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ABSTRACT: The use of chiral organic ligands during
nanoparticle synthesis is key to designing optically active
materials for biological and catalytic applications. To under-
stand such complex processes at the atomic level, we performed
DFT simulations and built Wulff thermodynamic structures to
model the impact of amino acids on gold nanoparticle
morphology. Herein, we report the adsorption of L-cysteine at
low and high coverage on achiral gold surfaces (111), (110),
and (100) as well as chiral gold terminations (321) and (321).
We found that L-cysteine preferentially binds to Au(321),
inducing a chiral templating effect, and the enantiomeric

enrichment is favored at low coverage situations.

B INTRODUCTION

The precise control of morphologies and surface terminations
of metal nanoparticles (NPs) is a major focus in synthetic
nanotechnology, as their shape is intimately related to their
activity and properties.' > In the past decades, the shape
control of gold nanoparticles (AuNPs)*™° has made great
advances due to the relevance of these systems in sensing,’
biomedicine,”” and catalysis.'"'

The role that NPs play in many biological'* and optical
applications creates the need to develop chiral materials.'*"
The chiral templating of nanocrystals'® can be approached by
using surface modifiers during nanoparticle growth.'” Since the
pioneering synthesis of optically active Au,g clusters,'® the
preparation of chiral AuNPs has quickly developed.'” Quite
recently, Lee et al. reported the synthesis of twist-shaped chiral
AuNPs using amino acids and peptides.”” Moreover, the
impact of chirality of AuNP has been recently studied for
optical’' and catalytic*> applications.

To predict nanocrystal shapes,” we need a proper
description of the interaction between metal surfaces and
organic ligands.”*** In that sense, computational modeling
comes into play to provide atomistic detail at the nano-
scale.”*~** Adsorption studies on gold have been reported for a
myriad of surface modifiers, such as thiol derivatives®” as well
as amino acids and peptides,””™*> among other ligands.”*~*’
Because of the particular properties of the Au—S interface,*®
the interaction between the sulfur-containing L-cysteine amino
acid and Au surfaces is currently exploited to transfer chirality
to AuNPs.”"~** Most theoretical studies focus on low-Miller-
index facets,””™* some of them including dy'namics,%’47 but
only a few reports deal with chiral surfaces,* such as
Au(321)* and Au(17 11 9).°>°" With regard to the
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morphology, the Wulff theorem®” provides a robust approach
to predict the thermodynamic equilibrium shape of NPs. The
method relies on the energy required to create each surface, y,.
In the presence of solvent or ligand modifiers, the surface
energies y, are replaced with those of the interface, y,". This
protocol®
equilibrium shape of thiolate-decorated AuNPs"* as well as the
effect of CO adsorption on different AuNP morphologies.’®
Nevertheless, the impact of enantiomeric differentiation by
chiral modifiers on nanostructures has not been addressed.
Here, we present density functional theory (DFT) simulations
to study the chirality induced to AuNPs by organic ligands

has been successfully employed to describe the

(Figure 1). We report the adsorption of the natural L-cysteine
enantiomer on achiral gold surfaces (111), (110), and (100) as
well as the enantiomeric gold facets (321) and (321). We
consider both low and high coverage situations and evaluate
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Figure 1. Differentiation of enantiomeric metal facets by chiral
modifiers.
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the impact of the chiral ligand on AuNP morphologies via
Waulff constructions.

B COMPUTATIONAL METHODS

All calculations were performed at the density functional
theory (DFT) level using the Vienna Ab initio Simulation
Package (VASP).**” The PBE exchange—correlation func-
tional™® was used together with van der Waals corrections™” via
the Grimme D3 approach.”” We employed the projected
augmented wave (PAW) method®' to describe the core
electrons and plane waves with a kinetic cutoff of 450 eV to
describe valence electrons.

Periodic boundary conditions were employed to model Au
surfaces for three low-Miller-index planes, (111), (110), and
(100), and two high-Miller-index planes, (321) and (321). The
(111) and (110) facets were modeled with 4 atomic layers, the
(100) facet was constructed with 8 atomic layers, and the
(321) and (321) terminations were built with 16 atomic layers.
The number of layers used to construct each surface was
determined by their openness degree.”” In all cases, the half
bottom layers were kept fixed to mimic the bulk while the half
upper layers were fully relaxed. A 15 A vacuum region between
slabs and a dipole correction along the z-axis were employed.®®

The studied Au facets were described with different models:
Au(111) and Au(100) were represented by p(4 X 4) slabs,
Au(110) was modeled by a p(3 X 3) slab, and Au(321) and
Au(321) were described by p(2 X 2) slabs. The Brillouin zone
for all models was sampled by a 3 X 3 X 1 k-point mesh
generated through the Monkhorst—Pack method.®* The crystal
morphology model for the Wulff construction® was created
using VESTA (Visualization for Electronic and STructural
Analysis) version 4.5.0.°> The shapes were described as a
function of surface energies and the symmetry point group of
the nanoparticle. Because the presence of the chiral ligand
distorts the otherwise equivalence of Au(321) and Au(321)
enantiomeric facets, we performed a descent in symmetry from
F,3n to Fu3,°° to remove all mirror planes when computing
equilibrium shapes.

All inputs and final structures can be found in ioChem-
BD,66'67 an open access repository for computational data.®®

B RESULTS AND DISCUSSION

In the present work, we explore the configurational space of L-
cysteine adsorbed on different gold surfaces, compute the
adsorption energies at low and high coverages, and derive the
thermodynamic equilibrium shapes of AuNPs.

The different gold terminations considered in this study are
shown in Figure 2a. Au(111), Au(100), and Au(110) are
achiral low-Miller-index surfaces, while Au(321) and Au(321)
correspond to high-Miller-index (h # k # I and h-k-l # 0)
surfaces that exhibit chiral kinks. Based on the Cahn—Ingold—
Prelog rules for organic molecules, the surface nomenclature
for Au(321) and Au(321) would be R and S, respectively.”’
The computed surface energies y, for the achiral Au(111),
Au(100), and Au(110) facets are 1.42, 1.54, and 1.59 ] m™2,
respectively. Such a trend is in line with the literature,”””"
although the values slightly differ when using Grimme D2"*
with modified parameters for the metal”® to describe van der
Waals interactions (Table S1). The y, value for both
enantiomeric facets Au(321) and Au(321) is 1.59 ] m™2
similar to that for Au(110).
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Figure 2. (a) Au facets considered in this study. (b) Optimized gas-
phase structure of L-cysteine. (c) Optimized crystal lattice of L-
cysteine. Legend: Au = orange, S = yellow, O = red, N = blue, C =
gray, and H = white.
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As for the ligand, L-cysteine is usually found in zwitterionic
form in both the solution and solid state. However, in the gas
phase only the neutral structure exists.”* Indeed, all attempts to
optimize zwitterionic species in the gas phase led to neutral
compounds (Figure 2b). To properly describe its zwitterionic
nature, we optimized the unit cell of a crystal structure of L-
cysteine (Figure 2¢),”> which contains four molecules in
zwitterionic form connected through a H-bonding interaction
network between [NH;]" and [COO]~ fragments (optimized
NH--O distances in the range 1.7—1.9 A). As reference to
compute subsequent adsorption energies, we use the solid-
state energy.76

The adsorption energies E,4, of L-cysteine on the different
Au surfaces were computed using the following expression:

E4 = Eg_L — Eg — nEg (1)

where Eg_| is the energy of L-cysteine on the metal surface, Eg
is the energy of the metal surface, E| is the energy of one L-
cysteine ligand from the optimized crystal structure, and n is
the number of molecules adsorbed.

Adsorption Energies at Low Coverage. In this section,
we report the adsorption energies of only one L-cysteine
molecule on different Au surfaces to model a low
concentration of organic modifier. We ensured that our slab
models reproduce a low coverage scenario since the periodic
images of L-cysteine were separated by at least 4.7 A.

First, we fully explored the configurational space of one L-
cysteine molecule on Au(111) and Au(321) surfaces by
considering up to six different configurations as shown in
Figure 3. Al describes the zwitterionic form found in the
crystal structure (Figure 2c) with a SH group bound to the
surface. However, in the absence of H-bond interactions
between neighboring molecules, such a configuration is not
stable and evolved toward neutral species on both surfaces. A2
also corresponds to a zwitterionic form where the negative
charge is placed on the sulfur atom bound to the surface. B
stands for a neutral species with a SH group. C1 and C2 stand
for zwitterionic and neutral states with a deprotonated sulfur
atom, where the H is included as 1/2 of H,.* Similar to A,
only the neutral form C2 is stable. Finally, D describes the
dissociation of the S—H bond on the surface.
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Figure 3. Configurational space of L-cysteine adsorbed on selected facets, Au(111) and Au(321).
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Figure 4. Most stable low-coverage structures and E,4, (eV) for Au surfaces. Legend: Au = orange, S =

white.
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Figure S. Most stable high-coverage structures and E,4, (eV) for Au surfaces. Legend: Au = orange, S = yellow,

= white.

Au(321) bridge

Au(321) top
-0.88 -1.14

O =red, N = blue, C = gray, and H

The adsorption energies of the most stable conformers for
the previously described configurations are collected in Figure
3, where the zero of energies corresponds to the clean surface
plus one L-cysteine molecule. For Au(111), the most stable
configuration is A2 with an E 4 of 0.58 eV. The presence of the

[S]” moiety in A2 agrees with the well-known affinity between
thiolate groups and gold.”” It is worth noting that all
adsorption processes on Au(111) are endothermic due to
the stability of (i) the crystal structure taken as reference and
(ii) the low-Miller-index surface. When considering an isolated
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L-cysteine molecule in the gas phase as reference (prime
notation), all adsorption energies E,4 become exothermic,
being A2 again the most stable configuration with an E 4 of
—1.02 eV (Table S2). The Au(321) surface follows the same
trend, where A2 is again the most stable structure. However,
because of the lower stability of Au(321) compared to
Au(111), the E,4 is now exothermic with a value of —0.58 eV.
When the gas-phase reference is used, the E 4" increases up to
—2.19 eV (Table S2).

Figure 4 shows the optimized structures and E g4 for all low
coverage situations in the studied Au facets (a thorough study
of structures on chiral surfaces can be found in Table S3). The
most favorable adsorption site is top for Au(111), bridge for
Au(100) and Au(110), and bridge of a step for Au(321) and
Au(321). Adsorption processes are endothermic for Au(111)
with E 4, of 0.58 eV, isoenergetic for Au(100), and exothermic
for Au(110), Au(321), and Au(321) with E,4, of —0.26, —0.58,
and —0.48 eV, respectively. With regard to chiral surfaces, the
[S]™ group binds at the same bridge site of the step for both
facets, while the relative position of the amino [NH;]" and the
carboxylic acid [COOH] moieties with respect to the terrace is
different. These structures represent 3-point contact models
for chiral recognition.”” As a result, the adsorption of L-cysteine
is preferred on Au(321) compared to Au(321) by 0.10 eV, in
line with recent experiments.”” Such an energy difference
would break the symmetry between terminations and induce
an enantio-enriched growth of AuNPs.

Adsorption Energies at High Coverage. We next
consider the adsorption of several L-cysteine molecules on
Au facets to mimic a high coverage situation. Following the
results from Figure 3, we only evaluated the configurations Al,
A2, and B.

To estimate the number of molecules required to mimic a
high coverage for all considered models, we extensively explore
conformations with up to four L-cysteine molecules on each Au
surface. Using adsorption energies per molecule as criterion
(Table SS), we report Au(111), Au(321), and Au(321) with
two molecules, Au(110) with three molecules, and Au(100)
with four molecules.””

The most stable structures for each surface are shown in
Figure S (a thorough study of structures on chiral surfaces can
be found in Table S4). For Au(111), the configuration Al is
the most favored with an overall E 4 of 0.28 eV. We observe
intermolecular H-bond interactions between [NH;]* and
[COO]™ moieties with H--O distances of ca. 1.6 A, which
are comparable to the patterns found in the crystal (Figure 2c).
This structure also exhibits intramolecular contacts between
adsorbed [SH] and [COO]~ that were absent in the crystal.
For Au(100) and Au(110), the thiolate configurations A2 are
the most stable, with exothermic E,j, values of —0.73 and
—1.33 eV, respectively. The Au(100) structure features
intermolecular H-bond interactions between [NH;]* and
[COOH]. With regard to the facet Au(321), two L-cysteine
molecules preferentially bind at bridge positions with an E_, of
—1.21 eV, in line with the results at low coverage, while the top
configuration has an E 4 of —0.97 eV. However, for the facet
Au(321), the structure at bridge sites (—0.88 eV) creates close
contacts between neighboring molecules (distances O--[S]™ of
ca. 3.3 A). In such a situation, the [S]~ groups move to top
positions to yield a more favorable E 4 of —1.14 eV. The
energetic preference of 0.07 eV toward Au(321) is similar to
that of 0.10 eV found for the low-coverage scenario.

With regard to solvation, this study does not consider
explicit water molecules, which would require the use of
molecular dynamics simulations with reactive’”® and polar-
izable”” force fields. Although water molecules will unlikely
compete with L-cysteine for surface sites on Au, they can
indeed act as proton shuttles during adsorption mechanisms.*”
Nevertheless, because of the strong interaction between Au
and S in gold—cysteine interfaces, a gas-phase approach already
provides useful trends as far as chiral discrimination concerns.

Equilibrium Shape of Au Nanoparticles. With y, of
clean Au facets and E 4 of L-cysteine at hand, we computed the
adsorption-corrected y,’, which describes the interface tension
between Au and the amino acid for low and high coverage
according to the following equation:

ys/ =7% + Eads/A (2)

The results are collected in Table 1. As expected for the clean
system, the most stable surface termination is Au(111). At low

Table 1. Clean y and Corrected 7’ Surface Energies (J m™2)
for Au Facets

v (Jm™)
(111) (100) (110) (321) (321)
clean” 1.42 1.54 1.59 1.59 1.59
low coverage 1.50 1.54 1.56 1.52 1.53
high coverage 1.46 1.46 1.39 1.44 1.45

“The experimental surface energy for Au is 1.54 J m™2%

coverage the y," values are rather close for all facets, while at
high coverage such a trend changes, and Au(110) appears as
the most stable surface.

Thermodynamic models based on Wulff constructions are
then computed using y, for clean surfaces and y,’ for low- and
high-coverage terminations. With regard to the symmetry of
the NP, all facets in the F, 3, point group are chemically
equivalent. However, to account for the chirality introduced by
L-cysteine, we descent to the F,3, point group to remove all
mirror planes and break the symmetry between enantiomeric
surfaces.

The resulting equilibrium shapes and the contributions of
each surface as percentage are shown in Figure 6. For the clean
system, the dominant surface is Au(111) with 47% followed by
Au(100) with 23%. The rest of terminations only account for
10% each one. This shape is similar, but not the same, as the
truncated octahedron found in previous reports.”>*"** Such a
deviation is attributed to the van der Waals approach
employed, which is known to impact surface properties.*’
Surfaces energies computed via Grimme D2’* with modified
parameters for the metal”” did provide the expected truncated-
octahedral shape (Figure S1).

At low coverage, the effect of the organic ligand is quite
significant. The previously dominant Au(111) and Au(100)
surfaces drop to 12% and 15%, respectively. In turn, the
contribution from both chiral surfaces increases up to 68%.
Interestingly, while the chiral facets were equivalent in the
clean particle (10% each), the presence of L-cysteine drives the
enantiomeric differentiation favoring Au(321) (38%) over
Au(321) (30%). At high coverage, Au(111) goes further down
to 5% while Au(100) remains at 15%. The enantiomer
Au(321) (30%) still predominates over Au(321) (23%), but
the overall contribution from both chiral surfaces decreases to
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Figure 6. Wulff constructions of clean, low coverage, and high
coverage of L-cysteine on AuNPs and surface distribution (%).

53% at the benefit of Au(110), which increases from 5% to
28%. Therefore, although the relative enantiomeric discrim-
ination is similar for both low- and high-coverage scenarios
(8% and 7%, respectively), the percentage of chiral surfaces is
smaller for the latter one (68% and 53%, respectively).

B CONCLUSIONS

We present periodic DFT simulations combined with Wulff
constructions to understand the enantiomeric enrichment
driven by the amino acid L-cysteine on chiral gold surfaces. At
low ligand coverage, the adsorption energy of L-cysteine on
Au(321) is higher than that on Au(321), which promotes the
enantiomeric discrimination of terminations during thermody-
namic nanoparticle growth. At high ligand coverage, the trend
remains the same, but now the contribution from chiral
surfaces becomes smaller due to stabilizing on the achiral facet
Au(110). Overall, we reveal the origin of the chiral induction
by surface modifiers and demonstrate how the use of
computational techniques can be employed as predictive
tools for chiral nanostructures.
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