
molecular orbital theory of co
molecular orbital theory of co provides a detailed understanding of the bonding and
electronic structure of carbon monoxide, an essential diatomic molecule in chemistry. This
theory moves beyond simple valence bond explanations by considering the combination of
atomic orbitals to form molecular orbitals, which govern the properties and reactivity of CO.
By applying molecular orbital theory, chemists can explain the bond order, magnetic
properties, and spectroscopic behavior of carbon monoxide with greater accuracy. The
analysis reveals how the interaction of carbon and oxygen atomic orbitals leads to the
formation of bonding, antibonding, and nonbonding molecular orbitals. This article explores
the fundamentals of molecular orbital theory as applied to CO, the construction of its
molecular orbitals, and the implications for its chemical characteristics. Additionally, the
discussion includes the energy-level diagram, bonding order, and the role of electron
configuration in defining CO’s stability. Readers will gain a comprehensive understanding of
how molecular orbital theory elucidates the unique properties of carbon monoxide.
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Fundamentals of Molecular Orbital Theory
Molecular orbital theory is a quantum mechanical model that describes the electronic
structure of molecules by combining atomic orbitals into molecular orbitals. Unlike valence
bond theory, which focuses on localized electron pairs, molecular orbital theory treats
electrons as delocalized over the entire molecule. The key concept involves the linear
combination of atomic orbitals (LCAO) to form bonding, antibonding, and nonbonding
molecular orbitals. Bonding orbitals result from constructive interference of atomic orbitals,
leading to electron density between nuclei that stabilizes the molecule. Antibonding orbitals
arise from destructive interference, which reduces electron density between nuclei and
destabilizes the bond. Nonbonding orbitals retain characteristics of atomic orbitals without
significantly affecting bonding. This theory allows for a detailed explanation of molecular
properties such as bond order, magnetism, and spectral behavior, which are critical for
understanding molecules like CO.

Key Principles of Molecular Orbital Theory
The fundamental principles governing molecular orbital theory include orbital symmetry,



energy compatibility, and the Pauli exclusion principle. Orbitals combine effectively only if
they have compatible symmetry and similar energy levels. The total number of molecular
orbitals formed equals the number of combining atomic orbitals. Electrons fill molecular
orbitals starting from the lowest energy level, adhering to the Aufbau principle, Hund’s rule,
and the Pauli exclusion principle. These principles collectively determine the electronic
configuration and stability of molecules.

Advantages Over Other Bonding Theories
Molecular orbital theory provides several advantages in analyzing molecular systems like
carbon monoxide:

It explains paramagnetism and diamagnetism based on electron configuration in
molecular orbitals.

It accurately predicts bond order and bond strength by considering electron
occupation in bonding and antibonding orbitals.

It accounts for delocalized electrons, which valence bond theory cannot adequately
describe.

It facilitates understanding of molecular spectra and transitions involving molecular
orbitals.

Molecular Orbital Construction for Carbon
Monoxide
The molecular orbital construction for CO involves combining the atomic orbitals of carbon
and oxygen atoms to form molecular orbitals that describe the electron distribution within
the molecule. Carbon monoxide is a heteronuclear diatomic molecule, meaning the two
atoms have different electronegativities, influencing the energy and composition of the
resulting molecular orbitals.

Atomic Orbitals of Carbon and Oxygen
The valence electronic configuration of carbon is 2s² 2p², while oxygen’s is 2s² 2p⁴. Both
atoms contribute their 2s and 2p orbitals for molecular orbital formation. The difference in
electronegativity causes oxygen’s atomic orbitals to be lower in energy compared to
carbon’s, affecting the energy ordering and mixing of orbitals in the molecule.

Combination of Atomic Orbitals
In CO, the 2s orbitals of carbon and oxygen combine to form σ (sigma) bonding and σ*



antibonding orbitals. The 2p orbitals interact to form one σ bonding orbital along the
internuclear axis and two π (pi) bonding orbitals perpendicular to this axis, along with their
respective antibonding counterparts. The difference in orbital energies due to heteronuclear
nature leads to molecular orbitals with unequal contributions from carbon and oxygen
atomic orbitals, resulting in polar covalent bonding.

σ(2s) bonding and σ*(2s) antibonding orbitals

σ(2p_z) bonding and σ*(2p_z) antibonding orbitals

π(2p_x) and π(2p_y) bonding orbitals

π*(2p_x) and π*(2p_y) antibonding orbitals

Energy-Level Diagram and Electron Configuration
of CO
The molecular orbital energy-level diagram for carbon monoxide illustrates the relative
energies of bonding and antibonding orbitals formed from carbon and oxygen atomic
orbitals. This diagram is essential for understanding the electronic structure and properties
of CO.

Ordering of Molecular Orbitals
For carbon monoxide, the general ordering of molecular orbitals from lowest to highest
energy is as follows:

σ(2s) bonding1.

σ*(2s) antibonding2.

σ(2p_z) bonding3.

π(2p_x) and π(2p_y) bonding4.

π*(2p_x) and π*(2p_y) antibonding5.

σ*(2p_z) antibonding6.

This ordering reflects the energy differences due to atomic electronegativity and orbital
interaction strength in CO.



Electron Configuration in Molecular Orbitals
Carbon monoxide has a total of 14 valence electrons, which fill the molecular orbitals
according to the Aufbau principle:

2 electrons in σ(2s) bonding orbital

2 electrons in σ*(2s) antibonding orbital

2 electrons in σ(2p_z) bonding orbital

4 electrons in the degenerate π(2p_x) and π(2p_y) bonding orbitals

4 electrons in nonbonding orbitals mainly localized on oxygen

This electron configuration results in a strong triple bond characteristic of CO.

Bond Order and Magnetic Properties of Carbon
Monoxide
Bond order and magnetic properties are critical indicators of molecular stability and
reactivity, both of which are well explained by molecular orbital theory in the context of
carbon monoxide.

Calculation of Bond Order
Bond order is defined as half the difference between the number of electrons in bonding
orbitals and antibonding orbitals. For CO:

Number of bonding electrons: 10

Number of antibonding electrons: 4

Bond order = (10 - 4) / 2 = 3

This bond order of three corresponds to the triple bond observed experimentally in carbon
monoxide, indicating a very strong and stable bond.

Magnetic Properties
According to molecular orbital theory, molecules with all electrons paired are diamagnetic,
whereas molecules with unpaired electrons are paramagnetic. In CO, all electrons occupy
molecular orbitals in pairs, resulting in diamagnetism. This prediction aligns with
experimental observations and demonstrates the accuracy of molecular orbital theory in
describing electronic properties.



Chemical Implications and Reactivity Explained
by MO Theory
The molecular orbital theory of CO also provides insight into its chemical behavior,
including bonding characteristics and reactivity patterns that are crucial in fields such as
catalysis and coordination chemistry.

Polarity and Dipole Moment
Despite oxygen’s higher electronegativity, the electron density distribution predicted by
molecular orbital theory shows a partial negative charge on carbon and a partial positive
charge on oxygen. This unusual polarity is explained by the presence of lone pair electrons
on carbon in the highest occupied molecular orbital (HOMO), making carbon the site of
nucleophilic attack in chemical reactions.

CO as a Ligand in Coordination Complexes
Carbon monoxide acts as a strong field ligand in transition metal complexes due to its
ability to donate electron density through the carbon atom’s lone pair and accept electron
density back into its antibonding π* orbitals (back-donation). Molecular orbital theory
explains this synergistic bonding interaction, which stabilizes metal–CO bonds and
influences the reactivity of metal carbonyl complexes.

σ-Donation from carbon lone pair to metal

π-Back-donation from metal d orbitals to CO π* orbitals

Resultant strengthening of metal–carbon bond and weakening of C–O bond

Reactivity in Catalysis and Industrial Applications
The understanding of CO’s molecular orbitals facilitates the design of catalysts in processes
like hydroformylation and Fischer-Tropsch synthesis. The ability of CO to interact with
metals through its molecular orbitals underpins its role as a versatile ligand and reactant in
industrial chemistry.

Frequently Asked Questions

What is the molecular orbital theory of CO?
The molecular orbital theory of CO describes the bonding in carbon monoxide by combining



atomic orbitals of carbon and oxygen to form molecular orbitals, which are delocalized over
both atoms, explaining the bond order, magnetic properties, and bond polarity.

How are the molecular orbitals of CO formed?
Molecular orbitals in CO are formed by the linear combination of atomic orbitals (LCAO)
from carbon and oxygen atoms, including 2s and 2p orbitals, resulting in bonding and
antibonding molecular orbitals that accommodate the molecule's electrons.

Why is CO considered a molecule with a triple bond
according to molecular orbital theory?
CO has a bond order of 3 derived from its molecular orbital configuration, indicating three
bonding electron pairs (one sigma and two pi bonds), which corresponds to a triple bond
between carbon and oxygen.

What is the bond order of CO as predicted by molecular
orbital theory?
The bond order of CO is 3, calculated as (number of bonding electrons - number of
antibonding electrons)/2, reflecting the strong triple bond between carbon and oxygen.

How does molecular orbital theory explain the polarity
of the CO molecule?
Molecular orbital theory shows that the highest occupied molecular orbital (HOMO) in CO is
primarily localized on the carbon atom, making it the site of electron density and explaining
the dipole moment with carbon bearing a partial negative charge despite oxygen's higher
electronegativity.

Is CO paramagnetic or diamagnetic according to
molecular orbital theory?
CO is diamagnetic because all its molecular orbitals are fully occupied with paired
electrons, resulting in no unpaired electrons and no net magnetic moment.

How does the molecular orbital diagram of CO differ
from that of N2?
In CO, the molecular orbital energy levels are slightly shifted due to the difference in
electronegativity between carbon and oxygen, causing the orbitals to be asymmetric,
whereas N2 has symmetric molecular orbitals due to identical atoms.

What role do antibonding orbitals play in the molecular



orbital theory of CO?
Antibonding orbitals in CO weaken the overall bond when occupied; however, in CO, the
fewer antibonding electrons relative to bonding electrons result in a high bond order and a
strong bond.

Additional Resources
1. Molecular Orbitals and the Chemical Bond
This book provides a comprehensive introduction to molecular orbital theory with a
particular focus on transition metal complexes, including carbonyl compounds. It explores
the bonding in metal carbonyls using molecular orbital diagrams and discusses the
implications for reactivity and spectroscopy. The text is suitable for advanced
undergraduate and graduate students in inorganic chemistry.

2. Inorganic Chemistry: Principles of Structure and Reactivity
Authored by James Huheey, this textbook covers fundamental concepts of inorganic
chemistry, including detailed chapters on molecular orbital theory applied to metal
carbonyls. It explains the electronic structure of CO ligands and their interaction with metal
centers, emphasizing back-donation and metal-ligand bonding. The book is known for its
clear explanations and illustrative examples.

3. Principles and Applications of Density Functional Theory in Inorganic Chemistry
This specialized volume discusses computational approaches to molecular orbitals, with
sections dedicated to the study of CO complexes. It highlights how density functional theory
(DFT) can be used to analyze bonding, electronic structure, and spectra of metal carbonyls.
Researchers and graduate students interested in theoretical chemistry will find it valuable.

4. Transition Metal Carbonyl Clusters
Focusing specifically on clusters containing carbonyl ligands, this book delves into the
molecular orbital theory explanations of bonding and stability in these systems. It covers
experimental and theoretical investigations, including electronic structure calculations that
elucidate the nature of CO bonding in cluster compounds. The text is ideal for researchers
in organometallic and cluster chemistry.

5. Modern Aspects of Molecular Orbital Theory
This collection of essays and reviews covers advanced topics in molecular orbital theory,
including detailed treatments of metal carbonyl bonding. It discusses the role of symmetry,
ligand field effects, and electron delocalization in CO complexes. The book serves as a
resource for graduate students and professionals seeking deeper theoretical insights.

6. Organometallic Chemistry: An Introduction
This introductory text includes a thorough explanation of molecular orbital theory as
applied to organometallic compounds, with particular attention to metal carbonyls. It
explains the synergic bonding model between metal centers and CO ligands, supported by
molecular orbital diagrams and spectroscopic data. The book is designed for chemistry
students beginning their study of organometallics.

7. Computational Inorganic and Bioinorganic Chemistry
Covering computational methods, this book discusses how molecular orbital theory is



implemented in studying metal carbonyl complexes. It includes practical examples of
calculations that reveal bonding characteristics and electronic transitions in CO-containing
molecules. The volume is useful for chemists interested in the computational modeling of
inorganic systems.

8. Ligand Effects in Homogeneous Catalysis
This text examines how ligand properties, including those of carbonyl groups, influence
catalytic activity and stability from a molecular orbital perspective. It provides insights into
the electronic interactions between CO ligands and metal centers that affect catalysis.
Readers interested in catalysis and ligand design will benefit from its detailed molecular
orbital analyses.

9. Electronic Structure and Bonding of Transition Metal Complexes
This book offers an in-depth discussion of the electronic structures of transition metal
complexes, with extensive coverage of carbonyl ligands. It explains the molecular orbital
theory concepts that govern metal-CO bonding, including sigma donation and pi back-
donation. The text is aimed at graduate students and researchers in inorganic and
organometallic chemistry.
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