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“The more accurate the computations become, the more the
concepts tend to vanish into air” (Mulliken, 1965).

“Give me insights and numbers.” (Coulson, 1960).

“It is nice to know that the computer understands the problem.
But | would like to understand it too” (Wigner).



Ligacdo quimica:

» “The chemical bond is the glue from which an entire chemical
universe is constructed.” (Shaik, 2007).

» “I believe the chemical bond is not so simple as some people seem
to think.” (Mulliken, 1960).
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Heitler e London (1930)

H2 molecule
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THE NATURE OF THE CHEMICAL BOND.
APPLICATION OF RESULTS OBTAINED FROM THE
QUANTUM MECHANICS AND FROM A THEORY OF
PARAMAGNETIC SUSCEPTIBILITY TO THE STRUCTURE
OF MOLECULES

By Lovus PavLing
Rascarven FPusavany 17, 1631 Pustosnss Aran 8, 1931

During the last four years the problem of the nature of the chemical
bond has been attacked by theoretical physicists, especially Heitler and
Londnn.bythetppﬁuﬁudtheqmm This work has
led to an approximate theoretical calculation of the energy of formation and
of other properties of very simple molecules, such as Hy, and has also pro-
vided a formal justification of the rules set up in 1916 by G. N. Lewis for
his electron-pair bond. In the following paper it will be shown that many
more results of chemical significance can be obtained from the quantum
mechanical equations, permitting the formulation of an extensive and
powerful set of rules for the electron-pair bond supplementing those of
Lewis. These rules provide information regarding the relative strengths
of bonds formed by different atoms, the angles between bonds, free rotation
or lack of free rotation about bond axes, the relation between the quantum
numbers of bonding electrons and the number and spatial arrangement of
the bonds, etc. A complete theory of the magnetic moments of molecules
and complex ions is also developed, and it is shown that for many com-
pounds involving elements of the transition groups this theory together
with the rules for electron-pair bonds leads to a unique assignment of
electron structures as well as a definite determination of the type of bonds
involved.!

L The Electron-Pair Bond

The Interaction of Simple Atoms.—The discussion of the wave equation
for the hyarogen molecule by Heitler and London,* Sugiura,® and Wang*
showed that two normal hydrogen atoms can interact in either of two ways,
one of which gives rise to repulsion with no molecule formation, the other

* A preliminary announcement of some of these results was made three years ago
[Lhthu.PmN.LAu‘Sd. 14, 360 (1928)]. Two of the results (90* bond

mh’m Mh&nﬂﬁ-%dw
eigenf depend lbd... d by Professor J. C. Slater and an-
d at i dﬂlN" 1 A of Sci (Washington, April, 1930)

and the American Physical Society (Cleveland, December, 1630).
* W. Heitler and P. London, Z. Physik, 44, 455 (1927).
* V. Sugiura, ibid,, 45, 484 (1027).
*8. C. Wang, Phys. Rev,, 31, 679 (1928).







Método de Orbitais Moleculares (MQO)

(Mulliken, Hund, Slater, Lennard-Jones ( ap. 1930))




INCREASING ENERGY OF ORBITALS
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Método de Hiickel - (1930)
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2 — A estrutura de atomos multieletro-
nicos

2.1 — A aproximacao orbital

1/1(77'1,7'2,77'3, ) = 1/1(77'1) '7”(’72) l//(?é)

1mplica que a repulsao intereletronica é desprezada.



2.1.(a) — O atomo de hélio

H=E(1)+V(1)+E(2)+V(2)+V(12)

2 e? h? 2 e? e’

Viy -—Viy

+

2m 4mey; 2m, dmey, 4mweEn,



H=E (1)+V(1)+E(2)+V(2)=H(He",l)+ H(He".2)

Y(He) = (1) p14(2) = 1s(1) 1s(2)

E(He) = E(He",1) + E(He",2)



configuracao eletronica: A distribution of the electrons of an atom
or a molecular entity over a set of one-electron wavefunctions called

orbitals, according to the Pauli principle.

(http://goldbook.1upac.org)

He: 152



Principio de Pauli:

Quando a posicao de dois férmions i1dénticos é trocada, a funcao de

onda total, ou spin-orbital, deve trocar de sinal, para ser aceitavel.

X(Z,l) = = X(I,Z)

P(1,2): orbital espacial

0(1,2): funcao de spin



Determinante de Slater:

He:
Yy (Da) y(2)a(2)

1
1,2 =\—75
X260 s wase)

de forma geral:

y,Wal) v, 2a(2) y,(3)a(3) ¥, (N)a(N)
| v, (VB v, (2)p(2) v,(3)b(3) Y, (N)B(N)
x(L2,..., N)=W v, Wal) v, 2a(2) y,(3)a(3) ¥, (N)a(N)

Y. (DA) v (2)B((2) v.(3)O3) Y. (N)B(N)




2.1.(c) - Teorema variacional
* H ¢ dr
f ¢ / ¢ e
f ¢ pdrt

exata

¢ : funcao de onda aproximada, bem comportada.

Aplicando-se para 1, funcao de onda exata:




2.2 -Orbitais de campo autoconsistente

V= Z Z

471;80 47t£0

procedimento de campo autoconsistente de Hartree-Fock (HF-
SCF)

Ne: 1s22s22p®
para um elétron do orbital 2p:

H(1) ¥,,(1) + V(other electrons) y, (1)
— V(exchange correction) ‘/fzp(l) =E,), ‘/fzp(l)



Solve
Schrodinger
equation for

Vi

Solve
Schrodinger

equation for
.. v;
Vo V... Yy ’
to find

Solve
Schrodinger
equation in turn for
V... ¥y




1 - A aproximacao de Born-
Oppenheimer

curva de energia potencial molecular

Energy

R,: comprimento de ligacao no equilibrio

D, energia de dissociacao no equilibrio

Internuclear ] . ..
R, separation,R D, energia de dissociacao do estado fun-

damental vibracional.

D,=D,-—hw



1 —
potential
energy
attractive forces
repulsive
forces
436 -
kd/mol QQ most stable state



3.3.(c) — O principio linear variacional

f¢*[§l ¢dt
[¢" pdr

¢ : funcao de onda aproximada, bem comportada.

exata

mas,

¢p=c,A+c,B

C, € Cg: parametros variacionais.

A, B: funcoes de base.



Os coeficientes c, e cg sao obtidos a partir das equacoes
seculares:

(a,-E)c,+(B-ES)c, =0
(B-ES)c, +(ay—E), =0

aA=HAA=fAF1Adr aB=HBB=fBFIBdT

B=H, =fAﬁBdr=fBF1Adr
o, € og: integrais atomicas

PAp: integral de ressonancia



As energias dos OMs sao obtidos a partir do determinante
secular:

a,-FE p-ES
B-ES az-E

=0

Primeiro se obtém as energias e depois os coeficientes. Os
orbitais moleculares devem ser normalizados:

fzpz dr=c’+c,+2c,c,S =1



3.3.(d) — Dois casos simples

1. Molécula diatomica homonuclear

a-E p[f-ES
p-ES a-E

1
a+pf C,=Cp, = 1
E+= 1+ S 4 ° [2(1+S)]/2
c, = I
E =0{; A [2(1_5)]% Cp = —Cy



4 — Orbitais moleculares de moléculas
poliatomicas

Y, =Eczj%j

J

1;: orbital molecular

e orbital atomico



4.1 - O método de Huckel

Orbitais s sao tratados separadamente dos orbitais o.

Orbitais o formam uma estrutura rigida que determina a

forma da molécula.

As integrais atomicas, a, para os orbitais & de quaisquer

carbonos sao iguais.



4.1.(a) — Eteno e os orbitais de fronteira

H., CA: CBH2

z/jyr =CA(A-I—_B)

A=1/}2p,,4 B=w2p,3



a-E p[F-ES
B-ES a-E|

Aproximacoes de Hiickel:

1. Todas as integrais de recobrimento sao igualadas a zero.

2. 'Todas as integrais de ressonancia entre atomos nao

vizinhos desconsideradas.

3. Todas as integrais de ressonancia restantes sao igualadas

a p.



Estrutura do determinante secular:

1. Todas elementos diagonais: a - E.
2. Elementos fora da diagonal entre atomos vizinhos: .

3. Todos os outros elementos: O.

a-E p
p a-FE




21 o-f

C2p C2p

1t T

1n: highest ocuppied molecular orbital (HOMO)
orbitais de fronteira
2m: lowest unoccupied molecular orbital (LUMO)



orbitais moleculares:

1//;;=CA(AiB)
fl//z dr=c’+c,+2c,c,S =1

simplificando-se:

2 2
c,+cy =1

1
Y, =ﬁ(AiB)



17w

1w




4.1.(b) — A formulacao matricial do método de Hiickel

Equacoes seculares para um sistema com doils atomos e um

orbital em cada atomo:

(H,,-E, SAA)Ci,A +(H 5 - E, SAB)Cz',B =0
i (Hy, - E SBA)Ci,A +(Hyy - E, SBB)Ci,B =0

E. correspondem as autofuncoes:

Y, = Ci,AA + Ci,BB



Ha dois orbitais atomicos, dois autovalores e dois autovetores,

portanto:

(H,,-E SAA)CI,A +(H 5 - E SAB)CI,B =0
I (Hy, - E SBA)CI,A +(Hgy - E SBB)CI,B =0

i (H,, - EZSAA)Cz,A +(H 5 - EZSAB)Cz,B =0
(Hy, - E,S, )Cz,A +(H gy — E,S8, )Cz,B =()




pode-se simplificar a solucao dessas equacoes com o uso de

matrizes e vetores:

H, H
H, H

AB San Sap Cia

l
BA BB SBA SBB Cip

H: matriz do hamiltoniano, S: matriz de recobrimento.

Cada sistema de equacoes seculares pode ser escrito como:

(H-E,S)c, =0 He, =ScE



Pode-se definir uma matriz dos coeficientes, C, e outra dos

autovalores, E:

C=( ©¢,)=

Pode-se escrever uma equacao matricial:
HC=SCE
Na aproximacao de Hiickel:

H =Hy=a H,=H, =p S=1



ou seja, se diagonaliza a matriz H.

as colunas de C sao os coeficientes dos orbitais atomicos, ou

das funcoes de base.



