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We study the oxidation of mononuclear Fe(ll) centers in the metal-organic framework MOF-74 in

the presence of nitric oxide (NO), nitrogen dioxide (NO,), nitrous oxide (N,O), dinitrous dioxide
(N203), oxygen (O3), ozone (O3), and hydrogen peroxide (H,O,) using static density-functional
theory calculations and ab initio molecular dynamics simulations. We examine the effect of reaction
entropies at room temperature on the Fe(ll) oxidation barriers for these species. Singlet N,O,
0O, and Hy0; exhibit large positive entropic contributions, which reduce the free energy barrier at
room temperature compared to the enthalpy barriers. By contrast, large negative entropies are
observed in the case of NO, and O3, which indicate that the reactivity of these species decreases
with temperature. We discuss the role of entropic effects on the mechanisms and energetics of the
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reactions examined.

1 Introduction

The use of metal-organic frameworks (MOFs) in heterogeneous
catalytic processes for the oxidation of saturated substrates has
been emerging in recent years as an alternative to more tradi-
tional chemical routes based on solution chemistry.X MOFs are
porous materials composed of molecular blocks, which offer the
possibility of adding chemically active ligands or metallic centers.
The addition of these species makes it possible to tailor catalytic
sites for application in fine chemistry and, potentially, industrial
processes.2 One of the most sought after applications in this field
is the hydroxylation of light alkanes, such as methane or ethane
(which constitute 94.7 % and 4.2 % of natural gas), to reduce
the transport costs from production sites to consumption areas.
For instance, the direct transportation of methane can be done
by converting this gas into liquid species such as dimethyl ether,
formaldehyde, acetic acid, or liquid fuels, using Fischer-Tropsch
catalytic processes. Methane can also be oxidised to methanol
using several multi-step industrial processes.?

In addition to these traditional processes for hydrocarbon ac-
tivation, several solid-state catalysts have recently been investi-
gated, such as MOFs or zeolites. An interesting class of these
compounds that have been shown to be promising in this field
are catalysts based on high-valent Fe(IV)oxo species supported
by a solid-state host. Fe(IV)oxo species are known to play cen-
tral roles in biological processes, including aerobic respiration,
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catabolism and the in vivo oxidation of hydrocarbons. The
origin of the extraordinary reactivity of the Fe(IV)oxo species
has also been the subject of extensive theoretical and computa-
tional work.T2HIHIEHII 1y only a limited number of computa-
tional studies have been published so far to investigate the oxida-
tion of e.g. methane and ethane 13120425l iy MOFs, of benzene on
graphene, of CO with N, O through an oriented external electric
field in the MOF Fe3 (btc)2, and of methane in zeolites. 2832
Solid-state Fe(IV)O systems have been also investigated for their
potential to store methane in the case of MOF74,23 NO adsorp-
tion in Al-rich beta zeolites®# and in MOFs,?3 NO and N,O reduc-
tion by NH3 within the framework of the zeolite Fe-BEA,36"38 and
the decomposition of nitrous oxide (N,0) in the zeolites Fe-FER,
Fe-BEA, and Fe-MF1.39:40

Whereas much is known about the generation and reactivity
of Fe(IV)oxo in biochemistry, biomimetic chemistry and solution
chemistry, #1747 the study of these species supported by inorganic
crystalline materials is still in its infancy. In particular, the genera-
tion of a ferryl group in the solid state and its regeneration as this
species is consumed during a catalytic oxidation process, remain
to be addressed. In the specific case of MOFs, the generation of
active sites is an active area of research since the use of these
materials in large-scale industrial processes depends crucially on
it. 48 Although a mechanism for the production of Fe(IV)oxo by re-
duction of H,0, in the solid state has been proposed,4? the study
of oxidants alternative to H,O, has remained a relatively minor
area of computational research. Conversely, an extensive litera-
ture exists on the ability of Fe(IV)oxo to act as a catalyst for C-H
activation in MOFs. 202150552/ Thys, understanding the mechanis-
tic details of the Fe(IV)oxo generation is a crucial component in
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models of the catalytic activity of this species in MOFs.

In this work we explore computationally the ability of nitric
oxide (NO) and dioxide (NO,), nitrous oxide (N,O), dinitrous
dioxide (N,O,), oxygen (0O,), ozone (O3) and hydrogen peroxide
(H,0,) to oxidize mononuclear Fe(II) metal centers supported by
a MOF-74 framework to Fe(IV)O species. We consider these ox-
idants because some of them are currently used in experimental
or computational investigations of the potential of MOFs and ze-
olites as catalyst for conversion of methane into methanol. For
example, this conversion has been also experimentally charac-
terised in the case of NOB3, O, and NO,5%, H202. Specifi-
cally, NO has been recently proposed to react with Fe dimers in
Fe(II) Pyrazolate MOF to produce nitrous oxide®8 and also with
substituted B-diketonates (Fe/acacX) complexes to yield high-
spin (S = 3/2) FeNO®2. Other molecules, such as N,O, have
been used to activate Fe(Il) sites by oxygen-transfer for the low-
temperature methane hydroxylation in iron-containing zeolitess0
and MOFs2461 suggesting that these species are sufficiently re-
active to convert Fe(II) to Fe(IV)O.

We use first-principles calculations to study the mechanisms
that are thermodynamically favourable in the conversion of Fe(II)
into Fe(IV)O centres upon the adsorption of the species men-
tioned above. These reactions are studied at 0 K and at room
temperature using two methods. In the first method, which we
will refer to as the static approach, we calculate the reaction en-
thalpy AH using a series of consecutive constrained geometry op-
timisations in which the adsorbent is gradually displaced toward
a Fe(ID) site with a given angle of attack. The second method uses
ab initio molecular dynamics (AIMD) to model the approach of
the oxidant species whilst sampling a very large number of angles
of approach, which allows estimating reaction free energies AG
at room temperature. From the enthalpies and free energies, we
then compute the associated reaction entropies AS. At variance
with static calculations followed by thermal analysis, our AIMD
calculations also account for anharmonic vibrational effects.

After this introduction, this manuscript is organised as follows.
Section [2| describes the details of the density-functional theory
(DFT) approaches used in the static and AIMD method to calcu-
late reaction barriers. In Section [3} we present the mechanisms
involved in the activation of the Fe(II) to Fe(IV)Ooxo for all ad-
sorbents as well as their associated reaction enthalpies and free
energies. We evaluate the differences between the static and dy-
namics approaches. Finally, in Section [4 we present our conclu-
sions and the implications of this work.

2 Simulation Methods

The initial structure of Fe(II)O/MOF-74 used in our calculations
is derived from crystallographic data for acetylene/MOF-7419 de-
posited in the Cambridge Crystallographic Database®2, which is
modified using the Materials Studio suite packagelﬁ_a| as follows.
We replace the acetylene molecule present in the original struc-
ture (SARGID 866357) with an oxygen atom O(oxo0), at a distance
of 1.68 A from the Fe atom, which is slightly larger than the typi-
cal Fe(IV)-O(oxo) distances determined for gas-phase complexes
(1.60-1.62 f\). We then optimise the atomic positions with the
COMPASS?2 force field. After optimisation, the Fe(IV)-O(oxo0)
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bond length decreases to 1.65 A.

o

Fig. 1 Representation of the periodic Fe(ll)/MOF-74 cavity with a hydro-
gen peroxide molecule (a) inside the pore used in the CP2k calculations
and its replicated cell (b). Fe atoms are blue (except for the active Fe(ll)
atom, which is yellow), O atoms red, C atoms grey, and H atoms white.
These views are generated with the OVITO package.

We use the CP2k/QUICKSTEP code6%67 to calculate the associ-
ated reaction enthalpy using a static approach based on running
a set of consecutive constrained geometry optimizations and the
free energies of reaction using AIMD simulations. Both types of
calculations use standard GTH pseudopotentials, double-§
basis sets with polarisation functions (DZVP-MOLOPT-SR-GTH),
and spin-polarised solutions at the range-separated hybrid DFT
level of theory HSE06Z9, According to previous work, have ange-
separated hybrid functional such as sc-BLYPZ! provide accuracy in
reaction barriers for this system comparable to global hybrid func-
tionals, like B3LYP.7274 The use of hybrid exchange in the density
functional is also required to remove spurious self-interaction ef-
fects responsible for anomalous reaction profiles and unphysical
reaction energy barriers.>%>1 Although the use of HSE06 is com-
putationally very demanding (each AIMD step requiring around
85 seconds with 144 MPI processes on Intel Gold 6126 CPUs)
it is required to obtain accurate reaction (free) energy barriers,
which are crucial for identifying the reaction’s rate-determining
step (abstraction, rebound or detachment).

Van der Waals interactions are estimated using Grimme’s DFT-
D3 correction”S. We use the default tolerance for the charge den-
sity residual of 1 x 10~ ¢~ /Bohr? for the self-consistent solution
of the Kohn-Sham equations with an energy cut-off of 500 Ry,
which is justified in Figure S1 in the Supplementary Information.

Page 2 of 13



Page 30of 13

All CP2k calculations are carried out in the I" point approximation
on a super-cell containing 119 atoms, with dimensions a = 13.90 A
andb=c=15.14A, a =117.70° and = y = 98.79°. This supercell
contains 12 Fe atoms and, based on our previous work,>L we as-
sume that all of them are in a quintet spin state and that they are
magnetically uncoupled. Indeed, preliminary calculations show
that this state has a lower total energy than the triplet’s (by 11.01
eV) and singlet’s (by 17.97 eV) when the methane molecule is
far away from the Fe(IV)Ooxo reactive site. These HSE06 results
are in agreement with our previous findings on generalized gradi-
ent approximations (GGAs) and other hybrid levels of theory.>152
These findings allows us to set different spin multiplicities on our
CP2k/HSE06 simulations to adjust the configuration of the oxi-
dants examined here.

Enthalpies of reaction are estimated with the static approach,
in which an oxygen atom within the reactant molecule in the ab-
straction step (or the radical in the radical rebound step) is grad-
ually displaced towards the Fe(II) atom (or the Fe(II[)O complex)
using small steps of ca. 0.1 A. In each of these steps, the geometry
of the system is optimized while constraining the position of the
Fe(II) and one O of the reactant molecule. The optimization is
considered to be converged when all the atomic forces are below
0.05 eV/A. The enthalpy is then estimated from the difference
between the minimum and the maximum total energies for all
constrained distances.

Free-energy reaction barriers are estimated using the potential
of mean force (PMF) methodZ877 from constrained AIMD NVT
simulations carried out at constant volume and at a temperature
of 300 K. A timestep of 0.5 fs is used to integrate the equations
of motion and a Nosé-Hoover thermostatZ8Z2 with a chain time
constant of 1 ps is used to control the temperature. In the initial
abstraction step, we set the constraint length & as the distance
between the Fe(II) atom and one of the O atoms for all adsorbed
species. For some of the reactant species considered, further reac-
tion steps are required, e.g. the detachment of the product after
Fe(IV)O is formed. In these cases, the separation between O(0x0)
and one of the atoms of the departing molecule are constrained.
For all these steps, we carry out a series of AIMD simulations, in
which & is progressively decreased or increased, depending on
the process, and for each value of the constrained distance, &;, we
compute the mean force of the constraint f(&;) from an unbiased
time averaged value of A(&;), where A(&;) is the average value
of the Lagrangian multiplier A(§;) which is used to maintain the

constraint to its fixed valueZ677180.

2kpT
& '

where kg = 1.38 x 10723 J/K, T = 300 K, and f; is the value of
f(&) for the initial simulation. The free energies associated with
each process are given by

F(&) = fo=(A(&)) - D

En
AG= - /é FE)aE. @)

For the calculation of free energy barriers, &y is chosen as the
value of £ closest to a free energy maximum. Finally, once the
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values of AH and AG are found, we determine the associated en-
tropy S for any reaction step using the classical expression
_ AH-AG
= T

AS 3)

3 Results and Discussion

3.1 Nitric oxide

We begin our analysis by studying whether the adsorption of
one NO molecule at a MOF-74/Fe(II) centre can lead to the for-
mation of a Fe(IV)O species. NO and NO, are highly unusual
molecules because they are free radicals that are sufficiently sta-
ble to be stored for long periods at ambient conditions. Thus, they
have served to track the reactivity in multiple heterogeneous pro-
cesses such as the production of N,O from the reduction of NO on
aquated Fe(I),%182 and the interactions of NO with tetrathiolato
Fe(II) complexes Fe(II).®3 Even if these studies suggest that NO
can bind to Fe(Il), it remains unclear how this radical influences
the oxidation state of Fe(II). Hence, we consider here two spin
states, one with total spin multiplicity S = 52, corresponding to
an NO molecule in its quartet configuration, and S = 50 for the
molecule doublet state. In all cases, we assume that the Fe(Il)
centres are in a quintet configuration, consistent with previous
work. We use these spin configurations in both the static and dy-
namic approach, where we fix the distance between Fe(II) and the
NO’s oxygen to a constant value, which decreases till distances of
ca. 1.6 A are reached.

Figure [2(a)-(b) shows the enthalpy profile obtained from con-
strained geometry optimizations for doublet and quartet NO. For
both spin states, the static approach indicates a quasi-monotonic
increase of the energy Hlf,z’zads with decreasing Fe(I)-O separa-

tion. For separations larger than 2.5 A, the DFT total and Van
der Waals energy curves exhibit slight offsets, owing to the re-
orientation of the molecule as it approaches the Fe(II) centre.
For separations shorter than 2.5 A, the enthalpy of the quartet
increases to reach a maximum of 75.19 kJ/mol at 1.88 10\, after
which it slightly decreases to 51.28 kJ/mol at 1.80 A. This fea-
ture corresponds to a spatial readjustment of the NO molecule to
reorient its bond axis as it approaches the Fe(Il) site, which also
coincides with some other made by Fe(II) neighbours in the MOF
structure as shown by Figures S2(a) and (b). These enthalpy pro-
files indicate that, at 0 K, NO exhibits no tendency to react with
the Fe(II) centre, irrespectively of the oxidant’s spin state, as the
total energy curves fail to show a well-defined minimum at the
characteristic Fe(IV)O bond distance (1.65-1.70 AS0H52)

We study the same processes at 298 K using AIMD simulations.
The corresponding mean forces of constraint and integrated free
energies are shown in Figure c) and (d). In the case of the quar-
tet, the mean force of the Fe-O constraint indicates the existence
of a moderate repulsion at 2.75 A, which is absent for the doublet.
We hypothesize that this repulsion for the quartet appears due to
the stronger interaction between the electrons of the outmost 3d
orbitals of Fe(II) and those of the NO that with the same. This
interaction can be interpreted in terms of an off-site exchange re-
pulsion, 848> promoted by the relatively high spin moments on Fe
and NO. Furthermore, we note that the mean force of the con-
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straint is never negative in the quartet state, which indicates that
no reaction is taking place leading to the formation of a Fe-O
bond. By contrast, the doublet state shows a modestly negative
(attractive) mean force between Fe and O within the separation
range 2.5-1.8 A. We can therefore estimate a free energy of reac-
tion of 98.27 kJ/mol in this case, by integrating the mean force
to bond distances of 1.63 A, as shown by Fig. c). Despite the
substantial free energy required for this process to occur, we no-
tice that finite temperature effects tend to promote the initial in-
teraction of Fe(II) and NO, which leads to the formation of an
Fe(II)O-N species. However, even at room temperature, we do
not observe the breaking of the N-O bond (see Figure S3), which
suggests that the full oxidation of Fe(II) to Fe(IV)O is not taking
place. Based on these findings, we can conclude that NO does not
react at 0 K. The doublet state at room temperature appears to
be more reactive, but the oxidation of Fe(II) does not lead to the
formation of Fe(IV)O, but only to the partial oxidation of Fe(II) to
Fe(IID).
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Fig. 2 Energetics of the static (a)-(b) and dynamic (c)-(d) approaches
for the activation of an NO molecule in its doublet and quartet spin
states. Panels (a)-(b) show the evolution of the difference of the total
(AEpprdisp), DFT (AEprr), and long-range dispersion (Ayjs,) energies
with respect to their values at 4.69 A as a function of the constrained
distance between the O and Fe(ll). Panels (c)-(d) show the evolution of
the mean force of constraint, which is integrated to compute free energies
(AG) in AIMD simulations as a function of Fe(Il)-O constrained distance.

3.2 Nitrogen dioxide

The NO, molecule, similar to NO, is a free radical with one un-
paired electron. Here we consider two spin states, the doublet
(ground state) and the quartet. Our calculations carried out with
both the static and dynamic approaches indicate that the Fe(II)
oxidation is thermodynamically favourable at 298 K. Mechanisti-
cally, the calculations indicate that the overall oxidation involves
two steps. The initial step is the abstraction of an O atom from
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NO,,
Fe(Il) + NO, — Fe(II)O—NO, 4@

which is followed by the detachment of the resulting NO molecule
from the Fe(III)O(0x0)-NO intermediate,

Fe(IIHO—NO — Fe(IV)O + NO. 5

This mechanism is consistent with the evolution of the Mulliken
charges and spin charges during the formation of the Fe-O bond.
In particular, from the data plotted in Fig. S4 for the doublet, the
Mulliken net charge is 1.07 with a spin on Fe at the end of the
process is 4.28, indicating that there are 4 unpaired electrons on
this atom, consistent with an incipient quintet Fe(IV)O moiety.
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Fig. 3 Energetics of the static ((a) for doublet and (c) for quartet)
and dynamic ((b) for doublet and (d) for quartet) approaches for the
activation of an NO, molecule in its singlet spin configuration at a Fe(ll)
site.

Reactions [4| for the NO, abstraction and |5| for the subsequent
NO departure are thermodynamically favourable according to the
enthalpies calculated using the static method. As shown in Fig-
ure ﬂ(a), the system is more stable once the complex Fe(II[)O—
NO in MOF-74 is formed than in its previous configuration with
the doublet NO, far away from the Fe(II) site. Here, we observe
that as the O atom of NO, begins to form the bond with Fe(II)
at a distance of 1.80 A, the atoms close to Fe in the MOF struc-
ture and the NO, molecule rearrange to promote the formation of
the Fe-O bond. This structural rearrangement is responsible for
the drop in the system’s total energy observed at around 2.0 A.

. . . S=2
Hence, the process is exothermic, with an enthalpy AHNOZ’ uds OF

49.69 kJ/mol at 2.04 A for doublet NO, taking place according to
Fe(Il) + NO, — Fe(II)O—N-O. (6)

NO; in its quartet state exhibits a similar behaviour, as shown
in Figure[3|(c), where a similar decrease in total energy occurs at a
slightly shorter distance of 1.65 A. This distance is consistent with
the predictions and measurements reported in the literature for
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dynamic (b for doublet and d for quartet) approaches for the detachment
of NO from the Fe(IV)O centre upon the uptake of NO; in its singlet
spin configuration by the Fe(ll) active site.

the length of the Fe(IV)O bond. Previously, predictions of 1.59-
1.63 A were reported using other DFT levels of theory, such as
LDA, 80 BLYP, 72173 and B3LYP72H74 jn MOF-74,5% and in different
environments such as gas-phase complexes with values between
1.60 and 1.62 A, ®¥ and around 1.65 A for many complexes mea-
sured experimentally (see Table I in Ref. [87). The enthalpy of
reaction AHyg' . is 45.72 kJ/mol, which is similar to that pre-
dicted for the doublet configuration. As in the case of NO, the role
of van der Waals is significant for both spins, with differences up
to 14.45 kJ/mol.

The formation of a Fe-O bond is confirmed by the results of
the AIMD calculations, shown in Figures[3|(b) and (d). The mean
force of the constraint for the Fe-O distance is virtually zero at
large separations and negative for separations shorter than 2.5 A,
indicating an attractive (bonding) interaction, and reaches a min-
imum at 2.12 A of -159.33 kJ/(mol A) for the doublet and of -
122.70 kJ/ (mol A) for the quartet. After this point, the force starts
to increase in both cases, reaching a value of 581.44 kJ/(mol A)
for the doublet and 577.34 kJ/(mol A) for the quartet at 1.63 A.
The free energy of reaction for the formation of Fe-O bond is ob-
tained by integrating the mean force between 2.12 A and 1.63 A,
which yields values of AGY5! ., = 85.28 kJ/mol and AGY)!
= 77.83 kJ/mol. From these values we estimate the reaction en-
tropies AS1S\/:03.ads = -118.64 J/(mol K) and ASISVZO‘;MS = -107.03
J/(mol K) for the two spin states.

The decrease in free energy as the NO, molecule approaches
the Fe(II) site indicates that the reaction of this molecule with
Fe(II) is favourable at zero as well as at room temperature and
that the process requires no activation step. In an actual reac-
tion, in which a reactive gas or fluid (rather and isolated NO,
molecule) diffuses in the MOF pores, the reaction can therefore
be diffusion controlled, with reaction barriers expected to be of
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the order of 5-10 kJ/mol.88 Our results also indicate that, at room
temperature, the entropic contribution to the reactive event can
be very large regardless of the spin state, suggesting that two
factors, i.e. all the vibrations within the MOF structure and the
atomic disorder of the incoming molecule, that are naturally ac-
counted for in molecular dynamics trajectories have a significant
role in the uptake of NO, by Fe(Il). Thus, our results imply that
reaction barriers remarkably vary when imposing a finite temper-
ature.

Once the bonding of Fe and O has taken place, the formation
of a free reactive Fe(IV)O moiety occurs via the detachment of an
NO molecule,

Fe(II)O—N-O — Fe(IV)O + NO. ™

As shown in Figure [B|(c), according to our static calculations
the detachment of NO requires an enthalpy AHJ;? ,,, = 108.80
kJ/mol for the doublet and AHE@‘; dep = 149.71 kJ/mol for the
quartet. In the case of the doublet, we observe a discontinuity
at 2.2 A caused by a geometric rearrangement of the NO when
this molecule is moving away from the Fe(IV)O site (see Figure
S7). By contrast, the AIMD simulations indicate that the depar-
ture of the NO molecule requires free energies at room temper-
ature that are more similar to each other than the correspond-
ing enthalpies, AGY. 4,, = 144.08 kJ/mol for the doublet and
AGYG! 4ep = 121.20 kJ/mol for the quartet. As a consequence,
the estimated entropies of detachment are very different in the
two spin states: A51Sv:022, dep = ~117.60 J/(mol K) and ASISVZ‘i dep =
95.03 J/(mol K).

These results show the relevance of entropic effects, along with
the spin state, in the NO, reactivity after the Fe(II) oxidation and
the Fe(IV)-O bond formation process. At room temperature, they
are responsible for bringing the free energy of NO detachment
for the two spin states much closer to each other than the cor-
responding enthalpies. Hence, they can influence the preference
for the formation of a free reactive Fe(IV)O species to occur with
a single-state or multi-state (spin) reactivity. According to our
predictions, a crossover between these two regimes could be ob-
served as a function of the reaction temperature. We also notice
that the reaction entropies for the NO detachment step are rela-
tively large and of opposite sign. The negative entropy contribu-
tion is responsible for the lower free energy barrier in the quartet
state compared to the doublet for this process. Thus, this negative
entropy makes more favourable the detachment step in the quar-
tet state. According to our calculations, the difference in energy
between the quartet and doublet state (AEZ‘IU"[J;J;S =ES-4 —ES-2)
amounts to 37.30 kJ/mol before the NO, molecule starts to in-
teract with Fe(II). However, after the abstraction step, when NO
is still in the vicinity of the metal centre at an O(0x0)-N separa-
tion of 1.58 A, the quartet state becomes more stable (AE;fflf; ];S
= -24.11 kJ/mol). We argue that this transition to the quartet
state can favour the detachment step through off-site exchange
repulsion interaction. After the detachment, AE;ZZS
reaching a value of -12.84 kJ/mol at 2.11 A, corresponding to the
Ooxo-N distance at which the rearrangement of the doublet NO
molecule is observed. At higher distances, the doublet returns

increases,
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to be the ground spin-state of the NO molecule. For instance, at
2.19 A, AEY71S amounts to 15.20 kJ/mol.

total

In turn, the variations of the reaction entropy result from those
experienced by the enthalpy and free energy by enforcing dif-
ferent spin states. Indeed, it has been claimed that low and
high spin states can vary the reaction enthalpy and energetics of
organometallic ligands by several tens of kJ/mol in two-state re-
activity conditions.®220 Further entropic effects predicted in our
study include the number of reaction steps in the overall Fe(II)-
to-Fe(IV)O conversion. For instance, although when this process
is carried out using NO; the reaction mechanism remains a two-
step process (oxidation plus detachment), we will show later that
in the case of N,O, entropic effects can drive the reaction to oc-
cur via a concerted single-step mechanism, in which a reduced
species is simultaneously released during the oxidation of Fe(II).

3.3 Nitrous oxide

For nitrous oxide our static and dynamic methods predict an ini-
tial O abstraction,

Fe(II) +N,0 —» Fe(INO—N-N, (8)

to form the complex Fe(III)O—N-N, followed by the detachment
of an N, molecule

Fe(III)O—N-N — Fe(IV)O + N». C))

At variance with the reactions studied above, we find that in this
case that the detachment reaction [9] takes place during the acti-
vation step [8} This concurrence indicates that the N, molecule is
produced and departs concertedly with the formation of the Fe-O
bond in the Fe(IV)O. Therefore, we can only consider the ener-
getics of O abstraction illustrated in Figure[5| from which we esti-
mate an abstraction enthalpy barrier AHy, ¢ 445 0of 184.19 kJ/mol
at a Fe-O separation of 1.57 A. In contrast, the AIMD simulations
suggest that the transition state for the Fe-O bond formation takes
place at a separation of 1.82 A, where the mean force of the Fe-O
distance constraint, 5.40 kJ/(mol A), is sufficiently close to as-
sume that the Fe-O bond has been established. We estimate a
free energy barrier AGy, 0 445 of 28.64 kJ/mol for the abstraction
of O from N,O and the simultaneous detachment of N, from the
integration of the mean force up 1.82 A. From this value and
the calculated enthalpy of reaction, we estimate a large entropic
contribution ASy,¢ 44s = 518.50 J/(mol K) for the overall reac-
tion, which is much larger than those found for nitrogen-based
oxidants in this work.

The large increase in entropy upon formation of free Fe(IV)O is
likely to be caused by the increase in vibrational freedom caused
by the formation of N,. A positive entropy has been observed also
in the case of NO, in its quartet state (AS]SVZO‘; dep = 95.03 J/(mol
K)), and it has been shown to contribute to favouring the detach-
ment of NO after the Fe(II) oxidation step. In the case of N;O,
the entropic contribution is sufficiently large in absolute value to
induce a transition from a step-wise to a concerted mechanism of

oxidation plus detachment.
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Fig. 5 Energetics of the static (a) and dynamic (b) approaches for the
activation of a N2O molecule by the Fe(ll) active site.

3.4 Dinitrous dioxide

In the case of dinitrous dioxide (N,O, or O=N-N=0), the static
and dynamic simulation approach predict different outcomes. On
one hand, the data in Figure [6] obtained with the static method,
shows the presence of two maxima in the total energy, one at a
Fe(I)-O distance of 1.88 A and one at 1.57 A. The first peak at
1.88 A is the consequence of a geometric rearrangement of the
N,0O, molecule, which experiences large long-range interactions
with the MOF structure in the vicinity of the Fe(II) ion. The sec-
ond maximum is associated with the reaction

Fe(II) + O=N-N=0 — Fe(IV)O + N-N=0, (10)

which leads to the formation of the Fe(IV)O moiety. Similar to
the case of N,O, the oxidation of Fe(II) to Fe(IV)O and the de-
tachment of the reduced N, O molecule occur through a concerted
mechanism. The overall enthalpy for the production of Fe(IV)O
is AHy,0, ads = 95.41 kJ/mol, with a significant contribution from
van der Waals dispersion of up to 20.37 kJ/mol. For this case, the
calculation of the corresponding free energy using AIMD could
not be carried out at room temperature, as the N,O, molecules
decomposes into its constituent NO monomers. This finding is
consistent with the weak nature of the N-N interactions respon-
sible for the stability of the N,O, molecule. Based on these find-
ings for N,O in the previous section, we hypothesise that, since
this reaction for N,O, is predicted to have a single step at 0 K,
the entropic contributions at high temperature are expected to be
large and positive, bringing be a gain of vibrational freedom on
the system. Most likely, this increase is because the bond between
the two NOs in the N,O, dimer splits at finite temperature.

3.5 Oxygen

Turning now our attention to nitrogen-free molecules, we con-
tinue our analysis with O, in its singlet (S = 1) and triplet (S
= 3) states. While O, is a triplet in its ground state, singlet O,
has been shown to play an important role in the formation of
Fe(IV)O moieties in dinuclear Fe(II) complexes.2192/ According
to our calculations, the activation of O, in the presence of Fe(II)
may or may not happen depending on the reaction temperature.
We model the initial uptake of one O atom assuming that the re-
action has of the form

Fe(II) + O=0 — Fe(II)O-O an
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or
Fe(II) + O=0 — Fe(IV)O +O:. 12)

Our static calculations predict that the contact of singlet and
triplet O, with Fe(II) develops according to reaction with the
second oxygen atom bonded to the newly-formed Fe(III)O group.
Imposing a shorter distance between the Fe(II) and the O,’s oxy-
gen only increases the system’s total energy, as shown in Figures
[7(a) and (c), where no maxima are visible for distances between
1.6 and 1.8 A. This behaviour indicates that the uptake of oxygen
is energetically unfavourable at 0 K. By contrast, when thermal
vibrations are allowed in the AIMD simulations at room temper-
ature, the mean force between Fe(II) and an incoming singlet O,
molecule is attractive when the Fe-O separation is shorter than ca.
1.5A (Figure b)). The mean force increases rapidly as the Fe-O
distance is shortened, with a maximum point of 240.32 kJ/(mol
A) at 1.75 A before reaching a negative value of -80.68 kJ/(mol 7\)
at 1.62 A. The integration of the force from its minimum at 2.13 A
yields a free energy AGY;| ;. = 37.42 kJ/mol. However, the mean
force for the triplet state exhibits a large increase as the Fe-O dis-
tance is shortened. Indeed, this mean force is never negative,
hence the reaction is not occurring in this spin state. This find-
ing is consistent with the low reactivity of the triplet state, which
needs to be "activated" (i.e. converted to a singlet) to carry out
the electron transfer from Fe(II). Therefore, we cannot formally
define a free energy of reaction for the triplet state and thus, its
associated entropy. On the contrary, for the singlet state this prop-
erty is well-defined with a value of AS(S;IadS = 252.10 J/(mol K),
indicating that this process is subject to very strong entropic ef-
fects.

An important difference between the static calculations and the
finite-temperature AIMD simulations is that, in the latter case, we
observe the departure of the radical O after the oxidation of Fe(II)

to Fe(IV).
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3.6 Ozone
In the case of ozone, we propose an O-abstraction mechanism
similar to the one of oxygen, i.e.

Fe(II) + 0=0-0 — Fe(II)O-0=0, (13)
which needs further steps of rebound and/or departure, or
Fe(II)O-0=0 — Fe(IV)O + 0=0. 14

Other possible mechanisms can include the reaction of the
Fe(II)O-O=0 with another O3 molecule to possibly yield two O,
molecules. However, our static and dynamic calculations reveal
that reaction is thermodynamically favourable and leads to
the release of an O, molecule from the Fe(IV)O site. Figure a)
shows the unusual energy profile obtained from our static calcu-
lations, which exhibits a significant decrease of the system’s total
energy from 3.06 to 1.89 A. In comparison with oxygen, this pro-
file suggests that ozone tends to get closer to Fe(II) than to remain
far away from it. We believe that a potential cause for such prefer-
ence may originate from Coulombic effects, with Fe(II) inducing
a dipole moment on O3. This is consistent with the large polar-
izability of this species (3.08 A393) compared to oxygen (1.56
A30%) . Furthermore, the O3 energy profile exhibits a significant
decrease starting from -8.44 kJ/mol, at which point one of the O
atoms of O3 is 3.06 A away from the Fe(II) ion down to -177.29
kJ/mol at 1.89 A, a point at which the energy very modestly in-
creases to -175.01 kJ/mol at 1.81 A, yielding a small enthalpy
barrier of 2.28 kJ/mol, which coincides with a slight geometric
readjustment of the Fe(II) nearest neighbours to better accommo-
date the incoming ozone’s oxygen. As the O3 oxygen is displaced
closer to the Fe(I) site, the molecule progressively decomposes,
and an O, molecule evolves which moves towards the centre of
the MOF cavity. The concurrent departure and Fe-O bond forma-
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tion are reflected energetically as a decrease of the system’s total
energy down to its global minimum of -207.21 kJ/mol at 1.66 A,
with a local maximum at 1.97 A due to atomic rearrangements of
the unconstrained atoms in the system. The distance of 1.66 A is
similar to that observed for O,, and provides an estimate of the
equilibrium bond length of the Fe(IV)O group.

Data for this reaction collected from the AIMD simulations is
shown in Figure [(b). The mean force of the Fe-O(O3) dis-
tance constraint exhibits an average close to zero up to 3.0 A,
at which point it starts to increase to then exhibit a minimum
of -198.474 kJ/(mol A) at 2.13 A. It then increases to a max-
imum of 185.62 kJ/(mol A) at 1.75 A and finally decreases to
-54.60 kJ/(mol A) at 1.62 A. An integration of the mean force
starting at 2.13 A, where the Fe-O is likely to begin forming, yields
a free energy AGSOT‘L 45 = 49.24 kJ/mol. This energy differs sub-
stantially from the enthalpy estimate, and the entropy for this
process ASp, 445 has a large negative value of -156.53 J/(mol K).
According to the finding of the previous subsections, this entropy
should be positive as the overall oxidation of Fe(II) is carried out
in one step; however, some factors might explain this unexpected
result for O;. For instance, we obtain a very small enthalpy bar-
rier, which may be caused by the significant role of the molecular
polarizability during the reaction. The free energy barrier is thus
here much larger than for the reactions carried out in the pres-
ence of NO; or N,O (see Table[T)).
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Fig. 8 Energetics of the static (a) and dynamic (b) approaches for the
activation of a O3 molecule by the Fe(ll) active site.

3.7 Hydrogen peroxide
For H,0, we consider the following mechanism for the oxidation
of Fe(ID):

Fe(Il) + H,O, — Fe(IV)O + H,O0. (15)

This reaction leads to the formation of a water molecule along
with an Fe(IV)O group. For the O-abstraction reaction from H,O,
the static and dynamic models both indicate that the Fe(II) ion
initially binds an OH group,

Fe(II) + H-O-O-H — Fe(II)-O-H + O-H., (16)

to produce the intermediate complex Fe(III)-O-H along with an
O-H- radical. Figure[9|(a) shows that this abstraction is thermody-
namically favourable at 0 K with a well-defined enthalpy barrier
AHy, 0, abs = 68.88 kJ/mol from the energy minimum at 2.11 A
to the maximum at 1.64 A. Dispersive van der Waals forces play
a remarkable role in this process, reaching values as large as -
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17.71 kJ/mol at 1.64 A. This finding indicates not only that the
H,0, molecule experiences a large attractive force at distances for
which the Fe(II)-O bond begins to form, but also that the attrac-
tion exists for much larger separations. We therefore conclude
that the reduction of H,O, at the Fe(Il) centre at 0 K is largely
driven by long-range interactions.

At room temperature, however, the AIMD simulations show
that the long-range interactions have only a weak influence on
the overall mean force between Fe(II) and O. As shown in Figure
E](b), negative (attractive) mean forces occur only for Fe-O sep-
arations as short as 2.0 A, indicating no repulsion between the
Fe(II) and the H,O, molecule exists before reaching this separa-
tion. Only a slightly higher repulsion is also observed in the case
of O,, which suggests that the higher polarizability of the hydro-
gen peroxide (2.12 A3)®5 make the charge-dipole interactions be-
tween Fe(II) and H,O, dominant over the dispersive interactions,
and the contribution of the former shadows that of the latter. We
estimate a free energy barrier AGy,0, aps = 41.34 kJ/mol, from
the integration of the mean force between 1.88 and 1.62 A, along
with a positive entropy ASy, 0, s = 91.80 J/(mol K), which can
be a consequence again that the vibrational freedom increases as
the HO-OH bond is split to form Fe(IV)O and an OH radical.

We then study the rebound of the OH- radical to the Fe(III)O-
O-H which leads to the formation of Fe(IV)O and H,O,

Fe(III)-O-H + O-H- — Fe(IV)Ooxo + H-O-H. a7n

Figure [9[(c) shows that the static method predicts that the re-
bound of OH- has a well-defined enthalpy barrier AHy, 0, e =
73.13 kJ/mol, with a total energy maximum of 63.18 kJ/mol at
1.19 A and a minimum of -9.950 kJ/mol at 2.28 A. At these dis-
tances, a water molecule is formed, which moves away from the
Fe(IV)O site to a distance of 2.28 A. Furthermore, we model the
detachment of the water molecule to longer distances from this
site with static calculations. Figure [9(e) shows that this process
requires an enthalpy AHpy,0, 4ep = -25.63 kJ/mol. This negative
value indicates that this process is thermodynamic favourable,
releasing energy as the water molecule moves away from the
Fe(IV)O group. In contrast, in the AIMD simulations at room
temperature, the rebound step and the water molecule departure
are concerted. Therefore, we assume that the free-energy bar-
rier for the rebound AGg;, 0, . also includes a contribution from
the H,O detachment, AGy,0, 40p- From the mean force shown
in Figure [0(d), we calculate a free energy for the rebound step
AGH,0, reb = 67.94 kJ/mol at 1.00 A. We also estimate entropies
of 91.80 J/(mol K) for the abstraction, 17.30 J/(mol K) for the
departure, and -85.43 J/(mol K) for the detachment assuming
AGHZOZ,dep = 0.0 kJ/mol.

If we compare our results with those available from the liter-
ature on the generation of Fe(IV)Ooxo, we find significant dif-
ferences. For instance, the production of Fe(IV)O with hydro-
gen peroxide in iron complexes in pyridine-azamacrocycles re-
ported an overall enthalpy of 53 kJ/mol, entropy of -25 J/(mol
K), and free energy of 60 kJ/mol. In another experimental work,
the activation of non-heme Fe(Il) with H,0,20 required an en-
thalpy of 16.32 kJ/mol and a high entropy of -156.06 J/(mol
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from the AIMD simulations.

K).2Z These values are notably dissimilar from our predictions
of 116.38 kJ/mol for enthalpy, 23.67 J/(mol K) for entropy, and
109.28 kJ/mol for free energy. These discrepancies might arise
from differences in the local environment hosting the Fe(II) ion
or from chemical factors, such as the role of pH or the reactant’s
concentration. Nonetheless, they evidence the relevance of en-
tropic effects in the generation of Fe(IV)O from Fe(II), and hence,
the need to predict them with calculations, which can provide a
dual representation of enthalpy and free energy.

Based on the calculated free energies, we conclude that, in the
case of H,0,, similarly to N,O and O,, the entropy contribution
reduces the free energy barriers for the abstraction and rebound
steps. However, the detachment step deserves a special analysis
given that the unlike with NO,, the total energy of the system
decreases as the resulting water molecule moves away from the
Fe(IV)Ooxo site. By comparing each one of the energy contri-
butions output by CP2k between in the departure steps for the
quartet NO, (Figure [4(d)) and H,0, (9] (e)), we find that for
the latter our static calculations predicts the total energy reduc-
tion is caused by the much stronger decrease of the core Hamil-

Catalysis Science & Technology

tonian, i.e. nuclear plus electronic kinetic contributions, which
cannot be compensated by lower weakening of the Hartree poten-
tial, exchange-correlation, Hartree-Fock exchange, and dispersion
energies. Therefore, the nuclear-nuclear interactions and the ki-
netic energy of the electrons in the vicinity of the water molecule
are significantly affected as this molecule moves away from the
Fe(IV)O site. Based on this analysis, we infer that the negative
enthalpy for the detachment suggests that the system tends to be
more stable when this molecule leaves the Fe(IV)O site at 0 K,
which is consistent with the observed simultaneous occurrence of
the detachment and rebound steps observed at finite temperature
in the AIMD simulations.

In summary, according to the results presented above, the
generation of Fe(IV)O requires a three-step mechanism (O-
abstraction, rebound and detachment) only in the case of NO,
and H;0,. This is shown in Figure where we plot the reac-
tion enthalpy, free energy, and entropy associated to the initial
abstraction, rebound, and detachment. This figure shows that en-
tropic effects are significant for both molecules due to the large
difference between their enthalpy and free energy of reaction.
This discrepancy is also found for the other oxidants.

In Table [1] we list the overall enthalpy, free energy, and en-
tropy as the summation for all reaction steps, even though for NO,
N,O, N,O,, O,, and O3 only the abstraction is enough to gener-
ate Fe(IV)O. Striking differences are observed between the static
and dynamic models of the reactions. On one hand, N,O, O, and
O3 exhibit lower free energy barriers for the Fe(II)-to-Fe(IV)O ox-
idation at 300 K compared to NO, and H,0,. However, O3 and
H,0,, followed by NO,, have the lowest enthalpy, which indicates
the importance of entropic effects in the reactions. These are par-
ticularly relevant for N,O, O, and O3. A proper description of
the oxidation of Fe(II) to Fe(IV)O in a MOF environment needs
therefore to account explicitly for entropic contributions. Also, as
we have shown, properties of the oxidant such as spin state and
polarizability can play a central role in influencing which reaction
steps take place and which one of these is the rate limiting one.

Finally, the data listed in Table[l]indicate the existence of a link
between oxidant reactivity in the gas phase and lower abstraction
enthalpy barriers for the solid-state reactions. For the rebound
and detachment steps involving the most reactive species (NO,,
O3 and H;,0,;), entropies are usually negatives. O, and N,O ex-
hibit the largest entropies and enthalpies of reaction in the solid
state, with quartet NO,. One surprising finding is that, among all
the oxidants examined in this study, singlet O,, which is by far
the most reactive species in the gas phase, is not highly reactive
in the solid state in the exclusive presence of mononuclear Fe(II)
centres. Experimentally, the picture could be quite different, be-
cause of the potential existence of di- or polynuclear Fe(II) sites
and the concurrent reaction of more than one O, molecule react-
ing at a given time. Similar considerations likely hold also for
NO.

4  Conclusions

We have modelled the oxidation of mononuclear Fe(II) centres
supported by MOF-74 to Fe(IV)O in the presence of a number of
common oxidant molecules (NO, NO,, N,O, N,O,, O,, O3 and
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Molecule (spin state) Process AH (kJ/mol) AG (kJ/mol) AS (J/(mol K))
NO; (doublet) Abstraction 49.69 85.28 -118.63
NO; (quartet) Abstraction 45.72 77.83 -107.03
NO; (doublet) Detachment 108.80 144.08 -117.60
NO; (quartet) Detachment 149.71 121.20 95.03
N,O (singlet) Abstraction 184.19 28.64 518.50
N, O, (singlet) Abstraction 95.41 - -

O, (singlet) Abstraction 113.05 37.42 252.10

O3 (singlet) Abstraction 2.28 49.24 -156.53
H,0, (singlet) Abstraction 68.88 41.34 91.80
H,0, (singlet) Rebound 73.13 67.94 17.30
H,0,; (singlet) Detachment (-25.63) (0.00) (-85.43)

Table 1 List of calculated reaction enthalpies AH, free energies AG, and entropies AS for the possible reaction steps (abstraction, rebound and
detachment) of the conversion Fe(ll) to Fe(IV)Ooxo. The detachment step for H,O, is barrier-less and the enthalpy value listed corresponds to the
energy difference before and after the migration of the product H,O molecule away from the Fe(IV)O group. The entropy change is computed in this
case, assuming that the free energy for detachment is zero. See main text for further details.

H,0,) using periodic DFT calculations. We have used two meth-
ods, a static approach, in which the oxidation of Fe(Il) is simu-
lated through a series of structural optimizations at 0 K, yielding
enthalpy barriers of reaction, and the dynamic approach, which
estimates free energies of reaction at room temperature (300 K).
A comparison of the two methods highlights important mechanis-
tic differences occurring depending on the temperature at which
the interaction of the oxidant with Fe(II) occurs, on the spin state
of the oxidant and, possibly, on its molecular polarizability. In all
cases, finite-temperature entropic effects are shown to play im-
portant roles in promoting or disfavouring the oxidation of Fe(II).
N,O (in its singlet ground state), O, (in the excited singlet state)
and H, 0, exhibit large positive entropic contributions, which sub-
stantially reduce the reaction barrier at room temperature com-
pared to 0 K. The opposite is observed in the case of NO, (doublet
and quartet) and Os. In these cases, large negative entropies are
responsible for increasing reaction barriers at room temperature
at various stages of the reaction. For O3, a more than twenty-fold
increase in the reaction barrier is observed at room temperature
compared to O K. The free energy barrier for the oxidation of
Fe(IV)O and the evolution of O, remains yet sufficiently low to
make this reaction favourable even at room temperature.

Based on these outcomes, our work highlights the importance
of entropic effects in the oxidation of MOF-supported Fe(II) cen-
tres to Fe(IV)O. These results indicate that oxidants capable of
generating Fe(IV)O species in abiotic conditions, such as H,O,
and O3, along with O, and N,O, offer the potential to act as suit-
able agents for the generation of reactive ferryl ions in an MOF
environment and in their regeneration in Fe(IV)O-catalyzed reac-
tions, in which Fe(IV)O is reduced back to Fe(II). In addition, our
calculations predict that the efficiency of these processes typically

10 | Journal Name, [year], [vol.], 1

exhibits a strong dependence of the reaction temperature. The
mechanistic details of the chemical processes and the sign and
magnitude of the entropic contribution to the reaction free ener-
gies determine whether the conversion of Fe(Il) to Fe(IV)O may
occur more easily at higher or lower temperatures.
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