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A four-electron ASMO treatment of the interaction of two naphthalene molecules to yield

excimers of D2h, C2, or S4 is developed, and the energies of these excimers are calculated as a

function of the angle, α, between corresponding bonds of the two molecules. It is shown that

excimers are stable at two configurations, α=0° and α=75°; that the excimer with α=0° does

not emit because of the forbidden character of the transition, and that the excimer with α=75°

emits and is considered to play a predominant role in the observed excimer fluorescence.

A large number of compounds exhibit, in a
concentrated solution, a broad and structureless
fluorescence about 6000cm-1 to the red of the
normal structured fluorescence. This broad fluores-
cence band is ascribed to the dimeric species pro-
duced by the photoassociation of one ground-state
molecule and one excited-state molecule; the term
"excimer fluorescence" has been used to describe

this phenomenon. Although quite a lot of ex-
perimental information is available, theoretical
interpretations of excimer fluorescence are scarce.
Azumi and McGlynn1) have suggested that the
excimer state may be satisfactorily represented
by a linear combination of molecular exciton
states and charge resonance states. On the basis
of this model, the energy of the excimer lumines-
cence was calculated, by Azumi, Armstrong, and
McGlynn,2) for excimers of naphthalene, an-
thracene, pyrene, and perylene at the highest
possible symmetry of excimer configuration (i.e.,
D2h). Similar calculations have also been given
by Murrell and Tanaka3) and by Konijnenberg4).
The agreement between the calculated and the
experimental excimer energies strongly supports
the above-mentioned idea and the general scheme
of the calculation. There are, however, some

pitfalls in the calculations which have been pre-
sented in the past. The calculations given by
these three sets of authors were all carried out for
an excimer configuration which may not exist
in reality. The excimer configuration for which
the calculations were carried out is such that one
of the molecules which constitute an excimer is

exactly superposed, at some distance, over the other.
In an excimer of such a high symmetry, the transi-
tion between the lowest excimer state and the di-
meric ground state is dipole-forbidden. On the
other hand, as has been illustrated by Birks, Dyson,
and King,5) the lifetime of the excimer fluorescence
is quite short, indicating the allowed character of
excimer luminescence. In some cases, an excimer
luminescence of a long duration is observed;
however, it has been clarified that this duration
is due to triplet-triplet annihilation, and not to
the inherent forbidden character of the excimer
luminescence.6-10) All these experimental evi-
dences seem to reveal that excimer luminescence
is essentially allowed, and that, consequently, the
excimer has a symmetry lower than D2h.

Various geometrical configurations of sandwich-
type excimers (in which two molecular planes are
parallel) were analyzed group-theoretically by
Azumi and McGlynn.11) It was shown that
excimer luminescence should be forbidden not
only for the D2h configuration, but also for the
C2h, C'2h, or S2 configurations of the excimer.
That is, if the corresponding bonds of the two mol-
ecules that constitute an excimer are aligned parallel,
excimer luminescence is invariably forbidden. In
order for excimer luminescence to be an allowed
transition, as seems to be the case, there must be
some angle between the corresponding bonds of
the two molecules. These are schematically
represented in Fig. 1 for the naphthalene excimer.
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This conclusion, arrived at group-theoretically,
might, however, be hard to accept. First of all,
it is against the intuition of chemists that a sym-
metrical configuration should be favored over an
asymmetrical one. In addition, since in most
aromatic crystals the two nearest molecules are
aligned in the way of C2h or S2, there has been
a suggestion that the excimer should have a similar
configuration. It is, in this respect, desirable
that some experimental or other kind of theoretical
support of the above conclusion be obtained.
Polarization measurements, conjoined with group
theoretical analysis, would be most fruitful. Un-
fortunately, however, the polarization measure-
ment of the excimer luminescence in a liquid solu-
tion is not possible because excimer formation is
diffusion-controlled.12) As a result, there has not
been any experimental information thus far re-

garding the geometry of the excimer. Another
way to approach this goal is to calculate the energy
of the excimer luminescence for a variety of the

geometrical configurations which give allowed
dipole transitions and to see if there is any stable
configuration among them. It is this which is
effected in this paper.
In this paper, the effect of the angle, α, between

the corresponding bonds of the two molecules is

analyzed. Namely, excimers of D2h (α=0°)

C2(0°<α<90°), and S4(α=90°) are considered,

and the energy of the excimer luminescence is

Fig. 2

calculated as a function of the angle, α. (See

Fig. 2.) Interest is focussed on the variation in

energy with respect to the angle, α; in this respect,

the separation of the two molecular planes is ar-
bitrarily taken to be 3 A.

Zeroth-order Dimeric Wave Functions

The general scheme of calculation is essentially
identical with those given by Azumi, Armstrong,
and McGlynn,2) since the methods employed by
these authors proved satisfactory. The highest-
occupied and the lowest-vacant molecular orbitals
of one ground state molecule (say, Molecule A)
are designated, respectively, as φ1 and φ2, and the

corresponding orbitals of the other molecule (say,

Molecule B), as θ1 and θ2. φ1 and φ2 are ortho-

gonal, as are also θ1 and θ2. It is assumed that

orthogonality exists between φ1 and θ2 and between

θ1 and φ2; the overlap between these orbitals is

not exactly zero in our overlap approximation

(see below), but it is surely very small and may

well be neglected. The overlap integrals between

φ1 and θ1 and between φ2 and θ2 are designated,

respectively, as S1 and S2; namely, in the bracket

notatlon:

S1=(φ1|θ1) (1)

S2=(φ2|θ2) (2)

The zeroth-order dimeric wave functions of interest

are, then, expressed in terms of these four molecular

orbitals. The wave function for the dimeric

ground state is:

(3)
where:

(4)

The excitation of one electron to a higher orbital

produces two molecular exciton states, ψA and ψB,

and two charge resonance states, ψC and ψD.

The C2 Excimer. -When an excimer is of the

C2 symmetry, it may easily be shown group-

theoretically that all of the four wave functions form

bases for the irreducible representation of B. The

normalized wave functions are:

(5)

(6)

(7)

(8)

The D2h Excimer. -When an excimer is of the

DZh symmetry, namely, when α=0°, the two

12) J.B. Birks, D.J. Dyson and I.H. Munro, Proc.
Roy. Soc., A275, 575 (1963).
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wave functions ψI and ψII fall into the B3g re-

presentation, and the two wave functions ψIII

and ψIV into the B2u representation. These are,

in terms of Eqs. 5-8;

ψI={2(1+S1S2)}-1/2(ψA-ψB) (9)

ψII={2(1+S1S2)}-1/2(ψC-ψD) (10)

ψIII={2(1-S1S2)}-1/2(ψA+ψB) (11)

ψIV={2(1-S1S2)}-1/2(ψC+ψD) (12)

The S4 Excimer. -When an excimer is of the

S4 symmetry, namely, when α=90°, the two wave

functions ψA±iψB fall into the degenerate E re-

presentation, and are also ψC±iψD. When the

configuration. interaction between these two E

states is considered, only one wave function from

each E state may be taken. These are:

ψα=2-1/2(ψA+iψB) (13)

ψβ=2-1/2(ψC+iψD) (14)

Hamiltonian Matrix Elements

The Hamiltonian of the system is expressed in

atomic units as:

(15)

where 1/rν μis the electrostatic repulsion between

π electrons, ν and μ, and where HC(ν) represents

the effect of the core on the ν electron. In ex-

pressing integrals over molecular orbitals, the follow-

ing notational simplification is made: φ1 and φ2

are designated as 1 and 2 respectively, and θ1

and θ2, as 1' and 2' respectively. Further,

(16)

(17)

The energy of the ground state, E0, is then ex-

pressed as:

(18)

The other matrix elements are obtained similarly.

The C2 Excimer. -The hamiltonian matrix

elements are:

(19)

(20)

(21)

(22)

(23)

(24)

Overlap matrix elements are:

SAB=SCD=-S1S2 (25)

SAC=SBD=-S1 (26)

SAD=SBC=S2 (27)

The D2h Excimer. -Hamiltonian and overlap

matrix elements are expressed as follows. For B3g

states:

HII=(1+S1S2)-1(HAA-HAB) (28)

HIIII=(1+S1S2)-1(HCC-HCD) (29)

HIII=(1+S1S2)-1(HAC-HAD) (30)

SIII=-(1+S1S2)-1(S1+S2) (31)
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For B2u states:

HIIIIII=(1-S1S2)-1(HAA+HAB) (32)

HIVIV=(1-S1S2)-1(HCC+HCD) (33)

HIIIIV=(1-S1S2)-1(HAC+HAD) (34)

SIIIIV(1-S1S2)-1(S1-S2) (35)

The S4 Excimer. -The Hamiltonian and overlap

matrix elements are:

Hα α=HAA (36)

Hβ β=HCC (37)

Hα β=HAC (38)

Sαβ=-S1 (39)

MO Integrals in Terms of AO Integrals

As bases molecular orbitals, φ1, φ2, θ1, and θ2,

simple Huckel molecular orbitals are used. The
differential overlap within any one molecule is
neglected, since this approximation has been
proved to be rather successful. No simplification
is made for an intermolecular overlap integral
(i.e., the overlap between two atomic orbitals
which belong to different molecules.).

Hereafter, r, s, t, and u refer to atomic orbitals.
The numbering r, s, t, or u, which designates the
atom position within a molecule, is common to
both Molecule A and Molecule B, and correspond-
ing atoms on different molecules have the same
number. Only when it is necessary specifically
to indicate that the r atom is in Molecule A (or
Molecule B) is the atomic orbital designated as
rA (or rB) instead of just r.

The integrals over molecular orbitals are express-
ed in terms of integrals over atomic orbitals in
the following way:

Overlap Integrals. -S1 and S2 are expressed
as:

(40)

(41)

Electron Repulsion Integrals. -Mulliken's ap-

proximation13) is applied consistently; it is set as:

r(ν)t(ν)=(1/2)(r|t)[r(ν)r(ν)+t(ν)t(ν)] (42)

The electron repulsion integral is, then, expressed

as:

(43)
where

γrt=(rr|tt)

is the atomic Coulomb repulsion integral.
Core Integrals. -The core integral over molec-

ular orbitals, i and j, is expressed as2):

(44)

where summation over q should be carried out

over all the carbon atoms in both Molecule A and

Molecule B. Ac is the experimental electron af-

finity of the carbon atom in its valence state, and

has the value14) of:

Ac=0.69eV.

and (q:rr) is the Coulomb penetration integral.15)

The Evaluation of AO Integrals

As basis functions for atomic orbitals, carbon

2p Slater orbitals are used. The appropriate

choice of orbital exponent, Z, is a difficult task,

but, in this paper, Z=3.18 is taken, since satis-

factory results were obtained by Azumi, Armstrong,

and McGlynn2) with this Z value.

The integrals over atomic orbitals were evaluated

in the following way:

Overlap Integrals. -As has been mentioned

above, the differential overlap within any one

molecule is neglected; namely, for the intramolecular

overlap integral:

(rA|tA)=δrt (45)

The intermolecular overlap integral was evaluated

by the formulas presented by Parr and Crawford15);

(rA|tB)=Sπcos2θ+Sσsin2θ (46)

where

Sπ=240-1exp(-ρ/2)[240+120ρ

+12ρ2-4ρ3-ρ4] (47)

Sσ=120-1exp(-ρ/2)[120+60ρ

+12ρ2+ρ3] (48)

where

ρ ≡ZR (49)

and where R is the distance, in atomic units,

between two atoms, rA and tB. Furthermore,

(see Fig. 3):

cosθ=v/R, sinθ=h/R (50)

Coulomb Repulsion Integrals. -The intra-

molecular Coulomb repulsion integral, γrAtA, was

taken from the table presented by Pariser.16)

These values were calculated from the Slater

orbitals, with the exception of the one-center

integral and the nearest neighbor two-center

integrals; the latter values were obtained semi-

empirically from the benzene spectrum.

13) R.S. Mulliken, J. Chim. Phys., 46, 497 (1949).

14) R.S. Mulliken, J. Chem. Phys., 2, 782 (1934).
15) R.G. Parr and B.L. Crawford, ibid., 16, 1049

(1948).16) R
. Pariser, ibid., 24, 324 (1956).



September, 1966] Energy of Excimer Luminescence 1833

Fig. 3

Intermolecular Coulomb repulsion integrals were

calculated, by the multiple expansion method

proposed by Parr,17) in atomic units18);

γrAtB=R-1[1+(q/2R2)(3cos2θ-1)

+(3q2/16R4)(3-30cos2θ+35cos4θ)] (51)

where:

q=24/Z2 (52)

Coulomb Penetration Integrals. -Since the
penetration integral decreases very rapidly with
the distance, some of the integrals may well be
neglected, as is shown below.

The intramolecular Coulomb penetration integral,
(qA:rArA), is non-zero only when q=r or q and r
are adjacent. The integrals in these cases are
evaluated by the formula given by Parr and
Crawford15):

(qA:rArA)=(Z/3840)exp(-ρ)[(4/7)ρ5

+(67/7)ρ4+86ρ3+461ρ2+1125(ρ+1)] (53)

The intermolecular Coulomb penetration integral
(qA:rBrB) is in all cases, neglected.

The Correction for Infinite Separation

The energies of the excited excimer states are

obtained by solving secular equations of the form:

|H-ES|=0 (54)

where H and S represent, respectively, Hamiltonian
and overlap matrices, the elements of which are

given in Eqs. 19-39. It is convenient to calculate
the energy with respect to the ground-state energy
at α=0°, E00; for this purpose Eq. 54 is rewritten

as:

|(H-E00S)-E'S|=0 (55)

where

E'=E-E00 (56)

and where the calculated energy, E', is now the

energy scaled from the ground state of the dimer

of α=0°.

The direct use of the theoretical Hamiltonian

matrix elements reveals one significant difficulty.

From the viewpoint of physical significance,

HAA-E00 should converge on the 1La , excitation

energy of the monomer at an infinite separation

of the two molecules. As is evident from Eqs.

18 and 22, HAA-E00 equals (12|12) at an infinite
separation0 (12|12) is also the result of the theoret-
ical evaluation of the 1La monomer energy in a

two-electron treatment; thus, HAA extrapolates to a

correct energy limit. However, the value of

(12|12) is 0.491eV., whereas 1La is at 4..290eV.,
and there exists great numerical discrepancy.

This discrepancy, which may be due to the in-

completeness of the simple four-electron treat-

ment, needs to be calibrated. In this regard, the

experimental 1La monomer energy is obtained at

an infinite separation. In other words, the monomer

contribution is made as empirical as possible,

while the dimerization effects are left in their

fully theoretical form. This attitude is also adopted

for charge resonance states. In sum, the 1La-

(12|12) term is added to all the diagonal terms of
Eq. 55.

Results and Discussion

Calculations were carried out at intervals of

five degrees in α. The lowest of the four excited

states is the excimer state which is responsible for
the excimer luminescence. The wave function of
this state is expressed in the form of:

ψ=aψA+bψB+cψC+dψD (57)

The energy of the excimer state, E', and the

normalized mixing coefficients are summarized in

Table I. The energy of the ground state scaled

from that of α=0°:

Fig. 4

17) R.G. Parr, ibid., 33, 1184 (1960).
18) The unit of energy equals e2/a0, where e is the
charge on an electron and ao is the Bohr radius.
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TABLE I. ENERGY AND MIXING COEFFICIENTS OF NAPHTHALENE EXCIMER

E0'=E0-E00 (58)

is also shown in Table I. The calculated energies

are also plotted in Fig. 4 as a function of α. It

seems reasonable to assume that the mutual repul-

sion of the two cores, a repulsion which is not

included in the present calculation, is nearly in-

dependent of α. Figure 4 may then be considered

to be the potential energy diagram expressed as

a function of α. As may be seen in Fig. 4, there

are two minima in the potential of the excited

states, one at α=0° and one at α=75°; conse-

quently, the excimer is stable at these two con-
figurations. We assume that when two molecules

approach, by diffusion, to form an excimer, there

is no specific orientation of the two molecules.

If this assumption is true, various configurations

(namely, various α values) of the excimer are

formed, with nearly equal probabilities. They

will immediately undergo relaxation according to

the potential of Fig. 4. The potential barrier of

0.5eV. between the two stable configurations is

too high compared with the thermal kinetic energy

of 1.5kT=0.04eV., and the mutual transforma-

tion of the two is impossible at ordinary tempera-

tures. It may well, then, be said that at an

equilibrium state two kinds of excimers exist; the

one with α=0° is hardly ever interpreted as

being responsible for excimer fluorescence because

of the forbidden character of the transition, while

the one with α=75° may contribute to the

observed excimer fluorescence.

The calculated energy of excimer fluorescence

at α=75°,

E'-E0'=3.46eV.

may seem to be too high compared with the
observed energy (3.13eV.)19) of the naphthalene
excimer fluorescence. However, to discuss this
discrepancy is trivial, since, in the present calcula-
tions, the interplanar distance of 3 A and the
orbital exponent of Z=3.18 have been tentatively
chosen rather arbitrarily. If smaller values of
Z are used, as has been suggested3,20) the calculated
energy would surely become lower, and an agree-
ment with the observed energy might well be
obtained.

Concluding Remarks

It has been shown that there is considerable

configuration interaction between molecular

exciton states and charge resonance states. As

may be seen in Table I, all of the four zeroth

order states, the two molecular exciton states and

the two charge resonance states, contribute to

the excimer states in nearly equal measure. It

has also been shown that the energy of the excited

state varies significantly with the α value, and a

stable configuration may be obtained at a≠0°.

It has been suggested that these configurations

should, in general, be included in the calculation

of this sort.

A number of questions remain. We have

excluded the configuration of α=0° as the one

responsible for excimer luminescence. Whether
or not we are justified in doing so is a difficult
question. Group theoretically, the excimer state
at α=0° is of the Bag symmetry in the D2h

point group,11) and the transition to the Ag ground
state is forbidden. Further, different from, say,

19) E. Doller and Th. Forster, Z. Physik. Chem.
N.F., 31, 274 (1962).

20) G.C. Nieman and G.W. Robinson, J. Chem.
Phys., 37, 2150 (1962).
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the benzene fluorescence, there is no vibrational
coupling to acquire an allowed transition moment
in the excimer fluorescence, unless we consider
hot bands, since the ground state is dissociative.
These considerations favor our treatment; however,
further investigations might be necessary. These
will be the subject of ensuing publications.

In the present calculation we have considered
only the excimer configurations in which two
molecular planes are parallel and their principal
axes coincide. This may actually seem rather a
freakish situation. However, to treat excimers
of random orientations is quite difficult, if not

impossible; at any rate, it is beyond the limits of
the present paper.

The present calculations are based upon the
above-specified model, just one of many models
we may think of; therefore, too much emphasis
should not be placed upon our suggestion of the
α=75° configuration. It is, however, of interest

to add that our calculations on the radiative

lifetime of the excimer fluorescence yield 6×10-6

sec. at α=75°, which is in good agreement with

the observed value21) of 1.2-1.4×10-6sec. The

details of the calculations will be published in

the next paper.22)

TABLE II. IN-PLANE COMPONENT OF CARBON-CARBON DISTANCE, h

21) J.B. Birks and T.A. King, Proc. Roy. Soc. A291,
244 (1966).

22) T. Azumi and H. Azumi, This Bulletin, in press
(1966).
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Appendix I

Table II presents the in-plane components of distance,
h, between two carbon atoms which belong to different
molecules (see Fig. 3). These values are required in
evaluating integrals over atomic orbitals. The atom
positions are indicated by numbers, and those in dif-
ferent molecules are indicated by primed numbers, as is
shown in Fig. 1. Since the Huckel coefficients for
molecular orbitals, φ1 or φ2, are zero for atoms 9 and

10, the summation over r in Eqs. 40-44 may be carried

out only from 1 to 8. There are still 8×8=64 pairs

of carbons whose distances are required, but only twenty
of these need be obtained; these are shown in Table II
in A units. Any other pair is identical to one of the
pairs given in the table by symmetry considerations.

Appendix II

The numerical results for intramolecular and inter-
molecular MO integrals are tabulated in Tables III
and IV. All integrals except the overlap integrals
are in eV. units.

TABLE III. INTRAMOLECULAR MO INTEGRALS

TABLE IV. INTERMOLECULAR MO INTEGRALS


