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When Displaced From Equilibrium By A Small Amount, The Two Hydrogen Atoms In
An H2 Molecule Are Acted — understanding the behavior of hydrogen molecules
when slightly perturbed is fundamental to comprehending molecular vibrations,
chemical bonding, and quantum mechanics. The H, molecule, consisting of two
hydrogen atoms bonded covalently, exhibits fascinating dynamic properties
when disturbed from its equilibrium position. This article explores the
physical and theoretical aspects of how the two hydrogen atoms respond to
small displacements, focusing on the concepts of molecular vibrations,
restoring forces, potential energy curves, and quantum vibrational states.

Introduction to the H, Molecule and Equilibrium

The hydrogen molecule (H,) is the simplest diatomic molecule, making it an
ideal subject for studying molecular physics and quantum chemistry. At
equilibrium, the two hydrogen atoms are separated by a specific bond
length—approximately 0.74 A (angstroms)—where the forces of attraction and
repulsion balance each other. This equilibrium position corresponds to a
minimum in the molecule's potential energy curve.

When the molecule is at equilibrium, the atoms are stationary relative to
each other, maintaining a stable bond. However, real molecules are constantly
in motion due to thermal energy, and even at low temperatures, they can be
slightly displaced from their equilibrium positions. These small
displacements are critical to understanding vibrational spectra and energy
transitions within the molecule.

Physical Response to Small Displacements

Nature of Small Displacements in Diatomic Molecules

When the two hydrogen atoms in an H, molecule are displaced slightly from
their equilibrium bond length, they experience a restoring force that tends
to bring them back to equilibrium. This behavior is analogous to a mass
attached to a spring, where a small displacement results in a proportional
restoring force.

The key features of this response include:
— Restoring Force: The molecule's potential energy increases when displaced,

producing a force directed toward the equilibrium position.
— Harmonic Approximation: For small displacements, the potential energy curve



around the minimum can be approximated as a quadratic function, leading to
simple harmonic motion.

— Vibrational Motion: The atoms oscillate about the equilibrium bond length,
with a characteristic vibrational frequency.

Restoring Force and Hooke's Law Analogy

In classical physics, the restoring force \( F \) acting on the atoms when
displaced by a small amount \( x \) can be expressed as:

\ [

F = -k x

\]

where:

- \( k \) is the force constant, representing the stiffness of the bond.
- \( x \) is the displacement from equilibrium.

This linear relation is valid for small displacements and forms the basis of
the harmonic oscillator model.

The Potential Energy Curve and Vibrational
States

The Morse Potential and Its Significance

While the harmonic oscillator model provides valuable insight, real molecular
bonds are anharmonic, especially for larger displacements. The Morse
potential offers a more accurate description:

\ [

V(r) = D_e \left(l - e”{-a(r - r_e) }\right)"2

\]

where:

- \( D_e \) is the dissociation energy,

- \( r \) is the internuclear distance,

- \( r_e \) is the equilibrium bond length,

- \( a \) is a parameter related to the width of the potential well.

This potential describes how energy increases sharply as the atoms are pulled
apart and approaches zero as the atoms dissociate.

In the context of small displacements, the Morse potential can be
approximated as a quadratic function around \( r_e \), leading to harmonic
oscillator behavior.



Quantum Mechanical Vibrational States

Quantum mechanics predicts that vibrational energy levels in a diatomic
molecule are quantized. The vibrational energy levels \( E_v \) are given
approximately by:

E_v = \left( v + \frac{1}{2} \right) h \nu
\1

where:

\(v =20, 1, 2, \dots \) is the vibrational gquantum number,
- \( h \) is Planck's constant,
\( \nu \) is the vibrational frequency.

When the molecule is displaced slightly, it transitions between these
quantized vibrational states, absorbing or emitting photons corresponding to
the energy difference.

Forces and Vibrational Dynamics in Detail

Force Constants and Vibrational Frequencies

The force constant \( k \) determines how stiff the bond is and directly
influences the vibrational frequency:

\ [
\nu = \frac{1}{2\pi} \sgrt{\frac{k}{\mu}}
\1

where:

- \( \mu \) is the reduced mass of the two hydrogen atoms:
\ [

\mu = \frac{m_1 m 2}{m 1 + m 2}

\]

For hydrogen, \( m_1 = m_2 \approx 1.00784 \, \text{amu} \).

The vibrational frequency influences infrared absorption spectra, allowing
experimental determination of bond strength and force constants.

Impact of Small Displacements on Energy and Spectra

Slight displacements from equilibrium result in vibrational excitations that
manifest as absorption lines in the infrared spectrum. These lines correspond
to transitions between vibrational energy levels, providing crucial
information about molecular structure and bonding.



The intensity and position of these spectral lines depend on:

— The magnitude of the displacement,
— The nature of the vibrational mode,
— The quantum state of the molecule.

Mathematical Modeling of Small Displacements

Harmonic Oscillator Approximation

The harmonic oscillator model simplifies the analysis of small vibrations.
The Hamiltonian for the vibrational motion is:

\ [

\hat{H} = \frac{p”2}{2\mu} + \frac{1}{2} k x"2
\1]

where:

- \( p \) is the momentum operator,

- \( x \) is the displacement coordinate.

The solutions yield quantized energy levels and wavefunctions that describe
the vibrational states.

Normal Modes of Vibration

In diatomic molecules, there is only one vibrational mode: the symmetric
stretching of the bond. When displaced, this mode involves the two hydrogen
atoms moving in opposite directions along the bond axis.

The normal mode analysis simplifies the understanding of vibrational behavior

and allows calculation of vibrational frequencies and transition
probabilities.

Implications in Chemistry and Spectroscopy

Infrared and Raman Spectroscopy

Small displacements and resultant vibrations are central to vibrational
spectroscopy techniques:

- Infrared (IR) Spectroscopy: Detects changes in dipole moment during
vibration.



— Raman Spectroscopy: Sensitive to changes in polarizability.

These techniques provide insights into molecular structure, bond strength,
and dynamics.

Thermodynamics and Molecular Stability

Understanding how the hydrogen atoms respond to small displacements helps in
assessing the stability of molecules under various conditions, such as
temperature fluctuations, and in understanding reaction mechanisms involving
bond stretching.

Summary and Key Takeaways

— When the two hydrogen atoms in an H, molecule are displaced slightly from
equilibrium, they experience a restoring force proportional to the
displacement, leading to vibrational motion.

— The harmonic oscillator model effectively describes these small
displacements, with the force constant \( k \) determining vibrational
frequency.

— Quantum mechanics predicts discrete vibrational energy levels, which are
observable via spectroscopic techniques.

— The potential energy landscape, often modeled by the Morse potential,
captures the anharmonicity of real molecular bonds.

- Vibrational analysis provides essential information in fields ranging from
molecular chemistry to material science.

Conclusion

The response of the hydrogen atoms in an H, molecule to small displacements
exemplifies fundamental principles of molecular physics and quantum
mechanics. By understanding these tiny oscillations, scientists can interpret
spectroscopic data, predict molecular behavior, and develop theories that
underpin chemical bonding and molecular dynamics. The study of such
vibrational phenomena continues to be a cornerstone of chemical physics,
providing insights into the microscopic world that shape our understanding of
matter.
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Frequently Asked Questions

What happens to the hydrogen atoms in an H, molecule
when the molecule is displaced slightly from
equilibrium?

When displaced slightly from equilibrium, the two hydrogen atoms experience a

restoring force that causes them to oscillate about their equilibrium
positions, similar to simple harmonic motion.

How does a small displacement affect the bond energy
between the two hydrogen atoms in H,?

A small displacement can cause a temporary change in bond energy, leading to
oscillations in bond length; however, the overall bond remains stable unless
the displacement is large enough to break it.

What role does the potential energy curve play when
the hydrogen atoms in H, are displaced from
equilibrium?

The potential energy curve determines the restoring force acting on the

hydrogen atoms; a slight displacement from the minimum results in a force
that pulls the atoms back toward equilibrium, causing oscillations.

Are the vibrations of hydrogen atoms in an H,
molecule quantized, and how does displacement relate
to these vibrations?

Yes, the vibrations are quantized; small displacements excite vibrational
energy levels, and the molecules oscillate between these discrete energy
states according to quantum mechanical principles.

What physical phenomena can be observed when the
hydrogen atoms in H, are displaced from equilibrium?

Displacements lead to vibrational spectra observable in infrared
spectroscopy, where the molecule absorbs specific frequencies corresponding
to these vibrational motions.

Additional Resources

Hydrogen Molecule Dynamics: How Small Displacements From Equilibrium Affect
H,

Understanding the fundamental behavior of molecules under various conditions
is crucial to advancing fields such as quantum chemistry, materials science,
and molecular physics. Among these, the hydrogen molecule (H,) stands out as
the simplest and most fundamental diatomic molecule, making it an ideal model
system for studying molecular interactions and vibrational dynamics. When the



two hydrogen atoms are displaced slightly from their equilibrium position, a
fascinating array of physical principles and quantum effects come into play.
This article delves into the intricate mechanisms that govern these
responses, providing a comprehensive overview suitable for scientists,
students, and enthusiasts alike.

Introduction to the Hydrogen Molecule and
Equilibrium Geometry

The Hydrogen Molecule (H,) is composed of two protons and two electrons,
forming the simplest diatomic molecule. At its equilibrium geometry, the
atoms are separated by an optimal internuclear distance—approximately 0.74
A—where the potential energy of the system is minimized. This equilibrium
bond length results from a delicate balance of attractive and repulsive
forces:

— Electrostatic Attraction: The shared electron density between the two
nuclei stabilizes the molecule.

— Electron Shielding and Repulsion: Electron-electron repulsion and nuclear-
nuclear repulsion influence the bond length.

The potential energy curve of H,, as a function of internuclear distance,
exhibits a well-defined minimum at this equilibrium, representing a stable
configuration. Small deviations from this equilibrium position lead to
vibrational motions, which are fundamental to understanding molecular
spectroscopy and thermodynamic properties.

Displacing the Hydrogen Atoms: From Equilibrium
to Dynamics

What Happens When the Hydrogen Atoms Are Slightly Displaced?

When the two hydrogen atoms are displaced from their equilibrium bond
length—either symmetrically (both atoms moving outward or inward equally) or
asymmetrically (one atom moving more than the other)—the molecule experiences
a change in its potential energy landscape. These small displacements are
typically modeled as harmonic oscillations, especially when deviations are
minimal, allowing the application of classical and quantum harmonic
oscillator theories.

Types of Displacements:

- Stretching Mode: The internuclear distance increases or decreases, akin to
a spring being stretched or compressed.

— Bending Mode: Although less relevant for diatomic molecules, small angular
displacements could be considered in polyatomic analogs.

— Asymmetric Displacements: One atom moves relative to the other, leading to
transient dipoles and affecting vibrational modes.



In the context of H,, the dominant response to small displacements is
vibrational motion along the bond axis, which significantly influences the
molecule's energy states and spectroscopic behavior.

Theoretical Framework: Quantum Mechanical
Perspective

Harmonic Approximation and Vibrational Modes

At the core of understanding molecular responses to small displacements is
the harmonic oscillator model. In this approximation, the potential energy
near equilibrium is quadratic:

\[ V(r) \approx V(r_0) + \frac{1l}{2}k(r — r_0)"2 \]

\( r \) is the internuclear distance,
- \( r_0 \) is the equilibrium bond length,
\( k \) is the force constant, reflecting bond stiffness.

This model predicts discrete vibrational energy levels:
N[ E_v = \left( v + \frac{1}{2} \right) h \nu \]

where:
- \( v \) is the vibrational gquantum number (0, 1, 2, ...),
- \( h \) is Planck’s constant,

\( \nu \) 1is the vibrational frequency, related to the force constant \( k
\) and the reduced mass \( \mu \):

\N[ \nu = \frac{1l}{2\pi} \sqgrt{\frac{k}{\mu}} \]

For H,, with a reduced mass approximately half that of a proton, vibrational
frequencies are high, leading to distinct infrared absorption lines.

Quantum Effects Include:

- Zero-point energy: Even at absolute zero, the molecule possesses
vibrational energy.

— Quantized energy levels: Vibrational states are discrete, influencing
absorption spectra.

— Tunneling: Slight displacements can involve tunneling through potential
barriers, especially in more complex molecules.

Physical Consequences of Small Displacements

1. Vibrational Excitations and Spectroscopy



Small displacements induce vibrational excitations detectable via infrared
(IR) and Raman spectroscopy. The vibrational frequency is directly related to
the bond's stiffness, enabling scientists to:

— Determine bond strength.

— Infer electronic structure.

- Monitor environmental influences on molecules.

2. Dipole Moment Variations

In homonuclear diatomic molecules like H,, the equilibrium dipole moment 1is
zero. However, vibrational displacements can induce transient dipoles,
enabling IR activity. This is crucial for detecting vibrational states
experimentally.

3. Energy Redistribution and Thermal Effects

Micro-level displacements contribute to the thermal energy of gases. As
molecules vibrate, they exchange energy with their surroundings, affecting:

— Heat capacity.

— Reaction kinetics.

— Collisional dynamics.

4. Electron-Nuclear Coupling

Small displacements alter the electronic environment, affecting:
— Electron density distribution.

— Transition probabilities.
— Non-adiabatic couplings, especially relevant at higher vibrational states.

Impact of External Factors on Displaced H,
Molecules

External Electric Fields

Applying an electric field can polarize the molecule, amplifying the effects
of small displacements. This can:

— Induce Stark shifts in vibrational levels.
— Enhance spectroscopic signals.
— Influence reaction dynamics.

Temperature Variations

Higher temperatures increase vibrational amplitudes, making small
displacements more significant in the collective behavior of gases.

Pressure and Collisional Effects

In dense gases, collisions can induce displacements and energy transfer,
affecting vibrational broadening and line shapes in spectra.



Practical Implications and Applications

1. Spectroscopic Diagnostics

Understanding how small displacements affect H, molecules allows for precise
spectroscopic analysis, which is critical in:

— Astrophysics: Analyzing interstellar hydrogen.
— Plasma physics: Monitoring hydrogen plasmas.
— Chemical sensing: Detecting hydrogen leaks or purity.

2. Quantum Computing and Molecular Engineering

Insights into vibrational dynamics inform the design of molecular qubits and
nano-scale devices where atomic positions are manipulated at quantum levels.

3. Fundamental Research in Molecular Physics
Studying the response of H, to displacements deepens our understanding of:

- Molecular bonding.
— Quantum tunneling phenomena.
- Potential energy surface topology.

Conclusion: The Significance of Small
Displacements in H,

In essence, when the two hydrogen atoms in an H, molecule are displaced
slightly from their equilibrium position, a cascade of physical phenomena
unfolds. From vibrational excitations that shape molecular spectra to quantum
effects like tunneling and zero-point energy, these small displacements serve
as a window into the intricate dance of atomic forces and quantum mechanics.

The harmonic oscillator model provides a robust framework for understanding
these responses, capturing the essence of vibrational dynamics. External
factors such as electric fields, temperature, and pressure further modulate
these effects, demonstrating the complex interplay between molecules and
their environment.

By dissecting these responses, scientists can harness the fundamental
properties of hydrogen molecules for a multitude of applications—ranging from
astrophysical observations to cutting—-edge nanotechnology. Ultimately, the
study of how tiny displacements influence H, molecules not only enriches our
understanding of molecular physics but also paves the way for innovations
across scientific disciplines.

In summary, small displacements from equilibrium in an H, molecule invoke a
rich tapestry of vibrational phenomena governed by quantum mechanics and



classical physics. Recognizing and analyzing these effects is vital for
advancing both fundamental science and practical applications in technology
and industry.
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