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ABSTRACT:

The bis(diphenylphosphino)methane (L = Ph,PCH,PPh;) ligated silver deuteride nanocluster
dication, [Ag10D8L6]2+, has been synthesised in the condensed phase via the reaction of
bis(diphenylphosphino)methane, silver nitrate and sodium borodeuteride in the methanol:
chloroform (1:1) mixed solvent system. The photoionisation and photofragmentation of this
mass-selected cluster were studied using a linear ion trap coupled to the DESIRS VUV
beamline of the SOLEIL Synchrotron. At 15.5 eV four main products are observed:
[AgioDsLs]*", [AgioDsLal*’, [AgioDsLel’™, [AgoDsLs]*™, and [AgL,]". The later two
products arise from fragmentation of [Ag;oDsLs]’"". An analysis of the yields of these product
ions as a function of the photon energy reveals the onset for the formation of [AgL,]” and
[AgoDsL4]*" is around 2 eV higher than that for ionisation to produce [Ag;oDsLs]*"". The
onset of jonisation energy of [Ag;oDsL¢]*" was determined to be 9.3 + 0.3 eV from a fit of the
yield of the product ion, [AglngL6]3+', as a function of the VUV photon energy. DFT
calculations at the RI-PBE/RECP-def2-SVP level of theory were carried out to search for a
possible structure of the cluster and to estimate its vertical and adiabatic ionisation energies.
The calculated lowest energy structure of the [AglngLé]2+ nanocluster contains a
symmetrical bicapped square antiprism as a silver core in which hydrides are located as a mix
of triangular faces and edges. Four of the bisphosphines bind to the edges of the cluster core
as bidentate ligands, the remaining two bisphosphines bind via a single phosphorus donor
atom to each of the apical silver atoms. The DFT calculated adiabatic ionisation energy for
this structure is 8.54 eV, in satisfactory agreement with experiment.

KEYWORDS: Mass spectrometry. Silver. Cluster. Hydride. Gas-phase. Ionisation. VUV
Synchrotron radiation, DFT structures

RUNNING TITLE: Photoionisation and Photofragmentation of [AnggL6]2+
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INTRODUCTION

Although silver hydride nanoclusters are key intermediates in reactions involving organic
substrates in both the gas [1] and condensed phases [2], they have largely eluded structural
characterization in the gas [3] and condensed phases [4] until recent reports employing
spectroscopic techniques and X-ray crystallography. We have used electrospray ionisation
mass spectrometry (ESI-MS) as a key discovery tool to: (i) examine the types of silver
hydride nanoclusters formed upon the reaction of silver salts, bisphosphine ligands and
sodium borohydride [5]; (ii) probe their gas-phase structure [3a,b] and reactivity [5]; and (iii)
to direct the solution phase synthesis and characterization of these nanoclusters. ESI-MS
provides evidence for the formation of the following silver nanoclusters: [AgsHL3]*",
[AgsClLLs]", [AgsHCILs]", and [Ag10H8L6]2+ (L = bis(diphenylphosphino)methane,
(Ph,P),CH,, dppm). With the exception of the last nanocluster, all of these have been isolated

as salts in the condensed phase and structurally characterised via IR, NMR and X-ray

crystallography.

The [AglngL6]2+ cluster exhibits interesting unimolecular chemistry under conditions of
multistage (MS") low energy collision-induced dissociation (CID). Initially only sequential
losses of a single dppm ligand are observed in the MS® CID spectrum (eq. 1) and the in the
MS?® CID spectrum (eq. 2) [3b]. Isolation of [AglngL4]2+ followed by another stage of CID
leads to a series of even-electron, singly charged ligated silver hydride fragment ions in the in
the MS* spectrum. These arise from fission of the cluster core, with some being
complementary fragment ions arising from direct core fission (e.g. [AgL,]" and [AgoHsL,]",
eq. 3) while others arise from the initial loss of a ligand (e.g. [AgzH,L]" and [Ag;HgLo]", eq.

4). To better understand how the structure of this cluster is related to its chemistry, here we
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present the first use of VUV ion yield spectroscopy [6] to probe the photoionisation and
photofragmentation of [AgioDsLe]*" in the gas phase, while Density Functional Theory (DFT)

was used to characterise its structure.

[AgioHsLe]*" — [AgioHsLs]*" + L (D)
[AgioHsLs]”" — [AgioHsLa”" + L 2)
[AgioHsLal*" — [AgLa]™ + [AgoHsLo]" 3)
— [AgsHoL]" + [AgiHel,]"™ + L 4)
RESULTS AND DISCUSSION

Products formed upon irradiation of [A g10D3L6]2+ by VUV radiation.

ESI-MS of a 50 uM methanol:chloroform (1:1) solution of AgBF4 and dppm at a molar ratio
of 1:1 and 30 minutes after the addition of 5 molar equivalents of sodium borodeuteride
produced the desired cluster, [Ag10D8L6]2+, together with other silver containing cluster
cations as previously reported [3b,5a]. Sodium borodeuteride was used as a source of
isotopically labelled hydride as it allows fragmentation losses attributed to hydride to be
distinguished from those involving the dppm ligand [3b]. Mass selection of only
[AgioDsLe]*" (m/z 1701) in an ion trap followed by irradiation with 15.5 eV VUV radiation
resulted in the mass spectrum shown in Fig. 1. Key product ions observed include:
[AgioDsLs]™", [AgioDsLal*", [AgioDsLel’™, [AgoDsLs]*™, and [AgL,]". The first two ions
arise from photodissociation and are related to the sequential ligand losses observed under
conditions of CID (cf. egs. 1 and 2) [3b]. The remaining three ions appear to be related by

photoionisation (eq. 5 and 6). The unusual peak shapes observed for [AgioDsLe]’" and
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[AgoDgL4]*" are caused by ion fragmentation upon ejection from the ion trap and detection,

and are thus consistent with these ions being “fragile” and undergoing metastable

fragmentation [7]. Indeed, CID of [Agi¢DsLe]’" (Supplementary Fig. S1) confirms that

[AgoDgLy]*" and [AgL,]" arise from fragmentation of [Ag;oDsLe]’™ (eq. 6). This type of

asymmetric fragmentation has been observed for the silver hydride dication, [Ag oHsLa]*",

[3b,8] and well as for multiply charged bare metal silver and gold cluster cations [9].
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Figure 1. LTQ ESI-MS? of the mass selected silver cluster dication, [Ag1ngL6]2+ irradiated
at 15.5 eV for a period of 200 ms. The inset shows an expansion of the photoionisation and
photofragmentation products.
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Product ion yields as a function of the irradiation energy.

We next examined the yields of these product ions as a function of the photon energy used
(Fig. 2). The following conclusions can be drawn from this data: (i) the relative yields of all
product ions are photon energy-dependent; (ii) [AnggL5]2+ is formed at low energies via
ligand loss (Fig. 2a); (iii) the onset for the formation of [AgL,]" and [AgngL4]2+' is between
1 - 2 eV higher than that for ionisation to produce [Ag10D8L6]3+' (Fig. 2b). If fragmentation
via eq. 6 is exothermic, then the difference in onset would be due to the presence of a reverse
Couloumb barrier [10]. In contrast, if fragmentation via eq. 6 is endothermic, then the
difference in onset would be due to a threshold for fragmentation. Note that the very similar
curves for the [AgoDsLs]*™ and [AgL,]" yields suggest that whatever the nature of the
reaction, these two ions originate from the same precursor and are formed together via an
unimolecular process, which is also consistent with the CID spectrum of [AgoDsL¢]>™

(Supplementary Fig. S1).

(a (b)
10—
{| —=—I[Ag, DL J*" o0 —=—[Ag,,D,LJ>"
9 - -00 4 "
1 [AngaLs]z [A99D8L4]2
R [Ag, D LI Il ——[AgL))"
E ] [AgeD,L I E M
= 7 + 0.75-
3 ——[AgL,] g
<61 <
T 91 k3]
8 1 8 0.504 '/
@ 4 2
s o v {
O 3 O
g 2
E ) % 0.254 /
¢ | 12
1 1
| =
0 0.00 f;*v""""x
1 T T T T T T T 1
16 8 10 12 14

hv / eV

Figure 2. (a) LTQ ESI-MS/MS yields of the product ions, [AglngL5]2+, [Ag10D8L4]2+,
[Ag10D8L6]3+', [Ag9D8L4]2+', and [AgL,]” formed from irradiation of [Ag10D8L6]2+ for a
period of 200 ms as a function of the VUV irradiation energy, which was varied from 8§ to

16
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15.5 eV, (b) expansion of the y axis to show the difference in the onset of ionisation versus
formation of [AgL,]" and [AgeDsL4]*".

Determination of the onset for ionisation of [A g10D3L6]2 ’,

Since the ionisation energy of coinage metal nanoclusters has been related to their structures
[11], the onset for ionisation of [AnggL6]2+ was determined from a linear fit of the yield of
the product ion, [Ag10D8L6]3+', as a function of the VUV energy used. The photoionisation
curve displays two slopes (Supplementary Fig. S2). The onset of ionisation obtained from the
intercept of the linear fit of the lower energy slope is 9.3 = 0.3 eV, while that of the second
slope is 10.6 eV.

The presence of two slopes associated with ionisation may be explained by the removal of
electrons from different orbitals, the first slope arising from removal of an electron from the
HOMO orbital and the second one from removal of electron(s) localised deeper in the
valence shell, as has been noted for ionisation of lithium clusters [13]. One cannot exclude
other contributions such as thermal effects or the possibility of the presence of more than one

structural isomer of the cluster.

DFT calculations relating the ionisation energy of [Ang,ngz+ to its structure.

The experimentally determined onset of ionisation of [AgioDsLs]*" provides an opportunity
to test potential structures of [AglngL6]2+ determined via DFT calculation using the hydride
ligated, [AgioHgLe]*" cluster. The large number of atoms (172 heavy atoms, 140 hydrogen
atoms) in the [Ag;oHsLe]*" cluster, coupled with the challenge of sampling the wide range of
isomeric structures associated with different geometries of the silver core, placement of the
hydride and bisphosphine ligands, and the conformational space associated with the
bisphosphine ligands represent a formidable challenge for theory. Therefore we turned to

inspiration from known geometries of related clusters containing 10 or more heavy atoms in
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the cluster core. Based on the related closo-borane dianion, [BoH;o]* [15] and zintyl cluster
ions [16], which are known to have compact structures related to idealised platonic solids in
which the heavy atoms are located at vertices, we have used two Johnson solids [17], the
elongated square bipyramid (Johnson solid Ji5) and the bicapped square antiprism (J7),
which contain 10 vertices as a starting guess for the location of the silver atoms. The hydrides
were then placed at faces of these structures, thus each binding to three silver atoms as a p3
ligand. The 6 bisphosphine ligands were then placed such that 4 of the ligands were bound as
bidentate ligands bridging two different silver atoms, while the remaining two were bound
through only 1 phosphine site to the apical silver atoms (Fig. 3b). The resulting structures
were then fully optimised without any symmetry constraints employing DFT method at the
RI-PBE/RECP-def2-SVP level of theory [19-23] using the Turbomole [18] program. The
level of the theory is a compromise between accuracy and the computational time required
for full geometry optimizations. The structure with J;7 core has the lowest energy while the
system with the J;5 core transforms during geometry optimization into the lowest energy

structure with J;7 core.
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Figure 3. RI-PBE/RECP-def2-SVP optimised structure of the isomer I of [Ag10H8L6]2+. (a)
Bicapped square antiprism (J17) silver cluster core. (b) Part of the fully optimised system
showing the core, hydrides and “first shell” of dppm ligands. The phenyl ring and H atoms of
dppm ligand have been omitted. (c) Structure of fully optimised system. Grey, orange, white
and green colours label silver, phosphorus, hydrogen and carbon atoms.

The lowest energy structure, isomer I (Fig. 3), contains a symmetric bicapped square
antiprism structure as a core (Fig. 3a). In the structure containing the core, hydrides and “first
shell” of dppm shown in Fig. 3b the core remains unchanged. The hydrides have two
different coordination modes; 4 p, hydride ligands: and 4 p3; hydride ligands. Isomer II,
which is 0.27 eV higher in energy, contains a non-symmetric distorted bicapped square
antiprism as its core (Supplementary Fig. S3a). For isomer III, which is 0.91 eV higher in

energy than isomer I, the silver core consists of two distorted trigonal bipyramids, with an
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apical silver atom of one bipyramid bridging an apical and an equatorial silver atom of the
other bipyramid (Supplementary Fig. S3b).

Although there is no guarantee that we have found the most stable structure of the cluster, the
calculated vertical ionisation energy for isomer I is 8.7 eV. The HOMO of the cluster is
delocalised over the cluster core. (Supplementary Fig. S4) According to the Mulliken
analysis, the positive charge is localised at silver-phosphorus atoms located at the top of
bicapped square antiprism (Supplementary Fig. S5). The geometry optimization of
[AgioHsLe]” ™ led to the structure presented in Supplementary Fig. S5 in which the silver core
together with the neighbouring atoms are closely related to the structure for dication.
Moreover, the HOMO of trication is also delocalised over the cluster core, while the third
positive charge is delocalised on phenyl rings. Consequently, the calculated adiabatic
ionisation energy IE, is 8.54 eV, which is only ~0.2 eV lower than vertical ionisation energy,
in satisfactory agreement with experimentally determined ionisation energy. These ionisation
energies are significantly lower than the 2" and 3" ionisation energies of bare silver cluster
cations [12], which are in the 19 - 20.2 eV range for Ag,”” (x =17, 21, 29 and 43) [12a]. This

highlights the role of the hydride and dppm ligands in lowering the ionisation energy.

EXPERIMENTAL

Materials: Chemicals from the following suppliers were used without further purification: (i)
Aldrich: bis(diphenylphosphino)methane (dppm, L) (97 %), silver(I) tetrafluoroborate
(AgBF4) (98 %), sodium borodeuteride (NaBDy4) (98 % D, 90 % CP); (ii) Sigma: methanol
(AR grade for synthesis and HPLC grade for ESI-MS" experiments), acetronitrile (HPLC

grade).

Page 10 of 18



Page 11 of 18

Physical Chemistry Chemical Physics

Synthesis of [Ag1DsL ¢°*: The [Ag1oDsLe]*" was prepared as previously reported [3b,5a].

Mass spectrometry: Mass spectrometry experiments were conducted on a Finnigan LTQ
linear ion trap mass spectrometer that has been coupled to the DESIRS beamline of the
SOLEIL synchrotron [14]. This undulator beamline produced a high flux of photon (typically
in the 10'%-10" ph/sec/0.1% bandwidth), tunable over the whole VUV range (5-40 eV) with a
high spectral purity, ie with no high harmonics of the undulator that could be transmitted by
the gratings’ high orders, and which are very efficiently cut-off by a gas filter. This is a
crucial issue in the context of the mass spectrometry experiments. All photon-energy spectra
have been normalised to the incident photon flux owing to a dedicated photodiode (IRD
AXUV100). The condensed phase silver cluster samples were typically diluted in methanol
to silver concentrations of 50 uM and injected at a flow rate 5 pL.min"' into the Finnigan ESI
source. ESI source conditions typically involved needle potentials of 3.2 — 4.8 kV to give a
stable source current of ca. 0.5 pA and a nitrogen sheath gas pressure of 5 arbitrary units. The
ion transfer capillary temperature was set to 250°C. The tube lens voltage and capillary
voltage were both set to ca. 10.0 V. Unimolecular fragmentation studies involved the cation
of interest to be mass selected in the linear ion trap (LIT) by a range of 10 — 20 m/z units

centered at ca. the middle of the isotopic cluster and subsequently analyzed by CID.

DFT calculations: The Turbomole [18] program was used with the PBE RI functional
[19,20] and the RECP basis set for silver atoms [21] and the SVP basis set for all other atoms
[22] to fully optimise the cluster and to determine its vertical and adiabatic ionisation energy.
The latter was determined by fully optimising the [AgioHsLe]*™" cluster using the optimised

structure of [Ag10H8L6]2+ cluster as the starting geometry.

10
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CONCLUSIONS

This is the first report to have used VUV radiation to examine the ionisation and
fragmentation of the ligated silver deuteride nanocluster cation, [Ag;oDsLs]*". The ionisation
of [AglngL6]2+, monitored by the yield of the product ion, [Ag10D8L6]3 ™ as a function of the
VUV energy, required a two curve linear fit. The experimentally determined ionisation
energy of [Ag10D8L6]2+ is 9.3 + 0.3 V. This 3" ionisation energy is considerably lower than
the 2" and 3™ ionisation energies of bare silver cluster cations, highlighting the key role of
the ligands in stabilising the charge. It will be interesting to systematically examine the role
of cluster stoichiometry on the ionisation energy of other ligated silver hydride cluster
cations.

The DFT calculated adiabatic ionisation of [Ag;oHsLs]*" was determined to be 8.54 eV, in
satisfactory agreement with the experimentally determined value. Moreover, the DFT
calculated structure of [AgiHsLe]*" is consistent with the following experimental
observations:

(1) the [AgioHgLe]*" fragments via sequential loss of two dppm ligands under CID conditions
in the gas phase (eq 1). The two ligands lost are likely to be those that only bind via one
phosphine group to a single Ag atom of the cluster.

(2) [AgioHsLg]*" is only stable for less than a day in the condensed phase, which may be due
to the potential for these free phosphorus donor sites to bind to silver(I) ions or nanoclusters
of various nuclearity due to dynamic processes such as Ostwald ripening and agglomeration.
Finally, the coupling of a commercial linear ion trap mass spectrometer with electrospray
ionization with VUV radiation from a synchrotron source provides an unique instrument to
examine the photoionisation and photofragmentation reactions of metal nanoclusters. It adds

to the arsenal of techniques available to examine the fundamental properties and reactions of

metal nanoclusters.

11
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The VUV photoionisation and photofragmentation of a mass-selected, ligated silver deuteride
nanocluster was studied in a linear ion trap.
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