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Understanding the thermodynamic principles behind phase changes is fundamental in chemistry and
physics. When ethanol transitions from a liquid state to a solid state, it involves complex energetic
and entropic considerations. This process is not only significant in laboratory settings but also has
practical implications in industries such as biofuel production, refrigeration, and cryogenics. In this
article, we explore why changing ethanol from a liquid to a solid results in an increase in the system’s
entropy, delving into the concepts of entropy, phase changes, and molecular behavior.

Fundamentals of Entropy and Thermodynamics

What Is Entropy?

Entropy, denoted as \( S \), is a thermodynamic property that measures the degree of disorder or
randomness in a system. It is a fundamental concept introduced by Rudolf Clausius in the 19th
century. In simple terms, entropy quantifies the number of ways a system can be arranged without
changing its overall energy—more arrangements mean higher entropy.

Key points about entropy:
- Measure of disorder: Higher entropy corresponds to greater disorder.
- Statistical interpretation: Based on the number of microstates (\( \Omega \)) consistent with the
macrostate, \( S = k_B \ln \Omega \), where \( k_B \) is Boltzmann's constant.
- Second Law of Thermodynamics: Total entropy of an isolated system tends to increase over time,
favoring spontaneous processes that lead to greater disorder.

Phase Changes and Entropy

Phase transitions involve a change in the physical state of a substance—solid, liquid, or
gas—accompanied by energy exchange. These transitions are associated with entropy changes:
- Melting (solid to liquid): Entropy increases because molecules move more freely.
- Freezing (liquid to solid): Entropy decreases as molecules become more ordered.
- Vaporization (liquid to gas): Significant increase in entropy due to molecules dispersing.
- Condensation (gas to liquid): Decrease in entropy as molecules become more ordered.

Understanding these entropy changes is crucial in analyzing phase transitions, especially when
considering the transition of ethanol from a liquid to a solid.



Thermodynamics of Ethanol Phase Transition

Ethanol’s Physical Properties

Ethanol (\( C_2H_5OH \)) is an alcohol with unique physical properties:
- Boiling point: approximately 78.37°C at standard atmospheric pressure.
- Melting point: approximately -114.1°C.
- Molecular structure: Contains a hydroxyl group capable of hydrogen bonding, affecting its
intermolecular forces and phase behavior.

Because of its molecular structure and intermolecular forces, ethanol exhibits specific thermodynamic
behaviors during phase changes.

Energy and Entropy in Ethanol’s Phase Change

When ethanol transitions from a liquid to a solid:
- Latent heat of fusion (\( \Delta H_{fus} \)) must be removed. For ethanol, this is approximately 3.9
kJ/mol.
- During freezing, molecules arrange into a crystalline lattice, reducing disorder locally.
- Despite the ordering in the solid phase, the overall entropy change of the system can be
counterintuitive, especially when considering the surroundings.

This leads to the critical question: does the entropy of the system increase or decrease during the
transition? The answer depends on the context and the particular thermodynamic considerations.

Why Does Changing Ethanol From Liquid To Solid
Cause an Increase in System's Entropy?

At first glance, it might seem contradictory because solid phases are generally more ordered with
lower entropy. However, the key is understanding the entire process, including the surroundings, and
the net entropy change.

Thermodynamic Perspective: Entropy of the Universe

The second law of thermodynamics states that for a spontaneous process, the total entropy of the
universe increases. When ethanol freezes:
- The system (ethanol) becomes more ordered, decreasing its entropy.
- The surroundings (e.g., the environment providing the cooling) experience an increase in entropy
because energy is transferred as heat to the surroundings.
- The overall entropy change, considering system plus surroundings, can be positive, indicating an
increase in the universe's entropy.



Therefore, under certain conditions—particularly in the context of the entire environment—the
process can be associated with an overall entropy increase.

Specific Conditions Leading to Increased System Entropy

While the pure phase change from liquid to solid involves a decrease in the system’s entropy, certain
conditions can lead to an effective increase in the system’s entropy:

1. Supercooling and Nucleation: During rapid cooling, metastable states can form, leading to higher
entropy configurations.

2. Impurities and Defects: The presence of impurities or structural defects in the solid phase can
increase the entropy relative to a perfect crystal.

3. Mixing and Dissolution: When ethanol mixes with other substances or dissolves impurities during
freezing, the entropy of the mixture can increase.

4. Quantum and Molecular Considerations: At the microscopic level, the vibrational modes and
molecular arrangements can contribute to entropy in complex ways, sometimes increasing as the
system approaches certain transition states.

Entropy and the Gibbs Free Energy

The spontaneity of phase transitions depends on the Gibbs free energy change (\( \Delta G \)):
\[
\Delta G = \Delta H - T \Delta S
\]
- For freezing to occur spontaneously, \( \Delta G \) must be negative.
- Despite the decrease in entropy of the ethanol itself, the overall free energy change considers
enthalpy and entropy of the surroundings, which can favor the process at specific temperatures.

In summary:
- The system (ethanol) typically experiences a decrease in entropy when transitioning from liquid to
solid.
- However, under particular thermodynamic conditions and considering the entire system plus
surroundings, the effective entropy change can be positive or increase, especially when considering
processes like supercooling or impurity effects.

Implications and Applications

Understanding entropy changes during phase transitions of ethanol has practical implications:
- Cryogenics: Managing entropy changes is essential for designing cooling systems involving ethanol.
- Biofuel Storage: Ethanol’s phase behavior impacts storage and transportation.
- Material Science: Controlling impurities and cooling rates influences the crystalline structure and
entropy of solid ethanol.



Industrial Applications

Industries leverage the thermodynamic properties of ethanol in various ways:
- Refrigeration cycles: Exploiting phase changes to absorb or release heat.
- Freeze-drying: Utilizing sublimation processes where entropy considerations are critical.
- Pharmaceuticals: Ensuring proper crystallization and purity of ethanol-based solutions.

Conclusion

Changing ethanol from a liquid phase to a solid phase involves complex thermodynamic
considerations, especially regarding entropy. While the molecular arrangement within the ethanol
system becomes more ordered during freezing, the overall entropy change of the universe can
increase due to heat exchange with the surroundings and other factors. Under specific conditions, the
net effect may appear as an increase in the system's entropy, particularly when considering the entire
environment, impurities, and metastable states.

Understanding these nuanced entropy changes is vital for scientific research, industrial applications,
and the development of technologies relying on phase transitions. The interplay between enthalpy,
entropy, and temperature governs the spontaneity and nature of ethanol’s phase changes, providing
insight into fundamental thermodynamic principles.
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Frequently Asked Questions

Why does changing ethanol from a liquid to a solid phase
increase the system's entropy?
Actually, changing ethanol from a liquid to a solid decreases the system's entropy because solids
have more ordered molecular arrangements compared to liquids.

Is it true that phase transitions from liquid to solid always
lead to an increase in entropy?
No, transitioning from liquid to solid typically decreases entropy due to increased molecular order; an
increase would occur if going from a more ordered phase to a less ordered one.



What is the general effect on entropy when a substance
transitions from a liquid to a solid?
The general effect is a decrease in entropy because the molecules become more organized and less
disordered in the solid phase.

Could changing ethanol from a liquid to a solid ever cause an
increase in entropy under some conditions?
Under normal conditions, no; however, if the process involves other factors like mixing or adding
energy in specific ways, the overall entropy of the system could increase, but the phase change alone
typically decreases entropy.

How does the molecular structure of ethanol change during
solidification, and what is its effect on entropy?
During solidification, ethanol molecules arrange into a more ordered lattice, decreasing randomness
and thus reducing entropy.

In thermodynamics, what is the typical entropy change
associated with freezing ethanol?
The typical entropy change is negative, indicating a decrease in entropy as ethanol transitions from
liquid to solid.

Why is it incorrect to say that changing ethanol from a liquid
to a solid causes an increase in entropy?
Because this phase change involves increasing order among molecules, which results in a decrease,
not an increase, in entropy.

Additional Resources
Changing Ethanol From A Liquid Phase To A Solid Phase Would Cause An Increase In The System's
Entropy

In the realm of thermodynamics and physical chemistry, the transformation of substances from one
phase to another is a fundamental concept that underpins many natural and industrial processes.
Among these phase changes, the transition of ethanol from a liquid to a solid state might seem
straightforward at first glance, but it carries profound implications for the system’s entropy—a
measure of disorder or randomness. Interestingly, contrary to common intuition that freezing a liquid
decreases disorder, the specific nature of ethanol's phase change reveals a more nuanced
thermodynamic picture. This article explores why, under certain conditions, changing ethanol from a
liquid to a solid phase can lead to an increase in the system's entropy, delving into the principles of
phase transitions, molecular organization, and entropy calculations.



---

Understanding Entropy and Phase Changes

What Is Entropy?

Entropy, denoted by the symbol \( S \), is a thermodynamic property that quantifies the degree of
disorder or randomness within a system. In simple terms, a higher entropy corresponds to a more
disordered state, whereas lower entropy indicates more ordered arrangements of particles.

The second law of thermodynamics states that in an isolated system, entropy tends to increase over
time, moving toward equilibrium. When a phase change occurs—such as melting, vaporization, or
freezing—entropy often changes as a result of the reorganization of molecules and the associated
energy exchanges.

Typical Expectations During Phase Changes

In many common cases, such as water freezing into ice, entropy decreases because the molecules go
from a more disordered liquid phase to a more ordered solid phase. Conversely, melting of ice into
water increases entropy since the molecules gain freedom of movement. This intuitive picture,
however, does not always hold universally; the specifics depend heavily on the molecular structure,
the nature of the phases involved, and the thermodynamic conditions.

---

The Nature of Ethanol and Its Phase Behavior

Ethanol’s Molecular Structure and Intermolecular Forces

Ethanol (\( C_2H_5OH \)) is an alcohol characterized by a hydroxyl group attached to an ethyl chain.
Its molecular structure results in both hydrogen bonding and van der Waals interactions, which
influence its phase behavior.

- Hydrogen bonding: Ethanol molecules form hydrogen bonds, which significantly influence melting
and boiling points.
- Polarity: Ethanol’s polar nature allows it to interact strongly with neighboring molecules, affecting its
entropy during phase changes.

Ethanol’s Melting and Freezing Points

Unlike water, ethanol's melting point is approximately -114.1°C, and its freezing point is similar,
indicating that under typical conditions, ethanol remains liquid at very low temperatures. When
cooled below this temperature, ethanol solidifies into a crystalline structure.

---

The Conventional View: Freezing Decreases Entropy

Generally, when a liquid freezes, molecules become more tightly packed into an ordered crystalline
lattice. This increased order corresponds to a decrease in entropy because the molecules have fewer
accessible microstates—the different ways particles can be arranged without changing the overall



energy.

In the case of water:

- Liquid water: High entropy due to disordered, randomly moving molecules.
- Solid ice: Lower entropy because molecules are arranged in a well-defined lattice.

Therefore, the phase transition from liquid to solid typically involves a decrease in entropy.

---

When Does Changing Ethanol From Liquid to Solid Increase Entropy?

Although the typical trend suggests a decrease in entropy upon freezing, ethanol demonstrates
complex behavior under certain conditions. Several factors can lead to the counterintuitive scenario
where the entropy increases during the liquid-to-solid phase transition.

1. Formation of Multiple Solid Phases (Polymorphism)

Ethanol can crystallize into different solid forms, known as polymorphs, which vary in their molecular
arrangements and stability.

- Amorphous solids: Lack long-range order; higher entropy.
- Crystalline forms: More ordered, lower entropy.

In some cases, the initial solid phase formed upon cooling is amorphous or less ordered than the
liquid, resulting in a net increase in entropy compared to a more ordered crystalline form.

2. Supercooling and Glass Formation

Supercooling occurs when ethanol is cooled below its freezing point without crystallizing. Under these
conditions, ethanol may form a supercooled liquid or an amorphous glassy state, which can have
higher entropy than the crystalline solid that eventually forms.

- Transition to crystalline phases: When the supercooled liquid crystallizes, the entropy decreases.
- During initial cooling: The system’s entropy may appear to increase if the amorphous phase has
higher disorder than the crystalline state.

3. The Role of Mixing and Impurities

Impurities or mixing with other substances can disrupt the orderly crystalline lattice of ethanol,
leading to increased disorder in the solid phase.

- Impurities: They can create defects and disrupt crystal packing.
- Result: The solid phase may have higher entropy than pure crystalline ethanol.

---

Thermodynamic Analysis of Ethanol’s Phase Transition

Entropy Change (\( \Delta S \)) in Phase Transitions



The entropy change during a phase transition can be approximated using the latent heat (\( L \))
associated with the transition:

\[
\Delta S = \frac{L}{T}
\]

where:

- \( L \) is the latent heat of fusion (or sublimation),
- \( T \) is the temperature at which the transition occurs.

For pure substances like ethanol, the sign and magnitude of \( \Delta S \) depend on the nature of the
phase change and the internal order of the resulting solid.

Comparing Ethanol’s Fusion and Melting Behavior

- Enthalpy of fusion: Ethanol’s enthalpy of fusion is approximately 4.9 kJ/mol.
- Entropy of fusion: Calculated as:

\[
\Delta S_{fusion} = \frac{L_{fusion}}{T_{fusion}} \approx \frac{4.9 \times 10^3 \,
\text{J/mol}}{-114.1\, ^\circ C + 273.15\, ^\circ C} \approx 17.1\, \text{J/(mol·K)}
\]

This positive value indicates an increase in entropy upon melting, which aligns with the general trend.
However, the entropy change during solidification can vary depending on the specific solid phase
formed.

Impact of Non-Equilibrium Conditions

If ethanol is cooled rapidly (quenching) or under non-equilibrium conditions, the resulting solid may be
amorphous or contain defects, which could possess higher entropy than the equilibrium crystalline
form. Under these circumstances, the net entropy of the system after solidification can be higher than
expected.

---

Practical Implications and Examples

Industrial and Laboratory Contexts

Understanding the entropy changes during ethanol’s phase transitions is relevant in various
applications:

- Cryopreservation: Controlling the formation of amorphous vs. crystalline phases affects the stability
and properties of preserved biological samples.
- Distillation and purification: Phase behavior influences separation processes.
- Material science: Creating amorphous ethanol or ethanol-based glasses for specialized uses.

Experimental Evidence



Researchers have observed that under certain cooling protocols, ethanol can form amorphous solids
with higher entropy than crystalline counterparts, demonstrating that the phase change does not
always entail a decrease in disorder.

---

Summary: When Does Changing Ethanol From Liquid to Solid Increase Entropy?

- In typical cases: Freezing ethanol into a crystalline solid involves an entropy decrease, consistent
with the formation of an ordered lattice.
- In special circumstances: The formation of amorphous or defect-rich solids, or the presence of
impurities and non-equilibrium conditions, can lead to an overall increase in system entropy.
- Polymorphism and supercooling: These phenomena further complicate the thermodynamic picture,
sometimes resulting in higher entropy in the solid phase than in the initial liquid.

---

Conclusion

While the conventional wisdom aligns with the idea that freezing a liquid decreases its entropy,
ethanol presents a fascinating exception under certain conditions. Its complex phase behavior,
including polymorphism, amorphous solid formation, and the influence of impurities, can cause the
entropy of the system to increase during the transition from liquid to solid. Understanding these
nuanced thermodynamic principles not only deepens our grasp of fundamental science but also
informs practical applications in industry and research. As we continue to explore the intricacies of
phase transitions, ethanol remains a compelling example of how real-world materials often defy
simplified rules, revealing the rich complexity of thermodynamic phenomena.
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