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ABSTRACT: The discovery of Frustrated Lewis Pairs (FLPs) 

represented a major breakthrough in modern organic chemistry, 

allowing the transition metal-free activation of chemical bonds in 

mild conditions. Consequently, FLP chemistry involving molecu-

lar Lewis acids and Lewis bases has witnessed an impressive 

advancement in the last decade. Nevertheless, the range of viable 

catalytic reactions are limited, due to the formation of too stable 

adducts between the reaction substrate and the Lewis acid/base 

couple and to the high distance between catalytic sites borne by 

separated molecular pairs in solution. In contrast with this, tradi-

tional heterogeneous catalysts made of transition metal nanoparti-

cles present adjacent active sites, although they usually require 

harsher conditions to be activated. The design of FLP on metallic 

nanoparticles could allow the activation of small molecules in 

milder conditions. Herein we propose the concept of NanoFLP in 

colloidal solution where one partner is a phosphine Lewis base 

and the other is the Lewis acid surface of a NiCo nanoparticle. We 

attempt to apply this concept to the hydrosilylative reduction of 

benzaldehyde. While a classical surface organometallic path 

through the oxidative addition of the silane on the sole metal 

center cannot be disproved at this stage, the reaction requires the 

presence of at least 5 mol% phosphine in conjunction with the 

NiCo nanoparticles, which represent a tenfold excess of phos-

phines vs. metal surface atoms, a situation that should disfavor the 

presence of free metal sites apt to perform the oxidative addition. 

We identify a correlation between the Tolman cone angle and the 

silane conversion, consistent with both mechanisms, however, we 

found no clear correlation between the Tolman electronic parame-

ter and the reaction outcome. The influence of the silane bulkiness 

was also investigated and a less bulky phosphine was required for 

the reaction to work with a bulkier silane. Structural analyses 

evidenced that the nanoparticles are not altered during the reac-

tion, which led us to propose the formation of a NanoFLP as a 

transient species in solution. 

Nowadays, intermolecular Frustrated Lewis Pairs (FLPs) have 

become an established technology for the activation of several 

chemical bonds, such as H–H, C=O, or S=O.1 Bulky Lewis acid 

and base molecules form a frustrated Lewis adduct as a result of 

two opposite forces: a strong acid-base interaction and a strong 

steric hindrance. In solution, the two compounds can be mostly 

associated as a weak adduct, or separately solvated, i.e. dissociat-

ed. The insertion of a small molecule (eg. H2, CO2, SO2) in the 

vicinity of the Lewis acid and base moieties drives the formation 

of a reactive intermediate, with a low activation energy for the 

cleavage of the bond.2  

FLPs relying on two molecular partners have been thoroughly 

studied in the last decade. In these species, the mobility of the 

acid and base partner in solution allows the acid-base distance to 

self-adjust in the course of the reaction. However, they suffer for a 

number of limitations. First, the strength of the Lewis acidity and 

the bulkiness of the site cannot be independently tuned because 

they are governed by the same substituents. Second, molecular 

FLPs present only one active site, which requires the stability of 

the intermediate adduct to be weak enough in order not to break 

the catalytic cycle. Moreover, large-scale applicability of homog-

enous FLPs catalysts remains limited because of the use of mo-

lecular species hard to purify. Taking advantage of this technolo-

gy in the field of heterogeneous catalysis appears thus of para-

mount importance. Inorganic catalysts can be easier to recover, 

they present a high number of vicinal active sites, and their acidity 

is easily tuned.  

Recently, some efforts have been done towards such achievement. 

Guo et al. firstly showed the possibility of a heterogeneous FLP 

on a gold surface.3 The latter behaves as a Lewis acid when com-

bined with imines and nitriles. DFT calculations highlighted that 

the ―frustration‖ comes from the repulsion between the imine lone 

pair and the filled d-band of the gold surface. Experimentally, 

nitriles and imines were hydrogenated using a gold powder which 

is normally unreactive towards H2 activation. Gold surfaces have 

been later studied also by Rossi et al., who described the coopera-

tive activation of H2 by a supported Au species in the presence of 

nitrogenous bases.4 The latter are of paramount importance since 

they play a key role in the catalytic activity and selectivity. Such 

system was capable of hydrogenating alkynes to alkenes with high 

conversion and high cis selectivity whereas the gold is normally 

inactive. Lately, the same group reported an ‗all heterogeneous‘ 

catalyst obtained by pyrolysis of gold acetate in the presence of 

1,10-phenantroline and TiO2.
5 This process led to Au nanoparti-

cles (Nps) embedded in a nitrogen doped carbon/TiO2 support 

active for the cis selective hydrogenation of alkynes into alkenes. 

DFT calculations strongly supported the hypothesis that a FLP 

interaction is responsible for the catalytic activity. In the field of 

all-solid heterogeneous FLP many advances have been made 

recently. Sheng Su et al. have reported a boron-nitrogen graphene 

catalyst capable of activating hydrogen in very mild conditions.6 

N-doped carbon was used by Li et al. to create Lewis acid-base 

pairs on the surface modified with Cu or Ni nanoparticles for CO2 

or methanol fixation, respectively.7,8 Ozin et al. deeply studied 

Indium oxide/hydroxide mixtures clearly showing a FLP reactivi-
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ty towards the activation of CO2 and H2.
9 While most of these 

systems work better in the light than in the dark, a careful selec-

tion of the right crystalline phase of a In2O3-x(OH)y nanomaterial 

leads to a highly active catalyst capable of activating H2 at room 

temperature.10 The activity of such systems derives from the 

surface defects in oxygen distribution which causes the formation 

of small reactive pockets. Such phenomenon has been recently 

exploited by Qu et al. who reported the spectacular reactivity of a 

CeO2 catalyst for the hydrogenation of olefins.11 Recently, the 

group of Ozin used copper substitution in calcium hydroxyapatite 

to design a CO2 hydrogenation catalyst.12 All these solid hetero-

geneous catalysts, however, do not take benefit from the mobility 

of a molecular partner in solution, which can greatly increase the 

chances of identifying novel FLPs systems. 

In this context, we wanted to investigate the possibility of creating 

a FLP in colloidal solutions based on inorganic nanoparticles of 

abundant first row transition metals (the Lewis acid) and an exter-

nal ligand (the Lewis base), free to come and go from the nano-

particle‘s surface. The use of first-row transition metals is nowa-

days becoming a major trend because of environmental, health 

and economic issues associated to the utilization of noble 

metals.13 However, nanoparticles interaction with strong Lewis 

base may lead to undesired leaching effects, producing molecular 

species in solution, as identified recently on copper nanoparticles 

for instance.14 For the present study, we selected nickel-cobalt 

nanoparticles, for which preliminary tests showed the absence of 

leaching. As a benchmark reaction, we selected the activation of 

Si–H bonds of silanes, which was easily followed by monitoring 

the silane consumption in the reaction medium by 1H NMR, using 

mesitylene as an internal standard. In order to further drive the 

reaction, the silane was engaged in the hydrosilylation of alde-

hydes, forming the corresponding mono, bis, and tris-silylether in 

variable proportions.  

The classical mechanism for hydrosilylation by late transition-

metal complexes is the Chalk-Harrod mechanism,15 which starts 

by the oxidative addition of the Si–H bond on the metal center. 

An analog surface organometallic path could be written, with the 

same starting elementary step, sensitive to the presence of nearby 

phosphines through steric and electronic effect. Such elementary 

step can hardly be monitored on the surface of a colloid, hence, 

the present study will not provide a final proof of reaction mecha-

nism (surface organometallic vs. our proposition of a NanoFLP, 

depicted on Figure 1 and commented below). Rather, we will 

investigate all the reaction parameters in order to assess the viabil-

ity of the NanoFLP mechanism, as our main purpose is to intro-

duce this concept in the nanocatalysis community. We will see 

below that few arguments may reinforce the proposed NanoFLP 

mechanism. We provide this analysis as an incentive for theoreti-

cal chemists to model the ligand-covered metal surface and 

weight the relative energy barrier of each path, and as another 

incentive to experimental chemists to use the Tolman cone angle 

as a key parameter for future reactions catalyzed by NanoFLP. 

Amongst hydrosilanes, phenylsilane is considered as a strong 

hydride donor and thus an easy-to-activate molecule: it was se-

lected for the first series of experiments (Table 1). Benzaldehyde 

was selected as a co-substrate and the reaction was performed at 

room temperature in THF during 24h. NiCo nanoparticles (Ni-

CoNPs) of 12±1 nm diameter were prepared according to the 

literature (see ESI, for the synthesis protocol).16 It should be noted 

that the nanoparticles were synthesized in the presence of tri-n-

octylphosphine (PnOct3) as a stabilizing agent. The phosphine 

was mostly washed away during the nanoparticles purification 

step (at ca 95 % based on XPS) and, compared with the amount of 

phosphine added during the catalytic experiment (10 mol% vs. the 

silane), its remaining amount was negligible.  

We verified in a first set of experiments, that the reaction without 

catalyst (acid or base) did not yield any silane consumption (Table 

1, entry 1, and ESI Figure S5) and that the Lewis acid NiCoNps 

(10 mol%), without added phosphine, were not active (entry 2 and 

Figure S6). Moreover, the reaction conducted with 10 mol% of 

the Lewis base PnBu3 did not yield any silane consumption (Table 

1, entry 3 and Figure S7). In contrast, the reaction performed in 

the presence of both the acid (NiCoNPs) and the base (PnBu3) 

yield a silane consumption of 77 % (Table 1, entry 4 and Fig-

ure S8). It was accompanied by the consumption of 0.5 equiv. of 

benzaldehyde, observed by the reduction of the integration value 

for the peak at 10.0 ppm, and the formation of the silylethers 

characterized by a peak at 4.8 ppm (Figure S8). Interestingly, the 

reaction was sensitive to the catalytic loading of NiCoNPs/PnBu3: 

silane consumption dropped to 22 % when only 5 mol% of Ni-

CoNPs/PnBu3were used, and increased to 100 % with 20 mol% of 

NiCoNPs/PnBu3 (Table 1, entry 5 and 6 respectively, and Fig-

ures S9 and S10, respectively). These first results were consistent 

with the idea that NiCoNPs and PnBu3 were forming a FLP in 

solution, which was responsible for the room-temperature activa-

tion of the Si–H bond of the silane. However, at this stage, more 

classical effects such as the electronic effect of the phosphine on 

the NiCo surface, could not be discarded. 

The formation of a FLP between a NiCo nanoparticle and a phos-

phine, which we will call here a NanoFLP depicted on Figure 1E, 

should depend both on the relative acidity of the nanoparticles and 

the ligand, and on the steric hindrance of the ligand, with some 

couples of partners optimal for some specific substrate. This 

rationale is directly extracted from well-established results for 

intermolecular FLPs in solution.2 While the Lewis acidity evalua-

tion of a metallic surface remains challenging, it is easy to play 

with the Lewis basicity and steric hindrance of phosphines. To 

appreciate this effect, we lowered back the catalytic charge to 10 

mol%. Delightfully, changing the ligand greatly affected the 

catalytic activity, while the colloidal stability was not compro-

mised. Longer alkyl chain phosphines such as tri-n-

octylphosphine lead to a lower phenylsilane consumption (55%, 

Table 1 entry 7 and Figure S11), suggesting that a higher steric 

hindrance was detrimental to the reaction. As a matter of fact, 

more hindered tricyclohexylphosphine yielded even lower con-

sumption (7%, Table 1 entry 8 and Figure S12). However, a much 

less hindered ligand such as trimethylphosphine was only poorly 

active, suggesting that a fine balance between the steric hindrance 

and the Lewis basicity is required to achieve an optimal catalytic 

activity (entry 9 and Figure S13).  

We also investigated a series of arylphosphines: when tri-

phenylphosphine was employed, 100% of phenylsilane consump-

tion was achieved (Table 1 entry 10 and Figure S14). Following 

the Tolman classification,17 PPh3 should be slightly more hindered 

than PnBu3 which might explain the enhanced catalytic activity. 

Accordingly, less hindered phosphines such as PMePh2 and 

PMe2Ph were less active (Table 1 entry 11 and 12 respectively 

and Figures S15 and S16, respectively). Furthermore, a bidentate 

ligand such 1,4-bis(diphenylphosphino)butane (dppb) was active 

reaching a phenylsilane consumption of 66%, while a tridentate 

ligand such as bis(diphenylphosphinoethyl)phenylphosphine 

(triphos) was totally inactive probably because of a too high steric 

hindrance (Table 1, entry 13 and entry 14 respectively and Fig-

ures S17 and S18, respectively).  

Finally, the scope was extended to ligands other than phosphines. 

Triphenylphosphite, which is poorly hindered, showed 25 % 

silane consumption (entry 15 and Figure S19). In relation with the 

work of van Leeuwen,18 we also tested diphenylphosphine oxide, 

which yielded a low silane consumption of 5% (entry 16 and 

Figure S20).  
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Table 1 Catalytic activity of different catalysts combined with 

different ligands. [a] Silane consumption is calculated by 1H 

NMR using mesitylene as internal standard. [b] 5 mol% of Ni-

CoNPs and Lewis base. [c] 20 mol% of NiCoNPs and Lewis 

base. 

In order to assess the results in a more comprehensive approach, 

we investigated trends amongst sub-ensemble of phosphines, 

namely, the monodendate phosphines. We plotted the silane con-

sumption as a function as the basicity of the phosphine, based on 

their pKa, for lack of a better parameter. Alkylphosphines pKa are 

spread on a small range of values, from 8.13 for PnOct3 (see 

Table S1) to 9.70 for PCy3. Figure 1A shows that moderated pKa 

around 8.2-8.4 correspond to higher phenylsilane activation. A 

similar plot was made for arylphosphines on Figure 1B. In this 

case, no local optimum was observed and the most efficient reac-

tion was obtained with the less basic phosphine of the series, 

PPh3. So far, the pKa did not appear as a critical parameter ex-

plaining the activation of Si–H in phenylsilane. This result reso-

nated with the study of Fiorio et al. on gold nanoparticles func-

tionalized with amines, where no clear relation between the pKa 

and the catalytic activity was found.4  

Then, we looked for a more relevant electronic parameter to 

describe the phosphine interaction with the metal. We selected the 

Tolman electronic parameter (TEP),17 which is a semi-

quantitative measure of the electron donating or withdrawing 

ability of a ligand. Figure 1C shows the two previous series of 

phosphines, as well as triphenylphosphite (in green). Once again, 

no clear trend was found since the best two phosphines for the 

reaction, PnBu3 and PPh3, showed very different TEP of 2060.3 

and 2068.9 cm-1, respectively. This result is quite interesting to 

consider: in the framework of a surface organometallic mecha-

nism, the reaction yield might have been more clearly correlated 

to the TEP.19 

The steric hindrance should also play a major role on the ability of 

the phosphine to approach the surface while not forming a too 

strong adduct, thanks to the steric frustration. Thus, we plotted the 

same series of data vs. the Tolman cone angles17 on Figure 1D. 

This cone angle is defined as the solid angle formed with the 

metal at the vertex, centered at a distance of 2.28 Å from the 

phosphorus and the van der Waals radii of the outermost atoms at 

the perimeter of the cone. Here, we observed that a common trend 

could explain the activity of alkylphosphines, arylphosphines and 

triphenylphosphite: phenylsilane was better activated by species 

with higher Tolman cone angles, to a certain limit. Above a cone 

angle of ca 155°, the phosphine probably did not approach the 

surface often enough, as seen with PCy3 (170°). Interestingly, if 

the reaction was proceeding through a surface organometallic 

path, we might expect that the trend vs. the cone angle would be 

linear, as observed for Ni complexes (bulkier phosphine would be 

disfavored as they would hinder the oxidative addition step).19 

This does not correspond to the current observation of volcano 

shape. In our view, this trend linking the Tolman angle and the 

catalytic efficiency of the NiCoNPs/phosphine strongly suggested 

that the phosphine formed an encounter complex with the surface: 

it should be small enough to access it despite the presence of other 

ligands on the surface, but it should be large enough not to block 

the surface active sites by staying indefinitely on the surface. Such 

a fine balance between the Lewis basicity and the steric hindrance 

is typical of FLPs formed by two molecular partners,20 which 

reinforces our proposition that NiCoNPs and PPh3 are forming a 

NanoFLP.  

 

 

Figure 1 Silane consumption reported as a function of pKa for 

selected alkylphosphines (A) and arylphosphines (B). Silane 

consumption reported as a function of Tolman electronic parame-

ter (C). Silane consumption reported as a function of Tolman cone 

angle (D), the black curve is the modeling of the trend by a poly-

nome of degree 2, plotted as a guide to the eye. (E) Scheme of the 

envisioned NanoFLP, showing the phosphine interaction (here, 

PPh3) with the nanoparticle surface. The Tolman cone angle is 

plotted as a guide to the eye. 

As a complementary argument, it is relevant to compare the cases 

of PPh3, dppb and triphos in order to assess the effect of multiple 

phosphine moieties: multidentate ligands typically reside for 
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longer time on a surface, once coordinated. Consumption of 

phenylsilane decreases within this series, suggesting once more 

that the residence time of the phosphine should probably not be 

too long for the catalytic NiCoNPs/phosphine couple to be active. 

Overall, the results discussed so far can be summarized in two 

points: 1) the activation of the Si–H bond in phenylsilane is exclu-

sively allowed by the combination of NiCoNPs and an adequate 

phosphine, 2) the catalytic activity strongly depends from the 

Tolman cone angle and the Lewis basicity of the phosphine.  

Therefore, for a thorough understanding of such reactivity we 

decided to deeply study the most active catalytic couple: Ni-

CoNps/PPh3. Firstly, we investigated the kinetics of this transfor-

mation by recording the catalytic consumption of phenylsilane at 

two, four, eight, sixteen and twenty-four hours. We also took the 

occasion to explore the effect of different amount of ligand when 

a same catalytic loading of Nps is employed (Figure 2). Interest-

ingly, when PPh3 was lowered to 2.5 mol% no reactivity was 

observed, meaning that a minimum of phosphine is required to 

form the active species. As expected, with 5 mol% of phosphine, 

the reaction proceeded slower compared to the optimized condi-

tions and the consumption did not reach 100 % after 24 h. When 

the optimal parameters were utilized (10 mol% of nanoparticles 

and of phosphine) we observed a rapid increase of phenylsilane 

consumption after 4 h and the reaction was already completed 

after 16 h. Interestingly, when a double amount of PPh3 

(20 mol%) was employed, the reaction was slightly slower com-

pared to the optimized conditions.  

This suggests that an optimal equilibrium between coordinated 

and non-coordinated Lewis base was reached when a 1:1 ratio of 

nanoparticles to phosphine was employed. Pushing the steady 

state toward more coordinated phosphine was detrimental to the 

activation of the Si–H bond. This result is consistent with the 

comparison made above between monodentate, bidentate and 

tridentate phenylphosphines. 

 

 

Figure 2 Kinetic study for the hydrosilylation of benzaldehyde 

using different amount of PPh3.  

In the framework of a surface organometallic mechanism, a met-

al-ligand ratio of 1:1 to 1:2 might be optimal (hence well below 

the introduced ratio 2.5 mol%), based on studies on nickel com-

plexes. The current observation does not seem to concur,19 alt-

hough we are not able to characterize the proportion of free phos-

phine in solution under catalytic conditions. In the framework of 

the possible formation of a NanoFLP, we would expect the fol-

lowing: the phosphine is in exchange from the surface to the 

solution, but a too low concentration of the phosphine would 

make the formation of the intermediate species NiCoNps—

Silane—PPh3, where the Si–H bond of the silane is trapped in the 

reactive pocket of the FLP, unfavored. The concentrations corre-

sponding to 2.5, 5, 10 and 20 mol% of PPh3 were respectively 2, 

4, 8 and 16 mmol/L. 

Experimentally, free PPh3 in solution was detected by 31P NMR 

when used at 20 mol%. This confirmed that all the phosphine was 

not coordinated on the NiCoNPs surface. In order to get a clearer 

notion of the stoichiometry of PPh3 vs. the number of surface 

atoms of the nanoparticles, a raw estimation was made, using the 

NiCoNPs average diameter and counting only the last layer of 

atoms. Roughly, for 10 mol% NiCoNPs, amounts of PPh3 of 2.5, 

5, 10 and 20 mol% correspond to 5, 10, 20 and 40 equiv. of phos-

phine vs. the surface atoms (see calculation in ESI section 10). 

The phosphine was always in large excess vs. the surface, which 

further emphasizes that the equilibrium with the free phosphine in 

solution was mandatory to insure that other substrate may access 

the surface. We however needed to finally exclude that such large 

amount of phosphine ligands were also generating molecular 

complexes in solution through a leaching process. Indeed, the 

leaching of molecular species is one of the most current issues in 

nanocatalysis. The latter can lead to a misrepresentation of the 

active species.  

In order to verify the absence of leaching, we tested the activity of 

reaction supernatant, as depicted on Scheme S1 in ESI. More 

precisely, a reaction using the optimal conditions was started and 

stopped after 4 h when ca 50 % of phenylsilane consumption was 

reached. The mixture was then separated by centrifugation. The 

supernatant (containing silylethers, free PPh3, as well as unreacted 

silane and benzaldehyde) was recovered, filtered using a syringe 

filter and further stirred for 4 h. No reaction was observed, indi-

cating the absence of catalytic species in the supernatant. Along-

side, the precipitate was also recovered and refilled with a fresh 

mixture containing all reagents of a standard reaction (namely, 

benzaldehyde and phenylsilane), but no PPh3. Even in this case, 

after 4 h of stirring, no hydrosilylated products were observed. 

This indicated that NiCoNPs were not permanently activated prior 

to centrifugation (by surface reconstruction or other phenomena). 

Furthermore, to confirm the dynamic nature of the catalytic spe-

cies we added one equivalent of PPh3 to the latter mixture and 

stirred it for 16 h. As expected in the presence of both the Ni-

CoNps and the phosphine, we observed significant phenylsilane 

consumption (70 %), confirming a regain of the catalytic activity. 

Besides, an aliquot of the NiCoNps was taken after the first 4 h-

reaction and observed by TEM (Figure S2). The nanoparticles 

were identical in morphology to the fresh ones and showed no 

sign of leaching. Finally, to definitely exclude any homogeneous 

species, ICP-MS was performed on the supernatant isolated after 

24 h of reaction. Nickel and cobalt contents were below the detec-

tion limit, confirming that no leaching was taking place. From 

these experiments, we can conclude that 1) the catalytic reaction 

happens at the surface of the NiCoNPs and 2) the phosphine plays 

an active role during the whole duration of the catalytic reaction, 

and not only at the beginning. While the first point confirms that 

we are performing nanocatalysis, the second supports once more 

that NiCoNps and PPh3 could be forming a NanoFLP. As a com-

plementary experiment, the activity of the nanoparticles was 

compared with these of Ni(acac)2, with or without added phos-

phine (PPh3 or PnBu3). Ni homogenous complexes are indeed also 

known as catalysts for hydrosilylation reactions.21 The results 

showed on Table S3 show little dependence of the silane con-

sumption to the presence of the phosphine. Moreover, the yield 

were of similar magnitude to these observed with NiCoNps, 

which suggests that the active species when using the nanoparti-

cles should not be some sort of leached nickel at a concentration 

below the detection limit of the ICP-MS. 

From this point, we investigated the nature of the NiCoNps/PPh3 

surface, and we assessed if it was evolving during the course of 

the reaction. Because the reaction was occurring at the interface 

between the nanoparticle and the solution, few tools were availa-

ble for this investigation. 

First, X-ray photoelectron spectroscopy (XPS) was used (Figure 

3). We compared the spectra of the fresh NiCoNps with those of 

powders isolated after the optimized reaction (Table 1, entry 10), 
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indicated as ―post mortem‖. We also analyzed fresh NiCoNps that 

were stirred in the presence of 1 equiv. of PPh3, then washed and 

isolated, indicated as ―blank‖. Overall, the Ni 2p3/2, Co 2p3/2 , P2p 

and NiCo3P regions did not show strong differences between the 

three samples, meaning that the NiCoNPs surface was not signifi-

cantly modified as a result of PPh3 adsorption and of the catalytic 

reaction itself. In agreement with other works on NiCo,16,22 the 

Ni 2p3/2 region was fitted with Ni(0) with the lower binding ener-

gy (B.E.) component at 852.7 eV (Figure 3A, in red) and a nickel 

oxidized species with the lower B.E. component at 854.7 eV (in 

blue), slightly higher in B.E. than NiO (expected at 853.7 eV).23 

The Co 2p3/2 region was fitted with a combination of Co(0) at 

778.0 eV (Figure 3B, in red), a Co(II) species at 781.3 eV (in 

blue), slightly higher than the expected value for CoO (780 eV) 

and a third species at 780.7 eV (in green), slightly higher than the 

expected value for Co3O4 (779.6 eV).24 The presence of metallic 

Ni (in red) and Co (in dark green) as major species was confirmed 

by analyzing the NiCo3p region (Figure 3D), fitted according to 

the literature.22 The washing step of the nanoparticles, performed 

in air, should be responsible for part of the surface oxidation 

observed for all samples. Lastly, the P2p region (Figure 3C) 

showed the presence of phosphide species (in red, with a B.E. of 

129.5 eV for the P2p3/2 component), resulting from partial tri-n-

octylphosphine decomposition during the formation of the nano-

particles.16,25 At this stage of our study, it was not possible to 

determine if the phosphide presence significantly affect the reac-

tivity of the NiCo surface. A second peak, broader, with P2p3/2 at 

130.7 eV (in green) was observed and attributed to phosphines 

adsorbed on Ni and Co sites: TOP25 for fresh NPs (a) and likely 

PPh3 for spectra (b) and (c).26,27 The last peak with P2p3/2 at 133.3 

for spectrum (a) and 133.1 eV for spectra (b,c) (in blue) was 

attributed to tri-n-octylphosphine oxide and triphenylphosphine 

oxide, respectively. These species were likely formed as a result 

of air exposure prior to the XPS measurement. 

 

Figure 3 XPS of the (A) Ni2p3/2, (B) Co2p3/2, (C) P 2p and (D) 

NiCo3p regions for the NiCoNps (a) washed after synthesis, (b) 

exposed to PPh3 and (c) collected at the end of the catalytic reac-

tion. Ni2p was fitted with two sets of components: Ni(0) in red 

and NiO in blue. Co2p was fitted with three sets of components: 

Co(0) in red, CoO in blue and Co3O4 in green. P2p was fitted with 

three components: phosphide in red, adsorbed phosphine in green 

and phosphine oxide in blue. Co3p was fitted with two compo-

nents: Co(0) in dark green and CoOx in light green. Ni3p was 

fitted with two components: Ni(0) in red and NiOx in blue. 

 

Overall, XPS indicated the presence of metallic Ni and Co surface 

sites, available to coordinate phosphines. The surface was not 

significantly affected by the reaction. Moreover, the surface alloy 

may be key to adjust the Lewis acidity of the surface. Indeed, pure 

nickel nanoparticles were inactive in the reaction and pure cobalt 

nanoparticles were only poorly active (Table S2). Optimization of 

the Lewis acidity of the surface is, however, out of the scope of 

the present work.  

The inelastic mean free path of photoelectrons is ca 10-12 Å for 

the Ni2p and Co2p regions and ca 19-20 Å for NiCo3p.28 As a 

consequence, the deeper metal atoms of the NiCoNPs were not 

probed by this technique. In order to characterize the core of the 

nanoparticles, X-ray absorption at Ni and Co K-edges was per-

formed in transmission mode. For this experiment, NiCoNps 

powders were isolated after 2, 4, 8, 16 and 24 hours of reaction 

performed under the optimized conditions (Table 1, entry 10). X-

ray absorption near edge structure (XANES) revealed that both 

nickel and cobalt were mostly metallic from the beginning to the 

end of the reaction (Figures S3 and S4). Ni edge was detected at 

8831.6 eV, similar to the edge for the nickel foil (8831.6 eV). Co 

edge was detected at 7710.6 eV, close to the edge of the cobalt 

foil at 7710.8 eV. Most importantly, these spectra were identical 

to those of the native catalyst confirming that the nanoparticles 

structure was unaffected by the reaction. This result is consistent 

with observations made so far from XPS and with the leaching 

experiments. 

We further investigated the relevance of NiCoNPs/PPh3 as a 

NanoFLP by modifying the steric hindrance of the reaction sub-

strate: the silane. Indeed, in the case of a true NanoFLP, we ex-

pected that a fine adjustment of the phosphine is required when 

changing the characteristic of the Si–H bond to activate. Thus, we 

performed the hydrosilylation of benzaldehyde using less reactive 

and bulkier silanes, with NiCoNps and phosphine presenting a 

wide range of Tolman angles: PMe3, PnBu3, PPh3, PCy3 with 

angles of 118, 132, 145 and 170°, respectively. The first line of 

Table 2 recalls the values already mentioned in Table 1 for 

phenylsilane. When diphenylsilane was used as hydride source, 

no conversion was observed with PPh3 whereas PMe3 and PnBu3, 

presenting lower Tolman angles, yielded conversions of 14 and 

33%, respectively (Table 2 Entry 2). In the framework of the 

surface organometallic mechanism, we could have expected that 

the reaction occurs faster with the less hindered PMe3 than with 

PnBu3, as both have close TEP. In the framework of the NanoFLP 

mechanism, we can propose that diphenylsilane was too bulky for 

the Si–H bond to be activated within the NiCoNPs/PPh3 reactive 

site. The less hindered pair NiCoNPs/PnBu3 was able to accom-

modate diphenylsilane. On the other hand, and as expected, less 

active silanes such as triphenylsilane or alkyl ones such as tri-

ethylsilane and tetramethyldisiloxane were not consumed with 

any of the phosphines tested (Table 2 Entry 3, 4 and 5 respective-

ly). Though possible, conditions optimization for the activation of 

such silanes is out of the scope of this work. However, this limited 

scope once again proved the existence of an active species being 

strongly dependent from the steric environment.  
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Table 2 Catalytic consumption of different silanes using Ni-

CoNps and phosphines with a wide range of steric-hindrance 

(Tolman angles are indicated in parenthesis). 

As a perspective, the hydrosilylation of other aldehydes with 

phenylsilane was attempted in the presence of NiCoNPs/PPh3. 

Here, 1 equiv. of phenylsilane vs. the aldehyde was used. Thus, 

the conversion displayed herein is referred to the quantity of 

aldehyde transformed during the reaction. Interestingly, electron-

poor benzaldehyde such as 4-nitrobenzaldehyde underwent hy-

drosilylation to a good extent while electron-rich 4-

dimethylaminobenzaldehyde was less hydrosilylated (Figure 4 

Entry 1 and 2 respectively). On the other hand, terephtalaldehyde 

and 3,4-dihydroxybenzaldehyde (Figure 4 Entry 3 and 4 respec-

tively) were only poorly hydrosilylated. Such result is difficult to 

interpret but we may think that the presence of more coordinating 

sites is detrimental to the dynamic character of the active species 

and overall it inhibited the reaction. Additionally, alkylaldehydes 

such as trans-cynnamaldehyde and trans-2-octenal (Figure 4 

Entry 5 and 6 respectively) were not hydrosilylated.  

 

Figure 4 Hydrosilylation of aldehydes using the optimized condi-

tions and one equivalent of phenylsilane. The conversion is calcu-

lated by NMR using mesitylene as internal standard. 

In conclusion, this study reports the effect of phosphine on the 

activation of the Si–H bond of silanes by NiCoNps/phosphine 

during the hydrosilylation of benzaldehyde. The fact that the 

catalytic activity strongly depends from the steric hindrance and 

the Lewis basicity of the ligand, chosen from a series of commer-

cially available phosphines, suggests that a Lewis interaction 

might be responsible for the observed reactivity. An empiric 

relation was found between the Tolman cone angle and the cata-

lytic activity. Both indicate that the active sites on the NiCoNPs 

are strongly affected by the steric and electronic properties of the 

phosphine, consistent with the proposed model of a NanoFLP 

type of interaction. It is also shown that the phosphine mobility 

between the coordination site on the surface and the solution is 

essential to the activity, consistent with the proposed formation of 

an encounter complex as identified in some molecular FLPs. 

XANES and XPS analysis showed that the nanoparticles are 

mostly not affected by the reaction and the absence of leaching 

was verified. 

The strong dependence of the reaction to the steric environment 

has been also demonstrated by changing the hydride source. With 

the bulkier diphenylsilane, a less bulky phosphine, PMe3, was 

found to be more suitable for the reaction. This fine adjustment of 

the Lewis acid/base pairing in relation with the substrate bulkiness 

is also in line with trends found in molecular FLP chemistry. 

Organic ligands have been widely utilized to inhibit or ‗poison‘ 

catalysts, especially in hydrogenation reactions. With this work 

we hope to prompt the way to a deeper consideration of the effect 

of organic ligands on metallic surface. While we do not finally 

discard the possibility of a classical oxidative addition on a bare 

metal center as the first elementary step (so-called surface organ-

ometallic mechanism), we propose here that the association of 

NiCoNPs and selected phosphines can be envisioned as a 

NanoFLP formed in the colloidal solution, where the Tolman 

angle is a key descriptor. Further proofs of this may come in 

future works by investigating the activation of other bonds, such 

as H–H, C=O, etc. and alternatively, by in silico modeling of the 

interactions involved in both mechanisms. Moreover, in-depth 

study of the ligand dynamics from the solution to the surface, in 

the presence or the absence of the reaction substrate, should be 

pursued for a better description of the catalytic species.  

 

Experimental section 

Reagents 

Oleylamine (technical grade, 98%), Phenylsilane (PhSiH3, 99%), 

benzaldehyde (BnzCHO, 99%), mesitylene (Mes, dried and de-

gassed prior to utilization), tricyclohexylphosphine (PCy3, 99%), 

trimethylphosphine (PMe3, 99%), triphenylphosphine (PPh3, 

99%), diphenylmethylphosphine (PMePh2, 99%), dime-

thylphenylphosphine (PMe2Ph, 99%), diphenylphosphinobutane 

(dppb, 99%), bis(diphenylphosphinoethyl)phenylphosphine (tri-

phos, 99%), triphenylphosphite (POPh3, 99%), diphenylphosphine 

oxide (HPPh2O, 99%), diphenylsilane (Ph2SiH2, 99%), triphen-

ylsilane (Ph3SiH, 99%), triethylsilane (Et3SiH, 99%), tetramethyl-

disiloxane (TMDS, 99%) and anhydrous tetrahydrofuran (THF, 

99.99%) were purchased from Sigma-Aldrich and stored in a 

glovebox. Tri-n-octylphosphine (TOP; 97%), tri-n-butyl phos-

phine (PnBu3, 99%), dicobalt(0) octacarbonyl (Co2(CO)8; >95%), 

and nickel(II) acetylacetonate (Ni(acac)2; anhydrous, min. 95%) 

were purchased from Strem Chemicals and stored in a glovebox 

(in the fridge for dicobalt octacarbonyl). All chemicals described 

above were used without further purification unless stated. Glass-

ware was kept in an oven at 120 °C prior to utilization. 

Catalytic reactions with phenylsilane and benzaldehyde 

In the glovebox, benzaldehyde (1 mmol), phenylsilane 

(0.4 mmol), mesitylene (0.4 mmol) and THF (5 mL) are added to 

a 15 mL vial equipped with a magnetic stirrer and containing the 

catalyst (the catalytic charge is referred to the phenylsilane). The 

ligand is added and the mixture is let to stir the required amount 

of time in the glovebox. At the beginning of the reaction and after 

stirring, the nanoparticles are in a colloidal dispersion. At the end 

of the reaction the vial is taken out from the glovebox. A few 

nanoparticles stick to the stirring bar at this step, suggesting the 

presence of some aggregates for the larger colloids due to their 

magnetic properties. A drop of the solution is analyzed by NMR, 

the conversion is given as consumption of phenylsilane vs mesity-

lene. 

Catalytic reactions with other silanes and benzaldehyde 

In the glovebox, benzaldehyde (1 mmol), silane (1 eq. of Si–H), 

mesitylene (0.4 mmol) and THF (5 mL) are added to a 15 mL vial 

equipped with a magnetic stirrer and containing the catalyst (the 

catalytic charge is referred to the silane). The ligand is added and 

the mixture is let to stir for 24 h. At the end of the reaction the vial 
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is taken out from the glovebox and a drop is analyzed by NMR, 

the conversion is given as consumption of silane vs mesitylene.   

Catalytic reactions with other aldehydes 

In the glovebox, the required aldehyde (1 mmol), phenylsilane 

(0.4 mmol), mesitylene (0.4 mmol) and THF (5 mL) are added to 

a 15 mL vial equipped with a magnetic stirrer and containing the 

catalyst (the catalytic charge is referred to the phenylsilane). The 

ligand is added and the mixture is let to stir for 24h in the glove-

box. At the end of the reaction the vial is taken out from the 

glovebox and a drop is analyzed by NMR, the conversion is given 

as consumption of benzaldehyde vs mesitylene. 
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