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Abstract 

Gold nanowires with a mean diameter of 1.7 nm were synthesized by reduction of 

HAuCl4 in a solution of oleylamine (OY) in hexane. A bilayer of oleylammonium 

chloride/oleylamine at the surface of the raw nanowires was evidenced by NMR and 

DOSY experiments. After washing a monolayer of oleylammonium chloride 

remained at the surface of the nanowires. The oleylammonium chloride layer could be 

progressively replaced by a phosphine shell as evidenced NMR and Diffusion 

Ordered Spectroscopy experiment (DOSY) experiments, in good agreement with the 

adsorption energies given by DFT calculations. The nanowires crystallize into 

hexagonal superlattices with a lattice parameter that can be tailored depending on the 

ligand shell. Small angle X-ray scattering showed the following lattice parameters: 

Au@OY+Cl-(OY) (a = 7.2 nm) > Au@TOPO/OY (a = 6.6 nm) > Au@ OY+Cl- (a = 

4.1 nm) > Au@TOP (a = 3.75 nm). This is one of few examples of surface 

modification of ultrathin nanowires that does not alter their morphology. Moreover, 

the nanowires coated with phosphines exhibited long time stability (at the opposite of 

other ligands like thiols) opening the way to more complex functionalization.   
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Introduction 

Ultrathin metallic nanowires and metallic nanocontacts exhibit unique structural1,2 and 

electronic3 properties due to their very small diameter and 1D feature. Different ways 

of elaboration of these nanostructures were developed to measure experimentally 

quantum properties at room temperature.3,4 Bottom-up synthesis routes lead to various 

ultrathin nanowires with applications in different fields like superconducting 

materials, catalysis or sensors. 4 In particular, ultrathin gold nanowires (Au NWs) are 

promising candidates for nanoelectronics,5,6 as efficient electro-catalysts for the 

reduction of CO2 to CO,7 as active materials in chemical sensors,8 or in optics with 

longitudinal surface plasmon resonance located in the infra-red region depending on 

their aspect ratio.9 Moreover, their very high aspect ratio allows to reach a percolation 

threshold for very low wires volume fraction which is very interesting for transparent 

and conductive films.10,11,12 Ultrathin gold nanowires prepared by wet chemistry 

method are also a class of flexible 1D nanostructure13 and were used to elaborate 

flexible devices like pressure sensors14 and flexible supercapacitors.15 Directed 

assemblies of ultrathin gold nanowires onto surface were developed using different 

techniques like nano-imprinting,12 dielectrophoresis16 and nanoxerography17 in order 

to measure wires their intrinsic properties and to master the fabrication of devices 

with complex architectures. 

The synthesis of ultrathin Au NWs were reported in several papers.18,19,20,21,22 In most 

of them gold chloride (HAuCl4) is reduced either in pure oleylamine or in a solution 

of oleylamine in a nonpolar solvent. Theoretical study using DFT calculations 

suggested that the amine adsorption favored the stabilization of the {100} Au facets 

that could explain the anisotropic growth.23 Nevertheless, the yield of nanowires was 

found much higher when oleylamine was diluted in a solvent rather than in pure 

oleylamine.24 Self-assembly of ultrathin Au NWs into bundles were observed in the 

mother liquors and the characterization of these bundles by small angle X-ray 

diffraction evidenced a self-organized bi-layer of oleylamine at the surface of the 

wires that could also explain the anisotropic growth.25 The structure of the oleylamine 

bi-layer was found very dependent on the nature of the solvent.26 

One limitation to the use of ultrathin gold nanowires in devices is their instability.27 

Wires breakdown under the beam of the electron microscope is difficult to avoid28 and 

in some cases revealed single atom chain as transient state.29 Aging in solution leads 

also to a fragmentation due to Rayleigh instability30 explaining that the electronic 
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properties measured on assemblies of wires are that of shorter fragments.31 Only very 

few studies dealt with the stability improvement of the ultrathin gold nanowires 

prepared by wet chemistry. A silica coating of Au ultrathin wires was developed that 

improved their thermal stability but also their ageing in solutions at different pH.32 It 

was also described that oleylamine concentration plays an essential role in the 

stability of ultrathin gold nanorods.30 It is very likely that the nanowire surface 

chemistry may have a strong impact on their stability and that ligand exchange may 

modify this stability. While the ligand exchange at the surface of ultra-small gold 

nanoparticles has been deeply studied with a lot of applications such as 

functionalization for biology, self-assembly or catalytic properties,33 there is almost 

no such studies in case of ultrathin Au NWs. Only one paper showed that the 

replacement of oleylamine by a long-chain amidoamine derivative as ligand in the 

synthesis makes the ultrathin gold nanowires water-dispersible.34  

In this paper we report on the ligand exchange at the surface of ultrathin Au NWs and 

on the characterization of this exchange by NMR and small angle X-ray diffraction. 

We show that a ligand exchange has strong consequences on the Au NWs self-

assembly and on their stability in solution.  

 

 

  



5 

 

Experimental 

Materials  

Hydrogen tetrachloroaurate tri-hydrate (HAuCl4, 3H2O) was purchased from Alfa 

Aesar, oleylamine 80-90% (OY) from Across Organic. Triisopropylsilane (TIPS), 

trioctylphosphine (TOP), trioctylphosphineoxide (TOPO), hexane and absolute 

ethanol were obtained from Sigma-Aldrich.  

 

Ultrathin gold nanowires synthesis 

Ultrathin gold nanowires (Au NWs) were synthesized according to a protocol adapted 

from Feng et al.21
. In a typical synthesis, 20 mg of HAuCl4·3H2O  (10 mM) was 

dissolved in a solution containing, 0.68 mL of oleylamine (400 mM) and 3.3 ml of 

hexane. Then, 1.02 ml (1M) of triisopropylsilane (TIPS) was added to the solution to 

initiate the reduction process. The solution was kept at 25°C for 24 h without stirring.  

 

Purification protocol  

The gold nanowire suspensions were subjected to purification and ligand exchange. 

One cycle of purification (1-purif) consisted in the following sequence: 5 mL of 

absolute ethanol were added to 2.5 mL of the as prepared Au NWs suspension, the 

mixture was centrifuged at 4000 rpm for 5 min and the supernatant was discarded. 

The precipitate was redispered in 2.5 mL of hexane for stability assessment and in 1 

mL for SAXS measurements. Two purifications (2-purif) consisted to repeat this 

cycle once again on the washed suspension.  

 

Ligand exchange 

Oleylamine was exchanged by trioctylphosphine (TOP) and trioctylphosphine oxide 

(TOPO) according to the following protocol. First, 500 µL of the suspension of Au 

NWS in hexane were washed with ethanol (1mL), centrifuged at 4000 rpm for 5 min 

and redispersed in 500 µL of hexane. Then, 500 µL of a solution of 10 mM of TOP 

(or TOPO) were added to the purified Au NWs in hexane. These suspensions were 

characterized after aging for different times at 25°C. The suspensions were 

characterized as such and purified following the same procedure as described above. 

The TOP solutions were handled in a glove box to avoid the TOP oxidation. 
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Characterizations 

The transmission electron microscopy (TEM) characterizations were performed using 

a JEOL 1011 microscope operating at 100 kV. A drop of gold nanowire suspension in 

hexane was deposited on a carbon-coated copper grid and dried under vacuum. 

Small Angle X-ray Diffraction was performed on a PANalytical Empyrean 

diffractometer equipped with a Cobalt source, λ (Co Kα1/Kα2) = 1.7889/1.792Å, a 

Bragg-Brentano HD optics with a divergence slit of 1/32° and an anti-scatter slit of 

1/8°, and a PIXcel1D-Medpix3 detector.  Several drops of gold nanowire suspension 

in hexane were deposited on a zero-background silicon substrate and then dried at 

room temperature for 3 min.  

Solution NMR spectra were obtained on a Bruker Avance I 500 spectrometer 

equipped with a 5 mm triple resonance inverse Z-gradient probe (TBI 1H, 31P, BB). 1H 

NMR spectrum were recorded in toluene-d8 at 293 K. Diffusion measurements were 

made using the stimulated echo pulse sequence. The mixing time of NOESY 

experiment were set to 100 ms. Chemical shifts (δ, parts per million) are quoted 

relative to SiMe4 (1H). They were measured by internal referencing to the residual 1H 

resonances of the deuterated solvent (toluene-d8, 1H δ 2.09 as a quintuplet of the 

methyl group). 31P chemical shifts were referenced to an external 85% H3PO4 sample. 

 

Density Functional Theory calculations 

As already done in our previous paper,24 the electronic properties of [111] oriented 

bulk AuNWs were calculated within the framework of the DFT considering periodic 

boundary conditions and the spin polarized constraint. These [111] direction oriented 

AuNWs, were generated by cleaving fcc bulk Au with low index surfaces. The 

exchange-correlation potential was approximated by the generalized gradient 

approach proposed by Perdew, Burke, and Ernzerhof (PBE).35 Calculation of the 

energetic parameters as well as the geometry optimizations were carried out using the 

projector augmented waves (PAW) full-potential reconstruction36,37 implemented in 

the Vienna ab initio simulation package, VASP.38,39 To minimize errors arising from 

the frozen core approximation, we used the PAW data sets treating the 4p, 4d and 5s 

Au states (17 valence electrons). A kinetic energy cutoff of 525 eV was sufficient to 

achieve a total energy convergence within several millielectronvolts for ligands 

adsorption. van der Waals interactions were taken into consideration by adding a 

pairwise interatomic term Edisp to the Kohn−Shan DFT energies, which was evaluated 
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using the revised DFT-D3 method of Grimme with Becke-Jonson damping.40,41 For 

the geometry optimizations, a (1×1×11) Γ-centered [42] 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/Å. The supercell size along the a and b directions is 

set to ensure a vacuum space of ca. 14 Å between periodic images of decorated Au 

NWs. 
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Results and Discussion 

 

1. Au NWs characterizations 

 

Figure 1 shows a TEM image of Au NWs prepared by the reduction of HAuCl4·3H2O 

dissolved in a solution of oleylamine in hexane with TIPS at 25°C. The wire mean 

diameter is d = 1.7 nm and the standard deviation of the diameter distribution is very 

small as already observed by several studies. 21,25 Several drops of a suspension in 

hexane of Au NWs purified one time were evaporated on the XRD zero background 

silicon substrate. The X-ray diffraction pattern of the dry assembly exhibited several 

peaks at small angles revealing the crystallization of the NWs in a hexagonal phase. 

The peak positions in the reciprocal space relative to the position of the first peak 

were 1:√3:√4:√7:√9:√12:√13 (Fig. 2a) characterizing a bidimensional hexagonal 

positional order in the plane normal to the wires. The lattice parameter a calculated as 

the average of the distance of the different (hk) reflections  

�(��) =
�

√�
��
���
 was found equal to 7.2 nm. In such hexagonal array the parameter 

a corresponds to the inter-wire distance. 25 The spacing between the wires is thus 

estimated to e = a – d = 5.5 nm (with d the wire diameter of 1.7 nm). Additional peaks 

corresponding to the (00l) reflections of pure oleylamine were also observed (Fig. 2a) 

showing an excess of OY that crystallized on the substrate at room temperature.  

The XRD pattern at small angles of the same nanowires purified twice revealed also 

the formation of a hexagonal phase but with (hk) reflections strongly shifted to high q 

(Fig. 2b). This shift reveals a much smaller lattice parameter a = 4.1 nm and a 

corresponding spacing between the wires e = a – d = 2.4 nm. The peaks of pure 

oleylamine did not appear on the XRD pattern in agreement with an efficient washing 

that removed the free oleylamine molecules from the suspensions purified twice (Fig. 

2b).  

Previous studies described the self-assembly of ultrathin Au NWs into hexagonal 

phase in solution. In situ small angle X-ray scattering experiments carried out on as-

synthesized suspensions showed the formation after a few hours of a hexagonal phase 

with a lattice parameter a = 9.7 nm.25 This very large parameter compared to the 

oleylamine length in all-trans configuration (2.1 nm) was explained by a bi-layer of 

oleylamine around the Au NWs. Recently, Reiser et al. showed that the lattice 
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parameter of the Au NWs hexagonal phase that crystallized in the mother liquor 

strongly depends on the oleylamine volume fraction in the solution. They found a 

variation between 10.2 nm and 7.5 nm when the OY volume fraction was varied 

between 0.05 and 0.75, respectively. 26 This variation was interpreted as the result of a 

progressive interdigitation of the OY molecules surrounding the wires due to an 

increasing osmotic pressure when the concentration of free OY was increased.26 The 

lattice parameter of 7.2 nm measured on the dried nanowires is in good agreement 

with this variation. In the present case hexane was evaporated that could provoked an 

even stronger interdigitating. Nevertheless, the large interwire spacing (5.5 nm) 

compared to the length of a single OY molecules supports that the Au NWs after one 

purification are still coated by a bilayer of oleylamine molecules with a strong 

interdigitation.  

After two purifications the shortening of the distance between the wires in the 

hexagonal phase can be explained by the removal of the external layer of OY leading 

to a single OY layer at the surface of the wires. Considering that OY has a length of 

2.1 nm in all-trans configuration, the spacing of 2.4 nm means that the OY molecules 

strongly interdigitate. A scheme of the interwire spacing in the different distance 

hexagonal phases is proposed on figure 10. 

 

 

Figure 1. TEM image of Au NWs synthesized by reduction with TIPS of a solution of 

HAuCl4·3H2O in a solution hexane containing oleylamine at 25°C for 24 h. 
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Figure 2.  X-ray diffraction pattern at small angles of Au NWs deposited and dried on 

a zero-background silicon substrate (a) wires purified one time and (b) wires purified 

twice.   

  

 

Suspensions of Au NWs after one and two purifications were characterized by 

solution 1H NMR spectroscopy in toluene-d8. In the spectrum of the sample purified 

one time resonance signals were found at 5.51, 2.55, 1.45, 1.35–1.15, and 0.95 ppm 

that are attributed to the alkene, the CH2 alpha to the NH2, the CH2 beta to the NH2, 

the 13 CH2 and the methyl groups of oleylamine, respectively (Fig. 3a). The Diffusion 

Ordered Spectroscopy experiment (DOSY) gave a diffusion coefficient of 1.0 10-9 

m2.s-1. This value is similar to that found for pure OY (1.1 x 10-9 m2.s-1, Fig. S1) and it 

is thus attributed to free OY due to the large excess present in the suspension in 

agreement with the results found by SAXS. 

(a) 

(b) 



11 

 

In the 1H NMR spectrum of the Au NWs purified twice the resonance signal 

attributed to the CH2 alpha and beta to the NH2 group were shifted to 2.82 and to 1.79 

ppm, respectively (Fig. 3b). This downfield shift compared to the resonance signals of 

the free OY is attributed to the presence of oleylammonium chloride in the sample 

that was not detectable in the sample purified only one time. The presence of 

oleylammonium was confirmed by the resonance signal centered at 8.85 ppm 

assigned to the -NH3
+ cation (Fig. 3b). Moreover, the resonances of the CH2 alpha and 

beta to the NH3
+ group are broadened revealing the coordination of the 

oleylammonium to the Au NWs surface. Indeed, the reduced mobility of the ligands 

bound to a nanoparticle induces the NMR lines broadening and this effect is more 

marked for the protons closest to the surface.43,44,45,46 Additionally, a confirmation of 

the coordination of oleylammonium to Au NWs is given by the diffusion coefficient 

measurements obtained from DOSY experiments (Fig. S2). Whereas the diffusion 

coefficient found for free OY in this sample was 8.9 10-10 m2.s-1, the oleylammonium 

displayed a significant lower value (4.0 10-10 m2.s-1).  

The presence of oleylammonium  is probably due to the presence of an acid proton in 

the gold precursor HAuCl4, 3 H2O. Previous theoretical calculations suggested that 

that the adsorption of ammonium chloride was more favorable than amine at the 

surface of gold nanowires.24 The modification of the ligand shell with washing 

suggests a first coordination shell containing mainly the ammonium and a second 

shell containing mainly the amine. In the sample washed only one time the excess of 

free amine hides the signal of the ammonium shell. 
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Figure 3. 1H NMR spectra of Au NWs coated by oleylamine/oleylammonium shells 

after (a) one purification and (b) two purifications (*:toluene-d8, □: water). 

 

 

2. Ligand exchange 

 

A solution of trioctylphosphine (TOP) in hexane (10 mM) was added to a dispersion 

in hexane of nanowires purified one time (gold concentration = 10 mM). X-ray 

diffraction patterns at small angle were recorded at different times after the addition of 

TOP. Several drops of the suspension were deposited and dried on the zero-

background Si substrate. On figure 4 are given the XRD patterns recorded after a 

contact time between the wires and TOP of 30 min and 72h. In both cases the wires 

crystallize in a single hexagonal phase with a lattice parameter significantly lower 

than the lattice parameter of 7.2 nm measured on the purified nanowires coated by 

oleylamine. The observation of a single phase, and not a mixture of two phases, is 

consistent with a progressive ligand exchange in the NW coordination shell, the lattice 

parameter being a mean value of the interwire distances. After only 30 min of contact 

time the lattice parameter was found a = 4.85 nm (Fig. 4a) and after 72h it decreased 

to reach a = 3.75 nm (Fig. 4b).  
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The same experiments were done with trioctylphosphine oxide TOPO (Fig. 5). The 

wires crystallized in a hexagonal phase with a lattice parameter significantly higher 

than with TOP, a = 6.6 nm, and that did not vary when the time was increased from 

30 min to 72 h.  

  

   

Figure 4.  X-ray diffraction patterns at small angle of Au NWs aged in a solution of 

TOP for different times: (a) 30 min ; (b) 72 h. (*OY peaks are marked with a star). 

 

 

      

 

(a) 

(b) 
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Figure 5.  X-ray diffraction patterns at small angle of Au NWs aged in a solution of 

TOPO for different times: (a) 30 min ; (b) 72 h.  

 

In order to follow the coordination of TOP and TOPO ligands at the surface of the Au 

NWs, solution NMR analysis were performed after ligand exchange and after 

different cycles of purification.  

After the addition of TOP, a resonance signal centered at - 32.3 ppm was detected in 

the 31P NMR spectrum. This peak was assigned to free TOP. After one and two 

purifications, this resonance was not detected anymore by solution 31P NMR 

spectroscopy (Figure S3) meaning that free TOP was no more present in the sample. 

The same result was found when the ligand exchange was made with TOPO. After 

either one or two purifications, no free TOPO (δ 42.4 ppm) was detected by 31P NMR 

(Figure S4). In the 1H NMR spectra of the samples treated with TOP after both, one 

and two purifications, the resonance signal centered at 1.6 ppm is attributed to the 

CH2 group in alpha to the phosphorous atom indicating the presence of TOP at the 

(a) 

(b) 
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surface of the wires. The resonance signal is broadened and slightly shifted to higher 

frequencies compared to the same resonance signal in the free TOP (1.5 ppm) due to 

the coordination of TOP to the wires (Figure 6b, c and d). Interestingly, the signal of 

oleylammonium is no more present suggesting the full replacement of this ligand by 

the phosphine. Additionally, the peaks at 5.51 and 2.55 ppm assigned to the alkene 

and the CH2 alpha to the NH2 of OY are also detected and this confirms the residual 

presence of OY as observed by SAXS. Consistently, the DOSY experiments 

evidenced two diffusion coefficients in the sample purified twice, 1.4 x 10-9 m2.s-1 and 

2.2 x 10-10 m2.s-1. The first coefficient is assigned to free OY while the second is 

assigned to coordinated TOP since the diffusion filtered spectrum at 2.2 x 10-10 m2.s-1 

only shows the resonances of TOP (Fig. S5). These results together with those 

obtained by 31P NMR suggest that TOP has replaced oleylammonium and is tightly 

bound to the surface of Au NWs. This is confirmed by periodic-DFT calculations, 

aiming at evaluating the adsorption energy of surface species on a 1.7 nm Au NW. 

The results are summarized in Figures 10 and S6. As already explained in Ref. 24, the 

methylammonium chloride ion pair, with the polar ammonium head lying above an 

adsorbed chloride, binds weakly at the Au NW surface (-19.1 kcal.mol-1), whereas its 

adsorption is significantly enhanced if both moieties are simultaneously adsorbed. 

Such adsorption can result in an alternant positive/negative pattern that enhances 

adsorption strength (-40.1 kcal.mol-1 per ion pair). Regarding the adsorption of TOP, 

we considered a smaller molecular model, PMe3, in order to reduce the computational 

effort. Such model provides a lower limit of the adsorption strength of σ-donor 

phosphines. It turns out that the σ-donor character of the trimethylphosphine ligand is 

already strong, with an adsorption energy of -43.4 kcal.mol-1, 20 kcal.mol-1 stronger 

than the adsorption of the trimethylamine counterpart (a detailed comparison of the 

electronic structure of grafted amines and phosphines is given in the supporting 

information document. In short, a smaller HOMO-LUMO gap in PMe3 and a 

significant ligand-to-metal charge transfer interaction observed when grafted to the 

metal surface, account for a stronger adsorption energy). This result suggests that the 

surface adsorption of TOP on AuNW surface is a thermodynamic driving force that 

breaks the ionic interactions and that explains the exchange between ammonium and 

TOP ligands. 
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The progressive decreased of the interwire distance is explained by a progressive 

substitution of the OY by TOP that exhibit shorter chains. Au NWs aged 72 h with 

TOP crystallized in a hexagonal phase with a very short lattice parameter of 3.75 nm 

corresponding to an interwire spacing of only 2 nm, i.e. lower than the oleylamine 

length. This value suggests a nearly complete exchange of OY by TOP (Fig. 10). 

Regarding to the Au NWs treated with TOPO, in the 1H NMR spectra of the samples 

after one and two purifications, the resonances of oleylammonium are again lacking 

while those of OY and TOPO can be observed. The signal at δ = 1.6 ppm attributed to 

the CH2 group in alpha to the phosphorous atom was broadened compared to free 

TOPO (Fig. 7b, c and d), suggesting that TOPO is coordinated to the surface. The 

presence of TOPO molecules in the first coordination shell was confirmed by DOSY 

experiments. Two diffusion coefficients were found, 9.1 10-10 m2.s-1 and 1.29 10-10 

m2.s-1, attributed respectively to OY and TOPO thanks to the diffusion filtered 

spectrum (Fig. S7). However, in contrast to the sample treated with TOP, the signals 

of the alkene and CH2 alpha to NH2 of OY are slightly more intense in the sample 

treated with TOPO (Fig. 7a,d) suggesting a less efficient exchange with TOPO than 

with TOP. A larger amount of oleylamine remaining in the coordination shell of the 

NWs could explain a larger interwire distance. With TOPO the lattice parameter of 

the NW array after 72 h takes an intermediate value between the parameter measured 

on the nanowires coated by oleylammonium chloride oleylamine and those after TOP 

exchange. This suggests that the oleylamine exchange is incomplete with TOPO while 

almost complete with TOP. This finding can be rationalized in terms of hard–soft 

acid–base (HSAB) principle.47 Au nano-objects with soft surface sites form stronger 

bond with the soft P atom (i.e. TOP) than with the hard O atom (i.e. TOPO). 
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Figure 6. 1H NMR spectra of (a) oleylamine, (b) trioctylphosphine, (c) Au NWs 

coated by oleylamine exchanged with TOP after one purification, and (d) after two 

purifications (*:toluene-d8, □: water). 

 

Figure 7. 1H NMR spectra of (a) oleylamine, (b) trioctylphosphine oxide, (c) Au 

NWs coated by oleylamine exchanged with TOPO after one purification, and (d) after 

two purifications (*:toluene-d8, □: water). 



18 

 

 

3. Au NWs stability 

 

The stability of the nanowires in solution was followed by examining the evolution of 

morphology by TEM and superlattices formation by XRD during 13 days. On Figure 

8 are presented the SAXS pattern and the corresponding TEM images of Au NWs 

purified one time and aged in solution for different time intervals. After 7 days one 

can notice that the peak intensity of the NW hexagonal array decreased and the super-

lattice disappeared completely after 13 days, peaks corresponding to pure oleylamine 

only remain (Fig. 8c). The full width at half height, ∆q, of the (10) peak reported in 

table 1 showed a progressive broadening with time meaning that the coherence length 

of the hexagonal array, estimated to Lcoh = 2π/∆q, decreased continuously. The TEM 

images showed that the mean diameter of the Au wires increased after 7 days that 

explained the loss of coherence of the hexagonal lattice. After 13 days the ultrathin 

NWs totally disappeared. Anisotropic particles were still observed but their mean 

diameter increased to a mean value of 11 nm with a large size distribution and no long 

range order was visible in agreement with the SAXS pattern.  

Figure 9 shows the effect of aging on SAXS measurements and the corresponding 

TEM images of Au NWs stabilized by TOP and TOPO. Even after 13 days of aging in 

solution the Au NWs kept their morphology and the hexagonal arrays were still 

observed by SAXS. The peak broadening observed for short contact time with TOP 

and TOPO compared to the original hexagonal array (Tab. 1) is likely due to 

parameter fluctuations due to the progressive shell replacement of oleylammonium 

chloride by the phosphines. After 3 days of contact time this peak broadening is 

stabilized showing the absence of any further evolution. 

 
Phosphines are good ligands to preserve the NW morphology and to improve their 

stability with time in solution. At the opposite when we tried to make ligand exchange 

with 1-dodecanthiol, we found that this ligand destroys the Au NWs even at low 

concentrations (Fig. S8). 
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Figure 8. Effect of time on Au NWs prepared at 25 °C: SAXS patterns after 0, 7 and 

13 days (a, b, c) and corresponding TEM images (d, e, f). 
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Figure 9. Effect of time on Au NWs after TOPO and TOP ligand exchange: SAXS 

measurements after 3 and 13 days (a, b)with TOPO, and (c, d) with TOP; 

corresponding  TEM images after 3, 13 days (e, f) TOPO and  (g, h) TOP. 

 

 

Table 1. Effect of time on Au NWs stabilized by oleylamine and after TOP and 
TOPO ligand exchange on the FWHM (∆q) of the (10) peak. For the pure oleylamine 
shell the corresponding coherence length L=2π/∆q is given. 

Time 
(day) 

OY TOP TOPO 

∆q (nm-1) L (nm) ∆q (nm-1) ∆q (nm-1) 

0 0.085 75 0.13 0.14 

3 0.24 26 0.25 0.13 

9 0.34 18 0.26 0.13 

13 - - 0.26 0.13 
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Figure 10. Schematic representations of the ligand shell of Au NWs and interwire 

distance: (a) after 1 purification ; (b) after 2 purifications and (c) after exchange with 

TOP. Right: adsorption energies of methyl ammonium chloride and 

trimethylphosphine calculated by periodic-DFT.  

 

 

Summary and conclusion 

Gold ultrathin nanowires (Au NWs) with a mean diameter of 1.7 nm were synthesized 

by reduction of HAuCl4 in a solution of oleylamine in hexane. The oleylamine (OY) 

was then exchanged by trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO). 

SAXS and NMR characterizations were carried out on the Au NWs in dried state and 

in solution, before and after ligand exchange.  
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Hexagonal arrays of parallel nanowires were evidenced by SAXS. This technique 

presents the advantage over transmission electron microscopy to characterize large 

amount of samples and not only local area. The formation of hexagonal arrays of 

nanowires requires monodisperse wires and well-defined ligand shell. The lattice 

parameter of the hexagonal arrays gives the mean interwire distance and the spacing 

between the wires is calculated by subtracting their mean diameter. We observed that 

the lattice parameter decreased when oleylamine was removed by washing and the 

interwire distances are consistent with wires coated by a bilayer of oleylamine that 

becomes a monolayer after washing. 1H NMR allowed to precise that the first 

coordination shell consisted mainly in oleylammonium suggesting the presence of 

chloride ions bound to the gold surface in agreement with adsorption energy 

calculations by periodic DFT.  

The oleylamine/oleylammonium bilayer was modified by ageing nanowires 

suspensions in TOP and TOPO solutions in hexane. NMR showed that the 

oleylammonium chloride shell was completely removed by TOP and TOPO. This 

experimental result was confirmed by DFT calculation showing a stronger adsorption 

of phosphines on the Au NWs. NMR showed also that OY molecules remained with 

TOPO while they were almost completely replaced by TOP. The ligand shell 

modification changed the lattice parameter of the NWs hexagonal arrays. The 

following order of the lattice parameters was found: Au@Cl-OY+ (OY) (a = 7.2 nm) > 

Au@TOPO/OY (a = 6.6 nm) > Au@Cl-OY+ (a = 4.1 nm) > Au@TOP (a = 3.75 nm). 

The two first values are explained by a bilayer of ligand at the surface of the Au NWs 

while the two last values are explained by a monolayer (Fig. 10) in agreement with 

the DOSY experiments. 

In conclusion we have showed that it is possible to tailor the interwire distance of 

ultrathin gold nanowires in hexagonal array playing on the ligand shell. This study 

showed also that Au NWs coordinated by TOP and TOPO exhibit long time stability 

in solution which is an important prerequisite for further applications and it opens the 

way to more complex functionalization. 
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Figure S1. DOSY spectrum of pure oleylamine in toluene-d8. 
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Figure S2. Diffusion filtered 1H NMR spectrum of Au NWs stabilized by oleylammonium 

after two purifications. The spectrum corresponds to the resonance signals observed at D = 

4.0 x 10-10 m2s-1. 

 

Figure S3. 31P NMR spectrum of Au NWs coated with OAm: (a) after addition of TOP, 

(b) after one purification, and (c) after two purifications. 
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Figure S4. 31P NMR spectrum of Au NWs coated with OAm: (a) after addition of TOPO, 

(b) after one purification, and (c) after two purifications. 

 

Figure S5. Diffusion filtered 1H NMR spectrum of Au NWs treated with TOP after two 

purifications. The spectrum corresponds to the resonance signals observed at D = 2.2 x 10-

10 m2s-1. 
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Figure S6. Adsorption energies (in kcal.mol-1) and patterns of ligands on a gold nanowire. 

 

Figure S7. Diffusion filtered 1H NMR spectrum of Au NWs treated with TOPO after two 

purifications. The spectrum corresponds to the resonance signals observed at D = 1.29 x 

10-10 m2s-1. 
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Figure S8. (a)  SAXS pattern of Au NWs after ligand exchange with 1-dodecanthiol;  (b) 

corresponding TEM image. 
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Theoretical part: analysis of the DFT electronic structure 

This part aims at evaluating the Au-LMe3 interaction (L=P or N) thanks to the molecular 

orbital language. Since the states calculated with VASP are expanded in a plane wave basis 

set, it is necessary to project them on a local basis set. This is achieved with the LOBSTER 

(Local Orbital Basis Suite Towards Electronic-Structure) package [1]. It allows calculating 

Crystal Orbital Hamilton Population (COHP, see Ref. 2) curves projected in a local atomic 

basis set (pCOHP), and also reliable atom-projected density of states (pDOS), both directly 

based on plane-wave wavefunctions calculated with the VASP package. Several example 

of the application of such analysis to ruthenium nanoclusters in equilibrium with syngas 

can be found in Ref. 3. 
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Figure S9. MOs of LMe3 (L=P or N), calculated at the DFT-B3LYP level of theory, with 

the Gaussian09 package [4], within the 6-31G(d,p) basis set. The occupied MOs that are 

expected to be involved in the Au-LMe3 interactions due to their significant L-axial and L-

tangential character are marked with a * sign. Although the HOMO lies at the same energy 

in both ligands, the lone pair-like component is more diffuse on P than on N. With a 

slightly more stable LUMO in PMe3 than in NMe3, the HOMO-LUMO gap is smaller in 

the phosphine ligand, in line with its softer HSAB character. The other occupied MOs than 

can be involved in the surface-ligand interactions lie closer to the Fermi energy in PMe3 

than in NMe3. Overall, these features are expected to involve a stronger interaction of the 

phosphine with the surface. 
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Figure S10. pDOS and pCOHP profiles for the bare AuNW (LOBSTER basis set on 

which the projection is done: 5p, 5d, 6s. Absolute charge spilling: 1.65%. This small 

charge spilling is not significantly reduced by adding a 6p subshell in the basis set). εd and 

εs designate the d- and s-band centers, following the seminal d-band center formulation of 

Hammer and Nørskov [5]. The atomic population is calculated by integration of the 

projected DOS. It is no surprise that it is in line with the Au(0) character of gold atoms in 

this bare metal nanowire. 
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Figure S11. pDOS and pCOHP profiles for PMe3*AuNW. The s- and d-band centers for 

the gold nanowire do not change much upon adsorption with respect to the bare AuNW. 

According to the DOS and COHP profiles, the Au-P bonding state located at ca. -12 eV 

has a strong charge transfer (CT) character, with a small component on the neighboring 

gold atom (blue and maroon DOS profiles), that does not exist in the naked AuNW (see 

DOS profile in Fig. S9). Other states higher in energy also significantly contribute to the 

bonding between Au and the PMe3 ligand, whereas the states close to the fermi energy (EF) 

exhibit an antibonding character. Nevertheless, the integration of COHP(ε) up to the Fermi 

energy indicates a net bonding interaction (ICOHP: 2.0 eV, i.e. 45 kcal/mol). An Au-Au 

interaction is much weaker, with ICOHP: 0.3 eV (7.6 kcal/mol, but mind that the 

coordination number of gold atoms is in the range 5 to 12). The electronic population per 

atom can be calculated by integrating the DOS up to the Fermi energy. The gross 

population on P is 4.5e, whereas the gross population on each methyl group is 7.8e, 

probably owing to some back-donation from the surface. 
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Figure S12. pDOS and pCOHP profiles for NMe3*AuNW (COHP: same x-scale as in Fig. 

S10, for the purpose of comparison). As in PMe3*AuNW, the s- and d-band centers for the 

gold nanowire do not change much upon adsorption with respect to the bare AuNW. 

According to the DOS and COHP profiles, there is no strong Au-N bonding state located at 

ca. -12 eV, on the contrary to what is observed in PMe3*AuNW. According to the DOS 

profile, the states lying at -12.5 eV and -16 eV are localized on the ligand, with no 

significant contribution of the metal that could favor a LMCT state. Other states higher in 

energy significantly contribute to the bonding between Au and the NMe3 ligand, whereas 

the states close to the fermi energy (EF) exhibit an antibonding character. The integration 

of COHP(ε) up to the Fermi energy indicates a net bonding interaction weaker than PMe3 

at the same site (ICOHP: 0.8 eV, i.e. 19 kcal/mol). The Au-Au interaction is still 

characterized by a weak ICOHP index: 0.3 eV (7.6 kcal/mol). The electronic population 

per atom can be calculated by integrating the DOS up to the Fermi energy. The gross 

population on N is much higher than calculated on P (5.7e vs. 4.5e), whereas the gross 

population on each methyl group is 7.5e. Overall, these results show a weaker LMCT 

charge transfer in the amine-protected AuNW. 
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