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An efficient catalytic process for converting methane into methanol
could have far-reaching economic implications. Iron-containing
zeolites (microporous aluminosilicate minerals) are noteworthy in
this regard, having an outstanding ability to hydroxylate methane
rapidly at room temperature to form methanol'-3, Reactivity occurs
at an extra-lattice active site called o-Fe(11), which is activated by
nitrous oxide to form the reactive intermediate oi-O*>; however,
despite nearly three decades of research®, the nature of the active site
and the factors determining its exceptional reactivity are unclear.
The main difficulty is that the reactive species—a-Fe(11) and
a-O—are challenging to probe spectroscopically: data from bulk
techniques such as X-ray absorption spectroscopy and magnetic
susceptibility are complicated by contributions from inactive
‘spectator’ iron. Here we show that a site-selective spectroscopic
method regularly used in bioinorganic chemistry can overcome
this problem. Magnetic circular dichroism reveals o-Fe(11) to
be a mononuclear, high-spin, square planar Fe(11) site, while the
reactive intermediate, o-O, is a mononuclear, high-spin Fe(1v)=0
species, whose exceptional reactivity derives from a constrained
coordination geometry enforced by the zeolite lattice. These findings
illustrate the value of our approach to exploring active sites in
heterogeneous systems. The results also suggest that using matrix
constraints to activate metal sites for function—producing what is
known in the context of metalloenzymes as an ‘entatic’ state®—might
be a useful way to tune the activity of heterogeneous catalysts.

No spectroscopic feature of a-Fe(11) has thus far been discovered’.
We have now identified Fe(11) ligand-field bands in the diffuse reflec-
tance ultraviolet-visible (DR-UV-vis) spectra of three iron-containing
zeolites (Fe-zeolites) that are known to contain o-Fe(11) (see
Extended Data Fig. 1)*371°, Of these, we chose the Fe(11)-beta (BEA)
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zeolite for further study because of the higher intensity of its ligand-
field bands (see Extended Data Fig. 2 for the structure of the BEA
lattice). The DR-UV-vis spectrum of Fe(11)-BEA (Fig. 1a) is charac-
terized by an intense band at 40,000 cm ™, and three weak ligand-field
bands at 15,900 cm™~!, 9,000cm ™! and <5,000cm ™" (a shoulder).
To determine which of these bands correlates with o-Fe(11), we
activated the sample with nitrous oxide (N,O; Fig. 1b) and then reacted
it with methane (CHy) at room temperature (Fig. 1c). During activa-
tion by N, O, the 15,900 cm ™! band of Fe(11)-BEA is replaced by a new
feature of similar intensity at 16,900 cm ™!, along with a weak feature
ataround 5,000cm ™. The 16,900 cm ™! and 5,000 cm ™! bands present
after N,O activation disappear upon reaction with CHy; we therefore
assign these bands to a-O. These are the first absorption features to be
conclusively attributed to a-O on the basis of their reactivity to CH,.
The 15,900 cm ! band present before N,O activation is assigned to
a-Fe(11). The 5,000-13,000 cm ! region of the CH,-reacted spectrum
overlaps with that of Fe(11)-BEA, indicating that features in this region
originate from inactive ‘spectator’ sites.

The 15,900 cm ! band of a-Fe(11) is an interesting spectral feature,
as it is unusual to observe Fe(11) ligand-field bands in this high-energy
region. Correlation of Fe(11) sites with hard O/N donors suggests that
a band in this region is characteristic of square-planar sites with a
spin (S) of 2 (refs 11-15). Importantly, the 15,900 cm ™! band is also
a spectroscopic handle that enables selective study of a-Fe(1r) by
variable-temperature variable-field magnetic circular dichroism
(VIVH-MCD) spectroscopy.

Low-temperature magnetic circular dichroism (MCD) data from
Fe(11)-BEA stabilized in perfluorocarbon glass are shown in Fig. 2a,
along with ligand-field DR-UV-vis data for comparison. On the basis
of the DR-UV-vis results, the positive MCD feature at 15,100 cm !
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Figure 1 | DR-UV-vis spectra of Fe-BEA in Kubelka-Munk units*’.
a, Spectrum for Fe-BEA (Si/Al=12, 0.3 wt% Fe) after treatment with
helium (900 °C, 2 hours) and reduction with hydrogen (700 °C, 1 hour)
to produce Fe(11)-BEA. The overall spectrum is shown at the bottom,
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with an expanded portion of it above. * = OH overtone. b, ¢, The spectra
resulting from activation of Fe(11)-BEA with N,O at 250 °C for 15 minutes
(b), followed by reaction with CH,4 at room temperature (c). Key spectral
changes are indicated with arrows.
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Figure 2 | MCD and VTVH-MCD of a-Fe(11). a, Comparison of the

298 K DR-UV-vis data (reproduced from Fig. 1a; * = OH overtone) and
variable-field 3 K MCD data from Fe(11)-BEA (Si/Al=12, 0.3 wt% Fe).

b, Saturation magnetization isofields for the 15,100 cm~ ! band (+ 1o error
bars are in black; the fit is in blue). T, tesla; T, temperature. ¢, Influence of
rhombic zero-field splitting (ZFS) and magnetic field (parameterized by ¢
and g, respectively) on a non-Kramers doublet (NKD). At zero field, the
NKD is split in energy by the rhombic ZFS. The =M, wavefunctions also

is correlated with a-Fe(11), while the weak positive features between
5,000cm ! and 10,000 cm ™! are attributed to spectator sites. The
15,100 cm ™! MCD band of a-Fe(11) is sensitive to both field and tem-
perature. This defines a-Fe(1r) as paramagnetic at low temperatures.
The oxo-bridged'® and hydroxo-bridged'” 2Fe(11) structures pro-
posed for a-Fe(11) are therefore excluded, as they would be strongly
antiferromagnetically coupled (with an antiferromagnetic coupling
constant of more than 10cm™1)'8,

The temperature and field dependence of the 15,100 cm ™! MCD
feature provides direct insight into the ground state of a-Fe(11)—even
in the presence of paramagnetic spectator sites. VIVH-MCD isofields
for the 15,100 cm ™! band are shown in Fig. 2b. The field dependence of
the low-temperature saturation limit reflects variation of the a-Fe(11)
ground state with field, indicating that o-Fe(11) is a non-Kramers
(integer-spin) system'!%. The influence of temperature and field
on MCD intensity from a non-Kramers doublet is parameterized by
an effective g value (ger) and a rhombic zero-field splitting (ZFS), §
(Fig. 2¢). gesrand ¢ are related to molecular-spin Hamiltonian param-
eters, and therefore encode information about site geometry and
electronic structure (see Methods for detail). VTVH-MCD isotherms
from the 15,100 cm ™! band plotted against the ratio of the applied
magnetic field and the temperature (H/T) (Fig. 2d) are highly nested
(that is, they do not overlap), indicating that § is large for o-Fe(1r)! '3,
Fitting a non-Kramers-doublet model to VITVH-MCD data enables
quantification of § at 9cm ™! and ger at 8.6. A gefr close to 8 is con-
sistent with either mononuclear high-spin (S=2) Fe(11), or a high-
spin 2Fe(11) dimer with oppositely signed ZFS for each Fe(rr)!!"8,
We exclude the latter possibility with Mdssbauer data (Extended Data
Fig. 3), which show a single quadrupole doublet for a-Fe(11) (isomer
shift (IS) =0.89 mm s~ '; quadrupole splitting (|QS|) =0.55 mm s ;
93% of total Fe). VTVH-MCD therefore defines o-Fe(11) as a mono-
nuclear, square planar Fe(11) site.

Different coordination geometries can be distinguished on the basis
of the sign of the axial ZFS parameter, D. A large § of 9cm ™! is well
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mix equally, to form |X) and |Y). Application of a magnetic field further
splits the levels, and changes the wavefunctions to pure |-Ms) and |+Mj)
in high fields. d, Saturation magnetization isotherms for o-Fe(11) (fit in
blue using the NKD model in ¢). e, Comparison of +ZFS and -ZFS §=2
spin manifolds, including effects due to axial (D=0) and rhombic (E=0)
ZFS. Levels identified with the non-Kramers doublet model shown in ¢ are
highlighted in blue.

outside the range possible for a negative ZFS ground state (for which
& is generally smaller than 6cm™"). D is therefore positive for a-Fe(1r)
(see Fig. 2e and Methods)!"1®1%, Fitting a positive ZFS =2 model
to VIVH-MCD data enables quantification of the axial and rhombic
ZFS parameters, D=13+1cm ™' and E=1.8 +-0.5cm ™! respectively,
as well as a molecular g; =2.15 (see Methods for detail). Coupled with
electronic structure calculations (vide infra), these parameters provide
detailed insight into the ligand field of a-Fe(1r).

With «a-Fe(11) defined as a high-spin monomer, additional infor-
mation can be extracted from its ligand-field spectrum and spin
Hamiltonian parameters. The high energy (>12,000cm ') of the
15,900 cm ™! DR-UV-vis ligand-field band rules out octahedral, tetra-
hedral and trigonal bipyramidal geometry for a-Fe(11). Square pyram-
idal (weak axial) geometry leads to a negative ZFS ground state, and is
excluded!!. Square planar structures, however, are associated with spin
Hamiltonian and Mossbauer parameters that are highly similar to those
of a-Fe(11)1*-152021, On this basis, we assign a-Fe(11) as a square planar
§=2 Fe(11) site. The ligand-field origins of the spectroscopic features
of a-Fe(11) are presented in the Methods.

Within the BEA lattice, only the B-type six-membered ring
(3-6MR) motifs shown in Fig. 3a have the appropriate geometry to
stabilize a CH,-accessible square planar site?”. These three 3-6MRs
yield highly similar Fe(11)-bound sites (Extended Data Fig. 4); ring
Al is presented here. Data presented in Extended Data Fig. 5 (see
Methods for detail) indicate that a-Fe(11) only forms in 3-6MRs
containing two aluminium T-sites (anionic AlOy tetrahedra), and
that three configurations of these aluminium T-sites are possi-
ble for BEAs that have a silicon/aluminium ratio of more than 10
(a silicon/aluminium ratio of more than 12 was used here)?>?4. We
created density functional theory (DFT) cluster models to evaluate
the influence of aluminium configuration on the resulting Fe(11)-
bound site (Fig. 3b). The cluster models were geometry optimized
on the quintet surface, and are all approximately square planar.
T4/T4’ and T8/T8' bind Fe(11) with two neutral Og; ligands and two

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



a B-6MR motifs in BEA b

LETTER

Influence of Al configuration on an Fe(i)-bound B-6MR

Polymorph A

hv(z2—x%-y?) (cm™)
D (cm™)
E/D

g9,
Binding energy
(kcal mol)

d(Fe-0) (A)

Polymorph B

ne
Figure 3 | Computational evaluation of o-Fe(11) cluster models.

a, 3-6MR motifs found in BEA polymorphs A (top) and B (bottom).

b, Top, cluster models of ring A1 containing distinct configurations of Al
tetrahedral (T)-sites (in blue; other atoms omitted for clarity); bottom,
CASPT2-predicted spectral features of these Fe(11)-bound sites (hv—energy

anionic ;04 ligands, while T6/T6’ binds Fe(11) with four anionic O
ligands.

We calculated spectroscopic features of the DFT-optimized cluster
models at the CASPT2 level of theory (Fig. 3b and Extended Data Table 1;
CASPT?2 is the second-order complete active space perturbation the-
ory). CASPT2 predicts a single, high-energy ligand-field band for all
three models, thus reproducing the ligand-field spectrum of o-Fe(1r)
that we defined experimentally. The T4/T4’ and T8/T8’ models fail
to reproduce the positive ZFS ground state of a-Fe(11), however (see
Extended Data Fig. 6 and Methods). But T6/T6’ accurately reproduces
both the spin Hamiltonian parameters and the ligand-field spectrum
of a-Fe(11). We therefore assign a-Fe(11) as a high-spin, square pla-
nar Fe(11) site bound to a 3-6MR by four anionic 5O, ligands. DFT-
calculated Mossbauer parameters of the cluster models further support
this assignment (see Methods for detail).

a-0 is generated by transferring an O atom from N,O to a-Fe(11).
Low-temperature MCD data from N,O-activated Fe(11)-BEA are
shown in Fig. 4a, along with DR-UV-vis data for comparison. At
least five features are observed: three relatively sharp negative bands
between 5,000cm ™! and 8,000 cm !, and a prominent positive band at
20,100 cm ™! with a low-energy shoulder. These features are not present
before N,O activation and decay upon reaction with CHy, (see Fig. 2a
and Extended Data Fig. 7), and are therefore new spectroscopic handles
of a-0. We collected VTVH-MCD data from the 20,100 cm ™! feature
(Fig. 4a, bottom). Field dependence is observed in the low-temperature
saturation limit of the VITVH-MCD isofields, indicating that a-O—
like o-Fe(11)—has an integer-spin ground state. Fitting a non-Kramers-
doublet model to VTVH-MCD data yields a g.rof 8.0and a § of 7cm ™.
A g.grof 8.0 for the ground state of a-O is consistent with either a mon-
onuclear S=2 site or with a weakly coupled dimer of S =2 sites with
oppositely signed ZFS values. The latter is excluded by Méssbauer data,
which show a single quadrupole doublet for a-O (IS=0.30mm s~ ';
|QS| = 0.50mm s~ !; Extended Data Fig. 3). o-O is therefore mono-
nuclear, and a large 6 of 7cm ™" indicates a positive ZFS (+D) ground
state! 18, Fitting a positive ZFS =2 model to VTVH-MCD data (see
Methods) results in estimates of D=8+ 1cm 'and E=0.5+0.5cm !
for a-O.

VTVH-MCD data thus indicate that transferring an O atom to
o-Fe(11) yields a mononuclear S=2[FeO]*" site. Two electronic struc-
tures are possible: Fe(111)-O*~ or Fe(1v)=O0. A D substantially larger

T8/T8’

Experiment T4/T4 T6/T6’ T8/T8’
15,900 14,540 16,750 14,260
+13+1 -28.4 +13.5 -14.5

0.14 + 0.04 0.129 0.078 0.282

2.15 1.97(x), 2.08(y) 2.22(x), 2.17(y) 2.00(x), 2.12(y)
- -588 -617 -592
— 1.95,2.18 1.99, 2.01 1.98, 2.11

of the highest ligand field transition, D, E/D and g, ), and DFT-predicted
Fe(11)-binding energies and iron-to-oxygen bond lengths (d(Fe-0)).
Experimental data are provided for comparison in the first column of the
table.

than 2cm ™! argues against an Fe(1i1)-O"~ ground state!®?°. On the
other hand the sign and magnitude of D for «-O are similar to known
S=2 Fe(1v)=0 sites?®*”. Spin Hamiltonian parameters coupled with
electronic structure calculations (vide infra) therefore define a-O to be
amononuclear =2 Fe(1v)=0 species.

To define factors contributing to the reactivity of a-O, we added an O
atom to the cluster model of c-Fe(1r). This results in a square pyramidal
Fe(1v)=0 species with a short, 1.59-A Fe-O bond (Fig. 4b, top). The
weak ligand field provided by the BEA lattice stabilizes the S=2 model
(a-"Fe(1v)=0), reproducing the electronic structure and Mossbauer
parameters of a-O defined experimentally (see above and Methods).
Computational evaluation of the reaction of a-O with CH, shows that
H-atom abstraction (HAA) occurs on the quintet surface with a low
activation barrier of 3.6 kcal mol ! (Fig. 4b, middle)—consistent with
the room-temperature CH, reactivity observed in ref. 1, and paralleling
the computational results of ref. 28.

The CH4 HAA reaction is slightly exothermic, indicating that the
O-H bond strength of the Fe(111)-OH first product and the C-H bond
strength of CH, are similar. This markedly reduces the barrier for HAA.
The exceptional strength of the product O-H bond is related to the axial
square pyramidal geometry of a-O, which is unstable in the absence of
the zeolite lattice (see Extended Data Fig. 8 and Methods)?**. Lattice
constraints destabilize the >Fe(1v)=0 site by about 6 kcal mol ™},
increasing the driving force for O-H bond formation. Adding a trans
axial ligand mitigates this effect. Spin pairing also weakens the O-H
bond (by about 12 kcal mol™'; the difference between the reaction
enthalpies on the quintet versus triplet surfaces; see Fig. 4b).

Given that the enthalpies of the reactant C-H bond and the product
O-H bond are similar, a small AH* (enthalpy of activation) indicates
that a-O has high intrinsic reactivity towards HAA. At the transition-
state geometry (when the Fe-O bond elongates from 1.59 A to 1.72 A),
the Fe(1v)=O0 unit gains notable radical character, corresponding to
a highly reactive Fe(111)-O"~ species. This contribution to reactivity
also derives from the vacant trans axial position, which stabilizes the
Fe(3d 2) orbital, resulting in a highly covalent Fe=O unit. Thus,
the hlgh Fe/O covalency and the exchange stabilization of the Fe(3d)
manifold lead to an Fe(1v)=0 bond that strongly spin-polarizes
towards Fe(111)-O"~ at the transition-state geometry.

This direct experimental insight into the active site of low-temperature
methane hydroxylation in Fe-zeolites establishes VITVH-MCD as a
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Figure 4 | Spectroscopic and computational elucidation of a-O. a, Top,
room-temperature DR-UV-vis data (* = OH overtone), and middle, 3K
MCD data from N,O-activated BEA. Bottom, VT VH-MCD saturation
magnetization data from the 20,100 cm ™! band of -0, including =+ 1o
error bars and fit (black curves) to a positive ZFS § =2 model (see Fig. 2e,

powerful, site-selective probe of metal active sites and reactive inter-
mediates in heterogeneous systems, delivering the level of spectro-
scopic insight into heterogeneous catalysis that has long been available
in bioinorganic chemistry. By defining the geometric and electronic
structures of a-Fe(11) and a-O and determining how these correlate to
reactivity, we have been able to show that the vacant trans axial position
of a-O, which is enforced by constraints from the zeolite lattice, is a
key determinant of the intermediate’s exceptional reactivity with CH,.
Thus, by preventing geometric distortion, the zeolite lattice activates
a-O for reaction with CHy, cleaving the strongest aliphatic C-H bond
at room temperature to form methanol. In biology, an analogous state
in which rigid constraints are used to tune enzyme metal sites for func-
tion is known as the ‘entatic’ state®, and it will be important to explore
further how this can be used to tune the reactivity of metal sites in
heterogeneous systems.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Preparation of Fe-zeolites. We prepared samples of Fe-zeolites (Fe-beta (BEA),
Fe-ZSM-5 (having a MFI topology), Fe-ferrierite (FER) and Fe-mordenite (MOR))
from the corresponding acid zeolites by diffusion impregnation of Fe(acac);
(acac = acetylacetonate) in toluene solution (10mM; 25 ml g~! zeolite). The
Fe(acac); concentration was lowered to 2.5 mM when preparing Fe-BEA samples
with a lower iron content (0.3 wt%). >Fe-enriched Fe(1r) BEA was synthesized
similarly using a 50% mixture of labelled and non-labelled Fe(acac)s. All samples
were calcined in air at 550 °C to remove organic material. This preparation method
minimizes Fe heterogeneity and limits the formation of oxide/hydroxide species
(relative to aqueous exchange or sublimation). The samples, each approximately
1 gram, were then subjected to high-temperature treatment at 900°C in helium
for 2 hours, followed by a reductive treatment in hydrogen at 700°C for 1 hour.
A flow rate of 50 cm® min ! was used in both gas treatments. The Fe content
of the resulting Fe(11)-BEA was determined by inductively coupled plasma mass
spectrometry. All subsequent manipulations were carried out under an inert
atmosphere (either nitrogen or helium). N,O activation of Fe(11)-BEA (1 gram)
was performed at 250 °C using a 5 vol% N,O/helium flow (50 cm® min~!). From
Mossbauer (Extended Data Fig. 3), a typical sample of N,O-activated Fe-BEA
(0.3 wt% Fe, Si/Al=12) contains 42 pumol a-O per gram of catalyst (78% of total
Fe content). The CH, reaction was performed at room temperature using a 10 vol%
CHy/helium flow (50 cm® min™!). We recovered 30-35 pumol methanol per gram
of catalyst through liquid extraction, corresponding to a 70-80% methanol yield
(some methanol remains adsorbed on the zeolite).

Diffuse reflectance spectroscopy. DR-UV-vis spectra were recorded on a Varian
Cary 5000 UV-VIS-NIR spectrophotometer at room temperature against a halon
white reflectance standard in the range 4,000-50,000 cm ™. All treatments before
in situ UV-vis-NIR spectroscopic measurements were performed in a quartz
U-tube/flow cell. The latter was equipped with a window for in situ UV-vis-NIR
diffuse reflectance spectroscopy. After UV-vis measurement, the catalyst pellets
were mounted in the quartz side arm of the U-tube, ensuring that the conditions
for UV-vis-NIR and MCD/M®6ssbauer measurements were identical.

MCD and VTVH-MCD spectroscopy. All cells for MCD spectroscopy were pre-
pared under an inert nitrogen atmosphere. Mull samples with suitable transparency
were prepared using dried and degassed perfluoro-2-methylpentane as the mulling
agent. This inert glassing agent can be rigorously dried and degassed, preserving
the oxidation state and coordination environment of Fe sites in Fe-BEA. Further, its
refractive index is a suitable match to Al/SiO, materials, minimizing signal atten-
uation from scattering. Mulls were frozen using liquid nitrogen immediately after
preparation, with special care taken to avoid exposure to oyxgen. MCD data were
collected using a Jasco J730 spectropolarimeter with a liquid nitrogen cooled InSb
detector coupled to an Oxford Instruments SM4000-7T superconducting magnet.
MCD spectra were background corrected for baseline effects using data collected
at 0 T. VT'VH-MCD data were collected using a calibrated Cernox temperature
sensor (Lakeshore Cryotronics, calibrated to 1.5-300 K with 0.001 K tolerance)
inserted directly into the sample cell. Isotherms/isofields were normalized to the
maximum observed intensity. Spin Hamiltonian parameters were extracted from
VTVH-MCD isotherms using established procedures (see below)! 1181932,
VTVH-MCD analysis. As shown in Fig. 2¢, rhombic ZFS mixes the £M; levels
of a non-Kramers doublet into equal admixtures designated |X) and |Y), split
by 6. |X) and |Y) are both MCD silent owing to the cancellation of oppositely
signed £ M; contributions to MCD intensity. Magnetic field parallel to the prin-
cipal axis of the ZFS tensor induces MCD activity in a non-Kramers doublet
by mixing |X) and |Y) through an off-diagonal Zeeman matrix element. The
resulting states are eigenfunctions of the spin Hamiltonian matrix for an isolated
non-Kramers doublet:

1X) 1Y)
Ao X)) +6/2  gBHcosd
|Y)| g qOHcos® — —6/2

In the case that g.g3H (where (3 is the Bohr magneton and H is the magnetic field)
is large relative to 6, pure +Mj states are recovered, and the 1/T saturation limit
attains a maximum. The sensitivity of the saturation limit to field in Fig. 2b there-
fore reflects the magnitude of 6. As shown in Fig. 2e, the information content of
6 and geg for mononuclear high spin Fe(11) depends on the sign of the axial ZFS
parameter D. For negative ZFS systems, ¢ is the rhombic splitting of the My=+2
doublet, which should be <6cm ™. The §=9cm ™! of a-Fe(11) is well outside this
range. For positive ZFS systems, the M;=0 ground state and one component of
the M;==1 excited state together behave as an effective M;= = 2 non-Kramers
doublet, with the magnetic field oriented perpendicular to the principal axis of the

ZFS tensor. For a positive ZFS ground state, 6 is this splitting, which can be large.
A §of 9cm™! therefore defines a-Fe(11) to be a +D system.

The axial and rhombic ZFS parameters, D and E, can be quantified from VIVH-
MCD data by including higher-temperature (4.7-20 K) isotherms. At higher tem-
peratures, the second component of the My = = 1 excited state not included in the
non-Kramers doublet model becomes thermally populated (Fig. 2e, right). A three-
level model incorporating this component provides estimates of D=13+1cm™!
and E=1.840.5cm™". A perpendicular field is required to induce MCD activity
in the M, =0 ground state of a +ZFS S=2 system (this level is not sensitive to the
parallel field). Thus at low temperatures (where M= 0 alone is populated), the g
of a +ZFS S=2 system correlates to a molecular g value (= ggi/4)'"%.

Fitting an $=2 spin Hamiltonian to VTVH-MCD data results in similar esti-
mates of D and E/D (ref. 32). This fitting procedure involves a considerably larger
parameter space (three g values, three transition moments, E, and E/D). Initially,
all three g values were fixed at the spin-only value of 2.0023 while D and E/D were
incremented over the range —20 < D < +20 and 0 < E/D < 0.3. This provided
estimates of D=+12-18cm ™" and E/D=0.15-0.25. Fixing g, = 2.16 (the value
of g being defined from the non-Kramers doublet fit) and g, =2.0023 resulted
in improved fits, but ultimately the same estimates of D (12-18cm™!) and E/D
(0.15-0.25).

M@ssbauer spectroscopy. >’Fe Mossbauer spectra were recorded with a See Co.
W302 resonant gamma ray spectrometer in horizontal geometry with zero external
field using a 1.85 GBq source (Be window, Rh matrix). Data were collected from
samples enriched with 50% >"Fe. All spectra were recorded at room temperature
and 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 with Lorentzian doublets using the Vinda software package for Microsoft
Excel.

DFT calculations. Cluster models were generated from crystallographic coor-
dinates of BEA polymorphs A and B?, and dangling O groups were capped
with H (see Supplementary Tables 1-3 for coordinates). Spin-unrestricted DFT
calculations were performed with Gaussian 09 (ref. 33). The B3LYP functional
was used for all DFT calculations. The 6-311G* basis set was used for Fe, for
atoms directly coordinated to Fe, and for CHy. The 6-31G* basis set was used for
all other atoms. For geometry optimizations, the six T-sites of the six-membered
rings were allowed to relax, and all other atoms were frozen (O and Si atoms at
their crystallographic positions). All barriers for the CH, reaction were zero-
point corrected. Coordinates of the DFT models of a-Fe(11) and a-Fe(1v)=0
are reported in the Supplementary Information, along with coordinates of the
«a-Fe(1v)=0/CH,4 H-atom abstraction transition state. Mossbauer isomer shifts
and quadrupole splittings were calculated from the small cluster models used for
CASPT?2 calculations (see below). Isomer shifts were calculated with the ORCA
computational package using the B3LYP functional. The CP(PPP) basis set* 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 den-
sities at the iron nucleus |4)y|? values 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 |1)y|? 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.

CASSCF/CASPT? calculations. To reduce computational time, smaller clusters
were constructed out of the DFT-optimized geometries as follows: the six-membered
ring containing Fe(11) was cut out of the larger cluster and the dangling O atoms
were capped with H at 0.95 A. Ab initio calculations were performed with
MOLCAS-8.1 (ref. 35). In the multiconfigurational approach used, relativistic
effects were treated in two steps, both based on the Douglas-Kroll Hamiltonian®.
Scalar terms were included in the basis-set generation and used to determine spin-
free wave functions and energies through the use of the complete active space
self-consistent field (CASSCF) method. Electron correlation effects were con-
sidered by means of the second-order complete active space perturbation theory
(CASPT2)¥. Next, spin-orbit coupling was treated in the mean field (AMFI)* by
means of the restricted active space state interaction (RASSI) method>®, which
uses the optimized CASSCF/CASPT2 wave functions as the basis states. From
the resulting spin-orbit eigenstates, we computed the gyromagnetic tensor of
the ground state by means of pseudospin S =2 formalism as implemented in the
SINGLE_ANISO module, in order to obtain the three main anisotropy axes and
the associated gyromagnetic values (g, g,» and g,)**. The spin-orbit interaction was
computed within all quintet (5) and all triplet (45) states with the RASSI program.
Extended ANO-RCC basis sets’**! were used with the following contractions:
[7s6p5d3f2¢1h] for Fe; [4s3p2d1f] for O; [4s3p1d] for Siand Al; and [2s1p] for H.
The active space was chosen according to the standard rules for transition-metal
complexes®: that is, five 3d and five 4d orbitals of Fe; and bonding 2p orbitals
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of the coordinating O atoms. The standard iterative phase estimation algorithm
shift of 0.25 a.u. (ref. 42) and an imaginary shift of 0.1 a.u. (ref. 43) were used for
the zeroth-order Hamiltonian for second-order perturbation theory. Correlation
of the core electrons 1s, 2s and 2p of Fe, Si and Al and 1s of O was not taken into
account in the CASPT2 step.
Spectroscopic features of o-Fe(11). On the basis of correlation to high-spin square
planar Fe(1) sites and results from CASPT2, we assign the 15,900 cm ! ligand-field
band of a-Fe(1r) the 3d 2 — 3d,2_,2 transition of a square planar site. The high
energy of this transition reflects the equatorial anisotropy of the a-Fe(11) ligand
field, as well as the unique stability of 3d 2 in square planar geometry brought about
by 4s mixing in the absence of axial ligands. The small Mossbauer |QS| of
0.55mm s~ ! has similar origins: the combination of an equatorial ligand field with
a doubly occupied 34 2 orbital (that is, axial distribution of d electron density) leads
to near-cancellation of large, oppositely signed lattice and valence contributions
(respectively) to QS.
The o-Fe(11) binding site. As shown in Extended Data Fig. 5, the relative popu-
lation of o-Fe(11) is maximized at low Fe loading. Reducing the Fe loading from
1.0 wt% to 0.3 wt% results in a decrease in the population of spectator sites from
about 50% to just 7% (see Extended Data Fig. 3). The predominance of a-Fe(1r)
at low Fe loadings indicates that c-Fe(11) is the most stable Fe(11) site in Fe(1r)-
BEA. A sufficiently low lattice Si/Al ratio (that is, a high lattice Al content) must
also be attained to stabilize ci-Fe(11). Thus a threshold concentration of lattice Al
is required for a-Fe(11) to form. This indicates that a-Fe(11) is bound to the BEA
lattice by more than one Al T-site. Certain configurations only of aluminium are
possible within a 3-6MR. Aluminium T-sites separated by a single silicon T-site
(that s, Al-O-Si-O-Al sequences) do not exist in BEA with Si/Al ratios greater than
10 (a Si/Al ratio of more than 12 was used here)?*. Combined with Lowenstein’s
rule**, this precludes 3-6MRs containing three or more aluminium T-sites. Al-(O-
Si),-O-Al sequences are, however, frequently implicated in the binding of divalent
cations to zeolite lattices?®. The three Al-(O-Si),-O-Al sequences possible within
a3-6MR are shown in Fig. 3b, and these are the only configurations containing
multiple Al T-sites that are possible in BEA with Si/Al ratios greater than 10.
Differences in the predicted spin Hamiltonian parameters of the three models
shown in Fig. 3—in particular, differences in the sign of D—reflect differences
in the first coordination shell of Fe. In the case of T6/T6/, Fe(11) is approximately
square planar with four essentially equivalent 5O, ligands at 1.99-2.01 A. This
is a weak axial system, which leads to a positive D. For T4/T4’ and T8/T8', Fe(1r)
is bound by two short (1.95-1.98 A) Fe—g;04 bonds and two long (2.11-2.18 A)
Fe—5iOs; bonds. As shown in Extended Data Fig. 5, the 504 ligands bind Fe(11)
more strongly, and as a result, the Fe—gO,; vector (approximately) defines the
magnetic z axis for these sites. T4/T4’ and T8/T8' are therefore best described
as strong axial systems (with a rhombic perturbation), leading to a negative D.
The three cluster models can be further differentiated on the basis of their
predicted Mossbauer parameters. The T6/T6" model reasonably reproduces
the low IS and small |QS| values of a-Fe(11) (calculated IS =0.72mm s~! and
QS=—0.95mm s~} experimental IS =0.89mm s~! and |QS|= 0.55mm s~ !).
The T4/T4’ and T8/T8' Fe(11)-bound models yield similar calculated values
of IS (0.78 mm s~ ! and 0.81 mm s~ !, respectively), but larger values of QS
(+1.38mm s ' and +1.15mm s !, respectively). Reasonable agreement is
also achieved for the T6/T6’ model of a-O (calculated IS =0.22mm s~ ! and
QS=—0.24mm s~ ; experimental IS =0.30mm s ! and |QS|=0.50mm s }).
Contributions to the reactivity of a-O. In order to understand the origin of the
strong (>100kcal mol ') O-H bond of a-*Fe(111)-OH, we evaluated a set of high-
spin Fe(111)-OH and Fe(1v)=0 DFT models (see Extended Data Fig. 8). The
models with square pyramidal geometry with an empty coordination site trans to
the O ligand have the strongest O—H bonds. This geometry destabilizes the
SFe(1v)=0 site relative to the ®Fe(111)-OH, increasing the driving force for O-H
bond formation. This is clearly illustrated with site 1, which features a macrocyclic
ligand similar to the 3-6MR of a zeolite. Removing an H atom from 1-®Fe(1r1)-OH
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results in 1-°Fe(1v)=0 which, like a->Fe(1v)=0, has a vacant trans axial position.
The strength of the 1-Fe(111)-OH OH bond is calculated to be 101 kcal mol !
(versus the 102 kcal mol ™! C-H bond strength calculated for CHy). A second con-
formation of 1-°Fe(1v)=0 is more stable, however. Shifting the oxo from the axial
position to the equatorial position results in stronger bonding?*°. Exchanging
a destabilizing equatorial o-antibonding interaction (occupied o+d,2_,2) for a
stabilizing axial o-bonding interaction (vacant o*d 2) stabilizes the site
by 4.5kcal mol ™. After correction for the strain in the macrocyclic ligand, this
difference increases to 6.0 kcal mol~!. This quantifies the ‘entatic’ contribution to
the strength of the O-H bond in 1-Fe(111)-OH.

Site 2-%Fe(111)-OH, which features a similar first coordination sphere to
1-SFe(111)-OH but without geometric constraints, has a substantially weaker O-H
bond. Removing an H atom from 2-°Fe(111)-OH causes the O ligand to shift from
the axial to the equatorial position. Because of a lack of geometric constraints,
the axial isomer is not a stable minimum for 2-°Fe(1v)=0. As a result, there is no
entatic contribution to the O-H bond strength for this site, and the O-H bond of
2-SFe(111)-OH is weakened by 6 kcal mol ™! relative to 1-°Fe(III)-OH (95 kcal mol
versus 101 kcal mol ). Constraining site 2 to be square pyramidal destabilizes
2-Fe(1v)=O0 site by 6 kcal mol ', resulting in a similar O-H bond strength
to site 1.

Site 3 is qualitatively similar to site 1, in that removing an H atom from
3-%Fe(111)-OH results in the axial conformation of 3-°Fe(1v)=0. The O-H bond
strength of 3-°Fe(111)-OH is 95kcal mol . Site 4 is formed by adding a trans axial
ammonia ligand to site 3. The O-H bond of 4-Fe(111)-OH is 7 kcal mol ! weaker
than that of 3-°Fe(1ir)-OH (88 kcal mol~! versus 95 kcal mol~!). Adding an axial
ligand mitigates the ligand-field stabilization-energy-based driving force for O-H
bond formation (vide supra). The additional ligand also stabilizes the oxidized
Fe(1v) site over the reduced Fe(11) site (that is, causing a change in reduction
potential), further weakening the O-H bond.
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Fe(ll)-BEA
B-6MRv

Fe(ll)-ZSM-5
B-6MRV

Fe(ll)-FER
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Fe(ll)-MOR
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i
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Extended Data Figure 1 | DR-UV-vis spectra of Fe-zeolites. a, Ligand- topologies that stabilize a-Fe(11) have a conserved structural motif—
field DR-UV-vis spectra of three Fe(11)-zeolites that are known to contain the 3-type six-membered ring (3-6MR). b, An example of a 3-6MR is
«-Fe(11): Fe(11)-BEA, Fe(11)-ZSM-5, and Fe(11)-FER. Fe(11)-MOR, which highlighted in this BEA lattice??.

does not stabilize a-Fe(11), is included for comparison. The lattice
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Extended Data Figure 2 | The BEA lattice. a, The structure of the of the same fundamental two-dimensional building unit (highlighted in
fundamental two-dimensional building unit of BEA. BEA is a layered blue). Both polymorphs feature three-dimensional networks of 10 A x 10 A
structure built up from this unit. b, BEA is a disordered intergrowth of channels, large enough to accommodate CH, and other small molecules®?.

two polymorphs, BEA-A and BEA-B, which result from different layerings
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components: components:
IS QS % IS QS %
117 256 4 J1%Abs 117 256 7
1.07 184 3 061 1.22 15
0.89 0.55 93 0.30 0.50 78
L1 aFel L active Fe
) -4 £ 0 2 4 6 -4 2 0 2 4 ) -4 2 0 2 4
velocity (mm/s) velocity (mm/s) velocity (mm/s)
Extended Data Figure 3 | Mossbauer features of Fe-BEA. a, Room- component (IS =0.30mm s~ '; 78%). ¢, This new major species is
temperature Mossbauer data were collected from a sample of Fe(11)- eliminated upon reaction with CH, at room temperature. It is therefore
BEA containing 0.3 wt% Fe. Three Fe components were resolved. assigned to a-O. The IS=0.89 mm s~ ! component of Fe(11)-BEA is thus
Abs, absorption. b, Reacting Fe(11)-BEA with N,O results in loss of assigned to a-Fe(11). Similar Méssbauer features have also been observed
the IS =0.89 mm s~ ! major species and appearance of a new major in Fe-ZSM-5 and Fe-FER, but they have not been assigned to a-Fe(11)’.
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from CASPT2: ring A1 (T6/T6’)
E(z2>2-yA) (am?) 16,750
D(cm?) +13.5
E/D 0.078
g 2.22(x), 2.17(y)
AE g calMIO) 617
d(Fe-0) (A) 1.99, 2.01
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ring A2 (T5/T5’) ring B1 (T1/T2)
16,890 16,550
+13.7 +13.5
0.119 0.104

2.24(x), 2.16(y) 2.23(x),2.16(y)

-618 -625

1.99, 2.01 1.99, 2.01

Extended Data Figure 4 | Influence of 3-6MR identity on predicted
spectral features. DFT-calculated structures of analogous Fe(11) sites
formed in each of the three types of 3-6MR present in BEA (rings Al and
A2 in polymorph A, and B1 in polymorph B). Other atoms have been

omitted for clarity. The table shows that the three sites are highly similar
with respect to their metrical parameters, DFT-predicted Fe(11) binding
energies, and CASPT2-predicted spectral features.
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Extended Data Figure 5 | Influence of catalyst preparation on Fe speciation. a, DR-UV-vis spectra (* = OH overtone) and b, Méssbauer spectra of

Fe(11)-BEA, showing the influence of the lattice Si/Al ratio and Fe loading on Fe speciation.
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Extended Data Figure 6 | Magnetic axes of the cluster models. Orientation of the magnetic z axes of the T6/T6’ (left) and T8/T8' (right) cluster models.
Atoms have been omitted for clarity.
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Extended Data Figure 7 | MCD features of CHy-reacted Fe-BEA. Comparison of MCD data, collected at a temperature of 2.6 K and a field of 7 T, from
N,O-activated Fe-BEA before (black trace) and after (grey trace) reaction with CHy at room temperature.
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Extended Data Figure 8 | Influence of Fe(111)-OH geometry on O-H a shows that this site 1 conformation is destabilized by 4.5 kcal mol !
bond strength. Shown are models of S = 5/2 Fe(111)-OH sites and the (or 6.0kcal mol ™!, after correcting for strain of the macrocylic ligand).
associated S =2 Fe(1v)=0 species, with O-H bond strengths indicated on ¢, Site 2 is bound by two bidentate [AIH,(OH),] ~ ligands resembling Al
the arrows. a, Site 1 features a dianionic macrocyclic ligand resembling a T-sites. d, e, Sites 3 (d) and 4 (e) are bound by acac-like bidentate ligands

B-6MR of a zeolite. b, Geometry optimization of the axial oxo structure in (3-oxo-propenolate).
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Extended Data Table 1 | Excitation energies and oscillator strengths for S=2 Fe(ll) candidate structures

T4/T4 T6/T6’ T8/T8’
excitation energy o.s. energy o.s. energy o.s.
2= Xz 817 8.8x10° 2214 8.2x107 1946 1.2x10”
ZDyz 4158 4.8x107 3183 2.2x10° 3361 2.7x10°
2= xy 3538 7.9x107 4016 1.2x107 3672 5.0x10”7
bt 3o 14541 1.8x10° 16750 7.5x10°% 14260 3.9x10°

The table shows the CASPT2 (refs 8, 11) excitation energies (in cm 1) and corresponding oscillator strengths (0.s.) of ligand-field excited states for the different S=2 Fe(i) candidate structures derived
from the 3-6MR ring Al. In all cases the 3d22*>3dX27y2 transition is the highest-energy ligand-field excitation (the x- and y-axis are defined by the Fe-Ojatiice bonds). This transition has the highest
calculated oscillator strength, by one to two orders of magnitude.
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