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ABSTRACT 

Colloidal Pd2Sn and Au-Pd2Sn nanorods (NRs) with tuned size were produced by the reduction 

of Pd and Sn salts in the presence of size- and shape-controlling agents and the posterior growth 

of Au tips through a galvanic replacement reaction. Pd2Sn and Au-Pd2Sn NRs exhibited high 

catalytic activity toward quasi-homogeneous hydrogenation of alkenes (styrene and 1-octene) 

and alkynes (phenylacetylene and 1-octyne) in dichloromethane (DCM). Au-Pd2Sn NRs showed 

higher activity than Pd2Sn for 1-octene, 1-octyne and phenylacetylene. In Au-Pd2Sn 

heterostructures, XPS evidenced an electron donation from the Pd2Sn NR to the Au tips. Such 

heterostructures showed distinct catalytic behaviour in the hydrogenation of compounds 

containing a triple bond such as tolan. This can be explained by the aurophilicity of triple bonds. 

To further study this effect, Pd2Sn and Au-Pd2Sn NRs were also tested in the Sonogashira 

coupling reaction between iodobenzene and phenylacetylene in DMF. At low concentration, this 

reaction provided the expected product, tolan. However, at high concentration, more reduced 

products such as stilbene and 1,2-diphenylethane were also obtained, even without the addition 

of H2. A mechanism for this unexpected reduction is proposed.  

 

INTRODUCTION 

Multimetallic catalysts have associated several potential advantages over elemental 

compositions, including:1–4 i) Cost reduction associated with the utilization of lower amounts of 

noble metals; ii) Additional degrees of freedom to tune the electronic structure toward the 

Page 2 of 34

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3

creation of suitable adsorption/reaction sites; iii) Close location of different adsorption/reaction 

sites enabling tandem reactions that potentially reduce the number of synthetic steps toward a 

specific product; iv) Allow for alternative multisite reaction paths that may be faster, more 

selective and/or prevent poisoning species to be formed or to remain at the catalyst surface. 

Multimetallic catalysts can be realized by several methods including the incorporation of 

multiple metallic centers within a molecule or the impregnation of the different metals on a high 

surface area support. However, a particularly interesting and at the same time underexploited 

class of catalysts is that of size-, shape- and compositional-engineered multimetallic colloidal 

nanoparticles (NPs). Being unsupported, essentially solution-dispersed, colloidal NPs combine 

the advantages of classic homogeneous and heterogeneous catalysts:5–12 Like catalytic organic 

molecules, colloidal NPs can be produced with extraordinary control over chemical and 

structural parameters, potentially enabling the rational engineering of their catalytic activity and 

especially selectivity in sensitive reactions.12–16 Colloidal NPs also have extremely high surface-

to-volume ratios, which makes them potentially very active. Additionally, unlike molecular 

catalysts, NPs are easily separated from solvent, reactants and products, preventing product 

contamination and allowing catalyst reutilization in multiple cycles. 

Multimetallic colloidal NPs are typically prepared by the co-reduction or thermal decomposition 

of precursors of the different metals and/or the heteronucleation of a second or third compound 

at the surface of a pre-formed NP. Additionally, atomic substitution reactions can be used to 

partially or totally modify the stoichiometry of pre-formed NPs obtaining new and eventually 

much more complex compositions. In this direction, galvanic replacement reactions, involving 

the substitution of lattice atoms by ions in solution mediating a redox reaction, are particularly 

suitable.17–22 The galvanic replacement is driven by a difference in reduction potential between 

Page 3 of 34

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 4

the replacing and replaced elements, which allows the reaction to proceed at moderate 

temperatures and minimizing homonucleation of independent NPs. However, in spite of its high 

potential and versatility, very few examples exist on the modification of the composition of 

multimetallic nanostructures by a galvanic replacement reaction.23,24 

The development of catalysts for organic reactions is driven by the search for cost-effective and 

environmentally-friendly processes suitable for a sustainable society. From the myriad of 

currently exploited catalytic reactions, hydrogenation and cross-coupling are among the most 

heavily studied. Hydrogenation comprises an exceedingly important group of reactions, 

including the Haber-Bosch process as well as the reduction of alkenes, aldehydes, ketones and 

imines.25 On the other hand, cross-coupling reactions comprise several essential mechanistically-

related reactions, including Suzuki, Stille, Heck and Sonogashira couplings among others.26 

While numerous homo- and heterogeneous catalysts have been successfully applied in these 

reactions, several performance, economic and impact parameters, such as activity, selectivity, 

substrate scope, durability/recyclability, cost-effectiveness, environmental friendliness and 

sustainability require further improvement, making the design of better hydrogenation and cross-

coupling catalysts a worth endeavor. 

Pd-based multimetallic catalysts and particularly Pd-Sn alloys have raised especial attention in 

these reactions owing to their reduced cost and improved performance compared to bare Pt or Pd 

catalysts.16,26–31 We recently described the synthesis of Pd2Sn nanorods (NRs) with narrow size 

distribution and geometry control.16 In the present paper we report a procedure based on a 

galvanic replacement reaction for the growth of Au tips onto Pd2Sn NRs to produce Au-Pd2Sn 

heterostructured NRs. With both types of NRs in hand, we compare the performance of Pd2Sn 

and Au-Pd2Sn NPs in alkene and alkyne hydrogenations and in Sonogashira couplings. These 
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 5

reactions have been chosen because Pd-Sn systems have been previously shown excellent 

performances28 and there is also literature precedents demonstrating that supported Au NPs are 

active both in hydrogenation32 and Sonogashira33–38 couplings due the aurophilicity of alkynes.39–

41 

EXPERIMENTAL SECTION 

Chemicals: Palladium(II) acetylacetonate ([Pd(acac)2], 99%), tin(II) acetate (Sn(OAc)2), 

gold(III) chloride (AuCl3, 99,99%), 1-octadecene (ODE, 90%), methylamine hydrochloride 

(MAHC), oleylamine (OAm, >70%), hydrochloric acid (37% in water), styrene, 1-octene, 

phenylacetylene (PhA), 1-octyne, tolan, iodobenzene (PhI), potassium carbonate and potassium 

hydroxide were purchased from Sigma Aldrich. Tri-n-octylphosphine (TOP, 97%) was acquired 

from Strem. Analytical grade hexane, chloroform, N,N-dimethylformamide (DMF), 

dichloromethane, toluene and ethanol were obtained from various sources. All chemicals were 

used as received, except OAm, which was purified by distillation. 

Synthesis of Pd2Sn NRs: Pd2Sn NRs were produced following our previous report16 with a 

slight modification to improve the product yield while simultaneously using an air stable 

reactant, Sn(OAc)2, instead of the air sensitive tin(II) acetylacetonate used previously. In a 

typical synthesis, 20 mL of OAm, 0.8 mmol of MAH, 0.3 mmol of [Pd(acac)2] and 0.15 mmol 

Sn(OAc)2 were placed in a 100 mL four-neck flask and purged under argon flow for 30 minutes 

at 60 °C. Then 1 mL of TOP was injected into the solution and the mixture was heated to 200 °C 

at 12 °C/min. After maintaining the reaction mixture at 200 °C for 30 min, the solution was 

heated to 300 °C at 2.5 °C/min and kept for additional 30 min at this temperature. Finally, the 

solution was cooled down and Pd2Sn NRs were separated from the reaction mixture by adding 
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 6

20 mL of ethanol and centrifuging at 3000 rpm for 5 min. NRs were washed with chloroform as 

solvent and ethanol as non-solvent by two precipitation/ redispersion steps. With the adjustment 

of MAHC amount, different sizes and aspect ratios of Pd2Sn NRs were obtained, following our 

previous report:16–22, 26 ± 2 nm × 9 ± 1 nm (0.85 mmol MAHC)  and 40 ± 5 nm × 11 ± 2 nm (0.9 

mmol MAHC). 

Synthesis of Au-Pd2Sn NRs: Au-Pd2Sn NRs were prepared by growing Au over Pd2Sn NRs 

produced following the procedure described above. Initially, a fresh stock solution prepared in 

glovebox containing 0.02 mmol of AuCl3 in 50 µl of OAm and 2 ml of ODE. Then, this Au 

stock solution was injected at room temperature into 5 mL of Pd2Sn NRs dispersed in toluene (5 

mg/mL) under strong stirring, and maintained in these conditions for 60 min. Finally, Au- Pd2Sn 

NRs were washed by multiple precipitation/redispersion using toluene and ethanol. When 

different amounts of Au stock solution were used, different Au contents were obtained in the 

Pd2Sn NRs. For too high amounts, >0.04 mmol, significant amounts of Au homogeneously 

nucleated in the solution. 

Procedures for the catalytic runs: A) Hydrogenation reactions. An exactly weighted quantity 

of 10 nm Pd2Sn or 12 nm Au-Pd2Sn NRs (usually 10.0 mg) and the allotted quantity of substrate 

(styrene, 1-octene, PhA, 1-octyne or tolan) were dissolved in 20 mL of the solvent of choice 

under nitrogen atmosphere, sonicated for 10 minutes and transferred by syringe to a Fischer-

Porter flask, which was then purged with H2 three times, pressurised to the desired H2 pressure 

(usually 3 bar) and left stirring for the selected time. 

B) Sonogashira coupling reactions. An exactly weighted quantity of 10 nm Pd2Sn or 12 nm Au-

Pd2Sn NRs (usually 10.0 mg), PhI (204 mg, 1.0 mmol), PhA (153 mg, 1.5 mmol) and base (2 

mmol) were dissolved in 10 mL of dry DMF under nitrogen atmosphere, sonicated for 10 
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 7

minutes and transferred by syringe to a microwave tube. The reaction was heated 130 °C for the 

allotted time. 

The conversions in Sonogashira coupling reactions were calculated with respect to the limiting 

agent (PhI). The turnover frequencies (TOF) were calculated from the amount of product 

produced in a specific time interval in hours by considering the total Pd amount according to: 

��� = (�� �������)/(�� �� · �) 

Gas chromatography (GC) analyses after catalytic runs were performed with an Agilent 

Technologies 6890N chromatograph equipped with a HP5-5MS capillary column (30 m x 0.32 

mm size) and a FID detector, with He as a carrier gas. Additionally some compounds were 

characterized by GC-MS analyses in an Agilent Technologies chromatograph 7820A with a mass 

detector 5975 using the same column. 

Characterisation: Size and shape of initial NPs were examined by transmission electron 

microscopy (TEM) using a ZEISS LIBRA 120, operating at 120 kV. Structural and 

compositional characterization of the nanocomposites were analysed by high resolution TEM 

(HRTEM) and high angle annular dark field (HAADF) scanning TEM (STEM) using a field 

emission gun FEI™ Tecnai F20 microscope at 200 kV with a point-to-point resolution of 0.19 

nm. Scanning electron microscopy (SEM) analysis was done in a ZEISS Auriga microscope with 

an energy dispersive X-ray spectroscopy (EDS) detector at 20 kV to study the chemical 

composition of NPs. For SEM characterization, NPs were dissolved in chloroform and were drop 

casted on silicon substrates. X-ray power diffraction (XRD) patterns were obtained on a Bruker 

AXS D8 Advance diffractometer, using CuK radiation (λ = 1.5406 Å), operating at 40 kV and 40 

mA, and with a LynxEye linear position-sensitive detector used in reflection geometry. For XRD 

characterization, samples were deposited on a Si substrate. Ultraviolet-visible (UV-Vis) spectra 
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 8

were recorded on a LAMBDA 950 UV-Vis spectrophotometer from PerkinElmer. X-ray 

photoelectron spectroscopy (XPS) was done on a SPECS system equipped with an Al anode 

XR50 source operating at 150 mW and a Phoibos 150 MCD-9 detector. The pressure in the 

analysis chamber was always below 10–7 Pa. The area analysed was about 2 mm × 2 mm. The 

pass energy of the hemispherical analyser was set at 25 eV and the energy step was set at 0.1 eV. 

Data processing was performed with the CasaXPS program (Casa Software Ltd., UK). Binding 

energy (BE) values were centered using the C 1s peak at 284.8 eV. The atomic fractions (%) 

were calculated using peak areas normalized on the basis of acquisition parameters after 

background subtraction, experimental sensitivity factors and transmission factors provided by the 

manufacturer. Thermogravimetric analyses (TGA) were performed in the temperature range of 

30−500 °C at a heating rate of 10 °C min−1 under Ar using a PerkinElmer TGA4000. Nuclear 

Magnetic Resonance (NMR) measurements were recorded on a Bruker Avance III HD 

Spectrometer operating at a 1H frequency of 500.26 MHz and equipped with a BBFO-Z probe. 

The sample temperature was set to 298.2 K. One dimensional (1D) 1H and 2D NOESY (Nuclear 

Overhauser Effect Spectroscopy) spectra were acquired using standard pulse sequences from the 

Bruker library. For the quantitative 1D 1H measurements, 64k data points were sampled with the 

spectral width set to 20 ppm and a relaxation delay of 30 s. NOESY mixing time was set to 300 

ms and 4096 data points in the direct dimension for 512 data points in the indirect dimension 

were typically sampled, with the spectral width set to 10 ppm. Diffusion measurements (2D 

DOSY) were performed using a double stimulated echo sequence for convection compensation 

and with monopolar gradient pulses.44 Smoothed rectangle gradient pulse shapes were used 

throughout. The gradient strength was varied linearly from 2 to 95% of the probe’s maximum 

value in 64 increments, with the gradient pulse duration and diffusion delay optimized to ensure 
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 9

a final attenuation of the signal in the final increment of less than 10% relative to the first 

increment. For 2D processing, the spectra were zero filled until a 4096−2048 real data matrix. 

Before Fourier transformation, the 2D spectra were multiplied with a squared cosine bell 

function in both dimensions, the 1D spectra were multiplied with an exponential window 

function. The diffusion coefficients were obtained by fitting the appropriate Stejskal-Tanner (ST) 

equation to the signal intensity decay.43 Diffusion measurements (2D DOSY) were performed 

using a double stimulated echo sequence for convection compensation and with monopolar 

gradient pulses.44 Smoothed rectangle gradient pulse shapes were used throughout. The gradient 

strength was varied linearly from 2-95% of the probe’s maximum value (calibrated at 50.2 

G/cm) in 64 steps, with the gradient pulse duration and diffusion delay optimized to ensure a 

final attenuation of the signal in the final increment of less than 10% relative to the first 

increment. The diffusion coefficients were obtained by fitting the Stejskal-Tanner (ST) equation 

to the signal intensity decay. For the pulse sequence at hand, the ST equation is:43  

� = ��������� �!"��
#$

 

with the gyromagnetic ratio of the observed 1H nucleus γ, the gradient pulse length δ, the 

gradient strength g, the diffusion time ∆ and the diffusion coefficient D. 

RESULTS AND DISCUSSION 

Structural and chemical properties of Pd2Sn and Au-Pd2Sn NRs 

Representative TEM micrographs of rod-shaped Pd2Sn NPs with three different sizes (10 ± 2 nm 

× 4 ± 1 nm; 26 ± 2 nm × 9 ± 1 nm; 40 ± 5 nm × 11 ± 2 nm) produced following the methodology 
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 10

detailed in the experimental section are shown in Figure 1a, 1c, 1e. NRs showed narrow size 

distributions and no apparent aggregation.  

Au-Pd2Sn heteronanostructures were produced by injecting, at room temperature, a solution 

containing 0.02 mmol of AuCl3 in 50 µl of OAm and 2 ml of ODE into 5 mL of a toluene 

dispersion of Pd2Sn NRs (5 mg/mL) under strong stirring. After 60 min reaction, multiple Au 

dots with average size of ca. 2 nm were grown along the whole NR surface for the larger NRs 

and preferentially at the NR ends in the smallest ones (Figures 1b, 1d, 1f). Figure 1g shows the 

size distribution histograms of the smallest Pd2Sn (10 ± 2 nm) and Au-Pd2Sn NRs produced. Due 

to the preferential growth of the Au domains at the NR tips, a slight increase of the NR length 

was obtained in this sample, from 10 ± 2 nm × 4 ± 1 nm to 12 ± 2 nm × 4 ± 1 nm. EDX spectra 

of single Au-Pd2Sn NRs confirmed the presence of the three elements, Pd, Sn and Au (Figure 

2a). Moreover, UV-vis spectroscopy showed the disappearance of the characteristic Au 

plasmonic peak, suggesting a strong electronic interaction between Au and Pd2Sn nanodomains 

(Figure 1h). Different amounts of Au stock solution resulted in proportional contents of Au on 

the surface of Pd2Sn NRs (Figure S1, table 1). However, too high amounts, >0.04 mmol, yielded 

a large concentration of Au NPs homogeneously nucleated in the solution. 

Page 10 of 34

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 11

 

Figure 1. a)-f) TEM micrographs of Pd2Sn (a, c, e) and Au-Pd2Sn (b, d, f) NRs with three 

different sizes: 10 ± 2 nm × 4 ± 1 nm (a, b); 26 ± 2 nm × 9 ± 1 nm (c, d); 40 ± 5 nm × 11 ± 2 nm 

(e, f). All TEM micrographs have the same scale. g) Size distribution histograms of the smallest 

Pd2Sn and Au-Pd2Sn NRs. h) UV-vis spectra of colloidal 3.5 nm Au NPs (produced by reducing 

AuCl3 in the absence of Pd2Sn NRs), 10 nm Pd2Sn NRs and 12 nm Au-Pd2Sn NRs (produced 

from 10 nm Pd2Sn NRs). i) XRD patterns of 10 nm Pd2Sn NRs and 12 nm Au-Pd2Sn NRs, 

including reference patterns for Pd2Sn and Au.  
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HAADF-STEM images of the 12 nm Au-Pd2Sn NRs further confirmed the presence of Au dots 

at the Pd2Sn NR tips, as deduced by the brighter dots associated to the higher Z contrast of Au 

(Figure 2). Even though most of the NRs showed the presence of Au in just one tip, a few 

contained Au on both sides of the NR while a few other displayed no contrast difference. XRD 

patterns showed Pd2Sn NRs to have an orthorhombic crystal structure (JCPDS No. 00-026-

1297). The Au XRD reflections were mostly hidden by the Pd2Sn peaks, but slight shoulders at 

2θ= 44.5º and 64.5º and a shift of the main Pd2Sn diffraction peak to lower angles suggested the 

presence of Au crystalline domains (Figure 1i). HRTEM analysis confirmed the orthorhombic 

crystal structure of Pd2Sn NRs (space group Pnma) with a = 5.65 Å, b = 4.31 Å and c = 8.12 Å, 

showed the [010] as the NR growth direction and revealed the presence of Au crystal domains at 

the Pd2Sn NR tips (Figure 2c). The Au crystal phase was identified as cubic Fm-3m with a = b = 

c = 4.09 Å. Within this face, the Au{111} and Pd2Sn{210} planes, as well as Au{002} and 

Pd2Sn{020} present almost identical lattice parameters, which allowed both structures to form 

almost perfect epitaxy. 
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Figure 2. a) HAADF-STEM image of a single Au-Pd2Sn NR and its corresponding EDX 

spectrum. b) Coloured HAADF-STEM image of Au- Pd2Sn NRs and details of three different 

NRs, one containing higher contrast dots at both ends, another at only one end (most common 

case) and another without any higher contrast region. c) HRTEM micrograph of a single Au-

Pd2Sn NR, details of the squared regions and their corresponding power spectra.  

Within its experimental error, EDX analysis of 10 nm Pd2Sn NRs showed the atomic ratio of Pd 

and Sn to be consistent with stoichiometric Pd2Sn ([Pd]/[Sn] = 2.0 ± 0.1). However, with the 
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introduction of Au, higher Pd ratios were systematically obtained as detailed in Table 1. We 

associate this experimental observation to a galvanic replacement of Sn by Au. When adding 

AuCl3 to the solution containing Pd2Sn NRs, Au3+ ions in solution were reduced to Au+ or even 

Au0 at the NR surface through the simultaneous oxidation of Sn or Sn2+ ions to Sn4+ and the 

subsequent solvation of Sn4+ ions in the solution containing the remaining chlorine ions. Au+ 

could be also further reduced to Au0 through charge transfer from Pd atoms (Figure 3a).23 

Table 1. Atomic ratios of 10 nm Pd2Sn and 12 nm Au-Pd2Sn NRs as obtained by EDX and XPS 

analyses, and atomic percentage of each oxidation state as obtained from the fitting of the XPS 

spectra. 

 

To further clarify the composition and oxidation states of the different elements within Pd2Sn 

and Au-Pd2Sn NRs, samples were analysed using XPS (Figure 3b-f). In 10 nm Pd2Sn NRs, the 

atomic ratio of Pd and Sn was measured as [Pd]/[Sn] = 1.25, pointing at a surface segregation of 

Sn. However, this ratio was much higher in 12 nm Au-Pd2Sn NRs, up to [Pd]/[Sn] = 5.5 when 

using a 0.02 M AuCl3 concentration to grow the Au tips (Table 1). This experimental result 

further points toward a galvanic replacement of surface Sn by Au. Fitting each region of the XPS 

spectra, it could be observed that in Pd2Sn and Au-Pd2Sn NRs the deconvolution of the Pd 3d 

spectra indicated the presence of two Pd oxidation states, a dominant Pd0 state with a doublet at 

around 335.6 eV (Pd 3d5/2) and 340.9 eV (Pd 3d3/2), and a Pd2+ state with a doublet at 337.6 eV 

 EDX XPS 

[AuCl
3
] 

M 
[Pd]/[Sn] [Au]/[Pd] [Pd]/[Sn] [Au]/[Pd]

Pd
0 

at% 

Pd
2+ 

at% 

Sn
0 

at% 

Sn
2+ 

at% 

Sn
4+ 

at% 

Au
0 

at% 

Au
δ+ 

at% 

- 2.0 - 1.25 - 79.4 20.6 21.7 70.2 8.0 - - 

0.01 2.2 0.07          

0.02 2.3 0.14 5.5 0.5 86.2 13.8 18.4 81.7 61.9 38.1 

0.04 2.4 0.26          
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 15

(Pd 3d5/2) and 342.9 eV (Pd 3d3/2). With the Au introduction, these two doublets were slightly 

shifted to lower binding energies (∆E = –0.5 eV) and an increase of the Pd0 contribution was 

observed. Larger changes were obtained in the Sn 3d spectral region, which showed three main 

Sn contributions in Pd2Sn NRs: a main Sn2+ (486.3 eV and 494.9 eV) and minor Sn4+ (488.4 eV 

and 496.8 eV) and Sn0 (484.8 eV and 493.3 eV) components. Oxidized Sn phases, related either 

to the Sn reaction with oxygen or its coordination with ligands, are a common observation on the 

surface of Pd-Sn and Pt-Sn alloys.45,46 With the introduction of Au, on top of the decrease of the 

Sn signal described above, the main Sn2+ contribution was further oxidized, shifting its doublet 

peak position more than 1 eV toward higher binding energies. Finally, the deconvolution of the 

Au 4f spectrum in Au-Pd2Sn showed 2 doublets. The major contribution corresponded to 

metallic Au (83.3 eV and 87.0 eV), and the minor contribution, at higher binding energy (84.5 

eV and 88.2 eV), indicated the presence of positively charged gold atoms, Auδ+, attributed to Au 

surface atoms with different environments. 
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 16

 

Figure 3. a) Scheme of the proposed Au-Pd2Sn formation mechanism. b-f) Detailed regions of 

the XPS spectra of 10 nm Pd2Sn (b, c) and 12 nm Au-Pd2Sn NRs (d-f): Pd 3d (b,e), Sn 3d (c,f) 

and Au 4f (d), as indicated within each graph. 

The Pd2Sn NR surface chemistry was further elucidated by thermogravimetric analysis and 

solution 1H NMR after thoroughly washing the NRs. Thermogravimetric analysis showed the 

presence of a 12% of organics in 10 nm Pd2Sn NRs (Figure S2). In the solution 1H NMR spectra, 

the resonance at chemical shift around 5.3 ppm characteristic of the alkene group indicated the 

presence of OAm (Figure S3 and S4a). The alkene group displayed slightly shifted 

sharp resonances in the 1H NMR spectra, in contrast to the broad resonances typically 

characteristic of tightly bound ligands.42 In parallel, NOESY spectra presented negative cross 

peaks corroborating the interaction of OAm with the Pd2Sn surface (Figure S4b). These data 
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 17

pointed toward the possibility of a highly dynamic surface stabilization, as previously 

reported for other systems.47,48 Hence, we studied the diffusion coefficient of our system 

(NR plus the ligand shell) using DOSY experiments. From DOSY data (Figure S5), a diffusion 

coefficient of 120 ± 12 µm2s–1 was obtained for 26 nm Pd2Sn NRs. The diffusion coefficient 

calculated using the theoretical model of Mansfield and Douglas49 for 26 nm NRs with rounded 

ends was 26 µm2s–1. The much larger diffusion coefficient  experimentally measured was 

ascribed to a highly dynamic binding of OAm on the Pd2Sn NRs surface.  

Hydrogenation reactions 

The exploration of the catalytic potential of Pd2Sn and Au-Pd2Sn NRs was started with the 

hydrogenation of styrene to ethylbenzene (Table 2). Pd2Sn NRs were active in the hydrogenation 

reaction when dichloromethane was used as solvent and H2 pressure was set at 3 bar. 10 nm 

Pd2Sn NRs achieved conversions above 70% at large substrate loadings (100 g styrene/g Pd2Sn) 

even under mild reaction conditions (25 °C, Table 2, entry 1). Larger Pd2Sn NRs systematically 

resulted in lower activities (Table 2, entry 2). We associate this experimental result to their lower 

surface-to-bulk ratio and possibly to their reduced density of potentially active sites such as tips. 

Thus 10 nm Pd2Sn NRs were used for all following catalytic tests. 

Activity was lower at 1 bar of H2 (Table 2, entry 4) and when using methanol as solvent (Table 

2, entry 5) due to the low colloidal stability of the NRs in this solvent. Even at much harsher 

conditions (Table 2, entry 6), the reaction yielded just ethylbenzene, without any trace of phenyl 

group hydrogenation. Without solvent, in neat styrene (Table 2, entry 7), the highest TOF values 

up to 286 h-1 were reached. Overall, TOF values compared favorably to related nanosystems 

making use of other metals.50
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Table 2. Results of the styrene hydrogenation with Pd2Sn NRs.  

 

Entry
 

Catalyst (size/nm) Solvent T/ºC P/bar t/h Loading
a 

Conv/% TOF/h
–1 

1 Pd2Sn (10 x 4) DCM 25 3 1 100 73.3 114 
2 Pd2Sn (40 x 12) DCM 25 3 1 99 53.3 84 
3 Au-Pd2Sn (12 x 4) DCM 25 3 1 100 48.3 86 
4 Pd2Sn (10 x 4) DCM 25 1 1 104 12.8 21 
5b Pd2Sn (10 x 4) MeOH 25 3 1 103 58.0 96 

6 Pd2Sn (10 x 4) 
Toluene 

70 
50 4 30 100 – 

7c Pd2Sn (10 x 4) – 25 3 1 436 41.3 287 
ag styrene/g NRs. bNRs were poorly soluble in methanol. cThe reaction was carried out in neat styrene.  

 

Tables 3 and 4 show results obtained from the hydrogenation of 1-octene and alkynes, namely 

phenylacetylene and 1-octyne, under the optimized conditions set with styrene. In the 

hydrogenation of 1-octene, apart from the hydrogenated product, octane, isomerisation of the 

substrate to the two geometric isomers of 2-octene was observed. This isomerization depends on 

the sequence of insertion and β-hydride elimination on the NR surface (Scheme S1) Similar 

results and tendencies were obtained for the hydrogenation of 1-octyne. On the other hand, in the 

hydrogenation of phenylacetylene, very little amounts of ethylbenzene were formed, evidencing 

the higher reactivity of phenylacetylene compared to styrene in hydrogenation. 

Table 3. Results of 1-octene hydrogenation with Pd2Sn and Au-Pd2Sn NRs.a 

 

Catalyst
 

Conv/% TOF/h
–1

 
Selectivity/% 

Octane (E)-2-octene (Z)-2-octene 

Pd2Sn 70.6 110.2 52.7 27.6 19.7 
Au-Pd2Sn 98.1 157.2 56.7 32.7 10.6 

a The catalyst loading (g 1-octene/g NRs) was 106. 

 

 

NRs
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In terms of the Au effect on hydrogenation reactions, Pd2Sn NRs were considerably more active 

in the hydrogenation of styrene than Au-Pd2Sn NRs, whereas the opposite trend was observed 

for 1-octene. The non-conjugated nature of the double bond and the lesser steric shielding of 1-

octene compared to styrene could explain this result. In contrast, the differences in performance 

were less important for phenylacetylene and 1-octyne, with Au-Pd2Sn being more active for both 

substrates. These trends could be understood by the known alkynophilicity of Au.39–41,51 The 

high electron rich character of the triple bond probably hid the effect of the substituent. It should 

be mentioned that all the comparisons carried out between Pd2Sn and Au-Pd2Sn NRs were based 

on results obtained from the exact same batch of Pd2Sn NRs. 

Table 4. Results of alkyne hydrogenation with Pd2Sn and Au-Pd2Sn NRs.a  

 

Catalyst Conv/% TOF/h
–1

 
Selectivity/% 

Styrene Ethylbenzene 

Pd2Sn 46.4 78.9 96.6 3.4 
Au-Pd2Sn 54.8 90.7 96.7 3.3 

 

NR Conv/% TOF/h
–1 

Selectivity/% 

Octane 1-octene (E)-2-octene 
(Z)-2-

octene 
Pd2Sn 47.4 75.5 0.0 98.1 1.9 0.0 

Au-Pd2Sn 58.7 93.9 0.7 94.4 4.0 0.9 
aThe catalyst loading (g alkyne/g NRs) was 106. 

 

Sonogashira coupling reactions 

Pd2Sn and Au-Pd2Sn NR performance in the Sonogashira reaction between phenylacetylene 

(PhA) and iodobenzene (phenyl iodide, PhI) to give diphenylacetylene (tolan) are displayed in 

Table 5. Using Pd2Sn NRs and K2CO3 as base (Table 5, entries 1-4), very high conversions could 
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be attained at 2 h (Table 5, entry 2). The reaction yielded mainly tolan, although products 1 and 

1’ were also formed. Both products were analyzed by GC-MS, providing a peak at m/z of 280 

units, what proved that they were isomeric. These compounds arose from the condensation of 

two molecules of PhA and one molecule of PhI, which gave a pair of geometric isomers of a 1,3-

enyne (Figure 4). The decrease of the catalyst loading (Table 5, entry 3) produced a drop on the 

conversion and selectivity to tolan. The calculated TOF values were similar to those obtained 

previously from related Pd-nanosytems.9 

When the base was changed to KOH (Table 5, entries 5-8), activities significantly increased, 

achieving full conversion at 1 h (Table 5, entries 5 and 7). However, the selectivity toward tolan 

was not improved, because apart from 1 and 1’, trans-stilbene (tSt) was also produced. This 

compound is the product of the formal addition of H2 to tolan. Interestingly, not even trace 

amounts of cis-stilbene (cSt) were detected. Additionally, in all the essays with KOH, a trace 

quantity of triphenylethene (TPE) was formed, which arised from the combination of a molecule 

of PhA and two molecules of PhI.  

Figure 4. Proposed structures of 1 and 1’. 
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The recyclability of the Pd2Sn NRs in the Sonogashira reactions was studied by precipitating the 

nanoparticles by centrifugation and using them in successive runs. To the recovered NRs, a new 

batch of fresh reagents was added to carry out a second catalytic run under the same conditions. 

A 10 % drop in the conversion in the first run, but no change in the selectivity (Figure S6). We 

associate this drop to non-full recovery of the material in each precipitation step. A partial NR 

aggregation during the recovery was also observed (Figure S7), which likely reduced the NR 

catalytic activity (see SI for details). 

 

Table 5. Results of Sonogashira with Pd2Sn and Au-Pd2Sn NRs.  

 

Entry
 

Catalyst Base t/h Conv/% Tolan/% tSt/% 1+1’/% 

1 Pd2Sn K2CO3 1.0 47.2 70.6 – 29.4 
2 Pd2Sn K2CO3 2.0 97.3 65.7 – 34.7 
3a Pd2Sn K2CO3 1.0 10.9 40.6 – 59.4 
4 Au-Pd2Sn K2CO3 1.0 20.9 60.9 – 39.1 
5 Pd2Sn KOH 1.0 100 60.8 17.6 21.6 
6 Pd2Sn KOH 0.5 88.3 66.7 17.9 15.4 
7 Au-Pd2Sn KOH 1.0 100 65.0 17.0 18.0 
8 Au-Pd2Sn KOH 0.5 100 67.0 14.1 18.9 

a5.3 mg of NR were used. 

 

An interesting aspect of the catalytic runs was the unexpected formation of the products tSt, 1, 1’ 

and TPE. To shed light into the formation of these products, we carried out a set of experiments 

at different conditions (Table 6). It was found that reducing the concentration of PhI fivefold 

with respect to the 0.1 M used in previous experiments improved the selectivity to tolan (Table 6, 

cf. entries 1 with 2 and 4 with 5) by diminishing the quantity of 1 and 1’ or eliminating it 

completely in the case of Au-Pd2Sn NRs (Table 6, entry 4). Unexpectedly, with Pd2Sn NRs, 

increasing the PhI concentration to 0.5 M (Table 6, entry 3) resulted in no trace of tolan but the 
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formation of new products cSt, 1,2-diphenylethane (DPE), TPE and 2 (Figure S8). A similar 

result was obtained with Au-Pd2Sn NRs (Table 6, entry 6), but in this case only traces of DPE 

were formed, what improved the selectivity toward cSt.  

Table 6. Effect of the concentration on the Sonogashira reaction with NRs.a 

Entry
 

NRs [PhI]/M Tolan/% tSt/% cSt/% TPE/% DPE/% 1+1’/% 2/%
 

1 Pd2Sn 0.02 66.7 16.9 – – – 16.4 – 
2 Pd2Sn 0.1 60.8 17.6 – – – 21.6 – 
3 Pd2Sn 0.5 – 10.1 49.2 6.2 9.8 15.2 9.5 
4 Au-Pd2Sn 0.02 88.7 11.3 – – – – – 
5 Au-Pd2Sn 0.1 65.0 17.0 – – – 18.0 – 
6 Au-Pd2Sn 0.5 – 11.9 63.7 3.8 – 17.5 3.1 

 

DPE and 2 can be obtained from the formal addition of hydrogen to St and to 1/1’ respectively, 

whereas St comes from the formal addition of hydrogen to tolan. To understand the origin of the 

reduced products and the different selectivity of Pd2Sn and Au-Pd2Sn NRs, a sample of tolan was 

subjected to the catalytic conditions of the Sonogashira coupling (Table 7). Under Sonogashira 

conditions, Pd2Sn and Au-Pd2Sn NRs catalysed the reduction of tolan to St, but not to DPE. The 

reduction was quite selective to the formation of cSt, as it happened when the Sonogashira 

coupling was carried out at high concentration (Table 6). As no trace of 1/1’ or 2 was detected, it 

was concluded that the formation of these molecules needed PhI and PhA. Au-Pd2Sn NRs were 

less active for the reduction of tolan, possibly due to the stronger adsorption of the triple bond to 

Au.39–41,51  

Table 7. Results of tolan reduction with NRs. 

 
NR

a 
Tolan/% tSt/% cSt/% DPE/% 
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Pd2Sn – 10.7 89.3 – 
Au-Pd2Sn 33.6 7.1 59.2 – 

 

From the above data, a mechanism for the formation of the different products could be envisaged 

(Scheme 1). The formation of the expected tolan through Sonogashira coupling (left in Scheme 

1) involved oxidative addition of PhI, transmetallation with PhA and reductive elimination. The 

reduction of tolan catalyzed by the Pd2Sn or Au-Pd2Sn NRs lead to the formation of mainly cSt 

as shown by the data of  Table 6 at high concentration and also by experiments of Table 7. An 

alternative mechanism (right in Scheme 1) might start with an initial insertion of PhA into the 

Ph–NR bond forming an intermediate. From this intermediate, 1, 1’, St and TPE could be 

produced by functionalization of the NRs and reductive elimination (see Scheme S2). It is 

interesting to note that by this mechanism, tSt, the most thermodynamically stable compound, is 

mainly formed as shown in Tables 5 and 6. 

Although the reduction of both St isomers produces DPE, the selectivity to cSt observed when 

performing the reactions at high concentration (Table 6) suggested that most of the DPE was 

formed by the reduction of cSt, shown in the left-hand side of Scheme 1. 

Scheme 1. Mechanisms for the formation of the different products of the Sonogashira coupling 

reaction between PhI and PhA. 
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Under the Sonogashira catalytic conditions the formal addition of a molecule of hydrogen to 

tolan, St, 1 and 1’ was observed. This pointed out that molecular hydrogen, formed by 

decomposition of DMF,52,53 was probably involved in the reductions. To explore the origin of the 

added hydrogen atoms an experiment with DMF-d7 was performed (See Supporting 

Information). The detection of a mixture of hydrogenated and deuterated reduction products 

indicated that the solvent provided the required H or D atoms.52,53 

CONCLUSIONS 

Au nanodomains were grown at the surface of Pd2Sn NRs through a process involving a galvanic 

replacement with Sn ions. The surface chemistry of Pd2Sn and Au-Pd2Sn NRs was characterized 

by XPS and NMR. XPS results evidenced an electron donation from the Pd2Sn NR to the Au 

tips. Both Pd2Sn and Au-Pd2Sn NRs were found to be very active in the hydrogenation of 

aromatic and aliphatic alkenes and alkynes under mild conditions. While Pd2Sn NRs were more 

active in the hydrogenation of styrene, Au-Pd2Sn NRs performed better for the hydrogenation of 

alkynes, probably due to their aurophilicity. Pd2Sn and Au-Pd2Sn NRs were also active in the 

Sonogashira coupling between PhA and PhI to yield tolan in good selectivity, especially with 

Au-Pd2Sn NRs, when the reaction was performed at high dilution. Interestingly, St was produced 

at higher concentration either by reduction of tolan or by a mechanism involving insertion of 

PhA into the NR-Ph bond. In this regard, the production of St can be considered a cascade or 

tandem reaction, which was performed with a better selectivity using Au-Pd2Sn NRS as a 

catalyst. Additionally, the deuterated experiments confirmed that the solvent (DMF) played a 

role in this cascade reaction. We are currently investigating the implications of this methodology 

with other substrates. 
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