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Manganocene [Mn(CsHs),], a 17-electron system, is expected to have a high electron affinity, as addition
of an extra electron would make it a closed-shell 18-electron system. Surprisingly, it has a very low
electron affinity of only 0.28 eV. Combined with its high ionization potential of around 7.0 eV,
manganocene, therefore, should not be eager to either donate or accept an electron. We show that this
property can be fundamentally altered with the proper choice of ligands, even though the total electron
count remains the same. For example, the electron affinities of manganocene-derivatives Mn[Cs(CN)s]»
and Mn[Cs(BO)sl,, created by replacing H with CN or BO, are found to be 4.78 eV and 4.85 eV,
respectively, making these species superhalogens. The power of the ligands is further demonstrated by
studying the stability of their di-anions. Note that [Mn(CSXS)Z]Z’ (X = H, CN, BO) di-anions, with
19-electrons, have one electron more than necessary to satisfy the 18-electron rule for stability. This factor,
combined with the unavoidable repulsion between the two extra electrons, should destabilize [MN(CsXs)o1>~.
While that is the case for [Mn(CsHs),]2~, we show that both Mn[Cs(CN)sl,2~ and Mn[Cs(BO)sl,>~ are stable
against auto-detachment of the second electron by 0.7 eV and 0.38 eV, respectively. These results, based
on first-principles calculations, demonstrate that ligand-manipulation can be used as an effective strategy to
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Introduction

Understanding the stability of atoms, molecules, clusters, and
solids forms the cornerstone of science. While detailed first-
principles calculations of the electronic structure can elucidate
the origin of this stability, simple electron counting rules,
developed over a century, can help us understand it qualita-
tively in terms of the electronic shell closure. For example, the
octet rule, brought into focus by Lewis in 1916" and later
refined by Langmuir,” accounts for the observation that main
group elements tend to combine in such a way that each atom
has eight electrons (s*p®) in their valence shell. Compounds
containing transition metal atoms, however, obey a different
rule - the 18-electron rule® where s, p, and d orbitals are
full (s>p®d'?). Similarly, the stability of benzene (C¢Hg), closo-
borane (B;,H;,>") and Na clusters containing 2, 8, 20, 40, etc.
atoms have been explained by the Huckel’s rule,* Wade-Mingos
rule,’ and the jellium rule,® respectively.
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In this paper, we focus on the 18-electron rule. Although,
there have been cases where the validity of the 18-electron rule
has been questioned,””® it generally accounts for the stability of
many organo-metallic complexes containing transition metals.
In this regard, the discovery of ferrocene, Fe(CsHs),, a simple
compound with two cyclopentadienyl, Cp(CsHs), rings bound to
an iron atom (Fe), was a breakthrough in organometallic
chemistry. From the fuel to the pharmaceutical industry,
ferrocene and its derivatives have resulted in numerous appli-
cations, such as antiknock agents in fuels for petrol engines,’
antimalarial drug,"® molecular sensor," electrochemical agents,"?
liquid crystals," non-linear optical films and sensors,"* catalysts,"’
etc. The stability of ferrocene is due to the 18-electron rule, where
the central Fe atom with 3d®4s® orbital configuration contributes
eight electrons and the two cyclopentadienyl, Cp rings contribute
five electrons each, making a total of 18 electrons. Because of this
18-electron rule, one would expect that manganocene, Mn(CsHs),
with its 17-valence electrons, will have a large electron affinity and
will be reactive. Using first-principles method, based on density
functional theory, we found that manganocene defies this rule. For
example, the electron affinity of Mn(CsHs), is very small, namely,
0.28 eV. However, this can be changed by replacing H ligands
with CN or BO groups. The electron affinities of the resulting
Mn[C5(CN)s], and Mn[Cs(BO)s], compounds are 4.78 eV and
4.85 eV, respectively. Similarly, Mn[CsX;],>” dianions (X = H,
CN, BO), which possess 19-electrons, should not be stable and
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should auto-eject the second electron because of electron-
electron repulsion. While that is the case for Mn(CsHs),> ",
Mn[C;5(CN);],>~ and Mn[C;(BO)5],>  are stable against auto-
detachment of the second electron by 0.7 eV and 0.38 eV,
respectively. In this paper, we have analysed these results
and illustrate the role the ligands play in ushering unusual
chemistry. Our work demonstrates that ligand substitution can
be an effective tool for the design and synthesis of compounds
with unusual properties.

Computational method

All calculations are based on density functional theory and
performed using Gaussian 16'¢ packages. The geometries of
neutral and negatively charged manganocene and its derivatives
are optimized using the GDIIS algorithm.'”™"° The exchange-
correlation potential was incorporated using the B3LYP>%*!
functional, which is effective for studying organic molecules
and organo-metallic complexes. The 6-31+G(d,p) basis sets are
used in our calculations. The stability of these complexes
is confirmed by calculating the vibrational frequencies and
making sure that they are not imaginary. Since Mn is a
transition metal atom and carries a magnetic moment of 5 fig
due to its 3d®4s® configuration, we have performed spin-
polarized calculations by optimizing the structures of neutral
and negative ion species for all possible spin configurations. The
optimized geometry and bond lengths for the lowest energy struc-
ture have been obtained using the Gauss View 5.0.9 software.**
Nucleus Independent Chemical Shift (NICS)* calculations have
been performed to study and analyse the aromatic behaviour
of the organometallic complexes and the effect of ligands on
aromaticity. We have computed the NMR properties using the
default gauge induced atomic orbital (GIAO) method**™° in
Gaussian. In addition, we have also used Natural Bond Orbital
(NBO)*>”*® analysis for the charge states of atoms.”””*® To get a
better understanding of the electronic structure and charge
distribution, we also calculated the energy gaps between the
Highest Occupied Molecular Orbital (HOMO)-Lowest Unoccupied
Molecular Orbital (LUMO) and the Molecular Orbitals (MO).
For these calculations, we have used Gauss View (NBO) and
chemissian software.”

Results and discussions

To validate our computational methods and to highlight the
role of ligands, we present in Fig. 1 the neutral and anion
geometries of C5Xs, (X = H, CN, and BO) and compare these
with previous calculations and experiments. Note that all the
geometries are planar and the C atom of CN and B atom of BO
bind to the C atoms of the Cp ring. The electron affinities of
these molecules are calculated by taking the energy difference
between neutral and their negative ion, each in their lowest
energy configuration. The results are given in Table 1 and
compared with available experimental and prior theoretical
results. We note that these results agree within 0.2 eV with
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Fig. 1 Equilibrium geometries of neutral and mono-anionic CsXs, X = CN,
BO. (a) Cs(CN)s neutral, (b) Cs(CN)s anion, (c) Cs(BO)s neutral, and (d)
C5(BO)s anion. All bond lengths are given in Angstroms.

Table 1 Comparison of electron affinities (EA in eV) of CsXs, X = H, CN,
BO with previous calculations and available experiments. Note, calculated
electron affinities of H, CN, and BO are, 0.75 eV, 4.03 eV, and 2.59 eV,
respectively

Molecule EA Previous theory®> Experiment®?
CsH;s 1.73 1.72 1.786 £ 0.020
C5(CN)s 5.55
Cs(BO)s 5.72

previous results. This is consistent with the accuracy of theore-
tical results based on density functional theory as the energy
depends upon the choice of exchange-correlation functional
as well as the basis sets. The electron affinity of CN, namely
4.03 eV, is significantly larger than that of CI (3.6 eV), which
makes it a superhalogen. On the other hand, the electron
affinity of BO is only 2.59 eV, which is best described as a
pseudo-halogen. Because these electron affinities are much
larger than that of H (0.75 eV), the electron affinities CsXs,
X = CN, BO are also much larger than that of Cs;Hs. It is also
interesting to note that the electron affinity of C5(BO); is larger
than that of C5(CN)s, even though the electron affinity of BO
is significantly smaller than that of CN. The large electron
affinities of CsXs, X = H, CN, BO, compared to the negative
electron affinity of CsHs, is a consequence of the aromatic rule.
Note that C¢Hs, with its 6w electrons, obeys the Huckel’s rule of
aromaticity while C5X5 species lack one electron to be aromatic;
hence their electron affinities are large. We found that CsX5>",
X = CN, BO di-anions are unstable against auto-detachment of
the second electron.

In order to study the effect of ligands on metallo-organic
complexes, we focused on manganocene, Mn(CsH;), and its
derivatives, Mn(C;sX5),, X = CN, BO. C5(CN)s anion was first
synthesized as early as 1966.°° Later on, its related complex
monomeric structures, such as {Cs(CN)s},Co-(H,0),(THF)y,
were also synthesized.’" We note here that Mn(CsX;), complexes
possess 17 valence electrons and adding one more will satisfy the

Phys. Chem. Chem. Phys., 2019, 21, 24300-24307 | 24301
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Fig. 2 Equilibrium geometries of neutral and mono-anionic Mn(CsXs),
(X =H, CN, BO). The preferred spin multiplicity, 25 + 1, of each cluster is listed
in Table 2. The distances between the Mn atom and the centre of the ring are
shown in the figure in Angstrom. (a) Mn(CsHs), neutral, (b) Mn(CsHs), anion,
(c) Mn(Cs(CN)s), neutral, (d) Mn(Cs(CN)s), anion (e) Mn(Cs(BO)s), neutral,
(f) Mn(C5(BO)s), anion.

L 2

18-electron rule. Thus, we expected that electron affinities
of Mn(CsXs),, X = CN, BO will be larger than those of CsXs,
X = CN, BO. However, it was not clear to us whether Mn(CsXs),”,
X = CN, BO complexes would be stable. While electron-electron
repulsion between excess electrons can be reduced by distributing
them on a larger complex, Mn(CsXs),>~ complexes possess 19
electrons, which is one more than needed by the 18-electron rule.
Our initial thinking was that these di-anions will be unstable.
Our calculations proved it to be otherwise.

In Fig. 2 we present the ground state geometries of neutral
and mono-anionic Mn(CsX;), (X = H, CN, BO) clusters. Note that the
Mn atom has five unpaired 3d-electrons and hence Mn(CsXs),
complexes could carry a net spin magnetic moment. In Fig. 2 we
plot only those geometries that correspond to the preferred spin
multiplicity. In the ESI, T we provide the total energies of clusters with
other spin configurations. The neutral Mn(C5X;), (X = H, CN, BO)
complexes have high spins (sextets). The mono-anions Mn(CsXs),
(X = CN, BO), as expected, have quintet spin states. Although
the preferred spin state of Mn(CsH;),  is a singlet, its quintet
state is only 0.08 eV higher in energy than the singlet state.
Thus, within the accuracy of the DFT results, we conclude that
both singlet and quintet states of Mn(CsHs), are energetically
degenerate. The optimized ground state energy along with the
stable spin state for all clusters are given in the ESL

In Table 2, we present the preferred spin multiplicities and
electron affinities (EA) of Mn(CsXs), (X = H, CN, BO) complexes,
which are calculated using the following equation,

EA = E[Mn(CsX5),] — EIMn(C5Xs), " |.

E is the total energy of a cluster in its ground state configuration
and preferred spin. Note that the electron affinity of manganocene,

24302 | Phys. Chem. Chem. Phys., 2019, 21, 24300-24307
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Table 2 Electron Affinity (EA in eV), and the binding energy (AE;) of the
subsequent electron added to the mono-anion

Spin multiplicity (25 + 1)
Molecule Neutral Anion EA (eV)  AE, (eV)
Mn(CsHs), 6 1 0.28 —2.70
Mn(Cs(CN)s), 6 5 4.78 0.70
Mn(C5(BO)s), 6 5 4.85 0.38

Mn(C;sHs), is substantially reduced from that of CsHs. This was
unexpected as Mn(CsHs), is a 17-electron system and adding an
electron would satisfy the 18-electron rule. Hence, the electron
affinity of Mn(CsH;), was expected to be quite large, possibly
making it to a superhalogen. Mn(CsXs), (X = CN, BO), on the other
hand, are found to be superhalogens, with electron affinities of
4.78 eV and 4.85 eV, respectively. It is interesting to note that the
electron affinity of M[C5(BO)s], is larger than that of M[C5(CN)s],,
even though the electron affinity of BO is significantly smaller
than that of CN.

We next study the geometry and stability of Mn(CsX;),>~
(X = H, CN, BO) dianions. Because these systems contain 19
electrons, we expected these to be unstable for two reasons.
First, the two added electrons will repel and second, the cluster
contains one more electron than necessary to satisfy the
18-electron shell closure rule. In Fig. 3 we present the optimized
geometries of Mn(CsX;),”~ (X = H, CN, BO) dianions. The stability
of the dianions against electron detachment is calculated by using
the following equation,

AE, = E]Mn(CsXs), "] — E[Mn(CsX;),27].

The results of AE, are given in Table 2. Mn(CsHs),>™ is
unstable as expected and the dianion is less stable than the mono-
anion by 2.7 eV. However, Mn(C5(CN);),>~ and Mn(Cs(BO)s),>~
are more stable than their respective mono-anions by 0.70 and
0.38 eV, respectively.

The stability of Mn(CsX;),>~ (X = CN, BO) dianions originate
from their geometries; the Mn atom is found to be off-centre, in
contrast to the case with the mono-anions (Fig. 4). To confirm
that the distortion in structure is the cause behind the stability,
we calculated the vertical detachment energy (VDE) by taking
the energy difference between the ground state geometry of the
anion and that of its dianion at the geometry of the anion.
Mn(C5(BO)s),>~ and Mn(C5(CN)s),> ", thus created, are unstable
against auto-detachment of the second electron by 0.60 eV
and 0.74 eV, respectively. In addition, the enhanced stability
of negatively charged Mn(Cs(BO)s), and Mn(Cs(CN)s), over that
of Mn(C5sHs), is due to the fact that the electron affinities of CN
and BO are larger than that of H.

To further examine the role of different ligands in accom-
modating electrons, we carried out the Natural Bond Orbital
Analysis (NBO) for the studied anions. It turns out that the
ligands are indeed critical in the stabilization of the charged
organometallic compounds. In any charged state, where we
have CN and BO, a major part of the added negative charge
goes to these ligands in the cluster rather than to the rings or

This journal is © the Owner Societies 2019
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Fig. 3 Optimized geometries of Mn(CsXs),2~ (X = H, CN, BO) dianions. The preferred spin multiplicity, M = 25 + 1, of each cluster is listed in the
following. The distance between the centre of the rings and the Mn atom in Angstrom is shown in the figure. (a) Mn(CSHs)ZZ’; M =6, (b) Mn(Cs(CN)S)ZZ’;

M = 4, (c) Mn(C5(BO)s)2>~ M = 4.

Fig. 4 Top views showing the displacement of the Mn atom from the
centre the ring when the clusters are doubly negatively charged. (a)
Mn(C5(CN)s), anion; (b) Mn(Cs(CN)s), dianion; (c) Mn(Cs(CN)s), anion; (d)
Mn(Cs(CN)s), dianion.

the metal atom. Among these, CN acts as a better ligand than H
and BO in terms of its ability to accommodate more charges.
This is consistent with the fact that CN has a larger electron
affinity than that of BO and H.

The details of the NBO results are given in the ESL7 In the
case of H as the ligand, the added electron goes to the d orbital
of the metal atom in the neutral Mn(CsHs),. When the second
electron is added to this mono-anion, 78% of the charge goes to
the C atoms of (CsH;), rings and 22% goes to the Mn atom. In
contrast, the added electrons in Mn(Cs(BO)s), and Mn(C5(CN)s),
mainly go to the ligands BO and CN, respectively. In the case of
Mn(C5(BO)s),, when the first electron is added, 37% of the charge
goes to the Mn atom, while 49% goes to the BO ligands. On
adding the second electron, only 8% of the charge goes to the
metal atom Mn, while 59% goes to the BO ligands. The trend of
adding electrons accommodated by the ligands becomes even

This journal is © the Owner Societies 2019

more prominent in the case of Mn(C5(CN)s),. When the first
electron is added, 32% of the charge goes to the metal while 65%
of the charge goes to the CN ligands. When the second electron is
added little charge goes to the metal atom while 66% of the
charge goes to the CN ligands.

As mentioned in the Introduction, ferrocene, Fe(CsHs),, is
stable due to the 18-electron rule, where the central Fe atom
with 3d°4s® orbital configuration contributes eight electrons
and the two cyclopentadienyl, Cp, rings contribute five elec-
trons each, making a total of 18 electrons. Compared to the
case of ferrocene, the anionic state of either Mn(C5(CN);), or
Mn(C5(BO)s), should be stabilized according to the 18-electron
rule, given that, compared to the 3d°4s” configuration of Fe, the
electron configuration of Mn is 3d°4s®> which is one electron
less. However, as described in the paper, the di-anions,
Mn(C5(CN)s),>~ and Mn(C5(BO)s),> ", are more stable than their
mono-anion counterparts. We note that it is the total number
of electrons involved in the stabilization of the complex as a
whole that matters, no matter where the extra electrons go - either
to the metal core or to the ligands on the Cp rings. According to
the NBO analysis given above, when the first and second electrons
are added to the Mn(C5(CN)s), and Mn(C5(BO)s), to eventually
form the di-anions, the electrons are shared by both the ligands of
the Cp rings and the metal core, with the former twice as many as
the latter. This suggests that all the added electrons participate
in stabilizing the complex as a whole and, therefore, the total
number of electrons involved in bonding for the di-anions is
considered as 19.

To gain further insight into the stability and electronic
structure of the organometallic compounds, we also analysed
the energy gap between the Highest Occupied Molecular Orbital
(HOMO)-Lowest Unoccupied Molecular Orbital (LUMO). Since all
the clusters have an open shell electronic configuration, we
analysed HOMO-LUMO and Molecular Orbitals (MO) for both
spin-up and spin-down electrons. The results are listed in Table 3.
In the case of BO and CN as ligands, the HOMO-LUMO gap
decreases as the charge on the cluster increases, undermining the
corresponding stability. We can consider the HOMO-LUMO gap
as an indicator of chemical stability and chemical reactivity. If the
gap is large, it would be unfavourable to donate electron from a
low lying HOMO or to accept electron into a high lying LUMOQ.**?*

Phys. Chem. Chem. Phys., 2019, 21, 24300-24307 | 24303
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Table 3 HOMO-LUMO Gap for spin-up and spin-down electrons for all
the organometallic clusters studied

Molecule Spin-up (eV) Spin-down (eV)
Mn(CsHs), 4.48 4.88

Mn(CsHs), ™ 1.83 —
Mn(CsHs),>~ 1.98 1.13
Mn(C5(CN)s), 4.48 3.75
Mn(C5(CN)s)*~ 3.84 2.48
Mn(C5(CN)5),>~ 3.84 2.46
Mn(C5(BO)s), 4.82 4.23
Mn(C5(BO)s)*~ 4.10 2.68
Mn(C5(BO)s),>~ 3.93 2.18

We also analysed the MO to understand the effect of ligands

on the energy levels of the clusters. We find that for both spin
up and spin down states, the HOMO energy level of the dianions
decreases in the order of Mn(Cs(H)s), > Mn(Cs(BO)s5), >
Mn(C5(CN)s),. (e.g. the HOMO level in the case of spin up are
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3.23 eV, —1.64 eV, —1.71 eV, while for spin down they are 2.78 eV,
0.28 eV, —0.19, respectively). This suggests that the CN ligand
provides greater stability to the molecules as compared to BO and
H (see the ESIf). We further compared the energy levels of
Mn(C5(CN)s), and Mn(Cs(BO)s), dianions, both for the ground-
state geometries of the dianion and the mono-anion. The spin up
HOMO energies of Mn(C5(CN)s), and Mn(Cs(BO)s), dianions at
the geometry of the mono-anions are —0.85 eV and —0.51 eV,
respectively, which are more than the HOMO energies of the
dianions at the ground state geometry. Similarly, HOMO energies
of spin down orbitals of Mn(C5(CN)s), and Mn(C5(BO)s), dianions
at the geometry of the mono-anions are —0.52 eV and 1.24 eV,
respectively. These levels are higher than the spin down HOMO
energy of the ground state of the dianions. Indeed, the HOMO
energy is lower for those with distorted structures (see Fig. 5). This
suggests that the stability of the molecule increases due to the
breaking of the symmetry of the structure caused by the ligands,
which in turn lowers the energy of the system, in keeping with the
Jahn-Teller-like effect.
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Fig. 5 Comparison of energy levels between the ground state geometry and at the geometry of the anion. (a), (c), (e), and (g) show the energy levels of
Mn(Cs(CN)s), and Mn(Cs(BO)s), dianions at the geometry of anions with both up and down spin. (b), (d), (f), and (h) shows the energy levels of the dianions
at the ground state geometry, respectively. (a) Mn(Cs(BO)s), dianion (anion) spin up; (b) Mn(Cs(BO)s), dianion spin down; (c) Mn(Cs(BO)s), dianion spin
down; (d) Mn(Cs(BO)s), dianion spin down; (e) Mn(Cs(CN)s), dianion spin up; (f) Mn(Cs(CN)s), dianion spin up; (g) Mn(Cs(CN)s), dianion (anion) spin down;
(h) Mn(Cs(CN)s), dianion spin down.
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We also studied the fragment contribution to the various
energy levels using the Chemissian software. In the case of neutral
and anionic Mn(Cs(H)s),, spin-up LUMO has the highest contribu-
tion coming from Mn orbitals. In Mn(C5(H);),>~ dianion, spin-up
and spin-down HOMO and LUMO are contributed by s orbital
of Mn. The spin-up HOMO of Mn(Cs(BO)s), is composed of Mn
orbitals. In rest of the molecules with BO and H as ligands, the
orbitals of the C atoms of the rings contribute to LUMO and
HOMO and the nearby energy levels. Similar analysis of the
clusters with CN as ligands shows that the orbitals of C atoms
of the rings contribute to the energy levels, but we also found
some exceptions in neutral and dianionic Mn(C5(CN)s),, where
spin-down orbitals of the CN ligand has the greatest contribu-
tion to HOMO-LUMO. We also compared the fragment
contributions of clusters with different ligands, but in the same
charged state and found that the orbitals of the CN ligand
contribute maximum while orbitals of H ligand contribute
minimum to the energy levels. The MO energy levels and
fragment contribution to various levels are given in the ESL¥
As an example, we have shown the HOMOs for spin-up and
spin-down electrons of Mn(Cs(BO);),>” in the ESLt It shows
that the main contribution to the HOMO is from the inner
skeleton as well as the metal atom.

Finally, Nucleus Independent Chemical Shift (NICS) calcula-
tions have been carried out to study the effect of ligands on the
aromatic character and hence stability of the CsX5~ (X=H, CN, BO)
rings. Aromatic compounds are conjugated cyclic m electron
systems that are highly stable due to charge delocalisation.
Aromaticity cannot be directly measured from experiments®® but
there are various descriptors that account for the aromatic beha-
viour based on energetic, geometric and magnetic criteria.>’
Among them, NICS (magnetic criterion) is the most widely used
and accepted method for measuring aromaticity.

According to conventions, NICS is taken to be the negative of
the magnetic shielding value. In the literature, NICS(0) (calculated
at the ring centre) or NICS(1) (calculated at a distance of 1 A from
the plane of the ring to better reflect the n electron effects) are
generally reported. In some cases, they have resulted in providing
wrong results.”® A better approach for determining NICS based
aromaticity has been introduced recently.”® In this method,
instead of calculating the NICS value just at a single point, they
are calculated perpendicular to the planar ring at small intervals
beginning from the centre up to a certain distance from the ring.
The results obtained through this approach have proved to be
more consistent with the experimental data. In this report, we
have adopted the latter technique and have validated this method
by using benzene as a benchmark. All calculations have been
done using Gaussian 16 package. The NICS values have been
calculated using the default gauge induced atomic orbital (GIAO)
method for the optimized structures at the same level of theory.
We have calculated the NICS values by placing the ghost atoms
(Bq) at points ranging from the ring centre to a distance of 4.9 A at
intervals of 0.1 A. NICS values for the CsX;~ (X = H, CN, BO) rings
along with that of benzene are given in Fig. 6.

We, see that NICS values are negative for these complexes,
signifying their aromatic character. Benzene has a minimum

This journal is © the Owner Societies 2019

View Article Online

PCCP

0 T T T T T T FFTLLL]
C6H6  + -

2+ FERERTT
§¥
g3%7 C5BO5  x

4 xF C5CNS T
= 6L x* CSHs ]
£ P
(=%
=3 *
a B, £ i
g a0f - +% .

Fogog ¥ Big

-16 I 1 1 I 1 I I 1 1
0 0.5 1 1:5 2 2:5 3 3:5 4 4.5 5]

distance from center (R)

Fig. 6 NICS values versus distance from the centre (A) for benzene,
CsHs™, Cs(BO)s™ and Cs(CN)s ™.

around 1 A (—10.5804 ppm at 0.8 A) which is consistent with
the value in the literature. C5(BO);~ has a minimum at 0.4 A
(—13.315 ppm) while C5(CN)s~ and CsHs have the minima at
the ring centre (—8.0379 ppm and —15.7059 ppm respectively).
Molecules where the o aromaticity dominates over the =
aromaticity have their minima at the ring centre whereas in
molecules like CgHg the n electron delocalisation dominates at
certain distances from the ring.>® Presence of the minima in
the curves arises due to the out of plane ¢ contribution, which
decays rapidly with distance. The ¢ contribution is found
through a method due to Stanger,® and is then subtracted
from the total to get the m aromaticity. Fig. 6 shows that
C5(BO)s ™ and C5(CN)5 ™ rings, which are closer to benzene, have
higher m aromaticity than CsH; ™ ring and hence provide greater
stability to the neutral and charged Mn(CsX5), (X = H, BO, CN).
This result is consistent with our hypothesis that ligand plays
an important role in determining the stability of the organo-
metallic compounds. We can see that C5(CN)s~ has a slightly
greater aromaticity than Cs(BO)s , which is expected since
electron affinity of CN is larger than that of BO. In addition,
during the NBO analysis we saw that CN has a greater tendency
to add electrons as compared to BO and H and in MO analysis,
we found that CN ligand makes maximum contribution to
HOMO-LUMO as compared to other ligands.

Conclusion

In summary, we have studied the structure and stability of an
organo-metallic complex, manganocene and its derivatives
(M(CsX5),, X = H, CN, BO) using density functional theory.
We show that the ligands can have strong influence on their
properties and can over-power the effect of the electron counting
rule. For example, M(CsX;), complexes should have large electron
affinity and their dianions should not be stable. This is because
these complexes have 17-electrons and adding an electron should
make them very stable, according to the 18-electron rule. Thus,
their electron affinities should be larger than those of halogens,
making them super-halogens. Similarly, their dianions should not
be stable not only because of the extra electron—-electron repulsion,
but also because they will have one-electron more than needed for
the 18-electron shell closure. We find this not to be always true.

Phys. Chem. Chem. Phys., 2019, 21, 24300-24307 | 24305


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9cp02331c

Open Access Article. Published on 09 September 2019. Downloaded on 10/27/2025 6:19:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

The electron affinity of manganocene, M(CsHs), is very small,
namely, 0.28 eV. However, in keeping with the expectation from
the 18-electron rule, its dianion, Mn(CsHs),>” is unstable against
spontaneous emission of the second electron. Things change
when H is replaced by more electronegative ligands such as
CN and BO. While, as expected, the electron affinities of
M(C5X5), (X = CN, BO) are much larger than those of the
halogens and hence these moieties are superhalogens,
Mn(CsXs),>~ (X = CN, BO) dianions are stable, in defiance of
the 18-electrton rule. This is attributed to the Jahn-Teller-like
effect where energy is gained by structural distortion as the Mn
atom in Mn(C5X;),>~ (X = CN, BO) moves away from the centre
of the complex. We also studied Mn(CsX;s),*~ (X = H, CN, BO)
tri-anions and found all of them to be unstable against auto-
detachment of the third electron by 4.55 eV, 2.91 eV, and
3.28 eV, respectively. This study demonstrates the power of the
ligands in determining the stability of a complex and the role they
play in the rational design of multiply charged species.***!
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