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a b s t r a c t

Traditional strategies for designing hyperhalogens, superatoms with exceptional electron-withdrawing ca-

pacity, rely on complex superhalogen assembly, posing significant experimental challenges. Here, we in-

troduce a non-invasive dual external field (DEF) approach combining solvent effects and an oriented

external electric field (OEEF) to construct hyperhalogens, as demonstrated by density functional theory

(DFT) calculations. Our DEF strategy proves versatile, successfully designing hyperhalogens not only in

simplified Ag−
n model systems but also in the experimentally synthesized Ag25 nanocluster. Using the 3D

Ag−
19 structure as a model, we further reveal the DEF’s pivotal role in O2 activation, where solvent-OEEF

synergy induces tunable O–O bond elongation and charge transfer, proportional to field strength. Our

findings establish a field-driven paradigm for hyperhalogen design that preserves native cluster compo-

sition, providing a theoretical foundation for tailoring high-performance catalysts through precise active-

site modulation.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Clusters are atomic, molecular, or ionic aggregates bound by

physicochemical forces, occupying an intermediate scale between

atoms/molucules and bulk matter with remarkable stability [1–7].

Recent advances in cluster science have enabled applications in

nanomaterials, catalysis, sensors, and energy [8–13]. Certain clus-

ters, termed “superatoms” [14–16], exhibit atomic-like electronic

structures and chemical behaviors due to analogous electron

shell configurations and spatial distributions. While the periodic

table remains fundamental to understanding matter, superatoms

suggest a paradigm shift from its traditional 2D framework to

a 3D architecture, potentially revolutionising materials design.

Superatom classifications rely on valence electron configurations

and physicochemical properties, with superhalogens, which are

theoretically proposed by Gutsev and Boldyrev (1981) and exper-

imentally confirmed (Castleman et al., 2004) [14,17–19], being the

most studied. Superhalogens not only contain highly stable cluster

ions, but also exhibit higher vertical detachment energies (VDE)

than halogen atoms (3.06–3.62 eV) [14,19]. Subsequent studies

have expanded the superhalogen library, with diverse examples

documented in numerous studies [20–32]. Specifically, superhalo-
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gens were originally defined as [MXk+1]
¯ species, where M is a

central atom in its maximum oxidation state (+k) coordinated by

(k+1) halogen ligands [19]. Subsequent theories have extended

these concepts through electron counting rules (Jellium model

[33], 18-electron/Wade-Mingos/Hückel rule [34–39]) to classify

and design superhalogens. However, traditional design methods

face two limitations: rigid electronic configurations requiring

structural/electronic modifications, and practical constraints in

experimental validation of conventional rules.

Another exciting development was the discovery of hyperhalo-

gens, highly electronegative species pioneered by Kandalam, Gan-

teför, Jena, and colleagues [40]. These species were formed by re-

placing halogen atoms in conventional superhalogens with super-

halogen ligands, resulting in electron-withdrawing capabilities ex-

ceeding those of their constituent superhalogens. Their general for-

mula, MYm+1, where M is also a metal atom in its maximum va-

lence state +m, and Y denotes a superhalogen ligand, provides

a fundamental framework for rational design. While this classi-

cal strategy has enabled the design of novel hyperhalogens, its

practical utility is limited by the inherent complexity of manip-

ulating superhalogen assemblies, particularly in achieving precise

cluster synthesis. Thus, developing a novel and simple strategy

to construct hyperhalogens with greater compositional flexibility

and to precisely regulate their electronic properties is both vital
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Fig. 1. Schematic description of the concept of the proposed DEF regulation strat-

egy for constructing hyperhalogen. The classical formulation-based method is also

included for comparison.

and valuable. To this end, recent advances in external-field regu-

lation strategies (EFRS) may offer promising alternatives to con-

ventional superatom design. Unlike traditional electron-counting

approaches, EFRS modulate cluster behavior solely through envi-

ronmental perturbations, preserving intrinsic properties such as

composition and valence electron count, thereby establishing a

non-invasive paradigm for superatom design. Previous results have

demonstrated that a single external field can effectively enhance

the electron attachment capability of metal clusters while main-

taining their composition and structural stability. For instance, the

OEEF has been proven to possess the capability to precisely and

continuously regulate the electronic properties of gold clusters

without significantly altering their geometrical configurations [13].

The solvent field can also boost anion stabilization without altering

geometric/electronic configurations [20]. Consequently, these find-

ings motivate a critical inquiry: Could synergistic application of

multiple external fields enable novel hyperhalogen design, circum-

venting the limitations of traditional superhalogen assembly?

In this work, we propose a dual external field (DEF) synergistic

strategy, which combines the solvent effect and an OEEF, to ad-

dress this question. As illustrated in Fig. 1, the DEF approach in-

volves two sequential steps: first, leveraging polar solvents to con-

struct superhalogens, followed by applying the OEEF to facilitate

hyperhalogen formation. To evaluate the feasibility of this strategy,

we examine anionic Ag3, Ag5, and Ag19 clusters as model systems.

Under DEF conditions, their VDE values exhibited significant en-

hancement. Furthermore, the universality of the DEF strategy was

validated using an experimental synthesized Ag25(SH)18
− cluster.

Subsequent analysis of O2 activation on the truncated pyramidal

Ag19
− cluster revealed that the DEF induces pronounced electron

polarization, creating distinct active sites.

We begin by modulating electronic properties of bare anionic

clusters through systematic variation in solvent polarity and dielec-

tric constants. We employ Ag−
3
, Ag−

5
, and Ag−

19 (model systems [41])

with distinct 1D, 2D, and 3D geometries (Fig. 2a) to probe dual

regulatory effects of solvent fields and OEEF across dimensional

regimes. Theoretical calculations reveal gas-phase VDE of Ag−
3

be-

ing about 2.39 eV, closely matching the experimentally measured

value of 2.43 eV [42]. This demonstrates the reliability and accu-

racy of our theoretical level. Moreover, the theoretical VDE of Ag−
5

and Ag−
19 are about 2.23 and 2.94 eV, respectively. None of these

VDE values reach the superhalogen threshold (3.06 eV), establish-

ing a framework for exploring dual-field modulation in cluster an-

ion behavior and superhalogen design. Here, Ag−
19, a “magic num-

ber” cluster with closed electronic shells [41,42], was selected as

the primary subject of investigation for its exceptional stability,

which suppresses structural and electronic fluctuations. This stabil-

ity enables controlled studies of external field effects while min-

imizing size-dependent structural artifacts. The 3D configuration

Fig. 2. The (a) optimized global minima of Ag−
n (n=3, 5, and 19), (b) theoretical

VDE values of Ag−
19 in the gas phase and different solvents with a reference to the

lower superhalogen threshold (3.06 eV for the iodine atom), (c) VDE values of Ag−
19

under varied OEEF strength, and (d) one-electron energy levels of Ag−
19 in various

solvents and under different OEEF intensities (occupied MOs are indicated by solid

black lines and unoccupied MOs are represented by gray lines).

of Ag−
19 provides intricate electronic and spatial features, allowing

systematic interrogation of solvent fields and OEEF on electronic

properties.

The modulating effects of solvent environments on the elec-

tronic properties of bare silver clusters were first investigated.

Here, we use an implicit solvent model with the parameter settings

given in the Supporting Information. A series of polar solvents, in-

cluding toluene, dichloromethane (DCM), methanol, dimethylsul-

foxide (DMSO), and water, with static dielectric constants (ɛ) rang-
ing from 2.37 to 78.34 (Table S1 in Supporting information) were

selected to systematically evaluate their effects on the VDE values

of silver cluster anions. As illustrated in Fig. 2b, Figs. S3a and S4a

(Supporting information), the calculated trends in VDE variations

reveal a consistent solvent-induced enhancement. Notably, solvent

environments markedly elevate VDEs across all clusters compared

to their gas-phase counterparts. For instance, the gas-phase Ag−
19

exhibits a VDE of 2.94 eV. In toluene, this value increases to 3.10 eV,

thereby classifying Ag−
19 as a superhalogen (Fig. 2b). This demon-

strates that even weakly polar solvents can facilitate a transition

in Ag−
19 from non-superhalogen to superhalogen behavior. In par-

ticular, when water is used as a solvent, the electron-binding ca-

pacity of Ag−
19 is significantly enhanced, reaching a VDE of 3.44 eV.

Analogous solvent field modulation effects are observed in other

model systems, i.e., Ag−
3

and Ag−
5
, demonstrating the generality

of this phenomenon (Figs. S3 and S4 in Supporting information).

These findings collectively establish the solvent field as a potent

external field stimulus for activating superatomic characteristics in

these cluster anions.

As part of our planned investigation, we next want to exam-

ine whether an additional external field (OEEF) can further elevate

the VDE of these solvated cluster anions to hyperhalogen level.

Detailed description about the OEEF calculations is summarized

in the Supporting Information. Ag−
19 in water solvent, denoted as

Ag−
19@H2O, was selected as the model system. Given the intrinsic

low symmetry of Ag−
19, the field orientation was hypothesized to

critically influence its VDE. Six OEEF directions (±x, ±y, and ±z)

were systematically evaluated. Calculations revealed that ±x and

±y axes induce substantial structural deformations, resulting in

non-convergent total energies. In contrast, the z-oriented OEEF sig-

nificantly increased the VDE of Ag−
19@H2O while preserving struc-

tural integrity, making it ideal for further study. Structural stabil-
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ity under z-axis OEEF (0.000–0.015 au) was confirmed by minimal

Ag-Ag bond elongation (Fig. S1b and Table S2 in Supporting in-

formation). Concurrently, the energy gap between the highest oc-

cupied molecular orbital (HOMO) and lowest unoccupied molec-

ular orbital (LUMO), termed the H-L gap, of Ag−
19@H2O in aque-

ous solution (exceeding 1.00 eV, Fig. S2a in Supporting information)

exceeded gas-phase value, indicating enhanced electronic stability.

Analogous stability trends are also observed in Ag−
3

and Ag−
5

(Figs.

S2b and c in Supporting information). Thus, these findings indicate

that the OEEF not only preserves the geometrical stability of the

studied silver clusters but also enhances their H-L gaps.

While the geometry of silver clusters remains largely unaffected

by the application of an OEEF+z, their electronic properties un-

dergo significant modification in aqueous environments. This is

confirmed by the calculated VDE values of these silver anions

under OEEF+z intensities ranging from 0.000 au to 0.015 au. As

shown in Fig. 2c, the VDE of Ag−
19@H2O increases markedly with

OEEF application along +z, reaching a maximum enhancement at

0.015 au Specifically, the VDE rises from 3.44 eV in the absence of

OEEF to 4.00 eV at an OEEF strength of 0.009 au, and further in-

creases to 4.11 eV at 0.015 au. Notably, this value exceeds the VDEs

of all halogen atoms in the periodic table, indicative of hyperhalo-

gen behavior. Similar situations also exist in Ag−
3

and Ag−
5

(Figs.

S3b and S4b). These findings highlight the role of the proposed

DEF strategy, a synergistic combination of solvent effects and OEEF

application, in tailoring cluster electronic properties to achieve hy-

perhalogen behavior. This approach represents a unconventional

methodology in hyperhalogen design.

To elucidate the mechanisms contributing to the increase in the

VDE of Ag−
19 in polar solvent and under an OEEF, we systematically

analyzed the one-electron energy levels of Ag−
19 across varying sol-

vent polarities and under OEEF in the most polar solvent, water.

The HOMO energy of an anion is a key determinant of its outer-

most electron stability, with lower HOMO energies correlating to

stronger electron-binding capacity. As shown in Fig. 2d, polar sol-

vents induce a pronounced downward shift in the HOMO levels of

Ag−
19. Specifically, the HOMO level of Ag−

19 decreases from −1.56 eV

in the gas phase to −2.54 eV in toluene, demonstrating the solvent

field’s significant role in modulating electron retention. This trend

persists with increasing solvent polarity: in water, the HOMO level

further declines to −3.43 eV. Application of an OEEF (up to 0.015

au) to Ag−
19@H2O amplifies this effect, lowering the HOMO level to

−4.09 eV. These results correlate strongly with the observed VDE

enhancement across solvents and OEEF intensities. Similar behav-

ior is observed for smaller clusters (Ag−
3

and Ag−
5
), where analo-

gous HOMO energy trends emerge (Figs. S3c and S4c). Thus, the

downward shift in the electronic spectrum is identified as the

primary factor driving the transition from non-halogen to hyper-

halogen behavior in the presence of dual external fields. Further-

more, it is worth noting that while the experimental implemen-

tation of the proposed OEEF methodology presents technical chal-

lenges, we outline several feasible experimental strategies. A pri-

mary approach involves preparing silver clusters between scanning

tunneling microscopy (STM) tips or on the substrates, where the

OEEF directionality can be optimized according to the spatial align-

ment of individual clusters. Notably, recent advancements in scan-

ning tunneling microscopy break junction (STM-BJ) and mechan-

ically controllable break junction (MCBJ) techniques [43–45] have

demonstrated exceptional capability in achieving single-molecule-

scale electrostatic catalysis under precisely controlled OEEFs. These

methodologies offer promising avenues for directional manipula-

tion of individual clusters or ligand-stabilized cluster frameworks

via gold-cluster-gold junctions, thereby enabling controlled inves-

tigations of OEEF-induced cluster behavior through tunable field

orientations. Alternatively, OEEF regulation may be achieved by im-

mobilizing clusters on functionalized substrates followed by local-

ized electric field application, providing complementary insights

into field-dependent structural and electronic responses.

Additionally, the past two decades have witnessed significant

advances in the chemical synthesis of atomically precise nanoclus-

ters, with solvent environments playing a pivotal role in these pro-

cesses. Solvent-mediated effects are critical for directing reaction

pathways and stabilizing intermediates during synthesis. Moreover,

naked nanoclusters exhibit inherent instability in solution due to

their high surface reactivity and tendency to coalesce, necessitating

the use of protective ligands in condensed-phase systems. While

the aforementioned results demonstrate the regulation potential of

the DEF strategy in simplified model clusters, extending this ap-

proach to practical ligand-protected systems could provide deeper

and valuable mechanistic insights into DEF-assisted hyperhalogen

design under realistic condensed-phase conditions. Thus, to vali-

date the broader applicability of the DEF strategy, it is valuable to

examine its performance not only in model systems but also in ex-

perimentally accessible nanoclusters, particularly those maintain-

ing structural homology with Ag-based systems. Notably, the sil-

ver nanocluster Ag25(SH)
−
18
, previously synthesized and character-

ized in experimental studies [46–48], serves as an ideal candidate.

This cluster shares key features with the model Ag−
19 cluster, both

are negatively charged and exhibit valence electron counts corre-

sponding to the Jellium model’s magic numbers (8e for Ag25(SH)
−
18

and 20e for Ag−
19). Its optimized anionic geometry is illustrated

in Fig. 3a. The primary objective of this vestigation was to deter-

mine whether DEF strategy could enhance the VDE of a practical

silver nanocluster to achieve hyperhalogen characteristics. Water

was selected as the solvent due to its pronounced effect on elevat-

ing the VDE of naked silver cluster anions. The calculated VDE of

Ag25(SH)
−
18

in aqueous solution is approximately 3.76 eV (Fig. 3b),

exhibiting superhalogen behavior. Notably, the VDE of Ag25(SH)
−
18

increases monotonically with the OEEF strength. As shown in Fig.

3b, the VDE reaches 5.24 eV at an OEEF intensity of 0.022 au,

marking its transition into a hyperhalogen state. Analysis of the

HOMO levels under DEFs further reveals that these external fields

can significantly stabilize the HOMO level of the nanocluster (Fig.

3c), thereby enhancing the anion’s electron-binding capability and

correlating directly with the observed VDE enhancement (Fig. 3b).

These findings demonstrate that the DEF strategy can effectively

regulate the electronic properties of practical ligand-protected nan-

oclusters to form hyperhalogen, extending its applicability beyond

naked cluster anions. This highlights the feasibility and versatility

of the DEF approach in tailoring nanocluster functionality.

Having established the efficacy of the DEF strategy in super-

atom design, we subsequently examined its synergistic interplay

with induced polarization and electron transfer in the silver clus-

ter. We first investigated charge redistribution in Ag−
19 under DEF

conditions by partitioning it into three geometrically distinct re-

gions (Fig. 4a). Natural bond orbital (NBO) [49–51] analysis re-

vealed field strength-dependent charge transfer toward the elec-

tric field source, with the top layer (TL) accumulating 3.5 |e| ex-

cess charge at 0.015 au To highlight the significant charge transfer

effect of the DEF strategy, comparative NBO charge analyses under

isolated external fields, i.e., an OEEF in the gas phase (Fig. S5a in

Supporting information) and the solvent field (Fig. S5b in Support-

ing information), were also performed, confirming DEF’s synergis-

tic enhancement of charge transfer efficiency. Additionally, given

the critical role of electrostatic potential (ESP) distribution in clus-

ter systems, we investigated its property for Ag−
19 under DEF con-

ditions (Fig. S6b in Supporting information). To isolate the dis-

tinct contributions of DEF from those of a single OEEF, compara-

tive ESP analyses were conducted under isolated OEEF conditions

(gas phase, Fig. S6a in Supporting information). The results reveal

pronounced electron density polarization under DEF: the field-

proximal region exhibited a potential as low as −14.07 eV, whereas
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Fig. 3. The (a) optimized geometry of Ag25(SH)
−
18
, (b) VDE values of Ag25(SH)

−
18
@H2O under varied OEEF strength, and (c) one-electron energy levels of Ag25(SH)

−
18
@H2O

under different OEEF intensities.

Fig. 4. (a) Three divided zones with different colors, (b) NBO charge variation of

three zones of Ag−
19 as a function of different OEEF intensities in water solvent, (c)

optimized geometry of Ag19O
−
2
, and (d) charge transfer to oxygen in Ag19O

−
2
.

the distal region reached a positive potential of +7.22 eV (Fig. S6b).

In contrast, gas-phase OEEF-induced polarization showed markedly

reduced magnitude, with potentials of −3.96 eV (field-facing side)

and −0.82 eV (opposite side) (Fig. S6a), indicating significantly

weaker polarization. These findings substantiate that the DEF strat-

egy enables superior ESP modulation in metal clusters compared

to conventional single-field approaches. The enhanced modulation

capacity stems from DEF’s synergistic field interactions, which am-

plify charge redistribution beyond the limitations of isolated OEEF

systems.

Subsequently, we investigated the impact of the DEF on the

catalytic reactivity of Ag−
19, given their pronounced influence on

charge redistribution. Oxygen activation, a crucial process involv-

ing the conversion of O2 into reactive oxygen species, drives nu-

merous biological and chemical transformations, with broad appli-

cations in organic synthesis, catalytic material development, and

environmental remediation [52,53]. While advanced catalytic sys-

tems, including nanoparticles, nanoclusters, and single-atom cata-

lysts, have been engineered to enhance oxygen activation, we focus

here on DEF-regulated oxygen activation dynamics in Ag−
19, moti-

vated by the critical role of O–O bond activation. Structural op-

timization revealed the global minimum configuration of Ag19O
−
2

(Fig. 4c). Under DEF conditions, we quantified two key parameters,

which are O–O bond length, and adsorption energy (Ead) for the

cluster, a thermodynamic stability metric. The Ead was calculated

by using the following equation:

Ead = E
(
Ag19O

−
2

)
− E

(
Ag−

19

)
− E(O2) (1)

The adsorption of O2 on Ag−
19 under DEF was systematically

investigated with the F+ z field strength ranging from −0.006 au

to 0.012 au. As summarized in Table S3 (Supporting information),

the global minimum structure of Ag19O
−
2

exhibits an O–O bond

length of 1.49 Å and an adsorption energy of −0.42 eV. The F+ z

field strength was analyzed in two regimes: Negative (−0.006 au

to 0.000 au) and positive (0.000–0.012 au). In the positive regime,

increasing F+ z strength induces progressive O–O bond elongation,

reaching 1.53 Å at 0.012 au, a value approaching bond lengths typ-

ical of oxidized species, concurrent with enhanced O2 activation.

Adsorption energy initially increases to −1.01 eV at 0.010 au before

declining to −0.67 eV. Despite this non-monotonic behavior, ad-

sorption stability remains superior to the zero-field configuration.

Mechanistic analysis reveals DEF-driven charge polarization across

the Ag−
19 cluster surface, where electrons redistribute from the bot-

tom to the top region, facilitating electron transfer to O2 (Fig. 4b).

Conversely, in the negative regime, O–O bond contraction, indicat-

ing strengthened bonding, and reduced electron transfer promote

molecular O2 desorption. Notably, positive adsorption energies in

this regime confirm thermodynamic instability. NBO analysis (Fig.

4d) quantifies DEF-modulated charge transfer: O2 gains 1.2–1.45

|e| in the positive F+ z range, while losing electrons (0.91 |e|) un-

der negative fields. This demonstrates that positive F+ z fields drive

electron accumulation at the cluster apex, populating the π ∗ or-

bital of O2 to activate and elongate the O–O bond. Reverse field

direction suppresses charge transfer, destabilizing adsorption. The

charge distribution on O2 exhibits a quadratic dependence on F+ z

field strength, as evidenced by the second-order polynomial fit

(y=−1.2−36x+1407x2). This equation highlights DEF’s unique ca-

pacity for continuous electronic modulation, a critical advantage

over conventional electron-accounting strategies. To assess univer-

sality, calculations in methanol solvent revealed analogous O–O

bond length, adsorption energy, and charge-field correlations (Ta-

ble S4 and Fig. S7 in Supporting information). This confirms the ro-

bustness of the DEF strategy across diverse solvent environments.

Notably, field orientation modulates spatial charge redistribution

patterns, potentially enabling stereoelectronic selectivity for tar-

geted reaction pathways. Thus, this investigation explores a novel

approach to creating highly reactive sites for O2 activation by lever-

aging the synergistic interaction between solvent field effects and

OEEF. The Ag−
19 cluster analyzed in this work serves as a represen-

tative model system to demonstrate this synergistic mechanism.

The underlying principle of electron density enhancement at active

sites through this synergistic combination suggests broad applica-

bility across diverse catalytic systems, independent of their specific

chemical composition.

Additionally, to facilitate experimental validation of the DEF

strategy proposed in this work, we calculated both photoelectron

and UV–vis absorption spectra for the Ag−
n (n=3, 5, 19) clusters

(Figs. S8 and S9 in Supporting information). These spectral iden-

tifications may serve as valuable signatures for monitoring hyper-

halogen formation in future experimental studies. For example, as
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shown in Fig. S8, the photoelectron spectra exhibit a systematic

blue shift in peak positions with increasing OEEF intensity across

all Ag clusters.

In summary, this study elucidates the synergistic modulation

mechanism of solvent fields and OEEF on the electronic proper-

ties of silver cluster anions (Ag−
n ) across varying dimensions us-

ing density-functional theory (DFT). By integrating solvent polar-

ity and OEEF into a dual external field (DEF) strategy, we achieve

precise control over Ag−
n electronic structures, surpassing conven-

tional hyperhalogen design limitations, i.e. the superhalogen as-

sembly. Notably, apart from the simplified Ag−
n systems, the DEF

strategy demonstrates broader applicability in the experimentally

synthesized Ag25 nanocluster to produce the hyperhalogen. The

proposed DEF strategy enhances VDEs by driving charge redistri-

bution through amplified intra-cluster electronic polarization, en-

abling targeted active site formation. Using 3D Ag−
19 as a model,

we demonstrate DEF’s critical role in O2 activation: solvent-OEEF

synergy induces tunable O–O bond elongation (1.44–1.53 Å) and

charge transfer (0.81–1.45 |e|), proportional to field strength. These

effects dynamically regulate O2 activation efficiency, while pre-

serving cluster geometry. Our findings establish a field-driven

paradigm for hyperhalogen design that retains native cluster com-

position, offering a theoretical framework for engineering high-

performance catalysts via active site control. We wish future re-

search could extend the DEF strategy to diverse metal cluster sys-

tems, exploring its potential in design of functional nanomaterials.
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