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ABSTRACT ‘I'he energy of the excited levels of indene is calculated by the method
of anti-symmetrised Molecular Orbitals. The ohserved band system at 2152A is assfgned
to a L1, - %1, transition. The resnlts of the M.O) and the A O methods of ticatment
are compared.

INTRODUCTION

It may be gencrally stated that the concept of unique election con-
figuration is valid for molecules also. This electron configuration is
assigned for a given molecule Ly two methods usually called the Atomic
Orbital (A.0.) and the Molecular Orbital (M.O." methods. In the first
method, a molecule is treated as compounded of scveral atoms and ions.
The electron configuration is made up of the electron configurations of the
different atoms. ‘T'he wavefunctions of the molecule are written down as
products of atomic orbitals (A.0).’s)—one clectron wavefunctions in atoms.
Lnergy values are then obtained by a variation method, as the roots of a
secuiar equation. In the sccond method, the molecule is treated, as far
as possible, as a unit. The wavefunction of the molccule is written down
as (anti-symmetrised) product of a set of molecular orbitals (M.0.’s). These
arc solutions of Schroedinger’s equation for an electron in the field due
to the nuclei and all other elcctrons. I[n practice, this equation cannot be
solved. ‘T'he M.O.’s arc written as linear combinations of a complete set of
functions. ’'l'his set might well be the A.(0).’s of any one of the atoms of the
molecule. Bul the difficulty, in this case is that the M.O.’s thus constructed
converge too slowly. The use of orbitals of all the atoms of the molecule
leads to better convergence. M.O.’s thus constructed as linear combinations
of the A.O.s of the concerned atoms, are called the L.C.A O. forms of the
M.O.'s. Having thus assigned the electron configuration, the calculation
of energy levels was carried out on the basis of the theorem that the value
of energy in a state ¢ is {¢*He¢dr, H being the Hamiltonian.

The A.0. method has been employed by Viswanath (1953) recently
to calculate the energy levels of indene. Excited levels are predicted
with energy values 3.84, 8.25, 105.67 €V above the ground level. All the
levels (onform to singlet symmetrical states '4. In benzene and other
molecules, the M.O. method is somectimes stated to give a better approxi-
mation than the A.O. method (Longuet-Higgins, 1948i. The purpose
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of this paper is to apply the seconc, antisymmetrised molecular orbital

method to the indenc molecule. The tieatment of the problem is similar

to that followed by Goeppert-Mayer and Sklar {1438} for henzene. 'The
results are presented, in detail, in the following sections. A brief preliminary

report has been published in “*Current Seicnce”’ (Ramamurty, 1953},

ANALYTICANIL, PART

A4} » . .
I'he structure of indenc is shown in figuic r. The molecule belongs
to the symmetry group C.. In indene {as in benzene) only the z2pn
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electrons are spectroscopically active and hence only the molecular states
of these electrons need be considered. These have a node in the plane
of the molecule. There are eight 2p7 clections in indenc, as was assumed
by Viswanath in the A.0). calculations previously., ‘I'he same assumption
is made here also. The numbering of the clections is shown above.

Representing the clectrons by Greek letters pov {ranging from 1 to 8)
and the 2pm eigenfunction on the kth atom by KN(v) gdanging from [ to VILD
and takmg these to be positive on the same side of the indene plane, the
molecular orbitals employed in this work arc

8 2l
1 Hoooep s
= ¢ K
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with [=o0, +1, +2, +3, 4. TP arc normalising factors. Evidently ¢, =¢_,*.
¢, p_; have the same energy ¢, say). Also ncglecting overlap ntegrals
and integrals over products of non-ncighbouring A.0.s, the encigy of the
¢”;’ s rises with (1.

The energy of the molecule is lonest if the cight electrons are distributed
in ¢,, ¢,, #-1, ¢ two in each. ‘The eigenfunction for the whole molecule

is therefore
Yo =0.(1)0,(2)9,(3)p.(4)9-15)b_1 (6)0,(719,(8).

The excited levels arise by a ¢, electron jumping into ¢, ¢-3or ¢,. They arc
b0 1300(2)0,1 3291 )0y (5) 9y 10)0,(7)9,78)
Pu(1)p, (219, (3)0, (4101 ()01 6.9:(710-3 (%)
Pa(1)80(2)9,(3)9. (419 1(5)9=1(0)9:17)0.(5).

All states belong to the symmetry type A,.
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These must be multiplied by the appropriate spin factors. If two
clectrons are in the same M.O., they must have opposite spins. Thus for
the ground state, the spin factor is

2(1)B(2)2(3)B(1)2(5)8(6)2(71B(8).

JFor the excited levels the ¢,, ¢, or the ¢,, 6_4 or the ¢,, ¢, electrons may
have their spins opposed or parallel. In the first case, the spin factor must be
anti-symmetric and is

1 (n)B2)2(3) Bl3) 2(5)B(6) [ x(7)B18) — 2(8)B(5)].
N 2

In the second case, the spin factor must he symmetric ; there are three
of them and these are

7(1)B(2)%(3:B(4)%(5)B(6)2(7) a(8)
*1)f302)713)8(9)x(5)B(6) B(7)B(K)

T o(1)Bl2)2(3)8(4)7(5)816) [ 7(7)2(5) + B(7) B(8) ].
Vo2

In the first case, the states are said to be singlets.  In the second case, they
are suid to be triplets. As we neglect in our calculation the spin-oibit
interaction, the triplet will not be separated.

The totally anti-symmetrised wavefunction is then obtained by
multiplying the orbital with the spin factor and applying the anti-
symmetrising operator. ‘Thus the anti-symmetrised wavefunction of the
ground state is

\1’0= I 2 "’I)PP‘/’“(1;¢o(2)‘/’1\/3)’/’1(4)¢—l(5)‘7’—~l (6)9,(7)9,(8)
» 8!

2(1)B(2)2(3)B(4)(2)5)B6)(7) B(8).

The energy of the state is then equal to the sum of the energies of the
separate M.(O.’s and the energy due to the interaction of the electrons. The
latter has the potential

The energy of the ground state is thus

26, + 4¢, + 26, + (U *H DT g,
The integral expressing the average value of H'Y’ can be cxpanded in terms
of two types of integrals, viz.,

.w’[[ © e Pl (w) Pdr.dr,
g T

2

811'= ff :;;;‘ ?1(v)¢l'(#j[¢l(,u)sbl,(")]*drvdrﬂ
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The cnergies ncluding the electronic interaction for the ground state and
the exciled singlet and triplet levels are
E,=2e5+ 46, F2e, 4 vy F8yn Fyoe Oy F 8yt yens
=481~ 2802 - 28— 28,0 - 28,
(g =2 by Lo =204 tge +u, 4o, +yan+S8y0 1 + 2y0.r + 2y + Oy

Fayre+ iYis vy o= 13«\,1 — &y - ﬁo.n— 231.— [ F’ls'

—& - By 281 B
(o > p_ ) =260 #4646 L os b you+Sya 1+ 2ya2 b 2y0. 51 6y

AV L2 T4y -t Yo <n c JPag - Bua =8y Ly — 26, oy

Favie 4yt o~ gfor =8y — 8y — 08,
—8io=8 qa -8 S+ 8,
(py—=> )1, =20, + 46 + s+ €+ yo0 + 8y + 2700 + 2704 F Oy
F4viet gyia b oy — g8, — 82 - Buq— 28
— o= =8 - 1.:'."82,i
po—>p_ E, =26+ g6, Fe,+ e+ yoo F8y0t 2v02+ 270 1t 681,
+ 4yt 4y s Fysa—4fn 1 —8uy — 8oy =28
_Sly'.:! "S~l.2'—31,—f!—s‘lv 3‘—8.’,— i
(g, —>p E, =20,+ 46, Fe, et Yoo+ Syar F 2y0.2 + 2700 + 631
+gyre F4yne t ye =480, 0= 8 =S — 280
”81.2—3—1.2"‘31.1 — B8y,
g indicates ground state ; s, singlet and ¢, triplet state
NUMERICAL CALCULATIONS
The integral v's and 8's over M. O.s are expressed in terms of integrals

over A, O.'s by using the Huckel type orbitals written above.
First of all, the normalsing factors o 's are determined by the following

equation :
2mil

H'/=&/‘E(’ ZEé”‘E I((")El’— & Kividr,

sl )_(;‘ + ( 12 COS xl + 4 cos nl )S,
2

= }[8+(12 cos al + 2 cos
4 4

+(g cos 3”1 -+ 2 C0S "‘I)Sa]
4 4

Where S,=§1()ILidr, S.=fIMIII(vidr, Sy=JI(WIV(v)dr, and overlap
integrals over electrons 1, 2, 3, 4 on the one hand and 7, 8 on the other are

neglected.
5—1832P—10
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Next, the expansions of integrals yu-, 81, will contain the following
types of integrals :

= [ 16K + 1t wdrdr,
JJ orvp
B— f[ : 121 IL(w)dr,d7,

[[ — TWITHY T ) IL(Ydr dT

Il’/l
Interaction between electrons which are partially on atoms which are not
closest neighbours as also bhetwcen electrons 1, 2, 3, 4 on the one hand
and 7, & on the other are neglected.
Lastly, we have

Dzl Drelh
€= / TN v KOWT+H,) T—3, 8 K (y)dr,
‘\/ 8(7', \/ 8(7'[

= /uv (T + .,){M(\')+(°(nq ST

! + 12 C¢o% al )[I(v)
}‘\(T’ . 4 4

(4 cos nl + 12 cos )Ilf (v) +( 2c08 " 18 cos 3L IV(V)}dr
2 4

where T is the kinetic energy and I/, the potential cnergy. Neglecting the
effect of hydrogen atoms completely

H,=3% Hg
wherc Hgx is the potential of the attraction of the kth carbon nucleus and
of the repulsion of the other five electrons on the kth nucleus. Ohviously,
Hr is the difference between the potential of a neutral carbon atom Hx and
the potential of a 2pr electron,

Hg=Hx —f ¢ K*wdr,
Tl’/l.

Also as K(v) is a 2pr eigenfunction,

(T+HyK(v)=Wg oK (v)
where W3, is the energy of a 2p level in carbon atom in a valence state.
Bearing this in mind and substituting for H, as above, two new kinds of
integrals arise in the expression of ¢; namely,

Q= “fﬁl(l')llz(v)dr..

and R= "fﬁl(l')I(v)[I(v)dr‘,.

All interaction between non-neighbours is neglected. Then
1

V8o

€; =

80';W9,,-8(2Q+2A1+2A2+A_1)——(2 cos sl +12 cos nl J(R+B),
4 4
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. Assuming the C=C distance in indenc to be 1 30A i.e. equal {o that
in benzeune, the values of the integrals S, S.. Sa, -los .’I,; A, 4, B, ¢, 0, R
can be taken over from the benzene calculations of Goeppert-Mayer and
Sklar (1938). The cnergy levels of indene, relative to the ground level
are obtained to be o, 0 36, 3.80, 8 30, 10.615, 10.028, 171.82, '

The energy levels are shown in figure 2. 1t is clear from it that the
observed band system at 20527 arises from a jump ¢, ¢,0".1,~"A ) 7.,
from to a singlet to triplet transition. Such transitions are highly probable
in complex molecu'es {Kasha, 1gs0).

¢ V. Level Transition
n.-e2 A| (¢L———'-d>_s)
10-628 -
t (d’f"'dh)
10.615 ‘A, ("’z”’qba)
B39 ‘A (qbz—, ¢3>
3
3 8O - A, (&,
387 A . ( 2 ¢6)
(2952 A)
0.36 3a —
o0 ‘AI PRy
\
Fic. 2

Comparing the results of A.O. and M.O. cilculations, they give neaily
the same values for lower cxcited levels.  The lower excited lcvel at 0.36 eV,
however, docs not appear in the A.O. treatent. The M.O. method gives
even in respect of lower cxcited levels a better approximation  to  the
exprerimental values, for indenc by goA.  Alse the M.O. method  enables
us to calculate the encrgy levels state by state, taking the group-theorctical
aspect also into account in the calculation itsclf. Trurther, the M.O. method
is clear as to the multiplicity and synumetry character of the state.

SUMMARY

The encrgy levels of indene have been caleulated by the method  of
anti-symmetrised molecular orbitals  In applying this method the following
assumptions have been madc

1. The molecule has eight 2p7 clectrons.

2. Huckel type M.O. forms are used
2ol ke

] V80 fety
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3. Interaction between electrons partially on non-neighbouring atoms
as also between electrons 1, 2, 3, 4 on the one hand and 7,8 on
the other have been neglected. Effect of hydrogen atoms and
spin-orbit interaction is also neglected.

4. 'The C=C distance in indenc is taken as 1. 398.

Reckoning from the ground state the energy levels are obtained to be o,
0.36, 3.89, 8.39, 10.615, 10.628, 11.82 ¢V. The observed band system at
295?.K should arise, according to this treatment, from the ground state to
a triplet excited level.
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