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Abstract The electronic and nonlinear optical (NLO)

properties of Lindqvist-type tungstate containing late 3d

transition metals [(py)MW5O18]42 (M = Fe, Co, Ni) have

been systematically investigated using density functional

theory (DFT) method. The character of M–N bond is

analyzed using natural bond orbital methods. The first

hyperpolarizabilities of [(py)MW5O18]4- anions have been

investigated by Coulomb-attenuating method (CAM-

B3LYP). The NLO properties of [(py)MW5O18]4- with

different spin states are also studied. The results show that

the static second-order polarizability (b0) of [(py)5FeW5

O18]4- (Fe = quintet state) is 525.10 9 10-30 esu, which

is larger than those of [(py)4CoW5O18]4- (b0 = 120.72 9

10-30 esu) and [(py)3NiW5O18]4- (b0 = 30.45 9 10-30

esu) anions. Time-dependent DFT results reveal that the

substituted transition metals-to-pyridine charge transfer

may be responsible for the NLO properties of this kind of

polyoxometalates.

Keywords Polyoxometalates � Late 3d transition metals �
Second-order polarizability � Density functional theory

(DFT)

1 Introduction

Polyoxometalates (POMs) are a rich class of inorganic

cluster [1–3] systems which are usually formed by W, Mo, or

V. They exhibit remarkable chemical and physical properties

which have been applied in a variety of fields ranging from

medicine to nanotechnology [4–7]. The wide interest in the

numerous important applications based on the properties of

the molybdenum (Mo), tungstum (W), and vanadium

(V) based POM cluster systems leads one to naturally

investigate the properties of other metal (iron (Fe), Cobalt

(Co), and nickel (Ni)) based POM cluster systems. During

the past decade, there has been increasing interest in the

functional group chemistry of POMs with organic deriva-

tives [8]. The delocalized electrons coexist in both the

organic networks and the inorganic clusters in organic–

inorganic hybrid POMs. Therefore, one of the current issues

of focus has been to make multifunctional hybrid materials

using covalently linked POMs and organic polymers. Many

organic–inorganic hybrids POMs have been reported [9, 10].

Among the organic derivatives of POMs, the derivatives of

Lindqvist-type POMs have been continuously synthesized

by Proust [11], Wei [12], Peng [13] and others [3, 14, 15].

Heterometallic Lindqvist-type anions are an important group

in the organic–inorganic hybrids of Lindqvist-type. In recent

years a lot of organic derivatives of heterometallic Lindqvist-

type POMs were synthesized [16–19]. Most work concen-

trates on [MnW6-nO19](2?n)- and [MnMo6-nO19](2?n)-

(M = Nb, V, Ti, and other early transition metals, n = 1–4)

polyanions. Few derivatives of Lindqvist-type POMs with
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the molybdenum or tungsten atoms replaced by late transi-

tion metals have been reported. Recently, Errington

et al. [20] have adopted a stepwise strategy involving the

initial generation of the lacunary anion [W5O18]6- and

its subsequent reaction with a CoII salt to synthesize two

CoW5 heterometalates ([{CoW5O18H}2]6- and [(py)CoW5

O18H]3-). [{CoW5O18H}2]6- dissolved in pyridine gives a

dark pink solution of the monomeric pyridine adduct

[(py)CoW5O18H]3-. The author also presented evidence for

the formation of an analogous FeW5 species [20].

Nonlinear optical processes are being increasingly

exploited in potential applications in a variety of opto-

electronic and photonic devices [21]. A significant amount

of work has been done on electron-optical materials with

different conventional strategies to enhance the NLO

response. There exist three generic classes of NLO mate-

rial: semiconductors, inorganic salts, and organic com-

pounds. Each class possesses its own complement of

favorable and unfavorable attributes for NLO applications

[22]. Among these three kinds of NLO materials, the

organic materials are of major interest because of their

relatively low cost, ease of fabrication and integration into

devices, tailorability that allows one to fine-tune the

chemical structure and properties for a given nonlinear

optical process, high laser damage thresholds, low dielec-

tric constants, fast nonlinear optical response times, and

off-resonance nonlinear optical susceptibilities comparable

to or exceeding those of ferroelectric inorganic crystals

[23]. Though organic materials have some advantages, they

also have several disadvantages: low energy transitions in

the UV–vis region enhance the NLO efficiency but result in

a tradeoff between nonlinear efficiency and optical trans-

parency, they may have low thermal stability, and undergo

a facile relaxation to random orientation (in poled guest–

host systems) [24]. So the new materials should be inves-

tigated to resolve the above problems.

POMs are excellent electron acceptors and can form

electron donor–acceptor compounds [25, 26], so they have

become new promising NLO materials. Over the past few

years, considerable efforts have been directed toward the

nitride or organoimido functionalization of redox-active

closed-framework POMs [27] which are very useful for

NLO materials. NLO properties of organoimido derivatives

of hexamolybdates have been investigated by our group

[28, 29] using density functional theory (DFT) formalism,

which has been proved as a useful tool to investigate the

properties of POMs [29–31]. From our previous work, we

conclude that the formation of the Mo:N triple bond

increases delocalization of the aromatic p electrons and

strong electronic interaction between the hexamolybdates

and the organoimido moiety [32]. Lengthening of orga-

noimido p-conjugation or increasing the organoimido

polyanion can be used to increase the b or c values. In

Fig. 1 one can see the models of D-A-type polyoxometa-

lates. One can see that the main electron transfer occurs

from the organoimido(s) to the hexamolybdates (See

Fig. 1a). In the present paper, we performed the quantum

chemical calculations on [(py)MW5O18]4- (M = FeII,

CoII, and NiII) and elucidated the role of the pyridine and

late transition metals in defining the bonding, electronic

and NLO properties. The charge transfer character of

[(py)MW5O18]4- will also be discussed.

Fig. 1 Sketch map of D-A-type

polyoxometalates
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2 Computational details

2.1 Geometry optimization

The geometrical optimizations of all anions studied here

were carried out using ADF 2008 program [33–35]. The

zero-order regular approximation (ZORA) was adopted in

the calculations to account for the scalar relativistic effects

[36–39]. The generalized-gradient approximation (GGA)

was employed in geometrical optimizations by using the

Beck and Perdew (BP86) [40, 41] exchange–correlation

(XC) functional, and VWN local density functional [42].

The triple-f basis plus polarization Slater-type orbital basis

sets were used to describe the main group elements (O, C,

N, and H), whereas for transition metal Fe, Co, and Ni

atoms, a frozen core composed of 1s to 2p shells and for W

atoms 1s to 4d shells were used. The value of the numerical

integration parameter used to determine the precision of

numerical integrals was 6.0 [31, 43]. The computational

description of molecules in vacuum or in the gas phase has

reached a remarkable state over the past years. But since

nearly all technical chemistry does take place in the con-

densed phase, mainly in fluids, the proper theoretical and

computational handling of molecules in solution and the

proper calculation and prediction of the behavior and the

thermodynamic properties of solute–solvent systems is

very important for computational chemistry. To reduce the

discrepancy between the gas-phase calculation and the

solution phase measurement, the solvent effects were

employed in the calculations of geometrical optimization

and excitation properties by using the conductor-like

screening model (COSMO) [44–47]. The solvent cavity

surrounding the anion was created using the solvent-

excluding method with fine tesserae. The solute dielectric

constant was set to 4.34 (diethyl ether). The van der Waals

radii for the POM and organic ligand atoms, which actually

define the cavity in the COSMO, were chosen to be 1.49,

1.41, 1.40, 1.08, 2.10, 1.94, 1.92, and 1.84 Å for C, N, O,

H, W, Fe, Co, and Ni, respectively [48]. Methods are

necessary to be able to understand not only the interactions

responsible for structural stability, but also to determine

and understand their function [49–51]. In some calcula-

tions, the first salvation shell of solvent molecules are

treated explicitly, rather than to use one of the many con-

tinuum solvent model treatments [52–54]. Additionally, the

Onsager [55] and the polarized continuum model (PCM)

[56] are used to calculate expect COSMO. Owing to the

COSMO in ADF allows easy extraction of the Hessian

from the output files for off-line processing. So the geo-

metrical optimizations are also used the PCM in Gaussian

09 package [57] with the CAM-B3LYP [58, 59]. The basis

set LANL2DZ associated with pseudo-potential was used

to describe W and Co atoms, and the 6-31G(d) was

employed to describe C, N, O and H atoms. Spin-unre-

stricted calculations were performed for all of the open-

shell systems in this work. Geometrical optimizations of all

systems under C2v symmetry constraint was carried out.

Their structures are sketched in Fig. 2.

2.2 NBO calculations

The chemical bonding between the metal-nitrogen bonds in

each anion based on their optimized ground-state geome-

tries was evaluated by NBO analysis of the density matrix

obtained from UB3LYP single-point calculations. All NBO

studies were carried out with the NBO 5.0 software pack-

age [60].

2.3 Second-order polarizability calculations

The first hyperpolarizabilities are evaluated by Finite Field

(FF) approach with the CAM-B3LYP level using Gaussian

09 package. The basis set used for C, N, O and H atoms are

the standard Gaussian basis set 6 - 31G(d), in which one

set of d-polarization functions is included. For 5d transition

metals, the basis set LANL2DZ was used. In FF method

when a molecule is subjected to the static electric field (F),

the energy (E) of the molecule is expressed by equation (1)

E ¼ Eð0Þ � liFi �
1

2
aijFjFi �

1

6
bijkFiFjFk

� 1

24
cijklFiFjFkFl � � � � ; ð1Þ

where E(0) is the energy of molecule in the absence of an

electronic field, l is the component of the dipole moment

vector, a is the linear polarizability tensor, b and c are the

first and second hyperpolarizability tensors whereas i, j and

k label the x, y, and z components, respectively.

Fig. 2 Polyhedral and ball-and-stick representations of calculation

model [(py)MW5O18]4- (M = Fe, Co, Ni)
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2.4 Excitation property calculations

Time-dependent density functional theory (TDDFT) is one

of the most popular tools for studying the excitation

properties in quantum chemistry due to its efficiency and

accuracy. It has been used to investigate the electronic

spectra of numerous systems, including closed- and open-

shell systems [61–63]. By far, the accuracy and reliability

of spin-unrestricted TDDFT methods for open-shell sys-

tems have been tested by organic and transition metal

compounds [64, 65]. Herein, the statistical average of

orbital potentials (SAOP) by Gritsenko, Baerends et al.

[66] was used to calculate the excitation energies of

[(py)MW5O18]4- (M = FeII, CoII, and NiII).

3 Results and discussion

3.1 Geometrical structures

The Lindqvist-type heteropolyanion is made of six MO6

octahedrons sharing their corners or edges. The oxygen

atoms in the Lindqvist framework can be divided into three

categories: central oxygen (Oc), bridge oxygen (Ob), and

terminal oxygen (Ot). The structures of [(py)MW5O18]4-

(M = Fe, Co, Ni) are sketched in Fig. 2.

Recently, Errington et al. [20] reported [(py)CoW5

O18H]3-, which was synthesized as following steps:

‘‘W5O18
6-’’�!Co2þ

[{CoW5O18H}2]
6- �!pyridine

[(py)CoW5O18H]3-.

In this paper, we have calculated all possible electronic states

for [(py)CoW5O18]4- (with 1 or 3 unpaired electrons for Co).

For simplification, [(py)CoW5O18]4- is defined as CoW5.

The relative energy difference between the quadruplicity

state (4CoW5) and doublet state (2CoW5) is 0.345 eV which

was obtained by BP86 method. In order to confirm the

ground state of CoW5, different methods (PBE, PW91, and

CAM-B3LYP) were also selected, and the relative energies

are collected in Table 1. The results show that the high spin

state is more stable than low spin state for CoW5. Saito et. al

has shown that the hybrid functional of B3PW91 or CASPT2

and the MkCCSD, which includes dynamic electron corre-

lations could be more accurate to predict the singlet–triplet

energy gap for orangic species [67, 68]. To analyze the effect

of late transition metals, [(py)FeIIW5O18]4- (simplify as

FeW5) and [(py)NiIIW5O18]4- (simplify as NiW5) were also

studied. Three possible electronic configurations for FeW5

were calculated, and the quintet state (5FeW5) is more stable

than the triplet state (3FeW5) and singlet state (1FeW5) by

0.360 and 0.445 eV, respectively. As for NiW5, the triplet

state (3NiW5) is more stable than singlet state (1NiW5) by

2.058 eV. And the HOMO energy levels of high spin states

are lower than those of low spin states (Fig. S1, Supporting

Information). So the ground states of [(py)MIIW5O18]4-

(M = Co, Fe, Ni) are high spin states. For the present spin-

unrestricted calculations, the calculated square of total spin

is quite close to its eigenvalues s(s ? 1), indicating that the

spin contamination is minor (see Table S1, Supporting

Information).

The selected optimized bond distances of FeW5, CoW5,

and NiW5 are shown in Table 2. The calculated bond

lengths of Co–N, Co–Ob and Co–Oc, which were calcu-

lated by BP86 method with COSMO, are in good agree-

ment with the experimental data, as the discrepancy in the

bond lengths deviations between theory and experiment

was always smaller than 0.1 Å [69]. In addition, Table S2

display the selected optimized bond distances of CoW5 by

BP86, PW91, PBE and CAM-B3LYP methods. It is

noticeable that, the optimized bond distances of 4CoW5

calculated by BP86 method are in accordance with exper-

imental data. For [(py)MW5O18]4-, the bond lengths of

M–N decrease as M = Fe (2.033 Å) [ Co (2.022 Å) [ Ni

(2.006 Å), and the M–Oc distances have the same trend,

which relate to the size of the M atom. While for M–Ob, the

bond lengths decrease as M = Ni*Fe [ Co.

As the systems FeW5 and NiW5 have not been synthe-

sized by experiment, we discussed all the possible spin

states to take full consideration. In the case of FeW5, the

bond lengths of Fe–N slightly increase with the trend of
1FeW5 \ 3FeW5 \ 5FeW5. The trend of bond lengths of

Co–N and Ni–N are same with Fe–N. For M–Ob, the bond

length of 1FeW5 (1.980 Å) is shorter than those of 3FeW5

(2.086 Å) and 3FeW5 (2.078 Å). And the bond length of

NiW5 with low spin state is also shorter than that of high

Table 1 The relative energy (eV) for two spin states CoW5 obtained

by the BP86, PBE, PW91 and CAM-B3LYP methods

BP86 PBE PW91 CAM-B3LYP

2CoW5 0.345 0.362 0.319 0.656
4CoW5 0.0 0.0 0.0 0.0

Table 2 The selected bond lengths [Å] of FeW5, CoW5, and NiW5

by BP86 method

Bond M–N M–Ob M–Oc

1FeW5 1.852 1.980 2.036
3FeW5 1.868 2.086 2.006
5FeW5 2.033 2.078 2.289
2CoW5 2.009 1.966 2.265
4CoW5 2.022 (2.025)a 2.065 (2.052) 2.244 (2.262)
1NiW5 1.953 2.097 2.067
3NiW5 2.006 2.080 2.122

a The bond lengths in parentheses belongs to experiment values [20]
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spin state. While the distances of M–Ob for 2CoW5 and
4CoW5 are 1.966 Å and 2.065 Å, which are different from

FeW5 and NiW5. Moreover, as the M atoms states are

different, the change of M–Oc distances is different. For

FeW5 and NiW5, the M–Oc distances of high spin states are

longer than those of low spin states. Conversely, the M–Oc

distance of 4CoW5 is shorter than that of 2CoW5.

3.2 Bonding character

According to the previous work, the Mo:N triple bond

has been proposed on the basis of its short bond length and

nearly linear Mo–N–C bond angle in arylimido-hexamo-

lybdate [70]. And the strong Mo:N bond in organoimido

derivatives of hexamolybdates was also first proved by our

group [28, 29] using DFT method. Herein, it is interesting

to investigate the bonding character of M–N bond in

[(py)MW5O18]4-.

In order to investigate the bonding feature between the

M (M = Fe, Co, Ni) and N centers in the present species,

the extent of bonding interaction between the M and N

centers in the [(py)MW5O18]4- anions were calculated by

using NBO theory. Herein we select the most stable spin

states for investigating. The conventional parameters are

used to characterize the bonding situation in molecules: the

bond orders and NBO distribution have been analyzed in

this work. For visualizing the M–N bond, some relevant

orbitals of anions FeW5, CoW5, and NiW5 were listed.

The calculated orbital hybridization and orbital type are

shown in Table 3. NBO analysis reveals that 5FeW5 has

one Fe–N r-bond composed of a sp2.48d1.45 Fe and a sp2.27

N, and a Fe–N p-bond composed of a sp1.00d2.88 and one

pure N p-orbital, respectively. From Fig. 3, it also can be

found that FeW5 have an r-bond orbital and a p-bond

orbital. For r-bond scheme, the dz
2-orbital of substituted

iron atom gives the large contributions (50.50%). And the

p-bond orbital of FeW5 displays the large iron d-orbital

composition ([60%). While for 4CoW5 and 3NiW5, there

are one M–N r-bond and three center bond (3c bond). And

the relevant orbitals of 4CoW5 and 3NiW5 show the same

result. The r-bonds of Co–N and Ni–N contain 55.73% Co

dz
2-orbital and 48.38% Ni dz

2-orbital, respectively. But why

does the bond of Fe–N possesses an r-bond and a p-bond,

and the bonds of Co–N and Ni–N have only r-bond? It

proposes that the C–N bond in 5FeW5 has only one r-bond

composed of one sp2.36 C and one sp1.88 N. While for
4CoW5 and 3NiW5, 3c bond are formed by two carbon

atoms and one nitrogen atom. Moreover, the Wiberg bond

indices (WBI) of M–N for three compounds increase

as follows: 5FeW5 (0.354) [ 4CoW5 (0.300) [ 3NiW5

(0.231), which indicates the interactions between metal M

and N in these systems are all weak. For pyridine ligand,

Table 3 The analysis of NBO

for [(py)MW5O18]4- anions
Compound Bond Occupancy Orbital hybridization Orbital type

5FeW5 Fe–N 0.966 0.946sp2.27(N) ? 0.323sp2.48d1.45(Fe) r

0.885 0.843p(N) ? 0.538sp1.00d2.88(Fe) p

Fe–Ob 0.895 0.944p(O) ? 0.338sp1.84d3.08(Fe) r

C–N 0.991 0.627sp2.36(C) ? 0.779sp1.88(N) r
4CoW5 Co–N 0.967 0.954sp2.19(N) ? 0.299sp3.36d2.31(Co) r

Co–Ob 0.889 0.941p(O) ? 0.339sp0.37d1.09(Co) r

C–N 0.991 0.630sp2.32(C) ? 0.777sp1.91(N) r

C–C-N 0.967 0.463p(C) ? 0.463p(C) ? 0.756p(N) p
3NiW5 Ni–N 0.967 0.955sp2.28(N) ? 0.296sp3.75d2.08(Ni) r

Ni–Ob 0.880 0.978sp0.77(O) ? 0.207sp3.03d1.90(Ni) r

C–N 0.991 0.629sp2.33(C) ? 0.778sp1.88(N) r

C–C–N 0.972 0.458p(C) ? 0.458p(C) ? 0.762p(N) p

Fig. 3 Plot of some relevant

orbitals of anions 5FeW5,
4CoW5, and 3NiW5 showing

visualization of the M–N

(M = Fe, Co, Ni) bonding
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interactions between carbon atoms and nitrogen atom are

strong. The WBI of C–N for 5FeW5, 4CoW5 and 3NiW5 are

1.253, 1.337 and 1.369, respectively. It is well known that

the molecular orbital was combined by atomic orbitals

according to three fundamental principles: (1) similar

energies of two atomic orbitals; (2) maximum overlap

between two atomic orbitals; (3) adapted symmetry. From

the DFT calculation results, it is found that the principle of

similar energies is important for forming M–N p-bonds in
5FeW5, 4CoW5 and 3NiW5 as the M–N p-bonds are com-

posed of M dxz-orbital and N pz-orbital. The absolute

energy gaps between M dxz-orbital and N pz-orbital for
5FeW5, 4CoW5 and 3NiW5 are 0.395, 1.110, and 2.969 eV,

respectively. So the Fe dxz-orbital and N pz-orbital prefer to

form Fe–N p-bond. While it is difficult to form M–N

p-bond for 4CoW5 and 3NiW5 as the energy gaps between

M dxz-orbital and N pz-orbital are larger.

3.3 Orbital character

It is well known that the occupied orbitals of [W6O19]2-

formally delocalize over the bridge oxygen atoms and

slightly on tungsten atoms, and the unoccupied orbital are

symmetry adapted d-metal orbitals with some antibonding

participation of oxygen p-orbitals [71]. We continue to

investigate the influence of the substituted transition

metal and pyridine on the electronic properties of

[(py)MW5O18]4-. The ground states of FeW5, CoW5, and

NiW5 were chosen to discuss. The frontier molecular

orbitals (FMOs) of [(py)MW5O18]4- are shown in Fig. 4.

The highest single occupied molecular orbital (b-HOMO)

in system 5FeW5 delocalizes over the iron atom (64.58%)

and slightly on pyridine (12.14% in carbon atoms which

connect with nitrogen atom and 10.82% in other two car-

bon atoms). The b-HOMO of 4CoW5 delocalizes over the

substituted transition Co metal (89.73%). While the

b-HOMO in 3NiW5 is contributed among d-Ni orbital

(44.87%), Oc and Ob p-orbital (17.16% and 16.56%) with

slight component of p-N orbital (9.47%). It suggests that

the substituted transition metal atoms affect the b-HOMOs

of [(py)MW5O18]4- anions. The lowest unoccupied

molecular orbitals (b-LUMOs) of three systems mainly

delocalize over the substituted transition metal atoms and

some participation of bridge oxygen which links to the

substituted transition metal atoms. While the b-LUMO ? 1

mainly delocalize over the pyridine. It indicates that the

substituted transition metal plays an important role in the

FMOs.

There is no doubt that the redox properties of the

substituted clusters depend on the energies and composi-

tions of the b-LUMOs. Lower b-LUMO energy means that

the cluster is more easily reduced [30]. It is well known

that tungsten atom is substituted by a higher

electronegative atom, such as Mo and V etc., the redox

properties of the substituted systems would be remarkably

changed [72]. The b-LUMO energies of systems 5FeW5,
4CoW5 and 3NiW5 are -0.22, -0.68 and -0.07 eV,

respectively. The b-LUMO energy of system 4CoW5 is

lower than those of 5FeW5 and 3NiW5. So system CoW5 is

more easily reduced in three systems. According to the

molecular orbital diagram in Fig. 4, the substituted transi-

tion metal atoms (Fe, Co and Ni) prefer to accept an extra

electron when the cluster is reduced.

The total density of states (TDOS) and projected density

of states (PDOS) are helpful for analyzing the electronic

structures of molecules. In this respect, TDOS and PDOS

calculated for 5FeW5, 4CoW5 and 3NiW5 are presented in

Fig. 5. It reveals that the carbon, oxygen and tungsten

atoms play the significant roles in the formation of a-LU-

MOs for three systems, while for the a-HOMOs originates

mainly from oxygen and M (M = Fe, Co, and Ni) atoms.

For b-molecular orbitals of 5FeW5 and 4CoW5, the

substituted transition metal atoms (Fe and Co) play

important role in the formation of b-LUMOs and b-HO-

MOs around the b-HOMO-LUMO gap. However, the

b-molecular orbitals of 3NiW5 have a little different from
5FeW5 and 4CoW5. The nickel atom is little contributed to

b-LUMOs and b-HOMOs around the b-HOMO-LUMO

gap. In summary, Fe, Co, and Ni atoms mainly display

electron donor character for 5FeW5, 4CoW5 and 3NiW5,

respectively.

3.4 Second-order polarizabilities

POMs are excellent electron accepter and can form elec-

tron donor–acceptor compounds. Experimental and theo-

retical investigations have shown that the POM-based

hybrid complexes hold remarkably large NLO response

[73–77].

The first hyperpolarizabilities of all systems considered

in this study were calculated under the static electronic

field. The total second-order polarizabilities b0 for the

studied compounds are defined in the following equation:

b0 ¼ b2
x þ b2

y þ b2
z

� �1
2

; ð2Þ

where bx, by and bz are the components of the second-order

polarizability tensor along the x-, y- and z-axes,

respectively. The vector component of b (bi) is defined

by the equation shown below:

bi ¼ biii þ
1

3

X
j 6¼i

bijj þ bjij þ bjji

� �
: ð3Þ

Herein, biii is the diagonal tensor. For a chromophore with

C2v symmetry, there are five nonzero components of the b
tensor, bzzz, bzyy, bzxx, byyz and bxxz. Assuming Kleinman
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symmetry, bzyy = byyz and bzxx = bxxz. The total b0 and

the corresponding bzzz, bzxx, and bzyy tensor components

are shown in Table 4. The computed b0 values of three

systems increase as following order: 5FeW5 [ 4CoW5 [
3NiW5. The bzzz values also increase according to this

order. It is further confirmed that the main contribution

of b0 is in z-axis. The results indicate that the high

spin state in FeW5 exhibit significant NLO response

(525.103 9 10-30 esu), which is 4.5 and 17.5 times larger

than those of 4CoW5 and 3NiW5. It proposes that the strong

interaction in 5FeW5 generates a strong electronic com-

munication between pyridine and iron atom. The first

hyperpolarizabilities of same polyanion with different spin

configurations were also calculated. From Table 4, it can

be found that the calculated b0 values of different elec-

tronic states for FeW5 show the following order:

5FeW5 [ 3FeW5 [ 1FeW5. That is, the b0 values of 5FeW5

is about 2 times larger than that of 3FeW5, and 4 times

larger than that of 1FeW5. The b0 values of CoW5 and

NiW5 with different electronic states are similar. In other

words, the high spin state in system FeW5 presents con-

siderable large b0 value, which is larger than those of

triplet state and singlet state. While in CoW5 and NiW5,

different electronic states do not affect the b0 values.

In order to elucidate the origin of nonlinear second-order

responsibilities of these complexes, the two-level model is a

simple link between hyperpolarizability and its electronic

transistion in low-lying excited states. The static first hyper-

polarizability is expressed by the following expression

b /
Dlegfeg

E3
ge

; ð4Þ

Fig. 4 The orbital energy and frontier molecular orbital of 5FeW5, 4CoW5 and 3NiW5
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where Dleg = Dle - Dlg is the change of dipole moment

between the ground state and excited state, Ege is the

transition energy and feg is the oscillator strength. The first

hyperpolarizability is jointly determined by Dleg, feg, and

Ege quantities. Therefore, the first hyperpolarizabilities for

three systems are mainly proportional to feg and inversely

proportional to the cube of Ege. The transition energy (Ege)

and oscillator strength (feg) are listed in Table 5. The

results show that the transition energies for 5FeW5, 4CoW5

and 3NiW5 are 1.902, 2.380, and 3.195 eV, respectively. In

addition, the oscillator strength of system 5FeW5 is 2 times

larger than that of 4CoW5, and 4 times larger than that of
3NiW5. According to the two-level formula, the first

hyperpolarizability for system 5FeW5 is larger than those of

Fig. 5 Total and partial density of states (TDOS and PDOS) around the HOMO–LUMO gap for 5FeW5, 4CoW5 and 3NiW5
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4CoW5 and 3NiW5. The feg/Ege
3 values of system 4CoW5

and 3NiW5 are 0.005 and 0.001, respectively. That results

in the relatively smaller b0 value for 3NiW5 than that of
4CoW5.

The TDDFT calculations are also carried on different

spin states for [(py)MIIW5O18]4- to analyze the origin of

the NLO property. From Table 5 it is found that the tran-

sition energies of FeW5 with different electronic states

increase as following: 5FeW5 (1.902 eV) \ 3FeW5

(1.977 eV) \ 1FeW5 (2.511 eV), while the oscillator

strengths decrease from 5FeW5 to 1FeW5. So the first

hyperpolarizabilities of FeW5 are increased from 5FeW5,
3FeW5 to 1FeW5. While for CoW5 and NiW5 with different

spin states, the transition energy increase from low spin

state to high spin state, and the oscillator strengths have the

same changing trend. Therefore, the first hyperpolariz-

abilities of CoW5 and NiW5 do not change with the spin

configurations changing.

In our previous study, the main origin of the NLO

properties of organoimido derivatives of hexamolybdates is

the charge transfer from organoimido to polyanion [28,

29]. The compounds [(py)MW5O18]4-, which may exhibit

a metal-to-ligand charge transfer (MLCT) that was based

on major electron transitions orbitals analysis. The

molecular diagrams involving the orbital transition of

system FeW5 with three spin states are displayed in Fig. 6.

In system 1FeW5, the transition can be assigned to the

charge transfer from the iron atoms to tungsten and oxygen

atoms. For systems 3FeW5 and 5FeW5, the pyridine

becomes an acceptor and the Fe act as donors. The charge

transfer of systems CoW5 and NiW5 with different spin

states are similar to that of 3FeW5 and 5FeW5 (See Fig. S2).

It is quite obvious that the effect of substituted metals

has significant influence on the second-order NLO property

of [(py)MW5O18]4-. And different spin configurations also

affect the second-order NLO property of [(py)MW5O18]4-.

4 Conclusions

In this paper, we have performed systematic DFT calcu-

lations of geometrical structures, NBO analysis, electronic

Table 4 The total second-order

polarizability b0 (910-30 esu)

values for the compounds

FeW5 CoW5 NiW5

1FeW5
3FeW5

5FeW5
2CoW5

4CoW5
1NiW5

3NiW5

bzzz 61.46 262.51 525.10 118.68 120.72 34.78 30.45

bzxx 1.14 4.92 5.21 0.80 0.47 0.81 0.83

bzyy -0.45 -3.56 -0.11 1.79 0.97 3.09 0.91

b0 62.15 263.87 530.21 121.27 122.15 38.68 32.18

Table 5 Oscillator strengths

(f), excitation energy (E = eV),

and corresponding dominant

MO transitions of

[(py)MW5O18]4- (M = Fe, Co,

Ni)

Systems Spin state Ege feg Major transition

FeW5
1FeW5 2.511 0.022 69b1 ? 72b1 86.30%
3FeW5 1.977 0.071 b 69b1 ? b 70b1 82.56%
5FeW5 1.902 0.140 b 69b1 ? b 70b1 89.81%

CoW5
2CoW5 2.088 0.026 b 69b1 ? b 70b1 80.29%
4CoW5 2.380 0.072 b 69b1 ? b 70b1 97.05%

NiW5
1NiW5 2.853 0.024 69b1 ? 70b1 85.13%
3NiW5 3.195 0.036 b 69b1 ? b 70b1 95.44%

Fig. 6 The major electron transitions orbitals of FeW5
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properties, and second-order NLO properties of substituted

Lindqvist-type POMs containing late 3d transition metals,

[(py)MW5O18]4- (M = Fe, Co, Ni). (1) The results

show that the bond lengths of M–N decrease as

M = Fe [ Co [ Ni, and the same trend for M–Oc. (2) The

NBO analysis shows that [(py)MW5O18]4- possesses weak

M–N bonding, which is different from the Mo:N bond

as showed in [Mo6O18NPh]2-. (3) The FMOs of [(py)

MW5O18]4- (M = Fe, Co, Ni) show new characters

comparing with [W6O19]2-. The b-HOMOs of [(py)MW5

O18]4- delocalize over the substituted metal atoms, while

the b-LUMOs mainly localizes on the substituted transition

metal atoms and bridge oxygen which links to the substituted

transition metal atom M. Additionally, the b-LUMO ? 1

mainly delocalize over the pyridine. (4) TDDFT calcula-

tions suggest that the charge transfer mainly from the

substituted transition metals to the pyridine segment along

the z-axis plays the key role in the NLO response of

[(py)MW5O18]
4-. This is the different case compared with the

organoimido derivatives of hexamolybdates which show

opposite charge transfer phenomena. The computed b0 values

of three systems increase as following order: 3NiW5 \
4CoW5 \ 5FeW5. And with different spin configurations, the

b0 value of system 5FeW5 is larger than those of 3FeW5

and 1FeW5. While for CoW5 and NiW5, the spin configura-

tions do not affect their b0 values.
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