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/ The construction of structurally transformable nanoclusters and the elucidation of their transformation mechanisms remain

challenging. Furthermore, uncovering how structural changes govern their properties is even more elusive. Herein, a novel
“cation-dissociation & anion-reassembly” structural transformation strategy is investigated. Specifically, [AuisSs(m-
PAP)][Cl]> (Ausg) can transform to [AusSs(m-P~P),] (Aug) through the synergistic effects of cations and anions: cations act as
Lewis acids to dissociate Ausg, while anions direct the reassembly of fragments into Aug. Moreover, a novel bis-tetrahedral
cluster [Aus(m-PAP),(0-"“°PAP),] (o-"dPAP = 7,8-Bis(diphenylphosphine)-nido-carborane, Au;) was synthesized by ligand
exchange strategy with Auyg. Concerning high energy densities of carborane backbones, droplet test was conducted, and
results showed that both Auis and Aug were not able to be ignited by whiting fuming nitric acid, whereas Au; exhibited a
very fast ignition delay time of 16(2) ms with high energy densities (heat of combustion, 25.3 kJ g1). Theoretical calculations
reveal that the bis-tetrahedral metal kernel in Au; modifies the electronic structure, lowering the activation barrier for
oxidation and thereby shortening the ignition delay time. This work not only provides fundamental insights into the
structural transformation pathways of nanoclusters, but also establishes relationships between structures and hypergolic
properties, which are meaningful on the design of nanoclusters with tunable properties.

elucidating complicated structural transformation processes is
Introduction essential not only for advanced fundamental understanding of
core-shell architectures but also for guiding the rational design
of transformable systems with targeted functionalities.2>-28
Gold(l)-chalcogenide clusters represent one of the popular
systems in the gold family owing to their synthetically accessible
pathways and remarkable structural integrity,2°31 which have
emerged as one of the ideal candidates for the investigation of
transformable nanoclusters. Particularly, the controlled
modulation of Au(l)-Au(l) aurophilic interactions in
gold(l)-chalcogenide clusters—mediated by solvent
environments, and physical stimuli—enables precise regulation
of pyramidal [Aus(usz-S)]* unit assembly into diverse polynuclear
architectures.3234 Furthermore, the  geometries  of
gold(l)-chalcogenide clusters also exhibit high sensitivity to
functional bisphosphine ligands with planar skeletons.32 35-37
However, the potential for three-dimensional bulky units to
serve as backbones remains less explored.38-40 Bulky units such
as adamantane, cryptand and carborane may fail to provide
complete kernel protection,!> 4144  potentially leaving
coordination sites exposed and susceptible to rearrangement or
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Core-shell architectures, observed across scale from galactic
megastructures to atomic dimensions, represent a universal
structural motif in natural systems, integrating symmetry with
functionally topology.l®> Studying and understanding their
formation, spatial arrangement and transformation
mechanisms provides critical insights into the fundamental
principles between natural systems.* >12 At the molecule level,
nanoclusters with metal-ligand core-shell architectures serve as
an ideal model system for exploring and understanding such
structural patterns, attracting considerable interest in the scope
of nanocluster chemistry.> 1321 Advances in characterization
techniques, particularly single-crystal X-ray diffraction and mass
spectrometry, have enabled precise determination of
nanocluster structures. However, real-time monitoring of
reaction intermediates and elucidating their transformation
pathways remain challenging, not to mention tracing the
associated structure—property relationships.??24 Therefore,
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precursor [AuzCly(m-PAP)] with different sulfur sources. Auig
can transform to Aug and Auy ([Auz(m-P~P)y(o-"9°PAP);], o-
nidopap = 7 8-Bis(diphenylphosphine)-nido-carborane) induced
by “cation-dissociation & anion-reassembly” and ligand-
exchange strategy, respectively. Furthermore, droplet test
indicated that both Auig and Aug were not able to be ignited,
while Auy is potential to serve as hypergolic materials with very
fast ignition delay time (16 ms). This work elucidates distinct
structural transformation pathways, thereby establishing a
fundamental framework for understanding and tailoring
functional core—shell architectures.

Results and Discussions

To assess the potential influence of sulfur sources on the
synthesis of gold-chalcogenide clusters, the gold precursor
[AuaCly;(m-PAP)] was reacted with H;S, NaxS and S(SiMes),
(Scheme 1), and recorded by 3P NMR spectrum (Figures S32-
S34, S36), respectively. In each case, three consistent signals
were observed in CDCl3z at ~50.0, 48.5, and 20.5 ppm, which can
be identified as Auig, Aug and m-PAP ligand (Figure S19)
respectively, further confirmed by single crystal determination.
The relative intensity of Ausg signal (~48.5 ppm) increased
rapidly when the sulfur source was varied in the order H,S -
Na,S = S(SiMes),, accompanied by a corresponding decrease in
the Aujg signal at ~50.0 ppm. We attribute this variation in
product distribution to the ionic radius of the sulfur sources.
Crystallographic data analyses and electrospray ionization
time-of-flight mass spectrometry (ESI-TOF MS) measurement of
Auig and Aug were performed to elucidate their atomically
precise structures. Single crystal analysis indicates that Auig
crystallizes in the triclinic space group P-1, and the asymmetric
unit contains half of the [AuisSs(m-P~P)e]?* cation (Z’ = 0.5)
suggesting a Ci symmetry configuration in the crystalline state
(Figure S6). Steric hindrance from the bulky carborane ligands
leads to a non-compact, dispersed spatial arrangement of the
[(u3-S)Aus]* units. As illustrated in Figures 1a-d, two [(us-S)Aus]*

H,S
Cl cl
S Sources | Na,S
" DCM, Py
[Au,Cl(m-P*P)]
A B
o = 4
S(SiMe;), 0 e
[AugS,(m-P*P),]

Scheme 1 Reaction of golden precursor [Au,Cl,(m-PAP)] with different sulfur
sources.
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Figure 1 (a) Inside [(u3-S),Aue]* structural motifs in Auys; (b) Inside [(u3-S),Aue]* structural
motifs shared with six [(us-S)Aus]* units to construct Ausg kernel [Au1sSs]?*; (c) Single
crystal structure of Augs. Ph rings are omitted for clarity. (d) [(4s-S)Aus]* unit; (e) Metal
kernel of Aug; (f) Single crystal structure of Aus,

units are linked via autophilic interactions to form a central [(us-
S)2Aue]?* dimer (Figure 1a). This dimeric core is surrounded by
six additional [(u3-S)Aus]* units that share with six gold vertices,
thereby exposing 12 coordination sites on the cluster periphery
(Figure 1b). The shell of Auis is further occupied by six
bisphosphine m-PAP ligands (Figure 1c). In contrast, the single
peak observed in the 3P NMR spectrum recorded in diluted
solution (CDCls, CD30OD and CHs3CN, ~0.02 mg/uL) suggests a
higher Sg¢ symmetry (Figure S15). Furthermore, Auig exhibits
concentration-dependent behaviors: at a higher concentration
(~0.08 mg/uL), the spectrum of Ausg splits into three signals (&
=51.71,50.79, and 50.22 ppm, Figure $28), which is presumably
attributed to the symmetry breaking in the condensed phase.
The multiply charged ion peaks at m/z = 3437.9360 are
unambiguously assigned to the doubly charged ions ([Au18Ss(m-
P~P)6]?*, simulated m/z = 3437.9387, Figure S42). The chemical
formula chemical formula is assigned as [Aui1gSs(m-P~P)¢][Cl]2,
as no other counter anions were present in this system.
Unexpectedly, a single crystal of Aujg with two independent
halves of the [Au1sSs(m-P~P)g]?* cations (Z’ = 2 x 0.5) were also
collected (Figures S9-S11, see Sl for details). It shows different
packing modes owing to subtle differences in intermolecular
interactions (Figures S6~12).

The single crystal structure of Aug crystallizes in the P2;/c
space group with A—B—A—B packing modes in bc plane (Figures
S13 and S14). As shown in Figures 1d-f, its kernel is constructed
by four [(us3-S)Aus]* units that share with four gold atoms to
further form a distorted Aus square. The remaining four Au
atoms adopt a bridging coordination mode, linked by two
bidentate m-PAP ligands. This neutral structure was further
confirmed by ESI-TOF MS ion peaks at m/z = 2730.2019
([Cs2He2AU8B20P4S4]*), which corresponds well with simulated
peaks m/z = 2730.2010 (Figure S43). Similarly, Aug also displays
concentration-dependent behavior in solution. Its dilute
solution (0.02 mg/uL in CDCl3) shows a single peak at 6 = 48.03
ppm, indicating a higher symmetry structure (Figure S31). At a
higher concentration (0.06 mg/uL), the spectrum resolves into
two distinct peaks at 6 = 48.14 and 48.01 ppm.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 (a) Schematic illustration of the structural transformation from Auyg to Aug, and in situ 3'P NMR spectra of Auss reacting with NH4BF,. Addition of NH4BF4 (3 mgin 0.1 mL
MeOH) to a solution of Aug (5 mg in 0.2 mL CDCl;) resulted a large amount of white precipitate. The low conversion may be attributed to poorly dissolved reaction system. (b) Left:
schematic illustration of H,S reacting with different gold precursors; Middle: the crude 3!P NMR spectra of different gold precursors reacting with H,S; Right: 3'P NMR spectra of Auysg
reacting with NH4Cl, NaBF4s and NaPFg, respectively. Reaction conditions: CDCls = 0.3 mL; MeOH = 0.1mL; Auss = 5 mg; salts = 3 mg; 2 d); Below: schematic mechanism of anions and
31p NMR spectrum of Auyg reacting with Cu salts. Reaction conditions: CDCls = 0.3 mL; Augg = 5 mg, salts = 3 mg; 2d; (c) Schematic mechanism of cations and subsstitution by NH;NH,*
and H*. The red spectra: Ausg (10 mg) + salts (5 mg) in dichloromethane (DCM) and CH;OH reacted for 1d, then the replacement of solution to CDCl; (0.2 mL). The green spectra:
intermediately adding NaBF4 (3 mg) in MeOH (0.15 mL) and HCI (~0.5 pL) into above red spectra systems, respectively.

It is well known that ions from inorganic salts can either
combine directly with cluster surfaces or modulate weak
intermolecular interactions between frameworks, thereby
inducing structural reconfiguration of the cluster architecture.3*
45,46 To investigate potential binding effects of anions in Augs,
NH4BFs was selected to react with Auys followed by monitor
reaction pathways (Figure 2a). Unexpectedly, a new 3P NMR
peak emerged 6 =48.7 ppm within 10 minutes, with its intensity
increasing over one hour. This chemical shift signal is consistent
with Aug, as further confirmed by single-crystal determination.
Addition of NH4PFs contributes to analogous structure
transformation (Figure S1).

This journal is © The Royal Society of Chemistry 20xx

Well-designed experiments are conducted to elucidate the
potential mechanism of this unexpected transformation routes.
First, individually cation (NH4*) or anion (BF4~/PF¢”) is introduced
into Ausg system to identify which active species work out in this
process. However, no new 3P NMR signals are detected upon
addition of the corresponding salts NH4Cl, NaBF4 and NaPFs
(Figure 2b) respectively, which suggest that this transformation
may involve the synergistic effects of cations and anions.

Then, the potential effects of BF,~ were studied to examine
the influence of anions. As shown in Figure 2b, [Au,Cl;(m-P"P)]
was reacted with AgBF, yielding a new gold precursor [Auz(m-
PAP),][BF4]2, whose composition was confirmed by ESI-TOF MS

J. Name., 2013, 00, 1-3 | 3
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(observed m/z = 709.7504 for [Au2CsaHgoB20P4]%*, calculated m/z
= 709.7504, Figure S41). The 3P NMR spectrum displayed a
major peak at 57.02 ppm along with a minor signal at 57.50 ppm
(Figure S26). Single-crystal X-ray diffraction identified this minor
species as the neutral byproduct [Auy(m-"doPAP),] (m-Nidopap
represent the diboration of m-P~P, Figure S5). Bubbling H,S into
this system, the single crystal of Aus again received. A
comparative analysis of the Auig:Aus product ratios synthesized
from [AuyCly(m-PAP)] (~5.5:1, Figure S32) to [Auz(m-
PAP)2][BF4]2 (~1:10.5, Figure S35) revealed that the presence of
BF4~ anions may promote the formation of Aus. Compared to
the Ausg single crystal obtained via the Auig + NH4BF4 route, the
Au—Au bond distances are nearly identical (Figure S3), implying
a decisive role of BF4~ ions in directing the formation of the Aug
structure. To further confirm it, as shown in Figure 2b, Cu salts
Cu(CH3CN)4BF4, Cu(BF4); and Cu(CH3CN)4PFs were selected to
mix with Ausg for the strong binding affinity of Cu(l/1l) towards
S atoms (pKsp = 47-45 for copper sulfide complex). 31P NMR
spectra revealed the nearly disappearance of Aujg signals,
accompanied by intense resonances corresponding to [Auz(m-
PAP) )%t (x = 1 or 2), and weak signals at ~48.0 ppm attributable
to Aus. The oxidation state of copper exerted negligible
influence of the reaction. Thus, the whole transformation
routes of Cu salts can be simplified as two crucial steps (Figure
2b): (1) The first step is the dissociation of Auig to [Auz(m-
PAP)4]%* driven by strong binding affinity of Cu(l/Il) and S*-
atoms; (2) Subsequently, [Auz(m-PAP),]?* transferred to Aus
facilitated by BF47/PFs~ ions with a small amount of free sulfur
sources.

Based on the transformation pathway of Cu salts, we propose
that NH4* ions acting as Lewis acid, analogous to Cu(l/Il) cations,
and cooperate synergistically with BF4~ anions to facilitate the
dissociation of the Auis. For NHiBFs-induced structural
transformation, the signal of [Aua(m-P~P)]%** can be clearly
detected with increased concentration of Auig (Figure S37). To
verify the potential effects of anions, the replacement of NHa*
with NH;NHs3;* to serve as Lewis acid, followed by the
introduction of extra BFs~ anions, similarly induced the
transformation of Auis to Aug (Figure 2c). Moreover, a small
amount of HCl was added into the Auig+NaBF4 system, which
also recorded the characteristic 3'P NMR of Aug (Figure 2c). The
distinct “cation-dissociation/anion-reassembly” mechanism
elucidated here represents an uncommon structural
transformation route in nanocluster chemistry, diverging from
conventional ligand- or solvent-driven structural
transformation pathways.

The distinct open “suspension bridge” architecture
combined with bulk ligand protection shell establishes Auig as
an ideal model for investigating more structural transformation
possibilities in metal nanoclusters. Thereby, extra bisphosphine
ligands 1,8-(Diphenylphosphino)naphthalene (Nap-PAP) and
1,2-Bis(diphenylphosphine)carborane (o-PAP) with similar P---P
distances (~3.2 A) were selected to react with Augs.

4| J. Name., 2012, 00, 1-3

Chemical Science

View Article Online
DOI: 10.1039/D6SC01070A
[Auy(m-PAP),]>*

d(P--P)=32A
biphosphine
DCM

[Au,(m-PAP),(0-"%oPAP),]

A

(b)

Figure 3 (a) Structural transformation routes of Auss reacting with bisphosphine ligands
with similar P---P distances; (b) Single crystal structure of Aus.

As shown in Figure 3a, the reaction of Auig with Nap-P~P ligand
led to the decomposition of Auig to [Au(m-P~P),]%* (Figure S38).
In contrast, exposure to o-PAP ligands triggered a distinct
transformation, yielding the cluster [Au7(m-PAP);(o-"doPAP),]
(where o-nidopap = 7, 8-Bis(diphenylphosphine)-nido-carborane,
Auy). Single crystal analysis indicates that Au; belongs to
monoclinic C2/c space group with regular A—-B—A arrangement
at bc plande (Figure S13). The kernel of Au7 consists of two
tetrahedrons sharing with one gold atom, and two m-PAP
ligands feature bridging modes to consolidate two tetrahedrons.
The two surplus vertex is further occupied by two o-nidopAp
ligands with chelating coordination patterns (Figure 3b). The
presence of bridging hydrogen atoms at o-"4°PAP ligands were
corroborated by a characteristic signal at § = —2.2 ppm in H
NMR spectrum (Figure S$39). Fragments of [Auz(m-PAP)(o-
nidopAp)|* (Experimental: 1408.4864; Simulated: 1408.4848,
Figure S44) and [Aua(m-PAP),(o0-"doPAP)]* (experimental:
1919.7628; Simulated:1919.7710) are recorded by ESI-TOF MS.
The Au—Au bond distances in Auy (ranging from 2.618 to 3.214
A) are significantly shorter than those observed in Auis and Aug
nanoclusters with all one valence state, implying the presence
of zero valence gold atoms accompanied by stronger aurophilic
interaction. This is corroborated by XPS analysis: the Au 4f;.,
peak at 84.2 eV (Figure S45) lies at an intermediate binding
energy between Au(0) and Au(l) species. The divergent
reactivity of two diphosphine ligands with similar P---P distances
likely originates from the unique structural adaptability of the
carborane backbone transforming to nido-carborane structure
and the potential reducibility for reduced Au(l) to Au(0).4°

The UV-Vis absorption spectra of Auig, Aug and Auz are
measured at room temperature in dichloromethane solution.
As shown in Figure 4a, both Auis and Aug display two distinct
low-energy absorption bands in the range of 270-280 nm. In
contrast, the absorption profile of Auy is broadened, spanning
approximately 290-310 nm. The optical band gap of Auig and
Aug, calculated by Kubelka-Munk function are 4.04 eV and 4.18
eV, respectively (Figure 4b), which are far higher than
semiconductor.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) UV-Vis spectra of Auis, Aug and Auy in dichloromethane at room temperature; (b) Optical band gap of Auss and Aug. HOMO, LUMO and the calculated energy alignments

of (c) Ausg and (d) Aus.

These gold clusters (Auis, Aug and Auy) all exhibit orange-red
luminescence in the solid state at room temperature, as
evidenced by solid-state emission spectra (Figure S46).
Structurally, the transformation from Auig to Aug contributes to
a red-shift of the emission from 654 nm to 680 nm, while
conversion to Auy further shifts to 776 nm. All of them are non-
emissive in solution states such as DCM, EtOH, MeOH,
acetonitrile, N,N-Dimethylacetamide and N,N-
dimethylformamide. The quenching may be ascribed to the
open structural motif which facilitate non-radiative decay
through enhanced solvent and molecular motions.3?
Carboranes and their derivatives contain a large amount of
high-energy density B-B and B-H bonds, endowing them with
potential as energetic materials.*” However, owing to the high
stability of carboranes, the exploration of their energy release
is still in its infancy. The introduction of “active sites”, such as
metal salts, has been demonstrated to be an effective strategy
for promoting energy release. Herein, 98% whiting fuming nitric
acid (WFNA) was selected to serve as oxidant to conduct
“oxidizer-to-fuel” droplet test, and ignition delay time (ID) was

0 ms 7 ms 40 ms 84 ms 1242 ms

0 ms 54 ms 475 ms 656 ms 1285 ms 2005 ms

recorded by high-speed camera (2000 dps) to estimate ignition
performance (details see SI). As shown in Figures 5a-c, Auy
exhibits an ultrafast ID time of 16(2) ms (more hypergolicity
drop test see Figure S49 and Figure S50), nevertheless, Auig and
Aug were not able to be ignited by WFNA for three times
measurement. Theoretical calculations were performed at the
PBE1PBE/def2-SVP level to analyze the molecular orbitals of
nanoclusters. As shown in Figure 4c and 4d, the HOMO-LUMO
energy gaps of Auig and Aug are 3.82 eV and 3.97 eV,
respectively. Though the PBE1PBE functional may
underestimate the HOMO—-LUMO gap,*® the calculated results
are still valuable, and the trend is consistent with their optical
band gaps. It is worth noting that Auig and Aug exhibit similar
electronic distributions on their frontier orbitals: the HOMOs of
both clusters are primarily localized on the gold(l)—chalcogenide
kernel, whereas the LUMOs are dominated by the surrounding
m-PAP ligands. Thereby, when Auig and Aug react with WFNA, a
substantial energy gap between the gold(l)—chalcogenide
kernel and m-P~P ligands must be overcome.

0 ms

T,

max

Figure 5. Hypergolicity drop test of (a) Auig, (b) Aus and (c) Auy. Full videos of Auz; were provided in SlI; (d) Highest flame

temperature of Auy; (e) TG-DSC of Aus.
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As a matter of fact, solely bisphosphine m-PAP ligand can be
ignited by WNFA with ID time of 1308 ms (Figure S51) but failed
ignited by the introduction of gold(l)—chalcogenide kernel.

We infer that the Lewis-basic S?~ in [AusS]* structural motif
hinders WFNA from reacting with high-energy m-PAP ligands
and also impedes the potential catalytic effects of gold(l).
Through ligand-exchange strategies, no-sulfur Au; nanocluster
was obtained with a stable ultrafast ID time of 14, 15, and 18 ms
for three measurements, and the highest temperature of flames
reached up to 669.12 °C (Figure 5d and Figure S48). The
calculated band gaps for the a- and B-electronic energy gaps of
Au; are 1.01 eV and 3.43 eV, respectively (Figure S47). The
contribution of HOMO and LUMO (both a- and B-electronic) are
mainly concentrated on gold kernels indicating that metal
kernels make great contributions throughout the ignition
process. o-PAP ligand exhibits faster ID time of 114 ms
comparing with m-P~P ligand (Figure S52). Furthermore, the
deboration of o-PAP ligand (o-"9°PAP) with open architecture
may also provide potential reaction sites to accelerate ID time.

To further evaluate Auy as a potential hypergolic material,
the thermal behavior of crystal Auy was investigated by TG-DSC
(Figure 5e). Auy exhibited a gradual mass loss upon heating,
attributable to the release of free solvent molecules. The DSC
curve recorded a large exothermic peak in the range of
400~650 °C, indicating intense energy release. The heat of
combustion (AH.) values of Auy, as measured by oxygen bomb
calorimetry (see Sl for details), was determined to be 25.3 kJ g*.
Additionally, its impact sensitivity (IS) and friction sensitivity (FS)
were determined by the BAM standard (see Table S5 for the
summary of physicochemical properties). The measured values
(IS >40 J, FS >360 N) indicated that Auz can be classified as
insensitive materials.

Conclusions

Guided by gold(l) aurophilic interactions and bulky carborane
ligands, a novel class of structurally-induced
gold(l)-chalcogenide clusters have been assembled. Our
findings demonstrate that the selection of three-dimensional
bulky ligands could effectively suppress the aggregation of high-
nuclearity metal kernels and the carborane backbone exhibits
unique adaptability through its abilities of deboronation and
reductivity under mild conditions. The removal of sulfur atoms
from gold nanoclusters leads to a remarkable enhancement in
their hypergolic properties. This work not only establishes a
new paradigm for cluster transformation driven by ionic and
ligand effects, but also significantly expands the synthetic
toolkit for constructing clusters with tunable functionalities.
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