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ABSTRACT

Gold is the most inert metal and does not form a bulk hydride. However, gold becomes chemically active in the nanometer scale and gold
nanoparticles have been found to exhibit important catalytic properties. Here, we report the synthesis and characterization of a highly sta-
ble ligand-protected gold hydride nanocluster, [Aus;Hs(dppee);]’* [dppee = bis(2-diphenylphosphino) ethyl ether]. A synthetic method is
developed to obtain high purity samples of the gold trihydride nanocluster with good yields. The properties of the new hydride cluster are char-
acterized with different experimental techniques, as well as theoretical calculations. Solid samples of [Auz; H3 (dppee)7]3+ are found to be stable
under ambient conditions. Both experimental evidence and theoretical evidence suggest that the AuxHj core of the [Auy,Hs(dppee);]**
hydride nanocluster consists of two Aui; units bonded via two triangular faces, creating six uncoordinated Au sites at the interface. The three
H atoms bridge the six uncoordinated Au atoms at the interface. The Au;; unit behaves as an eight-electron trivalent superatom, forming a
superatom triple bond (Auy; = Auyy) in the [Au22H3(dppee)7]3+ trihydride nanocluster assisted by the three bridging H atoms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056958

. INTRODUCTION

The discovery of catalytic effects by gold nanoparticles'” has
stimulated significant research interest into the structures and prop-
erties of gaseous size-selected gold clusters.”” These clusters with
well-defined size and structures can serve as ideal models to eluci-
date the catalytic mechanisms of gold nanoparticles.* '’ One partic-
ularly interesting gold cluster is the tetrahedral Auyo, which is found
to possess a highly symmetric pyramidal structure with all atoms
on the cluster surface.'' The pyramidal structure of Auyo has been
confirmed by various experimental techniques,'>"'° and it has been
shown to exhibit interesting chemical and optical properties.'” !
The Auyy pyramid would be an ideal model catalyst with its well-
defined surface sites. To harness the myriad of novel properties of
the Auy pyramid, it would be desirable to synthesize it in bulk
quantities. The four corner sites of Auy provide good sites for lig-
and coordination and protection, while the uncoordinated edge and
face-center atoms would still be available as in situ catalytic active
sites.?%!

Phosphine ligands were computationally shown to be able to
coordinate to the corner sites of Auyy while maintaining the tetra-
hedral structure, which was observed in solution using electrospray

ionization (ESI) mass spectrometry in an early synthetic attempt.”’
In order to increase the synthetic yield and find the optimal ligand
for the Auy pyramid, we investigated diphenyl ligands with differ-
ent chain lengths, PPh,—(CH;)y-PPh, (LM for short), and indeed
observed size-selectivity for different gold clusters (Au,, n < 12)
for M = 1-6.”> Subsequently, we found that the L* ligand yielded
a Auy, cluster protected by six ligands. A single crystal structure
was obtained for the new Auzz(Ls)s cluster, which was found to
contain two Auj; units bonded by a square face from each Auy;.””
Most interestingly, the eight Au atoms at the interface of the two
Auj; units in Auzz(L8)6 were uncoordinated and could be used as
in situ catalytic sites. Using a bis(2-diphenylphosphino)ethyl ether
[dppee, Fig. 1(a)] ligand, we were able to synthesize another novel
Auy; cluster, Auzz(dppee), showing polymorphism of diphosphine-
protected gold nanoclusters.” Even though we were not able to
obtain the crystal structure of this new Aux(dppee); cluster, we
showed that it contained a Auj; unit on the bases of its ultravio-
let and visible (UV-Vis) absorption spectrum and collision-induced
dissociation (CID) experiments.

The Aupn(L®)s cluster represents the first atom-precise gold
nanocluster with uncoordinated surface sites, which have been
demonstrated to provide excellent in situ active sites for CO
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FIG. 1. Characterization of the [Aug,Hs(dppee);]*+ hydride nanocluster. (a) The
structure of the dppee ligand. (b) ESI mass spectra of [AugHs(dppee);I*+ and
[AugD3(dppee);]**; the insets show the experimental and simulated isotopic
distributions. The minor peaks denoted by * and " are [AugH,(dppee);]** and
[AugD;(dppee);]*+, respectively. (c) The 'H-NMR spectrum of [AugHs
(dppee)7]**; the inset shows the enlarged signal in the Au-H region.

oxidation.””?” More interestingly, the Auxn(L®)s nanocluster was
computationally found to display excellent hydrogen absorption
properties for the H, evolution reaction because it can bind up to
six hydrogen atoms at near zero adsorption free energies at ambi-
ent conditions.”® In our effort to study the reactivity of Aug(L¥s
with H, we recently discovered that the as-synthesized sample was,
in fact, in the form of a tetrahydride, [AuzHa(L%)6]*", which lost its
hydrogens during the slow crystallization process.”” Extensive inves-
tigations uncovered its hydrogen loss mechanisms and showed that
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the [AuzHa(L®)6]** hydride nanocluster can be a versatile model
catalyst for understanding reaction mechanisms involving hydrogen
on the surfaces of gold nanoparticles.

Gold is the most inert metal and does not form a bulk hydride
even under extreme conditions,’”’! even though small gold clus-
ters are known to react with H, to form hydride clusters.”” *
There is also evidence of surface gold hydride formation.’**’
Atom-precise gold nanoclusters protected by ligands have expe-
rienced a tremendous development over the past decade.”’*® A
phosphine-protected gold cluster, [Auo(PPh3)s]*", was observed to
react with NaBH,4 to give a metastable [AugH(PPh3)8]ZJr monohy-
dride cluster,” which was investigated by nuclear magnetic res-
onance (NMR) spectroscopy and electronic spectroscopy.”’ Some
H-containing small phosphine-gold clusters have been observed in
ESI mass spectra as intermediates during gold cluster syntheses.”'~>*
A stable [AuyoH3 (PPh3)12]3+ hydride cluster has also recently been
reported.”® Our previous Auy,(dppee); nanocluster was observed
in ESI mass spectra as a protonated [Auy,Hs(dppee);]** species.”!
The protonation was thought, at the time, to have taken place
during the ESI process from the acidic acid that was commonly
added to the ESI solution to assist ion formation. In light of our
recent discovery of the [AupnHi (L] tetrahydride gold nanoclus-
ter,”” we revisited the Au,,(dppee); nanocluster, which was syn-
thesized by using NaBHjy as the reducing agent. When we used
NaBDjy as the reducing agent, we observed [Au22D3(dppee)7]3+ in
the ESI mass spectra, suggesting that the [Au22H3(dppee)7]3+ tri-
hydride nanocluster was, in fact, the as-synthesized product rather
than that formed during the ESI process. More importantly, we
have found that the [Au22H3(dppee)7]3 * trihydride nanocluster
is much more stable than the [AusnHa(L3)6]*" tetrahydride gold
nanocluster.”’

In this article, we report the synthesis, purification, and charac-
terization of the new [Auy H3(dppee)7]3+ gold trihydride nanoclus-
ter. Even though we have not been able to obtain the single crystal
structure of [AuxHs (dppee)7]3+, we have deduced, using a variety
of experimental and theoretical methods, that the Auy, core consists
of two Auy; units bonded together via two triangular faces with the
three H atoms bridging the six uncoordinated Au atoms at the inter-
face. Chemical bonding analyses reveal that the Auy, core consists
of a Auy; = Auy; superatom-superatom triple bond assisted by the
three bridging H atoms. The [AuxHs(dppee);]1** trihydride nan-
ocluster can be easily prepared with a reasonable yield and is stable in
the solid state at ambient conditions, opening up new opportunities
to explore its catalytic properties.

1. EXPERIMENTAL AND THEORETICAL METHODS
A. Chemicals

The chemicals used in the current work included chloro
(dimethylsulfide)gold(I) [ClAuS(CHs3),, Sigma-Aldrich], bis(2-
diphenylphosphino)ethyl ether (dppee, Strem), sodium borohydride
(NaBHy4, Sigma-Aldrich), sodium borodeuteride (NaBDy, Sigma-
Aldrich), methylene chloride (CH»Cl,, Fisher Scientific), ethanol
(C,H50H, Sigma-Aldrich), ethanol-OD (C,H5O0D, Sigma-Aldrich),
ethyl acetate (CH3CO,C,Hs, Fisher Scientific), and methanol
(CH3OH, Fisher Scientific). All these chemicals were used directly
as received.
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B. Experimental characterization methods

UV-Vis absorption spectra were measured at room tempera-
ture on a Varian Cary 50 Bio spectrometer with a spectral range
between 300 and 800 nm. The 'H, *H, *'P-NMR spectra were
obtained on a 600 MHz Bruker Ultrashield spectrometer using
CD,Cl, as the solvent at 298 K unless further noted. Chemical shifts
(8) are reported in ppm and referenced to internal solvent reso-
nances for 'H and 2H-NMR and external 85% H3PO, for >!P-NMR.
Fourier-transform infrared (FTIR) spectra were acquired at 298 K
on a Bruker Tensor 27 FTIR spectrometer with a spectral range
from 400 to 4000 cm™'. ESI mass spectra and CID spectra were
measured on an Agilent 6530 Accurate Mass Q-TOF LC-MS system
(with Agilent 1260 HPLC) and recorded at a rate of 1 spectrum s "
The CH,Cl, solution of the sample (~1.0 mg ml_l) was introduced
into the system at a flow rate of 200 yl min~"'. The mobile phase
was made of acetonitrile/water (50/50). The ESI source temperature
was 130 °C. The fragmentor voltage was set at 50 V, the skimmer
was set at 65 V, and the capillary voltage was set at +3500 V. The
observed species in the ESI mass spectra were assigned by comparing
the experimental and simulated isotopic distributions.

C. The syntheses of Au,(dppee)Cl,
and [Auz,;Hs(dppee); I**

The general synthetic procedure is similar to our previous
report’* with some minor modifications. The reactions were carried
out at ambient conditions in air. A 50 ml Schlenk flask was filled
with 221 mg (0.50 mmol) of dppee dissolved in 2.5 ml anhydrous
dichloromethane. Upon stirring, the dppee solution was quickly
added with 294 mg (1.00 mmol) of ClAuS(CH3), dissolved in
11.5 ml anhydrous dichloromethane. The reaction was carried out
at room temperature under dark for 48 h. After the removal of
all solvents, the obtained white solid Au,(dppee)Cl, was washed
with pentane, dried under vacuum, and further characterized by
'H and *'P-NMR spectroscopy (Figs. S1 and S2). A sample of
102 mg solid Au,(dppee)Cl, was further dissolved in 85 ml CH,Cl,
and the solution was transferred into a 200 ml Schlenk flask. After
stirring the solution for over 15 min at room temperature, 3.5 ml
ethanol solution of sodium borohydride (4.1 mg/ml) was quickly
added into the system. The reaction was stirred for 20 h under
dark at room temperature. Then, the reaction solution was dried
and the remained dark brown solid was sequentially extracted with
2 x 10 ml CH,Cl, and 1 ml methanol. The extracted compounds
were combined, dried, and purified by silica-gel column chromatog-
raphy (CH,Cly/ethyl acetate/methanol = 8/2/3). Finally, a sample of
20.5 mg [AuxnH3 (dppee)7]3Jr hydride nanocluster was obtained with
a purity of >95%. If all counter anions were assumed to be chlo-
ride, the yield of [Auzsz(dppee)ﬂ3 * was calculated to be 27% on
the basis of the Au atoms.

D. Theoretical methods

Geometric optimizations and vibrational frequency calcula-
tions for all models of [Aux,Hs(dppee);]*" were performed using
density functional theory (DFT) with the generalized gradient
approximation (GGA)-type BPBE functional™® and the 6-31G(d)
basis set for C, H, P, and the LANL2DZ scalar relativistic pseu-
dopotential basis set for Au. The phenyl rings on the dppee
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ligands were replaced by hydrogen to simplify the calculations.
Linear-response time-dependent (TD-DFT) calculations were per-
formed for the relaxed structures at the PBE0/6-31G(d)/LANL2DZ
levels,”” focusing on the first 600 singlet transitions. Orbital com-
position analyses were done using the Multiwfn 3.7 software,’® and
the chemical bonding analysis was done using the Adaptive Natu-
ral Density Partitioning (AdNDP) approach.”” All calculations were
carried out using the Gaussian 09 software package.®’

Ill. RESULTS AND DISCUSSION

A. Characterization of the [AuzzH_v,(dppee)7]3+ hydride
nanocluster

The [Auzsz(dppee)ﬂ3 * cluster was synthesized by reacting
NaBH, with the Auy(dppee)Cl, precursor, as described in Sec. 1.
After purification, the final product showed a distinct peak in the
ESI mass spectrum [Fig. 1(b)] due to [Au22H3(dppee)7]3+. To con-
firm that the three hydrogen atoms on [Au22H3(dppee)7]3 * are part
of the as-synthesized product and not coming from the ESI pro-
cess, we used NaBD, instead of NaBH, to do the same reaction
and obtained [Au22D3(dppee)7]3+ [Fig. 1(b)]. More importantly, the
hydride was confirmed by 'H-NMR, as shown in Fig. 1(c), where
a small peak was observed at ~15 ppm. The ratio of the integrated
area for this hydride peak to that of the 140 aromatic H atoms
on the seven dppee ligands (in the range of ~6.5-8 ppm) is 3:140.
This observation was also corroborated by the “H-NMR spectrum of
[Aux,Ds (dppee)y]SJr (Fig. S3). These observed chemical shifts indi-
cate that the three hydrogen atoms are directly bonded to Au, sim-
ilar to those observed in the two previous gold hydride nanoclus-
ters, ~15.1 ppm in the [AugH(PPh;)s]** monohydride cluster*’ and
~15.5 ppm in the [AuxnHy(L?)6]** tetrahydride cluster.”

We have obtained highly pure [Auy;Hs(dppee);]** nanoclus-
ter samples using column separation [Fig. 1(b)]. The high purity
sample is stable in the solid state at room temperature: no decom-
position was observed in the ESI mass spectrum for the sample
stored for two months under ambient conditions (Fig. 2). We also
found that the [Au22H3(dppee)7]3+ nanocluster is not sensitive to
light or alcohol, different from the [AuzzHa(L¥)6]** nanocluster?

[Au,,H,I**
- fresh sample
3
T
>
‘@
C
2L
c -
= [Au,,H,JI°

in solid for 2 months
T T T T
0 1000 2000 3000 4000 5000

m/z

FIG. 2. ESI mass spectra of the [Au,Hs(dppee);]**+ cluster stored in the solid form
under ambient conditions after two months, showing no decomposition for the high
purity nanohydride sample (bottom), compared to the fresh sample (top).
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or small gold hydride intermediates reported previously.”’ When
[AuxHj3 (dppee)7]3+ was dissolved in dichloromethane at room tem-
perature, detectable decompositions were observed in the ESI mass
spectrum after nine days, as shown in Fig. S4. However, the decom-
position was relatively minor and almost negligible in the UV-Vis
absorption spectrum (Fig. S5).

The [AuxHj (dppee)7]3Jr trihydride nanocluster is found to be
much more stable than the [Au22H4(L8)5]2+ tetrahydride nanoclus-
ter. The [AusHy(L3)6]*" cluster was shown to lose its H atoms
slowly through three pathways: H evolution (H;), proton (H"), and
hydride (H™) releases.”” However, [Au22H3(dpp€€)7]3+ was only
observed to lose one proton during ESI, giving rise to a very weak
[Auzsz(dppee)7]2+ signal in the mass spectra [Fig. 1(b) and Fig.
S6]. When [AuzzHg(dppee)ﬂ3+ was heated in a dichloromethane
solution, no H, signal was detected using 'H-NMR below 75 °C,
as shown in Fig. 3(a). The H, "H-NMR signal observed at 4.6 ppm
at 75 °C is identical to that observed due to the H; release in the
[AupH (L3 tetrahydride.” Although ethanol was found not
to react with [Au22H3(dppee)7]3Jr (Fig. S7), hydride exchange was
observed when we added an ethanol solution of NaBDy4 to a CH,Cl,
solution of [Au22H3(dppee)7]3+. The hydride exchange reactions
resulted in [Au22H3,,CD,C(dppee)7]3Jr species (x = 1-3), as shown
in Fig. 3(b). Remarkably, only a very small amount of the parent
[Au22H3(dppee)7]3+ was left after the addition of NaBDj, suggest-
ing that the hydride exchange between [Au22H3(dppee)7]3+ and
NaBD4 happens more readily than that between [Au22H4(L8)6]2+
and NaBD, (Fig. S8). Adding NaBH, into a CH,Cl, solution of
[AuzzDg(dppee)ﬂ3+ led to similar isotopic scrambling (Fig. S9).

B. Structural similarity between the
[Auz;Hs(dppee); I** and [Auz;H.(L8)s 1% hydride
nanoclusters

Because single crystals of [Au22H3(dppee)7]3+ that we were
able to grow after extensive crystallization efforts were too small
to allow for x-ray diffraction experiments, we have tried to obtain
structural information of the trihydride nanocluster using different
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FIG. 3. The H loss pathways for [AugHs(dppee);]**. (a) Variable-temperature
H, "H-NMR spectra from [AugHs(dppee)sI**. The H, signal was produced
due to H-. - -H recombination from [Aug,Hs(dppee);]** at elevated temperatures
(>75 °C). (b) The isotopic distribution as a result of H exchange between
[AugyH3(dppee)7]** and NaBD;.
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experimental techniques. We found that the trihydride nanoclus-
ter exhibits some structural similarity to that of the previously
reported [Au22H4(L8)6]2Jr tetrahydride nanocluster.”” Figure 4(a)

compares the UV-Vis absorption spectra of [Au22H3(dppee)7]3+,
a
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FIG. 4. (a) Comparison of the UV-Vis absorption spectra of [Auy;(PPh3)gCla] ™5
[AugHy(L2)s]*,2° and [AugHs(dppee);**. (b) The CID spectrum of
[AugoH4(LB)s]>* . (c) The CID spectrum of [AugHs(dppee);I°+.
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[AunHi(L*)6]**, and [Auii(PPhs)sClL]*. The [Auii(PPhs)sCl]*
cluster displays three major absorption peaks at 312, 380, and
416 nm.°' Since the Auy, core in [Au22H4(L8)6]2+ consists of two
Auy; units bonded via eight uncoordinated gold atoms (Fig. S10),
[AugHa(LY)6]* displays some similar absorption spectral features
as the [Auj;(PPhs3)sClL]* cluster (Table T). Due to the increased
cluster size, the 416 nm peak in [Au;;(PPh3)sCl]* was red-shifted
to 456 nm in [Au22H4(L8)6]2+. Notably, [Au22H3(dppee)7]3+ also
shares the same absorption spectral features as [Au; (PPhs)sCly]*
and has a red-shifted peak at 459 nm. This result suggests that the
Auy; corein [AuzzHg(dppee)7]3+ may also be composed of two Aui;
units bonded via gold atoms similar to that in [Aux H4(L8)5]2+.

To further confirm the structural similarity between the
[AuzzHg(dppee)ﬂ3+ and [AuxnH4(L3)6]** hydride nanoclusters,
we compared their CID behaviors, as shown in Figs. 4(b) and
4(c). The major CID products of both [Au22H3(dppee)7]3+ and
[AuzHa(L®)6]** involved the loss of one ligand and one or two H
atoms, resulting in the monohydride Auy, species. A minor CID
product was the loss of an Au atom to form the [Auz1(dppee)6]3+
and [Au21H(L8)5]2+ species. The similar CID pathways for both
clusters suggested that [Auy, H3(dppee)7]3 * may have a similar Au,,
core and ligand arrangements as the [AupnHi(L¥)6]* cluster.

The Au-H '"H-NMR chemical shift [~15 ppm in Fig. 1(c)]
of [Au22H3(dppee)7]3+ is similar to the Au-H chemical shift
(~15.6 ppm) of [Auy Hy(L8)s]*+, % suggesting that the three H atoms
in the new trihydride cluster are likely in bridging positions of
uncoordinated Au atoms similar to that in the tetrahydride clus-
ter (Fig. S10). The 3SIP_NMR spectra of [Au22H3(dppee)7]3+ and
[AugHa(LY)6]* displayed multiple peaks and fall in the same spec-
tral range (45-55 ppm), as shown in Fig. S11, again consistent
with their structural similarity. Interestingly, the * P-NMR spectrum
of [AuxHs(dppee);]** showed one sharp peak around 50 ppm,
suggesting that the structure of [Auy,Hs(dppee);]** may be more
symmetrical or more rigid than [Au;; Ha(L3)6]**.

C. Structural models for the [Au22H3(dppee)7]3+
trihydride nanocluster

All the experimental evidence and comparisons with
[AuzHa(L8)s** suggest that there are considerable similarities of
the Auy, cores in the two gold hydride nanoclusters, both containing
fused Auj; units, but different surface coordination sites. Hence,
the [Au22H3(dppee)7]3+ trihydride nanocluster most likely consists
of two Auy; units bonded via two triangular faces, as schematically
shown in Fig. 5(a), giving rise to six uncoordinated Au atoms
at the interface bridged by the three H atoms and 14 surface Au
sites for coordination by the seven bidentate dppee ligands. More
details of the Auy,Hj3 core in [Au22H3(dppee)7]3+ are illustrated in

TABLE |. Comparison of the main UV-Vis absorption features of the
[Auq1(PPh3)gCla] ™, [AugoHa(L8)s]2*, and [Auy,Hs(dppee);** clusters.

Main absorption peaks (nm)

[Au1(PPh3)sCl ]t (Ref. 61) 416 380 312
[AuzHa(L¥)6]*" (Ref. 29) 456 . 313
[Auz,Hs(dppee);]** 459 381 312
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a Bridging ligand

Model 3 (0.53 eV) Model 4 (0.58 eV)

FIG. 5. Proposed structures for the [Au,Hs(dppee);]*+ cluster. (a) The proposed
Auy, metal core with three bridging H atoms. [(b)-(e)] Optimized structures for
models 1-4 of [AugH3(dppee);]**. Colors: Au = yellow, H = blue, P = orange,
and C = black. The H atoms on the ligands are depicted as gray. Relative energies
are shown in the parentheses.

Fig. S12(a), which are similar to that in [Au22H4(L8)6]2+, where the
Auy; core is bonded via two square faces with eight uncoordinated
Au sites bridged by four H atoms (Fig. S10) and 12 surface Au sites
for coordination by the six bidentate L® ligands. Using DFT calcu-
lations, we examined different positions for the hydrogen atoms on
the proposed Au,;, core of [AuzzHg(dppee)7]3+ and found that the
three hydrogens are only stable to bridge the six uncoordinated gold
sites of the Auy, cluster [Fig. 5(a) and Fig. S12(a)] similar to those
in [Au22H4(L8)5]2+, as expected. A similar structural behavior was
also found in the [Auz(PPh3)12H3]*t cluster, where the Auyg core
was composed of a Auy; and a Aug unit bonded by two triangular
faces.”

We further considered the possible ligand arrangements in the
[AuzzHg(dppee)7]3+ cluster. In the tetrahydride cluster (Fig. S10),
we found four bridging L® ligands linking the two Auj; units and one
ligand coordinated to each Auy; in a bidentate fashion. Similarly, the
seven dppee ligands can either act as a bridging ligand linking the
two Aui; units or as a bidentate (side) ligand coordinated to a sin-
gle Aui; unit, as schematically shown in Fig. 5(a). Because there are
seven coordination sites on each Aui; unit, there can only be three
possible bridging ligand arrangements for [Aus,Hs(dppee);]*, ie.,
1, 3, and 5. We optimized the structures of these ligand arrange-
ments, as shown in Figs. 5(b)-5(e), as models 1-4. In Fig. S12, we
present more details about the coordination environments for the
four ligand arrangements. It turned out that there are two configu-
rations for the case of one bridging ligand, shown as models 1 and
4, whereas models 2 and 3 contain three and five bridging ligands,
respectively. All these structures were successfully optimized at the
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PBEQ level of theory; their coordinates are given in Table S1. We
found that model 1 with a single bridging ligand is the most sta-
ble structure, and the other three structures are higher in energy by
0.48-0.58 eV [Figs. 5(c)-5(e)].

The stability of model 1 with a single bridging ligand is some-
what surprising because we expected model 2 with three bridging
ligands to be preferred on the basis of the structure of the tetrahy-
dride, which contains four bridging L® ligands. The energetic advan-
tage of model 1 is probably due to the fact that the dppee ligand is
shorter than the L® ligand, and there may be some strains for the
bridging ligands. To further assess if model 1 is the most reason-
able structure for [Au22H3(dppee)7]3+, we simulated the absorption
spectrum for each structure using TD-DFT calculations, as shown
in Fig. 6. The good agreement between the experimental UV-Vis
spectrum and the simulated spectrum provides further confirmation
for the validity of model 1 (Fig. 6). However, the simulated UV-Vis
spectra of models 2 and 3 (Fig. 6) are not too different from that of
model 1 and they probably cannot be ruled out without crystallo-
graphic data. On the other hand, the simulated spectrum of model
4 is quite different (Fig. 6), and it can probably be ruled out. It
should be pointed out that the sharp peak in the *' P-NMR spectrum
(Fig. S11) may suggest one of the dppee ligand is more rigid,
providing possible support for model 1.

We were able to observe the Au-H vibrations in [Auy
Ha(L3)6]** using FTIR spectroscopy.”” We also obtained the FTIR
spectrum of [AuzzHg(dppee)ﬂ3+ to observe the Au-H vibration,
as compared with the simulated spectrum in Fig. S13. The Au-H

asymmetric vibrations were computed to be around 1300 cm™,

Exp. [Au,H,*

Sim. [Au,H, "
(Model 1)

Sim. [Au,,H,]*
(Model 2)

Absorbance (a.u.)

Sim. [Au,,H,]*
(Model 3)

Sim. [Au,,H,]*
(Model 4)

T T T T
300 400 500 600 700 800
Wavelength (nm)

FIG. 6. Comparison between the experimental and simulated (models 1-4) UV-Vis
absorption spectra of the [Aug;Hs(dppee);]*+ nanohydride.

ARTICLE scitation.org/journalljcp

which unfortunately overlapped with the C-C vibrations of the lig-
ands in the same spectral region (Fig. S13). However, the broad
width of the observed FTIR spectrum is consistent with the pres-
ence of the Au-H vibrational feature, providing support for the three
bridging H atoms. We further note that the isotope exchange reac-
tions between [Auy,Hs (dppee)7]3+ and NaBDy seemed to take place
much faster than that of [Au22H4(L8)6]2+ [Fig. 3(b) and Fig. S8].
This observation also provides indirect support for model 1 because
the H atoms are more accessible sterically with only one bridging
ligand.

D. Chemical bonding in the [AuzzH_v,(dppee)7]*”+ gold
trihydride nanocluster

The Auy,Hjs cores in all the structural models shown in Fig. 5
are similar. We analyzed the chemical bonding in the Auy;Hs core
for model 1 using the AANDP method,” as shown in Fig. 7 and
Fig. S14. The AdANDP results reveal that the three hydrogens
participate in the electronic structure of the gold cluster, simi-
lar to the hydrogens found in [AuxnHa(L*)s]**, [AugH(PPhs)s]*",
[AuzsH(SR)15], and [AuzsHa(SR)1s]™,>*%%% but different from the
hydrogens that show halide behaviors.”” The [Au22H3(dppee)7]3Jr
cluster is found to contain 22 valence electrons. Each Au;; unit in
[Auy, H3(dppee)7]3+ possesses eight valence electrons (Fig. S14), and
the remaining six valence electrons form one superatom-o bond
and two superatom-7 bonds between the two Auy; units along with
the three hydrogen atoms (Fig. 7). Therefore, each Aui; unit can
be viewed as a trivalent superatom that carries 11 valence elec-
trons, consisting of the eight-electron superatom configuration with
three unpaired electrons, forming the cluster-cluster triple bond
in [AuxnH;(dppee);1**. This bonding picture can be clearly seen
in the full AANDP results in Fig. S14. The superatom-superatom
triple-bonding pattern is similar to that in the Auzn (L6 cluster®
or the quadruple-bond in the [Au22H4(L8)6]2Jr cluster.”” The for-
mation of the superatom triple bond results in a highly stable

9

25c-2e superatom-o

ON = 1.98 ||

25c-2e superatom-1r
ON =1.98 |e|

25c-2e superatom-Tr
ON =1.98 |e|

FIG. 7. The superatom-superatom triple bond revealed from AANDP analyses for
model 1 of the [Aug,H3(dppee);]*+ hydride nanocluster. ON = occupation number.
The full AANDP results are shown in Fig. S14.

J. Chem. Phys. 155, 034307 (2021); doi: 10.1063/5.0056958 155, 034307-6

Published under an exclusive license by AIP Publishing


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

electronic structure for the [Au22H3(dppee)7]3+ trihydride nan-

ocluster, in agreement with its high stability (Fig. 2).

IV. CONCLUSIONS

In conclusion, we report the synthesis and characterization of
a new and highly stable diphosphine-protected gold trihydride nan-
ocluster, [Auy,Hs(dppee);]**. High purity samples can be obtained
with reasonable yields, and they are stable under ambient conditions.
The properties of the trihydride nanocluster are characterized using
different spectroscopic methods, augmented with theoretical calcu-
lations. Both experimental evidence and theoretical evidence sug-
gested that the new [Au22H3(dppee)7]3+ cluster has a similar struc-
ture as the [AuypHa(L)6]*" cluster reported recently. The Au,, core
in [Auy,Hs(dppee);]** is composed of two Auy; units bonded via six
uncoordinated gold atoms, where the three hydrogens are located
in the bridging positions. Each Aui; unit can be viewed as a triva-
lent eight-electron superatom, forming a superatom-superatom
triple bond (Aui; = Auyp) in the [AuzzHg(dppee)y]3 * nanocluster.
The trihydride cluster is found to undergo rapid isotope exchange
reactions with NaBDy, suggesting that it could be a good cat-
alytic model for investigating the mechanisms of hydrogenation
reactions.

SUPPLEMENTARY MATERIAL
See the supplementary material for Figs. S1-S14 and Table S1.
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