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Understanding the electronic structure of transition metal complexes is fundamental in
inorganic chemistry, especially when analyzing their bonding, reactivity, and spectroscopic
properties. In octahedral crystal fields, the five d orbitals split into two distinct energy levels
due to the electrostatic interactions with surrounding ligands. Notably, the dxy, dxz, and
dyz orbitals are lower in energy compared to the dz? and dx?—y? orbitals. This energy
hierarchy plays a crucial role in determining the magnetic, spectral, and chemical behavior
of octahedral complexes.

Crystal Field Theory and d-Orbital Splitting in
Octahedral Fields

What Is Crystal Field Theory?

Crystal Field Theory (CFT) is a model that describes the interaction between a central metal
ion and surrounding ligands. It treats ligands as point charges or dipoles that create an
electrostatic field affecting the energy levels of the metal's d electrons. CFT simplifies the
complex bonding interactions, allowing chemists to predict properties such as color,
magnetism, and stability.

Octahedral Ligand Arrangement and d-Orbital
Symmetry

In an octahedral complex, six ligands are symmetrically arranged around the metal ion
along the Cartesian axes. This symmetric arrangement causes the degeneracy of the five d
orbitals to lift, splitting them into two energy levels:

- Lower-energy t2g set: dxy, dxz, dyz
- Higher-energy e_g set: dz?, dx?—y?2

This splitting results from the orientation of the d orbitals relative to the ligand positions.



The Energy Hierarchy of d-Orbitals in Octahedral
Fields

Why Are the Dxy, Dxz, And Dyz Orbitals Lower in
Energy?

The key reason for the energy difference lies in the spatial orientation of the orbitals:

- The t2g orbitals (dxy, dxz, dyz) are oriented between the axes, avoiding direct overlap
with the ligand orbitals along the axes.

- The e_g orbitals (dz? and dx?2—y?) point directly toward the ligands along the axes,
experiencing greater electrostatic repulsion.

Because the dxy, dxz, and dyz orbitals are oriented between the ligand directions, they
experience less electrostatic repulsion, thus stabilizing them relative to the e_g orbitals.

Energy Splitting Diagram

A typical energy diagram for an octahedral complex shows:

- The three tzg orbitals (dxy, dxz, dyz) at a lower energy level.
- The two e_g orbitals (dz?, dx2—y?) at a higher energy level.

The energy difference between these levels is denoted as A oct (octahedral crystal field
splitting energy).

Electronic Configuration and Its Implications

Electron Filling in the d-Orbitals

Electrons fill the lower-energy t2g orbitals first, following Hund's rule and the Pauli exclusion
principle. Depending on the number of d electrons and the magnitude of A _oct, complexes
can be:

- High-spin: electrons occupy higher energy orbitals to maximize unpaired electrons.
- Low-spin: electrons pair up in the lower energy tzg orbitals due to a large A oct.

Impact on Magnetic and Spectroscopic Properties



The energy hierarchy influences:

- Magnetism: Number of unpaired electrons depends on the electron configuration.
- Color: Electronic transitions involve electrons moving between t=g and e_g orbitals,
resulting in absorption spectra characteristic of the complex.

Factors Affecting the Energy Ordering of d-
Orbitals

Ligand Field Strength

Different ligands exert varying electrostatic influences:

- Strong field ligands (like CN-, CO) cause larger A_oct, favoring low-spin configurations.
- Weak field ligands (like H20, F~) produce smaller A_oct, favoring high-spin states.

Metal Oxidation State and Electron Count

Higher oxidation states increase the effective nuclear charge, stabilizing the d orbitals and
affecting their relative energies.

Geometry and Distortions

Deviations from ideal octahedral symmetry, such as elongation or compression, can alter
the orbital energies, sometimes reversing the energy order of certain orbitals.

Visualizing Orbital Energy Levels and Their
Significance

Orbital Energy Diagrams

Visual representations help illustrate the relative energies:

- The three t2g orbitals are degenerate at a lower energy.
- The two e_g orbitals are degenerate at a higher energy, separated by A oct.



Practical Applications

Understanding which orbitals are lower in energy guides chemists in:

- Predicting electronic transitions and absorption spectra.
- Designing complexes with specific magnetic properties.
- Understanding reactivity patterns, such as ligand substitution mechanisms.

Conclusion

The fact that the dxy, dxz, and dyz orbitals are lower in energy than the dzZ and dx2—y?
orbitals in an octahedral field is fundamental to inorganic chemistry. This ordering results
from the spatial orientation of the orbitals relative to the ligand positions, influencing the
electronic, magnetic, and spectral properties of transition metal complexes. Recognizing
this energy hierarchy enables chemists to predict behaviors of coordination compounds and
tailor their properties for applications ranging from catalysis to materials science. Mastery
of crystal field splitting and orbital energies continues to be a cornerstone in understanding
the complex chemistry of transition metals.

Frequently Asked Questions

Why are the Dxy, Dxz, and Dyz orbitals lower in energy
than the Dz2 and Dx2 Y2 orbitals in an octahedral field?

In an octahedral crystal field, the Dxy, Dxz, and Dyz orbitals are oriented between the axes
and experience less direct repulsion from the surrounding ligands, resulting in lower
energy. Conversely, the Dz2 and Dx2 Y2 orbitals point directly at the ligands along the
axes, experiencing greater repulsion and higher energy.

How does the geometry of an octahedral complex
influence the energy levels of the d orbitals?

The octahedral geometry causes the five d orbitals to split into two sets: lower-energy t2g
(Dxy, Dxz, Dyz) and higher-energy eg (Dz2, Dx2 Y2). The spatial orientation of the t2g
orbitals reduces ligand repulsion, making them lower in energy compared to the eg orbitals.

What is the significance of the energy difference
between t2g and eg orbitals in an octahedral field?

The energy difference, known as the crystal field splitting energy (Aoct), determines the
electronic configuration, magnetic properties, and color of the complex. The lower energy
of t2g orbitals relative to eg orbitals influences the electronic transitions observed in
spectroscopic studies.



How does ligand field strength affect the relative
energies of D orbitals in an octahedral complex?

Stronger field ligands increase the crystal field splitting (Aoct), further stabilizing the t2g
orbitals relative to the eg orbitals. This can lead to pairing of electrons and influence the
complex’s magnetic and optical properties.

Can the energy ordering of d orbitals in an octahedral
field change under different conditions?

While the fundamental splitting pattern remains, factors like ligand type, oxidation state,
and external influences (e.g., pressure, temperature) can slightly alter the energies.
However, the general order—t2g lower than eg—is consistent in typical octahedral
complexes.

Additional Resources

Understanding the Orbital Energy Hierarchy in
Octahedral Coordination Complexes

The relative energies of d-orbitals in transition metal complexes, particularly in
octahedral geometries, have profound implications for their electronic structure,
spectroscopic properties, and reactivity. Among these orbitals, the dxy, dxz, and
dyz orbitals are notably lower in energy compared to the dz2 and dx2-y2 orbitals
in an octahedral field. This energy ordering results from the spatial orientation
and interactions of these orbitals with the surrounding ligand field, leading to
significant consequences for the electronic configuration and properties of
transition metal complexes. In this article, we delve into the fundamental
principles governing this energy hierarchy, analyzing the underlying physics,
symmetry considerations, and practical implications.

Fundamentals of Crystal Field Theory in
Octahedral Complexes

The Concept of d-Orbitals and Ligand Fields

Transition metals possess five degenerate d-orbitals: dxy, dxz, dyz, dz2, and dx2—y2. When
these metals form complexes with ligands arranged symmetrically around them—most
notably in an octahedral geometry—the degeneracy of these orbitals is lifted due to
electrostatic interactions. The surrounding ligands generate an electric field that interacts
differently with each orbital depending on its orientation, leading to a characteristic



splitting pattern.
In an ideal octahedral field, the five d-orbitals split into two groups:

- The lower-energy triplet: t2g set, comprising dxy, dxz, and dyz.
- The higher-energy doublet: eg set, comprising dz2 and dx2—y?2.

This splitting is fundamental in dictating the electronic structure and properties of the
complex.

Origin of the Orbital Energy Ordering

The key to understanding why dxy, dxz, and dyz orbitals are lower in energy than dz2 and
dx2—y?2 lies in their spatial orientation relative to the ligand positions. The ligand ions in an
octahedral complex are positioned along the Cartesian axes: +x, —x, +y, =y, +z, and —z.

- The eg orbitals (dz2 and dx2—-y2) point directly toward the ligands, resulting in greater
electrostatic repulsion and thus higher energy.

- The t2g orbitals (dxy, dxz, and dyz) are oriented between the axes, avoiding direct overlap
with ligand positions, which leads to lower energy.

This fundamental difference in spatial orientation explains the energy hierarchy within the
d-orbital set in an octahedral field.

Detailed Analysis of the t,, and e, Orbitals

Spatial Orientation and Ligand Interactions

The specific orientations of these orbitals are crucial:

- eg Orbitals:

- dz2: Oriented along the z-axis, with lobes pointing directly toward ligands along the z-axis.
- dx2—y2: Oriented along the x and y axes, with lobes pointing directly toward ligands along
these axes.

- t2g Orbitals:

- dxy: Lies in the xy-plane, oriented between the x and y axes.
- dxz: Lies in the xz-plane, oriented between x and z axes.

- dyz: Lies in the yz-plane, oriented between y and z axes.

Because the t2g orbitals avoid direct lobes pointing toward the ligand positions, the
electrostatic repulsion is minimized, leading to their lower energy.



Electrostatic and Symmetry Considerations

Electrostatic interactions are the primary factors influencing orbital energies in crystal field
theory:

- The ligands are modeled as point charges or dipoles exerting Coulombic repulsion.

- Orbitals that point directly toward ligands experience increased repulsion, raising their
energy.

- Orbitals oriented between ligands experience less repulsion, thus are stabilized.

Symmetry also plays a role:

- The octahedral point group, Oh, classifies the orbitals according to their symmetry
properties.

- The t2g and eg labels correspond to specific irreducible representations of Oh.

- The symmetry considerations reinforce the spatial orientation argument, confirming the
energy ordering.

Implications of the Lower Energy of d,,, d,,, and
d,. Orbitals

Electronic Configurations and Spectroscopic Properties

Since the t2g orbitals are lower in energy, electrons tend to occupy these orbitals first when
filling the d-subshells:

- High-spin complexes: Electrons occupy orbitals singly before pairing, with the t2g orbitals
filled preferentially.

- Low-spin complexes: Electron pairing occurs in the lower-energy t2g orbitals, influencing
color and magnetic properties.

The energy gap between t2g and eg orbitals (crystal field splitting) determines the
complex's optical absorption characteristics, which are crucial in spectroscopic analysis.

Reactivity and Catalytic Behavior

The energy difference impacts the reactivity:
- The electrons in the lower-energy t2g orbitals are less available for bonding interactions.
- The accessibility of higher-energy eg orbitals influences ligand exchange, redox reactions,

and catalytic activity.

Understanding this energy hierarchy allows chemists to predict and tailor the properties of



transition metal complexes for specific applications.

Exceptions and Real-World Complexities

Influence of Ligand Types and Distortions

While the idealized energy ordering holds for perfect octahedral complexes with purely
electrostatic interactions, real-world systems often exhibit deviations:

- Ligand field strength variations: Strong field ligands (e.g., CN—) can alter the relative
energies.

- Distortions from ideal symmetry: Jahn-Teller distortions or ligand asymmetry can modify
orbital energies.

- Covalent interactions: Orbital mixing and covalency can blur the simple electrostatic
picture.

These complexities necessitate more advanced models, such as ligand field theory and
molecular orbital theory, to accurately describe the electronic structure.

Experimental Evidence and Computational Studies

Spectroscopic techniques like UV-Vis absorption, EPR, and X-ray absorption spectroscopy
corroborate the energetic ordering, while computational chemistry methods (density
functional theory, Hartree-Fock calculations) provide detailed insights into orbital energies
and interactions.

In conclusion, the fact that the dxy, dxz, and dyz orbitals are lower in energy than the dz<
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