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Supplementary Dataset
The data accompanying this work, including input/output files, DFT-optimized structures, and tabulated
energies, can be found at the Zenodo repository with the following DOI: 10.5281/zenodo.5811810.

Additional Methodological Details

Additional VASP Details

The VASP-recommended v.54 projector-augmented wave (PAW) PBE pseudopotentials' were used for all
calculations in this work. For the HSE06-D3(BJ)//PBE-D3(BJ)+U calculations, a smaller 2 X 1 X 1 k-point
grid and looser SCF convergence threshold of 10 eV were used to reduce the computational cost. The
PBE-D3(BJ)+U wavefunction was used as an initial guess for other levels of theory in this work. Both the
atomic positions and cell volume for Fe>(OH),(u-OH)z(bbta), which was used for the Fe(III) reference in
Figure 5, were fully relaxed. For calculations on Fex(dobdc), we used a Monkhorst-Pack? k-point grid of
4 x 2 x 2 with the Niggli-reduced primitive cell. The settings for Fe,(u-Cl)2(bbta) were the same as those
for Fey(u-OH),(bbta). Gas-phase species were modeled at the I'-point only centered in a box with ~20 A of
vacuum in each dimension. As a matter of consistency, all spin density visualizations are presented at a
constant isosurface value of 0.01 a.u.

Simplifying Assumptions

Due in part to the length of the reaction coordinate, the transition states associated with the radical rebound
steps (particularly F» — G and F3; — G) are difficult to converge with the NEB and dimer methods although
are clearly present. The methyl rebound step is often the lowest barrier in the mechanism and is occasionally
neglected in prior MOF studies.” > Here, we chose to calculate TSg, /g and used the energy of this structure
for TS, and TSy, /¢ as a first-approximation given that they all share the same final product and the
transition state geometries are expected to be comparable.

Only a single barrier between Bu202 and Cuz0 was successfully isolated (i.e. for cleavage of the O—
O bond in H,O» but not for subsequent H-abstraction via the generated OH- radical). Given the reactive
nature of the OH- species, subsequent barriers between this transient intermediate and the Cmzo products
were not able to be computationally isolated, although they are likely to be small if present.

Prior theoretical calculations on the guest-free M, (u-OH),(bbta) frameworks have shown that there
are several low-lying configurations that the H atoms of the u-OH~ groups can adopt, and the preferred
orientation can fluctuate based on the presence of adsorbates and/or intermediates.®’ In this work, we
generally adopted the u-OH™ orientations used in a prior study® as a matter of consistency and to ensure that
the relative energies were primarily associated with the catalytic transformations themselves as opposed to
slight rearrangements of the u-OH~ groups. We only changed the u-OH™ orientation for step Buz02 (and the
subsequent transition states for H»O, activation) to allow for the significantly more favorable adsorption
mode of H,O» (Figure S1).
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Figure S1. H,O; adsorbed in two different configurations, optimized at the PBE-D3(BJ)+U level of theory.
The structure on the right is 37 kJ/mol more stable. Color key: Fe (orange), N (blue), O (red), C (black), H
(white).

In the proposed H,O, mechanism, water is generated as a byproduct. We neglect the effect of water
on the proposed catalytic mechanisms (except for structures Ciu20, C2,120, and Ciuz20) since we primarily
focus on understanding qualitative differences in electronic structure and reactivity of various active site
motifs. Water adsorption in this family of metal—triazolate frameworks is known to be quite complex® and
is beyond the scope of the present study. Nonetheless, it can be expected that certain mechanistic steps may
be modified if water molecules were included throughout the H,O, mechanism (e.g. the barrier for the
internal H-transfer, D; = D,, may be reduced if the proton could be shuttled by a nearby H»O molecule).
Additionally, H>O molecules can potentially block the Fe(Il) sites once formed. At the PBE-D3(BJ)+U
level of theory, H,O adsorption at a single Fe(Il) site in an otherwise guest-free Fe (u-OH),(bbta) is
predicted to take place with an adsorption energy of —45 kJ/mol. In practice, this might mean that the
framework would need to be heated to remove bound water if the sites become saturated.

Finally, as noted in the Methods section, ferromagnetic coupling was considered between the Fe
centers for computational simplicity. For reference, when using a 2 X 1 X 1 supercell of the guest-free,
Niggli-reduced primitive cell (which has an even number of Fe centers per chain), the antiferromagnetic
(AFM) configuration with high-spin Fe sites is 1.75 kJ/mol per Fe site more stable than the analogous
ferromagnetic (FM), high-spin configuration at the PBE-D3(BJ)+U level of theory. Here, we considered
both intrachain and interchain antiferromagnetic coupling as has been done for M»(dobdc).’ Prior work on
MIL-53(Al,Fe) has shown that the reaction profile on the AFM spin surface is comparable to that on the
FM spin surface for the catalytic conversion of methane to methanol via bridging iron-oxo sites.!? Similar
observations have been reported for light alkane activation at terminal iron-oxo sites in other iron-
containing MOFs as well.#!12 For Fe,(u-OH),(bbta), we find that for the reaction A + N>O — Dy + N, the
structure with AFM coupling between Fe sites results in a reaction energy that is 3 kJ/mol more endothermic
than that on the FM surface. Although this difference is quite small, we acknowledge that it is plausible
that other steps in the mechanism may exhibit larger differences and would be worth investigating in future
studies of this MOF family.
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Structure Descriptions
The various structures considered throughout this work are described below. Refer to Scheme 1 and Scheme
2 for additional details:

e MOF with and without adsorbates:
o A: Guest-free MOF
o Bwo: A with an N,O adsorbate in the 1—O mode
o Bmo2: A with an H,O, adsorbate
o G: A with a CH30H adsorbate
e [Fe(O))*":
o Cinz: Bao after the activation of N,O, resulting in an [Fe(O)]** species and physisorbed
N2
o Cimo: Bmoz after the activation of H,O», resulting in an [Fe(O)]*" species and physisorbed
H>,O
o Di: MOF with a single [Fe(O)]** species
Eq: D with a physisorbed CH4 molecule at the terminal oxo site
o Fi: Eq after the activation of CHy, resulting in a terminal Fe—OH species and physisorbed
CH,
e [Fe(OH)(u-O)Fe]**:
o Cymo: Bmoz after the activation of H,O», resulting in an [Fe(OH)(u-O)Fe]** species and
physisorbed H,O
o Dy MOF with a single [Fe(OH)(u-O)Fe]*" species
o E,: D, with a physisorbed CH4 molecule at the bridging oxo site
o Fa: E, after the activation of CHs, resulting in a [Fe(OH)(u-OH)Fe]** species and
physisorbed CH4
e [Fe(u-O)Fe]**:
o Csmo: Bmoz after the activation of H,O,, resulting in an [Fe(u-O)Fe]** species (and Fe—
OH species on the opposite chain of iron sites) and physisorbed H,O
o Ds: MOF with a single [Fe(u-O)Fe]** species (and Fe—OH species on the opposite chain of
iron sites) per cell
o Es: D3 with a physisorbed CH4 molecule at the bridging oxo site
o Fs: E; after the activation of CHa, resulting in a [Fe(u-OH)Fe]** species and physisorbed
CH,4
e [Fe(OH)(u-O)Fe(OH)]** (not shown in Scheme 1 or Scheme 2 but discussed in Figure 5 and Tables
S9 and S13):
o D4 MOF with a single [Fe(OH)(u-O)Fe(OH)]** species
o E4: D4 with a physisorbed CH4 molecule at the bridging oxo site
o Fa: E4 after the activation of CHa, resulting in a [Fe(OH)(u-OH)Fe(OH)]** species and
physisorbed CH4

O

DFT-Optimized Lattice Constants

The DFT-optimized lattice constants for the guest-free Fe,(u-OH),(bbta) and Fex(u-Cl),(bbta) structures
are shown in Table S1 and Table S2, respectively. Excellent agreement between theory and experiment is
observed for the previously synthesized Fe,(u-Cl),(bbta) structure (Table S2).

Table S1. Computed lattice constants for Fe,(i-OH),(bbta) at the PBE-D3(BJ)+U level of theory.

MOF a(d) bA) cA a® BO v

S4



Fex(w-OH)(bbta)  8.12 1507 15.10 1163  101.0 _ 100.0

Table S2. Computed (“Theory”) and experimentally derived (“Exp.”) lattice constants for Fe(u-Cl)(bbta)
at the PBE-D3(BJ)+U level of theory.

MOF ad) bA) cA) a® BO  y(©)
Theory 8.28 14.88 1488 1166 100.7 100.7
Fer(u-Cla(bbta) g5 23 1478 1478 1166 1007 1007

Spin States for Fey(u-OH)z(bbta)

The spin states considered throughout this work are shown in Table S3 based on an energetic comparison
of various plausible spin states at the PBE-D3(BJ)+U level of theory. Generally, the iron species tend to
exist in the high-spin configuration. For a detailed description of the individual magnetic moments, refer to
the supporting dataset.

Table S3. Spin states of each structure considered in this work where S is the total spin quantum number
(per unit cell). Note that there are a total of six Fe cations in the Fe,(u-OH)»(bbta) unit cell, such that a value
of 25 = 24 as in structure A would imply that there are four unpaired electrons per iron center.

Structure 28
A 24
Bu202 24
Ciz 24
Cinz20 24
Cimo 26
Csmo 26
D, 24
D, 26
D; 26
Dy 27
Eq 24
E, 26
E; 26
E4 27
F 24
F, 24
F; 24
F4 25
G 24

TSBNZO/CLNZO 24
TSBHzoz/C1,H20 24
TSBH202/C2,H20 24
TSBH202/C3,H20 24

TSp, /n, 24
TSk, /r, 24
TSk, /5, 24
TSk, /r, 24
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TSk, i, 25
TSy/c 24

Supplementary Results

Tabulated Energies and Geometries

Two N>O adsorption modes at the Fe sites of Fex(u-OH),(bbta) are shown in Figure S2 with their
corresponding adsorption energies in Table S4.

a) o b)
Q

o

Figure S2. a) N,O adsorbed in an 7*—N mode at the Fe center of Fea(u-OH),(bbta). b) N»O adsorbed in an
n'-O mode at the Fe center of Fe»(u-OH)y(bbta). The structures shown are DFT-optimized at the PBE-
D3(BJ)+U level of theory. Color key: Fe (orange), N (blue), O (red), C (black), H (white).

Table S4. N,O adsorption energies (A + N>O — Bnzo) for Fex(u-OH)x(bbta) at the PBE-D3(BJ)+U level of
theory.

Adsorption mode AE (kJ/mol)
nt-N —24
nt-0 22

Table S5. Key geometric parameters, including the Fe—O distance, N—O distance, Fe—O—N angle, and N—
O-O bond angle at the transition state for N>O activation (TSgy,/c, y,) at the PBE-D3(BJ)+U level of

theory. For reference, the N-O distance and N-O-O angle in free N,O are 1.20 A and 180.0° at the same
level of theory.

MOF dre—0(A)  dn-o(A)  Zpe0-N(®)  4N-0-0(°)
Fex(1-OH ) (bbta) 1.88 1.53 129 133
Fes(dobdc) 1.84 1.55 134 135

Table S6. N>O activation energies (Bnx2o = TSpy,,/c, ,) at the PBE-D3(BJ)+U level of theory.”
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MOF EaN,0 act, (kJ/mol)

Fe(u-OH)z(bbta) 102
Fe»(dobdc) 129
Fey(n-Cl)a(bbta) 143

*Prior work on Feo.1Mgi.9(dobdc) predicts E, N20 act. to be 97 kJ/mol at the M06-L level of theory.'* As discussed in greater detail
below (e.g. Table S12), the N0 activation energy is highly sensitive to the level of theory, specifically whether or not it includes
Hartree-Fock exchange or a +U correction.

Table S7. Reaction energy associated with metal-oxo formation (Bx2o = Cinz) at the PBE-D3(BJ)+U level
of theory.”

MOF AE (kJ/mol)
Fe,(n-OH),(bbta) -15
Fey(dobdc) 17

*Prior work on Feo.1Mg1.9(dobdc) predicts AE to be —70 kJ/mol at the M06-L level of theory.'* As discussed in greater detail below
(e.g. Table S10), the metal-oxo formation energy is highly sensitive to the level of theory, specifically whether or not it includes
Hartree-Fock exchange or a +U correction.

Table S8. C—H activation barriers at the terminal metal-oxo species (E1 = TSg, /p,) at the PBE-D3(BJ)+U
level of theory.”

MOF Eac—H act. (kJ/mol)
Fe»(dobdc) 44
Fex(u-OH)x(bbta) 67

At the B3LYP/6-31G** level of theory with dispersion corrections, the barrier is predicted to be 51 kJ/mol for Fex(dobdc).!s

TSgy,0/c4 TSBy202/¢4

TSBHzoz/Cz TSBﬂzoz/C3
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TSD1/D2 TSF1/G

Figure S3. Spin densities for several transition states considered in this work at the PBE-D3(BJ)+U level
of theory. Note that the spin density on the peripheral oxygen atoms is truncated due to periodic boundary
conditions and that the viewing angles are slightly different for ease-of-visualization. Spin density color
key: positive spin density (yellow), negative spin density (cyan). Atom color key: Fe (orange), O (red), N
(blue), C (black), H (white).

Additional Results at the PBE-D3(BJ)+U Level of Theory
The mechanistic pathway for methane to methanol conversion in the presence of N,O (including internal
H-transfer to go from Dy to D;) is shown in Figure S4.

TSBNzn/C1,N2 TSDI/DZ

100 80 "0
— TSg,/r,
50 0 ch, o7 TSE, /¢
] A ¢ .
0 .
= 1 0
g ] 55 22 y
5 907 Byzo =T p -40%, F2
24 ] 1N2 D, -61 N, + CH,0H
S ] E
—150 4
] G
~200 194

Figure S4. Potential energy landscape for the conversion of methane to methanol via a bridging iron-oxo
species formed in the presence of an N>O oxidant and an Fe,(u-OH),(bbta) catalyst following an internal
H-transfer mechanism. The zero-energy reference corresponds to the infinitely separated reactants (i.e. A +
N,O + CHy). Results are presented at the PBE-D3(BJ)+U level of theory.

The transition state for the surface-stabilized (i.e. concerted) methane dissociation route at the D,
active site is shown in Figure S5. The kinetic barrier for the C—H activation process is 103 kJ/mol at the
PBE-D3(BJ)+U level of theory.
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Figure S5. Transition state structure for surface-stabilized methane dissociation at the D, site at the PBE-
D3(BJ)+U level of theory. Color key: Fe (orange), N (blue), O (red), C (black), H (white).

Understanding the Impact of +U

To better understand the role of the +U correction, we have isolated several of the intermediates and
transition states at the PBE-D3(BJ) (i.e. U =0 eV) level of theory.

Beginning with a Bader analysis, we find that the inclusion of a +U correction tends to increase the
spin density on the metal centers while decreasing the spin density on the terminal/bridging oxo ligands
(Table S9). The greater delocalization of the spin density from the metal centers to the surrounding ligands
with PBE can likely be traced back to the self-interaction error. Analogous spin density trends were
observed in prior work on Fe;(dobdc) when comparing PBE results against those at the B3LYP level of
theory,!® suggesting that the +U correction is mimicking the behavior of the hybrid functional in this regard.

Table S9. Bader spin densities p for different iron-oxo species in Fex(u-OH),(bbta) at the PBE-D3(BJ) and
PBE-D3(BJ)+U levels of theory. Metals 1 and 2 refer to the atoms surrounding the bridging oxygen species,
except for Dy where only the metal of the terminal metal-oxo species is considered.

PBE-D3(BJ) PBE-D3(B))+U
Structure
|Pl=e1 | |.0Fe2 | lpol |pFe1| |Pl=e2 | lpol
Dy 2.92 — 0.60 3.36 — 0.43
D, 4.00 3.83 0.69 4.23 4.15 0.63
D3 3.95 3.78 | 0.66 4.13 3.75 0.60
Dy 4.00 4.00 | 0.70 4.19 4.19 | 0.58

We also find that the +U correction makes the iron-oxo formation energies less exothermic
compared to U= 0 eV in all cases (Tables S10 and S11). This is to be expected and is consistent with prior
work showing that the coordinatively unsaturated metal centers of transition metal complexes!” and MOFs!®
are predicted to be too easily oxidized with generalized gradient approximation (GGA) functionals. The
iron-oxo formation energies are drastically different depending on whether a +U correction is applied or
not, and the relative stabilities of different metal-oxo motifs are not necessarily the same (Table S11).
Similarly, the barriers for N»O activation and H>O, activation are higher with the +U correction than without
(Table S12).

Table S10. Comparison of the metal-oxo formation energy (in the presence of N>O) at the PBE-D3(BJ)
and PBE-D3(BJ)+U levels of theory with Fe,(u-OH),(bbta).

Theory AEg, 0y, (KI/mol)
PBE-D3(BJ) —-147
PBE-D3(B))y+U -15
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Table S11. Comparison of the metal-oxo formation energies (in the presence of H,O») at the PBE-D3(BJ)
and PBE-D3(BJ)+U levels of theory with Fe,(u-OH)»(bbta).

Theory AEBHZOZ_’DI AEBHZOZ_’DZ AEBHZOZ_’D3
(kJ/mol) (kJ/mol) (kJ/mol)
PBE-D3(BJ) -154 -131 —147
PBE-D3(B))+U 21 -38 -35

Table S12. Comparison of the N>O and H»O, activation barriers at the PBE-D3(BJ) and PBE-D3(BJ)+U
levels of theory with Fe(u-OH),(bbta).

Theory Bnzo = TSBNZO/CLNZ Bh202 — TSBHZOZ/CI,HZO
(kJ/mol) (kJ/mol)
PBE-D3(BJ) 53 19
PBE-D3(BJ))+U 102 51

The barriers for methane activation at the PBE-D3(BJ)+U level of theory tend to be smaller than
those without a +U correction (Table S13). This finding is also consistent with prior studies. For instance,
it was previously shown that the activation energy for cleaving the C—H bond of ethane at [Fe(O)]*" sites
of Fex(dobdc) is 29 kJ/mol, 65 kJ/mol, and 101 kJ/mol with the M06 (meta-hybrid GGA), B3LYP (hybrid
GGA), and BP86 (GGA) functionals, respectively.!® These barriers are inversely correlated with the fraction
of Hartree-Fock (HF) exchange of each functional (27%, 20%, and 0%, respectively), suggesting that the
barrier for C—H activation may be too high with common GGA functionals and can be lowered by including
HF exchange. Therefore, it is reassuring that the +U correction addresses this presumed limitation of PBE,
although the optimal values for U will inevitably differ from the values employed in the present work. The
lower C—H activation barriers when the +U correction is employed can likely be traced back, at least in
part, to the less stable iron-oxo species, which in turns reduces the barrier for C—H activation.?

Table S13. Comparison of the methane activation barriers at the PBE-D3(BJ) and PBE-D3(BJ)+U levels
of theory.

TheOI’y E1 - TSEI/FI EZ 4 TSEZ/FZ E3 4 TSEg/F3 E4 - 'I‘S|:<;4/}'.*4
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
PBE-D3(BJ) 139 116 128 106
PBE-D3(B)+U 67 88 82 68

Additional Results at the HSE06-D3(BJ)//PBE-D3(BJ)+U Level of Theory

Currently, the gold-standard for solid-state DFT calculations is the HSE06 screened-hybrid functional.?!->?
However, full structure relaxations using the HSE06 functional were found to be prohibitively expensive
for the materials studied in the present work. Nonetheless, to explore the possible effects of a functional
with HF exchange, we ran static HSE06-D3(BJ) calculations on the PBE-D3(BJ)+U geometries, denoted
HSE06-D3(BJ)//PBE-D3(BJ)+U. These results are shown in Figures S6-S8.
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AF (kJ/mol)

] TSENZO/CLNZ
100 1 73
50 TS
1M,0 + CH, ':]1/ -
0 A TSg, /¢
0 = -39
_95 Y
—K -
20 Buo - -45
1 -63 70 F,
—100 ] Cl,NZ El
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~150 A
_200 ] (176
] G
—250 A -235

Figure S6. Potential energy landscape for the conversion of methane to methanol via a terminal iron-oxo
species formed in the presence of an N,O oxidant and an Fe;(u-OH),(bbta) catalyst. The zero-energy
reference corresponds to the infinitely separated reactants (i.e. A + NoO + CHy). Results are presented at
the HSE06-D3(BJ)//PBE-D3(BJ)+U level of theory.

AFE (kJ/mol)

TSBNZD/'CLNZ TSp, /p,
73 69
1 N,0+CH, TSg,/r,
7
A TSk, /c
0 -39
-25
By20 63 ";8 -57
G -90 F, N, + CH;OH
p, -L11 A
E, 176
G
-235

Figure S7. Potential energy landscape for the conversion of methane to methanol via a bridging iron-oxo
species formed in the presence of an N,O oxidant and an Fe,(u-OH),(bbta) catalyst following an internal
H-transfer mechanism. The zero-energy reference corresponds to the infinitely separated reactants (i.e. A
+ N>O + CHa4). Results are presented at the HSE06-D3(BJ)//PBE-D3(BJ)+U level of theory.
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11,0, +cH, TSBy,0,/Cinzo
0 1 a
—50 1
] s
— Biiz02
c —100 A
z : ‘
= 1
= :
2 150 ‘.
g ;
—200 A l'
| H,;0+CH;0H
: VA
—250 poi8
1 1:[M(0)]2 i /
1 2: [M(OH)(p-0)M]3* i ]
=300 - 3. [M(p-0)M]3 G

Figure S8. Potential energy landscape for the conversion of methane to methanol in the presence of an
H>O, oxidant and Fe(u-OH)x(bbta) catalyst. The zero-energy reference corresponds to the infinitely
separated reactants (A + H,O, + CH4). Results are presented at the HSE06-D3(BJ)//PBE-D3(BJ)+U level
of theory. Color key: [Fe(0)]** (red), [Fe(OH)(u-O)Fe]** (blue), and [Fe(u-O)Fe]** (green) pathways.
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