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ABSTRACT: The formation of single-site a-Fe in the CHA zeolite topology is demonstrated. The
site is shown to be active in oxygen atom abstraction from N2O to form a highly reactive a-O,
capable of methane activation at room temperature to form methanol. The methanol product can
subsequently be desorbed by on-line steaming at 200°C. For the intermediate steps of the reaction
cycle, the evolution of the Fe active site is monitored by UV-Vis-NIR and Mdssbauer
spectroscopy. A B3LYP-DFT model of the a-Fe site in CHA is constructed and the ligand field
transitions are calculated by CASPT2. The model is experimentally substantiated by the
preferential formation of a-Fe over other Fe species, the requirement of paired framework
aluminium and a MeOH/Fe ratio indicating a mononuclear active site. The simple CHA topology
is shown to mitigate the heterogeneity of iron speciation found on other Fe-zeolites, with Fe.O3
being the only identifiable phase other than a-Fe formed in Fe-CHA. The a-Fe site is formed in
the dér composite building unit, which occurs frequently across synthetic and natural zeolites.
Finally, through a comparison between o-Fe in Fe-CHA and Fe-*BEA, the topology’s 6MR
geometry is found to influence the structure, the ligand field, and consequently the spectroscopy
of the a-Fe site in a predictable manner. Variations in zeolite topology can thus be used to

rationally tune the active site properties.
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1. Introduction

With a C-H bond dissociation energy of 105 kcal/mol at ambient conditions, methane is one
of the most challenging aliphatic hydrocarbons to activate. The inert nature of the molecule
coincides with the highly desirable transformation of methane from currently untapped, often
small-scale and disperse sources into easily transportable platform molecules suitable for chemical
synthesis.® Current processes for methane activation start by its conversion into syngas. Such
processes are, however, only cost-effective on a large production scale and require harsh operating
conditions rendering them unsuitable for small-scale applications.*# Iron containing enzymes
(SMMO) and iron exchanged zeolites are known to convert methane to methanol with high
selectivity and exceptionally low activation barriers even below room temperature. The active site
in the SMMO enzyme, identified as a binuclear Fe(IV) oxo core, is capable of selective partial
methane oxidation with molecular oxygen.>® The Fe-zeolite system, on the other hand, accept
nitrous oxide (but not molecular oxygen) as oxidant to form an active a-O site which activates the
methane C-H bond at ambient temperature and pressure.” The high selectivity towards methanol
on Fe zeolites is presumably achieved by the high dispersion of isolated oxidation sites (a-O) and
trapping of the partially oxidized product to prevent overoxidation towards thermodynamically
favoured oxidation products.®

The a-O site responsible for this remarkable activity and its a-Fe(ll) precursor were recently
characterized in the Fe-*BEA zeolite, making use of a combined spectroscopic and computational
study involving magnetic circular dichroism spectroscopy (MCD), Mdssbauer spectroscopy, and
DFT and CASPT2 calculations.® The a-Fe site was determined to be an extra-framework high spin
(S=2) mononuclear ferrous iron hosted in the *BEA zeolite’s 3-six membered ring (B-6MR),
adopting a square planar coordination. The positioning of framework aluminium atoms in T6/T6’
positions was found to be essential for the stabilization of the a-Fe site.'° Through abstraction of
the oxygen atom from N20O, the a-Fe site forms the reactive a-O intermediate, a mononuclear high-
spin (S=2) Fe(IV)=0 species with square pyramidal geometry. The exceptional reactivity of the
active a-O site finds its origin in its electronic structure and its vacant trans axial coordination

position imposed by the rigidity of the zeolite lattice.®°

The MFI, and FER topologies, both containing six membered rings (6MRs), have been

observed to host a-Fe sites with very similar properties and reactivity to the site characterized in
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Fe-*BEA.%!! a-Fe sites have not yet been observed in small-pore zeolites (maximum 8MR pores)
which increasingly draw attention for their attractive sorption properties, improved transition metal
active site stabilization and high activity in NOx reduction.' In the present work we report the
first experimental study demonstrating methane oxidation with Fe in the chabazite (CHA) zeolite
topology, and prove its ability to stabilize similar a-sites. DFT and CASSCF/CASPT?2 calculations
are used to support the identification of the active site. The small-pore CHA framework has a large
cavity and a straightforward unit cell, consisting of only one unique T-site. On top of this, there is
an elevated density of 6MRs in its topology, rendering this zeolite a promising host material for a-
sites. The 6MRs are part of the d6r composite building units which frequently occur in other zeolite
framework types. To experimentally verify the importance of framework Al distribution, as
hypothesised by Snyder et al.,>° the effect of Al pairing on the stabilization of active sites is
investigated. Finally, the influence of framework topology on the structural and spectroscopic

properties of the reactive a-site is discussed.
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2. Methods

2.1 Sample preparation

2.1.1 CHA (SSZ-13) synthesis

SSZ-13 used for the preparation of samples Fe-CHA-0.22P, >’Fe-CHA-0.26P, %'Fe-CHA-
0.36P, >’Fe-CHA-0.47P and H-CHA was prepared following the CBV720 recipe from ref. 13 with
N,N,N-trimethyl-1-admantylammonium cations (TMAda") as template. A molar batch
composition of 1Si:0.067Al:0.22TMAda*:0.13Na*:0.350H":24.5H,0 was targeted using zeolite Y
(Zeolyst international CBV720) as the Si and Al source. 28.69 g of agueous N,N,N-
trimethyladamantylammonium hydroxide (TMAdaOH) solution (25 wt%, Sachem), 5.29 g of
NaOH solution (15 wt%, from >98 wt% NaOH pellets, Sigma Aldrich) and 40.58 g of deionized
water (18.2 MQ cm) was mixed in a 125 ml Teflon lined stainless steel autoclave (Parr
Instruments) and homogenized. 11.25 g of the zeolite Y precursor was then added and the mixture
was stirred for 2 hours at ambient conditions. The autoclave was then sealed off and oven-heated
at 160 °C for 4 days under static conditions.

A second recipe, intended to produce CHA with more Al in isolated configurations (for
sample *’Fe-CHA-0.28U), is an adapted procedure from Di loro et al.'* Isolated Al is here defined
as framework Al that cannot participate in the exchange of Co?* cations, whereas paired Al do
exchange Co?*. A molar batch composition of 1Si:0.0675Al1:0.50TMAda*:0.500H:44.1H,0 was
targeted using colloidal silica and aluminium hydroxide as Si and Al sources respectively.
Specifically, 38.59 g of aqueous 1 M TMAdaOH solution (25 wt%, Sachem), 8.40 g of aqueous
NaOH solution (15% wt., from >98wt% NaOH pellets, Sigma-Aldrich) and 34.85 g of deionized
water (18.2 MQ cm) was transferred to a polypropylene jar and homogenized. Then 575 mg
Al(OH)s (82 wt%, Sigma-Aldrich) was added and the solution was homogenized for 15 minutes
under ambient conditions. Then, 13.38 g colloidal silica (Ludox HS40, 40%, Sigma-Aldrich) was
added and the mixture was stirred for another 2 hours at ambient conditions. The obtained
homogeneous solution was transferred to a 125 ml Teflon lined stainless steel autoclave (Parr
Instruments) and oven-heated at 160 °C for 6 days with magnetic internal stirring (1000 rotations

per minute).
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The structure and crystallinity of the zeolites were confirmed by X-ray powder diffraction on a
high throughput STOE STADI P Combi diffractometer in transmission mode with focusing
Ge(111) monochromatic X-ray inlet beams (A = 1.5406 A, Cu-Ka source).

Porosity is measured with a ‘Micrometrics Tristar II” analysis device at 77 K (-196 °C) on
calcined dried samples (6 hours at 300 °C). The relative nitrogen pressure is varied between 0.01

and 0.99. The micropore volume (ml g%) is extracted from t-plot analysis on the adsorption branch.
2.1.2 Introduction of iron

Fe-CHA materials were prepared by a strategy analogous to the samples in refs. 9-11: Fe
was introduced into dried H-CHA (synthesised in the lab, section 2.1.1) by diffusion impregnation
in a solution of Fe(acac)s in toluene (25 ml/g zeolite). The concentration of Fe(acac)s in toluene is
approximately 0.01 M. For >’Fe-CHA samples, ~100% >°’Fe(acac)s was used in the diffusion
impregnation step. All samples were calcined in air with a heating ramp of 2 °C/min to 550 °C for
30 hours to remove organic material. Samples are identified by a code of the form M(,N,0O,...)-
CHA-xP/U, in which M(,N,0O,...) stands for the exchanged cation(s), x for the weight percentage
iron in the sample and P or U indicates whether the framework aluminium atoms occur to a
relatively large extent in paired configuration (P) or unpaired configuration (U), as defined by the

Co?" exchange capability (section 2.1.3).
2.1.3 Measurement of aluminium pairing by Co?* exchange

Cobalt probing of the Al-configuration of the CHA-zeolites was performed based on
methods reported for other zeolite frameworks by Dé&decek and coworkers.™ First, the H* or partial
Na*/H* form of calcined materials (after synthesis and washing) is exchanged to the Na*-form via
aqueous phase ion-exchange using 150 ml of a 0.5 M NacCl solution per gram of solid material at
ambient conditions under stirring. This procedure is repeated 3 times with exchange times of at
least 8 hours. After exchange the solids are collected via centrifugation and washed at least three
times with deionized water (18.2 MQ cm), (150 cm?® per gram of solid material). Na-form zeolites
are dried at 373 K under stagnant air. The same procedure is then repeated in the subsequent Co?*-
exchange, with a 0.05 M Co(NO:s)2 solution (3x; 150 cm3/g zeolite).

Al, Si, Co and Fe content of the resulting samples was determined by digesting the samples

in concentrated HF and aqua regia followed by elemental analysis with inductively coupled plasma
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(Perkin Elmer Optima 3300 DV) coupled to atomic emission spectroscopy (ICP-AES). From
elemental analysis of Si, Al and Co, the absolute content of Al pairs is equated to the Co?* exchange
capacity and is calculated per 1000 T-atoms: [1000/(Si/Al+1)]*(Co/Al), with Si/Al and Co/Al in

molar ratios.

2.2 Fe-CHA Sample treatment

Calcined Fe-CHA samples were loaded in a quartz reactor fitted with a window for in situ
DRS-UV-Vis-NIR and a pyrex side arm for in situ Mossbauer measurements, allowing for
spectroscopic measurements in identical conditions. A standard treatment procedure consists of an
activation step in a 20 ml/min flow of He at 900 °C for 2 hours, treatment in 35% N>O/He
atmosphere for 20 min at 160 °C, and a 30 minute treatment in 30 ml/min CH4 flow at room
temperature. All flows were controlled with mass flow controllers (Brooks Instrument 0154).

Flows are given for STP conditions.

2.3 Extraction and GC analysis

A known mass (~0.2 g) of dry sample was transferred into a 7 ml screw lid vial with 1 ml
distilled water, 1 ml acetonitrile and a stirring rod. The mixture was allowed to stir for 24 hours
(1000 rpm) at room temperature and then centrifuged. The solution was analysed on an Agilent
6850 gas chromatograph fitted with an HP1 column and a flame ionization detector (GC-FID).

2.4 Mass spectrometry

Alternatively, a steam extraction was performed after CHa reaction by passing a 20 ml/min
stream of He saturated (at room temperature) with H.O over the sample at 200°C. The methanol
yield was quantified by integrating the m/z = 31 signal on the mass spectrum obtained by in line
mass spectrometry (Omnistar Pfeiffer Vacuum GSD 30102 quadrupole mass spectrometer).

The steam desorption of methanol was described by other authors to yield a more complete
product recovery from copper zeolites than a batch extraction in water or water/acetonitrile
mixtures,'® consistent with the results for Fe-CHA-0.22P (table 1). For quantitative analysis, it is
therefore the preferred method. For comparison between different samples, batch extractions
(section 2.3) are preferred for practical considerations and because batch extraction allows several

samples to be run in parallel under identical conditions.
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2.5 DR-UV-Vis-NIR spectroscopy

Diffuse reflectance spectroscopy (DRS) in the UV-Vis-NIR energy range (DRS-UV-Vis-
NIR) was performed on a Varian Cary 5000 UV-Vis—NIR spectrophotometer at room temperature
against a halon white reflectance standard in the 4000-40000 cm™* energy range. All treatments
before in situ UV-Vis-NIR spectroscopic measurements were performed in the quartz U-tube/flow

cell, equipped with a window for in situ DRS-UV-Vis-NIR.

2.6 Mdssbauer spectroscopy

SFe Mossbauer spectra were recorded with a See Co. W302 resonant gamma ray
spectrometer in horizontal geometry at room temperaturewith zero external field using a 1.85 GBq
source (Be window, Rh matrix). Data were collected from samples enriched with 100% >’Fe.

Isomer shifts are given relative to a-iron foil at room temperature. Spectra were collected
with 1,024 points and summed up to 512 points before analysing, and then fit to (pseudo-
)Lorentzian doublets and/or sextets using the Vinda software package for Microsoft Excel.

2.7 Computational details

2.7.1 DFT geometry optimizations

Cluster models of the d6r or the 8MR cation exchange site of CHA were obtained from the
crystallographic coordinates of CHA.Y” Terminal O atoms were end-capped with H and frozen
during the geometry optimization, whereas H was allowed to optimize its O-H bond distance, but
the direction of the bond was fixed. Then, Fe (or Fe=0) was placed in the ring and a new structure
optimization was performed on the quintet surface, keeping the terminal O and H atoms fixed in
position. These DFT structure optimizations were performed with Turbomole 7.1 software 8 using
the B3LYP %24 functional, a def2-QZVPP 2° basis set on Fe and def2-TZVP 2 basis sets on all
other atoms. The Cartesian coordinates of all full B3LYP-DFT optimized models in this study can

be found in SI section S8.
The binding energy (BE) for Fe(l1) to the cluster was calculated as follows:

BE = E[Fe(I)] + E[Cluster] — E[Cluster(Fe(II))] 1)
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Due to the large electrostatic attraction between the bare Fe(ll) ion and the negatively charged
zeolite clusters, unrealistically large binding energies are obtained from these calculations.
Therefore, all discussions will be based on relative rather than absolute binding energies. The
distortion of the cluster by Fe(ll) was quantified by means of the strain energy (SE), which is

calculated as follows
SE = E[Distorted Cluster] — E[Cluster] (2)

Here, E[Distorted Cluster] is the single point energy of the optimized Fe-containing cluster where

Fe is removed.
2.7.2 CASSCF/CASPT2 calculations

The ligand field (LF) spectrum of Fe(ll) in the different dér clusters was calculated using
state average single point CASSCF/CASPT2 2’ calculations on the B3LYP-DFT optimized
models, making use of the MOLCAS-8.1 software.?® Extended ANO-RCC basis sets 2°3° were
used, contracted to [7s6p5d3f2glh] for Fe, [4s3p2d1f] for O, [4s3pld] for Si and Al, and [2s1p]
for H. A scalar-relativistic second order Douglass-Kroll Hamiltonian 3! was used and a Cholesky
decomposition technique (with a threshold of 107 a.u.) was used to approximate the two-electron

repulsion integrals.

CASSCF/CASPT2 calculations are performed in two steps. First, a CASSCF (complete
active space SCF) reference wave function is built. The active space used to construct this
reference wave function was chosen according to the standard rules for transition metal complexes,
32736 j . five 3d and five 4d orbitals of Fe and the bonding 2p orbitals of the coordinating O atoms.
This results in 8 electrons distributed over 11 orbitals CAS(8,11). Pictures of the active orbitals

are shown in figure S4 for the R1oprosite model.

In the second step, a CASPT2 calculation is performed on the CASSCF reference wave
function in order to account for the dynamical correlation contribution. In this step, all electrons
except those from 1s, 2s, 2p of Fe, Si and Al and 1s of O were correlated. All CASPT2 calculations
were performed with a zeroth-order Hamiltonian with the standard IPEA shift 3" and an imaginary
shift *® of 0.1 a.u.

2.7.3 Mossbauer calculations
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Isomer shifts were calculated with the ORCA computational package using the B3LYP
functional. The CP(PPP) basis set 3 was used on Fe, with 6-311G* on coordinating O atoms and
6-31G* on all others. A calibration curve was generated by relating the DFT-calculated electron
densities at the iron nucleus (jyo|?) to the experimental isomer shifts for a test set of 23 structurally
defined Fe complexes. The IS values of the a-Fe models were then estimated from the value of
lwol? calculated for each cluster model.

Quadrupole splittings were calculated using the B3LYP functional, with TZVP on Fe and
coordinating O atoms, and 6-31G* on all others.
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3. Results and analysis

Figure 1 gives an overview of the samples featured in this study. Similar Si/Al ratios of ~10
were obtained for all samples by ICP-AES analysis and a clear difference in Al pair density
between the *'Fe-CHA-0.47P (paired Al) and °’Fe-CHA-0.28U (unpaired Al) (cfr. Methods
section 2.1.2 for sample naming) samples is evident from the Co?* exchange capacity (cfr. Methods
section 2.1.3) of the protonated parent zeolites (H-CHA). Co?* is herein assumed to fully and
exclusively occupy exchange positions provided by Al pairs, as described in ref. 15. Fe/Al ratios
and Fe weight percentages vary from sample to sample, ranging between 0.029 - 0.048 and 0.22
wt% - 0.47 wt% respectively. For *’Fe-CHA-0.47P and °’Fe-CHA-0.28U, microporosity was
determined by N2 physisorption to be 0.32 cm?®/g. Crystallinity of the samples was confirmed by
XRD. Diffractograms can be found in supplementary information section S1.

—m/z =30 —mlz=31

Fe-CHA-0.22P *Fe-CHA-0.26P “’Fe-CHA-0.47P “Fe-CHA-0.28U H-CHA

(miz = 18)/750 —m/z = 29

8E-10

Si/Al 10.1 12.5 8.5 9.4 8.6
g 6E-10
Fe (Wt%) 0.22 0.26 0.47 0.28 Iz
[
Fe/Al 0.029 0.038 0.048 0.031 I 3 4E-10
c
MeOH (umolig)  26.8%; 21.3 / 143 4 12
MeOH/F i L=
evnire 0.681° / 0.169 0.079 / ‘
(molumeot/molre) 0E+00
Al pairs per 0 5 10 15 20 25
1000 T-atoms” / / 9.0 51 / Time (h)

Figure 1: Left: Elemental composition and aluminium pairing of the samples and methanol yields from extraction and steaming.
Right: Mass spectrum of the reactor outflow during the course of steam desorption from Fe-CHA-0.22P after methane reaction.
Three distinct MeOH ionization fragments (m/z = 29; 30; 31) and the signal for H20O (m/z = 18), scaled by a factor 750 are
measured. @ MeOH yield as obtained by steam desorption and MS analysis, all other yields are obtained by batch extraction and
GC analysis; ® Al pairs were guantified on the parent H-CHA samples. P refers to paired, U to unpaired (cfr. section 2.1.2).

3.1 Conversion of methane to methanol over Fe-CHA

After a full treatment cycle, consisting of activation in He at 900 °C, N2O reaction at 160 °C
and reaction with CH4 at room temperature, a product desorption from Fe-CHA-0.22P was
performed by passing a flow of steam saturated He over the zeolite at 200 °C. The outflow was
followed by on-line mass spectrometry and the amount of methanol desorbed was recorded (figure
1). In accordance with the steam desorption of methanol from copper zeolites,'®*° methanol
desorption (m/z = 30 and 31) coincides with the breakthrough of water (m/z = 18). CO2 (m/z = 44)
was also followed, but the signal was indiscernible from the baseline. Methanol desorption is only
complete after several hours in these conditions and the flow of desorbing methanol gradually
decreases. The methanol desorption amounts to a molar extracted methanol to Fe ratio of 0.68.
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at least on average, composed of less than two iron atoms.

3.2 DRS-UV-Vis-NIR study of the active iron sites

This ratio exceeds 1:2 and indicates that, assuming a stoichiometric reaction, every active site is,

4540 cm! 4210 cm!
0.39 A 4360 B '|.|4|1315 cm
3 Sl ‘|‘.«\I4540 et
$ \/ I‘I | i
8 0.36 4 I““AH.__‘ 7060 CI"I’1"]|I'310Cm-1 ’ ;.' '/I
g T -“l”"-\ | 7060 cm-t 7310 cm-?
£ ~— \, 4360 cm-t ||
§ 033 - |
& |
< | 4000 5000 6000 7000 8000 }
I 4000 5000 6000 7000 8000
03 -“J| 5100cm’
N | 17500cm’™ 17500cm™?
V\\ 7310cm | g
027 { | 15000em? /=
I \._»Al ) I '.’_,_.a"
5400 \\ /
024 {cm \ 13000em” /
\\ | /
HW
0.21 T T T T T T
4000 9000 14000 19000 4000 9000 14000 19000
Wavenumber (cm) Wavenumber (cm-)
C \\ r{ D ) ‘/
| ¢ / ‘* 7
{
i ’ | Al
\ \ a-Fe-CHA \ / \1 l 0-O-CHA Fespect Fespec2
I (mm/s) 0.32 ]J’ I (mm/s) 0.44 0.48 0.30
\ IS (mm/s) 0.93 \ I V1S (mm/s) 0.28 0.53 0.95
\J J | QS| (mm/s) 0.63 \ |Qs| (mm/fs) 0.72 1.19 1.96
Area% 100 ’ Area% 74.1 19.8 6.1
-3 -1 1 3 5 -3 -1 1 3 5

velocity (mm/s)

velocity (mm/s)

Figure 2: DR-UV-Vis-NIR spectra of Fe-CHA-0.22P (top) and Mdssbauer spectra of ’Fe-CHA-0.26P (bottom). A) the green

spectrum is measured after He treatment at 900 °C, the red spectrum is measured after subsequent reaction in N2O atmosphere

at 160 °C. B) the red spectrum is the same as the red spectrum in A, the blue spectrum is measured after subsequent reaction

with CH4 at room temperature. Enlarged figures of the 4000 — 8500 cm regions are given in the insets. C) room temperature

Massbauer spectrum of 5’Fe-CHA-0.26P after He treatment at 900 °C, the green spectrum is the a-Fe component of the fit.

D) after subsequent N20 reaction at 160 °C, the fitted spectrum is shown in black, the blue spectrum is the a-O component of

the fit, the brown doublets are the components attr

ibuted to spectator Fe.

ACS Paragon P}l}s Environment



oNOYTULT D WN =

245
246
247
248
249
250

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

267

268
269
270
271
272
273
274

Journal of the American Chemical Society

Figure 2A (and figure S8 for the full range spectra) shows the DRS-UV-Vis-NIR spectra
obtained after He treatment and subsequent N2O activation of Fe-CHA-0.22P. The relatively sharp
bands at 7310 and 7060 cm, observed in the NIR range of the spectra of of Fe-CHA-0.22P and
H-CHA (figure S6), are the overtones of OH stretching vibrations of respectively silanol groups
and bridging hydroxyls.**~*® Bands at 4540 cm™ and 4360 cm™ are the v1+8: combination bands

of the silanol and bridging hydroxyl groups.*

The broad bands of Fe-CHA-0.22P at 5400 cm™ (5000-6500 cm™ range) and 13000 cm?,
observed after He treatment at 900 °C are ascribed to ligand field (LF) transitions of Fe?*, as these
bands are absent in H-CHA. Upon N0 activation, the 13000 cm™ band disappears and the 5400
cm™ band loses intensity on its high energy side. As a consequence its maximum shifts to 5100
cmL. This is indicative for the presence of two Fe species with d-d transitions in the ~5000 cm
region: one with d-d transitions at 13000 and 5400 cm™ and one with a d-d transition in the 5100
cm™ range, the latter appearing during the N2O reaction step. New bands appear with maxima
around 17500, 27000 and 37000 cm™ which can be attributed to a newly formed Fe site upon
heating in N2O. After reaction with CH4 at room temperature (figures 2B ans S8), these bands all
disappear, indicating an interaction of the newly formed Fe site with methane, and new bands
appear around 15000 cm™ and 32000 cm™. In addition, sharp, new vibrational features appear at
4210 and 4315 cm™. These bands, also present in the system H-CHA + CHa, are attributed to
combination bands of methane vibrations. The bands at 17500, 27000 and 37000 cm™ after heating
in N20 and the bands at 15000 and 32000 cm™ after CHj reaction are also weakly present in H-
CHA (figures S6 and S7). This is consistent with the methanol extraction yield of 1 umol/g on this

material and is attributed to minor iron impurities in the zeolite synthesis.

3.3 Madassbauer spectroscopy of the a-Fe-CHA and a-O-CHA sites

The sample >’Fe-CHA-0.26P was prepared with isotopically labelled °’Fe(acac)s for
Maossbauer experiments. UV-Vis-NIR spectra of °’Fe-CHA-0.26P, subjected to the same reaction
cycle (vide supra), are highly similar to those of Fe-CHA-0.22P and can be found in the SI (figure
S9). The room temperature Mdssbauer spectrum of >’Fe-CHA-0.26P after autoreduction in He at
900 °C (figure 2C, full range spectrum in figure S10) is closely fitted by a single lorentzian doublet
with an isomer shift (1S) of 0.93 mm/s and a quadrupole splitting (|QS]|) of 0.63 mm/s, indicating

the presence of a single Fe?* site. It is therefore concluded that the precursor to the active site for
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low temperature methane activation is preferentially formed under these conditions and that the
features observed in the UV-Vis-NIR electronic spectra after He at 900 °C of both >’Fe-CHA-
0.26P (figure S9) and Fe-CHA-0.22P (figure 2A) should all be attributed to this single Fe?* species.
Moreover the IS and |QS| parameters are characteristic for high spin (S=2) square planar Fe(ll)
and are highly similar to those of the a-Fe site identified in Fe-*BEA (1S=0.89 mm/s; |QS|=0.55
mm/s).® The Fe?* site in CHA shall therefore be referred to as a-Fe-CHA.

After oxidizing with N.O at 160 °C, the previous Mossbauer doublet (1S=0.93 mm/s,
|QS|=0.63 mm/s) is fully converted to a new Mdssbauer spectrum that requires three doublets
(figure 2D, full range spectrum in figure S10). A majority species (15=0.28 mm/s, |QS|=0.72 mm/s)
associated with 74.1% of the total iron content exists among two minority species associated with
19.8% (1S=0.53 mm/s, |QS|=1.19 mm/s) and 6.1% (1S=0.95 mm/s, |QS|=1.96 mm/s) of the total
iron content. The majority species’ parameters (1S=0.28 mm/s, |QS|=0.72 mm/s) are highly similar
to those of 0-O in Fe-*BEA (1S=0.30 mm/s, |QS|=0.50 mm/s),® indicating that 74.1% of Fe?* is
converted to the a-O-CHA site. When the MeOH to Fe?* ratio of 0.681 obtained after a single
stoichiometric reaction cycle (figure 1) is corrected for the observation that only 74.1% of Fe?* is
converted to a-O-CHA, the MeOH to a-Fe ratio is 0.96 or, within experimental accuracy, unity.
We thus conclude that the active site for CH4 conversion is a single, mononuclear Fe?* site, as in
Fe-*BEA. The Mossbauer parameters of the minority iron species Fes**! and FesP*°? are consistent
with respectively Fe(lll) and Fe(ll) species, possibly from active site deactivation by moisture
and/or other impurities and side reactions. The latter Fe(ll) spectator is most likely also linked to

the 5100 cm* absorption feature.

3.4 Influence of aluminium distribution on the formation of a-sites

In the following results, the requirement of paired Al T-atoms (defined by the capability of
exchanging Co?*(H20)s, cfr. Di lorio et al. *°) to form the a-Fe-CHA site is assessed. To this
purpose, two Fe-CHA samples were prepared with similar Si/Al ratios but different degrees of Al
pairing (figure 1) as defined and assessed by the exchange capacity of Co?* (cfr. sections 2.1.1 and
2.1.3). The first sample, >"Fe-CHA-0.28U, was prepared from a H-CHA material with little Al
pairing (5.1 Al pairs per 1000 T-atoms). The second sample, >’Fe-CHA-0.47P, was prepared from
a H-CHA material with elevated Al pairing (9.0 Al pairs per 1000 T-atoms). Relatively large

loadings of iron were introduced to rule out an incomplete occupation of accessible exchange sites.
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Despite the identical methods of iron introduction used for both samples, and despite the similar
Si/Al ratios of °’Fe-CHA-0.28U and >'Fe-CHA-0.47P, only half the amount of iron (0.28 wt% Fe)
remains in °’Fe-CHA-0.28U after impregnation and washing in toluene when compared to >’Fe-
CHA-0.47P (0.47 wt% Fe). This is a direct demonstration of the need for nearby Al-substituted T-
sites (pairs) to coordinate multivalent cationic species to the zeolite and indicates that this plays a
role in retaining Fe®* during impregnation. Consequently, the impregnation can, at least in part, be
seen as an ion exchange in organic solvent of the Bronsted acid protons (Z-OH) of H-CHA for the
Fe3* ion of the Fe(acac)s organic salt:

Fe(acac)s + x Z-OH — x Hacac + Z-Ox-Fe(acac)sx

The room temperature Mdssbauer spectra of >’Fe-CHA-0.47P (figure 3B) and *’Fe-CHA-
0.28U (figure 3C) after He treatment at 900 °C both contain a doublet which matches the doublet
parameters identified for a-Fe-CHA (figure 2C). In >’Fe-CHA-0.28U the doublet represents 22.2%
of iron (or 0.06 sample wt%) and in °’Fe-CHA-0.28P the doublet represents 47.9% of iron (or 0.23
sample wt%). Thus more a-Fe-CHA is formed in the paired Al sample (P) than in the unpaired Al
sample (U). In addition to the doublet, both Mdssbauer spectra contain a six line pattern with
relative peak intensities of 3:2:1:1:2:3. This originates from the splitting of the °'Fe nuclear energy
levels in a magnetic field. In this case, no external magnetic field is present, and the magnetic field
most likely arises from the ferromagnetic properties of iron oxide (Fe.O3) particles which are
formed at higher Fe loadings. The sextet is best fitted with parameters 1S=0.37 mm/s, QS=-0.21
mm/s and an effective magnetic field Be=52 T. This corresponds to the features known for
hematite.*® Especially in the °'Fe-CHA-0.47P sample, the sextet lines are asymmetrically
broadened, which can either be attributed to the presence of other Fe,O3 phases (e.g. maghemite)
or to heterogeneity in the Fe>Os nanoparticle size and density. Other iron species are not
distinguishable in the room temperature Mdssbauer spectra, indicating that, besides the presence
of Fe203, only a-Fe-CHA is stabilized at exchange sites after He treatment at 900 °C and that only
paired Al allows such a-Fe-CHA site to be formed. For both samples the fit can be slightly
improved by incorporating another doublet with IS = 0.64 mm/s and |QS| = 2.59 mm/s. However,
this doublet overlaps both with the inner lines of the sextet and with the o-Fe-CHA doublet and
cannot be clearly distinguished. Its intensity is therefore treated as a contribution to the total
Maossbauer intensity, but it is not identified as an additional iron species.
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33 Figure 3: A) DR-UV-Vis-NIR spectra of 5’Fe-CHA-0.47P (blue, top) and 5"Fe-CHA-0.28U (red, bottom) after He treatment at
g;" 900 °C (full lines) and after subsequent N20 reaction at 160 °C (dashed lines). B) room temperature Méssbauer spectrum and fit
36 of 5’Fe-CHA-0.47P after He treatment at 900 °C. C) room temperature Mdsshauer spectrum and fit of 5’Fe-CHA-0.28U after He
37 treatment at 900 °C.

gg 335 The UV-Vis-NIR spectra of °’Fe-CHA-0.47P and *'Fe-CHA-0.28U were recorded at each

40336  step of the He, N2O, CHs reaction cycle. The UV-Vis-NIR absorption spectra after the He step,
42 337 forming a-Fe, and after the N2O step, forming a-O, are overlaid to visualize the changes occurring
44 338 upon N20 activation (figure 3A). In the °"Fe-CHA-0.28U spectra, a very weak feature at 17500
339 cm*grows in with N2O activation but the dissipation of the 13000 cm™ band (cfr. figure 2A)
47340  cannot be clearly distinguished. Present in both spectra (before and after N2O) are the sharp slope
49 341 at 18000 cm™ and a broad band at ~12000 cm™. These do not change with N,O treatment and are
51 342  therefore not related to the active site. The absorption features at 18000 cm™ and ~12000 cm™ in
>2 343 the electronic spectra, as well as the red colour of the samples, can be attributed to the presence of
54 344  Fe;0s3, in accordance with the results from Mossbauer spectroscopy.*’#8 In the >'Fe-CHA-0.47P

56 345  spectra, the reduced absorption at 13000 cm™ and the increased absorption at 17500 cm™ upon
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N0 treatment are more pronounced. In addition, the 5400 cm™ absorption linked to the a-sites in
Fe-CHA is clearly present. Features of Fe,O3 at 18000 cm™ and ~12000 cm™ are present as well
and these remain after reaction with N2O. Also in the CHs activation step, the Fe.Oz features
remain unchanged. The Fe.Oz3 particles therefore do not actively participate in the stoichiometric
reaction with N2O and CHg (figures 3 and S11).

Methanol extraction after CH4 reaction at room temperature in H.O/CH3CN yields 14.29
umol/g for ’Fe-CHA-0.47P and 3.97 pumol/g for >’Fe-CHA-0.28U (figure 1). From Mdssbauer,
36.9% of Fe is present as a-O-CHA after N2O reaction on °’Fe-CHA-0.47P versus 17.3% on *Fe-
CHA-0.28U (figure S12), resulting respectively in a maximum methanol yield of 31.1 umol/g and
8.7 umol/g (assuming MeOH/a-O = 1).

3.5 Computational modelling of the a-Fe-CHA and a-O-CHA sites

The spectroscopic evidence for a-Fe-CHA and a-O-CHA as well as the MeOH to a-O-CHA
ratio = 1 (a-O-CHA quantified by ICP-AES and Mdssbauer and MeOH quantified by steam
desorption and in line MS) support a single Fe?* site as the active site. Furthermore, given that a-
sites are stabilized exclusively in topologies with -type 6MRs (*BEA, MFI, FER)®, we place the
cation in the exchange site formed by the double six membered ring (d6r) in the CHA topology.

Table 1: Strain and binding energy and the number and types of coordinated O ligands of the five optimized B3LYP-DFT cluster
models with the two Al substitutions in all five possible conformations for a-Fe-CHA in the d6r. The corresponding B3LYP-
DFT optimized cluster models are depicted below the table. End-capping hydroxyl groups are omitted for clarity. Colour
scheme: orange = Fe, red = O, grey = Si, light brown = Al.

a-Fe-CHA DFT optimized models Fe coordination Binding energy (kcal/mol) Zeolite lattice strain (kcal/mol)
1Ryear 34,04 565.57 58.34
S T 4,0, 568.90 58.60
2Ryean 5,0, 536.90 61.81
2Rueoium 20,10 540.12 53.88
2Resn 2,0,4; 1506, 534.89 54.78

Al

1 ROPPOSITE 2RNEAR 2RMEDIUM
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To back up this hypothesis, models with Fe(ll) in the 8MR exchange site were also geometry
optimised and evaluated for consistency with the experimental observations. The need for nearby
framework Al T-sites was established in section 3.4, and the model d6r and 8MR exchange sites
are therefore constructed to include two Al T-sites. Taking into account Lowenstein’s rule, five
distinct dér models and three BMR models can be identified with different relative positions of the
aluminium tetrahedra (table 1 and figure S3). All 8MR models can, however, be excluded based
on the mismatch of the calculated Méssbauer 1S and QS values versus experiment (see Sl section
S2.1). Of the d6r models, two have both Al atoms in a single 6MR, either separated by two Si T-
atoms (1RopposiTe model) or separated by only one Si T-atom (1Rnear model). The other three
models have one Al T-atom per 6MR, and these can be situated at nearest positions (2Rnear
model), at medium separation (2Rmepium model), or as far as possible (2Rrar model). The five
exchange sites were optimized with B3LYP-DFT before and after the introduction of a single
Fe(Il) cation. The strongest binding energy (BE) = 569 kcal/mol is calculated for Fe(ll) in the
1RorrosiTE €xchange site, where the Fe(l1) cation ligates to four framework oxygen atoms bound
to an Al T-atom (siOai) and adopts a square planar coordination. The second most stable structure
is formed in 1Rnear With BE=566 kcal/mol. Here too, Fe(ll) prefers to coordinate siOaiatoms, but
the coordination is severely distorted. The three structures where Al is distributed over the two
6MRs are significantly less stable (BE < 540 kcal/mol). The calculated strain energies (SE) and
the number of coordinating siOai ligands of the different models, presented in table 1, show that
the strain on the zeolite lattice is larger when Fe(ll) is coordinated with more siOa atoms. As these
siOar are more electron donating than siOsi, they interact more strongly with Fe(ll), thereby causing
a stronger deformation of the d6ér. However, despite the larger strain in models 1RopposiTe and

1RNear, Fe(ll) is still most strongly bound at these sites.

Because the active a-Fe-CHA site is preferentially formed at low loadings (section 3.3), the
most stable 1RoprosiTe Structure is the most likely candidate for a-Fe-CHA. Similar to the a-Fe
sites in *BEA, MFI and FER®!!, this is a square planar Fe(l1) site coordinated to siOai with Al on
opposite sides of a single 6MR. At higher iron loadings, only Fe>Os is observed besides a-Fe-CHA
(figure 3). This contrasts with Fe-MFI and Fe-*BEA, where DR-UV-Vis and Mdssbauer indicate
the presence of other spectator Fe species in absence of Fe,Os at elevated loadings (respectively
1.0 wt% for Fe-*BEA® and 0.59 wt% for Fe-MFI!) Given the low frequency of Al-O-Si-O-Al
sequences in high-silica CHA,**'® 1Rnear and 2Rnear are unlikely to occur. The absence of
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2Rwmebium and 2Rrar however, requires further investigation. The following three hypotheses can

be envisioned; 1) iron in these sites is preferentially incorporated into Fe;Os3, 2) in the synthesized

Table 2: Experimental spectroscopic properties of a-Fe-CHA and a-O-CHA and the corresponding results from the modelled
a-Fe-CHA clusters 1Rnear and 1RorposiTe and the a-O-CHA model. Theoretical electronic transition energies and oscillator

strengths were obtained at the CASPT2 level of theory. Mdssbauer parameters were obtained as outlined in section 2.7.3.

IS Qs

Absorption features (cm-1) (mmis) (mm/s)

doerdlye e doedy dd,, d,-d,;
energy (cm™)  energy(cm™)  energy(cm™)  energy(cm™)
(0s.) (0s.) (0s.) (0s.)
Experimenta-Fe-CHA 13000 5400 / / 0.93 +/-0.63
Model a-Fe-CHA TRNEAR 10584 6249 2730 800 0.89 -1.41
(5.6x10%) (7.4x107) (3.5x107) (1.9x107)
1RopposTE 13482 4070 2566 1239 0.84 -1.25
(1.7x107) (1.1x107) (1.1x10%) (3.5x10%)
Experiment a-O-CHA 17500; 27000; 37000 0.28 +/-0.72
Model a-O-CHA 0.29 0.35

CHA materials aluminium does not occur in such configurations frequently enough to be detected
by its Fe binding in Mdssbauer, 3) iron substitution and calcination induces isomerization of the
zeolite framework to form the more stable 1Roprosite. Such isomerization has been detected

before.*® Which of these hypotheses is/are valid remains to be evaluated.

To further evaluate the 1RoprosiTe model as a suitable representation of the a-Fe-CHA active
site, the ligand field spectrum and Mdssbauer parameters were calculated for the two models with
Al in a single 6MR. The results are summarized in table 2. In both models the 3d® Fe(ll) has a
quintet ground state with the 3d,> doubly occupied. A qualitative molecular orbital scheme of Fe(ll)
in a square planar oxygen environment is provided in ref. 11. Focusing on the two most prominent
transitions in the electronic spectrum of a-Fe-CHA (5400 cm* and 13000 cm™), close agreement
with experiment is found for the CASPT2 excitation energies of the 1RopposiTe model (4065 and
13478 cm™). On the other hand, the highest energy d-d transition of the 1Rnear model is calculated
at only 10592 cm, which is outside of the error margin of 2000 cm™ commonly accepted for
CASPT2.5%%1 Moreover, the calculated Mossbauer parameters for the 1Ropposite model closely
match the experimental parameters (table 2), although it is not possible to distinguish between the

1RorposiTe and 1Rnear Models solely based on the Mossbauer parameters.

Based on these results, the 5400 cm™ and 13000 cm™ absorption bands of a-Fe-CHA are

assigned as dz-dxy and d»-dxey> LF transitions respectively. The experimental spectrum is most
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a-O-CHA 1RoppoSITE

Fe=0,,distance (A) 1.60 N.A.
<Fe-O.¢> (A) 213 214
Average O,,-Fe-O, bite angle 87.6 89.9

Figure 4: B3LYP-DFT optimized a-O-CHA model and
tabulated bond lengths of the first coordination sphere
Fe ligands and Oeq-Fe-Oeq bite angles for the a-Fe-CHA
and 1RorposiTe models. Colour scheme: orange = Fe,
red = O, grey = Si, light brown = Al

closely reproduced by the 1Roprosite model with
oppositely placed Al T-atoms in a single 6MR. This
corroborates the expectations from the binding
energy calculations at the B3LYP-DFT level, which
showed this binding mode of iron to be the most
stable. It is also consistent with the preferential
formation of a-Fe-CHA over other Fe species seen

experimentally (figure 2).

The a-O-CHA site was then modelled by
adding an oxygen atom to the a-Fe-CHA precursor
model 1Rorposite and optimizing the structure with
B3LYP-DFT on the S=2 surface. The resulting
structure, shown in figure 4, contains an iron(IV) in
a square pyramidal coordination with an axial oxo
ligand (JFe=Oa| = 1.60 A). Upon binding the oxo

ligand, the iron atom is pulled slightly out-of-plane, as indicated by the decreased O-Fe-O bite

angles. Calculated Mdssbauer parameters (IS and QS) are compared to the experimental values in

table 2. The calculated values for QS deviate similarly from the experimental values for a-Fe and

a-0 in ref. 9. The small difference between the values for |QS| of a-O found experimentally on Fe-

*BEA and Fe-CHA (vide supra, section 3.3) is accurately reproduced by the difference in the
calculated values from the models for a-O-*BEA (calculated |QS| = 0.24 mm/s) °® and a-O-CHA

(calculated |QS| = 0.35 mm/s).
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4, Discussion

a-Fe and a-O sites had so far been confirmed spectroscopically in -6MRs with a specific
Al-O-Si-0-Si-O-Al sequence in zeolites with the FER, MFI and *BEA frameworks.%*! With the
spectroscopic data of Fe-CHA we add a new type of 6MR as a binding site of a-Fe and a-O. This
is the 6MR of the d6r building units of CHA with a similar Al-O-Si-O-Si-O-Al sequence. Notably,
the dér composite building units appear in 31 unique zeolite framework types listed on 1ZA,
enabling the use of a wide variability of pore systems, Si/Al ratios, synthesis methods and
hydrothermal properties.t” The two Al tetrahedra must be placed at opposite sides of the same
6MR and cannot be separated over the two 6MRs of the d6r. An overview of the framework
properties of relevant zeolite topologies is given in table 3. In the following paragraphs the effect

of the zeolite topology on the formation and structure of a-sites is discussed.

4.1 6MR hosts for a-Fe

Two criteria are primarily considered in the selection of the host topology: the density of
relevant 6MRs and the accessibility of those 6MRs. CHA has a three-dimensional pore system
with diffusion restricted by 8MR windows (3.72 A). All 6MRs occur as double six membered ring
(d6MR) units which cap the CHA cages on the long ends and in fact, the entire structure can be
built from connecting d6MR units (in CHA these d6MRs correspond to the dér composite building
unit).}” This results in a much higher density

Table 3: Topological properties of relevant zeolite topologies
™ A owme  pommgc demmg  OF dBMR units in CHA (1.39 mmol d6MR/g)

CHA 23916 372(8MR) 278 ! 139 than in *BEA (0.62 mmol d-6MR/g) or MFI
BEA 42324 5.95 (12MR) 1.51 1.51 0.76 .
polymorph A (0.70 mmol dp-6MR/g). The d6MR units are
BEA 41713 5.95 (12MR) 1.03 1.03 0.52 . .

polymorph B counted as a host site for only a single a-Fe
*BEA 41784 5.95 (12MR) 1.24 1.24 0.62

MFI 5211.3 470 (10MR) 555 1.39 070 because Lowenstein’s rule and the low
FER 2051.3 4.69 (10MR)® 3.70 0.93 /

A 288 TR 655 ) .5 Prevalence of AIl-O-Si-O-Al sequences in

a Access to 6MR is given as the diameter of the sphere thatcan  high-silica zeolites (Si/Al > 10) prohibit the

freely diffuse through the silicalite framework as described in formation of two o-Fe sites in a single
ref 17. ® The 12MR window gives access to the single 6MRs

14,15 _
of the FAU framework. However, accessibility of the d6MR d6MR. In FER’ the BGMRS are not

units identical to those in CHA is restricted to a 6SMR window. ~ combined into dB-6MRs, so here the B-6MRs
Similarly, access to the f-6MR in FER is restricted to an SMR are all included in the count, addlng up to 0.93

window. ¢ in this column, a- and y-type 6MRs which don’t host | 6MR/ Th CHA 6MR
a-Fe (and don’t form d6MR units) are excluded. mmo B- 9. € S are
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accessible from inside the CHA cage, which in turn is accessible through the 8MR windows. The
FAU topology is also built up from d6MR motifs of nearly identical geometry and density as those
in CHA. In FAU, however, they are located inside the sodalite cage and thus only accessible from
the main pore system through narrow 6MR windows.!” An overview of the relevant 6MRs and
their accessibility is shown in figure S18. In addition, FAU has only been synthesised within
limited Si/Al boundaries (1 < Si/Al < 3).52% CHA, on the other hand, is stable within a wide range
of Si/Al ratios (1.15 < Si/Al < 00).12°* Its aluminium content and distribution are thus easily tuned,
rendering the topology more suitable for the preparation of specific coordination environments.

Although the CHA topology has a higher concentration of suitable 6MR hosts for the a-Fe
sites, not much improvement is found on the active site concentration compared to Fe-*BEA in
ref. 9. From elemental analysis and Mdssbauer spectroscopy, a-Fe was determined to make up
0.23 wt% of the Fe,O3 spectator containing *’Fe-CHA-0.47P sample. Occupying all d6MRs of the
CHA topology with a single a-Fe would, however, yield 7.86 wt% a-Fe. The d6MR density in
CHA is therefore not the factor impeding a higher density of a-Fe sites. Analogously, from the 9.0
Al pairs per 1000 T-atoms determined on >’Fe-CHA-0.47P, compensating all Al pairs with a single
a-Fe site would yield 0.83 wt% a-Fe. At 0.23 wt% a-Fe, the Al pairing is therefore not the limiting
factor either for the samples in this study. This study thus identifies either the selective introduction
of iron into the zeolite pore system or the correct positioning of Al pairs in opposite positions of
the same 6MR (i.e. in accordance with the 1Roprosite model) as limiting. Further studies should
tackle the issues with achieving higher a-Fe-loadings and a higher density of suitable exchange
sites. Potential strategies include modifications in the method of iron introduction, further tuning
of the framework aluminium distribution for pairs to be more accessible and more accurately
positioned, the screening of other 6MR containing topologies with more open pore systems, and
post-synthetic modification of the CHA material to introduce mesoporosity before the iron

introduction step.

Fe-CHA materials have been extensively investigated in the context of the selective catalytic
reduction of NOx with ammonia (NH4-SCR) and other DeNOx reactions.>>8 Meanwhile, the
other a-site stabilizing Fe zeolites Fe-FER, Fe-MFI and Fe-*BEA are known to be active in NHz-
SCR as well.® An active site, has however, not yet been unambiguously identified
spectroscopically on these catalysts. By identifying the formation of square planar, high spin Fe(l1)
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in the CHA topology, and its reliance on the presence of paired aluminium T-site substitutions,
this study strongly encourages an exploration of a-Fe and a-O sites in the context of DeNOXx
catalysis. With the copper active site of Cu-CHA for NH4-SCR often modelled in 6MRs with a
single Al substitution,> the 6MR exchange sites with double Al substitution remain available for
a-Fe coordination. While the copper active sites perform well for low temperature SCR, the a-Fe
sites may complement the copper active sites in a mixed Cu,Fe-CHA zeolite catalyst for good

performance in SCR also at high temperatures, leading to improved overall performance.

4.2 Influence of zeolite topology on the spectroscopy, geometry and binding interactions of o-
Fe

a-Fe sites in Fe-CHA, Fe-*BEA, Fe-MFI and Fe-FER can be identified by two
experimentally accessible d-d transitions predicted by CASPT2 calculations: dz-dy.y> and dz-xy,
although the latter transition is out of range in wavenumber and/or intensity to be distinguished in
DRS-UV-Vis-NIR in the cases of Fe-*BEA, Fe-MFI and Fe-FER. The d-d transition energies are
given in table 4 together with the Méssbauer parameters, binding energy (BE), strain energy (SE)
and average Fe-O bond length (<Fe-O>) for each topology.

Similar IS and |QS| values are obtained experimentally on a-Fe in *BEA and CHA,
supporting the assignment of a-Fe-CHA to a similar high-spin mononuclear square planar Fe?*
site. These Mdssbauer parameters are characteristic for such iron species and are in agreement

with Mdsshauer data on other experimentally known high spin square planar Fe?* complexes.®

Table 4: Upper rows: Ligand field spectra and Mdssbauer parameters obtained experimentally and calculated with CASPT2 for
a-Fe sites in CHA, *BEA, MFI and FER. CASPT2 data on *BEA (Si/Al=12.5; 0.3 wt% Fe), MFI (Si/Al=15; 0.3 wt% Fe) and
FER (Si/Al=28; 0.3 wt% Fe) are taken from refs. 9 and 11. Lower rows: BE, SE and average Fe-siOal distance measured on the
d6MR models on CHA and *BEA. The experimental < Fe-siOai> value is taken from EXAFS data in ref. 10.

Fe-CHA Fe-*BEA Fe-MFI Fe-FER
experiment 1RopposITE experiment B(T6T6) experiment B(T4T10) experiment B(T1T1)

model model model model
dzz-dxz_yz(cm") 13000 13482 15900 16053 15200 15005 16100 17364
d,=dyy (em™) 5400 4070 4027 3613 4411
10Dq (em™) 7800 9412 12026 11392 12953
IS (mm/s) 0.93 0.84 0.89 0.72
QS (mm/s) +/-0.63 -1.25 +/-0.55 -0.95
BE (kcal/mol) 568.90 606.64
SE (kcal/mol 58.60 50.78
<Fe-50,> (A) 2.14 2.02 2.02
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Similar deviations from the experimental IS and |QS| are found for the computed values in table 4
for both the *BEA and CHA topologies.

Earlier calculations on Fe-*BEA, Fe-FER and Fe-MFI have shown that, even though
uncommon, the square planar coordination of high spin Fe(ll) is electronically preferred by Fe(ll)
in a suitable zeolite environment.!! It is thus not surprising that the square planar 1Ropposite model
has the highest binding energy among the evaluated B3LYP-DFT structures in table 1. As the BE
and SE may vary significantly with cluster size, comparison of BE and SE of the 1Ropposite model
with the smaller Fe-*BEA B(T6T6) models used in ref. 11 would be inaccurate. A larger model of
the a-Fe-BEA site, d6MR B(T6T6) was therefore constructed and optimized in the same way as
the other models described in this paper (figure S5). Comparing the BE of this Fe-*BEA d6MR
B(T6T6) model and the Fe-CHA 1Rorprosite model (table 4), we observe a larger BE in the former

*BEA CHA (ABE=38 kcal/mol). The higher dz-ds.y transition energy
observed experimentally and the stronger equatorial ligand
field strength (10Dq = E(dx-y) — E(dxy)) obtained from
CASPT2 on models for a-Fe-BEA, a-Fe-FER and a-Fe-
MFI versus a-Fe-CHA corroborate that a-Fe is more
strongly bound in *BEA, FER and MFI than in CHA. In
the corresponding models, the higher BE and the shorter
Fe-O distances calculated for *BEA, MFI and FER are

consistent with these observations. Lower binding energies

may correlate with the mobilization of the iron cation in
Figure 5: Above: overlays of the B3LYP-DFT

optimized o-Fe models in *BEA (d6MR)
(left) and CHA (1Rorrosie) (right) and the  conditions (e.g. H20, NO, NHz), and may influence active
corresponding  B3LYP-DFT  optimized
models of the Al substituted 6MRs before Fe

the presence of ligands encountered under reaction

site deactivation through migration of the active site’s

coordination. The empty 6MR models are metal cation and through sintering. The inverse correlation

shown in grey. Below: overlay of the Fe-CHA  between the Fe-O distance and BE can be explained by the
1Rorrosite model (coloured) and the Fe-
*BEA o(T6T6) model (grey) overlapped at

distortions on the 6MR required to accommodate o-Fe.
These distortions are larger for the CHA 6MR than for the

542  B-6MR of *BEA, which has a narrower 6MR in the
absence of Fe (figure S13). In CHA, the average distance between trans siOai ligands decreases
upon a-Fe(l) binding by 0.761 A (from 5.015 A to 4.254 A) while in *BEA this distance decreases

the a-Fe atom.
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only by 0.276 A (from 4.186 A to 3.910 A). Relative to the other distortions of the original CHA
6MR upon coordination of a-Fe(ll), the shortening of the Fe-O bond distances appears to be the
only distortion of significance (figure 5 and table S1). The lattice thus inhibits the optimal Fe-siOai
bond shortening in CHA and accordingly, the SE on the CHA 6MR is larger than that on the *BEA
B-6MR. Consequently, as indicated by the models, the BE for a-Fe-BEA is larger than that of a-
Fe-CHA because shorter Fe-siOal bond lengths can be reached with a lower SE. Therefore the
lower BE, the higher SE and the lower 10Dq value obtained for the 1Ropposite model of a-Fe-

™™ CHA versus the B(T6T6) model of a-Fe-BEA are all
explained by the compensating forces exerted on the
Fe-siOal bonds by the lattice and by the coordinating
Fe(ll) ion.

Despite comparable concentrations of o-Fe
sites and nearly identical measurement conditions to
the DRS-UV-Vis-NIR in ref. 9 (the bed of Fe-*BEA
pellets is ~15% denser than the Fe-CHA bed), the

13000 cm™ transition in a-Fe-CHA appears much

Figure 6: Point groups and symmetry elements of
the 6MRs in the CHA and *BEA topologies before ~ Weaker than that of the 15900 cm™ transition of a-

(from ref. 17) and after Al substitution and Fe  Fe.BEA. The discrepancy in absorption intensity is

coordination ___also reflected in the calculated oscillator strength of
the dz-dxe.y2 LF transition at the CASPT2 level, which is approximately 500 times smaller for the
Fe-CHA 1RoprosiTe model compared to the Fe-*BEA B(T6T6) model (table S3). This observation
is a consequence of the different symmetries of the two systems (figure 6). As explained in S6, the
dz2-Oxe.y2 LF transition in C2 symmetry (which is the symmetry point group of the Fe-*BEA B(T6T6)
model) mainly gains absorbance of light polarized along the C; axis because of a tetrahedral twist
of the coordinating O, whereas in the case of Cs symmetry (which is the symmetry point group of
the Fe-CHA 1Roprosite model) this excitation mainly gains absorbance of light polarized
perpendicularly to the Cs plane through a change in opposing OFeO bite angles. As the tetrahedral
twist in the Fe-*BEA B(T6T6) model is more pronounced than the change in opposing Oeq-Fe-Oeq
bite angles in the 1RorrosiTe Mmodel of Fe-CHA (table S2, section S5), a more intense band for a-

Fe-BEA is expected.
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4.3 Structural and spectroscopic comparison of the a-O sites in Fe-CHA and Fe-*BEA

Fre Comparing the a-O site models in *BEA and CHA (figure 7), we
calculate a similarly short Fe=O bond in both (1.59 A in *BEA versus
1.60 A in CHA). Adding the axial a-O onto the 1RopposiTe (Fe-CHA)
and B-(T6T6) (Fe-*BEA) models pulls in the equatorial oxygen ligands
by 0.1 A only for both models, and the tetrahedral twist and difference

in opposing bite angles remain similar to the a-Fe models (table S2).

Figure 7: Overlays of the

o The Fe atom is, however, shifted out of the square plane by an additional

B3LYP-DFT optimized a-
O-CHA (coloured) and -  0.310 A and 0.271 A respectively in the 0-O-CHA and the a-O-BEA
O-BEA (grey) models. The  models from its out-of-plane distance in the corresponding a-Fe models,
models are positioned to . —
so that the out-of-plane Fe translations are more similar between the two

overlap on the Fe atom and
the Fe=Ou bonds of the @-O models than they are for the two a-Fe models. All other types of
models are aligned. distortion from square planar are increased slightly from the a-Fe
models. The electronic spectrum of a-O-CHA obtained after N2O activation (table 2) bears strong
resemblance to the a-O spectrum in Fe-*BEA, where absorption bands are observed at 16900 cm”
120100 cm™ and 27000 cm™.° Likewise, the Mdssbauer parameters of the majority species in
figure 2D and listed in table 2 closely resemble those of a-O identified on Fe-*BEA.° Furthermore,
the unique reactivity with CHs4 at room temperature is observed for the a-O sites on all of the FER,
MFI, *BEA and CHA frameworks. These observations indicate that regardless of the topology,
and more specifically regardless of Fe-siOa bond length and symmetry distortion, the a-Fe sites

form strongly reactive a-O sites upon N2O activation on each of these zeolite topologies.
5. Conclusion

For the first time the a-Fe site, active in methane partial oxidation at room temperature after
N20 activation, is documented in the frequently occurring dér composite building unit in the CHA
zeolite topology, a zeolite industrially applied for DeNOx catalysis. The site is formed
preferentially and exclusively up to at least 0.26 wt% Fe in Fe-CHA with Si/Al=12.5, with Fe2O3
forming the only other identifiable iron phase at more elevated iron loadings. The latter contrasts
with Fe-*BEA, where other spectator Fe species are formed at high Fe loadings before Fe.O3
nanoparticles are found (up to > 1.0 wt% for Fe-*BEA from ref. 9). The Fe-CHA a-sites have

structural and reactivity properties highly similar to those identified in earlier studies on MFI, FER
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and *BEA, despite differences in the 6MR binding site geometries. It was shown that methanol
can be extracted from the a-Fe sites by steaming at 200°C, as already established for copper
zeolites, opening the door to on line cycling of the Fe zeolite material throughout the whole
reaction cycle. The methanol yield from the Fe-CHA zeolites combined with Md&ssbauer
spectroscopy indicates a 1:1 MeOH to a-O ratio which, assuming a stoichiometric reaction,
confirms the mononuclearity of the active site. Also the necessity of paired framework aluminium
in the zeolite 6MR, quantified by Co?* titration, to stabilize the o-Fe site is confirmed
experimentally. Comparison between the experimental spectroscopy and the spectroscopically
validated computational models on CHA and *BEA reveals strong parallels between the a-sites
with slight but informative differences. The distortion of the ligand field of the a-Fe sites from
ideal square planar symmetry is shown to determine the extinction coefficient and polarization of
the high energy dz-dx.y2 transition in the electronic spectrum. Moreover, the initial diameter and
symmetry of the host 6MR (Cay in CHA and C» in *BEA) are concluded to be crucial in
determining the ligand field strength and symmetry around the a-Fe site. The 6MR of CHA
stabilizes a Cs symmetric o-Fe coordination which is less distorted from square planar than the C;
symmetric a-Fe coordination in *BEA. To achieve Fe-CHA materials with improved reactivity,
strategies must be developed to increase the active site density in CHA. This study indicates that
improvements must be looked for at the level of the introduction of iron into the CHA pore system

and/or the crystallographic positioning of Al pairs.

6. Associated Content

Supporting Information

XRD diffractograms, CASPT2 active space orbitals, DFT model details, additional 8MR exchange
site models, additional and full range DR-UV-Vis-NIR and Mdssbauer spectra, description of the
6MR symmetry in CHA and *BEA and the lattice deformations upon coordination of Fe as
calculated by DFT, quantitative description of the deviations from square planar coordination of
the iron site in the a-Fe models for *BEA and CHA, correlation of the d-d absorption band
intensities and coordination symmetry of a-Fe, overview of the shape and accessibility of 6MRs
in MFI, *BEA, FER, FAU and CHA, and Cartesian coordinates of all model structures
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