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1. Introduction

The importance of negative ions in chemical industry as strong
oxidizing agents has led to a constant search to find mole-
cules/clusters whose electron affinities (EAs) can far exceed
those of halogen atoms. Since the initial discovery[1, 2] that PtF6

can oxidize O2 and Xe half a century ago, and that its EA of
7.0 eV[3] far exceeds that of Cl (3.61 eV), considerable progress
has been made in the design and synthesis of superhalogens,
first termed by Gutsev and Boldyrev.[4, 5] Typical superhalogens
reported in the literature can be represented by the formula
MXk + 1 or MO(k + 1)/2, where M is a main group or transition
metal atom X is a halogen atom, and k is the maximal formal
valence of the M atom.[6–9] Superhalogens can be metal-free,[10]

halogen-free,[11] or both.[12] Theoretical predictions suggest that
H12F13 can have an EA as high as 14 eV.[13] In a recent publica-
tion,[14] it has been shown that a new class of species, called
hyperhalogens, can be synthesized, which are composed of

a metal atom at the core surrounded by superhalogen moiet-
ies, much the same way as superhalogens are created by sur-
rounding a metal atom with halogen atoms. The EAs of these
hyperhalogens are even larger than those of their superhalo-
gen building blocks, thus providing a pathway to create strong
negative ions. This discovery was made while systematically
studying the interactions of BO2 with Au and finding that the
EA of Au(BO2)2 was significantly larger than that of BO2.[7] Sub-
sequent experiments[15] on Cu(BO2)2 confirmed that this com-
pound is also a hyperhalogen. A natural curiosity was then to
see if Ag(BO2)2 exhibits the same behavior. While our present
experiment confirms this to be the case, we found that the
variation in EA with the metal atom of M(BO2)2 (M = Cu, Ag,
and Au) is different to what has been reported for MF2

[16] and
M(CN)2 (M = Cu, Ag, Au).[17] The EAs of M(BO2)2 are 5.07, 6.20,
and 5.7 eV for Cu, Ag, and Au, respectively. In contrast, the EAs
of MF2 and M(CN)2 systematically increase with the metal
atom. For example, the EAs of MF2 (M = Cu, Ag, and Au) are
3.79, 4.76, and 4.84 eV, respectively, while it is 5.29, 6.06, and
6.09 eV for Cu(CN)2, Ag(CN)2, and Au(CN)2.

This anomalous behavior of Ag is surprising as among the
coinage metals it is Au that is known to exhibit anomalous
properties. The ionization potential (IP) of Cu, Ag, and Au are
7.726, 7.576, and 9.226 eV, respectively, while their EAs are,
1.236, 1.304, and 2.309 eV.[18] The substantially enhanced IP
and EA values of Au, as well as its many unique properties
both in nanostructure and bulk form, are due to the relativistic
effects and its aurophilic nature. The anomalous results for
Ag(BO2)2 raises the question: Is it due to spin–orbit coupling or
due to the a unique property of the superhalogen ligand?

In previous studies of Au(BO2)2 and Cu(BO2)2 systems, density
functional theory (DFT) within scalar relativistic formulation has
been used to calculate the molecular structures and vertical/
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adiabatic electron detachment energies (VDE/ADE) of the hy-
perhalogen anions (the ADE is equivalent to the EA as long as
the structures of the neutral and the anion are not much dif-
ferent). To date, most studies have ignored a fundamentally
important physical factor, spin-orbit coupling (SOC), which is
a non-scalar relativistic effect. Owing to the linear dependence
of the SOC effect on nuclear charge,[19] a non-negligible SOC
effect is expected for very heavy transition metals such as Au.
As shown in many high-level sophisticated ab initio multi-con-
figurational calculations on the VDE/ADE of Au-containing sys-
tems, such as AuO� ,[20] AuO2

� ,[21] Au(CN)2
� ,[17] AuH2

� ,[22]

AuI2
� ,[23, 24] and [XAu(CN)]� (X = F, Cl, Br, and I),[25] consideration

of SOC is essential to achieve quantitative agreement with the
photoelectron spectroscopy (PES) experiments. No studies are
available that include the SOC effect in coinage-metal-contain-
ing hyperhalogens such as M(BO2)2. More generally, to the best
of our knowledge, previous high-level ab initio SOC studies for
Au-containing systems never reported any results about the
absolute magnitude of the SOC effect on the VDE or ADE
values.[17, 20–26]

Here we present our experimental results followed by
a high-level theoretical study of M(BO2)2 (M = Cu, Ag, Au),
which includes the SOC effect. We show that the anomalous
result of Ag(BO2)2 is apparent at the CCSD(T) level of theory
without inclusion of SOC. This implies that the interaction of
superhalogens with coinage-metal atoms is indeed different
from that of halogen atoms because of the increasing ability
of the former to draw electrons from the metal atom. However,
the SOC effect is needed for a quantitative interpretation of
the experimental results. The results reported herein can thus
directly provide an estimation of the SOC effect for related sys-
tems of future studies.

2. Results and Discussion

The measured photoelectron spectrum of Ag(BO2)2
� is present-

ed in Figure 1. It shows a sharp peak centered at ~6.28 eV. The
experimental VDE/ADE of Ag(BO2)2

� are determined to be
6.28/6.20 eV based on the photoelectron spectrum. These
values are higher than those of Cu(BO2)2

� (5.28/5.07 eV), mea-
sured previously by Feng et al. ,[15] as well as those of Au(BO2)2

�

with VDE/ADE of (5.9/5.7 eV).[14] Thus, it is clear that Ag(BO2)2 is
a hyperhalogen similar to Au(BO2)2 and Cu(BO2)2. But it is un-
clear why the VDE of Ag(BO2)2

� is higher than that of
Au(BO2)2

� . We sought the answer to this puzzle through ab ini-
tio and first-principles calculations at various levels of theory.

We begin with the geometries of hyperhalogen anions
Au(BO2)2

� , Ag(BO2)2
� , and Cu(BO2)2

� (Figure 2), which were op-
timized at the DFT level using the PBE0 functional. The Cartesi-
an coordinates of these species are available in the Supporting
Information. We note that the M�O bond distances in
Ag(BO2)2

� are the longest among the three species. A similar
geometric trend has also been reported before in coinage-
metal-containing complexes of MF2

� , M(CN)2
� , M(CN), and

MI2
� .[16, 17, 23, 27–29] Thus, the result of a longer Ag-ligand bond

length than its congeners is likely to be a common feature in
coinage-metal species. The geometry of the BO2

� ligand is

almost unchanged in all three species, indicating its integrity
in bonding with the central metal atoms. Cu(BO2)2

� is planar,
while Au(BO2)2

� and Ag(BO2)2
� are not. Interestingly, the

degree of non-planarity of these three molecules is in line with
the trend of the M�O bond lengths, namely, Ag(BO2)2

� being
the extreme case; it has the most non-planar geometry among
all three species.

We now study the SOC effect on the electronic structure of
Cu(BO2)2, Ag(BO2)2, and Au(BO2)2. First, it is helpful to construct
an electronic structure picture of the neutral hyperhalogens
M(BO2)2 from their closed-shell anions. In Figure 3, we show
the five high-lying doubly occupied valence-shell molecular or-

Figure 1. Photoelectron spectrum of Ag(BO2)2
� recorded with 193 nm pho-

tons.

Figure 2. Optimized geometries of hyperhalogen anions Au(BO2)2
� ,

Ag(BO2)2
� , and Cu(BO2)2

� .
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bitals (MOs) of the M(BO2)2 anion, which are mainly composed
of five d-atomic orbitals of the central metal atom. It can be
seen that due to the interaction with the orbitals of two BO2

�

ligands, the otherwise degenerate metal d shell splits. When
an electron is removed from the high-lying valence d shell of
the hyperhalogen anion, five low-lying doublet (S = 1/2) elec-
tronic states can be generated in principle. Each of the states
is characterized by the orbital from which the electron is re-
moved, that is, by the location of the hole. The absence of
strong Au-ligand covalent bonding character in Au(BO2)2 pre-
vents the states from severe metal d-shell splitting, leading to
low and close-lying electronic states. The proposed close-lying
character of these five doublet states of neutral M(BO2)2 is con-
firmed by our CCSD(T)/CBS and MRCISD + Q calculations for all
three complexes containing Cu, Ag, and Au at their anion equi-
librium structures, which demonstrates that the three states of
2D(dz2 /dyz/dxz, hole in dz2 /dyz/dxz orbitals) are close in energy
(within 7 kcal mol�1), while the other two states of 2D(dxy/dx2�y2 ,
hole in dxy/dx2�y2 orbitals) are separated from these three states
by about 20 kcal mol�1. The 2D(dxy) and 2D(dx2�y2 ) states are
almost degenerate because they are both nonbonding d orbi-
tals which do not overlap with the BO2

� ligand orbitals. The
above electronic structure picture of low and close-lying states
is the basis for the SOC effect.

Concerning the configurational identity of the lowest elec-
tronic state at the corresponding anion equilibrium geometry,
we observed some qualitative difference between the gold
complex and the two Ag and Cu complexes. For Au(BO2)2, the
lowest state is 2D(dyz), which is about 1.9 kcal mol�1 lower than
2D(dz2 ) at the CCSD(T)/CBS level. In contrast, for both Ag(BO2)2

and Cu(BO2)2 the lowest states are 2D(dz2 ), which are about 3.1
and 4.1 kcal mol�1 lower than 2D(dyz) at the CCSD(T)/CBS level.

MRCI/CCSD(T)&MRCI + Q/SO level of theory was used to cal-
culate the SOC effect. In this approach, the SOC was computed
at the MRCI level including the aforementioned five doublet
states, while the SO-free state energies were determined by
CCSD(T)/CBS (for the two lowest states) and MRCI + Q (for the

other three states) methods. The corresponding SOC computa-
tional results are collected in Table 1.

First, it can be seen that our high-level coupled-cluster cal-
culations with the SOC effect generate quantitatively accurate
VDE values for Au(BO2)2

� , Ag(BO2)2
� , and Cu(BO2)2

� . For
Au(BO2)2

� , the calculated VDE value of 5.87 eV is very close to
the experimental value of 5.9 eV. For Ag(BO2)2

� and Cu(BO2)2
�

the deviations from the experimental values are a little larger,
around 0.12–0.17 eV. However, considering the experimental
uncertainty of �0.08 eV, the current theoretical results are in
general good agreement with the experiment. It should be
noted that the unusual experimental observation of Ag(BO2)2

�

having the highest VDE value among this series of coinage-
metal species is confirmed by our computational results.
Second, inspecting the magnitudes of the SOC effect, it can be
seen that the order of relativistic effect in this series of coinage
metals is consistent with the nuclear-charge-based intuition
that the heavier the nucleus, the larger the SOC effect. Espe-
cially for the gold complex, its significant magnitude of 0.45 eV
demonstrates that consideration of the SOC effect in VDE cal-
culation is important. In a similar way, EA can also be affected
by SOC. Although the SOC effects for silver and copper com-
plexes are much smaller than that for the gold complex, the
magnitude of 0.1 eV for the silver species can still be consid-
ered to be quantitatively meaningful. The SOC effect is small
for copper species and can be safely omitted.

Through this series of SOC calculations, we determined the
net SOC effect on the first VDE of these coinage-metal-contain-
ing hyperhalogens for the first time. Especially for Au(BO2)2

� ,
our results suggest that for such type of gold species, with
close-lying electronic states, it is important to consider the
SOC effect in electronic structure calculations in order to ach-
ieve quantitative agreement with the photoelectron spectros-
copy experiments. It is noteworthy that for the one-electron
reduction potentials of octahedral Os3 +/Ru3+ containing com-
plexes SOC effect values of similar size (0.3/0.07 eV) as found
herein for the Au/Ag pair have been reported previously.[30]

As mentioned above, the VDEs of the M(CN)2 series reported
by Wang et al.[17] increase systematically, with Au(CN)2 having
the highest VDE of 6.09 eV in the series, thereby obeying the
periodic trend of group IB. A similar trend was also reported
for the MF2 series.[16] However, in the M(BO2)2 series, the order
of the VDEs for Au(BO2)2

� and Ag(BO2)2
� is switched, and the

VDEs are in the order of Ag(BO2)2
�>Au(BO2)2

�>Cu(BO2)2
� .

Thus, it seems that M(BO2)2 clusters are special. The ligand BO2

Figure 3. The high-lying MOs containing metal-valence d components in
M(BO2)2

� (if M = Au, dyz is higher in energy than dz2 ).

Table 1. Experimental and calculated VDE [eV] of the M(BO2)2
� (M = Cu,

Ag, Au) clusters.

Clusters Theoretical Exptl[a]

CCSD(T)/
CBS

SOC correction CCSD(T)/CBS
+ SOC

Au(BO2)2
� 6.32 �0.45 5.87 5.9(1)[b]

Ag(BO2)2
� 6.50 �0.10 6.40 6.28(8)[c]

Cu(BO2)2
� 5.49 �0.04 5.45 5.28(8)[d]

[a] The numbers in parentheses indicate the experimental uncertainty in
the last digits. [b] From ref. [14]. [c] This work. [d] From ref. [15] .
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itself is a superhalogen with high EA, that is, it is a hard acid in
the context of Lewis hard and soft acids and bases. BO2 can
withdraw charge from the metal atom more effectively than
halogens can. This is corroborated by charge population re-
sults calculated by DFT for the central metal in the ML2

� series
(M = Cu, Ag, and Au; L = BO2

� , F� , and CN�), as shown in
Table 2. Hence, this series of M(BO2)2 species constitutes coin-

age-metal complexes that are characterized mainly by ionic
metal–ligand bonding. It is this feature that distinguishes
M(BO2)2 species from those possessing considerable covalent
bonding character, such as AuO� ,[20, 21] AuO2

� ,[21] Au(CN)2
�

,
[17]

AuH2
� ,[22] AuI2,[23, 24] and other systems.[16, 25, 26]

Without strong covalent Au�L bonding, the necessarily asso-
ciated close-lying electronic states in Au(BO2)2, as revealed
above, affect the first VDE of Au(BO2)2

� by a large SOC effect.
Such net effects of SOC on VDEs have never been reported
before for other systems. If we attribute the difference be-
tween the experimental first VDE value and previously report-
ed high-level CCSD(T) results to the SOC effect, we reach the
conclusion that this SOC effect for the first VDE of Au(BO2)2

�

obtained herein is much larger than those from Au systems
with a significant covalent bonding character.[17, 20–25] This im-
plies that SOC has a stronger effect on the VDE of Au species
that are characterized by ionic bonding than those character-
ized by covalent bonding. This large SOC effect is mainly
rooted in the close-lying electronic states. In the absence of
these, the SOC effect is small as has been recently observed
for heavy Pt and Ir metals.[31]

We also note in Table 1 that the anomaly in the VDE of
Ag(BO2)2 among the coinage-metal systems is already apparent
at the CCSD(T) level of theory. At this level the VDE of Ag(BO2)2

is 0.18 eV higher than that of Au(BO2)2. However, experimental-
ly this difference is significantly larger, namely 0.38 eV. Includ-
ing the SOC this difference is 0.53 eV, which agrees with the
experiment within the experimental uncertainty.

3. Conclusions

In summary, we have systematically studied a series of coin-
age-metal-containing species of Au(BO2)2, Ag(BO2)2, and
Cu(BO2)2. By combined experiments and ab initio quantum
chemical calculations, we have shown that: 1) The VDE/ADE of
Ag(BO2)2

� are higher than those of the previously reported hy-
perhalogen anions Au(BO2)2

� and Cu(BO2)2
� . This confirms

that, Ag(BO2)2 is a hyperhalogen. 2) In contrast to the cases of

Cu- and Ag-containing hyperhalogens, the SOC effect signifi-
cantly lowers the electron detachment energy of Au-contain-
ing hyperhalogens. That explains why Au(BO2)2

� unusually has
a much lower VDE than Ag(BO2)2

� does. 3) Although the anom-
aly in the VDE of Ag(BO2)2 is apparent at the CCSD(T) level of
theory, the SOC effect has to be taken into account to achieve
quantitative agreement. 4) The SOC magnitude of around
0.5 eV determined herein for the first time clearly demon-
strates that SOC is important in electronic structure calcula-
tions. This study reveals a new paradigm for electronic struc-
ture calculations for relativistic systems. Based on the result of
Au(BO2)2, we suspect that such a substantial SOC effect is most
likely to be common in one-electron-removal processes of bi-
coordinated AuIL2 complexes, for which there is no strong co-
valent Au�L bonding present. The universality of this interest-
ing conjecture awaits more computational investigations in
the future.

Experimental and Computational Section

Experiments were conducted in a home-built apparatus consisting
of a time-of-flight mass spectrometer and a magnetic-bottle pho-
toelectron spectrometer, which have been described elsewhere.[32]

Briefly, the Ag(BO2)2
� cluster was produced in a laser vaporization

source by ablating a rotating, translating Ag/Ag2O/B mixture target
(13 mm diameter, Ag/Ag2O/B mole ratio 5:1:1) with the second
harmonic (532 nm) light pulses of a Nd:YAG laser, while helium gas
with 4 atm backing pressure was allowed to expand through
a pulsed valve over the target. The typical laser power used in this
work was ~10 mJ·pulse�1. The cluster anions were mass-analyzed
by the time-of-flight mass spectrometer. The Ag(BO2)2

� cluster was
mass-selected and decelerated before being photodetached with
193 nm (6.424 eV) photons (0.1–0.2 mJ pulse�1). The resulting elec-
trons were energy-analyzed by the magnetic-bottle photoelectron
spectrometer. The PES spectra were calibrated using the spectra of
Cu� and Ag� taken under similar conditions. The instrumental reso-
lution was approximately 40 meV for electrons with 1 eV kinetic
energy.

The equilibrium structures of the hyperhalogen anions were first
optimized with DFT. Due to its good performance in geometry op-
timization, found from previous calibration studies on coinage-
metal-containing systems,[33–35] the PBE0[36, 37] hybrid functional was
used, combined with the aug-cc-pVTZ-PP[38] and aug-cc-pVTZ[39]

basis sets (denoted as ATZ in this work) of augmented multiply po-
larized triple-z quality for metals and main-group elements, respec-
tively. To account for the scalar relativistic effect, the new MCDHF
pseudopotentials (PPs)[40] for coinage metals were employed in all
our calculations. Geometry optimizations were done without any
symmetry constraints. The true energy-minimum character of the
optimized structures was verified by harmonic vibrational analysis,
which showed no imaginary frequencies. Natural population analy-
sis (NPA) charges[41] were calculated by PBE0 with the ATZ basis
set. All DFT calculations were performed with the Gaussian 09 pro-
gram.[42]

The ab initio wave function theory (WFT) calculations employing
high-level coupled-cluster (CCSD(T))[43] and multireference configu-
ration interaction (MRCI)[44] methods based on DFT-optimized struc-
tures were all performed with the MOLPRO package.[45] In all ab ini-
tio calculations, the atomic inner shell core electrons were not cor-
related. The SOC effect was included using a contracted SO config-

Table 2. DFT calculated charge populations from natural population ana-
lysis (NPA) for the ML2

� series (M = Cu, Ag, Au; L = BO2
� , F� , CN<M->).

M NPA charge populations[a]

L = BO2
� L = F� L = CN�

Au 0.545 0.481 0.190
Ag 0.744 0.677 0.333
Cu 0.707 0.638 0.325

[a] Calculated by the PBE0 functional using the ATZ basis set.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2013, 14, 3303 – 3308 3306

CHEMPHYSCHEM
ARTICLES www.chemphyschem.org

www.chemphyschem.org


uration interaction method[46] with two-component spin-orbit (SO)
PPs[40] on coinage metals. Five electronic states were included in
the SOC state-interacting calculations. The SOC matrix was con-
structed on a basis of the MRCI state-specific scalar relativistic
states. The MRCI calculations for the SOC matrix used ATZ basis
sets. The matrix was then diagonalized to obtain the SO states and
energies. For a more accurate determination of the state-specific
scalar relativistic energies of all states, we calculated the relative
energies of the higher four states compared to the lowest state by
the CCSD(T)/CBS method (for the second state) and the MRCI +
Q/ATZ method (including Davidson’s cluster correction “ + Q”, for
the third, fourth, and fifth states). The diagonal elements of SOC
matrix were then replaced by the individual state energies generat-
ed from the above relative energies to the ground state. In this
work we termed this combined approach as MRCI/
CCSD(T)&MRCI + Q/SO. The two-point complete basis set (CBS)
limit extrapolation of CCSD(T) total electronic energy was done
based on the ADZ-ATZ basis set pair, employing the formula of
Etotal,n = Etotal,CBS + A/(n + 1/2)4,[47] wherein n is the cardinal number of
the basis sets (n = 2, 3 for ADZ, ATZ). This formula was found to
perform better than the alternatives.[48] To improve the reliability of
CCSD(T) method, following our previous practices,[49–51] DFT Kohn–
Sham orbitals of the PBE0 functional rather than Hartree–Fock or-
bitals were used as reference. The active space of the preceding
CASSCF calculations for all our MRCI calculations is composed of
five d orbitals of central transition metals. Different from the often
used CASSCF method, the MRCI method employed for the SOC
effect in this work includes not only non-dynamic but also dynamic
electron correlation, which enabled us to use a relatively small
active space.
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