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Abstract

Position-specific isotope analysis (PSIA) can aid in understanding the origins of molecules.

Destructive PSIA requires a model to track isotope substitution through reaction path-

ways. We present a general method based on the Reaction Mechanism Generator software

to construct quantitative kinetic models with atom-specific isotope tracking and kinetic

isotope effects during thermal decomposition of model compounds. A propane mechanism

produced with this method is compared to experiments. Without tuning kinetic or thermo-

dynamic parameters to experimental data, the mechanism replicated, within experimental

uncertainty, the relationship between the parent molecule’s position-specific values and the

fragments’ enrichments. These isotope-specific models can serve as an in silico platform

to quantitatively assess secondary isotopic reactions which can scramble position-specific

enrichments, design and optimize experimental conditions, and test feasibility of PSIA for

new compounds. The proposed methodology creates new opportunities for applications in

isotope analysis for a range of chemical compounds.

Preprint Note: A formatted version of this document was published in Chemical Geology

on June 5, 2019 with DOI 10.1016/j.chemgeo.2019.02.036

1. Introduction

Isotopic analysis helps scientists explain the origin of compounds across a wide range of

disciplines.(Gentile et al., 2015; Marcus, 2004; Piasecki et al., 2018) Methods for the analysis
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of isotopic enrichment vary by the information they provide: bulk isotope analysis meth-

ods give information about bulk properties of mixtures; compound-specific isotope analysis

methods give information about the enrichment of individual molecules in a mixture;(Elsner

et al., 2012) and position-specific isotope analysis (PSIA) methods give information about

the enrichment at a specific position within a molecule.(Gauchotte-Lindsay and Turnbull,

2016; Eiler, 2013) PSIA is able to obtain information about the origin of specific atoms in a

given compound, but often requires more separation steps and more sample mass for similar

precision.(Schmidt et al., 2004; Romek et al., 2015) PSIA can involve destructive or non-

destructive means. One widespread non-destructive technique for measuring intramolecular

enrichment is nuclear magnetic resonance (NMR).(Diomande et al., 2015) This technique

requires high purity, a significant sample size if the sample is around natural abundance,

and soluble compounds, somewhat limiting its scope.

Destructive PSIA typically requires conversion of the compound on which PSIA is con-

ducted into smaller analytes, separation of the analytes, and measurement of analyte concen-

trations and enrichments. Once the analyte concentrations and enrichments are obtained,

a model of the conversion is used to convert the analyte molecular enrichments to site

preference values, which are the difference in position-specific enrichments on two sites in

the original compound. Fragmentation of the parent compound has been done through

enzymatic transformations, chemical reagents, electron ionization and/or high tempera-

tures.(Gao et al., 2016b; Dias et al., 2002; Piasecki et al., 2016a; Gilbert et al., 2016a)

One particular type of destructive analysis, on-line PSIA, involves pyrolysis to break

compounds, gas chromatography to separate products, and an isotope ratio mass spectrom-

eter to measure analytes’ bulk enrichments. This technique has been applied to acetic acid,

ethanol, propane and other compounds(Nimmanwudipong et al., 2015; Gilbert et al., 2013;

Corso and Brenna, 1997; Wolyniak et al., 2005; Yamada et al., 2002) and can sometimes

require only nanomoles of sample.(Gilbert et al., 2016a)

One challenge for destructive PSIA is finding a model that can convert fragment en-

richments into the parent compounds’ position-specific enrichment.(Schmidt et al., 2004;

Piasecki et al., 2016a) The model must determine filiation, the mapping between atoms in

Abbreviations: RMG - Reaction Mechanism Generator, RPD - reaction path degeneracy, DRG - directed

relation graph with error propagation, PSIA - position-specific isotope analysis, KIE - kinetic isotope effect
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the parent molecule to a given product. Filiation becomes increasingly difficult to deter-

mine when secondary chemistry leads to alternative formation pathways, a process known

as atom scrambling.(Gauchotte-Lindsay and Turnbull, 2016) To develop a model of filiation,

many studies modify the position-specific enrichment by doping a sample around natural

abundance with the same compound highly enriched at a particular molecular position to

observe changes in fragment enrichments.(Wolyniak et al., 2005) These experiments are

often done at various temperatures to determine the proper condition which obtains high

parent compound conversion while minimizing atom scrambling.(Gauchotte-Lindsay and

Turnbull, 2016) The data from these experiments contains enough information to determine

filiation.(Wolyniak et al., 2006; Gilbert et al., 2016b) In addition to the time necessary to

experimentally develop the model, these experiments require reagents enriched at a specific

position in the molecule, which can be expensive or unavailable.

An alternative is to use kinetic models to estimate filiation. These models have poten-

tial to help experimentalists find ideal experimental conditions, understand the impact of

reactive intermediates on isotope enrichments, and develop models to find position-specific

enrichments without requiring specially labeled reagents. All of these could significantly

improve usability of on-line PSIA for new compounds. Many pyrolysis models are available

for studying small molecules that have been analyzed with on-line PSIA, but most lack

the ability to track isotopic enrichment.(Laurent et al., 2016) Widely applicable numerical

approaches that allow models to track enrichment are very scarce.

Laurent et al. reported a computational atom-tracer approach and illustrated its appli-

cation by modeling the pyrolysis of toluene into naphthalene.(Laurent et al., 2016) In their

approach, a set of conservation equations express the relative abundance of isotope atoms at

specific positions within a molecule as a function of time. For each molecule in the reaction

mechanism, the position-specific concentrations of the labeled atoms are calculated through

an element balance that considers the reactions that either form or destroy the molecule.

An essential component of their approach is the transfer matrix, which tracks the structural

changes that reactants undergo during a reaction. An element (i, j) in the transfer matrix is

the probability that a specific labeled atom i in the reactant becomes atom j in the product

and accounts for the degenerate paths that reactant atoms can follow during the course of

the reaction. They developed methods for automatically detecting the most likely transfer

matrix without knowledge of the actual movement of atoms. This method works for a vast

3



majority of reactions, but can run into issues in special cases with resonance structures,

reactions with significant steric effects, or when different molecules are grouped together to

simplify simulations. Laurent et al. recommended manual generation of matrices when the

algorithm does not work.(Laurent et al., 2016)

Like Laurent et al.,(Laurent et al., 2016) this paper describes a method which can create

mechanisms which can track isotopic enrichment. By utilizing mechanisms created by Reac-

tion Mechanism Generator (RMG),(Gao et al., 2016a) which contains information about the

movement of atoms in reactions, this work overcomes the obstacle of manually generating

transfer matrices for reactions that do not fit into the methods developed by Laurent et

al.(Laurent et al., 2016) In addition, this method also incorporates kinetic isotope effects,

has publically available source code, and produces mechanisms which can be simulated with

Chemkin or Cantera.

To validate our method, we compare a propane mechanism generated with this method

to experimental results. Propane is a good test case since it is the smallest hydrocarbon

with multiple unique carbon positions and its position-specific enrichments have been widely

studied both computationally(Piasecki et al., 2016b; Webb and Miller, 2014; Ni et al., 2011;

Cheng and Ceriotti, 2014) and experimentally.(Xie et al., 2018; Piasecki et al., 2016a, 2018;

Gilbert et al., 2016a; Gao et al., 2016b; Li et al., 2018; Liu et al., 2018) This work compares

a propane mechanism produced with this method against experimental PSIA data measured

by Gilbert et al.(Gilbert et al., 2016a)

2. Calculation

The methodology to automatically construct isotope-tracking reaction mechanisms con-

sists of consecutive steps:

1. construct the reaction mechanism without considering isotopologues.

2. reduce the mechanism, if desired

3. add all the relevant isotopologues and their corresponding reactions to the mechanism.

4. simulate the model under experimental conditions.

5. calculate δ13Cvalues from isotopologue concentrations.

Throughout this work, the term isotopologue refers to the set of molecules that differ

only in isotope compositions. For example, ethane exists as three distinct isotopologues

when considering isotopes 12C and 13C of carbon: 12C-12C, 12C-13C, and 13C-13C.
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2.1. Mechanism Generation

The construction of the reaction mechanism without isotopologues is performed using

RMG, an open-source software tool which enables the construction of detailed reaction

mechanisms that model a wide array of radical chemistry processes such as pyrolysis, oxida-

tion, and catalytic systems.(Gao et al., 2016a; Goldsmith and West, 2017; Allen et al., 2014;

Dames et al., 2016; Class et al., 2016; Gao et al., 2015) Thermochemical and kinetic pa-

rameters of species and reactions in the reaction mechanism originate from structure-based

estimation methods using databases of parameters known from experiments or high-level

quantum chemistry calculations.

The software requires information on the system of interest: the structure of reactants,

the operating conditions (temperature, pressure, final reaction time and reactant starting

concentrations), and the parameters that control the complexity of produced reaction mech-

anism. In addition, the user can also select the databases that are used for the estimation

of thermochemical and kinetic parameters. After being initialized with this information,

RMG constructs the model through an iterative procedure using a rate-based enlargement

scheme.(Gao et al., 2016a)

RMGs iterative enlargement procedure begins with the creation of all possible reactions

between the reactants, using RMG’s collection of reaction templates that track how atoms

in the reactants rearrange to form products. For each of the generated reactions, RMG

estimates the reaction rate constant and the thermodynamic properties of newly generated

products. Next, an ordinary differential equation solver quantifies the concentrations of all

species in the mechanism as a function of time and evaluates the importance of the newly

generated products. The iterative procedure continues until RMG is no longer able to find

new products that are kinetically important.(Gao et al., 2016a)

The propane mechanism used in this work was created by RMG assuming 1 mol%

propane in 99 mol% helium at a temperature of 850◦C and a pressure of 2 bar with a

reaction time of 0.1 seconds and a normalized flux cutoff, which is used to determine model

size, of 0.1. More information about how to construct mechanisms using RMG can be found

in Section S1 of the Supporting Information.

Three reduced mechanisms are derived from the mechanism output by RMG, called the

‘full model’, to assess the potential of model reduction in isotope analysis. The largest

reduced model utilized directed relation graph with error propagation (DRG) in Reaction
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Workbench, which removes species and their corresponding reactions until a specified error

is reached in target species concentrations.(Pepiot-Desjardins and Pitsch, 2008; Reaction-

Design, 2017) The target species in this work were the three species used in deriving site

preference in Gilbert et al.(Gilbert et al., 2016a): ethane, ethene and methane. The tol-

erance in their final mole fractions was set to 25% at a temperature of 850◦C, a pressure

of 1.75 bar, and a residence time of 0.0846 seconds (see Section S4 of the Supporting In-

formation).(Gilbert et al., 2016a) The other two reduced models were reduced manually to

minimize and maximize atom scrambling.

2.2. Isotope Generation

RMG can convert a mechanism without isotopologues into a mechanism containing iso-

topologues and their corresponding reactions. This is achieved by the creation of all possible

isotopologues for every given molecule in the mechanism, followed by the creation of the

corresponding reactions between the newly created isotopologues. Though current imple-

mentation is limited to 13C isotopes, the framework can be extended to other isotopes.

2.2.1. Enumerating isotopologues

The creation of isotopologues is done by replacing an unlabeled atom from the original

species with an atom of a different atomic mass. Graph isomorphism ensures the uniqueness

of a newly generated isotopologue from other isotopologues. For example, provided that only

one 13C atom is allowed per isotopologue, the introduction of a 13C atom in propane creates

two unique isotopologues: one isotopologue with 13C at the terminal carbon atom, 13CCC,

and one isotopologue with 13C at the central carbon atom, C13CC.

Though isotopologues have slight differences in enthalpy, this is not considered in the

generation algorithm here, which means that no equilibrium isotope effects can be mod-

eled. Entropy is adjusted, since a significant increase is observed with the loss of rotational

symmetry in some isotopologues. Isotopically enriched compounds are given higher entropy

if the substitution results in loss of molecular symmetry. For example, the implemented

method gives the propane isotopologue 13CCC a higher entropy by R ln(2) than the un-

labeled propane isotopologue CCC, since the symmetry across the center carbon is broken

with the substitution.
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2.2.2. Enumerating reactions with isotopes

The software can generate reactions between the newly created isotopologues in two

ways, which differ in speed and robustness. A species-centric method includes isotopologues

when generating the reactions using the method of Section 2.1. The other method, which

is reaction-centric, takes each reaction in the original model without isotopologues and

substitutes isotopes into the reactants and products in as many ways as possible. The first

method is more time consuming and robust, while the second algorithm can create smaller

mechanisms, containing only the desired reactions. The second method is less robust because

it would not find reactions like CC13C · −−⇀↽−− 13CCC · , since the reaction without isotopes

would contain the same molecule as a reactant and product, so it would not be in the

original model. Lacking these reactions can cause the second method to predict less atom

scrambling.

The algorithm estimates the rate coefficients of reactions involving 13C isotopologues

based on the structure of their unlabeled counterparts, with adjustments for reaction path

degeneracy (RPD) and kinetic isotope effects (KIE). RPD is the number of ways that the

same transition state structure can be obtained using different atoms and is an alterna-

tive method to deduce reaction symmetry.(Fernández-Ramos et al., 2007) RPD is applied

by multiplying the RPD by the preexponential factor in kinetics estimation.(Bishop and

Laidler, 1965) For example, a hydrogen atom can abstract four hydrogens from a methane

molecule, each with the same energy barrier, giving this reaction a RPD of four. When

isotopes are present in reactions, the RPD could change, altering the rate of reaction. For

example, in the reaction CCC + H · −−→ CCC · + H2, containing all 12C, the hydrogen

atom can pull six different hydrogens and form the same, un-enriched, n-propyl radical.

When one terminal carbon is substituted with 13C on propane, two distinct isotopologues

of n-propyl can be formed, one with an enriched methyl group, 13CCC · , and one with an

enriched radical group, CC13C · . Each of these pathways can only involve the abstraction

of three hydrogens, as opposed to the unsubstituted case which could abstract six hydro-

gens, giving these reactions half the RPD of the unsubstituted reaction. The isotope model

would list these three reactions separately, with the terminally substituted reaction having

approximately half the rate of the unsubstituted case, with some additional smaller changes

based on KIE. The symmetry and RPD changes ensure isotopologue thermodynamics and

kinetics are consistent.
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2.2.3. Estimating kinetic isotope effects

To get more accurate enrichment values, the algorithm needs to estimate KIE in a way

which only uses the information available within RMG and can be automatically applied to

a wide variety of reactions. Based on these constraints, the algorithm is only able to account

for classical, mass-dependent KIE, which captures the effect heavier isotopes have on the

speed at which a bond breaks. Fortunately, this is often the largest contributor to the total

KIE, and Melander and Saunders (1980) describes in detail how it can be applied to two

atom and three atom reactions. This approximation assumes only high-temperature effects

(so the resulting KIE is not temperature dependent), neglects changes in zero point energy

(so it does not contain any equilibrium isotope effects), accounts only for the reacting centers’

atomic mass,(Skaron and Wolfsberg, 1977) and assumes tunneling does not change between

isotopologues (which is reasonable for non-hydrogen isotopes). With these assumptions, the

rate constant ratio approximately equals the ratio of the imaginary vibrational frequencies

of the transition state, shown in Equation 1.

ki
ko

u
ν‡i

ν‡o
(1)

where o represents a non-substituted reaction, i represents the intended reaction, k

represents the rate constant, and ν‡ represents the transition state frequency.

Since it is unfeasible to calculate the imaginary frequency with quantum calculations for

every transition state, the algorithm approximates the vibration frequency, using reduced

masses of the atoms which either have a bond formed or broken. The exact atoms chosen

depends on the type of transition state given by the reaction template. Templates for

transition states centered on two atoms, which involve either one bond forming or breaking,

like radical recombination reactions, are approximated with Equation 2. Reactions whose

transition states involve three active atoms, which involve one bond forming and one bond

breaking, like hydrogen abstraction reactions, are approximated with Equation 3, with atom

3 being transferred symmetrically between atom 1 and atom 2, as described by Melander

and Saunders (1980).

ν‡i

ν‡o
=

(
1
mi1

+ 1
mi2

1
mo1

+ 1
mo2
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(2)
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(3)

These relationships represent classical representations of isotope effects, and only use

the atomic mass, m, of the atoms involved. Section S8 in the Supporting Information goes

into more detail on the theoretical validity of the three atom transition state assumption

for reactions transferring hydrogen.

The values predicted by this method have systematic and random deviations from the

real KIE values, shown here by comparing the estimate in this work with quantum calcula-

tions. For reactions where a linear hydrocarbon breaks to form a labeled methyl (13CH3),

ethyl (13CH2CH3) or propyl (13CH2CH2CH3) radicals as a product, Tang et al. (2000)

calculated primary fractionation factors (13k/12k) between 0.951-0.958 at 300K and 0.985-

0.987 at 600K using density functional theory. The approximation in this work, Equation

2, results in a value of 0.981 which is independent of temperature and applied to all 2-atom

transition states. Since the simulation ran at 850◦C (1123K), we would expect the frac-

tionation factor should be higher than the 0.985 calculated at 600K, as the KIE generally

decreases with increasing temperature. Since the algorithm in this work uses an fraction

factor lower than expected (further from unity), it slightly over-predicts KIE for this type

of reaction.

Generating isotopic mechanisms this way has some limitations. The enumeration of

every isotopologue and their corresponding reactions causes the model size to increase ex-

ponentially with the number of carbons in the largest molecule in the model. This issue can

be minimized by limiting the number of heavy atoms, which is discussed more in Section S7

of the Supporting Information. The resulting model is also very sensitive to any mistakes in

symmetry and RPD, which is discussed more in Section S3 of the Supporting Information.

This generation algorithm has the major advantage that it can create a detailed kinetic

model including all isotopologues, even for complicated reactive systems, within hours or

days. It can generate models for the thermal chemistry of a wide range of compounds

containing hydrogen, oxygen, carbon, and sulfur. The model it creates can be simulated on

both commercial and open software platforms. Section S1 of the Supporting Information

describes how to install the source code and generate models.
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2.3. Isotope Mechanism Simulations

Once an isotope mechanism has been created, it can be used to study the evolution

of individual isotopologues by integrating a system of ordinary differential equations using

simulation parameters (temperature, pressure, initial concentrations, and reactor structure)

that match experimental conditions. To do this, experimental units, like δ13C, must be

converted to mole fractions of isotopologues, and vice-versa.

Equation 4 shows the definition of δ13C used in experimental studies for a molecule or a

carbon position on a molecule, denoted as x, with δ13Cx being the enrichment, 13Rx being

the ratio of isotope abundance, 13Cx to 12Cx, of the sample x, and 13Rstd being the ratio

of isotope abundance of a standard.

δ13Cx =

(
13Rx
13Rstd

− 1

)
· 1000 (4)

The model’s isotopologue concentrations can be converted to position-specific ratios,

shown in Equation 4, using the mass balance in Equation 5. These can be applied to an

entire molecule or to a specific carbon position on a molecule. n13C,j is the number of 13C in

isotopologue j (or at a specific position within the isotopologue), and Xj is the isotopologue’s

mole fraction. When trying to find the intramolecular enrichment of the terminal carbons in

propane, the 13CCC isotopologue would have values of n13C,j = 1 and n12C,j = 1, since only

the two terminal carbons are counted. By using equations 4 and 5, a list of isotopologues

can be converted into position-specific enrichments.

13Cx =

isotopologues∑
j=0

n13C,jXj (5)

Going from enrichment values to isotopologue concentrations, the model stochastically

distributes enriched isotopes, ignoring the thermodynamic effects of multiple substitutions.

Using this method, about 0.02% of naturally enriched propane is expected to have two 13C

atoms bonded to each other, also known as a 13C-clumped configuration. Clumped config-

urations are often thermodynamically favored over stochastic distributions, which has been

shown for the case of 13C-13C in ethane(Clog et al., 2018; Webb et al., 2017) and 13C-D

in propane.(Piasecki et al., 2016b; Webb and Miller, 2014; Cheng and Ceriotti, 2014) This

effect, which is not properly accounted for in our model, is negligible for our analysis of

position-specific isotope distributions. In addition, mixing of high and low enrichment sam-
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ples can also increase the occurrence of 13C clumping relative to the stochastic partitioning

assumed in this work.(Piasecki et al., 2016a)

Equation 6 applies this assumption of stochasticity to determine the concentration of

each isotopologue while ensuring mass balance is conserved.

Xj =

C types∏
y=0

nC,x,y
(
bj,y + (−1)bj,yXy

)
(6)

where j is the isotopologue, Xj is the mole fraction of isotopologue used in the simulation,

bj,y is a boolean indicating that isotopologue j is 12C at position y (0 if substituted, 1 if

not substituted), and Xy is the mole fraction of 13C at position y, which is determined from

position-specific enrichments.

Converting from position-specific enrichments to bulk enrichments and site preference

can be done with Equations 7 and 8. Equation 7 relates the enrichment of each carbon atom

using the isotope mass balance, with δ13Cx being the enrichment of the molecule x, nC,y

being the number of indistinguishable carbons of position y in molecule x, and δ13Cy being

the enrichment of a specific position y in molecule x. For example, propane has two distinct

positions, a terminal (denoted T ) and central (denoted C) carbon. Since there are two

terminal (T ) carbons and one central (C) carbon on propane, nC,T = 2 and nC,C = 1. nC,x

is the total number of carbons in molecule x, which for propane is three. This relationship

is only accurate at natural or low enrichments of 13C since δ13C values derive from ratios

(not fractions).

δ13Cx =
1

nC,x

C types∑
y=0

nC,yδ
13Cy (7)

Site preference can be found using equation 8 for a molecule with carbon types y and z.

SPy,z = δ13Cy − δ13Cz (8)

Going the other way, converting from known compound specific enrichments and site

preferences to enrichments at specific positions, involves substituting the relationships be-

tween positions derived from Equation 8 into Equation 7. Overall, equations 4-8 enable

complete conversion between isotopologue concentrations and enrichment values.

Since the site preference values calculated in this section come from the concentration of

each isotopologue, they take into account all the KIE that are in the model and therefore
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represent absolute site preference values. There still can be systematic error in the site

preference values if the KIE used in model generation are not accurate for the system. To

obtain relative site preference values, the compound specific enrichments can be placed into

the same equation used to derive relative site preference from experiments.(Gilbert et al.,

2016a)

For the propane pyrolysis example used throughout this work, the initial concentrations

of reactants and the reactor operating conditions are set to match the experimental condi-

tions of Gilbert et al.(Gilbert et al., 2016a) The calculations to derive these conditions, and

their corresponding sensitivities, are shown in Section S4 of the Supporting Information.

Most simulations in this work involve an initial propane bulk enrichment of -28h and an

absolute site preference of 5.4h for the terminal carbon to approximate the experimental

sample (derivation in Section S5 of the Supporting Information). In experiments that vary

the site preference, the central carbon enrichment is set to -28h and the terminal carbon

enrichment varies from -10h to -20h. The reference ratio used to convert samples is Vienna

Pee Dee Belemnite, which has a measured value of 0.011115± 0.000013.(Dunn et al., 2015)

3. Results

This section applies the generation algorithm to create one propane model, from which

three reduced models are created, and compares all four models with experiments to under-

stand how predictive they are.

3.1. Production of Propane Models

Propane contains two distinct carbon atom positions allowing for the calculation of

one site preference value. Four models are used to aid in explaining the importance of

full chemistry in an isotope model: a model of propane pyrolysis built using RMG from

parameters described in Section 2.1 (’full model’), a reduced form of that model using

DRG with error propagation (’DRG model’), and two manually reduced forms of the RMG

model, one three-reaction model, with the minimal number of reactions to produce the three

analyte compounds used to find site preference, and another six-reaction model, containing

reactions that create fast atom scrambling. The three-reaction model and six-reaction model

are chosen to under-emphasize and over-emphasize atom scrambling respectively and are not

meant to be complete descriptions of the chemistry.
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Figure 1: Major reactions of propane pyrolysis in the various models. Black solid lines are in all models,

green dashed lines are not in the three-reaction model, blue dashed-dotted lines are only in the DRG and

full models, and orange dotted lines are only in the full model. Yellow backgrounds indicate molecules which

are experimentally observed.(Gilbert et al., 2016a) All reactions are modeled as reversible.

Figure 1 displays major reaction pathways and which models they are in, and Table 1

displays the sizes of the models before and after the addition of isotopologues. A complete list

of reactions in the reduced model is available in Section S2 in the Supplemental Information.

Simulations of each model give time resolved estimates of bulk- and position-specific

enrichments. Figure 2 shows the predicted enrichment of ethene as a function of time.

Notice that the three-reaction and six-reaction models eventually reach a higher enrichment

than the other two models, with extra dynamics in the six-reaction model. Most propane in

Table 1: Sizes of the various propane models

without isotopologues with isotopologues

model species reactions species reactions

three-reaction 6 3 24 19

six-reaction 8 6 26 35

DRG 9 18 30 167

full 31 191 343 7096
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6 reaction model
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Figure 2: The predicted enrichment values of ethene across the course of a constant temperature and pressure

reactor simulation at 850◦C and 2 bar with a starting bulk enrichment of -28h and a terminal carbon site

preference of 5.4h.
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6 reaction model
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Figure 3: The predicted site preference of the radical carbon over the methyl carbon in ethyl radical across

the course of a constant temperature and pressure reactor simulation at 850◦C and 2 bar with a starting

bulk enrichment of -28h and a terminal carbon site preference of 5.4h.
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the DRG and full models undergoes hydrogen abstraction as the first decomposition step,

which has a smaller KIE than the scission reaction that dominates the three- and six-reaction

models. The difference in KIE of the initiation steps leads to the final difference in ethene

enrichment. The full model has slightly lower enrichment than the DRG model, which is

likely due to more ethane, which has low enrichment, converting to ethene.

Figure 3 shows the site preference values of ethyl radical as a function of time. The four

models all have similar trend starting out with a large magnitude for site preference, which

originates from the site preference of propane, and the magnitude decreasing over time due

to secondary chemistry causing atom scrambling. The three reaction model, which lacks

most secondary chemistry, approaches -8h while the others asymptotically approach zero

at different rates based on the magnitude of secondary chemistry in each model.

Obtaining the data shown in either Figure 2 or 3 would be difficult or impossible with

on-line PSIA equipment since it typically only measures stable products after they leave

the pyrolysis chamber. In this regard, detailed isotopic models can provide the ability to

understand dynamic phenomena inside on-line PSIA systems.

3.2. Experimental Comparison

In this section, we compare the models with experimental data to gauge model accu-

racy.(Gilbert et al., 2016a) To accurately test the ability of this new procedure at predicting

filiation, no kinetic values were altered to fit the experimental data. Section S11 of the Sup-

porting Information reports a detailed history of the development of the isotope methodology

and the models tested to help elucidate any bias toward experimental results.

The predictions of the isotope model are only expected to be accurate if the underlying

chemistry found through mechanism generation is itself valid. Figure 4 compares the pre-

dicted product distribution with experiments. The mole fractions of this plot are weighted

per carbon atom. For this simulation, a batch reactor is modeled for the amount of time

corresponding to the residence time estimated from the reactor dimensions and operating

conditions (see Supporting Information Section S4 for more information). The product dis-

tribution shows adequate production of ethane and methane while over-predicting ethene

and ethyne and under-predicting propene. Higher propane conversion is predicted than

observed in experiments (see Supporting Information Figure S9).

Figure 5 compares the enrichments found in experiments to the estimated values from

both the full and DRG models. The exit time chosen for this simulation corresponds to
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Figure 4: Experimental values are shaded areas and the full model results are shown as lines. All values are

stacked. Ethyne is not reported in experiments but is predicted by the model. Experimental values were

inferred from Figure 1a of Gilbert et al. (2016a).
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Figure 5: The enrichments predicted by the full model (dotted lines) and DRG model (dashed lines) en-

richment predictions are compared to experimental data (large symbols) from Figure 1b in Gilbert et al.

(2016a).

the same conversion as experiments to give a more representative comparison of KIE, since

enrichment highly depends on conversion.

Figure 6 compares the full model estimates to the experiment that was used to determine

filiation. The slope in these plots represent filiation values, which show good agreement

between experiments and the model. To better understand the slope accuracy, a total of

sixteen experimental slopes are compared with the model predictions. Table 2 shows the

difference in model and experimental slopes, scaled by the experimental uncertainty.

4. Discussion

4.1. Automatic generation capabilities

The algorithm for creating isotopically labeled reaction networks can convert a wide

variety of combustion, pyrolysis and other processes modeled by RMG into a system that

can trace isotopic enrichments. Potential compounds can contain hydrogen, carbon, oxygen,

and sulfur. This functionality is enabled by the usage of reaction recipes that identify

reaction types and track reacting atoms between those types.

The isotope model creation algorithm corrects for different properties of isotopologues

by modifying entropy for changes in symmetry numbers and kinetics due to KIE and RPD.
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Figure 6: The full model (lines) reproduces the slopes from Gilbert et al. (2016a) at 850◦C. These slopes

are the critical filiation values needed to interpret PSIA data. The offsets between the example data and

the lines are due in part to imperfect estimates of KIE.

Table 2: Variance of model errors on atom filiation

temperature (◦C) full model DRG model 6 reaction model 3 reaction model

all 0.5 0.6 6.5 1.7

800 0.9 0.9 2.0 1.0

850 0.6 0.5 3.5 0.5

900 0.5 0.2 8.6 1.0

950 0.4 0.9 10.6 3.2

Model error is the difference of the model slope and experimental slope scaled by the uncer-

tainty of the experimental slope,
mmodel−mexp

σexp
. The variance of model errors gives an indica-

tion of accuracy. Model errors with a variance near one indicate that the model uncertainty

is about the same as the experimental uncertainty. Variances significantly greater than one

indicate that the model does not match experiments. Variances less than one either originate

from coincidence or a conservative estimate of experimental error.
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All three of these modifications are widely applicable and can be used on reactions of new

compounds.

The time necessary to obtain an isotopic model varies with processor capabilities, what

you are modeling, any constraints placed on the model and the size of the model desired.

For reference, the full propane model with isotopes described in this paper, with 323 species

and 7096 reactions, took a single core 44 hours.

Since the number of isotopologues scales exponentially with number of carbons in a

molecule, we implemented a parameter which limits the number of enriched carbons in

a molecule, which is described in Section S7 of the Supporting Information. This option

can reduce final model size and model generation time, with less than 1h deviation from

the full model when allowing for two enriched carbons per molecule at natural abundances

(13C natural abundance is about 1%, so doubly substituted isotopologues would occur with

frequency around 0.01%). In addition to limiting model generation size, usage of reduction

techniques on the model without isotopoplogues added, like DRG, can also decrease the

model size. These options allow for the wider applicability of the methodology described

here encompassing larger starting molecules while obtaining good computational scaling.

4.2. Prediction Accuracy

When using this algorithm to develop models for isotopic reactions, the accuracy of the

resulting model is critical. In Section 3.2, we compared our model with experimental results

to assess the accuracy of the simulation.

4.2.1. Product distribution

Figures 4 show fair agreement between the model and data, especially since no kinetic

or thermodynamic parameters were adjusted to fit the data. The DRG model, which lacked

propene, also overestimated the ethene, but to a greater extent (shown in Figure S7 of

the Supporting Information). The full model parameters can be tuned to obtain better

agreement, as shown in Supporting Information Section S9, though no rate modifications

were used in the main body of this paper. Some other sources of uncertainty leading to

deviations in Figure 4 involve the estimation of the actual experimental reactor conditions

(described more in Section S4.4 of the Supporting Information) and kinetic and thermo

parameter estimation.
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Though both model and experiments show a trend of decreasing propene product mixing

ratio with temperature, less propene is estimated by the model than is found in experiments.

The model also predicts significant production of a compound not reported experimentally,

ethyne, which originates from a radical abstracting a hydrogen from ethene. These two

factors, along with the higher conversion obtained in the simulations, indicate that the

model is predicting faster reactions than those observed in experiments. This apparent

higher reactivity can be due to many possible errors. One explanation involves incorrectly

estimating experimental conditions like the temperature distribution in the reactor. Another

source could come from uncertainties in the kinetic estimation methods. The model also

lacked reactions with walls, which could be significant since the reactor is narrow, giving

it a high surface area. These wall reactions would reduce free radical reactions and overall

reactivity of the system. A model was created of the fastest moving radical, hydrogen atom,

reacting with the walls, which resulted in a decrease in ethyne production (see Section S6

in the Supporting Information). Another possible source of error is that the RMG model

is generated using high pressure limit kinetic values, whereas much of propane pyrolysis

should be pressure dependent, leading to other potential deviations.(Wong et al., 2003)

These factors can all contribute to the apparent higher reactivity of the model.

Even with deviation in the product distributions shown in Figure 4, the error in the

full and DRG models for enrichments (Figure 5) and filiation (Table 2) are much lower,

indicating that enrichment and filiation could be less sensitive to overall reactivity than

product distribution.

4.2.2. Enrichments

The model seems to over-predict KIE and atom scrambling. The larger KIE in the

model can be seen in Figure 5 by the difference in enrichment of methane and ethane, which

form from the same methyl radical. The gap between the two analytes shows the strength

of KIE. The larger gap between methane and ethane enrichment in the model indicates

higher KIE is modeled for those reactions. In addition, both models show higher propane

13C enrichments than experiments, indicating that the model is reacting away less enriched

propane than actually happens. The larger KIE results from a simplified representation in

Equations 2 and 3. Creating methods that estimate KIE from experimental values for more

specific types of reaction could reduce this error, though this could result in over-fitting if

not done properly.

20



Figure 5 shows slightly more atom scrambling in the model than in experiments, which is

shown by the change in enrichment of methane, ethane and ethene towards the bulk enrich-

ment of -28h at the higher temperature conditions. This overestimate of atom scrambling

likely resulted from the higher predicted overall reactivity of the model, as discussed in Sec-

tion 4.2.1, which causes greater conversion between various products than actually occurred

in the experiments.

In Figures 2 and 3, enrichments between the full and DRG models converged within

1h towards the end of a simulation. In Figure 5, the minor differences between full and

DRG model is dwarfed by comparison to the experimental values. These both suggest that

negligible loss of information occurred from model reduction, despite allowing for product

concentrations to change by 25% in the reduction procedure. Emphasis should be placed

on the accuracy of KIE and atom scrambling when developing an isotopic model, since they

result in more error than model reduction. There is potential for using DRG when creating

isotopic models, despite the reduction algorithm not explicitly accounting for enrichment.

The enrichments of the three and six reaction models are shown in Figure S8 in the

Supporting Information and show more significant deviation than the full or DRG model,

due to missing chemical data.

4.2.3. Filiation

The full and DRG models’ slopes at various enrichments, shown in Figure 6, are very

similar to experimental data. In Table 2, the full and DRG models’ filiation values are

within experimental uncertainty. The full model error also decreases at higher temperatures

which could result from the kinetics estimations in RMG increasing in accuracy at higher

temperatures or from the potential cancellation of error between the exaggerated KIE and

atom scrambling.

In contrast, the errors of the 3 and 6 reaction models in Table 2 are significant. Sim-

ply minimizing or maximizing the amount of atom scrambling pathways does not lead to

accurate depiction of the real phenomena.

From the four models analyzed, reactions forming compounds not used in the analysis,

like propene or ethyne, are not needed for filiation or enrichment estimations, but these

major pathways must be included for determining product distribution.
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4.3. Applications

Though propane was used as an example to illustrate the accuracy and caveats of the

algorithm here, this isotope modeling package can describe many different compounds and

chemistries. Using RMG with conditions similar to work published using RMG’s rate rules

should give reasonable results. The most common application used for RMG is oxidation and

pyrolysis of hydrocarbons and oxygenated hydrocarbons in the gas phase, though condensed

phase applications, heterogenous mechanisms, and reactions involving nitrogen and sulfur

have been published.(Gao et al., 2016a; Goldsmith and West, 2017)

A detailed model can elucidate phenomena difficult to perceive in experiments, like con-

centrations of highly reactive intermediates or the exact atom pathways that cause certain

enrichment profiles. Time dependent plots of compound-specific and site preference enrich-

ments can be extracted from the resulting model, as shown in Figures 2 and 3. Detailed flux

analysis generated in the simulation can help better understand complexities in the reacting

system, see Figures S10 and S11 of the Supporting Information.

If data can be obtained from the model with near-experimental accuracy, as done for

filiation with the full and DRG models, this approach has the potential to partially replace

experimental measurements. The accurate slopes found from the model can be applied

to create a relationship between fragments’ compound specific enrichments and the parent

compound’s site preference values, avoiding the numerous experiments and enriched reagent

necessary to find these relationships experimentally.(Gauchotte-Lindsay and Turnbull, 2016)

We are currently investigating applying this approach to more complex models built with

RMG.

5. Conclusion

• RMG-isotope algorithm is able to rapidly produce a detailed mechanisms that can

trace isotopes without manual modification. This program is open-source under the

MIT X/11 license.

• The algorithm adjusts for molecular symmetry, reaction path degeneracy and first

order KIE in all isotopologues.

• A model of propane pyrolysis created with this method, which includes atom scram-

bling, predicts the transfer of isotopes within experimental uncertainties over a 200◦C
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range without any fitting to experimental data. The model obtains qualitative agree-

ment with experiments in product distribution and enrichment measurements.

• A propane model reduced by the DRG method achieved similar accuracy as the full

model for enrichment and the transfer of isotopes, despite having 92% fewer species

and 97% fewer reactions. Smaller models failed to reproduce the data.

• The model shows more atom scrambling, stronger kinetic isotope effects, higher conver-

sion of propane, and less formation of propene than observed in experiments. Ethyne

was also produced in the model, though it was not reported in experiments.

• Discrepancies between the model and experiment, could have occurred due to dif-

ferences in temperature profile; incorrect kinetic, thermo or KIE parameters in the

model; or loss of radicals to the wall in experiments. These can be improved with

better measurements and fitting of data to experiments.

• RMG-isotope algorithm can easily create models to help design and optimize experi-

ments for PSIA studies.

6. Supplemental Information

The supplemental information includes information on using the generation algorithm

(Section S1), a list of reactions in the reduced models (Section S2), detailed description

regarding the modification of symmetry and degeneracy for isotopologues (Section S3), the

calculations used to approximate reactor conditions (Section S4), the methods to approx-

imate initial absolute site preference (Section S5), estimations looking at hydrogen loss to

walls (Section S6), error obtained from not generating highly enriched isotopologues (Sec-

tionS7), an evaluation of the accuracy of assuming a symmetric three-atom transition state

used in Equation 3 (Section S8), the potential for improvement of product distributions

by modifying the model (Section S9), helpful figures not included in the main manuscript

(Section S10), and a description of the development of this project (Section S11).

Documentation for Reaction Mechanism Generator is available at rmg.mit.edu and the

code is hosted at github.com/reactionmechanismgenerator/RMG-Py. Scripts used to ana-

lyze the isotopic models created by RMG and create the figures in this paper are available

at DOI 10.5281/zenodo.2567585.

23



7. Acknowledgements

The authors gratefully acknowledge Soyoung Péraud for her help and ideas in project
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S1. Code availability

Reaction Mechanism Generator (RMG) is open source and available under the MIT

license. Documentation about installation and general use is available at rmg.mit.edu. This

section describes using the isotope module which is included in versions after 2.1. For up to

date information on the software, see the RMG documentation at rmg.mit.edu.

Scripts to analyze the model and reproduce figures are available in the linked data

repository with DOI of 10.5281/zenodo.2567585.

S1.1. Describing isotopes in RMG

Isotopic substitution can be indicated in a molecular structure’s adjacency list. The

example below is methane with an isotopically labeled carbon of isotope number 13, which

is indicated with i13.

1 C u0 p0 c0 i13 {2 ,S} {3 ,S} {4 ,S} {5 ,S}

2 H u0 p0 c0 {1 ,S}

3 H u0 p0 c0 {1 ,S}

4 H u0 p0 c0 {1 ,S}

5 H u0 p0 c0 {1 ,S}

Figure S1: The RMG adjacency of a methyl radical with a 13C substitution

S1.2. Running the RMG isotopes algorithm

The isotopes script is located in the folder scripts. To run the algorithm, ensure the

RMG packages are loaded and type

python /path/ to /rmg/ s c r i p t s / i s o t o p e s . py /path/ to / input / f i l e . py

The input file is identical to a standard RMG input file and should contain the conditions

you want to run (unless you are inputting an already completed RMG model). Without

any options, the script will run the original RMG input file to generate a model. Once the

RMG job is finished, it will create new species for all isotopologues of previously generated

species and then generate all reactions between the isotopologues.
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Some arguments can be used to alter the behavior of the script. If you already have a

model (which includes atom mapping in RMG’s format) which you would like to add iso-

tope labels to, you can use the option −−original path/to/model/directory with the desired

model files stored within with structure chemkin/chem annotated.inp and chemkin/species dictionary.txt.

The isotope script will use the specified original model instead of running the input.py file.

If you only desire certain reactions in the final output, you can add −−useOriginalReactions

in addition to −−original. This will create a full set of isotopically labeled versions of the

reactions you input and avoid a time-consuming generate reactions procedure.

The argument −−maximumIsotopicAtoms [integer] limits the number of enriched atoms

in any isotopologue in the model. This is beneficial for decreasing model size, runtime

of model creation and runtime necessary for analysis. The estimated errors using this

parameter are described in Section S7.

Adding kinetic isotope effects which are described in this paper can be obtained through

the argument −−kineticIsotopeEffect simple. Currently this is the only supported method,

though other methods can be added.

If you have a desired output folder, −−output output folder name can direct all output

files to the specified folder. The default is to create a folder named ’iso’.

There are some limitations in what can be used in isotope models. In general, RMG

reaction libraries and other methods of kinetic estimation that do not involve atom mapping

to reaction recipes are not compatible (though they can be functional if all isotopologues

are included in the reaction library). The algorithm also does not function with pressure

dependent mechanisms generated by RMG, and has only been tested for gas phase kinetics.

This algorithm currently only works for Carbon-13 substitutions.

Following the generation, a number of diagnostics check model accuracy. Isotopologues

are checked to ensure their symmetries are consistent. Then, the RPD among reactions

differing only in isotope labeling is checked to ensure it is consistent with the symmetry

values of reactions. More details of the algorithms behind this check are given in Section

S3. If one of these checks throws a warning, the model will likely exhibit non-natural

fluctuations in enrichment ten to one hundred times larger than from non-hydrogen kinetic

isotope effects.
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S1.3. Output from script

The isotope generation script will output two files inside the nested folders iso/chemkin,

unless −−output is specified. The file species dictionary .txt lists the structure of all iso-

topologue using the RMG adjacency list structure. The other file of importance chem annotated.inp

is a chemkin input file containing elements, species, thermo, and reactions of the entire sys-

tem.

S2. Reactions in reduced models

Reactions R1-R3 are in the three-reaction model. Reactions R1-R6 are in the six-reaction

model. Reactions R1-R18 are in the DRG model.

CH3 · + C2H5 · −−⇀↽−− C3H8 (R1)

CH3 · + C2H5 · −−⇀↽−− CH4 + C2H4 (R2)

CH3 · + CH3 · −−⇀↽−− C2H6 (R3)

C2H5 · −−⇀↽−− H · + C2H4 (R4)

C2H6 + CH3 · −−⇀↽−− CH4 + C2H5 · (R5)

C2H6 + H · −−⇀↽−− H2 + C2H5 · (R6)

H · + C2H5 · −−⇀↽−− H2 + C2H4 (R7)

H · + H · −−⇀↽−− H2 (R8)

H · + C3H7 · −−⇀↽−− C3H8 (R9)
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C3H7 · + H2 −−⇀↽−− C3H8 + H · (R10)

C2H5 · + C3H7 · −−⇀↽−− C3H8 + C2H4 (R11)

CH3 · + C2H4 −−⇀↽−− C3H7 · (R12)

C3H7 · + CH4 −−⇀↽−− C3H8 + CH3 · (R13)

H · + CH4 −−⇀↽−− CH3 · + H2 (R14)

C2H6 + C3H7 · −−⇀↽−− C3H8 + C2H5 · (R15)

C2H5 · + C2H5 · −−⇀↽−− C2H6 + C2H4 (R16)

C2H5 · + H · −−⇀↽−− C2H6 (R17)

CH3 · + C3H6 −−⇀↽−− C + C2H5 · (R18)

S3. Symmetry and degeneracy corrections

Isotopic labeling of compounds can lower a molecule’s rotational symmetry number,

which increases the molecule’s entropy, affecting equilibrium ratios and increasing its re-

activity in some reactions. If the symmetry of a labeled compound is incorrect or its cor-

responding reactions have incorrect RPD, it will result in non-physical enrichments. Esti-

mating symmetry and reaction degeneracy is a constant challenge for automatic mechanism

generation, so a check on the symmetry and degeneracy is conducted after model generation

to give the user confidence before utilizing this model in experimental analysis.

These checks only are run after all isotopologues and their corresponding reactions are

generated, but before kinetic isotope effects are applied. If −−maximumIsotopicAtoms is

used, these checks do not work since these methods require a full set of isotopologues.
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S3.1. Symmetry algorithm

The algorithm to check that the symmetry of isotopologues is consistent utilizes the

symmetry of each isotopologue of a compound. Given a molecule with N atoms that can be

labeled in the algorithm, the maximum number of isotopologues that can be created is 2N .

If a molecule breaks symmetry, then that reduces the number of independent isotopologues

formed. Using propane as an example, if either terminal carbon is labeled, the central

symmetry of the molecule would be broken and the resulting compounds would be identical.

Taking this knowledge into account, many incorrect symmetry values can be detected by

counting all the isotopologues, with double counting for molecules with broken symmetry.

2N =

M∑
i=1

σunenriched
σi

(9)

where N is the number of atoms that could be enriched in the system. M is the number

of isotopologues for this structure, σ is the rotational symmetry number, σunenriched is the

symmetry of the compound without any isotope labeling, and σi is for isotopologue i.

The symmetry number effects the entropy of the compound. Since this algorithm occurs

before the addition of kinetic isotope effects, Equation 9 can be rewritten in terms of entropy.

2N =

M∑
i=1

σunenriched
σi

=

M∑
i=1

e
Si−Sminimum

R (10)

where N is the number of atoms that could be enriched in the system. M is the number

of isotopologues for this structure, Si is the entropy of species i, Sminimum is the minimum

entropy of all these isotopologues, and R is the gas constant. The term e
Si−Sminimum

R is the

ratio of symmetry from the unlabeled compound to the labeled compound.

With Equation 10, the algorithm for symmetry iterates through all isotopologues of a

structure and returns whether Equation 10 is True given a certain tolerance. This should

ensure thermodynamic consistency in most cases. If RMG predicts the same number of

symmetry breaking but for the incorrect compounds, this algorithm will not catch the

error.

If there is an error in symmetry estimation rmgpy/molecule/symmetry.py can be modi-

fied to correct for the source of the error, and the model can be rerun.
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S3.2. Degeneracy Algorithm

This algorithm checks that all reactions differing only by isotope labeling, called isotopo-

logue reactions, are consistent. It is based on the notion that, in an equilibrated isotope

system without any kinetic isotope effects, we would expect the fluxes of all products to be

related by the equilibrium isotope ratio.

For a set of isotopologue reactions, this method sets the concentration of each reactant

and product to the ratio of labeled and unlabeled symmetry numbers, σunenriched

σi
used in

Equation 9. Using the rate constant in the forward and reverse directions, it finds the fluxes

produced by the reaction. If the fluxes produced by the set of reactions are proportional to

their symmetry numbers (indicating thermodynamical consistancy), the algorithm returns

true. This equality can be represented for a bimolecular reaction by:

σunenriched

σ1

σunenriched

σ2

...

σunenriched

σM

∝

∑N
i=1 νi,1ki

σr1i,unenriched

σr1i

σr2i,unenriched

σr2i∑N
i=1 νi,2ki

σr1i,unenriched

σr1i

σr2i,unenriched

σr2i

...∑N
i=1 νi,Mki

σr1i,unenriched

σr1i

σr2i,unenriched

σr2i

(11)

Where M is the number of isotopologues of a particular compound in the set of isotopo-

logue reaction, σunenriched is the rotational symmetry number of an unlabeled version of

the isotopologue, N is the total number of reactions (both forward and reverse) in the set

of isotopologue reactions. νi,j is the stoichiometric coefficient of compound j in reaction i,

r1i is the first reactant in reaction i, r2i is the first reactant in reaction i, and r1i,unenriched

is the unenriched version of the corresponding reactant.

If Equation 11 is true for all different compounds in the set of isotopologue reactions,

the set of reactions should be consistent thermodynamically.

S4. Reactor condition calculations

This section discusses the derivations for estimating pressure, residence time and initial

concentration, and then it conducts sensitivity analysis to determine that the outlet mole

fractions and enrichment are sensitive to neither pressure nor starting concentration and

that product distribution but not enrichment is sensitive to residence time.

32



S4.1. Pressure

The exact pressure of the reactor is not reported.Gilbert et al. (2016a) The major factors

that determine the pressure are the flow rate of 2.5 cm3/min and the outlet pressure. There

is some pressure drop during the 30 meters of column. The material then goes through

the pyrolysis capillary before going through another 30 meter GC column, whose outlet

is likely near atmospheric pressure since gas chromatograms typically operate higher than

atmospheric pressure.

Inputting an outlet pressure of 1 atm, an outlet flow rate of 2.5 cm3, temperature of

40◦C the type of column, and the carrier gas, Agilent’s Pressure Flow Calculator estimated

a pressure drop of 0.75 bar.Agilent (2013) of The pressure drop within the reactor, which

is over 100 times shorter than the separation columns is assumed to be negligeable. In

this work, the pressure within the reactor is an absolute pressure of 2 bar, which is 0.24

bar higher than the estimation by Agilent’s Pressure Flow Calculator. The sensitivity of

pressure on observables, in Tables S5 and S6 indicates that this difference in pressure would

contribute less than 0.1hto enrichment and less than 0.01 to mole fraction of any analyte.

S4.2. Residence Time

The residence time of the reactor can be determined from the flow rate and size of

tubing. The inner diameter of reactor is 0.025 cm and is 25 cm long, which yields a volume,

V , of 0.0123 cm3. The standard flow rate through the system is 2.5 cm3/min. Since the

temperature is higher through the pyrolysis chamber (700-950◦C) and the pressure is higher

than standard state (2 bar), the estimate of volumetric flow using the ideal gas equation of

state is V̇ = V̇o
T
To

Po

P where V̇o is the volumetric flow rate at To and Po. In this analysis, we

assume that the measured V̇o value of 2.5mL/min, which is given by Gilbert et al.,Gilbert

et al. (2016a) is set by the outlet of the first GC column, right before the pyrolysis chamber,

such that To would be the temperature in the first oven (323-423K), and Po is approximately

the pressure in the pyrolysis chamber. Since there is no difference in pressure between the

pyrolysis chamber and the pressure used to set V̇o, the pressure term can be dropped. This

leads to a volumetric flow rate dependent on the furnace temperature.

The system’s residence time is then given by the volume over the volumetric flow. In

this case, we would end up with:
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τ =
V

V̇
=
To
T

V

V̇o
=

95s-K

T
(12)

where τ is the reactor residence time, and using the initial temperature of the first column

as 50◦C. For a temperature of 850◦C (1123K), this yields a reactor time of 85 milliseconds.

This analysis has some error since the mixture does not immediately heat up when en-

tering the chamber nor does it immediately cool when exiting, and there is some uncertainty

of the exact volumetric flow rate in the pyrolysis tube.

S4.3. Concentration of Propane

While the experimental report does not directly specify the concentration of propane

in the pyrolysis chamber,Gilbert et al. (2016a) the concentration is important for modeling

because it determines the relative importance of unimolecular and bimolecular processes.

The concentration is a function of the amount of propane injected into the system and how

wide the propane peak is when it reaches the pyrolysis chamber, each of which are estimated

in the following two paragraphs.

There are two different conditions of injection used in experiments which lead to different

total amount of propane injected into the system: one involved 0.1 mL concentrated propane

with a split ratio of 40:1 and the other involved 1 mL 1% diluted propane with a split ratio

of 2:1. Taking the split ratios into account, the system would have 0.0024 mL or 0.0033 mL

of propane flowing through it for each system respectively. Note that these volumes are at

298K and 1 bar.

The amount of time propane passes through the pyrolysis chamber is not known from

complete run of the equipment for online PSIA analysis, since detection occurs after the

second GC column. The peak width can be estimated by looking at the output of propane’s

pyrolysis fragments from the second GC (Supplemental Figure 2 in Gilbert et al.)Gilbert

et al. (2016a),which is approximately 20-30 seconds. Assuming that half the peak widening

occurs during the second GC column (since it is made of the same column and material)

this would yield an approximate time of 10-15 seconds through the pyrolysis device.

Using these two estimates, concentration of propane going through the system can be

approximated by diving the total injected volume over the time. would be approximately,

0.010 to 0.020 mL/min depending on injection type and peak width estimate. The mole

fraction of propane in these experiments would then be the ratio of propane going through
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the system to helium, which is 2.5 mL/min at 323K and 1.75 bar, with the conditions

approximated in Sections S4.1 and S4.2, which is approximately 4.0 mL/min at 298K and

1 bar. The mole fraction of propane can be found from the ratio of flow rates.

Xpropane =
V̇o,propane

V̇o,He
(13)

where Xpropane is the mole fraction of propane in the system, V̇o,propane is the flow rate

of propane taken by diving the total propane injection over the peak width of propane when

entering the pyrolysis chamber, and V̇o,He is the standard volumetric flow of helium.

From this analysis, the estimated mole fraction of propane is between 0.25% and 0.50%,

depending on injection type and peak width estimate. In this work, the mole fractions

used are 0.49% and 0.66% are used for the pure propane injection and natural gas injec-

tion respectively. These are at the upper limit of the concentration estimate which is still

acceptable for this work since sensitivity analysis shows no significant effects of propane

concentration change.

S4.4. Sensitivity to Reactor Conditions

How much a change in the reactor condition estimates, approximated in the previous

section, affect observable mole fraction and enrichment is necessary to have confidence in

the estimates. To assess this dependency pressure, reactor residence time and propane

concentration were varied within 20% to determine the sensitivities of condition estimates

on the final mole fractions and δ13C. For the unperturbed parameters, the value described

above was used. Tables S1-S6 display the sensitivity results of changes in the three variables,

propane initial concentration, residence time and pressure, on the two outputs, δ13C and

mole fractions.

Over all the sensitivity studies, the change in δ13C by deviating 40% of the original

value was less than 0.5h. Since the values of pressure, residence time, and mole fraction are

within this range tested, the enrichment errors resulting from these estimates are minimal.

For mole fractions, the change in 40% of the original value minimally changes when

propane concentration or pressure was modified. Increasing the propane concentration ac-

tually resulted in more conversion, indicating a positive feedback cycle, though the minimal

change likely indicates the concentration is not critical in this study.
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Table S1: δ13C of various compounds after the reactor with change in starting propane concentration. The

first five columns represent the fractional change in starting concentration and the last column represents

the sensitivity coefficients.

Change in starting concentration 0.8 0.9 1.0 1.1 1.2 δδ13C
δXo,C3H8

(h)

methane -24.16 -24.08 -24.03 -23.99 -23.96 102.99

ethyne -31.98 -31.90 -31.83 -31.77 -31.71 134.52

methyl -22.32 -22.31 -22.32 -22.33 -22.35 -16.05

ethane -41.33 -41.29 -41.26 -41.24 -41.22 53.31

propene -23.50 -23.54 -23.59 -23.63 -23.67 -87.91

propane -24.78 -24.78 -24.78 -24.78 -24.78 -1.85

ethyl -32.11 -32.02 -31.95 -31.88 -31.82 147.58

ethene -32.04 -31.95 -31.88 -31.81 -31.75 148.96

Table S2: Fraction carbon of various compounds after the reactor with fractional change in starting propane

concentration. The first five columns represent the fractional change in starting concentration and the last

column represents the sensitivity coefficients.

Change in starting concentration 0.8 0.9 1.0 1.1 1.2 δXi

δXo,C3H8

methane 0.06 0.07 0.07 0.07 0.07 3.79

ethyne 0.02 0.02 0.02 0.02 0.02 1.46

ethane 0.07 0.07 0.07 0.07 0.07 -0.09

propene 0.01 0.01 0.01 0.01 0.02 0.76

propane 0.56 0.55 0.54 0.54 0.53 -12.79

ethene 0.27 0.28 0.28 0.28 0.29 6.62
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Table S3: δ13C of various compounds after the reactor with fractional change in residence time. The first

five columns represent the fractional change in residence time and the last column represents the sensitivity

coefficients.

Change in residence time 0.8 0.9 1.0 1.1 1.2 δδ13C
δtreact

(h
s )

methane -24.157 -24.091 -24.029 -23.972 -23.918 0.006

ethyne -31.960 -31.894 -31.833 -31.775 -31.720 0.006

methyl -22.464 -22.389 -22.320 -22.258 -22.201 0.007

ethane -41.442 -41.348 -41.258 -41.171 -41.087 0.009

propene -23.775 -23.676 -23.588 -23.511 -23.443 0.009

propane -25.410 -25.093 -24.778 -24.464 -24.151 0.033

ethyl -32.204 -32.072 -31.946 -31.827 -31.712 0.013

ethene -32.111 -31.993 -31.879 -31.769 -31.662 0.012

Table S4: Fraction carbon of various compounds after the reactor with fractional change in residence time.

The first five columns represent the fractional change in residence time and the last column represents the

sensitivity coefficients.

Change in residence time 0.8 0.9 1.0 1.1 1.2 δXi

δtreact
( 1
s )

methane 0.058 0.063 0.068 0.073 0.077 0.000

ethyne 0.012 0.015 0.018 0.020 0.023 0.000

ethane 0.061 0.066 0.071 0.075 0.079 0.000

propene 0.014 0.014 0.014 0.014 0.014 -0.000

propane 0.609 0.575 0.544 0.515 0.488 -0.003

ethene 0.242 0.262 0.281 0.299 0.315 0.002
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Table S5: δ13C of various compounds after the reactor with fractional change in pressure. The first five

columns represent the fractional change in pressure and the last column represents the sensitivity coefficients.

Change in pressure 0.8 0.9 1.0 1.1 1.2 δδ13C
δP ( h

bar )

methane -24.16 -24.09 -24.03 -23.99 -23.96 0.25

ethyne -31.98 -31.90 -31.83 -31.77 -31.71 0.33

methyl -22.32 -22.31 -22.32 -22.33 -22.35 -0.04

ethane -41.33 -41.29 -41.26 -41.24 -41.22 0.13

propene -23.50 -23.54 -23.59 -23.63 -23.67 -0.22

propane -24.78 -24.78 -24.78 -24.78 -24.78 -0.00

ethyl -32.11 -32.02 -31.95 -31.88 -31.82 0.36

ethene -32.04 -31.95 -31.88 -31.81 -31.75 0.37

Table S6: Fraction carbon in various compounds after the reactor with fractional change in pressure. The

first five columns represent the fractional change in pressure and the last column represents the sensitivity

coefficients.

Change in residence time 0.8 0.9 1.0 1.1 1.2 δXi

δXo,C3H8
( 1
bar )

methane 0.06 0.07 0.07 0.07 0.07 0.01

ethyne 0.02 0.02 0.02 0.02 0.02 0.00

ethane 0.07 0.07 0.07 0.07 0.07 -0.00

propene 0.01 0.01 0.01 0.01 0.02 0.00

propane 0.56 0.55 0.54 0.54 0.53 -0.03

ethene 0.27 0.28 0.28 0.28 0.29 0.02
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When the residence time was varied by 40%, the propane conversion changed by 0.12

and ethene changed by 0.8, which is the largest change found in this sensitivity analysis.

Better quantifying the residence time of experiments or measuring a temperature profile in

the system could help improve accuracy of modeling mole fraction distributions for online

PSIA.

S5. Approximating initial site preference value for simulations

To compare to propane pyrolysis experiments by Gilbert et al., the absolute site pref-

erence value is necessary. For sample Commercial-2, the relative site preference found was

-1.8h. This calculation assumed that no kinetic isotope effects were skewing the enrichment

values. This section discusses how we approximated the absolute site preference value.

The original site preference can be approximated by seeing which absolute site preference

as an input condition results in a calculated site preference of -1.8h at the exit of the reactor,

using the same calculation method as Gilbert et al.Gilbert et al. (2016a) Figure S2 shows

how the calculated site preference changes over reactor time. Based on the reactor residence

time found in S4, the relative site preference at these conditions is -1.8h using an original

absolute site preference of 5.45h, which will be used throughout the rest of this work.

S6. Estimating hydrogen loss to walls

Wall reactions can often have a non-negligible impact in experiments.Howard (1979) The

experimental setup considered here used a 0.25 mm diameter fused-silica reactor that was

250 mm long, leading to a large surface area to volume ratio. To look into the effect of

wall losses on the further oxidation to ethyne radical, hydrogen radical loss rate to the walls

are found using the reactor geometry and conditions as well as the wall loss rate by Moon

et al.(Moon, J Appl. Phys, 2010) At 2 bar pressure, this leads to a radical loss rate of

1.5 × 104s−1. At 1 bar pressure, the loss rate is approximately double the rate at 2 bar.

Table S7 looks at the how the fraction of ethyne formed varies when changing pressure with

or without the presence of the hydrogen loss to walls.

S7. Excluding highly enriched compounds

For 12C and 13C substitutions, the number of isotopologues for a compound approxi-

mately doubles for each carbon added, leading to an exponential growth in complexity with
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Figure S2: Site preference, estimated by (δ13CCH4o −δ13CC2H4)×2, at various time points in a simulation

of the full propane model with starting bulk enrichment of -28h, position specific value of 5.4h, 850◦C,

and 2bar.

Table S7: Ethyne fraction with different wall loss and pressure parameters. All experiments done at 850◦C.

Selectivity is carbon weighted.

Pressure (bar) H loss rate (s−1) Selectivity ethyne

1 0 0.032

2 0 0.039

1 3e4 0.021

2 1.5e4 0.034
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molecule size. At the same time, the fraction of a compound that has 13C for each carbon

spot decreases approximately with the 13C abundance for each additional carbon. Given

this information, it might be possible to ignore a large number of isotopologues with many

substitutions while making only a minimal error.

In the software, the attribute −−maximumIsotopicAtoms [integer] ignores isotopologues

with more than a certain number of 13C spots. This section goes over what the expected

error would be for a system that excludes highly enriched isotopologues.

A methane pyrolysis model was created using RMG, with a maximum carbon size to 4

carbons. From this model, four different isotope models were created: one with all isotopo-

logues allowed, and three that limited the number of 13C carbons to 1, 2 or 3 per molecule.

The number of isotopologues and reactions found for each model is shown in Table S8. In

this analysis, the kinetic isotope effect was not used.

The models were simulated using methane with an enrichment fraction of 1% in 90% he-

lium at constant temperature of 1000K and pressure of 2 bar for 1 second. The enrichments

of each model were compared to the full isotopic model, which allowed four 13C atoms per

molecule. Figure S3 shows the difference in enrichments for butyne between the model that

allowed all isotopologues with the limited models.

Limiting the model to only one enriched 13C per molecule resulted in about 20h error

in enrichment. This decreased to less than 0.4hwhen maximumIsotopicAtoms was set to

2, which is about the experimental uncertainty for some experiments.Gilbert et al. (2016a)

Having more isotopologues led to errors way below the experimental accuracy. Each ad-

ditional allowed isotopic enrichment level approximately decreases the error by the initial

enrichment fraction, which for natural abundance is about 1%.

While there is some change in error with simulation time, the variability is much less

than the error introduced between cases of removing isotopologues, shown by the flat lines

in Figure S3. This indicates that there is little interaction between the dominant chemistry

at a point in the simulation and the error introduced by modified maximumIsotopicAtoms.

The isotopic dynamics of different systems can vary from this example. To ensure the

error introduced in a model is acceptable, we would recommend running a model altering

maximumIsotopicAtoms by 1 to approximate the error that this parameter introduces.
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Table S8: Sizes of methane pyrolysis models with various maximum in number of 13C per molecule.

maxIsotopicAtoms species reactions

0 24 179

1 78 1963

2 138 5516

3 166 7391

4 171 7603

0.0 0.2 0.4 0.6 0.8 1.0
time (s)

10 3

10 2

10 1

100

101

13 C
error
( )

maxIsotopicAtoms=1
maxIsotopicAtoms=2
maxIsotopicAtoms=3

Figure S3: Errors in enrichments of butyne for various models created by the maximumIsotopicAtoms

parameter.

S8. Kinetic isotope effect validation

This section discusses the assumption that the three member transition state is symmet-

ric as opposed to asymmetric. Both of these types of transition states are given different

approximations for kinetic isotope effect, so determining which function to use in RMG is
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a)     A          B          C

b)     A          B          C

Figure S4: The movement of a symmetric transition state (a) and asymmetric transition state (b) as

described by Melander and Saunders.Melander and Saunders (1980)

important.Melander and Saunders (1980) In this description, A is the left atom, B is in the

center and C is on the right. In both the symmetric and asymmetric reactions, the bond

between A and B is broken and the bond between B and C is formed. The framework

that Metlander and Saunders used to derive kinetic isotope effect assumes A, B and C are

collinear.

A symmetric transition state is characterized by little change in the distance between A

and C and a movement of B toward C. An asymmetric transition state involves little change

in distance between A and B and a decreasing distance between C and both A and B. The

movement of atoms, shown in Figure S4, can be determined by the motion corresponding

to the imaginary frequency of the transition state.

In the reactions found in the propane model, B is always a hydrogen atom, though this

is not generally necessary. To exemplify whether the reaction is symmetry or asymmetric,

an example of hydrogen abstraction from methanol by O2 is used since it involves three

different atoms, shown in Figure S5. The frequencies and geometry for the transition state

were found at b3lyp/cbsb7 using Gaussian03 software package. For the single imaginary

frequency, at −832cm−1, the magnitude of the three atoms that involving form or break

bonds is shown in Table S9 and visualized as green arrows in Figure S5.

The center atom, hydrogen, has over ten times the magnitude of either other atom. In

addition, the X and Z direction have the carbon and oxygen moving in the same direction,

while the hydrogen moves in the opposite direction of the other two atoms. In this example,

the transition state frequency fits what we would expect from a symmetric transition state.

The behavior likely results from the large mass differences between the hydrogen and either

heavy atom. Since the model only has hydrogen transferring in three member transition

states, this work assumes all three member transition states are more accurately described

by the symmetric as opposed to asymmetric kinetic isotope effect formulation.
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Table S9: Magnitudes of vibration given by imaginary frequency of hydrogen abstraction from methanol by

molecular oxygen.

atom magnitude X Y Z

carbon 0.07 -0.05 -0.02 0.04

hydrogen 0.98 0.71 -0.12 -0.66

oxygen 0.06 -0.01 0.05 0.04

Figure S5: The transition state structure for hydrogen abstraction from methanol, with atom H2 being

transfered between C and O2. The green arrows indicate the motion along the imaginary frequency of the

transition state.
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S9. Fitting product distribution

Though not done in this work, improving models by fitting to experimental data is

important for some aspects of modeling, due to the significant uncertainty in the kinetic

parameters of detailed kinetic models. This section shows that improvements in modeled

product distribution are possible through modifying parameters within their uncertainties.

The modifications described here only apply to Figure S6 and are not extended to other

parts of the work since they are not validated separately.

After looking at the major pathways forming propene and ethyne, three reactions had

their pre-exponential factor decreased an order of magnitude.

CH3 + C2H4 −−⇀↽−− C3H7 (R19)

H2 + C2H3 −−⇀↽−− C2H4 + H (R20)

CH4 + C2H3 −−⇀↽−− C2H4 + CH3 (R21)

All three reactions modified have a net reaction rate for the system in the reverse di-

rection. Reverse reactions tend to have greater uncertainties since it is estimated by the

forward rate and the thermo of each species in the reaction, which each contributes its error

to the overall reverse reaction rate. The change in reaction R19 reduces the unimolecu-

lar breakdown of n-propyl radical, allowing more n-propyl to react to form propene. The

change to reactions R20 and R21 decrease the rate of formation of a radical precursor to

ethyne, decreasing its formation. The rates of reactions R20 and R21 are estimates based

on averages of other reactions in the RMG database, and there is potential for even greater

uncertainty of these reactions.

The modifications here still do not result in a model that perfectly matches experiments.

It is possible to use more optimization strategies to improve the fit. However, uncertainties

exist in the experimental values of temperature profile, residence time, wall reactions, etc.

With this in mind, fitting to experiments could result in overfitting of the model, limiting

extrapolation to similar systems.
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Figure S6: Experimental values are shaded areas, the full model results are shown as dotted lines, and the

full model with three rates modified is shown in bold, solid lines. All values are stacked. Ethyne is not

found in experiments but is produced by the model. Experimental values inferred from Figure 1a of Gilbert

et al.Gilbert et al. (2016a)
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S10. Analysis Figures
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Figure S7: Comparison of product distributions of the DRG model (lines) against experiments (areas).

Propene is not a product in the DRG model, but is shown in pink from experiments.
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Figure S8: Comparison of enrichments between the four models and experiments for four compounds. The

same propane conversion is reached for each model.
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Figure S9: Comparison between simulation and experiment of carbon-weighted yields of five analytes.
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Figure S10: A reaction flux diagram of the full model showing carbon pathways during a simulation of 1%

propane at 750◦C and 2 bar at 1 ms. The arrow size and color represents relative magnitude of carbon flux,

scaled by the scale factor in kmol/m3-s. The numbers are the relative flux scaled to the propane to n-propyl

radical reaction.
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Figure S11: A reaction flux diagram of the full model showing carbon pathways during a simulation of 1%

propane at 850◦C and 2 bar at 1 ms. The arrow size and color represents relative magnitude of carbon flux,

scaled by the scale factor in kmol/m3-s. The numbers are the relative flux scaled to the propane to n-propyl

radical reaction.

S11. History of model development

How a model is constructed can have a large impact on how well it can fit other systems.

Changing model form and parameters to fit experimental data can easily lead to overfitting

making study of any other system lead to larger errors. In this section, we present the

history of model development to help any potential user of the software understand what

types of errors to expect. Care was taken to minimize the potential for overfitting the data

presented here, but we still think it is important to have transparency in this issue.

When the model for propane was first developed, there was no kinetic isotope effects.

Significant error was observed in enrichments varying 1000h. After detailed analysis, we

noticed that this was due to errors in RMG estimating symmetry and reaction path de-

generacy for reactions. These algorithms were modified to account properly with multiple

50



resonance isomers, and a check was inserted to check for any errors in symmetry or de-

generacy after the model generation is finished. Since there is not fool-proof solution to

estimate 3-D structures from 2-D graph objects, we anticipate that errors may occur when

this system is used for different compounds.

After a few iterations trying a reduced ethanol model, two reduced models of propane

were created to simplify the article. Initially the three-reaction model was created. Based

on the major reaction fluxes in the full model, three additional reactions were chosen to

make the six-reaction model. The reactions placed in these models were not changed after

they were chosen.

The resulting propane model was then fit to data from Gilbert et al. Similar agreement

was obtained for Figures 4 and 6. Figure 5 had significant errors since the model did

not contain kinetic isotope effects. Kinetic isotope effects were then added as described

in Section 2.2 and were not modified after viewing the experimental comparison, though a

separate scheme (using entire molecule molecular weights instead of just 13C or 12C) was

tried and abandoned. Figure 5 was originally plotted using the same residence time as

found in Figure 4, but was modified to have the same conversion as experiments since that

allowed for better comparison of kinetic isotope effects. The propene data from the model

and reported from Gilbert et al. was then removed from Figures 4 and 5 since it was not

needed in further analysis of position specific isotope assessment in Gilbert et al., led to

cluttering of the figures, and was not well predicted by the model.

Finally, the starting composition enrichments were modified to match the samples used

by Gilbert et al., (before this change an estimate was being used). To get more accuracy

from reading the figures in Gilbert et al., Engauge Plot Digitizer was used to extract the

original data from published plots. For Figure 4, the data was extracted three times and an

average was taken. In Figure 4, there was a mismatch of about 5% between the conversion

and the concentrations of products at 750◦C due to amplified error in data extraction from

the figure at low conversions, so each compound was scaled so that the total was 100%.

To better understand differences between experiment and the model, a hydrogen loss

reaction to the wall was simulated, shown in Section S6. Based on knowledge that some

GC equipment uses the column temperature, inert gas and tube dimensions to set flow rate

(instead of using flow rate at standard conditions), the conditions at which the experimental

flow rate was based were modified to be the starting temperature of the 1st GC column
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(323K) and the same pressure of the pyrolysis tube (instead of standard conditions 298K

and 1atm). This increased the estimated residence time making the model over-predict the

reactivity even more, so this modification was not used, and a standard flow rate at 298K

and 1atm is used as described in Section S4.

The DRG model was then created from the full model without isotopologues. DRG

settings was originally set at 10% for ethene, ethane and methane, which did not converge.

The tolerance was raised to 40% for the same species, and the smallest model which fit the

criteria was used for all analysis.

The rate of certain reactions in the full model were modified to show the potential for

better fitting of product distributions, but this change was only applied in Section S9 so the

main results are not biased by model fitting.

Ignoring symmetry and degeneracy issues, this final work does not contain any changes

in the kinetic database, estimation methods, or kinetic isotope effects to better fit the data

in Gilbert et al.Gilbert et al. (2016a)
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