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Semi-empirical SCF calculations have been found to reproduce the electronic
spectra of aza aromatics reasonably well. Better agreement could be
obtained by introducing limited configurational interaction between
configurations belonging to the same symmetry class,

INTRODUCTION

The semi-empirical m.o. theory developed by Hiickel, although simple,
is not sufficient to explain the fine structure of the spectra since it does not
include the electron repulsion terms. Pople (1953), Pariser and Parr (1953)
developed a self-consistent molecular orbital theory based on the many
electronic Hamiltonian. In the present paper this method is used to study
the spectra of pyridine, quinoline, iso-quinoline and acridine. But the
interaction procedure is not followed to calculate the eigen-vectors; instead,
the Hiickel values are used since it was shown by McWeeny and Peacock
{(1957) that a parameter of x40-28 on the ring nitrogen atom will make the
Hiickel coefficients sufficiently close to SCF value.

TaroreTICAL METHOD

In the SCF theory the basic problem is to determine the coefficients C,,
in the m.o.

Yr = Z C";ﬂsy
3

{where i, is the molecular orbital built from atomic 2P= orbitals ¢* so that
the energy is minimized). This general problem has been considered by
Roothaan (1951) and Hall (1951). If the overlap integrals between different
atomic orbitals are neglected the coefficients satisfy a set of Fock equations

> FulCr = E,Cy,
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when E, is the energy associated with orbital r and F,, is a matrix element
of the Hartree-Fock Hamiltonian between atomic orbitals ¢, and #,. These
equations were simplified by Pople and others by using several approximations
and is applicable to larger molecules containing heteroatoms even. The matrix
elements are

Fyy = yp+%Ppy(I"F’lGll"l‘)
+ D, (Poo— L) | @] o)

aFn . .. .. . .. .o (D)

(Z, being the number of =-electrons donated by the atom ¢ to m.o.).

Fy=Hyy—§Pu(uv|G|puv) .. .. .. (2
oce
P, =2 Z Cr,Cry.

The equations (1) and (2) can be solved by a cyclic process and eigen-
vectors calculated. But instead we have used a parameter of a-0-28 on the
ring nitrogen atom as suggested by McWeeny and Peacock, and have used
Hiickel method for solution. These values of eigen-vectors are used in

equations (1) and (2) and orbital energies calculated. For acridine the
coulomb integrals used was o 40-668.

If we assume that other molecular orbitals are unaltered when one
electron is removed from a molecular orbital , then according to Roothaan
— E; will be equal to the corresponding ionization energy. Similarly if we
assume that other orbitals are unaltered when one electron is added to one
of the higher orbitals y,, —E; will be equal to the corresponding electron
affinity.

With the orbital energy values obtained from equations (1) and (2),
the energies of the excited states are calculated. If %/ is the singlet con-
figurational wave function when one electron is excited from one occupied ¢
orbital to unoccupied j orbital and 3z/rf 3:,&; is the corresponding triplet con-
figuration, then the excited state energies would be

- 1 . .
= J' YHY dr

= B+ Ej—Ei—Jy+2Ky
and

. 3 . 3
) = f iHY dr

= E0+E1—E¢—Jg,

IB
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where E, is the ground state energy.
N
Jy = coulomb operator = Z CipCinCiCi(pp | Gl ww)
uy

N
and Ky = exchange operator = Z CiuCipCi Ciu(ppe | G| w).
nv
For configurational interactions which we have undertaken in the case
of pyridine only, the inter-configurational matrix elements may be written as

1
[ vimd = g2z
and
3
f YRy =1,
where

N
U= > CuOnCouClnlun| €| w).
va

NomMERICAL CALCULATIONS

The basic parameters occurring in the theory are U, H,, (uu|GQ|pp),
(wv |G| pv) and P,,.

U, is the energy of an electron in the core field of its own atom. For
carbon it is taken as —11-22 e.v. and for nitrogen as —14:63 e.v., i.e. the
ionization potentials.

H,, for non-neighbouring p and » is taken as zero. For neighbouring
carbon atoms it is —2-39 e.v. and for C-N it is taken as —2-576 e.v., following
Pariser and Parr (1953).

The values of atomic integrals (uu|G|pup) are obtained from free atom
valence state ionization potentials — W, and electron affinity 4, as (up |G| pp)
= — W,— 4, and are assumed constant.

(|G ppede = 11-22—0-69 = 1053 e.v.
(upe| G| p)y = 14-63—236 = 12:27 e.v.

P,, appears in the Hiickel theory and is charge density when p = v and

bond order if p 7 ».
The two centre repulsion integrals (uv|G|uv) are determined by the
method of Parr (1952), from the uniformly charged sphere model formular

for r > 2:80 Aas

(|G ) = T2 { [1 + (51;)2(3,—3,‘)2] i [1+ (%)2(3,4-3,‘)2] _*} o.v.

4-597

10-8 em.,
Z; m

in which Ry =
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where Z, is Slater’s effective nuclear charge; Z. = 3-25 and Zy = 3-90.
For r < 2-80 A the following equations are used :

(wv |G| p¥)ec = 0:2157r2 —2-625r 4-10-53
(4v| G| p¥)o-x = 0-2875:2—3-125r 41140,
For neighbouring carbon atoms the distance r is taken as 1-39 A and for C-N

as 1:36 A. Other distances are calculated from the geometrical dimensions
of the molecules.

SECcTION 0F HUCKEL PARAMETERS
The coulomb integrals on nitrogen atom in pyridine is taken as
oy = o2 +0-28 and that on carbon atoms near to nitrogen as a.-0-0258.
For acridine ay = a:40-668 and a. (neighbouring C atoms) = & 40-08258.
For quinoline and iso-quinoline ¢y = ¢ 40-28.
All the resonance integrals are taken as 8.

TasLE 1
Ergen-values and eigen-vectors for pyridine

4

/
s’ \ |
Pyridine z

Ny
1

Energy (8) Cy Ce Cy Ce
2-0453 0-4512 0-4163 0-3900 0-3814
1-0708 —0-5760 —0:2507 0-3144 0-5873

1-0126 0 0:5031 0-4968 0
—0-9294 0-5723 —0-3232 —0-2644 +4-0-5689

—0-9876 0 —0-4969 0-5031 0
—1-9615 —0-3692 0-3990 —0-4236 0-4319

REsULTS

In Tables I, II, IIT and IV are given the Hiickel eigen-values and eigen-
vectors for all the four compounds. Table V contains the repulsion integrals
and Table VI contains the ionization potentials and electron affinities of the
compounds. In Table VII, the calculated and experimental values for the
excitation energies are recorded. The eigen-vectors for these compounds
are determined following the Hiickel approximation method, thereby obtain-
ing a set of simplified secular equations. Corresponding determinants are



then solved. For pyridine and acridine, the symmetry of the molecules
makes it possible to divide the molecular orbitals into symmetric and anti-
symmetric types and hence the orders of the determinants to be solved are
smaller, For quinoline and iso-quinoline no such symmetry exists and hence
in both cases the determinants are of tenth orders.
all these four compounds has been done by Longuet-Higgins and Coulson
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(1947) but the parameters were different.

The eigen-vectors for quinoline and iso-quinoline are obtained on an

Hiickel calculation on

IBM 704, those of pyridine and acridine with the help of a desk calculator.

TasLe IT

Eigen-values and eigen-vectors for quinoline

6 4
SNCBN
7 / N \ 3
Quinoline l xy = oo+ 028
'
10\
9 1

Energy (B) Gy Ce Cq Cs s

2:32286 0-33389 0-24329 0-23125 0-29386 0-45136

1-63411 0-30484 0-42933 0-39673 0-21898 0-03889

1-33546 0:40714 0-13591 —0-22562 —0-43723 ~0-35828

1-00000 0-00000 0-40824 0-40824 0-00000 —0-40824

0-65359 0-41704 0-22382 —0-27075 —0-40078 0-00880
—0-58154 0-42801 —0-30073 —0-25311 0-44793 —0-00737
~1-00000 0:00000 —0-40824 0-40824 0-00000 —0-40824
—1-27204 0-38317 —0-20079 —0:12775 0-36330 — (33438
—1-60603 0-22763 —0-41909 0-44544 —0-29630 0-03043
—2-2864 027215 —0-21949 0-22970 —0-30569 0-46924
Fnergy (8) Ce Cq Cs Co Cio

2-32286 0-28907 0-22011 0-22221 0-29607 0-46552

1-63411 —0-29038 —0-43562 —0-42148 —0-2531%2 0-00784

1-33546 —0-36761 —0-13265 0-19045 0-38700 0-32637

1-00000 0-00000 0-40824 0-40824 0-00000 —0-40824

0-65359 0-44119 G-27955 —0-25847 —0-44849 —0-03465
-0-58154 —0-40987 0-24573 0-26696 —0-40099 —0-03377
-1-00000 0-00000 0-40824 —0-40824 0-00000 0-40824
—1-27204 0-42530 —0-20662 —0-16246 0-41329 —0-36225
—1-60603 0-23945 —0-41500 0-42706 —0-27087 0-00797
—2:2864 —0-30999 023954 —0-23769 0-30391 —0-45718
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TasLe II1

Eigen-values and eigen-vectors for iso-guinoline

6 4
NG
v/ AN
Iso-quinoline | } 1'\: ay = 0o +0:28
’ NEPZ
NSNS
9 1
Energy (B) 0y Cy Cy Cy Cy
2-31486 0-31048 0-26175 0-24308 0-30091 0-45359
1-65817 0-26850 0-47009 0-41697 0-22131 —0-04998
1-3090 0-38373 0-18015 —0-18392 —0-42092 —0-36708
1-03284 0-03149 —0-40029 —0-36487 0-02343 0-38908
0-63073 (40248 0-24116 —0-29860 —~0-42950 0-02770
—0-60302 0-45006 —0-28480 —0-22135 0-41829 —0-03088
—0-96679 0-02226 —0-40485 0-45001 —0-03031 —0-42080
—1-29703 0-41178 —0-16511 —0-16460 0-37860 ~0-32646
—1-58552 0-25161 —0-38093 0-42855 —0-29855 0-04480
—2.20328 0-20213 —0-20555 0-22035 —0-29979 0-46715
Energy (8) Cs Cy Cy Cy Cho
2.31486 0-20207 0-22251 0-22302 0-20375 0-45697
1-65817 —0-27934 —0-41321 —0-40584 —0-25974 —0-02485
1-3090 —0-38176 —0-13266 0-20810 0-40508 0-32216
1-03284 —0-05440 —0-44527 —0-40549 0-02646 0-43282
0-63073 0-43427 0-24621 —0-27898 —0-42217 0-01269
—0-60302 —0-41307 0-27998 0-24424 —0-42726 0-01340
—0-96679 0-05381 0-36877 —0-41034 0-02794 0-38332
—1-29703 0-41380 —0-21025 —0-14109 0-39326 —0-36898
—1-58552 0-24551 —0-43407 0-44272 —0-26787 —~0-01800
—2:29328 0-30711 0-23714 —0-23672 0-30573 —0-46440
Discussion

From Table VII it is evident that the agreement between the experimental
and calculated values of excitation energies are quite satisfactory within the
framework of the approximation. More: accuracy should be obtained by
carrying out complete configurational interaction calculation. For pyridine

configuration interaction done once shows a considerable improvement in
the calculated values.
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TABLE 1V

Eigen-values and eigen-vectors for acridine

8 9 1
AN N N\

419

NS NS N ]
Acridine ' 14{ }11 }
6
NPA AN
NS 1B Ny 12N\
5 10 4

Energy (8) C, Cy C, Cy

2-5245 0-1807 0-1238 0-1317 0-2086

2-0143 0-2843 0-2821 0-2843 0-2903

1-5940 0-3119 0-2898 0-1400 —0-0663

1-4142 0 —0-2887 —0-4082 —0-2887

1-0275 0-2107 0-4002 0-2107 0-1936

1-0000 0-3536 0 —0-3536 —0-3536

0-5460 0-3178 0-2674 —0-1718 —0-3612
—0-2954 0-3080 ~0-1674 —0-2586 0-2438
—0-9723 0-1976 —0-4065 0-1976 0-2143
—1-0000 0-3536 0 —0-3536 0-3536
—1-2775 0-3345 —0-3248 0-0803 0-2887
—1-4143 0 0-2887 —0-4082 0-2221
—1-9870 0-2927 —0-2946 T 0-2927 —0-2870
—2.3478 0-2365 ~0-1705 0-1639 —0-2142
Energy (8) Cy Cio Cy11 Cye

2-5245 0-2633 0-4239 0-3324 0-3952

2.0143 0 0 0-2903 0-3005

1-5940 0-2800 —0-5269 0-2232 —0-2460

1-4142 0-4082 0 0-2887 0

1-0275 0 0 0-1938 —0-4096

1-0000 0 0 0-3536 0

0-5480 —0-3337 0-4450 - —0:0938 —0-0253
—0-2954 L —~0-5172 —0-3806 0-0764 0-1866
—~0-9723 0 0 0-2143 —0-4060
—1-0000 0 0 —0-3536 0
—1.2775 0-4082 0-3159 —0-2887 —0-3641
—~1-4143 0-1606 0 —0-1027 0
—1-9870 0 0 —0-2870 0-2775

2-3478 0-3277 —0-2255 ~0-3848 0-3390




420

(MISS) MOLINA DASGUPTA

Tasie V

Values of two centre repulsion integrals

Distance Values of
Integrals Compounds
(A) {e.v.)
(w1 Q) p¥)ec 1-39 7-30 Pyridine, quinoline, iso-quinoline, acridine
2'41 5'46 ”
2-78 490 ”
3-6266 38335 Quinoline, acridine
3-6776 3:7837  Quinoline, iso-quinoline, acridine
4:17 3-3605 "
4-7632 29598  Acridine
477 2-9555  Quinoline, acridine
4-82 2-9260  Quinoline, iso-quinoline, acridine
50164 2-8159 »
5:56 2:5490  Acridine
6-0589 2-3447 »s
6-3698 2-2328 ,,
7.18 1-9862 N .
7-23 1-9725 .
7-3624 1-9377 »
(W |Gy 1-36 7-68 Pyridine, quinoline, iso-quinoline, acridine
2-38 5-60 »
276 497 v
3-6493 3-8296  Quinoline, iso-quinoline, acridine
4-14 3:3969  Iso-quinoline, acridine
4:7916 29516  Iso-quinoline
TaBrLE VI

Calculated sonization energy and electron affinity

ITonization  Electron

Compound energy affinity
(e.v.) {e.v.)

Pyridine 11-5758 0-8841

Quinoline 10-7900 1-9668

Tso-quinoline 10-6151 1-9349
Acridine 97860 2-8018
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Tasie VII

Excitation energy

Calculated energy (e.v.)
) Experimental value

Compound
(e.v.)
Without C.1. . After C.I1.
Pyridine : Anti-symmetric ginglets
1E; = 53103 51199 495 (a)
155 = 61324 6-0227 6-32 (/)
Symmetric singlets
1E; = 6-7214 7-2434 693 ()
1ES = 5-8323 5-6104 7-08 (f)
Anti-symmetric triplets
3G = 3-9889 3-6164 368 (b)
SED = 4-2174 5-0097
Symmetric triplets
3E3 = 4-4264 ) 3-9716
8RS = 46377 4-6722
. Quinoline :
Calculated values (e.v.) (without C.1.}—
1£% = 4-6700; 15] = 5:8201;
1B = 5-0023; 1E] = 62782,

Experimental value (e.v.)—4-51 (c).
Calculated values (e.v.) (without C.X.)—

3E'; = 2-9982; SET = 4-7425;

3ES = 3-8551; 3EZ = 4-9150,

Iso-quinoline:
Calculated values (e.v.) (without C.X.)—
1B} = 4-5536; 15, = 54424;
1E] = 5:5628; B, = 6:5334.
Experimental value (e.v.)—4-73 (c).
Calculated values (e.v.) (without C.I.)—

3} = 2-0688; 3E. = 4-2716;
SES = 4-4044; 3EZ = 5-1428.
Acridine:
Calculated values (e.v.) (without C.1.)—
1E: = 3-4786; IE;’, = 3-9516;

1 Eﬂs = 5:5748; IE‘; = 6-5398,
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Experimental values (e.v.}—

3-18 (d); 3:50 (a);

496 (d); 5-82 (d).
Calculated values (e.v.) (without C.I.)—

SE; = 2:0036; 3E) = 3-1288;

3E; = 4-8358; SE; = 58240,

Experimental value (e.v.)—1-96 (e).

(2) Halverson and Hirt (1951). .J. chem. Phys., 19, 711,
(b) Evans (1957). J. chem. Soc., 3885.

(¢) Gillam: Electronic Absorption Spectroscopy.

(d) Zanker (1954). Z. phys. Chem., N.F., 2, 52.

(e) Evans (1957). J. chem. Soc., 1351,

(f) Klevens (1953). J. Polymer. Sct., 10, 97.

REFERENCES

Hall, G. G. (1951). The molecular orbital theory of chemical valency. Proc. R. Soc., A 205, 541,

Longuet-Higgins, H. C., and Coulson, C. A, (1947). Theoretical investigation of the distribution
of electrons in some heterocyclic molecules containing nitrogen. Trans. Faraday Soc.,
153, 87.

McWeeny, R., and Peacock, T. E, (1957). The electronic structure and spectra of some nitrogen
heterobenzenes. Proc. phys. Soc., A 70, 41,

Pariser, R., and Parr, R, G. (1953). A semi-empirical theory of the electronic spectra and elec-
tronic structure of complex unsaturated molecules, J. chem. Phys., 21, 767.

Parr, R. G. (1952). A method for estimating electronic repulsion integrals over LCAOMO’s
in complex unsaturated molecules, J. chem, Phys., 20, 1499,

Pople, J. A. (1953), Electronic interaction in unsaturated hydrocarbons. Trans. Faraday
Soc., 49, Pt, II, 1375.

Roothaan, C, C, J. (1951). New developments in m.o, theory. Rev. mod. Phys., 23, 69.



