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ABSTRACT: Linear energy scaling laws connect the kinetic
and thermodynamic parameters of key elementary steps for
heterogeneously catalyzed reactions over deﬁned active sites
on open surfaces. Such scaling laws provide a framework for a
rapid computational activity screening of families of catalysts,
but they also eﬀectively impose a fundamental limit on the
theoretically attainable activity. Understanding the limits of
applicability of the linear scaling laws is therefore crucial for
the development of predictive models in catalysis. In this
work, we computationally investigate the role of secondary
eﬀects of the active site environment on the reactivity of
deﬁned Fe complexes in ZSM-5 zeolite toward methane
oxofunctionalization. The computed C−H activation barriers
over Fe-sites at diﬀerent locations inside the zeolite pores generally follow the associated reaction enthalpies and the hydrogen
aﬃnities of the active site, reﬂecting the O−H bond strength. Nevertheless, despite the close similarity of the geometries and
intrinsic reactivities of the considered active complexes, substantial deviations from these linear scaling relations are apparent
from the DFT calculations. We identify three major factors behind these deviations, namely, (1) conﬁnement eﬀects due to the
zeolite micropores, (2) coordinative ﬂexibility, and (3) multifunctionality of the active site. The latter two phenomena impact
the mechanism of the catalytic reaction by providing a cooperative reaction channel for the substrate activation or by enabling
the stabilization of the intrazeolite complex along the reaction path. These computational ﬁndings point to the need for the
formulation of multidimensional property−activity relationships accounting for both the intrinsic chemistry of the reactive
ensembles and secondary eﬀects due to their environmental and dynamic characteristics.
KEYWORDS: methane, methanol, selective oxidation, DFT calculations, reaction mechanism, zeolites

■

tionships.6−8 Such linear relationships facilitate greatly the in
silico search for an optimal catalyst and enable practical
applications of machine learning algorithms in computational
catalysis9,10 by signiﬁcantly reducing the number of independent parameters that determine catalytic reactivity. Scaling
relations provide a theoretical framework for constructing
volcano plots from ﬁrst-principles and therefore put
fundamental limits on the maximum achievable activity or
selectivity for a particular catalyst class.11,12
A representative example of the universal scaling relationship
is the linear correlation between the activation barrier for

INTRODUCTION

The development of predictive models to guide and facilitate
the discovery and optimization of catalysts for important
chemical applications has been a central problem in catalysis
research for decades.1,2 The identiﬁcation of representative
equilibrium states that could be used as performance
descriptors under the nonequilibrium conditions is one of
the cornerstones of modern catalysis research. Such descriptors
reﬂect the intrinsic chemistry of the catalytic site and may be
related to structural features,3 electronic properties,4 or
thermodynamics.5 Impressive progress has been made in the
past decade in the development of universal scaling relationships that correlate linearly the barriers of elementary reaction
steps with the binding or adsorption energies for key
intermediates through Brønsted−Evans−Polanyi (BEP) rela© 2019 American Chemical Society

Received: May 8, 2019
Revised: August 27, 2019
Published: September 4, 2019
9276

DOI: 10.1021/acscatal.9b01914
ACS Catal. 2019, 9, 9276−9284

Research Article

ACS Catalysis

Figure 1. (A) The key steps of the catalytic oxo-functionalization of methanol over an oxygenated iron site representing (B) the three binuclear Fe
catalytic sites (“site”) featuring reactive oxygen sites (indicated with *) able to initiate the homolytic C−H cleavage in methane resulting in a •CH3
species and a partially reduced complex (“site-H”). The cationic di-Fe complex can be stabilized at (C) diﬀerent extraframework positions in the
pores of ZSM-5 featuring versatile coordination and conﬁnement environment.

clusters deposited in the ZSM-5 zeolite matrix aﬀect their
reactivity toward homolytic C−H activation in methane. A
detailed analysis of the factors leading to the deviation from
the linear relationships was carried out. As a result, we identify
the mechanisms that can be utilized in catalyst design toward
enhanced reactivity beyond the fundamental limits of the
scaling relations.

homolytic methane C−H bond activation and hydrogen
aﬃnity. The latter thermodynamic descriptor holds for various
solid catalysts, ranging from transition metal surfaces to
zeolites and oxides.13 This correlation could allow for the largescale computational screening of materials to identify new
heterogeneous catalysts capable of eﬃciently promoting the
oxidation of methane to methanol. Such a catalytic process
could revolutionize the natural gas industry by providing a
practical means for the one-site liquefaction and valorization of
small-scale remote sources.14−16 A similar correlation between
the reactivity of zeolites toward homolytic methane C−H bond
cleavage and spin-density of the active oxygen site was also
proposed for Cu/ZSM-5 zeolite.17,18 Snurr et al. extended the
linear scaling relationship to metal−organic framework (MOF)
based catalysts and pointed out that the reactivity for methane
C−H bond activation has a uniform correlation with the
formation energy of the active oxygen site in 60 diﬀerent MOF
structures.19 Despite the clear generality of these relationships
provided by the major impact of the intrinsic chemistry of the
active site on the reactivity, substantial deviations from the
general trends of up to 70 kJ/mol could be seen in the
reported general trends. Understanding the origin of these
deviations may provide design principles allowing to circumvent the associated fundamental limitations on the catalyst
activity.20−23
Secondary interactions with the active site environment may
inﬂuence the shape of the potential energy surface corresponding to the reaction and product states and thus provide a
mechanism to break the primary scaling relations. These
interactions are particularly important for catalytic reactions in
microporous materials such as MOFs24,25 and zeolites.26−28
Fe-containing zeolite and MOF systems are among the
promising catalysts for the selective C−H oxidation and their
multinuclear cationic Fe-oxo/hydroxo complexes are often
regarded as synthetic mimics of the methane monooxygenaze
enzyme.29−31 In this study we investigate in detail how
variations in the local environment of such binuclear Fe(IV)

■

COMPUTATIONAL DETAILS
The spin polarized periodic DFT calculations were carried out
with the Vienna Ab Initio Simulation Package (VASP
5.3.5).32,33 PBE exchange-correlation functional34 was used
together with the plane wave basis set with a kinetic energy
cutoﬀ of 450 eV and the projector augmented wave (PAW)
method.35 To account for the van der Waals interactions, the
semiempirical Grimme’s dispersion correction with BeckeJonson damping (DFT-D3(BJ)) method was used.37 Our
previous study on methane activation via a radical rebound
path by a related Cu-zeolite catalyst system support the
selection of the current computational methodology.36 The
calculations at the PBE-D3 and a higher-level multireference
CASPT2 level yielded qualitatively similar energetics and
electronic structures of key reaction intermediates in those
systems. A Gaussian smearing of the population of partial
occupancies with a width of 0.05 eV was used during iterative
diagonalization of the Kohn−Sham Hamiltonian. Brillouin
zone sampling was restricted to the Gamma point.
Convergence was assumed to be reached when the force on
each atom was below 0.04 eV Å−1. The unit cell lattice
parameters were optimized and ﬁxed throughout the
calculations (a = 20.1 Å, b = 19.8 Å, c = 13.2 Å, α = β = γ
= 90°).
To locate the transition states, the climbing image nudged
elastic band method (CI-NEB)38 was applied. The maximum
energy geometry along the reaction path generated by the NEB
method was further optimized using a quasi-Newton
algorithm. At this step, only the extra-framework atoms of
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Figure 2. Generalized (A) energy diagram and (B) linear energy relationships (ΔEa − ΔER and ΔEa − ΔEH*) for the rebound mechanism of CH4
with schematic indication of the inﬂuence of the secondary eﬀects on the energetics of the individual states and the associated deviations from the
fundamental scaling laws. Negative deviations due to TS destabilization or FS stabilization are shown in red, while the blue color is used to indicate
eﬀects resulting in lower TS energies and relatively higher energies of FS giving rise to the apparently higher reactivity of the active site than
predicted by the idealized energy scaling relationship.

■

RESULTS AND DISCUSSION
The rebound mechanism of methane oxidation by a Fe−O
moiety is depicted in Figure 1A. In this work we speciﬁcally
focus on the ﬁrst step of the catalytic cycle, the homolytic C−
H bond activation over representative binuclear Fe sites
(Figure 1B). The reactive sites in Fe/ZSM-5 take form of
extraframework binuclear Fe(IV) μ-oxo-bridged complexes
with an octahedral coordination environment of the iron
centers completed by the lattice oxygen, extraframework
terminal oxo and hydroxo- ligands and water molecules. The
formation of such complexes upon oxidation of the stable
[(H2O)2−Fe(III)−(μ-O)2−Fe(III)−(H2O)2]2+ precursors
(Figure S1) with H2O2 has been discussed in detail in our
previous work.39,41 Note that each of the clusters presents a
number of reactive oxygen centers suitable to initiate the
homolytic C−H cleavage. The reactive oxygens considered
explicitly in this study are denoted with an asterisk (*) and
Arabic numerals in Figure 1B. The binuclear clusters were
accommodated inside the ZSM-5 pores at diﬀerent extraframework positions (Figures 1C and S2) with varied conﬁnement
and coordination properties. The α and δ sites are the 6
member-ring (MR) units located along the main channel of
ZSM-5, and the ε site represents a cation position across it.
The β and γ sites are, respectively, the 6MR and 8MR rings on
the wall of the sinusoidal channel. Besides these intrazeolite
cation sites, open site models (site o) were included in our
analysis to simulate a less conﬁned environment of the
binuclear Fe sites located at the outer surface of the zeolite.
The coordination properties and topology of this surface
cation site is equivalent to the γ site. The combination of the
Arabic numeral indicating the proton-accepting site of the diFe cluster, and the Greek symbol for the position in the zeolite
are used to diﬀerentiate the reactive models studied here. For
some sites, we identiﬁed several alternative reaction channels
with diﬀerent energetics starting from diﬀerent adsorption
conﬁgurations of methane. These reaction channels are
distinguished by an * symbol(s) in the notation of the active
site. The local optimized geometries of all sites are shown in
Figure S2.
Despite binuclear Fe sites can initiate diﬀerent mechanisms
of C−H activation, in this study we speciﬁcally focused on the
homolytic C−H cleavage/radical rebound mechanism widely
accepted as the dominant path in methane to methanol
oxidation by zeolite-based and generally site-isolated heterogeneous catalysts.42,43 A simpliﬁed reaction energy proﬁle,
state and energy deﬁnitions used in this study are schematically

the reactive center and methane molecule were fully relaxed,
while the remaining atoms of the zeolite lattice were ﬁxed.
Vibrational frequencies were calculated using the ﬁnite
diﬀerence method (0.02 Å atomic displacements) as
implemented in VASP. Transition state showed a single
imaginary frequency corresponding to the reaction path.
Intrazeolite sites were simulated using full periodic unit cells
of the MFI zeolite, whereas the open sites at the outer surface
were represented by periodic slab models of the (001) MFI
surface. The unit cell of the zeolite was truncated in the z
direction along the ab surface. All terminal dangling O atoms
were saturated with H atoms. A 20 Å vacuum layer was placed
between the slabs to ensure a negligible interaction between
the surface species and the next periodic image. Gamma point
was used to sample the Brillouin zone.
All data analysis and discussion in this work have been done
based on the relative electronic energies. The justiﬁcation of
this choice is elaborated in the Supporting Information (SI),
where a series of test calculations for Gibbs free energy is
presented. The inclusion of the entropic corrections did not
signiﬁcantly change the relative energy trends. All calculations
were carried out at the high spin (HS) potential energy surface.
The HS state was always calculated based on the oxidation
state of the Fe centers and the number of radical species
present in the system. For example an Fe(III) dimer has 5 3d
electrons on each Fe center, therefore the high spin state is S =
10/2. Each Fe site in the oxidized formally Fe(IV) dimer bears
4 3d electrons giving S = 8/2 as the high spin state. Although
the most stable spin state in such systems is often the
antiferromagnetically coupled high spin conﬁguration (AHS),
it has been demonstrated earlier that the reactivity of Obridged Fe complexes is similar in the HS and AHS states.39
An extensive justiﬁcation for such a model choice can be found
in ref.40
Impact of several secondary interactions on the ΔEa
deviation were tested using multiple regression. For the
purpose six predeﬁned conﬁnement and H-bonding descriptors which had a physical explanation for their eﬀect on energy
deviation were tested. We did not test other descriptors in
order to avoid choice-supportive bias, as our goal was not to
ﬁnd the best descriptor for 24 data points, but to show that
eﬀects of secondary interactions on activation energy can be
modeled even with some simple geometry-based descriptors.
Adjusted R-squared value was used as a model selection
criterion.
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summarized in Figure 2A. The reference state is the
noninteracting active site in the periodic zeolite model and a
free methane molecule in the gas-phase (site). The reactions
start from the state site + CH4 representing an adsorption
complex of methane at the zeolite active site, from which the
C−H bond cleavage via a homolytic transition state (TS) can
take place to form a 1e− reduced di-Fe complex and a •CH3
species (site-H + •CH3). The next step is the recombination of
the partially reduced site and the radical to form methanol or a
grafted methoxy species.17 This recombination step is
chemically independent of the initial C−H activation and
therefore is not considered in this study devoted to the analysis
of the secondary eﬀects on the energy scaling relations for
homolytic C−H activation. The thermodynamic cycle however
can be established between the product of homolytic C−H
cleavage (site-H + •CH3) and the H-aﬃnity of the active site,
which is formed upon the desorption of a •CH3 radical. Such a
conﬁguration can be formed when radical recombination takes
place at a distant site leaving behind the reduced Fe complex
(site-H). Below we refer to both site-H + •CH3 and site-H as
the ﬁnal states (FSs) of the methane activation reaction.
Following the above deﬁnition of the main states, we deﬁne
the reaction energy ΔER, apparent activation energy (ΔEa),
and H-aﬃnity (ΔEH) as follows:
ΔE R = E(site‐H + •CH3) − E(site) − E(CH4)

(1)

ΔEa = E(TS) − E(site) − E(CH4)

(2)

Figure 3. Relationships between the computed kinetic (ΔEa) and
thermodynamic ((A) ΔER and (B) ΔEH) parameters of methane
activation by binuclear Fe sites in ZSM-5 zeolite (circles) and FeMIL-53 MOF (squares). The trend lines shown in the graph provide
liner ﬁts for the data sets with ±15 kJ/mol shown with shaded areas.
(*ref 44, **ref 13).

ΔE H* = E(site‐H) + E(•CH3) − E(site) − E(CH4)
(3)

ΔE H = E(site‐H) − E(site) −

1
1
E(H 2O) + E(O2 )
2
4

same magnitude as the MAE of 11 kJ/mol obtained for a much
larger data set in ref 13. Despite having similar slopes (0.75 and
0.79, respectively) indicating the fundamental nature of the
ΔEa−ΔEH correlation, a 16 kJ/mol shift in the intercept is
observed compared to the scaling law reported in ref 13. It is
likely due to the diﬀerent exchange-correlation functionals
employed. Figure 3 indicates that the current correlation
established for Fe-ZSM-5 zeolite also holds for a related FeMIL-53(Al) metal organic framework (MOF) catalytic
system.44
The results in Figure 3A reveal substantial deviations of the
computed activation barriers from the linear ΔEa−ΔER trend.
For example, signiﬁcantly (deviation >15 kJ/mol) lower
reactivity is predicted for o3, ε3, γ7, and γ7* sites, while the
γ1, γ6*, and γ1* sites are predicted to be substantially more
reactive than could be deduced from the idealized ΔEa−ΔER
scaling relationship. The deviations from the ΔEa−ΔEH
correlation are much more substantial. Such direct relationships between the thermodynamic and kinetic parameters
generally hold for reactive systems characterized by similar
shapes of the potential energy surfaces (PES), i.e., for the
systems with well-deﬁned reactive centers, the intrinsic
chemistry of which determines the chemical behavior. The
secondary interactions in a multisite and/or conﬁned environment of the reactive complexes in zeolite pores can
signiﬁcantly impact the involved PES giving rise to notable
deviations from the energy scaling relationships.
In the current case we note that eﬀects such as secondary
hydrogen bonding interactions at the di-Fe site and speciﬁc
conﬁnement of the activated complexes exerted by the zeolite
pores are the main causes for the observed deviations from the

(4)

where E(H2O), E(O2), E(CH4), and E(•CH3) are the DFTcomputed energies of the respective molecules in the gas
phase. Although the H-aﬃnity ΔEH* given by (3) can directly
be related to the thermodynamic cycles of the investigated
process, as shown in Figure 1A, in the discussion below a
generalized H-aﬃnity ΔEH deﬁned in ref 13 and given with eq
4 will be used as a descriptor to facilitate the comparison
between the current results and those reported in the literature.
ΔEH was originally introduced as a universal descriptor for the
reactivity of all types of catalysts toward homolytic C−H bond
cleavage.13 It is computed as the reaction energy for the
reduction of the protonation and one-electron reduction of a
given active site accompanied by gas-phase O2 and H2O used
as the reference reactants. The two parameters diﬀer by a
constant corresponding to the energy diﬀerence in the
molecular reference states. The slope of the fundamental
ΔEa−ΔEH and ΔEa−ΔEH* relationships should therefore be
the same and any deviation from it is not inﬂuenced by the
choice of the equation.
Figure 3A and B show the relationships between the
computed values of ΔEa and the reaction energies (ΔER) and
hydrogen aﬃnities (ΔEH), respectively, with the corresponding
linear ﬁts. The ΔER descriptor accounts for (de)stabilization of
both •CH3 and H−[O] reactive species forming in the TS
resulting in a better linearity of the respective ΔEa−ΔER
correlation (R2 = 0.754, Figure 3A) compared to the more
general ΔEa−ΔEH relationship (R2 = 0.422, Figure 3B). The
mean absolute errors (MAE) for both correlations are
comparable (13 and 17 kJ/mol, respectively) and are of the
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Table 1. Semiquantitative Analysis of the Main Secondary Interactions Due to Conﬁnement, Flexibility and Multifunctionality
of the Active Site on Methane Activation and the Associated Deviations (in kJ/mol) from the Fundamental Linear Energy
Relationshipsa

a

The occurrence of the particular eﬀect for the given reaction is indicated with a + sign. The direction of the deviation is indicated with the color
code deﬁned in Figure 2 with the red and blue colour highlighting, respectively, the increase and decrease of the ΔEa compared to the trend given
by the the linear scaling law. [a]Conﬁnement eﬀects in TS correlate with the number of atoms nA,TS from the zeolite lattice within a 3.5 Å sphere
around the C center, while the conﬁnement eﬀects in the FS are better described by the distance dC−H,FS (in Å) between the C atom in •CH3 and
newly formed H species. [b]The eﬀects of active site ﬂexibility on the reaction mechanism in the current system are associated with the
rearrangement of the H-bond networks in the course of the reaction such as the H-bond cleavage in the TS and H-bond stabilization of the FS and
site-H, manifesting themselves in, respectively, ΔEa−ΔER and ΔEa−ΔEH correlations. [c]The presence of diﬀerent functional groups within the
active center allow for an alternative OH-cooperative mechanism of methane activation. [d]* and ** after parameter value designates p < 0.05 and
p < 0.01 signiﬁcance levels, respectively; strikethrough means that the corresponding parameter was not used in the multiple regression. R2 = 0.70
and adjusted R2 = 0.62 for ΔEa−ΔER regression, and R2 = 0.60 and adjusted R2 = 0.55 for ΔEa−ΔEH one.

idealized energy trends. The stabilizing and destabilizing eﬀects
associated with these secondary interactions are summarized
schematically in Figure 2. The stabilization of the TS and the
destabilization of the product state employed in a particular
correlation (i.e., site-H+•CH3 for ΔEa−ΔER and site-H for
ΔEa−ΔEH) results in a favorable deviation from the linear
scaling (a lower activation energy), whereas the destabilization
of the TS and the stabilization of the product state has an
opposite eﬀect on the activation energy. It should be noted,
that in terms of ΔEa−ΔER/H correlations ΔEa increasing is
equivalent to ΔER/H decreasing and vice versa, therefore
further analysis was performed from the ΔEa deviation point of
view only. Our calculations point to two main factors, namely
the conﬁnement and H-bonding rearrangement, causing the

deviations of the predicted reactivity from the idealized scaling
law reﬂecting the intrinsic reactivity of the localized catalytic
site. The results of a semiquantitative analysis of the nature and
impact of these factors and their more speciﬁc contributions
are summarized in Table 1. Below we will discuss in detail the
impact of each of the factors on the predicted reactivity of
zeolite-stabilized di-Fe complexes in homolytic C−H activation of methane.
Conﬁnement Eﬀects. The conﬁnement eﬀects due to the
constraints of the zeolite micropores can manifest in
destabilization of (i) the TS and (ii) the product site-H +
•
CH3 states. The former scenario is realized when the zeolite
walls exert geometrical constraints to CH4 approaching the
reactive O-center, resulting in the eﬀective destabilization of
9280
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approaches the reactive center.45 Depending on the Fe−O−
HCH3 angle, the reaction can proceed either via the σ-channel
and involve the interaction with the Fe(dz2)+O(pz) orbital or
via the commonly much less favorable π-channel, involving the
interaction with the Fe(dxz/yz)−O(px/y) orbital (additional
explanation can be found in ref 46 and Figure S3). Restricted
accessibility of the reactive oxygen center due to conﬁnement
can ﬂatten the associated PES and make the reactivity along
the two channels comparable. However, an optimal angle of
attack providing the favorable orbital overlap may still
potentially be established despite the crowdedness at the
active center. The only active site showing such a favorable
geometry is γ1* (Figure S4), for which, despite having the
highest nA,TS among the structures considered here, the
activation energy shows a favorable deviation in both linear
correlations.
The geometrical constraints on the TS also aﬀect the
energetics of the associated site-H+•CH3 product state. The
equilibrium distance between the •CH3 radical and the HOmoiety of the partially reduced site, dC−H,FS, is ca. 2.0 Å in the
absence of the geometrical constraints due to zeolite pores.
The increased conﬁnement limits the mobility of •CH3
resulting in shorter •CH3···HO distances and, accordingly,
increased energy of the site-H+•CH3 state by 23.6 kJ/mol per
1 Å decreasing •CH3···HO distance (or 2.36 kJ/mol per 0.1
Å). Such situations are encountered in, for example, sites γ4*
(Figure 4C), γ1* and γ5 (Figure S5). Importantly, the
reactivity deviations induced by the conﬁnement-induced
transition (TS) and product (FS) states destabilization are
very diﬀerent. The TS conﬁnement gives rise to an unfavorable
reactivity shift to the red zone, while the FS conﬁnement, on
contrary, places the reactive system into the blue zone (Figure
1B). The mutual cancelation of these two eﬀects is the main
reason for the higher linearity of the ΔEa−ΔER correlation.
The ΔEa−ΔEH correlation does not account for the FS
conﬁnement and associated energy eﬀects.
Conﬁnement eﬀects manifest themselves in the enthalpic
and entropic components of the reaction and activation free
energies.47,48 Here we considered only the enthalpic eﬀects
associated with the changes in the PES shape and therefore
reﬂecting changes in the intrinsic reactivity of the active site.
Previous studies proposed approaches for the quantiﬁcation of
the conﬁnement eﬀects49,50 via the analysis of the reaction
energetics computed using full periodic and cluster zeolite
models. Our analysis points to semiquantitative geometric
descriptors for the conﬁnement-induced deviations from the
1D linear scaling relations. However, other eﬀects, especially
those related to the ﬂexibility and conformational freedom of
the reactive ensemble are diﬃcult to predict whether they
occur during the transformations, and it is even more diﬃcult
to assign an adequate numerical descriptor. To identify
representative quantitative descriptors for such eﬀects a
detailed analysis of much larger data sets than those considered
in this study has to be carried out.
H-Bonding Rearrangement. The H-bonding rearrangement in the course of the reaction is another important factor
aﬀecting the shapes of the PES and giving rise to deviations
from the linear energy scaling relationships. Calculations reveal
that most reaction channels over the active sites featuring
multiple OH ligands and coordinated H2O involve the
concomitant cleavage and formation of hydrogen bonds,
which, depending on the speciﬁc situation, may give rise to
both favorable and unfavorable deviations from the predicted

the transition state. To establish a (semi)quantitative
descriptor for such a conﬁnement eﬀect, we consider the
number of atoms excluding the H atoms of methane (nA,TS,
Table 1) from the zeolite lattice and reaction center within 3.5
Å from the C atom of CH4 fragment. We note that increasing
the number of atoms close to the reactive moiety in the TS
increases ΔEa deviation by 1.6 and 2.8 kJ/mol for ΔEa−ΔER
and ΔEa−ΔEH correlations, respectively, which reﬂects the
decreased accessibility of the active site by CH4.
An illustrative example of this destabilization mechanism is
the TS for the γ6 site and TS-γ4* shown in Figure 4A and C.

Figure 4. Representative cases for all identiﬁed deviation mechanisms.
(A) Local structure of the TS of methane C−H bond activation at the
location of γ6. The green sphere indicates totally 12 atoms from
framework and reaction center distributed in the radius of 3.5 Å of the
C atom indicating that the TS is conﬁned. H-bonding interaction of
TS with a close-by OH group is also highlighted. (B) Steps of reaction
γ1**. In the transition state there are two OH groups close to the
forming CH3 radical. There is an additional H bond present
compared to TS stabilizing this intermediate in site-H + •CH3. C)
Steps of reaction γ4* with a conﬁned TS and a conﬁned site-H +
•
CH3 where the H−C distance is 1.8 Å. In the reduced site-H the H
subtracted from the methane rotates and forms an additional H bond
with the terminal O of the other Fe ion thus stabilizing site-H. D)
Steps of reaction o3. In site there is a H-bond between the two OH
ligands of Fe which breaks in the transition state.

Both structures have 12 neighboring atoms within 3.5 Å from
the reactive C atom. In these geometries, the rigid zeolite
framework prevents CH4 from approaching the active O-site
from the optimal angle thus increasing the activation barrier.
We identify that TS conﬁnement is the sole factor giving rise to
the pronounced deviations from the linear scaling relationships
for the sites γ4, γ7, and γ7*, for which the C−H activation
barriers are 16 to 43 kJ/mol higher than those predicted based
on the ΔEa−ΔER and ΔEa−ΔEH correlations.
However, the number of atoms in the vicinity of the active
site cannot be viewed as a universal indicator for the
unfavorable impact of zeolite conﬁnement. Previous theoretical
studies indicate a pronounced reactivity dependence for
homolytic C−H cleavage on the angle at which the reactant
9281
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inﬂuenced by the presence of vicinal OH and H2O. Such a
multifunctional environment allows for a more eﬃcient
stabilization of the CH3 radical formed in the TS through
secondary interactions with the OH/H2O. This, in turn, leads
to a decrease of the activation barrier for the reaction as
compared to a hypothetical single-site mechanism (Table 1
column 7). Figures 4A and B show the representative
optimized structures of such cooperative TSs for γ6 and
γ1**. The interatomic distance for the “activated” C−H bond
(OH···•CH3, 1.5−1.6 Å) is comparable to that formed as a
secondary interaction between the CH3 radical and a vicinal
OH moiety (1.8−1.9 Å). A substantial TS stabilization due to
such a cooperative reaction mechanism is observed for the
structures with secondary r(OH···•CH3) < 2.7 Å. The
examples where this eﬀect solely responsible for the deviations
from the linear energy relations are the reactions γ1, γ6* and
δ1 (Figure S6). This cooperative methane activation
mechanism has an impact on both linear relationships resulting
in computed activation barriers 12 and 19 kJ/mol lower than
the ones predicted from the ΔEa−ΔER and ΔEa−ΔEH linear
ﬁts, respectively.
Multiple regressions models obtained for ΔEa deviation from
the ΔEa−ΔER and ΔEa−ΔEH correlations are characterized by
0.70 and 0.60 R2 values, respectively. These values are not high
enough to claim a nearly ideal explanation of the analyzed
phenomenon. However, we argue that the correlation
described provide crucial qualitative conﬁrmation of our
hypotheses. Importantly, all these eﬀects manifest themselves
simultaneously. For example, the conﬁnement of both TS and
site-H+•CH3, or the TS conﬁnement and OH-cooperative
methane activation mechanism can be encountered in the
same system, and eﬀectively cancel out or amplify the
individual energy (de)stabilization eﬀect. This can either give
rise to the increased deviation from the trend line or, on
contrary, to an apparent improvement of the linearity in the
energy relation. For example, the TS and site-H+•CH3
conﬁnement destabilize both the transition and the ﬁnal
state for γ4* (Figure 4C) and γ5 (Figure S5), which reactivity
perfectly follow the ΔEa−ΔER scaling trend. However, site-H
for these conﬁgurations is additionally stabilized by H-bonding,
which causes substantial deviations in the ΔEa−ΔEH relationship. For the sites γ1** and γ4** the opposing eﬀects of OHcooperativity group and H-bond rearrangements during
methane activation cancel each other out as is evident from
the minimal deviation of the corresponding computed and
expected energetics (Table 1).

reactivity. We have distinguished 4 scenarios of such Hbonding rearrangements: (i) H-bond cleavage at TS, (ii) Hbond stabilization of the FS, (iii) H-bond stabilization of the
partially reduced state site-H, and (iv) OH/H2O cooperative
C−H cleavage.
Terminal hydroxyl ligands on the binuclear Fe complexes
have been identiﬁed as the potential sites for homolytic C−H
activation.39 The formation of H-bonds between these ligands
and neighboring proton-donating/accepting sites provide an
additional stabilization to the complex (see, e.g., Figure 4D).
However, during the C−H activation process, these H-bonds
need to be broken at the TS to allow for the favorable orbital
overlap between the reacting species. The associated energy
losses are not recovered in the product states. The loss of such
favorable H-bond interaction during methane activation
destabilizes both the TS and site-H+•CH3 states. The
destabilization is much more pronounced in the TS state as
indicated by the consistent negative deviation (by 23 and 38
kJ/mol into red zone for ΔE a −ΔE R and ΔE a −ΔE H ,
respectively) of the predicted reactivity for the sites featuring
this eﬀect (ε3 and o3, Figure 4D). The corresponding
regression coeﬃcients (23 and 38 kJ/mol) are close to the
energies of moderate and strong H-bonds, that additionally
justiﬁes the obtained model.
The partial reduction of the binuclear cationic complex with
CH4 can be accompanied by the conﬁgurational changes in the
active site resulting in additional H-bonds between the
terminal OH, O, or H2O ligands. This stabilizes the siteH(+•CH3) and shifts the reaction energy (ΔER) to the lefthand side of the BEP relationship (Figure 2), resulting in 19.2
kJ/mol ΔEa deviation. Representative examples are the
reactions at sites γ1** and γ4** (Table 1). The optimized
TS and site-H+•CH3 structures for γ1** are shown in Figure
4B. The reactive Fe complex in this case bears two μ-O ligands,
three terminal H2O and an oxo ligand. These ligands do not
form intermolecular hydrogen bonds either in the pristine state
site or in the TS state. Upon the reduction, the geometry of the
cluster changes: most notably, the distance between the Fe
centers decreases with the concomitant change in the relative
conﬁguration of the ligands so that an H-bonding can now be
established between the newly formed Fe1−OH and Fe2−OH2
moieties.
The geometry of the reduced site can further alter after the
removal of the CH3 radical (Table 1 column 6). This situation
is illustrated in Figure 4C with the optimized structures of TS,
site-H+•CH3 and site-H for reaction γ4*. The relaxation of the
reduced di-Fe complex after the removal of steric constraints
imposed by the weakly bound •CH3 species stabilizes the siteH reference state with additional H-bonds. As a result of these
secondary interactions, lower values of H-aﬃnity are computed
for such sites, which, however, is not related to the increased
reactivity of the hydrogen-accepting moiety. We expected to
observe this eﬀect in the ΔEa−ΔEH correlation only, where a
deviation toward a red zone is commonly observed. However,
both regression models do not contain the corresponding term.
We suppose the reason is that this H-bonding stabilization
eﬀect was not observed independently without contributions
from other (de)stabilization eﬀects for the diﬀerent active site
locations considered in this study.
Multifunctionality. Multifunctionality of the active site
can also cause deviations from the linear scaling relationship.
Our DFT calculations suggest that the intrinsic reactivity of the
Fe−O moieties toward the homolytic C−H dissociation can be

■

CONCLUSIONS
Fundamental reactivity theory implies that there is a
relationship between thermodynamics and kinetics when the
intrinsic chemistry of the active site is in charge of the activity.
However, this study identiﬁes that besides the intrinsic
reactivity of the active site, there is a number of secondary
eﬀects present in microporous catalytic materials that can
outweigh the intrinsic chemistry and break the scaling
relationships. (i) The conﬁnement of porous frameworks
does have an eﬀect on the reaction barrier. Conﬁnement of the
transition state limits the geometry ﬂexibility, and thus
increases the reaction barrier. (ii) H-bond breaking or forming
leads to the destabilization or stabilization of the reaction
intermediates, moving the points in Figure 2 away from the
scaling relationships. (iii) Direct stabilization of the transition
state was observed when the interaction of a close-by OH
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group and the CH3 radical was realized. This interaction lowers
the energy of the transition state and breaks the scaling
relations, which is proposed to be a practical strategy for
catalyst design toward methane activation.
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