Imagine That You Have An Ideal Gas In A
8.90 L Container, And That 1550 Molecules
Of This Gas Collide

Imagine That You Have An Ideal Gas In An 8.90 L Container, And That 1550 Molecules Of
This Gas Collide. This scenario offers a fascinating glimpse into the microscopic world of gases and
the fundamental principles that govern their behavior. Understanding how individual molecules
interact within a confined space is essential for comprehending concepts in thermodynamics, kinetic
theory, and physical chemistry. In this article, we will explore the dynamics of ideal gases, analyze
collision phenomena, and delve into the principles that explain the behavior of molecules within a
container of this size and molecule count.

Understanding Ideal Gases and Their Characteristics

What Is an Ideal Gas?

An ideal gas is a theoretical gas composed of many randomly moving point particles that interact
only via elastic collisions. These particles are considered to have negligible volume and no
intermolecular forces, making the model a simplified approximation of real gases under certain
conditions. The behavior of ideal gases is described accurately by the ideal gas law, which relates
pressure, volume, temperature, and the number of molecules.

Key characteristics of an ideal gas include:

- Molecules are point particles with negligible volume.

- No intermolecular forces exist between molecules.

- Collisions between molecules are perfectly elastic.

- The average kinetic energy of molecules depends solely on temperature.

The Significance of the Molecular Scale

While the ideal gas model simplifies the microscopic complexities, it provides powerful insights into
macroscopic properties such as pressure, temperature, and volume. Considering the number of
molecules involved—here, 1550 molecules—helps bridge the microscopic interactions with
observable physical phenomena.



Analyzing the Scenario: 1550 Molecules in an 8.90 L
Container

Estimating the Number Density

Number density, or the number of molecules per unit volume, is a crucial parameter. It influences
collision frequency and the overall behavior of the gas.

Given:

- Number of molecules (N): 1550 molecules

- Volume (V): 8.90 liters

First, convert liters to cubic meters for SI consistency:
1 liter =1 x 10-3 m3

V=890L =28.90 x 10-3m3

Number density (n):

n=N/V=1550 molecules/(8.90 x 10-3 m3) = 174,157 molecules/m3

This relatively low number density indicates a sparse gas, typical of ideal behavior.

Applying the Ideal Gas Law

The ideal gas law:

PV = nRT
Where:

- P = pressure
-V = volume

- n = number of moles

- R = universal gas constant (8.314 J/(mol-K))

- T = temperature in Kelvin

To find the pressure or temperature, we need to convert molecules to moles:
Number of moles (nmol):

Number of molecules per mole = Avogadro's number = 6.022 X 1023 molecules/mol

nmol = 1550/ (6.022 x 1023) = 2.57 x 10-21 mol

Using the ideal gas law, the pressure:



P=(mmol xRxT)/V

Without knowing T, we can analyze the collision properties based on molecular velocity
distributions.

Molecular Collisions and Their Significance

What Happens When Molecules Collide?

In an ideal gas, molecules collide elastically—meaning they bounce off each other without losing
kinetic energy. The frequency and nature of these collisions determine the macroscopic properties
such as pressure and temperature.

Collision characteristics include:

- Collision rate: how often molecules collide per unit time.

- Impact parameter: the perpendicular distance between the molecules' paths.
- Energy transfer: how kinetic energy redistributes during collisions.

Estimating Collision Frequency

The collision frequency per molecule (Z) can be approximated using kinetic theory:
Z=n X g X vavg

Where:

- n = number density (~174,157 molecules/m3)

- 0 = collision cross-sectional area

- vavg = average molecular speed

Assuming molecules are spherical with a diameter d, the collision cross-sectional area:
o=muXd2

For typical gas molecules (like nitrogen), d = 3.7 A = 3.7 x 10-10 m.

Therefore:

o=1X(3.7x10-10m)~2 = 4.3 X 10-19 m2

Next, the average molecular speed (vavg) is derived from the Maxwell-Boltzmann distribution:

vavg = V(8KT / mm)



Where:

- k = Boltzmann constant (1.381 x 10-23 J/K)

- m = molecular mass

- T = temperature in Kelvin

Without a specific T, we can consider typical room temperature (~298 K):
For nitrogen (N2), m = 4.65 x 10-26 kg

vavg = V(8 x 1.381 x 10-23 x 298 / (m x 4.65 X 10-26)) = 517 m/s

Now, the collision rate per molecule:

Z=174,157 x 4.3 x 10-19 x 517 = 0.038 collisions per second

This indicates each molecule collides approximately once every 26 seconds under these conditions.

Implications of Molecular Collisions in Small Systems

Understanding Collision Dynamics

While the collision frequency might seem low in this scenario, it's representative of the sparse
conditions of a small number of molecules spread out in a relatively large volume. In real-world
applications, increasing the number of molecules or decreasing the volume significantly would lead
to higher collision rates.

Key points:

- Low molecule count results in less frequent collisions.
- Collisions influence pressure, diffusion, and energy transfer.
- The kinetic energy distribution remains governed by temperature.

Energy Transfer and Thermal Equilibrium

In the ideal gas model, molecules exchange energy through collisions, eventually reaching thermal
equilibrium where velocities follow the Maxwell-Boltzmann distribution. Even with only 1550
molecules, if the system were closed and allowed to evolve, it would tend toward this equilibrium
distribution.



Real-World Applications and Relevance

Why Study Small Systems of Molecules?

Understanding the behavior of small systems, like the 1550 molecules in a confined volume, is
fundamental in fields such as:

- Nanotechnology: where molecular-scale interactions dominate.
- Chemical Kinetics: assessing reaction rates at the molecular level.
- Thermodynamics: analyzing energy transfer in small systems.

Scaling Up to Macroscopic Systems

While the example involves a relatively small number of molecules, principles derived here scale to
larger systems. For instance, in a typical laboratory setting, the number of molecules is on the order
of 1023, making collision rates and behaviors more predictable and statistically significant.

Conclusion: Connecting Microscopic Interactions to
Macroscopic Properties

This exploration underscores the importance of molecular interactions within a confined ideal gas.
From estimating number density to calculating collision frequencies, understanding these
microscopic phenomena provides insight into the macroscopic properties we observe, such as
pressure and temperature. Whether in theoretical models or practical applications, recognizing how
individual molecules behave and interact helps scientists and engineers design better systems and
interpret experimental data accurately.

In summary, even with a modest count of 1550 molecules in an 8.90 L container, the principles of
kinetic theory and thermodynamics reveal a complex yet predictable dance of particles that
underpins much of modern physics and chemistry.

Frequently Asked Questions

What is the significance of knowing the number of molecules
in an ideal gas container?

Knowing the number of molecules allows us to calculate properties like pressure and temperature
using the ideal gas law, and helps understand molecular interactions within the gas.



How does the collision of 1550 molecules affect the pressure
inside the 8.90 L container?

The collisions contribute to the pressure exerted by the gas; more frequent or energetic collisions
increase the pressure, which can be calculated using kinetic theory and the ideal gas law.

Can we determine the temperature of the gas from the
number of molecules and the container volume?

Yes, by knowing the number of molecules and their average kinetic energy, we can determine the
temperature using the ideal gas law and kinetic theory equations.

What assumptions are made when modeling this gas as an
ideal gas?

The assumptions include that molecules are point particles with no volume, no intermolecular forces,
and collisions are perfectly elastic, meaning no energy is lost during collisions.

How does the size of the container influence the behavior of
the molecules in an ideal gas?

While the container size affects the density and frequency of collisions, in an ideal gas model, the
molecules are considered point particles, so the container size mainly impacts pressure and
distribution of molecules.

What role does the number of molecules play in calculating
the pressure of the gas?

The number of molecules directly influences pressure, as more molecules colliding with the
container walls result in higher pressure, which can be quantified by the ideal gas law using the
number of moles.

If the molecules collide elastically, how does this impact the
energy distribution within the gas?

Elastic collisions ensure that kinetic energy is conserved during collisions, leading to a stable energy
distribution characterized by the Maxwell-Boltzmann distribution at a given temperature.

Additional Resources
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Collide



Introduction

In the realm of thermodynamics and statistical mechanics, the behavior of gases at the molecular
level provides fundamental insights into macroscopic properties such as pressure, temperature, and
volume. Imagine a scenario where an ideal gas resides within an 8.90-liter container, with precisely
1550 molecules present, and these molecules undergo constant collisions. While seemingly
simplistic, this setup encapsulates core principles of molecular motion, collision dynamics, and
thermodynamic laws that govern real-world gases. This article aims to thoroughly investigate this
scenario, exploring the microscopic interactions, deriving relevant physical quantities, and
understanding the implications of molecular collisions in such a confined environment.

Theoretical Foundations of Ideal Gas Behavior

The Ideal Gas Model

An ideal gas is a hypothetical gas composed of point particles that do not interact with each other
except during elastic collisions. This model simplifies the complex interactions seen in real gases,
allowing us to derive elegant relationships such as the Ideal Gas Law:

\[ PV = nRT'\]

where:

\) is the pressure,

\) is the volume,

\) is the number of moles,
)

\) is the universal gas constant,

\(P
\(V
-\(n
\(R
\( T\) is the temperature in Kelvin.

However, in this scenario, we are given the number of molecules rather than moles, which requires
converting molecules to moles:
\[n =\frac{N}{N_A}\]

where:

-\( N = 1550 ) molecules,
-\( N_A\approx 6.022 \times 10" {23} \) molecules/mol is Avogadro's number.

Thus,
\[ n = \frac{1550}{6.022 \times 10"~ {23} } \approx 2.57 \times 10" {-21} \text{ mol} \]

This extremely small molar quantity highlights the microscopic scale of the system.



Fundamental Assumptions and Constraints

The analysis rests upon several key assumptions:

- The gas behaves ideally, with negligible intermolecular forces.

- The molecules are point particles with no volume.

- Collisions are perfectly elastic, conserving kinetic energy.

- The temperature is uniform throughout the container.

- External influences such as gravity or electromagnetic fields are negligible.

Given these conditions, the molecular collisions and resultant macroscopic properties can be
analyzed using statistical mechanics principles.

Analyzing Molecular Collisions in the Container

Collision Frequency and Mean Free Path

Understanding how often molecules collide and the average distance traveled between
collisions—the mean free path—is vital for characterizing the gas's microscopic dynamics.

Number density (\( n_{density} \)):

\[ n_{density} = \frac{N}{V} = \frac{1550}{8.90\, \text{L}} \I
Converting liters to cubic meters:

\[ 1\, \text{L} = 1 \times 10~ {-3}\, \text{m}~3\]

So,

\[ V = 8.90 \times 10™{-3}\, \text{m} "3 \]

and

\[ n {density} = \frac{1550}{8.90 \times 10~ {-3} } \approx 1.74 \times 10" {5},
\text{molecules/m} "3 \]

Average molecular speed (\( \bar{v} \)):

Assuming the molecules are monatomic ideal gas particles, their average speed at temperature \( T
\) is given by:

\[ \bar{v} = \sqrt{\frac{8RT}{\pi M}} \]



where \( M ) is the molar mass in kg/mol.

Without a specified gas, assume a hypothetical molecule similar to nitrogen (\( M \approx 28\,
\text{g/mol} = 0.028), \text{kg/mol} \)) and a typical room temperature (\( T \sim 298\, \text{K} \)):

\[ \bar{v} \approx \sqrt{\frac{8 \times 8.314)\, \text{J/(mol-K)} \times 298} {\pi \times 0.028}} \]
Calculating:

\[ \bar{v} \approx \sqrt{\frac{19745}{0.08796} } \approx \sqrt{224,560} \approx 474\, \text{m/s} \]
Mean free path (\( \lambda \)):

The mean free path is estimated using the relation:

\[ \lambda = \frac{1}{\sqrt{2} \, n_{density} \, \sigma} \]

where \( \sigma \) is the collision cross-sectional area. Assuming the molecules are spherical with a
diameter \( d \sim 0.3\, \text{nm} = 3 \times 10~ {-10}\, \text{m} \):

\[ \sigma = \pi d”2 \approx \pi \times (3 \times 10~ {-10})"2 \approx 2.83 \times 10" {-19}\,
\text{m}"~2\]

Thus,

\[ \lambda \approx \frac{1} {\sqrt{2} \times 1.74 \times 10~ {5} \times 2.83 \times 10~ {-19} } \]

\[ \lambda \approx \frac{1}{6.97 \times 10"~ {-14}} \approx 1.43 \times 10~ {13}\, \text{m} \]

This enormous mean free path indicates that, at such a low number of molecules, individual
molecules rarely collide within the small volume—highlighting the significance of the small number
of molecules in this scenario.

Collision Rate:

The average number of collisions per second per molecule (\( Z)) is:

\[ Z = n_{density} \times \sigma \times \bar{v} \]

\[ Z \approx 1.74 \times 10~ {5} \times 2.83 \times 10"~ {-19} \times 474 \]

\[ Z \approx 2.34 \times 10" {-11}\, \text{collisions per second} \]

This extremely low collision rate underscores that with only 1550 molecules, the gas would be in a
highly rarefied state, approaching the limit where molecular interactions are negligible.

Implications of Low Collision Frequency

- Non-Equilibrium Conditions: With such sparse molecular interactions, the system may not reach



thermodynamic equilibrium within practical timescales.

- Statistical Fluctuations: The small number of molecules leads to significant fluctuations in
observable quantities like pressure and energy.

- Ballistic Motion Dominance: Molecules travel largely unimpeded, with their dynamics dominated by
free flight rather than collisions.

Macroscopic Properties Derived from Molecular
Dynamics

Pressure Calculation

In kinetic theory, the pressure exerted by an ideal gas is related to the average molecular kinetic
energy:

\[ P =\frac{1}{3} n {density} m \bar{v}~2\]
where \( m ) is the mass of a single molecule:

\[ m = \frac{M}{N A} \approx \frac{0.028), \text{kg/mol} }{6.022 \times 10"~ {23} } \approx 4.65
\times 10" {-26}\, \text{kg} \]

Using the earlier average speed:

\[ P =\frac{1}{3} \times 1.74 \times 10"~ {5} \times 4.65 \times 10™{-26} \times (474)"2 \]
Calculating:

\[ P \approx \frac{1}{3} \times 1.74 \times 10™~ {5} \times 4.65 \times 10" {-26} \times 224,676 \]

\[ P \approx \frac{1}{3} \times 1.74 \times 10™ {5} \times 4.65 \times 10™{-26} \times 2.25 \times
107 {5} \]

\[ P \approx \frac{1}{3} \times (1.74 \times 10"~ {5} \times 2.25 \times 10~ {5}) \times 4.65 \times
107{-26}\]

\[ P \approx \frac{1}{3} \times 3.92 \times 10™ {10} \times 4.65 \times 10" {-26} \]
\[ P \approx \frac{1}{3} \times 1.82 \times 10"~ {-15} \]
\[ P \approx 6.07 \times 10"~ {-16}\, \text{Pa} \]

This negligible pressure reflects the extremely low molecular density, consistent with the earlier
collision analysis.



Temperature Estimation

Using the relation between kinetic energy and temperature:
\[ \frac{1}{2} m \bar{v}"2 = \frac{3}{2} RT/M \]
Rearranged:

\[ T = \frac{m \bar{v}"~2}{3 R/N A} \]

Alternatively, since the average kinetic energy per molecule is
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