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DFT Study of Mono-Manganese-Substituted Keggin-Type Polyoxometalates with
Atmospheric Small Molecules X (X=H,0, N,, O,, NO, N,O, CO and CQO,)
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Abstract: Geometries, electronic structure, and bonding nature of a series of mono-manganese-substituted
Keggin-type (POMs) with atmospheric small molecules X (X=H,0, N,, O, NO, N,O, CO and CO,) have been
studied based on density functional theory (DFT) method with MO6L functional. Due to the poly-anionic nature of
polyoxometalates (POMs), the counterions effects have firstly been considered by means of a full treatment of the
cesium salt Cs; [PW,;;,0Mn"H,0]. DFT-MO6L calculations show that the key geometric a nd electronic
parameters are almost constants as change of the four Cs counterions. The optimized calculations for [PW;,05,Mn™
H,O]* both in gas phase and solution provide an analogous result, no significant variation of key geometric and
electronic parameters was found when compared with the cesium salt. The calculated relative energy of different
spin states indicates that the lowest energy spin state is the high-spin quintet state for [PW;0;,Mn"X]* (X=H,0,
N,, N,O, CO and CO,), triplet state for [PW,,05Mn"0,]*, and doublet state for [PW;0,Mn"NOJ*. The calculated
adsorption energy of those atmospheric small molecules over the porphyrin-like POM ligand increases in the
following order: N,<N,0<CO =C0,<0,<H,0<NO. The Mn-NO POM complex provides considerable adsorption
energy. Mulliken population analysis shows that coordination of NO ligand to the Mn™ center in its doublet

ground state arises from an antiferromagnetic coupling between an intermediate-spin Mn'™" center and NO' unit.
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0 Introduction

Polyoxometalates (POMs) are early transition
metal oxo clusters, which has been widely studied as
acid, redox, and bifunctional catalysts in homogeneous
as well as in heterogeneous systems!"®. An advantage
of POM-based catalyst is that they can be designed at
atomic or molecular levels based on acidic and redox
properties. Many physicochemical behaviors of POMs
are now successfully explained on a molecular level
because of a careful analysis of both experimental and

theoretical data™!.

Keggin-type POMs, incorporating
one or several transition metals are subjects of active
experimental and theoretical research because they
serve as structure models for the active sites of

1217 Electronic structure

oxygenation or acidic catalysts
information of these transition-metal-substituted Keggin
-type POMs, especially, spin state of the transition
metal center, is determining factors for understanding
how these POMs perform their catalytic behavior. To
date, the accurate determination of the relative
energies for the different spin states in the different
oxidation states of transition metal center in POM
species is still a computational challenge because the
theoretical treatment of POMs must take into account

POMs are highly

negative charge anionic species, involving multiple

several intrinsic difficulties!"®".

transition metal atoms. The highly charge POM anions
do not exist in gas phase, and only exist in condensed
state because the external field generated from the
solvent molecules or the counterions stabilizes POM
anions. Most of the theoretical investigations for POMs
have been done employing conventional density func-
tional theory (DFT) methods with various XC func-
tional, such as, BP86™, B3LYP"!, BLYP™, PBE™,
and MO6L"™, etc. And the stabilizing fields generated
by solvent molecules and counterions were modeled
by using continuum model or a set of point charges

U8 The accuracy and

(modeling the crystal field)

deficiency of these methods are reviewed by Poblet

and co-workers!"™"l,
Mono-transition-metal-substituted Keggin-type

POMs have long been referred to as  “inorganic meta-

lloporphyrin” because they have same catalytic beha-
viors in oxygenation catalysis relevant to metallopor-

23-24]

phyrins" In particular, a manganese-substituted
Keggin-type POMs showed good activity and high
selectivity for the epoxidation of alkenes that comp-
ared well to the activity of a manganese(Il) porphyrin®.
In the past half century, the chemistry of metallopor-
phyrins has been well studied. It has been found that
showed  highly

oxygen, nitric oxide, carbon monoxide, etc*. Thus,

metalloporphyrins activity toward
metalloporphyrins have been considered as potential
sensing of gases and catalysts for many important
reactions, involving reduction of carbon dioxide,
nitrogen oxides, and the oxidation of hydrocarbons
and alcohols, etc™*. Compared with metalloporphy-
rins, the inorganic metalloporphyrins with high redox
stability can act as a potential multielectron acceptor.
Moreover, the unique withdrawing properties of POM
ligands would possibly modify the reactivity of the
transition metal center. However, the chemistry of
“inorganic metalloporphyrin”, mono-transition-metal-
substituted Keggin-type POMs, is less developed.
Under the guidance of porphyrin chemistry and
motivated by a theoretical work of abdurahman and
co-workers™, a systematic investigation for the ground
state electronic structure, relative spin state energies,
and adsorption energies of mono-manganese-substi-
tuted Keggin-type POMs with atmospheric small
molecules X (X=H,0, N,, N,O, CO and CO,) has been
performed based on DFT calculations. These findings
would provide a basis of understanding the structure-
property relationships for these “inorganic metallopor-
phyrin”, and be useful to explore the potential
applications of POMs in the field of catalytic oxidation
of atmospheric small molecules. For modeling of
external fields generated by solvent molecules or
counterions , the self-consistent reaction field (SCRF)
method and a full treatment of the cesium salts

Csy[PW,,05Mn"X] have both been employed in this

work.

1 Computational details

All geometric optimizations were performed by
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using DFT method with MO6L functional. We chose
MO6L functional® because of the proper treatment of
transition metal elements and accurate description of
non-covalent interactions. Geometric optimization and
frequency calculations were used 6-31G (d) basis sets
for all main group elements and scalar relativistic
effective core potential of LANL2DZ™*' for metal
atoms. The frequency calculations show that there is
no imaginary for all the structures discussed in the
present work, which indicates that all of them are
corresponding  potential

minima on the energy

surfaces. The adsorption energy (E,) of the series of
atmospheric small molecules X (X=H,0, N,, O,, NO,
N,0, CO and CO,) over the porphyrin-like POM ligand
was calculated by
Ead:Ecnmp]ex_(EPOM—'-EX)

where E.piee Evow, and Ex are the total energies of the
metal-X POM complex, POM fragment, and atmos-
pheric small molecules X, respectively. Bulk solvent
effects of acetonitrile media have been taken into
account via the SCRF method, using the integral
equation formalism polarizable continuum model

(IEFPCM) solvent model™,
implemented with the Gaussian 09 package

All calculations were
[41]

2 Results and discussion

Due to the poly-anionic nature, counterions are
always involved in determination of the structure,
reactivity, and physicochemical behavior of POMs

both in solid and solution®*.

In the present paper,
the interaction between Cs counterions and the surface
of mono-manganese-substituted Keggin-type POMs
may form various structures. However, for large-sized
POMs, it is difficult to calculate all possible struc-
tures because of the high computational cost. Thus,
three typical structural patterns have been considered.
A aquamanganese derivative Cs,[PW,;05,Mn"H,0] has
been firstly employed as an example to probe effects
of Cs counterions. As shown in Fig.1, designed around
the surface of POM anion, the average distances
among the four Cs counterions are becoming more
(a)<(b)<(c). According to our
DFT-MO6L calculations, the distance of the Cs atom

and the nearest O, atoms of POM anion is in a range

distant in an order of

of 0.30~0.31 nm (0O, corresponds to oxygen atom
bridging the two tungsten atoms of the POM unit),
which is well in agreement with the experimental
values in most typical POM cesium salts*>*'.

The water molecule has the singlet ground state
(S=0), and is attached to the POM unit [PW;0;,Mn"}*
as shown in Fig.1. Thus, the 3d electrons of Mn™ center
have been arranged into three possible spin states,
namely, the low-spin state (S=0, Ms=1), intermediate-
spin state (S=1, Ms=3), and high-spin state (S=2, Ms=
(Ms=2S+1), key structural

calculated

5). The spin multiplicities

parameters, and relative  spin-state

electronic energies (E,.) and total energies involving
electronic and zero-point correction energies  (E i),
(HOMO and LUMO)
energies, HOMO-LUMO energy gap, and spin density
of the Mn™ center (¢(Mn)) with MO6L functional for the

three typical structure of cesium salt CsPW;0,Mn™

frontier molecular orbital

H,0] in different spin states are reported in Table 1.
For the three structures of cesium salt, all parameters
listed in Table 1 are almost not sensitive to the
change of arrangement of four Cs counterions according
to our DFT-MO6L calculations. Both E,. and E,...0
results indicate that the lowest energy spin state is the
high-spin quintet state, and the relative spin-state
energy order predicted for those spin states is  (S=0)>
(S=1)>(S=2) in the three structures of the cesium salt.
Meanwhile, a detailed comparison shows that zero-
energy correction leads to a slight increase for the
relative spin-state energies. Geometrically, in the
three structures of cesium salt, the high-spin ground
state has the largest Mn-ligand distance, and the order
of the Mn-ligand distances for those spin states is (S=
2)>(S=1)==(5=0). By contrast, the average bond length
of 4 Mn-0O, bonds (dy,.a,) is nearly not affected by the
change in the spin state. The order of the HOMO-
LUMO gap for those spin states is (S=1)>(5=2)>(5=0).
Mulliken spin density calculations for the open-shell
species (triplet and quintet states) indicate that unpaired
electrons in both spin states are mainly localized on
the Mn™ center in the three structures. No large spin
states was found

contamination for those spin

according to our DFT-MO6L calculations.
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Fig.1  Optimized structures of cesium salt Cs,[PW,,05,Mn"H,0] obtained by M061/6-31G(d)
calculations (LANL2DZ basis sets on metal atoms)

Table 1 Relative energies (kJ-mol™), key bond length (nm), frontier molecular orbital energy (eV),

and Mulliken spin density (a.u.) for three typical structures of cesium salt, isolated POM

anion in acetonitrile solution and gas phase

MS <S>¢ dypn,o / nm dynon dyior Eoe Eecsrn HOMO  LUMO  H-L gap q(Mn)
Cesium salt (a)
1 0.00 0.206 0.190 0.208 219.07 223.15 -4216  -3.935 0.282 —
3 2.03 0.204 0.192 0.203 88.78 93.42 -5.105  -2.951 2.155 1.917
5 6.04 0.228 0.191 0.226 0.00 0.00 -5.282  -3.507 1.775 3.800
Cesium salt (b)
1 0.00 0.206 0.190 0.207 217.40 221.69 -4.181 -3.934 0.247 —
3 2.03 0.205 0.192 0.202 86.41 93.95 -5.126  -2.974 2.152 1.922
5 6.04 0.229 0.191 0.224 0.00 0.00 -5299 3536 1.762 3.804
Cesium salt (c)
1 0.00 0.205 0.190 0.207 219.32 225.01 -4295  -4.013 0.283 —
3 2.02 0.204 0.192 0.202 86.38 90.60 -5.195  -3.033 2.162 1.915
5 6.04 0.228 0.191 0.226 0.00 0.00 -5368  -3.611 1.757 3.801
POM anion in acetonitrile
1 " — o " " " % . — "
3 2.04 0.204 0.204 0.202 83.66 94.02 -5.367  -3.207 2.160 1.914
5 6.04 0.227 0.227 0.225 0.00 0.00 -5.449  -3.693 1.756 3.794
Isolated POM anion in gas phase
1 0.00 0.215 0.215 0.205 227.14 229.33 4.830 5.055 0.225 —
3 2.02 0.212 0.212 0.200 102.59 108.90 3.818 5.932 2.114 1.941
5 6.04 0.265 0.265 0.219 0.00 0.00 3.302 5.430 2.128 3.798

* Optimized geometry of [PW;0:Mn"H,0]* has not been achieved because of the bad SCF convergence

The geometry of POM anion [PW,,05,Mn"H,0]*
also has been optimized both in gas phase and
acetonitrile at the same levels, respectively. The gas-
phase and POM
[PW;05Mn "H,0]*~ are also listed in Table 1. It is

worth noting that gas-phase calculations for an

solvent results for the anion

isolated POM anion is the most popular method that

has been used on large POM system at an affordable
computational cost in the past two decades. Compared
with the full treatment of the cesium salt, there was
no significant difference for those parameters except
for the FMO energies. It has been demonstrated that
the instability of isolated POM anions in gas phase is

reflected in the high energy of its molecule orbitals™,
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As shown in Table 1, our DFT-MO6L calculations also
reproduce this trend. The calculated HOMO and
LUMO levels in gas phase lie at positive energies for
those spin states. The stabilizing field generated by
molecules and  counterions

solvent significantly

decreases the molecular orbital energies, the
calculated HOMO and LUMO for these spin states
appear at quite negative energies in the three
structures of cesium salts and solution. But the
relative energies of both orbitals (HOMO-LUMO gaps)
in these states do not change largely, such as the
calculated HOMO-LUMO gap for the triplet state is
2.11, 2.16, 2.16 €V in gas phase, solution, and
cesium salt (b), respectively (Table 1). Due to the low
computational cost and reliable electronic and total
energy results, the gas-phase calculations will be
employed to determine the ground state of the studied
POM  complexes in the following discussion.
Meanwhile, the full treatment of the cesium salt was
focused on one structural pattern (c) because those
key parameters are almost constant as change of the
arrangement of the Cs counterions.

The dinitrogen molecule has a singlet ground
state and high chemical inertness. Starting from a linear
Mn-N-N arrangement, we performed the geometric
optimization of the Mn-dinitrogen POM complex with
the three spin states (S=0, M¢=1; S=1, M=3; S=2, M=
5) in gas phase. The predicted lowest energy spin
state is the high-spin quintet state (Supporting
Information). The molecular geometry of the studied
Mn-dinitrogen POM complex the in its quintet ground
state was further optimized in acetonitrile and cesium
salt at the same levels, respectively. The calculated
key geometric and electronic parameters are listed in
Table 2 and Fig.2. As shown in Fig.2, our DFT-MO6L
calculations show a bent Mn-N-N unit a long Mn-
ligand distance. The calculated Mn-ligand distance
decreases in an order of cesium salt (0.30 nm) > gas
phase (0.28 nm) > acetonitrile (0.26 nm), indicating a
very weak Mn-dinitrogen interaction both in gas phase
and condensed state. Mulliken population analysis
shows that the spin density of the Mn-dinitrogen POM

complex in the quintet ground state is mainly localized

on the Mn™ center. By contrast, the dinitrogen ligand
has very small spin densities.

The ground state of dioxygen molecule is a triplet
state with two unpaired elections. In the present
paper, we firstly optimized the structure of
[PW,,05Mn"0,]* for the five different spin states (S=
0, M=1; S=1, Ms=3; S=2, M=5; S=3, M=T; S=4, M=
9) in gas phase to determinate the ground state. As a
results, the lowest energy spin state is the triplet state
(S=1, Ms=3) (Supporting Information). For compar-
ison, the ground state structure was further optimized
in acetonitrile and the cesium salt at the same levels,
respectively. The calculated key geometric and
electronic parameters are also listed in Table 2. It can
be found that there are no significant variation of the
electronic when

key geometric and parameters

compared with the gas-phase results. Dioxygen
molecule bonding to the Mn center in our studied
POM systems leads to a bent Mn-O-O unit with an
angle of 117° and a Mn-ligand distance of about 0.20
nm, indicating the dioxygen molecule is loosely bound
to the Mn center. Table 2 presents the Mulliken spin
densities assigned to the Mn ™ center and dioxygen
ligand in its triplet ground state. For all the studied
states, about 3.2 unpaired electrons are localized on
the Mn" center, and about 1.5 unpaired electrons with
opposite spin are localized on the dioxygen ligand.
Thus, the formation of Mn-dioxygen POM complex in
its triplet ground state may be viewed as an
antiferromagnetic coupling between a high-spin Mn
center and a dioxygen molecule.

NO ligand can be attached to the transition metal
center via O- or N-end coordinated models, respec-
tively. In the present paper, we performed the geome-
tric optimization of both coordinated models in the
four spin states (S=1/2, Ms=2; S=3/2, Ms=4; S=5/2,
Ms=6; S=7/2, Ms=8). The lowest spin state is found to
be the doublet state with the N-end coordinated
model. The ground state molecular geometry is also
optimized in two condensed states. The calculated key
geometric and electronic parameters are also listed in

Table 2. There are no significant variation of the key

geometric and electronic parameters in two condensed
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Fig.2 Optimized geometries of Cs, [PW,;05Mn"X] X=N, (a), O, (b), NO (c), CO, (d), CO (e), N,O (f)
obtained by MO6L/6-31G(d) calculations (LANL2DZ basis sets on metal atoms)

Table 2 Key bond length (nm), bond angle (°), and Mulliken spin densities (a.u.) for adsorption complexes

studied here (C denoted as cesium salt, S denoted as solution, and G denoted as gas phase)

States dynx dynon dyioe / MnX q(Mn) q(X)
X=N; (Quintet state)
C 0.258 0.190 0.222 164.9 3.785 -0.001
0.304 0.190 0.219 132.4 3.771 0.001
G 0.278 0.190 0.214 135.6 3.760 0.007
X=0, (Triplet state)
C 0.208 0.189 0.220 117.9 3.475 -1.705
0.204 0.189 0.216 116.5 3.359 -1.592
G 0.200 0.189 0.213 117.1 3.231 -1.479
X=NO (N-end)(Doublet state)
C 0.166 0.191 0.211 179.9 1.598 -0.710
0.166 0.191 0.209 179.5 1.649 -0.757
G 0.166 0.190 0.208 178.7 1.769 -0.887
X=N,0 (0-end)(Quintet state)
C 0.253 0.190 0.222 109.0 3.789 0.005
0.275 0.190 0.221 103.7 3.783 0.002
G 0.274 0.190 0.216 102.1 3.779 0.001
X=CO (C-end)(Quintet state)
C 0.250 0.190 0.223 168.2 3.764 0.020
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Continued Table 2
S 0.272 0.190 0.221 140.0 3.780 0.004
G 0.266 0.190 0.216 139.7 3.764 0.007
X=CO, (Quintet state)

C 0.251 0.190 0.222 111.7 3.797 0.001

0.284 0.190 0.220 101.4 3.789 -0.001
G 0.277 0.190 0.216 96.4 3.790 -0.004

states when compared with the gas-phase calculations.
As shown in Fig.2. The optimized calculations show
that coordination of NO ligand to the Mn center leads
to a linear Mn-N-O unit with an angle of about 179°
and a Mn-ligand distance of about 0.166 nm,
indicating the formation of a strong Mn-N single bond.
The Mn-NO moiety in this Mn-NO POM complex may
have various electronic structures, such as, Mn"-(N=
0)*, Mn-(N=0)", and Mn"-(N=0)". Table 2 presents
the Mulliken spin densities assigned to the Mn U
center and NO ligand in its doublet ground state. It
can be found that about 1.6 unpaired electrons are

localized on the Mn™

center, and about 0.8 unpaired
electrons with opposite spin are localized on the NO
ligand. Thus, coordination of NO ligand to Mn! center
in its doublet ground state arises from an antiferro-
magnetic coupling between an intermediate-spin Mn™
center and NO' unit. Therefore, the electronic structure
of the Mn-NO moiety of the Mn-NO POM complex in
the doublet ground state should be described as Mn'-
(N=0) structure.

N,O molecule has a linear structure with a
singlet ground state. According to literatures, coor-
dination of N,O molecule to the transition metal
center can form metal complexes with O- and N-end
models, respectively™. We considered a bent arran-
gement of Mn-N,O unit as the starting geometry and
performed the geometric optimization of both coor-
dinated models in the three spin states (S=0, M=1;
S=1, Ms=3; S=2, Ms=5) based on gas-phase calcula-
tions. The optimized calculations show that the lowest
energy spin state is the high-spin quintet state with O-
end model. Similarly, the molecular geometry of the
Mn-N,0 POM complex in its quintet ground state was
also optimized in two condensed states. The calculated

key geometric and electronic parameters are also

listed in Table 2. It can be found that the Mn-ligand
distance decreases in an order of acetonitrile (0.27
(0.25 nm),

which indicates a weak interaction between the N,O

nm) = gas phase (0.27 nm)>cesium salt

ligand and Mn" center both in gas phase and cond-
ensed state. Mulliken population analysis also reflects
this weak interaction. The spin density of Mn-N,O
POM complex in its quintet ground state is mainly
localized on the Mn™ center, and the N,O ligand has
very small spin densities.

Transition metal carbonyl complexes have many
types of novel structures because of the variable
coordination models of CO ligand. As POM analog, the
famous heme-CO systems (an iron porphyrin complex),
CO binding to Fe center gives rise to a linear Fe-C-O
unit according to many experimental and theoretical
studies®™, In the present paper, we considered a
similar linear structure as the starting geometry for the
Mn-CO POM complex in two coordination models (O-
and C-end of CO ligand), and performed the geometric
optimization in three spin states (S=0, M¢=1; S=1, M=
3; S=2, M=5) based on gas-phase calculations. Accor-
ding to our DFT-MO6L calculations, the lowest energy
spin state is the high-spin quintet state with the C-end
coordination model. As before, the ground state
molecular geometry of the Mn-CO POM complex was
optimized in acetonitrile and the cesium salt at the
same levels, respectively. The calculated key geometric
and electronic parameters also listed in Table 2 and
Fig.2. As shown in Fig.2, our DFT-MOG6L calculations
show a bent Mn-C-O unit with a long Mn-ligand
distance. The optimized Mn-ligand distance decreases
in an order of acetonitrile (0.27 nm)= gas phase (0.27
nm)>cesium salt (0.25 nm), indicating a weak interac-
tion between Mn™ center and the CO ligand both in
gas phase and condensed state. The Mulliken popula-
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tion analysis also supports this results, where the spin
density of the studied Mn-CO POM complex in its
quintet ground state is mainly localized on the Mn!
center, and the CO ligand has hardly any spin
densities.

CO, is a tri-atomic molecule with a linear
structure. Due to the different electronegativities, the
carbon atom in CO, molecule carries partial positive
charge and the oxygen atom in CO, molecule carries
partial negative charge. It is known that CO, molecule
has two set of 77 molecular orbitals in its singlet ground
state. And both sets of 7 molecular orbitals are
orthogonal to each other. These structural features
result in variable coordination models of CO, ligand
when interacting with transition metal centers. In the
paper,
including linear, bent, O-end, and C-end structures,

present starting from various structures,
we performed geometric optimization in three spin
states  (S=0, Ms=1; S=1, Ms=3; S=2, Ms=5) based on
gas-phase calculations. Interestingly, all those
optimized calculations provide the same structure as
shown in Fig.2. CO, molecule is attached to the Mn™
center as a bent arrangement via a very weak interac-
tion in their O-end coordination models, According to
our DFT-MO6L calculations, the lowest energy spin
state is the high-spin quintet state. The molecular
geometries of the studied Mn-CO, POM complex in its
further optimized in

quintet ground state was

acetonitrile and cesium salt at the same levels,

respectively. All the optimized calculations show a
long Mn-ligand distance. As shown in Table 2, the
optimized Mn-ligand distance decreases in an order
acetonitrile (0.28 nm) =gas phase (0.28 nm)>cesium
salt  (0.25 nm). Mulliken population analysis also
supported this weak interaction. The spin density of
the studied Mn-CO, POM complex in its quintet
ground state is mainly localized on the Mn™ center.
There are nearly no spin densities on CO, ligand in
its quintet ground state.

On the basis of the optimized geometries in their
ground states, the adsorption energy (FE,) of atmos-
pheric small molecules X (X=H,0, N,, 0, NO, N,0,
CO, and CO,) over the porphyrin-like POM ligand was
calculated in gas phase, acetonitrile, and cesium salt,
respectively. The calculated E,, values were listed in
Table 3. It can be found that the solvent calculations
for each POM complex studied here provided a low
adsorption energy when compared with the results
derived from gas phase and a full treatment with the
cesium salts. All DFT-MO6L calculations indicate the
adsorption energy of the POM complexes studied here
increases in the following order: N,<N,0<CO = CO,<
0,<H,0 <NO, especially, the Mn-NO POM complex
provides considerable adsorption energy of -199.6,
-175.5, and -206.5 kJ -mol™ in gas phase, acetonitrile,
and cesium salt, respectively. This result is well in
agreement with the prediction based on their

molecular geometries, a strong Mn-N single bond.

Table 3 Calculated adsorption energies (kJ-mol™) for the series of POM complexes in gas phase, acetonitrile,
and cesium salt obtained by M06L/6-31G(d) calculations (LANL2DZ basis sets for metal atoms)

X Gas phase Acetonitrile Cesium salt
H.0 -88.36 -55.82 -87.81
N, -20.58 -10.45 -24.72
0, -60.28 -26.49 -40.12
NO -199.62 -175.49 -206.48
N,O -33.96 -13.28 -34.21
(o[0) -35.40 -18.20 -40.71
CO, -38.79 -17.76 -29.44

3 Conclusions

We have performed DFT calculations to study

molecular geometries and electronic structures of a

series of Mn-POM complexes [PW;05,Mn"X], which
are generated by coordination of atmospheric small

molecule X (X=H,0, N,, 0,, NO, N,0, CO and CO,) to
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the Mn™ center. Because those Mn-POM complexes
carry highly negative charge, we firstly explored the
counterions effects by means of a full treatment of
the cesium salt Cs[PW;05,Mn"H,0]. Three typical
structure patterns of the cesium salt, which were
differentiated by the average distances among the four
Cs counterions around the surface of POM anion, were
considered in the present work. According to our
DFT-MO6L calculations, the

electronic parameters are almost constants as change of

key geometric and

the average distances of the four Cs counterions. For
comparison, molecular geometry of [PW,,05Mn"H,0]*
was also optimized in both gas phase and acetonitrile.
Optimized calculations show that there are no signifi-
cant variation of the key geometric and electronic
parameters when compared with the full treatment of
the cesium salt. DFT-derived relative energy of
different spin states reveal that the lowest energy spin
state is the high-spin quintet state for [PW;0;,Mn"X]*
(X =H,0, N,, N,O, CO, and CO,), triplet state for
[PW,0,Mn"0,]*, and doublet state for [PW;0xMn"
NOJ*, respectively. Our DFT-MO6L calculations indi-
cate that the adsorption energy of those atmospheric
small molecules over the porphyrin-like POM ligand
increases in the following order: N,<N,0<CO = CO,<
0,<H,0<NO. Mulliken population analysis shows that
coordination of NO ligand to Mn™ center in its doublet
ground state arises from an antiferromagnetic coupling

between an intermediate-spin Mn'! center and NO' unit.
Supporting information is available at http://www.wjhxxb.cn
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