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Bohr:

1s Orbital:

"Protons give an atom its identity, electrons its personality“

(Bill Bryson)
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T. M. Klapötke, I. C. Tornieporth-Oetting, 
Nichtmetallchemie, VCH,  Weinheim, 
1994, 13 – 37.
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1927, Heisenberg

Unschärferelation

1924, de Broglie

Welle-Teilchen-Dualismus

Kreisbahn = stehende Welle:

(vergl. Bohr)

Quantenmechanik• Welleneigenschaften des e-
• Unbestimmtheit des Ortes
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Postulate der Quantenmechanik

I. (a) Jeder Zustand eines Systems wird so vollständig wie möglich 

durch eine    

Wellenfunktion Ψ(q1, …q3N, t) beschrieben.

(b) Die Größe  Ψ* Ψ ist proportional der Wahrscheinlichkeit, q1

zwischen q1 und dq, …  

zu einer bestimmten Zeit t zu finden.

Ψ:   1. + 2. Ableitung stetig, eindeutig, quadratintegrabel, endlich, 

für +/- ∞ → 0

 =
Raum

d 1* 

 =
Raum

d 1* 
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II. Für jede beobachtbare Eigenschaft (Observable)# eines Systems existiert ein 

entsprechender linearer, hermitescher Operator, die physikalischen Eigenschaften 

der Observablen können  aus den mathematischen Eigenschaften des 

zugeordneten Operators abgeleitet werden:

  =
Raum Raum

ijji dAdA  ***

( )2222

2

1

2

1
zyx ppp

m
mvT ++==

VTH +=

# alle Eigenschaften eines Syst. = dyn Variablen 
(z.B. r, E, px, …); 
Beobachtbare Eigenschaften = Observable (nicht px,..)
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III. Schrödinger-GL. Für ein Teilchen im stationären Zustand:

= EH
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IV. Mittelwert: 







=





d

dA
A

2

*
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V. Zeitabhängigkeit:

=



Hi




Atieqtq )/(

0 )(),( −=
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Schrödinger-Gleichung

, die Lösungen der Schrödinger-Gleichung sind, sind Eigenfunktionen.

Energiewerte, die zu den Eigenfunktionen gehören, sind Eigenwerte.
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b) Schnitt durch den Atomkern.
ψ2 wird durch eine unterschiedliche
Punktdichte dargestellt.

c) Das 1s-Orbital 
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Darstellungen der Wellenfunktion ψ(r) und der radialen Dichte von s-Orbitalen. 

Schematische Darstellung der Radialfunktion R(r) und der radialen Dichte für 2p-, 3p- und 3d-Orbitale.
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Quantenzahlen
n HQZ n = 1,2,3, …

• Größe des Orbitals
• Energie (vgl. Bohr)
• Gesamtkontenzahl: n-1

l NQZ l = 0, 1, 2, …, n-1
• Gestalt des Orbitals
• Gesamtdrehimpuls
• l Knoten im Winkel (X) Teil

mL MQZ mL = l, l-1, …, 0, …, -l
• Orientierung des Orbitals im Raum

ms SQZ

Hauptquantenzahl (n)
Nebenquantenzahl (l)
Magnetische Quantenzahl (mL)
Spinquantenzahl (ms)
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Die Nebenquantenzahl l bestimmt die Gestalt der Orbitale.

Die Hauptquantenzahl n bestimmt die Größe der Orbitale.
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Gestalt und räumliche Orientierung der s, p- und d-Orbitale.
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Spinquantenzahl
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PAULI-Prinzip (1925): In einem Atom oder Molekül können keine zwei 
Elektronen mit den gleichen vier (n, l, mL, ms) existieren:

1. Hundsche Regel: Der Grundzustand eines Atoms hat stets die 
höchste Spinmultiplizität.

2. Hundsche Regel: Unter den Zuständen höchster Spinmultiplizität ist 
derjenige der Grundzustand, der den größten Wert von L hat: 

3. Hundsche Regel: Die Energie eines Zustands steigt mit J an, wenn das 
teilweise gefüllte Niveau weniger als halbbesetzt ist. Anderenfalls fällt die 
Energie mit steigendem J:

Termsymbole:



j-j-Kopplung

L-S-Kopplung j-j-Kopplung

Achtung: schwere Atome
j-j-Kopplung,
s. VL rel. Effekte
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Reihenfolge der Besetzung von Unterschalen
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Änderung der Energie der Unterschalen mit wachsender Ordnungszahl.
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Chemische Bindung
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A picture is worth a thousand words.

What are the electrons really doing in molecules ?
R S Mulliken
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Born-Oppenheimer Näherung
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Elektrondichte im H2-Molekül

A B

H2, H2
+

AOs: ϕA, ϕB

MO: 

VB: 

2-e- Wellenfkt. als Produkt von 1-e- MOs !!!

2-e- Wellenfkt. als Produkt von einfach
besetzten AOs !!!
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MO Diagramm
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MO:

VB:

ionische Resonanz:
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Aufenthaltswahrscheinlichkeit
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Virialsatz

J. C. Slater, H. Hellmann

BA BA
H2

T immer >0

allg.:

bei
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Verteilung der kinetischen und potentiellen Energie in der Diwasserstoff-Bindung

H2
+: 0.102 a.u. H2: 0.174 a.u.

Klaus Ruedenberg,
The Phys. Nature of
the Chemical Bond, 
Rev. Mod. Phys.
1962, 34, 326 – 376.

K Ruedenberg, M W Schmidt,
Physical Understanding 
Through variational Reasoning: 
Electron Sharing and Covalent
Bonding,
J Phys Chem A 2009, 113(10),
1954 – 1968.
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Klaus Ruedenberg, ursprünglich Klaus Rüdenberg, (* 25. August 1920 in Bielefeld) ist ein 
deutschstämmiger US-amerikanischer Chemiker (Theoretische Chemie, Quantenchemie). 
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allg.:

Coulomb-Integral

Austausch-oder
Resonanz- Integral

Überlappungs-Integral
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Linearkombinationen: 

1) sind Atomorbitale

• an verschiedenen Atomen →

• am gleichen Atom:

keine Linearkomb. mit niedrigerer Energie kann konstruiert 

werden: HOs

2) sind 2e- (oder mehr e-) Konfig,

• VB falls und

die Eigenfkt.        Ψ1 und              Ψ haben,

→ Resonanz

• MO falls Ψ1 doppelt besetztes bind. MO und

Ψ2 doppelt besetztes antibindendes MO

Resonanz

(mit gleichem s und sz) →
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sp3

sp2sp
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He-Atom:
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Coulsen, Fischer (1949)

Goddard (1973) → GVB

= (1 + μ2) (a(1)b(2) + b(1)a(2))  +  2μ(a(1)a(2) + b(1)b(2))
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The Physical Nature of the Chemical Bond
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s.    W. Kutzelnigg, Einf. in die Theoret. Chemie, Bd. 2, VCH, Weinheim, 1993, S. 37 ff
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Hellmann-Feynman
Theorem
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Hermitesch: 

(in QM immer)Linear: 

 =  dAdA ijji ***
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Linearkombinationen: 

1) sind Atomorbitale

• an verschiedenen Atomen →

• am gleichen Atom:

keine Linearkomb. mit niedrigerer Energie kann konstruiert 

werden: HOs

2) sind 2e- (oder mehr e-) Konfig,

• VB falls und

die Eigenfkt.        Ψ1 und              Ψ haben,

→ Resonanz

• MO falls Ψ1 doppelt besetztes bind. MO und

Ψ2 doppelt besetztes antibindendes MO

Resonanz

(mit gleichem s und sz) →
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MO-Energie-Niveaus in zweiatomigen 
homonuklearen Molekülen.
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Y A B

1 2

BAY

Increased valence Strukturen

3c-4e-Bindung:

BAY BAY

31

BAY BAY

42

bβ|
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Y A B

*ab *ab

ab ab

y yA B nicht
bindend

A B nicht
bindend

A B bindend A B bindend

+
Y A B

+
+

+

Spinpaarung für eine fraktionelle Y     A und Y     B Bindung     

 

Y A B BAY

45

BAY

3

Y A B

6
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Zusammenfassend können wir sagen, dass zwei Techniken geeignet sind, um 

increased-valence Strukturen zu erzeugen (dies gilt sowohl für HL- als auch für 

LMO-Wellenfunktionen):

•Die Delokalisierung eines nicht bindenden Elektrons einer Kekulé-Typ-Lewis-

Struktur in ein bindendes LMO, wie z.B. in den Fällen 1 → 3 und 2 → 4.

•Die Spin-Paarung eines antibindenden Elektrons einer 3-Elektronen-Bindung mit 

einem ungepaarten Elektron an einem weiteren Atom, wie z.B. in den Fällen 5 → 4

und 6 → 3.
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classical VB MO

Orbital type Pure atomic orbitals (AOs) used 

directly

Uses AOs to form canonical 

molecular orbitals (MOs) which 

are a linear combination (+ or -) of 

AOs (LCAO approach).  There 

may be bonding (+), antibonding

(-) or nonbonding MOs

Hybridization Sometimes advantageous, not 

essential:

Linear combination of AOs to form 

hybrid atomic orbitals (HAOs)

Usually not used (but possible, cf. 

N2, CH4)

Comparison between the main features of qualitative valence bond (VB) and molecular orbital (MO) theory.

The following table shows a comparison between the main features of qualitative valence 

bond (VB) and molecular orbital (MO) theory.  It should be emphasized, however, that 

both theories use different language.  For example, the terms “bonding”, “nonbonding” 

and “antibonding orbitals” only occur in MO theory whereas the term “resonance” is only 

used in VB theory.  Therefore, it is often difficult to compare certain aspects of each 

theory.
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Is energetically advantageous 

because…….

Electron 1 can be at center A and 

electron 2 at center B or vice versa 

which gives a higher degree of 

variational freedom.  This is normally 

described as the VB approach of a 

covalent bond.  Sometimes ionic 

resonance structures are also taken into 

account.

Bonding MOs are lower in energy than 

AOs (the occupancy of the bonding 

MOs ought to be higher than the 

occupancy of the antibonding MOs)

Orbital overlap picture AOs remain unchanged AOs that overlap are used to form 

delocalized non-overlapping MOs with σ

or π symmetry (σ = rotational symmetry 

with respect to internuclear axis, π = 

mirror plane in  internuclear axis)

orthogonal ? AOs are not orthogonal, they overlap MOs are orthogonal, they do not 

overlap

Localised orbitals ? strictly localized at atoms de-localized, canonical orbitals

Do orbitals change going from atoms to 

molecules ?

No, but they can (AOs may, however, 

change “size” = promotion of orbitals)

Yes

Bonding, antibonding (sometimes non-

bonding) orbitals formed ?

No Yes
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Octet rule obeyed ? Yes, if only s and p orbitals are used 

for bonding in main-group molecules

Yes, if only s and p orbitals are used 

for construction of MOs and d orbitals 

for polarization only in main-group 

molecules

“Bonds” (= spin pairing) between non-

neighbouring atoms possible ?

Yes, long bonds or Dewar bonds No

Ionic resonance structures Yes, if pure AOs are used No

What happens when the electrons are 

not fully localized in bonds (e.g. C6H6, 

B3N3H6, NO3
- etc.)

Resonance between various 

mesomeric resonance structures,

resonance stabilization energy

No, MOs are delocalized over the 

entire molecule,

delocalozation energy,

(equivalence to resonance would be 

configuration interaction – CI – MO 

theory) 

Fundamental difference between 

theories

Resulting wavefunction is the product 

of singly (or doubly) occupied AOs 

Resulting wavefunction is the product 

of singly (or doubly) occupied MOs 
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J.Chem.Soc. Faraday II, 70, 743-757 (1974) 
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Zeigen, dass die Dewar Struktur kein Artefakt der  VB-Theorie ist
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K3Cr(O2)4 → K3CrO4 + 2 1O2
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Exp.
Cl2 + 2 OH-

→ ClO- + Cl- + H2O
ClO- + H2O2→ClOOH + OH-

ClOOH → HCl + 1O2

slow

fast
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Potentialkurven von molekularem Sauerstoff
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• fail to take into account e- indistinguishability (interchanges of indices 1 and 2)
• are not anti-symmetric➔ P = has to be -1;    P(1,2) Ψ = P Ψ
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MO-Energie-Niveaus in zweiatomigen 
homonuklearen Molekülen.
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←
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classical VB MO

Orbital type Pure atomic orbitals (AOs) used 

directly

Uses AOs to form canonical 

molecular orbitals (MOs) which 

are a linear combination (+ or -) of 

AOs (LCAO approach).  There 

may be bonding (+), antibonding

(-) or nonbonding MOs

Hybridization Sometimes advantageous, not 

essential:

Linear combination of AOs to form 

hybrid atomic orbitals (HAOs)

Usually not used (but possible, cf. 

N2, CH4)

Comparison between the main features of qualitative valence bond (VB) and molecular orbital (MO) theory.

The following table shows a comparison between the main features of qualitative valence 

bond (VB) and molecular orbital (MO) theory.  It should be emphasized, however, that 

both theories use different language.  For example, the terms “bonding”, “nonbonding” 

and “antibonding orbitals” only occur in MO theory whereas the term “resonance” is only 

used in VB theory.  Therefore, it is often difficult to compare certain aspects of each 

theory.
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Is energetically advantageous 

because…….

Electron 1 can be at center A and 

electron 2 at center B or vice versa 

which gives a higher degree of 

variational freedom.  This is normally 

described as the VB approach of a 

covalent bond.  Sometimes ionic 

resonance structures are also taken into 

account.

Bonding MOs are lower in energy than 

AOs (the occupancy of the bonding 

MOs ought to be higher than the 

occupancy of the antibonding MOs)

Orbital overlap picture AOs remain unchanged AOs that overlap are used to form 

delocalized non-overlapping MOs with σ

or π symmetry (σ = rotational symmetry 

with respect to internuclear axis, π = 

mirror plane in  internuclear axis)

orthogonal ? AOs are not orthogonal, they overlap MOs are orthogonal, they do not 

overlap

Localised orbitals ? strictly localized at atoms de-localized, canonical orbitals

Do orbitals change going from atoms to 

molecules ?

No, but they can (AOs may, however, 

change “size” = promotion of orbitals)

Yes

Bonding, antibonding (sometimes non-

bonding) orbitals formed ?

No Yes
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Octet rule obeyed ? Yes, if only s and p orbitals are used 

for bonding in main-group molecules

Yes, if only s and p orbitals are used 

for construction of MOs and d orbitals 

for polarization only in main-group 

molecules

“Bonds” (= spin pairing) between non-

neighbouring atoms possible ?

Yes, long bonds or Dewar bonds No

Ionic resonance structures Yes, if pure AOs are used No

What happens when the electrons are 

not fully localized in bonds (e.g. C6H6, 

B3N3H6, NO3
- etc.)

Resonance between various 

mesomeric resonance structures,

resonance stabilization energy

No, MOs are delocalized over the 

entire molecule,

delocalozation energy,

(equivalence to resonance would be 

configuration interaction – CI – MO 

theory) 

Fundamental difference between 

theories

Resulting wavefunction is the product 

of singly (or doubly) occupied AOs 

Resulting wavefunction is the product 

of singly (or doubly) occupied MOs 
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1. Hybrid Atomic Orbitals (HOs) for Methane, CH4? 

In order to construct the MO scheme of methane, CH4, we could either start 

from AOs and derive two sets of filled (with 8 electrons) orbitals, one low lying σs
b 

(a1) and three degenerate orbitals also with σ symmetry (σx
b, σy

b, σz
b) (t2) (Fig. 1).  

 

Fig. 1. MO scheme of CH4 using only AOs to construct the MOs. 
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Alternatively, we could first generate four degenerate hybrid orbitals and 

construct the MO scheme as shown in Fig. 2. 

 

Fig. 2. MO scheme of CH4 using hybrid orbitals (HOs (h1, h2, h3, h4)) to construct 

the MOs. 
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The hybrid atomic orbital model is often criticized with the main argument being that HOs do not

appropriately describe molecular bonding. A classic piece of evidence which is used to criticize the

hybridization approach and which is used to support the statement that HOs don’t describe properly

molecular bonding is the photoelectron spectrum of methane (Fig. 3). The commonly-used argument is

that two peaks are observed in the PES of methane which correspond to different energies. Therefore, it

is argued that the MO scheme generated using HOs must be wrong, since all four MOs of methane have

the same energy and would therefore not result in the observation of two peaks in the PES. However, a

detailed examination of the photoelectron spectrum performed recently reveals that this argument is

incorrect and in fact, the use of HOs does in fact result in the MO scheme which is consistent with the

PES spectrum.

A closer look at the PES of CH4. Obviously, the four C-H bonds of methane are equivalent. Whereas

the MOs have two distinct symmetries and energies (Fig. 1) (one nondegenerate a1 and three triply

degenerate t2), all of the HOs (Fig. 2) have the same shape and energy, only differing in their spatial

orientation. So why does excitation of the valence electrons of CH4 results in two distinct bands (in the

intensity ratio of 1:3) in the PES?
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Fig. 3. The Photo Electron Spectrum (PES) of CH4. The signal 13 – 16 

eV (intensity 3) corresponds to a loss of an electron from the t2g 

level (HOMO), while the signal at 22 – 24 eV (intensity 1) 

corresponds to a loss of an electron from an a1 level. The fine 

structure observed for the signal at 22 – 24 eV can be ignored in 

this discussion. 



125

In fact, peaks in the PES correspond to the energy differences between the ground state of the neutral

molecule and the ground and excited states of the ionized molecule. Thus, we need to consider the orbital

structure of both, the neutral and ionized molecules to describe the PES.

In the hybridization model, we promote one 2s electron from the ground configuration at the C atom (2s2,

2p2) to obtain the configuration 2s1, 2p3. Hybridization of this configuration yields the h1
1, h2

1, h3
1, h4

1

configuration (Fig. 2) in which hx represent the sp3 hybrid orbitals. The initial state has the configuration in

which each of the four sp3 HOs contains 1 electron. This initial state was derived from the ground state

configuration according to Fig. 2, by hybridization of the 2s1 2p3 (C*). In the process of photoionization

during which 1 electron is removed, if only the C orbitals are considered, we start with four, singly-occupied

sp3 HOs and due to photoionization end up with either:

(i) hybridization of configuration s1p2 or

(ii) hybridization of configuration s0p3
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This would mean that there would be two peaks observed in the PES spectrum in

which the one with lower energy corresponds to ionization having occurred from the

C 2p orbital (i) or in which ionization occurred from the C 2s orbital which requires

more energy (ii). Since there is only 1 electron in the C 2s orbital but 3 electrons in

the C 2p orbitals, then the ratio observed is 1:3. On ionization of CH4, two different

CH4
+ cations would result: one with essentially sp2 hybridization (close to planar

structure) and another with essentially p3 hybridization (essentially pyramidal).

Therefore, it is incorrect to state that the hybridization approach can be proven to be

in error based on the PES of CH4.

C. R. Landis* and F. Weinhold

dx.doi.org/10.1021/ed200491q | J. Chem. Educ. 2012, 89, 570−572
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