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A B S T R A C T

Here, we present a fundamental study investigating the mechanisms governing C–C hydrogenolysis of branch 
points within small alkanes on Ir, Pt, and Ru surfaces using Density Functional Theory (DFT). Previous work has 
shown that activation of unsubstituted C–C bonds occurs through the dehydrogenation of the C–C bond to form a 
bound alkyne, followed by a kinetically relevant C–C activation and the hydrogenation of the cleaved in
termediates to form smaller alkane products. Substituted bonds, in contrast, involve the dehydrogenation of the 
C–C bond being cleaved, as well as other C atoms near the reacting center. This leads to the counterintuitive 
observation, that reactions of unsubstituted C–C bonds (having more H to lose) are less inhibited by H2 than 
reactions of substituted C–C bonds (having less H atoms to lose). These prior studies of branched alkane acti
vation, however, focused on Ir catalysts and on methyl-substituted alkanes and cycloalkanes, such that the 
impact of catalyst identity or of long branches (i.e., like those found in some polymers) on substituted C–C 
hydrogenolysis mechanisms is largely unexplored. Here, we consider isobutane activation mechanisms on Ir, Ru, 
and Pt catalysts, and use these results to predict how a larger branched alkane, 3-ethylpentane, would react, as 
that molecule is more reminiscent of the branches in polyethylene. DFT-estimated free energy barriers and 
turnover rates indicate that hydrogenolysis activity and rate inhibition from hydrogen pressure follow a general 
trend with catalysts following a reactivity trend of Ru > Ir > Pt, where Ru is the most active and most inhibited 
by H2, with Pt being the least reactive and least inhibited by H2 pressure. By categorizing the isobutane-derived 
transition states based on whether they are ‘extendable’ to larger compounds, we predict how the size of 
branches and the alkane backbone influence substituted C–C bond activation (e.g., comparing isobutane to 3- 
methylpentane or 3-ethylpentane). These data demonstrate why, on Ru, isobutane hydrogenolysis measure
ments are unlikely to be informative about the mechanisms that activate branches present in polyethylene or 
polypropylene molecules. This study lays a foundation for a better mechanistic understanding of how branch 
points activate in alkanes and relates those changes to polymer upcycling via hydrogenolysis.

1. Introduction

Hydrogenolysis chemistry is significant in many traditional and 
emerging applications of catalysis including producing undesired light 
hydrocarbons as a side reaction in refinery streams, [1-3] removing 
sulfur from process streams, [4,5] upgrading biomass, [6,7] and upcy
cling inert polymers, such as polyolefins, to generate value from plastic 
waste [8-10]. Many common plastics are alkanes lacking heteroatoms, 
such as polyethylene (PE) and Polypropylene (PP), with high resistance 
to chemical decomposition due to the homogeneity of their structures 
[11-15]. Metal-catalyzed hydrogenolysis reactions can be used to break 

C–C bonds within these resistant polyolefins, similar to the use of 
hydrogenolysis for ring-opening and chain-shortening chemistries of 
cycloalkanes and alkanes [16-28].

Experimental PE and PP upcycling studies have shown that C–C 
hydrogenolysis reactions can convert PE and PP into products such as 
alkanes and aromatic species, using transition metal catalysts, most 
commonly Ru-based catalysts [8-10,29-51,53]. Ir-based catalysts have 
been extensively studied for alkane hydrogenolysis in gas phase re
actions because it is an undesired side reaction in certain applications 
[2,3,21,54-58]. For preferential C–C hydrogenolysis, Ru-based catalysts 
are preferred due to significantly higher rates of C–C cleavage, and have 
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been demonstrated for upcycling both PE and PP 
[10,29,32,34,36,39,44]. Pt-based catalysts have successfully decom
posed plastic wastes, including upcycling PE and PP to liquid and wax 
products, [8,38,50,59] upcycling PE into alkylaromatics through a 
combination of hydrogenolysis and dehydroaromatization, [30] and 
upcycling aromatic plastic feedstocks into fuels, aromatics, and nap
thenes [60-63]. In addition to catalyst choice, hydrogen pressure is a key 
parameter for controlling the selectivity of hydrogenolysis reactions, as 
it has been shown to impact the chain length and branching of product 
distributions from polyolefin hydrogenolysis, [32,44,45,50,52] and this 
role of H2 has been partially understood based from model compound 
studies of branched and linear alkanes [29,64-67].

Previous work has investigated gas-phase C–C hydrogenolysis of 
C2–C10 linear alkanes, isoalkanes, and cycloalkanes on metal catalysts 
under high H2 pressures via both experimental and computational ap
proaches [1-3,21,55-58]. These investigations determined that the 
general mechanism of C–C bond hydrogenolysis involves a series of 
mechanistic steps comparable among n-alkanes, 
[2,3,23,26,27,56,68,69] branched alkanes, [1,28,58] and cycloalkanes 
[16,21,58,70]. The dissociative adsorption of H2, hydrocarbon adsorp
tion, and hydrocarbon dehydrogenation elementary steps have been 
shown to be quasi-equilibrated, forming a pool of partially dehydro
genated intermediates on the catalyst surface (Scheme 1) that are in 
equilibrium with the gas alkane and H2 [3,21,68]. This pool of adsorbed 
hydrocarbons undergo, at varying rates, C–C bond cleavage reactions, 
the rate-limiting step for alkane hydrogenolysis [3,70]. After the initial 
C–C bond activation, hydrogenation to produce alkanes is thought to 
occur rapidly, at least at high H2/alkane ratios, in kinetically irrelevant 
steps. While many partially dehydrogenated hydrocarbons are present 
in this collection of intermediates on the catalyst surface, prior studies 
indicate that reactions occur through the activation of a small subset of 
species [1-3,21,57,59]. This general mechanism is shown for the C–C 
hydrogenolysis of isobutane to form C1 and C3 products in Scheme 1.

At high H2:alkane ratios (typical for gas phase C–C hydrogenolysis), 
surfaces are predominantly covered by H*, requiring the evolution of H2 
gas to accommodate the adsorption of the alkane, and ultimately to 
make room for the critical C–C bond activation transition state 
[3,56,70]. Under these conditions, the mechanism described in Scheme 
1 leads to the rate equation: 

r
[L]

= keff
(C4H10)

(H2)
λ (2) 

where (C4H10) and (H2) represent gas-phase partial pressures (normal
ized by 1 bar), and λ reflects the degree of H2 inhibition, which has been 
measured for many C–C hydrogenolysis reactions [1-3,21,59]. At 
steady-state, λ reflects the removal of H atoms from the alkane reactant 
and the removal of H atoms from a H*-covered surface, both of which 
result in the formation of H2 gas through quasi-equilibrated recombi
native H2 desorption [3,56,57,70]. Thus, the measured H2 pressure 
dependence (λ) reflects the sum of H* atoms that must desorb from the 
H*-covered surface (ℓ, the number of sites required) and the number of 
H atoms removed from the reactant prior to C–C cleavage (y, the extent 
of dehydrogenation): [1,3,21,57,58]

λ =
ℓ + y

2
(3) 

Aside from the general mechanism for C–C hydrogenolysis, prior 
investigations have also determined several important trends in alkane 
hydrogenolysis. Notably, the mechanism for activation of unsubstituted 
C–C bonds among secondary (2C) or primary (1C) atoms in linear alkanes 
remains consistent regardless of chain length or cleavage position along 
the chain (and is mostly unaffected by temperature or H2 pressure at 
high H2/alkane ratios). Unsubstituted C–C hydrogenolysis in alkanes 
and cycloalkanes occurs through the dehydrogenation of the alkane to 
form a RC*C*R’ intermediate, where the R groups can be H atoms (e.g., 
HC*C*H in ethane hydrogenolysis) or alkyl groups, followed by C–C 
activation [2,3,56]. The removal of four H atoms from the alkane (y) and 
two H atoms from the H*-covered surface (ℓ) results in a λ value of 3, 
consistent with measurements for unsubstituted bond activations in 
many alkanes and on many metal surfaces at high H2/alkane ratios 
[17,21,67,71].

However, for C–C cleavages involving substituted tertiary (3C) or 
quaternary (4C) carbon atoms, the mechanism differs from the estab
lished RC*C*R’ intermediate pathway [1,58]. This can be readily 
rationalized as the tertiary C atoms, for example, can only lose one 
hydrogen, instead of the two required by the RC*C*R’ pathway. Instead, 
branched C–C bonds activate through pathways where additional C 
atoms (those not involved in the C–C bond being cleaved) are also 
dehydrogenated. This leads to a counterintuitive result, that cleaving 
substituted C–C bonds (which have less hydrogen) occurs after greater 
dehydrogenation than cleaving bonds with more hydrogen (unsub
stituted ones). Instead of a single reaction mechanism, the activation of 
branched bonds seems to occur through multiple competitive pathways 
(by prior DFT studies) and is sensitive to the larger structure of the 
compound, such that isobutane, neopentane, and 2,3-dimethylbutane 
are predicted to react via distinct mechanisms despite all involving 
activation at methyl-substituted C atoms.

The H2-formation reactions are endothermic, replacing C–H and 
H–M bonds with C–M and H–H bonds, but the evolution of H2 gas creates 
entropy, such that increasing temperature can result in the C–C cleavage 
of more-dehydrogenated species via reactions that have greater activa
tion enthalpies and entropies than cleavage in less-dehydrogenated 
counterparts [56]. Increasing H2 pressure has the opposite effect, by 
reducing the entropic benefits of H2 gas evolution, it shifts selectivity 
toward reactions that are less inhibited by H2 pressure [56,58]. In 
addition to these shifts in selectivity and reaction mechanism with 
changing conditions, substituted C–C bond activations have also been 
shown to react with larger activation enthalpies and H2-pressure inhi
bition over unsubstituted bonds [1,16,58,72].

For example, C–C hydrogenolysis at branches within 2-methylpen
tane and methylcyclohexane exhibit higher degrees of H2 inhibition 
compared to hydrogenolysis away from their tertiary C atoms [1,21,58]. 
Increasing H2 pressure disproportionately decreases rates C–C cleavage 
at those branch points, leading to more branched products, and this 
might also give insights into PE and PP upcycling selectivity trends, 
given the presence of branched C atoms within those polymers. However 
prior studies of model branched alkanes focused on methyl-substituted 
alkanes (e.g., isobutane, 2,3-dimethylbutane, 2-methylpentane, and 
methylcyclohexane) [1,16,21,58]. Methyl-substituted alkanes may give 
insights into short branches in PP, but the branches in PE are likely to 
have longer chains present. Previous work has shown that C–C activa
tions in isobutane and 2,3-dimethylbutane occur with low free energy 
barriers when one or more of the nearby methyl groups are fully 

Scheme 1. General Mechanism for Butane Hydrogenolysis on Metal Catalysts.
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dehydrogenated [1]. Such mechanisms, requiring a vicinal methyl 
group, will not be possible if the nearby chains are longer alkyls.

To understand the role of substituent chain length on the mechanism 
of activation at branching points in alkanes, we use mechanisms of 
isobutane to inform the hydrogenolysis of 3-ethylpentane and larger 
branched alkanes (Fig. 1). Here, we investigate branched C–C cleavage 
mechanisms for isobutane on Ir(111), Pt(111), and Ru(0001) surfaces 
using Density Functional Theory (DFT) to determine dominant mecha
nisms for branched bond activations on each metal. We compare how 
the reaction rate and mechanism of branched activation are thought to 
change as you go from more-noble (Pt) to less-noble (Ru) metals. While 
the hydrogenolysis trends between metals are expected to be the same 
when considering entire metal nanoparticles with undercoordinated 
atoms and defects, these results do not include considerations of particle 
sizes or undercoordinated atoms which would both impact hydro
genolysis rates. We then use these model compound activations to infer 
the behavior of larger compounds (i.e., to determine whether isobutane 
activations can be used to predict those in 3-ethylpentane) to describe 
how effectively one may learn about large compound activations (e.g., 
in PE macromolecules) from model compound studies.

2. Computational methods

The Vienna ab initio Simulation Package (VASP) was used to perform 
periodic planewave Density Functional Theory (DFT) calculations 
[73–76] in the computational catalysis interface (CCI) [77]. Planewaves 
were constructed using projector augmented-wave potentials (PAW) 
with an energy cutoff of 396 eV [78,79]. The revised Perdew-Burke- 
Ernzerhof (RPBE) form of the generalized gradient approximation was 
used to describe exchange and correlation energies [80-82]. Select cal
culations used the DFT-D3 method [83] to calculate dispersive inter
action energies that are absent from the RPBE functional, further 
discussed below.

Gas-phase molecules were modeled in a 15 × 15 × 15 Å unit cell, and 
the Brillouin zone of these calculations was sampled at the Γ-point. Ir 
(111), Pt(111), and Ru(0001) surfaces were modeled as 4 × 4 periodic 
lattices, consisting of 4 layers in the z-direction with 10 Å of vacuum 
space separating slabs. The bottom two layers of the metal surfaces were 
fixed in their bulk positions, and the top two layers were allowed to 
relax. Gas-phase and surface structures were optimized using a three- 
step process involving two geometric convergence steps followed by a 
single-point calculation to determine electronic energy minima. This 

three-step convergence process is available in CCI, improving CPU ef
ficiency compared to traditional single-step calculations [77]. Forces on 
all atoms were calculated using a fast Fourier transform (FFT) grid with 
a maximum force tolerance of 0.05 eV Å–1. In the first and third steps, 
wavefunctions were converged to within 10–4 eV using an FFT grid 1.5x 
the plane wave cutoff. For the second step, wavefunctions were 
converged to within 10–6 eV using an FFT grid 2x the plane wave cutoff. 
Optimizations of bare catalyst models used a 4 x 4 x 1 Monkhorst-pack 
sampling of the first Brillouin zone (k-point mesh) [84,85] for the first 
two steps and an 8 x 8 x 1 k-point mesh in the third step.

For each elementary reaction, transition state structures were ob
tained using the nudged elastic band (NEB) [86,87] and dimer [88] 
methods. The NEB calculations used 16 images, loosely converged to a 
force below 0.3 eV Å–1. Wavefunctions were converged to within 10–4 eV 
using a 3 x 3 x 1 k-point mesh and an FFT grid 1.5x the plane wave 
cutoff. These NEB calculations provided an estimate of the reaction path 
and a starting point for the mode and structure of each transition state. 
The dimer method was then used to optimize transition state structures 
using a three-step process similar to the three-step method described 
previously; however, the first two geometric convergence steps used a 3 
x 3 x 1 k-point mesh, and the last step used a 6 x 6 x 1 k-point mesh. 
Reactant and product calculations also used the same optimization 
process. Analogous VASP settings have been used to study hydro
genolysis and related chemistries in previous work [2,3,55,57,58,89].

Vibrational frequency calculations were performed on all gas-phase 
molecules and optimized adsorbed species to determine zero-point 
vibrational energies (ZPVE), vibrational enthalpies (Hvib), and vibra
tional free energies (Gvib). Frequency calculations used the fixed 
displacement method, and all metal atoms were frozen in all frequency 
calculations, thus avoiding the calculation of M− M vibrational fre
quencies. These values were used with electronic energies (E0), obtained 
from VASP calculations, to estimate enthalpies: 

H = E0 +ZPVE+Hvib +Htrans +Hrot (4) 

and free energies 

G = E0 +ZPVE+Gvib +Gtrans +Grot (5) 

for products, reactants, and transition states.

2.1. Isobutane hydrogenolysis mechanisms

Rates for the rate-determining C–C activation step (Step 1.4 in 
Scheme 1) of isobutane hydrogenolysis were calculated with the 
assumption that C–H activation steps within C–C hydrogenolysis 
mechanisms are quasi-equilibrated, forming a pool of species with var
iable levels of saturation [3,55,56]. Therefore, rates depend upon the 
concentration of dehydrogenated hydrocarbon adsorbates that undergo 
irreversible C–C scission described as: 

r
[L]

= kCC

[
C4Hℓ*

10− y

]
(6) 

where kCC is the rate constant associated with the C–C bond scission of a 
particular intermediate that lost y hydrogen atoms in previous C–H 
activation elementary steps. As previously mentioned, ℓ represents the 
number of sites required for the transition state to form, and in the case 
of a covered surface, the number of desorptions of the Most Abundant 
Surface Intermediate (MASI). Transition state theory and quasi- 
equilibrium assumptions can be used to describe the formation of the 
transition state intermediate that undergoes irreversible C–C scission 
from gas-phase butane and a H*-covered surface: 

C4H10(g)+ℓH*⇌C4Hℓ*‡
10− y + λH2(g) λ =

y + ℓ
2

(7) 

Using Eqs. (6) and (7), the hydrogenolysis turnover rate can be 
calculated using the free energy of Eq. (7) (the effective free energy 

Fig. 1. Model compounds formed from extension of isobutane resembling 
branch points in PE.
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barrier, ΔG҂): 

r
[L]

=
kBT
h

exp
(
− ΔG҂

RT

)
(C4H10)

(H2)
λ (8) 

ΔG҂, here, is split into two contributions: 

ΔG҂ = ΔGk + ΔGdes (9) 

by splitting Eq. (7) into: 

ℓH*⇌ℓ*
+

ℓ
2
H2(g) ΔGdes (10) 

C4H10(g) + ℓ*⇌C4Hℓ*҂
10− y +

y
2
H2(g) ΔGk (11) 

where ΔGdes is the free energy required to desorb H* and create ℓ 
vacancies (Eq. (10)), and ΔGk is the free energy associated with forming 
the transition state within those vacancies (Eq. (11)).

At elevated temperatures such as hydrogenolysis conditions, the 
polymer substrate liquifies forming a polymer melt. Continuous C–C 
cleavage events of this polymer melt form liquid alkane products, 
decreasing the molecular weight of the melt as the reaction proceeds 
[91]. Modelling the evolution of the molecular weight during depoly
merization requires simplifications, such as assuming all aliphatic C–C 
bonds have equal probabilities to cleave [30,91]. This assumption is not 
valid for gas-phase C–C hydrogenolysis as H2 pressure considerably 
shifts the ratio of unsubstituted to substituted cleavage rates, exhibiting 
significant differences between branched and unbranched C–C activa
tion [58]. Similarly, n-alkane hydrogenolysis rates at non-terminal C–C 
bonds in n-butane and n-decane are 3 × and 6 × larger, respectively, 
than terminal cleavages within those n-alkanes [2]. Hydrogenolysis 
selectivity between substituted and unsubstituted activation can impact 
product branching as activating at branch points will decrease branch
ing in products while reducing activations at branch points will lead to 
more branching in products.

The branching statistics of representative polymer samples help 
illustrate the relevance of understanding hydrogenolysis behavior at 
both short- and long-chain branches in low-density polyethylene 
(LDPE), high-density polyethylene (HDPE), and Polypropylene (PP). An 
industrial LDPE has approximately 15–25 short chain branches per 
1000carbon atoms with some long chain branching, while other LDPE 
samples can have as many as 50 branches per 1000carbon atoms [92]. 
Linear low-density polyethylene (LLDPE) will also typically have ≤ 50 
branches per 1000carbon atoms, like LDPE, but for LLDPE the branches 
are shorter than those in LDPE. An industrial HDPE has approximately 
5–7 short chain branches per 1000carbon atoms with few long chain 
branches [93]. The short-chain branches described here for LDPE and 
HDPE are typically larger than methyl groups. PP, in contrast, has 333 
tertiary C atoms per 1000C atoms, as every other C along the backbone 
has a methyl branch, and there are typically very few long-chain 
branches in polypropylene, although copolymerization can lead to 
more extensive branching in polypropylene.

Among materials studied academically, NIST linear polyethylene 
Standard Reference Material (SRM 1475) is a polyethylene substrate 
[29] with very little branching (~1.5 tertiary carbons per 1000 carbon 
atoms) [94]. Another polyethylene standard used in hydrogenolysis 
experiments [88] has 20 ethyl side chains per thousand carbon atoms 
[95]. Depending on the polymer of interest, the density of both short- 
and long-chain branches can be significant with limited study of how 
larger branched alkanes activate during C–C hydrogenolysis.

Importantly, this polymer melt impacts the thermodynamics of 
adsorption and bond activations occurring on the catalyst surface 
through solvation effects [96]. As this work is focused on how gas-phase 
hydrogenolysis of branched alkanes can be used to infer behavior within 
polymer reactions, these solvation effects are absent within all reported 
energy barriers. While we would expect solvent effects to impact the 
overall rates of reaction, we do not expect solvent-transition state 

interactions to be sensitive to the exact composition of the isobutane 
transition state as the most significant effects of a polymer melt appear 
to be related to the size of the adsorbates and transition states [96]. 
Therefore, we anticipate that the absence of solvent effects in the present 
study would not significantly impact the predicted mechanisms 
described below.

While the exact nature of the adlayer is not known at all reaction 
conditions (particularly those which may be most relevant to polyolefin 
upcycling), the reaction will occur at high coverages on surfaces covered 
in either H* or a hydrocarbon-derived species at the high pressures of 
interest; the surface will never be bare. The Most Abundant Surface 
Intermediate (MASI) will influence activation energies (Eqs. (9)–(11)
above) and kinetic behavior. For example, the λ value for ethane 
hydrogenolysis on a H*-covered surface is 3, while on a bare surface, its 
λ value would be 2, and on an ethylidyne (CH3C*)-covered surface, its λ 
value would be 0.5, and the reaction would be zero-order in ethane 
(rather than first-order); see Section 3 of the SI for more details. High 
coverage adlayers will also influence effective free energy barriers by 
the energies required to desorb MASI from the surface (Eq. (9) and Eq. 
(10) for H* MASI) to create vacancies and will influence the free energy 
to form the transition state within those vacancies (Eq. (11)) through co- 
adsorbate interactions, both through-space and through-surface.

Kinetic behavior of gas-phase hydrogenolysis can give insights into 
MASI identities. For example, the hydrogenolysis of alkanes exhibits 
kinetic behavior that demonstrates the transition from hydrocarbon- 
derived to H*-covered surfaces with increasing H2:alkane ratios. This 
can be seen for n-alkanes [57], branched alkanes [59], and cycloalkanes 
[21]. This kinetic behavior indicates two main regimes: a hydrogen-lean 
adlayer (positive H2 rate dependence) at low H2 pressures and a 
hydrogen-rich (negative H2 rate dependence) adlayer at high H2 pres
sures. The H2 pressure dependence, therefore, decreases until it reaches 
a constant value once the surfaces become saturated in H* (for n-al
kanes, this constant negative H2 pressure dependence is − 3). Larger 
alkanes are more likely to lead to a hydrogen-lean adlayer, and less- 
noble metals (such as Ru) are also more likely to lead to a hydrogen- 
lean adlayer. Ru adlayers during hydrogenolysis often have more posi
tive H2 pressure promotion (or less negative H2 pressure inhibition) than 
Ir or Pt counterparts, indicating a more hydrogen-lean adlayer 
[9,24,39,44,45,97,98].

During polymer hydrogenolysis, it’s unclear whether the surface 
would be dominated in H* or hydrocarbon-derived species; we suspect 
the latter, although the nature of the hydrocarbon-derived species that 
may cover surfaces during polymer hydrogenolysis is unknown. The 
present work, as a result, focuses on a H*-covered surface to simplify 
interpretation and analysis and to bring our results in-line with gas- 
phase alkane hydrogenolysis experiments at high H2:alkane ratios. 
While this assumption will impact the total H2-pressure dependencies 
suggested here, the predictions regarding branched alkane activation 
mechanisms (the extent and location of dehydrogenations prior to C–C 
cleavage) are not likely to be impacted by this assumption of a H*- 
covered surface, because different C–C activation transition states would 
be similarly impacted by the co-adsorbates present in the adlayers. In 
other words, the most critical features which dictate whether the rate of 
C–C bond activations among different isobutane-derived species relate 
to the inherent stability of those intermediates, and the products they 
form upon C–C cleavage, rather than how they interact with the sur
rounding adlayer.

Treating the surface as H*-covered is a reasonable first approxima
tion, given the high H2 pressures present during both gas-alkane and 
polyolefin hydrogenolysis reactions. While positive reaction orders with 
respect to H2 have been observed for Ru catalysts at low H2 pressures 
indicating a hydrocarbon-derived MASI, [34,39,44,45] the majority of 
studies at high H2:alkane ratios show an inhibitory impact of H2 on 
hydrogenolysis rates across the metals of interest [1-3,21,23,24,56-58]. 
As an additional simplification, here, we calculate ΔGk on bare surfaces, 
thus omitting the influence of co-adsorbate interactions on ΔGk (and 
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ΔG҂) while including the effects of the H*-covered surface by calcu
lating ΔGdes and including those energies in ΔG҂, and accounting for 
these H* desorptions in kinetic predictions (through ℓ in Eq. (7). This 
simplification also requires that we estimate (rather than calculate) ℓ for 
isobutane activations. Based on our prior work, we estimate that one site 
is required for each C atom that is partially dehydrogenated in the 
product of C–C activation (Step 1.4), such that reactions investigated 
here require 2–4 sites. Put another way, we estimate that one site is 
required for each carbon bonded to the metal surface in the product 
state. Thus, we calculate ΔGdes energies (from a H*-covered surface) to 
create 2–4 vacancies to use in Eq. (9) above.

Free energies to form vacancies were calculated on H*-covered (at 
1H* per surface metal atom, 1 ML) close-packed surfaces of Ru, Ir, and Pt 
metals. Uncorrected ΔGdes values are negative at 593 K on all three 
metals, suggesting that DFT predicts bare surfaces at 1 bar H2 (in 
absence of alkane). These values remain negative even at 300 K, con
ditions typical of H2 chemisorption titration experiments that are known 
to result in coverages near (or even slightly exceeding) 1 ML [89,99- 
102]. Thus, DFT either underpredicts the strength of the M–H bonds 
(and thus the penalties to desorb H*), the entropy of adsorbed H*, or 
both. The RPBE exchange correlation functional used here is reasonably 
accurate, but is known to underpredict binding energies [89,103-105]. 
Furthermore, M–H bonds in the adlayer would interact with one another 
through van der Waals (dispersive) interactions, absent these DFT 
methods. To reduce these artifacts, dispersive energies (using DFT-D3) 
[83] were used to improve estimations of H* adsorption enthalpy 
using the RPBE functional. Furthermore, uncorrected DFT values predict 
that H* adsorbates have an entropy of 10–15 J mol− 1 K− 1 across the 
three metals, while experimentally measured values of H* entropy on Pt 
nanoparticles are closer to 50–60 J mol− 1 K− 1 [57,89]. The significant 
underpredictions of entropy arise from statistical mechanics treatments, 
namely the harmonic oscillator approximation, that often fail for mobile 
adsorbates like H* [89,103,105,106]. To correct for underpredictions of 
H* entropy, the entropy of adsorbed H* is adjusted by a factor of 3.5 for 
Ru, Ir, and Pt in this work, based on the difference between DFT- 
estimated and experimentally observed entropies for H* on metals 
[89]. Varying this entropy correction factor from 3 to 4 does not have 
significant impacts on dominant isobutane hydrogenolysis mechanisms 
on Ru, Ir, or Pt; small impacts appear as changes in the effective H2- 
pressure inhibition (λ) values, as shown in Table S1 of the SI.

With both entropic and enthalpic corrections of H* desorption, 
adjusted ΔGdes for H* are positive, suggesting that surfaces would be H* 
covered at these conditions (see Section 4 in the SI for more details), as 
expected from prior work [1-3,21,56-59,90]. Thus, the ΔGdes values 
used in this work for creating 2 to 4 vacancies at 593 K range from 
26–65 kJ mol− 1 for Ru, from 18–40 kJ mol− 1 for Ir, and 8–22 kJ mol− 1 

for Pt, indicating stronger M–H bonds on Ru than on Pt, as expected.

2.2. Extendibility of branched C–C activation transition states

To understand how isobutane C–C hydrogenolysis mechanisms can 
inform PE and PP upcycling, we consider the concept of mechanistic 
extendibility. Extendibility provides meaningful categories to differen
tiate C–C activations of model compounds by determining if the mech
anism can be extended to compounds with longer alkyl chains (Fig. 1). A 
terminal C atom is extendable in a C–C activation transition state if it has 
at least one H remaining; it has not undergone complete dehydrogena
tion. If any of the three terminal C atoms in an isobutane-derived in
termediate are fully dehydrogenated, then that transition state cannot 
be formed during 3-ethylpentane hydrogenolysis, and that mechanism is 
considered ‘non-extendable’. Some intermediates can be partially 
extendable, for example, an isobutane-derived intermediate may have 
one non-extendable terminal C atom and two extendable C atoms, such 
that the intermediate could be derived from other methyl-substituted 
alkanes like 3-methylpentane, but not 3-ethylpentane (see Section 7 of 
the SI for more details). In contrast, fully extendable mechanisms do not 

fully dehydrogenate any terminal methyl groups, and thus the remain
ing H atoms on those terminal C atoms can be replaced with alkyl chains 
to form an analogous transition state for a larger compound. These 
categories of mechanistic extendibility allow us to lay out which 
mechanisms can be used to predict activations of larger alkanes, and to 
relate studies of small model compounds to larger compounds and 
polyolefins.

3. Results & Discussion

3.1. Isobutane hydrogenolysis

Isobutane, the simplest branched alkane, has potential to inform the 
mechanisms of C–C hydrogenolysis at branch points in hydrocarbons, 
relevant for understanding the catalytic upcycling of branched poly
olefins. Previous investigations of C–C hydrogenolysis were conducted 
on Ir catalysts as, for those investigations, C–C hydrogenolysis was an 
undesired side reaction during catalytic cracking and isomerization in 
refinery streams [1-3]. This work builds from gas-phase Ir hydro
genolysis to investigate Ru catalysts and explores more closely the role 
of temperature on the alkane activation mechanism, given that Ru- 
catalyzed hydrogenolysis occurs at a lower temperature than Ir- 
catalyzed reactions. Previous studies (on Ir) determined C–C activa
tions in isobutane occur after partial dehydrogenation of the C–C bond 
(similar to activations in n-alkanes). However, for isobutane, other C 
atoms (those outside the C–C bond) also undergo dehydrogenation 
which further weaken the C–C bond being cleaved, and thus isobutane 
reactions (on Ir) occur in species that are more dehydrogenated than 
those of n-alkanes and in species with more surface attachments [1,58].

For consistency and convenience, we recalculated isobutane activa
tion pathways (reported in our prior work)1 and barriers on Ir(111) 
surfaces. There are 176 possible C–C bond activations of isobutane; 
however, we recalculated less than the total 176 activations by 
excluding unlikely mechanisms, based on both the free energy required 
to form the activation’s products (see Section 6 of the SI for more details) 
and prior results on Ir(111). Additionally, detailed reactant and transi
tion state structures of isobutane hydrogenolysis with marked vacancies 
adjacent to the isobutane-derived intermediates can be found in Section 
5 of the SI.

Isobutane activation on Ir has four mechanisms with similar effective 
free energy barriers (ΔG҂, 191–205 kJ mol− 1, 593 K) that involve spe
cies that have lost 3–6H atoms compared to isobutane, leading to 2.5–4 
H2 molecules evolved (λ values) prior to C–C cleavage (Fig. 2). The 
similar ΔG҂ values among these mechanisms are in direct contrast to 
C–C hydrogenolysis of linear alkanes, where one mechanism has a free 
energy barrier far beneath all others [2,3,55,56]. Two mechanisms with 
low free energy barriers (191 kJ mol− 1, 202 kJ mol− 1 in Fig. 2c and d, 
respectively) are more dehydrogenated (y values of 5 and 6) and are not 
extendable. These activation mechanisms (Fig. 2c–d) would not be 
relevant for the activation of 3-ethylpentane, but would be relevant to 
methyl (or ethyl) removals from 3-methylpentane. In other words, these 
may give insights into activations near branch points in PP or HDPE 
(which have some short chains), but not of long-chain branches in LDPE 
activations (which typically have long chains). Two other low-barrier 
C–C activation mechanisms (Fig. 2e–f) have no fully dehydrogenated 
methyl groups, and thus are fully extendable towards the branched ac
tivations of larger compounds. Examining the C1 products of C–C acti
vations, reactions which form CH* as the C1 product occur with lower 
barriers than those producing other C1 products (e.g., C* or CH3*). For 
all 74 C–C activation mechanisms studied for isobutane, we then predict 
hydrogenolysis rates (593 K, 20 kPa C4H10, 10 bar H2) using Eq. (8). The 
highest-rate reaction does not correspond to the lowest ΔG҂, given the 
unequal H2 inhibition present for these reactions and the elevated H2 
pressure examined. The extendable mechanism, shown in Fig. 2e, has 
the highest DFT-predicted rate at 10 bar H2, but would result in a H2- 
pressure inhibition (λ = 2.5) lower than that measured for isobutane on 
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Ir (λ = 4–4.5). While this extendable mechanism may be informative for 
3-ethylpentane activations, experimental observations indicate that 
isobutane would react through a more dehydrogenated mechanism. 
Taking the measured kinetics and theory together, these data suggest 
that C–C activation is likely to occur in transition states shown in Fig. 2c 
or d Fig. 2c or d, involving the complete dehydrogenation of at least one 
vicinal methyl group, and leading to H2-inhibitions and activation en
thalpies more-similar to measured values [1,58].

For Pt, even more isobutane C–C bond activations occur with com
parable ΔG҂ values. Six reactions, with ΔG҂ values ranging from 
222–252 kJ mol− 1 and 3–5H atoms removed via dehydrogenations, are 
shown in Fig. 3. The most reactive intermediates on Pt are similar to 
those found for Ir; three of the most reactive 3C–1C activations on Ir(111) 
are among the best activations on Pt(111). For Pt, four of the best 
mechanisms are more saturated activations (Fig. 3e–h) that are 
extendable to larger compounds, while the more-dehydrogenated spe
cies have slightly higher ΔG҂ values (Fig. 3c–d). The pathway with the 
highest DFT-predicted turnover rate (shown in Fig. 3e) is the same 
extendable mechanism previously predicted on Ir that did not match 

experimental results on Ir particles. In the case of Pt, relevant isobutane 
kinetic experiments have not been reported, but current DFT predictions 
indicate that isobutane may activate through an extendable mechanism 
on Pt. Overall, reactions on Pt of more-hydrogenated species occur with 
higher rates than on Ir, as discussed more below. In comparing ΔG҂ 
values between the two metals, the ΔG҂ values on Ir are ~30 kJ mol− 1 

lower than those on Pt, consistent with prior studies showing that C–C 
hydrogenolysis on Ir occurs with higher rates than on Pt [55,56,58]. 
Trends among ΔH҂ and ΔS҂ values (Figs. S1-S3 of the SI) are expected, 
with activation enthalpies and entropies increasing with greater dehy
drogenation. Also like Ir, most (5 of 6) of the low-ΔG҂ activations on Pt 
involve forming a CH* species.

Ru-based catalysts are used substantially for polymer upcycling ap
plications at lower temperatures (typically near 473 K) compared to gas 
phase alkane hydrogenolysis [10,29,32,34,36,39,44,107]. Three mech
anisms have low ΔG҂ values (150–154 kJ mol− 1) on Ru(0001), and 
these occur after 5–7H atoms are removed by dehydrogenations (Fig. 4). 
All four 3C–1C activations with the highest hydrogenolysis rates at 10 
bar H2 (Fig. 4b) occur in species with one or more fully-dehydrogenated 

Fig. 2. (a) Free energy barriers (ΔG) for C–C bond cleavage of both extendable (light blue) and non-extendable (maroon) isobutane-derived intermediates on an Ir 
(111) surface (593 K, 1 bar H2). (b) Hydrogenolysis rates for every mechanism shown in Fig. a (593 K, 20 kPa isobutane, 10 bar H2). (c-f) Four transition state 
structures of the mechanisms with the highest hydrogenolysis rates in Fig. b. The enthalpy ΔH҂ (kJ mol− 1), entropy ΔS҂ (J mol− 1 K− 1), and free energy ΔG҂ (kJ 
mol− 1) barriers are labeled below along with the H atoms removed (y), estimated site requirement of the transition state (ℓ), and the λ value associated with the 
mechanism on a H*-covered metal surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (a) Free energy barriers (ΔG) for C–C bond cleavage of both extendable (light blue) and non-extendable (maroon) isobutane-derived intermediates on a Pt 
(111) surface (593 K, 1 bar H2). (b) Hydrogenolysis rates for every mechanism shown in Fig. a (593 K, 20 kPa isobutane, 10 bar H2). (c-h) Six transition state 
structures of the mechanisms with the highest turnover rates in Fig. b. The enthalpy ΔH҂ (kJ mol− 1), entropy ΔS҂ (J mol− 1 K− 1), and free energy ΔG҂ (kJ mol− 1) 
barriers are labeled below along with the H atoms removed (y), estimated site requirement of the transition state (ℓ), and the λ value associated with the mechanism 
on a H*-covered metal surface and the categorical extendibility of the mechanism. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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methyl groups (non-extendable mechanisms, Fig. 4c–f). This suggests 
that isobutane activation mechanisms on Ru would likely be different 
from the activations of 3-ethylpentane or long-chain branches in PE on 
Ru catalysts. In other words, isobutane is likely a poor model compound 
for gaining insights into the reactions of long-chain branch points. Two 
of the best mechanisms (Fig. 4d,f) require two methyl groups vicinal to 
the chain, suggesting that they may give insights into terminal PP acti
vations near the ends of polymer chains (not in the middle). The 
mechanism shown in Fig. 4c requires only one methyl group vicinal to 
the tertiary carbon, and thus it can give insights into PP activations 
(anywhere) or activations near short-chain branches in HDPE. As said, 
none of the four best isobutane activations could occur in 3-ethylpen
tane. Barriers for Ru(0001) activation are ~40 kJ mol− 1 lower than Ir 

and ~70 kJ mol− 1 lower than Pt. Again, this is consistent with prior 
literature on C–C hydrogenolysis and on the popularity of Ru in aca
demic polyolefin hydrogenolysis studies as it can perform these re
actions at much lower temperatures than Ir or Pt and thus avoid thermal 
polymer degradation. 3C–1C activations on Ru(0001) occur in substan
tially less saturated intermediates than those for Ir and Pt.

Using the data present in Figs. 2–4, DFT-predicted turnover rates can 
be calculated (Eq. (8)) for each C–C hydrogenolysis mechanism and then 
summed over all reactive intermediates (not limited to those pictured in 
Figs. 2–4) to give total hydrogenolysis rates (to form propane and 
methane from isobutane) for each metal. As discussed above, these rates 
assume a catalyst surface covered with hydrogen, which is not neces
sarily the case during polymer hydrogenolysis. Nonetheless, these 

Fig. 4. (a) Free energy barriers (ΔG) for C–C bond cleavage of both extendable (light blue) and non-extendable (maroon) isobutane-derived intermediates on a Ru 
(0001) surface (593 K, 1 bar H2). (b) Hydrogenolysis rates for every mechanism shown in Fig. a (593 K, 20 kPa isobutane, 10 bar H2). (c-h) Six transition state 
structures of the mechanisms with the highest turnover rates in Fig. b. The enthalpy ΔH҂ (kJ mol− 1), entropy ΔS҂ (J mol− 1 K− 1), and free energy ΔG҂ (kJ mol− 1) 
barriers are labeled below along with the H atoms removed (y), estimated site requirement of the transition state (ℓ), and the λ value associated with the mechanism 
on a H*-covered metal surface and the categorical extendibility of the mechanism. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 5. Total DFT-predicted hydrogenolysis rates as a function of hydrogen pressure for C–C activation in isobutane-derived intermediates present in Figs. 2-4 on (a) 
Ir(111), (b) Pt(111), and (c) Ru(0001) surfaces (593 K, 20 kPa isobutane). All isobutane mechanisms are present in the rate depicted in dark blue with the 
hydrogenolysis rate inhibition labeled. The percent flux of the total rate for dominant mechanisms is shown for (d) Ir(111), (e) Pt(111), and (f) Ru(0001) surfaces at 
the same conditions. Each mechanism is labeled with an isobutane schematic with the cleavage color coded to the associated percent flux curve. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
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results may give insights into reactivity trends between the three metals 
of interest and between isobutane and larger model branched alkanes in 
subsequent sections.

Estimated turnover rates, as functions of H2 pressure, are shown in 
Fig. 5 at 593 K. Ru turnover rates are roughly 104-times higher than Ir 
and 107-times higher than Pt. Ru turnover rates are also more inhibited 
by H2 pressure, with a DFT-predicted λ value (4.3) that is greater than 
that for Ir (λ = 3.1) or Pt (λ = 2.9). As stated earlier, the DFT-predicted λ 
value for isobutane is lower than that measured on Ir, suggesting that the 
λ values shown here may under-predict measured behavior on Ru and 
Pt; no such measurements exist at high H2/alkane ratios. This also 
demonstrates the challenge in conveying uncertainties in these DFT- 
estimated values. The flux-percentages shown in Fig. 5 neglect ex
pected uncertainties inherent to DFT calculations, such that any of the 
pictured mechanisms may be relevant during real reactions. For 
example, Fig. 2d shows an isobutane activation mechanism with a λ 
value of 4 that has a ΔG҂ just 11 kJ mol− 1 higher than the lowest ΔG҂ 
predicted (Fig. 2c), which is likely within the margin of error of these 
DFT methods. Yet, because of the exponential dependence of rates on 
ΔG҂ values, the mechanism depicted in Fig. 2d does not significantly 
contribute to the total predicted rates above 1 bar H2 pressure in Fig. 5d. 
Given this, the trends predicted and displayed in Fig. 5 should be taken 
as qualitative, rather than quantitative. The reactivity trends (Ru > Ir >
Pt) are consistent with the lower barriers shown above (Figs. 2–4), and 
higher rates measured for ethane hydrogenolysis at 593 K [3,55,56,58]. 
The changes in H2-pressure inhibition (λ values trending as Ru > Ir > Pt) 
are also expected as Ru will favor the exchange of C–H bonds with C–M 
bonds more than Pt or Ir, as it is less noble and binds C atoms stronger 
than Pt or Ir. These shifts in λ values can be compared with ethane 
hydrogenolysis data at 593 K, as for ethane the H2-pressure inhibition is 
near 3 for Ru and Ir, and lower for Pt (near 2.5), [3,55,56,58] indicating 
that more noble metals are less H2-inhibited.

The slight non-linearities shown in Fig. 5a–c reflect shifts in domi
nant mechanisms and the degree of unsaturation in the reactive species 
(Fig. 5d–f). As H2 pressure increases, the dominant mechanisms become 
more saturated, as expected because higher H2 pressures lessen the 
entropic benefits of dehydrogenation and H2 formation. Ir and Pt both 
behave similarly according to the mechanisms depicted in Figs. 2 and 3
with analogous H2 pressure inhibitions (Fig. 5b and e). Many mecha
nisms contribute to the overall hydrogenolysis rate on Pt compared to Ir 
and Ru especially at low to medium (0.1–1 bar H2) H2 pressures (Fig. 5e) 
which is consistent with the free energy barrier comparisons (Fig. 3). 
Given uncertainties in ΔG҂ values, this also indicates that DFT would 
have a hard time predicting the exact mechanism(s) for isobutane 
hydrogenolysis on Pt. Notably, the mechanisms that dominate at H2 
pressures above 1 bar on Pt are all extendable, suggesting that, under 
medium to high H2 pressure conditions (at 593 K), isobutane may pro
vide a reasonable surrogate for the mechanism of long-branch points 

present in 3-ethylpentane or polyethylene (Fig. 5e). Over the H2 pres
sure range investigated, Ir activates through three non-extendable and 
one extendable mechanism (Fig. 5d). Given this, and the prior kinetic 
measurements on Ir indicating a λ value of 4–4.5 (inconsistent with the 
extendable mechanism), it’s unlikely that reactions of isobutane on Ir 
occur through an extendable mechanism that would convey information 
about long-branch points present in 3-ethylpentane or polyethylene. 
Hydrogenolysis of isobutane on Ru is predicted to occur through four 
parallel pathways, none of which are extendable to larger branched 
hydrocarbons (Fig. 5f), even under high H2 pressure conditions. This 
indicates that isobutane hydrogenolysis measurements would likely 
exhibit large λ values (≥ 4) and that the reaction mechanisms by which 
isobutane activates would not be reminiscent to activations of long- 
branch points present in 3-ethylpentane or polyethylene.

In addition to H2-pressure effects, we also investigate the impact of 
temperature (400–600 K) on isobutane hydrogenolysis mechanisms at a 
constant H2 pressure of 30 bar. As the temperature increases, the 
mechanisms of isobutane hydrogenolysis become less saturated, as ex
pected (Fig. 6); however, the effects of temperature on the dominant 
mechanism are less than the H2-pressure effects shown in Fig. 5d–f.

3.2. Predicting 3-ethylpentane hydrogenolysis from isobutane studies

Now that we have described DFT-predicted reactivity trends in 
isobutane hydrogenolysis mechanisms, we consider how these data can 
make predictions about the activation of a larger branched compound: 
3-ethylpentane, to provide predictions that can be tested by future ki
netic studies. There are 176 possible C–C bond activations of isobutane 
(all were considered, directly or by analyzing their product-formation 
free energies in this work). For 3-ethylpentane, considering the partial 
dehydrogenation of any of the 7C atoms present, the number of possible 
activations increases to 3040, and 24,330 for 4-propylheptane, illus
trating a need to exclude activations likely to be less favorable using 
product formation energies. For activations of unsubstituted bonds in 
linear alkanes, the mechanism does not seem to change (by measured λ 
values or by DFT predictions) as you compare ethane and decane, and 
even unsubstituted bonds in branched alkanes and cycloalkanes, appear 
to react by the same mechanism as unsubstituted bonds in linear al
kanes. The consistency of the measured λ values and DFT-predicted free 
energies indicates that the smallest model compound can be informative 
(potentially) to any unsubstituted C–C bond in basically any alkane. For 
branched alkanes, however, we have shown in prior work and above 
that reactions often occur following the complete dehydrogenation of 
one (or more) terminal methyl groups in isobutane, neopentane, or 2,3- 
dimethylbutane. Those mechanisms, therefore, cannot be replicated for 
compounds with larger branches, such as 3-ethylpentane, 4-pro
pylheptane, or many of the branches present in polyethylene.

We thus filter the data to only consider extendable mechanisms (light 

Fig. 6. Percent flux of the total rate for dominant mechanisms of isobutane hydrogenolysis on (a) Ir(111), (b) Pt(111), and (c) Ru(0001) surfaces as a function of 
temperature from 400 to 600 K (30 bar H2 pressure, 20 kPa isobutane pressure). Each mechanism is labeled with an isobutane schematic with the cleavage color 
coded to the associated percent flux curve.
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blue dots in Figs. 2-4), and we use that data to calculate turnover rates 
(Eq. (8)) for each mechanism and total extendable hydrogenolysis rates 
for each metal (Fig. 7a). The best extendable mechanisms on Ir (Fig. 7b- 
c) are the same as two reactive intermediates on Pt (Fig. 7d and f), and 
notably, one extendable mechanism dominates on every metal at these 
conditions (Fig. 7b, d, and g). On Ru, most of the reactive species are still 
more-dehydrogenated than their Ir and Pt counterparts (Fig. 7i–j), 
especially at higher temperatures (Fig. 7a). Also, the ethyl fragment 
being cleaved from 3-ethylpentane would likely be in the form of an 
alkylidyne (CH3C*), just as the C1 cleavage fragments from isobutane 
are almost all CH* groups. The reactivity trends among Ir, Pt, and Ru 
remain similar to previously discussed trends at 593 K, with Ru turnover 
rates being much higher (102-times higher than Ir and 104-times higher 
than Pt) and more inhibited by H2 pressure (λ = 3.5, 2.6, and 2.7 for Ru, 
Ir, and Pt, respectively). Based on these predictions, reactions of 3-ethyl
pentane would be less dehydrogenated than reactions of isobutane on 
any of the three metals of interest and would be less H2-inhibited at low 
temperature (473 K) than at higher temperature (593 K) for Ru, while on 
Ir and Pt the degree of H2-inhibition is essentially unchanged between 
those temperatures.

These predictions, however, enforce that the terminal methyl groups 
present (in yellow in Fig. 7) are, themselves, not partially dehydro
genated during 3-ethylpentane hydrogenolysis. It may be reasonable to 
assume that the only C atoms directly involved in the branch point 
activation of 3-ethylpentane are among those 4C atoms closest to the 
branch point, but that remains to be directly observed through kinetic 
measurements or direct DFT predictions. Perhaps more C atoms are 
involved for 3-ethylpentane, rendering the predictions in Fig. 7 to be 
unreliable, would 3-ethylpentane then be an appropriate model for 4- 

propylheptane reactions? Given a branched alkane of arbitrary size, 
the number of C atoms directly interacting with the surface (as opposed 
to those present only as alkyl chains) remains unknown, as well as how 
that number would depend on reaction conditions, the coverage of co- 
adsorbed species on the surface, and the identity of those co-adsorbates.

4. Conclusions

Hydrogenolysis of isobutane on Ir(111), Pt(111), and Ru(0001) 
surfaces proceeds through reactions that often involve the dehydroge
nation of 3C atoms on Ru, and primarily 2C atoms on Ir and Pt prior to 
C–C cleavage. DFT-predicted mechanisms on Ir show many pathways 
with similar activation free energies (ΔG҂), including some that have 
estimated λ values similar to those measured in prior work (4–4.5). 
However, the mechanism with the lowest ΔG҂ value would predict rates 
to be inhibited by (H2)3 (λ = 3), less than the measured value at 593 K. 
This suggests that DFT may underpredict the degree of dehydrogenation 
which occurs prior to C–C activation and/or the number of H*-atoms 
that need to be removed from a H*-covered surface to accommodate 
such transition states. On Pt, the ΔG҂ values predict that reaction rates 
would be lower on Pt than on Ir and that the degree of H2-inhibition (λ) 
would be lower on Pt (3) than that measured on Ir (4–4.5), both pre
dictions are consistent with ethane hydrogenolysis measurements (λ =
2.5 for Pt and 3 for Ir). On Ru, in contrast, DFT-predicted ΔG҂ values 
suggest that the reactions occur with higher rates than on Ir or Pt and in 
more-dehydrogenated intermediates, leading to a λ value near 4.3 
(greater than those predicted for Ir or Pt).

For all three metals, multiple reaction pathways are predicted to 
have similar ΔG҂ values, such that (given the uncertainties of DFT 

Fig. 7. (a) Total DFT-predicted hydrogenolysis rates (filled circles ●, 593 K, 20 kPa isobutane) (hollow circles ○, 473 K, 20 kPa isobutane) for C–C activation in 
extendable isobutane-derived intermediates present in Figs. 2-4 on Ir(111) (blue), Pt(111) (gray), and Ru(0001) (green) surfaces with associated lambda values from 
a power law fit colored according to metal and labelled with relevant temperature. (b-j) Transition state structures of the dominant extendable mechanisms for Ir (b- 
c), Pt (d-f), and Ru (g-j). The yellow methyl groups are not actually present within the transition states pictured here. The yellow groups simply represent one 
potential configuration of a 3-ethylpentane activation predicted by extendable isobutane activations. The enthalpy ΔH҂ (kJ mol− 1), entropy ΔS҂ (J mol− 1 K− 1), and 
free energy ΔG҂ (kJ mol− 1) barriers at 593 K are labeled below each structure along with the H atoms removed (y), estimated site requirement of the transition state 
(ℓ), and the λ value associated with the mechanism on a H*-covered metal surface. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

A. Simonson et al.                                                                                                                                                                                                                              Journal of Catalysis 450 (2025) 116200 

9 



calculations) measurements would be the ultimate arbiter of which low- 
ΔG҂ pathway is likely to occur. However, isobutane hydrogenolysis has 
only been reported on Ir catalysts, but not Ru or Pt, at conditions similar 
to the ones described here (high H2/alkane ratios). The reactivity of 
these metals: Ru > Ir > Pt, is the same reactivity trend previously 
measured (and predicted) for ethane hydrogenolysis and can be inferred 
from many other alkane and polymer hydrogenolysis studies. The trend 
in λ values is also similar, with the more noble Pt exhibiting less H2 
inhibition (for ethane) than Ir or Ru.

Next, we considered only mechanisms which could be analogous to 
those present in larger compounds (e.g., 3-ethylpentane or 4-propylhep
tane) and thus reminiscent of those which may qualitatively describe the 
activation near long-chain branches in polyethylene. With that ‘filter’ in 
place, hydrogenolysis occurs in less-dehydrogenated intermediates on 
all three metals, with λ values predicted for 3-ethylpentane being ~0.5 
lower than those for isobutane at 593 K, and ~0.8 lower at 473 K. DFT- 
predicted rates of isobutane hydrogenolysis reported may provide 
qualitative information relevant to hydrogenolysis of larger gaseous 
alkanes and polyolefins; however, due to assumptions made within this 
work, such as the surface coverage of species and the deliberate exclu
sion of larger alkyl extensions, quantitative predictions from this work 
may not be entirely appropriate. Rates of 3-ethylpentane would be ex
pected to be higher than those for isobutane, because of the increase in 
dispersive interactions between the reacting alkane and the metal sur
face, leading to lower activation enthalpies and higher rates, consistent 
with rates that are proportional to alkane chain length in n-alkanes on 
these metals [2]. These 3-ethylpentane predictions, based on isobutane 
calculations, create a data set that can be tested (perhaps contradicted) 
with future DFT and rate measurement studies of 3-ethylpentane (or 4- 
propylheptane) model compounds. Furthermore, these examinations of 
how long-branches influence C–C hydrogenolysis mechanisms can give 
insights into reactions of PE and PP polymers.
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carbon-supported ruthenium catalysts for n-hexane conversion, Appl. Catal. A 
173 (2) (1998) 231–238, https://doi.org/10.1016/S0926-860X(98)00181-1.

A. Simonson et al.                                                                                                                                                                                                                              Journal of Catalysis 450 (2025) 116200 

11 

https://doi.org/10.1016/0166-9834(83)80058-X
https://doi.org/10.1016/1381-1169(95)00245-6
https://doi.org/10.1016/S0926-860X(99)00306-3
https://doi.org/10.1016/S0926-860X(99)00306-3
https://doi.org/10.1039/FT9908602297
https://doi.org/10.1039/FT9908602297
http://refhub.elsevier.com/S0021-9517(25)00265-9/h0130
http://refhub.elsevier.com/S0021-9517(25)00265-9/h0130
https://doi.org/10.1021/jacsau.0c00041
https://doi.org/10.1126/science.abc5441
https://doi.org/10.1038/s41929-020-00519-4
https://doi.org/10.1016/j.checat.2021.04.002
https://doi.org/10.1021/jacsau.2c00402
https://doi.org/10.1039/D1RE00431J
https://doi.org/10.1002/cssc.202202035
https://doi.org/10.1002/cssc.202202035
https://doi.org/10.1016/j.apcatb.2020.119805
https://doi.org/10.1016/j.checat.2023.100564
https://doi.org/10.1126/sciadv.abf8283
https://doi.org/10.1126/sciadv.abf8283
https://doi.org/10.1021/acscatal.2c00684
https://doi.org/10.1021/acscatal.2c00684
https://doi.org/10.34133/research.0032
https://doi.org/10.1016/j.cej.2023.146076
https://doi.org/10.1016/j.cej.2023.146076
https://doi.org/10.1016/j.apcata.2023.119431
https://doi.org/10.2139/ssrn.3696768
https://doi.org/10.2139/ssrn.3696768
https://doi.org/10.1021/jacsau.1c00200
https://doi.org/10.1016/j.apcatb.2022.121899
https://doi.org/10.1038/s41929-021-00648-4
https://doi.org/10.1038/s41929-021-00648-4
https://doi.org/10.1021/acs.langmuir.3c03866
https://doi.org/10.1021/acs.langmuir.3c03866
https://doi.org/10.1002/sus2.55
https://doi.org/10.1038/s41467-022-34707-6
https://doi.org/10.1021/acsami.3c15350
https://doi.org/10.1021/acscatal.3c05927
https://doi.org/10.1021/cbe.3c00007
https://doi.org/10.1021/cbe.3c00007
http://refhub.elsevier.com/S0021-9517(25)00265-9/h0265
http://refhub.elsevier.com/S0021-9517(25)00265-9/h0265
http://refhub.elsevier.com/S0021-9517(25)00265-9/h0265
http://refhub.elsevier.com/S0021-9517(25)00265-9/h0265
http://refhub.elsevier.com/S0021-9517(25)00265-9/h0265
https://doi.org/10.1016/j.jcat.2020.10.028
https://doi.org/10.1021/acs.jpcc.8b11070
https://doi.org/10.1021/ja4093743
https://doi.org/10.1021/acscatal.8b01114
https://doi.org/10.1021/ja5037429
https://doi.org/10.1021/ja5037429
https://doi.org/10.1021/jacs.1c11694
https://doi.org/10.1007/s10163-014-0322-2
https://doi.org/10.1007/s10163-014-0322-2
https://doi.org/10.1016/j.cattod.2013.09.004
https://doi.org/10.1007/s11244-020-01393-x
https://doi.org/10.1016/j.polymdegradstab.2015.12.009
https://doi.org/10.1016/j.polymdegradstab.2015.12.009
https://doi.org/10.1007/BF00765062
https://doi.org/10.1007/BF00765062
https://doi.org/10.1016/0926-860X(94)85196-4
https://doi.org/10.1016/0926-860X(94)85196-4
https://doi.org/10.1016/S0926-860X(98)00181-1


[67] Y. Nakagawa, S.-I. Oya, D. Kanno, Y. Nakaji, M. Tamura, K. Tomishige, 
Regioselectivity and reaction mechanism of Ru-catalyzed hydrogenolysis of 
squalane and model alkanes, ChemSusChem 10 (1) (2017) 189–198, https://doi. 
org/10.1002/cssc.201601204.

[68] K. Morikawa, W.S. Benedict, H.S. Taylor, The activation of specific bonds in 
complex molecules at catalytic surfaces. I. The carbon—hydrogen bond in 
methane and methane-d4, J. Am. Chem. Soc. 58 (8) (1936) 1445–1449, https:// 
doi.org/10.1021/ja01299a040.

[69] J.R. Engstrom, D.W. Goodman, W.H. Weinberg, Hydrogenolysis of ethane, 
propane, n-butane, and neopentane on the (111) and (110)-(1×2) surfaces of 
iridium, J. Am. Chem. Soc. 110 (25) (1988) 8305–8319, https://doi.org/ 
10.1021/ja00233a005.

[70] H. Shi, X. Li, G.L. Haller, O.Y. Gutiérrez, J.A. Lercher, Active sites and reactive 
intermediates in the hydrogenolytic cleavage of C–C bonds in cyclohexane over 
supported iridium, J. Catal. 295 (2012) 133–145, https://doi.org/10.1016/j. 
jcat.2012.08.005.

[71] H. Shi, O.Y. Gutiérrez, A. Zheng, G.L. Haller, J.A. Lercher, Mechanistic pathways 
for methylcyclohexane hydrogenolysis over supported Ir catalysts, J. Phys. Chem. 
C 118 (36) (2014) 20948–20958, https://doi.org/10.1021/jp505483e.

[72] G. McVicker, M. Daage, M.S. Touvelle, C.W. Hudson, D.P. Klein, W.C. Baird Jr, B. 
R. Cook, J.G. Chen, S. Hantzer, D.W. Vaughan, E.S. Ellis, O.C. Freeley, Selective 
ring opening of naphthenic molecules, J. Catal. 210 (1) (2002) 137–148, https:// 
doi.org/10.1006/jcat.2002.3685.

[73] G. Kresse, J. Furthmüller, Efficiency of Ab-initio total energy calculations for 
metals and semiconductors using a plane-wave basis set, Comp. Mater. Sci. 6 (1) 
(1996) 15–50, https://doi.org/10.1016/0927-0256(96)00008-0.

[74] G. Kresse, J. Hafner, Ab initio molecualr dynamics for liquid metals, Phys. Rev. B 
47 (1) (1993) 558–561.

[75] G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation of the liquid-metal- 
amorphous-semiconductor transition in germanium, Phys. Rev. B 49 (20) (1994) 
14251–14269.

[76] G. Kresse, J. Furthmüller, Efficient iterative schemes for Ab initio total-energy 
calculations using a plane-wave basis set, PhysRevB 54 (16) (1996) 
11169–11186, https://doi.org/10.1103/PhysRevB.54.11169.

[77] Kravchenko, P.; Plaisance, C.; Hibbitts, D. A New Computational Interface for 
Catalysis. 2019, Published as pre-print on https://doi.org/10.26434/ 
chemrxiv.8040737.v4. DOI: 10.26434/chemrxiv.8040737.v3.
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