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Abstract 
The direct and selective conversion of methane to methanol can be considered a holy grail for 

catalysis research. In this work, we study a metal-organic framework known as MFU-4l, modified 

by design to include highly reactive iron-oxo species for the catalytic C-H bond activation of 

methane. We investigate the oxidation of methane and the further potential oxidation of the 

product methanol using N2O as an oxygen source and map the potential energy landscape of 

these reactions using density functional theory calculations. We show that the highest energy 

barrier encountered during the methane oxidation process is not the C-H bond breaking, but the 

activation of the iron center by N2O. Furthermore, the potential energy landscape for the C-H bond 

activation exhibits a large, high-energy plateau region instead of a sharp transition state, thus 

differing from the traditional radical rebound mechanism. This insight offers interesting potential 

routes to enhance the catalytic activity of the catalyst, to hinder unwanted deactivation pathways, 

and to reduce the activity towards the over-oxidation of the product. 
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Introduction 
Natural gas consists mainly of methane,1 an important resource that can unfortunately have a 

significant impact on our climate if released into the atmosphere.2 Methane can, however, be used 

to produce another important base chemical: methanol. Methanol is currently synthesized from 

methane through the creation of syngas, a thermodynamically inefficient process, as it requires 

high temperatures and pressures to overcome the reaction energy of +206 kJ/mol in steam 

reforming.3,4 Due to the need for intermediate syngas creation, the on-site usage of methane at 

smaller and remote sources of methane is greatly hindered, and the methane at such remote sites 

is often simply flared, as its transport to other locations is not easily achieved.4,5 Methanol, 

however, can be stored and transported with much less effort, as it is a liquid under ambient 

conditions. A direct and selective pathway from methane to methanol, usable at small and large 

scales, would therefore greatly decrease the environmental impact of remote methane sources, 

as well as methanol-derived substances and methanol-based fuels. A key challenge is achieving 

high selectivity in the direct methane to methanol reaction. Burning methane is easy, stopping at 

methanol is not.6,7 

Recently, many advances in the field of methane activation have been made. Inspired by 

enzymes, many biomimetic, homogeneous catalysts have been designed8–11 to achieve the goal 

of high selectivity combined with high yield. However, industrially, heterogeneous catalysts 

provide many advantages. From a chemical perspective, metal-organic frameworks (MOFs) offer 

an intriguing possibility to create catalysts that combine the best features of homogeneous 

catalysts, namely their atomically precise structures12,13 and vast possibilities for tuning,14,15 with 

the advantages of a solid material. MOFs are also an ideal platform to understand reaction 

mechanisms in detail and then propose new design strategies for further investigation. Two 

important design goals for a MOF catalyst for the selective conversion of methane to methanol 

are suggested by economics and prior work: 1) the catalyst should be active under mild 

conditions16 and 2) the obtained methanol should be protected to prevent overoxidation.6 Metal-

oxo centers are active species for the activation of the C-H bond of methane and other alkanes10,17–

22 and can be designed into a variety of MOF structures. Also, the secondary interactions23,24 and 

geometric effects of the host system (sometimes called second-sphere effects) can be exploited 

to control reaction mechanisms in nanoporous materials as recently shown by Snyder et al.25 The 

mobility of the CH3 radical involved in many mechanisms for methane activation proved to be a 

key factor in the activity of zeolites incorporating metal-oxo centers, which have already been 

shown to be active for continuous methane oxidation using N2O and H2O.26 

In MOFs, iron-oxo centers (Fe=O) have been successfully incorporated into the Fe2(dobdc) family 

(Fe-MOF-74, dobdc4-=2,5-dioxido-1,4-benzenedicarboxylate) and have been shown to be 

catalytically active towards C-H bond cleavage in experiment and theory.27,28 For the case of 

ethane to ethanol conversion, this MOF exhibited a high selectivity due to the strong binding of 

the product to the open metal sites, resulting, however, in a low yield27,29 in both flow-through and 

batch operation modes as the reactive sites become blocked by the strongly bound product. Many 

other systems incorporating metal-oxo centers have since then been investigated for the oxidation 

of methane by computational means.30–34 Also, our group recently investigated metal-oxo species 

in MOFs for the activation of the C-H bond by identifying structure-activity relationships in MOFs 

based on DFT calculations,35,36 screening a MOF database to identify promising MOF systems,37 

and investigating triazolate based MOFs with varying metals and anions theoretically.38,39  
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Based on their studies of triazolate based MOFs for C-H bond activation, Rosen et al.,39 proposed 

the MOF Zn5Cl4(BTDD)3, where H2BTDD = bis(1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo[1,4]dioxin, 

also known as MFU-4l,40 as a platform material. This MOF is known to be chemically and thermally 

stable. Furthermore, four of the five Zn ions contained in the metal node can be post-synthetically 

exchanged with other transition metals41 and even lithium42,43 to obtain Mx-MFU-4l (M being the 

introduced metal and x the number of exchanged ions per unit cell). The exchanged metal sites 

can in turn provide a basis for a desired catalytic application. Besides the metal itself, also the 

counter-anion located at the metal node is subject to post-synthetic exchange.41,44 In this work, we 

focus on the exchange of Cl- to OH-, which has already been experimentally achieved for a range 

of transition metal substituted M-MFU-4l(OH) materials (M=Cu, Co, Ni).45–48 See Figure 1 for a 

representation of the Fe1-MFU-4l(OH) MOF structure. We limit this investigation to N2O as the 

oxygen source39 for practical reasons and only consider the homolytic methane activation 

pathway, as it is the most relevant one for iron-oxo active sites.49 The goal of this work is to achieve 

insight into the C-H bond activation in methane and the factors that affect the selectivity using a 

fully periodic model of the MFU-4l platform, including non-local second-sphere effects. 

Methods 
All periodic calculations were performed using the VASP software in versions 5.4 and 6.2.50 Tests 

showed no differences in energies and forces between the two versions; therefore the upgrade to 

version 6.2 was made during the project to benefit from recent performance improvements. PAW 

PBE pseudopotentials of version 5.451,52 were used. The PBE functional53 was used in conjunction 

with the D3BJ dispersion correction method54,55 at an energy cutoff value of Gcut = 800 eV to 

perform spin unrestricted calculations in the Γ-only approximation. The electronic convergence 

criterion was set to 10-8
 eV, and a Gaussian smearing of width 0.01 eV was applied to the orbital 

occupations. An “accurate” grid (meaning 2*Gcut FFT-grid points along every cell vector) was used. 

Figure 1: Representation of MOF Fe1-MFU-4l(OH). Left: node structure containing one iron center. Right: view through 
the MOF along a square channel. Atoms colored by element: hydrogen white, carbon black, nitrogen blue, oxygen red, 
iron brown and zinc grey. Reproduced under the terms of the Creative Commons Attribution 4.0 License.70 
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Geometry optimizations and nudged elastic band (NEB) calculations56–58 employed a force 

convergence criterion of 0.02 eV/Å. Single point (SP) energy calculations were performed using 

the range-separated hybrid functional HSE06,59 also using D3BJ dispersion correction60 and the 

same settings as described above. 

The cell parameters of the MOF system (170 atoms) were optimized for Fe1-MFU-4l(OH) (M) with 

one N2O guest molecule (M+N2O) and kept fixed for all following calculations (see below for 

details). The singlet, triplet, and quintet spin state energies of M and (Fe=O)1-MFU-4l(OH) (MO) 

were compared at the PBE optimized geometries using single point HSE06 calculations. The high-

spin (HS) quintet state is lowest in energy for both structures and was therefore used throughout 

this study. 

All NEB calculations were performed using five NEB images in the climbing image variant to 

optimize the transition state using VTST version 184.61 Initial linear or image dependent pair 

potential (IDPP)62 interpolation as included in VTST, and ASE63 was used to generate initial 

guesses of the NEB path. A spring constant of 5 eV/Å2 with nudging was used. Transition state 

structures from the NEB calculations were further refined using the dimer method.64–67 

Pre- and postprocessing was conducted using functionality from the ASE63 and TST packages.61 

Plots were produced using the matplotlib library,68 and VMD69 was used for structural 

representations. The full workflow including all scripts, plots, inputs, and outputs generated in this 

project are available on Zenodo and NOMAD.70,71 

Results and Discussion 

Base Structure 
The Fe1-MFU-4l(OH) system (labeled M in the following, see Figure 1 and Figure 2) consists of 

two metal nodes per unit cell, one of which includes an iron center. Each metal node contains four 

tetrahedral positions and one central octahedral Zn2+. Relative energies of the fully optimized 

structures at the PBE level in spin states S=0, S=1 and S=2 are given in column 2 of Table 1. It 

can be seen that the high-spin state has by far the lowest energy.  We also performed HSE06 

single-point calculations on these geometries. These relative energies are reported in column 3, 

and again the S=2 spin state has the lowest energy. Finally, we took the geometries obtained for 

the S=2 spin state with PBE and ran HSE06 single-point calculations at S=0, S=1  and S=2. These 

relative energies are reported in the last column of Table 1. Fixing the geometry at the S=2 

optimized structure also does not change the trends, so single point comparisons of the optimized 

structures can be used for estimating the most likely spin state. 

Table 1: Relative energies of the Fe1-MFU-4l(OH) system depending on spin state (first column) with respect to the 
energy of spin state S=2. Structures optimized in the respective spin state (column two and three), or fixed at the 
geometry of the S=2 state (last column). Double slash notation: <Level of theory used for geometry 
optimization>//<Level of theory used for subsequent single point calculation>. All energy values in kJ/mol. 

Spin State ΔE(PBE//PBE) ΔE(PBE//HSE06) ΔE(PBE@S=2//HSE06) 

S=1 +52.7 +123.5 +127.5 

S=0 +75.1 +176.8 +161.6 

 

After loading the S=2 system with one N2O molecule per unit cell, a neglectable expansion of the 

unit cell (ΔV=17.6 Å3 or 0.2%) is observed after full relaxation of atomic positions and cell 

parameters. The cell parameters of this loaded cell are used from here on for all calculations. 
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The proposed catalytic cycle depicted in Figure 2 begins with the Fe2+(OH) site of the MOF 

platform (labelled M). Addition of the oxygen source N2O and breaking of the N-O bond via the 

transition state TSNO yields N2 and the active iron-oxo species MO. Methane can interact with and 

be activated by the MO site, resulting in a methyl radical and Fe3+(OH)2. Recombination of the 

methyl radical with one OH group in a so-called rebound step leads to adsorbed methanol, which 

can desorb as the desired product to regenerate the initial MOF site M. 

Formation of Terminal Iron-Oxo Species 
The adsorption energy of N2O onto the M site from the gas phase is -13.2 kJ/mol, of which 102% 

is contributed by dispersion interactions (PBE level of theory). A single point HSE06 calculation 

yields an adsorption energy of -15.8 kJ/mol. As expected, the adsorption energy is only slightly 

influenced by the choice of functional. We therefore only report PBE energies for adsorption and 

desorption steps to reduce computational costs. The N-O bond splitting exhibits an energy barrier 

of +119.0 kJ/mol (HSE06; for PBE +70.7 kJ/mol). The corresponding NEB reaction path is shown 

in Figure 3. This energy barrier is comparable to previously reported DFT data for the creation of 

iron-oxo species.72 The energy barrier is also lower (PBE) or close to (HSE06) many calculated 

energy barriers for N2O at open metal sites72–75 that are known to form metal-oxo sites with N2O 

in experiments. The results suggest that the activation of M to MO is feasible in this system. 

Figure 2: Catalytic cycle of the methane oxidation step (CH4 to CH3OH) as studied in this work. MOF backbone omitted 
for clarity. Dashed arrows represent the studied deactivation pathways of the methane oxidation step. Reproduced 

under the terms of the Creative Commons Attribution 4.0 License.70 
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The S=2 spin state is confirmed for the iron-oxo species MO to be lower in energy than S=1 and 

S=0 (both for PBE and single-point HSE06 calculations). The obtained energies relative to the 

S=2 state at the SP HSE06 level of theory are ΔE(S=1)=+83.1 kJ/mol and 

ΔE(S=0)=+114.9 kJ/mol. Therefore, all further calculations employ the S=2 quintet state. For the 

activation step using N2O, the S=2 spin state has also recently been found to exhibit the lowest 

energy barrier for the creation of an iron-oxo species in iron zeolites.73 Our results are furthermore 

in line with previous DFT studies of C-H activation on Fe=O species, even though it is known that 

the S=2 spin state is not necessarily the only reactive state: The spin state may change during the 

transition from reactants over transition state to products, leading to multi-state reactivity.76–79 Our 

HSE06 results are in line with these previous studies and favor the S=2 state for both M and MO. 

Also, the error introduced by fixing the spin state of our system for the entire catalytic cycle cannot 

be expected to be overcome using DFT in any flavor, as DFT in general is not able to resolve 

subtle energy differences of multi-state reactivity of transition metal systems.80,81 Fixing the spin 

state is therefore a necessary choice to achieving our goals. If the S=2 state is indeed the ground 

state, reactivity of the iron-oxo species in this MOF system can be expected to be high,10 as 

experimental evidence for similar systems82,83 suggests that the S=2 state is more reactive than 

lower spin states. 

Some difference in the N2O activation energy barrier between the PBE and HSE06 functionals 

(ΔΔEB, see Figure 4 for a visual comparison) can be expected due to the artificially large electron 

delocalization of GGA functionals that often occurs in transition metal systems.84 The magnitude 

of the difference in this case (48 kJ/mol) is, however, striking. We therefore investigated the origin 

Figure 3: Reaction path of iron oxidation by N2O as obtained from a climbing image NEB calculation using five images 
at the PBE level of theory. Relative energies (red crosses) are plotted against the reaction coordinate. A cubic spline 
interpolation using the energies as well as the gradients (forces along the NEB path) is plotted as a black dashed line. 
The forces parallel to the NEB path (the derivative of the potential energy surface along the path) are visualized as 
green bars at each relative energy point. The relative dispersion energies of the NEB images are plotted as dark red 
circles. Reproduced under the terms of the Creative Commons Attribution 4.0 License.70 
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of this large deviation by performing calculations for the simple gas-phase reaction N2 +
1

2
O2 →

N2O (see SI for details). The reaction energy difference (ΔΔER) between PBE and HSE06 for this 

simple gas-phase reaction is, at around 30 kJ/mol, comparable and surprisingly large for such a 

simple reaction. Our own findings are supported by a larger set of reference calculations in the 

Computational Chemistry Comparison and Benchmark Database (CCCBD) by NIST.85 We find 

good agreement between our calculated ΔΔER between HSE06 and PBE in the CCCBD for the 

reaction N2 +
1

2
O2 → N2O. Based on the CCSD(T)=FULL reaction energy from the CCCBD, we 

argue that the HSE06 calculations should be deemed more trustworthy, as they are much closer 

to the high-level reference than the PBE results. 

Furthermore, the CCCBD data shows a similar behavior for the differences between PBE and 

HSE06 in the reaction 2O → O2 as well as for 2N → N2. On the other hand, for the reaction CH4 +
1

2
O2 → CH3OH, this is not the case, and the difference in reaction energy between PBE and HSE06 

is only around 6 kJ/mol for large basis set sizes. We therefore conclude that the large differences 

between PBE and HSE06 observed in this work are not artifacts of our calculations but inherent 

to DFT. For all cases, HSE06 can be expected to be closer to higher-level calculations and 

experiments based on the data found in the CCCBD and previous studies by Liu and Kulik.84 

Methane Oxidation Step 
We calculated the adsorption energy of CH4 at the iron-oxo site MO to be -8.7 kJ/mol, of which 

87% is contributed by dispersion interactions (PBE level of theory). See Figure 4 for an energy 

diagram of the PBE and HSE06 relative energies. No energy barrier is observed for the adsorption 

in an NEB calculation tracking the movement of CH4 from the center of the pore to the iron-oxo 

site MO (see Figure S2). Based on previous work,39 we initially hypothesized that a CH3 radical 

Figure 4: Energy diagram of N2O activation and first step of methane oxidation. Colored pathway: PBE; grey pathway: 
HSE06 single points on PBE geometries. Reproduced under the terms of the Creative Commons Attribution 4.0 

License.70 
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near the Fe(OH)2 site would be a local minimum on the potential energy surface after the C-H 

bond activation and therefore chose such a structure as a starting point for a geometry 

optimization. This optimization of CH3@Fe(OH)2 resulted in a CH3 radical structure at the Fe(OH)2 

site with forces below the convergence criterion of 0.02 eV/Å, as expected, but a climbing image 

NEB calculation (Figure S3) showed no transition state between the starting CH4@MO structure 

and the resulting CH3@Fe(OH)2 radical structure. Subsequent partial vibrational analysis (Fe and 

connected OH and CH3) revealed one low frequency imaginary mode of 27.4i cm-1 as shown in 

Figure 5, indicating that this species is a transition state (1TSCH) rather than the expected 

intermediate. The CH3 species in 1TSCH is weakly physisorbed with a binding energy of -

10.1 kJ/mol (HSE06; for PBE -11.3 kJ/mol) at the Fe(OH)2 site. Of this binding energy, 71% (65% 

for PBE) of the adsorption energy is contributed by dispersion interactions. 

In the proposed mechanism, the CH3 radical reacts with an OH group to from a bound methanol 

molecule. We find an overall reaction energy ΔE(CH4@MO → CH3OH@M) of -173.5 kJ/mol 

(HSE06; for PBE -30.9kJ/mol). Including ad- and desorption energies, the overall reaction energy 

for CH4 + MO → CH3OH + M is -148.4 kJ/mol (HSE06; for PBE -11.1 kJ/mol). For comparison, we 

calculated reaction energies for syngas creation, complete oxidation, and the C-H bond strength 

using the same methodology. The reaction energies are given in Table 2. Contrary to the strong 

functional dependence of reaction energies discussed for the N2O bond breaking above, the 

functional dependence is much smaller for the simple reactions in Table 2, with the largest 

deviation between HSE06 and PBE being only 12 kJ/mol. For the MOF system, however, the 

difference between HSE06 and PBE is again very large, with a value of ΔΔER(PBE-

HSE06) = +142.6 kJ/mol. We can therefore conclude that the difficulties of DFT in this case lie in 

the description of the active metal species involved and not within the small guest molecules in 

contrast to the reaction of N2O with M.  

Figure 5: Visualization of the imaginary vibrational mode at 27.4i cm-1 observed in the 1TSCH state. Arrows represent 
the atomic displacements corresponding to this mode. Reproduced under the terms of the Creative Commons 
Attribution 4.0 License.70 
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Table 2: Reaction energies of syngas creation, complete oxidation, and C-H bond strength of methane at the HSE06 

and PBE levels of theory from periodic calculations using the same methodology and cell as the MOF calculations. 

Reaction 
HSE06 

[kJ/mol] 
PBE 

[kJ/mol] 

CH4 + 0.5O2 → CO + 2H2 +72.4 +64.5 

CH4 + 2O2 → CO2 + 2H2O -748 -736 

CH4 → CH3 + H +458 +460 

CH4 + MO → CH3OH + M -148 -11.1 

 

If we take the methyl radical as the relevant transition state (1TSCH), the energy barrier (ΔEB) for 

H abstraction at the MO site is +55 kJ/mol (HSE06; approx. +125 kJ/mol for PBE), which is 

comparable to values of other well performing iron-oxo sites from our group.39,72 However, as 

noted above, we expected the methyl radical to be a stable intermediate, not a transition state. To 

complete the analysis of the C-H bond activation step, we performed two NEB calculations:  one 

from CH4@MO to 1TSCH and another from 1TSCH to CH3OH@M. Surprisingly, these two NEB 

calculations, when combined from CH4@MO to CH3OH@M (Figure 6, combined from Figures S3 

and S4), show that there is a prominent energy plateau region around 1TSCH. Further calculations 

showed that there are two transition states within 6 kJ/mol of each other with little geometric 

differences within the plateau region. As discussed earlier, the limitations of DFT in this system, 

will make a detailed exploration of subtle energy differences on this plateau of the potential energy 

surface difficult,80,81 but for our purposes here the exact shape of the plateau region is not needed. 

The presence of such a plateau region is unusual and, to the best of our knowledge, new for iron-

Figure 6: Reaction pathway of CH4@MO via 1TSCH to CH3OH@M at the PBE level of theory. The graph includes two 
NEB calculations, first from CH4@MO to 1TSCH and second from 1TSCH to CH3OH@M with five NEB images each. The 
plateau region of the weakly physisorbed CH3 radical is clearly visible. Reproduced under the terms of the Creative 
Commons Attribution 4.0 License.70 
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oxo systems. It could have major implications for the design of reactive pockets for the methane 

oxidation process, as it extends the usual CH3 radical rebound reaction mechanism. 

The energy needed to cleave the C-H bond at the MO site (55 kJ/mol at the HSE06 level of theory) 

is almost one order of magnitude lower than the energy barrier in the gas phase (Table 2), nicely 

showcasing the need for a catalyst. Also, the standard industrial route via syngas already exhibits 

a distinct thermodynamic penalty compared to the direct catalytic route, even without considering 

additional practical issues associated with high temperature and pressure. 

Similar to the N2O activation step, a significant difference in the value of the energy barrier is again 

observed between PBE and HSE06, with values of 55 kJ/mol from HSE06 and 125 kJ/mol from 

PBE. However, the sign of the difference is inverted, meaning that the barrier is higher in PBE 

than in HSE06 for the C-H bond breaking (see also Figure 4). Since the difference between the 

two functionals is inverted for the C-H bond breaking step compared to the N-O bond breaking 

step, the overall reaction energy of the entire catalytic cycle does not differ as strongly between 

PBE and HSE06 as the two individual reaction steps. However, the step with the highest energy 

barrier is the formation of the iron-oxo species according to the HSE06 energy profile, whereas 

the step with the highest energy barrier is the C-H activation according to the PBE profile. The 

higher energy barrier for the N-O step compared to the C-H bond breaking is in line with previous 

PBE, PBE+U and M06-L based studies by Snurr and co-workers.37,39,72,86 

The radical nature of the methyl 1TSCH structure can be clearly seen in the visualization of the 

magnetization density on the right side of Figure 7. One unpaired electron is located on the methyl, 

and the remaining three unpaired electrons of the same spin are located around the iron center. 

As Feldt et al.76 suggest that the CH3 radical structure can also be in an antiferromagnetically 

coupled (AFM) state with an S=2.5 iron center and an S=0.5 CH3 radical, we investigated this 

possibility. Our HSE06 SP calculations on the 1TSCH structure, however, favor the high spin S=2 

state over the AFM S=2 state by 20.3 kJ/mol. The weak methyl-iron interaction (the methyl radical 

is only physisorbed, see above) could be useful for maintaining an active catalyst, as a strong 

methyl-iron bond can be expected to increase the creation of unwanted carbene and water,87 

which poison the catalyst. 

The lack of a stable (no imaginary frequencies, i.e. a local minimum on the potential energy 

surface) methyl radical state in the energy plateau region (see Figure 4 and Figure 6) could be 

due to the high spin density located at the oxo oxygen of the MO species (see left side of Figure 

7). Previously, the creation of an iron-oxyl species has been discussed as promoting activity 

towards C-H activation and being dependent on a large amount of unpaired electron density at 

the oxygen atom.88–90 The high spin density at the oxo oxygen in our system could, therefore, be 

responsible for the relatively low energy barrier for H abstraction. Furthermore, we do not observe 

a stable (local minimum) intermediate involving a methyl radical (see right side of Figure 7). The 

electronic structure of the Fe(OH)2 system here seems to be the reason for this, as we do not 

observe any charge transfer from or onto the methyl radical, nor any structural changes compared 

to a free methyl radical. We therefore propose that the high spin density together with the low 

stability of the Fe(OH)2 system are the main reasons for the observed energy plateau between 

CH4@MO and CH3OH@M. From this observation, we suggest a single-step reaction mechanism, 

in contrast to a two-step mechanism involving a stable methyl radical. This could enhance kinetics 

significantly and thereby lower the chance of CH3 radical desorption.25 
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The methanol desorption energy is +28.5 kJ/mol (PBE). In our initial calculations, the bound 

methanol was oriented with its OH group pointing away from the Fe-OH group after its formation. 

A more stable orientation with a hydrogen bond between Fe-OH and HO-CH3 results in a slightly 

higher desorption energy (+35.2 kJ/mol PBE). Both values are, however, much lower than 

previous MOF and cluster results, that are in the range of +77 to +150 kJ/mol.72 A low desorption 

energy is beneficial for removing the product from the framework and thereby hindering its 

overoxidation. However, the same argument could be reversed: low desorption energies could 

lead to larger amounts of secondary oxidation products, as the methanol can easily transfer to 

another active site.91 Which argument is more relevant will therefore depend on the chosen 

operation mode of the catalyst system, either continuous operation (lower desorption energy of 

methanol is better) or “stepped conversion” operation (higher adsorption energy is better). 

Deactivation Pathways 
To better understand the reactivity and selectivity, it is important to consider possible deactivation 

pathways. We therefore studied three possible deactivation pathways for the active site. First, 

following the work by Snyder et al.,25 we considered the possibility of CH3 radical desorption and 

subsequent reaction with other M sites. As discussed above, the adsorption energy of the CH3 

radical is only around -10 kJ/mol, of which 65% is from dispersion interactions. Desorption of the 

radical is therefore energetically possible. A desorbed radical might react in two ways with an 

adjacent M site, creating either methanol and an Fe+ site or methane and an [Fe=O]+1 site: 

 

The reaction energies ΔE(HSE06) are +5 kJ/mol for the creation of CH3OH (ads) and -51 kJ/mol 

for the formation of CH4 (ads). However, when performing NEB calculations for the pathway from 

methyl to methanol, an intermediate minimum [Fe=O]+1 structure is encountered. Therefore, the 

creation of an Fe+ site is not likely to occur. If and how the deactivated [Fe=O]+1 site could be 

Figure 7: Magnetization density of the CH4@MO (left) and 1TSCH structures (right) 
plotted at an isovalue of ±0.05 e/Å3. Reproduced under the terms of the Creative 
Commons Attribution 4.0 License.70 
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reactivated is not further investigated here. The desorption energy of CH4 to the gas phase after 

this reaction is +30.0 kJ/mol (PBE), for CH3OH it is +74.5 kJ/mol (PBE).  

In the second deactivation pathway, the MOF site corresponding to the 1TSCH species could – 

instead of reacting to form methanol – undergo H2O elimination by reaction of the two OH groups 

and creation of an Fe3+=O site: 

 

This reaction exhibits an energy barrier of +97.0 kJ/mol (HSE06; for PBE +75.7 kJ/mol) and a total 

reaction energy of ΔE = +90.7 kJ/mol (HSE06; for PBE +62.0 kJ/mol). Considering that this energy 

barrier must be added to the energy barrier to reach 1TSCH, we suggest that this reaction is unlikely 

to occur. In the third deactivation pathway, the reaction of methanol with an M site could lead to 

an iron-bound methoxy species FeOCH3 and water (ads). We find, that the reaction energy for 

this reaction is +4.7 kJ/mol (HSE06; for PBE -0.02 kJ/mol), making it an energetically slightly 

unfavorable but possible side reaction, considering the desorption energy of water into the gas 

phase is 34.1 kJ/mol. However, the so formed iron-methoxy species can be expected to be subject 

to hydrolysis due to the slightly higher relative energy of the iron-methoxy species with respect to 

the M site. 

The reactions of desorbed methyl radicals with M sites can therefore be considered to play the 

most important role in catalyst poisoning. However, due to the plateau nature of the potential 

energy surface in the methane activation step, desorption of the methyl radical during the reaction 

is very unfavorable.The third deactivation pathway is very similar to the problem of preventing 

overoxidation of methanol discussed next. 
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Methanol Oxidation Step 
Understanding potential over-oxidation reactions – i.e. further oxidation of the product methanol – 

is also an important consideration for the overall reaction selectivity. For this reason, we further 

studied the activation of methanol on the active site MO. The catalytic cycle is depicted in Figure 

8, starting with formation of the active species MO from the reaction of M and N2O as above. The 

adsorption energy of CH3OH onto the MO site is -31.3 kJ/mol (HSE06; for PBE -36.5 kJ/mol). As 

expected, this is more exothermic (approximately 23 kJ/mol) than CH4 adsorption at the same site, 

as methanol exhibits a dipole moment. Once adsorbed, two relevant pathways were investigated: 

C-H activation or O-H activation. 

  

Figure 8: Catalytic cycle of the methanol oxidation step as studied in this work. MOF backbone omitted for clarity. 
Reproduced under the terms of the Creative Commons Attribution 4.0 License.70 
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For the activation of the C-H bond of methanol, we find an activation energy of +20.1 kJ/mol 

(HSE06; for PBE +82.7 kJ/mol) via the transition structure 2TSCH (see also Table 3). The reaction 

energy to the product radical ΔE(CH3OH@MO→CH2OH@Fe(OH)2) is +9.9 kJ/mol (HSE06; for 

PBE +71.5 kJ/mol). The energy diagram is plotted in Figure 9. As in the methane oxidation step, 

the differences in reaction energies between PBE and HSE06 are large. Overall, a smaller 

activation energy is observed for the C-H activation of methanol than for the C-H activation of 

methane, as expected. 

For the case of the O-H bond activation, we were unable to locate a local minimum using a CH3O 

radical as the product. Geometry optimization of this hypothesized CH3O radical together with 

Fe(OH)2 results in formation of CH2O, H2O and Fe(OH), which agrees well with our chemical 

intuition about the stability of a CH3O radical. The reorganization of the atoms during geometry 

optimization into CH2O and H2O is therefore not surprising. The energy barrier for 2TSOH is 

+62.7 kJ/mol (HSE06; for PBE +118.0 kJ/mol) and the reaction energy 

ΔE(CH3OH@MO→[CH2O+H2O]@M) is -161.1 kJ/mol (HSE06; -25.9 kJ/mol for PBE). As can be 

seen from Table 3, the energy barrier is higher for 2TSOH than for 2TSCH.For PBE it is also still 

slightly lower than for the first C-H energy barrier in methane (1TSCH), but the HSE06 energy barrier 

is higher for 2TSOH than for 1TSCH. The C-H bond activation can therefore be expected to be the 

most relevant pathway for methanol oxidation and unwanted overoxidation. 

Table 3: Energy barriers of first and second hydrogen abstraction steps. All energy values in kJ/mol. 

 HSE06 PBE 
1TSCH ~55 ~125 
2TSCH  +20.1 +82.7 
2TSOH  +62.7 +118.0 

 

Figure 9:: Energy diagram of the second oxidation step activating a C-H bond of methanol. Colored pathway: PBE, grey 
pathway: HSE06 single points on PBE geometries. Arbitrary reaction coordinate with equidistant steps between 
structures. Reproduced under the terms of the Creative Commons Attribution 4.0 License.70 
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Overall, the obtained results for the methanol oxidation step highlight once again the need to 

prevent methanol overoxidation.6 The inherently weaker C-H bonds of methanol compared to the 

C-H bonds of methane make this a necessary design feature of any potential catalyst. 

Diffusion 
For the design of a methanol-protecting environment, the interactions of guest molecules with the 

other parts of the framework beyond the active site are crucial. We therefore analyzed the host-

guest interactions of the Fe1-MFU-4l(OH) system with the reactants and products. Looking into 

the NEB paths of reactants and products (N2, CH4 and CH3OH) from the center of the pore to the 

M or MO site, we observe no barriers (Figures S1, S2 and S5). However, the MFU-4l framework 

exhibits one peculiarity: Neighboring pores, although lined by the same linkers, exhibit different 

pore volumes as the anions coordinating to the metal node only point into every second pore, 

making it smaller than all the surrounding pores (see Figure 10). Previously, attempts were made 

to use this characteristic feature e.g., for H2/D2 sieving in the small pore variant MFU-4.92 To 

investigate possible barriers for guest molecules to move through the Fe1-MFU-4l(OH) system, 

we therefore placed all guest molecules (CH3, CH3OH, CH4, H2O, N2 and N2O) in the center of the 

small and large cavities and performed NEB calculations between the two differently sized pores 

(see Figure 10). All diffusion calculations used PBE, as adsorption energies do not show a strong 

functional dependence throughout this work. Resulting NEB paths are given in Figures S11-16. 

The pore-to-pore minimum energy paths exhibit a slight minimum in the middle, i.e., close to the 

linkers. Optimizing the guest molecules at the window position of the previous NEB, i.e., close to 

linkers, converges instantaneously. The observed forces are very weak (below the convergence 

criterion of 0.02 eV/ Å) and energy differences are very small: all guest molecules exhibit energy 

Figure 10: Cartoon of two neighboring pores in MFU-4l and the orientation of the OH anions. Blue lines represent BTDD 
linkers, purple circles zirconium nodes and red circles OH anions. The path of a methanol molecule from the smaller to 
the larger pore is sketched by a dotted black arrow. 
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differences between the window and center of the pore of less than 1.5 kJ/mol except for H2O 

where the energy difference is 2.5 kJ/mol. All molecules slightly favor the window position over 

the center of the pore. The energy difference between the centers of the large and small pores is 

also very small (the largest energy difference being 1.1 kJ/mol for CH3OH with a preference for 

the smaller cavity). The small energy differences between the center of the pore and the pore 

windows are within the accuracy of the methodology. Also, no significant forces are observed at 

either the pore window or center of the pore, suggesting a rather flat potential energy surface 

throughout the pore system. This fits well with the small size of the adsorbates compared to the 

large pore and window sizes.  Using PoreBlazer 4.093 with default settings, we calculated the pore 

limiting diameter to be 9.4 Å (manually measured distances between hydroxy oxygens are approx. 

9 Å). The diameters of the two pores, as determined by PoreBlazer, are 12.0 Å and 16.5 Å. 

Table 4: Guest molecule adsorption energies (ΔE(ads)) and their respective dispersion contributions (Disp.) on Zn and 
Fe sites as calculated at the PBE level of theory. Specification of the iron site given after the energy value inside the 
table. All energy values in kJ/mol. 

 ZnOH Site Fe Site 

Guest ΔE(ads) Disp. ΔE(ads) Disp. 

CH3 -15.2 90% -11.3 1TSCH 65% 

CH3OH -52.7 36% -35.2 M / -34.5 MO 47% / 35% 

CH4 -13.0 107% -8.7 MO 87% 

H2O -47.5 21% -37.2 M / -47.8 MO 23% / 18% 

N2 -10.7 106% -9.6 MO 67% 

N2O -18.2 83% -13.2 M 102% 

 

As the pore windows are too large to significantly influence diffusion, we further investigated the 

adsorption energies of the guest molecules on a Zn-only node, to evaluate the potential role of 

non-catalytic nodes in the guest’s mobility within the MOF. We calculated these adsorption 

energies by manually placing the guest molecules close to a Zn metal atom and performing a 

geometry optimization. Resulting adsorption energies are given in Table 4, together with 

adsorption energies on the active iron site. As observed for the methanol adsorption on the M site, 

the hydrogen-bonded conformation exhibits a significantly stronger interaction with the metal node 

than the conformation without a hydrogen bond, and the adsorption energy of methanol with a 

hydrogen bond is therefore comparable to that of water. The adsorption energy of methanol on 

the Zn site is furthermore significantly stronger (−52.7 kJ/mol) than on the M and MO sites (−35.2 

and −34.4 kJ/mol), which could be useful to prevent overoxidation by binding product methanol 

molecules to a Zn site until removal from the pores. The strongest adsorption energy of methanol 

found on the linker is only -22.8 kJ/mol. An NEB calculation of the methanol movement from one 

Zn site across a linker to another Zn site results in an energy barrier of +39.6 kJ/mol (PBE, see 

Figure S17). From this we conclude that the linker-methanol interactions are not strong enough 

along the entire linker to facilitate transport of methanol at the pore walls. The difference between 

the energy barrier along the linker and desorption to the center of the pore is less than 13.1 kJ/mol 

for methanol. Therefore, diffusion of methanol should be determined mainly by the interaction 

strength with the Zn sites, not by the pore size or linkers. All other guests show no significant 

preference for binding to Zn versus Fe sites (see Table 4), and their diffusion is therefore expected 

to be influenced mainly by the relatively small host-guest interactions (which are dispersion 

dominated). These insights suggest one major route to achieve a higher selectivity towards 

methanol in a non-continuous setup of this catalytic system: exploiting the stronger zinc-methanol 

interactions to immobilize methanol at abundant non-reactive sites. 
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Conclusions 
We studied the oxidation of methane using N2O in Fe1-MFU-4l(OH) using periodic DFT 

calculations. We predict that iron sites introduced into MFU-4l by post-synthesis metal exchange 

should be active for the cleavage of the C-H bond in methane. The iron sites are predicted to be 

susceptible to activation by N2O to provide highly active iron-oxo species. The rate-determining 

step for the oxidation of methane is predicted to be the creation of the iron-oxo species, not the 

C-H bond breaking. Our DFT calculations suggest a single-step process for C-H activation with 

no stable, local minimum CH3 radical intermediate which differs from the traditional radical rebound 

mechanism. This could be beneficial for the kinetics of the reaction and reduce possible 

deactivation pathways of the catalyst. Therefore, we suggest the Fe-MFU-4l(OH) system for 

further experimental investigation as an oxidation catalyst for the methane to methanol conversion. 

In the future, we also suggest that by rationally modifying the surrounding of the Fe ions by 

substituting the H atoms on the BTDD linker, the activation energy of the second oxidation step 

could be influenced. A possible substitution could e.g. be used to create a hydrophobic pocket 

that inhibits methanol from approaching the active site. 

Furthermore, we observe that relative energies of the studied systems are highly dependent on 

the functional used. GGA functionals are known to provide incorrect mechanistic insights if blindly 

applied to transition metal catalysts, and we show that this is even true for very simple main-group 

reactions like the cleavage of the N-O bond in N2O. Hybrid functionals overcome these problems 

to a large extent. We therefore advise the community to take special care when choosing 

functionals, even for very small and simple molecules as N2O. A minimum requirement should be 

the application of +U corrections94,95 (with careful choice of the U values used) or more recent 

developments in the field of approximate DFT methods like MO-DFT+U.96 The accuracy and 

transferability of the used functionals and methods should always be investigated for each reaction 

and compared to database values for similar small systems to prevent misguided conclusions. 

Recent developments in GPU acceleration make the use of hybrid functionals possible and should 

be applied whenever feasible. 
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