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ARTICLE INFO ABSTRACT

Keywords: Oxide-based materials are of key technological importance in different areas including advanced functional
170 materials, solid state chemistry and catalysis. Many of the key questions concerning these areas involve un-
Hyperfine spectroscopy derstanding the chemical bond between the metal and the oxygen ions in the first or subsequent coordinating
I;;;%?{RE shells. The spectroscopic study of oxygen is therefore of fundamental importance to elucidate the complex
Transition metal ions interfacial coordination chemistry that underlies the development of metal-oxide supported catalysts and other
advanced materials. Oxygen atoms at solid surfaces or lining the pores of zeolite frameworks play a vital role in
stabilizing and defining the electronic and geometric structure of single metal atoms or clusters that act as
catalytically active sites. In the case of paramagnetic species, EPR and its related hyperfine techniques offer a
unique opportunity to explore and understand the nature of the chemical bonding in metal-oxide systems
through the detection of the 170 hyperfine interaction. In this perspective we offer an overview of experimental
considerations and relevant examples specific to 170 hyperfine spectroscopy of transition metal ions in zeolites
relevant to catalysis. 17O hyperfine coupling values are obtained, which allow discriminating - and n-bonding
channels in metal-oxygen bonds involving first-row transition metal ions. An exhaustive collection of 7O hy-
perfine and nuclear quadrupole couplings in different systems including molecular and biomolecular chemistry is

provided, emphasizing the connection between interfacial and molecular inorganic coordination chemistry.

1. Introduction

Heterogeneous catalysts based on metal particles dispersed on a
support are central in a high number of important industrial reactions.
The dispersion of the metal particles on a solid such as an oxide, a zeolite
or a carbonaceous material allows to increase the number of atoms of the
catalytically active phase which is accessible to reactant molecules.
However, the function of the solid support is much more than this.
Although for quite a long time the role of the solid has been merely
interpreted as that of a dispersing medium inert from a chemical point of
view, it has now become clear that a given support is potentially capable
of influencing the size and the electronic structure of the supported
metals [1]. The most dramatic effects are observed when isolated atoms
are well-dispersed on the solid substrate, leading to nanostructured
solids that integrate single atomic species, frequently referred to as
“single metal atom catalysts” [2]. Understanding how the electronic
properties of a metal are affected by the interaction of the ligands is the
essence of the inorganic chemistry enterprise. What happens when the
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ligand is an extended surface? This question is central to the design and
implementation of state-of-the-art functional materials containing
transition metals. The rearrangement of the atomic levels of the
surface-bound isolated atom is in fact related to ligand effects, which
ultimately modulate the nature of the chemical interaction between the
atom and the support. Depending on the nature of the ligand-support
bonding and local coordination environment, single metal species
interact with surface atoms forming new bonds at the interface, which
can range from weak interactions, dominated by dispersive forces and
polarization effects, to covalent bonds, involving the mixing of metal
and oxide orbitals, up to net electron transfer interactions resulting in
ionic bonds (see Fig. 1).

The number of methods intrinsically capable to monitor the forma-
tion of chemical bonds between metal atoms and surfaces in terms of
charge delocalization is, however, limited. Even exquisitely surface-
sensitive techniques such as XPS and, less frequently, scanning
tunneling spectroscopy (STS) yield results that are not always unam-
biguous [3]. Nuclear spins constitute an excellent source of information
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about the atomic scale. Due to their selectivity and sensitivity, Electron
Paramagnetic Resonance (EPR) and the associated hyperfine techniques
of Electron Nuclear Double Resonance, Electron Spin Echo Modulation
and Electron-Electron Double Resonance (ELDOR)-detected NMR
(hereafter ENDOR, ESEEM and EDNMR, respectively) can be the key to
find the “needle in the haystack” when the single atoms of interest are
paramagnetic. This is often the case in at least one oxidation state
encountered during a catalytic cycle. Recently, the combination of
electron spin resonance and scanning tunneling microscopy (ESR-STM)
has opened a novel platform to access individual nuclear spins of atoms
on well-defined surfaces [4-7]. However, EPR can be used, and indeed
has been abundantly exploited, in bulk experiments on polycrystalline
materials to investigate isolated atoms or ions [8-12]. Initiated by the
seminal three-pulse ESEEM work of Kevan [13], it was soon realized that
hyperfine spectroscopy can reveal crucial structural information about
the metal catalyst environment. Moreover, the combination with
quantum chemical computations allows the conversion of hyperfine
data into accurate atomistic structures [14,15]. In the case of the
interaction between metals and oxide surfaces such as zeolites, 70 is the
most interesting target nucleus and 170 hyperfine spectroscopy a unique
source of information about the local binding environment around the
metal to rationalize structure—property relationships [12]. This, how-
ever, requires specific 170 enrichment protocols and a judicious choice
of the experimental conditions.

In this Perspective, the potential of different hyperfine techniques in
the study of 70 enriched oxides will be discussed. We focus on zeolites
since they represent an extremely important class of heterogeneous
catalysts and over the years we have considered their interaction with a
large variety of paramagnetic metals to understand how EPR parameters
relate to electronic configuration and interfacial coordination. There-
fore, rather than presenting an exhaustive overview of all existing
literature on 70 EPR, we highlight the possibilities and challenges of
the different approaches and illustrate them with a selected number of
examples taken from our recent research together with some original
data.

2. Materials and methods

The H-ZSM-5 zeolite (commercial sample CBV8014, supplied by
Zeolyst, Si/Al = 40) was dehydrated by thermal treatment at 673 K
under dynamic vacuum (residual pressure <10-4 mbar) for two hours
and subsequently calcined at 773 K in O, atmosphere to remove
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spurious organic residues.

Framework substitution of %0 by 170 was obtained by heating the
dehydrated H-ZSMS5 at 120 °C for 2 h, in presence of H3”O (86% isotopic
enrichment) vapors.

Zn- and Cd-loaded ZSM-5 were prepared by in situ sublimation of the
metals on the 170 enriched H-ZSM-5 zeolite. The activated zeolite was
exposed for 2 min to the metal vapours and subsequently photo-
irradiated with UV/Vis light with a 1500 W xenon lamp (New Port In-
struments). The metal content was estimated to be of the order of 2% wt
by energy dispersive X-ray spectroscopy (EDS), with a scanning electron
microscopy FEI Quanta 200 FEG-ESEM equipped with an EDAX EDS
detector.

V doping was achieved by an anhydrous vapour exchange process at
room temperature. The 7O-enriched zeolite was exposed to the VCly
vapours in a quartz cell equipped with an EPR tube. The cell was
evacuated after the reaction to remove excess VCly and the reaction
products (HC).

X-band (microwave frequency 9.46 GHz) CW EPR spectra were
performed on a Bruker EMX spectrometer equipped with a cylindrical
cavity. A modulation frequency of 100 kHz, a modulation amplitude of
0.2 mT, and a microwave power of 0.02 mW were used. Q-band (mi-
crowave frequency 33.7 GHz) CW-EPR experiments were performed on
a Bruker ELEXYS 580 EPR spectrometer, equipped with helium gas-flow
cryostat from Oxford Inc. All samples were introduced in the EPR tubes
in a glove box (02 < 0.5 ppm, H20 < 0.5 ppm) and sealed in order to
avoid contact with the atmosphere.

Electron-spin-echo (ESE) detected EPR spectra were recorded with
the pulse sequence n/2—7—n—7—echo. Pulse lengths t;/» = 16 ns and t;
= 32 ns, a 7 value of 200 ns. Hyperfine Sublevel Correlation (HYSCORE)
experiments were carried out with the pulse sequence n/2-7-1/2-t;-n-to-
n/2-7-echo, applying a eight-step phase cycle for eliminating unwanted
echoes. Microwave pulse lengths t;/» = 16 ns, t; = 32 ns were used the
interpulse delay 7 value for each spectrum is reported in the figure
captions. The time traces of the HYSCORE spectra were baseline cor-
rected with a third-order polynomial, apodized with a Hamming win-
dow and zero filled. After two-dimensional Fourier transformation, the
absolute value spectra were calculated.

Q-band Davies ENDOR spectra were recorded using the pulse
sequence n-T- 1/2- t- n-t-echo with t; = 32 ns and t; /5 = 16 ns, trr = 14
ps, T = 16 ps and 7 = 200 ns. The use of unselective microwave pulses
suppresses the small hyperfine couplings in favour of large ones. All EPR
spectra were simulated employing the Easyspin package [16].
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Fig. 1. Schematic illustration of a) electronic structure of isolated and supported single metal atoms; b) most relevant type of metal-support interactions.
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Periodic model of V'VO/ZSM-5 and Cu'/ZSM-5 were built starting
from purely siliceous Silicalite-1 MFI structure (as refined by Artioli and
co-workers [17]) by replacing two T8 sites of the same six-membered
ring (y-ring) by two Al atoms. The excess of negative charge was
exactly compensated by introducing one VVVO?* group or Cu® cation
inside such ring, close to the Al sites (space group P1). Geometry opti-
mization of the periodic models were performed by using the massive
parallel version of CRYSTAL17 code (MPPCRYSTAL) [18-20] in the
frame of Density Functional Theory (DFT) adopting the hybrid B3LYP
method, Becke’s three parameters exchange functional and the corre-
lation functional from Lee, Yang and Parr [21,22]. Dispersive in-
teractions were taken into account empirically through the so-called
DFT-D3 method in conjunction with a three-body correction [23,24].
Pob-TZVP-rev2 basis set was adopted for all the elements [25]. Further
computational details concerning periodic calculations are described
elsewhere [14,15].

Molecular cluster calculations were carried out with Orca code
(v5.0.3) [26] to compute 7O hyperfine couplings. VIVO/ZSM-5 and
Cu'/ZSM-5 cluster models were cut out from the related optimized pe-
riodic structure and the dangling bonds were saturated with hydrogen
atoms orientated along the broken bonds. No further geometry optimi-
zation was performed in order to maintain the same relaxed atomic
coordinates as in the optimized periodic structure. The net charge on the
molecular models was set to 0 in a doublet spin state. The B3LYP
functional in conjunction with CP(PPP) [27] for V atom and EPR-III [28]
basis sets for the O atoms directly bound to the V were employed. All the
other elements were treated with the def2-TZVP basis set [29]. The
spin-orbit coupling (SOC) contribution was explicitly treated by using
complete mean-field spin-orbit operator (SOMF) [30]. Increased inte-
gration grids were employed (DefGrid3) and tight energy convergence
settings were applied throughout (TightSCF).

3. Results and discussion

3.1. Open-shell transition metal ions and 170 enrichment of zeolite
materials

Zeolites are aluminosilicates made of tetrahedral units, which are
fully connected through oxygen atoms to form open, porous frame-
works. Substitution of silicon by aluminium within the framework in-
troduces a negative charge that needs to be balanced by cationic species
(often called extra-framework cations) that distribute in the pores and
channels of the solid. In a number of relevant cases, the extra-framework
cations are transition metal ions (TMIs) featuring paramagnetic states.
TMIs display a variety of coordination numbers with 02~ ions, which
determines the stereochemistry of the interfacial complex. It is the
combination of the chemistry of the framework oxide ions and extra-
framework cations together with the microporous architectures that
confers to metal-loaded zeolites some exceptional properties that are
utilized in many different industrial applications, from heterogeneous
catalysis to ion exchange.

To explore in details the interfacial coordination chemistry of TMIs
in zeolites with EPR, it is therefore mandatory to recover the hyperfine
interaction between the metal electron spin and oxygen nuclear spins.
Due to its low natural abundance (0.038%), 170 isotopic enrichment is
needed. Given the high cost of 170 labelling, isotopic enrichment pro-
tocols (or the adaption of existing ones), need to be developed to ensure
maximum atom economy. To this end we optimized post-synthetic
treatments using 17O enriched water vapours. After standard zeolite
activation at 673 K under dynamic high-vacuum conditions (equilibrium
pressure <10~* mbar), the dehydrated solid (about 20 mg) is contacted
at room temperature with H%7O(g) vapours (20 mbar) and steamed at
393 K. Under these conditions an efficient 170 isotopic enrichment of the
order of 70% around the metal centre is achieved, as evaluated through
the intensity of 170 EPR hyperfine transitions [31]. It is to note that, at
variance with solid-state NMR spectroscopy where 170 enrichment is
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typically performed through hydrothermal exchange processes with
H§70(1) to achieve bulk exchange [32], the sensitivity and selectivity of
EPR towards paramagnetic species require to monitor only the O atoms
directly linked to the paramagnetic metal. These correspond to oxide
ions surrounding Si-O-Al motives that are more easily exchanged as
compared to Si-O-Si units. For this reasons, ’O enrichment can be
achieved with mild and atom-economic procedures.

Since this perspective is devoted to the use of EPR spectroscopy and
170 labelling to derive electronic and geometrical structures of metallic
ions supported on oxides, the following sections provide experimental
considerations and relevant examples specific to 70 hyperfine spec-
troscopy of TMIs in zeolites relevant to catalysis. We have chosen to
make these sections free of heavy formalism but comprehensive enough
to help the non-EPR reader navigating the ever-growing EPR literature.

3.2. 170 hyperfine spectroscopy

170 is the only stable isotope of oxygen with a nuclear quantum
number of I = 5/2, and a negative nuclear g factor go = —0.75752. A
nucleus with I = 5/2 with a non-zero quadrupolar interaction, coupled
to one unpaired electron with S = 1/2 features a total of 12 energy levels
at high field, six for each of the two electron spin manifolds (see Fig. 2a).
Because of the associated nuclear quadrupole interaction, the energy
spacing between pairs of sublevels is not even but shifted proportionally

to mf.

3.2.1. Continuous wave (CW-) EPR of 170 enriched samples

The spin multiplicity rule, common to NMR, dictates that 2nl+1 lines
are expected for each nucleus coupled to the electron spin, where I is the
nuclear spin quantum number and n is the number of magnetically
equivalent nuclei. In case of a single 170 nucleus, six lines with equal
intensity are therefore expected, whereas two equivalent }’O nuclei
yield an eleven-line spectrum with relative intensities
(1:2:3:4:5:6:5:4:3:2:1). Depending on the linewidth of the EPR spectrum
and the magnitude of the hyperfine coupling, the isotopic enrichment
either manifest as an additional broadening of the EPR line (as compared
to the unlabelled sample) or as additional lines at either side of the
spectrum. When the enrichment strategy does not guarantee full sub-
stitution of all 0 nuclei with 170 isotope, the experimental spectrum is
a superposition of several sub-spectra arising from various isotopomers,
namely species displaying every possible combination of the two iso-
topes. For instance, for an electron spin coupled to two oxygen nuclei,
four isotopomers are possible: 1°0°0, 160170, 170'%0 and }70'70. The
relative ratios, P"", follow the binomial distribution and are given by
P66 — (1 - p)?, P57 — 2p(1 - p) and P7Y7 = p?, where p is the 170
enrichment level [33], as summarized in Fig. 2b. If the 170 hyperfine
coupling is resolved, inclusion of all possible isotopomers in the simu-
lation of the experimental spectra offers a way to estimate the degree of
enrichment directly from EPR data, as it is shown in Fig. 3.

3.2.2. ENDOR of 170 enriched samples

ENDOR monitors the actual NMR transitions induced by an incident
radio frequency (RF) through the intensity change of the EPR signal.
Both the RF and microwave (MW) radiations are applied during an
experiment, hence the name double resonance. The most common
pulsed ENDOR experiments are called Mims and Davies ENDOR, from
the names of their respective inventors. Mims has greater sensitivity and
it is particularly suited for small hyperfine coupling, while Davies allows
the detection of arbitrary large hyperfine couplings at the cost of
sensitivity [34]. In addition, Mims ENDOR suffers from so-called “blind
spots” that will be addressed in the description of ESEEM and HYSCORE
spectroscopies.

The ENDOR spectrum reports the relative intensity change of the
EPR signal as a function of the applied RF frequency. ENDOR lines
appear when the resonance condition I%NDOR = |u; + A/2| is met, where
v is the Larmor frequency of the nucleus under investigation (given by
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Fig. 2. a) Energy level splitting diagram for a S = 1/2 and I = 5/2 system illustrating the first-order energy level shifts due to the quadrupole interaction in the high-
field regime. ¢>qQ > 0, n = 0 and a nucleus with g, < 0 are assumed. The magnetic field is assumed parallel to the z axis of the nuclear quadrupole tensor. EPR
transitions are indicated in blue, NMR single-quantum transitions are in red and double-quantum NMR transitions are in green. b) Number of EPR lines and

abundance of the oxygen isotopomers for a representative site involving two oxygen nuclei.
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of the order of 70%. The 170 hyperfine coupling tensor of 170 has been derived from 170 ENDOR data [14].



Y.-K. Liao et al.

v = guinBo/h) and A is the orientation dependant hyperfine coupling
containing both the isotropic and anisotropic contributions to the hy-
perfine tensor.

It is useful to distinguish between two limit scenarios called the
weak-coupling and strong-coupling regimes, respectively. Considering
the simple spin system S = % and I = !4, in the weak-coupling limit, the
orientation dependant hyperfine coupling is less than the nuclear Lar-
mor frequency (v; > A/2). In this case, ENDOR lines are centred at the
Larmor frequency and separated by the hyperfine coupling. On the other
hand, in the strong-coupling limit, the orientation dependant hyperfine
coupling is larger than the nuclear Larmor frequency (v < A/2),
therefore ENDOR lines are centred at half the hyperfine coupling and
separated by twice the Larmor frequency.

The ENDOR selection rules for a quadrupolar nucleus such as 170 are
modified to include the orientation dependant quadrupole coupling:

Vivpor = V1 :k:% + 3P<m1 +%> ‘ 1)
where P is the effective quadrupole interaction [35]. The ENDOR
spectrum for a crystal-like orientation will therefore appear as a pair of
lines centred at v, separated by A and additionally split into 5 lines by
the quadrupole interaction [36]. These splittings are often unresolved,
leading to a significant broadening of the spectra. Moreover, some of the
transitions appear at too low frequencies to be detected at the conven-
tional X-band frequencies. In addition, at this MW frequency the 170
ENDOR signals often overlap with those of protons, making the inter-
pretation of the spectra non-trivial. For these reasons higher MW fre-
quency, when possible, offers significant advantages for the detection of
70 ENDOR signals, although in favourable circumstances X- and
Q-band frequencies can provide enough resolution.

3.2.3. ESEEM/HYSCORE of 170 enriched samples

ESEEM indirectly monitors nuclear transitions (i.e. NMR) through
EPR transitions. This is a consequence of the simultaneous excitation of
forbidden and allowed EPR transitions which are coherently pumped by
short and intense MW pulses and, contrary to ENDOR, it does not require
the application of an additional RF field. ESEEM is intrinsically a time-
domain technique and hyperfine and quadrupole interaction manifest
in the primary data as modulations of the amplitude of the electron spin
echo in the time domain [37]. Subsequent Fourier transformation of the
experimental data gives a spectrum in the frequency domain. ESEEM is
formidable at measuring hyperfine couplings that are of the order of the
nuclear Larmor frequency (weak-coupling limit).

The simplest ESEEM experiment, called two-pulse (2p-) ESEEM,, is
based on the Hahn-echo decay pulse sequence. Hyperfine and quadru-
pole modulation appears superimposed to the echo decay (Ty,) and are
related to the nuclear transitions within an electron spin manifold. A
downside of 2p-ESEEM is that combination (sum and difference) of
intrinsic nuclear frequencies also appear in the frequency spectrum
increasing the congestion of the experimental data.

A convenient way to eliminate combination frequencies is to resort
to three-pulse (3p-) ESEEM that is based on the stimulated-echo pulse
sequence. The first two z/2 pulses are kept fixed and separated by a
delay 7, whereas the third z/2 pulse is applied at a variable time T and
the stimulated echo appears at time 7 after T. Since it depends on T;
rather than Ty, 3p-ESEEM yields spectra with narrower lines further
improving spectral resolution. However, the fixed delay ¢ generates a
polarisation grating (with period 1/7) that periodically suppresses spe-
cific nuclear frequency causing the appearance of the so-called blind-
spots. Such an effect can be conveniently used to suppress certain fre-
quency components while enhancing others.

The bi-dimensional (2D) extension of ESEEM is called HYSCORE,
HYperfine Sublevel CORrElation spectroscopy. HYSCORE [38] is based
on the 3p-ESEEM sequence, but a fourth unselective & pulse is added at
variable time between the second and third z/2 pulses. This splits the
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time T in 3p-ESEEM into two independent times which are converted
into the two frequency coordinates by double Fourier transformation. It
is to note that HYSCORE also suffers from the blind-spot dependence.
HYSCORE improves the spectral resolution by dispersing peaks over two
dimensions minimising spectral overlaps. This makes all the information
buried in a mono-dimensional (1D) ESEEM experiment more accessible.
A HYSCORE cross-peak represent a correlation between the frequency of
a nucleus in an electron spin manifold (e.g. mg = +1/2) and the fre-
quency of the same nucleus in another spin manifold (e.g. mg = —1/2).
HYSCORE spectra are often reported as two back-to-back quadrants
labelled (+,+) and (-,-+). Nuclear spin transitions in the two different mg
manifolds are correlated to each other by non-diagonal cross-peaks,
appearing at (Vy, vg), (Vg, Vo) and (vq, —Vp), (vs, —V,) in the (+,+) and
(+,—) quadrants, respectively. Correlation peaks appearing in the (+,+)
quadrant typically arise from nuclei for which the hyperfine coupling is
less than the nuclear Larmor frequency (weak-coupling). Correlation
peaks in the (-,4) quadrant usually belong to nuclei for which the hy-
perfine interaction is greater than the Larmor frequency (strong--
coupling). HYSCORE usually yields highly resolved spectra even for
quadrupolar nuclei and it has become the standard experiment for the
measurement of complex hyperfine and quadrupole spectra. Both
ESEEM and HYSCORE obey to the same selection rules detailed in the
ENDOR section. Sensitivity enhancements can be obtained by using
variants of HYSCORE such as Matched HYSCORE or six-pulse (6p-)
HYSCORE [20].

When the hyperfine interaction (hfi) and nuclear quadrupole inter-
action (ngi) are weak compared with the nuclear Zeeman interaction,
approximate expressions allowing for a qualitative analysis of the fre-
quencies of the nuclear transitions have been given by Astashkin et al.
[39]. The 2D HYSCORE spectrum for a S = 1/2 coupled to a single 170
nucleus (I = 5/2) theoretically consists of 2(21)2 = 50 cross-peaks solely
from Am; = + 1 nuclear transitions, named single-quantum transitions
(shown in red in Fig. 2a). In addition, a HYSCORE spectrum should
exhibit a variety of correlation peaks from Am; = + 2 or Am; = + 3
transitions, called double- and triple-quantum transitions, respectively.
However, the intensity of most of the correlation peaks is very low due to
the hyperfine and nuclear quadrupole anisotropies and the majority of
the cross-peaks are too weak to exceed the noise level. From the large
number of theoretical cross peaks, it is evident how the spread of tran-
sitions over two dimensions is a great advantage afforded by HYSCORE
with respect to the 1D ESEEM. The transition frequencies of 170 between
the states with the nuclear spin projections m; = —1/2 and m; = +1/2 are
those least affected by the nuclear quadrupole interaction. Therefore,
these transitions are the most intense, and their frequencies are
approximately (to first order in the hyperfine and nuclear quadrupole)
given by v = v + A/2, where v is the 170 Zeeman frequency and A is the
orientation dependant hyperfine coupling. Although the ngqi splits each
of the fundamental frequencies (v, and v) into 2I different components,
these splittings are usually broadened beyond detection due to the
anisotropic hfi and/or strain effects.

The arsenal of hyperfine techniques is completed by EDNMR ex-
periments [40]. Although not used in this work, it is worth mentioning it
for the sake of completeness, as this technique has been successfully
used to study metal-oxygen interactions [41]. EDNMR is a
polarisation-transfer pulsed EPR technique where — at variance with
ENDOR - spin forbidden transitions (involving the change of both the
electron and nuclear spin projection direction) are excited using a
high-turning-angle (HTA) microwave pulse [42]. Among hyperfine
techniques, EDNMR is the least affected by the fast relaxation of electron
spins, however suffers from poor resolution for low y-nuclei such as 170.
Successful detection of 170 metal interactions has been reported at
W-band [43], although recently the use of Gaussian HTA pulses proved
to be very promising in the detection of 17O transitions at Q band fre-
quency [44].

Regardless of the specific experiment, an important experimental
parameter is the working MW frequency and consequently the applied
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magnetic field. Similar to NMR higher MW frequency improve sensi-
tivity and increase spectral resolution allowing to better resolve each
individual g-component. This is visible both in CW than in pulsed EPR.
Concerning pulsed EPR, there are two additional consequences that
contribute to simplify the recorded spectra. Firstly, due to the depen-
dence of the hyperfine transitions on v, a higher working frequency
translates to higher spectral resolution as signals from nuclei with
similar g, are less likely to overlap. Secondly, and specifically referring
to ESEEM/HYSCORE, few transitions are excited leading to a simpler
spectrum. On the other hand, hyperfine modulation become shallower
as the working MW frequency is increased due to difficulties associated
with the simultaneous excitation of forbidden and allowed EPR transi-
tions. From our experience, Q-band (34 GHz) represents a good
compromise between spectral resolution and sensitivity for the detec-
tion of hyperfine couplings between a TMI and 170 nuclei, considering
the size of the Q-band EPR tubes, which allow polycrystalline powdered
materials used as heterogeneous catalysts, to be studied under vacuum
or controlled atmosphere.

3.3. Metal-oxygen o-bonding. Zn!, Cd' and Cu™ in zeolites

In the course of our research, we have been focusing on the study of
isolated magnetic atoms on oxide surfaces, with specific attention to
their electronic properties and reactivities. An interesting example is
provided by the case of monovalent metals of group 12 of the periodic
table (Zn' and Cd") and Cu" cations stabilized in zeolites. The formation
of the unusual monovalent oxidation state of Zn and Cd is promoted by
electrostatic reasons. Neutral Zn or Cd atoms can reduce Bronsted acidic
protons at Al-OH sites, resulting in Zn" [45] and Cd " [46] ions with a 45!
and 5s' electron configuration. Evaporation of Zn on a protonated
zeolite leads to a narrow CW-EPR spectrum resonating at g = 1.99 and
displaying almost unresolved anisotropy at X-band (Fig. 4a), while the
three components of the g-tensor are clearly resolved at Q-band fre-
quency (Fig. 4c). The same experiment carried out on a 1”0 enriched
zeolite leads to the complex spectral pattern shown in Fig. 4b and d,
clearly showing the presence of an 11-line 7O hyperfine pattern
superimposed to the unlabelled Zn" spectrum [31].

The presence of an 11-line pattern calls for the interaction with two
magnetically equivalent oxygens (Fig. 2b) and from the relative in-
tensities of the three isotopomers the level of isotopic enrichment can be
established (see Fig. 3). However, to achieve this, a reliable determi-
nation of the 70 hyperfine tensor should be available, which is not
easily extracted solely from the CW-EPR spectrum. From a methodo-
logical point of view, it is therefore important to extract the hyperfine

a)

b)
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* d)

1180 1190 1200 1210 1220 1230
B (mT)

Fig. 4. Experimental X-band CW-EPR spectra of a) unlabelled Zn'/ZSM-5 and
b) 170 enriched Zn'/ZSM-5. Experimental Q-band CW-EPR spectra of ¢) unla-
belled Zn'/ZSM-5 and d) 7O enriched Zn'/ZSM-5. The asterisk in d marks a
spurious baseline signal.
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tensor accurately, a task readily accomplished by ENDOR/HYSCORE
spectroscopies. In Fig. 5 representative Q-band Davies-ENDOR and
HYSCORE spectra of Zn'/ZSM-5 are reported. The Q-band Davies
ENDOR spectrum (black trace in Fig. 5a) is characterized by a broad
doublet separated by twice the 170 Larmor frequency (6.93 MHz at 1.2
T) and centered at A/2. The asymmetry shown by the two doublets re-
flects the anisotropy of the hyperfine coupling while the unresolved
nuclear quadrupole interaction contributes to the linewidth. Spectra
taken at different field positions allow to recover the full }’0 hyperfine
tensor, which is characterized by a large |ajs,| of ~ 50 MHz indicative of
a o-bonding interaction. The optimal choice of the operational fre-
quency is important, as shown by the simulated spectra at X- and W-
band frequencies. At X-band the lower nuclear Larmor frequency leads
to an overlap between the transitions in the mg = —1/2 and mg = 1/2
electron spin manifold, which would result in an unresolved spectrum.
Recording the spectrum at even higher MW frequency, for instance W-
band frequency, is in general advantageous [47], although in this spe-
cific case one of the nuclear transitions falls in the low frequency region,
which often suffers from poor sensitivity. Moreover, for air-sensitive
powder samples, W-band capillaries are impractical leaving Q-band
setup as an optimal compromise for the detection of 70 hyperfine
spectra.

While Davies ENDOR is ideally suited to detect the large 17O hy-
perfine couplings, HYSCORE experiments complement the character-
ization by detecting small couplings in the weak-coupling regime
(2|y1|>|A[). The Q-band 70-HYSCORE spectra taken at two different
interpulse delays 7 are shown in Fig. 5b. In the (-,+) quadrant cross-
peaks are observed, which correspond to the large hyperfine couplings
also detected in the ENDOR spectrum, while in the (+,+) quadrant a
ridge with maximum extension of 9 MHz is clearly observed.

Analysis of all the 70 EPR spectra (CW, ENDOR and HYSCORE)
provides conclusive evidence that Zn' species in zeolites are strongly
bound to two equivalent oxygen donor atoms of the framework and
weakly interacting with a third one. Moreover, the magnitude of the 170
isotropic coupling (~ 50 MHz) indicates a spin delocalization over the
oxygen donor atoms of the order of 10%, which in turn stems from a
non-negligible degree of covalency to the metal-oxygen bond. This
observation is non-trivial especially considering the charged nature of
the Zn' species. Such large 0O isotropic coupling can be taken as
diagnostic of o-type bonding as testified by similar values obtained in
the case of Cu" in 170 enriched CHA [12] and ZSM-5 [48] zeolites.

The interaction between the transition metal 3d and the oxygen 2p
orbitals via hybridization underpins many of the phenomena in transi-
tion metal oxide materials [49]. It is therefore interesting to evaluate the
oxygen hybridization character, which can be described as sp”™ with n =
(pp/ps). Using the atomic parameters of agp = —4622.83 MHz and by =
130.4 MHz, which correspond to the hyperfine coupling predicted for
unitary spin density in oxygen 2s and 2p orbitals [50], ps and p, can be
estimated (Table 1) according to

_ Giso 8e |

)
Ao 8iso

T s
Pp =7~
! bO 8iso

@

s

where ajsoand T are the experimental isotropic and dipolar hyperfine
couplings, g. the free electron g value (2.0023) and giso = 1/3(gx+8y+82)
[14,31].

In the case of Zn and Cd, the oxygen hybridization ratio is close to 2
while for the Cu case is much higher, implying a 88.5% p character of
the O—Cu o-bond in this case. This is at stark difference with the case of
N—Cu bonds such as those involving imidazole nitrogen ligands in the
copper tetraphenylporphyrin (CuTPPP) complex. In this case, while the
total spin density on the ligands is of the same order (about 35 for O—Cu
bonds and 38 for N—Cu in Table 1), the hybridization ratio of the ni-
trogen is close to 2 implying a sp hybrid character of the N—Cu o-bond.
The experimentally derived values nicely agree with the calculated
Lowdin partition analysis of the spin density which provides
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Fig. 5. a) Experimental (black) and simulated (red) Davies ENDOR spectra of 170 enriched Zn'/ZSMS5. The blue and green lines simulate the nuclear transitions in the
mg = —1/2 and mg = % electron spin manifolds. b) Experimental Q-band HYSCORE spectra of 70 enriched Zn'/ZSM5. The spectra were recorded with the pulse
sequence 1/2-7-1/2-t;-T-ty-1/2-n-echo, applying a eight-step phase cycle for eliminating unwanted echoes. Microwave pulse lengths t;/,» = 16 ns, t; = 32 ns, and a shot
repetition rate of 0.5 kHz were used. The t; and t, time intervals were incremented in steps of 8 ns, starting from 200 ns giving a data matrix of 250 x 250 points. The
time traces of the spectra were baseline corrected with a third-order polynomial, apodized with a Hamming window and zero filled. After two-dimensional Fourier
transformation, the absolute value spectra were calculated. The grey shadow indicates the distribution of the blind spots for the two 7 values reported on the top of

each spectrum.

Table 1

Experimentally derived bonding parameters for the metal-zeolite complexes,
calculated spin populations (%) at ligand atoms (p;) as well as in 2 s (ps) and 2p
(pp) orbitals, and spin hybridization coefficients (n = p,/ps). The data relative to
nitrogen ligands are relative to CuTPP, taken from Brown and Hoffman [51].

Zn Cd Cu

Oxygen pL = ~ 34.6

Ps 1.1 0.86 1.1/0.87

Pp 1.6 2.0 8.5/6.6

n 1.45 2.3 7.7
Nitrogen pL - - 37.7

Ps - - 3.05

Pp - - 6.37

n - - 2.09

hybridization parameters n = 4.2 and 3.9 for Zn and Cd respectively and
a larger value n = 8.7 for Cu, where the difference appears to be related
to the constrain imposed by the maximization of metal-oxygen orbital
overlap when s and d orbitals are involved. Importantly, such a large
difference in the p/s character is not reflected by a significant change in
the geometry. Indeed, the Si-O-Al bonding angles of the different com-
plexes (Fig. 7) remain in the range 137° (Cu) and 131° (Zn). This is in
part due to the constraint imposed by the rigid framework and highlights
that the p/s character of a bond is not simply determined by geometry,
stressing the importance to determine the effective hybridization
experimentally, and not to impose a value in advance.

3.4. Metal-oxygen n-bonding. V' in zeolites

A complementary scenario is offered by V'V which is a 3d* TMI also
of relevance in catalysis.

Vanadium may be deposited within the zeolite framework through a
number of ways. Among these, the evaporation of molecular precursors
such as VOCIl3 or VCly with low vapour tension are particularly well
suited to generate isolated single sites [52,53]. We used this strategy to
characterize the V-O interaction in a vanadium-exchanged H-ZSM-5
labelled with 70 [54]. The formation of VO?' isolated species was
achieved by vapour exchange of VClye). The CW-EPR spectra of the
unlabelled and 170-labelled samples are virtually indistinguishable
indicating that 170 hyperfine interactions and the corresponding spin
density delocalization are small. 1”0 HYSCORE experiments at Q-band
(Fig. 6a) reveal such interactions in term of cross-peaks centred at the
170 Larmor frequency. The corresponding X-band HYSCORE spectrum is
shown in Fig. 6b. In this case, the spectrum is dominated by the presence
of cross-peaks in the (-,4+) quadrant at approximately (—11, 3.5) MHz
(—3.5, 11) MHz which can be ascribed to double-quantum transitions
arising from the hyperfine interaction of the unpaired electron with a
70 nucleus. Single-quantum transitions fall in the region between —2
and —6 MHz. Simulation of the spectra recorded at the two microwave
frequencies revealed to be rather challenging and a reasonable agree-
ment was obtained using the following set of spin-Hamiltonian param-
eters: @i~ 5.5 + 2 MHz, T~ 0.5 + 0.5 MHz and €>Qq/h ~ 9.5 MHz. The
simulation obtained by using these parameters are reported in Fig. 6¢
and d and indicate a ajs,value slightly larger than what reported previ-
ously by some of us [54], but in line with couplings assigned to equa-
torially bound oxygen atoms in pentacquo vanadyl complexes [41,55].

A positive sign is assigned to the isotropic hyperfine coupling (ajs,) in
agreement with DFT calculations and NMR measurements on similar
systems [41,55]. The ajsoterm (Fermi contact term) arises from the finite
probability of finding unpaired electron spin on an atomic s orbital.
Given the negative gyromagnetic ratio y of the 170 nuclear spin, the
positive sign of the hfi corresponds to a negative contribution of the spin
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experimental spectra were recorded at T = 30 K.

distribution in the oxygen 2s orbital, which arises from the effective
polarization induced by the unpaired electron spin density in the 2p
orbitals perpendicular to the V-O bond. Indeed, the calculated spin
density plot (Fig. 7b) graphically shows the negative spin density (blue)
in the oxygen hybrid orbitals aligned along the V-O bonds and the
positive (cyan) spin density in the p orbitals perpendicular to the bond.
This is opposite to water coordination to nitroxide spin labels, where a
negative ajso(positive spin density at the oxygen) is observed because of
a direct spin density transfer via overlap of the SOMO with the H atom of
a hydrogen bonded water molecule [56].

If we focus on the magnitude of the spin-Hamiltonian parameters, it
is immediately evident that for 3d! species the 170 hyperfine interaction
is one order of magnitude smaller with respect to 4s® species. This re-
flects a limited overlap between the metal 3d and oxygen 2p orbitals
which, in turn, is characteristic of n-bond interaction. Similar values
were reported for }7O-labelled pentacquo vanadyl molecular complexes
[43,55] but also for [Ti(H20)¢]>* complexes [57]. On the other hand,
the 170 hyperfine coupling for the V = O vanadyl moiety has been re-
ported to have a similar aj;, = 8.4 MHz but a much larger dipolar
coupling (T =~ 7.6 MHz from [55]). This seems to be a common feature of
the TMIs displaying sp?-oxo bond. Indeed, similar values were found for
other metal-oxo linkages, such as Mo=0 [58].

4. Microscopic structures from 170 hyperfine interactions and
theoretical modelling

The 170 hyperfine couplings of oxygen donor atoms coordinating the
metal ion are diagnostic of its geometric structure, accounting even for

tiny structural differences [14]. The proper reproduction of these pa-
rameters with electronic structure methods thus ensures the translation
of the spectroscopic fingerprints into microscopic structures. To this
regard, in case of solid-state systems, the adoption of models featuring
periodic boundary conditions and semi-empirical corrections for the
dispersive interactions is essential to obtain a more reliable geometry
with respect to a molecular cluster approach. Once obtained the relaxed
periodic structure, the hfi couplings may be calculated by either
extracting a cluster model (keeping the same geometry, multiplicity and
charge as in the periodic model) or continuing with a periodic approach.
Due to the localized nature of EPR properties, both the approaches lead
to similar results as long as the size of the cluster model includes up to
the third coordination sphere of the paramagnetic center.

Hybrid Density Functional Theory (DFT) methods provide a satis-
factory description of the covalency of the metal-oxygen bonds in zeo-
lites in most of the cases [14,31] and the calculated 170 hyperfine
couplings from the oxygen donor atoms directly coordinated to the
metal ions are in reasonable agreement with the experimental values
(Table 2). The negligibility of the spin-orbit component of the hfi as well
as of the relativistic effects for lighter nuclei permits to achieve higher
accuracy in predicting the hyperfine couplings of O ligands compared to
the case of metal nuclei [39,59,60]. The calculation of the ajsterm re-
mains challenging since it strongly depends on core-polarization effects
which are difficult to model with high accuracy [61]. This can be
partially mitigated by using specific basis sets rich of functions in the
core region [28].

We remark that popular hybrid DFT functionals may exaggerate the
spin delocalization over specific ligands (e.g. OH™) leading to a
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Fig. 7. Computed spin density distribution contoured at 4+ 0.002 electrons/a3 (cyan = positive spin density; blue = negative spin density) for transition metal ions in
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Table 2

Comparison between computed and relevant experimental 1’0 hyperfine cou-
plings for oxygen donor atoms directly coordinated to the metal ions in ZSM-5
zeolite. The hyperfine couplings are given in MHz.

System |aisol |7 Reference
cu-0 Computed 45.6 18.6 This work
45.2 17.3
47.1 18.9
44.0 17.3
Experimental 51.0 14.0 [48]
viV.0 Computed 3.7 3.4 This work
3.4 2.7
3.1 3.1
3.2 3.3
Experimental 4.13 3.1 [54]
Zn'-0 Computed 55.1 15.7 [31]
55.5 17.0
Experimental 52.0 10.0
cd-o Computed 45.2 13.7 [31]
44.7 13.3
Experimental 40.0 10.0

overestimation of hfi couplings. In those cases, it is crucial to adopt more
expensive wave-function based methods such as Coupled Cluster with
Single and Double excitations (CCSD) which yield a correct description
of the spin density and, thus, of the hyperfine couplings (the interested
reader is referred to [15]).

5. Outlook and conclusions

70 hyperfine interactions between TMIs and surface oxygen atoms
are key elements to establish correlations between the properties of
molecular ligands and interfacial atoms for the design of structurally
defined sites on surfaces for a range of applications. This link is exem-
plified by the hyperfine and nuclear quadrupole data reported in Table 3
for TMI-'70 bonds. In compiling Table 3 we did not limit to solid-state

systems, but we considered all the most recent and complete data
available. The scope of Table 3 is to summarise all the data on 17O hy-
perfine coupling currently available and help draw predictions
regarding the nature of a binding site and the corresponding chemical
bond. Examination of the reported data shows that for S = 1/2 species
oxygen coordination via 6-bonding is characterized by large (negative, i.
e. corresponding to a positive spin density at the oxygen donor atoms)
Fermi contact terms of the order |50-60| MHz while small and positive
(corresponding to the presence of negative spin density) couplings of the
order of 5-7 MHz are typically observed in the case of n-bonding in-
teractions and provide fingerprint signatures to identify the different
bonding channels. Nuclear quadrupole values for 170 fall in a relatively
narrow range spanning 3-11 MHz. The link between molecular and
interfacial inorganic complexes is further emphasized by the computed
spin density plots reported in Fig. 7, where the spin density delocal-
ization for cu", VIVO, Zn' and Cd' are reported (see Table 2 for the
corresponding spin-Hamiltonian derived parameters). These provide a
convenient way to visualise and understand the experimental results.
For instance, the 45° tilting of the lobes of the metal 3d orbitals from
vVo (3dxy ground state) to cu" (3d2,¢y ground state) graphically shows
the origin of the different (one order of magnitude) 170 hfi and indicate
the shift from z- to 6-bonding interactions. The latter scenario implies a
much larger delocalization of the electron spin over the oxygen donor
atoms. In a similar way, c-bonding interactions are afforded by Zn' and
cd' species featuring 4s and 5s ground states. Noteworthy, in the case of
the softer and larger Cd atom, the spin density is predicted to delocalize
over a greater number of oxygen atoms with respect to the Zn case, as
experimentally observed [31].

The application of 70 hyperfine spectroscopy has a huge potential in
various areas of chemistry and materials science and we expect its
application to grow in the future. In the case of surface chemistry and
heterogeneous catalysis, we have shown that 170 enrichment of the solid
can be obtained in a relatively easy and economical way, relying on
surface chemistry concepts, which allow the selective doping of the most
active sites. Depending on the nature of the chemical interaction, 170
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Table 3
170 Spin-Hamiltonian parameters for oxygen atoms directly coordinated to metal ions. Hyperfine couplings and e?qQ/h values are reported in MHz.
System |aisol |7 |’qQ/h| n Comments Reference
Ti"(H,0)s 7.5 1 6 0.5 d2 ground state [571
V-0 (TiO,-solgel) 5.9 1.1 / / dyy ground state [62]
VIV.0 (Zeolite) hydroxyl group 4.13 3.1 9.5 0.2 dyy ground state [54]
framework 2 0
VIV=0(H,0)s5 0x0 12.0 3.8 3.3 0.14 dyy ground state [41]
axial 5.0 1.45 10.7 0.59
equatorial 7.14 0.85 10.7 0.57
VV=0(H,0)s oxo 8.4 7.6 3.3 0.14 dyy ground state [55]
equatorial 7.16 0.42 10.7 0.52
crV=0(ditox)s oxo 9.8 3.2 0.8 / dyy/d3% ground state [63]
Mo"=0(high-pH sulfite oxidase) 0X0 6.3 1.7 1.5 1 dyy ground state [58]
MoV-O(high-pH sulfite oxidase) equatorial 37 2.5 / / dxy ground state [64]
[MoV=0(SPh)4] 0X0 6.5 1.6 1.45 <0.15 dyy ground state [39]
Mn"'(H,0)6 7.5 1 6 1 high spin, S = 5/2 [55]
7.5 1.2 7 1 [65]
7.5 1.15 4 0 [41]
Mn"™-(10),_Mn"V BIPY p-oxo bridge 8.0 5.0 / / antiferromagnetic coupled Mn™-Mn" [43]
Mn4OsCa (Photosystem II) water/hydroxo 4.5 0.6 / / S = 1/2 ground state
water/hydroxo 1.4 0.6 / /
p-oxo bridge 9.7 2.2 / /
Fe'.0 (Enzyme P450cam) axial water molecule 2.6 0.3 6.6 0.9 Low-spin Fe'! with dy, ground state [66]
0.4 1.8
Fe'V=0 (Enzyme CPO-I) oxo 67.0 65.0 <6.0 / dy,/dy, ground state [671
Co™-0-0 (Vitamin By ;) 82.0 85.0 / / d2 ground state [68]
97.0 104.0 / /
Ni'-0, (Zeolite) Superoxo 2.6 3.1 / / d2 ground state [69]
Cu"'(H,0)s equatorial 43.8 19.1 / / d2, ground state [70]
axial 1.1 2.7 6.4 0.9 [71]
Cu"-0 (Zeolite) 51.0 24.0 <7 0.9 d2 ground state [14]
41.0 19.0
Zn'-0 (Zeolite) 52.0 10.0 / / s! ground state [31]
8.0 1.8 / /
2.0 1.0 / /
Cd"-O (Zeolite) 40.0 10.0 / / s! ground state [31]
29.0 10.0 / /
21.0 4.0 / /
8.0 1.8 / /
2.0 1.0 / /
Gd"™-0 (water complex) 0.75 0.69 6.5 1 f ground state [72]

hyperfine couplings can span one order of magnitude in difference
ranging from values of the order of few MHz up to 70 MHz for directly
coordinated c-bonded oxo ligands. This spread of values call for a
careful choice of the experimental technique and operational frequency.
While high frequencies are ideally suited to reduce quadrupole broad-
ening and increase the orientational selectivity, they may suffer of lower
sensitivity due to the spread of resonances due to g-anisotropy. HYS-
CORE is particularly versatile and well-suited especially at Q-band fre-
quencies to detect couplings in the range 2-10 MHz. Davies-ENDOR,
despite the lower sensitivity, was found to be ideally suited to detect
the large couplings related to metal-oxygen ¢-bonding. The combination
of the two techniques (HYSCORE and Davies ENDOR) at Q-band has
revealed to be outstandingly effective in recovering the full set of hfi
couplings. A final comment concerns the relationship between 17O hy-
perfine couplings and the coordination geometry of TMIs in zeolites and
on surfaces in general. Orientational selective experiments allow to
pinpoint the in plane and out of plane orientation of the ligands, while
the spin density distribution provides particularly useful hints into the
degree of covalency of the metal-oxygen bond. The use of computational
techniques is indispensable to derive microscopic models. We remark
that since 170 hfi couplings are highly dependent on the geometric
structure, reliable reproduction of these parameters, can reassure on the
correct geometric description, strongly validating the computational
model.

The use of 7O hyperfine spectroscopy is gaining momentum in
different domains of chemistry and its great potential is awaiting to be
uncovered in the area of heterogeneous catalysis and surface chemistry.
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