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Efficient ab initio molecular-orbital approach to quasi-one-dimensional molecular crystals based on
neighboring-interaction-localized molecular orbitals
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To obtain electronic states in molecular crystals efficiently, a quantum chemical method that utilizes the
localization technique for providing the corresponding orbitals is presented. This localization technique enables
us to diagonalize the large matrix for the entire system by means of eigenvalue problems for small dimensions
of the number of molecules. To confirm the reliability of this treatment, the electronic states provided by this
method were compared with those provided by the tight-binding method for periodic systems.
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Generally, electronic states in periodic systems are deter- The diagonal submatricdge., F11,F2,, ... Fge are al-
mined under periodic boundary conditions. This treatment iseady diagonalized in each matrix whose diagonal elements
very useful for treating infinitely large systems such as oneare given by the orbital energies in a molecule, and the off-
dimensional polymers, and thab initio molecular orbital  diagonal submatrices are not diagonalized. The schematic
(MO) method based on the Bloch functions has often beeRepresentation of intermolecular interactions in this system is
employed. The reliability of this treatment is doubtful in me- given in Fig. Za). In this system, only the two molecules in
soscopic systems, because the crystal orbitals obtained ke periodic system are depicted in Figa)2to explain the
this method give band structures in the infinitely large limits e 5rest-neighbor interactions between molecules. Interac-

of the system. . . . tions from more than second-neighbor molecules exist; how-
A theoretical method that is suitable for mesoscopic SYSaver, these interactions are not as strong as the nearest-

tems is urgently required because remarkable phenomena H%ighbor interactions because of large distances. Therefore,

mesoscopic systems have recently been reported. In dealin . L ' e
with a mesoscopic system, a method in which the size of thg%tnsforrﬁattlon to tﬂ 5'&'.‘#"“6‘1 system lthatllnt_:lu:jhes no |rr]1:)er
system is specified is preferable. In other words, a methogCtoNs DEWeen the diiterent energy 1evels in the neighbor-

that employs periodic boundary conditions is not suitable forNg section IS effective in qrder to .d'V'de the_large mfitr')(.'
mesoscopic systems. Conversely, use of the conventionaN€ schematic representation of this system is given in Fig.

MO method to calculate the electronic states of a mesoscopi®e™: = ) ) ) ]

In this work, to avoid this difficulty, we present a conve- reduced to the small matrix that has the dimension of the

nient method that uses localized orbitals for molecular cryshumber of molecules. We call this localized orbital the
tals. In this method, the matrices to be diagonalized are givefneighboring-interaction-localized MOINILMO). The ma-
with the dimension of the number of molecules in spite oftrices that represent the nearest neighbor interactions corre-
the number of the basis sets included, facilitating the treatspond to the submatricds,;,Fs,, ... ,Fes in Eq. (1), and
ment of huge systems composed of large molecules. Thihus we diagonalize only these submatrices to produce the
localized orbitals are obtained by a procedure similar to that
providing corresponding orbitalsand consequently, small
matrices that are divided from the large matrix of an entire
system can be given efficiently. To ensure the reliability of
this treatment, the total energy and charge density obtained 7
by this localized orbital method are compared to those by the /
tight-binding (TB) method for periodic systems.
Quasi-one-dimensional molecular chains in which period- 7
icity is maintained are treated in this work. To begin with, the
Fock matrix, based on molecular orbitals, is prepared as /
shown in Fig. 1. In this figure, a submatrix has the dimension y/
7

of the molecular orbitals in a molecule, and the submatrices
drawn with same patterns are identical because of the peri-

odicity. This Fock matrix can also be represented as follows: \ 7/
N 7/,

: %
1NN %
F= . 1 1 2 3 4 5 6
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Fsi Fs2 Fsz3 Fss Fss FIG. 1. Triangular Fock matrix in a system composed of six

Fer. Feo Fss Fes Fes Fes molecules. A small square block corresponds to a matrix of a mol-

ecule.
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NILMO. Because these matrices are not symmetrical, we After this procedure, we can obtain the reduced matrix

must use a procedure that provides the corresponding orbitvhose elements are composed of the same component of

als as follows: each submatrix. For example, the reduced matrix in the sys-
tem given in Fig. 1 is

u'bv=d, ) ;
(F1oii
whereU andV are unitary matricesD is a nonsymmetric (F0i  (F)ii
matrix, andd is a diagonal matrixU andV are given by the Fr ! £
diagonalization oD'D: Ri= (Favu (Fshi (Fsgh
D'DV=VA, 3 (Feoii  (Feii  (Feaii (Féoii
— N —1/2
U=DVA 2, 4 (i=1,2,...kk+1), (6)

For the system whose Fock matrix is represented by EquhereF’ represents the submatrix transformedibyandV,
(1), the above procedure corresponds to the unitary transfoendk corresponds to the level of the highest occupied mo-
mation C'FC, whereC is given by lecular orbital ( HOMO) in an isolated moleculeR, and
Ry+1, which are the matrices for the highest occupied energy
U band and the lowest unoccupied energy band, respectively,
are required to calculate the energy gap.
v 0 Except for the submatrices representing the nearest-
U neighbor interactions, the off-diagonal submatrices are not
C= v . (5) diagonal. However, the matrix elements in nondiagonal ma-
trices are very small because the matrix elements in these
0 U matrices correspond to the long-range interactions. There-
\Vi fore, a good approximation can be based on using only the
diagonal elements in E{6).
In the use of this treatment, we must pay attention to the
However, in periodic systems, the diagonalization of onlyrange of the transformation, because diagonalization using
one matrix(e.g.,F43) is sufficient to make the NILMO be- Eg. (2) leads to an orbital mixing among molecular orbitals
cause of the periodicity. That is, the NILMO can be producedn an isolated molecule, and thus the concept of orbital en-
at one time without independently diagonalizing each subergy is missed. That is to say, the diagonalization of the
matrix and, therefore, the NILMO can be obtained very rap-entire submatrix causes orbital mixing between occupied and
idly. unoccupied orbitals. Therefore, the range of transformation

’
Sp———— -1y 1 ———— -

(a) (b)
FIG. 2. Schematic representation of intermolecular interactions baséal tre molecular orbitals antb) the neighboring-interaction-
localized molecular orbitals. The dashed lines between the molecular orbitals represent intermolecular interactions. This figure depicts only

two molecules in a crystal.
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TABLE I. Total energy per unit cell in ethylene stacking system  TABLE Ill. Mulliken charges in ethylene stacking system and
and CPU time required for calculation. A unit cell is made up of two butadiene stacking system.
ethylene molecules.

Method ca H®  C,° Cg° HP
Method Total energya.u) Diff. (a.u)?® CPU time(s)

NILMO (6) -0.1103  0.0552 -0.109 -0.054 0.052
NILMO (4) ® -154.10352 -0.00110 8.7 Tight binding  -0.1105 0.0553 -0.107 -0.056  0.053
NILMO (6) -154.10300 -0.00058 23.9 - _
NILMO (8) -154.10271 -0.00029 50.8 JAtom in ethylene.
NILMO (10) -154.10254 -0.00012 94.0 Atom in butadiene.
Tight binding -154.10242 118.0

times required for the calculations using an IBM RISC/6000
¥Differences in total energies between the NILMO treatment andSystem are also listed. It can be seen from these tables that

the tight-binding method. the NILMO method can reproduce reasonable total energies
“The number of molecules treated by NILMO calculation are indi-With shorter CPU times than can the TB method, and this
cated. treatment becomes advantageous with the size of molecules.

Table Il shows the Mulliken charges in the ethylene and
butadiene systems. It confirms that the electronic charges

must be restricted to occupied orbitals. Moreover, HOMO btained by the NILMO method are in good agreement with

should not be transformed, because the orbital energy

. . . . _1{hose obtained by the TB method.
HOMO is necessary to estimate several physical properties. . . .
In addition, there is another matter that must be dealt with The band width of the highest occupied baftDB) and

Strictly speaking, several subdiagonal submatrices cannéelﬂte lowest unoccupied bartiUs) and the energy gap in the

necessarily be diagonalized by using this treatment, becaus hylen_e system are given in Tabl_e IV.' NILMG) is em-
the matricesU andV are not identical, and therefok§ DU ployed in this calculation. In the estimation of the bandwidth

is not necessarily a diagonal matrix. For example, in theand the energy gap, we need an extended matrix that can

system given in Eq(1), UF,V, UTF,V, andUTEgV are provide semicontinuous orbital energies, because NILBJO
diagonal whiIeVTngu,and\%F’MU a?g not neceseszrily gi. Provides only six molecular orbitals in the HOB. Even if the

agonal. The contributions from these off-diagonal elementsreduced matrix is extended to a system composed of 100

in these matrices are treated using perturbation tRéompis molecules, the calculation is completed rapidly, because the
work gp matrix dimension is only 100. In this manner, we can effi-

In a practical treatment. we need not prepare the entirciently obtain the bandwidth as well as the energy gap. In
anpr ’ prep € el aple IV, however, some differences in the bandwidth of the
matrices in the molecular crystal because of its perlod|C|tyHOB and the energy gap are recognized. The reason for

Preparatlo_n of only afew_subma’Frlces that rep_resent Intramot'hese differences is as follows. In the NILMO treatment, to
lecular or intermolecular interactions are regw[ecg.',Fsg,, obtain the orbital energies in the HOB, the HOMO transfor-
F43'. Fs n Ea. (1)]. Tht_arefore, Iong-ran_ge Interactions can mation must not be performed. Therefore, the intermolecular
easn_y b‘? mcorporatgd Into th‘? calculations. Flnal!y, W€ CaNyieractions between the HOMO and the other orbitals are
o_btaln eigenvectors in thq entlre. syst.em by the dlagonallzaﬁot included in the reduced matrices. However, in a crystal
tion of k+1 reduced matrices, given in E(). composed of nondegenerated conjugated molecules, the or-

ra-l;rrlns eirci?meiﬂagis(Ig]:forg)oﬁgdamt(l)'etjb?olTr:lé) r?wrgcgiel bital mixing between ther orbitals of one molecule and the
9 P 9 ) ppll 7* of neighboring molecules is negligible. Therefore, the

crystals of quasi-one-dimensional stacking systems coms. . . .
posed of ethylene or butadiene. The Hartree-F o) differences shown in Table IV are caused by ignoring the

. . interactions between the HOMO and the orbitals whose en-
met_hod was employed with the STO-3G basis set. _The elecérgies are lower than the HOMO. These interactions are eas-
tronic properties and the central processing (GRU) times

. . : . . ily incorporated into the calculation by extending tkth
?g r?]lgfhuosdsed in comparison with the results obtained by th%duced matrix to one whose dimension is 2 or 3 times as

L . . large as the dimension of the matrix given in E@).. Thus,
The total energies in the ethylene and butgd|ene stackin e differences given in the bandwidth of the HOB and the
systems are given in Tables | and Il, respectively. The CP

energy gap will be improved, keeping the short CPU time.
The dependence of the intermolecular distanteon the

TABLE I1. Total energy per unit cell in butadiene stacking sys- total energy in the ethylene system is shown in Fig. 3. This
tem and CPU time required for calculation. A unit cell is made up of

two butadiene molecules. TABLE V. Bandwidth and energy gap in the ethylene stacking
system.

Method Total energya.u) Diff. (a.u) CPU time(s)

NILMO (4) 30595172 -0.00166 go5  ethod OfB: gdBW('S& o ?_in; V(Vg;)h Bo (&V)

NILMO (6) -305.95072 -0.00066 280.0

NILMO (8) -305.95020 -0.00014 594.0 NILMO (6) 3.69 2.82 12.93

Tight binding -305.95006 1131.9 Tight binding 3.53 2.82 13.08
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-154.08 NINIO(E) e orbitals separately using the unrestricted Hartree-Fock
= 154.085 Tight-binding —&— (UHF) method. Furthermore, if the calculation using several
£ Slater determinants is implemented, the CPU time may be
g 15409 slightly increased according to the number of the dimensions
£ ist005 included. However, this condition is the same as the case
- using other methods. Therefore, the advantages of this
g 1544 method will be maintained.

- Using the transformation of NILMO, we were able to
g -154.105 ; _ ! or 1 _
o obtain reliable results in a periodical molecular stacking sys-

-154.11 tem faster than by using the conventional TB method. This

treatment, which does not use the periodic boundary condi-

-154.118 tion, could be powerful for stacking systems of large mol-

15412 ecules and is expected to become a convenient method of

28 28 3 31 32 33 34 35 treating mesoscopic systems. In our laboratory, a theoretical

rt (angstroms) treatment has been developed for modeling low-dimensional

FIG. 3. Total energies in the ethylene stacking system obtaine§onductors in molecular crystals like naphthalene, TTF-
by using NILMO and the tight-binding method. TCNQ, and oligothiophene stacking systetn$This method

can provide a relationship between the Peierls instability and

' - . . intercolumnar interactions. The application of the present
figure indicates the total energies obtained by NIL{#xand treatment to these systems could provide a powerful tool to

the TB method. NILMGS) is the calculation that includes design conducting materials at the level of #ieinitio MO

intermolecular interaction from the nearest-neighbor Secno'?nethod In the near future. we will present a method that is
to the fifth-neighbor section. In the system withl y ' P

~238 A, the total energies obtained by NILMO are in good extended to treat the entire system, including the surface.
agreement with those obtained by the TB method. This sug- This work was supported by a Grant-in-Aid for Scientific
gests that long-range interactions can be properly included iResearch from the Ministry of Education of Japan and by the
a NILMO transformation. If larger basis sets are used, weResearch and Development Applying Advanced Computa-
can obtain reliable results, retaining the advantages dfional Science and Technology of the Japan Science and
NILMO, by extending to a larger system. Technology CorporatiotACT-JST). The calculations were

It is ascertained that this method can also be applicablperformed on the IBM RISC/6000 and the SGI ORIGIN2000
for open-shell systems by treatimgspin orbitals angB spin  systems in our laboratory.
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