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Determining the Speed of Sound and Related Heat Capacity Ra-
tios of Gases Using Acoustic Interferometry and Molecular Elec-
tronic Structure Calculations  

A Physical Chemistry Laboratory 

Jeffery L. Yarger, School of Molecular Sciences, Arizona State University, Tempe, AZ 85287-1604.  

OBJECTIVE: Physical chemistry typically starts with an introduction to gas properties, with an emphasis on molecular concepts 
and thermochemistry.  This physical chemistry laboratory aims to complement lecture material through a combined (i) computational, 
(ii) experimental and (iii) data science (data and error analysis).  In this lab, students are asked to use computational (electronic 
structure calculations) and experimental (acoustic interferometry) techniques to acquire data that allows for a determination of the 
speed of sounds and related thermodynamic properties (i.e., adiabatic index and heat capacity ratio) for several common atmospheric 
gases (e.g., He, N2, CO2 and Ar).  Also, one or more common refrigerant gas will be provided as part of the remote acoustic interfer-
ometer setup and students should be able to use their experience with measurements on known gases to determine the sound velocity, 
adiabatic index, and heat capacity ratio.  Using this information and computational chemistry of common refrigerant gases (i.e., 
fluorocarbons), a student should be able to determine the molecular thermodynamic properties of one or more refrigerant gas. This 
lab is designed to teach general laboratory problem solving and data/error analysis skills.  The goal of this lab is to understand how 
the molecular composition of a gas determines the speed of sound waves passing through it.  

INTRODUCTION 
Of the three states of common molecular aggregation, 

only the gaseous state allows a comparatively simple 
quantitative description.  Hence, the reason it is often em-
phasized in physical chemistry.1,2,3  The aim of physical 
chemistry is to quantitatively interpret the observed prop-
erties of macroscopic systems in terms of the kinds and 
arrangements of atoms or molecules that make up these 
systems.  Structurally, gases are nature's simplest sub-
stances; a simple model and elementary calculation 
yields results in good agreement with experiment.  The 
kinetic theory of gases provides a beautiful and important 
illustration of the relation of theory to experiment, as well 
as of the techniques that are commonly used in relating 
structure to properties.4   

In this lab, students will explore the molecular and ther-
modynamic properties of gases (molecular models of 
common gases shown in figure 1) by measuring the 
speed of sound and using the experimental measure-
ments to calculate the ratio of the heat capacity of a gas 
at constant pressure to that at constant volume (CP/CV).5  
Often several gases are studied, and the results are ana-
lyzed and interpreted in terms of molecular theory (e.g., 
molecular degrees of freedom). The background material 
on heat capacity of gases is covered extensively in phys-
ical chemistry textbooks2 as well as numerous sources 
online including Wikipedia, which is an excellent resource 
for all background material associated with this lab. 

   The goal of CHM 343 is to reinforce physical chemis-
try concepts through experiment.  This includes both la-
boratory and computational experiments. Independent re-
search skills and exploration is always allowed and even 
encouraged in upper division science labs. For example, 
(i) students can do a DIY acoustic interferometer as an 
alternative to using the remote system, (ii) students can 
explore alternative computational methods and applica-
tions, (iii) and students can choose a different set of gases 

for computational and experimental measurements. We 
encourage students to explore alternative experimental 
and/or computational methods and will always give added 
weight to students that go beyond following the exact pro-
cedures that are suggested. Okay, lets breakdown the 
computational, experimental, and data/error analysis 
components for this lab. 

COMPUTATIONAL 
Use quantum mechanics-based computational meth-

ods to calculate the thermochemical properties for several 
molecular gases.  The goal is to do computational ‘exper-
iments’ to estimate the heat capacity of several gases that 
will be experimentally measured using an acoustic inter-
ferometer (e.g., Ar, N2, O2, CO2, and common refrigerant 
gases: CH2F2, CH2FCF3, C3H2F4).  Computational chem-
istry methods allow the contributions of translational, rota-
tional, and vibrational degrees of freedom to be individu-
ally computed.  An example of a simple online browser-
based tool for basic molecular computation is MolCalc 
(https://molcalc.org).6  A more in-depth discussion of com-
putational software is provided at the biopchem.education 
website and the Yarger research group at ASU has 

Figure 1 - Space filling model for several common molecular 
gases.   
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created an advanced version of MolCalc, which we call 
MoleCalc, that is publicly available at https://mole-
calc.cloud.  ASU online students should also have ASU 
supercomputer accounts on Sol and access to WebMO 
and computational packages such at Gaussian for any 
advanced computation chemistry experiments.  

EXPERIMENTAL 
• Using an acoustic interferometer, measure the white 

noise resonant sound spectra for one atomic gas (i.e., 
He or Ar), two common atmospheric molecular gas 
(i.e., N2, O2, or CO2), and a least one common refrig-
erant gas (e.g., CH2F2, CH2FCF3, C3H2F4).5  A re-
motely accessible acoustic interferometer has been 
setup at ASU and will be made available to students. 
Remote access to the acoustic interferometer will be 
available using NoMachine (nx://10.200.97.9:4000, 
must be on the ASU VPN, and password is provided 
on Canvas).  An accurate and precise length of the 
acoustic interferometer cavity is a critical parameter 
and will either be provided to students or needs to be 
determined using a gas with a well-known sound ve-
locity.  Argon or nitrogen gas both have very well-
known sound velocities and can be used as the cali-
bration gas to determine the acoustic interferometer 
tube length. With the accurate acoustic interferometer 
length determined or provided, all other acoustic in-
terferometry measurements of various gases can be 
used to determine a precise speed of sound for gases 
at specific temperatures (the sound velocity is tem-
perature dependent). 

• Using acoustic interferometry with a calibrated length, 
determine the speed of sound propagation for an ‘un-
known’ refrigerant gas that will be provided for the re-
motely accessible instrument. The measured sound 
velocity can then be used to calculate the heat-capac-
ity ratio for any gas purged into the acoustic interfer-
ometry tube (data analysis).  From the remote exper-
imental measurements and data analysis, determine 
as many thermochemical properties as possible and 
make a hypothesis about the molecular identity of the 
unknown gas. 

• Besides interrogating various pure gases or gas mix-
tures (e.g., air) at room temperature, a computer-con-
trolled heater is being added allowing variable tem-
perature measurement of gases (CP(T)). (extra credit) 

DATA & ERROR ANALYSIS 
• Make a figure with the molecular representations of 

the molecular gas(es) used for the computational ex-
periments.6,10  Further summarize the computational 
heat capacity and thermochemistry results in a table 
with a caption that provides a good summary of the 
computational details.11–15 

• Make a figure with representative raw data obtained 
from the acoustic interferometry experiments and the 
sound spectrum (FFT processed data).5,16–18  Use the 
sound spectrum to determine at least 6 resonant fre-
quencies (nodes) for each gas at a known tempera-
ture (and/or pressure).  Plot the resonance number 

versus resonance frequency and use a least-squared 
fitting routine to show the best linear fit (show the fit 
and provide the linear best fit slope and intercept val-
ues and R2).  This now allows the calculation of the 
speed of sound (from the slope of the linear fit).  Op-
timized fitting paraments and associated errors for all 
gases and one or more known and measured tem-
peratures. 

• Calculate the ratio CP/CV (g, the adiabatic index) using 
the sound velocities determined in the step above.  
This should be done assuming an ideal gas equation 
of state (EoS).  As an extra credit component, stu-
dents can also use a real gas EoS such as the van 
der Waals (vdW) EoS. 

• Translational, rotational, and vibrational contributions 
can be determined through the computational exer-
cise as well as classical and quantum theory.  Also, a 
predicted CV can be determined from ideal gas and 
vdW gas EoS assumptions. 

• Use standard propagation of error techniques to re-
port error associated with all measurements and sub-
sequent calculations and data fitting.2,19–22  All re-
ported numbers should have the associated +/- error 
and units.   

LABORATORY REPORT/ NOTEBOOK 
Students can write a standard laboratory report or use 

a colaboratory notebook, which can be used for all text 
descriptions, tables, plots, figures, data analysis, error 
analysis, discussion, and references. A detailed descrip-
tion and rubric for student lab reports is provided in the 
syllabus. It is important to not just report the results of ex-
periments and computations, but also to discuss the in-
sights obtained, keeping in mind the primary objective of 
this laboratory project: 

The goal of this lab is to understand how the molec-
ular composition of a gas determines the speed of 
sound waves passing through it.  The speed of sound 
in an ideal gas only depends on its temperature, mass and 
adiabatic index (or heat capacity ratio). It makes intuitive 
sense from basic introductory chemistry concepts (e.g., 
kinetic theory of gases) that the sound velocity would be 
dependence on temperature and mass.  But what does 
the adiabatic index (heat capacity ratio) have to do with 
it?  The emphasis of this lab is for students to explore 
(computationally and experimentally) and hopefully ‘dis-
cover’ the connection and hence be able to explain the 
relationship between molecular structure/dynamics and 
its effect on heat capacity and sound waves passing 
through it.  Finally, students should be able to put these 
molecular insights to bare for understanding the molecu-
lar thermodynamics of what makes a ‘good’ refrigerant 
gas. 

 

REFERENCES 
(1)  Atkins, P. W.; De Paula, J. Elements of Physical Chem-

istry, 7th ed.; Oxford University Press, USA, 2017. 
(2)  Shoemaker, D. P.; Garland, C. W.; Steinfeld, J. I. Exper-

iments in Physical Chemistry; McGraw-Hill, 2018. 



 
3 

(3)  Teixeira-Dias, J. J. C. Molecular Physical Chemistry: A 
Computer-Based Approach Using Mathematica® and 
Gaussian; Molecular Physical Chemistry: A Computer-
based Approach using Mathematica® and Gaussian; 
2017; p 457. https://doi.org/10.1007/978-3-319-41093-
7. 

(4)  Jeans, J. An Introduction to the Kinetic Theory of Gases; 
An Introduction to the Kinetic Theory of Gases; 2009; 
Vol. 9781108005609, p 311. 
https://doi.org/10.1017/CBO9780511694349. 

(5)  Varberg, T. D.; Pearlman, B. W.; Wyse, I. A.; Gleason, 
S. P.; Kellett, D. H. P.; Moffett, K. L. Determining the 
Speed of Sound and Heat Capacity Ratios of Gases by 
Acoustic Interferometry. Journal of Chemical Education 
2017, 94 (12), 1995–1998. 
https://doi.org/10.1021/acs.jchemed.7b00526. 

(6)  Jensen, J. H.; Kromann, J. C. The Molecule Calculator: 
A Web Application for Fast Quantum Mechanics-Based 
Estimation of Molecular Properties. Journal of Chemical 
Education 2013, 90 (8), 1093–1095. 
https://doi.org/10.1021/ed400164n. 

(7)  Sweet, C.; Akinfenwa, O.; Foley, J. J. Facilitating Stu-
dents’ Interaction with Real Gas Properties Using a Dis-
covery-Based Approach and Molecular Dynamics Simu-
lations. Journal of Chemical Education 2018, 95 (3), 
384–392. https://doi.org/10.1021/acs.jchemed.7b00747. 

(8)  Nelson, M. T.; Humphrey, W.; Gursoy, A.; Dalke, A.; 
Kale, L. V.; Skeel, R. D.; Schulten, K. NAMD: A Paral-
lel, Object-Oriented Molecular Dynamics Program. In-
ternational Journal of High Performance Computing Ap-
plications 1996, 10 (4), 251–268. 
https://doi.org/10.1177/109434209601000401. 

(9)  Chávez Thielemann, H.; Cardellini, A.; Fasano, M.; Ber-
gamasco, L.; Alberghini, M.; Ciorra, G.; Chiavazzo, E.; 
Asinari, P. From GROMACS to LAMMPS: 
GRO2LAM: A Converter for Molecular Dynamics Soft-
ware. Journal of Molecular Modeling 2019, 25 (6). 
https://doi.org/10.1007/s00894-019-4011-x. 

(10)  Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual 
Molecular Dynamics. Journal of Molecular Graphics 
1996, 14 (1), 33–38. https://doi.org/10.1016/0263-
7855(96)00018-5. 

(11)  Ramabhadran, R. O.; Raghavachari, K. The Successful 
Merger of Theoretical Thermochemistry with Fragment-
Based Methods in Quantum Chemistry. Accounts of 
Chemical Research 2014, 47 (12), 3596–3604. 
https://doi.org/10.1021/ar500294s. 

(12)  Ghahremanpour, M. M.; Van Maaren, P. J.; Ditz, J. C.; 
Lindh, R.; Van Der Spoel, D. Large-Scale Calculations 
of Gas Phase Thermochemistry: Enthalpy of Formation, 
Standard Entropy, and Heat Capacity. Journal of Chem-
ical Physics 2016, 145 (11). 
https://doi.org/10.1063/1.4962627. 

(13)  Odbadrakh, T. T.; Gale, A. G.; Ball, B. T.; Temelso, B.; 
Shields, G. C. Computation of Atmospheric Concentra-
tions of Molecular Clusters from Ab Initio Thermochem-
istry. Journal of Visualized Experiments 2020, 2020 
(158). https://doi.org/10.3791/60964. 

(14)  Glaesemann, K. R.; Fried, L. E. A Path Integral Ap-
proach to Molecular Thermochemistry. Journal of 
Chemical Physics 2003, 118 (4), 1596–1603. 
https://doi.org/10.1063/1.1529682. 

(15)  Irikura, K. K. Multireaction Approach to Quantum Ther-
mochemistry. Journal of Physical Chemistry A 2020, 
124 (39), 8088–8099. 
https://doi.org/10.1021/acs.jpca.0c05662. 

(16)  Halpern, A. M.; Liu, A. Gas Nonideality at One Atmos-
phere Revealed through Speed of Sound Measurements 
and Heat Capacity Determinations. Journal of Chemical 
Education 2008, 85 (11), 1568–1570. 
https://doi.org/10.1021/ed085p1568. 

(17)  Mamedov, B. A.; Somuncu, E.; Askerov, I. M. Evalua-
tion of Speed of Sound and Specific Heat Capacities of 
Real Gases. Journal of Thermophysics and Heat Trans-
fer 2018, 32 (4), 984–988. 
https://doi.org/10.2514/1.T5285. 

(18)  Sinclair Molek, K.; Reyes, K. A.; Burnette, B. A.; 
Stepherson, J. R. Measuring the Speed of Sound through 
Gases Using Nitrocellulose. Journal of Chemical Educa-
tion 2015, 92 (4), 762–766. 
https://doi.org/10.1021/ed400653t. 

(19)  Halpern, A. M.; Frye, S. L.; Marzzacco, C. J. Scientific 
Data Analysis Toolkit: A Versatile Add-in to Microsoft 
Excel for Windows. Journal of Chemical Education 
2018, 95 (6), 1063–1068. 
https://doi.org/10.1021/acs.jchemed.8b00084. 

(20)  Tellinghuisen, J. Using Least Squares for Error Propaga-
tion. Journal of Chemical Education 2015, 92 (5), 864–
870. https://doi.org/10.1021/ed500888r. 

(21)  Gardenier, G. H.; Gui, F.; Demas, J. N. Error Propagation 
Made Easy - Or at Least Easier. Journal of Chemical Ed-
ucation 2011, 88 (7), 916–920. 
https://doi.org/10.1021/ed1004307. 

(22)  Tellinghuisen, J. Least-Squares Analysis of Data with 
Uncertainty in y and x: Algorithms in Excel and Kalei-
daGraph. Journal of Chemical Education 2018, 95 (6), 
970–977. https://doi.org/10.1021/acs.jchemed.8b00069. 

 


