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ABSTRACT: Stabilization of robust and structurally well-defined Ag'-based nano-
clusters as molecular pseudocapacitors for electrochemical energy storage has been
unexplored. Herein, we report on the novel synthesis, solid-state isolation, and
pseudocapacitor studies of an atomically precise neutral redox-active Ag, nanocluster
[((Cy-cAI)P(Dipp)).,Ag,] (2), supported by the unique bulky u,-phosphide ligands.
Cyclic voltammetry (CV) studies on 2 revealed a possible quasi-reversible one-
electron reduction, suggesting in situ generation of the corresponding radical anion 2”7,
which was further supported by the electron paramagnetic resonance (EPR)
spectroscopy and Mulliken spin density calculations. The unprecedented effort to
fabricate an electrode by depositing 2 on a solid support, investigating the
pseudocapacitive behavior in a 1 M NaClO, electrolyte by employing a three-
electrode cell arrangement, was successful. The corresponding CV profiles exhibited a
quasi-rectangular profile with redox peaks, signifying a combination of electric double-
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layer capacitive (EDLC) and pseudocapacitive effects with the highest specific capacitance value of 168.9 F ¢! (185.8 mF cm™2) ata

2 mV s! scan rate.

B INTRODUCTION

The significantly increased fossil fuel depletion and environ-
mental pollution demand efficient methods to develop low-
cost and renewable energy storage devices. Pseudocapacitors
have potential advantages of high-power density, rapid
charge—discharge capability, and long cycle life depending
on the design of the electrodes, which can support fast and
reversible interfacial or redox processes, potentially solving the
problems of energy crisis and environmental concerns.' ™ As a
result, such materials can bridge the power-energy gap between
conventional dielectric capacitors and rechargeable batteries,
and therefore, have emerged as exciting energy storage devices
for next-generation electronics, electric vehicles, and grid-level
buffering.4_6 Various metal oxides, such as RuO,, MnO,,
etc.,””” and conducting organic polymers have been known to
exhibit faradic pseudocapacitance.'”"" However, incorporation
of metal nanoparticles into the conducting polymers can
significantly improve the electrical conductivity of the
conjugated polymers, where the size of the nanoparticles
plays a crucial role. Among the numerous metals, Ag
nanoparticles have attracted widespread attention due to
their higher electrical conductivity and chemical stability."”~"*
For example, Zhang et al. reported carbonized wood fibers,
composited with Ag nanoparticles, which exhibited the specific
capacitance of 250 F-g™! at 1 A-g™"."> While nanocomposites
in combination with conventional organic polymers have
several advantages as active electrode materials in super-
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capacitor studies, organic radical compounds sufter from poor
electrical conductivity and dissolution in low molecular weight
organic electrolytes.'® To solve such issues, various redox-
active metal complexes have recently attracted considerable
attention to design potential supercapacitors due to their
tunable structures, well-defined electronic states, and possi-
bility of tailoring charge transport and ion accessibility at the
nanoscale.'”'® Designing multinuclear transition-metal-based
molecular clusters, introducing various stabilizing ligands, has
gained significant attention due to their unique electronic
states, which arise from the intermetallic interactions and
distinguish them from their respective mononuclear counter-
parts.”” In this regard, coinage metals (Cu, Ag, and Au) are
noteworthy, affording multinuclear clusters with noncovalent
intermetallic interactions.”” However, synthesis of Ag NCs" is
more challenging due to their relative susceptibility in solution
under atmospheric conditions. So far, polyoxometalates,
thiacalix[4]arenes, and related ligand systems have been
utilized to gain precise control over the size, shape, and
composition of Ag NCs.”> Owing to the discrete electronic
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Scheme 1. (a) Stabilization of Neutral Ag, Nanocluster [((Cy-cAI)P(Dipp)),Ag,] (2) by Bulky Phosphide Ligand“
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?(b) Molecular electrostatic potential plot of 2 (red to blue: electron-rich (red) to electron-deficient regions (blue)). (c) X-band EPR spectra of
THEF solution containing 1:1 molar ratio of 2 + KCg at 298 K. Maroon and yellow lines represent the experimental and simulated spectra,
respectively. Simulation has been performed using the EasySpin program.’ Inset: Mulliken spin density plot of 2~ in doublet spin ground state,
calculated at B3LYP-D3(BJ)/def2-TZVP level of theory.33 (d) Cyclic voltammograms of 2 at scan rates of 20, 50, 100, and 150, 200 mV s™* in
THEF at 298 K, using 0.1 M [n-Bu,N][PF] as supporting electrolyte with a glassy carbon working electrode (WE), platinum wire counter electrode
(CE), and Ag wire reference electrode (RE). The voltammograms have been referenced to the internal standard (Cp),Fe/(Cp),Fe*, which was

added after the measurements.

structures and pronounced quantum confinement effects, Ag
NCs may exhibit tunable photophysical properties, including
near-infrared (NIR) emission,”>° which has attracted
considerable attention for applications in bioimaging and
optoelectronic devices due to enhanced tissue penetration.
Furthermore, chiral and circularly polarized luminescent
(CPL) Ag NCs have emerged as promising materials for
advanced technologies, such as information storage, encrypted
communication, and security encoding. For example, Sun and
co-workers reported a supramolecular assembly comprising a
luminescent Ags NC and y-cyclodextrin that exhibits CPL
activity by synergistically combining the properties of both
components.”® Beyond luminescence, Ag NCs have demon-
strated remarkable nonlinear optical responses, which can be
tailored through kernel alloying with various metals, such as
Ag, Au, Pt, and Pd, into a metal-ligand cluster template.27
Moreover, the use of bialkynyl ligands enabled the isolation of
the chiral nanoclusters R/S-Agsg and R/S-Ag,,, resulting in a
notable red shift of NIR-phosphorescence from 1088 to 1150
nm.”® In addition to their structural diversity, Ag NCs have
found applications in chemical sensing. For example, Morsali
and co-workers reported a ferrocene-functionalized tetranu-
clear Ag cluster that was employed in the fabrication of
FcAgCs/ITO thin-film electrodes for the sensitive detection of
H,0,.”” Suturina and co-workers described an unusual
emissive Ag cluster featuring a Ag-centered, phosphorus-
capped tetrahedral [Ag@Ag,(¢5-P),] unit encapsulated within
an Ny, icosahedral framework, highlighting the structural

versatility and intriguing photophysical properties of Ag-based
cluster systems.’® However, the application of structurally well-
defined bulky phosphide-supported molecular Ag NCs as
molecular pseudocapacitors is rarely explored.

Herein, we depict the stabilization, synthesis, solid-state
isolation, and detailed characterization of a structurally well-
defined soluble, tetranuclear silver NC [((Cy-cAl)P-
(Dipp))4Ag,] (2), with a planar Ag(I), core, supported by a
novel monoanionic group 15-based bulky phosphide ligand by
treating highly reactive linear polymer of the Cs-(imino)-
phosphide complex”" with AgNTf, under an argon atmos-
phere. Detailed spectroscopic, thermal, and surface analyses
along with quantum chemical calculations have been
performed to gain deeper insights into the nature of its
structure and electronic properties. Moreover, the possible
utilization of 2 in various electrochemical experiments has been
explored within a three-electrode setup, which revealed that 2
possesses intrinsic charge storage properties, suggesting its
potential use as an active substance in batteries.

B RESULTS AND DISCUSSION

Bright orange crystals of the polymeric Cs-complex [((Cy-
cAl)P(Dipp))Cs], (1) (Cy = cyclohexyl; cAl = cyclic
alkyl(imino); Dipp = 2,6-di-isopropylphenyl)’' were treated
with silver bis(trifluoromethanesulfonyl)imide (AgNTf,) in a
1:1 molar ratio in anhydrous THF at room temperature (rt)
for 12 h under an argon atmosphere. The resulting dark green
reaction mixture was filtered and stored for crystallization upon
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concentration up to 2—3 mL in a freezer at —40 °C. After 1
week, block-shaped pale-yellow crystals of the metal cluster
[((Cy-cAI)P(Dipp)).,Ag,] (2) with Ag(I), core were isolated
in 58% yield (Scheme 1).

The purity of cluster 2 was established by elemental analyses
and powder X-ray diffraction. The crystals of 2 were found to
be stable for several months under an argon atmosphere, and
for a few weeks under air at an ambient temperature. Cluster 2
was soluble in polar solvents, e.g, THF, acetonitrile, DCM,
etc., and the solutions of 2 were stable under an argon
atmosphere for several months at ambient temperature, but
decomposed under air after 7 days. 2 was decomposed at 137—
140 °C. Further, thermogravimetric analysis (TGA) was
performed to investigate the thermal stability of 2, where the
TGA profile showed a multistep decomposition process (see
the SI). 2 °C in solid-state, above which it lost almost half of its
weight (52.5%) in a temperature range of 200 to 435 °C,
attributed to the decomposition of the major organic ligand
framework. A gradual mass loss of 20.8% was observed
between 477.6 and 1000 °C, corresponding to the continued
degradation of the residual framework.

At rt, *'P NMR spectrum of the Ag, cluster 2 in THF-dj
exhibited no detectable signal. However, upon lowering the
temperature to 223 K, a broad multiplet was observed at
—109.8 ppm due to coupling with neighboring two-coordinate
Ag ions (“Ag and '“Ag nuclei), which was significantly
downfield shifted compared to that of Ag, (—127.3 ppm),*”
and upfield shifted compared to those of Ags (—87 ppm),”
and Ags (—23.3 ppm)”* clusters, revealing electron-rich P
centers. The Raman spectrum of cluster 2 exhibited distinct
bands at 93 and 128 cm™}, corresponding to the characteristic
Ag—P stretching modes (see SI), which are comparable with
the reported v(Ag—P) symmetric stretching frequencies
observed for [(CH;);P-Agl], (122 cm™) and [(‘Bu);PAgP-
(tBu)3]+ (95 Cm_l).36’37

The electrospray ionization mass spectrometry (ESI-MS)
analysis of a THF solution of 2 showed a peak at m/z 1896.06,
corresponding to the [((Cy-cAI)P(Dipp)),Ag,] (2) + CH;CN
+ (H)* cation (Figure 1).

The isotropic distribution of the species closely matched the
corresponding simulated spectrum. The X-ray photoelectron
spectroscopy (XPS) of 2 was performed to confirm the
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Figure 1. Experimental (orange) and simulated (blue) full-range mass
spectrum of isolated crystals of [((Cy-cAI)P(Dipp)),Ag,] (2) +
CH;CN + (H)* cation; [((Cy-cAI)P(Dipp)),Ag,] =
CorH140AgN,P,.

oxidation state of the Ag ions present in the cluster. Two well-
resolved bands at 368.3 and 374.2 eV, corresponding to the
3ds, and 3d;,, states, respectively, were observed in the
spectrum, confirming the presence of metallic Ag' in the Ag,
nanocluster (2) (see SI).

The electrochemical behavior of 2 was investigated by cyclic
voltammetry (CV) studies of a THF solution of 2 in 0.1 M [n-
Bu,N]PF; as the electrolyte at multiple scan rates ranging from
20 to 200 mV s, showing an electrochemical process in the
voltage range from —04 to —1.9 V (Scheme 1d). The
corresponding cyclic voltammograms revealed a quasi-rever-
sible electron transfer process with E, /, ranging from —0.91 to
—1.03 V, suggesting the formation of the corresponding radical
anion 2"~ (Scheme 1d). The CV of the previously reported Ag,
cluster having two fi3-C,ceyiene bridges, stabilized by dppf and
methanol ligands, exhibited redox peaks in the positive
potential range (E, 52 = 1.076 and 1.022 V), one corresponding
to the ferrocene-centered one-electron reduction, and the
other czluasi—reversible peak, responsible for oxidation of dppf
ligand.” In contrast, an irreversible reduction process was
reported for the Ag, nanocluster stabilized by py;p ligand in
the negative potential region.’® Further, the chemical reduction
of cluster 2 was performed using KCgq (1:1 molar ratio) in THF
to investigate the feasibility of generating the radical anion 2™~
in situ. To our delight, the X-band EPR spectrum of the
resulting reaction solution exhibited a broad resonance with
rhombic nature, centered near ~337 mT with a g value close to
2.0, indicating a metal-centered paramagnetic species. The
presence of a single signal without resolved hyperfine splitting
suggests an S = 1/2 paramagnetic species with an unpaired
electron (Scheme 1c). Subsequently, we performed the XPS
analysis of the dry crystalline solid obtained upon reduction of
2, which revealed the presence of both Ag’ and Ag' centers
(SD).

The Mulliken spin density”” analysis of 2”7, calculated at the
UB3LYP/def2-TZVP level of theory, showed that the majority
of spin is delocalized (a-spin density) on the central Ag, unit
(Scheme 1c; inset) with minor contributions from the
neighboring P atoms (0.8—2.3%) (Scheme 1c, insets). Notably,
the two Ag atoms bear the majority of the spin population
(32.1% each), while the remaining two contribute negligibly
(1.9% each), highlighting an uneven spin distribution within
the metal core. In contrast, the f-spin density is primarily
delocalized over the C and N atoms. The accumulation of spin
densities between two Ag atoms could be due to the stronger
Ag--Ag interaction in 2”7 (Scheme 1c, inset).

Structural characterization of the nanocluster [((Cy-cAI)P-
(Dipp))sAg,] (2) by single-crystal X-ray diffraction revealed
that the tetranuclear Ag cluster crystallizes in the triclinic P-1
space group (Figure 2). There is a center of inversion present
within this molecule. The molecular structure of 2 comprises
four Ag' ions and four monoanionic bulky phosphide ligands
[(Cy-cAI)P(Dipp)]~. The NC 2 has a nearly planar-
rectangular Ag, core, where each of the four AgI ions is
bonded to two u-P bridging atoms of the two phosphide
ligands [97.03(4), 100.83(5)°]. The Ag—Ag distances in 2 are
3.56 to 3.67 A. Previously reported 1,1-bisdiphenylphosphi-
noferrocene (dppf) stabilized Ag, nanocluster, reported by
Kuan-Guan Liu and co-workers, features a rhombus core
structure with significantly shorter Ag--Ag interaction in the
range from 3.05019(6) to 3.1930(7) A.*’

In contrast, Ag—Ag distances along the edges of the Ag,
tetrahedron are too long [5.0031(7)—5.2553(7) A] for Ag-
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Figure 2. Molecular structure of the nanocluster [((Cy-cAI)P-
(Dipp))4Ag,] (2). H atoms were omitted for clarity. Color code: Ag,
pink; P, orange; C, gray; N, blue. Selected experimental [calculated at
B3LYP/def2-SVP] bond lengths [A], and bond angles [°]: Ag2—P1
2.3770(12) [2.3860], Ag2—P2’ 2.3986(12) [2.4067], P1-C7
1.846(5) [1.836], N1-C7 1.259(6) [1.272], P1-Ag2—P2’
167.83(5) [165.83], C7—P1—Ag2 112.43(1S) [113.92], Agl—P1—
Ag2 97.03(4) [97.19].

centered phosphorus-tetracapped tetrahedron, the [Ag@
Ag,(u5-P)4] core with tris(2-pyridyl)phosphine ligand (Pyy-
Py;p).”" Notably, silyl- and germyl-bridged neutral square-
planar Ag, have very short Ag—Ag distances (2.695 and 2.704
A), suggesting strong argentophilic interaction.”® The Ag—Ag
distances in the Ag), kernel of a Ag;y, molecule reported by
Sun and co-workers fall in the range of 2.748—2.847 A.*” The
Ag—P bond distances of 2 [2.3770(12) and 2.3986(12) A] fall
within the range observed for dppf stabilized Ag, cluster
[2.3769(14) to 2.3988(13) A] indicating comparable bond
length.”” However, these values are comparatively shorter than
Py,P-supported Ag, clusters by [Ag—P, 2.5766(16)—
2.6095(15) A], reflecting relatively weaker Ag—P interaction
in the latter system.’® Furthermore, in comparison with other
nuclearity Ag clusters stabilized by phosphorus ligands, the
Ag—P bond lengths in 2 are slightly shorter than those of the
previously reported Ags, Ag, Agg and Ag;, nanoclusters (2.39
to 2.56 A).>>*" However, these values are comparable to those
observed in Ag), nanocluster bearing a different metal
framework supported by cAACPK ligand (2.37 to 2.45 A),*
but are longer than the Ag—P distances reported for an Ag),
nanocluster (2.23 to 2.48 A).>> Furthermore, the Ag—P—Ag
bond angles [97.03(4), 100.83(5)°] of the central Ag, unit (2)
are wider than those observed for the analogous Ag, core
present in previously described Ags and Ag, NCs.*
Geometry optimization for cluster 2 in the singlet ground
state has been performed at the B3LYP-D3(B])/def2-TZVP*'
level of theory followed by the natural bond orbital (NBO)**
analysis to elucidate the orbital interactions and bond
polarization, which revealed that the HOMO of 2 primarily
contributes to the interaction between Ag d,, orbital and the
orbital of the P atom, indicating effective d,—p, conjugation
(Figure 3). Notably, one P center simultaneously interacts with
two Ag atoms, highlighting a multicenter delocalization
pathway within the Ag—P framework. This result is
corroborated by the 3c—2e bond with the ON of 1.85, 1.73
(see Table S6 in SI). The LUMO displays a diffuse electron
density distributed over the d e-cloud of all four Ag atoms,

LUMO+1 LUMO HOMO
£=-0.89 eV £=-0.98eV e=-535eV

HOMO-1
e =-5.56 eV

£=-6.31eV

£=-6.31eV

Figure 3. Representative Kohn—Sham orbitals of nanocluster [((Cy-
cAI)P(Dipp)),Ag,] (2), calculated at the B3LYP-D3(BJ)/def2-TZVP
level of theory.

suggesting that the unoccupied orbital manifold is largely
metal-centered and may facilitate metal-based acceptor
behavior. In the HOMO-1 and HOMO-2 orbitals,
cooperative participation of two different Ag d orbitals is
observed. The d,, orbital of one Ag atom overlaps with the
phosphorus 7 orbital from one side, while the d,, orbital of
another Ag atom interacts with the same 7 system from the
opposite side. This arrangement further supports a 3c
delocalized interaction involving Ag—P—Ag. The HOMO-3
orbital predominantly involves interaction between the Ag d,,
orbital and the phosphorus 7z orbital, representing a more
localized d-z interaction compared to the higher-energy
occupied orbitals. Overall, the NBO results demonstrate
pronounced Ag(d)—P(x) donor—acceptor interactions and
multicenter metal—ligand delocalization, which play a key role
in stabilizing the electronic structure of cluster 2. A partial
single-bond character is observed for the Ag—P interaction, as
indicated by a Wiberg bond index (WBI)* of 0.40 (see Table
S7 in SI).

Subsequently, the HOMO—LUMO energy gap of NC 2 is
calculated to be 4.37 eV, indicating a relatively large gap and
thereby suggesting a high degree of electronic stability. In
contrast, upon reduction to the corresponding radical anion
(277), a significant decrease in the energy gap is observed, with
the value dropping to 1.22 eV. This pronounced reduction
reflects enhanced electronic flexibility and increased reactivity
in the radical species compared to their neutral counterparts.
To reliably assess the Ag—P bonding interactions, Mayer bond
order (MBO)** calculations were performed alongside WBI
analysis. The computed bond indices show that the majority of
Ag—P interactions fall within the range of 0.55—0.73, indicative
of predominantly single-bond character. In contrast, the Ag2—
P7 and Ag3—P5 interactions exhibit comparatively lower bond
order values (~0.36), suggesting weakened bonding with
partial single-bond character. These deviations point toward
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nonuniform metal—ligand interactions within the framework,
reflecting localized variations in electronic distribution and
bonding strength. The bond is notably polarized toward the P
atom, reflecting the greater electron density localization on P
relative to Ag. For the P—C bond involving the cAAC carbene,
NBO analysis shows that the bond is also polarized toward the
phosphorus center (61.3%). Similarly, in the P—C bond
connecting the Dipp substituent, the electron density
distribution remains biased toward phosphorus (60.1%)
polarization on the P atom. These results give a clear
indication that P acts as the dominant electron density
acceptor in its bonding interactions with both the metal center
and the adjacent carbon-based ligands. Reduction of cluster 2
by one electron affords the corresponding radical anion with a
doublet ground state.

NBO analysis was performed at the UB3LYP-D3(B])/def2-
TZVP level of theory on 2 at the doublet spin ground state to
gain insight into the bonding interactions between the Ag and
P atoms. The overall orbital characteristics remain largely
consistent with those of neutral 2, with the key distinction
being the presence of a singly occupied molecular orbital
(SOMO). This unpaired electron resides in the a-spin channel
at —0.93 eV, while the corresponding S-spin orbital remains
unoccupied (see SI).

The topological analysis of the electron density has been
performed using the quantum theory of atoms in molecules
(QTAIM),* which provided further insight into the nature of
bonding of cluster 2 (Figure 4). The positive Laplacian values

Figure 4. Contour plot of the Laplacian of electron density [V?p(r)]
for cluster 2 across the Ag—P—Ag plane, calculated at the B3LYP/
def2-TZVP level of the theory. Solid maroon lines indicate areas of
charge depletion (V?p(r) > 0), while dotted green lines denote charge
concentration (V2p(r) < 0). Solid lines connecting atomic nuclei
(gray) are the bond paths, and green spheres on the bond path
indicate the bond critical points (BCPs). Energy density values at
BCPs are written in purple.

(V?p(r) > 0) at the bond critical points (BCPs) of the Ag—P
interactions indicated a depletion of electron density in the
interatomic region, reflecting the contraction of p(r) toward
the respective nuclei.

The electron density values (p(r)) in the range of 0.078—
0.082, together with the positive Laplacian, gave a clear
indication of closed-shell interactions. Additionally, the low
ellipticity values (¢ = 0.049—0.062) further supported the
predominance of single-bond character of the Ag—P bonds. In
contrast, the P—C bonds exhibit negative Laplacian values

(V?p(r) < 0), indicative of open-shell interactions. The
relatively higher ellipticity values (& = 0.142—0.352) suggested
the presence of z-character within these bonds. Notably, the
P—Caac bond displayed the highest ellipticity value, high-
lighting the enhanced z-contribution along this interaction.
Furthermore, the negative total energy density H(r) observed
for all Ag—P, P—Cssc, and P—Cp,, interactions confirmed
the covalent interactions.

The electron localization function (ELF)*° calculations on 2
were performed at the B3LYP-D3(BJ)/def2-TZVP level of
theory using Multiwfn program (Figure 5),*’*" which revealed
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Figure S. ELF* plot of 2, calculated at the B3LYP-D3(BJ)/def2-
TZVP level of theory. The color bar on the left-hand side indicates
increasing localization. The core charge areas are characterized by
circular fields around atoms with high (% 1.0) values of ELF (red),
while the chemical bonds are described by irregular localization
domains (cyan) with smaller values of ELF.

the involvement of di-, tri, and hexa-synaptic basins. A
disynaptic basin was observed between Ag and P atoms with a
population of 1.87 e. In addition, four trisynaptic basins were
identified with populations ranging from 1.91 to 2.00 e. The
presence of these trisynaptic basins was consistent with NBO
analysis, which indicated a 3c—2e bonding interaction,
polarized predominantly toward the P atom. A hexa-synaptic
basin was detected involving all four Ag atoms along with the
adjacent C and H atoms of the Dipp groups, indicating
extensive electron delocalization. A similar interaction pattern
was also evident from the LUMO+1 orbital.

The UV—vis absorption spectrum of 2 in THF was recorded
at 298 K under an argon atmosphere, which showed two
absorption bands with the absorption maxima (4,,) at 250
and 349 nm (see SI). The time-dependent density functional
theory (TD-DFT)* calculations were performed on 2, both in
the gas phase and in THF solvent, at the B3LYP-D3(BJ)/def2-
TZVP level of theory to assess the nature of the electronic
transitions responsible for the absorption characteristics. The
computed absorption maxima were found to be in good
agreement with the experimentally observed values in both
cases. Furthermore, the dominant excitations exhibited
pronounced metal-to-ligand charge transfer (MLCT). In the
gas phase, the most significant transition was attributed to the
HOMO-1 — LUMO+10 excitation, occurring at 340.06 nm
with an oscillator strength (f) of 0.093. Thorough analysis of
the involved molecular orbitals revealed that the HOMO—1 is
primarily composed of the d,, orbitals of Ag atoms interacting
with the P atoms, whereas the LUMO+10 was predominantly
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associated with the 7*._y antibonding orbital. Consequently,
the electronic excitation corresponds to charge transfer from
the Ag—P framework to the 7*_y acceptor orbital (Figure S25
in SI). In presence of THF as the solvent, the dominant
absorption band arises from the HOMO—-2 — LUMO+3
transition, exhibiting a higher oscillator strength of 0.151 and a
calculated absorption wavelength of 355.08 nm, which closely
matches the experimentally observed value of 349.0 nm. The
HOMO-2 orbital is characterized by interactions between the
Ag d,, orbitals and the P 7 orbitals, while the LUMO+3 retains
substantial 7% _y character. Similar to the gas-phase excitation,
the transition in solution was found to be dominated by
MLCT from the Ag—P framework to the ligand-centered
7¥ ¢y orbital (Figure S26 in SI).

NC 2 exhibited a prominent emission maximum (/,,) at
505 nm when excited at a wavelength of 365 nm. The
temperature-dependent photoluminescence spectra, recorded
at an excitation wavelength of 365 nm, showed a red shift with
the emission maxima from 576 to 584 nm at an increasing
temperature range of 80 to 300 K (Figure 6).>® The
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Figure 6. Temperature-dependent photoluminescence (PL) spectra
of [((Cy-cAI)P(Dipp)),Ag,] (2) in the solid state at 365 nm of
excitation wavelength.

photoluminescence quantum yield (®p;) of 2 in the solid
state was found to be 1.05% with an average lifetime of 3.14 ns
(Aem = S0S5 nm), when excited at a wavelength of 375 nm,
indicating a fluorescence process.

The morphology, particle size, and composition of cluster 2
were analyzed using field-emission scanning electron micros-
copy (FE-SEM) at an accelerating voltage of 3 kV (Figure 7a).
The SEM image of 2 revealed block-shaped particles, observed
across microscopic scales ranging from 100 gm to 500 nm,
forming aggregated structures with well-defined sharp edges,
particularly evident at the 20 pm scale. The EDAX spectrum of
2, employed for the semiquantitative determination of the
elemental composition of the cluster, confirmed the presence
of Ag, P, C, and N with weight percentages of 21, 5.3, 62.8, and
3.1, respectively, which are consistent with the proposed
molecular formula of 2.

The high-resolution TEM (HR-TEM) images of 2 revealed
the formation of well-defined, spherical particles with a
crystalline nature, exhibiting an average diameter in the
range of 2.81—14.42 nm (Figure 7b). These images further
displayed distinct lattice fringes with an interplanar spacing of
0.248 nm. The particle size and interplanar distances were
determined using Image] software.”’

Figure 7. Scanning electron microscopy (SEM) images (a) and high-
resolution-TEM images (b) of nanocluster [(Cy-cAI)P(Dipp),Ag,]
(2).

To study the adsorption—desorption properties of 2, BET
analysis was carried out, which revealed that 2 possesses a
specific surface area of 0.855 m*g~" and a total pore volume of
0.018 cm® g', suggesting limited pore availability in the
material and an average pore radius of 18.627 A, which can be
considered mesoporous (see SI).° The adsorption isotherm
showed a Type-II isotherm without the presence of any
hysteresis loop, where low nitrogen uptake happens across
most of the relative pressure range, with a sharp increase only
at higher relative pressures (P/P, > 0.9), which may be because
of capillary condensation in large pores.

On the basis of the initial redox behavior of the present Ag,
nanocluster 2, we have attempted to explore the possibility of
utilizing this species as an energy storage material. The
electrochemical behavior of the Ag, electrode, fabricated by
depositing the nanocluster 2 on a stainless-steel solid support,
was analyzed by employing a three-electrode cell, where the Pt
electrode served as the counter electrode and an Ag/AgCl
electrode as the reference electrode. On the other hand, the
Ag, electrode was employed as the working electrode. All
electrochemical analyses were done in an aqueous medium
with a 1 M NaClO, electrolyte. Cyclic voltammetry was carried
out in the potential range of —0.25 to —1.1 V for
determination of the energy storage behavior of the Ag,
electrode. The electrochemical capacitance and characteristics
of the electrode were determined from the CV graphs.”' —>’

The cyclic voltammetry analysis of the Ag, electrode was
carried out at a range of 2—100 mV s~ over the voltage range
of —1.1 to —0.25 V (vs Ag/AgCl). The CV profile
demonstrated that the CV curve possesses a quasi-rectangular
shape and some deviations with broad humps, revealing the
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Figure 8. (a) CV plots of Ag, electrode, fabricated by depositing nanocluster 2 on a stainless-steel-based solid support at various scan rates. (b)
Effect of scan rates on areal and specific capacitance. (c) GCD plots of Ag, electrode at different current densities. (d) Effect of current densities on

areal and specific capacitance.

simultaneous presence of EDLC as well as pseudocapacitance,
as shown in Figure 8a.

A minor anodic peak appeared at approximately —0.4 to
—0.5 V and became more pronounced at higher scan rates.
Moreover, at higher scan rates, the CV curves exhibited
distortion, indicating surface-controlled redox processes,
whereas lower scan rates yielded smooth profiles due to
good ion diffusion. An increased current density was noted at
higher scan rates, but the deformations in the CV curve
showed poor availability of ions to the active site of the
electrode. As per eqs 1 and 2, the values of areal and specific
capacitance for Ag, were 185.8 mF cm™ and 1689 F g7/,
respectively, at 2 mV s~', while both values became 14.7 mF
cm~?and 13.4 F g™ at 100 mV s/, as depicted in Figure 8 (b).

[iav
Ca=—-—— x 1000
A-AV-p (1)
fi v
Cs= ———
m-AV-v 2)

Here, f i dV represents the area under the C—V curve, obtained
after integrating current with voltage; A represents the effective
surface area of the electrode (cm?®); AV represents the voltage
range for C—V measurements; v represents the scan rate (mV
s'); and m represents the mass of the material (g).

Further investigations of the electrode’s electrochemical
characteristics with regard to its usage in supercapacitors were
conducted in terms of the galvanostatic charge—discharge
(GCD) test through applying different current densities within
a certain voltage range. The charge—discharge characteristics
of the electrode for three-electrode cells were evaluated
considering the equations below, where eq 3 is associated
with areal capacitance and eq 4 is associated with specific
capacitance.”* ™’

Ca = At

A-AV (3)
Co = I-At

m-AV (4)

Here, I represents the current flowing through the cell, At
represents the time during which the cell discharges, A stands
for the area of the active electrode (cm?), m represents the
mass of the electroactive material (g), and AV is the potential
window during the experiment.

The GCD test was conducted on the Ag, electrode using
different current densities of 1.1 to 1.7 mA cm ™ as depicted in
Figure 8c. From the GCD data, a quasi-triangular shape was
obtained with some deviations from linearity, implying that
both EDLC and pseudocapacitance are present, which is due
to faradic reactions.”®” The charge—discharge cycles have
reasonable symmetry, implying electrochemical reversibility,
despite the slight IR drop at high current density. Most
importantly, from eqs 3 and 4, the maximum areal and specific
capacitances achieved are 27.5 mF cm™ and 25 F g™' at a
current density of 1.1 mA cm™ With the increase in current
density to 1.7 mA cm™? the areal and specific capacitances
decrease to 12 mF cm™2 and 109 F g_l, as seen in Figure 8d.
The reduction in capacitance is because of poor ion diffusion
and low active site utilization at high current densities.”’

In order to study the conductivity and resistance character-
istics of the electrode material, EIS experiments were
conducted on the three-electrode system within the frequency
range of 0.1 Hz to 1 mHz. For this purpose, the data obtained
by EIS were analyzed through the use of Nyquist plots. The
high-frequency intercept on the real axis signifies the solution
resistance (R,), which is the resistance between the current
collector and the electrolyte.””** The small semicircle observed
on the high- to midfrequencies relates to the charge transfer
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Figure 9. (a) Nyquist plot of Ag, electrode measured by the EIS method. (b) Equivalent electrical circuit employed in the fitting process of Nyquist
data. (c) C—V traces recorded for various cycle numbers ranging from 500 to 2000 cycles. (d) Capacitance retention as a function of cycle numbers

up to 2000 cycles.

resistance (R,),">%* resulting from the reversible faradaic

reactions during the charge—discharge cycle, whereas the
inclined straight line in the low-frequency region represents ion
diffusion behavior, corresponding to the Warburg impedance.
Fitting of the EIS data was done through ZSimpWin, and the
optimized equivalent circuit diagram was found to be
R(Q(RW))(CR) as presented in Figure 9b. Here, “R;” refers
to solution resistance, “Q” represents a constant phase element
due to the nonideality of the capacitor, “R.” is charge transfer
resistance, and “W” denotes ion diffusion. Based on the figure
above, it can be seen that Ag, shows low solution resistance (R;
= 2.9 Q), indicating high ionic conductivity, in addition to a
low R value of 0.76 Q as evidenced in Figure 9a.

The electrochemical stability of the Ag, electrode was
further characterized through CV. As indicated by the CV
profiles recorded with increasing cycle numbers, there was a
steady reduction in the area under the curve, implying the loss
of capacitance with increased cycling time, as observed in
Figure 9c. The Ag, electrode was able to retain about 80% of
its initial capacitance value after 2000 cycles, as can be seen in
Figure 9d, reflecting modest electrochemical stability. The loss
in capacitance may be related to electrode degradation or loss
of active sites due to continuous redox reactions. It is
noteworthy to mention that Liu et al.®® prepared an Ag
nanoparticle/conductive porous Lag.;Sry.;C00;_6 (Ag/LSC)
binder-free electrode with a capacitance of 14.8 F cm™ (517.5
F g7!) for 85.6% stability within 3000 cycles. Ansari et al.*®
designed a ternary composite material of Ag-rGO@MnO, that
showed a high specific capacitance of ~675 F g~! with ~95%
retention rate over 3000 cycles, due to the combined effect of
Ag, rGO, and MnO,. Also, Kalambate et al.”’ fabricated a
ternary GNS/AgNPs/PPY composite that gives ~450 F g~'
with ~92% stability, where GNS played the role of EDLC
behavior, PPY adds pseudocapacitance, and Ag acts as a
conductivity enhancer and improves charge transfer rate.

Similarly, Patil et al.°® demonstrated Ag-doped PEDOT:PSS
electrodes that show a capacitance of ~172 F g~' and energy
density of ~36.1 Wh kg™' because of the enhanced redox
activity and better electrical conductivity through silver doping.
Additionally, the study of Wu et al.”’ designed a 3D high-
nucleus Ag,, nanopolycluster with an electrode showing 412 F
g 'at 1.5 A g7 with ~94% retention rate over 7000 cycles and
energy density of ~57.2 Wh kg™, where porous architecture
and strong interaction of Ag—S played important roles in
enhanced ion diffusivity and stability. However, no reports
have been documented featuring a soluble, structurally well-
defined molecular Ag,-based nanocluster, exhibiting pseudo-
capacitance as a novel energy storage material.

Unlike other Ag-based supercapacitor electrodes that have
been extensively studied, the current Ag, nanocluster-based
electrode represents an entirely new approach to the design of
electrochemical capacitors with superior performance at the
molecular level. The uniqueness of the Ag, nanocluster (2) is
based on the fact that it possesses a well-defined atomic
composition in which charge storage occurs exclusively via
redox-active centers of the molecule. This allows for gaining
insight into intrinsic EDLC—pseudocapacitive mechanisms of
charge storage through the appearance of the quasi-rectangular
C—V curve and characteristic redox peaks. Unlike traditional
composite materials, the soluble Ag, nanocluster (2) functions
as a molecular pseudocapacitor, allowing for gaining insight
into nanoscale mechanisms of charge storage without any
influence of extraneous conductive supports. While the specific
capacitance (~168.9 F g™') and cycling stability (~80% after
2000 cycles) are relatively low, the lack of any conductive
additives underscores the intrinsic electrochemical activity and
structural functionality of the compound.
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B CONCLUSIONS

In summary, we have successfully developed a facile synthetic
route for the gram-scale synthesis and solid-state isolation of an
atomically precise neutral redox-active tetranuclear Ag' nano-
cluster (2), stabilized by bridging phosphide ligands, which is
the first ever phosphide-supported molecular cluster displaying
obvious supercapacitive behavior due to the synergistic effect
of EDLC and pseudocapacitance with a specific capacitance
value of 168.9 F ¢! and low internal resistance, suggesting the
presence of excellent ionic conductivity and charge transfer
performance. Nonetheless, the Ag,-deposited electrodes
presented a reasonable cycle stability of around 80% at 2000
cycles. The absence of conductive additives proved that the
charge storage was attributed to intrinsically active redox sites.
This study paves the way for exploring molecular cluster-based
supercapacitors, where the performance of the materials can be
fine-tuned by adjusting the nuclearity, electronic configuration,
and specific ligand coordination.

H EXPERIMENTAL SECTION
Materials and Methods

All synthetic manipulations were performed using either standard
Schlenk line techniques under an argon atmosphere or in an argon-
filled MBraun Eco-Plus glovebox, where O, and H,O levels were
always kept below 0.1 ppm. All glassware was oven-dried (150 °C)
prior to use. Solvents obtained from an MBraun Solvent Purification
System (SPS) were further dried by standard methods of refluxing
with Na/K alloy for 2 days, followed by vacuum distillation over 4 A
molecular sieves under argon.

Single-Crystal X-ray Diffraction

The single-crystal X-ray data were collected on a Bruker D8
VENTURE diffractometer equipped with a PHOTON III C28
detector using IuS 3.0 microfocus sealed X-ray source with
Molybdenum Ka radiation. A complete data set was collected
following the strategies generated using the APEX4”® module of the
Bruker software suite. The data reduction was carried out using
SAINTPLUS,”" and multiscan absorption correction was performed
using the program SADABS.”" The crystal structures were solved by
the intrinsic phasing method (SHELXT)”" and were refined with full-
matrix least-squares on F, using the ShelXle” plug-in included in
APEX 4. All nonhydrogen atoms were refined anisotropically. OLEX2
Version 1.3.0 was used for structure solution and refinement.”

Computational Details

The geometry optimization of cluster 2 was performed using the
B3LYP*'*™° hybrid functional with the dispersion correction term
D3(BJ) and Def2-TZVP beasis set, in the singlet electronic state, using
the Gaussian 09”* package in the gaseous phase with the help of DFT.
The geometry optimization is favored by minima on the potential
energy surface, followed by no negative frequency. The NBO 6.0
program** ™ is used to perform the NBO calculations of the
complexes along with the MEP plot and AIMAIl package for
QTAIM**™ analysis, both at the B3LYP-D3(BJ)/Def2-TZVP level
of theory using the optimized coordinates. To further assess the
extent of electron delocalization, electron localization function
(ELF)* calculations were carried out using the Multiwfn*7*®
program.

Synthesis of 2

In an oven-dried Schlenk flask, orange crystals of [((Cy-cAI)P-
(Dipp))Cs],1, SO mg, 0.1022 mmol, 1 equiv) and anhydrous AgNTf,
(39.61 mg, 0.1022 mmol, 1 equiv) were weighed in. To this freshly
distilled THF was added at rt to obtain a dark greenish solution,
which was stirred overnight, resulting in the formation of a greenish-
brown reaction solution, which was filtered, concentrated, and stored
at a —40 °C freezer from which block-shaped yellow crystals of [((Cy-
cAI)P(Dipp))4Ag,] (2), suitable for X-ray single-crystal diffraction,

were obtained after 2 weeks in 58% yield (55 mg). "H NMR (400
MHz, 298 K, THF-dg) &: 7.17 (t, ] = 8 Hz, 4H), 7.08 (t, ] = 8 Hz,
8H), 4.42 (br, 4H), 3.92 (br, 2H), 3.35 (d, ] = 8 Hz, 2H), 2.27 (s,
4H), 2.04 (t, ] = 8 Hz, 6H), 1.42—1.35 (m, 16H), 1.25 (s, 16H), 1.15
(br, 30H), 1.10 (s, 18H), 1.02 (d, ] = 8 Hz, 18H), 0.85 (s, 12H) ppm;
13C {"H} NMR (101 MHz, 224 K, THF-d;) §: 155.2, 134.9, 129.9,
129.0, 124.3, 124.2, 122.7, 119.5, 68.1, §5.5, 52.7, 48.5, 39.9, 39.6,
36.5, 35.1,32.7, 31.9, 29.0, 26.5, 26.0, 24.6, 24.4, 23.8, 15.8, 14.5 ppm;
31p {'"H} NMR (162 MHz, 223 K, THF-dg) 6: —109.8 (br m) ppm.
Decomposition point: 137—140 °C.

Electrode Design

The fabrication of the electrodes, made of Ag, nanocluster 2, was
accomplished by utilizing the easy doctor blade technique on a
mirror-like polished stainless-steel (SS) substrate. For preparing the
electrode slurry, 80 wt % of Ag,, 10 wt % of PVDF, and 10 wt % of
carbon black were mixed in NMP to obtain the electrode slurry with a
homogeneous distribution of particles. This mixture was deposited
evenly onto the SS substrate via an applicator and then left for drying
at 80 °C overnight to ensure good attachment and complete
evaporation of the solvent. The mass loading of the active material
was estimated from the difference in weight before and after
depositing onto the substrate, which resulted in a mass loading of
approximately 1.1 mg cm™ for a 1 X 1 cm active electrode area (SS,

46-gauge).
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