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ABSTRACT: The synthesis of iridium nanoparticles (IrNPs) ligated by various secondary 

phosphine oxides (SPOs) is described. This highly reproducible and simple method via H2 

reduction produces well dispersed, small nanoparticles (NPs), which were characterized by the 

state-of-the-art techniques, such as TEM, HRTEM, WAXS and ATR FT-IR spectroscopy. In 

particular, multinuclear solid state MAS-NMR spectroscopy with and without cross polarization 

(CP) enabled us to investigate the different binding modes adopted by the ligand at the 

nanoparticle surface, suggesting the presence of three possible types of coordination: as a purely 

anionic ligand Ir–P(O)R2, as the neutral acid R2P–O–H and as a monoanionic bidentate H-

bonded dimer R2P–O–H···O=PR2. Specifically, the higher basicity of the dicyclohexyl system 

leads to the formation of IrNPs in which the bidentate binding mode is most abundant. Such 

cyclohexyl groups are bent towards the edges, as is suggested by the study of 13CO coordination 

on the NP surface. This study also showed that the number of surface sites on faces available for 

bridging CO molecules is higher than the number of sites for terminal CO species on edges and 

apices, which is unexpected taking into account the small size of the nanoparticles. In addition, 

the IrNPs present a high chemoselectivity in the hydrogenation of cinnamaldehyde to the 

unsaturated alcohol.  

 

INTRODUCTION   

 

The use of secondary phosphine oxides (SPOs) as stabilizing ligands for iridium nanoparticles 

(IrNPs) has been scarcely explored. Our group has a longstanding experience in the use of SPOs 

as multifunctional ligands, both in organometallic1-6 and MNP6-10 catalysis. SPOs may 

coordinate as a neutral acid (A),11,12 deprotonated phosphinito anion (B),13,14 or a hydrogen 
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bonded pair of the two (C),4-6,11 thus obtaining a monoanionic, supramolecular bidentate ligand 

(Scheme 1).15 In addition, the acid can be deprotonated to generate the O-metalated species 

D.16,17 

 

 

Scheme 1 Tautomeric forms of SPOs and possible coordination modes to a metal center.  

 

We demonstrated the presence of P–O–H groups in ruthenium nanoparticles (RuNPs) ligated by 

SPOs through H2/D2 isotope exchange reactions.7 Along this line, our group developed the 

synthesis of gold nanoparticles (AuNPs) stabilized by SPO ligands.8,9 An exhaustive 

characterization demonstrated that the nature of the ligand is a key feature, since important 

differences in the size, morphology and catalytic behavior were found to depend on the 

hydrocarbyl substituents at phosphorus. Aromatic SPOs ligated to AuNPs present a strong 

polarity in their P=O bonds and they coordinate to the surface in their anionic form, B. In 

contrast, the more basic aliphatic phosphine oxides hold on more strongly to the protons and the 

actual coordination mode is at least in part the neutral acid A or the H-bonded dimer C. The 

AuNPs prepared with aryl-substituted SPOs were active catalysts for the highly chemoselective 

hydrogenation of substituted aldehydes. On the contrary, AuNPs containing alkyl SPOs showed 

low activity and selectivity. In a subsequent publication we described the formation of IrNPs 

stabilized with chiral SPOs,10 in which we suggested a binding mode of the ligand on the IrNPs 

surface similar to that previously described for AuNPs ligated by aryl SPOs, i.e. a purely 

anionic SPO would be present. However, definite proofs were not obtained. These IrNPs were 

active catalysts for the asymmetric hydrogenation of ketones. Furthermore, we recently reported 

a comparative catalytic study in which a specific SPO ligand (tert-butyl(phenyl)phosphine 

oxide) was employed to generate an Ir–SPO complex and SPO-stabilized IrNPs.6 These Ir–SPO 

based catalysts showed markedly different selectivities and rates in the hydrogenation of various 

substituted aldehydes. This ligand coordinates as the H-bonded dimer C in the Ir–SPO complex, 

but the actual coordination mode of the SPO on the IrNP surface was not established.  

Therefore, studies focusing on the location and possible types of coordination by the ligands 

present at the nanoparticle surface are of great importance, but the determination of the real 

binding mode remains difficult. Thus, inspired by these works, herein we report Magic Angle 

Spinning NMR (MAS-NMR) spectroscopy as a powerful tool that can provide insight in the 

morphology and coordination mode of SPO ligands at the surface and hence about the reactivity 
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of the nanoparticles. To this end, a group of SPOs with different electronic and steric properties 

was selected for the generation of a series of IrNPs (Fig. 1). 

 

 

Fig. 1 Secondary phosphine oxides employed in this study. 

 

The IrNPs were characterized by the use of a wide range of techniques, including Transmission 

Electron Microscopy (TEM), High Resolution TEM (HRTEM), Wide Angle X-Ray Scattering 

(WAXS) and Attenuated Total Reflectance Fourier-Transform Infrared (ATR FT-IR) 

spectroscopy. Specifically, MAS-NMR spectroscopy enabled us to explore the possible 

coordination modes adopted by the SPO ligand at the NP surface. Multinuclear solid state NMR 

techniques have been used to characterize the structure of ligands on MNPs and their surface 

chemistry as summarized in several recent reviews.18-21   

 

RESULTS AND DISCUSSION  

Synthesis and Characterization of SPO-Stabilized Ir Nanoparticles  

We chose the same protocol that was previously used for the synthesis of SPO–stabilized 

IrNPs.6,10 The IrNPs 1–3 were prepared by H2 reduction of (1,5-

cyclooctadiene)(methoxy)iridium(I) dimer ([Ir(OMe)(COD)]2) in the presence of 0.5 eq (based 

on Ir) of SPO L (Scheme 2, for further details see Section 2, ESI†).  

 

 

Scheme 2 Synthesis of IrNPs 1–3 from [Ir(OMe)(COD)]2 and L1–L3. 

 

TEM micrographs revealed the presence of well distributed and small NPs (Fig. 2 and Section 

6, ESI†) with a size in the range 1.3–1.5 nm (1, 1.33(0.28) nm; 2, 1.43(0.38) nm; 3, 1.39(0.50) 

nm), although 3 displayed a broader dispersion than 1 and 2 and some aggregation of NPs.  
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Fig. 2 Representative TEM micrographs of IrNPs 1–3 and size distributions determined from 

TEM images by counting > 300 non-touching particles obtained from images captured from 

distinct quadrants of the grid.  

 

HRTEM images showed crystalline IrNPs compatible with a cubic close-packed structure (ccp). 

This was confirmed by Fast Fourier Transformation (FFT) analysis carried out on the HRTEM 

images as shown in figure S18 (ESI†). WAXS analysis confirmed the ccp structure and 

indicated a coherence length close to ca. 1.5 nm (Section 4, ESI†). These data are in agreement 

with the sizes determined by TEM and corroborate the crystallinity of the IrNPs.   

Elemental analyses (EA) gave an Ir content in the range 48–50% and were consistent with a 

metal–ligand ratio of 1.85:1 for 1, 1.66:1 for 2, and 1.67:1 for 3 (Table 1). It is worth noting that 

the Ir/L ratio accounts for a large amount of SPO coordinated to the surface of the NP, since the 

approximate number of ligands is only slightly lower than the calculated number of surface 

atoms (estimated from IrNP mean size as observed by TEM).22  

 

Table 1 Analytical Data of IrNPs 1–3. 

IrNP Diameter (nm) Ir Content (%) Ir/L Ratio Irx/Ly
a Ns

b 

1 1.33  0.28 47.9 1.85 : 1 117/63 78 

2 1.43  0.38 50.4 1.66 : 1 145/87 91 

3 1.39  0.50 48.6 1.67 : 1 133/80 89  

a The approximate composition is based on the Ir/L ratio and the number–average diameter 

measured. b Number of surface atoms. Approximate values obtained from the graphs of Van 

Hardeveld and Hartog.23 
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The ATR FT-IR spectra of free SPO ligands showed the P–H stretching absorption in the range 

2280–2370 cm-1 (Fig. S3, S5 and S8, ESI†). This P–H band was not visible in the ATR FT-IR 

spectra of 1–3 (Fig. S4, S6 and S9, ESI†), suggesting coordination of the ligand to the NP 

surface through the phosphorus atom. Additionally, no absorption was observed in the region 

corresponding to the (P–O)–H stretching band (ca. 3100–3500 cm-1). This lack of protons 

suggests that the phosphine adopts a coordination mode similar to that previously described for 

aryl SPO–ligated AuNPs (B).8,9 However, this hypothesis could not be confirmed by ATR FT-

IR spectroscopy, since the O–H–O vibration of the third possible coordination mode of SPO 

ligands to metals, that is as a monoanionic bidentate ligand with an intramolecular hydrogen 

bond (C), is usually not observed in IR.24    

Finally, an intense band at ca. 1980–2005 cm-1 was found in the spectra of IrNPs and 

recognized as CO coordinated to the NP surface, which probably results from a decarbonylation 

process of THF and/or methoxide during the NP formation.10,25 The intensity of this band 

increased after bubbling CO through solutions of 1–3 in THF (R. T., 5 min, Fig. 3 and Section 

5, ESI†), confirming the presence of coordinated CO at the Ir surface in the purified NPs. This 

band is identified as CO coordinated in a terminal mode (COt), while another stretching band 

appears at lower frequency shift (ca. 1800 cm-1), which is assigned to CO coordinated in a 

bridging mode (COb).26,27 The ATR FT-IR spectra of 1–3 before bubbling with CO display a 

slight displacement in the COt band to lower frequency following an increase in the electron-

donor character of the substituents in the ligand, and thus in the presence of a more electron-rich 

iridium surface (Fig. S11, ESI†).28,29 Conversely, an increase in the amount of CO on the NP 

surface involves a shift of the COt stretching absorption to higher frequency (Fig. 3), as was 

earlier reported for metal surfaces.30-33 
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Fig. 3 Overlay of ATR-IR spectra of 1 before and after bubbling with CO in the region 1000–

2400 cm-1. In view of the short contact times the spectra do not represent equilibrium states. 

  

Solid State NMR Studies      

Given the relatively limited information about the coordination modes of the ligands on the 

nanoparticle surface that can be obtained by FT–IR, we found solid state NMR to be a useful 

spectroscopic tool for this purpose. The coordination of ligands to the nanoparticle surface was 

demonstrated by solid state MAS NMR spectroscopy. 31P MAS NMR spectra of IrNPs 1–3 (Fig. 

S19–S22, ESI†) showed broad heterogeneous signals centered around 68 ppm for 1, 29 ppm for 

2 and 94 ppm for 3, with spectral range between 80 and 120 ppm. These broad signals are 

clearly different from the sharp ones of the corresponding free ligands (polymorphic crystal 

form signals centered at 42 ppm for L1, 17 ppm for L2, and 48 ppm for L3) with on average a 

resonance shift to higher frequency. The high frequency shift can be associated to the 

coordination of the ligand to the metal through the phosphorus atom, as is observed for 

molecular Ir–SPO complexes.6,11,14,34 The spinning frequency for 31P NMR experiments was set 

to 16 kHz (or above) to average the chemical anisotropy and the 31P homonuclear dipolar 

couplings to zero. With this fast MAS NMR, the broadness and heterogeneity of 31P signals 

corresponding to the ligands coordinated on the IrNP surface can be mostly associated to 

chemical shift distributions that come from chemical and structural heterogeneities (or disorder).  
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Broadening contributions coming from magnetic field inhomogeneity, magnetic susceptibility 

and chemical shift distribution can be removed with a Carr-Purcell-Meiboom-Gill (CPMG) 

NMR experiment.35-44 The 31P resonances of IrNPs 1–3 showed strong sharpening in a CPMG 

experiment, confirming the presence of structural and chemical heterogeneities for SPO ligands 

at the IrNP surface (Fig. S23, ESI†). 1H/31P HETCOR experiments with short contact time (0.3 

ms) associated with CPMG detection to improve sensitivity showed that the different 31P 

resonances of IrNPs 1–3 are not spatially close to the same hydrogen atoms (Fig. 4 and Fig. 

S24–S25, ESI†). In addition to the correlations with protons of organic substituents (phenyl 

with  ~7.3 ppm, cyclohexyl with  ~1.4 ppm and tert-butyl with  ~1.2 ppm groups), the 

31P resonances showed dipolar correlations with 1H in the range between 6 and 14 ppm, 

indicating the presence of different OH groups close to 31P atoms, engaged in weak or strong 

hydrogen bonds. This proves that, in addition to the deprotonated anionic form B, monoanionic 

H-bonded dimer C (correlations with OH signal above 7 ppm) and neutral acid A (correlations 

with OH signal in the range 3–6 ppm) ligands are also present. For IrNPs 1 and 2 (Fig. S24 and 

S25, ESI†), the monoanionic bidentate coordination mode showed on average lower frequency 

shifts (heterogeneous signals centered around 42 ppm for 1 and 20 ppm for 2, respectively) than 

the purely anionic form (heterogeneous signals centered around 80 ppm for 1 and 50 ppm for 2, 

respectively), a trend generally observed for 31P resonances. Furthermore, the concentration of 

neutral acid species seems very low. For IrNPs 3 (Fig. 4), the heterogeneous signals centered 

around 94 ppm correspond mainly to H-bonded dimer species, while the neutral acid binding 

mode (dipolar correlations at P ~50 ppm and  ~6.1 ppm) is observed in a small ratio and 

anionic ligands seem to be a minority as is to be expected for the most basic ligand. The 1H/31P 

CPMG-HETCOR experiment clearly illustrated the structural and chemical heterogeneity of the 

IrNPs samples.   
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Fig. 4 31P CPMG-HETCOR MAS NMR spectrum of IrNPs 3. Lines are given as guide to the 

eyes. 

 

A broad 31P signal at higher frequency (centered around 130(± 20) ppm with half-height 

linewidth of 35(± 5) kHz) was sometimes observed. This 31P signal has an unusual chemical 

shift for purely anionic or monoanionic H-bonded dimer species, with a short T1
P relaxation time 

of 60(± 20) ms compared to the T1
P of the main 31P signals of IrNPs 1–3 (average T1

P of 5.7(± 

0.7) s, 7.8(± 1.1) s and 10.7(± 2.0) s, for 1, 2 and 3, respectively). Due to its short T1
P, this 

resonance can be edited in a 31P experiment using a T1
P filter (Fig. S26, ESI†). We assigned this 

signal to Knight-shifted 31P resonances of ligand coordinated to coalesced IrNPs.45-51 In 

transition metals such as iridium, the 31P NMR resonances of surface-adsorbed molecules on 

large MNPs experience a large paramagnetic shift, a Knight-shift,52 due to the mixing of 

molecular orbitals with metal conduction bands of electrons.45,46 Indeed, we have previously 

proved that the presence of conduction electrons at the surface of MNPs is related to their size, 

leading to the Knight-shift found in large NPs.52,53  

The 13C MAS NMR spectra of 1–3 exhibit the characteristic signals belonging to the respective 

ligands present. 13C resonance broadenings after the SPO coordination to the IrNP surface are 

significantly less than the ones observed for the 31P resonances (Fig. S27–S29, ESI†), 

confirming the binding of the SPO ligands to the IrNPs through the phosphorus atoms. In 
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addition, the 13C MAS NMR spectrum of 2 (Fig. S28, ESI†) presents a signal at ca. 28 ppm that 

corresponds to cyclohexyl groups obtained by a partial hydrogenation of phenyl groups during 

the synthesis under H2. The small peak at ca. 67 ppm observed for 1–3 is likely due to MeOH.10     

13CO was employed as a probe molecule to investigate the surface chemistry and the location of 

the open sites of these particles by solid state 13C MAS-NMR. Thus, solid samples of 1–3 were 

exposed to 1 bar of 13CO at R.T. for 20 h. 13C MAS spectra of 1–3 display new signals above 

150 ppm corresponding to CO coordinated to the nanoparticle surface (Fig. S30, ESI†).10,54-58 

Two set of signals were identified (Table 2): i) a broad signal centered at 210±10 ppm with 

spectral range of 115±15 ppm that belongs to CO coordinated in a bridging mode (COb); ii) a 

narrow signal centered at 171±3 ppm with spectral range of 35±5 ppm assigned to CO 

coordinated in a terminal mode (COt).10 Quantification of CO species was then performed in a 

Hahn-echo experiment with long recovery time (100 s, Fig. S30, ESI†). For the three samples, 

bridging CO molecules were the most abundant species with a CO population of 83, 75 and 58 

(±4) % of total CO for IrNPs 1, 2 and 3, respectively. Previous investigations on CO 

coordination over ruthenium nanoparticles proved that COb molecules coordinate onto faces and 

COt onto edges and apices.25,59,60 The higher relative amount of COb molecules indicates that the 

number of surface sites available for these on faces is large in comparison with the 

corresponding sites for COt on edges and apices, which is unexpected due to the small size of 

the IrNPs. Interestingly, the relative population of COb is the smallest for 3 (58±2 % vs 83±2 

and 75±2 % for 1 and 2), which points to a steric effect of cyclohexyl groups that restricts CO 

coordination on faces.  

 

Table 2 13C NMR Data of CO species in IrNPs 1–3. 

IrNPs 
1 2 3 

COb COt COb COt COb COt 

 (ppm) 222±3 173±1 208±3 170±1 200±3 169±1 

Linewidth (ppm) 120±5 37±2 127±6 38±2 103±4 31±2 

Ratio (%)a 83±2 17±2 75±2 25±2 58±2 42±2 

T1
C

 (s) 1.7±0.5 21.7±2.9 1.4±0.2 29.5±2.1 29.3±7.4 32.3±2.8 

TIS (ms) 2.5±0.3 2.2±0.3 2.8±0.3 2.4±0.6 2.4±0.6 1.0±0.3 

T1ρ
H

 (ms) 13±2 14±2 11±2 13±2 6±2 7±2 

a Ratio of bridging CO to terminal CO obtained by deconvolution of the Hahn-echo spectra (Fig. 

S31, ESI†). 

 

T1 can be affected by motion on a time-scale of the Larmor frequency (in the ps to s range).61 

The T1
C of the two types of CO resonances were found very different for IrNPs 1 and 2 with 
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respective values of 1.7±0.5 s, 1.4±0.2 s for COb and 21.7±2.9 s, 29.5±2.1 s for COt species. For 

IrNPs 3, the T1
C of COb and COt species were more similar, with respective values of 29.3±7.4 

and 32.3±2.8 s. The variations in T1
C observed for COb and COt of 1 and 2 suggest a notable 

difference of local mobility for these species at the surface of IrNPs. The most likely 

explanation is a faster diffusion of the COb molecules.62,63 For IrNPs 3, the steric effect of the 

cyclohexyl groups and/or the presence of mainly monoanionic bidentate ligands could limit the 

COb diffusion. 

To get more information about the CO species, we studied their CP kinetics with 1H (Fig. 5 and 

Fig. S32, ESI†).  

 

 

Fig. 5 13C CP/MAS kinetic curves for IrNPs 1–3. 

 

The CP kinetics should follow the classical I–S model,61 since the H–CO heteronuclear dipolar 

interactions are expected to be weak (spatial remoteness) while the H–H homonuclear dipolar 

interactions should be moderate or strong. The CP kinetics in the I–S model is described by 

equation (1):61 

 

I=I(0)(1–TIS/T1ρ
H )–1[exp(–t/T1ρ

H ) − exp(–t/TIS)]  (1) 

 

in which t is the contact time, I(0) is the signal amplitude, TIS is the CP time constant and T1ρ
H  is 

the proton spin-lattice relaxation time in the rotating frame. For IrNPs 1–3 the TIS of COt and 

COb show differences (Table 2). For IrNPs 1 and 2 the TIS difference between the two CO 

species is small (2.2±0.3 ms vs 2.5±0.3 ms and 2.4±0.6 ms vs 2.8±0.3 ms for 1 and 2, 

respectively). However, for 3 the TIS difference is more pronounced (1.0±0.3 ms vs 2.4±0.6 ms). 

The short TIS observed for COt of 3 can be explained by the high density of protons close to the 

terminal CO due to presence of the cyclohexyl groups, since TIS is governed by internuclear 

distances (1/r3 factor) and the number of neighbouring protons. This is not surprising, given that 

in a densely packed situation the O atoms of SPO ligands look at the faces, whereas the 

cyclohexyl substituents point to the edges and thus are closer to COt molecules. The proton 
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density and internal dynamics also affect the T1ρ
H , which is the shortest for 3 (6.5±2 ms) while it 

is longer for 1 and 2 (13.5±2 and 12.0±2 ms, respectively). Note that the similar T1ρ
H  values 

observed for COt and COb were expected. Indeed, in a dense proton network, spin diffusion 

phenomena usually average the T1ρ
H  over few nm distances. 

The collected NMR data demonstrated that IrNPs 1–3 are similar, but IrNPs 3 showed slight 

differences due to the presence of two cyclohexyl substituents in the ligand L3. The higher 

basicity or electron-donor character of the dicyclohexyl system (compared to diphenyl and tert-

butyl(phenyl)) favors the coordination of the SPO ligand as the H-bonded dimer C, as was 

previously observed for AuNPs ligated by alkyl SPOs.9 Their bulkiness also decreases the ratio 

of CO coordinated in a bridging mode to CO coordinated in a terminal mode and limits the 

mobility of COb molecules. 

Catalytic Hydrogenation of Substituted Aldehydes with 1–3  

SPOs are an interesting alternative to common tertiary phosphorus ligands in catalysis because 

of their singular properties. Indeed, their corresponding metal complexes exhibit a particular 

ability to cleave H2 heterolytically through the metal and the oxygen atom.1-6 Our group applied 

this concept for hydrogenation reactions with Ru,7 Au8,9,64 and Ir6,10 NPs stabilized by SPOs, for 

which the ligand plays a triple role, as stabilizer for nanoparticles, as modifying ligand, and as 

functional ligand supplying the oxygen function that participates in the heterolytic cleavage of 

dihydrogen. Along this line, we decided to evaluate the catalytic activity of IrNPs 1–3 in the 

chemoselective hydrogenation of cinnamaldehyde and p-nitrobenzaldehyde (Table 2). The 

optimal reaction conditions were found to be THF as the solvent, R.T. and 18 h as reaction time. 

The IrNPs were very selective to the carbonyl functionality in cinnamaldehyde and the 

corresponding cinnamyl alcohol was obtained with high chemoselectivity (entries 1–3). As 

shown, the smallest NPs, 1, are the most active ones, followed by 2 and 3. The former ones are 

the largest NPs and for the latter aggregation was observed which could lead to a decrease in 

activity. On the other hand, we observed a loss of selectivity in the hydrogenation of p-

nitrobenzaldehyde (entries 4–6) and both aldehyde and nitro groups were hydrogenated, 

affording 4-aminobenzyl alcohol as main product and other by-products resulting from nitro 

group hydrogenation, such as azoarenes and 4-aminobenzaldehyde. The reduction of nitroarenes 

to anilines has been extensively described with the use of MNPs.65-72 
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Table 3 Catalytic Hydrogenation of Aldehydes with 1–3. 

Entry Substrate IrNP Product Conversion (%)b Selectivity (%)c 

1  1  99 99:1 (UA:A)  

2  2  72 98:2 (UA:A) 

3  3  61 98:2 (UA:A) 

4  1  >99 95  

5  2  >99 50d 

6  3  >99 95 

a Reagents and conditions: 1–3 (0.0025 mmol Ir assuming % of Ir from elemental analysis), 

substrate (1 mmol), THF (0.75 mL), 18 hours, 293 K, 10 (entries 1-3) or 20 (entries 4-6) bar 

H2.
b Conversions and product identities were determined by 1H NMR spectroscopy (average of 

two runs).c UA = unsaturated alcohol, A = saturated alcohol.d 4-Aminobenzaldehyde, 

azoarenes and other hydrogenation compounds as by-products.66,73  

  

The IrNPs described herein do not exhibit any ligand effect and, except for slight variations, 1–3 

display a similar catalytic behaviour. This is unsurprising since the ionic form B is not the 

exclusive binding mode of the SPOs for the IrNPs, and also the neutral acid A and the H-

bonded dimer C exist at the nanoparticle surface. As a consequence, the Ir surface contains 

different active sites, which leads to a reduction in selectivity, in a similar way to the previously 

reported alkyl SPO AuNPs.9 In this context, AuNPs ligated by SPOs showed drastic differences 

in the properties depending on the substituents in the ligand.8,9 SPOs with aromatic substituents 

present R2P=O anions as the single type of ligand coordination, and thus electron-withdrawing 

SPOs could possibly do this for IrNPs.  

 

CONCLUSIONS  

In summary, we have successfully used a series of secondary phosphine oxide ligands for the 

synthesis of iridium nanoparticles. The IrNPs showed a high chemoselectivity in the 

hydrogenation of cinnamaldehyde, although we observed a loss of selectivity for p-

nitrobenzaldehyde and both aldehyde and nitro groups were hydrogenated. An extensive 

characterization of these nanoparticles was performed by several procedures. Specifically, we 

have proven that multinuclear solid state NMR spectroscopy is a powerful tool for the 

characterization of phosphine oxides directly attached to the IrNP surface, revealing structural 

and chemical heterogeneity of ligands at the surface. This study showed that the SPOs are 

bound to the NP surface by three coordination modes: as a purely anionic ligand Ir–P(O)R2, as 

the neutral acid R2P–O–H and as a monoanionic bidentate H-bonded dimer R2P–O–H···O=PR2. 

Interestingly, the bidentate binding mode is the most favored for 3 due to the higher basicity of 

the dicyclohexyl system.  
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In addition, the surface state of the nanoparticles was studied by 13CO coordination. Solid state 

13C MAS-NMR experiments showed that the number of open sites on faces available for COb is 

higher than the number of sites for COt on edges and apices, which is unexpected in view of the 

small size of the IrNPs. The IrNPs 3 exhibit the lowest relative population of COb molecules, 

since the bulkiness of cyclohexyl groups and the presence of mainly monoanionic bidentate 

SPOs decrease the ratio of COb to COt and limits the mobility of both species.  

In conclusion, thanks to solid state NMR we have elucidated the coordination modes adopted by 

SPO ligands at the NP surface, obtaining a clear picture of the surface of SPO-stabilized IrNPs. 

Therefore, multinuclear solid state NMR spectroscopy has shown its merit as a powerful 

technique for the comprehensive characterization of MNPs, which can aid the design of ligands 

that provide better catalytic properties.  
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