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ABSTRACT: The absence of a synthetic catalyst that can selectively oxidize methane to methanol
motivates extensive study of single-site catalysts that possess a high degree of tunability in their
coordination environments and share similarities with natural enzymes that can catalyze this
reaction. Single-atom catalysts (SACs), and in particular doped graphitic SACs, have emerged as
a promising family of materials due to their high atom economy and scalability, but SACs have
yet to be exhaustively screened for methane-to-methanol conversion. Modulating the coordination
environment near single metal sites by means of codopants, we carry out a large-scale high-
throughput virtual screen of 2,048 transition metal (i.e., Mn, Fe, Co, and Ru) SACs codoped with
various elements (i.e, N, O, P and S) in numerous spin and oxidation (i.e., M(II)/M(III)) states for
the challenging conversion of methane to methanol. We identify that ground state preference is
metal- and oxidation-state dependent. We observe a weak negative correlation between the oxo
formation energy (AE(ox0)) and the energy of hydrogen atom transfer (AE(HAT)) thanks to the
high variation of the coordination environment. Therefore, codoped SACs demonstrate flexible
tunability that disrupts linear free energy relationships in a similar manner to homogeneous
catalysts without losing the high scalability of heterogeneous catalysts. We identify energetically
favorable catalyst candidates along the Pareto frontier of AE(ox0) and AE(HAT). Further kinetic
analysis reveals an intermediate-spin Fe(I) SAC and a low-spin Ru(Il) SAC as promising
candidates that merit further experimental exploration.
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1. Introduction.

Methane, the second-most prominent greenhouse gas (GHG), contributes to approximately
16-20% of global GHG emissions'. Converting methane to valuable chemicals (e.g., methanol) is
seen as a key strategy to reduce methane emissions and therefore has great environmental
significance and potential economic value. However, the direct conversion of methane to methanol
is particularly challenging due to the high energy required to activate the strong C—H bonds of
methane, which requires an efficient catalyst to lower the energy barrier, together with the
thermodynamic favorability of methanol overoxidation to CO»* 3. The optimal catalysts for
methane-to-methanol conversion need to satisfy numerous criteria, driving an exhaustive search
of catalytic materials* °>. Enzymes (e.g., Fe(Il) active sites in TauD%®) have demonstrated the

capability to selectively oxidize substrates with strong C—H bonds and motivated bioinspired

12-17 18-20

design’!! of synthetic systems, including both homogeneous!*!” and heterogeneous catalysts,
for direct methane-to-methanol conversion. Although there has been substantial progress, no
synthetic catalyst can simultaneously achieve as high activity and selectivity as enzymes,

motivating a more extensive search for alternative catalysts.

Single-atom catalysts®!8 (SACs), with isolated metal atoms dispersed on solid supports,
have recently emerged as a captivating frontier, attracting intense research attention, although only
limited study of SACs for direct methane-to-methanol conversion?-3* has so far been reported.
SACs have the promise to combine the scalability of heterogeneous catalysts and the high atom
economy of homogeneous catalysts* 3, offering significant opportunities for atom-economical

utilization of metals3®-38,

Their unique electronic structure and unsaturated coordination
environments have led to enhanced catalytic activity across numerous reactions®” 4. Among

different classes of SACs, N-doped graphene SACs?> 2% 4! featuring an isolated metal atom
2
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embedded in a graphitic material, more closely resemble their homogeneous counterparts

compared to others. For instance, the Fe—Njy active site in Fe-SACs are viewed as analogous to

40, 42-44

hemes , where the Fe center is also coordinated to four nitrogen atoms, and molecular

analogues have been developed to these SACs™®.

Although SACs exhibit attractive properties for catalysis, unraveling the catalytic

mechanisms of SACs through experimental means faces significant challenges. The synthesis of

41, 46-49

SACs under harsh pyrolysis conditions results in a distribution of active sites and significant

t48’ 50, 51

variation of the local coordination environmen , posing fundamental challenges for most

characterization techniques, even for the highest-resolution spectroscopic techniques 3. Similar

to biological enzymes or transition metal complexes (TMCs), the spin state and oxidation state

54,55

significantly influence the reactivity of SACs>* °>, making it challenging to assess reactivity trends

due to the difficulty of experiments that precisely identify the oxidation/spin states during

catalysis®® 3. To overcome these limits, first-principles modeling with density functional theory

57,58 59-

(DFT) has been a powerful tool for designing new SACs and obtaining mechanistic insights

66 67-72

into their catalytic activities with atomic precision. These DFT simulations®* ¢ have
revealed that both the support and coordination environment of SACs are essential in determining
their catalytic reactivity, consistent with the conclusions drawn from experimental
characterization*®>°, Thus, gaining a comprehensive understanding of the correlation between the
structure and catalytic performance holds the key to achieving the rational design of SACs for
targeted reactions at the atomic scale. Additionally, high-throughput virtual screening (HTVS)>*
7317 facilitates evaluation of an extensive library of catalyst candidates and the identification of
promising ones. These approaches can be leveraged to elucidate the structure—reactivity

57,58

relationships of SACs and to investigate the role of structural change in catalytic reactions.
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SACs with open-shell metal centers resemble single-site homogeneous and biological
catalysts capable of catalyzing reactions such as C—H activation. The wide range of coordination
configurations, enabled by various choices of the type and heterogeneity of coordination elements
(i.e., N, O, P, and S), further allows for tuning the design and hence the structure—property
relationship of SACs. Our previous work?® investigated the rigid graphitic environment of SACs
with N, O, P, and S coordination environments and compared them to homogeneous analogues for
methane-to-methanol conversion, finding that differences in dopant sizes had major impacts on
the structure and energetic properties of SACs. Further manipulation of the coordination sphere
around the metal atom is paramount to unlocking the full potential of SACs and tailoring their
catalytic activity and selectivity by fine-tuning the electronic structure and reactivity of the metal
center, thus enhancing the catalytic performance*- . Therefore, engineering the coordination

environment near single metal sites by means of codopants*’- 49-31.55. 78

would be a way to design
efficient SACs with optimal electronic structure for catalytic applications. Several codoping
studies (e.g., N/S codopants in the first coordination sphere*- 3!, N/P codopants in the first
coordination sphere®®, and N in first with P in the second coordination sphere configuration*’) have

been reported experimentally and shown significant potential for the oxygen reduction reaction

(ORR), but the effect of codoping on methane-to-methanol conversion has not yet been reported.

In this work, we employ a VHTS approach to explore 2,048 transition metal (i.e., Mn, Fe,
Co, and Ru) SACs codoped with various elements (i.e., N, O, P, and S) for the challenging
conversion of methane to methanol. Initially, we investigate the global trends in spin state ordering
and catalytic reaction energetics of the whole methane-to-methanol reaction cycle. Next, we focus
on relationships between metal or codopant identity and reaction energetics, considering period

dependence and coordination effects through the comparison of 3d and 4d codoped SACs (e.g., Fe

4
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and Ru). In particular, best-trade-off catalyst candidates are identified along the AE(oxo) and
AE(HAT) reaction energetics Pareto frontier. Finally, comprehensive characterization of the

complete kinetic reaction coordinate validates the best-performing codoped SACs.

2. Model Systems

We modeled SACs with various metal-coordinating atoms (i.e., N, O, P, and S) in
vacancies formed in 5- and 6-membered rings (Figure 1). The sizes of the 5- and 6-membered ring
graphitic SAC systems investigated in this work are 59 and 61 atoms, respectively. Previous
studies?® have shown that even though finite-size effects of SAC flake models are not negligible,
the qualitative trends and comparison of dopant-dependent SAC properties will hold and DFT
modeling of finite-size SACs permits the use of accurate (i.e., hybrid) DFT functionals that are
cost-prohibitive when using periodic boundary conditions. To generate an expanded chemical
space of SACs that are likely to be synthetically accessible by codoping the first and second
coordination spheres, we define the local coordination environment of a SAC using three criteria:
1) the metal center; 2) the first coordination sphere atom identities (i.e., up to two dopant atom
identities); 3) the second coordination sphere, which can contain dopants that are located in the

smallest possible ring that contains all four metal-coordinating atoms (Figure 1).
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second shell

first shell
metal center
5-membered ring co-doped SAC 6-membered ring co-doped SAC

Figure 1. Schematic of the first and second coodination shells in the equatorial plane of 5- and 6-
membered ring SACs. Regions of the SACs used to classify the local coordination environment
are designated as metal center in orange, first coordination sphere in green and second coordination
sphere in light blue. Numbers are used as labels for the position of dopants in the second
coordination sphere. There are twelve and ten possible dopant positions in the second coordination
sphere for 5- and 6-membered ring SACs, respectively. The structures are shown in the ball-and-

stick representation and colored as follows: metal (Mn, Fe, Co, and Ru) in orange, C in gray, and
H in white.

We investigate two distinct codoped SACs configurations: codoping only in the first
coordination sphere or also codoping the second coordination sphere (e.g., atoms directly
connected to the first coordination sphere). For any given dopant configuration, we used up to two
distinct atoms. First, we codoped the first coordination sphere without doping any atoms in the
second coordination sphere. This results in four distinct positional dopant configurations for each
of the 6 atom combinations (e.g., NO, NP, NS, OS, OP, PS) for each 5- and 6-membered ring
SAC, resulting in 48 total arrangements (Supporting Information Figures S1 and S2). The naming
scheme for codoping in the first coordination sphere is ring size (e.g., 6-membered), metal and
oxidation state (e.g., Fe(Il)), and the identity and number of the dopants in the first coordination

sphere (e.g., N2O) along with any designation of symmetry (e.g., cis or trans) for the dopants
6
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where relevant (e.g., 6-membered Fe(Il)(trans N2O.)). In the 6-membered ring SAC, the four
dopants in the first coordination sphere of 6-membered rings is not symmetric (e.g., NOON and
NNOO are inequivalent), but these modestly inequivalent variations were ignored due to their
limited effect on energetics (Supporting Information Table S1). For the second approach, we fixed
the first coordination sphere to contain four N atoms, and codoped the second coordination sphere
with two atoms that have the same identity (i.e., 2 N atoms, 2 O atoms, 2 P atoms, or 2 S atoms),
following the doping reported in the experimental literature that tends to favor up to two unique
elements and typically around two additional codopants in the second coordination sphere*” .
The naming scheme for codoping in both the first and second coordination spheres is ring size
(e.g., 6-membered), metal and oxidation state (e.g., Fe(Il)), positions for dopant in the second
coordination sphere (e.g., 6 and 13 to make 6-13, see Figure 1), and the identity and number of the
dopants in first (e.g., N4) and second coordination sphere (e.g., S2) for a configuration such as 6-
membered Ru(III)(6-13 N4-S2). We initially imposed an additional restriction that for atoms to be
considered in the second sphere they had to be nearest neighbors to the first-coordination sphere
dopants. We then expanded this definition, as motivated by experimental studies®>, to also include
three types of bridging configurations (i.e., S-membered Fe(I1)(2-5 N4-X>), 5-membered Fe(II)(2-
8 N4-X3), and 6-membered Fe(II)(4-9 N4-X>), where X is any co-dopant, see Supporting
Information Figures S3 and S4). We repeated this for the 5- and 6-membered ring SAC models,
resulting in 9 (11) distinct geometries for codoped 5-membered (6-membered) ring SAC models

for a total of 80 arrangements (Supporting Information Figures S3 and S4).

In total, the 128 distinct codoped configurations combined with four metals in two
oxidation states produces 2,048 transition-metal SACs in up to two spin states. After data filtering,

our final codoped SAC dataset consists of over 700 catalysts (see Computational Details). From
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this dataset, we identify strategies to engineer dopant configuration types and metal identities to
tune catalyst energetics and discover optimal catalysts that can simultaneously activate methane

and release methanol.

3. Reaction Mechanism

We calculate the reaction energetics of methane-to-methanol conversion by codoped SACs
with four metals (M = Mn, Fe, Co, and Ru) in two oxidation states (i.e., M(II)/M(III)) in their
corresponding spin states (Supporting Information Table S2). As in prior work> 2% 3% we compute
energetics for the radical rebound mechanism® for methane-to-methanol conversion starting from
the resting state structure (1). In this mechanism, we form a high-valent terminal M(IV/V)=o0xo

(2) via two-electron metal oxidation by nitrous oxide®!-

, a common oxidant (Figure 2). The oxo
formation energy, AE(oxo), is computed as

AE(oxo0) = E(2) — E(1) + E(N,) — E(N,0) (D
Upon oxo formation, the metal formal oxidation state changes from M(II/II) to M(IV/V). Since

we compute reaction energetics, an alternative oxidant choice would rigidly shift absolute reaction

energetics but not influence relative catalyst energetics.
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Figure 2. Catalytic cycle for the partial oxidation of methane to methanol. The catalytic cycle
proceeds clockwise: from the resting state (1, top) in oxidation state n = II/III, metal—oxo (2, right)
formation with an N>O oxidant, followed by HAT to form a metal-hydroxyl complex (3, bottom),
and rebound to form a methanol-bound intermediate (4, left). The structures are shown in the ball-
and-stick representation colored as follows: metal center in orange, oxygen in red, nitrogen in dark
blue, first coordination sphere dopant sites in green, second coordination sphere dopant sites in
light blue, C in gray, and H in white.

After oxo formation, the high-valent M(IV/V)=0 intermediate catalyzes hydrogen atom transfer

(HAT) by abstracting a hydrogen atom from methane to form an M(III/IV)—OH intermediate (3)

and a methyl radical (Figure 2). The reaction energy for the HAT step, AE(HAT), is calculated as:
AE(HAT) = E(3) — E(2) + E(CH; ») — E(CH,) (2)

Following the HAT step, the recombination of the methyl radical with the M(III/IV)-OH

intermediate in the radical rebound step forms a metal-bound methanol intermediate (4). We

calculate the AE(rebound) energy as:

AE(rebound) = E(4) — E(3) — E(CHj *) 3)
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To complete the catalytic cycle, CH3;OH is released from the catalyst to return it to the resting state
(1). AE(release), is calculated as:

AE(release) = E(1) + E(CH;0H) — E(4) 4)
All intermediates were investigated in low-spin (LS) states and intermediate-spin (IS) states for

both the M(II/III) resting states and the M(IV/V)=0 intermediates (see Computational Details).

4. Computational Details.

We performed all gas-phase geometry optimizations using density functional theory (DFT)
with a development version of the GPU-accelerated electronic structure code TeraChem v1.9.%3
We chose the range-separated hybrid functional ®PBEh®* (default @ = 0.2 bohr™!) to avoid the
unphysical HOMO-LUMO gap closing that occurs in larger systems with global hybrid
functionals.®> 8¢ The LACVP* composite basis set was employed throughout our work, which
consists of a LANL2DZ effective core potential®” 38 for metals and the 6-31G* basis for all other
atoms. We confirmed that reaction energetics are not strongly sensitive to our omission of semi-
empirical dispersion, choice of functional (i.e., B3LYP global hybrid versus range-separated
hybrid ®PBEh), and basis set size (i.e., def2-TZVP vs LACVP*, Supporting Information Figure
S5). We carried out closed-shell singlet calculations in a spin-restricted formalism and all other
calculations in a spin-unrestricted formalism that employed level shifting®® of 0.25 Ha for both
majority- and minority-spin virtual orbitals to enable the convergence of the self-consistent field
(SCF). We used the default SCF convergence threshold of 3x10- hartree for the direct inversion
of the iterative subspace (DIIS) error. We carried out geometry optimizations in the translation-
rotation-internal coordinate (TRIC)* optimizer, with default tolerances for the maximum gradient

of 4.5x10* hartree/bohr and the energy difference between steps of 1x10 hartree.

10
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We simulated SAC systems with four transition metals (i.e., Mn, Fe, Co, and Ru) in two
resting state oxidation states (i.e., II and III). Therefore, the total charge of the overall systems
could vary, depending on the metal oxidation state and coordination environment. Following the
same approach as our previous work?3, we simulated N and P coordinating atoms with a net -1 (0)
charge for 5-membered (6-membered) ring SAC models. In contrast to the charge of N and P
coordinating atoms, we simulated both O and S coordinating atoms with 0 charge in models for
both 5-membered and 6-membered ring SACs. When there are an odd number of O or S
coordinating atoms in 6-membered rings, we treated the flake model with +1 charge to satisfy the
octet rule (Supporting Information Table S3). When we have a second coordinating shell dopant
(i.e., N, O, P and S), all substitutions are made without altering net charge. All the catalytic
intermediates were examined in both low-spin (LS) and intermediate-spin (IS) configurations, with
the spin states being determined based on those that are applicable to both the resting state M(II/I1I)
and the oxidized M(IV/V)=0 intermediate. Specifically, this corresponds to LS singlet/IS triplet
for 3d> Mn(V)=0, LS doublet/IS quartet for 3d> Mn(IV)=0/ Fe(V)=0 or 3d> Co(IV)=0 or 4d?
Ru(V)=0, and LS singlet/IS triplet for 3d* Fe(IV)=0/Co(V)=0 or 4d* Ru(IV)=0 (Supporting
Information Table S2).

For the oxo intermediate in methane-to-methanol catalysis generated at SAC active sites,
initial geometries were constructed using molSimplify®!, which uses OpenBabel®? as a backend.
We first optimized the LS state oxo intermediate with the metal-oxo bond distance set to 1.65 A.
After optimizing the metal-oxo intermediate, we geometry optimized the corresponding resting
state SACs by removing the oxygen atom. Following the procedure developed in our previous
work>*, we also generated the metal-hydroxo intermediate using the metal-oxo intermediate as a

starting point by adding an H atom to the optimized metal-oxo intermediate (Supporting

11
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Information Figure S6). The methanol-bound intermediates were generated in a similar fashion by
adding a methyl group to the optimized metal-hydroxo intermediates using an in-house Python
script (Supporting Information Figure S6).2% All IS SAC intermediates were optimized from the
corresponding pre-optimized LS structures (Supporting Information Table S2).

All job submissions were automated by the job manager in molSimplify with a 72-hour
wall time per run cutoff and a maximum of five resubmissions for each job.” If one intermediate
optimization was not successful, the following downstream intermediate optimizations were not
carried out. Converged structures were removed from the data set following established

2854 if: 1) the expectation value of the S? operator, <S*>, deviated from its expected value

protocols
of S(S+1) by > 1; 2) the Mulliken spin density on the metal and oxygen differed from the spin
multiplicity by > 1 us; or 3) the oxo moiety inserted into metal-coordinating bonds or deviated
from the initial structure by a root-mean-square deviation (RMSD) > 0.6 A. After all of these

checks, the total number of converged and successful codoped SACs was 720 (Supporting

Information Table S4).

We used ORCA v5.0.1%* to calculate the transition states (TSes) and barrier heights of our
best-performing codoped SACs because TeraChem does not support analytical Hessians. The TSes
and barrier heights for the oxo formation and HAT step were modeled with the climbing image
nudged elastic band (CI-NEB) method and bond length scan, respectively, followed by partitioned
rational-function optimization (P-RFO) to locate transition state structures starting from a
computed Hessian. For the bond length scan of the HAT step, the distance between the hydroxyl
hydrogen and the methyl radical carbon was scanned from 2.0 to 1.0 A in 0.1 A decrements while
fixing the distance between the metal-oxo oxygen and the methyl radical carbon atom and letting

all other atoms relax. Then, the maxima obtained from NEB calculations and the bond length scan

12
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served as initial guesses for P-RFO calculations to locate the TS structures. TS identities were

confirmed through frequency calculations (i.e., by the presence of a single imaginary frequency).

5. Results and Discussion

Sa. Global trends in spin state ordering and reaction energetics

Identification of the ground spin state of catalytic intermediates in the radical rebound
methane-to-methanol catalytic cycle provides insight into reactivity trends and determines whether
the process is spin-allowed or spin-forbidden. We first evaluate the broad trends of spin splitting
energies, AEi.L = E(IS)-E(LS), for the resting state, metal-oxo, metal—hydroxo, and methanol-
bound intermediates of codoped Mn, Fe, Co and Ru SACs (Figure 3). The ground state of codoped
SACs varies significantly depending on the nature of the (co)dopants but is most sensitive to the
metal and oxidation state. The resting state SAC structures for some metal/oxidation state
combinations, Mn(II/IIT), Fe(Il), Co(Ill) and Ru(Il), have an IS ground state, whereas Fe(III),
Co(II) and Ru(III) SACs have ground spin states that depend on the codopant configuration. For
Fe(Il) codoped SACs, all four reaction intermediates mostly have IS ground states (Figure 3). For
the codoped SACs with most other metals, e.g., Mn(II/IIT), Fe(III), and Co(III), we find that most
catalytic intermediates also have IS ground states although there are numerous exceptions
(Supporting Information Figures S7-S10). However, there is no consistent typical ground spin
state for all intermediates in SACs with Co(II) and Ru(II/IIl) metal centers (Supporting
Information Figures S11-S13). For Mn(IV)=0, Ru(III)-OH, Ru(IV)-OH, Ru(Ill)-methanol SACs
intermediates, the LS is predominantly the ground state (Supporting Information Figures S7, S12,
and S13). Thus, codoped SAC structures are likely to exist in both IS and LS states, potentially

requiring spin-crossover for the most favorable catalyst energetics in Ru or Co(Il), but IS states
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are the most likely ground states across the entire catalytic cycle for Mn(III) and Fe(Il) codoped

SACs.

Fe 'N=86|Fe=0 "N =45

Fe-OH 'N=33 |Fe-CHOH| N=51

percentage
o

N W
o O
T T

101

0 1 1 1 1 u I 1
-60 -40 -20 0 20 40 -60 -40 -20 0 20 40 60
AE, (kcal/mol)

Figure 3. Histograms (bin width: 20 kcal/mol) of spin-splitting energies (AEr.L = E(IS)-E(LS)) for
the resting state in blue (Fe, top left), metal-oxo in green (Fe=O, top right), metal-hydroxyl
complex in orange (Fe-OH, bottom left), and methanol-bound intermediate in red (Fe-CH3;OH,
bottom right) of Fe(Il) codoped SACs. The total number of species used to compute each histogram
is indicated in the top right corner of each panel. Zero axes are shown on all plots as solid black
lines, with compounds on the left of the line favoring IS states and those on the right of the line
favoring LS states.

We next investigated the trends in AE(oxo) and AE(HAT) reaction energetics across the
codoped SACs data set in both LS and IS states. Over the codoped SACs set, we obtain a wide
range of AE(oxo) (ca. 140 kcal/mol) reaction energies (Figure 4 and Supporting Information Figure
S14). We observe distinct reaction energetics depending on the metal identity, oxidation state, and
spin state, with LS Mn(II), IS Mn(II) and LS Fe(Il) SACs most favorably forming metal-oxo
species. Conversely, LS Co(II) SACs exclusively disfavor forming oxo intermediates, which is in
agreement with generalization of the oxo wall theory to these square pyramidal coordination
geometries®. However, there is no conclusive trend in AE(ox0) favorability for IS Fe(II) and IS
Co(II) SACs. Over the same data set, AE(HAT) spans a narrower range (ca. 100 kcal/mol) than

AE(oxo0) and shows reduced metal dependence. The most energetically favorable candidates for
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AE(HAT) are LS Fe(II) and IS Co(II) codoped SACs, while the AE(HAT) reaction energetics are
not typically favorable (i.e., AE > 0) for other metal and spin states (Figure 4). We thus find LS
Fe(Il) codoped SACs are ideal candidates for direct methane-to-methanol conversion because LS
Fe(IT) codoped SACs have more favorable AE(HAT) (i.e., around 25 kcal/mol) while the AE(ox0)
reaction energy is similar to IS Fe(II) codoped SACs. Nevertheless, although LS Fe(Il) codoped
SACs have favorable reaction energies, they are less likely to be the ground spin state for many
intermediates during the reaction cycle. This observation underscores the challenges in discovering

an optimal SAC for methane-to-methanol conversion.
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Figure 4. Percentage histograms (bin width: 20 kcal/mol) of AE(oxo) (left) and AE(HAT) (right)
of codoped SACs grouped by metal (from top to bottom, Mn(II), Fe(Il), and Co(II), colored by
spin state (i.e., LS in blue and IS in red). The AE(HAT) values are for ferromagnetically coupled
hydrogen atom transfer. The total number of intermediates used to compute each histogram is
indicated in the top right corner of each panel. The percentage is normalized separately for each
spin state. Zero axes are shown on all plots as solid black lines.
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Next, we evaluated the oxidation state (i.e., Fe(II) vs Fe(Ill)) influence on AE(oxo0) and
AE(HAT) reaction energetics for the codoped SACs (Supporting Information Figures S14 and
S15). Here, we focus on investigating Fe-based SACs due to their favorable reaction energetics.
Both the AE(ox0) and AE(HAT) of LS Fe(III) codoped SACs are less favorable than those of LS
Fe(Il), whereas the AE(oxo) and AE(HAT) energetics of IS Fe(Il) and IS Fe(IIl) codoped SACs
are similar. This observation is consistent with our prior study>* suggesting the benefit of having
a stronger Fe(Ill) oxidant is outweighed by more favorable AE(oxo) for Fe(Il) without much
penalty on AE(HAT) energetics relative to Fe(IIl). Our study here expands on that earlier

observation to suggest that the benefit for HAT is indeed minimal for Fe(III) SACs.

Continuing through the reaction cycle to rebound, we observe that over the codoped SACs
data set, AE(rebound) is predominantly favorable. The energetics nevertheless span a wide range
from weakly (ca. 0 kcal/mol) to strongly (ca. —140 kcal/mol) exothermic (Supporting Information
Figure S16). We observe near-zero rebound energetics for cases where N atoms codoped in the
first and second coordination spheres, while several specific cases of SACs formed by M(III)
metals with codopants in the first and second coordination spheres are strongly exothermic (i.e.,
—140 kcal/mol, Supporting Information Table S5). In general, the AE(rebound) values of codoped
SACs show less metal dependence than AE(oxo0) and AE(HAT). The AE(rebound) energetics of
Mn, Fe and Ru codoped SACs show strong spin state dependency, with LS codoped SACs of these
metals more near-zero energetics than that of their IS counterparts. Conversely, no strong spin
state dependency is observed for Co codoped SACs. In terms of oxidation state dependence, we
only observe significant dependence for Ru codoped SACS, which we attribute to the highly
diverse coordination environment and geometries in this study that make it difficult to isolate any

specific effect of oxidation state (Supporting Information Figure S16).
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In addition to oxo formation, HAT and rebound, the energetics of the release step could be
unfavorable, leading to lack of conversion of methane to methanol by not allowing turnover or
through overoxidation. Thus, we also compared broad trends in release energetics. We observe
that all AE(release) energetics are unfavorable for the codoped SACs, with a wide range from
weakly (ca. 2-3 kcal/mol) to strongly (ca. 90 kcal/mol) unfavorable values (Supporting
Information Figure S17 and Table S6). The AE(release) energetics of codoped SACs vary
significantly depending on the nature of dopants near the metal but are most sensitive to the metal
identities. We observed the strongest penalty for releasing methanol for cases with only codopants
in the first coordination sphere, whereas the interaction is weakened when SACs are also codoped
in their second coordination sphere (i.e., 4 N in the first coordination sphere and 2 other dopants
in the second coordination sphere, Supporting Information Table S6). The AE(release) values of
Mn and Fe codoped SACs span a wide range (~ 10-90 kcal/mol), with strong oxidation and spin
state dependence. In particular, we find AE(release) is more unfavorable for the higher oxidation
state LS/IS Fe(Ill) and LS Mn(III) SACs, consistent with our previous observation on molecular
catalysts>*, but the same trend is not observed for IS Mn(III) SACs (Supporting Information Figure
S17). On the other hand, the distributions of AE(release) energetics of Co and Ru codoped SACs
are much narrower, ranging from 10 to 40 kcal/mol. Perhaps due to this reduced variation, we also
do not observe any oxidation- and spin-state-dependent trends for Co and Ru codoped SACs
(Supporting Information Figure S17). In terms of optimizing SACs for release, Ru codoped SACs
with more thermoneutral AE(release) values show promise as candidate catalysts for methane-to-
methanol. Overall, both Fe and Ru SACs appear to offer the best trade-offs for all reaction steps,

whereas Co or Mn catalysts destabilize oxo or HAT intermediates, respectively.

Sb. Period trends in codoped transition metal SACs

17

https://doi.org/10.26434/chemrxiv-2023-3fk6j ORCID: https://orcid.org/0000-0001-9342-0191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-3fk6j
https://orcid.org/0000-0001-9342-0191
https://creativecommons.org/licenses/by/4.0/

Although less earth abundant than 3d transition metals, 4d transition metals often form

9697 or hydrogenation®®)

catalysts with superior catalytic performance (e.g., Ru for water oxidation
compared to 3d transition metal catalysts. A compounding consideration is that according to hard-
soft acid-base (HSAB) theory”® 1%, 44 metals should prefer to be coordinated by softer 3p ligands

whereas 3d metals prefer 2p ligands. Thus, we need to investigate both metal and ligand period

effects simultaneously to understand changes in catalytic activity.

To investigate the impact of 3d vs. 4d period trends (i.e., Fe(II) vs Ru(Il)) on reaction
energetics in codoped transition metal SACs, we focused on the AE(ox0) and AE(HAT) reaction
step energetics of both LS and IS Fe(Il) and Ru(Il) codoped SACs. The AE(oxo0) and AE(HAT)
reaction energetics of LS Fe(II) are both better than IS Fe(IT) SACs; AE(HAT) energetics are more
favorable for LS Ru(Il) SACs than IS Ru(Il) counterparts while AE(oxo0) values are comparable
(Supporting Information Figure S18). Comparing the LS Fe(II) and Ru(Il) codoped SACs, we
observe that AE(0x0) is less favorable (by ca. 10 kcal/mol) for LS Fe than for LS Ru. Conversely,
AE(HAT) is more favorable for LS Fe (by ca. 15 kcal/mol). For IS SACs counterparts, this trend
is even stronger, with AE(oxo) significantly less favorable in Fe codoped SACs than in Ru codoped
SACs (by ca. 20 kcal/mol) while AE(HAT) is more favorable for Fe than in Ru codoped SACs (by
ca. 20 kcal/mol). These energetic trends suggest that the combination of the confined active site
with the more diffuse orbitals of the Ru center leads to more favorable formation of the oxidized
metal-oxo, at the cost of worsened HAT performance. Nevertheless, individual catalysts can
deviate significantly from this average trend, motivating our comparison of both Ru and Fe SAC

catalytic cycles (see Sec. 5d).

In order to understand the period dependence and coordination environment effects (2p, a

combination of 2p and 3p, and 3p) on reaction energetics, we evaluate variations with dopant atoms

18

https://doi.org/10.26434/chemrxiv-2023-3fk6j ORCID: https://orcid.org/0000-0001-9342-0191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-3fk6j
https://orcid.org/0000-0001-9342-0191
https://creativecommons.org/licenses/by/4.0/

for AE(oxo0) and AE(HAT) of Fe and Ru codoped SACs with the same coordination environment
(Figure 5). Overall, the 3p (i.e., P or S) dopants in codoped SACs make AE(HAT) more favorable
but AE(oxo0) less favorable relative to 2p elements (i.e., N or O) in codoped SACs (Supporting
Information Figure S19). This trend holds for Ru or Fe but is subtler than the earlier observation
that AE(oxo0) energetics on Fe codoped SACs are less favorable than Ru codoped SACs while
AE(HAT) energetics on Ru codoped SACs are less favorable than Fe SACs (Supporting
Information Figure S19). For the outliers to these general observations, e.g., LS 6-membered
Ru(IIT)(6-8 N4-S2) SACs versus LS 6-membered Fe(III)(6-8 Ns-Sz) SACs, we identify that the
inclusion of S dopants in the second coordination sphere induces distinct graphene flake distortion
for Fe vs. Ru (Figure 5). This distortion occurs in opposing directions between the LS 6-membered
Ru(IIT)(6-8 N4-S2) SACs and the LS 6-membered Fe(III)(6-8 N4-S»2) SACs. The trend in increasing
HAT favorability for 3p dopants is similar to those that have been previously observed for Fe(II)
complexes for methane-to-methanol conversion!?!. Nevertheless, in other cases, the origin appears
more electronic in nature, such as a 6-membered Fe(II)(N103) SAC where oxo formation is more
favorable for Fe(II) than Ru(Il), despite a weaker ligand field (Figure 5). Overall, both electronic
and structural differences in 2p and 3p dopants play a role in relative energetics of SAC catalysts,
but the metal dependence (i.e., 3d vs 4d) is stronger than the dependence on coordination

environment (i.e., 2p vs 3p).
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Figure 5. Parity plots of AE(oxo) (left) and AE(HAT) (right) reaction energies (in kcal/mol)
between codoped Fe SACs and Ru SACs under the same flake and oxidation state conditions. Data
are colored by coordination environment (2p in blue, a combination of 2p and 3p in gray and 3p
in yellow) and distinguished by spin state (LS in circles and IS in triangles) as indicated in the
legend. Two outliers of codoped SACs are shown in the parity plot: IS 6-membered Ru(II)(N;03)
SACs vs IS 6-membered Fe(II)(N103) SACs (left) and LS 6-membered Ru(III)(6-8 N4-S2) SACs
vs LS 6-membered Fe(III)(6-8 N4-S2) SACs (right). Atoms are colored as follows: brown for Fe,
dark teal for Ru, blue for N, red for O, yellow for S, gray for C, and white for H.

Sc. Reaction energetics tradeoffs of codoped transition metal SACs

Often in HTVS for heterogeneous catalysts, linear free energy relationships (LFERs) are
leveraged to correlate energetics of individual intermediates to the holistic catalytic activity®® 70,
The AE(oxo0) and AE(HAT) reaction energies typically have a strong negative correlation (i.e., a
negative slope LFER) for heterogeneous catalysts, while the LFER is known to be weak in
homogeneous catalysts®. In light of the extensive utilization of LFERs to simplify a complex
catalytic cycle into a single representative descriptor, we aimed to determine whether a diverse
chemical space of codoped transition metal SACs follow established LFERs®® 192 for the radical
rebound mechanism of direct methane-to-methanol conversion by comparing trends in the four

metals (i.e., Mn, Fe, Co, and Ru, see Computational Details). Over our codoped SACs dataset, we

observe a relatively weak global negative correlation between AE(oxo) and AE(HAT) (Figure 6,
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Supporting Information Figure S20). This

metal- and spin-state-dependent LFERs.
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Figure 6. AE(oxo0) vs. AE(HAT) reaction energies (in kcal/mol) of codoped M(II) SACs shown as
metal-dependent Gaussian kernel density estimates (KDEs, top) and explicit data points for the
Mn(1II) (middle left), Fe(Il) (middle, right), Co(II) (bottom, left), and Ru(Il) (bottom, right) panes.
The KDEs and explicit data points are colored by metal identities (Mn in green, Fe in red, Co in
blue, and Ru in purple). The KDEs of the distributions for the codoped SACs are shown as contour
lines with decreasing saturation in 10 evenly spaced levels. Dashed colored outlines in the KDEs
correspond to the ranges of AE(ox0) and AE(HAT) of Mn, Fe, Co and Ru codoped SACs. Explicit
data points are distinguished by spin state (LS in circles and IS in triangles) as indicated in the
legend. The solid lines are linear fits for the LS codoped SACs and dashed lines are equivalent fits
for IS systems. Zero axes are shown on all plots as solid black lines.
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Indeed, we observe the degree of correlation between the AE(oxo0) and AE(HAT) reaction
energetics to vary by metal and spin state. In particular, IS Mn(II) codoped SACs exhibit the
strongest correlation between the two reaction energies among all codoped SACs (Pearson’s » = -
0.67, Figure 6 and Supporting Information Table S7). Notably, this correlation is accompanied by
a shallow slope of -0.28, indicating that the formation of stable Mn-oxo SACs does not correspond
to a significant reduction in favorability for HAT. Nevertheless, all IS Mn(II) codoped SACs have
unfavorable AE(HAT) reaction energetics, with relatively high values in the range of 2040
kcal/mol (Figure 6). In contrast, the LS Co(II) codoped SACs show among the weakest correlation
between AE(ox0) and AE(HAT) reaction energetics (Pearson’s » = -0.08) and relatively little trade-
off between the two steps (slope of -0.12, Figure 6 and Supporting Information Table S7). The
observations on codoped SACs of weakened LFERs is consistent with our previous observations
for transition metal complexes®, including metal- and spin-specific trends such as the weak
correlation for LS Co. We attribute the weak correlation between AE(oxo) and AE(HAT) in
codoped SACs to the high variation of the coordination environment (i.e., both material

composition and geometric configurations).

Beyond metal identity, SACs with different spin states show significantly different
behavior in terms of the slope and intercept for a linear fit (Supporting Information Table S7).
Among all metal and oxidation state combinations, those with a low-spin d® electron configuration,
i.e., LS Fe(Il) and LS Co(III), most likely form codoped SACs with both favorable (i.e., AE <0)
oxo and HAT energetics thanks to a modest trade-off in the two reaction energies (Figure 6 and
Supporting Information Figure S20). Therefore, codoped SACs have flexible tunability that allows

for disrupting LFERSs as in homogeneous catalysts.

5d. Catalytic cycles of codoped SACs with the best energetic trade-offs
22

https://doi.org/10.26434/chemrxiv-2023-3fk6j ORCID: https://orcid.org/0000-0001-9342-0191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-3fk6j
https://orcid.org/0000-0001-9342-0191
https://creativecommons.org/licenses/by/4.0/

Despite weak LFERs, all SAC catalyst candidates have at least some trade-off in reaction
energetics between multiple steps in the radical-rebound mechanism. Here, we first consider the
trade-off of reaction energetics between AE(HAT) and AE(oxo), which are the potential rate-
limiting steps in the catalytic cycle for methane-to-methanol conversion®®. The best catalysts
should have an optimal trade-off between AE(oxo0) and AE(HAT) reaction energetics (i.e., not
favoring one too strongly at the cost of disfavoring the other). We thus define a Pareto front
consisting of the catalysts with the best trade-off between AE(oxo) and AE(HAT) reaction
energies. Based on the Pareto frontier, we identify six total catalyst candidate SACs: four lying on
the Pareto frontier of AE(oxo) and AE(HAT) (A: LS 5-membered Mn(IIl)(OsP1), B: LS 5-
membered Fe(II)(6-11 Ns-Sz), C: IS 6-membered Fe(Il)(cis N2O2) and E: LS 6-membered
Fe(I1)(14-15 N4-P»)) and the two next closest catalysts to the Pareto frontier (D: LS 5-membered
Ru(I1)(14-16 N4-N»2) and F: LS 6-membered Co(II)-(cis O2P2)), for direct methane-to-methanol
conversion. Surprisingly, despite average trends indicating favorable formation of metal-oxos by
Ru catalysts, the best Ru-based codoped SAC (i.e., D) does not reach the Pareto frontier spanned
by the 3d transition metal SACs, reinforcing the greater potential of light, earth-abundant transition
metal SACs for direct methane-to-methanol conversion (Figure 7). We find Fe(II)-based codoped
SACs are most likely to be favorable (i.e., both AE(ox0) and AE(HAT) < 0) compared to SACs
with other metal centers. In comparison to A or F, which have extremely favorable reaction
energetics for either AE(oxo0) or AE(HAT) and unfavorable reaction energetics on the other, the
Fe(Il)-based codoped SACs along the Pareto front display more moderate tradeoffs. If
Bronsted—Evans—Polanyi (BEP) relations’! 1% hold, one would ideally minimize (AE(oxo0) +
AE(HAT)) to achieve the optimal balance between AE(oxo) and AE(HAT) reaction energetics

(Supporting Information Table S8). Based on this criterion, we can conclude that A and C provide

23

https://doi.org/10.26434/chemrxiv-2023-3fk6j ORCID: https://orcid.org/0000-0001-9342-0191 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-3fk6j
https://orcid.org/0000-0001-9342-0191
https://creativecommons.org/licenses/by/4.0/

an optimal trade-off between AE(oxo) and AE(HAT) (Supporting Information Table S8).
Importantly, C is spin-allowed in catalytic cycle of methane-to-methanol reaction (i.e., the resting

state and all intermediates have the same ground-state spin) (Supporting Information Tables S9

and S10).
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Figure 7. Examples of the best-trade-off catalysts (top) across codoped SACs dataset are indicated
by letters A—F. The AE(oxo0) vs. AE(HAT) reaction energies (in kcal/mol) of the best performing
catalysts (bottom) are colored by metal identities (Mn in green, Fe in red, Co in blue, and Ru in
purple). Only SACs with both energetically favorable AE(oxo) and AE(HAT) reaction energetics
are shown. On top (from left to right) are the codoped SACs from A: LS 5-membered
Mn(III)(O3P1) SAC, B: LS 5-membered Fe(IT)(6-11 Ns-S2) SAC, C: IS 6-membered Fe(II)(cis
N202) SAC, D: LS 5-membered Ru(II)(14-16 N4-N>) SAC, E: LS 6-membered Fe(I1)(14-15 Ny4-
P») SAC, and F: LS 6-membered Co(II)-(cis O2P2) SAC. Atoms are colored as follows: purple for
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Mn, brown for Fe, pink for Co, dark teal for Ru, blue for N, red for O, orange for P, yellow for S,
gray for C, and white for H.

Next, we proceed to compare the catalytic performance of the Fe(Il) SAC C, which has
two N and two O atoms codoped in the first coordination sphere, with the pure N-doped SAC
models. The N-doped SACs from our previous study?® have four N atoms coordinating in the first
coordination sphere with 5- or 6-membered ring structures. These N-doped SACs have similar
AE(oxo) energetics (i.e., ca. -10 kcal/mol) along with favorable AE(HAT) (i.e., -3.4 kcal/mol for
5-membered ring and -6.8 kcal/mol for 6-membered ring N-doped SACs). In comparison to the
pure N-doped SACs in our previous study?®, we observe that introducing O dopants with N dopants
in the first coordination sphere of SACs, as in the candidate C, leads to significant improvements
in both AE(oxo0) and AE(HAT) reaction energetics (i.e., by > 5 kcal/mol). This observation can be
ascribed to the electronic environment created by multiple dopants, which cannot be accessed by
a single dopant element. On the basis of this analysis, employing N/O codopants in the first
coordination sphere may provide an approach to improve catalytic performance of these materials

for methane-to-methanol conversion.

To validate our best-trade-off codoped SACs designs, we now characterize the full reaction
coordinate, i.e., with both transition states (TS) and reaction intermediates, of the selected codoped
SAC:s for the radical rebound mechanism of methane-to-methanol conversion. Here, we focus our
analysis on the codoped SACs: A, C, D and E after omitting B and F because we were unable to
fully converge the pathway for oxo formation on these SACs with CI-NEB. Of these four
remaining catalysts, all have favorable reaction energetics, and C is in its ground spin state. As the

AE(oxo0) and AE(HAT) steps play crucial roles as potential rate-limiting steps in the catalytic cycle
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of methane-to-methanol conversion, we calculate kinetics properties associated with oxo
formation and HAT with NEB and potential energy scans, respectively (see Computational
Details). The radical rebound step has been shown to be nearly barrierless and not involved in the
turnover-determining transition state (TDTS) in our previous work>, and so we do not attempt to

compute a barrier for it.

We observe comparatively low oxo formation barriers of 17.3 kcal/mol for C and 4.0
kcal/mol for D, indicating relatively facile formation of metal-oxo species for C—H bond activation
in methane (Figure 8). In contrast, the oxo formation barriers of A and E are considerably higher
(i.e., 31.3 kcal/mol and 26.7 kcal/mol, respectively), which is also noteworthy that both activation
energies are relatively similarly high even though they were on the opposite ends of the Pareto
front in terms of oxo formation energetic favorability (Figure 8). Among the four selected codoped
SACs, the HAT barrier of ground state C exhibits the lowest HAT barrier energy at 14.7 kcal/mol,
followed by D with a moderate barrier of 21.6 kcal/mol. Compared to the C and D systems, E has
a higher HAT barrier energy of 39.0 kcal/mol indicating that it requires more energy for HAT and
is unlikely to be a proficient catalyst for direct methane-to-methanol conversion. The A SAC has
the highest HAT barrier energy at 44.5 kcal/mol, making it the most energetically demanding for
the HAT process and unlikely to feasibly catalyze HAT, even when accounting for uncertainty due
to error in the DFT functional (Supporting Information Table S11). Comparing these energetics,
we observe at most a qualitative BEP relationship in the HAT step: the most favorable SAC in
terms of reaction energetics, C, has the lowest kinetic barrier while the most unfavorable SAC, A,
has the highest kinetic barrier. There are, however, exceptions for D and E, where the kinetic
barriers are drastically different although their energetics are similar (Supporting Information

Figure S21). This observation, which we ascribe to the diverse chemistry of the metal, oxidation
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state, spin state, and coordination environment combinations we included in this study, highlights

the importance of explicit evaluation of kinetic barriers in identifying favorable SACs.
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Figure 8. Full energy landscapes (E: in kcal/mol) of the four best-trade-off codoped SACs with
A: LS 5-membered Mn(IIT)(O3P1) (top left), C: IS 6-membered Fe(Il)(cis N2Oz) (bottom left), D:
LS 5-membered Ru(Il)(14-16 N4-N>) (top right), and E: LS 6-membered Fe(Il)(14-15 Ny-P)
(bottom right). The reaction coordinates are labeled with intermediates: the reactants (R), the TS
of oxo formation (TS oxo), the metal-oxo intermediate (=O), the TS of HAT (TS HAT), the metal
hydroxyl intermediate (—OH), the methanol-bound intermediate (CH3OH), and the product (P).
The turnover-determining TS (TDTS) and turnover-determining intermediate (TDI) are shown
inset along with the energy differences between the TDTS and TDI (Etprs - Etpi) that governs
efficiency of catalysis. The TDTS and TDI are labeled with red and green, respectively. Atoms are
colored as follows: purple for Mn, brown for Fe, dark teal for Ru, blue for N, red for O, orange for
P, gray for C, and white for H.

Next, we employed the energetic span model to estimate the catalytic turnover frequency
(TOF) of the four selected codoped SACs. We observe that A, C and E share a common TDTS
associated with the oxo formation step (Figure 8, Supporting Information Table S12).
Additionally, the turnover-determining intermediate (TDI) for those three codoped SACs is the
methanol-bound intermediate. However, as for D, the TDTS associated with the TS HAT and the

TDI is the metal-oxo intermediate due to moderate methanol release energetics. The energetic span
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(0E) differs significantly among the four codoped SACs with a wide variation of 60 kcal/mol. This
range extends from 21.6 kcal/mol in D (i.e., likely to catalyze C—H activation) to 73.3 kcal/mol in
A (i.e., unlikely to catalyze C—H activation), resulting in a large 37 order of magnitude difference
in the computed catalyst TOFs (Supporting Information Table S12). Interestingly, D was one
catalyst that was not on the Pareto front, only close to it, but our kinetic analysis highlights its
superior performance, emphasizing the limited predictive capabilities of a reaction-energetics-only
screen in SACs. Full kinetic screening of candidates might therefore reveal even better SAC
candidates that are not on the reaction energetics Pareto front. Furthermore, our investigation
reveals that the relative energetics and energy spans associated with methane oxidation for our
selected codoped SACs, C and D, are comparable to the computed energy spans reported in
macrocyclic molecular complexes® and metal—organic framework nodes®> 194 195 Given the
favorable reaction energetics, kinetics, and TOF of C and D, we conclude that C and D are the
most promising codoped SACs for methane-to-methanol conversion and merit further

experimental exploration.

6. Conclusions

Using a high-throughput virtual screening (HTVS) approach, we investigated 2,048
codoped transition metal (i.e., Mn, Fe, Co, and Ru) SACs in numerous spin and oxidation states
for the challenging conversion of methane to methanol. Here, we focused on modulating the
coordination environment by doping in both the first and second coordination spheres, to design
efficient SACs and alter the catalytic properties for direct methane-to-methanol conversion. To
determine the ground spin state of catalytic intermediates of SACs, we first explored the impact of
the influence of metal/oxidation state in SACs. We found that SACs can have either IS or LS

ground states in the catalytic cycle depending on the transition metal center. Next, we evaluated
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the relationship of the energetics of oxo formation and HAT steps in codoped transition metal
SACs. Across our codoped SACs dataset, we observed a relatively weak negative correlation
between AE(oxo0) and AE(HAT). We attribute the weak correlation to the significant variation of
the coordination environment among these SAC catalysts, especially the structural variation in the
first coordination sphere. The AE(release) energetics are endothermic for the codoped SACs, with
a wide-spread range for Fe and Mn codoped SACs but are quite narrow for Co and Ru codoped
SACs. We expect the flexible tunability demonstrated here, which allows disruption of LFERs as
in molecular catalysts, should combine with the stability and scalability of SAC catalysts in general
to benefit from the advantages of both homogeneous and heterogeneous catalysts. In order to
understand the periodic trends and coordination environment effects on reaction energetics, we
compared Fe and Ru reaction energetics and found Ru formed more stable metal-oxos, while Fe
HAT energetics were more favorable. Conversely, AE(HAT) energetics in LS Ru codoped SACs
are less favorable than those in all LS Fe SACs, and most IS Ru systems exhibit far less favorability
than IS Fe systems.

Finally, we considered the trade-off between AE(HAT) and AE(ox0) and identified catalyst
candidates along the AE(oxo) and AE(HAT) Pareto frontier through reaction energetics
assessments. Owing to weak BEP relations over this set, we found that points close to but not on
the Pareto frontier had superior kinetic properties. Our kinetic analysis on the best-trade-off subset
of SACs results recommended that the following two codoped SACs hold great promise for
methane-to-methanol conversion: C: IS 6-membered Fe(Il)(cis N2O2) SAC and D: LS 5-
membered Ru(Il)(14-16 N4-N2) SAC. Overall, our analysis of codoped SACs indicated the
performance of SAC active sites is strongly influenced by both first and second coordination

sphere element identities as well as by the local geometric structures they favor. By strategically
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engineering the local coordination environment, not just in the first coordination sphere but also
the second, there are untapped opportunities to fine-tune the energetics of the HAT and oxo
formation steps that normally are expected to have a steep tradeoff. Among the codoped SACs
studied, we identify SAC candidates with promising reaction energetics, kinetics and turnover

frequencies for methane-to-methanol catalysis, warranting further experimental exploration.
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