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ABSTRACT: C−C cleavage in C2−C10 n-alkanes involves quasi-
equilibrated C−H activation steps to form dehydrogenated
intermediates on surfaces saturated with H atoms. These reactions
are inhibited by H2 to similar extents for C−C bonds of similar
substitution in all acyclic and cyclic alkanes and, thus, show similar
kinetic dependences on H2 pressure. Yet, turnover rates depend
sensitively on chain length because of differences in activation
enthalpies (ΔH⧧) and entropies (ΔS⧧) whose mechanistic origins
remain unclear. Density functional theory (DFT) estimates of ΔH⧧

and ΔG⧧ for C−C cleavage via >150 plausible elementary steps for
propane and n-butane reactants on Ir show that hydrogenolysis occurs
via α,β-bound RC*−C*R′⧧ transition states (R = H, CxH2x+1) in
which two H atoms are removed from each C*. Calculated ΔH⧧

values decrease with increasing alkane chain length (C2−C8), consistent with experiment, because attractive van der Waals
interactions with surfaces preferentially stabilize larger transition states. A concomitant increase in ΔS⧧, evident from
experiments, is not captured by periodic DFT methods, which treat low-frequency vibrational modes inaccurately, but statistical
mechanics treatments describe such effects well for RC*−C*R⧧ species, as previously reported. These findings, together with
parallel studies of the cleavage of more substituted C−C bonds in branched and cyclic alkanes, account for the reasons that chain
length and substitution influence ΔH⧧ and ΔS⧧ values and the dependence of rates on H2 pressure and consequently explain
differences in hydrogenolysis reactivities and selectivities across all alkanes.

1. INTRODUCTION

The selective cleavage of specific C−C bonds on metals is a
useful strategy to decrease the length of acyclic alkanes and to
open rings in cycloalkanes,1−6 but hydrogenolysis is an
undesired side reaction in catalytic reforming and isomerization
of refinery streams.7−9 The cleavage of these C−C bonds
occurs within extensively dehydrogenated hydrocarbons bound
on metal surfaces10−16 in a process that weakens C−C bonds
by systematically replacing C−H bonds with C−M bonds (M =
surface metal atom) and thereby increasing the occupancy of
antibonding orbitals in C−C bonds.17,18 These dehydrogenated
transition states form H2(g) and lead to large and positive
activation entropies that compensate for the significant
activation enthalpies of hydrogenolysis reactions. The for-
mation of these dehydrogenated transition states is disfavored
by thermodynamics at high H2 pressures, leading to strong H2
inhibition effects for hydrogenolysis of n-alkanes and branched
acyclic and cyclic alkanes on Ir, Pt, Rh, and Ru cata-
lysts.11−13,19−27 C−C bond rupture turnover rates depend on
the degree of substitution at the C atoms involved19,26 and on
the chain length of the products formed upon C−C cleavage, as
shown by rates of 2C−2C cleavage in n-alkanes (1C, 2C, 3C, and
4C indicate primary, secondary, tertiary, and quaternary C

atoms, respectively), which vary with reactant chain length and
with the location of the cleaved C−C bond along the n-alkane
backbone.28 The origins of these rate differences have been
attributed to changes in reaction mechanisms or in the energies
or structures of intermediates.11−13,19−27 The structure and H
content of the reactive intermediates involved, however, can
only be inferred indirectly from the measured effects of H2
pressure on C−C rupture rates in experimental stud-
ies11−13,19−27 because such species exist in low concentrations
during catalysis and are difficult to distinguish from inactive
spectator adspecies by spectroscopic methods. As a result, their
identities, and the reasons for large differences in C−C rupture
rates, are accessible only through rigorous theoretical treat-
ments.22,29−33

A general sequence of elementary steps for C−C hydro-
genolysis is depicted in Scheme 1. These steps are consistent
with measured rate data and lead to a rate equation that
accurately predicts the effects of alkane and H2 pressure on
hydrogenolysis rates for ethane,11−13,22−24,28,34 larger n-alkanes
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(C3−C10),
25,28,35,36 branched alkanes (C4−C6),

19,25,37 and alkyl
cyclohexanes.19,38 Previous rate data for C−C cleavage within
linear and branched alkanes and cycloalkanes showed that
1C−1C, 1C−2C, and 2C−2C bonds cleave at rates proportional
to ∼(H2)

−3 at high H2:CnHm ratios (>100) on Ir, Rh, and Ru
surfaces with chemisorbed hydrogen (H*) as the most
abundant surface intermediate (MASI).22,28 The inhibition by
H2 reflects quasi-equilibrated desorption of chemisorbed
hydrogen (H*) (Step 1.1 in Scheme 1) and alkane adsorption
and dehydrogenation events (Steps 1.2 and 1.3) to form
transition states with the composition CnH(2n+2)−y

l* bound at l
sites on the catalyst surface, such that

λ = + =y l1/2( ) 3 (1)

where λ is the exponent of the H2 pressure term in the rate
equation (3 for C−C cleavage within n-alkanes) and y is the
number of H atoms removed via alkane dehydrogenation
events (Step 1.3). The values of y and l cannot be determined
independently from measured values of λ. Theoretical methods
must therefore be used to determine the degree of dehydrogen-
ation (y) of the predominant reactive intermediates, the

required number of catalytic binding sites (l), as well as their
structure.
Density functional theory (DFT) calculations were pre-

viously used to probe ethane hydrogenolysis pathways on
Ir(111) surfaces by examining C−H and C−C bond activations
of all possible C2Hx* intermediates (where 0 ≤ x ≤ 6).22 This
work showed that (i) C2H6 is quasi-equilibrated with C2Hx*
intermediates (2 ≤ x ≤ 6) and (ii) C−C activation occurs via

where the double half arrow with a zero over it in eq 2 indicates
a quasi-equilibrated reaction. C−C bond cleavage in the
preferred *CHCH* intermediate (eq 3) gives y and l values
of 4 and 2, respectively, and thus a λ value of 3. This predicted
λ value is consistent with measured λ values for ethane
hydrogenolysis (20 kPa ethane, 0.4−2.0 MPa H2, 593 K) on
0.7 nm Ir (3.0 ± 0.2),28 7 nm Ir (3.3 ± 0.2),22 and 0.9 nm Rh
(3.0 ± 0.2)28 clusters. The λ values for ethane are similar to
those measured for larger (C3−C10) n-alkanes; such resem-
blance suggests that transition states with similar extents of
dehydrogenation and surface coordination account for 2C−1C
and 2C−2C bond cleavages in longer n-alkanes (C3−C10)

28

Neither experiment nor theory have yet to unequivocally
demonstrated that two adjacent metal atoms are required to
bind the vicinal C atoms in the C−C bond being cleaved (eq
4), each of which has lost two H atoms. Larger (C3−C10) n-
alkanes may instead react via mechanisms and intermediates
that differ significantly from the α,β-coordinated (Figure 1)
structures involved in the cleavage of the C−C bond in
ethane.22 Longer n-alkane chains introduce backbone flexibility,
thus allowing more diverse surface coordinations.10,15,19,26,30−32

The rupture of C−C bonds in propane, for instance, could
involve α,γ-bound metallacycle intermediates

Scheme 1. Proposed Mechanism for Alkane Hydrogenolysis
on Metal Catalystsa

aThe double half arror with a zero over it denotes a quasi-equilibrated
reaction, * an unoccupied surface site, and l* an adsorbate occupying l
surface sites, and Kx and kx are equilibrium and rate constants for
individual steps.

Figure 1. Types of partially dehydrogenated intermediates derived from C≥2 alkanes showing C−C cleavage reactions of (a) α-bound intermediates
via CHx*−R⧧ (where ⧧ indicates a transition state, x = 0−2 throughout figure), (b) α-bound intermediates via RCHx*−R*⧧, (c) α,β-bound
intermediates via RCHy*−CHy*R′⧧ and RCHy*CHy*−R*′⧧ (y = 0−1 throughout figure), (d) α,γ-bound intermediates via CHx*−CH2*CHy*R

⧧,
CHx*CH2*−CHy*R

⧧, and CHx*CH2*CHy*−R⧧, (e) α,β,γ-bound intermediates via CHx*−CHy*CHy*R
⧧, CHx*CHy*−CHy*R

⧧, and
CHx*CHy*CHy*−R⧧, (f) α,δ-bound intermediates via CHx*−*CH2CH2CHx*

⧧, CHx*CH2*−CH2*CHx*
⧧, and CHx*CH2CH2*−CHx*

⧧, (g)
α,β,δ-bound intermediates via CHx*−CHy*CH2CHx*

⧧, CHx*CHy*−CH2*CHx*
⧧, and CHx*CHy*CH2*−CHx*

⧧, and (h) α,β,γ,δ-bound
intermediates via CHx*−CHy*CHy*CHx*

⧧, CHx*CHy*−CHy*CHx*
⧧, and CHx*CHy*CHy*−CHx*

⧧.
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which cannot form from C2H6. Alternatively, propane and
larger n-alkanes may cleave C−C bonds within α,β,γ-bound
intermediates

These reactions (eqs 4−9), and many other possibilities, could
form 3 H2(g) along with the C−C rupture transition state and
thus be consistent with the H2 inhibition observed for n-alkane
hydrogenolysis.
Here, we examine the Ir-catalyzed (where Ir was chosen

because of the prevalence of kinetic data19,22,28,38 and prior
DFT studies22,26) cleavage of 1C−2C and 2C−2C bonds using
DFT methods. C−C cleavage steps are examined in α- and α,β-
bound intermediates (similar to those possible during ethane
hydrogenolysis), in α,γ- and α,δ-bound metallacyclic inter-
mediates, and in intermediates with 3 or 4 C atoms bound at
surfaces (α,β,γ-, α,β,δ-, α,γ,δ-, and α,β,γ,δ-bound intermedi-
ates). DFT-derived activation enthalpies and free energies
indicate that cleavage of 1C−1C, 1C−2C, and 2C−2C bonds all
occur via α,β-bound RC*−C*R′⧧ transition states, irrespective
of the chain length or the location of the C−C bond.
Furthermore, we examine the effects of chain length and
structure by calculating activation enthalpies and free energies
for C−C cleavage in C3−C8 n-alkanes and cyclohexane.

2. METHODS
Periodic, plane-wave density functional theory (DFT) calcu-
lations were performed using the Vienna ab initio simulation
package (VASP),39−43 using procedures reported in detail
elsewhere.22,26 Planewaves were constructed using projector-
augmented wave (PAW) potentials with an energy cutoff of
400 eV.44,45 The revised Perdew−Burke−Ernzerhof (RPBE)
form of the generalized gradient approximation (GGA) was
used to describe exchange and correlation energies.46−48

Additional calculations (discussed in Section 3.4) were
performed using optB88-vdW,49 optB86-vdW,50 vdW-DF2,51

and BEEF52 functionals which all contain terms to capture van
der Waals interactions. Transition state structures were
obtained for each elementary reaction using nudged elastic
band (NEB)53,54 and dimer55 methods. Further details of the
computational methods are presented in previous works22,26

and in the Supporting Information (SI, Section S1).
Here, apparent activation enthalpies (ΔH⧧) and free energies

(ΔG⧧) are used to determine rates of C−C cleavage of
intermediates derived from propane and butane, allowing
theory to identify the structure of the active intermediate and
transitions and how these may (or may not) depend on the size
and carbon number of the reactant n-alkane. To do so,
enthalpies and free energies of all reactant, transition, and
product states are calculated at 593 K, the temperature at which
λ was measured in previous work for ethane and n-alkanes.19,22

Furthermore, ΔH⧧ and ΔG⧧ values are obtained for C−C
cleavage via RC*−C*R′⧧ transition states for C3−C6 n-alkanes
and cyclohexane to examine the effects of chain length and
structure (cyclic or acyclic). Calculations of reactants, products,
and transition states for C−C cleavage of all intermediates were
performed on Ir(111) surfaces without coadsorbed H* atoms.

H2 desorption energies used in the determination of ΔH⧧ and
ΔG⧧, in contrast, were calculated at 1 ML of H*.
The formalism of transition state theory56 and the quasi-

equilibrated nature of Steps 1.1−1.3 in Scheme 1 dictate that
gaseous alkanes and l H* must be quasi-equilibrated with the
C−C cleavage transition state (CnHm

l*⧧) and its λ H2 products

Here, K⧧ is the equilibrium constant for the formation of the
transition state from a gaseous alkane and a H*-covered
surface. Consequently, K⧧ (and thus rates of C−C activation)
are related to the measured activation free energy (ΔG⧧) by

=
∏

=λ
⧧ = −Δ ⧧

K k
K K

K
k T

h
e

( )

( )y
i
y

i G RT
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1 CH, C

H

b ( / )n

2 (11)

= λ
−Δ ⧧r

L
k T

h
e

[ ]
(C H )

(H )
G RT n mb ( / )

2 (12)

Here, ΔG⧧ denotes the sum of the reaction free energies
(ΔGrxn) for all intervening steps involved in forming the
reactive intermediate (from the gaseous alkane and the H*-
covered surface) and the intrinsic free energy barrier (ΔGact)
for the elementary step that cleaves the C−C bond.
For example, the hydrogenolysis of ethane molecules

involves C−C activation within CH*CH*, which involves the
desorption of two H* atoms, the adsorption of C2H6, and the
activation of C−H bonds to form the CH*CH* species that
undergo C−C cleavage, prior to C−C rupture.22 Consequently,
the ΔG⧧ value for this reaction includes the adsorption free
energy for H2 (ΔGads,H2, Step. 1.1) and for C2H6 (ΔGads,C2,
Step. 1.2), the free energies for the four C−H activation
reactions that form CH*CH* from C2H6* (Σ(ΔGrxn,CH,i), Step.
1.3), and the intrinsic free energy barrier for C−C activation of
CH*CH* (ΔGact,CC,2, Step. 1.4)

Δ = Δ + ΣΔ + Δ − Δ⧧G G G G G3iact,CC,2 rxn,CH, ads,C2 ads,H2

(13)

Substituting the free energies of formation for individual
adsorbed and gas-phase species leads to

Δ = *− * + − *

−

⧧ ⧧G G G G

G

[CH CH ] 3 [H (g)] 2 [H ]

[C H (g)]
2

2 6 (14)

which shows that the activation free energy only depends on
the species directly shown in eq 10. Analogous equations exist
for ΔH⧧ and ΔS⧧ values through their relation to ΔG⧧

Δ = Δ − Δ⧧ ⧧ ⧧G H T S (15)

The general form of eq 14

λΔ = * + − *

−

⧧ ⧧G G G lG

G

[TS ] [H (g)] [H ]

[Alkane(g)]

l
2

(16)

can be rewritten in terms of the free energy for dissociative H2
adsorption (Step 1.1, ΔGads,H2)

Δ = * + − Δ

−

⧧ ⧧G G yG l G

G

[TS ] 0.5 [H (g)] 0.5

[Alkane(g)]

l
2 ads,H2

(17)

ΔGads,H2 was calculated by desorbing 2 H* as H2 from H*-
saturated Ir(111) surfaces (1 H*/Irsurf) to give enthalpies and
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free energies for dissociative H2 (ΔHads,H2 = −34 kJ mol−1 and
ΔGads,H2 = −10 kJ mol−1) consistent with high H* coverages at
>500 kPa H2.

22 Here, enthalpies and free energies of all
reactant, transition, and product states are calculated at 593 K,
the temperature at which λ was measured in previous work for
ethane and n-alkanes.19,22

3. RESULTS AND DISCUSSION

3.1. C−C Bond Cleavage of C2−C4 n-Alkanes in α- and
α,β-Bound Intermediates. Ethane and larger n-alkanes can
undergo dehydrogenation to form α-bound intermediates (e.g.,
CH3CH*) that can cleave C−C bonds via CHx*−R*⧧
transition states. These C−C cleavage reactions can occur in
species bound to surfaces through 1C or 2C atoms (in C≥3 n-
alkanes), as shown in Figure 1a and 1b, respectively. C−H
activation at a vicinal C atom then forms α,β-bound
intermediates (e.g., CH2*CH2*) that undergo C−C cleavage
via RCHx*−CHx*R′⧧ (x = 0−1) transition states (Figure 1c).
The relative contributions of each of these transition states to
hydrogenolysis rates depends on their respective ΔH⧧ and ΔG⧧

values, referenced to gaseous ethane, propane, or butane
reactants.
ΔH⧧ and ΔG⧧ values for C−C cleavage in α-bound and α,β-

bound intermediates derived from ethane, propane, and butane
are shown in Figure 2 (Table S1 shows individual intrinsic
enthalpy barriers (ΔHact) and ΔS⧧). C−C cleavage via α,β-
bound RC*−C*R′⧧ (y = 4, l = 2) structures have the lowest
ΔH⧧ (Figure 2A) and ΔG⧧ (Figure 2B) values for each of the
three n-alkanes among all C−C cleavage reactions of α- and
α,β-bound species. The ΔG⧧ values for C−C cleavage via
RC*−C*R′⧧ are ∼50 kJ mol−1 lower than those for all other
RCHx*−CHx*R′⧧ (x = 0−2) transition states (Figure 2B),
indicating that the other routes are unlikely to contribute to
measured rates. For example, C≥3 alkanes can also cleave their
RCHx*CHx*−R′⧧ (x = 0−1) bonds, in four distinct pathways.
ΔH⧧ and ΔG⧧ values (shown in Table S2 of the Supporting
Information, SI) for these reactions show that they do not

contribute to observed hydrogenolysis rates. C−C cleavage
events in the RC*−C*R′⧧ transition states, which have the
lowest ΔG⧧ values and highest rates (at 593 K) among
activations of α- and α,β-bound species, give λ values of 3 (y =
4, l = 2), consistent with those measured for the cleavage of all
C−C bonds in these alkanes.19,22,28 C−C cleavage reactions of
select transition states bound with different coordination at
metal surfaces (Figure 1d−h) may also give λ values of 3. These
alternate routes cannot be distinguished from those mediated
by RC*−C*R′⧧ transition states by experiment, thus requiring
theoretical treatments for comparisons. Next, we consider the
activation of α,γ-bound and α,β,γ-bound intermediates (Figure
1d,e), which can be formed from C≥3+ n-alkanes.

3.2.1. C−C Bond Cleavage of Propane and Butane in α,γ-
Bound Metallacyclic Intermediates. Propane and butane
reactants can cleave their C−C bonds via α,γ-bound metalla-
cycles (e.g., CH*CH2CH*) (Figure 1d). We consider here
each of the 21 possible activations occurring via α,γ-bound
metallacycles derived from propane and butane (details shown
in Table S2, SI). These α,γ-bound intermediates can form
alkenes directly upon C−C cleavage (without hydrogenation−
dehydrogenation events)

* * + * → * * + * =lCH CH CH CH CH CH ( 3)2 2 2 2
(18)

Here, we examine steps that retain the surface-bound alkene
products (eq 18) and steps that desorb them directly (eq 19)

* * → + * + * =lCH CH CH CH CH (g) CH ( 2)2 2 2 2
(19)

to assess their relative rates and whether two or three binding
sites lead to more stable transition states. Intrinsic activation
energy (ΔHact) and C−C cleavage transition state structures
were identical for both steps on bare Ir(111) surfaces; thus, we
conclude that eq 18 will prevail on H*-covered surfaces by
avoiding the free energy penalty required to desorb one
additional H* atom. Thus, the transition states involved in C−
C cleavage within these α,γ-bound intermediates bind onto two

Figure 2. Calculated (A) ΔH⧧ and (B) ΔG⧧ values for C−C bond activation via α,β-bound transition states derived from ethane (●, orange),
propane (▲, green), and butane (1C−2C, ■, 2C−2C, □, blue). Within each bin of homologous transition states, points are organized according to
alkane reactant. The number of H atoms removed from each transition state (relative to the alkane reactant (y) and the total number of H2 formed
during the formation of each transition state from H*-covered surfaces (λ) are labeled along the top for reference. Table S1 in the SI shows y, l, λ,
intrinsic enthalpy barriers (ΔHact), ΔH⧧, ΔS⧧, and ΔG⧧ for each reaction.
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or three sites, depending on whether an alkene is formed
directly from the C−C cleavage transition state. These α,γ-
bound intermediates react with ΔH⧧ values (282−372 kJ
mol−1) that are much larger than in α,β-bound intermediates
for ethane, propane, and butane (CH*−CH*⧧ species (218 kJ
mol−1), CH3C*−CH*⧧ species (207 kJ mol−1), C2H6C*−
CH*⧧ (210 kJ mol−1), or CH3C*−C*CH3

⧧ (215 kJ mol−1))
(Figure 3). These larger ΔH⧧ values for α,γ-bound
intermediates may reflect the weak interactions between the
2C atom and the metal surface, as shown by 2C−M distances
(237−350 pm) that are much longer than for α,β-bound RC*−
C*R′⧧ species (<210 pm), which appear to be stabilized by
greater backdonation into antibonding C−C orbitals, thus
weakening C−C bonds and giving rise to smaller ΔH⧧ values.22

The α,γ-bound intermediates contain two to six fewer H
atoms than propane or butane; taken together with the
required desorption of two H* atoms from Ir surfaces, these
intermediates give λ values of 2.0−4.5 (Figure 3). These
processes, which show a large range of λ values, lead to ΔS⧧
values between 1 and 251 J mol−1 K−1, largely reflecting the
number of H2(g) evolved

λΔ = * *− * + − *

−

⧧ ⧧S S R S lS

S

[CH CH CH ] [H (g)] [H ]

[C H R(g)]

x y2 2

3 7 (20)

ΔG⧧ values for C−C rupture in these α,γ-bound metallacycles
range from 207 to 318 kJ mol−1, and among these structures,
activation via RC*−CH2*C*

⧧ gives the smallest ΔG⧧ for C−C
cleavage in propane-derived species (207 kJ mol−1) and for
2C−2C activation in C4 species (216 kJ mol−1). The RC*−
CH2*C*

⧧ transition state, however, gives a λ value of 4, in
contrast with the value of 3.0 measured for propane and
butane.28 Also, ΔH⧧ and ΔG⧧ values for C−C rupture in these
metallacycles are much larger than for C−C cleavage via α,β-
bound RC*−C*R′⧧ transition states (Figure 3). These
comparisons show that α,γ-bound metallacycles do not
contribute detectably to n-alkane hydrogenolysis rates.

3.2.2. C−C Bond Cleavage via α,β,γ-Bound Intermediates
in Propane and Butane. The activation of 3C−xC bonds in
branched alkanes are more strongly inhibited by H2 than for
1C−2C or 2C−2C bonds in the same alkanes, even though
3C−xC bonds have fewer H atoms that can be removed before
C−C cleavage.19,26 As a result, C atoms not involved in the C−
C bond being cleaved must lose H atoms before C−C cleavage
via intermediates that lose H atoms from three or more C
atoms.19,26,57 Such activations in propane and butane can form
α,β,γ-bound intermediates (such as CH2*C*CH*), which
cannot be formed from ethane (Figure 1e). These inter-
mediates may give lower C−C cleavage ΔG⧧ barriers than
those with greater H content because of the entropy gains
associated with the evolution of more H2 molecules. In total, 42
α,β,γ-bound transition states can form from propane and
butane reactants. For example, CH2*C*CH* can cleave at one
of two C−C bonds

* * * → * * + *CH C CH CH C CH2 2 (21)

* * * → * * + *CH C CH CH C CH2 2 (22)

with ΔH⧧ values of 396 kJ mol−1 (eq 21) and 303 kJ mol−1 (eq
22) and ΔG⧧ values of 278 kJ mol−1 (eq 21) and 193 kJ mol−1

(eq 22). The transition state depicted in eq 22 has the smallest
ΔH⧧ (303 kJ mol−1) and ΔG⧧ (193 kJ mol−1) values among all
C−C bond activations in α,β,γ-bound intermediates derived
from propane (Table S4 in SI shows data for all 18 C−C bond
activations). Among the C−C cleavage pathways for butane-
derived intermediates, these steps

* * * → * * + *CH CH C CH CH CH C CH3 3 (23)

* * * → * * + *CH C C CH CH C CH C2 3 2 3 (24)

give the lowest ΔH⧧ and ΔG⧧ values for 1C−2C (295 and 182
kJ mol−1) and 2C−2C cleavage (294 and 178 kJ mol−1) of α,β,γ-
bound intermediates derived from butane (Table S4 in SI
shows data for all 24 C−C bond activations). These C−C
cleavage transition states (eqs 23 and 24) are homologous (can
be formed by the substitution of H atoms with alkyl groups) to

Figure 3. Calculated (A) ΔH⧧ and (B) ΔG⧧ values for C−C bond activation via α,γ-bound transition states in propane (▲, green) and butane
(1C−2C, ■, 2C−2C, □, blue) (with cleavage via the most favorable α,β-bound RC*−C*R′⧧ shown along the far right of each plot for reference).
Within each bin of homologous transition states, points are organized according to alkane reactant. The number of H atoms removed from the
alkane reagent to form each transition state (y), the number of sites required (l), and the total number of H2 formed during the formation of each
transition state from H*-covered surfaces (λ) are labeled along the top for reference. Table S3 in the SI shows y, l, λ, intrinsic enthalpy barriers
(ΔHact), ΔH⧧, ΔS⧧, and ΔG⧧ for each reaction.
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eq 22, indicating that the preferred activation of α,β,γ-bound C3
or C4 species is unaffected by chain length. C−C cleavage
transition states for α,β,γ-bound C3 or C4 species, however, all
show ΔH⧧ and ΔG⧧ barriers much higher than for propane or
butane hydrogenolysis via α,β-bound RC*−C*R′⧧ transition
states, indicating that transition states stabilized by coordinating
three contiguous C atoms to surfaces do not contribute to C−
C rupture rates in propane or butane.
3.2.3. C−C Bond Cleavage in Propane. Figure 4

summarizes ΔH⧧ and ΔG⧧ values for all 48 different C−C
rupture pathways in propane and shows that the lowest ΔH⧧

and ΔG⧧ barriers for C−C activation involve α,β-bound species
for any given transition state composition. More specifically,
C−C cleavage via CH3C*−CH*⧧ gives the lowest ΔH⧧ (207
kJ mol−1) and ΔG⧧ (150 kJ mol−1) values among all routes,
indicating that they predominantly account for measured rates.
More unsaturated transition states give larger and more positive
ΔS⧧ values than more saturated counterparts because of the
larger number of evolved H2(g) molecules (eq 19), as evident
from the effects of the number of H atoms removed from
propane (y) on ΔS⧧ (Figure 4b). Transition state entropies
differ by less than 43 J mol−1 K−1 among transition states with
the same H-content (Tables S1−S4 in SI). As a result,
differences among ΔG⧧ values for each set of isomers depend
predominantly on their ΔH⧧ values, which accurately describe
the relative contributions of the various isomeric transition
states. ΔS⧧ values increase between isomeric transition states
with different y values according to

Δ = * −⧧ − −S y(J mol K ) 64 ( ) 1261 1
(25)

as shown in Figure 4b. The slope of this line (64 J mol−1 K−1

H−1) is nearly equal to half the entropy of H2(g) (75 J mol−1

K−1), which indicates that H atoms in transition states have just
15% of their gas-phase entropy. DFT-derived values for both
ΔH⧧ and ΔG⧧ indicate that propane undergoes hydrogenolysis

via CH3C*−CH*⧧, a transition state that is homologous of the
CH*−CH*⧧ transition state that mediates ethane hydro-
genolysis. DFT-derived λ values (3) agree with measured values
(3.2 ± 0.3).19,28 Yet, DFT-derived ΔH⧧ (207 kJ mol−1) and
ΔG⧧ (150 kJ mol−1) differ slightly from experimental values
(230 ± 3 kJ mol−1 and 133 ± 6 kJ mol−1 for ΔH⧧ and ΔG⧧,
respectively); these deviations are discussed in detail in Section
3.4.

3.3.1. C−C Bond Cleavage in Butane via α,δ-Bound
Intermediates. Butane-derived α,γ-bound metallacycles are
unlikely to contribute significantly to hydrogenolysis rates
because of their large ΔG⧧ values (section 3.2.1); yet, related
α,δ-bound metallacycles (Figure 1f) have been implicated in
C−C rupture reactions catalyzed by metal surfaces9,12,57−62 and
Ni- and Pt-centered organometallic complexes.63−66 α,δ-Bound
transition states have also been shown to mediate 3C−3C
cleavage within 2,3-dimethylbutane on Ir(111)26 via

* * → * *C CH(CH )CH(CH )C 2CH CH C3 3 3 (26)

The C*CH(CH3)−CH(CH3)C*
⧧ transition state structure

involved in this reaction has 3C−M distances (308 pm) that are
inconsistent with the direct involvement of the metal surface in
the cleavage of the 3C−3C bond, in stark contrast with the
cleavage of C−C bonds in ethane (or propane/butane) via α,β-
bound RC*−C*R′⧧ transition states (C−M bond lengths <220
pm). n-Butane can also form α,δ-bound intermediates (Figure
1f), such as CH2*CH2CH2CH2*, which can form one or two
C2H4 species upon cleavage of its 2C−2C bond via a process in
which neither 2C atom is dehydrogenated or bound to the
surface at the reactant state, the transition state, or the product
state

* * → + *CH CH CH CH 2CH CH (g) 22 2 2 2 2 2 (27)

Alternatively, if a terminal C atom has formed more
attachments to the surface than in eq 27 (CH2*CH2CH2CHx*,

Figure 4. (a) ΔH⧧, (b) ΔS⧧, and (c) ΔG⧧ for C−C cleavage of propane-derived intermediates through: α,β-bound intermediates via CH3CHx*−
CHy*

⧧ (x = 0−2, y = 0−3) (●, orange) and CH3*−CHx*CHy*
⧧ (○, orange) transition states; α,γ-bound intermediates (CHx*CH2CHy*, x = 0−2,

y = 0−2, ■, blue); and α,β,γ-bound intermediates (CHx*CHy*CHz*, x = 0−2, y = 0−1, z = 0−2, ▲, green). The structure of the transition state
with the lowest ΔH⧧ and ΔG⧧ is listed near the abscissa for each group with the same number of H atoms removed from propane. Tables S1−S4 in
the SI show y, l, λ, intrinsic enthalpy barriers (ΔHact), ΔH⧧, ΔS⧧, and ΔG⧧ for each reaction.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b00323
J. Phys. Chem. C 2016, 120, 8125−8138

8130

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00323/suppl_file/jp6b00323_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b00323/suppl_file/jp6b00323_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b00323


x = 0−1), a gas-phase C2H4 species and a surfacebound C2*
species are formed upon 2C−2C cleavage

* * → + * *CH CH CH CH CH CH (g) CH CHx x2 2 2 2 2 2
(28)

Long C−M distances in the transition state between the C−C
bond being cleaved and the Ir surface lead to ΔH⧧ values (385,
352, and 337 kJ mol−1 for x values of 0, 1, and 2), which are
much larger than for C−C cleavage via the α,β-bound
CH3C*C*CH3 intermediate of butane (220 kJ mol−1) in
which both C atoms in the C−C bond are attached to the
surface.

2C−2C bonds may also activate in α,δ-bound intermediates
in which both terminal 1C atoms have lost more than one H
atom, i.e., CHx*CH2CH2CHy* species (x = 0−1, y = 0−1)

* * + * → * * + * *CH CH CH CH CH CH CH CHx y x y2 2 2 2

(29)

and such activations require four surface atoms to bind. The
transition states for 2C−2C cleavage in CH*CH2CH2C* and
C*CH2CH2C* give ΔH⧧ values (377 and 339 kJ mol−1) much
larger than that for C−C cleavage in α,β-bound CH3C*C*CH3
(220 kJ mol−1). These α,δ-bound intermediates lose two to six
H atoms (y) and require two to four binding sites (l), resulting
in λ values ranging from 2 to 5. The corresponding ΔS⧧ values
increase with increasing λ (from 24 to 279 J mol−1 K−1 as λ
increased from 2 to 5), leading to a concomitant decrease in
ΔG⧧ values (from 370 to 174 kJ mol−1) for 2C−2C activations
of α,δ-bound intermediates. The smallest ΔG⧧ (174 kJ mol−1)
for 2C−2C cleavage was observed for the α,δ-bound species, in
which the terminal C atoms are completely dehydrogenated

(C*CH2CH2C* species) because this species releases the most
H2(g) (y = 6, l = 4, λ = 5) and thus gives the greatest ΔS⧧. This
ΔG⧧ value, however, is still larger than for 2C−2C activation in
α,β-bound CH3C*C*CH3 (146 kJ mol−1). Nine different
1C−2C cleavage reactions of α,δ-bound CHx*CH2CH2CHx* (x
= 0−2, y = 0−2) intermediates were also examined. These
reactions also show much larger ΔH⧧ (318−422 kJ mol−1) and
ΔG⧧ (258−390 kJ mol−1) values than for 1C−2C cleavage in
α,β-bound CH3CH2C*CH* species (ΔH⧧ and ΔG⧧ of 215 and
146 kJ mol−1, respectively). These results indicate that 2C−2C
cleavage in α,δ-bound intermediates does not contribute to
measured n-butane hydrogenolysis rates.

3.3.2. C−C Bond Cleavage in n-Butane. C4Hx* (x = 0−10)
intermediates can cleave C−C bonds via 225 distinct
elementary steps, which include more than 100 steps involving
α,β,δ-bound (Figure 1g) and α,β,γ,δ-bound (Figure 1h)
intermediates. Such diverse routes pose computational hurdles
that render a comprehensive examination of all transition state
structures impractical and, as we propose below, unnecessary.
Many of these routes can actually be ruled out from their
reaction free energies to form C1, C2, and C3 fragments because
their activation free energies must exceed such values; a similar
approach was used to eliminate 2,3-dimethylbutane hydro-
genolysis pathways in previous work.26 The cleavage of 1C−2C
bonds in n-butane forms C1 and C3 intermediates on the Ir
surface

λ+ * → * + * +lC H H C H CH Hx
l

y
l

4 10 3
a b

2 (30)

while 2C−2C cleavage forms C2 species

Figure 5. (A) Enthalpy and (B) free energy to form products (ΔHP and ΔGP) of all possible (223) C−C cleavage reactions of C4 intermediates
derived from n-butane. These ΔHP and ΔGP values represent lower bounds for ΔH⧧ and ΔG⧧ for butane activation. The color of the symbol
represents the number of dehydrogenated C atoms (and thus attachments to the surface).
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λ+ * → * + * +lC H H C H C H Hx
l

y
l

4 10 2
a

2
b

2 (31)

All structures of alkane-derived C1−C3 intermediates have been
isolated in examinations of ethane22 and propane hydro-
genolysis (Section 3.2.3). The C−C cleavage transition state
energies must be higher than the product states in eqs 30 and
31 because reverse barriers are ≥0 kJ mol−1. Thus, we first
calculate the reaction enthalpies and free energies to form all
possible C1−C3 products of C−C cleavage and the
corresponding stoichiometric λ number of H2(g) molecules
from gaseous n-butane (ΔHP and ΔGP)

λΔ = * + * + −

− *

H H H H H

lH

[C H ] [CH ] [H ] [C H ]

[H ]

x
l

y
l

P 3
a b

2 4 10

(32)

λΔ = * + * +

− − *

H H H H

H lH

[C H ] [C H ] [H ]

[C H ] [H ]

x
l

y
l

P 2
a

2
b

2

4 10 (33)

λΔ = * + * + −

− *

G G G G G

lG

[C H ] [CH ] [H ] [C H ]

[H ]

x
l

y
l

P 3
a b

2 4 10

(34)

λΔ = * + * +

− − *

G G G G

G lG

[C H ] [C H ] [H ]

[C H ] [H ]

x
l

y
l

P 2
a

2
b

2

4 10 (35)

These ΔHP and ΔGP values represent lower bounds for the
respective activation barriers (ΔH⧧ and ΔG⧧). ΔHP increases
systematically with the extent of dehydrogenation (Figure 5a)
because of the endothermic nature of those H-removal steps;
yet, ΔHP values for cleavage via RC*−C*R′⧧ (after removal of
four H atoms) are smaller than for any other steps for both
1C−2C and 2C−2C cleavage. ΔGP values (Figure 5b) reflect the

entropy benefits brought forth by H2(g) evolution are also
smallest for C−C cleavage steps mediated by RC*−C*R′⧧. The
cleavage of 1C−2C and 2C−2C bonds via α,β-bound RC*−
C*R′⧧ transition states occurs with ΔG⧧ values of 144 and 148
kJ mol−1, respectively. In what follows, we consider all C−C
cleavage reactions of α,β,δ-bound (Figure 1g) and α,β,γ,δ-
bound (Figure 1h) intermediates with ΔGP below 145 kJ mol−1

because other steps would exhibit larger ΔGP (and thus ΔG⧧)
values larger than for routes mediated by α,β-bound RC*−
C*R′⧧ transition states. As a result, the discarded routes will
not detectably contribute to hydrogenolysis rates.
In total, transition state energies (and ΔHP and ΔGP values)

were determined for 18 C−C cleavage reactions of α,β,δ-bound
intermediates (Figure 1g) and 16 C−C cleavage reactions of
α,β,γ,δ-bound intermediates (Figure 1h). Their ΔH⧧ (317−503
kJ mol−1) and ΔG⧧ (198−312 kJ mol−1) (Tables S5 and S6)
values are much higher than for routes involving C2H5C*−
CH*′⧧ transition states (215 and 144 kJ mol−1, respectively).
The reactions with the lowest ΔG⧧ values among cleavages of
α,β,δ-bound intermediates

* * * + * → * *CH C CH C 2CH C2 2 2 (36)

and among cleavages of α,β,γ,δ-bound intermediates

* * * * → * * * + *CH CH CH C CH CH C CH (37)

have λ values of 5.0 (l = 4, y = 6) and 5.5 (l = 4, y = 7),
respectively, inconsistent with measured values (3.0 ± 0.2).28

These data indicate that C−C cleavage in α,β,δ-bound and
α,β,γ,δ-bound intermediates do not contribute to observed
butane hydrogenolysis rates.
The transition states for 122 C−C activations of species

derived from n-butane reactants were isolated (Figure 6). C−C
rupture via RC*−C*R′⧧ transition states gave the lowest ΔH⧧

Figure 6. (a) ΔH⧧ and (b) ΔG⧧ values for C−C cleavage in butane-derived intermediates via: α,β-bound intermediates (●, orange for activations at
α,β positions, ○ for activations at β,γ positions, i.e., between a bound C atom and an unbound C atom); α,γ-bound intermediates (□, blue); α,δ-
bound intermediates (■, blue); α,β,γ-bound intermediates (▲, green); α,β,δ-bound intermediates (▼, purple); and α,β,γ,δ-bound intermediates (⧫,
brown). Notable transition states are labeled.
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barrier values (215 and 221 kJ mol−1 for 1C−2C and 2C−2C
cleavage) (Figure 6a) and ΔG⧧ barriers (139 and 146 kJ mol−1

for 1C−2C and 2C−2C cleavage) (Figure 6b) among all routes
considered. The next most productive route (2C−2C activation
in α,δ-bound *CCH2CH2C*) showed larger ΔG⧧ barriers (by
28 kJ mol−1) than for steps mediated by RC*−C*R′ transition
states; thus, we conclude that n-butane hydrogenolysis occurs
predominately via RC*−C*R′ transition states, as in the case of
ethane (R = R′ = H)22 and propane (R = CH3, R′ = H) (Figure
4c) reactants.
3.4. Effects of Chain Length on n-Alkane Hydro-

genolysis Rates. These findings, taken together with previous
rate data and theoretical studies,19,22,28 indicate that C−C
cleavage in ethane, propane, and n-butane (and plausibly larger
n-alkanes) preferentially involves α,β-bound RC*C*R′ species.
In spite of these similar intermediates, n-alkane hydrogenolysis
turnover rates increase with chain length, concurrently with a
decrease in ΔH⧧ (257−214 kJ mol−1 from C2 to C10) and an
increase in ΔS⧧ (171−259 J mol−1 K−1 from C2 to C10) with
increasing chain length,28 leading to ΔG⧧ values (156 kJ mol−1

for C2 and 60 kJ mol−1 for C10) and higher turnover rates for
larger chains. The lower ΔH⧧ values were previously attributed
to the different bond dissociation energies (BDEs) of the C−C
bonds being cleaved28 because more rigorous assessments were
unavailable. Next, we examine the basis for these effects of
chain length (and of C atom substitution) on ΔH⧧, ΔS⧧, and
ΔG⧧ values for n-alkanes.
Ethane-derived CH*CH* species bind onto three surface

atoms in an (η2,η2) configuration on Ir(111) surfaces; binding
energies are similar at hcp (−194 kJ mol−1) or fcc (−193 kJ
mol−1) 3-fold sites (hcp sites contain an atom in the second
surface layer beneath the complex). The formation of
CH*CH* (and three H2 molecules) from ethane on H*-
covered surfaces

occurs with a ΔHrxn of 156 kJ mol−1 (Figure 5a) and a ΔSrxn of
126 J mol−1 K−1 (ΔGrxn = 81 kJ mol−1). These CH*CH*
species shift from an (η2, η2) to an (η3, η3) binding mode as the
CH*−CH*⧧ transition state forms (Figure 7A); both C atoms
in this transition state bind to three Ir atoms, and the C−C
bond cleaves with a ΔH⧧ of 218 kJ mol−1 to give two CH*
fragments (bound at adjacent fcc and hcp sites). Structures for
RC*C*R′ intermediates derived from propane and butane
(Figure 7B−D) resemble those derived from ethane in the C−
M distance and binding mode; these structures, together with
their energies, are shown in Figure 7. The geometry of the
transition states formed from RC*C*R′ species have similar
C−C and C−M bond lengths as those that mediate 2C−2C
cleavage in cyclohexane (Ir(111); Figure 7E) and 2C−2C
cleavage in methylcyclopentane (Pt(111)30−32).
DFT-derived ΔH⧧ values for C−C activation in C2−C8 n-

alkanes via RC−CR′⧧ complexes depend weakly on chain
length, and their magnitudes do not change systematically with
chain length, in contrast with measured values (from 257 to
221 kJ mol−1 for C2 to C8; Table 1, 0.7 nm Ir clusters28). The
trends measured ΔH⧧ values which are consistent with the
systematic weakening of C−C bonds in larger alkanes (i.e.,
BDE(C2H6) = 378 kJ mol−1, BDE(C4H10) = 343 kJ mol−1 for
the central C−C bond). BDE values, however, reflect the
stability of the free radicals formed and thus neglect interactions
between these fragments and surfaces in their adsorbed
analogues. Thermochemical cycles (Figure 8) are used to

dissect ΔH⧧ values into those for convenient hypothetical steps
that rigorously describe the activation enthalpies (and free
energies) because of the state function nature of these
thermodynamic properties. These ΔH⧧ values are given by
the sum of the enthalpies for (i) desorption of two H* atoms as
H2(g) (−ΔHads,H2); (ii) dehydrogenation of the gaseous n-
alkane to molecule with the number and location of the missing
H atoms at the transition state (an alkyne when four H atoms
are removed (ΔHdeh)); (iii) adsorption of this alkyne (ΔHads)

Figure 7. Reactant, transition, and product state structures for C−C
activation in RCCR′ intermediates derived from (A) ethane, (B)
propane, (C and D) butane, and (E) cyclohexane. Shown beneath
each image are the ΔH (kJ mol−1), ΔS (J mol−1 K−1), and ΔG (kJ
mol−1) values for the formation of each species (and three H2(g)
molecules) from the alkane reactant and a H*-covered surface.
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in an (η2, η2) binding mode; and (iv) the formation of the
transition state from the adsorbed alkyne intermediate (ΔHact)

Δ = −Δ + Δ + Δ + Δ⧧H H H H Hads,H2 deh ads act (39)

Table 2 shows that longer chains give lower ΔHdeh values that
are smaller for 2-butyne (247 kJ mol−1) than 1-butyne (283 kJ
mol−1), the latter resembling that for propyne formation from
propane (280 kJ mol−1). Therefore, ΔHdeh values reflect the
nature of the substituents at each C atom involved in the triple
bond (Table 2). ΔHads becomes less negative with increasing C
atom substitution, apparently due to steric effects (Table 2).
The effects of chain length on ΔHdeh and ΔHads tend to
compensate and lead to a slight decrease in their sum from C2
to C4 alkanes (Table 2). The activation barriers to form the C−
C cleavage transition states from adsorbed alkyne precursors
(ΔHact) increase slightly with increasing chain length and offset
the small decrease in (ΔHads + ΔHdeh). The collective
contributions of these three terms (eq 39) do not lead to

systematic changes in ΔH⧧ with chain length. We conclude that
BDE differences among C−C bonds do not lead to changes in
C−C bond cleavage rates on Ir(111) surfaces; the measured
effects of chain length on ΔH⧧ thus require a different
explanation.
The RPBE functional used neglects attractive dispersive

forces known to vary with chain length67 because of van der
Waals interactions between alkyl chains and surfaces. Their
magnitudes are similar for adsorbed species of similar size;67

therefore, they do not influence relative ΔH⧧ (and ΔG⧧) values
among competing routes for a given alkane and do not affect
the conclusions about the preferred route for each n-alkane.
Dispersive forces, however, would decrease ΔH⧧ values more
strongly with increasing alkane chain length. Indeed, such
forces increase n-alkane heats of adsorption by 10−15 kJ mol−1
per C atom, as measured on Pt(111)68 and obtained by theory
on (111) surfaces of Cu, Au, and Pt.67 These effects would
offset any repulsive interactions due to steric effects (Table 1),

Table 1. Enthalpies (ΔH⧧), Entropies (ΔS⧧), and Free Energies (ΔG⧧) Required to Form C−C Cleavage Transition States from
Gas-Phase Alkanes and a H*-Covered Surface

predicted measuredc19,22,28

ΔH⧧a ΔS⧧b ΔG⧧b ΔH⧧ ΔS⧧ ΔG⧧

reaction kJ mol−1 J mol−1 K−1 kJ mol−1 kJ mol−1 J mol−1 K−1 kJ mol−1

CH*CH* → 2CH* 218 136 137 213 ± 2d 141 ± 5d 130 ± 5d

257 ± 3 171 ± 5 156 ± 6
CH3C*CH* → CH3C* + CH* 207 125 139 230 ± 3 164 ± 5 133 ± 6
C2H5C*CH* → C2H5C* + CH* 210 111 144 228 ± 3 181 ± 5 120 ± 6
CH3C*C*CH3 → 2CH3C* 215 113 148 230 ± 3 195 ± 5 114 ± 6
C2H5C*C*CH3 → C2H5C* + CH3C* 220 103 159 − − −
C2H5C*C*C2H5 → 2 C2H5C* 226 100 166 213 ± 3 182 ± 5 105 ± 6
C3H7C*C*C2H5 → C3H7C* + C2H5C* 225 105 163 − − −
C3H7C*C*C3H7 → 2C3H7C* 219 104 157 221 ± 3 249 ± 5 73 ± 6
--C2H4C*C*C2H4-- → C*C4H8C*

e 207 118 137 − − −
aCalculated at 593 K. b593 K, 1 bar H2 and alkane. cOn 0.7 nm Ir. dOn 7 nm Ir. eCyclohexane activation. -- indicates a bond.

Figure 8. Born−Haber cycle for the formation of the RC−CR′ activation transition state.

Table 2. DFT-Derived Dehydrogenation Enthalpies to Form an Alkyne (ΔHdeh), Its Adsorption Enthalpy (ΔHads), the Intrinsic
Activation Enthalpy (ΔHact), and the Overall Activation Enthalpy for C−C Activation (ΔH⧧) of Ethane, Propane, and Butanea

ΔHdeh ΔHads ΔHads+deh ΔHact ΔH⧧b

reaction C−C kJ mol−1 kJ mol−1 kJ mol−1 kJ mol−1 kJ mol−1

CH*CH* → 2CH* 1C−1C 316 −194 122 62 218

CH3C*CH* → CH3C* + CH* 2C−1C 280 −170 110 67 211

C2H5C*CH* → C2H5C* + CH* 2C−1C 282 −171 111 70 215

CH3C*C*CH3 → 2CH3C*
2C−2C 247 −143 104 83 221

aEnthalpies Determined at 593 K. bΔH⧧ related to other enthalpies by eq 39 with −ΔHads,H2 = 34 kJ mol−1.
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thus leading to smaller ΔH⧧ (and ΔG⧧) than reported above
and preferentially so for the larger alkanes.
These dispersive interactions can be incorporated into DFT

methods as semiempirical correction (e.g., DFT-D369,70) or by
using functionals that include van der Waals terms such as, e.g.,
optB88-vdW.50 Here, we estimate ΔH⧧ values for n-hexane and
ethane using optB88-vdW,50 optB86b-vdW,51 vdW-DF2,52 and
BEEF53 functionals (Table 3). ΔH⧧ values using the RPBE
functional differ by −8 kJ mol−1 between ethane and hexane
(ΔH⧧

C2 − ΔH⧧
C6), in contrast with measurements (+44 kJ

mol−1 on 0.7 nm Ir;19,22,28 Table 1). The average (ΔH⧧
C2 −

ΔH⧧
C6) value using all functionals that account for dispersive

forces is +60 kJ mol−1 (Table 3). This value is slightly larger
than measured differences (+44 ± 3 kJ mol−1) but much closer
to experimental values than with RPBE functionals (−8 kJ
mol−1). Calculated ΔH⧧ values for ethane hydrogenolysis range
from 168 to 316 kJ mol−1, with no methods coming closer to
measured values (213 kJ mol−1; 7 nm Ir19) than the RPBE
functional. ΔH⧧ values depend on H* desorption enthalpy
(−ΔHads,H2)

Δ = * + − Δ

−

⧧ ⧧H H H H

H

[TS ] 3 [H (g)]

[Alkane(g)]

2 ads,H2

(40)

and the large range in calculated −ΔHads,H2 values (14−109 kJ
mol−1) partially results in the large range in ΔH⧧ values
reported. Ultimately, the van der Waals functionals accurately
predict changes in ΔH⧧ values with increasing chain length
while sacrificing accuracy in absolute ΔH⧧ values. Of course,
the remarkable agreement between measured ΔH⧧ values and
those calculated by RPBE methods are likely the result of a
cancellation of errors: The RPBE functional lacks attractive van
der Waals interactions between the transition state and the
metal surface, and our catalyst model lacks repulsive
interactions between the transition state and coadsorbed H*.
The calculated decreases in ΔH⧧ with increasing chain size for
functionals which include dispersive interactions confirm that
such dispersive interactions between alkyl chains and the metal
surface are what lead to decreases in measured ΔH⧧ values
rather than the decrease in C−C BDE values, as was previously
implicated.28

Measured ΔH⧧ values decrease with increasing chain length,
but ΔS⧧ values increase monotonically (171−259 J mol−1 K−1

for C2 to C10 n-alkanes, Table 1). These ΔS⧧ values depend on
the entropies of gaseous alkanes and H2 and on the entropies of
chemisorbed H* and RC*−C*R′⧧ transition states

λΔ = *− * ′ + − *

−

⧧ ⧧

+

S S S S

S

[RC C R ] [H (g)] 2 [H ]

[C H (g)]n n

2

2 2 (41)

DFT-derived vibrational frequencies are used to estimate the
entropies of adsorbed RC*−C*R′⧧ transition states (for C2−

C8 n-alkanes and cyclohexane). Statistical mechanics formalisms
are used for entropies for gaseous alkanes and H2. The entropy
of H* at high coverages was estimated (as 55 J mol−1 K−1 per
H* on Ir(111)) by direct integration of potential energy
surfaces.20 These ΔS⧧ estimates (Table 1) decrease gradually
with increasing chain length (136−104 J mol−1 K−1 from C2 to
C8).

27 Measured ΔS⧧ values depend sensitively on Ir cluster
size (30 J mol−1 K−1 smaller on 7 nm than on 0.7 nm Ir
clusters; Table 1)20,27 and, in contrast with theoretical
estimates, actually increase with chain length (171 to 249 J
mol−1 K−1 from C2 to C8). Theoretical ΔS⧧ estimates for
ethane hydrogenolysis on Ir(111) (136 J mol−1 K−1) agree well
with those measured on large Ir clusters (141 J mol−1 K−1),
consistent with the prevalence of low-index planes on large
metal particles. The measured effects of chain length on ΔS⧧,
however, are not described well by the DFT and statistical
mechanics methods used here, even though measured and
theoretical λ values and the H2 desorption events that account
for these λ values significantly contribute to ΔS⧧. We surmise
that these discrepancies reflect the inaccurate predictions of the
frequencies of weak modes consisting of hindered translations
and rotations by periodic DFT methods; such modes
significantly contribute to the entropy of the RC*−C*R′⧧
transition states. The difference in ΔS⧧ between 1C−2C and
2C−2C cleavage of butane is predicted to be −2 J mol−1 K−1,
whereas that measured is +14 J mol−1 K−1, indicating that DFT
inaccuracies in entropy estimates persist even for the relatively
small −CH3 rotors present in such structures; as a result, DFT
indicates a preference for 1C−2C activation, even though
measurements show higher rates for 2C−2C cleavage. Purely
statistical mechanics treatments using rigid-rotor approxima-
tions within RC*−C*R′⧧ transition states led to excellent
agreement between measured values and theoretical estimates
of ΔS⧧.28
The systematic isolation of more than 150 C−C cleavage

transition states in n-alkanes and cycloalkanes demonstrates
that 1C−1C, 1C−2C, and 2C−2C bonds cleave via RC*−C*R′⧧
transition states of similar structure and extent of dehydrogen-
ation. The effects of chain length on reactivity do not reflect
concomitant changes in C−C bond dissociation energies in
reactants but reflect instead the stabilization of transition states
via dispersive forces that strengthen with alkane size, thus
requiring theoretical treatments that accurately capture van der
Waals interactions. Finally, the measured effects of ΔS⧧ values
reflect both the number of H2 molecules formed with transition
states (H2) and transition state entropy uncaptured by purely
vibrational frequency treatments of such transition states.

■ CONCLUSIONS
Enthalpies (ΔH⧧) and free energies (ΔG⧧) to form C−C
cleavage transition states within >150 propane- and butane-
derived intermediates demonstrate that 1C−2C and 2C−2C

Table 3. Enthalpiesa (kJ mol−1) Required to Desorb H* and Form C−C Cleavage Transition States from Gas-Phase Alkanes
and a H*-Covered Surface (ΔH⧧)

reaction measuredb19,22,28 RPBE optB88-vdW optB86b-vdW vdW-DF2 BEEF

2H* → 2* + H2(g) 34 57 69 14 109
CH*CH* → 2CH* (ΔH⧧) 213 ± 2c 218 183 168 229 317

257 ± 3
C2H5C*C*C2H5 → 2C2H5C* (ΔH⧧) 213 ± 3 226 115 98 175 268
difference (C2−C6) 44 ± 3b −8 68 70 54 49

aCalculated at 593 K. bOn 0.7 nm Ir. cOn 7 nm Ir.
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bonds in alkanes proceed via C−C cleavage of α,β-bound (η2,
η2) RC*C*R′ intermediates. These results are consistent with
previous findings for 1C−1C activations for ethane, indicating
that C2−C4 n-alkanes activate via homologous mechanisms.
The RC*−C*R′⧧ transition states that mediate C−C cleavage
in n-alkanes require two sites on the catalyst surface and have
four fewer H atoms than their alkane reagents, resulting in
three H2 molecules formed with each transition state formation
when metal surfaces are saturated in H*. This formation of H2
leads to rates inhibited by (H2)

3, and such a dependence is
observed for 1C−1C, 1C−2C, and 2C−2C bond cleavage within
C2−C10 n-alkanes, branched alkanes, and cycloalkanes.19

Measured decreases in ΔH⧧ with increasing alkane chain
length reflect stabilizing dispersive interactions between the
alkyl chains present in RC*−C*R′⧧ transition states and the
catalyst surface rather than any intrinsic weakening (such as
those measured by bond dissociation energies) of the C−C
bonds. Previous work has also demonstrated that long alkyl
chains (such as those present during activations of longer n-
alkanes) contribute significantly to the entropy of the adsorbed
transition states, leading to increasing ΔS⧧ values with
increasing n-alkane chain size.28 These effects are not captured
by traditional vibrational frequency calculations used to
determine entropies of adsorbed states, demonstrating the
need to improve those approaches.
Bonds of branched species (such as isobutane or 2,3-

dimethylbutane) containing 3C atoms cannot form these α,β-
bound (η2, η2) RC*C*R′ intermediates. These species must
then sacrifice additional H atoms in the form of C−H
activations at C-positions away from the bond being broken,
resulting in an increase in entropy, which decreases free
energies for transition state formation and leads to greater
inhibition by H2 (rates proportional to (H2)

−4 for isobutane
and (H2)

−4.3±0.3 for isobutane and 2,3-dimethylbutane hydro-
genolysis).19,26
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