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Abstract

Ultrathin Au nanowires were prepared following two routes: the reduction of the lamellar phase

M in a solution of

[OY-Au'CI] in an excess of pure oleylamine and the direct reduction of Au
oleylamine in hexane. The superiority of the reduction of chloride gold precursor in isotropic
environment is evidenced by SAXS measurements. A reaction yield of 75% is observed, an order of
magnitude higher than the route involving the lamellar phase. Based on a detailed SAXS analysis,
the soft template role of the [OY-Au'Cl] intermediate solid phase was discarded for the nanowire
growth. In the case of the liquid phase synthesis, DFT calculations evidence a cooperative

adsorption and organisation of ions pairs at the surface of the ultrathin Au NWs. We propose that

this charged backbone plays a key role in the unique growth mechanism of such anisotropic objects.

KEYWORDS: SAXS, lamellar phase, reaction yield, AuCl-oleylamine precursor, gold nanowires

1. Introduction

Ultrathin gold nanowires (Au NWs), exhibiting sub-2 nm diameter and micrometric length, have
attracted expanding interests due to their unique properties, as high surface-to-volume ratio,
mechanical flexibility and remarkable conductivity properties.'” These features open the
perspective towards various applications including electrical sensors,™* fuel cell anodes,’ elastic
coiled springs,™’ or transparent electrodes.®” To be competitive with the existing technologies, the
developed alternatives should rely on cost-effective synthesis of Au NWs, i.e. with high yield and
limited post-treatment requirements. Since the pioneer work of Halder and Ravishankar in 2007,
two main routes have been followed to synthesize these Au NWs: the first one involves the
precipitation of an intermediate solid phase assuming that it acts as a soft-template for the wire

2
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growth,'1#131%13 while the second one is a direct reaction in an isotropic solution.''*!"!"* These
two approaches led to the production of ultrathin Au NWs along with other nanoparticles such as
spheres or rods. The quantitative analysis of the different populations of such nanostructures, and
therefore the Au NWs yield estimation, even if it is crucial, cannot be easily addressed. Such
problematic is far more generic than the Au NWs’ synthesis. Indeed, physical properties such as
plasmonic resonances, magnetism or luminescence, drastically depend on the size and the shape of
nanoparticles. Though efficient separation techniques, such as centrifugation processes, are often
used to narrow the size distribution of the nanoparticles obtained, size selection cannot be always
applied. For instance, fragile objects or interacting particles cannot be easily sorted. Therefore, one
should be able to assess, in a polymorphic synthesis, the yield of the desired objects. If transmission
electron microscopy (TEM) is the technique of choice to deeply characterize the particle
shape/size/composition, reliable estimation of the relative yield cannot be satisfactorily obtained
due to sampling issues. Other techniques such as NMR and UV-visible spectroscopies, or dynamic
light scattering can be used in specific cases to characterize nanostructures. However they cannot
address the problematic of quantifying the relative yield of Au nanospheres and NWs due to the
peculiar features of ultrathin NWs. Small Angle X-Ray Scattering (SAXS) is a state-of-art in situ

technique which can shed light on the growth mechanism, '*2*!

and the synthesis yield of metallic
nanoparticles.”*> The quantitative analysis of SAXS data on an absolute scale enables to determine
the number of particles along with their size and shape. In the case of monodisperse nanoparticles,
SAXS analysis is fairly straightforward,”* but for more complex populations, the interpretation
becomes non univocal due to the averaging of several scattering profiles.”** Coupled TEM and
SAXS characterizations enable to obtain unambiguously quantitative analysis even on polymorphic
nanoparticles.””*® We previously studied the growth of ultrathin Au nanowires in hexane medium
coupling these two techniques and could extract a reaction yield for both, the side products

nanoparticles and the nanowires of interest.”> We report here a quantitative comparison between the

two main routes for ultrathin Au NWs synthesis. The lamellar phase of the first approach is
3
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carefully analysed by structural, spectroscopic and computational techniques, confirming the
formation of linear Au' complexes. However, its prevalence as driving force towards
unidimensional growth is questioned. Indeed, we clearly demonstrate the advantage of the liquid
phase approach for a high yield synthesis of ultrathin Au NWs. Based on DFT calculations, we
propose that a cooperative adsorption and organisation of ligands favors the stabilisation of such

unique anisotropic objects.

2. Experimental section

2.1. Route 1: Soft-templating synthesis

Ultrathin Au NWs were prepared according to a slightly modified 2 steps procedure, described in

the literature.'?

Step I: synthesis of the [OY-Au'Cl] lamellar phase. A 10 mM solution of gold was prepared: 20 mg
of HAuCl4,3H,0 were dissolved in 5 mL oleylamine (OY, with a molar ratio OY/Au = 300) under
ultrasonication (15 min). The solution was then kept undisturbed at 25°C for 48 h, leading to the

formation of a white precipitate.

Step 2: reduction of the [OY-Au'Cl] phase. The white precipitate was separated from the yellow
supernatant by centrifugation (2000 rpm, 2 min) and let to react 48 h at 45°C. A pink shade was
progressively observed with time. The particles were separated from the excess oleylamine by a
classical washing with mixed solvents (1:3) of toluene and ethanol. The obtained solution was
centrifuged 10 min at 3500 rpm. The process was repeated 3 times. The final particles were

redispersed in toluene.
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2.2. Route 2: Liquid phase synthesis

The ultrathin gold nanowires (NWs) were prepared following a synthesis previously described.'®*
Typically, 10 mM solution of gold was prepared: 40 mg of HAuCly,3H,O were dissolved in a
solution containing 1.32 mL of oleylamine (OY, 400 mM, molar ratio OY/Au = 40) in 6.60 mL of
hexane. 2.05 mL of triisopropylsilane (TIPS, 1M, molar ratio TIPS/Au = 100) were added to initiate
the gold reduction. The solution was then kept undisturbed at 40°C for 3 hours. The particles were
centrifuged once with ethanol (4000 rpm, 5 min) to remove the excess of reactants (OY, TIPS) and

redispersed in hexane.
2.3. Characterization

The two syntheses of ultrathin gold nanowires were followed in situ by small angle X-Ray
scattering (SAXS) and ex situ by transmission electron microscope (TEM). TEM images were
obtained with a JEOL-1011F microscope, operating at 100 kV. HRTEM images were obtained using
an imaging-side aberration-corrected FEI Titan-Cube microscope working at 80 kV, equipped with
a Cs corrector (CESCOR from CEOS GmbH). The TEM samples were prepared by dispersing and
depositing the raw synthesis products on a standard copper TEM grid coated with a thin amorphous
carbon film. In situ SAXS measurements were performed on glass sealed capillaries (1.5 mm in
diameter) containing either the white precipitate (route 1) or the hexane solution (route 2). The

capillaries were heated 64 hours at 45°C (route 1) and 3 hours at 40°C (route 2). The SAXS data
were expressed in terms of the scattering vector modulus g = 47”51’11(9), with A the wavelength of

the X-rays and 6 the Bragg scattering angle. The experiments were performed for the soft-
templating synthesis (route 1) at the LPS using a monochromatic X-ray beam generated by a
rotating anode X-ray source (Cu Ka, 50 kV, 50 mA). The instrument covered a range of scattering
vectors ¢ between 0.01 and 0.18 A™. For the liquid phase synthesis (route 2), the experiments were

performed on the SWING beamline at the SOLEIL synchrotron using a monochromatic X-ray beam
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(10 keV). The accessible g-range was between 6x10~ and 0.6 A™'. For both instruments, the SAXS
intensity was recorded on a CCD bi-dimensional detector placed inside a vacuum tube to reduce
background. For background subtraction, the signal of a capillary filled with hexane was used. The
SAXS intensities were normalized in absolute units (cm™) using the signal of a capillary filled with
water as a standard. This allowed quantifying the volume fractions in solution of the spheres and the
nanowires from the modeling results, as recently shown in a previous publication.”? This method
gives accurate values, and is based on the scattering contrast between gold and the organic solvent
or the oleylamine (pgolq = 4650 e/nm’ »  Phexane = 230 e/nm’ , Poleylamine = 278 e/nm3, leading to a
scattering contrast = pgold - Psolvant = 4400+50 e/nm’ in both cases). Indeed, SAXS is sensitive only
to the contrast between gold and the organic matter around (solvent and organic ligands). The

volume fraction (volg,.) is related to the gold cores of the nanoparticles, and it is defined by
Volfrge = N %, with Vp the particle’s volume (gold core only), N the total number of particles and

V the sample volume.

Wide Angle X-ray Scattering (WAXS) measurements (precipitate analysis) were performed at the
LPS using a rotating anode X-ray source (Cu Ka, 40 kV, 40 mA) equipped with a MAR Image-

Plate detector covering a range of scattering vectors g between 0.2 and 3.5 Al

2.4. Density Functional Theory calculations

All molecular calculations have been performed using the Gaussian09 suite of programs.”’
Geometry optimizations and subsequent electronic properties calculations have been carried out in
the framework of density functional theory (DFT), wusing the B3PW91 hybrid

] 303132:33:3435:36 A double-{ basis set augmented by a set of polarization functions, namely

functiona
the standard Pople’s 6-31G(d,p) basis set, has been employed for H, C and N atoms.®’ Relativistic

effective core potentials developed by the Stuttgart/Cologne groups and their associated basis sets®®

6
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have been used for Au® and CL.*° This basis set was augmented with a set of d- or f-polarization
functions for Au and CI atoms (Au: =1.0 ; CI: §f=0.64341). The nature of each stationary points
was characterized by Hessian calculations whereas Gibbs free energies G° at 298 K were calculated
by means of the harmonic frequencies, i.e. by a straightforward application of statistical

thermodynamic equations.**

The electronic properties of [111] oriented bulk Au NWs were calculated within the framework of
the DFT considering periodic boundary conditions and the spin unpolarized or polarized constraint,
depending of the system under study. These [111] direction oriented Au NWs, were generated by
cleaving fcc bulk Au with low index surfaces, similarly to Roy et al.*’. The exchange-correlation
potential was approximated by the generalized gradient approach proposed by Perdew, Burke, and
Ernzerhof (PBE).** Calculation of the energetic parameters as well as the geometry optimizations
were carried out using the projector augmented waves (PAW) full-potential reconstruction®*
implemented in the Vienna ab initio simulation package, VASP.*"* To minimize errors arising from
the frozen core approximation, we used the PAW data sets treating the 4p, 4d and 5s Ru states (14
valence electrons). A kinetic energy cut-off of 525 eV was sufficient to achieve a total energy
convergence within several millielectronvolts for H adsorption. Van der Waals interactions were
taken into consideration by adding a pairwise interatomic term Egg, to the Kohn—Shan DFT
energies, which was evaluated using the revised DFT-D3 method of Grimme with Becke-Jonson
damping.***" For the geometry optimizations, a (1x1x5) I'-centered’' k-points grid was used to
sample the reciprocal space combined with a Gaussian smearing of 0.02 eV width for the partial
occupancies. Atoms were free to move until the residual forces on any direction were less than 0.02
eV/A. The supercell size along the a and b directions was set to ensure a vacuum space of ca. 14 A

between periodic images of decorated Au NWs. Oleylamine and oleylammonium were replaced

with methylamine and methylammonium for the sake of computational feasibility.
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3. Results and Discussion

3.1. Comparative TEM study of the two approaches

Ultrathin Au nanowires were prepared following the two approaches reported in the literature: the
method assuming a soft-templating role of the solid intermediate phase [OY-Au'Cl] (route 1) based
on a 2 steps reaction, and the liquid phase synthesis (route 2) relying on a direct reduction of

HAuCly, in hexane (Scheme 1).

The particles were purified in both cases by precipitation in ethanol combined with a smooth
centrifugation. Once the excess of ligands was removed, Au nanoparticles were redispersed in
adequate solvent and deposited on TEM grids. Figure 1 shows comparative TEM images. The two
syntheses yielded micrometric long Au nanowires, highly crystalline (Figure S1),>* concomitantly
with Au spheres, with diameters varying from ca. 8§ nm for the soft-templating approach (route 1,
Figure 1a) to ca. 1.5 nm for the liquid phase synthesis (route 2, Figure 1b). Apart from this
difference in the diameter of side products, TEM characterizations do not allow to conclude on the
quantity of nanowires for these two reactions. Therefore, deeper analyses were undertaken to obtain
quantitative elements to compare both approaches. The reaction yield (expressed in %) for one type
of nanoparticles (spheres or nanowires) was defined as the ratio between the amount of gold atoms

inside this type of nanoparticles and the total amount of gold atoms in presence.

3.2. Analysis of the soft-templating approach

The reduction of the gold chloride salt (here HAuCly) was performed in pure oleylamine in a two
steps process (Scheme 1). In step 1, after 48 h of reaction at room temperature, a white precipitate

was obtained and separated by centrifugation. In step 2, this precipitate was placed at 45°C,

8
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ultrathin Au NWs and polydisperse nanospheres were formed upon time. These two steps have been

quantitatively studied to estimate the resulting global Au NWs yield.
Step 1. Analysis of the precipitate

Since this precipitate plays the role of precursor for the second step, further characterizations of the
isolated precipitate were undertaken. TEM energy dispersive X-Ray spectroscopy (EDS) indicated
the presence of Au and Cl ions in a 1 to 1 ratio (Figure S2), in agreement with the AuCl-oleylamine

218 However, both thermogravimetric (TGA) and differential

complex proposed previously.
scanning calorimetry (DSC) analysis revealed a gold content of solely 2% in mass (Figure S3), far

from the 40% expected in case of pure AuCl-oleylamine. Therefore, free OY molecules precipitated

with the the [OY-Au'Cl] solid phase.

The structural characterization of the precipitate was performed using WAXS (Wide Angle X-ray
Scattering). First, WAXS pattern (Figure 2a) revealed an amorphous peak around q = 1.4 A plus
some weak narrow peaks at even higher scattering vectors. Thus, coexistence of two states were
evidenced for the organic chains of the oleylamine molecules. Though most of oleylamine
molecules were in a molten state (amorphous peak), as in liquid pure oleylamine, some were
crystallised (weak narrow peaks). Moreover, at smaller scattering vectors, a series of intense
diffraction peaks, consistent with (00l) peaks of a lamellar phase, was observed (Figure 2a). An
interlamellar distance of 4.8 nm could be determined from the indexation of these peaks. The length
of fully extended oleylamine being of 2.0 nm,> the lamellar structure could be composed of Au
planes separated by two molecules of oleylamine partly interdigitated (Figure 2b). This model was
confirmed by further experiments where the alkyl chain length of the amine was decreased from 12
carbons down to 4 (Figure S4). The interlamellar distance varied linearly with the number of atoms
of the alkyl chain. The corresponding linear fit confirmed the presence of two molecules partly

interdigitated and evidenced Au planes of ca. 0.6 nm (Figure S5).
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DFT calculations were performed to address the stable configuration of AuCl-amine precursor
within the lamellar phase. The precursor adopted a linear configuration as evidenced in Figure 3.
Aurophilic bounds, as long as hydrogen bounding between successive Cl and NH, groups,
stabilized this one-dimensional organisation, which could play a decisive role in the future growth

of ultrathin Au NWs.

The formation of this lamellar phase, composed of the linear Cl-Au'- RNH, precursor, was not total.
Indeed, all the Au initially introduced was not retained in the precipitate because a large fraction
was lost in the supernatant. The quantification of the total mass of the precipitate (typically 300 mg)

and the mass fraction of Au (2%) revealed a 60% yield for step 1 (Scheme 1).

Step 2 : reduction of A’ precursor into Au”

Step 2 consisted in the final reduction of the Au' precursor previously obtained into Au
nanoparticles. We studied the effect of temperature on this reduction step by in-situ SAXS and ex-
situ TEM. At room temperature, the initial precipitate gave a diffraction peak at a scattering vector q
= 0.13 A", corresponding to the (001) peak of the lamellar phase previously described (Figure 2)
and a concomitant g power law at small q vectors (SAXS experiment) (Figure 4a). This q* signal,
known as Porod contribution, arisen form the scattering at the interface between the lamellar phase
domains and the surrounding oleylamine. This two features, (001) diffraction peak and Porod
contribution, attested the presence of the lamellar phase during the reaction. With time, this initial
signal evolved, allowing following the growth of gold nanoparticles. The adjustment of the
experimental curve gave access to the size and shape of the objects along with their volume
fraction. Compared to the theoretic 8.5x10™ volume fraction of gold deduced from TGA, the

reaction yield after step 2 could thus be deduced.

10
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Below 45°C, the reaction kinetic was very slow (Figure 4b). The modification of the scattering
profile with time was fairly weak, leading to a difficult analysis of the nanoparticle populations.
Even after 70 h of reaction, a yield of only 0.6% was determined. Between 45 and 50°C, the
reaction was faster (Figure 4c and S6a). The fitting of the scattering profile at different reaction time
evidenced at first the growth of Au NWs, then followed by the growth of Au nanospheres (Figure
S7). After 48h of reaction, TEM images confirmed the presence of both populations (Figure Sa).
While the nanospheres’ volume fraction increased continuously with time, Au NWs’ one saturated

after 30 h at 3 x 107 (Figure 6).

Increasing the reaction temperature above 50°C led to the melting of the lamellar phase (Figure 4d
and S6b), as revealed by the disappearance of the (001) peak and the Porod contribution. Under
such conditions, only polydisperse spheres were detected both by SAXS and TEM (Figure 5b).
Their diameters increased from 5 to 7 nm during the first 30 h, in agreement with the size
distribution determined from TEM image (Figure S8). After that, the particles tended to form
aggregates as evidenced by the additional correlation peak observed by SAXS. From the fit of this
correlation peak, using the Percus-Yevick expression of the structure factor for hard spheres, one
could deduce that, after 45 h, the spheres were all embedded in these agglomerates. The position of
the correlation peak was related to the average distance between the spheres, and the typical

separation distance in-between two gold-cores was found equal to 3.5 £ 1.7 nm (Figure S9).
Optimization of the Au NWs synthesis

Regarding the mastery of the soft-templating approach for the quantitative synthesis of Au NWs,
the nanowires yields were fairly low and did not exceed 3% for the whole process. This low yield
resulted from i) the chemical equilibrium between Au' and Au"™ which led to a 40% loss of gold
after step 1, ii) the insignificant reduction of Au' to Au’ during step 2, which did not further evolve

with time.

11
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To improve the total yield of the soft-templating reaction, we tried to optimize these two drawbacks.
Step 1 was performed at higher temperature and/or for longer time. However, neither of these
parameters led to a quantitative modification of the chemical equilibrium. They both favour the
reduction of Au' into Au’, blurring the demarcation between step 1 and step 2. For instance, after 25
days at room temperature, Au NWs and spheres could be observed concomitantly with Au"" as

evidenced by the characteristic yellow colour of the supernatant (Figure S10).

Regarding the reduction Au' to Au’, neither the temperature, nor the reaction time could favour a
quantitative step 2 reaction. In both cases, reduction yield below 10% were obtained, and Au
nanospheres were formed detrimentally to Au NWs. Therefore, stronger reducing agents such as H;
or triisopropylsilane (TIPS), which was used as reducing agent in the liquid phase synthesis, were
added during step 2. None of them led to the quantitative formation of Au nanowires. A 3 bars H;
atmosphere fastened the reaction and yielded spherical and rod like NPs, while TIPS did not
drastically affect the kinetic, leading to similar particles as the ones obtained in presence of
oleylamine solely (Figure S11). Thus, the synthesis of Au NWs following the soft-templating
approach (route 1) may not be strictly limited by the reduction of the lamellar phase, as evidenced
by the experiments in presence of stronger reducing agent, but more likely by the diffusion within

the soft-template.

3.3. Route 2 : Liquid phase synthesis

This synthesis approach relied on a one step liquid phase reaction, where the gold chloride salt was
solubilised in hexane in presence of oleylamine and reduced by triisopropylsilane. We followed the
growth of Au NWs by in-situ SAXS and could characterize a reaction yield for Au NWs, which
should be compared to the global yield obtained for the soft-templating approach. The scattering

profiles could be fairly easily adjusted by summing only the contributions of spheres and wires, no

12
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diffraction peak neither Porod contribution did hinder the signals. Small spheres of 1.7 nm of
diameter were present since the beginning of the reaction, as evidenced by the characteristic plateau
in the scattering profile. Then, a q contribution, characteristics of Au NWs, appeared and grew
with time. The volume fractions of both populations were deduced from the fitting parameters.”
The diameter of the nanowires was found constant at 1.7 nm with a polydispersity on the diameter

11T

distribution of only 2%. The reduction Au™ — Au’ was total after only 90 min of reaction at 40°C,

the yield of Au NWs being of 75%, far above the 3% obtained with the route 1 (Figure 7).
3.4. Discussion

The soft-templating approach is based on the assumption that the lamellar phase plays a key role in
the growth of Au NWs. Indeed, the in situ SAXS study of the route 1 shows that Au NWs are
indeed obtained in presence of this lamellar phase. Moreover, for reaction temperature above 50°C,
the lamellar phase melt and only spherical particles are obtained instead. Therefore, at first sight,
our experiments seem to confirm the importance of the lamellar phase. However, the growth of Au
NWs within the lamellar phase should have modified the XRD pattern through an increasing of the
inter-lamellar distance, the 1.7 nm diameter of the Au NWs being much larger than the initial
thickness of the Au plans, and/or a broadening of the (00I) lines due to a loss of crystallographic
correlations. Neither the position nor the broadening of the (001) peak of the lamellar phase showed
any modification during the appearance of the NWs, thus the growth may not directly occurred
within the lamellar phase. Moreover, the reduction of the Au precursor is hindered in presence of
the lamellar phase, leading to a final Au NWs yield below 3%. On the contrary, liquid phase
reaction led to a quantitative reduction and a 75% yield. Thus, we conclude that the Au NWs
growth does not take place inside a soft lamellar template, as previously assumed. The lamellar

phase is actually detrimental to the growth, as revealed by the low reaction yield.

13
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If the growth within a lamellar phase acting as a soft template was an elegant way to explain the
unique growth of Au ultrathin nanowires, new hypotheses on such anisotropic driving force should
now be invoked. Oriented attachment of preformed spherical particles was previously discarded due
to the fairly constant spheres’ volume fraction evidenced by SAXS.” The growth may therefore

occur in preformed cylindrical micelles,”

or thanks to a cooperative effect between surfactants
organisation and Au reduction, previously described as a “zip” mechanism for the growth of Au
nanorods in water.” DFT calculations of the energetic stabilisation by polar heads (oleylamine vs.
oleylammonium chloride) were performed to investigate these hypotheses. Due to computational
limitation, the alkyl chain was limited to one carbon. Methylamine adsorbs preferentially on top of
the gold surface atom with the lowest coordination number (c.n.: 5). Its adsorption energy, -22.4
kcal/mol, was roughly twice as strong as on the close-packed Au(111) surface. Actually this value is
in fair agreement with the adsorption energy on a gold adatom (c.n : 3) *® placed in the fcc position
of this surface (see Table S1 and ref 55). The methylammonium chloride ion pair, with polar
ammonium head lying above an adsorbed chloride, bound similarly to methylamine at the Au NW
surface, with almost the same adsorption energy (-19.1 kcal/mol). Despite the low coordination
number of gold surface atoms and possible finite-size effects,”’ these values remain quite low.
Nevertheless, the methylammonium chloride ion pair adsorption was significantly enhanced if both
moieties were simultaneously adsorbed on the surface (Figure S12). Such adsorption, when
occurring along the nanowire, makes an alternant positive/negative pattern that enhances adsorption
strength. Figure 8 shows the stabilisation with six methylammonium chloride entities per unit cell.
The resulting adsorption energy was found to be -37.7 kcal/mol per ion pair, suggesting that a
network of ion pairs could stabilize the surface of the nanowire. Thus, these preliminary DFT

results tend to show that a “zip” mechanism may also be invoked in the case of ultrathin Au NWs in

non polar solvent.
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4. Conclusion

Ultrathin Au nanowires were prepared following two routes: the reduction of the lamellar phase

M in a solution of

[OY-Au'CI] in an excess of pure oleylamine and the direct reduction of Au
oleylamine in hexane. In both cases nanospheres were found as side product. SAXS analyses
enabled to determine with a good precision the volume fraction of the different gold particles
present in solution, from which reaction yields were inferred. The superiority of the reduction of
gold chloride precursor in isotropic environment was clearly evidenced. A large reaction yield of
75% was determined, an order of magnitude higher than the route involving the lamellar phase. We
demonstrated that neither the reaction temperature/time nor the addition of stronger reducing agent
could improve the Au NWs yield in presence of the lamellar phase. Indeed, after 30 h of reaction
and for temperature above 50°C, only polydisperse Au NPs were obtained. This study allows ruling
out the assumption that the [OY-Au'Cl] intermediate solid phase acts as a soft template for the
nanowire growth. In the case of the liquid phase synthesis, DFT calculations evidenced a
cooperative adsorption and organisation of ions pairs at the surface of the ultrathin Au NWs. We

propose that such charged backbone plays a key role in the unique growth mechanism of such

anisotropic objects.
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Figure captions

Scheme 1 : Overview of a) the soft-templating approach (route 1) based on a 2-step reaction. The
step 2 uses only the white precipitate, obtained after removal of the supernatant. b) the liquid phase
synthesis (route 2).

Figure 1. TEM images of Au nanoparticles obtained with a) the soft-templating approach (route 1)
and b) the liquid phase synthesis (route 2).

Figure 2. a) XRD pattern of the precipitate obtained after step 1 (red) and the corresponding
oleylamine reference (black). b) Schematic view of the lamellar phase with partly interdigitated
alkyl chains.

Figure 3. DFT calculation of the stable configuration of Cl-Au'-RNH, complexes. 3 carbons alkyl
chain amines were considered due to computational time limitation. In green : CI, blue : N, Grey :
C, White : H, Black : Au’.

Figure 4. SAXS pattern of a) starting precipitate at room temperature and its further evolution with
time at b) 43°C, c) 48°C and d) 53°C.

Figure 5. TEM images of the particles obtained at a) 48°C after 45h and b) 53°C after 30 h with the
soft templating approach (route 1).

Figure 6. Volume fraction of nanospheres (black squares), nanowires (red circles) and their sum
(blue triangles) deduced from SAXS profiles fitting at 45°C.

Figure 7. Volume fractions calculated from the SAXS modelling at different times. Inset : Small
angle X-ray scattering results measured at 40 °C from t=0 to t=150 min.

Figure 8. DFT geometry of a gold nanowire stabilized by methylammonium chloride (the unitcell is
highlighted, as well as the faceting of the NW resulting from the low-index surface cleavage). In
green: Cl, blue: N, grey: C, white: H, yellow: Au.
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Figures

Step 1 Step 2

25°C, 48h 45°C, 48h

a) 10 mM HAuCl,+ 3000 mM OY [OY-AU'CI] + OYf ————> AuNWs

©CoO~NOUTA,WNPE

, 40°C, 1h
11 b) 10 mM HAUCI,+ 400 mM OY + 1000 mM TIPS e > AUNWs

14 Scheme 1
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