CHEMISTRY LETTERS, pp. 371-374, 1977. Published by the Chemical Society of Japan
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The energy band structure of molecular crystals belonging to the

space group P21/a, originally derived by Katz et al., is not valid.
The correct band structure is derived by taking explicitly the non-
spherical property of molecule in molecular crystals into consider-

ation and using symmetry operator.

Consideration of the symmetry of crystals is one of the most important proce-
dures of the calculation of energy band structure of crystals. This procedure is
often rather simple for inorganic crystals; many of them are composed of atoms or
single ions which can be treated as spheres. For organic crystals, the band cal-
culations are usually based upon their molecular orbitals which are no longer spheres,
and positions of atoms in a molecule must explicitly be taken into consideration.

The band structure calculation of organic molecular crystals was first reported
by LeBlancl for anthracene crystal. Anthracene crystal belongs to the space group
P21/a to which also do many other molecular crystals, such as naphthalene, phthalo-
cyanine, etc. Each of those molecules has the center of symmetry. The unit cell of
le/a contains two molecules; the centers of symmetry of the molecules are placed at
the lattice point, %, and at the center of the ab plane, m=2+2%2. The relative
geometry of the molecule at m is such that the molecule at 2 is reflected by the ac
plane then translated by 3%9.

LeBlancl considered band structures for excess electrons and holes taking only
translational symmetry of a hypothetical crystal with one molecule per unit cell,

i.e. with lattice vectors (3%2, 3%9, c), into consideration. Katz et al.2 concluded

that the two branches constructed by the symmetrical and anti-symmetrical combinations

of basis functions,

* . o -
|k™>= i exp (ik&) T, |0> + z exp(ikm)Tm|00> (1)
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were yielded according to the presence of two molecules in a unit cell. Here, |0>
denotes the molecular orbital of a molecule at the lattice point 0, |0°> denotes
the molecular orbital generated by the reflection of |0> by ac plane, 1i.e. |00>E
8]0>, and %2(%m) denotes a translation operator by vector £(m). Energy band struc-

ture according to the above states had two branches and were expressed as2

e, (k) = €% + £ <0|HT,|0> cos(kg)
* g

EE) <0|HTml0°> cos (km) . (2)
m

The band structure calculations of molecular crystals thereafter were based upon

3-5

(1) and (2). Unfortunately, Katz et al. made an error in their process of

deriving the two eigenstates because of the failure to consider the crystal sym-
metry. The correct eigenstates are derived as follows.

The basis states of this crystal at wave vector k can be written as2

k% = L 5 exp(ike) T,]0>
/N 2
~ (3)
|x*> = L 3 exp(ikm) T _|0%>
/N m m

The representation of one electron Hamiltonian H by these basis states is
N %m0  <«O(m|x®>
H

~ ~ (4)
«®H|x%  <k®|H|x>

and the elements of this matrix are

<«®[1]x% = £ <o|HT,|0> cos (kL)
3
a A a AN
<k |H|k"> = I <O|HT 510> cos (k)
R oot (5)
<«*|u[k% = <«|n|x%>

r <o|nT_|0%> cos (km)
m

Here, 2% is a vector generated by the reflection of vector % by the ac plane. The

following relations were used in the derivation of eq. (5).
<0|HT2|0> = <0|iHTZi|0> = <0|HT_2|0>
<0|HTm|0 > = <0|iHT i]0"> = <0|HT_m|0 >,

A~

~
where i is an invertion operator by the origin. One electron Hamiltonian H is ex-
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pressed as

TQVT;l + Z Tmoch;l , (6)

~ A2
H-‘—'%“‘Z
2 m

where V is the potential by the molecule at the lattice point 0. Using eq. (6),

the integrals in eq. (5) can be rewritten as

<0|HT, |0> = €8, + <0|vT, |0> (1 - §,0)
<0|HT£0|0> = €8, + <0|VT20|0> (1-8,4) (7)
<o|HT_|0%> = <0|VT_|0%>

neglecting integrals involving three molecules. Here, ¢ is the energy of |0> in
the crystal;

A AAAA 1'

A AA—l -
€ =c¢e + I <0|T,VT, [o> + Ii <0|TmGVOTm 0> (8)

where so denotes the energy of orbital |0> of an isolated molecule.
Each element of the Hamiltonian matrix in eq. (4) can be expressed as follows

using eq. (7):

<«H2|x% = ¢ + T <0|VT,|0> cos (kL)

|
2#0 L

<k*|H|k%>

e+ L <0|vr 0> cos(kg)
70 . (9)

<« 8|k = <x*|H|x%>

z<0|vT |0%> cos (km).

m

The error of Katz et al. arose from their assumption
<k0]Hlk0> = <k*|H|k%>.

As can be seen from eq. (9), this means
<o|vr 0> = <0|VT£G|0>.

For example, this situation is shown in Fig. 1 where % = a+b, then 20 = a-b. In
this figure, the integrals <0|§§2|0> and <0|§$20|0> correspond to the interaction
between |0> and |a+b> and that between |0> and |a-b>, respectively. This assump-
tion is no longer correct for the actual crystals of P21/a, such as anthracene,

naphthalene, phthalocyanine, etc., when the difference in the magnitude of a
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pair of interactions, say those between [0> and |a+b>, and |[0> and |a-b> in
Fig. 1, can not be ignored. The correct band structure is given by eigenvalues of
matrix (4) as

e,(k) =€+ I ={ <0|VT,|0> + <0|VT _|0> } cos (k&)

* 2 L o

2#0 2
1 AN AN 2
0 3{ <o|vry|o> - <o|vT _[0> } cos(k&) ]
2L#0 2

AN l
+ [z <0|vr_|0% cos(km) 1° ]7 . (10)
m

Eq. (10) coincides with eg. (8) of ref. 2 if the equality <0|VT2|0>=<0|VT o 10> is
2

b

valid.

|a+b)>

> a

ja-5>

Fig. 1. Two cases of intermolecular interactions in space group P21/a.
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