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A general theory describing electron energy states in molecular
crystals has been developed. The theory is used to elucidate some
features of the absorption spectra of monoclinic crystals of the
naphthalene and anthracene types. The shift of nondegenerate
energy levels and their splitting into two components with
different polarizations have been demonstrated to occur in
crystals of these types.

1. Formulation of the Problem. Basic
Formulas

From our point of view, while analyzing the optical
properties of molecular crystals, the most convenient
way is to proceed from a rough consideration of a crystal
as an aggregation of individual molecules located in the
lattice that is characteristic of the given crystal.

In the first approximation, we consider molecules
to be rigidly fixed at their equilibrium positions and
to be characterized by a certain spatial orientation
(if the molecules are asymmetric). Thermal motion of
molecules, as well as of atoms in them, which gives rise
to the emergence of a rotational-vibrational structure,
can be taken into account indirectly, similarly to what
is done when molecular spectra are analyzed.

As known, we can always distinguish a group of
electrons in molecules, whose energy states govern the
molecular absorption in the far long-wave range of the
spectrum and whose wave functions overlap weakly with
the wave functions of other electrons. We refer to such
electrons as “optical”. For plenty of organic compounds,
these are the so-called π-electrons.

Let us suppose that a crystal consists of identical
molecules, and let each of them possess S “optical”
electrons. The state of the k-th molecule is determined
by the wave function depending on the coordinates and
the spins of those electrons. Such a function can be
presented as a product of a function depending only on
the coordinates (ωk) and a function depending only on

the spins (χk) of those electrons:

ϕk = ωkχk.

Let Hk be the energy operator for the k-th molecule,
and let Vkn be the energy operator describing the
interaction between the k-th and n-th molecules. Then
the wave functions and the energy levels (E) of
stationary states in the whole crystal are determined by
the Schrödinger equation(∑

k

Hk +
∑
k<l

Vkl − E

)
Φ = 0. (1)

Here, the summation is carried out over all N molecules
in the crystal. The wave function Φ depends on
the coordinates of all electrons1; the coordinates of
molecules and their spatial orientations will be regarded
as parameters. In what follows, the positions and
orientations of molecules in the lattice will be designated
by a single symbolic vector R.

While studying the problem of light absorption and
emission by a crystal in the visible and ultraviolet
spectral ranges, we are interested in the normal and
the first excited states of the crystal. Let Φ0 be the
wave function of the crystal, provided that all its
molecules are in the normal state. In the zero-order
approximation, the wave function Φ0 can be presented
as an antisymmetrized product of the normal-state wave
functions ϕi of individual molecules:

Φ0 =
1√

(SN)!

∑
ν

(−1)νPνψ, (2)

where

ψ = ϕ1ϕ2 . . . ϕN , (3)

Pν stands for one of (SN)! possible permutations of
electrons, and the summation is carried out over all

1Since hereafter we deal with “optical” electrons only, the word
“optical” is omitted.
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possible permutations. All ϕi-functions are assumed
normalized and real-valued. In addition, we neglect the
integrals of nonorthogonality (overlapping) between the
wave functions belonging to neighbor molecules.

In the first approximation, the energy of a crystal
can be determined from Eq. (1). For this purpose,
we substitute Eq. (2) into it, multiply the result by
Eq. (3), and integrate the product over all coordinates
of electrons:

E0 =
∑

k

E0
k +

∑
k<l

{ ∫
ϕ2

k(I)Vklϕ
2
l (II)dτ−

−
∑

μ

∫
ϕk(I)ϕl(II)Vklϕk(II)ϕl(I)dτ

}
. (4)

Here, ϕk(I) and ϕl(II) are the wave functions of
molecules k and l for some arrangement of electrons in
the molecules; ϕk(II) and ϕl(I) are the same functions,
provided the permutation of a certain pair of electrons
from molecules k and l; and the summation over μ
includes all possible electron pair permutations between
the k-th and l-th molecules.

Now, let

ψn = ϕ1ϕ2 . . . ϕ′
n . . . ϕN (5)

be the wave function of electrons, provided that the n-
th molecule is in a nondegenerate excited state, and
all the molecules are located at rather large distances
from one another. If the molecules are brought closer
to one another (until the crystal is formed), the
excitation is no more localized at the n-th molecule,
but it is transferred from one molecule to another one2.
Therefore, the wave function of the excited crystal state
antisymmetrized with respect to electron permutations
can be approximately presented as a superposition of
states

φn =
1√

(SN)!

∑
ν

(−1)νPνψn (6)

with definite amplitudes an depending on the
coordinates R of all molecules:

Φ =
1√
N

∑
n

an(R)φn, (7)

2The transfer of the excitation from one molecule to another
one is similar to the propagation of excitation waves in ionic and
“atomic” lattices (a system of identical atoms located at sites of a
spatial lattice with one electron per atom) considered by Frenkel
[1] (Frenkel’s excitons) and Peierls [2].

where the value of |an(R)|2 corresponds to the
probability of the event, when the n-th molecule turns
out excited at a given arrangement of all molecules.

Substituting Eq. (7) into Eq. (1), multiplying the
result by ψm, and integrating over the coordinates of all
electrons, we obtain the system of algebraic equations to
determine an and the crystal energy E:∑

n

′
anMmn − εam = 0 (m = 1 . . . N), (8)

where the summation is performed over all the molecules
except for the m-th one; the matrix element

Mnm =
∫

ϕ′
m(I)ϕn(II)Vmnϕm(I)ϕ′

n(II)dτ−

−
∑

μ

∫
ϕ′

m(I)ϕn(II)Vmnϕm(II)ϕ′
n(I)dτ (9)

characterizes the excitation exchange between the n-th
and m-th molecules;

−ε = E′
m +

∑
k

′
{

E0
k +

∫
ϕ′2

m(I)Vmkϕ2
k(II)dτ −

−
∑

μ

∫
ϕ′

m(I)ϕk(II)Vmkϕ′
m(II)ϕk(I)dτ

}
+

+
∑
k<l

′
{∫

ϕ2
k(I)Vklϕ

2
l (II)dτ −

−
∑

μ

∫
ϕk(I)ϕl(II)Vklϕk(II)ϕl(I)dτ

}
− E, (10)

and the primed sums mean that the summation is carried
out over all the molecules but the m-th one.

Subtracting the normal state energy E0 (Eq. (4))
from E determined by Eq. (10), we obtain the excitation
energy of the crystal as

ΔE = ΔEm + D + ε, (11)

where ΔEm = E′
m − E0

m is the excitation energy for a
molecule, and

D =
∑

k

′
{∫

ϕ′2
m(I)Vmkϕ2

k(II)dτ −

−
∫

ϕ2
m(I)Vkmϕ2

k(II)dτ−

−
∑

μ

[∫
ϕ′

m(I)ϕk(II)Vmkϕ′
m(II)ϕk(I)dτ −

−
∫

ϕm(I)ϕk(II)Vmkϕm(II)ϕk(I)dτ

]}
. (12)
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Hence, the excitation energy of the crystal differs from
the excitation energy of a molecule by two terms, D
and ε.

To calculate ε, it is necessary to solve the system of
equations (8) homogeneous with respect to an. In the
case of a perfect periodic arrangement of molecules, the
coefficients an can differ from one another only by the
phase, because any molecule can be found in the excited
state with the same probability. Therefore as usual, we
seek a solution of the system of equations (8) in the form

an = eikn, (13)

where the radius-vector n characterizes the position of
the center of the n-th molecule in the crystal, and k is
the wave vector that describes the excitation wave in
the crystal.

Substituting Eq. (13) in Eq. (8) and fixing the
coordinate origin at the m-th molecule, we obtain

ε =
N−1∑
l=1

eiklM0l, (14)

where 1 = m − n. As is evident from Eq. (14), each
discrete characteristic value of the electron energy in
an isolated molecule corresponds to a band of densely
located characteristic values of the electron energy in
the crystal. The width of this band is determined by the
values of integrals M0l which characterize the excitation
energy transfer from the 0-th to the l-th molecule. For
molecular crystals, these integrals are small even for
neighbor molecules (of the order of 0.01 eV and smaller).

To calculate the matrix elements (9), we take
advantage of the expansion of the classical interaction
energy Vnm between two molecules in a power series in
1/rnm. Confining the expansion to the first term (i.e.
taking only the dipole-dipole interaction into account),
we obtain

Vnm = − e2

r3
nm

∑
i.j

{2zinzjm − xinxjm − yinyjm} , (15)

where xin, yin, zin and xjm, yjm, zjm are the coordinates
of the i-th and j-th electrons in two molecules measured
in the corresponding coordinate frames that are fixed at
the centers of those molecules and oriented in such a
way that the line, which passes through the centers of
molecules, coincides with the z-axis of both frames.

Substituting Eq. (15) into Eq. (9), we convince
ourselves immediately that, in the case of dipole
transitions in molecules, only the first integral, which
is responsible for the resonance interaction between

two molecules, is of practical importance. In this
approximation, we obtain the matrix element (9) in the
form

Mnm = − e2

r3
nm

∣∣∣∣
∫

ϕ′rϕdτ

∣∣∣∣
2

×

×{2 cos θz
m cos θz

n − cos θx
m cos θx

n − cos θy
m cos θy

n} , (16)

where e
∫

ϕ′rϕdτ is the matrix element of the electric
moment vector which governs the quantum-mechanical
transitions within a molecule; cos θx

m, cos θx
n, . . . are the

cosines of angles between the vectors of electric moments
in the m-th and n-th molecules, respectively, and the
coordinate axes.

For the forbidden dipole transitions,
∫

ϕ′rϕdτ =
0. In this case, the interactions of higher orders
(quadrupole-quadrupole one and so on) have to be taken
into account in Eq. (9). The second term in Eq. (9)
cannot be rejected now, because, in some cases, it turns
out comparable with the first one by the order of
magnitude.

2. Energy Terms of Molecular Crystals
Belonging to a Monoclinic System

Let us apply the results obtained in Section 1 to
molecular crystals of the anthracene, naphthalene, and
other types which crystallize in the monoclinic prismatic
system characterized by the C2h spatial group of
symmetry. The elementary cell of such crystals contains
two molecules, whose arrangement and orientation are
well studied.

In Fig. 1, the scheme of spatial arrangement of
anthracene molecules according to Robertson’s data [3]
is given. The anthracene molecule is flat, and it is
characterized by rhombic symmetry. In the crystal,
molecules are arranged in the cleavage planes (the ab-
plane) in such a way that the centers of molecules are
located at the centers and in the corners of ab-faces. In
this case, the face-centered and corner molecules have
different spatial orientations.

Below, we take into account only the interaction
between molecules that lie in the same cleavage plane of
the crystal (the ab-plane), because the interaction forces
between molecules located in different cleavage planes
are small in comparison with those between molecules in
the same cleavage plane. We introduce the basic vectors
a and b in the cleavage plane of the crystal. Then, the
position of an arbitrary molecule in the cleavage plane
can be characterized by the vector

l =
a
2
n +

b
2

m, (17)
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Fig. 1

where the numbers n and m simultaneously accept
either even or odd integer values, positive and negative.
The molecules, the positions of which are characterized
by even n and m, will be referred to as “even”
molecules. The spatial orientations of all even molecules
are identical (translation-equivalent molecules). The
molecules, whose positions are characterized by odd
n and m, will be referred to as “odd” ones. All odd
molecules are translation-equivalent to one another, and
their orientation is different from that of even molecules.

If the allowance is made for the excitation exchange
only between neighbor molecules3, then correction (14)
of the molecular term can be written down in the form

ε = 2A cos 2η + 2B cos 2ξ + 4C cos η cos ξ, (18)

where η = kb/2, ξ = ka/2, A is the matrix element (16)
describing the interaction between two nearest – along
the b-axis – molecules (both are either even or odd),
B is the matrix element (16) describing the interaction
between two nearest – along the a-axis – molecules
(both are either even or odd), and C is the matrix
element (16) describing the interaction between two
nearest translation-inequivalent molecules (one even and
one odd).

The wave function corresponding to energy (18) looks
like

Φξη =
1√
N

∑
n,m

ei(ξn+ηm)φnm, (19)

where the summation is carried out over all even and
odd values of n and m that characterize the position of
molecules,

φnm =
1√

(SN)!

∑
ν

(−1)νPνψnm,

3Making allowance for the interaction at farther distances
affects slightly the quantitative results and does not change the
qualitative conclusions.

and

ψnm = ϕ11ϕ22ϕ13 . . . ϕ′
nm . . . .

To formulate the selection rules and to determine the
polarization of additional transitions from the normal
state Φ0 into the excited one Φξη in the crystal, the
matrix element

R =
∫

ΦξηrΦ0dτ, (20)

where r =
∑

n,m rnm, is to be calculated. By substituting
functions (19) and (2) into Eq. (20), we convince
ourselves that the matrix element (20) is zero for all
ξ- and η-values, except for the cases 21

α) ξ = η = 0,

β) ξ = 0, η = π (or ξ = π, η = 0). (21)

Hence, the optical transitions (of the dipole type) in
the crystal are allowed from the ground state into excited
ones that are characterized by only two pairs of ξ- and
η-values. Namely, the transitions are allowed into the
states

Φα =
1√
N

⎧⎨
⎩

∑
even n,m

φnm +
∑

odd n,m

φnm

⎫⎬
⎭ , (22)

Φβ =
1√
N

⎧⎨
⎩

∑
even n,m

φnm −
∑

odd n,m

φnm

⎫⎬
⎭ . (23)

According to that, we obtain two types of the matrix
elements (20): Rα and Rβ . The transition with the
matrix element Rα different from zero is associated with
the following variation of energy (11) in the crystal:

ΔEα = ΔEm + D + 2A + 2B + 4C. (24)

The transition characterized by the non-zero matrix
element Rβ is associated with the crystal energy
variation

ΔEβ = ΔEm + D + 2A + 2B − 4C. (25)

As was shown by the author [4], the excited states
of π-electrons in naphthalene molecules (the same is
valid for anthracene ones as well) belonging to the
D2h point group of symmetry can belong to four
irreducible representations A1g, A2g, B1u, and B2u of
the D2h symmetry group. The normal states of those
molecules are related to the totally symmetric irreducible
representation A1g. The optical transitions from the
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normal state are allowed only into the excited states
B1u and B2u (with the polarization directed along the
long and short axes of the molecule, respectively). The
transitions into the states A1g and A2g are forbidden.

Knowing the symmetry of the wave functions,
the selection rules, and the polarization of electron
transitions in a molecule, one can to determine, making
use of the group theory methods, the symmetric
properties of the corresponding wave functions in a
crystal and, as a consequence, to formulate the selection
rules, as well as to find the polarization of the spectral
lines for that crystal.

Of course, the character of the excited state of the
crystal depends on the type of the relevant excited state
of a molecule. Therefore, we denote the wave functions,
which correspond to the excited state of the crystal,
as Φ(Γl), where Γl will specify the character of the
irreducible representation of the excited state of the
molecule.

The characters of irreducible representations of
the C2h symmetry group of the crystal, as well as
the transformation properties for the radius-vector
components (ra, rb, andrc′), are listed in the Table.

E Cb
2 i σb

Ag . . . 1 1 1 1
Au . . . 1 1 −1 −1 rb

Bg . . . 1 −1 1 −1
Bu . . . 1 −1 −1 1 ra, rc′

Note that the identical (E) and inversion (i)
operations coincide both for a molecule and for the
crystal. The operations of the crystal symmetry Cb

2 and
σb correspond to the permutation of “even” and “odd”
molecules followed by either a rotation of the molecule
by 180◦ around its short axis (operation Cy

2 of the
molecule) or the reflection of the molecule with respect
to a plane perpendicular to that axis (operation σy of
the molecule). Then, making use of the Table for the
characters of irreducible representations of the molecular
symmetry group, we obtain the following transformation
properties for the wave function Φα(B1u) of the crystal:

EΦα(B1u) = Φα(B1u), Cb
2Φα(B1u) = −Φα(B1u),

iΦα(B1u) = −Φα(B1u), σbΦα(B1u) = Φα(B1u).

Comparing the results obtained and the data in the
Table of characters, one can see that the wave function
Φα(B1u) of the crystal is transformed similarly to the
irreducible representation Bu of the C2h symmetry
group, which we write down shortly as

Φα(B1u) ∼ Bu.

In a similar way, we can determine the
transformation properties for other functions:

Φ0(A1g),Φα(A1g),Φβ(A2g) ∼ Ag,

Φα(A2g),Φβ(A1g) ∼ Bg,

Φα(B2u),Φβ(B1u) ∼ Au,

Φα(B1u),Φβ(B2u) ∼ Bu.

Using group theory, we can now immediately
formulate the selection rules and specify the polarization
of the corresponding optical dipole transitions. All
transitions from the normal state into the excited
states of the crystal with the wave functions
Φα(A1g),Φβ(A2g),Φβ(A1g), and Φβ(A2g) are forbidden.
The transitions into all other levels are allowed. Hence,
the transitions in the crystal are forbidden if they
correspond to the forbidden transitions in the molecule
and allowed if they correspond to the allowed transitions
in the molecule.

Each allowed transition in the molecule corresponds
to two allowed transitions in the crystal. In other words,
the energy term of the molecule becomes split into two
terms in the crystal, and those terms differ from each
other by a polarization. One term is so polarized that its
electric vector oscillates along the crystal b-axis, while
the electric vector of the other term oscillates in the
plane normal to the b-axis. The splitting of molecular
terms is determined by different spatial orientations of
anisotropic molecules in the crystal. If the molecules
would have identical orientation, the splitting of the type
studied here would have been absent, and only a shift of
molecular terms would have been observed.

The magnitude of molecular term splitting is

Δ = 8C. (26)

The splitting of terms corresponding to forbidden
transitions in the molecule is always smaller than the
splitting of allowed terms.

The result obtained contradicts German’s statement
[8] that a possibility for the energy levels of a separate
naphthalene molecule to be split in the naphthalene
crystal can be excluded from consideration.

Both crystal terms are shifted with respect to the
corresponding molecular term by the value of

δ = D + 2A + 2B. (27)

Both the shift amplitude and the splitting magnitude
depend on the type of an electron transition in the
molecule.
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In this work, we have considered a modification of
nondegenerate excited molecular states in a molecular
crystal. If the molecule has degenerate excited levels, the
degeneration can be removed if the molecule is placed
into a crystal with a different symmetry. This will result
in a splitting of molecular terms, similar to that of atomic
terms, which has already been studied qualitatively in
[6]. Every of the components that are split owing to
the degeneration removal can be additionally split in the
crystal due to the effect examined in this work.

A characteristic feature of molecular crystals is the
fact that, at very low temperatures, the spectra of
the crystal (both the absorption and fluorescence ones)
consist of sharp and, often, very narrow bands. It was
demonstrated in a series of works by I.V. Obreimow and
A.F. Prikhotjko [7] devoted to studying the spectra of
crystals at the liquid hydrogen temperature.

These spectra contradict seemingly the conventional
ideas of the band structure of energy levels in crystals.
Although the interaction forces in molecular crystals are
small, the energy band width in such crystals should
have been insignificantly different from the sublimation
energy by the order of magnitude and should have
reached hundreds of inverse centimeters. At the same
time, the absorption spectrum of a naphthalene crystal
includes so narrow bands [6] that some of them, by their
width, remind emission lines.

As shown in this work, the discrete character of
absorption lines is explained by the selection rules for
optical transitions in the crystal, rather than by the
narrowness of energy levels in it. The optical transitions
are allowed only if the wave numbers acquire quite
definite values.

In crystals of the anthracene or naphthalene types,
the transitions can occur only between the ground level
and the upper or lower edge of the energy band, provided
that the crystal is in the excited state. Quantitative
calculations of the absorption spectra of anthracene
and naphthalene single crystals and the comparison of
the results with experimental data will be carried out
elsewhere.

In conclusion, I express my sincere gratitude to
Prof. S.I. Pekar and Dr. A.F. Prikhotjko for the useful
discussions and their interest in this study.
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