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1. Chemical Kinetic Parameters  

Rate coefficients of chemical reactions are estimated with a modified Arrhenius form: 𝑘 = 𝐴𝑇𝑛𝑒−
𝐸𝑎
𝑅𝑇, 

where A is pre-exponential factor, n is temperature exponent and Ea is activation energy. All parameters 

are imported from RMG-py rate rules. 

Homolytic Cleavage 

Table S1. Kinetic parameters for homolytic cleavage of ‘C(aliphatic) —C(aliphatic)’ bonds#. 

Degrees of 

carbons* 

A (s-1) n Ea (kJ/mol) 

p-p 1.07E+20 -1.04 380 

p-s 7.32E+24 -2.58 376 

p-t 2.75E+23 -1.91 371 

p-q 3.38E+32 -4.74 380 

s-s 3.26E+27 -3.19 373 

s-t 2.72E+26 -2.77 366 

s-q 5.69E+30 -4.05 363 

t-t 1.48E+28 -3.11 359 

t-q 1.66E+34 -5.08 358 

q-q 1.66E+38 -6.36 351 

*Degrees of carbon positions connected by the single bond; p:primary, s:secondary; t:tertiary, 

q:quaternary. 

Note: A special case of ‘C(aliphatic) —C(aliphatic)’ bond that is on an alkyl chain attached to an 

aromatic ring and adjacent to an ‘C(aliphatic) —C(aromatic)’ bond is recognized separately. It is given a 

set of parameters of A=5.14E+25 s-1, n=-2.86 and Ea=-326kJ/mol, regardless of its carbon degrees. 

 

Table S2. Kinetic parameters for homolytic cleavage of single bonds that are not ‘C(aliphatic) —

C(aliphatic)’ type. 



Type of bonds A (s-1) n Ea (kJ/mol) 

C(aliphatic)—C(aromatic) 1.59E+20 -0.76 -442 

C—N 4.69E+08 0.52 -350 

C—O 2.63E+18 -0.64 -352 

C—S 4.36E+13 0.56 -305 

 

β-scission 

We apply a universal set of kinetic parameters for β-scission: A= 1.22e13 s-1, n=0.31 and Ea=-118 kJ/mol. 

Radical Isomerization 

We categorize isomerization reactions by distance between new and old radical center (e.g. immediate 

neighbor has distance=1).  

Table S3. Kinetic parameters for radical isomerization reactions. 

Distance A (s-1) n Ea (kJ/mol) 

3 7.54E+05 1.75 -749 

4 2.62E+05 1.62 -464 

5 2.58E+04 1.67 -427 

6 1.06E+03 1.67 -427 

 

 

H-abstraction 

We assign separate reaction rate constants of H-abstraction for abstracting organic H and water H. We 

categorize H-abstraction reactions by carbon degree of the radical center.  

Table S4. Kinetic parameters for H-abstraction reactions. 

Donor 

type 

Radical 

degree 

A 

(mol/(kJ·s)) 
n 

Ea 

(kJ/mol) 

Organic 

H 

0 (CH3•) 1.55E-08 4.34 -431 

1 8.64E-08 4.14 -526 

2 7.24E-10 4.4 -451 

3 6.16E-09 4.34 -527 

Water H 

0 (CH3•) 6.40E-06 3.31 -573 

1 3.40E+00 1.44 -848 

2 8.52E-09 3.99 -850 

3 9.26E-06 3.06 -931 

 



When calculating for reactions of abtracting organic hydrogen, we multiply the kinetic rate constant by 

density of shale, TOC content, reciprocal of molar mass and fraction of aliphatic carbon. We use typical 

values for density of shale (3×106g/m3) and TOC content (1.5%; Shao et al. (2018)). Molar mass and 

fraction of aliphatic carbon are calculated for the molecular models. 

When calculating for reactions of abstracting hydrogen from water, we multiply rate coefficients with 

shale density, reciprocal of molar mass of water and water content, the last of which is a typical value of 

water content in shale (16%; Hsu and Nelson, (2002)) 

Recombination 

We apply a universal rate constant, 3e6 mol/(kJ·s) for radical recombination reactions. 

 

2. Parameters for Kinetic Isotope Effects (KIE)  

For homolytic cleavage reactions, we obtained sets of these KIE Arrhenius parameters from previous 

density functional theory (DFT) calculations (Tang et al., 2000 and Tang et al., 2005 for carbon isotopes; 

Ni et al., 2011 for hydrogen isotopes). These preceding studies provided KIE parameters for a number of 

different reactions, showing that they are mainly influenced by three properties: 1) distance to substitution 

(primary, secondary and tertiary KIE) 2) bond types (‘C(aliphatic) —C(aliphatic)’, ‘C(aliphatic) —

C(aromatic)’, ‘C—O’, ‘C—N’ and ‘C—S’) and 3) degree of carbon at the substituted position (0°, 1°, 2°, 

3°). We store KIE parameters for each scenario sorted by these properties. In the kMC model, the 

algorithm examines every potential cleavage reaction and assigns its KIE parameters accordingly. We 

neglect tertiary or higher order 13C KIE’s and quaternary or higher order D KIE’s, because those are very 

small; i.e., if there is a 13C or D substitution two bonds away from the dissociated bond, its KIE is 

neglected. If a homolytic cleavage reaction is influenced by multiple isotope substitutions, we multiply 

individual KIE’s from each substitution. Parameters for KIE for homolytic cleavage reactions are listed in 

Table S5–S7. 

For β-scission reactions, we modify the rates if there is isotope substitution on the dissociated β bond at 

the atom that is further away from the radical site (hereinafter called ‘the 3rd position’; see Figure 2 in 

main text). Note that we neglect KIE’s on the closer atom of the dissociated β bond because that atom 

will be in a double bond, which will not be tallied at the end of the model (Scheme B does not allow 

pathways for unsaturated bonds to become saturated). We use Xiao (2001) quantum chemical estimates of 

carbon KIE’s on the 3rd position for β-scission. Xiao (2001) does not report KIE’s for scission reactions 

other than on straight alkyl chains, so we use a universal carbon KIE equation for all β-scission reactions, 

which is k(13C)/k(12C)= exp((-1.51613E06/T^2 - 8.73339E03/T - 1.50983E+01)/1000). We are not aware 

of any literature data documenting hydrogen KIE’s for β-scission reactions, so we approximate them by 

using kinetic parameters from homolytic cleavage. In practice, we calculate KIE’s imagining that the β 



bond is undergoing homolytic cleavage and use this value provided there is a D or 13C substitution on the 

3rd position.  

For the radical isomerization and H-abstraction reactions, we neglect carbon KIE’s and use a primary 

hydrogen kinetic isotope effect on the transferred H atom. This primary KIE is estimated based on the 

relatively extreme vibrational isotope effects associated with abstracting a free H· atom from its 

precursor. In practice, this is equivalent to describing the KIE as equal to the equilibrium isotope effect 

between a free H· atom and the precursor hydrogen, which equals the reciprocal of the reduced partition 

function ratio of the precursor hydrogen. These values have been calculated for compounds relevant to 

our study in previous studies (Richet et al., 1977; Wang et al., 2009). We apply the value of an aliphatic 

methylene group (–CH2–) to all organic hydrogen. No KIE is implemented for radical recombination, as it 

does not have an energy barrier. 

 

Table S5. Primary 13C KIE parameters for homolytic cleavage reactions. Source: Tang et al., 2000, 2005. 

Type degree A*/A ΔEa(kJ/mol) 

C(aliphatic)—

C(aliphatic) 

1 1.030 204.4 

2 1.020 162.2 

3 1.023 147.5 

4 1.023 147.5 

C(aliphatic)—

C(aromatic) 

1 1.034 215.7 

2 1.018 173.5 

3 1.018 158.9 

4 1.018 158.9 

C—O 

1 1.034 215.6 

2 1.025 173.4 

3 1.025 158.8 

4 1.025 158.8 

C—S 

1 1.026 215.6 

2 1.022 173.4 

3 1.022 158.8 

4 1.022 158.8 

C(aliphatic)—

C(aliphatic) 

(special*) 

1 1.039 198.5 

2 1.018 118.5 

3 1.000 22.3 

4 1.000 22.3 

*For bonds on an alkyl chain attached to an aromatic ring and adjacent to an ‘C(aliphatic) —C(aromatic)’ 

bond. 

 



Table S6. Secondary 2H KIE parameters for homolytic cleavage reactions. Source: Tang et al., 2005; Ni et 

al., 2011. 

Type degree A*/A ΔEa(kJ/mol) 

C(aliphatic)—

C(aliphatic) 

1 1.200 384 

2 1.200 328 

3 1.200 316 

4 1.200 316 

C(aliphatic)—

C(aromatic) 

1 1.200 359 

2 1.200 303 

3 1.200 291 

4 1.200 291 

C—O 

1 1.200 427 

2 1.200 371 

3 1.200 309 

4 1.200 309 

C—S 

1 1.200 377 

2 1.200 321 

3 1.200 309 

4 1.200 309 

 

Table S7. Secondary 13C KIE and tertiary 2H KIE for homolytic cleavage reactions. Source: Tang et al., 

2005; Ni et al., 2011. 

Element degree A*/A ΔEa(kJ/mol) 

C 

1 1.030 19.6 

2 1.000 22.3 

3 1.000 22.3 

4 1.000 22.3 

H 

1 1.060 82.4 

2 1.020 8.5 

3 1.020 8.5 

4 1.020 8.5 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

3. Composition of molecular model of oil (saturated fraction) 

Compound 
Molar 

abundance 

n-C10 7.3% 

n-C11 7.3% 

n-C12 7.3% 

n-C13 8.1% 

n-C14 8.1% 

n-C15 8.1% 

n-C16 7.3% 

n-C17 6.5% 

n-C18 5.6% 

n-C19 4.8% 

n-C20 4.0% 

n-C21 4.0% 

n-C22 3.2% 

n-C23 2.4% 

n-C24 2.4% 

n-C25 1.6% 

n-C26 1.6% 

n-C27 1.6% 

n-C28 0.8% 

n-C29 0.8% 

n-C30 0.8% 

Pristan-e 6.5% 

Phytan-e 5.6% 
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