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ABSTRACT 

Electrospray ionization-mass spectrometry (ESI-MS) of mixtures of AgBF4 or AgNO3 

with the capping ligand bis(diphenylarsino)methane ((Ph2As)2CH2 = dpam) in a solution of 

acetonitrile revealed the formation of the following cations: [Ag(CH3CN)(dpam)]
+
, 

[Ag(dpam)2]
+
, [Ag2(Cl)(dpam)2]

+
 and [Ag3(Cl)2(dpam)3]

+
. Addition of NaBH4 to these solutions 

results in the formation of the cluster cations [Ag2(BH4)(dpam)2]
+
, [Ag2(BH4)(dpam)3]

+
, 

[Ag3(H)(BH4)(dpam)3]
+
, [Ag3(BH4)2(dpam)3]

+
, [Ag3(H)(Cl)(dpam)3]

+
 and 

[Ag3(I)(BH4)(dpam)3]
+
, as established by ESI-MS. Use of NaBD4 confirmed that borohydride is 

the source of the hydride in these clusters. An Orbitrap Fusion LUMOS mass spectrometer was 

used to explore the gas-phase unimolecular chemistry of selected clusters via multistage mass 

spectrometry (MS
n
) experiments employing low-energy collision induced dissociation (CID) and 

high-energy collision induced dissociation (HCD) experiments. The borohydride containing 

clusters fragment via two competing pathways: (i) ligand loss; (ii) B-H bond activation involving 

BH3 loss. 

 

Density functional theory (DFT) calculations were used to calculate the energetics of the 

optimized structures for all precursor ions, fragment ions and neutrals and to estimate the 

reaction endothermicities. Generally there is reasonable agreement between the most abundant 

product ion formed and the predicted endothermicity of the associated reaction channel. The 

DFT calculations predicted that the novel dimer [Ag2(BH4)(dpam)2]
+
 has a paddlewheel structure 

in which the dpam and BH4
-
 ligands bridge both silver centers. 
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INTRODUCTION 

Coinage metal hydride nanoclusters continue to attract interest for their roles as catalysts or 

stoichiometric reagents in synthesis as well as for their novel structural bonding arrangements.
1
 

For example, Stryker’s reagent, [CuH(PPh3)]6, is widely used in stereoselective reductions
2
 and 

the hydride cluster ions, [M2H(L)]
+ 

(M = Cu, Ag, Au; L = bis(diphenylphosphino)methane 

(dppm), bis(dicyclohexylphosphino)methane (dcpm), 1,8-naphthyridine (napy)), have been 

shown to selectively extrude CO2 from formic acid.
3-6

 Electrospray ionization-mass spectrometry 

(ESI-MS) has proven to be a sensitive tool to study the growth of gold nanoclusters
7-15

 and we 

have used it to direct synthesis of a range of Ag and Cu nanoclusters (Scheme 1).
16-23

 The nature 

of the metal, ligand and reducing agent stoichiometries, solvent and reaction temperature all play 

crucial roles in the types of clusters that are formed. While the structural motif “M3(3-H)” is 

common in the trinuclear complexes [M3(3-H)(3-BH4)(L)3](BF4) (where M = Ag or Cu, L = 

bis(diphenylphosphino)methane (Ph2P)2CH2 = dppm or bis(diphenylphosphino)amine = 

(Ph2P)2NH = dppa),
18-19,21

 [Ag3(3-H)(dppm)3](BF4)2 and [Ag3(3-H)(3-Cl)(dppm)3](BF4),
16-17

 

larger clusters are also observed. In the case of the ligand dppa, the use of copper salts gave rise 

to the [Cu16(H)14(dppa)6]
2+

 dication which was shown via X-ray crystallography to have a core 

structure consisting of a Cu9 frustum cupola on top of a Cu7 distorted hexagonal-shape base. 

Further, use of the ligand dppe (bis(diphenylphosphino)ethane = (Ph2P)2CH2CH2) gave rise to a 

[Cu18(H)16(dppe)6]
+
 dication under similar synthetic conditions to that used to prepare 

[Cu16(H)14(dppa)6]
2+

.
22

 In contrast, when silver salts are used, the dications [Ag10(H)8(L)6]
2+

 (L = 

dppm or dppa) are formed and in the case of [Ag10(H)8(dppa)6](BF4)2, and 

[Ag10(H)8(dppa)6](NO3)2 these were structurally characterized via X-ray crystallography.
23-25

 

Both dications have nearly identical structural features consisting of a Ag10 scaffold with the 
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atoms lying on vertices of a bicapped square antiprism.
23

 Not all clusters are stable over various 

timeframes. For example, we did not observe [Ag10(H)8(L)6]
2+

 (where L = 

bis(dimethylphosphino)methane ((Me2P)2CH2 = dmpm),
26

 while over time in solution [Ag3(µ3-

H)(BH4)(dppm)3](BF4) transformed into the interstitial cluster [{Cl@Ag12}@Ag48(dppm)12].
27

  

 

Scheme 1 Here 

 

 

 

 

The analogous arsine ligand bis(diphenylarsino)methane ((Ph2As)2CH2 = dpam) has been 

previously used to prepare the trinuclear silver halide cluster [Ag3(3-Cl)2(dpam)3](Cl).
28 

However, there are no reports on the products from silver salts in the presence of dpam and a 

reducing agent. Given that the assembly and stability of these clusters appears to depend on both 

the anionic ligands as well as the bidentate ligand, here we: (i) explore how changing the 

bidentate ligand to dpam influences the types of nanoclusters formed; (ii) examine the gas-phase 

unimolecular chemistry of these new nanoclusters; (iii) reveal insights into unique bonding 

arrangements by Density Functional Theory (DFT) calculations. A rich range of clusters, 

[Ag2(BH4)(dpam)n]
+
 (n = 2 and 3), [Ag3(BH4)2(dpam)3]

+
 and [Ag3(I)(BH4)(dpam)3]

+
 were 

characterized, which were not observed when bisphosphine ligands were deployed.  

 

 

 

EXPERIMENTAL 

Materials and General Methods 
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The following chemicals were obtained from suppliers and used without further purification: 

AgBF4, dpam (Strem); AgNO3 (Chem-Supply); NaBH4 (Ajax); NaBD4 (99 atom % D, 

Cambridge Isotope Laboratories), acetonitrile (HPLC grade, Burdick & Jackson). 

Sample Preparation  

AgBF4 (4 mg, 0.02 mmol) or AgNO3 (3.5 mg, 0.02 mmol) and bis(diphenylarsino)methane = 

dpam (10 mg, 0.02 mmol) were dissolved in CH3CN (5 mL). NaBH4 or NaBD4 (8 mg, 0.2 mmol; 

9 mg, 0.2 mmol) was then added and allowed to mix for 15 min. An aliquot in CH3CN, typically 

10 µM, was then subsequently taken for MS analyses.  

Mass Spectrometry 

ESI-MS experiments as well as CID-MS
n
 and HCD-MS/MS multistage mass spectrometry 

experiments were conducted on an Orbitrap Fusion LUMOS (Thermo Fisher Scientific, San 

Jose, California). Samples were introduced into the mass spectrometer as 10 µM solutions via a 

heated electrospray ionization (HESI) source at an injection rate of 5 µL min
-1

. Typical source 

conditions were as follows; spray voltage of 3.6 kV, heated capillary temperature of 250 °C, 

sheath gas pressure of 5 – 20 psi, aux gas flow of 2.5 a.u., sweep gas flow of 5 – 10 a.u. and 

vaporizer temperature of 20 °C, with the RF lens set to 60 – 80 %.  ESI-MS spectra to survey the 

formation of cluster ions formed were typically acquired from m/z 200 – 2000 to observe the full 

range of products formed before acquiring from m/z 500 – 2000 to focus on the cluster ions of 

interest. Spectra were acquired at a mass resolving power of 500,000 and an AGC target of 5.0 × 

10
5
. For CID-MS

n
 and HCD-MS/MS experiments, mass selection was carried out using the 

isolation quadrupole (± 0.2 – 0.5 m/z) on the mono-isotopic precursor ions where possible or the 

most abundant ion of the full isotopic envelope, see Fig. S1-S2 for example. For CID-MS
n
, the 

mass selected precursor ion was then subjected to ion trap CID using an activation Q of 0.25 and 
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an activation time of 10 ms. For HCD-MS/MS, the mass selected precursor ion was subjected to 

the collision cell where collision energies were individually optimized for fragment ion 

efficiency. Spectra shown are the average of 25 – 100 scans in order to provide appropriate 

signal-to-noise ratios. Preliminary experiments were carried out on a Finnigan LTQ linear ion 

trap mass spectrometer (Bremen, Germany).  

 

Theoretical calculations 

Geometry optimizations were performed with the Perdew-Burke-Ernzerhof (PBE) functional
29,30

 

with resolution of identity method (W06)
31,32

 and relativistic effective core potential (RECP) 

basis set
33,34

 for silver and iodine atoms in combination with the split-valence-plus polarization 

(SVP) atomic basis set
35,36

 for all other atoms with Grimme’s D3 dispersion correction
37

 using 

the Gaussian 16 suite of programs.
38

 PBE analytical harmonic vibrational frequency calculations 

validated reactants and products as energy minima.  

 

For all geometries optimized at the RI-PBE/RECP-def2-SVP level of theory, single-point 

energies were calculated with the range-separated meta-GGA hybrid density functional ωB97M-

V with D3BJ.
37,39-41

 In order to compare the merits of various density functionals, single-point 

energies were also calculated with the meta-GGA B97M-D3BJ
37,40-42

 and hybrid meta-GGA 

MN15 density functionals.
43,44

 The density functionals, MN15, B97M-V and ωB97M-V, 

considered for the single-point energy calculations were based upon a recent study by Chan et al. 

that looked at and assessed several DFT methods and their accuracies for transition metal 

systems.
45 Overall, the best performing DFT methods were MN15, B97M-V and ωB97M-V. A 

comparison of the three density functionals is summarized in the Supporting Information (Tables 
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S4-8). For ωB97M-V and B97M-V calculations, the def2-TZVP basis set was used for main 

group atoms
31

 with an effective core potential for Ag and I atoms.
33,34

 For MN15 calculations, 

the def2-TZVP basis set
31

 was also used and, where appropriate, associated effective core 

potentials were used for Ag and I atoms. Single point energy calculations using the ωB97M-V 

and B97M-V density functionals were performed with ORCA 4.2.0
46-48

 and Gaussian 16 was 

used for MN15 calculations.
38

 To estimate the corresponding enthalpy, ∆H, and Gibbs free 

energies, ∆G, the corrections were calculated at the RI-PBE level of theory and finally added to 

the corresponding single-point energies. The corrected ∆G and ∆H values calculated at the 

ωB97M-D3BJ/def2-TZVP level of theory have been used throughout unless stated otherwise.  

 

 

RESULTS AND DISCUSSION 

ESI-MS survey of the formation of silver nanocluster cations with 

bis(diphenylarsino)methane and NaBH4 

ESI-MS of a 1:1 mixture of the silver salt AgBF4 and bis(diphenylarsino)methane in CH3CN 

yields mono-, bi-, and tri-nuclear nanoclusters (Figs. 1a and S3). A common feature of the types 

of clusters formed is the incorporation of halides including the tri-nuclear dichloride cluster 

[Ag3(Cl)2(dpam)3]
+
 (m/z 1810) which has been previously structurally characterized by X-ray 

crystallography by Skelton, White and co-workers.
28

 The analogous dihalide cluster ions are also 

observed, [Ag3(I)(Cl)(dpam)3]
+
 (m/z 1903) and [Ag3(I)2(dpam)3]

+
 (m/z 1995) (Fig. S4). While the 

source of the halides in these clusters in unclear, the high affinity of silver for halides suggests 

that even minor halide impurities are readily intercepted, as noted in a previous study.
26

 Other 

prominent cations observed include [Ag(CH3CN)(dpam)]
+
 (m/z 620), [Ag(dpam)2]

+
 (m/z 1053) 
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and [Ag2(Cl)(dpam)2]
+
 (m/z 1195). The related ions have been previously reported for dppm

17
 

and dmpm.
26

 The bulkier phosphine ligand dppm tends to stabilize di-nuclear species, e.g. 

[Ag2(dppm)2]
2+

, whereas the smaller phosphine ligand dmpm and bulky arsine ligand dpam are 

able to stabilize a larger range of clusters (Table S1).  

Figure 1 Here 

 

 

Upon addition of a 10-fold excess of NaBH4 to the 1:1 mixture of silver salt and 

bis(diphenylarsino)methane in CH3CN, there is a notable color change in the reaction mixture 

from colorless to orange, which upon electrospray ionization of the sample shows a significant 

change in the product ions observed in the ESI-MS spectrum (Fig. 1b).  Notably, several 

borohydride (BH4
-
) containing clusters are formed including [Ag2(BH4)(dpam)2]

+
 (m/z 1175), 

[Ag2(BH4)(dpam)3]
+
 (m/z 1646), [Ag3(H)(BH4)(dpam)3)

+
 (m/z 1756) and [Ag3(BH4)2(dpam)3]

+
 

(m/z 1768). The mixed hydride/borohydride species is the direct arsenic cluster ion equivalent of 

the [Ag3(µ3-H)(µ3-BH4)(L)3](BF4), L = dppm and dppa, trinuclear silver nanocluster previously 

synthesized and fully characterized via X-ray crystallography, multinuclear NMR spectroscopy 

and FTIR spectroscopy.
18,21 

The other BH4
-
 containing ions however were not previously 

observed where L = dppm, dppa or dmpm and represent new cluster species for which their 

unimolecular gas-phase chemistry was investigated and is described below.  

 

Table S2 compares the types of nanoclusters formed upon NaBH4 reduction between the three 

methylene bridged bidentate ligands, where L = dppm, dpam and dmpm. Notably, the 

decasilver(I) octahydride dicationic cluster [Ag10(H)8(L)6]
2+

 is only observed when dppm is 

employed,
23-25

 neither the arsenic equivalent (dpam) nor the less sterically bulky equivalent 
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(dmpm)
26

 are able to produce the larger homometallic silver hydride nanocluster. Further, the 

amine equivalent dppa is also able to produce the decanuclear Ag10 species which we were 

recently able to isolate and structurally characterize via X-ray crystallography and other 

methods.
23

 These observations suggest that both the steric bulk provided by the phenyl groups, 

and the binding strength of the ligand play a role in the stabilization of larger clusters and more 

importantly the nature of the types of nanoclusters formed. Finally, the BH4
-
 containing clusters 

as mentioned above are entirely unique to the arsine ligand (dpam).   

Table 1 Here 

 

 

To better understand why these clusters are unique to dpam and to suggest why the larger 

[Ag10(H)8(dpam)6]
2+

 dication is unable to be formed, we have investigated the relevant bond 

lengths of several [Ag3(X)2(L)3]
+
 (X = coordinating anionic ligand) cluster frameworks via their 

known crystal structures (Table 1). Comparing the Ag-P bonds of [Ag3(H)(BH4)(dppm)3]
+
, 

[Ag3(H)(Cl)(dppm)3]
+
 and [Ag3(Cl)2(dppm)3]

+
, we find that the bond lengths are consistent 

around 2.4 Å regardless of the anions that cap the two faces of the triangle formed by the 

trinuclear Ag core. Contrastingly, in [Ag3(Cl)2(dpam)3]
+
, the analogous Ag-As bond is 

consistently longer at an average of 2.5 Å. This suggests that a slightly weaker metal-ligand 

bond, when switching from dppm to dpam, may play a role in the overall stability of the Ag10 

core. This is consistent with DFT studies which have shown a weakening of the [Ag-EH3]
+
 bond 

strength when going down the group from nitrogen (E = N) to arsenic (E = As).
49

 Further, ESI-

MS studies on the relative ligand properties of the triphenylpnictogen ligands EPh3 (E = P, As, 

Sb and Bi) towards silver(I) ions found that the preferred species formed increase in coordination 
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number from two for PPh3 in [Ag(PPh3)2]
+
 to four for SbPh3 in [Ag(SbPh3)4]

+
, consistent with 

the decreasing donor ligand ability in the series PPh3, AsPh3 and SbPh3.
50

 The Ag-Ag distances 

appear to be primarily influenced by the nature of the capping anionic ligand rather than the 

identity of the bidentate ligand. For example, where the cluster contains a single chloride, Ag-Ag 

distances are around 2.9 Å, in the selected examples, whereas where the cluster contains two 

chlorides, the distance is significantly longer at around 3.4 Å. This is further highlighted in the 

related bond distances in the dibromo and diiodo clusters [Ag3(Br)2(dppm)3]
+
 and 

[Ag3(I)2(dppm)3]
+
 where the Ag-Ag average bond lengths are around 3.3 Å and 3.2 Å, 

respectively (Table S3).  

  

Gas-phase unimolecular chemistry of [Ag2(BH4)(dpam)2]
+
, [Ag2(BH4)(dpam)3]

+
, 

[Ag3(H)(BH4)(dpam)3]
+
 and [Ag3(BH4)2(dpam)3]

+
. 

Previous work has established the gas-phase fragmentation chemistry of the mixed 

hydride/borohydride trinuclear [Ag3(H)(BH4)(dppm)3]
+
 and [Ag3(H)(BH4)(dmpm)3]

+
 cations.

18,26
 

The main fragmentation pathway from the precursor ions [Ag3(H)(BH4)(dppm)3]
+
 and 

[Ag3(H)(BH4)(dmpm)3]
+
 involves neutral ligand losses to yield [Ag3(H)(BH4)(L)2]

+
 as the 

primary product ion.
 
Here, we were interested in characterizing the fragmentation chemistry of 

the novel BH4
-
 containing cluster ions [Ag2(BH4)(dpam)2]

+
, [Ag2(BH4)(dpam)3]

+
 and 

[Ag3(BH4)2(dpam)3]
+
 by carrying out single-isotope MS

n
 experiments. The 

[Ag3(H)(BH4)(dpam)3]
+
 cation is also investigated and compared to its phosphine counterparts.  

Figure 2 Here 
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Mass selection and subsequent low energy CID of [Ag2(BH4)(dpam)2]
+
 (m/z 1174.8795) leads to 

the formation of [Ag2(H)(dpam)2]
+
 (m/z 1160.8470) via neutral borane (

11
BH3) loss as the main 

fragmentation pathway (eq. 1, Fig. 2a). Isolation of [Ag2(H)(dpam)2]
+
 followed by another stage 

of CID led to neutral ligand loss to give [Ag2(H)(dpam)1]
+
 (m/z 688.8324) as the major product 

ion (eq. 2, Fig. 2b). [Ag(dpam)2]
+
 (m/z 1052.9343), via AgH loss, and [Ag(dpam)1]

+
 (m/z 

580.9195), likely formed via AgH loss from [Ag2(H)(dpam)1]
+
, cations are also observed. To 

further corroborate our assignments of neutral BH3 loss followed by neutral ligand loss, we have 

carried out a deuterium labeled study using NaBD4 as the reagent, thus allowing the “counting” 

of the number of hydrides by observing the differences in mass shifts. Similar to 

[Ag2(BH4)(dpam)2]
+
, [Ag2(BD4)(dpam)2]

+
 (m/z 1175.8950) was mass selected and subjected to 

CID giving [Ag2(D)(dpam)2]
+
 (m/z 1159.8520) as the major product ion (Fig. S5a). A mass 

difference of 16 m/z units is indicative of 
10

BD3 loss from the precursor ion. Under HCD 

conditions, similar fragmentation channels are observed (Fig. S6-7). 

 

[Ag2(BH4)(dpam)2]+ → [Ag2(H)(dpam)2]+ + BH3 (1) 

[Ag2(H)(dpam)2]+ → [Ag2(H)(dpam)1]+ + dpam     (2) 

 

 

The bulkier tri-ligated [Ag2(BH4)(dpam)3]
+
 (m/z 1643.8990) cation undergoes neutral ligand loss 

to give [Ag2(BH4)(dpam)2]
+
 (m/z 1171.8839) as the primary product (eq. 3, Fig. 3a). In a second 

stage of CID, [Ag2(BH4)(dpam)2]
+
 undergoes 

10
BH3 loss to give [Ag2(H)(dpam)2]

+
 (m/z 

1158.8473) (eq. 1, Fig. 3b) which is identical to the fragmentation of the precursor 

[Ag2(BH4)(dpam)2]
+
 ion discussed above. Similarly, the deuterated analogue, 

[Ag2(BD4)(dpam)3]
+
 (m/z 1647.9107), gives a major peak at 1175.8969 m/z which can be 
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assigned as [Ag2(BD4)(dpam)2]
+
 indicating ligand loss (Fig. S8a), followed by 

10
BD3 loss to give 

[Ag2(D)(dpam)2]
+
 at 1159.8520 m/z (Fig. S8b). HCD-MS/MS of both proteo- and deutero- 

species suggest similar fragmentation pathways (Figs. S9-10). 

 

[Ag2(BH4)(dpam)3]+ → [Ag2(BH4)(dpam)2]+ + dpam                            (3) 

 Figure 3 Here 

 

 

The mixed hydride/borohydride cation [Ag3(H)(BH4)(dpam)3]
+
 (m/z 1754.8080) fragments in a 

similar manner to its dppm and dmpm equivalents. First, neutral ligand loss occurs to form 

[Ag3(H)(BH4)(dpam)2]
+
 (m/z 1282.7934) (eq. 4, Fig. 4a). Previous energy-resolved CID 

(ERCID) experiments with the phosphine ligands dppm and dmpm have shown that other ions 

aside from ligand loss are from subsequent secondary fragmentation channels.
17 

Subsequent 

isolation and CID of [Ag3(H)(BH4)(dpam)2]
+
 reveals a greater variety of product ions in the MS

3
 

spectrum (Fig. 4b). [Ag3(H)2(dpam)1]
+
 (m/z 796.7453) appears as the major product ion while 

[Ag3(H)2(dpam)2]
+
 (m/z 1268.7605) and [Ag3(H)(BH4)(dpam)1]

+
 (m/z 810.7783) cations are also 

observed.  

 

[Ag3(H)(BH4)(L)3]+ → [Ag3(H)(BH4)(L)2]+ + L                   (L = dppm, dmpm or dpam)                 (4) 

[Ag3(H)(BH4)(L)2]+ → [Ag3(H)2(L)2]+ + BH3                     (L = dppm, dmpm or dpam) (5) 

[Ag3(H)(BH4)(L)2]+ → [Ag3(H)(BH4)(L)1]+ + L                   (L = dppm, dmpm or dpam) (6) 

 

Figure 4 Here 
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[Ag3(H)2(dpam)2]
+
 is formed as a result of BH3 loss from [Ag3(H)(BH4)(dpam)2]

+
 (eq. 5). 

[Ag3(H)(BH4)(dpam)1]
+
 is formed via neutral ligand loss (eq. 6). The formation of 

[Ag3(H)2(dpam)1]
+
 is either through neutral ligand loss from [Ag3(H)2(dpam)2]

+ 
(eq. 7, Fig. 

S11a) or BH3 loss from [Ag3(H)(BH4)(dpam)1]
+
 (eq. 8, Fig. S11b) as indicated by CID-MS

4
 

spectra. Deuterated [Ag3(D)(BD4)(dpam)3]
+
 undergoes similar fragmentation pathways to its 

proteo-analogue (Fig. S12) as do HCD-MS/MS spectra (Fig. S13-14).  

 

[Ag3(H)2(L)2]+ → [Ag3(H)2(L)1]+ + L                                     (L = dppm, dmpm or dpam) (7) 

[Ag3(H)(BH4)(L)1]+ → [Ag3(H)2(L)1]+ + BH3                      (L = dppm, dmpm or dpam) (8) 

 

Figure 5 Here 

 

 

The bis borohydride cluster ion [Ag3(BH4)2(dpam)3]
+
 initially undergoes BH3 loss to give the 

mixed hydride/borohydride species [Ag3(H)(BH4)(dpam)3]
+
 (m/z 1756.8091) (eq. 9). BH3 loss 

triggers ligand loss to give [Ag3(H)(BH4)(dpam)2]
+
 (m/z 1284.7932) (eq. 4, Fig. 5a and S15a). 

The loss of two BH3 molecules prior to ligand loss, i.e., [Ag3(H)2(dpam)3]
+
, is not observed (eq. 

10). HCD-MS/MS experiments at lower collision energies provides strong evidence that BH3 

loss proceeds prior to ligand loss (Fig. S16-17).  
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[Ag3(BH4)2(dpam)3]+ → [Ag3(H)(BH4)(dpam)3]+ + BH3                      (9) 

[Ag3(BH4)2(dpam)3]+ → [Ag3(H)2(dpam)3]+ + 2 BH3  (10) 

 

 

Gas-phase unimolecular chemistry of [Ag3(H)(Cl)(dpam)3]
+
 and [Ag3(I)(BH4)(dpam)3]

+
  

As noted above, while the source of halides in the clusters [Ag3(H)(Cl)(dpam)3]
+
 and 

[Ag3(I)(BH4)(dpam)3]
+
 is likely due to trace impurities, the presence of the cluster cations in the 

ESI-MS offers the opportunity to explore how a coordinated halide influences fragmentation. 

The unimolecular chemistry of the mixed hydride/chloride cluster [Ag3(H)(Cl)(L)3]
+
 has been 

explored for both the dppm and dmpm variants.
16,26

 Here we find that sequential ligand loss (eq. 

11) is the dominant channel as illustrated in Fig. S18. The reductive elimination product 

[Ag3(L)3]
+
 is not observed (eq. 12). 

  

[Ag3(H)(Cl)(L)3]+ → [Ag3(H)(Cl)(L)3−𝑛]+ +  L𝑛               (L = dppm, dmpm or dpam) (11) 

[Ag3(H)(Cl)(L)3]+ → [Ag3(L)3]+ + HCl                               (L = dppm, dmpm or 

dpam) 

(12) 

 

AgH and AgCl losses from [Ag3(H)(Cl)(dpam)1]
+
 to form [Ag2(Cl)(dpam)1]

+
 (m/z 722.7926) and 

[Ag2(H)(dpam)1]
+
 (m/z 688.8316), respectively, are observed at higher energies via HCD-

MS/MS (eq. 13,14, Fig. S19).  

[Ag3(H)(Cl)(L)1]+ → [Ag2(Cl)(L)1]+ + AgH                       (L = dppm, dmpm or dpam) (13) 

[Ag3(H)(Cl)(L)1]+ → [Ag2(H)(L)1]+ + AgCl                       (L = dppm, dmpm or dpam) (4) 
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The mixed iodide/borohydride species, [Ag3(I)(BH4)(dpam)3]
+
 (m/z 1882.7604), represents a 

cluster of new stoichiometry. Under CID conditions, it undergoes ligand loss (eq. 15) with a 

minor fragmentation channel being neutral BH3 loss (eq. 16) (Fig. S20-21).  

 

[Ag3(I)(BH4)(dpam)3]+ → [Ag3(I)(BH4)(dpam)2]+ + dpam (5) 

[Ag3(I)(BH4)(dpam)3]+ → [Ag3(I)(H)(dpam)3]+ + BH3 (6) 

 

Isolation of [Ag3(I)(H)(dpam)3]
+
 (m/z 1868.6728) followed by further CID results in ligand loss 

(eq. 17, Fig. S22a) Initial loss of ligand from the precursor ion to give [Ag3(I)(BH4)(dpam)2]
+
 

(m/z 1410.6905) likely triggers the loss of BH3 (eq. 18). Indeed, isolation of [Ag3(I)(BH-

4)(dpam)2]
+
 and subjecting the ion to further CID results in the formation of [Ag3(I)(H)(dpam)2]

+
 

(m/z 1396.6573) (Fig. S22b). Lastly, isolation of the mixed iodide/hydride [Ag3(I)(H)(dpam)2]
+
 

leads to further ligand loss giving [Ag3(I)(H)(dpam)1]
+
 (m/z 924.6422) (eq. 19, Fig. S22c).  

 

[Ag3(I)(H)(dpam)3]+ → [Ag3(I)(H)(dpam)2]+ + dpam (7) 

[Ag3(I)(BH4)(dpam)2]+ → [Ag3(I)(H)(dpam)2]+ + BH3 (18) 

[Ag3(I)(H)(dpam)2]+ → [Ag3(I)(H)(dpam)1]+ + dpam (19) 

 

Further loss of a ligand from [Ag3(I)(H)(dpam)2]
+
 is the most likely channel to give 

[Ag3(I)(H)(dpam)1]
+
 (m/z 924.6426) as indicated by the HCD-MS/MS spectrum (Fig. S23-24). 

From the singly ligated cluster ion, silver hydride (AgH) and silver iodide (AgI) extrusion 

pathways are available to give [Ag2(I)(dpam)1]
+
 (m/z 814.7300) and [Ag2(H)(dpam)1]

+
 (m/z 

688.8332), respectively (eq. 20,21).  
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[Ag3(I)(H)(dpam)1]+ → [Ag2(I)(dpam)1]+ + AgH (8) 

[Ag3(I)(H)(dpam)1]+ → [Ag2(H)(dpam)1]+ + AgI (9) 

 

Theoretical calculations exploring the product ion structures and energetics associated with 

BH3 and ligand loss  

We have previously explored the process of BH4
-
 decomposition triggered via ligand loss from 

the clusters [Ag3(H)(BH4)(dmpm)n]
+
 (n = 1-3) whereby the phenyl groups of the dppm ligand 

were replaced by methyl groups for computational expediency. Here, DFT calculations were 

carried out with the phenyl groups included in the geometry optimization calculations in order to 

account for relevant dispersion effects. The gas-phase structure (Fig. 6) and reactivity of the 

following cations were explored computationally: [Ag2(BH4)(dpam)2]
+
, [Ag3(H)(BH4)(dpam)3]

+
, 

[Ag3(BH4)2(dpam)3]
+
, [Ag3(H)(Cl)(dpam)3]

+
 and [Ag3(I)(BH4)(dpam)3]

+
. For the fragmentation 

reactions of the clusters, the temperature at which fragmentation occurs is unknown and so we 

calculate both G and H at 298 K to estimate the energetics associated with competing reaction 

channels. 

 

Revised Figure 6 Here 

 

 

Modeling the structure of the BH4
-
 coordinated Ag2 dimer represents a theoretical challenge due 

to the limited structural evidence for its existence in the literature. However, we have based its 

structure upon a not too dissimilar cluster [Ag2(BF4)(L)2]
+
 (L = (PPh2)2N(p-OMe)C6H4) for 
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which a crystal structure has been determined.
51

 On replacing the dppa-type ligand with dpam 

and BF4
-
 with BH4

-
, reoptimization suggests that the BH4

-
 coordinates as a µ2:κ

2
 ligand via two 

hydrides (Fig. 6a). A crystal structure has also been reported for a related neutral binuclear 

copper(I) complex, [Cu2(BH4)2(dppm)2], which contains two coordinated borohydride ligands.
52

 

The structure highlights a κ
2
-BH4 coordination mode to the copper(I) centers. By taking the 

coordinates from the crystal structure, replacing the copper(I) centers with silver(I) centers and 

the dppm ligand with the corresponding dpam ligand, we have modeled the structure of 

[Ag2(BH4)2(dpam)2] (Fig. S25). Our modeled structure agrees with the reported crystal structure 

for the copper(I) complex where the BH4 anions bind in a κ
2
 geometry. Upon taking this 

structure and removing either of the two single BH4 coordinated ligands, we have reoptimized 

both resultant mono-cationic complexes [Ag2(BH4)(dpam)2]
+
. We found that the remaining BH4 

changes its binding mode from κ
2
 to µ2:κ

2
 as a bridging ligand across the two silver(I) centers 

(Fig. S26). Although the resultant                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

structures are very similar to that found in Fig. 6a, they are isomers arising from differences in 

the conformations of the dpam ligands, which highlights the likely fluxional nature of these 

clusters (Fig. S26). A notable finding is that the BH4
-
 ligand exerts a key influence bridging two 

metal centers rather than coordinate to a single metal center. We have further considered an 

additional isomer (Isomer 2) for the Ag2 dimer, [Ag2(BH4)(dpam)2]
+
, whereby the BH4

-
 acts as a 

κ
2
:κ

 2
-bridging ligand (Fig 6b). This mode of BH4

-
 has been observed in structurally 

characterized monocationic dimers of Fe, Cu and Pd.
53-55

 Computations suggest formation of this 

isomer relative to Isomer 1 to be energetically less favorable by 11.2 kcal/mol, as such we have 

only considered the ‘paddle-wheel’ structure of Isomer 1 for [Ag2(BH4)(dpam)2]
+
 in all 

subsequent discussions. 
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The structures of [Ag3(H)(BH4)(dpam)3]
+
, and [Ag3(H)(Cl)(dpam)3]

+
 cations were based on 

existing X-ray crystal structures of [Ag3(H)(BH4)(dppm)3]
+
 and [Ag3(H)(Cl)(dppm)3]

+
.
16,18

 In 

each case the phosphine ligands were replaced by arsine ligands and then re-optimized. The 

structures of [Ag3(BH4)2(dpam)3]
+
 and [Ag3(I)(BH4)(dpam)3]

+
 were modeled based on the 

[Ag3(X)2(L)3]
+
 framework (Fig. 6) which has been shown to be a common structural motif in 

coinage metal clusters with a [M3(L)3]
+
 stoichiometry. In the case of [Ag3(BH4)2(dpam)2]

+
, DFT 

methods suggest that the anionic BH4
-
 ligands coordinate to the triangular Ag3 core as two µ2 

ligands via a single hydride from each BH4
-
 ligand. This contrasts to the mixed 

hydride/borohydride [Ag3(H)(BH4)(dpam)3]
+
 in which the BH4

-
 ion coordinates as a µ3:κ

3
 ligand 

via three hydrides (Fig. 6c). For [Ag3(I)(BH4)(dpam)3]
+
, both anionic ligands coordinate to the 

Ag3 framework as µ2 ligands bridging two silver(I) centers of the triangular Ag3 core (Fig. 6f). 

The diversity of binding modes of BH4
-
 ligands in metal complexes has been previously 

noted.
56,57

  

 

Figure 7 Here 

 

 

Fragmentation of the BH4
-
 ligand to liberate neutral borane (BH3) was found to be the dominant 

fragmentation channel from [Ag2(BH4)(dpam)2]
+
 in the gas-phase unimolecular experiments (eq. 

1, Fig. 2a), in comparison to ligand loss which was a minor pathway. Scans were performed for 

stretching the B-H bond and Ag-As bonds, but no transition states were found. Both G and H 

(kcal/mol) values suggest that BH3 loss is the energetically more favorable pathway (G = 23.8 
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kcal/mol), compared to ligand loss (G = 27.1 kcal/mol) (Fig. 7, Table 2), consistent with the 

experimental results. For a more detailed summary of the relevant energies, see Tables S4-8.  

Table 2 Here 

 

The gas-phase unimolecular chemistry suggests that the mixed hydride/borohydride cluster 

[Ag3(H)(BH4)(dpam)3]
+
 prefers neutral ligand loss over BH3 loss (eq. 4, Fig. 4a). Comparisons 

of the experiments with the calculated energy diagram (Table 2, Fig. S27) reveals agreement 

with G (kcal/mol) values but not with H (kcal/mol) values, suggesting that entropic factors are 

important in these fragmentation reactions.  

 

Fig. S28 shows the relevant energetics between competing BH3 and ligand loss in the novel bis-

borohydride [Ag3(BH4)2(dpam)3]
+
 cation. Here, both G and H predict BH3 loss as the 

preferred pathway (Table 2). Indeed, this reflects experimental results which show that BH3 loss 

is the initial product ion formed upon MS
n
 experiments to give [Ag3(H)(BH4)(dpam)3]

+
 (eq. 9, 

Fig. 5a and S15-17).  

 

In the case of the mixed hydride/chloride cluster [Ag3(H)(Cl)(dpam)3]
+
, experimental results 

showed that ligand loss was the only product ion observed, [Ag3(H)(Cl)(dpam)2]
+
 (eq. 11, Fig. 

S18-19). The product that would be formed upon reductive elimination, [Ag3(dpam)3]
+
, via HCl 

extrusion is not observed (eq. 12). Single-point energy calculations at the ωB97M-D3BJ/def2-

TZVP level of theory are in agreement with experimental results (Fig. S29). However, at the 

B97M-D3BJ and MN15 levels of theory, the opposite trend is predicted, i.e., the reductive 
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elimination product [Ag3(dpam)3]
+
, is the more energetically stable product (Table S7). We 

should note that there is likely to be a higher energy barrier associated with the transition state 

for reductive elimination (not located) in order for it to proceed experimentally.  

 

Finally, DFT calculations on the mixed iodide/borohydride cluster, [Ag3(I)(BH4)(dpam)3]
+
, 

suggest BH3 loss as the preferred pathway in both G and H values (Table 2, Fig. S30). In 

comparison to our gas-phase experiments, both BH3 and ligand loss pathways were observed in 

the MS
2
 spectrum of [Ag3(I)(BH4)(dpam)3]

+
 (eq. 17,18, Fig. S20). These theoretically calculated 

energetics suggest that BH3 loss is an immediate, facile process from the precursor ion which 

then triggers subsequent ligand loss. Thus only a small intensity ion is observed for 

[Ag3(I)(H)(dpam)3]
+
 (the product ion from BH3 loss), yet the major product ion observed in the 

spectrum is [Ag3(I)(H)(dpam)2]
+
.  

 

CONCLUSIONS 

Short bite angle ligands such as dppm and dpam have a rich history in transition metal cluster 

chemistry.  While there are examples where the substitution of dpam for dppm results in clusters 

of the same stoichiometry and possessing similar structures,
58

 much less is known for silver 

clusters. Here we have used ESI-MS to compare the types of silver hydride/borohydride clusters 

formed for dpam to those previously reported for dppm,
16,18

 together with their gas-phase 

chemistry under CID conditions. Clusters of the same stoichiometry which exhibit similar gas-

phase chemistry include [Ag3(H)(BH4)(L)3]
+
 and [Ag3(H)(Cl)(L)3]

+
 (where L = dppm and 

dpam). In contrast [Ag10(H)8(dpam)6]
2+

 is not observed, while the following clusters with new 

stoichiometries are observed: [Ag2(BH4)(dpam)2]
+
, [Ag2(BH4)(dpam)3]

+
 and 

This article is protected by copyright. All rights reserved.



Page 21 of 32 

 

[Ag3(BH4)2(dpam)3]
+
. Attempts to crystallize and structurally characterize any of these new 

clusters via X-ray crystallography have been unsuccessful to date. Work is underway to explore 

the types of clusters formed upon reaction of copper(I) salts with NaBH4 and dpam and will be 

reported in due course. 
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Scheme Captions: 

Scheme 1: Bis(phosphine) stabilized silver and copper nanoclusters characterized by X-ray 

crystallography via a “mass spectrometry directed synthesis” approach (dppm = 

bis(diphenylphosphine = (Ph2P)2CH2; dppa = bis(diphenylphosphino)amine = (Ph2P)2NH; dppe 

= bis(diphenylphosphino)ethylene = (Ph2P)2(CH2)2).  

 
 
Figure Captions: 

Figure 1: Full ion trap ESI-MS spectra of: (A) reaction mixture of (1:1) AgBF4 : dpam (L) pre-

addition of NaBH4 in CH3CN showing the formation of [Ag(CH3CN)(L)]
+
 (m/z 620), [Ag(L)2]

+
 

(m/z 1053), [Ag2(Cl)(L)2]
+
 (m/z 1195) and [Ag3(Cl)2(L)3]

+
 (m/z 1810), and; (B) post-addition of 

10 eq. NaBH4 after 15 min. mixing in CH3CN showing the formation of the cluster ions 
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[Ag2(BH4)(L)2]
+
 (m/z 1175), [Ag2(BH4)(L)3]

+
 (m/z 1646), [Ag3(H)(BH4)(L)3]

+
 (m/z 1756) and 

[Ag3(BH4)2(L)3]
+
 (m/z 1768). m/z values shown are of the most intense peak in the isotopic 

envelope of the cluster. See Experimental for more information on sample preparation.  

Figure 2: CID MS
n
 spectra of most abundant isotopologue of [Ag2(BH4)(L)2]

+
 (m/z 1174.8795) 

(L = dpam) obtained using a Q value of 0.25 and an activation time of 10 ms with the given 

Normalized Collision Energy (NCE) for the following species; (A) MS
2
 on [Ag2(BH4)(L)2]

+ 

(NCE = 24%) and; (B) MS
3
 on [Ag2(H)(L)2]

+
 (m/z 1160.8470) (NCE = 22%). (*) indicates mass-

selected precursor ion.  

Figure 3: CID MS
n
 spectra of mono-isotopic ion of [Ag2(BH4)(L)3]

+
 (m/z 1643.8990) (L = 

dpam) obtained using a Q value of 0.25 and an activation time of 10 ms with the given 

Normalized Collision Energy (NCE) for the following species; (A) MS
2
 on [Ag2(BH4)(L)3]

+
 

(NCE = 24%) and; (B) MS
3
 on [Ag2(BH4)(L)2]

+
 (m/z 1171.8839) (NCE = 19%). (*) indicates 

mass-selected precursor ion. 

Figure 4: CID MS
n
 spectra of most abundant isotopologue of [Ag3(H)(BH4)(L)3]

+
 (m/z 

1754.8080) (L = dpam) obtained using a Q value of 0.25 and an activation time of 10 ms with 

the given Normalized Collision Energies (NCE); (A) MS
2 

on [Ag3(H)(BH4)(L)3]
+
 (NCE = 30%) 

and; (B) MS
3
 on [Ag3(H)(BH4)(L)2]

+
 (m/z 1282.7934) (NCE = 24%). (*) indicates mass-selected 

precursor ion.
  

Figure 5: CID MS
n
 spectra of most abundant isotopologue of [Ag3(BH4)2(L)3]

+
 (m/z 1770.8419) 

(L = dpam) obtained using a Q value of 0.25 and an activation time of 10 ms with the given 

Normalized Collision Energies (NCE); (A) MS
2 
on [Ag3(BH4)2(L)3]

+
 (NCE = 28%) and; (B) MS

3
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on [Ag3(H)(BH4)(L)2]
+
 (m/z 1284.7932) (NCE = 23%). (*) indicates mass-selected precursor ion, 

(#) indicates an impurity.
  

Figure 6: Gas-phase models of parent clusters illustrating the Ag3 core framework and key anion 

binding interactions; (A) [Ag2(BH4)(dpam)2]
+ 

(Isomer 1); (B) [Ag2(BH4)(dpam)2]
+ 

(Isomer 2); 

(C) [Ag3(H)(BH4)(dpam)3]
+
; (D) [Ag3(BH4)2(dpam)3]

+
; (E) [Ag3(H)(Cl)(dpam)3]

+
 and; (F) 

[Ag3(I)(BH4)(dpam)3]
+
. Only the ipso carbon atoms of the phenyl rings are shown. DFT 

structures visualized using Chemcraft – graphical program for visualization of quantum chemical 

calculations. 

Figure 7: Energy diagram for the unimolecular reactivity (BH3 loss vs. ligand dissociation) of 

[Ag2(BH4)(L)2]
+
 (L = dpam) obtained from ωB97M-D3BJ/def2-TZVP//RI-PBE/RECP-def2-

SVP calculations. Energies ∆G (∆H) in kcal mol
-1

 relative to parent ion.  

Table Captions:  

Table 1: Comparison of selected bond lengths (Å) in the [Ag3(X)2(L)3]
+
 framework, where X = 

H
-
, BH4

-
 or Cl

-
. 

Table 2: Energetics of ligand loss vs. BH3 loss in the BH4
-
 cluster ions [Ag2(BH4)(dpam)2]

+
, 

[Ag3(H)(BH4)(dpam)3]
+
, [Ag3(BH4)2(dpam)3]

+
 and [Ag3(I)(BH4)(dpam)3]

+
 obtained from 

ωB97M-D3BJ/def2-TZVP//RI-PBE/RECP-def2-SVP calculations. Energies ∆G (∆H) in kcal 

mol
-1

 relative to parent ion. 
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