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Herein, we report the preparation of small and narrowly distributed (2.1 ± 0.5 nm) Ag nanoparticles 

supported on passivated silica, where the surface OH groups are replaced by OSiMe3 functionalities. This 

synthetic method involves the grafting of silver(I) bis(trimethylsilyl)amide ([AgN(SiMe3)2]4) on silica 

partially dehydroxylated at 700 °C, followed by a thermal treatment of the grafted complex under H2. The 10 

catalytic performance of this material was investigated in the semi-hydrogenation of propyne and 1-

hexyne and compared to that of 2.0 ± 0.3 nm Ag nanoparticles supported on silica. Whilst surface 

passivation slightly decreases the activity in both reactions (by a factor 2-3), probably as the result of a 

decreased alkyne adsorption properties or the presence of less accessible active sites on the passivated 

support, the AgNP@SiO2 catalysts demonstrate a remarkable selectivity for the production of alkenes. 15 

Introduction 

Controlling the size, shape and composition of supported metal 
nanoparticles has been a vibrant field of research for more than 
100 years,1, 2 in view of their critical impact on many industrial 
processes.2, 3 An important aspect of these supported catalysts is 20 

the interface between the nanoparticles and the support.4-7 In fact, 
adjusting adsorption properties whilst keeping the same support 
can affect both the activity and the selectivity of a catalyst by 
altering the active sites and/or their surroundings. For instance, it 
has been shown that the replacement of surface hydroxyl groups 25 

by trimethylsilyl functionalities (surface passivation) has a 
positive effect on the catalytic performances of single–site 
catalysts,8 e.g., Ti-based epoxidation catalysts9-12, Ta-based 
silica-supported epoxidation catalysts13 and Re-based alumina-
supported metathesis catalysts.14 Moreover, passivation effects 30 

have also been observed for supported nanoparticle catalysts, 
such as Au nanoparticles supported on passivated silica, which 
outperform the alternative titania–supported gold catalyst in the 
aerobic epoxidation of stilbene.15 In addition, surface passivation 
can provide mechanistic clues to the role of the OH groups of the 35 

support in metal catalysis. In fact, Au nanoparticles supported on 
passivated silica require H2 to oxidise CO with O2, while this 
reaction takes place with or without H2 on Au nanoparticles 
supported on hydroxylated silica, suggesting that the proton of 
the OH group can provide surface Au-H hydrides.16 40 

 The catalytic activity of Ag nanoparticles towards a variety of 
hydrogenation reactions has been shown previously.17-20 We 
recently investigated the gas-phase semi–hydrogenation of 
propyne, an industrially relevant reaction for the purification of 
olefin streams,21 using silica–supported Ag nanoparticles.22 45 

Whilst various alkyne semi-hydrogenation catalysts have been 
developed,18, 23-27 noteworthy was the very high alkene selectivity 

(ca. 90%) at a high degree of alkyne conversion for our Ag 
catalyst.22 This study22 revealed that the selective character of Ag 
stems from the unique mechanism, which occurs on Ag surfaces. 50 

Namely, in contrast to most metals for which hydrogenation takes 
place via the classical Horiuti-Polanyi mechanism (dissociation 
of H2 on the metal surface followed by sequential H addition), the 
key elementary step for the Ag catalysed reaction is the direct 
activation of H2 on the chemisorbed alkyne, probably at B5 step 55 

sites.22, 28, 29 One of the major problems in the catalytic semi-
hydrogenation of alkynes is the production of green-oil, an 
oligomeric by-product, which can cause catalyst deactivation and 
equipment blockage.21, 30 Interestingly, it has been shown for the 
related Pd-based supported alkyne hydrogenation catalysts that 60 

the support itself has a large influence over the formation of such 
by-products.30 With this in mind, and in view of the dramatic 
effect of surface passivation on the catalytic activity of silica-
supported Au nanoparticles,15 we have investigated the effect of 
surface passivation on the activity and selectivity of silica–65 

supported Ag nanoparticles in the semi-hydrogenation of alkynes. 
Particularly, we report the catalytic performance in the semi-
hydrogenation of propyne and 1-hexyne on Ag nanoparticles 
supported on passivated silica prepared via the controlled reaction 
of [AgN(SiMe3)2]4

31, 32 with SiO2-700 and thermal treatment under 70 

H2 (Scheme 1). 
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Scheme 1: Preparation of AgNP@SiO2-TMS 

Results & Discussion 

The reaction of an excess of [AgN(SiMe3)2]4 (2 equiv. Ag per 
surface silanol) in a 1:1 pentane:dichloromethane mixture with 
SiO2-700 led to a white solid, Ag(I)@SiO2, which was 15 

characterised by elemental analysis, IR spectroscopy and solid–
state NMR spectroscopy. During this step, all surface silanols are 
consumed as evidenced by the disappearance of the SiO-H band, 
at 3745 cm-1, in the IR spectrum (Figure 1a) accompanied by the 
appearance of C-H bands at 2897, 2952 and 1400 cm-1. This data 20 

is consistent with the chemical grafting of [AgN(SiMe3)2]4 on the 
silanol groups of the silica surface. 1H magic angle spinning 
(MAS) solid–state NMR confirms the total consumption of 
silanols as evidenced by the absence of a SiO-H peak at 1.8 ppm 
(Figure S1), while a single proton environment at 0 ppm indicates 25 

the presence of SiMe3 surface ligands. Furthermore, in the 13C 
High-Power DECoupled (HPDEC) MAS NMR spectrum two 
distinguishable SiMe3 groups are observed at 0 and 6.5 ppm, 
indicating that there are two types of trimethylsilyl groups present 
associated with O-Si(CH3)3 and N-(Si(CH3)3)2 functionalities 30 

respectively (Figure S2).33, 34 The relatively intensity of these 
peaks give a O-Si(CH3)3:N-Si(CH3)3 ratio of ca. 1:4. This 
assignment is corroborated by 29Si cross-polarisation (CP) MAS 
NMR spectroscopy, with the observation of two peaks at 3 and 14 
ppm corresponding to Ag-N(SiMe3)2 and O-SiMe3 suface species 35 

respectively (Figure 1b). It is noteworthy that this solid contains 
4.4 wt% of Ag, corresponding to 1.2 Ag·nm-2 (1.6 Ag per SiOH), 
which exceeds the initial OH density. In addition, N elemental 
analysis results of 0.69 wt% suggests that the ratio of Ag:N is 
nearly constant (1:1.2). Furthermore, in view of the presence of 40 

O-Si(CH3)3, which results from the subsequent reaction of 
HN(Si(CH3)3)2,

35 released upon the reaction of the surface silanol 
with [AgN(SiMe3)2]4, there is a clear indication for the formation 
of multinuclear Ag species. The ratio of OSiMe3-to-N(SiMe3)2 of 
1:3.7 and the presence of 1.2 Ag·nm-2 determined by elemental 45 

analysis are consistent with the formation of OSiMe3 (0.5 per nm-

2) and Ag species present as tetranuclear species as in the 
molecular precursor. The proposed surface species, noted as 
Ag(I)@SiO2 in Scheme 1, is grafted through one O-Ag linkage 
(0.3 per nm2). In fact, the formation of multinuclear species was 50 

previously observed in the grafting of a tetra-nuclear [Cu(OtBu)]4 
and [Cu(OSi(OtBu)3)]4 species and assigned to linearly arranged 
Cu at the surface.36  
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Figure 1: a) IR spectrum of SiO2-700, Ag(I)@SiO2 and AgNP@SiO2-TMS and 
b) 29Si CPMAS (5 KHz, 400 MHz, ns = 51200) NMR of Ag(I)@SiO2 and 

AgNP@SiO2-TMS 65 

 Treatment of Ag(I)@SiO2 with H2 (0.5 bar) at 300 °C for 20 h 
yields an homogeneous dark orange solid. Transmission electron 
microscopy of the sample exposed to air shows the presence of 
nanoparticles having an average diameter of 2.1 nm with narrow 
size distribution of 0.5 nm (Figure 2), which corresponds to a 70 

dispersion of ca. 55% assuming the particles have a 
cubooctahedral shape.37 IR spectroscopy of this material, 
AgNP@SiO2-TMS, shows that silanol functionalities are not 
regenerated upon H2 treatment (absence of a peak at 3745 cm-1) 
while the trimethylsilyl groups remain, as evidenced by the νC-H 75 

bands at 2964 and 2906 cm-1. Note however the presence of new 
bands at 3300-3500 cm-1 attributed to N-H vibrations (Figure S3), 
resulting from the hydrogenolysis of the AgN(SiMe3)2 species 
and the probable incorporation of NHx into the silica surface.38 
Additionally, the C-H bands have decreased by comparison with 80 

Ag(I)@SiO2, suggesting that some of these species have been 
removed upon H2 treatment. The 29Si CPMAS spectrum of 
AgNP@SiO2-TMS displays a single peak at 14 ppm (Figure 1b), 
consistent with the sole presence of O-SiMe3 surface 
functionalities and indicating that “Ag-N(SiMe3)2” moieties of 85 

Ag(I)@SiO2 have been fully converted upon H2 treatment. In 
view of the formation of Ag-nanoparticles, SiO-Ag bonds are 
probably cleaved by H2 to regenerate SiOH and provide Ag(0), 
which leads to the formation of the nanoparticles. It is likely that 
the thus–formed SiOH reacts with the released HN(SiMe3)2 90 

leading to a surface covered with OSiMe3 species and Ag 
nanoparticles. This process is remiscent of what has been 
observed in the formation of nanoparticles from the analogous 
gold complex.15  
 95 
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Figure 2: a) TEM image and b) particle size distribution of AgNP@SiO2-

TMS 105 
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 The catalytic performance of AgNP@SiO2-TMS was first 
evaluated in the semi-hydrogenation of propyne. Firstly, the 
selectivity of AgNP@SiO2-TMS towards propene formation was 
tested as a function of propyne conversion (Figure 3a). 
AgNP@SiO2-TMS maintains a high selectivity (87 - 93%) for the 5 

formation of propene over a broad range of propyne conversions 
(10 - 100%). Also noteworthy is the constant and low selectivity 
of this catalyst towards propane and oligomers as previously 
observed for Ag nanoparticles supported on hydroxylated silica.22 
To determine the effect of surface passivation on this reaction, 10 

these results were compared to 1 wt% Ag 2.0 ± 0.3 nm Ag 
nanoparticles supported on silica (57% dispersion), having 
surface silanols.22 It is noteworthy that preparation of this 
material, AgNP@SiO2-OH, with a higher Ag wt% loading resulted 
in considerably larger Ag particles.22 At 20% propyne 15 

conversion, the propene selectivity of both catalysts is high; 
AgNP@SiO2-TMS shows an improvement with a value of 94% in 
comparison to 86% for AgNP@SiO2-OH (Figure 3b). However, at 
75% propyne conversion, the selectivity of both catalysts is 
similar (ca. 90%, see Figure S5) indicating that secondary 20 

processes are not affected by the surface functionalities. 
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Figure 3: a) Selectivity-conversion relationship for AgNP@SiO2-TMS to 
propene (red circles), propane (blue squares) and oligomers (green 

triangles). Activity and selectivity of AgNP@SiO2-TMS and AgNP@SiO2-OH 
at 20% conversion in (b) the gas-phase hydrogenation of propyne and c) 45 

liquid-phase hydrogenation of 1-hexyne. 

 In addition, the rate of reaction over AgNP@SiO2-TMS, at 20% 
propyne conversion, is ca. 2.5 times lower than that of 
AgNP@SiO2-OH (0.78 mmolC3H6·s

-1·molAg
-1 vs. 2.1 mmolC3H6·s

-

1·molAg
-1 respectively), while the activity expressed per gram of 50 

catalyst favours AgNP@SiO2-TMS over AgNP@SiO2-OH (1.7 
mmolC3H6·s

-1·g-1 vs. 1.1 mmolC3H6·s
-1·g-1 respectively), because 

of the higher Ag loading (ca. 4 times) in AgNP@SiO2-TMS. A 
similar activity trend was also observed in the three-phase fully 

selective (>99%) semi-hydrogenation of 1-hexyne (Figure 3c). 55 

This decrease in activity is not due to a difference in particle 
sizes, which are similar (2.1 ± 0.5 nm for AgNP@SiO2-TMS vs. 2.0 
± 0.3 nm for AgNP@SiO2-OH) and do not increase during the 
catalytic tests (Figure S6). The lower activity for the semi-
hydrogenation of propyne may be due to differences in reactant 60 

adsorption, or to the presence of less accessible active sites as a 
result of surface passivation in AgNP@SiO2-TMS. To further 
elucidate the origin of this difference in activity, the adsorption of 
H2 and propyne was measured (Figure S7 and S8 respectively). 
Adsorption measurements showed that both catalysts adsorb 65 

negligible amounts of H2 at 290 mbar and 0 °C (0.002 ± 0.003 
and 0.005 ± 0.003 mmolH2·gsample

-1 for AgNP@SiO2-TMS and 
AgNP@SiO2-OH, respectively, < 0.02 H per Agsurface). Moreover, 
propyne adsorption is found to be slightly lower for the 
passivated catalyst, with 0.90 ± 0.02 vs. 0.96 ± 0.04 70 

mmolC3H4·gsample
-1 for AgNP@SiO2-TMS and AgNP@SiO2-OH, 

respectively. However, this difference is particularly striking 
when the adsorption is expressed in mmol of adsorbed propyne 
per mmol surface Ag:  18 mmolC3H4·mmolAg

-1 for AgNP@SiO2-OH 
vs. 4 mmolC3H4·mmolAg

-1 for AgNP@SiO2-TMS. This decrease in 75 

propyne adsorption on AgNP@SiO2-TMS may be due to the change 
in support surface functionalisation and/or density effects due to 
the increased Ag loading on the AgNP@SiO2-TMS sample. Since 
the rate-determining step for the hydrogenation of propyne on Ag 
nanoparticles is associated with the dissociation of H2 on 80 

adsorbed propyne,22 the difference in reactivity between the two 
catalysts could originate from the decreased adsorption of the 
alkyne on AgNP@SiO2-TMS, the higher density of particles or a 
decreased amount of active sites as a result of passivation of the 
silica surface. 85 

Conclusions 

Using surface organometallic chemistry, we have prepared small 
Ag nanoparticles (2.1 ± 0.5 nm) supported on passivated silica, 
through the controlled reaction of the partially dehydroxylated 
support with silver(I) bistrimethylsilylamide to form well-defined 90 

silica–supported Ag(I) bis(trimethylsilyl)amide tetranuclear 
clusters, as well as surface SiMe3 groups. These species are then 
decomposed to form nanoparticles by a controlled H2 treatment. 
The small size and narrow distribution of the Ag particles 
prepared by this route is particularly important considering the 95 

high Ag weight loading (4.4 wt%). These supported Ag 
nanoparticles display very good selectivity (ca. 90%) for the 
semi-hydrogenation of propyne, even at high propyne conversion. 
These results suggest that, in this case, the surface OH 
functionalities do not take part in the semi-hydrogenation of 100 

propyne, as the selectivity towards propene remains remarkably 
highly independent of support passivation. However, this 
modification of the support surface results in a decrease in 
reaction rate (by a factor of ca. 2-3), possibly due to a decrease in 
the number of adsorbed propyne molecules per surface Ag for the 105 

Me3Si-functionalised support; yet as a result of much higher 
loading the activity of the catalyst is ca. twice higher per gram of 
catalysts. We are currently further exploring the effect of surface 
functionalities in controlling the catalytic activity and selectivity 
of supported metal nanoparticles. 110 
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Experimental 

General 

All experiments were conducted under argon atmosphere using 
standard Schlenk and glove–box techniques unless otherwise 
stated. Solvents were dried over an alumina column (MB SPS-5 

800, MBraun), stored over 4Å molecular sieves and degassed 
before use. H2 (99.999%) was purchased from PanGas and 
propyne (99%) was supplied by Sigma-Aldrich. 1-hexyne was 
purchased from Acros Organics (98 %). IR measurements were 
performed using a Bruker Alpha-T FTIR spectrometer inside an 10 

argon-filled glove–box. Samples were pressed into a self-
supporting disk for acquisition using a manual press. NMR 
spectroscopy was conducted using a 400 MHz Bruker 
spectrometer. Elemental analysis was conducted at Pascher 
Analytical Labor in Germany. TEM images were collected with a 15 

Philips CM12 Transmission Electron Microscope. 
 Preparation of [AgN(SiMe3)2]4. [AgN(SiMe3)2]4 was 
prepared according to a modified literature procedure:31, 39 
Equimolar amounts of silver(I) trifluoromethanesulfonate and 
lithium bis(trimethylsilyl)amide were reacted in Et2O at room 20 

temperature for 16 h in the absence of light. After extraction with 
pentane and recrystallisation, silver(I) bis(trimethylsilyl)amide 
was isolated as colourless crystals in 15% yield. 1H NMR (300 
MHz, CD2Cl2); δ = 0.29 ppm. 1H MAS (10 kHz, 400 MHz); δ = -
0.4 ppm. 13C CPMAS (10 kHz, 400 MHz); δ = 8.6 ppm. 29Si 25 

CPMAS (10 kHz, 400 MHz); δ = 2.8 ppm. 
 Preparation of SiO2-700. Silica partially dehydroxylated at 700 
°C (SiO2-700) was prepared by calcination of compacted Aerosil 
Degussa (200 m2·g-1) at 500 °C for 14 h followed by a treatment 
under vacuum (10-5 mbar) at 700 °C for 5 h (heating rate of 5 30 

°C.min-1 from 500 to 700 °C): 0.26 mmolSiOH·g-1, 0.8 OH·nm-1. 40  
 Preparation of Ag(I)@SiO2. SiO2-700 (0.5 g, 0.13 mmol 
SiOH, 1 equiv.) was contacted with a 1:1 
pentane:dichloromethane solution of [AgN(SiMe3)2]4 (0.073 g, 
0.26 mmolAg, 2 Ag equiv. per SiOH) for 3 h at room temperature 35 

in the absence of light. After washing 3 times with fresh solvent 
and drying under high vacuum a white solid, Ag(I)@SiO2, was 
obtained. IR (disk) = 2897, 2952, 1980, 1863, 1629, 1400 cm-1. 
1H MAS (10 kHz, 400 MHz); δ = 0 ppm. 13C CPMAS (10 kHz, 
400 MHz); δ = 0.0, 6.5 ppm. 29Si CPMAS (10 kHz, 400 MHz); δ 40 

= 3 and 14 ppm. Elemental analysis; Ag = 4.4, C= 2.3, H = 0.6 
and N = 0.7 wt%. 
 Preparation of AgNP@SiO2-TMS. Ag(I)@SiO2  (0.25 g) was 
treated with H2 (500 cm3, 0.5 bar, 100 H2.Ag-1) dried over R3-11 
G (T5 x 3 mm) BASF catalyst and 4Å molecular sieves and 45 

heated with a rate of 5 °C·min-1 and held at 300 °C for 20 h. After 
cooling, the H2 atmosphere was removed using ultra-high 
vacuum techniques. This treatment yielded a dark orange powder. 
TEM imaging of the solid showed nanoparticles were present on 
the support surface with an average diameter of 2.1 ± 0.5 nm. 29Si 50 

CPMAS (10 kHz, 400 MHz); δ = 14 ppm. Elemental analysis; Ag 
= 4.3, C = 1.9, H = 0.5 and N = 0.3 wt%. 
 Preparation of AgNP@SiO2-OH.  This sample was prepared 
according to a reported procedure.22 
Selective hydrogenation of alkynes. The gas-phase 55 

hydrogenation of propyne was carried out in a continuous-flow 
fixed-bed micro-reactor (12 mm i.d.) equipped with an on-line 

gas chromatograph (Agilent GC7890A), in the absence of 
internal and external mass transfer limitations (Figure S4).14 
Unless otherwise stated, the reactions were performed with 0.2 g 60 

of catalyst (particle size = 0.2-0.4 mm), at T = 200 °C, P = 1 bar, 
H2/C3H4 = 25. The contact time, τ, was varied between 0.01 and 1 
s when assessing the influence of conversion on product 
distribution and was kept at a value of 0.07 s (alkyne conversion 
= 20%) when comparing catalyst performance. The three-phase 65 

hydrogenation of 1-hexyne was carried out in a flooded-bed 
micro-reactor.41 The reactant solution contained 1 vol.% of 1-
hexyne, 1 vol.% of benzene (Sigma-Aldrich, >99.5%) as internal 
standard, and 98 vol.% of toluene (Acros Organics, 99.9%) as 
solvent. The hydrogenation was conducted with 0.2 g of catalyst, 70 

at T = 313 K, P = 60 bar, F(H2) = 60 cm3·min–1, and F(liquid) = 
0.3 cm3 min–1. The liquid at the reactor outlet was analysed 
offline with a gas chromatograph (HP 6890) equipped with a HP-
5 capillary column and a flame ionization detector. In all cases, 
the conversion of the alkyne was determined as the amount of 75 

reacted alkyne divided by the amount of alkyne at the reactor 
inlet. The selectivity to the alkene/alkane was calculated as the 
quantity of alkene/alkane formed divided by the amount of 
converted alkyne. The selectivity to oligomers were determined 
as Soligomers = 100 – Salkene – Salkane. 80 

 H2 and propyne adsorption measurements. Adsorption 
measurements were conducted using a BELSORP-Max 
instrument from BEL Japan Inc. Around 0.1 g of each catalyst 
was pre-treated in flowing H2 at 200 °C with a heating ramp of 5 
°C·min-1 for 30 min, followed by evacuation for 3 h at the same 85 

temperature. Adsorption measurements were performed using 
hydrogen and propyne at 0 °C. Langmuir isotherms, non-
dissociative, were fitted to the experimental results for propyne 
adsorption leading to the amount of gas adsorbed per surface 
metal. In view of the low amount of H2 adsorbed on both 90 

catalysts, it was not possible to fit dissociative Langmuir 
isotherms and therefore the results reported here correspond to 
the amount of H2 adsorbed at 290 mbar. 
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