Open Access Article. Published on 26 May 2020. Downloaded on 12/4/2025 12:17:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

‘ W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2020, 22, 12821

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Density-functional theory models of Fe(iv)O
reactivity in metal—organic frameworks: self-
interaction error, spin delocalisation and the role
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We study the reactivity of Fe(v)O moieties supported by a metal-organic framework (MOF-74) in the

oxidation reaction of methane to methanol using all-electron, periodic density-functional theory

calculations. We compare results concerning the electronic properties and reactivity obtained using two
hybrid (B3LYP and sc-BLYP) and two standard generalised gradient corrected (PBE and BLYP) semi-local
density functional approximations. The semi-local functionals are unable to reproduce the expected
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reaction profiles and yield a qualitatively incorrect representation of the reactivity. Non-local hybrid
functionals provide a substantially more reliable description and predict relatively modest (ca. 60 kJ mol™)
reaction energy barriers for the H-atom abstraction reaction from CH4 molecules. We examine the origin

of these differences and we highlight potential means to overcome the limitations of standard semi-local

rsc.li/pccp

1 Introduction

Methane is the predominant component of natural gas and a
natural resource of major economic impact on a planetary scale,
largely because of its use as a fuel for domestic and industrial
applications and as a basic feedstock for the industrial production
of hydrogen gas. Methane is typically transported from source
sites in the form of liquefied natural gas via gas pipelines. Its
conversion into a liquid species (e.g. dimethyl ether, formalde-
hyde, acetic acid or liquid fuels) via Fischer-Tropsch catalysis,
can however offer an appealing and sustainable alternative to
direct transportation." Recent studies have suggested that solid-
state catalysts, such zeolites”™® and metal-organic frameworks
(MOFs)>® can provide efficient systems for the direct conversion
of methane into liquid methanol. This process requires the
hydroxylation of an extremely unreactive hydrocarbon, and there-
fore it can be carried out efficiently only in the presence of
catalytic species of exceptional oxidative strength.

The Fe(wv)oxo (ferryl) moiety has been proposed as a
potential candidate in the context of hydrocarbon,”® alcohol®
and water'® oxidation, in view of its peculiar electrophilic
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functionals in reactivity calculations in solid-state systems.

character and its occurrence in several enzymatic cycles
involved in the oxidation of hydrocarbons and other substrates
in vivo.'"? Considerable work has therefore been devoted to
synthesise new Fe(ivJoxo-based species with enhanced catalytic
activity''? along to developing an understanding of the struc-
tural and electronic factors that determine its exceptional
reactivity. Most of this work has been devoted to biological
systems or bio-mimetic species for homogeneous catalysis.
Comparatively less is known on the properties of Fe(iv)oxo systems
in the solid state, particularly concerning their electronic and
chemical properties.

In recent work based on solid-state calculations carried out
at the B3LYP level of density-functional theory (DFT), we have
shown that the MOFs can provide a close to ideal coordination
environment for the stabilisation of highly reactive Fe(iv)O
groups.’* MOFs"® are an intriguing and widely studied class
of solid-state materials with a variety of applications, including
heterogeneous catalysis, gas separation, carbon capture,
and hydrogen storage. Extensive work, both experimental and
theoretical has been devoted to characterise the structural and
chemical properties of these materials and to optimise their
ability to act as catalysts for a variety of synthetic processes.'®*
Our DFT calculations indicate that Fe(w)O supported in
MOF-74 exhibits an oxidation ability comparable to gas-phase
and aqueous Fe(iv)O complexes in a quintet ground state, including
the “Fenton catalyst” [Fe(iv)O-(H,0)s]," (aq).”>?* Similar to
what is observed in these systems, this high reactivity can be
attributed to the stabilisation of a low-lying 3c* virtual orbital
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localised on the Fe(w)O group, which acts as an electron
acceptor in the first stages of the H-atom transfer from
methane. The oxygen-rich Fe(v)O coordination environment
in MOF-74 enhances the stability of the quintet state of Fe(iv)O,
which in turn lowers the energy of the 3c* orbital through
exchange stabilisation.

From a computational perspective, modelling the Fe(wv)O
species in the solid state presents a number of challenges. Even
within the DFT framework, some characteristic properties of
Fe(v)O may not be captured quantitatively, or even qualita-
tively, depending on the choice of the exchange-correlation
approximation. Furthermore, advanced exchange-correlation
methods (like, e.g., hybrid or double hybrid functionals), which
are employed routinely in calculations on gas-phase molecules,
may be prohibitively CPU-intensive in solid-state calculations,
especially in the context of ab initio molecular dynamics
simulations.

Therefore, the goal of this work is to address these limita-
tions by examining the influence of exchange—-correlation func-
tional choice specifically on the predicted reactivity of MOF-74
supported Fe(iv)O. We show that conventional generalised-
gradient approximations (GGAs), like PBE** and BLYP,**”® which
typically provide an accurate description both of the structural/
vibrational properties of MOFs®>’ and of Fe(iv)O catalysed
hydroxylation reactions in the gas phase and in aqueous
solution®®?° yield a qualitatively incorrect description of the
H-abstraction reaction profile from methane in the solid state.
We attribute this failure to the self-interaction error (SIE)
affecting these functionals, which brings about a spurious
mixing between reactant (CH,) orbitals and extended MOF-74
states. This effect is responsible for the unphysical delocalisa-
tion of the electron associated with the H atom transferred to
the Fe(iv)O group, which prevents a transition state from being
reached. A (partial) cancellation of the self-interaction error,
e.g. through the inclusion of exact Hartree-Fock exchange in
the density-functional approximation (e.g. B3LYP>>2¢3°
BLYP?'), is sufficient to recover the correct reaction profile.

The manuscript is organised as follows. In Section 2, we
describe the DFT methodology that we used to model the
Fe(1v)O/MOF-74 structure and to calculate several electronic
properties of interest and to determine energy barriers for the
oxidation of a methane molecule. In Section 3 we show how
these electronic properties are influenced by the choice of
the exchange-correlation functional and the ground spin state.
We then study the hydrogen atom abstraction reaction from a
methane molecule in the presence of Fe(iv)O supported in
MOF-74. Finally, Section 4 summarises our main findings
and indicates potential directions for future works.

or sc-

2 Simulation methods

We build the initial structure of Fe(iv)O/MOF-74 with the data
provided by the Cambridge Crystallographic Database®* con-
cerning acetylene/MOF-74>% using the Materials Studio suite
package.** The Space group is R3 (148), with a unit cell of
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Fig. 1 Representations of the periodic Fe(vJO/MOF-74 cavity with a methane
molecule in the centre, with the top (a) and side (b) views of the unit cell and
the replicated cell (c). Fe atoms are blue, O atoms red (notice the O(oxo)
atoms oriented toward the cavity centre), C atoms green, and H atoms grey.
The cells in panels (a) and (b) show the same system that is used in the
simulations. Panel (a) shows the position of alternatives sites O1, C1, and
C2 to Ooxo for the adsorption of methane molecule.

dimensions of 25.89 x 25.89 x 6.95 A* and angles « = f§ = 90°
and y = 120°. Fig. 1 shows that this cell contains 60 atoms and
corresponds to 6 primitive cells. The primitive unit cell of
Fe(iv)O/MOF-74 contains 10 atoms: one Fe atom, three frame-
work O atoms, four C atoms, one H atoms and one O(oxo) atom
bonded to Fe. We substitute the acetylene molecule present in
the original structure with an oxygen atom O(oxo), at a distance
of 1.68 A from the Fe atom, which is slightly larger than typical
Fe(v)-O(oxo0) distances determined for gas-phase complexes
(1.60-1.62 A).%® We then relax the atomic positions with the
COMPASS2>® force field. After optimisation, the Fe(wv)-O(oxo)
bond length decreases to 1.65 A.

The atomic positions from the resulting configurations are
then optimised with the ab initio CRYSTAL17 code.*® For the
geometry optimisation, we employ the default convergence
criteria set in CRYSTAL17: 7.5 x 10~ * Ha Bohr ™ for the largest
component of the force, 5.0 x 10" for the largest displacement
and 10~ Ha for the energy change between optimisation steps
similarly to those employed in the optimisation of graphenylene.*”
The DFT calculations are carried out using periodic boundary
conditions with four different exchange-correction functionals.
We consider two pure density functionals (PBE and BLYP) and
one range-separated hybrid functional (sc-BLYP), to assess their
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applicability as potential alternatives to B3LYP. Pure density
functionals are typically preferred in solid state applications,
because of their reduced computational cost, especially in
plane-wave based calculations and ab initio molecular
dynamics simulations.*®*** In previous work'* we showed that
B3LYP, which provides a reasonably accurate description of
high-spin Fe(iv)oxo states,*>*® is also more adequate than most
generalised-gradient approximations (e.g. PBE and BLYP) in the
solid state. We do however notice that, for gas-phase or solvated
systems, the OPBE functional may also provide an accurate
alternative to B3LYP (ref. 46). A standard all-electron 6-31G***’
basis set is used to represent the local atomic orbitals in terms
of primitive Cartesian Gaussian functions. Polarization func-
tions (p-functions for hydrogen and d-functions for carbon,
oxygen and silicon) are used to ensure that the orbitals can
distort from their original atomic symmetry, to better adapt to
the molecular surroundings. Accurate truncation thresholds for
the tolerances of the Coulomb and exchange bielectronic
integral series are used in all calculations®® to improve the
convergence rate during the self-consistent solution of the
Kohn-Sham equations. Brillouin zone integrations are carried
out using a Monkhorst-Pack net of 2 x 2 x 2 k-points, and a
ground-state energy convergence is enforced of 1 x 10> Hartree.
Long-range forces are included by adding van der Waals disper-
sion correction with Grimme’s DF2 scheme.*® Note that when
including this scheme, some self-interaction might exist between
the images of the methane molecule, whose separation is 6.95 A
as shown in Fig. S1 (ESIt). Nonetheless, this distance is long
enough to avoid self-interactions between these molecules. Note
that at this separation, only van der Waals forces might be
significant, however these are weak in the gas phase. This
weakness is reflected in the changes of the system’s total energy
in Fig. 4. In addition, our current work on these systems with
ab initio molecular dynamics reveals that the forces between the
methane’s atoms and those in the MOFs are very weak for
distance ca. 3.5 A; thus, interactions between images of methane
are likely to be even weaker.

3 Results and discussion

In Table 1 we list the total energies, quintet-singlet energy
differences, Fe(iv)O bond distances, and Kohn-Sham gaps
obtained for the optimised Fe(iv)O/MOF-74 structure in the
absence of methane. The triplet and the singlet are known to
be the predominant spin states of Fe(iv)O compounds, and the

Table 1 Total energies E of the quintet spin state (Ha), differences in
energy with respect to the singlet state AE (eV), Fe—O(oxo) distances (A)
and Kohn-Sham band gaps for o bands (eV)

XC E AEg dFe—O[oxo) Ey Gap
PBE —10301.476 —6.067 1.617 1.095 Indirect
BLYP —10305.558 —5.515 1.632 1.048 Indirect
sc-BLYP —10305.433 —10.633 1.607 1.505 Direct
B3LYP —10303.776 —11.059 1.601 2.078 Direct

This journal is © the Owner Societies 2020

View Article Online

Paper

quintet is by far the most reactive state, both in biological and
in organometallic/biomimetic compounds.*®*°

The largest stabilisation of the quintet state in Fe(iv)O/MOF-
74 is observed in the hybrid functional calculations, along with
a shorter Fe(iv)-O(oxo) bond length and a substantially higher
Kohn-Sham gap relative to the two pure density functionals.
Furthermore, the Kohn-Sham gap appears to be direct at the
zone centre in hybrid calculations (Fig. 2), whereas it is indirect
in GGA calculations. The Kohn-Sham gap opening in solid
state systems as a consequence of the inclusion of Hartree-
Fock exchange in the exchange-correlation functional is well
understood.’® The shorter Fe(wv)-O(oxo) bond distance is likely
to be attributable to an improved description of the exchange
interactions responsible for the stabilisation of occupied
Fe(iv)O molecular orbitals, which increases the Fe(v)O bond
order.® We observe that the band gap with sc-BLYP has
the best agreement with those reported in from the oxidised
Fe-MOF-74/CPO-27-Fe with a value of ca. 1.3 eV.>>

We have calculated the adsorption energy E, 45 of methane as

FeO—MOF74+CH.
Ews = E 4 —

FeO—-MOF74 CHy
total - K (1)

total total?
where the right-hand terms of eqn (1) represent the total
energies of the systems constituted by the CH, molecule

adsorbed on one site of FeO-MOF74 (Egelgl*MOFM*CH“), the

energy of FeO-MOF74 with its cavity unoccupied (ELQMOF7),

total

and the isolated methane molecule <Egg‘{> These energies

were calculated for the three MOF atoms that can act as
adsorption sites: one oxygen (O1) and two carbons (C1 and
C2). We have computed the energies using all four functionals
and compared them with the stabilisation energy of the reac-
tant complex, in which CH, is coordinated to O(oxo). This leads
to a total of 24 configurations. Our results indicate that the
methane molecule coordinates preferentially to O(oxo). This
is consistent with previous work on solvated and gas-phase
CH,-Fe(iv)O complexes, for which it has been shown that the
formation of a reactant complex is related to an incipient
interaction between the acceptor Fe(iv)O 3c* orbital and
the highest occupied methane orbital, which acts as a donor
of a single electron.”® This kind of chemical interaction is
unavailable at other adsorption sites. Therefore, according
to our results, the most likely adsorption site for methane in
MOF-74/Fe(wv)O is at the O(oxo) atom (Table 2).

In Fig. 3 we show the projected densities of states (PDOSs)
corresponding to the band structures of Fig. 2. With the two
hybrid functionals, the valence band is composed purely of
framework atoms, whereas the two GGAs exhibit a non-negligible
contribution from Fe(iv)O states. In the case of hybrid-DFT
calculations, the valence is composed of extended m bonding
bands originating from framework’s phenyl groups (cf Fig. 4
below), with negligible contributions from either CH, or the
Fe(v)O moiety. The change in the nature of the occupied states
in the vicinity of the Fermi energy in non-hybrid calculations
is associated with the change from direct to indirect character
of the Kohn-Sham gap. We also observe notable differences

Phys. Chem. Chem. Phys., 2020, 22,12821-12830 | 12823
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Fig. 2 Band structures of the FeO—-MOF-74 represented by the highest occupied (HOMO), and the first four lowest unoccupied molecular orbitals
(LUMO, LUMO+1, LUMO+2, and LUMO+3) for B3LYP (a), BLYP (b), PBE (c), sc-BLYP (d) along the path I’ = [0 0 0Jto Y =[100]to F=[110]to =Z[111] to

I' with the Fermi level set at 0.0 eV.

Table 2 Adsorption energies (in kJ mol™) of methane on the nearest
neighbor sites to Fe(v)Ooxo

Functional Eads,Ol Eads,(}l Eads,CZ Eads,Ooxo
PBE —336.80 —264.07 —249.26 —359.78
BLYP —492.42 —255.78 —313.26 —579.55
sc-BLYP —335.70 —222.23 —233.26 —664.79
B3LYP —233.32 —180.90 —177.30 —561.11

between hybrid and non-hybrid PDOSs in the —5 eV energy
region. The two hybrid functionals exhibit a well defined and
isolated peak corresponding to the highest occupied molecular
orbital (HOMO) of the methane molecule, whereas, in the two
non-hybrid PDOSs, this peak overlaps with occupied Fe(iv)O
states. This is suggestive of a more pronounced electronic
coupling between occupied orbitals of Fe(iv)O and the substrate
molecule in non-hybrid calculations. As we will show below,
this spurious coupling is responsible for the inability of the two
non-hybrid functionals to account for the bond breaking and
formation processes during the H-atom transfer from methane
to the Fe(iv)oxo moiety.

As shown in ref. 14, the first step in the oxidation of
methane via a proton-coupled electron transfer process can
be modelled using a series of geometry optimisations, in which
the O(oxo)-H(methane) distance is constrained to progressively

12824 | Phys. Chem. Chem. Phys., 2020, 22, 12821-12830

shorter distances. We remark that in all these optimisation
processes, the whole structure is allowed to relax, and the
methane molecule to move away from its initial position at
the centre of a MOF-74 pore, to minimise the system’s total
energy. Total energies obtained using this procedure with the
four functionals used in this work are shown in Fig. 4. Whereas
B3LYP and sc-BLYP yield the expected reaction profile, with a
minimum at ca. 2.5 A (corresponding to a CH,~OFe(iv) reactant
complex) and a maximum at ca. 1.4 A (corresponding to the
CH;-H-OFe(wv) transition state), the two non-hybrid func-
tionals yield a qualitatively incorrect monotonic increase in
energy as the O(oxo)-H(methane) distance decreases. Effec-
tively, according to the two non-hybrid functional calculations,
the H-abstraction should not take place, whereas with the two
hybrid functionals the reaction occurs with modalities analo-
gous to other Fe(iv)O molecular catalysts in gas phase and in
water solution. Similar reaction barriers are obtained, in this
case, of ca. 60 k] mol .

During the H-abstraction reaction, an H atom is transferred
from CH, to the O(oxo) end of the Fe(v)O moiety. Simulta-
neously, one electron is transferred to a virtual 3c* orbital
localised on Fe(iv)O. The ability of Fe(iv)O to act as an oxidant
species is determined by the energy of this acceptor orbital,
as extensively demonstrated, on the basis of DFT calculations
and ab initio molecular dynamics simulations, by Baerends

This journal is © the Owner Societies 2020
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Fig. 3 Density of valence states for all (total) atoms and projected on Fe, O(oxo) and CH4 at an O(oxo)-H for B3LYP (a), BLYP (b), PBE (c), sc-BLYP (d).

and co-workers:*® the lower the energy of the 3c* orbital, the
higher is the electrophilic character of Fe(v)O. The coordina-
tion environment of Fe(1v)O plays a crucial role in stabilising or
destabilising this orbital, with weak donor coordinating groups
reducing the 3c* energy orbital more. As shown in ref. 14
and confirmed in this work, MOF-74 provides an oxygen-rich
coordinating environment that stabilises the 3c* sufficiently
for Fe(wv)O to act as an efficient oxidant for methane. Along the
lines of ref. 14, we have verified that a Fe(iv)O 3c* orbital is
the global lowest unoccupied molecular orbital (LUMO) in
Fe(1iv)O/MOF-74 for all functionals used in the present work.
It is therefore surprising that our calculations with the two non-
hybrid functionals, in which the conduction band energy is
markedly reduced compared to the hybrid calculations, does
not yield a satisfactorily reaction profile.

In Table 3 we list the average atomic spin moments of Fe,
O (framework), C and H in the quintet state; the average values
for oxygen atoms bound to Fe(wv) are indicated as O(oxo). As
expected, the largest spin moment is observed on Fe atoms,
which account for ca. 80% of the global spin. B3LYP and
sc-BLYP exhibit the largest Fe spin moments, which are ca.
6% higher than in BLYP. By contrast, the hybrid functionals
yield lower moments on the O(oxo) atoms compared to the pure
density functionals, despite the lower Fe(iv)-O bond distances.
This indicates that the Hartree-Fock exchange component
of the functional tends to enhance the localisation of the
electronic spin on the metal atom and to reduce the transfer
of spin via the Fe(iv)-O covalent bond compared to the pure

This journal is © the Owner Societies 2020

density functionals. In all cases, only very modest spin
moments are observed on framework atoms, consistent with
the predominantly ionic nature of the Fe(iv)O-MOF interaction.
In Fig. 5 we show the atomic spin moments of Fe, O(oxo),
C(methane), and H(methane) as a function of the H-O(oxo)
separation. Fe, O(oxo) and C(methane) exhibit very similar trends
with all functionals, which are consistent with an electron being
transferred to a majority spin orbital predominantly localised on
Fe as the O(oxo)-H distance is reduced. However, the spin
moment of the H atom that approaches the Fe(w) group is
substantially reduced in the pure density functionals compared
to the hybrid functionals. In particular, the pronounced
maximum (with a positive spin moment) at ca. 1 A observed in
B3LYP and sc-BLYP is absent in PBE and BLYP, and the overall
spin of H remains close to zero or modestly negative. The
behaviour exhibited by the H spin moment computed with the
two hybrid functionals is consistent with a homolytic cleavage of
the C(methane)-H bond. This process is correctly described as a
proton coupled electron transfer reaction® from methane to the
Fe(1v)oxo moiety. By contrast, the modest PBE/BLYP spin moment
of H at all O(oxo0)-H distances lower than the predicted transition
state distance suggests that the C(methane)-H bond breaking
occurs heterolytically, i.e. that a proton, rather than an H atom is
being transferred to the O end of the Fe(iv)O group. Even in this
case, at the end of the H transfer process, C(methane) acquires a
net spin moment —1, which indicates that a CH® has been
created as one of the final products. This is, however, apparently
inconsistent with a heterolytic bond cleavage process.

Phys. Chem. Chem. Phys., 2020, 22,12821-12830 | 12825
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Fig. 4 The difference of the total (A Epprigisp). DFT (AEgprr). and long-range dispersion (4gisp) energies with respect to their values at 3.56 A, and the
distance between the central carbon atom with the reactive hydrogen (dc_p) vs. the distance between the O(oxo) and methane's hydrogen with B3LYP (a)

and BLYP (b), PBE (c), and sc-BLYP (d).

Table 3 Density-functional dependence of the average atomic spin
moments of Fe, O, C, H and O(oxo) (in Bohr magnetons ug). The last
two rows represent the fraction of the initial spin retained by Fe and

transferred to O(oxo)

Atom B3LYP PBE BLYP sc-BLYP
Fe 3.289 3.099 3.051 3.273
o] 0.034 0.031 0.037 0.032
0] 0.069 0.082 0.090 0.070
0] 0.074 0.105 0.116 0.073
C 0.004 0.014 0.014 0.004
C 0.012 0.018 0.019 0.012
C 0.002 0.015 0.016 0.000
C 0.006 0.019 0.021 0.007
H x 10° 0.620 0.558 0.390 0.582
0(oxo) 0.510 0.615 0.637 0.529
Fe/all (%) 82.23 77.49 76.27 81.82
O(oxo)/all (%) 12.75 15.37 15.91 13.23

In Fig. 6 we compare electron density isosurfaces for the

HOMO orbital of the Fe(iv)O/MOF-74/CH, system obtained at
the B3LYP and BLYP levels of theory at large O(oxo0)-H separa-
tion (3.5 A). A large degree of mixing is observed in BLYP
between the HOMO of the methane molecule and orbitals of
the framework. Such mixing, which is virtually absent in the
B3LYP orbital, involves the diffuse n orbitals of phenyl rings,

12826 | Phys. Chem. Chem. Phys., 2020, 22,12821-12830

which constitute the MOF-74 valence band. This orbital mixing
results in the appearance of non-negligible spin moments on
the MOF C atoms. For instance, at an H(methane)-O(oxo)
distance of 1.1 A, the spin distributed on the C atoms is roughly
four times larger in PBE and BLYP compared to the two hybrid
functionals and the sums of all moments are 0.16, 0.15, 0.40, and
0.40 for B3LYP, sc-BLYP, PBE and BLYP respectively. The spin
moment of the Fe atom bonded the reactive O(oxo) is also notably
larger in B3LYP (4.08) and in sc-BLYP (4.08) than in PBE (3.44) and
BLYP (3.32). Similarly, the spin on the H atom being transferred to
O(o0x0) is roughly 4 times larger in B3LYP and sc-BLYP than in PBE
and BLYP. We interpret this spin distribution in the two pure
density functionals as a consequence of the transfer of spin
moment from the H atom to the framework, via orbital mixing
of the methane HOMO with the MOF-74 =t states. This mixing
provides a channel for “diluting” in the framework the spin
moment progressively accumulating on H during a homolytic
transfer to Fe(w)O. By contrast, the B3LYP and sc-BLYP spin
moments are consistent with the standard proton coupled electron
transfer mechanism observed in Fe(iv)O catalyzed hydrocarbon
hydroxylations in gas phase and in water solution (Fig. 7).

We believe that the higher delocalisation seen in the
spins of PBE and BLYP over the carbon atoms is caused by

This journal is © the Owner Societies 2020
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Fig. 7 Spin moment dependence of the C atoms belonging to the MOF
on the exchange-correlation functional.

the well-known self-interaction error (SIE) present in GGA
functionals. This error has been reported to cause the deloca-
5 lisation of unpaired electrons over many atoms to reduce the
> Coulomb repulsion.>*™® In contrast, spin delocalisation is

( lower with B3LYP and sc-BLYP because these functionals con-
Fig. 6 95% charge density isosurface of the HOMO for B3LYP (a) and tain a Hartree-Fock contribution, which is free of such error
BLYP (b) at an O(oxo)—H distance of 3.55 A. because the self-interaction part of the Coulomb energy cancels
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that of the exchange part. In our work, the SIE causes the energy
of the methane HOMO to lay too close to that of framework O
bands, which induces the mixing responsible for the spin
spilling to the framework.

Spurious electron delocalisation caused by the SIE is observed
in several classes of approximate exchange-correlation func-
tionals, including, in particular, most GGAs.>*° It is also
known to affect transition-state barriers for many organic
reactions in the gas phase,>” which results in anomalously
low reaction barriers. This is related to the fact that transition
states have, in general, more delocalised densities than
minima, and they are therefore artificially stabilised by the
SIE. The SIE is reduced in hybrid functionals, because the self-
interaction component of the Coulomb energy in pure Hartree-
Fock exactly cancels the exchange component. In molecules,
this cancellation typically increases reaction barriers for simple
organic reactions®®® and yields satisfactory rearrangement
barriers,®" although B3LYP is known to provide an incorrect
description of dissociation processes.®” Extensive DFT calcula-
tions on the Fe(wv)O reactivity with water, alcohol, and saturated
hydrocarbons have shown, on the other hand, that hydroxyla-
tion reactions in the gas phase can be accurately modelled
using standard GGA functionals, in particular OPBE.*® Similar
conclusions have been obtained for analogous reactions in
water solution on the basis of ab initio molecular dynamics
simulation results.>® In the latter case, the water environment
has been shown to influence reaction barriers, but not to
promote charge or spin delocalisation in the reaction medium,
likely as a consequence of the orbital localisation caused by the
dynamically disordered solution environment. Such an orbital
localisation mechanism is absent in the highly ordered MOF
environment, which, therefore, enhances the spurious effect of
the SIE on the hydrogen abstraction reaction. Preliminary
results based on ab initio molecular dynamics simulations®®
also confirm that, at room temperature, the thermal disorder is
not sufficient to prevent the unpaired electron on the H atom
from delocalising in the MOF host.

4 Conclusions

In summary, based on pure and hybrid DFT calculations, we
have shown that the first step of the methane hydroxylation
reaction catalysed by MOF-74 supported Fe(v)O moieties
occurs with modalities similar to analogue reactions in gas-
phase and in water solution, ie. through a proton-coupled
electron transfer from the substrate to the O atom of the
Fe(iv)O group. In the MOF environment, however (which we
model here as a truly infinite solid-state system) spurious SIE
effects prevent the electron on the H atom from moving in
concert with the proton, and result in the absence of a well
defined reaction profile. Hybrid functionals (either global or
range separated) offer a convenient means to recover the
expected reaction mechanism. Alternatively, DFT+U%**® and
self-interaction corrected DFT with standard GGAs could
provide results similar to hybrid functionals, and work is in
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progress to verify this suitability of SIE-corrected schemes.
Recent work®” has also shown that semi-local functionals with a
non-local correlation contribution, like the BEEF-vdW functional®®
may provide a convenient route to accurate energetics, structures,
and reactivity of MOFs.

The results obtained in this work using the range-separated
sc-BLYP functional confirm the B3LYP findings of ref. 14
concerning the extraordinary reactivity of MOF-supported
Fe(1v)O species in the oxidation of methane. In particular, both
functionals indicate that the H-abstraction from methane
occurs with relatively low (ca. 60 k] mol™") enthalpy barriers
for B3LYP. Work is in currently in progress, based on ab initio
molecular dynamics simulations, to estimate the entropic con-
tribution to the reaction barrier, as well as to develop a
complete model of the oxidation profile, including both the
initial H-abstraction step and the subsequent OH rebound
process during the hydroxylation of methane in MOF-74 at
room temperature. We can anticipate that from these simula-
tions we obtain a free energy of reaction that is close to the
enthalpy barrier computed here. As we will explain in a future
paper (in preparation) this finding can be explained by the
reduced entropic effects in the solid-state MOF-74 environ-
ment, compared to e.g. gas-phase or solvated calculations. At
variance with reaction barrier calculations based on transition
state search approaches (see e.g. ref. 69 and 70), the ab initio
molecular dynamics method can be used to include entropic
effects beyond the harmonic approximation.

Finally, a related aspect that will also be the subject of future
work based on the computational framework presented in this
paper, is the generation of reactive Fe(iv)O centres in Fe(u)/
MOF-74 by activation of O,,”"’? a situation in which electronic
exchange effects are likely to play a major role in the binding of
0, to Fe(n) centres and in its ensuing reduction.”® Previous DFT
work on the reduction of dioxygen in the presence of Fe(u)
complexes in the gas phase and in solution [see e.g. the work of
Baerends and coworkers” %] has put forward evidence for a
staggeringly complex reaction profile during the cleavage of the
0O-0O bond, involving states of different spin multiplicities.
Modelling this reaction in the solid state, especially at finite
temperatures, therefore presents a number of hurdles. We hope
that the work described in our manuscript will be a first step
toward more systematic studies of Fe(iv)O generation and
reactivity in the solid state.
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