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Condensed-phase synthesis of atomically precise clusters has become a vital branch of cluster science,
where solvents are indispensable in the synthesis process. Herein, by employing the density functional
theory (DFT) calculations and molecular dynamics (MD) simulations, we demonstrated that polar solvents
not only provide an important environment to stabilize clusters, but they can also dramatically alter the
electronic property of cluster anions forming novel superhalogen anions. Such a regulation effect was first
verified in small model gas-phase pure and doped gold cluster anions, which was further evidenced in a
real experimentally synthesized Au;g nanocluster. Different solvation models reveal that the solvent field,
which is a noninvasive methodology different from conventional electron-counting rules, can be consid-
ered as a novel external field to remarkably increase the electron-binding capability of cluster anions
while maintaining their geometrical and electronic structures. Considering the indispensability and con-
venient availability of the solvents, present findings may boost the potential applications of superatoms
in constructing super oxidizers in the condensed phase.
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Past several decades have witnessed the booming progress in
cluster science from both the fundamental theory and experiments
[1-7]. Atomic clusters have received increasing attention owing
to their fascinating structures and properties together with their
potential applications in various disciplines, e.g., catalysis, mate-
rials and energy [8-10]. Superatom, a special branch of atomic
clusters proposed theoretically by Jena and Khanna [11,12], is de-
signed to mimic properties of single elements in the traditional
two-dimensional (2D) periodic table, which has the potential in
constructing a new 3D periodic table [3,13,14]. Among numerous
superatoms, superhalogen, originally proposed in the pioneering
work of Gutsev and Boldyrev [15], is one of the most explored
categories because of its simple and well-defined criterion. It was
suggested to describe clusters possessing extremely high electron-
attaching capability, corresponding to the strong oxidation capabil-
ity that can even oxidize the noble gas atom [16], (H,0), clusters
[17], etc. It also includes a series of highly stable cluster anions
(superhalogen anions) [18,19], e.g., BF4 , AsFg and AICl, , possess-
ing high vertical detachment energies (VDE), which are larger than
that of a halogen atom (3.06-3.62eV) [1,15,20].

Following the first experimental evidence of the superhalogen
from Castleman et al. [1], many research groups contribute to
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this field and many superhalogens have been identified [21-32].
The earliest construction of superhalogens was carried out by a
[MXy,1]~! formula, where M stands for a central atom with a
maximal formal valence k, enclosed by halogen ligands X [15].
Subsequently, different electron-counting rules (ECRs), such as the
Jellium model, the 18-electron rule, the Wade-Mingos rule, and
Hiickel 4n+2 rule [33-37], were successfully developed to design
superhalogens. However, there exists obvious limitations in these
traditional methodologies because one needs to alter the intrinsic
properties, e.g., the composition or the number of valence elec-
trons, of parent clusters to obtain superhalogens, which is rela-
tively difficult and inconvenient to control in experiments. To over-
come such a drawback, we developed external-field strategies for
designing superhalogens recently. The oriented external electric
field (OEEF) and ligand field strategies [20,38-40], which can sig-
nificantly increase the electron-attaching capability of metal clus-
ters while maintaining their components, the valence shell fill-
ing, and the geometrical and energetic stability, were proposed as
effective methodologies in constructing superhalogens. Compared
with conventional ECRs, these external-field strategies may provide
promising avenues in the superhalogen synthesis conveniently and
in boosting the potential applications of superatoms.

Additionally, accompanied by the gas-phase cluster research,
the condensed-phase atomically precise cluster synthesis has also
experienced a rapid development during the past decade [41-44].
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Fig. 1. Calculated lowest-energy structures of Au,
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In such a process, apart from the ligands that can protect the
cluster cores to avoid their aggregation, various solvents also pro-
vide a crucial environment to stabilize clusters. Note that, it has
been well-established that the solvent, an important medium in
the condensed-phase synthesis, can assist in stabilizing unstable
anions [45] and intermediates [46] as well as altering the reactiv-
ity of certain organic reactions [47]. Its capability in regulating the
electronic properties of clusters for the superatom design, however,
has not been understood. Additionally, apart from the ligand field
and OEEF we investigated, are there any other external field strate-
gies that can work in the superhalogen design? These questions
inspire us to examine whether the solvent can work as a novel
external field in realizing the superhalogen construction. If so, it
will represent a great progress in the superhalogen synthesis since
solvent are indispensable, relatively inexpensive, and conveniently
available in the cluster synthesis. Thus, in this communication, the
density functional theory (DFT), molecular dynamics (MD) simula-
tion, and quantum mechanics/molecular mechanics (QM/MM) sim-
ulation were employed to explore the capability of different po-
lar solvents in modulating the electronic properties of typical gold
cluster anions to construct novel superhalogens. Such a capability
was first evidenced in model gas-phase pure and doped gold clus-
ters, and subsequently extended to a real experimentally synthe-

sized Auqg nanocluster.

We first investigated whether solvents could regulate the elec-
tronic properties of naked cluster anions. Several typical anions,
(M=Ge, Sn), were adopted
as model systems. It is well-accepted that the superhalogen an-
ion has a unique characteristic with a strong capability of bind-
ing an excess electron, corresponding to a high VDE. The global
minima of these anions were optimized, which are displayed in
Fig. 1. Here, we adopted clusters with various geometries, which
are linear, planar, and 3D structures, respectively. This can of-
fer relative comprehensive model systems to understand the reg-
ulation effect of solvents regardless of special clusters’ geome-
tries. According to the optimized structures, their VDEs were
calculated to be about 2.15, 2.74, 2.99, 2.90 and 2.92eV, re-

ie, Au, (n=2, 4 and 8) and MAug

SnAul9 Cs

(n=2, 4 and 8) and MAug
(M=Ge, Sn). Selected bond lengths and angles are indicated with units of angstrom

inal

of the gas-phase Auy
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spectively, which are all non-superhalogens. Therefore, these an-
ions are good candidates to understand the transformation be-
tween non-superhalogens and superhalogen anions under solvents.
Next, several commonly used polar solvents, which are toluene,
dichloromethane (DCM), methanol, dimethylsulfoxide (DMSO), and
water with gradually increasing static dielectric constants (¢) of
2.37, 8.93, 32.61, 46.83 and 78.34 (Table S1 in Supporting infor-
mation), respectively, were employed to examine their regulation
effects on the clusters’ VDEs. The calculated variation trends of
the VDEs of these five anions in different solvents are listed in
Fig. 2a and Fig. S1 (Supporting information). Apparently, compared
with the cases in the gas phase, the solvent field remarkably in-
creases their VDEs in all model cluster anions. Taking Auy as an
example (Fig. 2a), its VDE monotonically increases accompanied by
the enhancement of the polarity of solvents. Specifically, the VDE
was estimated to be 2.74eV, in line with
the experimental measurement (2.75eV) [48]. This finding clearly
demonstrates the accuracy and reliability of the present level of
theory. And its VDE goes up to 3.18eV (superhalogen) upon the
introduction of toluene. This indicates that such a weak solvent
field can even realize the superhalogen conversion from the gas-
. Subsequently, the water solvent can
further enhance the electron-binding capability of Au, to a VDE
of 3.50eV. Similar regulation effect of the solvent field also valid
in other model systems (Fig. S1). Therefore, these findings provide
solid evidence that the solvent field can be considered as an effec-
tive external field in the superhalogen modulation.

It is well-accepted that the highest occupied molecular orbital
(HOMO) of the anion governs the stability of the outmost electron.
The lower the HOMO level is, the stronger the ability of the an-
ion to bind the outermost electron. To understand the microscopic
origin of the above VDE changes, the one-electron energy levels
of cluster anions in different solvents were computed. Taking Auy
as an instance again (Fig. 2b), it is remarkable that the introduc-
tion of polar solvents significantly decreases the cluster's HOMO
levels. To be specific, the HOMO level drops sharply from the orig-
—0.59V to —2.25eV when the environment changed from the
gas phase to toluene, representing an apparent effect of toluene
on the electron-binding ability of Auy .
declines continuously accompanied by the increment of the sol-
vent polarity, implying that the solvent field can stabilize Au, and
make it harder to lose the outmost electron. These findings corre-
late well with the VDE enhancement of Au, in different solvents
(Fig. 2a), which demonstrate that the downward shift of the elec-
tronic spectrum is probably the origin for the changes from non-
superhalogen to superhalogen in different solvents. Having under-
stood the effect of different solvents on the electronic properties
of these cluster anions, we want to further examine whether the
field alters their geometrical and electronic structures. The aver-
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Fig. 2. (a) Theoretical VDE values (the lower limit of the superhalogen (3.06eV for the I atom) is indicated) and (b) one-electron energy levels (red lines signify the HOMO
levels, black lines represent other occupied MOs and gray lines designate the unoccupied MOs) of Au, together with (c) the average Au-Au bond lengths (in A) of Au,
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Fig. 3. (a) The optimized geometry of the Au;g(SCH3)14 cluster in water and (b) calculated VDE values and HOMO levels of Au;g(SCH3)14 in the gas phase and water,
respectively. In (a), all Au atoms are identical, and the central nine gold atoms are enlarged in size to just highlight the Aug kernel.

age Au-Au bond lengths of the cluster anions were calculated (Fig.
2c). Surprisingly, compared with the situation in the gas phase,
the average Au-Au bond lengths almost stay unchanged under dif-
ferent solvent environments. Additionally, the frontier MOs of the
model clusters were also evaluated. Taking Au, and Aug as exam-
ples (Tables S2 and S3 in Supporting information), their gas-phase
electronic structures are well preserved in different solvent fields.
All these findings undoubtably unveil that the solvent field can
remarkably enhance these anions’ electron-binding ability while
maintaining their geometrical and electronic stability, exhibiting a
good selectivity in the superhalogen design.

Furthermore, it is necessary to note that naked clusters are
highly reactive and easy to coalesce in the solvent environment,
and protected ligands are indispensable in the condensed-phase
syntheses of clusters. Thus, although the above results reveal the
regulation effect of polar solvents in model clusters, exploring its
modulation power in practical cluster systems, like the ligand-
protected nanoclusters, will deliver more valuable guidance infor-
mation about the solvent-assisted superhalogen synthesis in the
condensed phase. To this end, a stable gold nanocluster, namely
Auqg(SR)14 (SR=SCgHy1), which was experimentally identified in
2015 [49,50], was adopted here. Based on the reported crystal
structure of Auqg(SR)14 [49,50], we optimized the geometry of
Auig(SR)14 (Fig. 3a). To simplify the calculations, the CgHy; moi-
ety was replaced by CHs, whose reliability was verified previously
[50]. The main objective of this part of calculation is to determine
whether the solvent field can also increase the VDE of a practical
gold nanocluster, termed as Aujg_nc (Au;g(SCH3)q4) in the follow-
ing, to realize the superhalogen design. The water solvent was uti-
lized here because it has the largest effect in lifting the VDE of the
model anions (Fig. 2a and Fig. S1). The implicit solvation model
was first applied. The VDE of gas-phase Aujg_nc was computed
to be 2.36eV (Fig. 3b), which is a non-superhalogen. Inspiringly,
the cluster’s VDE increases to 3.22eV by simply introducing H,O,
reaching the superhalogen zone. This demonstrates that the sol-
vent field is indeed an effective external field that can assist in
the superhalogen formation for both the simplified model naked
clusters and practical ligand-protected nanoclusters. Inspection of
the HOMO levels of Au;g_nc in the gas phase (—1.08eV) and lig-
uid phase (—3.13eV) also unveils that H,O can significantly sta-
bilize the HOMO level of the nanocluster (Fig. 3b), enhancing the
electron-binding capability of the anion and corresponds to the ob-
served VDE increment in H,0. Additionally, like the cases in the
model anions, the H,0 solvent has little effect on the structure of
Auyg_nc (Table S4 in Supporting information). Therefore, it is rea-
sonable to suggest that, apart from the naked cluster anions, the
solvent field can also regulate the electronic properties of practi-
cal nanoclusters forming superhalogens without destroying their
structural stability, which may boost the potential applications of
these superhalogens because ligands are crucial in the condensed-
phase synthesis of nanoclusters.

Fig. 4. The optimizeq geometries of (a) Aup_nc@82H,0 and (c)

Auyg_nc@43H,0@500H,0 used in the explicit solvent model and QM/MM
MD simulation, respectively, and (b, d) the corresponding spin density calculation
results in these two models.

In addition, it has been well-established that the water sol-
vent itself has a strong power to stabilize one extra electron form-
ing the solvated electron [51-53]. For instance, by using the mag-
netic bottle photoelectron technique, a VDE of 3.74+0.1eV for the
bulk water was obtained experimentally [52]. Thus, one impor-
tant question is that does the VDE increment observed above stem
from the solvent itself or the solvent-assisted nanocluster? To ad-
dress this puzzle, two different models were conducted, which
are the DFT calculations with the explicit solvation model and
the QM/MM simulations, respectively. Here, 82 H,O were placed
around Aujg_nc, termed as Au;g_nc@82H,0, followed by the op-
timization of the whole system (Fig. 4a). The VDE of the opti-
mized Aujg_nc@82H,0 was calculated to be 3.32eV (a superhalo-
gen), which agrees well with the value (3.22eV) obtained in the
SMD model (Fig. 3b). More importantly, the spin density calcula-
tion on Auyg_nc@82H,0 obviously reveals that the extra electron
almost locates in Auyg_nc rather than the surrounding H,O (Fig.
4b), which answers the above question. The NBO charge analysis
[54] can also testify such a fact (Table S5 in Supporting informa-
tion). The central Auyg_nc core and the outside H,0 gain 0.873 and
0.127 |e|, respectively, when one more electron is introduced into
the neutral system. This further demonstrates that the extra elec-
tron mainly gathers in Aujg_nc. Thus, the solvent field can indeed
enhance the electron-binding ability of the nanocluster anion. In
addition, in such an explicit solvation model, the geometrical and
electronic structures of the central Au;g_nc are maintained as well
compared with those in the gas phase (Table S6 and Fig. S2 in Sup-
porting information).

To better understand the real situation of the aqueous solvents
around the nanocluster, a QM/MM simulation by including 543
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H,0, 43 of which were considered as the QM region, termed as
Auyg_nc @43H,0@500H,0, was performed for the electronic prop-
erty predictions (Fig. 4c). Fig. S3 (Supporting information) shows
the 3 ps simulation to acquire the neutral steady state structure,
based on which an electron was vertically added to conduct the
following 2 ps QM/MM simulation to understand the anion’s dy-
namic information (Fig. S4a in Supporting information). And Fig. S4
exhibits the anion’s energetic and structural stability. Importantly,
the electron spin density diagram shows that the extra electron lo-
cates around Auqg_nc (Fig. 4d), which is consistent with the result
obtained from the explicit solvation model (Fig. 4b). Moreover, we
also examined the charge variation (AQ) for the anionic Auyg_nc
and surrounding 43 H,0 in the QM zone, and it is apparent that
the extra electron most locates in the Aug_nc core (Fig. S5 in Sup-
porting information). Consequently, the consistency between the
DFT calculations and QM/MM simulation undoubtedly clarify that
the solvent field can improve the electron-binding capability of the
cluster itself to enable it to possess the superhalogen characteristic.

Thus, above findings show that the solvent field has a dramatic
regulation effect on the electronic properties of both the model
naked cluster anions and the practical nanocluster producing su-
perhalogens. The significance and advantage of this field lie in sol-
vents are indispensable in the condensed-phase syntheses of atom-
ically precise clusters. Compared with another two external fields,
i.e., the ligand field and OEEF reported in our group [20,38-40,55],
the solvent field is the easiest one to achieve in experiments, and
one can obtain superhalogens by simply altering polar solvents
used in the condensed-phase experiments. Strikingly, these find-
ings highlighted here not only show the capability of polar solvents
in the superhalogen regulation but also provide another important
jigsaw in the whole picture of external-field-regulated superhalo-
gens (EFRS).

In summary, polar solvents were demonstrated to possess the
power to modulate the electronic property of cluster anions in con-
structing the superhalogen anions. Such a regulation effect was ob-
served to work in both the model gas-phase gold clusters and an
experimentally synthesized Au;g nanocluster. Different from tradi-
tional ECRs, the solvent field, which is a convenient and noninva-
sive methodology, can be considered as a novel external field to
significantly increase the electron-binding capability of cluster an-
ions without disturbing their geometrical and electronic structures.
It was also revealed that the striking increment of the electron-
binding capability of the anion stems from the downward shift
of the cluster’s electronic spectrum. Moreover, we also demon-
strated that the extra electron mainly locates on the cluster core
itself rather than the surrounding solvent molecules. Considering
such an external field is an indispensable part currently used in
the condensed-phase synthesis of nanoclusters, these findings are
promising to boost the potential applications of superatoms, and
we wish our results can spur more efforts in experimentally syn-
thesizing various superhalogens in the condensed phase by using
suitable solvents.
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