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Ethane and the Ethyl Radical
We will introduce you to the general features of the THERM software package
by estimating thermochemical parameters for ethane and the ethyl radical.
Ethane is effectively the simplest molecule to describe using the concepts of
group additivity as it is a symmetric molecule consisting of two identical groups.
1.
2.

3.
4.
5.

Double click on the ‘therm.exe’ file in the ‘THERM’ folder you have been
given.
When the program starts, it will enter full screen mode – press Alt+Enter
to restore it to window mode then and press enter to view the main
menu of the programme.

On the main menu there are several options which can be selected by
typing the relevant number and pressing enter.
In this case, press 1 and hit enter so that we can estimate
thermochemistry for a new species.
You will now be asked to enter the species name, type C2H6 to
represent ethane and hit enter:

6.

Now you will be asked to enter the molecular formula for ethane, type
C2H6 and press enter.

7.

THERM will now reiterate your input as follows, press enter to proceed.

8.

You will now be asked to enter the total number of groups in your
molecule. In the case of ethane, there are a total of two groups as seen
below. Type 2 and press enter.

9.

You will now be asked to enter the number of different groups in your
molecule, type 1 and press enter.

10.

You are now prompted to enter the total number of rotors in the
species. All non‐linear molecules, such as ethane, have 3N‐6 vibrational
degrees of freedom, but in the case of ethane, one vibration
corresponds to internal rotation about the C–C axis of the molecule. At
infinite temperature, the contribution of a vibrational mode to the
constant pressure heat capacity is R, where CP(T = ∞) = CV(T = ∞) + R,
where CV(T = ∞) = CTRANS + CROT + CVIB and CTRANS =3/2 R, CROT = 3/2 R, and
CVIB = (3N‐6)R. However, an internal rotation contributes only R/2 at
infinite temperature. THERM will therefore correct CP(T = ∞) accordingly
based on the user input, although no corrections to other parameters
are applied.
Therefore you should enter 1 as the number of rotors for this molecule
and then press enter.
You will now be prompted to enter the group ID’s for each group in
ethane, and their respective quantities in the format “GROUP ID,
QUANTITY”.
The “GROUP IDs” and their contributions are stored in a series of files
entitled HC, CDOT, CLC, CYCH, HCN, HCO, INT. These files contain the
above information for hydrocarbons, radicals, halogens, cyclic species,
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nitrogen containing compounds, oxygenates and steric + other
corrections respectively.
The files themselves contain the GROUP ID followed by the relevant
contributions of that group to the thermochemical parameters.

Again, ethane contains only two identical groups, so enter “C/C/H3 2”
into the THERM interface and hit enter.
You are now asked to enter the symmetry number of your molecule.
This symmetry number should incorporate symmetry contributions from
both internal and external rotations of the molecule. The two methyl
groups in ethane both have an internal symmetry number of 3 (rotation
of the CH3 group through 120 degrees leads to an indistinguishable
structure, 360/120 = 3 so σ = 3.). As there are two methyl groups the
symmetry number from internal rotation is 3×3 = 9. Ethane also has an
external plane of symmetry whereby if the whole molecule is rotated
through 180 degrees, the structure formed is indistinguishable from the
original one, this giving an external symmetry number of 360/180 = 2.
The total symmetry number of ethane, and all linear alkanes, is
therefore 3×3×2 = 18. Type this in and press enter.

17.

You should now be presented with a screen showing the computed
thermochemistry of ethane:

18.

If
you
consult
the
NIST
Chemistry
WebBook
(http://webbook.nist.gov/chemistry/), you can see that the computed
heat of formation of ‐20.08 kcal mol–1 is in excellent agreement with
recommended values of ranging from ‐20.00 – ‐20.24 kcal mol–1, likewise
the computed heat capacities are in good agreement with
recommended data.
Type N into the THERM window when asked if you would like to edit
these results and hit enter.
You will be presented with the following options in the ‘SPECIES
ESTIMATION OPTIONS MENU’:
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Type F and hit enter so that we can store this calculation in a file. When
asked to provide an output filename, type C2H6 and press enter. Enter
the remaining options as follows:
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You will now be returned to the ‘SPECIES ESTIMATION OPTIONS MENU’.
Press R and hit enter in order estimate thermochemistry of the ethyl
radical (C2H5).
You will now be presented with a screen showing a list of Bond
Increment names:

These names correspond to the various types of C‐H bonds which may
be present in a wide range of homologous series of compounds. These
GROUP IDs and corresponding Bond Increment values are stored in a file
called BD in the folder you have been given. We will refer to these Bond
Increment values as BDE Groups later in this manual.
The file contains data on the heat of reaction for the reaction:
Stable Compound ‐> Radical + H

27.

As the thermochemistry of your stable compound is known (as we have
just estimated it) and the thermochemistry of H is well known. We can
imply thermochemistry for the radical based on the type of C–H bond
being broken, and the corresponding heat of reaction, entropy of
reaction and heat capacity of reaction as below:

28.

In this case, the reaction C2H6 ‐>C2H5+H is breaking a primary C‐H bond,
which is denoted as C2H5 in the BD file.
Enter C2H5 into the Bond Increment screen of THERM and press enter.
The symmetry number of the ethyl radical = 6 so enter the following
fields like so:

29.
30.

31.
32.
33.

34.
35.
36.

Enter the molecular formula when prompted.
Enter the number of rotors for the molecule (1)
You should now be presented with a screen as seen overleaf detailing
the thermochemical parameters, the symmetry number used to correct
the entropy of C2H5 and the correction to the entropy for the unpaired
radical in the molecule.
Press N and hit enter as no alterations to the thermochemistry are
necessary.
You will be returned to the ‘SPECIES ESTIMATION OPTIONS MENU’.
Press F and hit enter to add this species to the output files.

37.

If you look in your working directory, you should now have two files
named C2H6.LST and C2H6.DOC. These files contain (respectively) a list
of computed thermochemical data, and the GROUP IDs used to compute
the thermochemical data itself. The *.LST file will appear as follows if
you open it in a text editor:

38.
39.

Press Q and hit enter to return the main THERM menu.
Now we will create a NASA Format Polynomial for C2H6 and C2H5,
which can be used as input for kinetic modelling codes (Chemkin,
Cantera, OpenSmoke etc.)
Press 8 and hit enter in order to run the ‘THERMFIT’ module of THERM.
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You will be prompted to enter the .LST file name used as input for fitting.
Enter C2H6 and press enter.
When asked to enter the name of the output filename, type C2H6 and
press enter.
The C2H6.DAT file will be created and should now be visible in your
folder (C2H6.DAT). Open it in a text editor and it should appear as
follows. These polynomials can be copied and pasted directly into
simulation codes if desired.

Polynomials can also be turned into .LST files using the THERM package.
You should now be on the THERM main menu, press 12 and hit enter to
access the ‘THERMLST’ module of THERM.
When prompted, enter C2H6 as the input file name
Enter C2H6_TEST as the output file name.
Select kcal/mol as the unit.
Select the the SHORT format for the output table.
Enter a title line if you wish.
The C2H6_TES.LST file should now be in your working directory,
compare its contents with the original estimated thermochemical data.
They should be slightly different from due to the fitting procedures used
for the polynomial.

Propene and Allylic and Vinyl Radicals
Now we will estimate thermochemistry for the propene molecule and its three
radicals. The molecular structure, groups, no. of rotors and symmetry of
propene are presented below.
Use THERM to create thermochemistry, a .LST file and a NASA format
polynomial for C3H6 following the instructions described previously.

The thermochemistry for this species should appear as below, compares this
data the NIST Chemistry Webbook, and/or the Burcat Database
(http://garfield.chem.elte.hu/Burcat/BURCAT.THR)

Once the parent species has been estimated, we can now proceed to
estimating thermochemistry for the three propene radicals below. The bond
increment names, no. of rotors and symmetry numbers of all three radicals are
as follow:

Again, follow the instructions outlined in the first section of this manual (being
sure to add each species to the output file as you create them). When you
have estimated thermochemistry for the ALLYLP radical above, you will be
presented with the screen below when you attempt to estimate

thermochemistry for the subsequent two radicals. In both cases select option 2
– ‘CALCULATE DIFFERENT RADICAL FROM PARENT’.

When you have estimated thermochemistry for all four species and added
them to a .LST file, press Q to return to the main menu and create a .DAT file
containing NASA polynomials.
The .LST file should appear as follows:

Note the difference in the relative stability of the three radicals, the ALLYLP
radical is ≈20 kcal mol–1 more stable than the secondary vinylic radical, and
≈23 kcal mol–1 more stable than the primary vinylic radical. This relative
stability stems from the ability of the ALLYLP radical to delocalize its unpaired
electron create a hybrid resonance structure as seen below. The primary and
secondary vinylic radicals cannot resonate in this fashion and as a result are
much more unstable.

Iso‐octane (2,2,4‐Trimethylpentane)
The chemical structure, no. of rotors, symmetry number and relevant groups
and their number are provided below for iso‐octane (C8H18). Use THERM to
estimate thermochemistry for this species, and generate .LST and .DAT files.
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No. of Rotors = 7
Symmetry
= 729
GROUPS:
C/C/H3 5
C/C4 1
C/C2/H2 1
C/C3/H 1
GAUCHE 3
H/REPEL/15 1

The final thermochemical parameters will appear as follows:

The NIST Chemistry Webbook recommends a heat of formation of iso‐octane
of –53.57 kcal mol–1 – in excellent agreement with this estimation. Likewise, a
recommendation of 45.28 cal mol–1 K–1 is provided for the heat capacity of the
gas at 300 K, in excellent agreement with the group additivity prediction.
If you analyse the INT file, and search for the GAUCHE correction, you will see
that each GAUCHE correction increases the computed heat of formation by 0.8
kcal mol–1, in this case there are three GAUCHE corrections which increases the
heat of formation predicted by the group contributions by 2.4 kcal mol–1.
Likewise, the 1,5 H interaction (H/REPEL/15) increases the predicted heat of
formation by 1.5 kcal mol–1. The GAUCHE and H/REPEL/15 corrections
therefore increase the predicting heat of formation of iso‐octane by 3.9 kcal
mol–1. These corrections are therefore non‐negligible and one must be prudent
when estimating thermochemistry for branched alkanes as a result. One
should also keep in mind that when using THERM to estimate thermochemistry
for radical species, one must estimate the parent from which it is formed first.
Therefore, if these corrections are overlooked, errors can propagate into the
thermochemistry for not only the stable species, but also any radical species
which is derived from it. This can in turn perturb computed kinetic parameters
for reactions in kinetic mechanisms due to perturbations, or errors even, in the
equilibrium constants between reactants and products.

Iso‐octane also has an extremely high symmetry number of 729. A symmetry
number of 243 (35) arises from the internal rotation of the 5 methyl groups
highlighted in red above, and a further three fold symmetry number arises
from rotation of the tertiary‐butyl group about the C–CH2 axis in the molecule,
therefore increasing this number to 36. The symmetry of the molecule is
therefore corrected by –R*ln(729) = –13.09 cal mol–1 K–1, again a non‐neglible
adjustment to the thermochemistry of this species. Again, given that the
forward and reverse kinetic parameters are linked via the Gibbs Free Energy of
reaction, errors in the predicted entropy of an individual species, can perturb
the reactive flux in a chemical kinetic simulation due to errors in the
equilibrium constants.

Dimethyl Ether and its Intermediates
Overleaf we see a schematic representation of the primary oxidation reactions
of dimethyl ether. The dimethyl ether radical (CH3OĊH2) can initially be formed
from unimolecular decomposition of the fuel via C–H fission, or once a radical
pool has developed, abstraction of a hydrogen atom from the alkyl site of the
fuel can occur.
At high temperatures, this radical can be consumed (exclusively) via β‐scission
to produce formaldehyde (CH2O) and methyl radical (ĊH3). However, at lower
temperatures where there is insufficient thermal energy to break the C–O
bond of this radical, molecular oxygen (O2) can recombine with the CH3OĊH2
radical forming the CH3OCH2OȮ radical. This radical can isomerize forming the
ĊH2OCH2OOH radical which in turn can either decompose to form CH2O and
ĊH2OOH radical, or it can undergo another addition reaction with O2 to form
ȮOCH2OCH2OOH.
ȮOCH2OCH2OOH in turn can isomerize to form HOOCH2OĊHOOH which will
subsequently decompose to form HOOCH2OCHO and ȮH radical.
HOOCH2OCHO will decompose readily via unimolecular homolytic fission to
form ȮCH2OCHO radical and another ȮH radical. These low temperature
pathways result in the production of two reactive ȮH radicals (chain branching)
which can further react with the fuel and thus propagating the chain reaction
ultimately leading to ignition.
It is the competition between the unimolecular decomposition of CH3OĊH2 and
the reaction of CH3OĊH2+ O2 forming RȮ2 species which creates the famous
Negative Temperature Coefficient (NTC) ignition behaviour of straight‐chain
alkane fuels such as the Primary Reference Fuels (PRFs).
RȮ2 and their derivatives are hugely important intermediates in the oxidation
of many fuels therefore and estimating their thermodynamic properties is
therefore of importance.
Here we will now estimate thermochemistry for dimethyl ether, its radical and
some RȮ2 species formed during dimethyl ether oxidation.

The chemical structure, no. of rotors, symmetry number and relevant groups
and their number are provided below for dimethyl ether. Use THERM to
estimate thermochemistry for this species, and generate .LST and .DAT files.
When asked to define the name of the species in THERM, use the nickname
assigned below. Note the nomenclature in the BDE group below, CJOR it has
been common in the past to refer to radical sites in molecules as ‘J’ when
carrying out simulations using the Chemkin ‘NICKNAME’ format for species.
There is no chemical reason for the use of J to denote the radical sites. The ‘R’
below refers to any substituent group R which could be bonded to the oxygen
of the chain.

The computed thermochemistry should be as follows:

In order to estimate thermochemistry for the product of O2 addition to
CH3OCH2, seen below as ‘CH3OCH2O2’, we must first estimate
thermochemistry for its parent species referred to below as CH3OCH2Q below,
but chemically known as hydroperoxy(methoxy)methane. The use of the letter
Q has been historically used to indicate the presence of a hydroperoxy group in
a molecule, although again, there is no chemical meaning to this definition, it is
merely convenient shorthand.
Also note the OI group present in the molecule. OI denotes an ‘Optical Isomer’
group. Optical isomerism is a form of isomerism whereby non‐superimposable
mirror images of a molecule can be drawn, thus leading to two distinct
representations of the structure. The addition of the –OOH moiety to the
molecule in this case leads to the presence of two optical isomers (which are
accounted
for
by
the
inclusion
of
1
OI
group)
for
hydroperoxy(methoxy)methane. This leads to an increase in the entropy of
hydroperoxy(methoxy)methane of +R×ln(2) = 1.37 cal mol–1 K–1.

The computed thermochemistry should be as follows:

Now that we know the thermochemistry for CH3OĊH2 and CH3OCH2OȮ, we can
compute the thermochemistry for the reaction CH3OĊH2 + O2 = CH3OCH2OȮ as
O2 is well known:

The reaction is exothermic by –40.01 kcal mol–1 at 298 K (a new bond is being
formed which releases energy) but also proceeds with a loss in entropy (–33.16
cal mol–1 K–1 at 298 K) due to the formation of a single species from two others.
The CH3OCH2OȮ radical can isomerize to ĊH2OCH2Q through an intra‐
molecular hydrogen atom abstraction in an endothermic reaction (11.50 kcal
mol–1 at 298 K).

The ĊH2OCH2Q radical can either decompose to produce CH2O + ĊH2OOH or O2
can again add to this radical forming Ȯ2CH2OCH2Q whose thermochemistry we
can also estimate as shown overleaf.

The computed thermochemistry should be as follows (the ‘Q’ at the end of the
second species may be missing as THERM has a limit of 9 on the number of
characters in the species name):

Again, now that we know the thermochemistry for ĊH2OCH2Q and
Ȯ2CH2OCH2Q, we can compute the thermochemistry for the reaction
ĊH2OCH2Q + O2 = Ȯ2CH2OCH2Q .

Compare this reaction enthalpy, entropy and heat capacity change with that
computed previously for the first O2 addition reaction. The two are effectively
identical and the consistency which a group additivity approach to
thermochemistry provides is highlighted in this instance.
Likewise the isomerization reaction Ȯ2CH2OCH2Q = QCH2OĊHQ shows the
following thermodynamic change:

These are very similar to those seen before but NOT identical:

In this respect group additivity allows us to account for small variations in
chemical structure within a homologous series of species thus leading to
reasonably refined estimations of thermochemical data. This consistency
combined with flexibility makes it a robust and efficient tool for kinetic
modelling of small and large chemicals.
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Electronegativity of oxygen adjacent to
the radical site weakens C-H bond thus
making radical more stable. This is
reflected in the heat of reaction of the
second isomerization being 1.20
kcal/mol lower than that of the first one
where this O group is absent.

