
Lecture 7 

1. Electronic structure of 1-electron systems. 
2. Review  of MO-LCAO theory.  
3. Non-interacting electrons: We know what solutions of the 
Schroedinger equation are. 
4. Bonding in polyatomic systems: How to apply MO-LCAO to 
understand bonding? 
5. Beyond non-interacting electrons: Hartree-Fock mean-field 
theory. 



One-electron Shroedinger equation: 

Analytic solutions for atoms (atomic orbitals of 
hydrogen-like atoms) 

For polyatomic systems - MO-LCAO 

Coefficients: Find by diagonalizing the molecular 
hamiltonian in  the basis of AOs (need to account for 
non-orthogonality of AOs):

�p =
X

⌫

C⌫p⇠⌫

HC = SCE

H(r) = �1

2
r2

r �
X

A

ZA

|RA � r| + VNN H(r)�p(r) = ✏p�p(r)



5

Molecular orbitals in H2
+ at fixed geometry 

Solve 2x2 eigenproblem to obtain MO=LCAO

- Bonding orbital: lower in energy, antibonding is higher. 
- The splitting depends on the atomic orbitals overlap. 
- The splitting is zero at infinite separation (no overlap), and then  
bonding and antibonding orbitals have the same energy.
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H2+ example: orbital energies at 
different H-H distance 

E

r

(σ)1

(σ*)1

σ  is bonding orbital  
σ* is antibonding orbital

Ground state,
Bound potential, with the minimum.
H2+ is most stable at the minimum

Excited state.
Dissociative potential, lowest energy is at H + H.

r = H-H distance



Why bonding orbital is bonding?  

or 

What makes molecules bound?
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FIG. 2. Resolution of the left quasi-atomic orbital in H2
+ (red) as the sum

of the free-atom orbital of H (green), the spherical contraction contribution
(blue), and the polarization contribution (purple). Upper panel: For the theo-
retical equilibrium distance 1.9972 bohrs. Lower panel: For the intermediate
distance of 5 bohrs. Abscissa in bohr, origin = bond midpoint.

part remaining unchanged. At 2 bohrs, the polarization is only
somewhat larger than that at 5 bohrs. But, there is now a con-
siderable spherical deformation, namely, a contraction.

For the discussion of the contraction, it is useful to note
that, at all internuclear distances, the spherical component s in
Eq. (5) is, in fact, near-identical with an appropriately scaled
hydrogen-like orbital 1s∗, i.e., an orbital of the type formu-
lated in Eq. (2) with an orbital exponent ζ ∗ that is obtained by
maximizing the overlap ⟨s|1s∗⟩ with respect to ζ . This over-
lap is, in fact, always >0.99. The variation of ζ ∗ as a function
of the internuclear distance, which is displayed in Figure 3,
shows that, from infinity to about 5 bohrs, ζ ∗ remains close to
unity. As the nuclei approach each other more closely, there
occurs a steadily increasing contraction of both ψA and ψB.
(The equilibrium geometry is indicated by the gray line par-
allel to the ordinate.)

The molecular orbital of H2
+ differs, therefore, from the

atomic orbital of a free hydrogen atom by three modifications:
(i) atomic orbital superposition, (ii) atomic orbital contrac-
tion, and (iii) atomic orbital polarization. It will be seen that,
of these three, the first two are most consequential.

FIG. 3. Internuclear distance dependence of the orbital exponent ζ
∗

of the
scaled 1s

∗
orbital that has maximum overlap with the quasi-atomic orbital

in H2
+: Marked contraction for R < 5.5 bohrs; very slight expansion for R

> 5.5. bohrs. At the theoretical equilibrium distance (1.9972 bohrs), the value
of ζ

∗
is 1.264.

B. Binding energy in terms of interactions between
quasi-atomic orbitals

Resolution (4) of the molecular wave function in terms of
quasi-atomic orbitals leads, by straightforward algebra, to the
following decomposition of the difference between the energy
expectation values of the H2

+ ion and the H atom:

#E = E($) − E(H) = Eintra+ Einter, (6)

Eintra = Tintra+ Vintra, (7)

Tintra = 1/2

!
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The formulations of these two intra-atomic contributions
Tintra, Vintra and three inter-atomic components Vqc, VI,
TI exhibit the following physical meanings and quantitative
attributes.

(i) The components Tintra, Vintra [Eq. (7a)] represent, re-
spectively, the intra-atomic kinetic and potential energy
changes that result from the orbitals 1sA, 1sB of the free
H atoms being morphed into the quasi-atomic orbitals
ψA, ψB in the molecule. By virtue of the atomic vari-
ation principle, these atomic deformations necessarily
raise the intra-atomic energy Eintra. Specifically, for the
spherical contraction, which was observed in Figure 2
at 2 bohrs and discussed after Eq. (5), this increase of
Eintra is due to an increase of Tintra prevailing over a
decrease in Vintra, in accordance with the discussion in
Sec. II B and illustrated in Figure 1. As noted in the
last paragraph of that section, even for small changes in
Eintra, the changes in Tintra and Vintra are large.

(ii) The inter-atomic component Vqc [Eqs. (8a) and (8b)] rep-
resents the classical coulombic interaction between the

r=1.9972 
bohr

r=5.0 bohr
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FIG. 5. Breakdown of the binding energy curve of H2
+ and its kinetic and potential components in terms of inter-atomic and intra-atomic contributions for

different quasi-atomic choices: the unscaled 1sH orbitals (left), the contracted 1s∗ orbitals (center), and the contracted+polarized orbitals (right). Energies in
milli-hartree. Abscissa = internuclear distance in bohr. The vertical gray line indicates the theoretical equilibrium distance obtained with the fully optimized
quasi-atomic orbitals.

is a consequence of the orbital delocalization from one
atom to two atoms, as discussed in Sec. III B (iv). The
potential inter-atomic energy Vinter = Vqc + VI (green)
is always antibonding for the reason discussed in Sec. III
B (iii).

(iii) Since, as discussed Sec. III C (i), the intra-atomic contri-
butions vanish at large distances, the kinetic component
!T = Tinter = TI of the total energy is negative and the
potential component !V = Vinter is positive in this re-
gion. Thus, the kinetic energy is bonding and the poten-
tial energy is antibonding at large distances.

(iv) In the short-range region, the quasi-atomic orbitals con-
tract, as shown by Figure 3 at the end of Sec. III A, and
discussed in Secs. III B (i) and III C (i). As deduced in
Sec. III C (i), the contraction is driven by Einter becom-
ing more and more negative. It is apparent from Figure 5
that this bonding enhancement of Einter by contraction
is entirely due to TI = Tinter becoming more negative.
(Vinter becomes, in fact, more positive, i.e., antibonding
by the contraction.)

The small total intra-atomic energy Eintra increase
due to contraction, noted in Sec. III C (i), is the re-
sult of a large increase in the positive kinetic compo-
nent Tintra and a large, almost compensating lowering of
the negative potential component Vintra, as mentioned in
Sec. III B (i). The origin of these large changes in Tintra
and Vintra was already discussed in the last paragraph of
Sec. II B and exhibited in Figure 1.

(v) Integrating these observations leads to the following con-
clusions. At all distances, bonding is caused by the ki-
netic energy lowering that is the result of the orbital
delocalization from one atom to two atoms. This ki-
netic energy lowering is quantified by the negative ki-
netic interference energy TI. At large distances, TI pro-
vides directly the attractive part of the total binding en-
ergy !E. At shorter range, roughly less than twice the
equilibrium geometry, there occurs a contraction of the
quasi-atomic orbitals which further enhances orbital de-
localization and renders the kinetic interference energy
TI even more negative. This additional decrease in TI
prevails in lowering the total energy !E, even though
the quasi-atomic orbital contractions slightly increase the
intra-atomic energies Eintra.

A side effect is that the contractive quasi-atomic
deformations encompass large internally compensating
changes of the intra-atomic kinetic and potential ener-
gies (in accordance with the observation made in the last
sentence of Sec. II B). As a result, the total molecular
kinetic energy change !T is positive and the total po-
tential energy change !V is negative. These signs of !T
and !V, per se, have no implications regarding the cause
of binding because, being coupled by the intra-atomic
contractions, they yield an antibonding Eintra = Tintra
+ Vintra. The contractions are driven by the lowering of
the inter-atomic kinetic interference energy due to en-
hanced delocalization.
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potential inter-atomic energy Vinter = Vqc + VI (green)
is always antibonding for the reason discussed in Sec. III
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(iii) Since, as discussed Sec. III C (i), the intra-atomic contri-
butions vanish at large distances, the kinetic component
!T = Tinter = TI of the total energy is negative and the
potential component !V = Vinter is positive in this re-
gion. Thus, the kinetic energy is bonding and the poten-
tial energy is antibonding at large distances.

(iv) In the short-range region, the quasi-atomic orbitals con-
tract, as shown by Figure 3 at the end of Sec. III A, and
discussed in Secs. III B (i) and III C (i). As deduced in
Sec. III C (i), the contraction is driven by Einter becom-
ing more and more negative. It is apparent from Figure 5
that this bonding enhancement of Einter by contraction
is entirely due to TI = Tinter becoming more negative.
(Vinter becomes, in fact, more positive, i.e., antibonding
by the contraction.)

The small total intra-atomic energy Eintra increase
due to contraction, noted in Sec. III C (i), is the re-
sult of a large increase in the positive kinetic compo-
nent Tintra and a large, almost compensating lowering of
the negative potential component Vintra, as mentioned in
Sec. III B (i). The origin of these large changes in Tintra
and Vintra was already discussed in the last paragraph of
Sec. II B and exhibited in Figure 1.

(v) Integrating these observations leads to the following con-
clusions. At all distances, bonding is caused by the ki-
netic energy lowering that is the result of the orbital
delocalization from one atom to two atoms. This ki-
netic energy lowering is quantified by the negative ki-
netic interference energy TI. At large distances, TI pro-
vides directly the attractive part of the total binding en-
ergy !E. At shorter range, roughly less than twice the
equilibrium geometry, there occurs a contraction of the
quasi-atomic orbitals which further enhances orbital de-
localization and renders the kinetic interference energy
TI even more negative. This additional decrease in TI
prevails in lowering the total energy !E, even though
the quasi-atomic orbital contractions slightly increase the
intra-atomic energies Eintra.

A side effect is that the contractive quasi-atomic
deformations encompass large internally compensating
changes of the intra-atomic kinetic and potential ener-
gies (in accordance with the observation made in the last
sentence of Sec. II B). As a result, the total molecular
kinetic energy change !T is positive and the total po-
tential energy change !V is negative. These signs of !T
and !V, per se, have no implications regarding the cause
of binding because, being coupled by the intra-atomic
contractions, they yield an antibonding Eintra = Tintra
+ Vintra. The contractions are driven by the lowering of
the inter-atomic kinetic interference energy due to en-
hanced delocalization.

Resolution of the left quasi-atomic orbital in H2+ 
(red) as the sum of the free-atom orbital of H 
(green), the spherical contraction contribution 
(blue), and the polarization contribution (purple).  

Breakdown of the binding energy curve of H2+ 
and its kinetic and potential components 
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An analysis based on the variation principle shows that in the molecules H2
+, H2, B2, C2, N2, O2, F2,

covalent bonding is driven by the attenuation of the kinetic energy that results from the delocaliza-
tion of the electronic wave function. For molecular geometries around the equilibrium distance, two
features of the wave function contribute to this delocalization: (i) Superposition of atomic orbitals
extends the electronic wave function from one atom to two or more atoms; (ii) intra-atomic contrac-
tion of the atomic orbitals further increases the inter-atomic delocalization. The inter-atomic kinetic
energy lowering that (perhaps counter-intuitively) is a consequence of the intra-atomic contractions
drives these contractions (which per se would increase the energy). Since the contractions necessar-
ily encompass both, the intra-atomic kinetic and potential energy changes (which add to a positive
total), the fact that the intra-atomic potential energy change renders the total potential binding en-
ergy negative does not alter the fact that it is the kinetic delocalization energy that drives the bond
formation. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875735]

I. INTRODUCTION

Covalent bond formation is a fundamental chemical re-
action. Yet, its physical origin has remained obscure to most
chemists.1 Most general chemistry textbooks either avoid the
subject or advance incorrect explanations.

A common fundamental misconception is that chemical
bonding energies are static force field energies,2 a notion that
goes back three centuries.3 After the advent of quantum me-
chanics, this presumption was revived in the 1930s through
the hypothesis that the bonding energy-lowering is due to
the attractive electrostatic potential energy between the nuclei
and the wave mechanically accumulated electronic charge in
the bond region.4 Support for this conjecture was presumed
to be seen in the virial theorem for equilibrium geometries,4

according to which the potential component of the binding
energy is always negative whereas the kinetic component is
always positive. Neither a formal nor a quantitative rigor-
ous demonstration of this connection has ever been put forth,
however.

By contrast, in 1933, Hellmann5 inferred from consider-
ations based on the statistical Thomas-Fermi approximation
that bond formation results from a reduction in the zero-point
kinetic energy of the electronic motions due to the enlarge-
ment of the available space. Although Hellmann was aware
that, at first blush, such a role of the kinetic energy seems to
be at variance with the virial theorem, he did not attempt to
resolve this apparent conflict by a wave mechanical analysis
of the kinetic and the potential binding energy.6 His interpre-
tation was subsequently ignored among chemists.7

a)Author to whom correspondence should be addressed. Electronic mail:
ruedenberg@iastate.edu

The divergence of explanations showed that even the
qualitative inference of physical interpretations from rigorous
ab initio electronic wave functions is often not trivially self-
evident. This is because the connection between conceptual
physical reasoning and mathematical constructions of accu-
rate wave functions is not as direct in quantum mechanics as
in problems of classical mechanics.8

From 1962 on, Ruedenberg and coworkers9 began to
develop rigorous coherent in-depth analyses aimed at dis-
cerning the physical relationships that are embedded in the
rigorous framework of molecular electronic wave functions
and binding energies. Examining the molecules H2 and
H2

+, these authors showed that, in fact, the electrostatic po-
tential interactions of the wave mechanically accumulated
charge in the bond are not bonding but actually antibond-
ing. They moreover showed that the critical bonding contri-
bution comes from the lowering of the kinetic energy through
inter-atomic electron delocalization, a conclusion that agrees
with the inference that Hellmann had drawn from differ-
ent considerations.10 They furthermore demonstrated that the
above mentioned signs of the total potential and kinetic en-
ergy components near equilibrium result from intra-atomic
orbital contractions, which are side effects of bond formation,
but do not drive it. Although this analysis was soon embraced
by a number of authors,11 notably Mulliken, Fukui, God-
dard, Kutzelnigg, and Schwarz, the electrostatic conjecture
mentioned in the second paragraph continued to be widely
taught.2 Recent high-accuracy treatments12, 13 have confirmed
the kinetic explanation advanced in the papers of Ref. 9.

An important feature had, however, remained unex-
plained in the work of Refs. 9 and 11–13: namely, the physical
reasons for the consequential intra-atomic contractions that
occur on bond formation – in particular, for those internuclear

0021-9606/2014/140(20)/204104/14/$30.00 © 2014 AIP Publishing LLC140, 204104-1

204104-4 Schmidt, Ivanic, and Ruedenberg J. Chem. Phys. 140, 204104 (2014)

FIG. 2. Resolution of the left quasi-atomic orbital in H2
+ (red) as the sum

of the free-atom orbital of H (green), the spherical contraction contribution
(blue), and the polarization contribution (purple). Upper panel: For the theo-
retical equilibrium distance 1.9972 bohrs. Lower panel: For the intermediate
distance of 5 bohrs. Abscissa in bohr, origin = bond midpoint.

part remaining unchanged. At 2 bohrs, the polarization is only
somewhat larger than that at 5 bohrs. But, there is now a con-
siderable spherical deformation, namely, a contraction.

For the discussion of the contraction, it is useful to note
that, at all internuclear distances, the spherical component s in
Eq. (5) is, in fact, near-identical with an appropriately scaled
hydrogen-like orbital 1s∗, i.e., an orbital of the type formu-
lated in Eq. (2) with an orbital exponent ζ ∗ that is obtained by
maximizing the overlap ⟨s|1s∗⟩ with respect to ζ . This over-
lap is, in fact, always >0.99. The variation of ζ ∗ as a function
of the internuclear distance, which is displayed in Figure 3,
shows that, from infinity to about 5 bohrs, ζ ∗ remains close to
unity. As the nuclei approach each other more closely, there
occurs a steadily increasing contraction of both ψA and ψB.
(The equilibrium geometry is indicated by the gray line par-
allel to the ordinate.)

The molecular orbital of H2
+ differs, therefore, from the

atomic orbital of a free hydrogen atom by three modifications:
(i) atomic orbital superposition, (ii) atomic orbital contrac-
tion, and (iii) atomic orbital polarization. It will be seen that,
of these three, the first two are most consequential.

FIG. 3. Internuclear distance dependence of the orbital exponent ζ
∗

of the
scaled 1s

∗
orbital that has maximum overlap with the quasi-atomic orbital

in H2
+: Marked contraction for R < 5.5 bohrs; very slight expansion for R

> 5.5. bohrs. At the theoretical equilibrium distance (1.9972 bohrs), the value
of ζ

∗
is 1.264.

B. Binding energy in terms of interactions between
quasi-atomic orbitals

Resolution (4) of the molecular wave function in terms of
quasi-atomic orbitals leads, by straightforward algebra, to the
following decomposition of the difference between the energy
expectation values of the H2

+ ion and the H atom:

#E = E($) − E(H) = Eintra+ Einter, (6)

Eintra = Tintra+ Vintra, (7)

Tintra = 1/2

!
dx(∇ψA)2 − 0.5h,

(7a)

Vintra = −
!

dxψA
2/rA + 1.0 h,
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VI = −
!
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where ρI is defined by

$2 = ρ = ρqc + ρI, ρqc = 1/2
&
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2', (8d)

TI = 1/2

!
dx {(∇$)2 − [(∇ψA)2 + (∇ψB)2]/2}, (8e)

= 1/2
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dx[(∇$)2 − (∇ψA)2]. (8f)

The formulations of these two intra-atomic contributions
Tintra, Vintra and three inter-atomic components Vqc, VI,
TI exhibit the following physical meanings and quantitative
attributes.

(i) The components Tintra, Vintra [Eq. (7a)] represent, re-
spectively, the intra-atomic kinetic and potential energy
changes that result from the orbitals 1sA, 1sB of the free
H atoms being morphed into the quasi-atomic orbitals
ψA, ψB in the molecule. By virtue of the atomic vari-
ation principle, these atomic deformations necessarily
raise the intra-atomic energy Eintra. Specifically, for the
spherical contraction, which was observed in Figure 2
at 2 bohrs and discussed after Eq. (5), this increase of
Eintra is due to an increase of Tintra prevailing over a
decrease in Vintra, in accordance with the discussion in
Sec. II B and illustrated in Figure 1. As noted in the
last paragraph of that section, even for small changes in
Eintra, the changes in Tintra and Vintra are large.

(ii) The inter-atomic component Vqc [Eqs. (8a) and (8b)] rep-
resents the classical coulombic interaction between the

re=1.9972 bohr

r=5.0 bohr
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FIG. 5. Breakdown of the binding energy curve of H2
+ and its kinetic and potential components in terms of inter-atomic and intra-atomic contributions for

different quasi-atomic choices: the unscaled 1sH orbitals (left), the contracted 1s∗ orbitals (center), and the contracted+polarized orbitals (right). Energies in
milli-hartree. Abscissa = internuclear distance in bohr. The vertical gray line indicates the theoretical equilibrium distance obtained with the fully optimized
quasi-atomic orbitals.

is a consequence of the orbital delocalization from one
atom to two atoms, as discussed in Sec. III B (iv). The
potential inter-atomic energy Vinter = Vqc + VI (green)
is always antibonding for the reason discussed in Sec. III
B (iii).

(iii) Since, as discussed Sec. III C (i), the intra-atomic contri-
butions vanish at large distances, the kinetic component
!T = Tinter = TI of the total energy is negative and the
potential component !V = Vinter is positive in this re-
gion. Thus, the kinetic energy is bonding and the poten-
tial energy is antibonding at large distances.

(iv) In the short-range region, the quasi-atomic orbitals con-
tract, as shown by Figure 3 at the end of Sec. III A, and
discussed in Secs. III B (i) and III C (i). As deduced in
Sec. III C (i), the contraction is driven by Einter becom-
ing more and more negative. It is apparent from Figure 5
that this bonding enhancement of Einter by contraction
is entirely due to TI = Tinter becoming more negative.
(Vinter becomes, in fact, more positive, i.e., antibonding
by the contraction.)

The small total intra-atomic energy Eintra increase
due to contraction, noted in Sec. III C (i), is the re-
sult of a large increase in the positive kinetic compo-
nent Tintra and a large, almost compensating lowering of
the negative potential component Vintra, as mentioned in
Sec. III B (i). The origin of these large changes in Tintra
and Vintra was already discussed in the last paragraph of
Sec. II B and exhibited in Figure 1.

(v) Integrating these observations leads to the following con-
clusions. At all distances, bonding is caused by the ki-
netic energy lowering that is the result of the orbital
delocalization from one atom to two atoms. This ki-
netic energy lowering is quantified by the negative ki-
netic interference energy TI. At large distances, TI pro-
vides directly the attractive part of the total binding en-
ergy !E. At shorter range, roughly less than twice the
equilibrium geometry, there occurs a contraction of the
quasi-atomic orbitals which further enhances orbital de-
localization and renders the kinetic interference energy
TI even more negative. This additional decrease in TI
prevails in lowering the total energy !E, even though
the quasi-atomic orbital contractions slightly increase the
intra-atomic energies Eintra.

A side effect is that the contractive quasi-atomic
deformations encompass large internally compensating
changes of the intra-atomic kinetic and potential ener-
gies (in accordance with the observation made in the last
sentence of Sec. II B). As a result, the total molecular
kinetic energy change !T is positive and the total po-
tential energy change !V is negative. These signs of !T
and !V, per se, have no implications regarding the cause
of binding because, being coupled by the intra-atomic
contractions, they yield an antibonding Eintra = Tintra
+ Vintra. The contractions are driven by the lowering of
the inter-atomic kinetic interference energy due to en-
hanced delocalization.
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is a consequence of the orbital delocalization from one
atom to two atoms, as discussed in Sec. III B (iv). The
potential inter-atomic energy Vinter = Vqc + VI (green)
is always antibonding for the reason discussed in Sec. III
B (iii).

(iii) Since, as discussed Sec. III C (i), the intra-atomic contri-
butions vanish at large distances, the kinetic component
!T = Tinter = TI of the total energy is negative and the
potential component !V = Vinter is positive in this re-
gion. Thus, the kinetic energy is bonding and the poten-
tial energy is antibonding at large distances.

(iv) In the short-range region, the quasi-atomic orbitals con-
tract, as shown by Figure 3 at the end of Sec. III A, and
discussed in Secs. III B (i) and III C (i). As deduced in
Sec. III C (i), the contraction is driven by Einter becom-
ing more and more negative. It is apparent from Figure 5
that this bonding enhancement of Einter by contraction
is entirely due to TI = Tinter becoming more negative.
(Vinter becomes, in fact, more positive, i.e., antibonding
by the contraction.)

The small total intra-atomic energy Eintra increase
due to contraction, noted in Sec. III C (i), is the re-
sult of a large increase in the positive kinetic compo-
nent Tintra and a large, almost compensating lowering of
the negative potential component Vintra, as mentioned in
Sec. III B (i). The origin of these large changes in Tintra
and Vintra was already discussed in the last paragraph of
Sec. II B and exhibited in Figure 1.

(v) Integrating these observations leads to the following con-
clusions. At all distances, bonding is caused by the ki-
netic energy lowering that is the result of the orbital
delocalization from one atom to two atoms. This ki-
netic energy lowering is quantified by the negative ki-
netic interference energy TI. At large distances, TI pro-
vides directly the attractive part of the total binding en-
ergy !E. At shorter range, roughly less than twice the
equilibrium geometry, there occurs a contraction of the
quasi-atomic orbitals which further enhances orbital de-
localization and renders the kinetic interference energy
TI even more negative. This additional decrease in TI
prevails in lowering the total energy !E, even though
the quasi-atomic orbital contractions slightly increase the
intra-atomic energies Eintra.

A side effect is that the contractive quasi-atomic
deformations encompass large internally compensating
changes of the intra-atomic kinetic and potential ener-
gies (in accordance with the observation made in the last
sentence of Sec. II B). As a result, the total molecular
kinetic energy change !T is positive and the total po-
tential energy change !V is negative. These signs of !T
and !V, per se, have no implications regarding the cause
of binding because, being coupled by the intra-atomic
contractions, they yield an antibonding Eintra = Tintra
+ Vintra. The contractions are driven by the lowering of
the inter-atomic kinetic interference energy due to en-
hanced delocalization.



Today: Many-electron systems 

1. Non-interacting electrons 
2. Bonding in polyatomic molecules 
2. Pseudo-non-interacting electrons   
 (aka mean-field model) - Hartree-Fock method



What happens in many-electron systems? 

Consider  non-interacting electrons: 

H(r) = �1

2
r2

r �
X

A

ZA

|RA � r| + VNN

H =
X

i

H(ri)

H(r)�p(r) = ✏p�p(r)

Solutions: H (r1, . . . , rn) = E (r1, . . . , rn)
 (r1, . . . , rn) = �1(r1)�2(r2) . . .

E = ✏1 + ✏2 . . .

Need to account for electrons indistinguishability to 
satisfy Pauli principle
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Non-interacting electrons:

Solutions:

Need to account for electrons indistinguishability to satisfy 
Pauli principle. 
How to achieve this? Use determinants.



Many-electron molecules: Molecular orbitals 
and electronic configurations in H2

Zero-order picture of bonding in many electron system:  
Count electrons on bonding and antibonding orbitals to get “bond 
order” 



Molecular orbitals linear combination of atomic 
 orbitals (MOLCAO) picture of bonding: Freshmen-chemistry style 

MOs are solutions of (effective one-electron)  molecular SE in the 
basis of atomic orbitals  (thus, LCAO)  

In order to participate in MOs, atomic orbitals must overlap in space 
(need non-zero coupling matrix element) and be close in energy  
(DeltaE must be comparable  to coupling to split the levels). Larger 
overlap->larger splitting. 

Definition of sigma and pi orbitals 

Assignment of MO character and bond order in polyatomic molecules:  
how to proceed?  
Computational lab #1: Bonding in formaldehyde (please check website 
for updated pdf!!!)



Occupied molecular orbitals water molecule

# Symmetry Energy, au

1 1a1 -20.56
2 2a1 -1.35
3 1b1 -0.71
4 3a1 -0.57
5 1b2 -0.50

Electronic configuration:    
           (1a1)2(2a1)2(1b1)2(3a1)2(1b2)2 

Orbital characters and contributions to bond  
order: How to write down Lewis structure?


