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What is superhalogen?

Superhalogen species is a kind of molecular clusters consisting of

Highly electronegative ligands, e.g. halogen or oxygen atoms
Central atoms played by main group or transition metal (TM)
elements

One of the most important characteristics of superhalogens:

the extremely high electron affinities (EA) of its neutral form
exceeding the maximum atomic values (3.0-3.6 ev) of the
halogen elements

Due to the high EA, superhalogens have great potential of
applications in the fields of:

Synthesis of new chemical compounds
New dopants to increase the electrical conductivity of polymers
Production of organic superconductors and organic metals
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Traditional superhalogen and new superhalogen

Traditional superhalogens are usually represented by a simple
formula: MXk+1:
M is a main group or TM atom, X is a halogen atom, k is the
maximal formal valence of the atom M
More ligands will lead to higher EA −→ new superhalogen of
increased number of ligands
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Advantages of polynuclear superhalogens

increasin
g the number

 of lig
ands d

irectly

increasing the number

 of central atoms

inevitable increasing of inter-
ligand repulsion due to the 
short seperation between ligands, 
i.e. uncontinuable

increasing the number of 
ligands while avoiding the 
increase of interligand 
repulsion, i.e. continuable

normal inter-
ligand repulsion

increased inter-
ligand repulsion

possible magnetic 
coupling between
 TM centers

magnetic 
coupling

ligand

TM center

[MXk+1]-1

[MnXnk+1]-1

Polynuclear superhalogens may provide a promising way
approaching systems with the maximum possible EA values
Russ. Chem. Rev. 1987, 56, 889-910
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Recent progress in polynuclear superhalogens-
Angew. Chem. Int. Ed. 2011, 50(11), 2568-2572

A series of novel polynuclear superhalogens, where transition metal
element manganese (Mn) plays the role of central atoms, has been
reported:

the High EA values similar as expected for the traditional
superhalogen systems
Another interesting feature is the apparent magnetic properties

According to our best knowledge, the report of theoretical study on
magnetic properties of superhalogen is still scarce
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The clusters under study

(a) DB-[Mn2Cl5]- (b) TB-[Mn2Cl5]-

(c) DB-[Fe2Cl5]+ (d) TB-[Fe2Cl5]+

(e) DB-MnFeCl5 (f) TB-MnFeCl5
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Spin Hamiltonian
Spin Hamiltonian

spin operators external applied field numerical parameters

spin of nuclei electron spin magnetic electric
various coupling 

constants

“phenomenological Hamiltonian, which usually contains only
spin operators (for the various nuclei and for the total electron
spin) and applied fields, together with numerical parameters
that serve as coupling constants”
by Roy Mcweeny, in page 386 of “Methods of Molecular
Quantum Mechanics” (2nd edition) Academic Press 1992
The experimental data of molecular magnet is usually interpreted
in terms of spin Hamiltonian to describe its physical properties
Therefore theoretical calculations of the magnetic properties are
devoted to calculating the spin Hamiltonian parameters
J. Chem. Theory. Comput. 2009, 5, 144-154
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Heisenberg-Dirac-Van Vleck(HDVV) spin Hamiltonian
and exchange-coupling constant(ECC)

The best known and most widely used is the
Heisenberg-Dirac-Van Vleck(HDVV) SH:
ĤHDVV = −Jij Ŝi · Ŝj

E(S) = −1
2J · S(S + 1) E(S)− E(S − 1) = −J · S

Jij is the ECC,Ŝi and Ŝj are the total spin operators
Coord. Chem. Rev. 2003, 239, 187-209

The magnitude of J describes the strength of the magnetic
coupling, the sign of J decides the nature of the coupling.

positive value of J −→ ferromagnetic coupling (FM)
negative value of J −→ antiferromagnetic coupling (AFM)
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E(S) = −1
2J · S(S + 1) E(S)− E(S − 1) = −J · S
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Heisenberg spin ladder

According to Heisenberg spin ladder, the quantitative calculations of the
ECC require the energy differences of various spin eigenstates
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The difficulties of quantitative prediction of ECC

The magnitude of J −→ usually smaller than 100 cm−1 ∼
0.3 Kcal mol−1

The total energies −→ 7 or 8 orders of magnitude larger.
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Ab initio approach

This is actually the most theoretically sound method, however, with
severe disadvantages.

To obtain the required accuracy, especially for the low spin (LS)
state, a multi-configurational, i.e., multi-determinantal
wavefunction is necessary, such as CASSCF, CASPT2, DDCI,
MRCI et al.
All these methods are computationally exhausting and are only
applicable to quite small systems.
Therefore ab initio approach requires the use of simplified model
structure other than actual experimental structure and forbids
the direct comparison between theoretical and experimental J
values.
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Combined DFT and BS approach and its advantages

DFT-BS approach is an alternative, yet efficient approach with
good accuracy.

Lots of previous works have confirmed the ability of DFT-BS to
provide results as accurate as CASSCF and large-CI calculations.
J. Comput. Chem. 1999, 20, 1391-1400
Also good agreement between the J values from DFT-BS
calculation and experimental estimate has been emphasized.
Struc. Bond. 2004, 113, 71-102

DFT-BS is applicable to systems of ∼ 100 atoms and thus
provides the ability of direct calculation on experimental
structures. J. Chem. Phys. 2005, 123, 07412
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Copper(II) dimer(Cu2) as an example

In the case of the dimer of Cu(II), each Cu(II) bears one unpaired
electron (d9)of spin 1

2 , the J value of Cu2 is calculated according to
J = ES − ET

ET is the energy of the triplet state, i.e., the high spin (HS) state
whcih is easilly described within single-determinantal method, HF
or DFT.
ES is the energy of the singlet state, i.e., the low spin (LS) state
which must be described by multiconfigurational wavefunction in
ab initio approach.
In the framework of DFT-BS, the LS state can be approximated
by the BS state directly or via spin-projection
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ab initio approach.

In the framework of DFT-BS, the LS state can be approximated
by the BS state directly or via spin-projection
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2 working equations to calculate J

spin-projection equation J =
2(EBS − EHS)

S2
max

non-projection equation J = EBS − EHS
2SASB + SB

SB ≤ SA
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What is the BS state?

Spin density as a property of the system should be
symmetry-adapted.
BS state is constructed to be a single determinant wavefunction
breaking the symmetric distribution of the spin density.

In the BS state α spin is localized on the left Cu(II) and β spin is
localized on the right Cu(II), therefore the spin distriution is
unsymmetric.
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How to calculate the BS state

The key step to the calculation of the BS state is to construct
proper start-up potential (ADF)/initial guess (Gaussian).
With the proper initial guess genetated, the BS state is obtained
when the SCF calculation is converged.
Single-program: ADF, ORCA and Turbomole(Spinflip),
G09(guess=fragment)
G03+Jaguar: “The calculations were performed with the Gaussian
03 code using initial guess functions generated with the Jaguar
6.0 code”. Inorg. Chem. 2009, 48, 3139-3144

G03+NBO 5.0: “Combined DFT and BS study on the exchange
coupling of dinuclear sandwich-type POM: Comparison of different
functionals and reliability of structure modeling”
Bing Yin et al J. Mol. Model. 2012, 18, 2271-2278
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Computational procedure
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Functionals and basis sets

A given theoretical level is a combination of one given functional and
one given basis

Six different functionals: B3LYP(B3), O3LYP(O3), MPW1PW91
(MPW1), BLYP, OLYP and PW91, are examined in this work.
Three different basis sets: DZ, TZ, QZ
DZ: basis set of double-ζ quality, SVP for TM elements and
6-31++G(3DF,3PD) for chlorine
TZ: basis set of triple-ζ quality, TZVP for TM elements and
6-311++G(3DF,3PD) for chlorine
QZ: basis set of quadruple ζ quality, QZVP for TM elements and
AUG-CC-PVQZ for chlorine
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Molecular geometries of [Mn2Cl5]−1

                       B3LYP             O3LYP          MPW1           BLYP             OLYP              PW91
point group   C2v/Cs             C2v/Cs          C2v/Cs            C2v/Cs            C2v/Cs            C2v/Cs 
R1(Mn1Mn2) 3.446/3.375      3.667/3.625    3.410/3.336     3.453/3.295     3.475/3.368     3.380/3.165
R2(Mn1Cl3)   2.346/2.341      2.421/2.418    2.333/2.328     2.345/2.334     2.340/2.333     2.318/2.304
R3(Mn1Cl5)   2.260/2.260      2.330/2.330    2.249/2.248     2.257/2.256     2.255/2.255     2.232/2.231
R4(Mn2Cl3)   2.620/2.598      2.819/2.801    2.588/2.569     2.642/2.585     2.662/2.621     2.586/2.522
R5(Mn2Cl6)   2.298/2.299      2.362/2.363    2.287/2.288     2.291/2.294     2.290/2.292     2.266/2.269
<Mn1Cl3Mn2 87.70/86.04     88.48/87.66    87.56/85.73     87.44/83.92      87.76/85.43    86.96/81.84
<Cl3Mn1Cl4   98.87/100.33  100.46/101.09  98.63/100.33   99.70/102.58   99.89/101.78   99.65/104.11
<Cl3Mn1Cl5 130.57/129.83 129.77/129.46  130.69/129.84 130.15/128.71 130.05/129.11 130.18/127.95
<Cl3Mn2Cl4   85.74/87.59     82.59/83.59     86.24/88.21     85.41/89.58     84.60/87.35     86.43/92.22
<Cl3Mn2Cl7 108.91/108.63  109.30/109.19 108.59/108.27 109.09/108.65 109.41/109.09 108.64/108.05

(a) DB-[Mn2Cl5]-

(b) TB-[Mn2Cl5]-                        B3LYP            O3LYP           MPW1             BLYP             OLYP                PW91
point group   D3h/Cs            D3h/Cs           D3h/Cs             D3h/Cs           D3h/Cs             D3h/Cs
R1(Mn1Mn2) 2.961/2.879     3.074/3.010     2.938/2.863      2.948/2.794      2.936/2.821      2.900/2.739
R2(Mn1Cl3)   2.497/2.480     2.598/2.582     2.476/2.460      2.503/2.469      2.498/2.471      2.466/2.430
R3(Mn1Cl6)   2.278/2.277     2.346/2.346     2.267/2.266      2.272/2.272      2.273/2.273      2.247/2.246
R4(Mn2Cl3)   2.497/2.480     2.598/2.582     2.476/2.460      2.503/2.469      2.498/2.471      2.466/2.430
R5(Mn2Cl7)   2.278/2.277     2.346/2.346     2.267/2.266      2.272/2.272      2.273/2.273      2.247/2.246
<Mn1Cl3Mn2 72.72/70.98    72.54/71.28     72.79/71.16      72.16/68.92       71.99/69.62      72.03/68.60
<Cl3Mn1Cl4   88.44/89.71     88.57/89.51     88.39/89.59      88.84/91.17       88.96/90.70      88.93/91.39
<Cl3Mn1Cl6  126.36/125.46 126.27/125.61 126.40/125.55  126.08/124.43   126.00/124.77  126.02/124.28
<Cl3Mn2Cl4   88.44/89.71    88.57/89.51      88.39/89.59      88.84/91.171     88.96/90.70      88.93/91.39
<Cl3Mn2Cl7 126.36/125.46  126.27/125.61 126.40/125.55  126.08/124.43   126.00/124.77  126.02/124.28
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Results of geometry

The structures of both HS and BS states are optimized

For a given chemical composition, the distances between MnII

ions of TB structures are significantly shorter than those of DB
structures by ∼ 0.5 Å
When going from HS state to BS state, the symmetries of the
structures are apparently lowered, only mirror symmmetry
survives in BS state
Shorter bond distances, as well as shorter distances between TM
ions, are usually presented by GGA functionals
Similar results are obtained in [Fe2Cl5]+1 and MnFeCl5
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Relative energies of various HS and BS states of
[Mn2Cl5]− (in K cal·mol−1)

B3LYP O3LYP MPW1 BLYP OLYP PW91
DZ DB-HSa 9.80 4.16 11.52 10.82 8.95 13.82

DB-BSb 8.90 3.77 10.72 8.80 7.82 11.41
TB-HSc 2.51 1.52 2.18 4.98 3.28 5.41
TB-BSd 0.00 0.00 0.00 0.00 0.00 0.00

TZ DB-HS 8.84 3.20 10.68 9.63 8.04 12.85
DB-BS 7.96 2.82 9.85 7.66 6.88 10.35
TB-HS 2.48 1.56 2.28 4.90 3.47 5.51
TB-BS 0.00 0.00 0.00 0.00 0.00 0.00

QZ DB-HS 8.43 2.44 10.30 9.10 7.43 12.32
DB-BS 7.53 2.03 9.48 7.13 6.27 9.87
TB-HS 2.52 1.64 2.31 4.88 3.51 5.44
TB-BS 0.00 0.00 0.00 0.00 0.00 0.00

a HS state of double-bridged [Mn2Cl5]−. b BS state of double-bridged [Mn2Cl5]−. c HS state of

triple-bridged [Mn2Cl5]−. d BS state of triple-bridged [Mn2Cl5]−.
Bing Yin (NWU) Magnetic Superhalogen 29 / 42



Results of relative stabilities

A unique order of relative stabilities, DB-HS < DB-BS < TB-HS
< TB-BS, irrespective of the levels of theoretical calculations

Our PW91 results, 5.41 ∼ 5.51 K cal·mol−1, are close to previous
PW91 value of the relative energy of TB-HS, obtained with
projector-augmented plane wave, ∼ 6.0 K cal·mol−1 (Angew.
Chem. Int. Ed. 2011, 50(11), 2568-2572)

Similar results for [Fe2Cl5]+, more complicated results for
MnFeCl5
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Calculated vertical detachment energies of [Mn2Cl5]−

at various theoretical levels (in eV)

B3LYP O3LYP MPW1 BLYP OLYP PW91
DB-DZ 5.63/5.64a 5.02/5.14 5.80/5.81 4.59/4.64/ 4.86/4.88 4.83/4.80
-TZ 5.61/5.62 4.98/4.99 5.74/5.76 4.58/4.63 4.79/4.81 4.69/4.76
-QZ 5.57/5.58 4.95/4.96 5.70/5.72 4.56/4.61 4.77/4.79 4.68/4.75
-OVGFb 6.42(0.89)
TB-DZ 5.93/5.97 5.10/5.28 6.16/6.18 4.73/4.87 4.96/5.09 4.93/5.03
-TZ 5.81/5.96 5.22/5.24 6.11/6.14 4.73/4.86 4.91/5.03 4.84/4.99
-QZ 5.85/5.89 5.15/5.18 6.03/6.06 4.69/4.82 4.87/5.00 4.81/4.95
-OVGF 6.75(0.89)
exp 6.3±0.1

a results from calculations on optimized structures of HS states are at the left side of “/”, results

from calculations on optimized structures of BS states are at the right side of “/”. b ab initio VDE

obtained at OVGF/6-311+G(3DF)//MP2/6-311+G(D) level.
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Results of VDEs

The VDE value of [Mn2Cl5]− cluster has been determined from
PES

The comparison between theoretical and experimental VDE
values could be used to verify the theoretical methods utilized in
this work
Qualitatively, all the functionals used here are capable of clarifying
the superhalogen nature of [Mn2Cl5]− since all the calculated VDE
values are larger than 3.6 eV
Theoretical VDEs of TB structure are closer to the experimental
value, consistent with the results that TB structure of [Mn2Cl5]− is
predicted to be lower in energy than DB structure
The most accurate theoretical VDE value, 6.18 eV (6.3±0.1 eV),
is provided at MPW1PW91/DZ level
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Energy difference between HS and BS states and
calculated J of the clusters under study (in cm−1)

∆Ea J-p b J-np c

DB-[Mn2Cl5]− -248.14/-314.00d -19.85/-25.12 -16.54/-20.93
TB-[Mn2Cl5]− -684.85/-849.48 -54.79/-67.96 -45.66/-56.63
DB-[Fe2Cl5]+ -403.33/-466.67 -32.27/-37.33 -26.89/-31.11
TB-[Fe2Cl5]+ -946.80/-1273.66 -75.74/-101.89 -63.12/-84.91
DB-MnFeCl5 -398.25/-576.22 -31.86/-46.10 -26.55/-38.42
TB-MnFeCl5 -992.18/-1370.00 -79.37/-109.60 -66.14/-91.33

a energy difference calculated as E(BS)-E(HS). b J calculated from spin-projection equation. c J

calculated from non-projection equation. d results from calculations on optimized structures of

HS states are at the left side of “/”, results from calculations on optimized structures of BS states

are at the right side of “/”.
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Results of magnetic coupling

The magnetic coupling between two MnII ions is AFM, consistent
with previous conclusion (Angew. Chem. Int. Ed. 2011, 50(11),
2568-2572)

Stronger magnetic coupling in TB structure (-67.96 cm−1) of
[Mn2Cl5]− than that in DB structure (-25.12 cm−1)
High degree of possibility for TM based dinuclear
superhalogens to achieve the coexistence of both higher
stability and stronger magnetic coupling, ideal building blocks
for novel magnetic materials.
The strength of magnetic coupling in [Fe2Cl5]+ (-37.33 and
-101.89 cm−1 repectively) is stronger than that in [Mn2Cl5]−

The magnetic coupling in heterodinuclear superhalogens (-46.10
and -109.60 cm−1) may transcend the range established by
homodicuclear ones
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spin density of [Mn2Cl5]−1

(a) DB-[Mn2Cl5]-

(b) TB-[Mn2Cl5]-

4.824/-4.808 4.824/4.808

0.079/~ 0

0.079/~ 0

0.079/~ 0

0.057/-0.057

4.839/4.8324.825/-4.819

0.079/0.025

0.079/0.025

0.061/-0.060

0.061/-0.060

z
x

y

0.058/0.057

0.057/0.057

Bing Yin (NWU) Magnetic Superhalogen 36 / 42



spin density of [Fe2Cl5]+1

(a) DB-[Fe2Cl5]+

(b) TB-[Fe2Cl5]+

4.072/4.0644.008/-4.000

0.298/0.145

0.298/0.145

0.423/-0.414

0.423/-0.414

4.046/4.0254.046/-4.025

0.321/~ 0

0.320/~ 0

0.320/~ 0

0.473/-0.463

z
x

y

0.478/0.475

0.473/0.463
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spin density of MnFeCl5

(a) DB-MnFeCl5

(b) TB-MnFeCl5

4.842/4.8284.040/-4.028

0.172/-0.100

0.172/-0.100

0.344/-0.340

0.344/-0.340

4.821/4.7914.049/-4.021

0.233/-0.176

0.233/-0.176

0.233/-0.176

0.340/-0.328

z
x

y

0.084/0.080

0.089/0.084
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Semiempirical orbital model of Kahn (J. Chem. Soc.
Faraday. Trans. I. 1976, 72, 268-281)

J = JFM + JAFM

JFM = 2k and JAFM ∝ S, k → two-electron exchange integral,
S →overlap integral between magnetic orbitals

JAFM ∝ S ≈ ∆ρ

= [(ρ2
HS1 − ρ2

BS1)
1
2 + (ρ2

HS2 − ρ2
BS2)

1
2 ]2

Chem. Eur. J. 2005, 11, 2135-2144

delocalization spin overlap ∆ρ

DB-[Mn2Cl5]− 0.168/0.181 0.071/0.046 0.251
TB-[Mn2Cl5]− 0.192/0.192 0.050/0.050 0.616
DB-[Fe2Cl5]+ 0.936/1.000 0.132/0.079 0.258
TB-[Fe2Cl5]+ 0.975/0.975 0.146/0.146 0.678
DB-MnFeCl5 0.172/0.972 0.045/0.114 0.461
TB-MnFeCl5 0.209/0.979 0.037/0.200 1.025
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Conclusions

Calculations at MPW1PW91/DZ level provide theoretical VDE
values of highest accuracy and thus this theoretical level should
be suggested for furture study on TM-based polynuclear
superhalogens

Encouragingly, the high degree of possibility of the coexistence of
both high stability and strong magnetic coupling in transition
metal based polynuclear superhalogens is confirmed
The possibility of the existence of stronger magnetic coupling in
potential iron-based homo- and heterodinuclear superhalogens.
Relative strengthes of the magnetic coupling could be explained
based on spin density analysis, However, a more detailed and
thorough comprehension on the underlying mechanism of the
magnetic coupling is still under progressing in our group
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