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Band Structure of Homocatenated Indium Polymer

Yukihito Matsuura, Ryota Odani, and Yuki Tanaka
Nara National College of Technology, Yamato-koriyama, Nara, Japan

The electronic structure of linear homocatenated indium (In) polymer has been stu-
died by tight-binding band calculations with the extended Hückel approximation.
The polymer was found to have semiconducting behavior with a direct gap. The
highest occupied crystal orbital (HOCO) of the polymer are formed by r-bonding
between neighboring p orbitals of In atoms, whose r-electrons were well deloca-
lized along the main chain. The possible presence of r-conjugation in the chains
can result in r –r� interband transitions, as in the case of polysilane, which is
formed by group 14 elements.

Keywords: band structure; group 13 elements; linear homocatenated chain

1. INTRODUCTION

A number of studies have focused on linear homocatenated inorganic
and metallic compounds as prototypes of one-dimensional conducting
materials. Among such studied compounds, homocatenated polymers
containing group 14 elements, such as polysilanes, have been synthe-
sized and found to exhibit ultra-violet absorption caused by r electrons
delocalized along the main chain [1]. Recent studies have focused on
well-defined linear homocatenated compounds formed by group 13 ele-
ments. Among such studies, Ref. [2] has observed that donor-stabilized
Ga3I5 compounds possess a linear structure, in which the central Ga
atom is combined with two Ga atoms, an I atom, and trimethylpho-
sphine (PMe3) that provides an electron pair to the central Ga atom
[2]. In another recent study, a linear homocatenated indium compound
In6 consisting of indium iodide and protonated N-xylyl b-diketiminate
was synthesized [3]. This compound exhibited ultra-violet absorption

Address correspondence to Yukihito Matsuura, Nara National College of Technology,
22 Yata-cho, Yamato-koriyama, Nara 639-1080, Japan; Fax: þ81-743-55-6169. E-mail:
matsuura@chem.nara-k.ac.jp

Mol. Cryst. Liq. Cryst., Vol. 515, pp. 239–244, 2009

Copyright # Taylor & Francis Group, LLC

ISSN: 1542-1406 print=1563-5287 online

DOI: 10.1080/15421400903290600

239

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
4:

15
 0

8 
A

ug
us

t 2
01

2 



due to the r-conjugation of the In–In bond. In the above-mentioned
study, the authors discussed the possibility of fabricating linear chains
of (InIL)n (where L is a ligand such as PMe3) in which the In atom could
fulfil the octet requirement through five electrons of indium (In) atoms,
one I atoms and two of P atoms, in a similar manner as that in the case of
the central Ga atom of Ga3I5. We are interested in investigating the elec-
tronic structures of a linear homocatenated In polymer. In this study, we
developed an infinite model of the homocatenated In compound and
examined its band structure, total density of states (TDOS), projected
DOS (PDOS), and crystal orbital overlap population (COOP) of the In-In
bond of the polymer chain.

2. CALCULATION METHOD

The extended Hückel approximation was used for the tight-binding
band calculation of the linear homocatenated chains. In this calculation,
both p-type and r-type electrons were accounted for using the
YAeHMOP program [4], and the valence eigenfunctions listed in
Table 1 were employed as the basis. The atomic parameters
(Hii¼ orbital energy, f¼Slater exponent) listed in Table 1 were used
for the approximation. Slater exponent f determined the Slater-type
orbitals of the atomic orbitals for the extended Hückel approximation
as follows:

Unlmðr; h;/Þ ¼ N rn�1 expð�frÞYlmðh;/Þ:

In a modified Wolfsberg–Helmholz formula, the off-diagonal matrix
elements Hij can be evaluated as follows:

Hij ¼ 1=2KSijðHii þHjjÞ;

TABLE 1 Parameters for H, C, P, In and I Atoms

Atom Orbital Hii (eV) f

H 1s �13.60 1.3000
C 2s �21.40 1.6250

2p �11.40 1.6250
P 3s �18.60 1.7500

3p �14.40 1.3000
In 5s �12.60 1.9030

5p �6.19 1.6770
I 5s �18.00 2.6790

5p �12.70 2.3220
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K ¼ kþ D2 þ D4ð1 � kÞ; k ¼ 1:75;

D ¼ ðHii �HjjÞ=ðHii þHjjÞ;

where i, j lavel is the atomic orbitals, and Sij is the overlap matrix
between the Slater-type orbitals of the atomic orbitals.

In this band calculation, 20 representative wave vectors (k) at
regular intervals between 0 and p=a (a is the unit cell length) were
selected. Neighboring unit cells as far as the fifth nearest unit cell
were considered.

First, we examined the orbital phases using a simple model in
which we have considered linear In chain without side groups, as
shown in Fig. 1(a). Subsequently, we calculated the band structure
of a kinked In chain (Fig. 1(b)) without side groups. Finally, we
modeled an In polymer (Fig. 1(c)) whose In atom fulfiled the octet
requirement thorough atoms of the side groups of PMe3 and I. In order
to calculate the band structure of the model, it was necessary to deter-
mine the chemical structure of a unit cell of the In polymer. However,
since an infinite chain of In complexes has not yet been synthesized,
the calculations in this study were mainly based on the chemical struc-
tures of In6 compounds [3]. Furthermore, it was assumed that the
geometrical structure of the unit cell of the In polymer corresponded
to a trans-form, as shown in Fig. 1(c). The bond lengths of In–In,
In–I, In–P, and C–P were determined to be 2.80 Å, 2.60 Å, 2.60 Å,
and 1.85 Å, respectively. These bond lengths are determined, respec-
tively, from reference of the lengths of the In–In bond [3], the In–I
bond [5], the In–P bond [6], and the C�P bond [7]. From reference
[3], the angle of In–In–In was found to be 140�; this value was used
in our model in the case of both the kinked In chain and the In poly-
mer. The crystal structures of the ligands had some bond angles and
dihedral angles whose values were distorted from those given in the

FIGURE 1 Chemical structures of (a) linear In chain, (b) kinked In chain, and
(c) In polymer.
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reference due to the inhibition of the steric hindrance of PMe3. In such
cases, typical values of bond length, bond angle, and dihedral angle
mentioned in the references were used to determine the chemical
structures [7].

3. RESULTS AND DISCUSSION

First, we examined the band structure of the linear In chain (Fig. 1(a)).
In a review, Hoffmann [8] suggests the band structure of a linear, bare
carbon chain. As in the case of the carbon chain, two bands of In 5px=
5py orbitals (where the z axis is parallel to the main chain) become
almost degenerate at energy levels near �7 eV, which cross the Fermi
level. It was assumed that there was a relatively strong 5s – 5pz inter-
action in the direction parallel to the main In chain. Therefore, the two
bands formed by 5 s and 5pz orbitals would forbid the crossing and
repel each other inside the Brillouin zone. As a result, the two bands
formed by 5 s� 5pz mixing appeared at energy levels from �15 eV to
�8 eV and 5 eV to 35 eV. These two bands became the HO and LU
bands.

As shown in Fig. 1(b), since the polymeric kinked structure con-
tained two In atoms in its unit cell, its band structure showed almost
folding relationship with the linear structure of the In chain. However,
unlike the bond length in a carbon chain, the bond length of In–In is
much considerably longer than that of the kinked carbon chain. There-
fore, the two bands of the In 5px=5py orbitals (where the xz plane is

FIGURE 2 Band structure of (a) linear In chain, (b) kinked In chain, and
(c) energy levels of PMe3 and I atom. Their orbital phases are also described.
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formed by three neighboring In atoms) were almost degenerate. The
Femi level was at the energy level of �6.44 eV, at which the four bands
were almost degenerated.

PMe3 possessed the energy level of the highest occupied molecular
orbital (HOMO) at �11.4 eV. The HOMO mainly consisted of a P 2px

orbital that was perpendicular to the plane formed by three H atoms.
The HOMO of the I atom was formed by I 5p orbitals and was located
at the energy level of �12.7 eV. It could be assumed that In 5px=5py

orbitals interacted with the abovementioned orbitals of the PMe3

and I atoms.
Next, we analyzed the band structure of the In polymer. The In

polymer exhibited a semiconducting behavior with a direct band gap
of approximately 6 eV. The bandwidth of the HO band was relatively
broad. Further, the PDOS for an In atom showed the great contribu-
tion to the crystal orbitals (COs) of the HO band. The band structure
of the In polymer was formed by that of the kinked In chain, the mole-
cular orbitals of PMe3 and atomic orbitals of I. The highest occupied
crystal orbital (HOCO) showed r-bonding between neighbouring In
5p orbitals, which had almost no interaction with the orbitals of the
PMe3 and I atom, as in the case of polysilane [9]. Further, the COOP
of In–In bond also showed the bonding character of the HO band. The
lowest unoccupied CO (LUCO) and the next HOCO (HOCO-1) were
formed by the interaction of the In 5px band of the kinked In chain
with HOMOs of both PMe3 and the I atom. Since the degeneracy of
the In 5px=5py orbitals was lost due to these interactions, In 5px pos-
sessed a big lobe to mix with orbitals of the PMe3 and I atoms. The
LUCOs were formed by antibonding between In 5px (þ5s) orbital

FIGURE 3 (a) Band structure, (b) TDOS, PDOS for In atom, and (c) COOP for
In–In bond of In polymer. The orbital phases are also described.
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and either the P 2px or the I 5px orbital. From the COOP of In–In bond,
we assumed that the LUCO would show a weak antibonding character
between the In-In bond due to the antibonding of the neighboring In 5s
orbitals. On the other hand, the HOCO-1 showed a bonding character
between In 5px (þ5s) orbitals and either the P 2px or the I 5px orbital.
The bonding character of the In–In bond was attributed to the bonding
character of the neighboring In 5s orbitals. The next LUCO (LUCO þ1)
showed the antibonding character of the In 5pz orbitals, which was
attributed to In 5s and 5pz orbitals not overlapping with each other.

CONCLUSION

We examined the band structures of In polymers. The In polymer
exhibited semiconducting behavior with a direct gap. It was found that
I atom and PMe3 afforded the stability of the In–In bond. The COOP of
In–In bond also suggests the possibility of the stable In main chain.
The broad bandwidth of the HO band and the HOCO suggested
that the polymer possessed the r-conjugation formed by In 5p orbitals,
as in the case of linear homocatenated chains formed by group 14
elements.
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1977, 2111.
[3] Hill, M. S., Hitchcock, P. B., & Pongtavornpinyo, R. (2006). Science, 311, 1904.
[4] Landrum, G. A. (1997). Yet Another Extended Hückel Molecular Orbital Package

(YAeHMOP), Cornell University: Ithaca, N.Y.
[5] Giricheva, N. I., Giricheva, G. V., Petrov, V. M., Titov, V. A., & Chusova, T. P.

(1989). J. Struct. Chem., 29, 695.
[6] Das, U., Raghavachari, K., Woo, R. L., & Hicks, R. (2007). Langmuir, 23, 10109.
[7] Cottrell, T. L. (1958). The Strengths of Chemical Bonds, 2nd ed., Butterworths:

London.
[8] Hoffman, R., Janiak, C., & Kollnar, C. (1991). Macromolecules, 24, 3725.
[9] Takeda, K., Teramae, H., & Matsumoto, N. (1986). J. Am. Chem. Soc., 108, 8186.

244 Y. Matsuura et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
4:

15
 0

8 
A

ug
us

t 2
01

2 


