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A density functional theory study for the bis- and monothiohene complexes of Fe, Co, and Ni (MT2 and MT,
T ) thiophene, M ) Fe, Co, Ni) was performed to understand their coordination geometries, bonding properties,
vibration spectra and singlet excited state spectra. The typical metal coordination exists in the complexes.
The Fe-thiophene coordination has the highest stability, with Ni-thiophene being the second highest, and
Co-thiophene the lowest. Bisthiophene complexes of Co and Ni prefer to homolytically dissociate to their
monothiophene ones and free thiophene. Frequency calculation shows that the ligand-M-ligand asymmetric
stretching vibration in bisthiophene complexes shows a strong absorption, at 435.2, 495.7, and 383 cm-1 for
Fe(η4-T)2, Co(η2-T)2 and Ni(η2-T)2, respectively. The M-S stretching vibration in monothiophene complexes
shows a strong absorption in the far-infrared region, at 209, 156, and 150 cm-1 for Fe(η4-T), Co(η4-T) and
Ni(η5-T), respectively. The excited state spectra indicate that the characteristic absorption wavelengths of the
complexes have a red shift of more than 12.40 eV compared to free thiophene, at 3.54, 1.64, 3.83, 2.75, 1.43,
and 2.58 eV for Fe(η4-T)2, Co(η2-T)2, Ni(η2-T)2, Fe(η4-T), Co(η4-T), and Ni(η5-T), respectively.

1. Introduction

The complexes of thiophene with transition metals have been
investigated extensively during the past decades to study the
mechanism of thiophene hydrodesulfurization on heterogeneous
catalysts.1-5 Recently, much attention has been paid on the
metal-thiophene complexes due to their potential application
inelectronicdevicesandchemicalsensors.6,7 Inthemetal-thiophene
complexes, the thiophene can coordinate to single metal centers
through the sulfur (η1), two carbons (η2), four carbons (η4), and
five atoms (η5) of the thiophene ring, respectively. Various
coordination modes enable to produce the metal-thiophene
complexes with the diverse geometrical structures. The resulting
new supermolecular architectures with various topology struc-
tures are the subjects of several interesting and challenging
studies.8-10 As functional materials, new terthiophene-function-
alized metal nanotubes have been synthesized by the electropo-
lymerization.11

Due to weak coordination in the metal-thiophene complexes,
the thiophene ligand can be easily displaced by other ligands,
which has been utilized in many organic reactions.12 The
common transition metals that can be strongly bonded to
thiophene are those of VIB, VIIB, and VIII metals.4,13,14 The
thiophene complexes with Fe, Co, and Ni have been employed
in many catalysis reactions, while the isolable complexes are
difficult to obtain.12 It is well-known that the materials based
on Fe, Co, and Ni are useful in the field of the high density
magnetic recording materials,15 the wave-absorbing and radar-
resisting materials,16 the highly effective and cheap catalysts,17,18

and so on. The thiophene-based heteroaromatic compounds also
exhibit the novel photoelectric properties in the application of

the electronic devices.19-22 Accordingly, the bonding properties
and stability of thiophene complexes with Fe, Co, and Ni are
of great interest. Previous documents reported many studies of
the aromatic complexes in experiment and theory, such as
pentazolato complexes with the first row transition metals,23

sandwich complexes [Ti(η5-E5)2]2- (E ) CH, N, P, As, Sb).24

However, there is a little theoretical research on the thiophene
complexes as well as on the description of metal-thiophene
bonding properties, especially for the complexes of Fe, Co, Ni.

Present study aims at the quantum chemical calculation of
thiophene complexes with Fe, Co, Ni, and discusses their
geometrical structures, bonding properties, stability, vibrational
and excitated state spectral properties to understand the relation-
ship between structures and properties, and design new thiophene-
based chemical species. The study is expected to provide the
new insight into the applications of thiophene complexes in the
exploitation of new catalysts with low cost and high reactivity,
nanoelectrochemistry, chemical/biological separation, supramo-
lecular self-assembly, sensor developments, and so on.

2. Computational Methods

The Becke’s 3-parameter hybrid functionals combined with
the Lee-Yang-Parr correlation functional method (B3LYP)25-27

of density functional theory (DFT)28,29 were employed to
optimize the ground state geometries of neutral metal-thiophene
complexes with the 6-31+G(d) basis sets,30 followed by the
calculation of vibration frequencies. The spin multiplicities of
the complexes were singlet for Fe and Ni complexes, and
doublet for Co complex, respectively. The dissociation enthal-
pies of metal-thiophene coordinate bonds, ∆H, were calculated
at the B3LYP/6-31+G(d) level of theory by the following
equation:
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where ΣEfragments is the sum of energies of specified fragments
dissociated from relevant complex (see below eqs i-v); Ecomplex

is the energy of the complex composed of the specified
fragments; ∆Ecp is the counterpoise correction (CP)31-33 energy,
which is to handle the basis set superposition error.34,35 The
computed energies were corrected to constant pressure and 298
K for zero point energy differences, for the contributions of
the translational, rotational, and vibrational partition functions.

Based on equilibrium geometries, the natural bond orbital (NBO)
population analysis36,37 was carried out using MPWB1K38,39

method of DFT at the 6-311+G(d,p) basis set level. Time-
dependent density functional theory (TD-DFT)40-43 was used
to calculate the first ten singlet excited state energies at TD-
MPWB1K/6-311+G(d,p) level of theory. All calculation and
simulation were performed using the Gaussian 03 package.44

3. Results and Discussion

3.1. Optimized Geometries. Followed by simple potential
energy scan, full geometrical optimization for model compounds,

∆H ) ∑ Efragments - Ecomplex + ∆Ecp

Figure 1. Equilibrium geometries of bis-/monothiophene complexes of Fe, Co, Ni computed at the B3LYP/6-31+G(d) level. All H atoms are
hidden. The bond length is in Angstroms and the angle is in Degrees. The data in parentheses are natural charges (in au) calculated at B3LYP/6-
31+G(d)//MPWB1K/ 6-311+G(d,p) level.
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bis- and monothiophene complexes (MT2 and MT; T )
thiophene, M ) Fe, Co, Ni), was performed at the B3LYP/6-
31+G (d) basis set level of theory. Equilibrium geometries were
shown in Figure 1, together with the selected geometric
parameters. The equilibrium geometries of complexes are stable
with no imaginary frequencies, involving the η5-bonding mode
of the thiophene ligand for Ni(η5-T), the η4-bonding mode for
Fe(η4-T)2, Fe(η4-T), and Co(η4-T), η2-bonding mode for Co(η2-
T)2 and Ni(η2-T)2, respectively. The symmetry of thiophene unit
in complexes lowers, or disappears due to the coordination
effect. The S-C bond lengths in complexes are much longer
than those of free thiophene. Four C atoms of each thiophene
unit in complexes are nearly coplanar, while there is a folding
angle between the C2-C3-C4-C5 and C2-S-C5 planes,
especially, such angle in Fe complexes is more obvious than
that in the others, see Figure 1.

The geometry of Fe(η4-T)2 shows the metallocene-like
structures with the eclipsed (Cs) conformation. The distances
between Fe center and the thiophene centroid are 1.920 and
1.617 Å, respectively. At the same calculation level, the distance
in ferrocene (Cp2Fe) between Fe center and the cyclopentadienyl
centroid is about 1.710 Å, and the corresponding experimental
value is about 1.660 Å.23 The comparison between Fe(η4-T)2

and Cp2Fe indicates that thiophene shows the similar bonding
properties to cyclopentadienyl ligand. In Fe(η4-T)2, the coor-
dination of thiophene to Fe through four carbon atoms results
in that the CdC bond length and CsC bond one are close to
each other. The distances between Fe and C atoms bonded to S
atom (C2, C5, C2′, and C5′) are shorter by 0.077 Å than those
between Fe and C atoms nonbonded to S atom (C3, C4, C3′, and
C4′). Co(η2-T)2 and Ni(η2-T)2 show the zigzag conformation
without the symmetry. Compared to free thiophene, in Co(η2-
T)2 and Ni(η2-T)2, the coordination of thiophene to metal
through two carbon atoms causes the lengthening of the
coordinated CdC bond as well as the CsC bond, but the
shortening of uncoordinated CdC bond, which results from the
coordination of the π-orbital of double bond to the empty
valence orbital of central metal. And the coordinated distances
between the metal and those C atoms bonded to S atom (C2

and C5′) are notably shorter than those between metal and those
C atoms nonbonded to S atom (C3 and C4′), about 0.096 ( 0.001
Å for Co(η2-T)2, and 0.023 ( 0.001 Å for Ni(η2-T)2, respectively.

The M-C bond distances from the covalent radii of elements
are 1.935 Å for Fe-C, 1.930 Å for Co-C, and 1.920 Å for

Ni-C, respectively. The computational results show that the
M-C bond length in MT2 becomes longer, as a result of
significant interaction between thiophene and metal. The
observed bond increases are as much as 0.174 Å for the Fe-C
bond, 0.145 Å for the Co-C bond, and 0.095 Å for the Ni-C
bond, respectively. The increased M-C bond length in MT2 is
consistent with the weaker interaction in the metal complex, as
the bond from the covalent radii represents a stronger direct
bonding.

All monothiophene complexes show Cs symmetry, in which
each bond length of the thiophene unit is lengthened compared
to the free thiophene. The distances between the metal center
and thiophene centroid are about 1.655, 1.716, and 1.650 Å for
Fe(η4-T), Co(η4-T), and Ni(η5-T), respectively. The Fe-C bond
lengths in Fe(η4-T) are shorter than those in Fe(η4-T)2, which
implies that the M-C bond strength in Fe(η4-T) is stronger than
that in Fe(η4-T)2. The weakening of interaction between
thiophene and Fe with the increasing of ligand indicates the
saturation of coordination between them. In sharp contrast, the
Ni-C bond lengths in Ni(η5-T) are longer than those in Ni(η2-
T)2, indicating a stronger bond in Ni(η2-T)2 than in Ni(η5-T).
Such a result implies that the energetic preference in the
Ni-thiophene complex is for distorted tetrahedral coordination.
The Co-C bonds adjacent to S-C bonds in Co(η4-T) are longer
than those in Co(η2-T)2, while the Co-C bonds away form the
S-C bonds are slightly shorter.

3.2. Bonding Properties and Stability of Complexes. The
bonding properties can be estimated by natural atom orbital bond
order (NAO order) obtained from NBO calculation at B3LYP/
6-31+G(d)//MPWB1K/6-311+G(d,p) basis set level, as shown
in Table 1. The result of the bond order analysis shows a good
agreement with the geometry. The S-C bond order in com-
plexes is always smaller than that in free thiophene. In Fe(η4-
T)2, Fe(η4-T), Co(η4-T), and Ni(η5-T), the CdC bond order is
weaker than that in free thiophene, and the C-C bond order is
stronger. In Co(η2-T)2 and Ni(η2-T)2, the coordinated CdC and
the C-C bonds show a weaker bond order than those in free
thiophene. Clearly the complex formation weakens the relevant
bonds in thiophene, as its electrons partially flow to the metal
center. During the coordination, C(sp2)dC(sp2) bond changes
to C(sp3)sC(sp3) and SsC(sp2) bond to SsC(sp3). It is noted
that the coordination-induced bond order change occurs more
on the CdC bond than on the SsC bond. The weakened SsC
bond may play an important role during the bond cleavage,

TABLE 1: Atom-Atom Overlap-Weighted NAO Bond Order Computed at the B3LYP/6-311+G(d,p) Level

BD T Fe(η4-T)2 Co(η2-T)2 Ni(η2-T)2 Fe(η4-T) Co(η4-T) Ni(η5-T)

S1-C2 0.931 0.857 0.857 0.905 0.840 0.878 0.868
S1-C5 0.931 0.857 0.897 0.888 0.840 0.878 0.867
C2dC3 1.282 1.169 1.133 1.305 1.077 1.169 1.226
C3-C4 1.068 1.108 1.035 1.029 1.127 1.079 1.082
C4dC5 1.282 1.169 1.307 1.175 1.078 1.169 1.226
MsS1 0.178 0.104
MsC2 0.208 0.241 0.301 0.191 0.168
MsC3 0.138 0.217 0.211 0.176 0.128
MsC4 0.138 0.206 0.211 0.176 0.128
MsC5 0.208 0.225 0.301 0.191 0.168
S1′sC2′ 0.818 0.897 0.890
S1′sC5′ 0.817 0.858 0.905
C2′dC3′ 1.128 1.307 1.174
C3′sC4′ 1.087 1.035 1.028
C4′dC5′ 1.128 1.131 1.306
MsS1′

MsC2′ 0.247 0.226
MsC3′ 0.180 0.206
MsC4′ 0.180 0.217
MsC5′ 0.247 0.241
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which eventually leads to the desulfurization of thiophene or
metal insertion into SsC bond.12

On the basis of the calculated bond order (Table 1), the M-C
bond adjacent to S-C bond is stronger than those away from
the S-C bond. The Fe-C bond in Fe(η4-T) is stronger than
that in Fe(η4-T)2. However, in the complexes of Co and Ni, the
M-C bond in monothiophene complexes is weaker than that
in bisthiophene complexes. Among monothiophene complexes,
the observed M-C bond strength is on the order of Fe-C >
Co-C > Ni-C bond.

To estimate the coordination stability, the enthalpies of
homolytic or heterolytic dissociation (∆H) of neutral complexes
to M, MT, or M2+, and T or T-, are calculated at the B3LYP/
6-31+G(d) level by the following equations:

The homolytic dissociation:

and the heterolytic dissociation:

The dissociation enthalpies are listed in Table 2.
As expected, the heterolytic bond dissociation enthalpies of

the complex are much larger than the corresponding homolytic
ones. At the B3LYP/6-31+G(d) level of theory, calculated
heterolytic dissociation enthalpy of the neutral Cp2Fe to Fe2+

and 2Cp- species is 702 kcal/mol (corresponding experimental
value46 is 662 kcal/mol), which is higher than that of Fe(η4-T)2

to Fe2+ and 2T- species by only 4 kcal/mol. However, the
homolytic dissociation enthalpy (97.7 kcal/mol) of Fe(η4-T)2

to Fe and 2T is much lower than that of FeCp2 to Fe and 2Cp
species(205kcal/mol).Althoughthecoordinationofmetal-thiophene
is much weaker than that of metal-cyclopentadiene, there exists
the typical metal coordination among thiophene complexes with
Fe, Co and Ni. The Fe-thiophene coordination is stronger than
the Co/Ni-thiophene one. The bisthiophene complexes of Co
and Ni are apt to cleave homolytically to neutral monothiophene
complexes and free thiophene, which prefer to adopt the
conformation with the thiophene ligand in a η4- or η5-bonding
mode.

The natural bond orbital (NBO) population calculation gives
the net charge distributions before and after coordination. The
results of charge redistribution show that the net natural charges
on the metal center are 0.14, 0.74, 0.41, 0.61, 0.56, and 0.44
charge units for Fe(η4-T)2, Co(η2-T)2, Ni(η2-T)2, Fe(η4-T),
Co(η4-T), and Ni(η5-T), respectively. And the positive charges
on S atom are decreased and the negative charges on C atoms
are increased. As a result of the valence orbital interaction
between thiophene and metals, the energy level of the highest
occupied molecular orbital (HOMO) in the complexes is higher
than that in free thiophene, and the energy level of the lowest
unoccupied molecular orbital (LUMO) is lower (see Table 3).
The metal complexation, therefore, greatly decreases the energy
gap between the HOMO and LUMO orbitals. The changes of
the frontier orbital energy level lead to the changes of molecular
electrophilicity, which can be estimated by the electrophilicity
index (ω) definited as23,45

where µ and η are the chemical potential and hardness,
respectively. After coordination, complexes show more elec-
trophilicity than free thiophene with an exception of Fe(η4-T)2.
Moreover, the monothiophene complexes of Fe and Co have a
higher electrophilicity than their bisthiophene complexes. The
increase of molecular electrophilicity also implies that a charge
transfer from ligand to metal (LMCT) occurs.

3.3. Analysis of Vibration Frequency and Simulation of
Infrared Spectra. The analysis of harmonic vibration frequen-
cies was performed on the basis of the equilibrium structures.
Simulated infrared (IR) spectra were shown in Figure 2. The
differences of characteristic absorption bands among complexes
could help to identify and distinguish the respective compounds.

As shown in Figure 2a, the maximum absorption of Fe(η4-
T)2 at 435.2 cm-1 is assigned to the ligand-Fe-ligand
asymmetric stretching vibration mode along x axis direction.
The second at 157.6 cm-1 is attributed to the S atom asymmetric
stretching along -x axis direction. Simulated IR spectra of
Co(η2-T)2 and Ni(η2-T)2 are quite similar due to the similar
coordinating mode. The maximum absorptions are all attributed
to the out-of-plane vibration mode of C-H bonds, at 701.7 cm-1

for Co(η2-T)2 and at 699.3 cm-1 for Ni(η2-T)2, respectively. For
Co(η2-T)2 and Ni(η2-T)2, the C-M-C asymmetric stretch
vibration gives two bands, at 495.7 and 378.1 cm-1 for Co(η2-
T)2 and at 467.9 and 383.8 cm-1 for Ni(η2-T)2, respectively,
which can be found that such vibration bands in Co(η2-T)2 are
slightly weaker than those in Ni(η2-T)2.

For the same metal, the maximum absorbing band in the
monothiophene complexes shows a blue shift compared to that
in the bisthiophene complexes, seeing Figure 2b. The first three
strong absorption bands of Fe(η4-T) at 848.4, 762.3, and 800.5
cm-1, respectively, the first two absorption bands of Co(η4-T)
at 748.0 and 768.2 cm-1, and the first three absorption bands
of Ni(η5-T) at 765.8, 731.4, and 685.6 cm-1, respectively, are
assigned to the out-of-plane vibration modes of C-H bonds.
The M-S stretching vibration is in the far-infrared region.
Hutchinson reported that the high spin (HS) of Fe-S bond
stretching vibration appears at 205-250 cm-1.47,48 Our calcula-
tion indicates that the Fe-S bond stretching vibration in Fe(η4-
T) at 209.2 cm-1 is attributed to HS state. The Co-S bond

TABLE 2: Bond Dissociation Enthalpies Computed at the
B3LYP/6-31+G(d) Level in kcal/mol

∆H1 ∆H2 ∆H3 ∆H4 ∆H5

Fe(η4-T)2 97.7 47.1 698.0 Fe(η4-T) 51.3 240.4
Co(η2-T)2 35.4 28.5 712.1 Co(η4-T) 9.0 291.7
Ni(η2-T)2 69.5 33.2 359.7 Ni(η5-T) 33.1 193.9

MT2 f M + 2T ∆H1 ) (EM + 2ET) - EMT2
+

∆Ecp) (i)

MT2 f MT + T (∆H2 ) (EMT + ET) - EMT2
+

∆Ecp) (ii)

MT f M + T (∆H4 ) (EM + ET) - EMT + ∆Ecp)
(iii)

MT2 f M2+ + 2T- (∆H3 ) (EM2+ + 2ET-) -
EMT2

+ ∆Ecp) (iv)

MT f M+ + T- (∆H5 ) (EM+ + 2ET-) - EMT +
∆Ecp) (v)

ω ) µ2/2η

µ )
εHOMO + εLUMO

2
η ) εLUMO - εHOMO
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stretching vibration at 155.8 cm-1 in Co(η4-T) shows a weaker
intensity than the Co-thiophene stretching vibration at 327.0
cm-1. However, the Ni-S bond stretching vibration in Ni(η5-
T) at 150.0 cm-1 shows a stronger intensity than the
Ni-thiophene stretching vibration at 309.0 cm-1. The high-
frequency band beyond 3000 cm-1 is assigned to the C-H
stretching modes, with the low intensity.

3.4. Frontier Orbital Properties and Electronic Excited
State Spectra. The electronic transition energies of the first ten
singlet excited states for present systems were computed using
TD-MPWB1K method with the 6-311+G(d,p) basis set level.
Theoretical electronic absorption spectra based on the excited
state (n, n ) 10) versus the oscillator strength (f) were simulated
and shown in Figure 3. The corresponding frontier orbitals
significantly contributing to the electronic transition were drawn
in Figure 4.

As expected, the complexes reveal a large red shift in the
maximum absorption in comparison with that of free thiophene.
For the bisthiophene complexes of Fe and Ni, the maximum
peaks are in the near-ultraviolet area. The absorption maxima
of Co(η2-T)2, Fe(η4-T), Co(η4-T), and Ni(η5-T) are in the visible
region. For the same metal, the absorption maxima of mono-
thiophene complexes are red-shifted by more than 12.40 eV in
comparison with those of the bisthiophene ones, accompanied
by a large decrease in intensity. It can be seen that the absorbing
strength of the bisthiophene complexes is stronger than that of
the free thiophene. Among bisthiophene complexes, the maxi-
mum absorption of Ni(η2-T)2 shows a much larger intensity than
those of Fe(η4-T)2 and Co(η2-T)2.

Calculated maximum absorption of free thiophene at 6.05
eV is assigned to the electronic lowest-lying excitation transition
from HOMO to LUMO, which is overestimated by about 0.70
eV in comparison with the experimental one.20 However, the
absorption maxima of complexes are not attributed to the
HOMO f LUMO transition. The maximum absorption of
Fe(η4-T)2 at 3.54 eV is assigned to the electronic transition from
HOMO-4 that is mainly composed of the 4s orbital of Fe

mixing with its 3dz2 and 3dx2-y2 orbitals and the π-type
antibonding orbital of thiophene, to the LUMO that is mainly
composed of the 4s, 4px, and 4py orbitals of Fe and the π-type
antibonding orbital of ligand. The next transition at 3.30 eV is
assigned to the transition from HOMO that is mainly composed
of the 3dxy and 3px orbitals of Fe and the π-type bonding orbitals
of thiophene ligand, to LUMO+3 that is chiefly dominated by
the 4px orbital of Fe and the π-type antibonding orbital of ligand.

The maximum absorption of Co(η2-T)2 at 1.64 eV is assigned
to the electronic transition from HOMO-2 to LUMO+1. The
HOMO-2 orbital is dominantly composed of π-type bonding
orbitals of thiophene ligand, and LUMO+1 is dominantly
composed of π-type antibonding orbital of ligand in addition
with the 4pz and 3dxy orbitals of Co. Interestingly, the second
transition of HOMO-1 f HOMO at 1.37 eV is ascribed to
the transition from the 3dxz orbital (HOMO-1) of Co to the
singly occupied HOMO (SOMO) dominated by 3px orbital of
S atom. The 3dxz electrons of Co can be excited to the higher
virtual orbital (LUMO+13) at the energy of 2.15 eV.

The maximum absorptions of Ni(η4-T)2 at 3.83 eV include
two doubly degenerate transitions from HOMO-1 to LUMO+2
and from HOMO-2 to LUMO+2, respectively. The HOMO-1
orbital is mainly composed of the 3dxy and 4s orbitals of Ni
and the 3px of S atom. The HOMO-2 orbital is mainly
composed of the 3dz2 and 4s orbitals of Ni mixing with the 3dxz

orbital. LUMO+2 orbital is dominated by the 4px and 4pz

orbitals of Ni mixing with the negligible contribution from 3dxy

orbitals of Ni. The HOMO of Ni(η2-T)2 is constructed from
the π-type bonding orbitals of ligand and the 3dxy orbitals of
Ni, and the LUMO is composed of the π-type antibonding
orbital of ligand and the 4s and 3dz

2 orbitals of Ni. The HOMO
f LUMO transition absorption is the second band.

For monothiophene complexes, the transition from HOMO
to LUMO is the forbidden transition. The maximum absorption
at 2.75, 1.43, and 2.58 eV for Fe(η4-T), Co(η4-T), and Ni(η5-
T) is assigned to the HOMO-1f LUMO transition, HOMO-1
f HOMO transition, and HOMO-1 f LUMO transition,

TABLE 3: Energy of Frontier Orbital (HOMO and LUMO) and the Electrophilicity (ω, eV) Computed at the B3LYP/
6-31+G(d)//MPWB1K/6-311+G(d,p) Level

Fe(η4-T)2 Co(η2-T)2 Ni(η2-T)2 Fe(η4-T) Co(η4-T) Ni(η5-T) T

HOMO -5.13 -7.21 -6.01 -5.42 -6.00 -5.60 -7.56
LUMO -0.24 -0.48 -0.51 -1.09 -1.02 -0.54 0.22
Eg 5.37 7.69 6.52 6.51 7.02 6.14 7.78
ω 0.738 1.097 0.964 1.221 1.235 0.931 0.866

Figure 2. Simulated IR for (a) MT2 and (b) MT at the B3LYP/6-31+G(d) level, T ) thiophene, M ) Fe, Co, Ni.
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respectively. The HOMO-1 orbital of Fe(η4-T) is a metal-ligand
interaction orbital mainly composed of the d-type orbital (3dxz

and 3dx2-y2) and π-type bonding orbital of ligand, and LUMO

is dominanted by the 4s orbital of Fe mixing with its 4px and
4pz orbitals. The maximum transition of Co(η4-T) is from the
π-type metal-ligand bonding orbital to the single occupied 3dz2

Figure 3. Calculated electron-excited state sepctra of MT2 and MT at the TD-MPWB1K/6-311+G(d,p) level. The data are the maximum excited
energy in eV.

Figure 4. Frontier molecular orbital significantly contributing to the electronic transition molecules.
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orbital of Co. The maximum transition of Ni(η5-T) is from
nonbonding d-type orbitals (3dx2-y2 and 3dxy) of Ni to its
antibonding 4s orbital. The next transition at 3.76 eV contains
two degenerate transition from the HOMO-2 to LUMO+1,
and from the HOMO to LUMO+3, respectively. The HOMO-2
and HOMO are the bonding Ni-ligand interaction orbitals
constructed from the π-type orbital of ligand and the d-type
orbitals (3dz2, 3dxy, 3dxz, 3dx2-y2) of Ni. The LUMO and
LUMO+1 are corresponding antibonding orbitals.

4. Conclusions

A DFT study has been performed on the thiophene complexes
with Fe, Co, and Ni, which gives insight into the property of
the electronic structure of complexes that is difficult to obtain
by the experiment, including geometrical structures, bonding
properties, and spectroscopic properties.

The equilibrium geometries show the η4-bonding mode of
the thiophene ligand for Fe(η4-T)2, Fe(η4-T), and Co(η4-T), η2-
bonding mode for Co(η2-T)2 and Ni(η2-T)2, and η5-bonding
mode for Ni(η5-T), respectively. The complexes of Fe have the
strongest coordination stability among the present systems,
which put forward a workable idea that one-dimensional
thiophene-based supermolecuar architecture could be constructed
from the thienyl-bridged complexes with Fe. The frequency
calculation clearly shows the thiophene-metal-thiophene
asymmetric vibration absorption with a strong intensity, at 435.2,
495.7, and 383.1 cm-1 for Fe(η4-T)2, Co(η2-T)2, and Ni(η2-T)2,
respectively. And the M-S stretching vibration of mono-
thiophene complexes has a significant absorption in the far-
infrared region, at 209.2, 155.8, and 150.0 cm-1 for Fe(η4-T),
Co(η4-T), and Ni(η5-T), respectively. The electronic absorption
maxima of the bisthiophene complexes exhibit a greater blue
shift in comparison with the monothiophene ones. Except that
the maximum absorption bands of the bisthiophene complexes
of Fe and Ni are in near-ultraviolet area, the absorption maxima
of Co(η2-T)2, Fe(η4-T), Co(η4-T) and Ni(η5-T) are in the visible
region. The calculated result suggests an advisible method to
recognize the thiophene-based species by the discernible spectral
properties of the metal complexation.
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