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Amine molecules are very commonly used surface agents in the shape-controlled synthesis of nano-
crystals. In the case of amine-mediated synthesis of Au nanowires, the roles of the amine molecules were
studied using theoretical calculation and correspondingly, the mechanism for the anisotropic growth of Au
nanowires is discussed. Two features of amine molecules as surfactants in the synthesis system for colloid
nanocrystals were found and deeply studied. One feature is the self-assembly of amine molecules induced
by the strong interaction between the long carbon-chains. The theoretical calculation result shows that
the interaction energy between amine molecules becomes larger when the carbon chain length increases.
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This result indicates that the amine molecules with longer carbon chains more preferentially self-assembly
through their carbon-chains as they adsorb onto nanoparticles. The other feature is the large difference of
adsorption energies on the Au (100) and (111) facets. These two features of the oleylamine molecules play
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important roles on the anisotropic growth of Au nanocrystal along the <111> direction. This study will help
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Introduction

One-dimensional (1-D) metallic nanocrystals have attracted
explosive interest because of their unique properties and po-
tential applications in nanoelectronics, photonics, magnetics,
sensors and catalysis." Blossoming from the studies was en-
abled by chemical breakthroughs that allowed the reproduc-
ible and affordable synthesis of nanowires (NWs) or
nanorods.'®™*® To obtain a 1-D nanostructure, the intrinsic
isotropic growth behavior of the metallic crystal should be
destroyed.""'* The general mechanism of anisotropic growth
involves template limited growth, ligand controlled growth,
defects in seed-induced anisotropic growth, and oriented
attachment."” > These growth mechanisms are mainly de-
duced from experimental observation; however, systematic
theoretical studies are still scarce.""***” Combined with ex-
perimental methods, theoretical studies help deeply disclose
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to further understand the functions of amine molecules in the synthesis of colloidal nanocrystals.

and understand the growth mechanism.'?> For example, the
growth process of gold nanorods in halides, silver, and surfac-
tant systems was discussed based on theoretical calculation
results using density functional theory (DFT).>®

Since ultrathin Au NWs were synthesized in an oleylamine
(OAm) assisted system, they have attracted considerable at-
tention because of their high aspect ratio and simple synthe-
sis protocol.>” Several growth mechanisms based on exper-
imental observations have been proposed. The Xia group
reports that OAm may assemble the Au(i) ions into 1-D poly-
meric chains through formation of a [(OAm)AuCl] complex.
When the Au(1) is converted to Au(0) under slow reduction
conditions, the nucleation and growth of Au can be mediated
by the 1-D polymer strands to generate ultrathin NWs.*® The
Yang group's study shows that the micelle formed by the
Au(1)-OAm complex serves as a growth template to govern the
anisotropic growth.>> However, these studies still have not
completely and deeply disclosed the anisotropic growth
mechanism of Au NWs. For example, the question of why the
Au NWs growing along the <111> directions through (111)
facets has not been well explained. Usually, the (111) facets
are the most stable surface for the fcc (face-centered cubic)
noble metal nanocrystals, so the preferential growth along
the <111> directions is inconsistent with this crystal growth
behavior. Halder and Ravishankar propose that the OAm sur-
factant is preferentially removed from the (111) planes, thus
resulting in the assembly of truncated-octahedral Au nano-
particles through (111) planes to form NWs.** Actually, the
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truncated-octahedral Au nanoparticle has eight (111) sur-
faces. There are four possible directions for the growth of
nanocrystal through oriented attachment of Au nanoparticles.
Thus, wormlike NWs, rather than straight NWs, should be
obtained by nanoparticle aggregation as described in from
other report.'***° Herein, by combining theoretical calcula-
tions and experimental observations, the roles that OAm
plays on the formation of Au NWs are descripted, and corre-
spondingly, the anisotropic 1-D growth of Au nanocrystals
along one dimension is discussed. OAm is a kind of long-
chain primary alkylamine and is a widely used reagent for
the synthesis of various metallic, metal-oxide, and semicon-
ductor nanostructures with wet chemistry in organic sol-
vents.* Commercial OAm has a much lower cost than other
commonly used pure alkylamines, though some concerns re-
garding purity and reproducibility have also been raised.
Moreover, OAm is a liquid at room temperature, and thus, it
may act both as surfactant and solvent. This study will not
only disclose the anisotropic growth mechanism of Au NWs
under OAm direction, but also help to further understand
the roles of OAm as a surfactant for the chemical synthesis of
metal nanocrystals.

Methods

Synthesis and characterization of Au nanowires

The synthesis of Au NWs was performed by the Yang group's
method.?” In the procedure, 0.058 g HAuCl,-3H,0 and 20 mL
OAm were mixed together by ultrasonication for 15 min. The
resulting transparent solution was aged at room temperature
for 4 days. Finally, purple precipitate was formed and was
separated by centrifugation at 5000 rpm for 10 min. The
product was washed 4 times with a mixed solution of toluene
(2 mL) and ethanol (6 mL). The produced Au nanowire was
dispersed in chloroform for further characterization. The
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analysis images
were performed on a JEOL JEM-2100 transmission electron
microscope operating at an accelerating voltage of 200 kv.

Calculation and simulation

The configurations of OAm molecule-aggregation was
performed in a Forcite package with the PCFF30 force field
describing the interaction of the molecules and was similar
with our previous report.*"** The force field of PCFF30 was
based on the ab initio principle and empirical parame-
ters.*>** The configurations of different numbers of OAm
molecules were optimized with static calculations (i.e., geom-
etry optimization at 0 K). The geometry optimizations were
defined to be converged under the following criteria: the en-
ergy tolerance being less than 2.0 x 10~ kcal mol™ and the
maximum displacement being less than 1.0 x 10~° A using a
smart algorithm.

The stability of the Au NWs was studied using molecular
dynamics (MD) simulations. The MD simulations were also
performed in the Forcite package with the PCFF30 force field.
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The simulation temperature and simulation time were 300 K
and 200 ps, respectively.

The adsorption energies of amine molecules on Au, Ag, Pt,
and Pd crystal surfaces and the surface energies of Au, Ag, Pt,
and Pd metals were calculated using a similar DFT method
to our previous report.”> The DFT calculation was performed
with the Dmol3 code that was developed by Delley.*® The ad-
sorption structures were optimized using the Perdew-Wang
exchange-correlation function (PW91) based on the general-
ized gradient approximation. No symmetry and spin restric-
tions were applied. A double numerical basis set with a polar-
ization p-function, DFT semicore pseudopots, and an
octupole scheme was selected to describe the multipolar ex-
pansion of the charge density and the Coulomb potential.
The following criteria were used to obtain the optimized final
structure. First, the convergence tolerance of the self-
consistent field energy was less than 10°°® hartree (Ha) in the
conjugate gradient algorithm. Second, the maximum dis-
placement of an atom was less than 0.005 A, and the force
due to the displacement was less than 0.002 Ha A™*. The
structures of both the ligand molecules and the crystal sur-
faces were fully optimized before they were brought together.
Subsequently, the entire structure containing the adsorbed li-
gand molecules and crystal surfaces was optimized to obtain
the most stable form. The adsorption energy (E,) was then
obtained using the following equation:

E, = Eotal =~ Es = Em

where Eio), Es, and E,, are the bond energies of the whole
system, crystal surface, and free molecules, respectively.

Results and discussion

The OAm assisted synthesis of ultrathin Au NWs is very sim-
ple in which only two additives are included, i.e. OAm and
HAuCl,. Using a similar method to the Yang group's report,**
we synthesized the Au NWs. The TEM image in Fig. 1a shows
that the Au NWs are uniform and ultrathin in diameter
(about 1.8 nm), and have very high length and diameter ra-
tios. The lattice space obtained from the HRTEM image in
Fig. 1b is 0.23 nm, which matches with Au {111} planes
d-spacing. Same to the previous report, the Au NWs are single
crystalline entities and grow along the <111> direction.
Using the same method as Strasser group's report,”” it can be
deduced from the relationship of low index facets in fcc crys-
tal (Fig. 1c) that the Au NWs are bounded by (100) facets
(Fig. 1b). This result is consistent with Halder and
Ravishankar's report.>® The crystal structure of Au NWs is
shown as the model image in Fig. 1d and e. The growth pro-
cess of Au NWs was also investigated by analysing the sample
taken from the reaction mixture at the beginning stage using
TEM characterization. Same as with Halder and
Ravishankar's report,® at the first stage of the Au NWs
growth process, nanoparticles with a size of 1 to 2 nm were
mainly obtained (Fig. S17).

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 TEM and structure images of Au NWs: (a) TEM, (b) HRTEM, (c)
crystal structure, (d) 3D model, and (e) 2D model images of Au NWs.

The synthesis of ultrathin Au NWs contains three ingredi-
ents, i.e. OAm molecule, Au*" ions and CI” ions. The CI” ion
are endothermically adsorbed onto the Au surface:*® there-
fore, over-layers of CI” ions would be too labile to block sur-
face growth due to rapid adsorption/desorption processes.*®
The Au®* ions provide Au atoms for NW growth through re-
duction by OAm molecules. The OAm molecules perform
both the role of reducing agent and of surfactant that shows
a crucial role on the formation of Au NWs. It was reported
that in other synthesis systems containing OAm, Au NWs can
also be obtained.***® Following of the function of OAm mol-
ecules as surfactants in the Au NWs formation process were
systematically studied using MD simulations and DFT calcu-
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lations. Based on the result, the roles that the OAm molecule
performs on the anisotropic growth of Au NWs are discussed.

Firstly, the interactions between OAm molecules were cal-
culated using a similar method to the previous report.*>*>
Fig. 2 shows the final optimized configurations of OAm mole-
cules. When 2 to 7 OAm molecules were put together, they
will self-assemble with each other. In their optimized config-
urations, the carbon chains are parallel, close together, and
attractions are formed between each chain. When two OAm
molecules were put together, the interaction energy gain (ab-
solute value of interaction energy) formed between them was
0.24 eV. When the number of OAm molecules increased to
more than 2, the average interaction energy gain between any
two molecules increases to 0.48 eV and keeps stable in the
systems with 3, 4, and 7 molecules. As a surfactant in actual
synthesis, the adsorbed molecules on a nanocrystal could be
more than 2, thus, the interaction energy gained from be-
tween any two OAm ligand molecules should be around 0.48
eV. The function of the carbon chain of OAm was further
studied by changing the length of the carbon chain. As
shown in Fig. 3, with the carbon-chain length decreasing
from 18 (OAm) to 0 (ammonia), the interaction energy gain
between molecules decreases from 0.48 eV to nearly 0.10 eV.
When the carbon-chain length is less than 4 carbon atoms,
the interaction energy of —0.10 eV mainly comes from the hy-
drogen bond formed between two amine groups. The interac-
tion between carbon chains should be almost 0. For the
carbon-chains with more than 4 carbon atoms, the interac-
tion quickly rises with increasing carbon chain length. When
the carbon chain increases to more than 14 carbon atoms,
the increase of interaction energy slows. This result indicates
that the amine molecules with longer carbon-chains are more
preferentially self-assembled through their carbon-chains as
they adsorb on the surface of nanocrystals.

In order to keep consistent with the structure of OAm mol-
ecules, in the geometry optimization for the assembly of

H atom

C atom

Fig. 2 Optimized configurations of OAm molecules: (a) single OAm molecule, (b) 2, (c) 3, (d) 4 and (e) 7 OAm self-assembled molecules.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Interaction energy of each amine molecule when it self-
assembles into 2, 3, 4 and 7 molecule groupings with the length of
carbon-chain increasing from 0 to 18 carbon atoms.

amine molecules with different carbon chain lengths, one
double bond is contained and located at the middle of the
carbon chain. The effect of the position of the double bond
on the interaction energy between amine molecules was stud-
ied. As shown in Fig. S2,f when the position of the double
bond changes from the 1st to 17th carbon, the interaction en-
ergy between molecules fluctuates between -0.43 to —0.53 €V.
This result indicates that the position of the double bond in
the carbon chain has no obvious effect on the interaction be-
tween amine molecules.

Secondly, the adsorptions of OAm molecules on different
facets of the noble metal nanocrystal were calculated using
DFT. Similar with previous reports,®® the calculation was sim-
plified by using a shorter carbon chain molecules, propyl-
amine, to model the functional group of OAm. Au (100),
(111), and (110) surfaces are set in a 2 x 2 periodic cell. Fig. 4
shows the side and top views of the most likely configura-
tions of amine molecules on the Au (111), (100) and (110)
facets, which were fully optimized based on DFT. The DFT
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Fig. 4 Optimized configurations of an amine molecules adsorbed on
(a) Au (100), (b) Au (111), and (c) Au (110) surface in a periodic cell using
DFT method.
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optimized configurations of amine groups on other noble
metals (Ag, Pd, and Pt) surfaces were very similar with that of
the Au surface. The amine group adsorbs exclusively with a
single metal atom at a top site via its nitrogen atom; no bind-
ing is found on all of the high-symmetry sites. The N atom lo-
cates at the top of the C-N-H, tetrahedron and connects with
a solo Au atom. The adsorption energies of amine group
adsorbed on (111), (100), and (110) facets of Au, Ag, Pd, and
Pt metals are shown in Table 1. An interesting result can be
found from the data in Table 1. Unlike Ag, Pd, and Pt, the ad-
sorption energy gain (absolute value of adsorption energy) of
amine group on the Au (100) facet is much higher than that
on the Au (111) facet and their ratio (E{!°?/E{''Y) reaches
2.08. However, the ratios of E{°”/E(!™Y for metals of Ag, Pd,
and Pt are 1.46, 1.06 and 1.18, respectively (Fig. S31). This re-
sult indicates that for the Au metal, the amine molecules will
preferentially adsorb onto the Au (100) facets than onto the
(111) facets. Compared with Au metal, the difference of ad-
sorption energy for amine molecules on Ag (100) and (111)
surfaces is little, and that for Pd and Pt metals are not
obvious.

Fig. 5 shows the electron density distribution when the
amine molecules adsorb onto the Au (100), (111), and (110)
facets. The intensity of interaction between the amine group
and the Au surface can be rationalized by the electron density
distribution in the electron clouds formed between the amine
group and the Au atom. The Au atom connects with the N
atom along the top direction of the C-N-H, tetrahedron to
form the maximum electron cloud overlap. The isosurface of
the electron density distribution with a value of 0.2 electrons
per A® shows that the neck between N and Au atoms is
narrower for the amine molecules adsorbed on the Au (111)
surface than that for amine adsorbed on the Au (100) and
(110) surfaces (Fig. 5a-c). From the center-slice maps of the
electron density distribution (Fig. 5d-e), it can be found that
the degree of electron cloud overlap between Au and N atoms
for the amine molecules adsorbed on Au (111) is lower than
that on the Au (100) and (110) surfaces. From the slice map
crossing the electron cloud neck between Au and N atoms
(Fig. 5g-i), it also can be found that the density of electrons
for the amine molecules adsorbed on Au (111) is lower than
that on the Au (100) and (110) surfaces. This result indicates
that the amine group forms a stronger interaction with the
Au (100) and (110) surfaces than the (111) surface.

The chemical adsorption of molecules onto a noble metal
surface is related to the valence electrons of the metals. The

Table 1 Adsorption energies (E;) of an amine molecule, obtained from
DFT calculations, onto noble metal (100), (111) and (110) surfaces (unit:
eV)

Noble metal ~ E{°” EMY E(10) Ratio of E{'°/E(1D)
Au -0.608 -0.292 -0.622 2.08
Ag -0.499 -0.341 -0.501 1.46
ol -0.766 -0.724 -0.852 1.06
Pt -1.05 -0.892 -1.21 1.18

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Distributions of electron density when an amine molecule is adsorbed on (a, d, g) Au (100), (b, e, h) Au (111), and (c, f, i) Au (110) crystal
surfaces. (a-c) The isosurfaces of electron density with a value of 0.3 electrons per A®. (d-f) The center slices of electron density distributions. (g-i)

The slice map crossing the electron cloud neck between Au and N atoms.

density of state (DOS) of d-band electrons for noble metals
(Au, Ag, Pd, and Pt) (100) and (111) surfaces was calculated
using DFT and the result is shown in Fig. S4.f The values of
the d-band center positions obtained from the DOS analysis
are shown in Table S1.} It can be found that the difference of
d-band centers for the Au (100) and (111) surfaces is higher
than the DOS for Ag, Pd, and Pt metals. This result is coinci-
dent with the phenomenon in Table 1 that Au metal pos-
sesses a higher ratio of E{'°”/E("'Y than Ag, Pd, and Pt
metals.

The adsorption of ammonia and methylamine molecules
on Au (100), (111), and (110) surfaces were also calculated
using the same method as the adsorption of propylamine.
The results are shown in Table S2.f Compared with propyl-
amine, although the adsorptions of ammonia on Au surfaces
are weaker, the their sequence (E{''” > E{'°® > E("'Y) is the
same and the ratio of E{'°?/E('Y are close (2.16 for ammonia
and 2.08 for propylamine). For methylamine, the difference
of adsorption energy compared with propylamine is insignifi-
cant. For example, the E{''® for methylamine and propyl-
amine are -0.628 eV and -0.622 eV, respectively, for a differ-
ence less than 1%. This result indicates that the adsorption
properties of surfactant molecules are mainly determined by
the functional groups.*’

Thirdly, the stability of Au NWs was studied using MD
simulations. Fig. 6 shows the snapshot of Au NWs with dif-
ferent diameters before and after being relaxed at a tempera-
ture of 300 K for 200 ps by MD simulation. For the NWs with
diameters of 0.8 nm and 1.2 nm, after 200 ps simulation,
they transformed into nearly spherical nanoparticles. When
the diameter of NWs increased to more than 1.6 nm, the
NWs became stable. After 200 ps simulation, the morphology
of the NWs still had no obvious change. So, the diameter of

This journal is © The Royal Society of Chemistry 2016

1.6 nm may be the theoretically threshold value for stable Au
NWs. This result is consistent with experimental reports. For
example, the diameters of Au NWs synthesized by the Xia,
Yang, and Xing groups are 1.8 nm, 1.6 nm, and 1.8 nm,
respectively.>*?>3°

Based on experimental observations and theoretical calcu-
lations, the following growth process for Au NWs in the
OAm-mediated synthesis system can be proposed. As shown
in Fig. 7, the growth may include four steps. Identical to the
Yang and Xia groups' reports,***” in the first step, an ordered
mesostructure is formed by the complex of Au*/Au** ion-OAm

200 ps

Fig. 6 MD simulation result of Au nanowires after 200 ps with
different diameters: (a) 0.8 nm, (b) 1.2 nm, (c) 1.6 nm, and (d) 2.0 nm.

CrysttngComm
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Fig. 7 Schematic of Au NW growth. (a) Micelle structure is formed
between Au ions and OAm molecules. (b) Some Au ions are reduced
into Au atoms. (c) Au atoms aggregate to form a nucleus. (d) Au
nucleus grows into a nanocrystal bounded by (100) and (111) surfaces.
(e) Au nanocrystal grow along the <111> direction to form NW.

due to the self-assembling of OAm molecules. As indicated in
the previous calculation (Fig. 2 and 3), the carbon chains of
OAm molecules may self-assemble due to the strong interac-
tions formed between the long carbon-chains of OAm. The
polar amine groups adsorb with Au*/Au** ions. Thus, a micel-
lar mesostructure, as shown in Fig. 7a, is formed. This meso-
structure has been confirmed by the small-angle X-ray diffrac-
tion and the small angle X-ray scattering spectra in
experiments by the Yang research group.®?

In the second step, the Au” ions in the micelle are gradu-
ally reduced into Au atoms (Fig. 7b). Dependant on the MD
simulation result in Fig. 6, the produced Au atoms could not
form a stable Au line with ultra-thin diameters less than 1.6
nm. Thus, the produced Au atoms diffuse in the micelle and
aggregate together to form a nucleus (Fig. 7c).

In the third step, the Au nuclei grow with the addition of
diffused Au atoms to form stable nanoparticles with sizes 1-2
nm as we observed during the first stage of experimental syn-
thesis (Fig. S11). As in Halder and coworker's report,* the
produced Au nanoparticles at the beginning of the formation
of Au NWs show a truncated octahedral shape and are
bounded by low-index (100) and (111) facets. Our DFT calcu-
lation indicates that the (111) facets have the lowest surface
energies (Table S31) and the OAm molecules are more prefer-
entially adsorbed onto the Au (100) surface than on the Au
(111) surface (Table 1). This result may explain the experi-
mental observation that the beginning nanocrystals are
bounded by both (100) and (111) surfaces. Compared with
the (110) surface, the surface energy ratio between the (110)
and (100) surfaces (E{''?/E{"*?) is 1.07, while the adsorption
energy ratio of amine molecules on them is only 1.02 less
than 1.07. This result shows that in the amine molecules me-
diated system, the (100) surface is more stable than the (110)
surface and the obtained nanocrystals are more preferentially
bounded by the (100) facet than the (110) facet.

CrystEngComm

View Article Online

CrysttngComm

In the last step, the truncated octahedral Au nano-
particles will transform to NWs through an anisotropic
growth. The key question to be explained is how the isotro-
pic growth behavior of the fcc Au nanocrystal is destroyed
and how the anisotropic growth along the <111> direction
is formed. Our calculation result (Fig. 2) shows that the car-
bon chains of OAm molecules will self-assemble together
and as surfactant, they will form a compact wall to prevent
the diffusion of Au atoms and ions through them to attach
the surface of Au nanocrystals. This role of surfactant can
promote the anisotropic growth of metal nanocrystals, simi-
lar to cetyltrimethylammonium bromide (CTAB) and di-
hydroxyphenylalanine (DOPA) molecules.”®*** As a surfactant,
the top of the CTAB molecule (i.e. ammonium bromide
group) adsorbs onto the Au nanocrystal surface and the tails
of the molecules (i.e. long carbon chain) will aggregate to-
gether.”® For the DOPA surfactant, due to the hydrogen
bonds, the tails of the molecules will also aggregate to-
gether.”” The aggregation of the surfactant tails prevents the
metal ions or atoms from diffusing through them to deposit
onto the nanocrystal surface they are bound to. Thus, the an-
isotropic growth along the certain directions will be pro-
moted by the direction of the surfactant molecules.*>*® On
the other hand, our DFT calculation indicates that the OAm
are more preferentially adsorbed on the Au (100) surface than
on the Au (111) surface (Table 1). As shown in Fig. 7d, a mi-
cellar structure may be formed under both functions of selec-
tive adsorption and self-assembly of OAm. Due to fact that
the Au (111) facet is weakly wrapped by OAm molecules, Au
atoms and ions can diffuse along the micelle channel to the
(111) surface. With the Au ions/atoms diffusion to the (111)
surface, the Au nanocrystals will grow along the <111> direc-
tion to form ultra-long NWs (Fig. 7e).

For the other noble metals such as Pd and Pt, the (100) and
(111) facets have the lowest surface energy (Table S37), but the
adsorption energies of OAm on the (100) and (111) facets are
close (ratios of E(°Y/E(Y are 1.06 and 1.18, respectively).
Thus, anisotropic growth hardly occurs, as shown in Fig. S5a,f
and only nanoparticles will be obtained. For the Ag metal, the
ratio of E{°/E(MY is 1.46, lower than Au and higher than Pd
and Pt. It is possible for Ag to form NWs, but harder than Au.
Currently, in the only amine surfactant-mediated synthesis,
linear Pd and Pt NWs have not been reported, and AgAu bime-
tallic NWs have been synthesized using octadecylamine as a
surfactant.*” On the other hand, for the amine molecules with
short carbon-chains, the weak interaction between carbon-
chains cannot induce the self-assembly of molecules to form
micelles that promote the anisotropic growth of nanocrystals
along certain orientations. Thus, as illustrated in Fig. S5b,f
NWs are hardly formed using amine molecules with short
carbon-chains as a surfactant.

Conclusions

In summary, from the theoretical calculation, we find two im-
portant features of amine molecules as surfactant in the

This journal is © The Royal Society of Chemistry 2016
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synthesis of metal nanocrystals. One feature is the self-
assembly of amine molecules with long carbon-chains. They
will act as a compact wall through strong interactions formed
between the carbon-chains to prevent the diffusion of metal
atoms and ions through them. Thus, they direct the growth
of metal nanocrystals along certain directions. The other fea-
ture is the selected adsorption on different metal crystal
facets. The preferential adsorption of OAm on the (100) sur-
face will promote the anisotropic growth of Au NWs along
the <111> orientation. This study, for these two features,
may help further deeply understand the roles of amine mole-
cules as surfactants in metal nanocrystal synthesis.
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