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OBJECTIVE: ASU courses in elementary physical chemistry (CHM 341) and physical chemistry with a biological focus (BCH
341) typically start with re-introducing thermodynamics and its general advanced foundational importance in chemistry and
biochemistry. Project 2 in elementary physical chemistry laboratory (CHM 343) aims to complement the material in focuses
2-4 of Elements of Physical Chemistry! through a combined (i) computational, (ii) experimental and (iii) data science project.
Specifically, students are asked to use computational and experimental techniques to acquire thermodynamic data on several
common liquid or solid molecular compounds (e.g., benzoic acid, octane, naphthalene, glucose, etc.). Students are asked to
determine the energy for common chemical transformations (i.e., heat of formation and combustion), and the energy for com-
mon physical transformations (i.e., the enthalpy of fusion (and/or sublimation, vaporization). ~An emphasis is placed on
acquiring computational data and associated analysis to make the relationship to molecular theory. A further requirement of
physical chemistry is quantitative error analysis and the proper propagation of error through multi-step data analysis and
calculations. Students will be evaluated through their write-up of project reports which should take on the style used by
scientific manuscripts.

INTRODUCTION

All matter contains energy, so whenever matter under-
goes a chemical or physical change, the quantity of en-
ergy that the matter contains also changes or redistrib-
utes."™ The interplay of matter and energy has an enor-
mous impact in every aspect of our daily lives. Thermody-
namics is the study of energy and its transformations, and
the focus here is on thermochemistry, the branch of ther-
modynamics that deals with energy changes (i.e., AU,
work and heat) in chemical and physical change. In phys-
ics, we learn that all energy is either potential or kinetic,
and that these forms are interconvertible. No matter what
the form of energy or the situation, when energy is trans- -

ferred from one object to another, it appears as work Bomb
/ (reaction chamber)

and/or heat. Thermochemistry explores the release and
absorptison of energy during a chemical or physical : Fine wire in contact
change. . : “0 /with sample
Standard heats of formation of chemical compounds \
are one of the most useful thermodynamic quantities. The
experimental determination of the heat of formation of a
compound is an important contribution to thermodynam-
ics, and the measurement must be performed with great
attention to detail to achieve the desired precision and ac-
curacy. In this laboratory, you will determine the standard
heat of formation of a common organic compound such
as naphthalene, sucrose, or ethylene glycol. You will do
this from measurements of the heat of combustion using
a standard constant volume calorimeter.?

Calorimetry is the study of heat transfer.® There are
many types of calorimeters and we are going to use dif-
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Figure 1 - Schematic cutaway view of the constant
volume (‘bomb’) calorimeter.

and water as products.?’” Combustion reactions also gen-
erate heat (Q). By measuring the temperature change
that accompanies combustion, thermochemical infor-
mation may be obtained. One experimental component
of this project is to measuring the heat of combustion

ferential scanning calorimetry (DSC) to measure the heat
associated with phase transformations, then we will use
combustion calorimetry (or constant volume or ‘bomb’ cal-
orimetry) to measure the heat associated with combustion
reactions (chemical transformations). In a combustion re-
action, a compound (usually a hydrocarbon) is burned in
the presence of excess oxygen forming carbon dioxide

(chemical change) of benzoic acid, naphthalene, and one
common organic compound (‘unknown’) using a Parr
bomb calorimeter.® Figure 1 shows a schematic of a
standard bomb calorimeter that works under constant vol-
ume conditions.? A second experimental component of
this project is measuring the heat associated with melting
and/or vaporization (physical change) of benzoic acid,

1



Figure 2 — Picture of the sample autosampler on the TA
Instruments DSC2500. This differential scanning calo-
rimeter (DSC) is remotely accessible for automatic and
remote experiments.

naphthalene, and one common organic compound (‘un-
known’) using a differential scanning calorimeter. The re-
motely access and automated DSC used for Pchem
‘cloud’ lab is shown in figure 2. Remotely accessing and
acquiring DSC data will be the primary experimental com-
ponent for project 2.

Thermochemical properties of a molecule or compound
can also be determined using computational methods.®
The most common for small molecules is ab initio level
electronic structure calculations.'®'" There are several
common procedures for augmenting electronic structure
calculations in order to convert single molecule potential
energies to ensemble thermodynamic variables. There
are a lot of factors that have to be understood and taken
into consideration to get accurate thermodynamics varia-
bles from single molecule ab initio level electronic struc-
ture calculations. However, once some of the details are
understood and accounted for, it is a very powerful
method in thermochemistry.'> The experimental conven-
tion for assigning a zero to an enthalpy or free-energy
scale is that this is the value that corresponds to the heat
or free-energy of formation associated with every element
in its most stable, pure form under standard state condi-
tions (298K, 1 atm). Direct computation of molecular heat
or free energy of formation is something of a misnomer,
since it would imply computing the difference in H or G for
some molecule compared to the reference elemental
standard states. This important and technical point has
been discussed in detail in several thermochemistry
handouts.'?> The most common work-around to give con-
sistent results is to use all gas phase isodesmic reactions
and Hess’s Law to determine a specific enthalpy or free-
energy.

Each CHM 343 project has three major components: (1)
Computational, simulations, estimations and/or predic-
tions; (2) Chemical and biochemical molecular experi-
ments and data collection; and (3) Data and Error Analy-
sis with an emphasis on the relationship between theory
and experiment or computational 'experiments'. The goal
is to use all three components to develop an in-depth

understanding of each project. Each of these compo-
nents can be done as a remote 'online' student. The com-
putational, data analysis, error analysis, data science and
project reports are all easy to complete with standard
online tools. The direct lab experiments are definitely the
challenging component to bring a 'hands-on' lab experi-
ence to online/remote students that is on-par with in-per-
son laboratories. That is ultimately the long-term goal of
ASU-online, which we are working to use and build new
technologies to best facilitate. For the experimental de-
termination of thermochemistry through calorimetry, we
will have ASU-Sync labs where students will be given
‘Sync’ access to calorimeters (constant volume (bomb)
calorimeters and/or differential scanning calorimeters
(DSQC)).

The goal of CHM 343 is to reinforce physical chemistry
concepts through experiment. This includes both labora-
tory and computational 'experiments'. It is often the case
that a student is partial to direct (hands-on) lab experi-
ments or the more visualization of computational experi-
ments. These projects are designed to be flexible and al-
low students to emphasize the components that best suit
their interests and learning style. For example, in this pro-
ject there are laboratory and computational experiments
for determining the heat of formation of organic com-
pounds. Peer to peer communication and forming teams
and collaboration is strongly encouraged when working
on data analysis, error analysis, visualization and illustra-
tion. All aspects of this course EXCEPT for the writing of
individual project reports and peer review, can be done
collaboratively.

One key to experimental and computational physical
chemistry is that there are often many different methods
that can be used to address the same scientific problem.
We encourage students to explore new methods and will
always give added weight to students that go beyond fol-
lowing the exact procedures used in past labs. Independ-
ent research skills and scientific exploration is always al-
lowed and even encouraged in upper division laboratory
sciences.

PCHEM ‘CLOUD’ LAB (REMOTE/ONLINE LAB)

Computational

Computational ‘experiments’ will be made using ab initio
electronic structure computation package such as Mole-
calc (molecalc.cloud), Molcalc (molcalc.org), GAMESS,
or Gaussian. Students are welcome to use any ab initio
electronic structure computation programs. Gaussian is
provided to students through ASU computing services
(specifically, accounts and computer time on the ASU
computer cluster called Agave, https://login.rc.asu.edu
and a Ul interface is available through WebMO). The pri-
mary objective of the computational component is to de-
termine the heat of combustion and formation of the ma-
terials that will be experimentally measured in the follow-
ing lab periods (week 2). An outline of the general proce-
dure is provided below:

e Using semi-empirical quantum chemistry methods
(e.g., AM1, PM3, PM6, INDO, CNDO), and if computa-
tional resources and time permits, Hartree-Fock and
density functional theory (DFT) via standard electronic

2



structure programs such as GAMESS, Gaussian 09/16,
ORCA computational software to compute the energy
of some simple molecular systems (i.e., N2, Oz, COy,
H,O). This can be aided by graphical user interface
(GUI) software such as GaussView (figure 3), WebMQO,
JSmol, Gabedit. Most ab initio programs have text files
or example files to help new users become familiar with
using the software. We are also developing a browser
based molecular calculator (molecalc) that will can be
used and is a GUI for GAMESS thermochemistry and
vibrational calculations.

¢ Use thermochemistry computational methods, usually
through the inclusion of ‘freq’ calculations (vibrational
calculations) in ab initio methods, to compute the com-
mon thermochemical ‘energies’ (e.g., internal energy,
enthalpy, entropy, heat capacity) of the same simple
molecular systems (N, O,, CO,, H0).

e Now computations can be extended to more complex
molecules such as benzoic acid (std), naphthalene, az-
ulene, lauric acid, capric acid, maleic acid, benzil, dec-
ane, glucose and sucrose. An assignment of specific
molecules will be provided to students (in the course
LMS system, Canvas and/or YellowDig).

¢ Make a table of your computational results and summa-
rize the computational parameters required to repro-
duce these results.

®
S
<

Figure 3 — Gaussview 6 molecular schematic of benzoic
acid shown with the ball-stick, tube and wireframe model
view. Gaussview 6 provides a good GUI interface for
Gaussian 16 ab-initio computational chemistry calcula-
tions.

Computational thermochemistry programs are typically
done on isolated molecules (isolated ‘gas’ phase mole-
cule, i.e., ideal gas with no intermolecular interactions).'®
We are often interested in making comparisons to mole-
cules that are not isolated, but rather are surrounded by
other molecules (i.e., a ‘real’ gas, liquid or solid). Hence,
the comparison typically requires a thermodynamic cycle
(Hess’s Law) to relate the various conditions. This often
involves a physical change of phase, i.e., gas, liquid, solid.
For example, in the case of naphthalene, we can write:

CioHs (s) + 12 02(g) > 10 CO2(g) +4 H2O () AcombH
CioHs (g) = CioHs (s) -AsubH
H-O (I) = H.0 (qg) 4AvapH

CioHg (g) + 12 O2 (g) > 10 CO2 (g) + 4 H20 (g9) AHcarc

The semiempirical or ab initio molecular orbital calcula-
tions should be performed as part of the computational
‘experiments’ for this project. When doing the O

calculations, make sure to optimize the lowest triplet state
using the unrestricted approximations (for example, unre-
stricted Hartree-Fock, UHF), because the ground state of
molecular oxygen (O,) is a triplet state NOT a singlet
state. High level theory (DFT, MP, CCSD) and large basis
sets (cc-pVTZ, 6-311g++3df,3pd, etc.) are typically re-
quired to get really good thermochemistry results from
electronic structure calculations.™ This can be time con-
suming on desktop level computers. Hence, low level
semiempirical (AM1, PM3, PM6) and Hartree-Fock (HF)
calculations can be done online or on home computers by
students and typically high-level calculation output files
will be provided to students by the instructor or students
will be given access to computational computer clusters
(i.e., Agave at ASU).

Experimental

Experimental measurements can be performed on re-
motely accessible a constant volume (bomb) calorimeter
and differential scanning calorimeter (DSC). The general
procedure is outlined below:

BOMB CALORIMETRY

o Calibrate the constant volume calorimeter, typically us-
ing benzoic acid. Calibrate the DSC, typically using in-
dium. Calibrate and run standards to ensure the calo-
rimeters are working properly and can be evaluated for
precision, accuracy and reproducibility. The most com-
mon method is to run several materials with known ther-
modynamic values to see how well the calorimeters ex-
perimentally determine values that are consistent with
known values of standard materials.

e There are several good references that provide cur-
rent information for the calibration and standards
used in DSC.'516.16-18

e To calibrate the bomb calorimeter, students must
determine how much heat is ‘robbed’ by the calorim-
eter itself by determining the heat capacity of the cal-
orimeter (Cca)). To do this, a known sample (usually
benzoic acid) is combusted within the calorimeter.
The heat transfer in this known reaction can then be
compared to that of other reactions in order to meas-
ure an accurate value for AU (internal energy). Keep
in mind that since this is a constant volume (not con-
stant pressure) apparatus, the energy changes that
we measure are AU, and not AH. In order to meas-
ure AH, we must correct for the P-V work of gases
that form in the products. In this experiment, you will
use a sample of benzoic acid to determine the Cea
of your bomb calorimeter and a value of AH to com-
pare with literature. You will then use the apparatus
to measure the heat of combustion of a common or-
ganic solid.

= For bomb calorimetry, record all aspects of the ex-
periment and calibration, including the mass of sam-
ples, mass of electrical wire, temperature vs. time
data, initial temperature of water bath, pressure of
oxygen gas and presence of any soot.

= For ASU Online CHM 343 students, the remote ex-
perimental bomb calorimetry component will be

3



substituted with a bomb calorimeter simulation or vir-
tual lab (Labster).
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Figure 4 - Example combustion of benzoic acid in a Parr
‘bomb’ calorimeter. This is an old student data set using the
1341 oxygen bomb calorimeter from Parr. Note the high-pre-

cision measurements of y-intercept and slope.

DIFFERENTIAL SCANNING CALORIMETRY

e For DSC, record all aspects of the experiment and cali-
bration, including the mass of the pans, lids and sam-
ples, the temperature scan rate and thermal cycle pro-
cedure. Modern DSC instruments generate data files
(typically with time, temperature and heat flow data).
Make sure to record the filename of the data that is gen-
erated by the instrument. A modern autosampler DSC
(TA Instruments DSC2500) will be made remotely ac-
cessible for students. The existing instrument requires
supervision and will be run in an ASU-Sync mode where
students access the DSC instrument under the supervi-
sion of the CHM343 TA to run specific samples.

e To best protect the instrument, hermetically sealed Al
pans are commonly used on the DSC instrument. The
procedure for loading a DSC pan will be shown to stu-
dents using ASU-Sync.

e There are many online manuals and tutorials for the TA
Instruments DSC2500. Links will be provided, and stu-
dents will be expected to have reviewed this material
before remotely accessing the DSC instrument.

¢ Students should run several ‘known’ calibration sam-
ples as well as the samples that match the bomb calo-
rimetry samples and/or computational compounds that
were explored or assigned to individual students.

DATA & ERROR ANALYSIS

Computational data will focus on quantum chemistry
based electronic structure calculations and will primarily
be shown in tables. A figure that gives a visual molecular
picture and concept of the computational data is often a
good additional component (but not required). The com-
putational data acquired during the project will primarily
be compared to the constant volume calorimetry experi-
mental data. Phase transition behavior can be deter-
mined with specific computational applications, but typi-
cally requires molecular or lattice dynamic concepts that
will not be the focus of this project. Experimental data will
consist of constant volume calorimetry data for exploring
chemical transformations and DSC data for exploring

physical transformations (phase transformations). Com-
putational and experimental data analysis is summarized
below:

o Use electronic structure computational ‘experiments’ to
determine the standard heat of formation and heat of
combustion of benzoic acid, naphthalene, glucose and
any other molecular systems that are used in your spe-
cific project. Compare the computational results to both
literature values and your experimentally determined
calorimetry values.

o Calibrate or verify the calibration and accuracy of the
DSC and constant volume calorimeters. In DSC, this is
typically done by looking at the melting of Indium, which
has a very well-known melting point and enthalpy of fu-
sion. Itis also useful to run a series of 3-4 stable organic
molecular compounds with accurately known melting
temperatures and enthalpy of fusion. To calibrate a con-
stant volume ‘bomb’ calorimeter, benzoic acid is com-
monly run, which has a very accurately known heat of
combustion and hence can be used to calibrate the spe-
cific equipment used in a constant volume calorimeter.
This is often refered to as determining the ‘heat capac-
ity’ (also called the energy equivalent) of the bomb cal-
orimeter.

o DSC experimental data should be plotted and analyzed
to determine the thermodynamic energy associated
with measured phase transitions. Specifically, DSC will
be used to determine the melting point and heat of fu-
sion for several molecular compounds (the same mate-
rials that are used in the bomb calorimetry). lllustrate
how the temperature of melting and enthalpy of melting
(fusion) is determined from DSC data and/or plots. The
two common methods for concisely illustrating DSC
data in a report is to either have a figure with a repre-
sentative DSC plot or a figure with a stacked plot of
DSC data. In either case, a table is provided that sum-
marizes all relevant DSC data and associated phase
transition thermodynamics that are determined from the
DSC data.

o Plot the experimental constant volume calorimetry data
and show your method for determining the change in
temperature (AT) caused by the combustion reactions
you perform in the bomb calorimeter (example, figure
4). Show all plots and calculations required to calibrate
the calorimeter and determine the heat of combustion
and calculated heat of formation of naphthalene and
any other known and/or unknown molecular com-
pounds.

o If an ‘unknown’ material is run via bomb calorimetry, it
is typically a candy like Altoids. The heat of combustion
and heat of formation is typically well approximated by
assuming it is 100% sugar. If time permits, use elec-
tronic structure calculations to determine the standard
heat of formation and heat of combustion of common
sugars and compare it to both the literature values and
your experimentally determined value for Altoids (10 ex-
tra points).

o Inthe ASU ONLINE CHM 343 lab, where computational
components of this project are emphasized, use elec-
tronic structure calculation to look at the stability of
other valence isomers of naphthalene that are typically
hard or impossible to synthesize but can be studied on
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a computer using electronic structure calculations (i.e.,
azulene'™, annulenes, fulvalene, homonaphthalene,
etc) to calculate their stability with respect to naphtha-
lene.
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