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ABSTRACT: The reaction of [NEt4]2[Ni6(CO)12] in thf with 0.5 equivalents of PCl3 afforded the 

mono-phosphide [Ni11P(CO)18]
3–, that in turn further reacted with PCl3 resulting in the tetra-

phosphide carbonyl cluster [HNi31P4(CO)39]
5–. Alternatively, the latter can be obtained from the 

reaction of [NEt4]2[Ni6(CO)12] in thf with 0.8-0.9 equivalents of PCl3. The [HNi31P4(CO)39]
5– penta-

anion is reversibly protonated by strong acids affording the [H2Ni31P4(CO)39]
4– tetra-anion, whereas 

deprotonation affords the [Ni31P4(CO)39]
6– hexa-anion. The latter is reduced with Na/naphthalene 

yielding the [Ni31P4(CO)39]
7– hepta-anion. In order to shed light on the poly-hydride nature and 

redox behavior of these clusters, electrochemical and spectroelectrochemical studies were carried 

out on [Ni11P(CO)18]
3–, [HNi31P4(CO)39]

5– and [H2Ni31P4(CO)39]
4–. The reversible formation of the 

stable [Ni11P(CO)18]
4– tetra-anion is demonstrated through the spectroelectrochemical investigation 

of [Ni11P(CO)18]
3–. The redox changes of [HNi31P4(CO)39]

5– show features of chemical reversibility 

and the vibrational spectra in the CO stretching region of the nine redox forms of the cluster 

[HNi31P4(CO)39]
n– (n = 3 to 11) are reported. The spectroelectrochemical investigation of 

[H2Ni31P4(CO)39]
4– revealed the presence of three chemically reversible reductions, and the IR 

spectra of [H2Ni31P4(CO)39]
n– (n = 4 to 7) have been recorded. The different spectroelectrochemical 

behavior of [HNi31P4(CO)39]
5–  and [H2Ni31P4(CO)39]

4– support their formulation as  polyhydride. 

Unfortunately, all the attempts to directly confirm their poly hydrido nature by 1H NMR 

spectroscopy failed, as previously found for related large metal carbonyl clusters. Thus, the 

presence and number of hydride ligands have been based on the observed protonation/deprotonation  

reactions and the spectroelectrochemical experiments. The molecular structures of the new clusters 

have been determined by single-crystal X-ray analysis. These represent the first examples of 

structurally characterized molecular nickel carbonyl nanoclusters containing interstitial phosphide 

atoms.  
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1. Introduction 

Nickel phosphide nanoparticles have recently attracted great interest because of their catalytic 

properties in reactions such as hydrogenation, hydrodesulfurization (HDS), hydrodeoxygenation 

(HDO) and hydrodenitrogenation (HDN).1-3 They also show interesting properties as 

electrocatalytic materials for the hydrogen evolution reaction (HER).4-7 Moreover, phosphorus-rich 

phases such as NiP2 are promising candidate as reversible lithium-ion battery electrodes.8 

 Nickel forms eight phosphides, i.e., Ni3P, Ni5P2, Ni12P5, Ni2P, Ni5P4, NiP, NiP2 and NiP3.
9-13 

Ni-rich phases contain isolated P-atoms enclosed within a tricapped trigonal prismatic Ni9 cage 

(Ni2P), a distorted mono-capped square anti-prismatic Ni9 cage (Ni3P), a mixture of Ni10 

sphenocorona and Ni9 mono-capped cubic cages (Ni12P5). P-P bonds are formed within P-richer 

phases, resulting in P2 units (NiP and the high-pressure cubic NiP2), zig-zig chains (monoclinic 

NiP2), P4 units (NiP3), as well as more complex and less regular structures. 

 It has been pointed out that molecular metal nanoclusters might be interesting models for the 

investigation of metal aggregates at the nanolevel, as well as promising precursors for the 

preparation of metal nanoparticles and catalytic materials.14-28 Thus, it is quite remarkable that 

molecular nickel phosphide nanoclusters have not been reported up to date. This should be 

contrasted with the tendency of Ni to form several molecular carbonyl clusters containing other 

fully interstitial p-block elements, such as C, Ga, Ge, Sn, Sb.25,29 Ni-carbide carbonyl clusters 

display a very rich chemistry and may contain 1-10 interstitial C-atoms.30-32 Conversely, heavier 

hetero-atoms show a poorer chemistry. Ga, Ge and Sn are limited to icosahedral Ni-carbonyl 

clusters containing a single fully interstitial hetero-atom,33,34 whereas [Ni11Bi2(CO)18]
3– contains 

two semi-interstitial Bi-atoms.35 In the case of Ni-Sb carbonyls, [Ni15Sb(CO)24]
2– contains a fully 

interstitial Sb-atom,36 whereas semi-interstitial (semiexposed) hetero-atoms are present in 

[Ni31Sb4(CO)40]
6–,37 [Ni11Sb2(CO)18]

3–,36 [Ni13Sb2(CO)24]
3–,38 [Ni19Sb4(CO)26]

4–.39 In contrast, Zintl 

type ions containing a few Ni-CO groups have been described, including [Ni6Ge13(CO)5]
4–, 

[Ni7Bi12(CO)4]
4–, [Ni4Bi3(CO)6]

3–, [Ni4Bi4(CO)6]
3–.40,41 Nickel carbonyl clusters containing E-R (E 

= Ge, Sn, Sb, Bi; R = organic group) fragments on the surface have been also reported in the 

literature.42-44 

 Metal carbonyl clusters containing P-atoms are known for Co, Rh, Ru and Os. Because of 

the larger atomic radius, Os forms the fully interstitial trigonal prismatic [Os6P(CO)18]
– cluster.45 

Conversely, phosphorus is found within larger square-antiprismatic cages in Ru and Rh clusters, 

i.e., [Ru8P(CO)22]
–,46,47 [Rh9P(CO)21]

2–, [Rh10P(CO)22]
3–.48,49 By further decreasing the metal size, 

Co-phosphide carbonyls may display either fully interstitial P-atoms, as found in [Co9P(CO)21]
2– 

(monocapped square-antiprismatic) and [Co10P(CO)22]
3– (bicapped square-antiprismatic),50 or semi-
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interstitial phosphides, i.e., Co8P2(CO)19, Co10P2(CO)24,
51 [HCo10P2(CO)23]

2– 52 and [Co6P(CO)16]
–

.53 

 In order to expand our knowledge, we herein report the synthesis and structural 

characterization of the first molecular nickel phosphide carbonyl nanoclusters, i.e. [Ni11P(CO)18]
3– 

and the giant [H6-nNi31P4(CO)39]
n– (n = 4, 5). The new clusters have been investigated by means of 

electrochemical and spectroelectrochemical methods, in view of the fact that interstitial heteroatoms 

are known to confer further stability to metal carbonyl clusters and enhance their propensity 

towards reversible redox processes.14,23,25,29,54,55 Nine redox forms of the cluster [HNi31P4(CO)39]
n– 

(n = 3- 11) have been recognized through spectroelectrochemical experiments and their IR spectra 

reported. Conversely, the spectroelectrochemical analysis of [H2Ni31P4(CO)39]
4– reveals only the 

presence of four differently charged species [H2Ni31P4(CO)39]
n– (n = 4-7). The different 

spectroelectrochemical properties of [HNi31P4(CO)39]
5–  and [H2Ni31P4(CO)39]

4–, as well as the fact 

that they can be reversibly interconverted by means of protonation/deprotonation reactions, provide 

indirect support for the assumption that these clusters have a different number of hydride ligands. 

The total number of hydrides in each species has been based solely on the number of observed 

protonation/deprotonation reactions and, therefore, must be taken as a mere hypothesis.  

 

2. Results and Discussion 

2.1 Synthesis and molecular structure of [Ni11P(CO)18]
3–. 

The reaction of [Ni6(CO)12]
2– as the [NEt4]

+ salt with 0.5 equivalents of PCl3 in thf afforded 

[NEt4]3[Ni11P(CO)18] as an oily precipitate. To avoid extensive formation of Ni(CO)4, PCl3 must be 

added slowly as a dilute solution in thf. In all cases, traces of Ni(CO)4 (as detected by IR 

spectroscopy) can be removed under reduced pressure. At the end of the reaction, the precipitate 

was recovered after filtration, washed with H2O and thf, and [Ni11P(CO)18]
3– was eventually 

extracted in acetone. Crystals of [NEt4]3[Ni11P(CO)18] suitable for X-ray crystallography were 

grown by slow diffusion of n-hexane into the acetone solution. Formation of [Ni11P(CO)18]
3– under 

these conditions can be accounted for by: 

 

2[Ni6(CO)12]
2– + PCl3  [Ni11P(CO)18]

3– + 3Cl– + Ni2+ + 6CO (1) 

 

 Crystals of [NEt4]3[Ni11P(CO)18] display (CO) at 1980(s), 1845(m) cm–1 in CH3CN 

solution. The molecular structure of [Ni11P(CO)18]
3– was determined as its [NEt4]3[Ni11P(CO)18] salt 

(Figure 1 and Table 1). The metal cage of the cluster can be described as a mono-capped 
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sphenocorona (Johnson solid J86) centered by the unique P-atom.56 The sphenocorona is a solid 

with idealized C2v symmetry, composed of 10 vertices, 22 edges, 12 triangular and 2 square faces. 

There are 92 polyhedra which are known as Johnson solids. They were named by Norman Johnson, 

who first listed them in 1966 (see ref 56). Johnson solids are strictly convex polyhedra that have 

regular faces but are not uniform (that is, they are not Platonic solids, Archimedean solids, prisms, 

or antiprisms). The sphenocorona is the 86th polyhedron in the list of Johnson; therefore, it is 

referred to as J86. It is composed of 10 vertices, 22 edges, and 14 faces (12 triangular and 2 square 

faces). The idealized symmetry is C2v. The additional Ni atom is capping one of the triangular faces, 

and is not bonded to the interstitial phosphide. Thus, the P-atom displays a coordination of 10. 

Alternatively, the Ni11P cage can be viewed as a prism with a square and a pentagonal base, the 

latter capped by a further Ni-atom resulting in a pentagonal pyramid. The 11th Ni atom is capping 

one of the triangular faces of the pentagonal pyramid. . 

 

 (a) (b) 

 

 (c) (d) 

Figure 1. Two different views of (a,b) the molecular structure of [Ni11P(CO)18]
3– and (c,d) its Ni11P 

core (Ni, green; P, purple; C, grey; O, red). The Ni-Ni bonds of the Ni10 sphenocorona are 

represented in black in (c,d). 

 

Table 1. Main bond distances and contacts (Å) of [Ni11P(CO)18]
3–, [H2Ni31P4(CO)39]

4– and 

[HNi31P4(CO)39]
5–.  



5 
 

 Ni-Ni Ni-P 

[Ni11P(CO)18]
3– 

2.3820(19)-3.138(2) 

Average 2.627(10) 

2.314(3)-2.440(3) Å 

Average 2.351(9) 

[H2Ni31P4(CO)39]
4– a 

2.381(3)-3.237(8) 

Average 2.598(16) 

2.155(3)-3.094(3) 

Average 2.343(15) 

[HNi31P4(CO)39]
5– b 

2.399(4)-3.315(5) 

Average 2.65(4) 

2.147(7)-3.157(7) 

Average 2.35(4) 

[H2Ni31P4(CO)39]
4–

/[HNi31P4(CO)39]
5– c 

2.4160(10)-3.300(2) 

Average 2.662(10) 

2.154(2)-3.176(2) 

Average 2.364(8) 
a Some longer Ni-Ni and Ni-P distances have been included for geometrical reasons, even if they are rather long to be 
classified as proper bonds. 
bas found in [NEt4]4[H2Ni31P4(CO)39]·2CH3COCH3. 
c as found in [NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN. 
d as found in [NEt4]6[H2Ni31P4(CO)39]0.46[HNi31P4(CO)39]0.54[NiCl4]0.46[BF4]0.54·2CH3COCH3. 
 
 Encapsulation of a P-atom within a M10-sphenocorona cage is unprecedented in molecular 

cluster chemistry. Previous examples of fully interstitial monophosphide carbonyl clusters 

suggested the preference for trigonal prismatic or square-antiprismatic cages, as in the case of Os, 

Ru, Rh and Co clusters.45-53 Because of the larger radius, Os clusters adopted trigonal prismatic 

structures, whereas smaller metals preferred a larger square-antiprismatic cage. Moreover, it must 

be remarked that the Ni12P5 phase contains two inequivalent P-atoms, and one of them is 

encapsulated within a Ni10-sphenocorona.9-13 

 The range of 25 Ni-Ni bonding contacts is broad [2.3820(19)-3.138(2) Å, average 2.627(10) 

Å], whereas the 10 Ni-P bonds are comprised in a rather narrow range [2.314(3)-2.440(3) Å, 

average 2.351(9) Å], and compare quite well with those found for the Ni10P sphenocorona cage of 

Ni12P5 [2.229-2.596 Å, average 2.390 Å].9-13 The molecule is completed by 18 CO ligands, 8 

terminal and 10 edge-bridging.  

 The cluster possesses 154 cluster valence electrons (CVE), which correspond to 6n+11 

cluster molecular orbitals (CMO). Based on the capping principle,57 the Ni(CO) fragment not 

bonded to P can be excluded from the electron count, resulting in a ten vertices clusters with 142 

CVE and again 6n+11 CMO. The same electron count has been found in the bicapped square-

antiprismatic clusters [Rh10P(CO)22]
–,48,49 [Rh10As(CO)22]

–,58 and [Rh10S(CO)22]
2–,59 even if their 

structures differ from [Ni11P(CO)18]
3–. 

 

2.2 Synthesis and molecular structure of [H6–nNi31P4(CO)39]
n– (n = 4 and 5). 

[Ni11P(CO)18]
3– was readily oxidized by further addition of PCl3 yielding [HNi31P4(CO)39]

5– in 

agreement with  
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3[Ni11P(CO)18]
3– + PCl3 + H2O  [HNi31P4(CO)39]

5– + 3Cl– + 2Ni(CO)4 + CO + OH– (2) 

 

  [HNi31P4(CO)39]
5– can be obtained also by oxidation of [Ni11P(CO)18]

3– with [C7H7][BF4] 

or, more conveniently by reacting [NEt4]2[Ni6(CO)12] in thf with 0.8-0.9 equivalents of PCl3, in 

accord to reaction 3. The presence of moisture cannot be completely excluded, and this is the reason 

why H2O is present in both equations 2 and 3 as proton source. 

 

6[Ni6(CO)12]
2– + 4PCl3 + H2O  [HNi31P4(CO)39]

5– + 12Cl– + 3Ni2+ + 2Ni(CO)4 + 25CO + OH– (3) 

 

 At the end of the reaction, Ni(CO)4 (as detected by IR) was removed under reduced 

pressure, the Ni(II) salts washed with water, traces of [Ni11P(CO)18]
3– extracted in acetone and, 

eventually, [HNi31P4(CO)39]
5– was extracted in CH3CN. Crystals of 

[NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN suitable for X-ray crystallography were obtained by slow 

diffusion of n-hexane and diisopropyl ether into the CH3CN solution. These crystals display CO 

bands at 2009(s), 1873(m) cm–1 in CH3CN solution. [HNi31P4(CO)39]
5– is readily protonated to 

[H2Ni31P4(CO)39]
4– after addition of HBF4·Et2O to the CH3CN solution, as indicated by the shift of 

the CO bands to 2022(s), 1876(m) and 1818(w) cm–1. The tetra-anion is soluble in acetone, and 

crystals of [NEt4]4[H2Ni31P4(CO)39]·2CH3COCH3 suitable for X-ray diffraction were obtained by 

slow diffusion of n-hexane into the acetone solution. 

 Similarly, the penta-anion was deprotonated to the [Ni31P4(CO)39]
6– hexa-anion after 

reaction with CH3ONa in CH3CN, as confirmed by the shift to lower frequencies of the CO bands 

at 1997(s), 1859(m) cm–1 (Scheme 1). In turn, the purported fully deprotonated [Ni31P4(CO)39]
6– 

hexa-anion was reduced by Na/naphthalene in dmf affording the [Ni31P4(CO)39]
7– epta-anion (CO at 

1976(s), 1839(m) cm–1 in dmf).  

 

Scheme 1. Reactivity of [HNi31P4(CO)39]
5–. 
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 Formulation of the [H6–nNi31P4(CO)39]
n– species as polyhydrides was indirectly inferred 

from electrochemical and spectroelectrochemical studies (see Section 2.3) as well as their acid-base 

and redox chemical reactions summarized in Scheme 1. Indeed, as previously discussed for other 

large molecular metal carbonyl clusters,14,23,32,60,61 all attempts to directly confirm their polyhydride 

nature by 1H NMR spectroscopy failed under any adopted experimental condition (solution and 

solid state experiments; VT experiments; different spectrometer frequencies; 1H/2D replacement and 
2D NMR spectroscopy in solution). Up to now, the largest molecular metal carbonyl clusters for 

which there is direct evidence (by 1H NMR spectroscopy) of the presence of hydride ligands as well 

as of the occurrence of protonation-deprotonation reactions are [H4–nNi22(C2)4(CO)28(CdBr)2]
n– (n = 

2–4) and [H8-nRh22(CO)35]
n- (n = 3-7).14,23,32,60,61 It must be remarked that the former Ni-clusters 

display very broad and temperature dependent 1H NMR spectra, whereas these phenomena are more 

limited in the case of the Rh22-clusters. Nonetheless, all higher nuclearities molecular metal 

carbonyl clusters are 1H NMR silent, independent of the nature of the metal atoms. In addition, the 

differently charged [H4–nNi22(C2)4(CO)28(CdBr)2]
n– (n = 2–4) and [H8-nRh22(CO)35]

n- (n = 3-7) 

hydride clusters displayed different voltammetric profiles as a further proof of their polyhydride 

nature. Indeed, electrochemistry seems to be the best technique in order to prove (at least indirectly) 

the hydrido nature of larger molecular metal carbonyl clusters, when 1H NMR spectroscopy fails. 

Thus, if two isostructural clusters differing only by the charge display different electrochemical 

properties, then they ought to be hydrides. Conversely, if they show identical electrochemical 

properties, then they are the same chemical species but more or less oxidised.14,23,32,60,61 

 In the present case, the isostructural (see below) [HNi31P4(CO)39]
5– and [H2Ni31P4(CO)39]

4– 

anions can be easily inter-converted by means of acid-base reactions. As they display different 

electrochemical and spectroelectrochemical properties (see Section 2.3), they should be two 

different chemical species with a different number of hydride atoms. These, indeed, cannot be 

detected by X-ray crystallography in such large clusters, and may explain the different charges 

observed for the two clusters. Moreover, it is well known that hydrides in metal carbonyls are acidic 

and can be added/removed via acid-base reactions. The total number of hydrides in each species  

has been indirectly inferred from the number of observed protonation/deprotonation reactions. 

Thus, the [H2Ni31P4(CO)39]
4– tetra-anion can be transformed into the [HNi31P4(CO)39]

5– penta-anion 

by addition of a base. In turn, the penta-anion is converted into the [Ni31P4(CO)39]
6– hexa-anion by 

further increasing the amount and/or strength of the base. Both these reactions can be reversed by 

addition of stoichiometric amounts of a strong acid such as HBF4
.Et2O. Conversely, the 

[Ni31P4(CO)39]
7– epta-anion can be obtained from the hexa-anion only by reaction with a strong 
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reducing agent such as Na/naphthalene. Thus, we can speculate that the [Ni31P4(CO)39]
6– hexa-anion 

is the fully deprotonated cluster, even if we cannot completely rule out the presence of further 

hydride ligands. Overall, all the data available, at least indirectly, support the assumption that these 

large nanoclusters are polyhydride and the differently charged species contain a different number of 

hydride ligands. The total number of such ligands in each species must be taken as a mere 

hypothesis.  

 The molecular structure of [H6-nNi31P4(CO)39]
n– (n = 4, 5) was determined as its 

[NEt4]4[H2Ni31P4(CO)39]·2CH3COCH3, [NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN and 

[NEt4]6[H2Ni31P4(CO)39]0.46[HNi31P4(CO)39]0.54[NiCl4]0.46[BF4]0.54·2CH3COCH3 salts (Figure 2 and 

Table 1). The presence of Cl- and [NiCl4]
2- anions within the crystals is due to the fact that they are 

byproducts in the synthesis of these clusters (see eq 3), which cannot be completely washed out 

during the workup. Similarly, the [BF4]
- anion in the crystals of 

[NEt4]6[H2Ni31P4(CO)39]0.46[HNi31P4(CO)39]0.54[NiCl4]0.46[BF4]0.54·2CH3COCH3 is due to the use of 

HBF4
.Et2O as proton source. The molecular structure and bonding parameters of the cluster are the 

same in all the three salts, even if the anionic charges are different. This observation is in agreement 

with the assumption that the tetra- and penta-anion differ only because of a different number of 

hydride ligands. The Ni31P4 cage (Figure 3) can be viewed as composed of two distorted Ni9P 

mono-capped square anti-prisms and two distorted Ni10P bi-capped square antiprisms (Figure 4) 

fused together resulting in a Ni29P4 framework. This is capped by two additional Ni-atoms which 

are not bonded to any phosphorous (in yellow in Figure 3). The cluster contains two fully interstitial 

Ni-atoms (in blue in Figure 3), 100 Ni-Ni bonding contacts and 38 Ni-P interactions. The two 

interstitial Ni atoms are bonded together [Niinterstitial-Niinterstitial 2.514(2), 2.533(4) and 2.5392(18) Å 

for the three salts, respectively] and display 11 Ni-Ni and 3 Ni-P contacts. The cluster is completed 

by 39 CO ligands, of which there are 14 terminal, 23 edge bridging and 2 face bridging.  

 Three Ni-P phases containing isolated phosphides are known: Ni3P, Ni2P and Ni12P5.
9-13 The 

P-atom is encapsulated within a distorted mono-capped square anti-prismatic cage in Ni3P and a tri-

capped trigonal prismatic cage in Ni2P. Conversely, in Ni12P5 one P-atom is contained within a 

sphenocorona cage and the other within a cubic cage.  

 Previous to this work, the only molecular carbonyl clusters containing more than one P-atom 

were the Co2P2(CO)19, Co10P2(CO)24 and [HCo10P2(CO)23]
2–,51,52 di-phosphides all presenting the P-

atoms in semi-interstitial positions. Thus, the [H6-nNi31P4(CO)39]
n– (n = 4 and 5) clusters represent 

the first cases of structurally characterized molecular fully interstitial poly phosphide clusters.  

 A nuclearity of 31 is rather rare among metal carbonyl clusters, and only four examples have 

been reported in the literature: [Au21Fe10(CO)40]
5–,62 [H2Ni29Cu2C4(CO)34(MeCN)2]

2–, 
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[H2Ni29Cu2C4(CO)32(MeCN)4]
2–,23b and [Ni31Sb4(CO)40]

6–.37 The latter is closely related to [H6-

nNi31P4(CO)39]
n– (n = 4 and 5), since it contains four pnictogen atoms, but these are semi-interstitial 

and not fully interstitial.  

 The [H6-nNi31P4(CO)39]
n– (n = 4 and 5) clusters are electron rich, displaying 414 CVE 

(6n+21 CMO). [Ni31Sb4(CO)40]
6– is even electron richer, possessing 416 CVE (6n+22). Such rich 

electron counts are usual for large nickel carbonyl clusters containing several interstitial 

heteroatoms, as usually found in polycarbide nickel carbonyls.30-34 

 

 

Figure 2. Molecular structure of [H6-nNi31P4(CO)39]
n– (n = 4 and 5) (Ni, green; P, purple; C, grey; 

O, red). 

  

Figure 3. Two different views of the Ni31P4 core of [H6-nNi31P4(CO)39]
n– (n = 4, 5) (Ni, green; fully 

interstitial Ni, blue; Ni not bonded to P, yellow; P, purple). 

  

 (a) (b) 

Figure 4. (a) The Ni9P mono-capped square anti-prism and (b) the Ni10P bicapped square anti-

prism present in [H6-nNi31P4(CO)39]
n– (n = 4 and 5) (Ni, green; P, purple). 
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2.3 Electrochemical and spectroelectrochemical studies of [Ni11P(CO)18]
3–, [HNi31P4(CO)39]

5– 

and [H2Ni31P4(CO)39]
4–. 

The redox chemistries of [Ni11P(CO)18]
3– and [H6-nNi31P4(CO)39]

n– (n = 4 and 5) in CH3CN solution 

were studied by cyclic voltammetry and in situ infrared spectoelectrochemistry in an optically 

transparent thin-layer electrochemical (OTTLE) cell. The potential of the working electrode (WE) 

was swept between the selected potentials at the scan rate of 0.5 mV s-1 and a sequence of IR 

spectra in the CO stretching region was collected at constant time intervals. On the basis of the  

profile of the i/E curve recorded during the slow potential scan, the IR spectra were separated and 

assigned to the different products formed after each electron exchange process. In this way, we 

were able to select the IR spectra (in the CO region) of the different redox states of the clusters. 

 The voltammetric profile exhibited by [Ni11P(CO)18]
3– shows several ill-defined processes. 

Because of their low current density, the experimental determination of the electrochemical and 

chemical reversibility of these processes, as well as the determination of the number of electrons 

involved in each redox step, is rather difficult. The strong peak at -0.33 V (vs Ag/AgCl), irreversible 

also in the time scale of the cyclic voltammetry, indicates that the cluster can be oxidized in a redox 

step that presumably involves more than one electron. Two or three quasi-reversible or irreversible 

reduction processes were hardly detectable between -0.8 and -2.2 V. 

 More information regarding the redox transformations of [Ni11P(CO)18]
3– in 

CH3CN/[NnBu4][PF6] have been obtained by IR spectroelectrochemistry. When the potential of the 

working electrode (WE) is swept between -0.8 and -1.6 V, the CO bands of the starting cluster 

(1980 and 1845 cm-1) were downshifted at 1960 and 1835 cm-1 suggesting the formation of the 

[Ni11P(CO)18]
4– tetra-anion. The IR spectrum of [Ni11P(CO)18]

3– was restored in the reverse 

potential scan from -1.6 to -0.8 V pointing out the stability of the electrogenerated reduced species. 

Further changes of the infrared spectra were observed lowering the applied potential up to -2.3 V. In 

particular, moving the potential from -1.6 and -1.9 V, the terminal CO band shifted at 1952 cm-1, 

and in the bridging CO region, three bands appeared at 1836, 1815 and 1798 cm-1, in a completely 

reversible transformation (Figure 5b). The low current intensity associated with slight changes of 

the IR spectrum suggested the presence of an impurity.  

 On lowering the WE potential from -1.9 to -2.3 V, new CO bands appear at 1945, 1928, 

1899, 1873, 1816, 1790, 1770 and 1713 cm-1 (Figure 5c) suggesting major structural changes and 

incipient decomposition. These phenomena were also indicated by the reduced intensity of the CO 

bands of [Ni11P(CO)18]
3– restored in the backward potential scan from -2.3 V to -0.8 V. 
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Figure 5. IR spectral changes of a CH3CN solution of [Ni11P(CO)18]
3– recorded in an OTTLE cell 

during the progressive reduction of the potential a) from -0.8 to -1.6 V; b) from -1.6 to -1.9 V; c) 

from -1.9 to -2.3 V. [NnBu4][PF6] (0.1 mol dm3) as the supporting electrolyte. The absorptions of 

the solvent and the supporting electrolyte have been subtracted. 

 

 Concerning the oxidation process of [Ni11P(CO)18]
3–, when the electrode potential is swept 

from -0.6 to +0.1 V, a gradual and continuous shift of the CO bands to higher wavenumbers 

(2074(w), 2024(vs), 1872(m) cm-1) was observed. Moreover, the shape and intensity of the CO 

bands attributable to bridging carbonyls were considerably modified. In the relative current-

potential profile, a constant increase of the oxidation current was observed. This made impossible to 

separate the IR spectra and assign them to different oxidation process. In the reverse reduction 

backs can, the opposite trend was observed, but the IR spectrum of [Ni11P(CO)18]
3– was obtained 

only at -1.7 V (See Supporting Information Figure S.1). These results, suggest that the oxidation is 

presumably a process that involves more than one electron and that the electrogenerated oxidized 

species decomposes to give a new cluster as well as Ni(CO)4, as shown by its typical CO band at 

2042 cm-1 in the final spectrum. This new (and yet not identified) cluster may be transformed back 

into [Ni11P(CO)18]
3– by lowering the potential to -1.7 V. 

 These results indicate that [Ni11P(CO)18]
3– possesses an intermediate redox behavior 

between that of smaller carbonyl clusters, which display a precise electron count, and that of higher 

nuclearity metal carbonyl clusters, which undergo several reversible redox processes. Accordingly, 

only one chemically reversible reduction process, presumably monoelectronic, was detected in the 

case of [Ni11P(CO)18]
3–. Conversely, at more positive potentials, an oxidative redox condensation 

process presumably converts this smaller cluster into larger ones. Unfortunately, the in situ 

spectroelectrochemical investigation of the process does not allow the detection of the labile 

oxidized intermediates.  

 The redox behavior of the larger penta-anion [HNi31P4(CO)39]
5– was preliminarily 

investigated by cyclic voltammetry between -0.3 and -2.3 V at a Pt electrode in 

CH3CN/[NnBu4][PF6] solution. Under these conditions, several processes with apparent features of 
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reversibility were observed: two oxidations at -0.78 and -0.49 V and three reductions at -1.15, -1.46 

and -2.06 V. Unfortunately, the solubility of this large nanocluster was rather limited in the 

presence of the supporting electrolyte in large excess. As a result, the current densities measured in 

the cyclic voltammetries were very low, and the processes observed were complicated, in some 

cases, by adsorption phenomena. Therefore, the electrochemical patterns never had a high 

resolution, and their complete characterization by cyclic voltammetry was almost impossible Thus, 

the rich reversible redox chemistry of [HNi31P4(CO)39]
5– was further ascertained through in situ 

spectroelectrochemical FTIR, which resulted in a satisfactory description of the different redox 

states of this cluster. In particular, the CO bands of the cluster moved toward higher (or lower) 

wavenumbers upon each anodic (or cathodic)step, and the original spectra were restored upon 

inversion of the potential. Detail of the different anodic and cathodic processes observed are given 

below. 

 When the potential of the working electrode was swept between -1.0 and -0.6 V (Figure 6), 

the chemically reversible oxidation of the cluster is accompanied by the shift of the CO bands from 

2009 and 1873 cm-1, to 2022 and 1882 cm-1. A progressive shift at higher wavenumbers (2040 and 

1892 cm-1) was, then, observed on further increasing the applied potential up to -0.3 V. At the same 

time, during the progressive oxidation of the cluster, the intensity of the CO band of the terminal 

carbonyls increased compared to the bridging ones. This is in agreement with the fact that, by 

decreasing the negative charge of a carbonyl cluster, terminal CO ligands are more favored than 

bridging ones.63 This slight change of the stereochemistry of the CO ligands makes the second 

oxidation process electrochemically quasi-reversible. The stability of both the oxidized species was 

verified through a backward potential scan from -0.3 V to -1.0 V, that restored the IR spectrum of 

[HNi31P4(CO)39]
5–.  

 A further increase of the potential of the working electrode from -0.3 to -0.1 V leads to the 

irreversible decomposition of the cluster and formation of Ni(CO)4 (CO 2042 cm1) as the only 

detectable carbonyl species. 
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Figure 6. IR spectral changes of a CH3CN solution of [HNi31P4(CO)39]
5– recorded in an OTTLE 

cell during the progressive increase of the potential a) from –1.0 to -0.6 V; b) from -0.6 to -0.3 V. 

[NnBu4][PF6] (0.1 mol dm3) as the supporting electrolyte. The absorptions of the solvent and the 

supporting electrolyte have been subtracted. 

 

 When the potential of the working electrode was swept between -1.0 and -2.6 V, six 

reduction processes have been identified from the analysis of the complete sequence of the recorded 

IR spectra. In particular, four reduction processes were observed in the profile of the i/E curve 

obtained during the slow cathodic scan of the potential from -1.0 to -2.2 V. Two further reductions 

of the cluster at lower potentials were hidden by the solvent discharge in the i/E curve, but their 

occurrence is clearly demonstrated by the analysis of the IR spectra recorded during the 

spectroelectrochemical experiments (see Supporting Information Figure S.2). 

 All the reduction steps are completely chemically reversible and the potential can be cycled 

between -1.0 and -2.6 V without decomposition of the electrogenerated species. Indeed, the IR 

spectrum of the starting cluster [HNi31P4(CO)39]
5– was restored when the working electrode 

potential was returned to the initial value (-1.0 V). 

 As already found for platinum high nuclearity clusters,23c well defined isosbestic points are 

not always observable for each process. Carbonyl absorptions often shifted to higher or lower 

frequencies, depending on the sweep potential, without a well-defined isosbestic point. However, 

both the terminal and bridging CO bands retained their shape and relative intensity on changing the 

cluster charge, except during the second oxidation process. 

 All these observations, together with the complete chemical reversibility of the eight redox 

processes observed between -0.3 and -2.6 V, pointed out that the structure of [HNi31P4(CO)39]
5– is 

stable with a variable number of electrons. Only minor structural changes occur on the time scale of 

the spectroelectrochemical experiments, except in the case of the most anodic process. Thus, the 

modifications of the shape and intensity of the IR spectrum of the most oxidized cluster, compared 

to the other species, suggested the occurrence of important structural changes especially regarding 

the stereochemistry of the CO ligands. 

 By comparing of the stretching frequencies of terminal CO ligands belonging to the 

reversible redox states of the cluster (Table 2), we observed for all the processes a near-uniform 

shift of 14 cm-1. A similar  trend was previously observed in the case of redox active metal carbonyl 

clusters with similar nuclearities14,23,25,29,54,55 and was indicative of one-electron transfers. 

Therefore, the electron rich cluster [HNi31P4(CO)39]
5–, like other high nuclearity ones, can be 
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defined multivalent as it is able to reversibly release two electrons and to accept up to six 

electrons.55b 

 

Table 2. Infrared stretching frequencies (cm-1) of terminal (t
CO) and bridging (b

CO) carbonyl 

groups for [HNi31P4(CO)39]
n– in CH3CN as a function of the cluster charge n and of the potential E. 

Cluster charge n t
CO

 b
CO

 E 
3 2040 1892 -0.30 V 
4 2022 1882 -0.60 V 
5 2009 1873 -1.0 V  
6 1995 1864 -1.41 V 
7 1982 1852 -1.68V 
8 1965 1841 -1.92 V 
9 1951 1825 -2.19 V 
10 1939 1809 -2.34V 
11 1928 1799 -2.55 V 
 

 A different number of hydride ligands in the isostructural [HNi31P4(CO)39]
5– and 

[H2Ni31P4(CO)39]
4– anions was inferred by the comparison of their electrochemical and 

spectroelectrochemical properties. Despite the poor cyclic voltammetric response obtained with 

these large clusters, the voltammetric profile exhibited by [H2Ni31P4(CO)39]
4– at a Pt electrode in 

CH3CN/[NnBu4][PF6] solution, between -0.1 and -2.4 V, is quite different from that of the 

isostructural [HNi31P4(CO)39]
5– (See Supporting Information Figure S.3). In particular, 

[H2Ni31P4(CO)39]
4– showed only three reduction processes (at -0.55, -0.78 and -1.7 V), with some 

features of chemical and electrochemical reversibility (see spectroelectrochemical experiments), 

and one irreversible oxidation, at potentials higher than -0.4 V. Conversely, [HNi31P4(CO)39]
5– 

displayed two oxidations and six reductions (see above). As discussed in the case of 

[HNi31P4(CO)39]
5–, a better insight on the redox behavior of [H2Ni31P4(CO)39]

4– was obtained 

through FTIR spectroelectrochemical experiments. 

 The [H2Ni31P4(CO)39]
4– cluster displayed  CO bands at 2022(s), 1876(m) and 1818(w) cm–1 

in CH3CN/[NnBu4][PF6] solution. These bands are shifted at lower wavenumbers during the slow 

decrease of the working electrode potential from -0.3 to -2.1 V in an OTTLE cell (see Supporting 

Information Figure S.4). The original spectra were restored in the reverse potential back-scan, 

revealing the presence of three chemically reversible reduction processes (Table 3). At lower 

potentials a fast decomposition reaction was observed, as inferred from the appearance in the IR 

spectrum of new absorptions, that did not regenerate the original spectrum on increasing the 

potential. Similarly, when the working electrode potential was increased above -0.3 V, the 

irreversible decomposition of [H2Ni31P4(CO)39]
4– was observed. 
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Table 3. Infrared stretching frequencies (cm-1) of terminal (t
CO) and bridging (b

CO) carbonyl 

groups for [H2Ni31P4(CO)39]
n– in CH3CN as a function of the cluster charge n and of the potential E. 

Cluster charge n t
CO

 b
CO

 E 
4 2022 1876, 1818 -0.40 V  
5 2011 1864, 1806 -0.70 V  
6 1994 1847, 1780 -1.15 V 
7 1980 1841 -1.75 V 
 

 By comparison of the data reported in Tables 2 and 3, it is evident that when the 

[HxNi31P4(CO)39]
n– (x = 1, 2; n = 4, 5, 6, 7) clusters have the same charge have they possess very 

similar IR spectra in the CO region. Nonetheless, if we overlay two by two the spectra of the 

[H2Ni31P4(CO)39]
n–and [HNi31P4(CO)39]

n– clusters with the same charge n (Figure 7), we can notice 

some small but yet significant differences, particularly in the region of the -CO stretching 

absorptions. This, in turn, supports the assumption that the two clusters are different. More 

importantly, the fact that during the spectroelectrochemical experiments nine different redox states 

have been identified in the case of [HNi31P4(CO)39]
5–, whereas there is evidence of only four redox 

states of [H2Ni31P4(CO)39]
4– (Table 2 and 3), which clearly support the conclusion that the two 

clusters are different molecular species and not the same molecular cluster more or less oxidizes (or 

reduced). Thus, since the tetra- and penta-anions are isostructural and the only atoms which cannot 

be observed by X-ray crystallography in such large metal nanoclusters are hydrogen atoms, it is 

reasonable to conclude that they contain a different number of hydride ligands. 
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Figure 7. Comparison between the IR spectra of a CH3CN solution of [H2Ni31P4(CO)39]
n– (black) 

and [HNi31P4(CO)39]
n– (red) recorded in an OTTLE cell at different potentials of the working 

electrode; a) n = 4; b) n = 5; c) n = 6; d) n = 7. [NnBu4][PF6] (0.1 mol dm3) as the supporting 

electrolyte. The absorptions of the solvent and the supporting electrolyte have been subtracted.   

 

3. Conclusions 

In this paper we have reported the first examples of Ni-carbonyl clusters containing fully interstitial 

P-atoms, i.e., [Ni11P(CO)18]
3– and [H6-nNi31P4(CO)39]

n– (n = 4,5). These add to the family of Ni 

clusters containing fully interstitial or semi-interstitial hetero-atoms, such as C, Ga, Ge, Sn, Sb, 

Bi.25,29 The [H6-nNi31P4(CO)39]
n– (n = 4 and 5) clusters represent also the first cases of structurally 

characterized molecular fully interstitial poly-phosphide clusters.  

 The data herein reported confirm the ability of interstitial heteroatoms to increase the 

stability of metal carbonyl clusters, favoring the formation of higher nuclearity species.14,25,29,30-39 

As a further consequence of this enhanced stability, large molecular metal carbonyl clusters 

containing interstitial heteroatoms are often multivalent and may display several reversible redox 

processes. This point is demonstrated by comparing the rich redox behavior of [H6-nNi31P4(CO)39]
n– 

(n = 4,5) with the fact that, in the case of [Ni11P(CO)18]
3–, spectroelectrochemical studies 

demonstrate only the reversible formation of the tetra-anion [Ni11P(CO)18]
4–. This points out the 

incipient metallization of the metal core of a cluster as a function of its nuclearity.14,29 

 The main drawback of this work is the fact that often higher nuclearity metal carbonyl 

clusters are also polyhydrides.14,23,32,60,61 Thus, their charges can be changed by means of redox 

reactions, via addition/removal of electrons, as well as acid/base reactions, via addition/removal of 

H+. Thus, their total characterization is a challenge for the actual molecular analytical techniques, 

and this finds a parallel in the field of atomically precise colloidal metal nanoclusters and 

nanoparticles.14,15 At the moment, we have been able only to indirectly prove the polyhydrido 

nature of these molecular nanoclusters on the basis of their different electrochemical and more 
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importantly spectroelectrochemical properties. The fact that the isostructural [HNi31P4(CO)39]
5– 

and[H2Ni31P4(CO)39]
4– clusters display different redox properties points out that they are different 

molecular species. It is reasonable to assume that they differ only because of a different number of 

hydride ligands, since hydrogen atoms are not detected by X-ray crystallography in such large metal 

nanoclusters. The total number of hydride in each species has been based solely on the number of 

the observed protonation/deprotonation reactions and, therefore, must be taken as a mere 

hypothesis. 

 Finally, the molecular clusters herein reported are structurally related to extended Ni-P 

phases, i.e., Ni3P, Ni5P2, Ni12P5, Ni2P, Ni5P4, NiP, NiP2 and NiP3.
9-13 Thus, they may be viewed as 

models and precursors of ultra-small Ni-P nanoparticles. Work is now underway in order to prepare 

larger molecular Ni-P carbonyl nanoclusters and use them for the preparation of Ni-phosphide 

nanoparticles.  

 

4. Experimental 

4.1 General procedures.  

All reactions and sample manipulations were carried out using standard Schlenk techniques under 

nitrogen and in dried solvents. All the reagents were commercial products (Aldrich) of the highest 

purity available and used as received, except [NEt4]2[Ni6(CO)12] which has been prepared according 

to the literature.64 Analysis of Ni were performed by atomic absorption on a Pye-Unicam 

instrument. Analyses of C, H and N were obtained with a Thermo Quest Flash EA 1112NC 

instrument. IR spectra were recorded on a Perkin Elmer Spectrum One interferometer in CaF2 cells. 

Structure drawings have been performed with SCHAKAL99.65 

 

4.2 Synthesis of [NEt4]3[Ni11P(CO)18] 

A solution of PCl3 (0.148 g, 1.08 mmol) in thf (60 mL) was added to a solution of 

[NEt4]2[Ni6(CO)12] (1.95 g, 2.06 mmol) in thf (20 mL) over a period of 4 h. The resulting mixture 

was stirred at room temperature for 1 h and, then, the solvent removed in vacuo. The residue was 

washed with H2O (3×20 mL), thf (3×20 mL), and extracted with acetone (20 mL). Crystals of 

[NEt4]3[Ni11P(CO)18] suitable for X-ray analyses were obtained by layering n-hexane (40 mL) on 

the acetone solution (yield 0.36 g, 20 % based on Ni). 

C42H60N3Ni11O18P (1571.71): calcd. C 32.10, H 3.85, N 2.67, Ni 41.08; found: C 31.88, H 3.77, N 

2.92, Ni 40.91. IR (CH3CN, 293 K) CO: 1980(s), 1845(m) cm–1. 

 

4.3 Synthesis of [NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN 
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A solution of PCl3 (0.259 g, 1.89 mmol) in thf (100 mL) was added to a solution of 

[NEt4]2[Ni6(CO)12] (1.95 g, 2.06 mmol) in thf (20 mL) over a period of 6 h. The resulting mixture 

was stirred at room temperature for 1 h and, then, the solvent removed in vacuo. The residue was 

washed with H2O (3×20 mL), thf (3×20 mL), and extracted with CH3CN (20 mL). Crystals of 

[NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN suitable for X-ray analyses were obtained by layering n-

hexane (4 mL) and di-iso-propyl-ether (40 mL) on the CH3CN solution (yield 0.81 g, 52 % based 

on Ni). 

C91H123ClN8Ni31O39P4 (3932.31): calcd. C 27.80, H 3.15, N 2.85, Ni 46.28; found: C 27.65, H 3.41, 

N 3.02, Ni 46.04. IR (CH3CN, 293 K) CO: 2009(s), 1873(m) cm–1. 

 

4.4 Synthesis of [NEt4]4[H2Ni31P4(CO)39]·2CH3COCH3 and 

[NEt4]6[H2Ni31P4(CO)39]0.46[HNi31P4(CO)39]0.54[NiCl4]0.46[BF4]0.54·2CH3COCH3 

HBF4·Et2O (32.5 mg, 0.200 mmol) was added to a solution of 

[NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN (0.68 g, 0.173 mmol) in CH3CN (20 mL). The resulting 

mixture was stirred at room temperature for 1 h and, then, the solvent removed in vacuo. The 

residue was washed with H2O (3×20 mL), thf (3×20 mL), and extracted with acetone (20 mL). 

Crystals of [NEt4]4[H2Ni31P4(CO)39]·2CH3COCH3 suitable for X-ray analyses were obtained by 

layering n-hexane (40 mL) on the acetone solution (yield 0.49 g, 77 % based on Ni). 

C77H92N4Ni31O41P4 (3673.44): calcd. C 25.18, H 2.52, N 1.53, Ni 49.54; found: C 25.33, H 2.37, N 

1.29, Ni 50.07. IR (CH3CN, 293 K) CO: 2022(s), 1876(m), 1818(w) cm–1. 

Crystals of [NEt4]6[H2Ni31P4(CO)39]0.46[HNi31P4(CO)39]0.54[NiCl4]0.46[BF4]0.54·2CH3COCH3 have 

been obtained with a similar procedure, employing 0.100 mmol of HBF4·Et2O.  

 

4.5 Oxidation of [NEt4]3[Ni11P(CO)18] 

A solution of PCl3 (0.014 g, 0.099 mmol) in CH3CN (5 mL) was added to a solution of 

[NEt4]3[Ni11P(CO)18] (0.44 g, 0.28 mmol) in CH3CN (15 mL) over a period of 1 h. The resulting 

mixture was stirred at room temperature for 1 h and, then, the solvent removed in vacuo. The 

residue was washed with H2O (2×20 mL), thf (2×20 mL), and extracted with CH3CN (20 mL). The 

formation of [HNi31P4(CO)39]
5– was confirmed by IR spectroscopy. The reaction can be performed 

using [C7H7][BF4] instead of PCl3, and following the same procedure. 

IR (CH3CN, 293 K) CO: 2009(s), 1873(m) cm–1. 

 

4.6 Protonation/deprotonation studies of [H6–nNi31P4(CO)39]
n– (n = 4-6) 
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(a) The [HNi31P4(CO)39]
5– mono-hydride penta-anion [CO 2009(s), 1873(m) cm–1 in CH3CN] may 

be converted into the [Ni31P4(CO)39]
6– hexa-anion [CO 1997(s), 1859(m) cm–1 in CH3CN] after 

reaction with a base such as CH3ONa in CH3CN. In details, CH3ONa (20 mg, 0.370 mmol) was 

added as solid to a solution of [NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN (0.68 g, 0.173 mmol) in 

CH3CN (20 mL) and the solution stirred at room temperature for 1 h. The formation of 

[Ni31P4(CO)39]
6– was confirmed by IR spectroscopy. [NEt4]6[Ni31P4(CO)39] may be obtained as a 

solid after removing CH3CN in vacuo from the solution. The reaction may be reversed by adding a 

strong acid such as HBF4·Et2O.  

(b) The [HNi31P4(CO)39]
5– mono-hydride penta-anion [CO 2009(s), 1873(m) cm–1 in CH3CN] may 

be converted into the [H2Ni31P4(CO)39]
4– di-hydride tetra-anion [CO 2022(s), 1876(m) and 

1818(w)cm–1 in CH3CN] after reaction with an acid such as HBF4·Et2O. In details, HBF4·Et2O 

(32.5 mg, 0.200 mmol) was added to a solution of [NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN (0.68 g, 

0.173 mmol) in CH3CN (20 mL) and the solution stirred at room temperature for 1 h. The formation 

of [H2Ni31P4(CO)39]
4– was confirmed by IR spectroscopy. The di-hydride tetra-anion was isolated 

as a crystalline solid following the procedure described in Section 4.4. The reaction may be 

reversed by adding a base such as CH3ONa. 

 

4.7 Reaction of [Ni31P4(CO)39]
6– with Na/naphthalene 

A solution of Na/naphthalene in dmf was added in small portions to a solution of 

[NEt4]6[Ni31P4(CO)39] (0.44 g, 0.115 mmol) in dmf (15 mL), and the reaction monitored via IR 

spectroscopy after each addition. The formation of [Ni31P4(CO)39]
7– was confirmed by IR 

spectroscopy [CO 1976(s), 1839(m) cm–1 in dmf]. All attempts to isolate the epta-anion as a solid 

or in a crystalline form failed.  

 

4.8 Electrochemical and spectroelectrochemical studies. 

Electrochemical measurements were recorded on a Princeton Applied Research (PAR) 273A 

Potentiostat/Galvanostat, interfaced to a computer employing PAR M270 electrochemical 

software, and were performed in CH3CN solutions containing [NnBu4][PF6] (0.1 mol dm3) as the 

supporting electrolyte at room temperature (205 °C). HPLC grade CH3CN (Sigma-Aldrich) was 

stored under argon over 3-Å molecular sieves. Electrochemical grade [NnBu4][PF6] was 

purchased from Fluka and used without further purification. Cyclic voltammetry was performed 

in a three-electrode cell, having a platinum-disc working electrode, a platinum-spiral counter 

electrode and a Ag/AgCl(aq) reference electrode mounted with a salt bridge containing the 
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CH3CN/[NnBu4][PF6] electrolyte and separated by a Vycor frit. Under the present experimental 

conditions, the one-electron oxidation of ferrocene occurs at E° = +0.45 V vs Ag/AgCl.  

 Infrared (IR) spectroelectrochemical measurements were carried out using an optically 

transparent thin-layer electrochemical (OTTLE) cell equipped with CaF2 windows, platinum mini-

grid working and auxiliary electrodes and silver wire pseudo-reference electrode.66 During the 

microelectrolysis procedures, the electrode potential was controlled by a Princeton Applied 

Research (PAR) 273A Potentiostat/Galvanostat, interfaced to a computer employing PAR M270 

electrochemical software. Argon-saturated CH3CN solutions of the compound under study, 

containing [NnBu4][PF6] 0.1 M as the supporting electrolyte, were used. The in situ 

spectroelectrochemical experiments have been performed by collecting spectra of the solution at 

constant time intervals during the oxidation or reduction obtained by continuously increasing or 

lowering the initial working potential at a scan rate of 0.5 mV/sec. IR spectra were recorded on a 

Perkin-Elmer FT-IR 1725X spectrophotometer. 

 

4.9 X-ray Crystallographic Study. 

Crystal data and collection details for [NEt4]3[Ni11P(CO)18], [NEt4]4[H2Ni31P4(CO)39]·2CH3COCH3, 

[NEt4]6[HNi31P4(CO)39][Cl]·2CH3CN and [NEt4]6[H2Ni31P4(CO)39]0.46[HNi31P4(CO)39]0.54 

[NiCl4]0.46[BF4]0.54·2CH3COCH3, are reported in Table S.1. The diffraction experiments were 

carried out on a Bruker APEX II diffractometer equipped with a CCD detector using Mo–K 

radiation. Data were corrected for Lorentz polarization and absorption effects (empirical absorption 

correction SADABS).67 Structures were solved by direct methods and refined by full-matrix least-

squares based on all data using F2.68 Hydrogen atoms were fixed at calculated positions and refined 

by a riding model. All non-hydrogen atoms were refined with anisotropic displacement parameters, 

unless otherwise stated.  

[NEt4]3[Ni11P(CO)18]: The asymmetric unit of the unit cell contains one cluster anion and three 

[NEt4]
+ cations (all located on general positions). Two [NEt4]

+ cations are disordered and, thus, they 

have been split into two positions and refined with one occupancy parameter per disordered group. 

Similar U parameter restraints have been applied to the [NEt4]
+ cations (SIMU command in 

SHELXL, s.u. 0.05).Restraints to bond distances were applied as follow (s.u. 0.05): 1.45 Å for C–N 

and 1.54 Å for C–C in the disordered [NEt4]
+. 

[NEt4]4[Ni31P4(CO)39]·2CH3COCH3: The asymmetric unit of the unit cell contains half of a cluster 

anion (on a 2-axis), two [NEt4]
+ cations (on general positions) and one CH3COCH3 molecule (on a 

general positions). One Ni(CO) group and three CO ligands in the cluster anion, the two [NEt4]
+ 

cations and the CH3COCH3 molecule are disordered and, thus, they have been split into two 
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positions each and refined with one occupancy parameter per disordered group. Similar U 

parameter restraints have been applied to the [NEt4]
+ cations and the CH3COCH3 molecule (SIMU 

command in SHELXL, s.u. 0.02).Restraints to bond distances were applied as follow (s.u. 0.03): 

1.45 Å for C–N and 1.54 Å for C–C in [NEt4]
+; 1.28 Å for C–O and 1.45 Å for C–C in CH3COCH3. 

[NEt4]6[Ni31P4(CO)39][Cl]·2CH3CN: The asymmetric unit of the unit cell contains one cluster 

anion, one chloride anion, six [NEt4]
+ cations and two CH3CN molecules (all located on general 

positions). Similar U parameter restraints have been applied to all the C, N and O(SIMU command 

in SHELXL, s.u. 0.01). The C-C distances of the [NEt4]
+ cations have been restrained to be similar 

(SADI command in SHELXL, s.u. 0.02). The quality of the crystals is not very good and, thus, 

some ALERT A messages remain in the checkcif. Nonetheless, the overall structure and 

connectivity of the cluster can be safely deduced and compares very well with the other two 

structures herein reported. 

[NEt4]6[H2Ni31P4(CO)39]0.46[HNi31P4(CO)39]0.54[NiCl4]0.46[BF4]0.54·2CH3COCH3: The asymmetric 

unit of the unit cell contains half of a cluster anion (on a 2-axis), three [NEt4]
+ cations (on general 

positions), one CH3COCH3 molecule (on a general positions), half of a [NiCl4]
2– and half of a 

[BF4]
– anions (on 2-axes and disordered). Similar U parameter restraints have been applied to all the 

atoms(SIMU command in SHELXL, s.u. 0.008). 
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