yellow planes
are {111} and green ones are {100} facets. (b) The adsorption of CTAB-AgBr on {100} planes.
Note that due to the competition between electrostatic and chain interactions it is impossible to

cover all six {100} facets and thus a cylindrical configuration is templated during growth.

The seeds enclosed in the soft-template of the micelle that resemble those in Figure 3(a) are
then added to the growth mixture which contains AgNOs, more CTA", Br', and the mild reducing
agent controlled by solution pH. Growth starts by diffusion of the gold atoms into the CTA"
micelle cavity."” Ag" is needed to ensure a 100% yield of nanorods, therefore it should induce
symmetry breaking, but its precise role has not been fully discerned. We calculated the
adsorption of Ag on the different gold facets. As previously identified in ref. [20], adsorption

preferentially takes place on open facets, but the energy gain between {111} and {110} is only
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0.33 eV, not enough to ensure the appearance of open facets and most importantly, it cannot

justify anisotropy.

To understand the synergetic roles of the different chemical species in the growth solution we
started by optimizing the crystal structure of CTAB (Figure 4(a)), in which the stacking of the
aliphatic tails and the electrostatic interactions between the charged ammonium head groups and
Br’ become clear. However, in the growth solution Ag' cations and Br™ anions are present. The
formation of [Br-Ag-Br] complexes is exothermic by 2.4 eV in agreement with the [Br-Ag-Br]
complexes identified on gold surfaces.” These complexes that can be entrapped by the CTA"
cations forming the crystal presented in Figure 4(b). AgBr intercalation in the CTAB lattice
implies an energy gain of -0.70 eV/AgBr unit. In this structure the van der Waals interactions
between tails remain and the ionic interaction takes place between intact ammonium and [Br-Ag-
Br], hereafter identified as CTAB-AgBr.*® These intercalation compounds have been previously

proposed by Hubert et al. as responsible for symmetry breaking and nanorod growth.*
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Figure 4. Crystal lattices of (a) CTAB and (b) CTAB-AgBr. (Br in brown, Ag as large light grey

spheres, C grey, H white, N in blue).

Now, in the growth solution the gold seeds exhibiting {111} and {100} surfaces are placed in
contact with CTAB-AgBr. Due to the geometric structure the {100} facets can allow the
adsorption of the CTAB-AgBr as shown in Figure 3(b). The energy gain by adsorption of
CTAB-AgBr is larger than 3 eV/CTAB-AgBr per molecule. The reason for the preferential
adsorption on {100} is that CTAB-AgBr is preserved upon adsorption and patches of the AgBr
crystal can epitaxially grow on the {100} facet of the original seed. Simultaneously, the structure
keeps the aliphatic interactions between the tails while allowing the electrostatic bonding

between Br” and ammonium cations. This type of adsorption cannot be retrieved for the {111}
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facets as the AgBr crystal shows a rock-salt structure with non-polar planes of square patterns
with good registry with the Au{100} surface. This preferential adsorption with subsequent
blocking might easily be the origin of symmetry breaking and rod formation. Indeed, the
structure of the nanoparticle is such that at most four out of the six {100} surfaces can be
simultaneously covered by CTAB-AgBr. It shall be noticed that the small area of Ag" or [Br-Ag-
Br]” complexes would not be able to block only four out of the six surfaces in the cubocahedron.
Thus the mechanism by which silver under-deposition causes oriented growth in ionic liquids
might be more complex than initially suggested.”® The surfaces that are blocked in this manner
induce the growth in a direction perpendicular to them (a [100] direction, in agreement with that
found experimentally). The observation above is in line with the different energy requirements
that Grochola ef al."® identified as compulsory to obtain symmetry breaking and nanorod
formation. We have thus identified the atomistic structure responsible for the stronger
interaction. The preferential adsorption on some of the {100} facets leads to the structure in
Figure 3(b), in which the formation of a sort of tube due to the ionic interaction between Ag-Br,
growth on the {100} surface, electrostatic interactions between CTA" and terminal Br’, and the
dispersion interactions between CTA" effectively hinder further growth of the structure except in
the longitudinal [100] direction. As the surfactants have a long aliphatic chain they try to align to
maximize attraction, effectively generating a funnel that sets a preferential growth direction,
leading to a sheaf-like structure. This further supports that the symmetry breaking takes place at
very early stages as identified by Vaia ef al.'> According to our calculations it is likely that the
aspect ratio is controlled by the length of the aliphatic chain of the surfactant, something that

shall certainly be the subject of further experimental studies.
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Regarding the most stable structure after growth is completed, we calculated the relative
energies of the various surfactant coated surfaces proposed in the literature: {100}; {110}; and
{520}. {520} contains 2(110)+3(100), forming short and long terraces separated by steps, as
shown in Figure 1. Starting with the specific adsorption sites of these facets it is possible to
match the structures of the CTAB-AgBr crystal shown in Figure 4 with the different surfaces.
Due to space restrictions, adsorption takes place perpendicular to the surface following the
epitaxial growth suggested in ref. [17]. The energy changes related to the proposed final state
(thermodynamics) of the different elementary steps that control the growth of the long lateral

facets are displayed in Figure 5.

The CTAB-AgBr complex can be adsorbed on top of the gold surface, Step 1, and lose one of
the Br atoms, Step 2 (CTAB-Ag separated from Br). This leaves an Ag atom on the gold surface
still with a Br coordinated to it and with a CTA" capping it. The subsequent reaction (Step 3)
comprises completion of the new facet with incoming Au atoms complexed to CTA that get
reduced on the surface. The thermodynamic parameters shown in Figure 5 indicate that the
{520} surface has a distribution that shows short and long terraces that can accommodate the
tails and the heads of the surfactant respectively. The interaction with {110} and {100} surfaces
is less effective, see Figure 5. The final state implies that the energy reduction of the {520}
surface is much larger than that of the {100} and {110} facets. Vaia et al."® have shown that the
high index lateral facets develop in the last stages of growth. This agrees well with our
simulations as for small seed particles the positions of some of the {520} planes cannot fit in the

dimensions of the nanostructure.?’
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structures seems to be mainly of thermodynamic origin. Moreover, the {520} facets are the best
at keeping the van der Waals interactions in the surfactant crystal structures. In contrast, for too
small terraces it might be possible that the energy gained by surfactant stacking cannot revert the
ordering of the original surface energies of the low-index {100} or {110} planes. Our results are
important since we are able to provide a rational that can account for many of the results

available from the experiments.

In summary, we have presented a model based on Density Functional Theory surface energy
calculations to understand the leading interactions that drive the formation of gold nanorods
through the well-known seeded growth method. The complexity of the procedure can be
analyzed in detail by DFT simulations and the information provided by the calculations paves the

way to a better understanding of synthetic-structure relationships.
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