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Understanding the nature of chemical bonds is fundamental to grasping the structure, reactivity, and
properties of molecules. One of the key concepts in valence bond theory involves the hybridization of atomic
orbitals, which explains the shape and bonding behavior of molecules. A crucial aspect often emphasized is that
in molecules featuring double or triple bonds, only the first bond—called the sigma (σ) bond—is considered
when determining hybridization. The additional bonds—pi (π) bonds—are formed by unhybridized p orbitals and are
not counted in the hybridization scheme. This article explores this principle in depth, clarifying how hybridization
works, the nature of sigma and pi bonds, and the implications for molecular structure and reactivity.

---

Fundamentals of Hybridization

What Is Hybridization?

Hybridization is a concept in valence bond theory that describes the mixing of atomic orbitals to form new
hybrid orbitals suitable for the pairing of electrons to form covalent bonds. This process helps explain the
observed molecular geometries that cannot be predicted solely by pure atomic orbitals.

Key points about hybridization:

- It involves the combination of s, p, and sometimes d orbitals.
- Hybrid orbitals have different shapes and energies from the original atomic orbitals.
- The number of hybrid orbitals formed equals the number of atomic orbitals mixed.

Common Types of Hybridization

| Hybridization Type | Number of Hybrid Orbitals | Typical Molecular Geometry | Example |
|----------------------|----------------------------|------------------------------|---------|
| sp | 2 | Linear | BeCl₂ |
| sp² | 3 | Trigonal planar | BF₃ |
| sp³ | 4 | Tetrahedral | CH₄ |
| sp³d | 5 | Trigonal bipyramidal | PCl₅ |
| sp³d² | 6 | Octahedral | SF₆ |

These hybridizations are used to explain the geometries of molecules where bonds are formed by sigma bonds,
which involve head-on overlaps of hybrid orbitals.

---



The Nature of Sigma and Pi Bonds

Sigma (σ) Bonds

- Formed by the end-to-end (head-on) overlap of atomic orbitals.
- The first bond between two atoms in a molecule is always a sigma bond.
- Sigma bonds are cylindrically symmetrical around the bond axis.
- They are generally stronger and more stable than pi bonds.

Pi (π) Bonds

- Formed by the side-to-side overlap of unhybridized p orbitals.
- Present only in double and triple bonds, alongside sigma bonds.
- Pi bonds are less symmetrical and generally weaker than sigma bonds.
- They do not involve the hybrid orbitals directly in their formation.

Bonding in Double and Triple Bonds

- Double Bonds: Consist of one sigma bond and one pi bond.
- Triple Bonds: Consist of one sigma bond and two pi bonds.

This distinction is critical because it influences the molecule's geometry, reactivity, and electronic properties.

---

Why Only The First Bond Counts in Hybridization

The Concept of Hybrid Orbitals in Bond Formation

When hybridization occurs, atomic orbitals mix to form hybrid orbitals suitable for sigma bonding. These hybrid
orbitals are directed toward the bonding partners, facilitating the formation of covalent bonds with specific
geometries.

Key points:

- The hybrid orbitals are involved in forming the sigma bond.
- The unhybridized p orbitals remain perpendicular to the hybrid orbital framework.
- Pi bonds are formed by these unhybridized p orbitals and do not influence the hybridization state of the atom.

The First Bond: The Sigma Bond

In molecules with multiple bonds:

- The initial bond (sigma) is formed by the hybrid orbitals.
- It determines the basic geometry of the molecule.



- Hybridization is assigned based on the sigma bonds because these involve hybrid orbitals.

For example:

- In ethene (C₂H₄), each carbon atom undergoes sp² hybridization, forming three sigma bonds (two with hydrogens
and one with the other carbon).
- The remaining unhybridized p orbitals on each carbon overlap side-by-side to form the pi bond.

The Pi Bonds: Not Counted in Hybridization

- Pi bonds are formed by unhybridized p orbitals, which remain perpendicular to the hybrid orbitals.
- Their formation does not alter the hybridization state of the atom because they are not involved in the hybrid
orbital framework.
- Pi bonds are considered additional bonds beyond the sigma bond, adding multiple bonding character but not
changing the hybridization designation.

Implications of This Approach

- The hybridization state (sp, sp², sp³) is determined solely based on the sigma bonds.
- Pi bonds are viewed as secondary bonds formed by unhybridized p orbitals.
- This approach simplifies the understanding of molecular geometry and bonding patterns.

---

Examples Illustrating the Concept

Ethene (C₂H₄)

- Each carbon atom is sp² hybridized.
- The three hybrid orbitals form sigma bonds: two with hydrogen atoms and one with the other carbon.
- The unhybridized p orbitals on each carbon overlap side-by-side to form a pi bond.
- The double bond comprises one sigma and one pi bond.

Acetylene (C₂H₂)

- Each carbon atom is sp hybridized.
- The sigma bonds are formed by the overlap of hybrid orbitals.
- Two unhybridized p orbitals on each carbon overlap to form two pi bonds, resulting in a triple bond (one
sigma + two pi bonds).

Implication for Molecular Geometry

- The hybridization state influences the geometry:
- sp²: trigonal planar
- sp: linear
- sp³: tetrahedral



- Pi bonds do not affect the overall geometry dictated by sigma bonds.

---

Theoretical and Practical Significance

Understanding Reactivity

- The sigma framework determines the core geometry of the molecule.
- Pi bonds are regions of electron density that are more accessible and often sites for chemical reactions.
- Recognizing that pi bonds are not counted in hybridization helps predict reaction mechanisms.

Designing Molecules and Materials

- Chemists can manipulate the hybridization and bonding to achieve desired properties.
- For example, in organic electronics, the conjugation involving pi bonds influences conductivity and optical
properties.

Limitations and Considerations

- While the hybridization model provides valuable insights, it is an approximation.
- Some molecules exhibit resonance or delocalized pi systems, complicating the simple sigma/pi division.
- Advanced theories, such as molecular orbital theory, provide a more comprehensive picture.

---

Summary and Key Takeaways

- The hybridization of an atom is determined by the number of sigma bonds formed through hybrid orbitals.
- In molecules with double or triple bonds, only the sigma bond(s) are counted in assigning hybridization.
- Pi bonds are formed by unhybridized p orbitals and are not considered in the hybridization scheme.
- This distinction explains the molecular geometry, bonding, and reactivity patterns observed in organic and
inorganic molecules.
- Recognizing the difference between sigma and pi bonds is essential for understanding chemical bonding at a
fundamental level.

---

Conclusion

The principle that only the first bond of a double or triple bond is counted in hybridization, with the others
being pi bonds formed by unhybridized p orbitals, is a cornerstone concept in valence bond theory. It simplifies the
complex bonding interactions into a manageable framework that aligns with experimental observations of
molecular shape and reactivity. By focusing on the sigma bonds for hybridization, chemists can accurately
predict and interpret the structure of molecules, while understanding that pi bonds add additional bonding
interactions that influence properties but do not alter the hybridization state. This understanding forms the



basis for advanced studies in organic chemistry, material science, and molecular design.

Frequently Asked Questions

How does hybridization determine the bonding in molecules with multiple
bonds?

In molecules with double or triple bonds, only the first sigma bond counts toward the hybridization of the
atom. The remaining pi bonds are formed by unhybridized p orbitals, which do not influence the hybridization state.

Why is only the first bond in a multiple bond considered in hybridization
calculations?

Because hybridization involves the mixing of atomic orbitals to form sigma bonds, the first bond (sigma bond) is
formed from hybrid orbitals, while additional bonds (pi bonds) result from unhybridized p orbitals, which do not
alter the hybridization state.

What role do pi bonds play in the structure of molecules with multiple
bonds?

Pi bonds are formed by the sideways overlap of unhybridized p orbitals and contribute to the multiple bond's
strength and shape, but they do not affect the hybridization of the atom since only the sigma bond influences
hybridization.

In the context of hybridization, how are double and triple bonds
characterized?

Double bonds consist of one sigma bond (from hybrid orbitals) and one pi bond (from unhybridized p orbitals),
while triple bonds have one sigma bond and two pi bonds; only the sigma bond influences the hybridization state
of the atom.

Can the presence of pi bonds change the hybridization of an atom?

No, pi bonds do not change the hybridization of an atom because hybridization is determined solely by the sigma
bonds. Pi bonds are formed from unhybridized p orbitals and do not influence the hybridization state.

Additional Resources
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Understanding the nature of chemical bonding is fundamental to grasping the structure, reactivity, and
properties of molecules. One of the pivotal concepts in this realm is hybridization—a model that combines
atomic orbitals to explain molecular shapes and bonding patterns. An intriguing aspect of hybridization is that,
in the case of multiple bonds (double and triple bonds), only the first bond is considered in the hybridization
designation of the atom, while the additional bonds are formed through the overlap of unhybridized p orbitals,
known as pi (π) bonds. This nuanced distinction illuminates the underlying geometry and electronic structure of
molecules, influencing their reactivity and physical characteristics.

This article provides a comprehensive exploration of this concept, delving into the principles of hybridization,
the formation of sigma (σ) and pi (π) bonds, and how these ideas reconcile in explaining molecular structures.
We will analyze the rationale behind counting only the first bond in hybridization, examine illustrative



examples, and discuss implications for chemical behavior.

---

Fundamentals of Hybridization in Atomic and Molecular Contexts

What is Hybridization?

Hybridization is a theoretical model introduced to explain the observed shapes of molecules that cannot be
accounted for solely by the valence electron arrangements predicted by Lewis structures. It involves the
mixing of atomic orbitals—such as s, p, and sometimes d orbitals—to produce new, equivalent hybrid orbitals
that can form bonds.

Key Points:

- Hybrid orbitals are formed from atomic orbitals of the same atom.
- They are degenerate (of the same energy) and oriented in specific geometrical patterns.
- The number of hybrid orbitals corresponds to the number of atomic orbitals mixed.

Common Types of Hybridization:

- sp: linear, 180° bond angles
- sp²: trigonal planar, 120° bond angles
- sp³: tetrahedral, 109.5° bond angles
- sp³d, sp³d²: expanded geometries involving d orbitals (less common in main group chemistry)

Sigma (σ) and Pi (π) Bonds: The Building Blocks of Multiple Bonds

Molecular bonds are classified primarily into sigma and pi bonds:

- Sigma (σ) Bonds: Formed by the head-on overlap of atomic orbitals along the internuclear axis. These are the
first bonds formed between two atoms and are generally stronger and more stable.

- Pi (π) Bonds: Formed by the side-by-side (lateral) overlap of unhybridized p orbitals. Pi bonds are additional
bonds in multiple bonds, providing the bonding component beyond the sigma bond.

Formation of Multiple Bonds:

- Double Bond: Consists of one sigma bond and one pi bond.
- Triple Bond: Consists of one sigma bond and two pi bonds.

---

The Principle: Only The First Bond Is Counted In Hybridization

Understanding the Concept

In molecules with double or triple bonds, the hybridization of the atom involved is determined solely by the



sigma bond framework. The pi bonds, formed from unhybridized p orbitals, do not influence the hybridization state
because they do not involve hybrid orbitals.

Why is this the case?

- Hybridization is a model to explain the formation and geometry of the sigma framework—the primary bonding
structure.
- Pi bonds, by their nature, involve unhybridized p orbitals that overlap laterally, and these orbitals remain
unhybridized.
- The hybridization state is thus assigned based on the number of sigma bonds formed by hybrid orbitals.

Implications:

- In a double bond, the carbon (or other atom) is considered sp² hybridized because it forms one sigma bond (using
an sp² hybrid orbital) and one pi bond (from an unhybridized p orbital).
- In a triple bond, the atom is sp hybridized, with one sigma bond (from an sp orbital) and two pi bonds (from two
unhybridized p orbitals).

---

Detailed Explanation of Bond Formation and Hybridization

Sigma Bonds: The Foundation of Hybridization

The sigma bond forms the backbone of the bond between two atoms and involves the overlap of hybridized
orbitals. The hybridization scheme determines the number and orientation of these sigma bonds.

Example: Methane (CH₄)

- Carbon is sp³ hybridized.
- Four sigma bonds are formed via overlap of carbon's sp³ hybrid orbitals with hydrogen's 1s orbitals.
- The tetrahedral shape results from the four hybrid orbitals.

Pi Bonds: The Lateral Overlap of Unhybridized p Orbitals

Pi bonds are formed when unhybridized p orbitals on adjacent atoms overlap sideways. They do not involve
hybrid orbitals, which is why their formation does not alter the hybridization state.

Example: Ethylene (C₂H₄)

- Each carbon is sp² hybridized.
- The three sp² hybrid orbitals form sigma bonds: two with hydrogens and one with the other carbon.
- The remaining unhybridized p orbital on each carbon overlaps side-by-side to form a pi bond, creating the double
bond.

Key Point:

- The sigma framework (hybridized orbitals) determines the molecular geometry.
- Pi bonds, involving unhybridized p orbitals, add to the bond order but do not influence the hybridization.

---



Rationale Behind Counting Only The First Bond in Hybridization

Structural and Electronic Considerations

The core reason for counting only the first bond—i.e., the sigma bond—in hybridization calculations lies in the
nature of orbital overlap and molecular geometry:

- Hybrid orbitals are defined by their directional properties, which influence the molecular shape.
- These hybrid orbitals are involved primarily in sigma bonding, which establishes the spatial arrangement of
atoms.
- Pi bonds, formed from unhybridized p orbitals, do not affect the hybridization state because they involve
orbitals that remain unhybridized.

Analogy:

Think of hybrid orbitals as the "skeleton" of the molecule—defining its shape—while pi bonds are like
"decorations" added onto this structure. The shape depends on the hybridized orbitals forming sigma bonds,
while pi bonds add strength and multiple bonding but do not change the fundamental geometry.

Impact on Molecular Geometry and Reactivity

- The hybridization state influences the bond angles, the shape of the molecule, and the distribution of electron
density.
- Pi bonds, while contributing to bond strength, do not influence the geometry because they are formed from
unhybridized orbitals that are orthogonal to the hybrid orbitals involved in sigma bonds.
- This distinction helps chemists predict molecular shapes accurately (VSEPR theory) and understand
reactivity patterns.

---

Examples Demonstrating the Concept

Ethene (C₂H₄)

- Each carbon atom is sp² hybridized.
- The sigma bonds: two with hydrogens, one with the other carbon, formed from sp² hybrid orbitals.
- The pi bond: formed from unhybridized p orbitals on each carbon, creating the double bond.
- Hybridization count: Only the sigma bonds are considered in hybridization; the pi bond involves unhybridized p
orbitals.

Acetylene (C₂H₂)

- Each carbon is sp hybridized.
- The sigma bonds: two with hydrogens and one between carbons, formed from sp orbitals.
- The two pi bonds: formed from two unhybridized p orbitals on each carbon, forming the triple bond.
- Hybridization count: Again, only the sigma bonds influence hybridization; pi bonds involve unhybridized orbitals.



Comparison and Summary

| Molecule | Hybridization of Carbon | Number of Sigma Bonds | Number of Pi Bonds | Bond Description |
|------------|--------------------------|------------------------|--------------------|---------------------------------------
-|
| Ethene | sp² | 3 (2 C-H + 1 C-C) | 1 | Double bond: 1 sigma + 1 pi |
| Ethyne | sp | 3 (2 C-H + 1 C-C) | 2 | Triple bond: 1 sigma + 2 pi |

This table underscores the principle that hybridization depends solely on the sigma framework, with pi bonds
being additional features involving unhybridized p orbitals.

---

Implications for Chemical Properties and Reactivity

Bond Strength and Stability

- Sigma bonds are generally stronger and more stable due to direct orbital overlap.
- Pi bonds are weaker because side-by-side overlap is less effective than head-on overlap.
- Multiple bonds (double, triple) have higher bond energies, but the sigma component primarily determines the
hybridization and geometry.

Reactivity Patterns

- The presence of pi bonds often makes molecules more reactive, especially in addition reactions, because pi bonds
are more accessible and less stable than sigma bonds.
- In addition reactions, nucleophiles or electrophiles tend to attack pi bonds first, which are more reactive due
to their electron density and lower bond strength.
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