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ABSTRACT: Hydrogenolysis of complex heteroatom-containing Group 8-10 Metals Cleave C-X bonds after removing 2 H from CH3 group...
organic molecules plays a large role in upgrading fossil- and Ru,0s (o RhIn  Cu, Ag, Au croup; g T e
biomass-based fuel and chemical feedstocks, such as hydro- > DG s e [
deoxygenation and desulfurization. Here, we present a fundamental 02 02 02 C1
study contrasting the cleavage of C—X bonds in ethane, ANBNERND
methylamine, methanol, methanethiol, and chloromethane on d&ggp_, 2INZ[NZINC I,
group 8—11 transition metals (Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, & 0'52 0'32 0'30

Ag, and Au) using density functional theory (DFT). Previous 02050210 3%
kinetic and DFT studies have shown that hydrogenolysis of AN AN
unsubstituted C—C bonds in alkanes occur via unsaturated 28N\2[\2 N2
intermediates (e.g, *CHCH* for ethane) after a series of quasi- P —
equilibrated dehydrogenation steps that weaken the C—C bond by - but X-atom lone pairs can bypass H removal. Pecreosing Reactrty
creating C—metal bonds. However, the effects of the substituent

group in CH;XH, on the required degree of unsaturation to cleave the C—X have not been systematically studied and are critical to
understanding heteroatom removal. DFT-predicted free energy barriers indicate that the carbon atom in C—X generally cleaves after
the removal of 2 H atoms (to form CH*) on group 8—10 metals regardless of the identity of the metal or the heteroatom. Group 11
metals (coinage metals: Cu, Ag, and Au) generally cleave the C—X bond in the most H-saturated intermediates with barriers close to
thermal activation of C—X in gaseous CH;XH, molecules. The N-leaving group in C—N cleavage depends on the metal identity as it
can leave fully dehydrogenated (as N*) on group 8 metals and partially or fully hydrogenated (as NH* or NH,*) on group 9—11
metals. Although O and S are both group 16 elements, C—S bonds always cleave to form S* (losing one H), while C—O bonds
generally cleave to form OH* (without preceding H removal). Cl does not have H atoms to be removed before C—Cl cleavage in
CH;Cl, and thus the C atom sacrifices an additional H atom to weaken the C—Cl bond on group 8 metals. This study of heteroatom
removal from simple organic molecules is the first step to providing fundamental insights into H)-based upgrading of more complex
organic molecules.
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1. INTRODUCTION hydrogenolysis,”~'* hydrodenitrogenation,"*~'® deoxygena-
tion,"” ™% desulfurization,”*™>’ and dechlorination."™
Previous high-pressure kinetic and density functional theory
(DFT) studies demonstrated that C—C bond cleavage in
ethane occurs via *CHCH?* intermediates, which have lost 4 H
atoms through quasi-equilibrated dehydrogenation steps prior

Using H, to cleave chemical bonds (hydrogenolysis) is a
critical reaction in the areas of petroleum refining (where
metal-catalyzed C—C cleavage is undesired and C—N and C—S§
cleavages are desired), biomass upgrading to fuels or chemical

(desired complete or selective C—O cleavage), and wastewater to C—C bond activation on Ir catalysts;g’H’zg C—H bonds are
upgrading (desired C—Cl cleavage).”™" Bond dissociation replaced with C—metal bonds (C—M), which weakens the C—
energies (BDEs) for these gas-phase molecules’™ can give C bond prior to cleavage. The removed H atoms from alkanes
some insights into reactivity. However, in practical applica- then form H,(g) molecules that increase the activation entropy
tions, we must understand how these chemical bonds are and, consequently, lower the activation free energy. In our
weakened by interactions with catalytic surfaces, such as

transition-metal surfaces, upon different extents of dehydro- Received: January 29, 2020

genation to optimally design and operate chemical processes. Revised:  March 18, 2020

Studying the effects of the substituent group, the degree of Published: April 3, 2020

unsaturation, and the catalyst identity on weakening and
cleaving the C—X bond (X = C, N, O, S, and Cl) can provide
fundamental insights for related chemistry such as alkane
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recent study,” we demonstrated that ethane hydrogenolysis
occurs via the same mechanism (via *CHCH?* intermediates)
over group 8—10 metals (Ru, Os, Rh, Ir, Ni, Pd, and Pt,
historically known as platinum-group metals) but with catalyst
activity that decreases from left to right in the periodic table.
Group 11 metals Cu, Ag, and Au (historically known as
coinage metals), however, favor cleaving the C—C bond in the
most saturated intermediate (*CH,;CH,*) with barriers
approaching those of thermal activation of CH;CH; because
those metals form considerably weaker C—M bonds than
group 8—10 metals, thus disfavoring the exchange of C—H
bonds with C—M bonds.

Prior kinetic and DFT studies indicate that 'C—>C and
*C—2C bonds in larger alkanes (linear or branched, cyclic or
acyclic) also cleave via *RCCR* intermediates,””'* whereas
cleaving *C—*C in branched alkanes requires the removal of H
atoms from other carbon atoms not involved in *C—*C.'>'""?
Taken together, these findings suggest that primary ('C) and
secondary (*C) carbon atoms always form alkylidyne species
(CH* and C,H,,,;C*) upon C—C bond cleavage in alkanes
over group 8—10 metals, regardless of the degree of
substitution at the other C atom or the metal identity. C—C
cleavage in butanol and propanol was examined using a
combination of measured kinetics and DFT on Ir and Cu
surfaces, and that work indicated that C—C bonds away from
O atoms cleave in a manner identical to C—C bond cleavage in
alkanes, while C—CO cleavage (decarbonylation) occurred at
much higher rates, and the rate of C—O cleavage relative to the
rate of decarbonylation was high on Cu and very low on Ir.*
The role of a heteroatom (e.g., N, O) on the rate and manner
of C-atom activation has not been systematically contrasted to
C—C hydrogenolysis across a wide range of metals.

C—N hydrogenolysis in methylamine (CH;NH,) has been
studied on various supported metal catalysts.”' >* These
studies showed that C—N hydrogenolysis in methylamine also
proceeds through partially dehydrogenated surface intermedi-
ates and suggested that C—N bond cleavage is the rate-
determining step on all examined metals (Re, Ru, Os, Rh, Ir,
Pd, Pt, and Au). The reactivity of these metals follows a similar
trend as in C—C hydrogenolysis, which decreases as one
proceeds from group 7 to 10 in the periodic table. However,
the identity of the hydrogen-deficient intermediate that
undergoes C—N bond cleavage remains unclear. Dehydration,
decarbonylation, and C—O hydrogenolysis of oxygenated
hydrocarbons have been extensively studied as routes for
catalytic deoxygenation to convert biomass-derived feedstock
into more valuable chemicals.’”**™** Previous DFT studies
have shown that C—O bond cleavage in ethanol and propanol
occurs through *RCOH* intermediates on transition-metal
surfaces.’”*® C—S hydrogenolysis and desulfurization also play
an important role in petroleum-refining processes,””** while
dechlorination is widely used for safe conversion of chlorinated
wastes.*~** The C—S bond in methanethiol, for example, can
be cleaved in either *CH;S* or *CHS* intermediates
depending on reaction conditions over Pt.** Despite these
extensive studies, no consensus has been reached regarding the
degree of unsaturation required to weaken the C—X bond
being cleaved, and periodic trends in C—X bond cleavage on
various metal surfaces have not been systematically addressed.
The fundamental nature of these reactions has been difficult to
understand, in part, because they often operate at conditions of
high coverage of one or more intermediates (i.e., H*, NH¥,
CO*, O*, S*, CI*), which may have severe impacts on rates
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and selectivities when studied experimentally. Prior to
considering these coverage effects, the nearly bare reactivity
must be understood and can give insights into the reaction
mechanism, as shown previously for ethane hydrogenolysis on
Ir and other metals."****’

Here, we contrast activation of saturated C—X species by
examining C—C bond cleavage in ethane (CH;CHj;), C—N in
methylamine (CH,NH,), C—O in methanol (CH,O0H), C—S
in methanethiol (CH;SH), and C—Cl in chloromethane
(CH;Cl) on group 8—11 transition metals to understand
how C—X bonds cleave on metal surfaces, specifically, the
degree of unsaturation required for the carbon atom and for
the heteroatom to cleave the C—X bond. These heteroatoms
cover groups 14—17 of the periodic table, with O and § in
group 16, to examine the effects of heteroatom size and row in
the periodic table. Through contrast with C—C hydrogenolysis
in ethane, we demonstrate the influence of the heteroatom on
the preferred H-content of the carbon atom and how the H-
content of the heteroatom varies across the periodic table. We
show that the carbon atom preferentially forms CH* upon C—
X cleavage on group 8—10 metals, while group 11 metals
cleave the C—X bond in CH;XH, intermediates, consistent
with C—C bond hydrogenolysis in alkanes. However, the
preferred H-content on the heteroatom to cleave the C—X
bond varies across the periodic table because of the presence of
lone pairs on these heteroatoms. Such universal preference for
the carbon atom to form CH™-containing intermediates upon
cleavage regardless of the identity of the heteroatom provides a
key mechanistic “rule” that is applicable to hydrotreating a
wide range of reactants.

2. COMPUTATIONAL METHODS

Periodic planewave density functional theory (DFT) calcu-
lations were performed using the Vienna ab initio simulation
package (VASP)*'~? as implemented in the computational
catalysis interface (CCI).>* Planewaves were constructed using
projector augmented-wave (PAW) potentials with an energy
cutoff of 396 eV.>**> The revised Perdew—Burke—Ernzerhof
(RPBE) form of the generalized gradient approximation
(GGA) was used to describe exchange and correlation
enel‘gies.56_58 Wave functions were converged until electronic
energies varied less than 107 eV. Forces on all atoms were
determined using a fast Fourier transform (FFT) grid with a
cutoff equal to twice the planewave cutoff, and structures were
geometrically optimized until the forces on all atoms were less
than 0.05 eV A™'. Gas-phase calculations were modeled within
an 18 X 18 X 18 A’ unit cell of empty space, and the Brillouin
zone for such calculations was sampled at the I'-point. Gas-
phase bond dissociation energies were calculated by computing
the spin-polarized potential energies for the radical fragments
formed via C—X dissociation in fully saturated CH;XH,
intermediates.

Close-packed metal surfaces—(111) surfaces for face-
centered cubic (FCC) metals and (001) surfaces for HCP
metals—were modeled as 3 X 3 periodic lattices with four
layers orthogonal to the surface and 10 A of vacuum separating
slabs; the bottom two layers were fixed in their bulk positions,
and the top two layers were relaxed. A 4 X 4 X 1 Monkhorst—
Pack sampling of the first Brillouin zone (k-point mesh)>**
was used during a two-step geometric convergence that initially
converges structures (to a force of 0.05 eV A7) with wave
functions converged to 10™* eV and an FFT grid 1.5X the
planewave cutoff. The second step then reoptimizes that
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Figure 1. Effective enthalpy barriers (AH¥; eq 1) for C—C bond cleavage in ethane-derived intermediates on (a) groups 8—9, (b) group 10, and
(c) group 11 metals (450 K, 1 bar H,). Dashed lines are drawn to guide the eye. Free energy barriers (AG*) and tabulated data are shown in the

Supporting Information (Figure S2 and Table S1; SI).

structure with wave-function convergence at 107 eV and an
FFT grid 2X the planewave cutoff. After geometric
convergence, a single-point calculation with an 8 X 8 X 1
sampling was performed to determine the electronic energy for
all metals except for Co, which had convergence issues at a
high k-point mesh. This three-step convergence significantly
decreases the required cpu resources and is facilitated by
CCL>’ Co and Ni calculations were run spin-polarized because
of their ferromagnetic properties. Transition-state structures
for each elementary reaction were obtained by combining the
nudged elastic band (NEB)®"** and dimer®® methods. NEB
calculations were run with 16 images and loosely converged to
a force of 0.3 eV A™! followed by a three-step dimer calculation
similar to the optimizations described above. Frequency
calculations were performed on gas-phase molecules and all
optimized adsorbed species to determine zero-point vibrational
energies (ZPVEs) and vibrational, translational, and rotational
enthalpy and free energy. These terms were then used,
together with electronic energies (E,, provided by VASP), to
estimate enthalpies (H) and free energies (G) for reactants,
products, and transition states at 300—700 K. These vibrational
frequency calculations also confirm, for transition states, the
identity of a single imaginary frequency and identify the
associated reaction mode. Converged structures on a metal
surface can be used, with CCL>® to initiate calculations on any
other metal surface, and this was done to accelerate this study
of 10 close-packed metal surfaces.

To simplify analysis within this work, we assume that rates of
C—X hydrogenolysis are limited by C—X bond cleavage rather
than any dehydrogenation or hydrogenation events that may
occur before or after that event. This assumption is supported
by extensive data for C-C 7' C=N,*'** C=0,* and C—
CI*® hydrogenolysis. However, the C—S bond is much weaker
than the other C—X bonds and may show comparable or lower
barriers than C—H activations for certain pathways as have
been shown previously using DFT on a Pt(111) surface.**
Therefore, our rate analysis here (that assumes all C—H
activations are quasi-equilibrated) reflects the maximum rate
for C—S activation to allow a direct comparison of the bond’s
strength with the other C—X bonds. Furthermore, we assume
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that surfaces are essentially bare during reactions although one
would expect H* to be an abundant surface intermediate at
high H, pressures, and residues from the organic molecule
such as C H}, NH}, OH}, SH¥, CI*, and CO* are likely
(especially CO*) at low H, pressures. These assumptions
allow this fundamental study to 9proceed, but we recognize, as
we have done in past works,”*** that such assumptions make
direct comparisons with experimental kinetic results more
challenging. The effective enthalpy barrier (AH*) is thus
defined as the enthalpy to form the partially dehydrogenated
transition state for C—X cleavage (denoted here as [CH(3_y)—
XH(n_Z)]J‘E) and a stoichiometric amount of H,(g) from gas-
phase species (CH;XH,,) and a bare surface

AH* = H[CH;_,XH} ¥ + 2 H[H,(g)]

— H[CH,XH,(g)] — H[*] (1)

where y and z indicate the number of H removed for the CH;
and XH,, ends of the molecule and therefore 4 is the number of
H,(g) molecules evolved as a result of the dehydrogenation
steps prior to transition-state formation

A=1/2(y+2) (2)

Analogous equations for AS* exist, where AS* is dominated by
the formation of gas-phase H, resulting from dehydrogenation
prior to C—X cleavage. Effective free energy barriers, AGH are
obtained from their relation to AH* and AS*

()

The C—X bond cleavage turnover rate on bare surfaces can

then be predicted by

AGF = AH¥ — TAS*

1, kT [—=AGF)(CHXH,)
b
L~ kR ) () @

assuming that C—H activation steps to form the partially
dehydrogenated species are quasi-equilibrated and C—-X
activation is the rate-determining step, analogous to alkane
hydrogenolysis. Further details of the computational methods
can be found in the Supporting Information (Section S1, SI).
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Figure 2. (a) DFT-predicted turnover rates for C—C bond cleavage as a function of H, pressure (eq 4; 450 K, 0.2 bar CH,CH,). Labels indicate
the most favorable intermediates at low and high pressures. (b) Periodic trends in AH*, AGY, turnover rate, y (H removed from C1), z (H removed

from C2), and 1 (eq 2) values.

3. RESULTS AND DISCUSSION

3.1. C—C Bond Cleavage in CH;CHj;. In this section, we
reanalyze our past work examining C—C bond hydrogenolysis
in ethane; however, here we exclude the energy required to
remove H* atoms from the group 8—10 surfaces (although H*
is a known MASI at high H,/alkane ratios)” VOO0 o
make direct comparisons with other C—X activations examined
in this studgr over bare metal surfaces. In our previous
studies,'#***” we have shown that this approach does not alter
the conclusions about the reactive intermediate that cleaves the
C—C bond in ethane and, through a fortuitous cancellation of
errors, does not significantly worsen the agreement of
predicted and measured rates. The effective enthalpy barriers
(AH* eq 1) to cleave the C—C bond in ethane-derived
intermediates over bare group 8—11 metals are shown in
Figure 1. Ru can cleave the C—C bond in *CH;CH,* with an
effective enthalpy barrier of 195 kJ mol™" (Figure 1a), but this
barrier decreases to 157 kJ mol™' for *CH;CH* activation
before it increases dramatically to 224 kJ mol™' for *CH,C*
activation, suggesting that cleaving the C—C in CH*-
containing intermediates is more favorable. *CH,CH*
activation is also more favorable than *CH,CH,* and
*CH,C* by 8 and 85 kJ mol™}, respectively. However,
*CHCH?* activation shows the lowest effective enthalpy
barrier among all other intermediates (155 kJ mol™"). Other
group 8—9 metals (Os, Rh, and Ir) exhibit similar trends, and
*CHCH® activation enthalpies are far below those of any
other ethane-derived intermediates, except for Co, which
shows similar trends to group 10 metals. For group 10 metals
(Ni, Pd, and Pt), the preference starts to shift to less
dehydrogenated intermediates (Figure 1b). For example,
cleaving the C—C bond in *CH;CH* or *CH;CH,™* is >20
kJ mol™! more favorable than *CH—CH?* over these metals.
Group 11 metals (Cu, Ag, and Au) predominantly cleave the
C—C bond in the most saturated intermediate *CH;CH,*
(Figure 1c). Transition-state structures are shown in Figures
S7—S17 in the Supporting Information (SI).

These enthalpic barriers, however, do not account for the
entropy gain associated with the evolution of H,(g) following
the dehydrogenation of *CH;CH;* on the metal surface and
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H* desorption. Turnover rates depend on differences in free
energy barriers AG*, and thus increasing the AS* decreases
AG* (eq 3) and, consequently, increases the predicted
turnover rate (eq 4). The magnitude of this effect of AS*
depends on the reaction temperature. Furthermore, turnover
rates depend inversely on H, pressure (eq 4), and increasing
the value of A decreases the turnover rate, favoring C—X
cleavage in less dehydrogenated intermediates. Figure 2a shows
the total DFT-predicted rate (sum of turnover rates of C—C
activation in each ethane-derived intermediate) as a function of
H, pressure (0.1—10 bar H,, 450 K) calculated using AGH
values (Table S1; SI). *CH—CH?* activation exhibits the
highest turnover rate among all other intermediates over group
8—9 metals over the entire H, pressure range examined here,
leading to rates that depend on H, pressure as [H,]™> (A =y =
z = 2; eqs 2 and 4). This is in agreement with the measured
rate dependence on H, pressure (r ~ [H,]™3) on 0.7 nm Ir, 0.9
nm Rh, and 1.0 nm Ru catalysts” as well as on large 7 nm Ir
clusters (r ~ [H,]7>*)"* taking into account the fact that C—C
hydrogenolysis requires the removal of 2 H* atoms from the
H*-covered surface (leading to a measured A value of ~3
instead of 2) at these conditions (0.2 bar ethane, 2—20 bar H,,
593 K).28 Measured turnover rates increase with increasing Ir
particle size from small 0.7 nm Ir clusters to the large 7 nm
clusters despite DFT predictions, which suggest that under-
coordinated sites (corners and edges of metal particles) are
more prone to poisoning by CH¥ species” than terrace sites.
Although the enthalpic barriers to cleave the C—C bond in
*CH,CH,* are lower than those of *CHCH?* by >20 kJ mol ™
over Ni and Pt, the removal of additional H atoms increases
the entropy, thus rendering the free energy the lowest for
*CHCH?* activation, 26 kJ mol™" lower than that for the next
most reactive intermediates, leading to turnover rates that also
depend on H, pressure as [H,] > but with lower reactivity than
group 8—9 metals (Figure 2a). 'C—>C and *C—>C bonds in
longer n-alkanes also cleave via *RCCR* intermediates, which
lost 4 H atoms prior to C—C cleavage as shown previously on
0.7 nm Ir catalysts.lo’12 However, measured C—C activation
turnover rates increase on increasing the chain length because
longer alkanes are more stabilized by the attractive vdW
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Figure 3. Effective enthalpy barriers (AH*; eq 1) for C—N bond cleavage in methylamine-derived intermediates on (a) groups 8—9, (b) group 10,
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interactions between the transition state and the metal
surface.'”” *CHCH* and *CH,CH* activations on Pd have
free energy barriers similar in magnitude (250 and 254 kJ
mol™"); thus, both intermediates can contribute equally to the
predicted rate at 0.4 bar H,, but at H, pressures >0.4 bar H,,
*CH;CH* activation becomes more favorable, giving an
average A value of 1.3 (y = 2; z = 0.6). Coinage metals are
much less active and always cleave *CH;CH,* and show a 4
value of 0.5 (y = 1; z = 0). These findings suggest that catalytic
activity and the extent of dehydrogenation required to cleave
the C—C bond decrease as one moves from left to right in the
periodic table (Figure 2b).

Generally, the rate of C—C hydrogenolysis decreases as one
moves from left to right on the periodic table and from top to
bottom, consistent with the more noble nature of metals in the
bottom-right of the transition block and with the measured
turnover rates that decrease as Ru > Rh > Ir > Pt.”'° There are,
however, two notable exceptions: Pd and Ag. Pd is less reactive
than Ni or Pt (the other group 10 metals) by roughly 6 orders
of magnitude, consistent with a relative lack of literature data
for alkane hydrogenolysis on Pd and in contrast to these
established periodic trends. Similarly, Ag is less reactive than
Au and Cu by 4—9 orders of magnitude, respectively, again
defying typical periodic trends and indicating that period S
metals, such as Pd and Ag, may be inherently bad at activating
C—C bonds, likely because they bind CH species more
weakly than their period 6 counterparts and because of some
peculiarity in their electronic structures as shown previ-
ously.?”%

3.2. C—N Bond Cleavage in CH;NH,. The effective
enthalpy barriers (AH*; eq 1) to cleave the C—N bond in
methylamine-derived intermediates over group 8—11 metals
are shown in Figure 3. Adsorbed CH;NH,* on Ru(001), for
example, can undergo C—N bond cleavage with an effective
barrier of 98 k] mol™" (Figure 3a,b). The effective barrier for
methylamine dissociation decreases weakly as H atoms are
removed from the CH; group (with the number of H removed
denoted y) down to 94 kJ mol™" in *CHNH,* (y = 2; Figure
4c) before it increases significantly to 153 kJ mol ™" in *CNH,*
(y = 3; Figure 4d). Amino-methylidyne (*CNH,*) is a stable
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Figure 4. Transition-state structures for C—N bond cleavage in
methylamine-derived intermediates on the Ru(001) surface. Shown
beneath the images are AH* and AG* values in kJ mol™ (eq 1, 450 K,
1 bar H,). Important bond distances are shown in pm. Similar images
for the other examined metals are shown in the Supporting
Information (Figures S18—S28; SI) along with their structures and
reaction mode files.

surface intermediate that binds strongly on metal surfaces as
previously reported on the Pt(111) surface,” consistent with
its unfavorable C—N bond activation. C—N bond activation
follows the same trend with the removal of one or two H
atoms from the nitrogen atom (z = 1 and 2, respectively), such
that *CHNH,_,* intermediates have the lowest C—N
activation barriers (Figure 3a). *CHNH* has the lowest C—
N activation barrier among all other intermediates by >13 kJ
mol~!, consistent with the preference of *CH—CH* activation
in ethane hydrogenolysis.”” Os(001) shows a similar
preference toward cleaving the C—N bond in CH*-containing
intermediates; however, C—N bond cleavage in *CHNH,* is
more favorable than in *CHNH* over Os (Figure 1a) by 34 kJ
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mol ™!, in contrast to Ru. Group 9—10 metals (Co, Rh, Ir, Pd,
Ni, Pd, and Pt) also prefer to cleave *CHNH,* with the
exception of Co and Ni, which show more preference toward
*CH,NH,* and *CH;NH?¥, respectively, and Pd can cleave
*CH,;NH,* with a similar barrier as *CHNH,* (Figure 3a,b).
Coinage metals (Cu, Ag, and Au), on the other hand,
predominantly cleave *CH;NH,* with enthalpic barriers that
range from 202 kJ mol™" on Cu to 265 kJ mol™" on Au (Figure
3c), approaching the measured gas-phase bond dissociation
energy of CH;—NH, (~350 kJ mol™!),>° and consistent with
our previous findings for C—C hydrogenolysis in ethane.”
The total DFT-predicted rate as a function of H, pressure
(Figure Sa) indicates that all group 8—10 metals favor cleaving
the C—N bond in CH-containing intermediates, while coinage
metals favor CHj;-containing intermediates over the examined
H, pressure range. This common preference to form CH*
upon cleaving the C—C bond in ethane and the C—N bond in
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methylamine indicates that the nitrogen atom in methylamine
does not influence the preferred H-content on the carbon atom
(y = 2; Figure Sb). The H-content on the nitrogen atom,
however, varies from z = 0 (NH,*) to z = 2 (N*). Although
*CH—NH* and *CH—NH,* are enthalpically more favorable
on Ru and Os (Figure 3a), respectively, *CH—N* becomes
more favorable after considering the entropy gain (Table S2;
SI) associated with the removal of additional H atoms (Figure
5a). Both *CH—N* and *CH—NH,* have free energy barriers
similar in magnitude on Rh (131 and 124 kJ mol™},
respectively), and thus *CH—N* is more favorable at low
H, pressures, while *CH—NH,* is more favorable at high H,
pressures (Figure Sa), giving an average z value of ~0.4
(calculated using eq 2 given that y = 2 and 4 = 1.2 from the fit
in Figure Sa). The z value is sensitive to both row and column
in the periodic table, and generally, it decreases from left to
right and from top to bottom (Figure Sb). For example, z
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decreases from 2 on Ru (group 8) to 0.4 on Rh (group 9) to 0
on Pd and Ag (groups 10—11), and it also decreases from 0.8
on Cu (period 4) to 0 on Ag and Au (periods 5—6). This
flexibility of the required H-content of nitrogen to cleave the
C—N among these metals compared to carbon could be
attributed to the nitrogen’s lone pair of electrons, which allows
the N atom to form different bonding geometries and bind
without dehydrogenation depending on the electronic nature
of the underlying metal. These findings indicate that the
carbon atom always forms CH* upon C—N cleavage regardless
of the identity of the metal surface within groups 8—10, while
the nitrogen atom is more flexible.

The catalytic activity also decreases as one moves from left
to right in the periodic table (Figure Sb), in agreement with
the experimentally measured methylamine hydrogenolysis rates
that decrease from group 7 to 10 metals’ ** and consistent
with our previous findings for alkane hydrogenolysis.”'"*’
Notably, Ru has a particularly high rate of C—N cleavage
(perhaps why it is a very active NH; synthesis catalyst because
it can cleave the strong N=N bond),”°”"* while Pd has a
particularly low rate of C—N hydrogenolysis (similar to C—C
bonds).

3.3. C—0 Bond Cleavage in CH3;OH. The preferred H-
content on the carbon atom for C—O activation in CH;OH
follows the same trends as C—C and C—N activations (Figure
6): it prefers to lose two H atoms prior to C—O dissociation
on group 8—10 metals and to lose no H atoms prior to C—O
dissociation on group 11 metals. For example, the direct C—O
activation in *CH;OH* over Ru has an effective enthalpic
barrier (AH*) of 83 kJ mol™" (Figure 7a), which decreases

) .
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v .
%

211
2!

“
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AG#

112
162

Figure 7. Transition-state structures for C—O bond cleavage in
methanol-derived intermediates on the Ru(001) surface. Shown
beneath the images are AH* and AG* values in k] mol™ (eq 1,450K,
1 bar H,). Important bond distances are shown in pm. Similar images
for the other examined metals are shown in the Supporting
Information (Figures $29—S39; SI) along with their structures and
reaction mode files.

weakly down to 70 kJ mol ™" in *CHOH* (Figure 7c) before it
increases significantly to 140 k] mol™" in *COH* (Figure 7d).
C—O activation barriers in *CH,_;O* intermediates exhibit a
similar pattern, but they are 26—50 kJ mol™" higher than those
for their analogous *CH,_;OH* intermediates (Figure 6a),
indicating that removing the H atom from oxygen is
enthalpically unfavorable. These trends extend to all other
group 8—9 metals (Os, Rh, and Ir) except for Co, where
*CHy_;O* intermediates are more enthalpically favorable.
Although *CH—OH* activation remains favorable over group
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10 metals (Ni, Pd, and Pt), removing the H atom from oxygen
makes *CH;—O* activation more favorable among *CH,_;O*
species over these metals (Figure 6b) and it is slightly more
favorable than *CH—OH* activation (by 6 k] mol™") on Ni.
Au and Ag predominantly cleave *CH;—OH* (Figure 6c),
whereas *CH;—O% activation competes with *CH;—OH*
activation on Cu (195 compared to 192 kJ mol ™", respectively)
similar to Ni, suggesting that cleaving the C—O bond in
*CH,_3;0* intermediates starts to become more favorable as
one moves from bottom to top in the periodic table.

DFT-predicted rates as a function of H, pressure (Figure 8a)
calculated from the free energy barriers (Table 3; SI) indicate
that C—O rupture occurs predominantly via the *CHOH*
intermediate over group 8—10 metals at high H, pressures,
consistent with the preference of cleaving the C—O bond in
*CH,COH* intermediates in ethanol on a Pt(111) surface.*
For longer alkanols, however, deoxygenation via decarbon-
ylation (i.e, RC—CO activation) to form CO* is more
dominant than C—O hydrogenolysis at low CO* coverages as
shown previously for 1-butanol on Ru, Ir, and Pt catalysts.”® At
intermediate H, pressures, *CH—O* and *CH-OH*
contribute equally to the predicted turnover rate on Ru and
Ni because they have similar free energy barriers. As H,
pressure decreases, the effect of H, inhibition caused by the
removal of additional H atoms (4; eq 4) starts to weaken and
thus *CH—O%* becomes more favorable. For Co, however,
*CH—O%* activation is favorable at all conditions. Kinetic
measurements at high H, pressures have shown that that ring-
opening of 2-methyltetrahydrofuran (CsH;,0) via the
secondary C—O bond hydrogenolysis occurs after the removal
of 2 H atoms from the C atom (i.e, RC*—O*RCH;) on
Ni.”»** #CH,;—O% activation has the highest turnover rate on
Cu across the H, pressure range examined here, and, as
expected, Ag and Au cleave *CH;—OH* directly. Figure 8b
shows that the catalytic activity also decreases from left to right
in the periodic table and that removing 2 H atoms (y = 2) from
carbon is required to cleave the C—O bond over group 8—10
metals, while group 11 metals only cleave C—O in CH,-
containing intermediates (y = 0). The H-content on oxygen is
also influenced by the location of each metal within each
group, such that the preference to activate *CH,_ ;—O%
intermediates appears to increase from period 6 to period 4.
These periodic trends for C—O activation are analogous to C—
N activation discussed in Section 3.2, where the carbon atom
behaves similarly as in C—C activation, while the H-content on
N and O can vary with both the group and period number of
the metal catalyst.

Like C—C and C—N bond activations, C—O hydrogenolysis
rates (on bare metals) generally decrease as one moves from
left to right and from top to bottom of the periodic table, with
a few exceptions. Ru is slightly less reactive than Os, and group
9 metals have essentially the same reactivity, despite Ru and Rh
being higher on the periodic table than Os and Ir; moreover,
Pd (as was observed for C—C and C—N bonds) is less reactive
by 2—4 orders of magnitude than other group 10 metals.

3.4. C-S Bond Cleavage in CH;SH. Sulfur is within the
same group as oxygen, and thus one might expect C—S and
C—O activations to have similar trends. However, effective
enthalpy barriers (AH*; Figure 9) show that all examined
metals cleave the C—S bond in *CH,_;S* intermediates
instead of *CH,_;SH* intermediates, in contrast to C—O
bond cleavage, where activating *CH,_;OH* intermediates is
generally more favorable. For example, the average C-S

https://dx.doi.org/10.1021/acscatal.0c00481
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Supporting Information (Figure SS and Table S4; SI).

activation enthalpy barrier in *CH,y_;SH* over Ru is 45 kJ
mol ™" compared to an average of —59 kJ mol™" for *CH,_,S*
activation (Figure 10). *CHS* activation remains enthalpically
favorable over Ru and Os (group 8); however, this preference
starts to shift toward *CH;S* activation over Co, Rh, and Ir
(group 9). The *CH,S* activation barrier is lower than
*CHS* activation by 12 kJ mol™" over Rh and by 6 kJ mol™
over Co and Ir. This preference for *CH;—S* continues to
increase in group 10 metals, where it is >36 kJ mol™' more
favorable than *CH—S* on Pd and Pt (Figure 9b). However,
*CH,;—S* and *CH—S* remain within 10 kJ mol™' over Nj,
similar to group 9 metals, suggesting that *CH;—S* becomes
more favorable with increasing group and period number of
the metal catalyst (moving from left to right and top to
bottom). Notably, even group 11 metals (Cu, Ag, Au) cleave
*CH,;S* instead of the most H-saturated intermediate
*CH,;SH*, indicating that SH*-containing intermediates are

5093

highly unstable compared to *ROH®. Temperature-pro-
grammed reaction (TPR) and X-ray photoelectron spectros-
copy (XPS) studies have shown that the S—H bond in
alkanethiols breaks readily upon adsorption to form alkyl
thiolate on Pt, Ni, and Mo surfaces.”>™"’

The DFT-predicted turnover rate for *CH—S* activation
over group 8—9 metals is at least several orders of magnitudes
(>10°) higher than that for the next most reactive intermediate
(*CH,S*) over the entire pressure range examined in this
study; thus, these other C—S cleavage routes are unlikely to
contribute to the measured rate at these conditions (Figure
11a). The C—S activation rate is dominated by the *CHS*
intermediate on Co, Rh, Ir, and Ni despite the enthalpic
preference to cleave *CH,S* on these metals (Figure 9) as a
result of entropy differences, which are reflected in the
differences in free energy barriers (Table 4; SI). However,
these entropic gains cannot offset the large differences in
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Figure 10. Transition-state structures for C—S bond cleavage in
methanethiol-derived intermediates on the Ru(001) surface. Shown
beneath the images are AH* and AG* values in k] mol™ (eq 1, 450 K,
1 bar H,). Important bond distances are shown in pm. Similar images
for the other examined metals are shown in the Supporting
Information (Figures S40—S50; SI) along with their structures and
reaction mode files.

activation enthalpies between *CHS* and *CH,;S* activations
on Pd and Pt (>36 kJ mol™"; Figure 9b), rendering AG* values
for these two routes similar. As a result, *CH,;S* activation
becomes more favorable on Pd and Pt at high H, pressures
because deeply dehydrogenated intermediates are inhibited by
H, to a greater extent (eq 4). These findings are consistent
with previous DFT studies that show that S—H activation is
facile over Pt(111) and that C—S cleavage in methanethiol
occurs via the *CHS* intermediate under ultrahigh vacuum
conditions and via *CH;S* under hydrogenation conditions.**
Group 11 metals (Cu, Ag, and Au) predominantly cleave
*CH;—S* at all H, pressures but with significantly lower
reactivity, leading to periodic trends for reactivity (rate; Figure
11b) and extent of dehydrogenation (y and A; Figure 11b) that
decrease from left to right and from top to bottom in the
periodic table.

3.5. C—Cl Bond Cleavage in CH;Cl. Chlorine is within
group 17 and forms one bond only with carbon in

chloromethane (CH;Cl); thus, the removal of H atoms from
C—Cl can only occur from the carbon atom. Adsorbed
*CH;CI* can undergo a direct *CH;—CI* bond activation on
Ru with an effective enthalpic barrier of 72 kJ mol™' (Figures
12a and 13a), but it decreases dramatically to 35 kJ mol™" for
*CH,—Cl* (Figure 13c) and 39 kJ mol™' for *CH-CI*
(Figure 13c) before it increases back to 54 kJ mol™" for *C—
Cl* (Figure 13d). Os, Rh, and Ir exhibit a similar trend where
*CH,—CI* activation has the lowest activation barrier, slightly
lower than the *CH—CI* activation barrier (by 13 kJ mol™ on
average). Group 10 metals (Ni, Pd, and Pt) in addition to Co,
however, do not show a clear trend (Figure 12b). For example,
*CH,;—CI* activation is >11 kJ mol™ more favorable than
*CH,—CI* on Ni and Co, *CH—CI¥ is the most favorable on
Pd, and *CH,—CI* is the most favorable on Pt. Coinage
metals predominantly activate *CH;—CIl* except for Cu,
where the *CH,—CI* activation barrier is only 8 kJ mol™*
higher than *CH,;—Cl* (Figure 12c).

The calculated free energy barriers at 450 K (Table 3; SI)
indicate that *C—CI* activation is 11 k] mol™" more favorable
than *CH—CI* over Ru and thus the *C—CI* activation
turnover rate is faster than *CH—CI* activation by at least an
order of magnitude over the examined H, pressure range
(Figure 14a). Os shows a competition between *C—Cl* and
*CH—CI*, where *C—CI* is favorable at low H, pressures,
while *CH—CI* is more favorable at high pressures because
the difference in their AG* values is <10 kJ mol™!. *CHCI* is
the dominant C—Cl activation intermediate on all group 8—9
metals (Co, Rh, Ir, Ni, Pd, and Pt), and thus total rates show a
H, pressure dependence on [H,]™" (4 = 1). Coinage metals
favor C—Cl activation in *CH,;Cl*, but, notably, Cu starts to
behave more like group 10 metals and can cleave the C—Cl
bond in *CH,CI* instead of *CH;CI* at low H, pressures.
TPR and XPS studies of hydrodechlorination of 1,2-dichloro-
ethane on Pd(100) and Cu(100) surfaces show that Pd is
much more active than Cu but less selective toward ethylene.”®
Taken together, these trends indicate that the required H-
content on the carbon atom to cleave the C—Cl in

023

1
@, .
1019
10"7 Ni
1015_00
1013 4
1011
100 {Pd
107
105
10+

Turnover Rate / s™'

*CH,S*

*“CH,S*

oS
CHE* CHyS

*CH,S*

-
S o
a0 |
» =
|
|
|
|

e B & o
bt tn @

PO

0.5

0.5
0.5
1

01 10 10
H, Pressure / bar

100

(b) 9 10 1 9 10 1"

27 28 29 27 28 29
AH#| Co || Ni | Cu y Co || Ni Cu

8 20 || =23 || +62 s 2 2 0

45 46 44 45 46 47

Rh | Pd Ru || Rh || Pd | Ag

43 || +34 2 2 12 0

76 7 78 76 77 78 79
Os Ir Pt Os Ir Pt | Au

=56 || -10 || +44 2 2 1.6 0

9 10 1 9 10 1"

27 28 29 27 28 29

AG#| Co || Ni |[ cu z | Co || Ni |[cCu

8 -16 || -18 | +110 8 1 1 1

45 46 44 45 46 47

‘ Rh | Pd Ru [ Rh || Pd || Ag

38 || +40 1 1 1 1

76 7 78 76 77 78 79
Os Ir Pt Os Ir Pt [ Au

=49 || 8 || +51 1 1 1 1

9 10 1 9 10 "

27 28 29 27 28 29

Rate | Co || Ni || Cu A | Co | Ni | Cu

8 ~10*14 || ~10*14 || ~1071 8 1.4 1.5 0.5

45 46 44 45 46 47

Rh || Pd Ru [ Rh || Pd || Ag

~10*16 | ~10*7 15 || 15 || 14 | o5

76 n 78 76 7 78 79
Os Ir Pt Os Ir Pt [ Au

~10*18|[ ~10*12|| ~10°6 15 || 15 || 13 || 05
= —n )

< - — < -

Increasing Reactivity Decreasing H-content

Figure 11. (a) DFT-predicted turnover rates for C—S bond cleavage as a function of H, pressure (eq 4; 450 K, 0.2 bar CH;SH). Labels indicate the
most favorable intermediates at low and high pressures. (b) Periodic trends in AH*, AG¥, turnover rate, y (H removed from S), z (H removed from

N), and 4 (eq 2) values.

5094

https://dx.doi.org/10.1021/acscatal.0c00481
ACS Catal. 2020, 10, 5086—5100


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00481/suppl_file/cs0c00481_si_002.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig10&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00481/suppl_file/cs0c00481_si_002.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00481?fig=fig11&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00481?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

L *CH,CI*
L *CH,CI*
- *CHCI
- *cor

L *CH,CI*

L *CH,CI*

L *CHCI*
Lccr
L *CH,CI*
L *CH,CI*
L “CHe
Lcer

(a) 600 (b) 600

Cl

5001 500

400

400

300- 300-

AH# [ kJ mol™
AH# [ kJ mol™

200+ 200

Rh
Co
100+ 100

Os
Ru

Effective Enthalpy Barrier for C—Cl Bond Cleavage
Effective Enthalpy Barrier for C-Cl Bond Cleavage

(c) 600 a

500-
Ag

4004 Au

300

AH# | kJ mol™

200

1004

Effective Enthalpy Barrier for C—Cl Bond Cleavage

T T T o
1 2 3
-Atoms Removed from CHg, y

T oA

0 i 2 3
H-Atoms Removed from CHs, y

T T 0 T T T T
0 1 2 3
H-Atoms Removed from CHg, y

Figure 12. Enthalpy barriers (AH?¥; eq 1) for C—Cl bond cleavage in chloromethane-derived intermediates on (a) groups 8—9, (b) group 10, and
(c) group 11 metals (450 K, 1 bar H,). Dashed lines are drawn to guide the eye. Free energy barriers (AG*) and tabulated data are shown in the

Supporting Information (Figure S6 and Table SS; SI).

AH#
AG#

72
132

Figure 13. Transition-state structures for C—Cl bond cleavage in
chloromethane-derived intermediates on the Ru(001) surface. Shown
beneath the images are AH* and AG* values in k] mol™ (eq 1, 450 K,
1 bar H,). Important bond distances are shown in pm. Similar images
for the other examined metals are shown in the Supporting
Information (Figures SS1—S61; SI) along with their structures and
reaction mode files.

chloromethane and the catalytic activity decrease on increasing
the group number of the transition metal (Figure 14b).

3.6. Contrasting C—X Cleavage. Figure 15 summarizes
the key findings in this study of C—X bond cleavage (X = C, N,
O, S, and Cl) and the observed periodic trends. The carbon
atoms in C—X hydrogenolysis prefer to cleave after the
removal of 2 H atoms (y = 2), but this value starts to decrease
on increasing the group number of the transition metal down
to y = O for unreactive coinage metals and increase on
increasing the group number of the heteroatom. The slight
decrease in the number of H atoms that must be removed from
the C atom on group 10 metals (Ni, Pd, and Pt) is attributed
to the competition of multiple reactive intermediates that differ
in their H-content (e.g, *CHS* with *CH,S* for C-S
activation, and *CHCH?* with *CH;CH* for C-C
activation). The Cl atom in CH;Cl can only form a single
bond with C and does not have H atoms to lose; thus, reactive
group 8 metals such as Ru and Os can cleave the C—ClI after
the removal of an additional H atom (y = 3) from the C atom
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X (left; z) for each metal group (450 K, 0.2 bar CH;X,).

(i.e, in *CCI*), and even Cu starts to favor less saturated
intermediates. The preferred H-content of N in C—N
activation (z) varies significantly and is affected by both row
and column of these transition metals. However, in general, it
decreases on increasing both group and period number. Most
transition metals cleave the C—O bond in OH®-containing
intermediates (z = 0) at high H, pressure, but O*-containing
intermediates (z = 1) start to compete at low pressures, leading
to average z values of 0.2—0.3, while the S atom in C-S§
activation always leaves as S* (z = 1) regardless of the identity
of the metal catalyst.

Generally, the reactivity of C—X bonds decreases from left
to right and from top to bottom on the periodic table. The
relative rates of C—X bonds as the X atom changes depend
primarily on the bond dissociation energies, which decrease for
CH;—XH, cleavage on the order of OH > CH; > NH, > CI >
SH, as shown in Figure 16; however, some notable deviations
from that general trend are observed. Most prominently, while
the bond dissociation energy of CH;OH is 10 k] mol™" higher
than that of CH;CHj (consistent with prior reports),” the rates
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Figure 16. DFT-predicted turnover rate dependence on the bond
dissociation energy of CH;—XH, in the gas phase (CH;SH: 316 kJ
mol™}; CH;NH,: 352 kJ mol™*; CH,CI: 355 k] mol™*; CH;CHj;: 373
kJ mol™'; CH;OH: 383 kJ mol™") for each examined metal (eq 4; 450
K, 1 bar H,, 0.2 bar CH;XH,). Dashed lines are drawn to guide the
eye.
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of C—O activation are 10—10'" times higher than the rates of
C—C hydrogenolysis at the same conditions and catalyst,
indicating that catalyst surfaces stabilize O moieties to a greater
extent than CHZ fragments (relative to gas-phase radicals). C—
O hydrogenolysis is particularly favored (relative to C—C
hydrogenolysis) on coinage metals with rates 10°—10'® higher
than C—C activation, while group 8—10 metals are less
selective toward C—O relative to C—C with C—O activation
rates that are only 10—10 faster than those for C—C.

3.7. Linear Free Energy Relationships. Sabatier-based
approaches such as Brensted—Evans—Polanyi (BEP)-type
relations,”” ™% scaling relations,® or the d-band model**®
have been used as tools to predict the reactivity on different
metal catalysts based on reactants, products, or atomic binding
energies (descriptors), which are computationally less
expensive calculations than transition-state calculations.**™"?
These correlations can be developed from examining a set of
metal catalysts and then can be used to screen many other
potential catalysts. Although this study does not aim to screen
catalytic materials because our study neglects the influence of
coverage, which will dominate the chemistry involving S, Cl,
and often O, we assess here how accurately Sabbatier-based
relationships hold for such reactions and whether they can be
used to predict the trends in reactivity and the relative
preferences among C—X activations.

Figure 17 shows the correlations between the DFT-
predicted turnover rates calculated from the effective free
energy barriers AG* for each metal (eq 4; 450 K, 1 bar H,, 0.2
bar CH;XH,) and (a) the formation free energy of the
products C* + X* and the stoichiometric amount of H,(g)
relative to CH;XH,(g), and (b) the binding free energy of X*
relative to the X+(g) radical. In general, the formation energy of
C* + X* better describes the trends in reactivity among
transition metals than the simple binding energy of X* because
the products C* + X* have more similar compositions and
structure to the C—X activation transition state than X* only.
Notably, the binding energy of S* describes C—S activation
trends very well (Figure 17b) because of the universal
preference to form S* upon C—S bond cleavage in
*CH,_;S* intermediates on all metals, unlike C—N and C—
O activations, where the preferred H-content on X* varies
across the metals, or C—C activation, where almost all metals
form CH* instead of C*. Although C—CIl activation on all
metals also forms CI* similar to the formation of $* in C—§
activation, CI* binds and interacts with the metal surface very
weakly during C—Cl activation compared to S*, and thus the
binding energy of Cl* is a poor descriptor in this case (Figure
17b). The relative binding energies of X* also do not predict
the relative rates of C—X activation since C—S activation
shows the highest rates compared to any other C—X
activations, but S* has an intermediate binding energy between
C* and CI* (Figure 17b). These linear relations can be useful
in screening thousands of potential catalysts, but their apparent
accuracy is exaggerated by the inclusion of coinage metals and
the 60 orders of magnitude range in turnover rates in these
plots.

Although this study focuses on simple substrates, this is the
first step toward a broader understanding of the mechanisms of
heteroatom removal in more complex molecules. Future
studies will contrast these primary C—X activations with
those of secondary and tertiary carbon atoms as well as longer
chain lengths to contrast C—C and C—X activation within the
same molecule. Previous works have shown that C—CO bond
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activation in 1-butanol (i.e., decarbonylation), for example, is
more favorable than C—O bond activation on Ru, Ir, and Pt,
while Cu preferentially cleaves the C—O bond.*” We have also
shown previously that tertiary *C—'C hydrogenolysis in
isobutane requires the removal of H atoms from other carbon
atoms not involved in *C—'C bond cleavage."® 2-Propanol, 2-
propanethiol, and 2-propanamine, for example, have similar
structures to isobutane, but it is unknown whether these 3C—X
bonds can be cleaved in a similar manner to *C—'C bond
cleavage in isobutane or whether they exhibit different
mechanisms, which will be examined in a future work. These
are two examples of how we can construct a set of guiding
principles, which will give insights into relative rates and
mechanisms of various hydrogenolysis reactions of more
complex substrates on different metal surfaces.

4. CONCLUSIONS

We have shown in our previous study that C—C hydro-
genolysis in ethane occurs predominantly via the *CHCH*
intermediate, which lost 2 H atoms from each carbon atom
over group 8—10 metals (Ru, Os, Co, Rh, Ir, Ni, Pd, and Pt),
while group 11 metals (Cu, Ag, and Au) activate the C—C
bond in the most saturated intermediates with high free energy
barriers closer to thermal activation of CH;CHj;. Here, we
extended our previous study to cover C—X bond cleavage (X =
N, O, S, and Cl) in methylamine, methanol, methanethiol, and
chloromethane over groups 8—11 to examine the periodic
trends for the degree of unsaturation required to cleave the C—
X bond. DFT-predicted free energy barriers and turnover rates
at 450 K and H, pressure range of 0.1—10 bar indicate that the
preferred number of H atoms that must be removed from
carbon remains at y = 2 (forming CH* upon cleavage) over
group 8—10 metals and y = 0 for group 11 metals, but it
decreases slightly (~1.6) for group 10 metals because different
intermediates with more H-content start to contribute equally
with *CHXH,* intermediates to the total bond cleavage rate.
This value of y also increases slightly on increasing the group
number of the heteroatom to y = 2.8 for C—Cl activation over
group 8 metals.
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Although the C—N in methylamine is cleaved via
*CHNH,__* intermediates over group 8—10 metals, the z
value decreases from z = 2 on group 8 metals to z = 0 on group
11 metals and decreases from z = 1 on period 4 to z = 0 on
period 6, suggesting that N is more sensitive than C to the
group and period number of the metal catalyst. The C—O
bond in methanol generally prefers to cleave via *CHOH*
intermediates (y = 2; z = 0), but *CHO* activation (y = 2; z =
1) is more favorable on Co and becomes more favorable at low
H, pressures on Ru and Ni. C—S activation in methanethiol,
however, predominantly occurs via *CH,_;S* intermediates (z
1), indicating that SH*-containing intermediates are
significantly unstable over all metals examined. The lack of
H atoms in the CI atom during C—ClI activation increases the
preference to remove an additional H atom from the carbon
atom compared to C—C, =N, —O, and —S§ activations, such
that Ru favors *C—CI* activation instead of *CH—CI* and Cu
favors *CH,—CI* instead of *CH;—CI*. This study on C—X
activation in simple organic molecules, along with future work
examining the effects of chain length and branching, may
provide insights and guidance in predicting the mechanism and
selectivities (relative rates) of C—X bond cleavage and provide
a roadmap to a broader understanding of how more complex
organic molecules with multiple functional groups will react on
metal surfaces.
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