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When the bis(diphenylphosphino)methane (dppm) ligated silver hydride nanocluster salt [Ags(L)s(t3-
H)](BF4); is allowed to react with NaBH,4 in a methanol/chloroform solution for 5 mins., and then diluted
with acetonitrile and subjected to electrospray ionization mass spectrometry (ESI/MS), a range of silver
hydride nanocluster dications are observed including: [AgsHeLs 2 and [AgxHx_2Ls]**, where x=9-15 and
L=dppm. All of these clusters are no longer present in the ESI mass spectrum at 40 mins after mixing. Mul-

gleyvtvords.' tistage mass spectrometry (MS") experiments were carried out to determine the fragmentation chemistry
Mizsr;);epgz)metry of [Ag10HsLs|** under conditions of collision-induced dissociation (CID). The initial CID reactions involve
Gas-phase sequential loss of two ligands (L) to produce [AgioHsLs]?*. Further isolation and CID of [AgioHsL4]?*

resulted in a rich series of product ions which arise from three classes of fragmentation reactions: (i)
cluster fission to yield complementary ion pairs [Agio_xHs-(x-1)La—y] * and [AgxHx_1Ly]* (x=1, 2 and 4);
(ii) ligand loss associated with cluster fission to yield pairs of singly charged clusters [Ag1o_xHg-(x—1)La—y]"
and [AgxHx_1Ly_1]" (x=1-4); (iii) ligand loss with concomitant loss of all the hydrides, presumably as four
molecules of hydrogen to give the ligated silver cluster, [Ag1oL3]?*. The subsequent fragmentation reac-
tions of the product ions were also examined. Most of the singly charged ligated silver hydride clusters
fragment to form [AgxHx_1Ly]*. The exceptions are [AgoHgL,]* and [Ag7HgsL,]" which, upon ligand loss
also release all of the hydrides to form the ligated silver clusters, [AgoL]* and [Ag;L]|* respectively. DFT
calculations were carried out to examine how the cluster geometry changes for the following processes:
[AgmHgLs ]2+ — [Ag1ngL4 ]2+ +2L — [Ag1ngL3 ]2+ +L— [Ag10L3 ]2+ +4H,. Losses of 2L from [Ag10H3L5]2+
and L from [AgioHsLs]?* were calculated to be endothermic by 2.9 and 1.9eV respectively, but the
subsequent loss of 4H; from [AgioHsL3]%* is exothermic by 0.2 eV.

© 2016 Elsevier B.V. All rights reserved.

Ligated silver hydride nanoclusters

1. Introduction has been studied for over 6 decades [1]. Arich series of products are
formed including metal borohydrides [2-4], metal hydrides [5-7],
mixed metal hydride-borohydrides [8] and reduced metal species
[9-14]. These products can span multiple length scales ranging
from discrete mononuclear compounds [2-4] through to ligand
capped nanoclusters [5-11], nanoparticles, and colloids capped
with various species [12-14]. There is growing evidence that lig-

and capped nanoclusters can act as precursors to nanoparticles and

The chemistry of alkali metal borohydrides reacting with
coinage metal salts in the presence of ligands or other additives
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colloids [5,15]. In many instances electrospray ionization (ESI) and
matrix assisted laser desorption ionization (MALDI) have been used
to establish the molecular formulas and polydispersity of these
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products [16,17].In the case of bisphosphine capped gold nanoclus-
ters, mechanisms for the condensed-phase growth of these clusters
have been proposed by Hudgens et al. using a combination of
ESI/MS and UV/vis spectroscopy [18]. Tandem mass spectrometry
approaches have been used to examine the fundamental gas-phase
chemistry of these coinage metal nanoclusters [19,20].

The nature of the product(s) formed and their polydisper-
sity are influenced by a range of factors including the nature
of coinage metal salt, borohydride and ligand(s) used, the sol-
vent, the temperature and the reaction time. For example, ESI/MS
monitoring of the reaction of NaBH, of gold salts in the pres-
ence of the bis(diphenylphosphino)methane (dppm) ligand, L, gave
rise to gold nanoclusters with the stoichiometry: [AusLz(L-H)]?*,
[AugLs P, [AugLs ", [AuioLs]?*, [Aupi Ls 1", [AupqLe I?*, [AugsLe P
and [Au4Lg(L-H)]3* [20c]. In contrast, ESI/MS of solutions of NaBH,4
of silver salts in the presence of the dppm ligand reveals the
formation of silver hydride nanoclusters with the stoichiometry:
[Ag3(H)(CI)L3]* [6e]; [Ags(H)(BH4)L3]" [8]; [Ags(H)L3]** [6f] and
[AgioHgLg]?* [6e]. Clusters with the same stoichiometries were
formed when the bis(dimethylphosphino)methane (dmpm) lig-
and was used instead, except for [AgioHgLs]?* which was not
observed [19b]. In the case of the dppm ligand, variations in
the solution phase conditions allowed the isolation and struc-
tural characterization via X-ray crystallography of the following
salts: [Ag3(L)3(pe3-H)(u3-C)]BFy [6e]; [Ag3(L)3(13-H)](BF4), [6f]
and [Ag3(L)3(u3-H)(u3-BHg)]BF, [8]. Although we have not suc-
cessfully isolated salts of [Ag;oHgLg]2* for structure determination
using X-ray crystallography, we recently reported on experiments
and DFT calculations of its gas-phase ionization energy, which
allowed us to suggest a likely structure [19c].

Here we use: (i) ESI experiments to examine the types of
cluster ions formed from when NaBHy is added to the [Ag3(L)3(u3-
BH4)]|(BF4), salt; (ii) MS™ experiments to probe the gas phase
fragmentation chemistry of ligated silver hydride cluster cations,
particularly [AgioHgLg]** (where L=dppm) and its subsequent
fragment ions to establish whether the coordinated hydride lig-
ands remain bound to the silver clusters or whether they are lost
as molecular hydrogen. DFT calculations were used to examine the
energetics and structural changes associated with the formation of
[Ag10L3]?* from [Ag;oHsLs|*".

2. Methods
2.1. Experimental

The following suppliers were used to purchase chemicals,
which were used without further purification: (i) Aldrich:
bis(diphenylphosphino)methane (dppm, L) (97%), sodium
borodeuteride (98%), silver tetrafluoroborate (98%), (ii) Chemsup-
ply: silver nitrate (99%), (iii) Ajax Finechem: sodium borohydride
(97%), (iv) Merck: chloroform and methanol (AR grade for synthesis
and HPLC grade for ESI/MS" experiments), (v) Burdick & Jackson:
acetonitrile (HPLC grade).

2.1.1. Cluster synthesis

Silver hydride nanoclusters were synthesized by dissolving
16.5mg (10 pmol) of the silver hydride nanocluster [Ags(us-
H)(dppm)3] (BF4); in 20mL of solvent (acetonitrile or a 1:1
methanol:chloroform mixture), followed by addition of NaBH4
(3.6mg, 100 wmol). The solution was then stirred for ca.
5min and the sample was diluted in acetonitrile or a 1:1
methanol:chloroform mixture to 50 WM prior to analysis by ESI/MS.
Upon addition of sodium borohydride the solution changed from
colourless to light orange over 40 min. In order to determine the
source of hydride in the clusters, the same procedure was followed,

but by replacing sodium borohydride with sodium borodeuteride
(4.2 mg, 100 pmol).

2.1.2. Mass spectrometry

Solutions containing silver hydride nanoclusters were injected
at a sample flow rate of 5 WL min~! into the Finnigan ESI source of
a LTQ FT Hybrid Linear Ion Trap (LIT) Mass Spectrometer (Thermo,
Bremen, Germany) described in detail elsewhere [21]. Typical elec-
trospray source conditions involved needle potentials of 3.6-4.8 kV
with the capillary temperature set at ca. 250 °C. The tube lens volt-
age was set to 20.0V, and the capillary voltage was set to 10.0 V. For
the unimolecular reactions, the silver cluster cation of interest were
mass selected with a window of 15m/z units and then subjected
to CID under multi collision conditions using the helium bath gas
as the collision gas, and where a normalized collision energy was
selected to deplete the parent ion to a relative abundance gener-
ally less than 20% for an activation Q of 0.25 and activation time of
30 ms. The scan mass range set between the low m/z cut-off for an
ion trap and m/z 2000. For high-resolution mass analysis, the silver
cluster cations were transferred to the FT-ICR cell (<1.5 x 10~° Torr)
via the ion optics transfer region (~2 x 10~ Torr). Since all isotopo-
logues are isolated during the mass selection process, confirmation
of the assignment of the products ions formed during the CID steps
was carried out by an analysis of both their isotope envelopes and
exact masses, as carried using the Thermo Scientific™ Xcalibur™
software.

2.2. Computational

The Turbomole [22] program was used with the Perdew-Burke-
Ernzerhof (PBE) RI functional [23,24]| and 19-electron relativistic
effective core potential (19e-RECP) basis set for silver atoms [25] in
combination with the split-valence-plus-polarization (SVP) atomic
basis set for all other atoms [26] to fully optimize structures of
silver hydride nanocluster dications [AgioHgLy]** (y=3, 4 and 6)
and the silver nanocluster dication [Ag1oL3 ]** to determine relative
energies for removal of ligands and hydrogen atoms. All struc-
tures presented were fully optimized using gradient minimization
techniques and stationary points were characterized as minima by
calculating the vibrational frequencies. The structural search has
been carried out taking advantage of structural properties obtained
for fully ligand protected complex [Ag1oHsLg]2* [19¢] by removing
subsequently ligands which induced changes in the structures of
the silver cores. Consequently, an extensive search for structural
changes within the cores of ligated complexes has been carried
out. Similar procedures have been employed for the search of the
structures after removal of hydrogen atoms.

3. Results & discussion

3.1. The crucial role of the silver precursor in forming silver
hydride nanocluster dications [AgxHy_>Ly J**

As noted in the introduction, we have previously observed that
ESI/MS of solutions of NaBH,4 of silver salts in the presence of the
dppm ligand results in the formation of silver hydride nanoclusters
with the stoichiometry: [Ag3(H)(Cl)L3|" [6e]; [Ag3(H)(BH4)L3]* [8];
[Ags(H)L3]%* [6f] and [AgioHgLg]?* [6e]. The relative abundances of
these ions depend on a number of factors including the solvent sys-
tem, and the relative stoichiometries of the silver salt, ligand and
NaBHj4. Fig. 1a shows optimal solution phase conditions to maxi-
mize the signal of [Ag19HgLs]%*. In order to find the optimal solution
phase conditions to isolate the [Ags(L)s(u3-BH4)](BF4), salt, we
previously tried several other solvents systems and discovered
that by switching from methanol:chloroform (1:1 v/v) to pure ace-
tonitrile, we were able to generate bulk [Ag3(L)3(u3-BHg)](BF4),
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