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Synthesis and X-ray Crystallographic Characterlsatlon of

Frustum-Shaped ngated [Culngﬁ(DPPE)(;]
Nanoclusters and Studies on their H,

[CU 16H14(DPPA)6]
Evolution Reactions

Jiaye Li,*™ Howard Z. Ma,”” Gavin E. Reid,?" Alison J. Edwards,!

and

Yuning Hong, Jonathan M.

White,¥ Roger J. Mulder, and Richard A. J. O’Hair*®

Abstract: We report new structural motifs for Cu nanoclusters that
conceptually represent seed crystals for large face-centred cubic
(FCC) crystal growth. Kinetically controlled syntheses, high
resolution mass spectrometry experiments for determination of the
dication formulae and crystallographic characterisation were carried
out for [CuisH16(DPPE)g][BF4][CI] (DPPE =
bis(diphenylphosphino)ethane) and [CuisH14(DPPA)6][(BF4).] (DPPA
= bis(diphenylphosphino)amine) polyhydrido nanoclusters, which
feature the unprecedented bifrustum and frustum metal-core
architecture in metal nanoclusters. The Cui;s hanocluster contains
two Cug frustum cupolae and the Cujs nanocluster has one Cug
frustum cupola and a Cu; distorted hexagonal-shape base. Gas-
phase experiments revealed that both CuigHis and CussHi4 cores
can spontaneously release H, upon removal of one bisphosphine
capping ligand.

Although it is currently possible to control the sizes and shapes of
nanoparticles, the manipulation of individual atoms to construct nano-
Thus,
atomically precise nanoparticles (NPs) or nanoclusters (NCs) have

sized materials with varied properties remains elusive.
emerged as an important new class of nanomaterials. Due to their well-
defined numbers of atoms and ligands, confined sizes and precise
structures, they exhibit molecular-like properties, which makes them
attractive for single-site catalysis,”"! switchable subnano-magnetism,™
chemical sensing,””! biological labelling and biomedical applications,™”
in addition to light-emitting devices.”™ In particular, understanding the
metal-hydrogen interaction from a molecular perspective will provide
insights into the utilisation of atomically precise NPs or NCs as
potential energy materials and as catalysts for the transformation of
organic substrates.

There are a number of structurally characterised polyhydrido
copper™® and silver NCs,'" ! where the rare kernel examples are Cu(0)
NCs 7 or chiral Cu NCs.® The synthesis of unknown metal kernels
large
nanoparticles.®! Face-centred cubic (FCC) is a common structural

can provide insight into the growth mechanism of

motif in many examples of single or twinned crystalline Au NCs™ and
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Ag FCC nanocrystals can grow from the Au seed nanocrystals that
have triangular-bifrustum structures."” The organisation of the copper

kernel in polyhydrido Cu NCs normally adopt zonohedron"! and other
polyhedra such as dodecahedron,!" tetrahedron,!"!
rhombicuboctahedron,“” orthobicupola,[“’lsl distorted

cuboctahedron™®® and octahedron.!'® The FCC kernel motif for Cu NCs
was unknown until Chakrahari et al. reported a Cu;; cuboctahedron,
which occurs in the FCC structure of copper bulk metal.!'”
there are still no such noble metal NCs that have shown triangular

However,

bifrustum motifs, which are the key to growing FCC type large
nanoparticles. Herein, we report the first and smallest possible
triangular bifrustum structure of Cu NCs. Four new cationic
[CuisHis(L)e]”" (16™), [CuisDis(L)e]* (1n™), [CuisHia(L*)e]*" (217
and  [CuiDis(L¥)6]*  (2p°")  nanoclusters, stabilised by
bis(diphenylphosphino)ethane, DPPE @) or
bis(diphenylphosphino)amine (L*) were synthesised. 14>" and 2y*
were characterised by X-ray crystallography, while high-resolution
tandem mass spectrometry experiments were used to study hydrogen
evolution from the nanocluster dications.

The nanoclusters of [CuisHio(DPPE)s][BF4][C]] (1m) and
[CuicH14(DPPA)s][(BF4)2] (2u) were synthesised by the reactions of
Cu(MeCN)4BF, with sub-stoichiometric quantities of ligands and slight
excess of borohydride salts (for full details, see Supporting
Information).[™ The related deuterated nanoclusters (1p and 2p) were
obtained similarly using borodeuteride salts. The isotope patterns
(Supporting Information Figure S1) and accurate masses from positive
ion mode Electrospray Ionisation - Ultra-High Resolution Accurate
Mass Spectrometry (ESI-UHRAMS) experiments helped establish the
formulae  of 1x*" as [CuisHi«(DPPE)s*" (m/z 1774.8338
(expt)/1774.8322 (calc)) and 2y*" as [CuigHi4(DPPA)s*" (m/%
1670.8301 (expt)/1670.8340 (calc)). The number of hydrides were
“counted” by comparing the deuterated analogues 1p>" and 2p*" to 15>
and 24°". 1p”" (expt/calc: 1782.8789/1782.8825), is 8 m/z heavier,
indicating the presence of 16 hydrides in 1u*". A similar analysis of
2p°" (m/z 1677.8723/1677.8780) revealed the presence of 14 hydrides
in 257",

The nanoclusters 1y and 2y were crystallised by slow diffusion of
hexane into dichloromethane (DCM) solutions with 1g or 2p.
Structural characterisation of 1y and 2y with X-ray single-crystal
diffraction was performed (Supporting Information Figures S2-S4,
Tables S1-S4) to reveal the new core architectures and ligand
coordination motifs in the Cu nanoclusters (Figure 1).'"8) The
nanocluster 1y crystallises in space group P2;/n with two enantiomeric
pairs of 14> (Figure 1), four BF4 and four chloride counterions per unit
cell. There are two ways of considering the structure of the cationic
component of 1y: (i) As a Cuys core surrounded by six DPPE ligands,
which divide the Cu atoms into two groups. The first group consists of
12 Cu“staple” atoms (represented as the orange balls in Figure 1 (a)),
bonded to the P atoms of DPPE. In contrast, the central Cug core forms
no direct bonds with the DPPE ligands and has a distorted octahedral
geometry. The average distance of the two long edges in the Cug core
is 3.16 A, much longer than the average contact distance (2.73 A) of
the short edges in the octahedral structure and other Cu-Cu contact
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distances (dcy.cu = 2.63 — 2.68 A) in the distorted octahedral core of
HeCug[P(p-tolyl)s]s.'"" Together these two groups of Cu atoms form
the Cus@(Cui,DPPE) kernel@staple motif. Similar octahedron kernel
building blocks were also reported recently in the Aug unit of Auss
nanoclusters®™ and in the anti-prism [CusH]” unit in
[CuisH7(TPP) o], TPP = triphenylphosphine.™ (ii) The Cuys core can
alternatively be described as an elongated and distorted triangular
bifrustum construct. Although the bifrustum shape is commonly
observed in large nanocrystals, such as the triangular bifrustum Ag

nanolayer shell structure,*!!

as far as we are aware, this represents a
new polyhedral core motif in nanoclusters (other core packing motifs
in nanoclusters include tetrahedral, "’ cuboctahedral,
rhombicuboctahedral,[6g] hexagonal close-pack,[zo’ 2 decahedral,m]

65241 face-centred cubic™’ and body-centred cubic?®). A

icosahedral,[
pair of Cug triangular cupolae lie with their approximate 3-fold axes
coincident and long trapezoidal edges forming an equatorial C4 band,
which enclose the non-phosphine ligated Cus distorted octahedron, the
vertices of which lie at the approximate midpoints of the long cupola
edges to form the overall core structure, which is an elongated
triangular bifrustum. The Cu-Cu links between the opposing cupolae
(and the configuration of the bidentate phosphine ligands) are disposed
in a manner which results in a molecular chirality of the screw (or
propeller) kind.® The compound crystallises as a racemate. In a

related manner, the Cu;¢ compound is also chiral. The edge distances
of Cu-Cu contacts in the Cuy cupola range from 2.3837(11) A to

2.8179(15) A, comparable to Cu-Cu distances in other polynuclear
[6h]

copper hydride complexes.

Figure 1. (a) Complete structure of the cationic component of 1y. (b) Ortep-3
structure of Cuyg®" core with partially shown ligand (25% ellipsoid probability). (c)
Complete structure of the cationic component of 2y. (d) Ortep-3 structure of Cuj¢’"
core with partially shown ligand (25% ellipsoid probability). Anions and hydrogens
are omitted for clarity. Phenyl groups were omitted in (b) and (d) for clarity. Colour
indications, orange: staple Cu, cyan: kernel Cu, blue: phosphorous, pink: nitrogen,
grey: carbon. Ligands are displayed in lines.

The nanocluster 2y crystallised in space group Pa-3. Only a limited
amount of crystals of 2y could be manually picked up. This is likely
due to the elusive nature of the 24> core, which had dissociated to
form black metal solids deposited in the crystallisation tube. Figure 1
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(c) and (d) illustrate the cationic components (25°") of 2x. Unlike 14",
25°" cannot be represented by the kernel@staple model, due to the non-
interacting long kernel Cu-Cu distances (> 3.1 A, highlighted in cyan
in Figure 1 (c)).?” Instead the core motif of 25>" can best be described
as stacking a triangular Cuy frustum onto a distorted hexagonal Cuy
base (Figure 2 (c) and (d)). The Cuy frustum motifs in 1y and 2y appear
to be new core architectures for size-precise noble metal nanoclusters.

Enantiomer 2

Enantiomer 1

Figure 2. (a) The side view of the racemic Cug kernels (top cupola: green; bottom
cupola: orange), divided by mirror symmetry (c); (b) The top view of two racemic
Cuyg kernels and the superimposed bottom cupolas (orange). (c¢) The side view of the
racemic Cuye kernels (top cupola: green; bottom cupola: orange), divided by mirror
symmetry (o); (d) The top view of two racemic Cu,q kernels and the superimposed
bottom cupolas (orange). The drawings of bonds between top and bottom cupolae are
not shown.

In the structure of each Cuy frustum cupola of 1g and 2y, three
bidentate diphosphine ligands are similarly arranged in a connective
pattern on the side edges of the cupola. In 2y, the Cuy base is connected
by three DPPA ligands forming the (u, p-Cu,DPPA); motif. However,
when the middle backbone unit in the ligands is changed from “NH” in
DPPA to “CH,CH,” in DPPE, a dramatic change in the core construct
and composition occurs, highlighting the importance of the ligand on
the kernel structures of nanoclusters.” Indeed, similar ligand effects
[AgasHan(DPPE)]®"  and
[AgisH6(TPP)1o]*" under similar preparative conditions.’” The

have been noted in forming

calculated ratio of Cu atoms to ligands in 1y is 3, higher than those in
other polynuclear Cu nanoclusters such as [CusH(dcpm)s]*,*
[CuH(PPh3)]6,*”  [CusHs(dppbz)s],*” [CueHs(p-tolyl)s]e,!"”
[CUQ5H22(PPh3)12]+,[6ﬂ and [Cu18H17(PPh3)10]+.[6ﬂ This suggests
particular stability of the Cu;s core, which is investigated by MS below.
Neutron single-crystal diffraction data®® for 1y have been collected,
but to date, no satisfactory indexing of the Laue images has been
achieved.

NMR experiments were attempted to examine the compositions of
these clusters in solution and to attempt to define the chemical
environments of the coordinated hydrides. Since 2y was only isolated
in a yield of ~2%, it was not possible to gather sufficient numbers of
crystals for NMR experiments. Although every effort was made in
manually sorting and collecting crystals of 1y for NMR analysis, it is
acknowledged that the NMR sample may contain impurities from other
crystalline material present in the crystallisation tube. The 'H spectrum
of 1y is consistent with the proposed formulation of
[CuisHs(DPPE)o]*, where peaks in the & 6.2 — 8.5 ppm region
correspond to the phenyl protons of the DPPE ligand, while those in
the 8 1.5 ~ 2.5 region arise from the coordinated hydrides and the
methylene protons of the DPPE ligand (Figures S5 and S6) This is
evidenced by the integration of proton signals to give 40 protons at &
1.5 ~ 2.5 region and 120 protons at & 6.2 — 8.5. The °C spectrum of 1
(Figure S7) exhibits resonances of CH; (& 31 ppm) and PhC (5 125 ~
135 ppm) associated with the DPPE ligands. The *'P NMR spectrum
(Figure S8a) at 25 °C gives resonances related to the P atoms of DPPE
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ligands at ~ & - 7 to -10 and -11 ppm. On cooling to -15 °C, the 'H
NMR spectrum remains essentially unchanged (Figure S6), while in
the *'P NMR spectrum the broad set of peaks in the - 7 to -10 ppm
range become one main sharp peak at ~ -8.5 ppm (Figure S8b). This
suggests dynamic, conformational processes involving the coordinated
DPPE ligands which affects the resonances of the coordinated P atoms
more than those of the H atoms of the freely rotating phenyl groups.

To better understand the processes leading to the formation of 1
and 2, a series of “in-situ” experiments were carried out. In the first of
these, ESI-UHRAMS (Figure S9) was used to examine the reaction
solution mixtures of 1p*" and 2p°". 1p*" is the main nanocluster
observed. In contrast, the in-situ UHRAMS spectrum of 27" is more
complex, with other abundant nanoclusters [Cus(BD4)(D)(DPPA)]™ [
and [CusD4(DPPA),]*" also being observed. Importantly, we see no
evidence for [CujsDis(DPPA)]*", highlighting the key role of the
ligand on the growth of these nanoclusters. We next compared the 'H
NMR spectra for the in-situ reactions with NaBH, versus NaBD, for 1
(Figure S10) and 2 (Figure S11). The former gives a series of peaks in
1.5 — 2.5 ppm range, consistent with the spectrum of the bulk 1y
sample. The latter, gives a complex series of peaks at 0.5 — 1.5 ppm
and 2.1 — 2.4 ppm, probably falling in the hydride or borohydride
regions.™ The H NMR spectra were collected for related in-situ
experiments for 1p (Figure S12) and 2p (Figure S13). The °H
resonances can be found in the 1.5 — 2.5 ppm range for 1p and in the
0.5 - 1.15 ppm and 2.1 — 2.4 ppm ranges for 2p, which are in
agreement with the hydride ranges (Figures S11 and S12). The *'P
NMR spectrum of 1p (Figure S14) shows resonances in the 15 to -15
ppm range and there is significant peak broadening in the 15 to -0.5
ppm range, which is consistent with the fact that we are not dealing
with a pure sample. Due to the presence of other clusters, the
assignment of specific hydride/deuteride resonances to 2y and 2p is
impossible. The significant residual peaks in the electron density of the
reported crystal structures are located on the external surfaces of the
core and lie in positions that are consistent with the resonances
reported here and with hydride/deuteride signals for copper hydride
cluster compounds for which single-crystal neutron diffraction and
proton and deuterium NMR are reported./*&!!-

Hex:DCM
(a) b) — 10%:90%
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Figure 3. (a) UV-vis absorption spectra of 1y in an acetonitrile solution (red) and as
solid (black); (b) Emission spectra of 1y in hexane (Hex) and dichloromethane (DCM)
mixture solutions with the relative fractions of Hex to DCM ranging from 1:9 to 8:2
(v/v). Excitation wavelength: 280 nm.

Powders of 1y have the same UV absorption and emission spectra
as in solution (Figure 3), suggesting that the structure of the Cu,g core
stays intact in the acetonitrile solution. The absorption band increases
monotonically and exponentially from 360 nm to 250 nm, representing
a common absorption band of Cu nanoclusters in solution,”*) and is

attributed to the d->sp interband transition. No absorption band is
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observed at 500 - 700 nm, which is a signature absorption feature for
the intraband HOMO-LUMO transition (sp = sp) in Au nanoclusters.”
%41 To provide further information on cluster integrity in solutions, we
studied the emission spectra of 1y in the solvent mixtures of DCM as
good solvent for 1y and hexane as poor solvent with different volume
proportions. Maintaining the analyte concentration constant, the
proportion of hexane was increased from 10% to 90%, where the
emission intensity decreased consistently. This supports the view that
the concentrated 1y nanoclusters in hexane-rich solutions caused the
fast collision of nanoclusters via a dynamic quenching effect.*! Thus
1y retains its core integrity in solution, consistent with the 'H NMR
spectrum discussed above (Figures S5 and S6).

Polyhydrido nanoclusters are potential catalysts for hydrogen
evolution reactions (HER), with possible applications in fuel-cell
batteries.”) The recyclable use of nanoclusters in constant energy
production requires that the integrity of the metal kernel in
nanoclusters be preserved after HER.®**! As indicated above, the core
integrity of 1y remained stable in solution, in the gas phase under ESI-
MS conditions and as solid under ambient conditions. We investigated
the HER process of 1y and 2y via Higher Energy Collision
Dissociation - tandem mass spectrometry (HCD-MS/MS) experiments
(Figure 4). Initial removal of one ligand from 15°" and 24" triggers the
subsequent and spontaneous HER from the product ions
[CuigHyo(L)s]*" (L = DPPE, m/z 1569.7642 (expt)/1569.7648 (calc))
and [CujgH4(L)s]*" (L™ = DPPA, m/z 1665.8312 (expt)/ 1665.8358
(calc)) to form a series of new cluster ions, which can be written as
[CuigH(L)s]** (where x = even integers between 0 and 16, Figure 4)
and [Cu 6Hy(L")s]*" (where x = even integers between 0 and 14). When
x = 0, the products are assigned as [Cuis(L)s]*" (m/z 1561.7052
(expt)/1561.7042 (calc)) and [Cuis(L")s]”" (m/z 1466.2205 (expt)/
1466.2236 (calc)), which indicates the complete removal of hydrides to

. o o
form rare examples of mixed-valence Cu;s”" and Cuy’"

nanoclusters.[*" ¢

[Cu,,H,(DPPE)J" + 1/2(18-x)H,
(a) (b)
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Figure 4. HCD-MS/MS liberation of H, from 1x*" and 24" and the formation of
[Cu;s(DPPE)s]** (a, b) and [Cu;(DPPA)s]** (c, d). (a) Excp = 8%, (b) Encp = 10%, (c)
Encp = 9% and (d) Eycp = 11%. Insets show an expanded region of the spectrum for
the [Cu;sHx(DPPE)s]*" or [Cuj¢Hx(DPPA)s]** product ions, x values are indicated in
the insets.
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To further examine the HER process, the HCD-MS/MS
fragmentation reactions of the deuterated analogues 1 b2 and 2p*" were
examined (Figure S15). 1p°" (m/z 1776.8762 (expt)/1776.8846 (calc))
underwent facile deligation to form [CulgDI(,(L)5]2+ (m/z expt/calc
1577.8188/1577.8180) as the main product ion. [CuisDie(L)s]*
underwent facile D,, HD, D and H loss channels to produce [Cu;sDje.
«(L)sI*", [CuisDisx(L)s-H]*, [CuisDisx(L)s-D]*" and [CuisDigx(L)s-
HD]*. The observation of HD losses highlights that release of
hydrogen is a complex process that involves H/D scrambling with the
bisphosphine capping ligands. The channels to yield [CujgDisx(L)s]*"
and [CulgD16_x(L)5—HD]2+ accounted for the main hydride-loss
pathways. The complete D-loss from [Culng(,(L)5]2+ generated the
product ion [Cus(L)s]*", also obtained from the complete hydride-loss
of [CuysHys(L)s]*". Similarly, [CuieD14(L")s]*" underwent complete D-
loss to yield [Cue(L")s]*" under HCD conditions.

Given 14> readily loses H, in the gas phase while maintaining
Cuyg core integrity, we next used variable temperature 'H NMR to
examine the liberation of H, from a solution of 1y in CDCl;, which
was heated to 55 °C. Although the complete release of H, (3 4.62 ppm)
with concurrent disappearance of hydride peaks from & 1.5 ~ 2.5 region
was observed within minutes (Figure S16), changes in the chemical
shifts of the DPPE ligands suggested that the core of 1y underwent
decomposition. Similar HER from polyhydrido Cu nanoclusters have
been observed before via treatments such as heating, acidification or
solar radiation.’® 637

In conclusion, nanoclusters that contain Cu;g and Cuy¢ chiral cores
have been synthesised and crystallographically characterised. The
cationic components of 1y and 2y are new, non-Johnson, polyhedral
forms in noble metal nanocluster core aggregates. HCD-MS/MS
experiments indicated the spontaneous H»/D, production and ligand
assisted scrambling reactions in mono-deligated 1y and 1p.
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