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DEPENDENCE OF THE RELATIVE LOCATION OF THE
nji* - AND jUT‘- STATES OF MOLECULES ON THEIR STRUCTURE
I. Unsaturated and Aromatic Carbonyl Compounds
V.M.Komarov
Institute of Blological Physics, Acad. of Sci. of USSR, Pus-
cino, Moscow Region, USSR.

V.G.Plotnikov
Karpov Institute of Physical Chemistry, Moscow, USSR.

ABSTRACT
The effect of the length and topologyof the conjugated
bond system on the relative location of the Qﬁ‘— and jUT*-
molecular states of the unsaturated and aromatic carbonyl mo-

lecules is theoretically investigated.

INTRODUCTION

Spectral, luminescent and photochemical properties of mo-
lecules with unsaturated bonds and heterocatoms containing the
n~- electrons are determinated to a considerable degree by the
relative disposition of their qﬁ*— and }U?- excited electro-
nic states I~4. At present there are many works concerned with
the experimental study of the effect of the molecular struc-
ture on the relative disposition of these states (see 3-4 and

references therein).
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364 KOMAROV AND PLOTNIKOV

Majority of theoretical investigations of the dependence
of the relative nji‘—andjﬁ?- gtate dispositions on the mo-
lecular structure based on the one-electron, .and one-configu-
ration approximation, Or even employed the Hiickel method 1,
5-T. The derived results are merely qualitative and some es-
sential features of the problem at hand can not be described
in such an approximation, as will be apparent below. There are

several works 8’9in which the calculation of the energies of
the qﬁ‘- and”ﬁﬁ“ - gtates have been performed with the use of
more exact methods, However, the problem of the relation bet-
ween the relative disposition of the n]?‘- and]UT‘— states
and the structural characteristics of the molecule was not
raised. Therefore in the present and in the forthcoming pa-
pers we reexamine the indicated problem as correctly as pos-
sible.

The length of the conjugated bond system of a molecule
is the most important characteristic on which the relative di-~
sposition of the an‘— anduﬁﬁz— states is dependent. Previou-
sly this point was considered in works 1,5, 1n particular it
was shown that the energy of the 1owest7§ﬁ‘- state in polyen-
aldehydes is decreasing more rapidly than the energy of the
n]T'- state when increasing the length of conjugated chain.
Thus the molecules with a highly developed system of conjuga-
ted bonds have the]UT‘— state as their lowest singlet or tri-
plet state. Experimental data agree with this conclusion. Ho=-

3

wever, they indicate that often the energy of the qﬁ‘— sta~

tes not only is not decreasing on growing the system of con-
jugated bonds but it is also increasing. Besides, it 1is known

at present that the relative disposition of thejvf*- and qﬁ‘-
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states depends not only on the extent of the conjugated system,

but also on its topology 3'11. These questions can be stud ied

theoretically in the approximation that evidently takes into
account the interaction between electrons and configuration
interaction.

In this paper we study the effect of the extent of the
conjugated bond system and its topological properties on the
relative disposition of the lowest excited]iﬂ‘- and qﬁ“- sta-
tes for the molecules of the unsaturated and aromatic carbo-

nyl compounds as a particular example.

METHOD OF CALCULATION

The PPP-method was used to calculate the energy levels
and wave functions of the molecules. The calculation of the
energy levels (En) of n-electrons based on the employment of
a model that does not take into account the delocalization of
n-electrons. The arguments for such a choice of the model fol-
low from the results of the calculations of molecules with n-
electrons in which all the valent electrons have been taken

12. These calculations indicate that the

into consideration
delocalization of the n-electrons in carbonyl compounds is
small and, what is particularly important, the wave function
of n-electrons is noticeably nonzero only for the atoms that
are adjacent to C=0 group. An experimental foundation of the
model follows from the fact that the ionization potentials of
the n-electrons in the molecules of the same kind do not chan~

ge appreciably from molecule to molecule 13

when passing from the molecule (CHz)pC=0 to CyHg-CHzC=0 - mo-

. For example,

lecule the ionization potential is decreasing only by 0,3 ev.
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Since the n-electron delocalization over @-bonds is not ne-
gligibly small, it is taken into consideration when choosing
the parameters for calculation.

In the described model the wave function of the n-elec-~
trons of carbonyl compounds is the non-hybridized 2px-orbital
of the oxygen atom (the x-axis i8 perpendicular to the C=0
bond and lies in the plane ofa molecule) The n-orbital energy
gn is equal to the diagonal matrix element an of the Fock

energy matrix for which one can write 6’8:

ol A, ynt On
Fon= €4 Un"';(Ptt' Zg) K2px 2pz"|/2 P00R2px2pz (I
where Ué: Un+5nn is the one-center core integral for n-elect-
ron on the 2px-orbital at the oxygen atom; Ptt - the ji-elec~

i —

tron density on the atom tj Zé - the core ji-electron charge
of the atom t} ES;X§£Ehe integral of the Coulomb repulsion
between two electrons one of which is on the 2px-orbit of the
oxygen atom and the other one is on the 2pz orbit of the atom

t (including the oxygen atom as well); P0 - the]T-electron

o
density on the oxygen atom} zggx2pz - one-center exchange in-
tegral of the oxygen atom 8,

The geometry of molecules were estimated from the data
of the work 14, One-center integrals X;fiwere evaluated acco-
rding to Julg 15-. The Mataga-Nishimoto formula 16 has been
used for the calculation of the two-electron integrals. The
resonance integralg}ﬁp)were calculated from the formula of the
Wolfsberg-Helmholtz 17 with the parameter K= -1,17. The core
potentials Qﬁ and Ué were estimated with consideration for

surroundings 18 and their values together withK Izlgxzpz were

varied to the best coincidence of the calculated values of the

ionization potentials and the energies of the singlet-triplet
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and singlet-singlet transitions of the formaldehyde molecule
with their experimental values. The magnitudes of all the
employed parameters are listed in the table.

The energies of the mono-excited singlet and triplet con-
figurations with respect to the ground state energy are given

by the formulas

8 =z E,~E, -

AEi -j = Ej Ei Iij+2Kij (2)
T _

AEi j = Ej-Ei-Iij (3)

where i any j are the MO between which the transition occurs;
Iij and KiJ ~ Coulomb and exchange integrals for electrons on
i=th and j-th MO. Nondiagonal matrix elements of the configu-
ration interaction matrix were calculated from the standard
formulas (see, e.g.e). The interaction between all the mono-

excited configurations for which Ej'Ei<10 ev has been acco-

unted for in the calculations. For aromatic molecules the cal-
culation of the energies of the triplet Tﬁ;;* - states were
performed in the limited basis (up to seven) of mono-excited

configurations.

TABLE
The Parameters Employed in the Calculations (ev).

UC(C=O) = = 9,10 XBO=Xnn= 12,51
no _
U,(ph) = - 19,50 2px2pz= 10720
U = -15,00 no  _
‘/’ ! Ropx2pz™ 0,90
Un(O) = =11,60 ﬁcc = -2,39 (Rcc= 1,44°)
foo = 98T Boo = 72080 (Rgg= 1,2140)
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RESULTS AND DISCUSSIORN

Dependence of the lowest excited §ﬁﬁ~3snﬁa -

and Tnﬁ*'_ state enérgies on the length of the system of con-

jugated bonds in the molecules H-(CH=CH)N - CH=0 and Ar-CH=0

7

(Ar - phenyl, naphthyl, anthracene) is shown on Fig. 1, and 2,
Tt ig seen from these figures that the coincidence bet-

ween the calculated and experimental values of the excited
state energies is satisfactory. This may be regarded es a
confirmation of the applicability of the model employed in the
calculation.

From the fig. 1 and 2 it follows that the energy of the
ﬁﬁ“ - states is appreciably decreasing on the lengthening of
conjugated bond system. As for the energies of the SQﬁ*_ states

they are at first lowering but then they increase. One can in-

AEev
8 i
6~ "
J észg*.
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4 o
| F-TeskoIET T
9 _
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0 2 4 6
FIG. 1
The Energies of the Lowest Excited Jiji *- and nJi *- states of
the Molecule H-(CH=CH)N-CH=O as a Punction of the Length of
the Conjugated Chain.
o-,4—, X~, O—experimental values of the Sypj*-, Snl—'

and Tjji *- states respectively taken from the works 2 vé.
(— ) and (- - =) the results of our calculation.

ey T o¥-
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FIG., 2
The Energies of the Lowest Excited Jifi*- and nj *~ states of
the Molecule Ar-CH=0 as a Function of the Extent of the Con-
jugated Bond System. {(a)-Formaldehyde, (b)-Benzaldehyde, (¢)-
2-Naphthaldehyde , (d)-2-Anthraldehyde .
0-,4—, X5 0 -experimental values of the energies of the S siia=s

5 T —x= and Ty~ states respectively taken from the

nji*”* . "xj
works 3, 4’8’11.

(=) and (- - =) - the results of our calculation.

fer from the formulas (2), (3) that the energy of the n}T*-
configuration is determined mostly by two terms:é;;ﬁé and
Inﬁ*’ for the magnitude of Knﬁ « is relatively small. For small
conjugated systems, as they are growing, the first tenmﬁ%.-&h
(decreasing predominantly at the expence of the Ji* - orbit
energy lowering) dominates in the variation of the energy of
the qﬁ*— configuration. For large systems, on the conirary, the
delocalization of thej?* orbitals is crucial that leads to the
predominant decreasing (asymptotically as N'1) of the Ini*—
integral as compared with gﬁ;‘ahwhen N increases.

This expleins the different behaviour of the energy of the
nﬁ*- states for small and long chains of conjugation when N
grows.

When the conjugated bond system is growing a decreasing

of the S-T splitting of the n)T*- states occurs that is caused
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by the increasing of the)i*— orbit delocalization. However,

this splitting would be somewhat smaller if the calculations
were perfomed with no regard for the configuration interaction.
All the possible cases of the dependence of the relative
position of the]yf* and nji*- states on the structure of the
conjugated bond system are not exhausted by the described
above. Fig. 3 presents the position of the lowest excited sta-
tes of p-benzoquinone, 1,4-naphthaquinone and 9,10-anthraqui-
none (In these cases the splitiing of the qﬁ*- states was ig-

nored).
One can see from this figure that the decreasing of the

energy difference between the nji*- and jiji*- states at the leng-
thening of the conjugated bond system occurs. Nevertheless, the

lowest excited singlet state is the nj*- state even for 9,10 -

anthraquinone having highly developed conjugated system. This

Af_-ev

6 S
d 7

4 — l Sn/T*_
- /”- _—— /7/7*

2 — X 7”/7 )

ag

a b C

FIG, 3
The Energies of the Lowest Excited States: (a)-p-Benzogquinone,
(b)-1,4-Naphthaquinone, (¢)-9,10-Anthraquinone.
0-,4-,X-,0 -experimental values of the eneggies of the §ﬁ7;-,
’ Tnﬁ*' and ?ﬁﬁ;- states, taken from ~. 4

(=) and (- = =) - the results of our calculation.
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means that the relative position of thejji*- and nji*- states
depends not only on the length of the system of conjugated
bonds, but also on its particular type.

As an example confirming this conclusion we display on
Fig. 4 the results of the calculation of the lowest excited
state energies of 7,8-benz-2-naphthaldehyde and 2-anthral -
dehyde.

Thus, from the analysis performed it is apparent that a
various behaviour of the energies of the mji*- andjij*- states
at the changing of the type and length of the conjugated bond
pystem of the carbonyl compounds can be described within the
framework of the model that does not incorporates the deloca-
lization of the n-electrons patently. And the interesting thing
is that though the intersection of the nji* andjiji* states at the
lengthening of the conjugated chain may occur, the relative
position of these states strongly dependson the details of the
conjugated system structure as well as on the extent of the

conjugation of the C=0 group with the rest of the molecule.

A[ev

\

6
y/ 7 7}2/7:
2
0

a b

FIG. 4
The Calculated Energies of the Lowest Excited Electronic Sta-
tes of 7,8-benz-2-naphthaldehyde (a) and 2-anthraldehyde (b).
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However the applicability of a localized m-eleciron model
to arbitrary molecules doesnot follow from the present results.
In particular, it may turn out that n-electrons are appreciab-
ly delocalized in molecules having week 6'-bonds with energy
close to the energy of the 2px-electrons of the oxygen atom.
It should be also emphasized that a disaccount of a par-
tial delocalization of the n-electrons in carbonyl molecules
with a large conjugation system may lead to the overestimated
theoretical values of the nji*- state energies as compared
with the experimental data. Particularly this may be seen
from the Fig. 3.
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