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Denartment of Physics
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Varanasi-221005,In4ia

fbstract

Ground angd excited state electronic structure and
srectrn of p-benzouuinone have been studied using the variable
electronezativity SCF-10-CIl metnod. The calculated values of
ionization potential and excitation energles are in good
agrecment with exreriment. It is found that the electronic
structure and reometry of thc molecule are appreciatly dif<erent
in the exctted [{t————ji singlet state as comnarcd to the grounAd

stote.

Introgducticn:

Several exrerimental and theorcetiecal studies have be-n
carried out on the electrontc erectra and structure of the

nara-ben-omiinone riolecule (1-£), While the recults of earlier
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semiempirical calculations are reasonatblv good, the choice of

parameters is somewhat arbitrary. Therefore, it is disiratle

to have a formalism in which this arbltrariness does not exist,
Such a formalism in the frame work of electron theories was
developed long ago by 3rown and Hefernan (9-10) and applied
recently by varlous workers (11-13) on varlous types of molecules.
However, no study with this method has been made on the gquinones
which form an 1important class of molecules of blological interest,
It was therefore considered destrable to study p-benzoquinone
using the varlable electronerativity method of Brown and Heffernan
coupled with the Pariser-Parr-Pople approximation as the first
step., Ab-initlio molecular orbital studles have also beer made
recently on p-benzoquinone (8), It is generally obssrved in such
calculationa that while T&:————W\transitions can be sasily
explalned, a satisfactory study of I‘Zi———ﬂXtransitions requires
a much larger basis set (B-14) which would eventually incrrase

the computer time. This also shows the desirahility of studyingz
Tl -electronic structure and spectra of quinones by semi-empirical

theorkes that use lmproved parametarization schemes.

Method:

Detalls of the method of calculations are available
elsewhere (11-13). The atomle ionlzation potentials and electron
affinitlies which appear as parameters in the calculations are
considared as parabolic functions of the Slatert's effective
nuclear charges (2). Next a linear relationship is assumed
between Z and the number of J{ -electrons (<v )} on riven atom,

then we get
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IP = ko’fklﬂ/ +k2CV2

EA 2,0 + 2‘19/ + 22 qlz

The constants of the parabolic functlion are evaluated by a
least sguares fitting of the I.P, and E.A. values in an iso-
electronic sequence. The isoelectbonic sequence chosen to cal-
culate kg, kl, k2 and Qo: Ql, Ql for carbonyl oxygen was N, 0,
F+, ne'? and Na+++. The conatants for carbon were the same as
in the earlier work(12). The molecular geometry was taken from
the literature (15). All singly exclted configurations were
included in the configuration interaction (CI) treatment.
Resonance (‘P } integrals were calculated from the Wolfsberg-
Helmholz formula (16)., One-centre and two-centre repulsion
integrals were calculated using the (I.R.-E.A.) approximation and
the Nishimoto-Mataga formula (17) respectively. The self-
conglstency was tested on the bond order matrix elements. 1In
the first SCR calculation, the 1imit of the self-consistency

3

was set equal to 10 - and then the I,P. and E.A, values were

changed and bond orders matrix elements again calculated through
Iy

various cycles, When these became self-consistent up to 5 x 1077,

iterations were terminated.

Results and Discussion:

The ionization potentials and electron affinities of
atoms in the isoelectronic sequence of oxypen are given in Table 1
and were taken from ths paper by XKarlsson and Martensson (11).
These w-re employed 1n caleulatine the constants ke, kl, ks

and Qo, Qi’ Qz which are riven in Tahle 2., The startins I.P.
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Table 1

Ionization potentials and electron affinities for the 1so—
electronic gequence of oxygen

- o - . - MR . T TR A S S AR oo

Atom or ion Effective Nuclear 1I:P(ev) E.a.(ev)
and valence state charge (z)
N (g% p2
P°pp ) 3.55 0.842 -
0 (s p2p p) 4,55 14.613 2.013
+
F(s® p pp) 5.55 36,213 12,109
++
Ne (%2 p p) 6.65 65,450 41.919
++4
a (g2 P p p) 7.55 - 72.675

- - e " e O . TR D D = o e S e e = e e = -

®
The orbitals under consideration are underlined and 4= 1,

Table ¢
Valuss of the constants obtalned from least gquares fitbing

Congtants kg

and E,A. of oxygen ars 14,6l and 1,98 eV respectively, while
the values obtalned at the end of the last SCP cycle are 13.73

and 1.33 eV respcctively, The starting I.P. and E.A. of both
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the carbons i.,e. atoms numbered 2 and 3 (see Fig.1l) are 11.19
and 0,01 eV respectively, while the final values of I,P, for
the two carbons are 11,69 and 11.31 eV ard for Z, A, are 0.31
and 0.08 eV respectively. The net J{ -charge distribution is
given in Table 4 on the various atoms and we see that the net
+ve charge in the ground state on atom number 2 ls more than that
on atom number 3. Therefore, the electron affinlity of atom
number 2 i3 expected to be more than that of atom rumber 3 and
this is reflected in the last I.P. and E.A. values of the two
carbon atoms, This also justifies the I.P, and E,A., values as
empirical parameters and shows that the method is able to take

care of the changes in electron envirorments of the various atoms.

The lonization potential of the molecule evaluated by the
Koopmans theorem at the end of the first SCP cycle is 10.18 eV
while 1ts value at the end of the last SCF c¢ycle is 9.77 eV.

The experimental value obtalned by Vilesov (18) by photo-
ionization method 1s 9.68 eV. Thus we sece that while the
theoretical value obtalned by a flxed parameter approach would

be appreclably different fram the experimental value,the agreement

1s improved as the paramet~rs, are allowed to change,

The calculated electronic singlet transition energles and
oacillator strengths along with the CI composition of excited
state wave functions are given in Table 3. The experlmental ex-
citation energies (3) and those calculated by Wood (8) using an
ab-inltio method are compared with the present results in the
same table. We found that the excltation energles do not change

much after CI and the excited state wave functions may be satls-
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Table §

Excitation fnergiles

---------------------------------------- - - - - - - - -

Calculated Ohserved Bxcltatirn Oscillator CI compositirn
Exel tntion Excitation Energy from strength. of excited state
snergy. Energy Ref.(8) wave functions
(ev) (ev (ev) )
3.98 - - 0.0 0.9950 (3—35)
4,11 4,07 7.5 1.3023 0.9791 (4—%5)
5.44 5.13 7.9 0,0 0.9947 (4—6)
5,52 - - 0.0 0.6822 (4—R)

~0,7156 (2-—5)

factorlily represented by only one term, The c¢alculated values
of Wood are apprectably larger than the present results which
are observed to be in a satisfactory agreement with exveriment.
It has been clearly indicated by Wood (8) that his cholce of
basis set 13 not adequate to calculate the I\t.-—ﬂ excitation
energles, Therefore, the large difference between the pregent and
his results are not surprising, A similar observation regarding
the bais set has b.een made by Del Bene eal.(14). The first two
calculated excitation energles are quite close together and both
are comparablle to the lowest observed excitation energy but as
the calculated oscillator strength of the first transition is

zero, we assign the obsgerved excitation energy to the second cal-
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culated transition, which corresponds to an electron jump from

the highest occupled to the lowest empty molecular orbital and

has an appreciasble calculated oscillator strength, Though the
calculated osclllator strength for the third transition is zero,
1t may be asgsigned to the second observed excitation energy,
assuming that same perturbation may make it allowed. This corres-
ponds to an electron jump the hirhest fiiled to the next to the

lowest empty molecular orbital,

The calculated net ]\-electronic charges on the varilous
atoms, the bond orders for the different bonds for the ground and
excited state are given in Table 4. The calculated net JY_charges
by Kuboyama (6) are comnared with the present values. We find
that the oxygen is negatively chapged, while the two carbonsare
positively charged, While this is in gqualitative agreement with
earlier calculations, the present net charges are
less than the earlisr ones (6). This seems to be on account of
the fixed parametor approach used in the earlie calculations,

In fact in the present calculations also the net charges were
appreclably larger a2t the end of the first SCF cycle, but when

the parameters were allowed to change, the net charges decreased.
The ground state bonds order for Cp - €y and Gy - C3 bonds are
compared with the values of Kuboyama (6). The two values are quite
cloge together, We observe that the 03 - Cs ard Co - C3 bonds have
single and double bond characters respectively 1n sgreement with

classical concepts.

The netv J{-charge diatribution and bond orders are also

given in Table 4 for the lowest obscrved slnelet excited state.,
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Table 4
Ground and Excited stat charges and Bond orﬁer
Bond Bond order atom No, Net charge
+
Ground strte 1-2 0.86472 1 -0.15123(-0,500)
2-3 0.33876(0 ., M45)* 2 +0.10126¢+0.332)"
+
3-4 0.89268(0.873)" 3 +0.2493(+0,084)
Bxel ted 1-2 0.62016 1 -0.11287
State
°-3 0.46950 2 +0.0303
3-4 0.71038 3 40,0692
*

The btond orders and charges for those bonds and atoms
which are not included here, are to be determined from

the molecular svmmetry.

+ Values from A. Kuboyama, Bull. Chem, Soc. Japan
a, 752 (1958).

An examination of these reveals very interesting features. 1In
the lowest excited state oxymen atom loses electronic charge
while the carbon atom attached to it (Cl) gains the charge. There
is some 8light chanre in the charpe at Cp and it becomes more

positive in the excited state as comnared to the rround state.
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Thus the total electronic charge on the C=0 bond does not change
appreciably due to the excitation but is almost Rocalized on this

bond.

We find that the bond orders for the C=0 and 02-03 bonds
decrease as compared to the ground state values, while the 01-02
bond order increases. The bond-orders are not so dif ferent together
in the excited state as they are in the ground state., Thus it
appears that the ]X -electron delocalization 1s increased in the
excited state than in the ground state. It seems desirable to
compare these features in the preseht results with those obse ved
in substituted benzenes, In substituted benzenes, it is observed
that all the C-C hond orders decrcase and the C-X (x = substituent)
bond or“ers incrsase 1n the excited =tate (12), This is kﬁown to te
in agrerment with experimental observations (12). Thus the peculiar
obgervations here are the decrease in the C=0 bond order and increase
in the 01-02 tond order. This shows tiat the C=0 stretching frequency
would decrea<e appréciasbly in the excited state ag comnared to the
ground state. This is in agrecment with exnerimental ot <ervations (20),
the ground and exclited state observed frequencies being 1667 and

1

1560 om — respectivelv,

Hollas has carried out an extensive analysls of the electfonic

spectra of p-henzoquinone and he has also obtalned geometry of the
»*
molecule in the J{eé—Texcited singlet state. He found the
changes in bond lengths as ZSY =+ 0.1 A°,lYT = -0.094°
¢=C c-c

and [XYk-O = + O.1A°. No experimental or theoretical analyslis of
this kind 1s availatle on the geometry of the molecule in the ]lt———]l

exclted states. In the present work 1t was thought des?!rable to
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calculate excited state hond orders and thereby to predict the
possible geomsetry changes in the molecule in the lowest I‘:———Aexcited
state, We find from the bond orders in the lowest excited singlet
state that the Co-Cg bond length would increase, the C;-Co bond length
would decrease and the C=0 bond length would increase. Though we do
not have any experimental value to compare with this prediction, we
may compare these results gualitatively with the geometry changeg
given by Hollas for the singlet[‘t——‘n state mentioned atove, since the
]\:—-ﬂ?xcitation for the lowest excited state is also almost localilrzed
on the C=0 tond as mentioned back, like the transition of an n-
electron, We find the present prediction is qualitatively in
agrement with the results of Hollas.
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