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The low-temperature binding of nitric oxide (NO) in the metal-organic framework MIL-100(Al) has
been investigated by pulsed electron nuclear double resonance and hyperfine sublevel correlation
spectroscopy. Three NO adsorption species have been identified. Among them, one species has been
verified experimentally to bind directly to an 27Al atom and all its relevant 14N and 27Al hyperfine
interaction parameters have been determined spectroscopically. Those parameters fit well to the cal-
culated ones of a theoretical cluster model, which was derived by density functional theory (DFT)
in the present work and describes the low temperature binding of NO to the regular coordinatively
unsaturated Al3+ site of the MIL-100(Al) structure. As a result, the Lewis acidity of that site has been
characterized using the NO molecule as an electron paramagnetic resonance active probe. The DFT
derived wave function analysis revealed a bent end-on coordination of the NO molecule adsorbed at
that site which is almost purely ionic and has a weak binding energy. The calculated flat potential
energy surface of this species indicates the ability of the NO molecule to freely rotate at intermediate
temperatures while it is still binding to the Al3+ site. For the other two NO adsorption species, no
structural models could be derived, but one of them is indicated to be adsorbed at the organic part of the
metal-organic framework. Hyperfine interactions with protons, weakly coupled to the observed NO
adsorption species, have also been measured by pulsed electron paramagnetic resonance and found
to be consistent with their attribution to protons of the MIL-100(Al) benzenetricarboxylate ligand
molecules. Published by AIP Publishing. https://doi.org/10.1063/1.4995551

INTRODUCTION

Metal-organic frameworks (MOFs) are crystalline porous
compounds built up from inorganic metal-oxygen clusters that
are connected by organic ligands.1,2 Due to their unique and
varied structural and physiochemical properties, they promise
applications in different areas including adsorption and catal-
ysis.3–7 Trivalent aluminum based MOFs with coordinatively
unsaturated metal sites (CUSs) are particularly interesting for
heterogeneous catalysis since Al3+ sites are known to be strong
Lewis acids.8–12 In addition, Al-based MOFs show extraordi-
nary thermal and chemical stability due to their strong metal-
oxygen bonds8,13 and are low in price,8 making them favorable
for industrial applications. Consequently, the spectroscopic
characterization of Lewis acid sites in Al-based MOFs is of
high relevance.

The Lewis acidity of cationic sites can be character-
ized by electron paramagnetic resonance (EPR) spectroscopy,
using nitric oxide (NO) after its adsorption at such sites
as an EPR active probe. This approach has been success-
fully applied for the characterization of Lewis acid sites
in various zeolites.11,14,15 The small molecule NO has one
unpaired electron in its anti-bonding π* molecular orbital
(MO)16–19 which is responsible for a characteristic EPR sig-
nal of NO adsorbed at a Lewis acid site.11,14,15,20 The EPR

derived 14N hyperfine interaction (hfi) of such a species allows
a quantitative characterization of the corresponding Lewis
acidity.11,14,15

Lewis acid sites in MOFs are often characterized
experimentally by infrared (IR) spectroscopy, temperature-
programmed desorption, or the determination of the isosteric
heats of adsorption of certain probe molecules.21 For example,
some authors investigated the strength of the Lewis acid sites
in some MIL-100(M) (M = trivalent metal, MIL = Materials
of Institute Lavoisier) MOFs by IR spectroscopy using CO,
pyridine, and acetonitrile as probe molecules.9,22–24 Neverthe-
less, probing Lewis acidity by the afore-mentioned techniques
has the disadvantage in that the nature of the Lewis acid
sites might not be derived unambiguously from those meth-
ods alone. Their attribution to other adsorption sites rather
than the regular CUS cannot be fully excluded in some cases.
Characterizing Lewis acidity by EPR, using NO as a probe,
will overcome this disadvantage for Al-based MOFs since the
EPR signal of the NO adsorption species reveals unambigu-
ously the interaction with the corresponding Al site via the 27Al
hfi.25 The analysis of the EPR signature of such an NO adsorp-
tion species, aided by first principle calculations like density
functional theory (DFT), will allow the determination of the
nature of the Lewis acid site, characterizing its electron accep-
tor strength at the same time by the NO 14N hfi. The present
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FIG. 1. Structural components of the MIL-100(Al) material as taken from
the work of Volkringer et al.:26 The µ3-oxo-bridged Al3O building unit (a)
without showing the water molecules and the anion coordinating to the CUS,
and the btc ligand molecule (b). Both form a supertetrahedral block (c) in
which the corners are occupied by the trimeric metal unit. This supertetrahedral
building block is further connected to the MTN topology (d) as it has the zeolite
ZSM-39 (Zeolite Socony Mobil - thirty nine).26 The lines in (d) border the
unit cell. The atoms are colored in light gray (H), black (C), red (O), and dark
gray (Al).

work is a case study for this approach, demonstrating that a
combination of high-resolution pulsed EPR methods applied
to NO adsorbed on an Al-based MOF and DFT calculations
on appropriate cluster models can indeed reach the desired
goal.

We have chosen the MOF MIL-100(Al)26 as the model
system for the present study. The inorganic connectors of this
MOF consist of µ3-oxo-bridged Al3+ octahedra, which are
linked by organic benzenetricarboxylate (btc) ligands lead-
ing to a mesoporous cage-type pore structure with the sum
formula Al3O(btc)2(X)(H2O)2 (X = F,OH) (see Fig. 1).26

After a thermal treatment, water molecules coupled to the
metal ions are removed, producing the CUS.8 This material
has two giant cavities having free diameters of about 2.5
nm and 2.9 nm,27 which might also allow its use as a host
for encapsulated metal complexes, e.g., in catalysis.28 The
MIL-100(Al) MOF also induces no significant in vitro cell
toxicity,29 which is an interesting property with respect to
potential medical applications eventually using this material as
a drug carrier.30 It is worth mentioning, in this context, that the
small molecule NO plays unique physiological roles in various
biological systems of human, mammal, and even plants.31–40

Thus the development of suitable NO drug-delivery systems
using porous materials as NO storage devices is a research
field of high medical interest41–49 including the considera-
tion of MOFs as possible NO carriers.50–58 Several MOFs
with CUS have been shown to adsorb large amounts of NO
at room temperature and to release it under humid condi-
tions.50,53,54,56 In particular, this has been demonstrated for the
MOF MIL-100(Fe), which promotes unsaturated Fe3+ sites
for NO chemisorption.55 Recently we have shown that its
Al3+ based version MIL-100(Al)26 binds NO much weaker
than MIL-100(Fe),25 a difference which has not been inves-
tigated on an atomistic scale yet. One part of such a study,
namely the determination of the microscopic geometric and
electronic structure of the NO adsorption species at the regu-
lar Al3+ CUS of the MIL-100(Al) material, is also addressed

by the present work by results obtained from DFT calculations,
which are experimentally verified by specific pulsed EPR
experiments.

EXPERIMENTAL METHODS
Sample preparation

The MOF material MIL-100(Al) has been synthesized
by standard procedures and characterized as described else-
where.25 For the preparation of the EPR samples, 9.0 mg of
MIL-100(Al) was filled into a conventional X-band EPR quartz
glass tube. The tubes were connected to a stainless steel valve
that was fitted to a stainless steel vacuum line. The samples
were activated at T = 443 K for about 18 h under dynamic
vacuum at pressures p < 10�4 mbar. Then, 2.8 ± 0.3 µmol of
NO (99.5% purity) was condensed into the EPR tubes apply-
ing a cold trap with liquid nitrogen. The EPR tubes were
sealed while applying the cold trap, which ensured that the
total amount of NO remained in the EPR tubes during sealing.
The latter was proven by appropriate pressure measurements
of the NO gas remaining in the stainless steel valve which
ensured that more than 99% of the NO gas had been trapped
within the EPR tubes.

Spectroscopic methods

Two pulse electron spin echo (ESE)59 field sweep exper-
iments, two-dimensional (2D) hyperfine sublevel correlation
(HYSCORE) experiments,59,60 and Davies electron nuclear
double resonance (ENDOR)59 experiments were performed
on a Bruker ELEXYS E580 X-band (9.75 GHz) spectrometer
equipped with an ER411X-MD-5 dielectric pulse ENDOR res-
onator and an Oxford Instruments CF935 cryostat. All exper-
iments were performed at temperatures 5 K < T < 7 K with a
short repetition time of 2 ms for the ENDOR experiment and
of 1 ms for the ESE and HYSCORE experiments.

The ESE field sweep experiments were conducted with
the pulse sequence π/2 – τ – π – τ – echo where the time
delay between both pulses was chosen to be τ = 140 ns or
τ = 1200 ns. In the first case, the π/2 and π pulses had lengths
of 16 ns and 32 ns, whereas in the second case, selective
pulses with lengths of 100 ns and 200 ns have been applied,
reproducing the conditions of the HYSCORE and ENDOR
experiments, respectively.

The HYSCORE experiment pulse sequence was π/2 – τ
– π/2 – t1 – π – t2 – π/2 – τ – echo, where the time vari-
ables t1 and t2 were varied independently keeping the time
delay τ constant. The latter was adjusted differently in differ-
ent measurements to avoid distinct blind spots for the different
nuclear 27Al and 1H HYSCORE signals.61 Appropriate values
of τ for the detection of a strongly coupled 27Al species were
determined from the blind spot behavior of the HYSCORE
sequence as shown in Fig. S1 of the supplementary mate-
rial. The time delays t1 and t2 were increased in time steps
∆t = 24 ns starting at t1,0 = t2,0 = 80 ns if nothing else is
stated. The π/2 and π pulses had lengths of 16 ns and 32 ns,
respectively. In that way, 170 × 170 2D time domain spec-
tra of the HYSCORE echo intensity were recorded. After
third-order polynomial base line corrections and zero-filling to

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024746
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1024 × 1024 points, the frequency domain HYSCORE spec-
tra with frequency coordinates ν1 and ν2 were obtained as the
magnitudes of the corresponding 2D Fourier transforms.

For the ENDOR experiments, the Davies type micro wave
(mw) pulse sequence π – t – π/2 – τ – π – τ – echo was chosen,
and during the t = 14 µs mixing period, a radio frequency pulse
with length 10 µs was applied. The selective π/2 and π pulses
had lengths of 100 ns and 200 ns, respectively, and a time delay
τ = 1200 ns was set for the primary echo sequence which reads
out the polarization of the electron spin observer transition.59

Spectral analysis

The 2Π1/2 ground state of gaseous NO is diamagnetic
due to the cancelation of spin and orbital momentum.17 But if
NO is adsorbed at some surface site, the electric field gradient
at this site can quench the orbital momentum and the 2Π1/2

ground state becomes paramagnetic having an electron spin
S = 1/2 and g-values near but distinctly smaller than the free
electron g-value ge = 2.0023.20 The magnetic parameters of
such an NO adsorption species can be described by the spin
Hamiltonian62

Ĥ = µBBT
0 gŜ +

∑
i
ŜTAi Îi −

∑
i
µngn,iBT

0 Îi +
∑

j
ÎT

j Qj Îj.

(1)

The electron Zeeman interaction term is expressed by the
vector operator Ŝ describing the electronic spin S of the NO
molecule, the external magnetic field vector BT

0 , the g-tensor
g with principle values gxx > gyy > gzz, and the Bohr magneton
µB.

The hyperfine interaction (hfi) between the electron spin
and the i-th neighbored nuclear spin I i, expressed by the vector
operator Îi, is described by the tensors Ai with principle values
Axx, Ayy, and Azz. In its principle axis system, such a tensor can
be redefined according to the formula

A = aiso1 + T *.
,

− (1 + ρ) 0 0
0 − (1 − ρ) 0
0 0 2

+/
-

, (2)

where aiso is the isotropic Fermi contact coupling constant, T
is the hfi dipolar coupling constant, ρ is the orthorhombicity
parameter, and 1 is the identity matrix.

The third term in Eq. (1) expresses the nuclear Zeeman
interaction with the nuclear g-factors gn,i and µn being the
nuclear magneton.

The 27Al and 14N nuclei have nuclear spins 27AlI = 5/2
and 14NI = 1. As a consequence, these nuclei interact with the

electric field gradient at their positions which is expressed by
the last term in Eq. (1), where Qj are the nuclear quadrupole
interaction (nqi) tensors. In its principle axis systems, such a
tensor can be expressed as

Q =
CQ

4I (2I − 1)
*.
,

− (1 + η) 0 0
0 − (1 − η) 0
0 0 2

+/
-

. (3)

The parameter CQ is the quadrupole coupling constant, η is
the biaxiality of the electric field gradient tensor, and I is the
spin quantum number of the corresponding nuclear spin.

Consider an electron spin S = 1/2 coupled to a nuclear
spin I. The Zeeman interaction splits all energy levels defined
as eigenvalues of the Hamiltonian in Eq. (1) into α and β sub-
manifolds having electronic magnetic quantum numbers mS

= ±1/2 in the high field limit, respectively. In the presence
of the nuclear Zeeman interaction, each α and β manifold
splits further into 2I + 1 equally distant levels with energies
ε(mS ,mI ) which are additionally characterized by the nuclear
magnetic quantum numbers mI = −I ,−I + 1, . . . , I − 1, I in
an approximate fashion and which are further altered by the
nqi if I ≥ 1. For those energies, one derives the first-order
equations59

ε1(mS , mI ) = νSmS + c(mS) mI

−
1
2

[
I (I + 1) − 3m2

I

]
Q′zz(mS) , (4)

where νS is the electron’s Lamor frequency. The parameter
c(mS) depends on mS , the full g- and hfi-tensors, the nuclear
Lamor frequency νI , and the direction of the external mag-
netic field.59 But it is independent of the magnetic quantum
number mI . The parameter Q′zz(mS) is the zz-matrix element
of a suitably transformed nqi-tensor.59 It depends on the latter
and further on the same parameters as c(mS). In particular, it is
independent of mI . The energy differences between two levels
within the same α or β manifold but different nuclear mag-
netic quantum numbers mI and m′I translate into the nuclear

frequencies να,β
mI ,m′I

. These frequencies are altered by the hfi
and nqi and consequently contain the information about the
respective tensors.59 It follows from Eq. (4) that all frequencies
ν
α,β
mI ,m′I

depend on the nqi in first order as long as |mI | , |m′I |.

Otherwise they are independent on the nqi in first order. In
particular, in the case of non-integer nuclear spin I > 1, the
central transition frequencies να,β := ν

α,β
1
2 ,− 1

2

depend on the nqi

only in second order.59

TABLE I. Experimentally derived relative amounts, g-tensor principle values, and the 14N hfi principle values of
the different NO adsorption species in MIL-100(Al).

NO adsorption Relative ���A
14N
xx

���
���A

14N
yy

���
���A

14N
zz

���
species amount gxx gyy gzz (MHz) (MHz) (MHz)

NOa 1 1.997(3) 1.997(3) 1.909(3) 14(8) 86(3)a 20(6)
NOb 0.8(6) 1.992(11) 1.992(11) 1.88(1) . . . b . . . b . . . b

NOc <4.3 1.97(3) 1.97(3) 1.4 . . . 1.88c . . . b . . . b . . . b

aData from the work of Barth et al.25

bNot resolved.
cNOc might reflect a variety of weakly physisorbed NO species with gzz-values distributed within the given range.
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TABLE II. 27Al hfi and nqi parameters as determined experimentally by
Davies ENDOR and HYSCORE spectroscopy for the 27Al species Ala and
by HYSCORE spectroscopy for the 27Al species Alb and Alc, where α and β
are the Euler angles of the hfi tensors. Since all nuclei show an almost axially
symmetric hfi tensor within the experimental resolution, the determination of
the third Euler angle γ was not possible in all cases.

aiso T CQ

(MHz) (MHz) |ρ | α (deg) β (deg) (MHz) η

Ala 14.7(17) 3.4(5) <0.5a 90(30) 50(10) . . . b . . . b

Alb �4.2(6) 1.4(6) . . . b . . . b 55(35) 2.8(20) . . . b

Alc | · | < 0.3c <0.3c . . . b . . . b . . . b 5.2(8)c 0.26(26)c

aWithin the resolution of Davies ENDOR spectroscopy.
bNot resolved.
cThis is a mean value of a large number of different distant nuclei.

Spectral simulations were realized in the present work
with the MatLab toolbox EasySpin62 carrying out the exact
diagonalization of the spin Hamiltonian in Eq. (1). The pro-
posed inhomogeneous linewidth model for the simulated
ENDOR and HYSCORE signals of strongly coupled 27Al was
implemented by the summation of 1040 and 9312 simulated
time domain signals, respectively, where distinct parameters
were assumed to be independently Gaussian distributed ran-
dom numbers. Resulting deviations of the simulated from the
experimental spectra reflect the restricted distribution model
assumed for the simulation parameters and are considered by
the experimental errors of the determined spin-Hamiltonian
parameters summarized in Tables I and II. The HYSCORE
spectra of distant 27Al nuclei were calculated as a sum of 256
powder spectra according to the spherical-averaging approx-
imation.63 Here the Euler angles between the hfi and nqi
tensors were treated as uniformly distributed random num-
bers within their non-redundant full ranges. In general, Euler

angles of the various tensors in this paper are given rela-
tively to the g-tensor frame as used by EasySpin.62 For all
experimental and simulated HYSCORE spectra, the sum pro-
jections are given on the top and at the right. All HYSCORE
simulations have been normalized to the maximum inten-
sity of the corresponding experimental signal and have the
same contour number and range. All contour plots are scaled
logarithmically.

COMPUTATIONAL DETAILS
Model systems

DFT calculations were performed for certain cluster
models. All clusters include the [Al3(µ3-O)]7+ core of the
MIL-100(Al) [Fig. 1(a)]. Some clusters were saturated with
six 1,3,5-btc ligand ions with the sum formula [C9O6H3]3�

[Fig. 1(b)]. Such a starting cluster was cut out from the MIL-
100(Al) framework structure as it was determined by single-
crystal X-ray microdiffraction.26 Here we have to note that
the MIL-100(Al) crystal structure has seven non-equivalent
aluminum sites.26 But the differences between their local geo-
metric structures are only small,26 and thus, we claim that
the cluster we have cut out is representative. The outermost
twelve oxygen atoms of the two non-coordinated carboxy-
late groups of each btc ligand were saturated with hydrogen
atoms [as shown in Figs. 2(a)–2(c)]. We call this structural
model ML0. During all geometry optimizations, the 24 oxy-
gen atoms of the non-coordinated carboxylate groups of the
btc ligands were constrained to the coordinates of the starting
crystal structure.26 All other atoms including the twelve added
hydrogen atoms and additional ligand molecules at the Al3+

CUS of other structural models were allowed to fully relax if
nothing else is stated.

FIG. 2. Different views of the final cluster models ML3
[(a)–(c)] and M3 [(d)–(g)] optimized at the B3LYP/def2-
TZVP level. The atoms are colored in white (H), black
(C), blue (N), red (O), and gray (Al).
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The cluster ML0 has a net charge of +1. For charge
compensation, we add an OH� ion8,26 at one CUS of the
ML0 cluster obtaining the electrical neutral structural model
ML1. Since it was indicated by solid state nuclear mag-
netic resonance (NMR) spectroscopy that one water molecule
remains adsorbed at one Al3+ of each Al3(µ3-O) cluster dur-
ing activation,8 we construct the model ML2 by adding a
water molecule to one CUS of the geometrical optimized
model ML1. The structural model ML3 [Figs. 2(a)–2(c)] was
obtained by adding an NO molecule at the remaining CUS of
the optimized model ML2.

Calculations were also performed for smaller clus-
ters without the btc ligands including again the
[Al3(µ3-O)(OOC)6]+ unit that was cut from the ML0 struc-
ture. The open bonds at the carbon atoms were saturated by
hydrogen atoms [as shown in Figs. 2(d)–2(g)] leading to the
structural model M0. Adding additional ligand atoms at the
CUS were obtained analogously to the MLX model series [as
shown in Figs. 2(d)–2(g)]. The corresponding models without
btc ligands are called MX, where X goes from 1 to 3. The
geometry optimizations of the models of the MX series were
performed without any geometrical constraints if nothing else
is stated.

For all model clusters, we label the Al3+ ion, where NO
binds by Al1, where water binds by Al2, and where the OH�

binds by Al3.

Computational methods

All calculations were performed with the ORCA 3.0.0
program package.64 For all models with multiplicity 1, the
restricted Kohn-Sham formalism was used, whereas models
with multiplicity 2 were treated with the unrestricted Kohn-
Sham formalism.64 The models ML1, M1, ML2, and M2
were geometry optimized using the B3LYP65,66 functional
together with the def2-TZVP67,68 basis set. For that, several
starting structures have been chosen and the results with the
lowest final energy are reported in this work. For the mod-
els ML3 and M3, a relaxed surface scan was performed first,
where the dihedral angle ϕ between the plane containing the
Al3+–N–O adsorption complex and the plane containing the
atoms N, Al1, and Al2 was constrained to certain values, var-
ied over a full circle in steps of ∆ϕ = 10◦. Here the functional
B3LYP was chosen. For all atoms of the [Al3(µ3-O)(OOC)6]+

group as well as for the OH�, H2O, and NO ligands, the def2-
TZVP basis set was used again, whereas for all other atoms,
the cheaper def2-SV(P)67 basis set was chosen. The structures
with ϕmin, where the energies approached their global minima,
were chosen as the starting structures for the final geome-
try optimizations for both models ML3 and M3 which were
performed twice on the B3LYP/def2-TZVP and PBE0/def2-
TZVP69–71 levels of theory. The latter has been proven to
supply reliable energies as well as vibrational frequencies for
the [Al3(µ3-O)F(OOC)6] building block in the presence of H2,
CO, CO2, or H2O ligands.72

Since DFT does not include dispersion forces, Grimme’s
atom-pairwise dispersion correction to the DFT energy with
the Becke-Johnson damping73,74 was used in all calculations.
More parameters of the DFT calculations are provided in the
supplementary material. For the geometry optimized models

M1, M2, and M3, the vibrational frequencies were calculated
numerically. For all three models, it turned out that those fre-
quencies are all positive, verifying that the obtained structures
are local energetic minima. Corresponding investigations of
the Hessian matrices were not possible for the ML1, ML2,
and ML3 models since here constrained optimizations were
performed. But the similarity between the finally optimized
MX and corresponding MLX (X = 1, 2, 3) structural mod-
els indicate that the latter are local energetic minima, too (see
computational results section, Table S1 of the supplementary
material, and Fig. 2).

Using the EPR/NMR module implemented in ORCA, the
g-tensor, the electric field gradient at the Al and N sites, and the
Fermi-contact and dipolar contributions to the hfi tensors of the
27Al and 1H nuclei next neighbored to the NO as well as the 14N
nucleus of the NO molecule were calculated for the ML3 struc-
ture as optimized at the B3LYP/def2-TZVP and PBE0/def2-
TZVP levels. Several combinations of basis sets as well as
functionals were examined. In all cases, the IGLO-III75 basis
set was chosen for the next neighbored oxygens of all Al atoms
as well as for the NO molecule and the oxygens of the OH� and
H2O ligands. All other non-metallic atoms were treated with
the EPR-II76 basis set. For the Al atoms, the different basis sets
aug-cc-pVTZ,77 aug-cc-pVTZ-J,77–79 and IGLO-III were used
in combination with the functionals B3LYP, PBE0, PBE,80,81

BP86,82,83 O3LYP,84 OLYP,85 PW91,86 TPSSh,87 TPSS,87 and
PWP83,88,89 for calculations on the B3LYP optimized cluster
ML3. The same functionals but only the Al basis set aug-cc-
pVTZ-J was used for the calculations on the PBE0 optimized
cluster model ML3. In all cases, an accurate variant for the
calculation of the spin-orbit-coupling operator was chosen
with the keyword SOMF(1X). Exemplary calculations have
shown that the orbital contribution to the hfi of the Al1 atom
is less than 0.05 MHz, justifying its negligence in the present
contribution.

The binding energy72 was calculated using the counter-
poise correction of the basis set superposition error as pro-
posed by Boys and Bernardi.90 The analysis of the calculated
wave functions was carried out with the aid of the program
Chemissian version 4.43.

EXPERIMENTAL RESULTS
Field sweep experiments

A 2-pulse ESE field sweep spectrum measured at the tem-
perature T = 6 K with a pulse delay of τ = 140 ns is presented in
Fig. 3(a). It shows an EPR signal at field positions 340 mT <B0

< 450 mT with g-tensor principle values ge > gxx ≈ gyy > gzz,
which is typical for the 2Π1/2 ground state of NO adsorbed
at some diamagnetic surface side.20 We interpret the observed
signal as the sum of three kinds of immobilized NO species
called NOa, NOb, and NOc. Their simulations, shown in Fig. 3,
are rough illustrations since the signal overlapping prevented
a precise determination of all g-tensor principle values.

Species NOa has been already observed in a CW-EPR
study published by Barth et al.25 In that publication, the signal
of NOa was roughly simulated with g-tensor principle values
slightly deviating from that shown in Table I. By CW-EPR,
a value gzz = 1.905(3) was determined25 for species NOa.
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FIG. 3. 2-pulse ESE field sweep spectra (blue) measured
at T = 6 K with non-selective pulses and an inter-pulse
time delay τ = 140 ns (a) and with selective pulses and an
inter-pulse time delayτ = 1200 ns (b). The insets show the
corresponding spectra measured over a larger field range.
Simulations of the NO adsorption species NOc, NOb, and
NOa in MIL-100(Al) and their sum overlapping with the
experimental spectrum are shown in black (from bottom
to top). The arrows A to N label field positions, where
HYSCORE experiments were conducted. The arrows a
to k label the field positions for the different ENDOR
experiments.

But in a 2-pulse ESE field sweep spectrum with longer inter-
pulse delay τ [Fig. 3(b)], the signals of species NOb and NOc
are suppressed, which might be explained by their shorter
phase memory times. Thus, from this spectrum, a more precise
determination of that parameter to gzz = 1.909(3) is possible.
Nevertheless, the 14N hfi parameter A14N

yy determined by CW
EPR25 equals the one we have determined in the present work
(Table I) and also the strong hfi coupling to an 27Al nucleus
as observed in the work of Barth et al.25 is reproduced by the
following results.

The 2-pulse ESE field sweep spectra show at high fields
a stretched out tail of signal intensity up to field positions
of about B0 = 470 mT (see the insets in Fig. 3), indicating the
presence of a large variety of weakly physisorbed NO species20

which we sum up with the label NOc. Its range of g-tensor prin-
ciple values (Table I) has been roughly estimated by simulation
(Fig. 3).

We attribute a pronounced spectral feature of the 2-pulse
ESE field sweep spectrum with short inter-pulse delay τ at
magnetic field positions 366 mT < B0 < 374 mT to the gzz-
singularity of a third NO adsorption species NOb [Fig. 3(a)].
Its gxx ,yy singularities are not resolved due to the overlapping
with the signals of NOa and NOc. But the following analysis of
the HYSCORE spectra measured at different magnetic fields
leads to an estimation of all three principle values of its g-tensor
within the errors given in Table I.

With the knowledge of the spin Hamiltonian parameters
of species NOa, NOb and NOc, as derived from the pulsed
EPR experiments in this work, a more precise simulation of
the CW EPR signal of the considered sample at T = 8 K,
than that reported earlier,25 is possible as shown in Fig. 4.
From the simulations of the CW EPR spectrum, considering
all three NO adsorption species NOa, NOb, and NOc, their
relative amounts could be estimated as given in Table I. For
both species, NOb and NOc amounts are indicated, which are
of the same order than that of species NOa. Nevertheless, the
spectroscopic parameter of species NOb and NOc, as derived
in the present work, do not allow the clear assignment to a
structural model. Supportive ab initio calculations have not
resulted in reasonable results, yet, due to the lack of an appro-
priate guess of the starting structures for species NOb and NOc.
Thus, the focus in the present work will be the characterization

of species NOa, for which a structural model has been derived.
The EPR signatures of species NOb and NOc, as they have
been derived spectroscopically so far, are summarized in
Tables I and II and are shortly discussed in the supplementary
material.

HYSCORE experiments

The HYSCORE pulse sequence is based on the 3-pulse
electron spin echo envelope modulation (ESEEM) sequence
where the latter generates nuclear spin coherences that pre-
cess in the evolution period between the second and third
pulses.59,60 The HYSCORE pulse schema introduces a π-
mixing pulse in this evolution period that correlates nuclear
frequencies in different electron spin submanifolds lead-
ing to characteristic cross peaks in the HYSCORE spec-
trum. Given any arbitrary nuclear spin I coupled to an
electron spin S = 1/2, any nuclear frequency ναmI ,m′I

of the

α-manifold can be correlated with any nuclear frequencies
ν
β

m′′I ,m′′′I
of the β-manifold by such cross peaks, in principle.59

Those cross peaks occur in each quadrant with the frequency

coordinates
(
±ν

α,β
mI ,m′I

,±νβ,α
m′′I ,m′′′I

)
and

(
±ν

α,β
mI ,m′I

,∓νβ,α
m′′I ,m′′′I

)
.91

FIG. 4. CW-EPR spectrum measured at 8 K for the NO loaded sample MIL-
100(Al) (bottom, as published in Ref. 25) and the corresponding simulations
of the NO adsorption species NOc, NOb, NOa, and their sum (from the top
to bottom) with spin Hamilton parameters determined in this work (Tables I
and II). Here species NOc has the same relative amount to species NOa as in
Fig. 3(a).
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Due to the symmetry of the HYSCORE signal, it is suffi-
cient to consider only cross peaks in the nonequivalent first

and fourth quadrants with coordinates
(����ν

α,β
mI ,m′I

���� ,
����ν
β,α
m′′I ,m′′′I

����

)
and(

−
����ν
α,β
mI ,m′I

���� ,
����ν
β,α
m′′I ,m′′′I

����

)
, respectively.

In the HYSCORE spectra of powders, one observes ridges

that consist of cross peaks
(
ν
α,β
mI ,m′I

(Ω) , νβ,α
m′′I ,m′′′I

(Ω)
)

depend-

ing on the orientation Ω between the molecular and laboratory
frames. Since the phases of spin packets of different adjacent
orientations might differ from each other, some ridges are sup-
pressed by interference effects whereas other ridges are not.91

As a result, spin systems with small hfi values |A| < 2 |νI | show
ridges that are dominant in the first quadrant and are suppressed
in the fourth quadrant, whereas for strong hfi |A| > 2 |νI |, the
ridges are dominant in the fourth quadrant and are suppressed
in the first. For intermediate couplings, ridges occur in both
quadrants.59

To take advantage of the high resolution given by the
unravelling of the nuclear spectra into two frequency dimen-
sions, orientation selective59 HYSCORE spectra were mea-
sured at a temperature T ≈ 6 K and magnetic field positions A
to N as indicated by arrows in Fig. 3(a). All spectra are shown
in Figs. S2–S23 of the supplementary material. A represen-
tative spectrum measured at the magnetic field B0 = 350 mT
(position C) is shown in Fig. 5. It shows a ridge (blue) which
crosses the point (νH, νH) with νH = 14.90 MHz being the
proton Lamor frequency and which is therefore indicative for
distant proton species. This proton signal is visible in the
HYSCORE spectra over the full magnetic field range cov-
ered by the observer positions A to N [Fig. 3(a), Figs. S2–
S23]. It shows no significant orientation selectivity indicating
that several proton species contribute to this signal. Therefore
an unambiguous determination of their hfi parameters is not
possible. But from the maximum extension of the proton sig-
nals ridges, measured at the field positions A to N, one can
estimate, aided by simulations, a maximal proton hfi value of
Amax ≈ 3.7 MHz.

FIG. 5. HYSCORE spectrum measured at a magnetic field position
B0 = 350 mT at a temperature T = 6 K. The spectrum shows the sum of
two spectra measured with different time delays τ = 92 ns and τ = 128 ns to
avoid the presence of blind spots for the aluminum and proton signals. The
spectrum shows the presence of hyperfine couplings to three different 27Al
nuclear species called Ala (green), Alb (orange), and Alc (purple) as well as
weak couplings to protons (blue). The black signals on the diagonal in the
IV quadrant originate most probably from an incomplete inversion by the
π-mixing pulse.59 The red lines indicate the 27Al frequency anti-diagonals
described by Eq. (5).

The HYSCORE spectrum in Fig. 5 shows also signals
which extend along the diagonals

ν2 = −ν1 ± 2νAl, (5)

where νAl = 3.89 MHz is the 27Al nuclear Lamor frequency.
Both diagonals are plotted as red lines in Fig. 5. Accordingly,
we attribute these signals to three 27Al nuclear species.92

One of those 27Al species shows a signal in the fourth

quadrant, which is indicative for the
(
να
− 1

2 , 1
2

, νβ
− 1

2 , 1
2

)
ridge of an

27Al species with large hfi |A| > 2 |νAl |.92 It is colored in green
in Fig. 5. Its HYSCORE signals are visible at the field positions
A to I but not J to N [see Fig. 3(a), Figs. S2–S23 of the sup-
plementary material]. Even increasing the signal to noise ratio
of the HYSCORE spectrum at the field position J by oversam-
pling,59 setting∆t1 =∆t2 = 12 ns, does not resolve any signal of
Ala (Fig. S16 of the supplementary material). Consequently,
we attribute this species to an 27Al nucleus coupled to the
NO adsorption species NOa, which we call here species Ala.
Thorough simulations of orientation selective spectra, includ-
ing also the ENDOR data which are presented below, allowed
the determination of the full 27Al hfi tensor of species Ala as
given in Table II. In particular, the distinct orientation selective
measurement of the Ala HYSCORE signals at the low and high
magnetic field positions A and I allowed the determination of
the hfi-tensors Euler angles α and β (Figs. S2 and S15 of the
supplementary material). The strong orientation selection at
the observer position A is a consequence of the large 14N hfi
splitting in the g-tensor principle y-direction, which shifts the
mI = +1 EPR transition to such low fields that hardly any other
orientation contributes to the EPR signal as it is illustrated
in Fig. S24 of the supplementary material. Two exemplary
spectra measured at the magnetic field position C with dif-
ferent τ values are shown together with the simulated Ala
signals in Fig. 6. Note the τ dependent intensity modulations
of the proton and Ala signals (Fig. S1 of the supplementary
material). All simulations are collected in the supplementary
material (Figs. S2–S15). Both the significant distribution of the
Ala HYSCORE signal intensity along the diagonals described
by Eq. (5) and the broad linewidths of the Ala ENDOR sig-
nals, which are presented below, were taken into account by a
linewidth model, where the parameter aAla

iso was assumed to be
Gaussian distributed with a standard deviation∆aAla

iso = 2 MHz.
All HYSCORE simulations also include Gaussian distribu-
tions of the 14N hfi parameters A14N

xx and A14N
zz with standard

deviations ∆A14N
xx = ∆A14N

zz = 1.25 MHz. They model the
linewidths of the 14N ENDOR signals as discussed below but
only have minor influence on the simulated Ala HYSCORE
signals. The 14N nqi was set to zero as it is not resolved in the
experimental spectra. In addition, for all HYSCORE simula-
tions, the excitation band width was set to a quite large value
of ∆ν = 62.5 MHz to account for the experimental inhomoge-
neous broadening which was not reproduced by the assumed
distribution model for the parameters aAla

iso , A14N
xx , and A14N

zz
alone.

Interestingly we do not observe other ridges, correlat-
ing single quantum (SQ) transitions, than those comprising

the central transition
(
να
− 1

2 , 1
2

, νβ
− 1

2 , 1
2

)
cross peaks although the
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FIG. 6. Experimental (black) and sim-
ulated Ala (red) HYSCORE spectra at
T = 6 K and B0 = 348.0 mT with τ = 92
ns (a) and τ = 130 ns (b). Enlargements
of the left spectra are shown on the right.

27Al nucleus has a nuclear spin I = 5/2. We explain the
almost complete absence of other HYSCORE signals than

the
(
να
− 1

2 , 1
2

, νβ
− 1

2 , 1
2

)
ridge for species Ala by their first order

nqi broadening [Eq. (4)].92 Since the
(
να
− 1

2 , 1
2

, νβ
− 1

2 , 1
2

)
ridge

depends on the nqi only in second order,59 we have set the
nqi to zero in the simulations, as we also did for the simula-
tion of the ENDOR spectra. Exemplary simulations, using a
MIL-100 27Al nqi reported in the literature,8 have justified this
simplification (Figs. S25–S27 of the supplementary material).

Nevertheless, we observe in addition to the
(
να
− 1

2 , 1
2

, νβ
− 1

2 , 1
2

)
ridge of species Ala broad and less intense signals in certain

spectra, which we attribute to correlations between SQ and
double quantum (DQ) transitions and which are indicated by
arrows in Fig. 6(b).

The HYSCORE signal of the second species Alb, which
is colored in orange in Fig. 5, occurs in the first quadrant, indi-
cating weak hfi couplings |A| < 2 |νAl |.59 It can be observed
at the magnetic field positions B to J but not A and K to N (see
the supplementary material). Thus, we attribute this signal to
an 27Al species coupled to the NO adsorption species NOb. Its
spin Hamiltonian parameters have been roughly determined
as collected in Tables I and II. Since the characterization of
species NOb is not the content of the present investigation, we
will refer for more information to the supplementary material.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024746
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024746
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024746


224701-9 Mendt et al. J. Chem. Phys. 147, 224701 (2017)

FIG. 7. Experimental (a) and simulated Alc (b), (c)
HYSCORE spectra at T = 6 K and B0 = 348.0 mT apply-
ing an inter-pulse delay τ = 92 ns. Simulations with
different nqi coupling parameters (b) CQ = 4.5 MHz,
η = 0.26 and (c) CQ = 6.0 MHz, η = 0.26 are presented.

The third resolved 27Al species Alc has its HYSCORE
signal (purple in Fig. 5) also in the first quadrant, but it hardly
extends beyond the spectral region of the 27Al Lamor fre-
quency cross peak (νAl, νAl). We therefore attribute this species
to the distant matrix 27Al nuclei. Its signals are observable at
all magnetic field positions A to N. Therefore, one can con-
clude that at least NO species NOc interacts with distant 27Al
nuclei.

HYSCORE spectra of species Alc measured at different
magnetic fields are shown in Fig. S28 of the supplementary
material. They show almost no orientation selection, indicat-
ing that a variety of 27Al nuclei contribute to those signals,
as one would expect for distant matrix nuclei. Almost all Alc
HYSCORE signals show two maxima, one slightly above and
one slightly below the 27Al nuclear Lamor frequency, as it is
shown in Fig. 7(a) for an exemplary spectrum measured at
B0 = 348.0 mT (see also Fig. S28). We have simulated those
signals with an equally distributed sum of powder spectra
summed up over all Euler angles describing the relative ori-
entation between the 27Al hfi and nqi tensors (Fig. 7, Fig.
S28). For that, we have switched off any orientation selec-
tion according to the spherical-averaging approximation.63

No distribution in the spin-Hamiltonian parameters was con-
sidered for the simulations presented in Fig. 7(b) and Fig.
S28. For them, we have set CQ = 4.5 MHz, η = 0.26 MHz,
aiso = 0 MHz, and T = 0.05 MHz. Those parameters are
within the simulation derived error ranges listed in Table II.
The determined nqi parameters of species Alc are comparable
to those measured by NMR spectroscopy for 27Al nuclei in
the MIL-100(Al) material.8 Thus we attribute species Alc to
distant Al nuclei at the regular metal sites of MIL-100(Al).
From the upper bound of T, one can estimate, within a point-
dipole approximation,59 that the matrix 27Al nuclei have min-
imal distances to the NO molecule of r = 4.1 Å. A simulation
based analysis of the orientation dependency of the corre-
sponding ENDOR frequencies shows that the two maxima
that occur directly below and above the 27Al Lamor fre-
quency (Fig. 7) are the θnqi = 40.4◦ and θnqi = 90◦ powder edge

singularities of the
(
να
− 1

2 , 1
2

, νβ
− 1

2 , 1
2

)
powder spectrum, where

θnqi is the angle between the external magnetic field and the
principle z-direction of the nqi tensor. Whereas the low fre-
quency maximum could be fitted with a value CQ = 4.5 MHz,
a larger value CQ = 6.0 MHz was necessary to fit the
high frequency maximum, as it is shown in Fig. 7(c). This
indicates a significant distribution of at least the parameter
CQ, which is governed by the simulation derived range
given in Table II and which might reflect the structural

disorder in the MIL-100(Al) MOF26 as already indicated by
NMR spectroscopy.8

Davies ENDOR experiments

Orientation selective59 ENDOR spectra were measured at
a temperature T = 6 K at field positions indicated by arrows in
Fig. 3(b) and are shown in Figs. 8 and 9. We attribute the
signals symmetrically distributed around the proton Lamor
frequency νH ≈ 15 MHz to the νH

α,β = νH ±
A
2 spectral compo-

nents of weakly coupled proton species.59 The proton signals
show almost no orientation selectivity comparing the spec-
tra measured at the field positions a to j (Fig. 8), indicating

FIG. 8. Davies ENDOR spectra (blue) measured at T = 6 K at magnetic field
positions B0 = 345.0 mT (a), 348.7 mT (b), 349.8 mT (c), 350.7 mT (d), 352.8
mT (e), 355.3 mT (f), 358.0 mT (g), 360.7 mT (h), 362.9 mT (i), and 365.0
mT (j). The letters a . . . j denote the corresponding field positions indicated
by arrows in Fig. 3(b), where the orientation selective ENDOR spectra have
been recorded. Simulations of the NO adsorption species NOa coupled to the
27Al nucleus Ala are shown in black. Here an mw excitation width of ∆νmw
= 60 MHz as well as an isotropic convolutional Voigtian broadening with a
full width at half maximum (FWHM) of ∆ν = 0.16 MHz was assumed to
account for the inhomogeneous broadened line shape. The Ala nqi was set to
zero in all simulations for the reasons explained in the text. The symbols ∼
and * indicate an experimental artefact signal, whose position does not change
with the magnetic field and signals of the NO 14N nitrogen, respectively. The
splitting of the 27Al doublet of the strongly coupled Ala species and of the
doublet of weakly coupled protons is labeled in red.
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FIG. 9. Selected experimental Davies ENDOR spectra
(blue) measured at T = 6 K at magnetic field positions
B0 = 350.7 mT (a), 355.3 mT (b), 365.0 mT (c), and
368.0 mT (d). The latin letters at the top right label the
magnetic field positions as indicated by arrows in Fig.
3(b). The upper two signals (black), shown in (a)–(c), are
the simulated ENDOR signals of the NO 14N nucleus
and the Ala 27Al nucleus coupled to the NO adsorption
species NOa. Their sums are shown in black below over-
lapping with the experimental spectra. The splitting of
the 14N doublet of the simulated signal is labeled in red.
The symbol ∼ denotes an artefact signal.

that a variety of different proton species contribute to them.
The widths of the proton ENDOR signals allow an esti-
mation Amax ≈ 3.5 MHz for the maximal hfi of the proton
signals at field positions a to j.59 Thus we attribute those
signals to the same proton species as we have observed by
HYSCORE spectroscopy. Interestingly, the proton signal mea-
sured at the field position k [B0 = 368.0 mT, Fig. 9(d)] provides
a larger value of Amax ≈ 5.0 MHz, which might have been
not resolved by the HYSCORE experiments at correspond-
ing field positions due to the low signal intensity. At these
field positions, species NOb or NOc are expected to con-
tribute most significantly to the EPR spectrum in contrast to
species NOa [Fig. 3(b)], indicating differences in the variety of
neighbored proton species among the different NO adsorption
moieties.

In addition, ENDOR spectra measured at magnetic
fields B0 < 368 mT show a broad signal at frequencies of
ν ≈ 7.7 . . . 17.3 MHz, which partially overlaps with the proton
signals (Fig. 8). This signal can be attributed to the frequencies
νAl ≈ A

2 + νAl of the Ala ENDOR signal of the mS = +1/2 man-
ifold since it can be simulated by the same model as used for
the simulations of the corresponding HYSCORE signals. As
verified by an exemplary simulation (Fig. S27 of the supple-
mentary material), an 27Al nqi, as reported for the regular Al
species in MIL-100(Al),8 is not expected to be resolved due to
the large linewidth of the ENDOR signal originating from dis-
tributions of the nqi parameters and the isotropic hfi parameter
aAla

iso . The weak intensity of the frequencies νAl ≈ A
2 − νAl of

the ENDOR signals belonging to the mS = �1/2 manifold, as
observed at almost all field positions, can be explained by the
hyperfine enhancement effect, which increases the ENDOR

signal intensity at high nuclear frequencies to a larger extent
than at low frequencies.59,93 This is verified by the simula-
tions shown in Fig. 8 which include the hyperfine enhancement
effect. Only at the lowest observer field position a, the low
frequency part of the Ala ENDOR signal seems to be more
intense in the experimental spectrum than it is reproduced by
the simulation (Fig. 8).

At the field position k (B0 = 368 mT), where only the NO
adsorption species NOb and NOc contribute to the electron
spin echo, no signal of species Ala was measured anymore
[Fig. 9(d)] which confirms its attribution to species NOa.

In most spectra, a less intense shoulder joins the Ala
νAl
α ≈

A
2 + νAl spectral component at its low frequency end,

which is indicated in Fig. 8 by the symbol * and which could
not be explained by the nuclear species Ala alone. It was tenta-
tively assigned to the ENDOR signals of the NO 14N nucleus.
Since we do not observe any signal of 14N at the field position
k [B0 = 368 mT, see Fig. 9(d)], where only signals of species
NOb and NOc contribute to the 2-pulse ESE field sweep spec-
trum [Fig. 3(b)], we attribute the observed 14N signal to the
NO adsorption species NOa. At the magnetic field positions
d (B0 = 350.7 mT) and j (B0 = 365.0 mT), mainly orienta-
tions either lying in the NOa g-tensor x,y-plane or pointing
parallel to the NOa g-tensor principle z-direction are excited.
Since the 14N hfi tensor is known to be almost coaligned with
the g-tensor,94 one can roughly estimate from the correspond-
ing ENDOR spectra measured at those field positions [Figs.
9(a) and 9(c)] the principle values A14N

xx and A14N
zz , respec-

tively, as they are summarized in Table I. Here we interpret
the resolved 14N ENDOR signals belonging to the frequencies
νN
α ≈

���
Axx,zz

2 + ν14N
��� of the mS = +1/2 manifold, with Axx ,zz < 0
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TABLE III. Spin Hamilton parameters as calculated on the B3LYP and PBE0 levels with the Al atoms aug-cc-
pVTZ, aug-cc-pVTZ-J, and IGLO-III basis sets for the model cluster ML3 finally optimized using the B3LYP
functional. Values determined experimentally in the present work are also given. The g-tensor Euler angles αg,
. . . ,γg refer to a molecular frame, whose z-axis is defined to be parallel to the internuclear axis of the NO molecule
and whose x-axis is perpendicular to the plane spanned by the NO molecule and the Al1 atom [Fig. 11(c)]. The
indices Al1 and N designate parameters related to the Al1 and N atoms, whereas the indices hfi and nqi label Euler
angles of the corresponding hfi or nqi interaction tensors.

B3LYP/ PBE0/ B3LYP/ B3LYP/
NO aug-cc-pVTZ aug-cc-pVTZ aug-cc-pVTZ-J IGLO-III Expt.

gxx 2.0062 2.0062 2.0062 2.0063 1.997(3)a

gyy 2.0023 2.0023 2.0023 2.0023 1.997(3)a

gzz 1.9519 1.9479 1.9518 1.9517 1.909(3)
αg (deg) 89.76 89.74 90.07 90.00 . . .
βg (deg) 2.24 2.29 2.19 2.20 . . .
γg (deg) �89.28 �89.24 �89.63 �89.58 . . .

aAl1
iso (MHz) 21.67 22.82 23.81 23.71 14.7(17)

TAl1 (MHz) 3.59 3.55 3.61 3.62 3.4(5)
ρAl1 0.029 0.026 0.030 0.030 <0.5
αAl1

hfi (deg) 89.22 89.20 89.24 89.28 90(30)

βAl1
hfi (deg) 47.95 47.71 47.96 47.97 50(10)

γAl1
hfi (deg) 89.71 89.73 89.22 89.43 . . .

CAl1
Q (MHz) 4.28 4.04 2.80 2.96 . . . b

ηAl1 0.326 0.329 0.104 0.20 . . . b

αAl1
nqi (deg) 85.06 85.54 83.83 93.96 . . . b

βAl1
nqi (deg) 73.00 73.52 90.14 29.40 . . . b

γAl1
nqi (deg) 85.77 86.04 101.53 84.63 . . . b

AN
xx (MHz) �17.92 �19.95 �17.86 �17.80 ±14(8)c

AN
yy (MHz) 86.38 82.47 86.42 86.52 ±86(3)a,c

AN
zz (MHz) �18.27 �20.80 �18.22 �18.17 ±20(6)c

aN
iso (MHz) 16.73 13.91 16.78 16.85 17.3(57)d

TN (MHz) 34.83 34.28 34.82 34.84 34.3(34)d

ρN
�0.01 �0.01 �0.01 �0.01 0.5(10)d

αN
hfi (deg) 69.98 81.68 76.26 72.99 0e

βN
hfi (deg) 0.78 0.90 0.81 0.80 0e

γN
hfi (deg) �70.23 �81.90 �76.44 �73.16 0e

CN
Q (MHz) 6.84 6.67 6.84 6.84 . . . b

ηN 0.398 0.375 0.398 0.398 . . . b

αN
nqi (deg) 179.77 �0.21 �0.17 �0.15 . . . b

βN
nqi (deg) 90.03 89.97 89.98 89.98 . . . b

γN
nqi (deg) 90.10 89.07 �89.83 89.90 . . . b

aData from the work of Barth et al.,25 which are confirmed by the present work.
bNot resolved.
cOnly the magnitude but not the sign was experimentally derived.
dAssuming signs of the 14N hfi principle values as calculated by DFT.
eValues are not rigorously experimentally derived but are typically for NO adsorption species.94

according to the DFT derived results (Table III)59 and with ν14N

being the 14N nuclear Lamor frequency. We suppose that the
larger frequencies νN

β ≈
���
Axx,zz

2 − ν14N
��� of the mS = �1/2 man-

ifold component overlap with the Ala ENDOR signal. This
assumption is rationalized by no resolved second 14N signal
in any ENDOR spectrum, which should be present with sig-
nificant intensity as it is indicated by the spectral simulations
(see Fig. 9).

Note that the ENDOR spectral simulations did not allow
for the determination of the absolute or relative signs of the 14N

hfi principle values. We suppose that this can be rationalized
by the large pseudo-secular 14N hfi coupling, which domi-
nates qualitatively the orientation dependency of the ENDOR
frequencies.59 Furthermore, the experimental ENDOR signals
did not resolve any 14N nqi. Thus we set this interaction to
zero in the respective simulations. The effect of an eventual
14N nqi in the order of the DFT derived values (Table III) on
the experimental determination of the 14N hfi parameters has
been considered by the corresponding errors given for the latter
(Table III).
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COMPUTATIONAL RESULTS

For the DFT calculation, one has to choose the exchange-
correlation functional that partly includes electron correla-
tion in an approximate fashion. Unfortunately there exists
no systematic approach improving the approximation of the
exchange-correlation.95 Thus one has to verify the applicabil-
ity of a functional with either bench mark calculations or the
experiment. Applying the first approach for a single Al3+ ion
penta-coordinated to five oxygens and various small molecules
adsorbed at the remaining axial CUS, Mavrandonakis et al.72

has shown that the PBE0/def2-TZVP and B3LYP/def2-TZVP
levels of theory including the dispersion correction scheme of
Grimme74 show a good performance for the calculation of the
interaction energies. Thus we have used both approaches for
the present geometry optimizations.

Files containing the coordinates of all finally optimized
cluster models are provided in the supplementary material.
Some structural parameters of the models M1, ML1, M2, and
ML2 are given in Table S1 of the supplementary material.

A part of the potential energy surface (PES) of the mod-
els M3 and ML3 was calculated varying the dihedral angle ϕ
between the plane containing the Al3+–N–O adsorption com-
plex and the plane containing the atoms N, Al1, and Al2 as
explained in the Computational methods section. For an angle
ϕ= 0◦, the NO molecule is tilted towards the Al2–H2O site,
whereas for ϕ= 180◦, the NO molecule is tilted towards the
Al3–OH site. The calculated single point energies are shown
in Fig. 10. For both models, they have their global minima at
orientations where ϕ≈ 180◦, namely, at angles ϕ= 170◦ ± 10◦

FIG. 10. Relative single point energies of the cluster models ML3 (a) and
M3 (b) calculated during relaxed surface scans where the dihedral angle was
varied.

TABLE IV. Structural parameters describing the NO adsorption complex at
the Al1 CUS of the cluster models ML3 and M3 as optimized with the B3LYP
and PBE0 functionals. The length rAl−NO is the distance between the N and the
Al1 atoms, the parameter θAl−N−O is the Al1–N–O bond angle, and ϕA−AlNO
is the angle between the plane A containing all aluminum atoms and the plane
containing the NO molecule and the atom Al1.

rAl−NO (Å) θAl−N−O (deg) ϕA−AlNO (deg)

ML3/B3LYP 2.460 127.71 7.14
ML3/PBE0 2.374 128.37 5.81
M3/B3LYP 2.654 126.11 20.65
M3/PBE0 2.550 126.95 22.22

and ϕ= 162◦ ± 10◦ in the case of the models ML3 and M3,
respectively. These global minima were the starting structures
for further geometry optimizations, where ϕ was allowed to
fully relax. Structural parameters describing the NO adsorp-
tion complex and pictures of the finally optimized cluster
models ML3 and M3 are given in Table IV and Fig. 2, respec-
tively. Additional structural parameters characterizing the H2O
and OH� adsorption complexes for all cluster models are listed
in Table S1 of the supplementary material.

The Al–NO adsorption complex of cluster model ML3
has a bent end-on structure where the NO molecule is
aligned almost parallel to the plane A containing all three Al
atoms and is tilted towards the hydroxyl group by an angle
θAl−N−O ≈ 128◦ (Fig. 2, Table IV). The calculated binding
energy of the NO molecule at the Al site of model ML3 at
T = 0 K is ∆ENO = �22.4 kJ/mol.

It is known that the exact prediction of isotropic hfi param-
eters by DFT is difficult due to eventual inaccuracies in the
calculation of spin polarization.96 As a consequence, the per-
formance of different functionals for the calculation of the
hfi is discussed controversially in the literature. For example,
Hermosilla et al.97 reported a large variation of the calculated
isotropic hfi with the chosen DFT methods for the second-
and third-row nuclei among various organic and inorganic
radicals. For the 27Al nucleus of the Al2� radical electronic
ground state, they found good agreement between the exper-
imental isotropic hfi and the B3LYP/TZVP results. Saladino
and Larsen98 reported a better performance of half-and-half
hybrid functionals than pure generalized gradient correction
(GGA) functionals for the calculation of the isotropic hfi of
the 51V nucleus in VO2+ complexes. On the other hand, Sun-
dararajan and Neese99 reported good agreement of the 14N
isotropic hfi of NO-bound myoglobin with the experiment for
GGA functionals, whereas the hybrid functionals B3LYP and
PBE0 underestimated this parameter. To account this unpre-
dictability of choosing the right functional for the prediction of
hfi parameters by DFT, we calculated the 27Al and 14N hfi of the
Al1 and N atoms of the B3LYP/def2-TZVP and PBE0/def2-
TZVP optimized clusters ML3 with various GGA functionals
(BP86, OLYP, PBE, PW91, PWP), hybrid functionals (PBE0,
B3LYP, O3LYP), and the meta-GGA functional TPSS as well
as its hybrid version TPSSh (Table III, Tables S2 and S3 of
the supplementary material). All GGA functionals give large
values for aAl1

iso but small values for a14N
iso . The B3LYP, PBE0,

and TPSSh functionals give the smallest values for aAl1
iso and

TAl1 and large values for a14N
iso , indicating that the inclusion of

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-024746
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FIG. 11. The antibonding π∗y HOMO containing the unpaired electron (a),
the antibonding π∗x LUMO (b), the spin density (c), and the electronic density
(d) as calculated at the B3LYP/def2-TZVP level for the model cluster M3.
The atoms are colored in white (H), black (C), blue (N), red (O), and gray (Al).
The principle directions of the NOa g-tensor and 14N hfi-tensor are illustrated
in (c) in blue.

exact exchange leads to a larger localization of the spin-density
at the N atom than at the Al1 atom. The PBE0 optimized struc-
ture has systematically larger Al1 hfi coupling parameters than
the B3LYP optimized cluster which is probably related to its
0.1 Å shorter distance rAl–NO between the Al1 and N atoms
(Table IV).

The orientations of all hfi tensors were calculated rela-
tively to the g-tensor. The latter, as calculated with the B3LYP,
PBE0, and TPSSh functionals for the B3LYP optimized struc-
ture ML3, has principle values gxx & gyy ≈ ge > gzz, where
ge is the free electron g-value (Table III, Table S2 of the sup-
plementary material). Its z-axis is almost parallel to the N–O
bond axis, and its x-axis is perpendicular to the plane contain-
ing the NO molecule and the Al1 atom. Note that the y-axis is
oriented along the π∗y MO [Fig. 11(c)].

More magnetic parameters, calculated at the B3LYP,
PBE0, and TPSSh levels for the B3LYP optimized clusters
ML2 and ML3 with different Al basis sets, are summarized
in Table III and Tables S2–S6 of the supplementary material,
including the hfi and nqi tensors of the Al1, Al2, Al3, and
N atoms and the hfi tensors of the next neighbored protons
of the four btc ligands directly connected to the CUS where
NO binds. Consistently, the 14N hfi tensor is coaligned with
the g-tensor, as it is typically for the adsorbed NO molecule
[Fig. 11(c)].94

DISCUSSION

By distinct pulse EPR experiments on samples of MIL-
100(Al), we have observed three NO adsorption species NOa,
NOb, and NOc, where the first one interacts with a strongly
coupled 27Al nucleus Ala, the second one interacts with a
weakly coupled 27Al nucleus Alb, and at least, species NOc is
indicated to interact with the distant matrix 27Al nuclei Alc of
the MIL-100(Al) framework. The signals of weakly coupled

protons have been also observed by ENDOR and HYSCORE
spectroscopy at all observer field positions.

In this section, we want to discuss the experimental results
regarding the NO adsorption species NOa because a structural
model was found for this species in this work. This goal has
not been achieved for the species NOb and NOc. Nevertheless,
the small g-tensor values of NOc indicate small electric surface
fields at its adsorption site. Thus an adsorption of NOc on the
organic part of the MIL-100(Al) material seems most likely.
Further results concerning those two species are discussed in
the supplementary material.

We have determined by DFT geometry optimization the
zero temperature ground state of an NO adsorption complex at
the Al3+ CUS of a representative cluster model ML3, cut from
the MIL-100(Al) crystal structure. Almost all B3LYP derived
14N and 27Al hfi parameters coincide with the experimental
parameters (Table III). Only the computed 27Al isotropic hfi
constant aAl1

iso is about 7 MHz larger than the experimental one,
which corresponds to about 0.2% spin density difference in the
Al 3s valence orbital.100 Difficulties in the accurate calculation
of small spin density and spin polarization might indeed lead
to significant deviations of the calculated isotropic hfi param-
eters from the actual values,96,97 which is also illustrated by
the large variation of the calculated isotropic 27Al hfi with
varying functionals in the present work (Table S3 of the sup-
plementary material), correlating with the included amount of
exact exchange. On the other hand, the measured anisotropic
27Al hfi and 14N parts, which should reflect the geometry of
the complex more precisely than the isotropic hfi parts, equals
the B3LYP derived ones with good accuracy (Table III). Thus
we suggest that an NO molecule adsorbed at a CUS of the
MIL-100(Al) MOF is the most likely interpretation for the
observed EPR active species NOa. In particular, the present
work indicates that among the various functionals applied here,
the B3LYP functional shows the best performance for the cal-
culation of the geometric and electronic structure of the model
ML3 since it reproduces the EPR derived hfi parameters most
accurately.

It is noteworthy that the two other aluminum nuclei
Al2 and Al3 of the optimized model cluster ML3 have dis-
tances to the NO molecule of about rAl–NO ≈ 5.4 Å. Conse-
quently their DFT derived isotropic hfi parameters are almost
zero and their calculated dipolar hfi coupling parameters are
T ≈ 0.13 MHz (Table S4 of the supplementary material). Thus
their EPR signals should only contribute to those of distant
matrix aluminum nuclei Alc (Table II), which also implies
that Al2 or Al3 cannot be attributed to the observed aluminum
species Alb interacting with NOa.

The four nearest neighbored protons of the NO molecule
from the four adjacent btc ligands in the optimized cluster
model ML3 have distances rH–NO ≈ 4.0 Å to the NO molecule
and consequently their DFT derived hfi parameters are
aiso ≈ 0 MHz and T ≈ 1.1 MHz (Table S5 of the supplementary
material). Thus their ENDOR and HYSCORE signals might
contribute to that variety of weakly coupled proton signals
observed experimentally.

The B3LYP derived NO adsorption complex of model
ML3 has a bent end-on structure with an Al–N distance
rAl–NO = 2.46 Å and an Al–N–O bond angle θAl–N–O ≈ 128◦
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(Table IV). Similar parameters rNa–NO = 2.1 Å and θNa–N–O

≈ 142◦ have been roughly derived for an Na+–NO adsorption
complex in zeolite Na–A from detailed ENDOR data.15 This
supports the accuracy of the calculated ML3 geometry since
the Na+ ion has the same electron configuration and a simi-
lar size as the Al3+ ion. The somewhat larger distance rAl–NO

might be related to a partial shielding of the electric surface
field at the Al3+ CUS by the four nearest neighbored planar
oxygen atoms.

The Mulliken and Löwdin atomic charges and spin pop-
ulations of the atom Al1 and the NO molecule are similar for
the optimized models ML3 and M3 (Tables S7 and S8 of the
supplementary material), as also their geometric properties are
(Table IV). This indicates that the electronic structure of the
NO adsorption complex mainly depends on the metal-oxygen
cluster, whereas the btc ligands have only minor influence on
its properties.

The π∗y highest occupied canonical molecular orbital
(HOMO) involved in the NO binding and containing the
unpaired electron, the π∗x lowest unoccupied canonical molecu-
lar orbital (LUMO), the spin density, and the electronic density
of the model M3 are shown in Fig. 11. The corresponding
MOs and densities are qualitatively the same for the optimized
model ML3. As indicated by those pictures, the HOMO, which
determines the main characteristics of the bonding,101 con-
tains almost all spin density. The Mulliken and Löwdin spin
population analysis of the B3LYP/def2-TZVP derived model
structure ML3 deviate somewhat (Table S7 of the supplemen-
tary material), but the trend is clear: About 95%–97% of the
spin density is located at the NO molecule, only 2%–4% on the
Al1 atom and less than 0.5% on each of the four next neigh-
bored planar oxygen atoms. A spin density of about 53%–62%
is in the 2py orbital of the NO nitrogen atom, whereas some-
what less spin density of 34%-36% populates the 2py orbital
of the NO oxygen atom. The experimentally determined 14N
dipolar hfi constant is TN = 34.3 MHz (Table III), assuming
the DFT derived signs for the 14N hfi principle values (Table
III). This translates to about 61% spin density in the 2py atomic
orbital (AO) at the nitrogen atom100 which is in good agree-
ment with the DFT derived spin density populations (Table
S7). The experimentally determined 14N isotropic hfi constant
is aN

iso = 17.3 MHz (Table III) if one assumes the DFT derived
signs of the 14N hfi principle values (Table III). This indi-
cates that about 1.0% spin density occupies the 2s AO of the
14N atom.100 This value is almost equal to the Löwdin pop-
ulation analysis for the B3LYP/def2-TZVP optimized model
ML3 (Table S7). The Mulliken population analysis predicts
a value of �0.02%, indicating the better performance of the
Löwdin compared to the Mulliken method.95 This different
accuracy of both approaches is also confirmed by the predicted
spin densities in the Al1 s-type AOs (Table S7). According to
Löwdin, about 0.21% spin density occupies the Al1 AOs with
s-character which is in good agreement with the value 0.38%
as derived from the experimentally determined isotropic 27Al
hfi value aAl1

iso = 14.7 MHz (Table II).100 Here the Mulliken
analysis seems to fail since it predicts a small negative spin
density in the s-type AOs of the Al1 atom (Table S7).

The previous population analysis reflects the nature of the
NO π∗y orbital, which is understood qualitatively in the first

approximation as a linear combination of the two 2py AOs of
the NO nitrogen and oxygen atoms.16 Indeed, an analysis of
the composition of the π∗y HOMO in terms of contributing
AOs according to Mulliken mirrors the spin density popu-
lation. Especially no distinct s, p, or d orbitals of the Al1
or next neighbored oxygen atom contribute with more than
2% to the HOMO. Consistently, the electronic density has
small values in between the NO and Al1 atoms, as shown
in Fig. 11(d). Therefore this NO adsorption complex lacks any
covalent bonding character which is also reflected in a calcu-
lated Mayer bond order of about 0.13 for the N–Al1 bond.
The Mayer bond orders for the bonds between the NO nitro-
gen and the planar oxygens are even smaller than 0.01. Thus,
the present wave function analysis suggest an almost purely
ionic interaction between the NO and the MIL-100(Al) sur-
face at the CUS without significant covalency, as one would
expect for a bond between NO and the closed shell cation
Al3+.11

A weak ionic binding is also reflected by the small calcu-
lated binding energy∆ENO =�22.4 kJ/mol of the NO molecule
in the model cluster ML3 assuming zero temperature, which
is more typical for physisorption rather than chemisorption.11

A similar binding energy of ∆ECO = �28.1 kJ/mol was cal-
culated for the CO molecule bonded to an Al3+ CUS of an
analogous µ3-oxo-bridged cluster model.72 This NO bind-
ing energy is still much larger than the energy barrier ∆EPES

≈ 0.8 kJ/mol defined by the part of the calculated PES at zero
temperature, which was scanned with respect to the dihedral
angle ϕ between the plane containing the Al3+–N–O adsorp-
tion complex and the plane containing the atoms N, Al1, and
Al2 [Fig. 10(a)]. Thus the DFT derived energies indicate that
the NO molecule adsorbed at the MIL-100(Al) CUS is able to
rotate almost freely around the Al–N bond axis at intermediate
temperatures, where it still binds to this metal site. This might
be related to the occurrence of a second NO adsorption species
at temperatures T > 20 K as reported elsewhere.25 Its larger
g-value gzz = 1.947(3) might indicate a motional averaging of
the g-tensor principle values like it has been observed for a
thermally activated two-site jump process for a Na+–NO com-
plex in the NaA zeolite.94 The increase of the linewidth with
rising temperatures as observed by CW EPR in the tempera-
ture range 8 K < T < 160 K25 might be also related to this
rotational motion.

We have also calculated by DFT a wavenumber
ν̄ = 2002 cm�1 for the N–O stretching vibration of the optimi-
zed model cluster M3. This value is larger than ν̄ = 1876 cm�1

of gaseous NO102 which might refer to the small depopulation
of the antibonding π∗y HOMO due to a small but distinct trans-
fer of electron density to the Al1 atom. But interestingly no IR
signal of NO adsorbed in MIL-100(Al), which could be dis-
tinctly attributed to the NO–Al3+ species, was observed in an
earlier work down to the temperature T = 173 K.25 We cannot
explain this observation for sure and suggest therefore addi-
tional IR experiments at lower temperatures since the species
NOa might have already been desorbed at T = 173 K, even
on the IR time scale. Nevertheless, it remains unclear why
IR signals of NO, weakly physisorbed at the organic ligands,
are still observable at that temperature.25 However our results
indicate that the interaction of the NO molecule to the Al3+
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CUS is only weak, even at zero temperature. It seems reason-
able that at T = 173 K the IR signal of the NO–Al3+ moieties
might contribute to the large variety of IR signals around ν̄
= 1876 cm�1 which were attributed to weakly physisorbed
NO.25 An additional large inhomogeneous broadening of that
IR signal might have also hindered its distinct detection. Such
a distribution of the IR frequencies is indicated by the calcu-
lated flat PES (Fig. 10) leading eventually to a large structural
variation of the adsorption complex at the CUS or might be
related to the general structural disorder of the MOF.26

The electric surface field at the NO adsorption site can
be characterized by the g-tensor principle values (Table I).
From them, one can estimate in second order the energy dif-
ference ∆ between the NO 2Πy molecular state, where the
unpaired electron resides in the π∗y MO, and the excited 2Πx

molecular state, where the unpaired electron resides in the π∗x
MO.94 Thus, the energy ∆ corresponds to the energy differ-
ence between the canonical HOMO and LUMO introduced
above.94,103 It is a measure of the strength of the non-axial
component of the electric field gradient at the adsorption site.20

If this component is zero, ∆ = 0, and the 2Π1/2 state is degen-
erated, whereas ∆ increases with the magnitude of the electric
field gradient. Table V collects the g-tensor derived param-
eter ∆ for the NO adsorption species NOa (this work), for
the NO adsorption species at an extra-framework aluminum
site in the H-ZSM-5 zeolite, here called species NOd,11 and
for NO–Na+ adsorption complexes in the two zeolites Na-
ZSM-5 (NOe) and Na-A (NOf).104 Obviously those values
are of the same order, indicating that the electric surface fields
are similar for all those complexes. Especially the values for
NOa and NOd are almost the same. Note that the DFT derived
HOMO-LUMO gap (Table V) is much too large compared to
the experimental value. This might be related to the overesti-
mation of the g-tensor principle values by DFT. The calculated
gxx value is physically meaningless since it is larger than the
free electron g-value ge = 2.0023 (Table III). Assuming that gxx

= 2.0023, one derives in second order94 from the DFT derived
g-tensor principle values (Table III) a value∆≈ 330 kJ/mol that
nicely fits to the overestimated DFT derived HOMO-LUMO
gap (Table V). Therefore, the second order calculation of the g-
tensor principle values seems to be still a good approximation
for the present system and the failure of DFT for the calculation

TABLE V. Energy splitting, ∆, as calculated from the g-tensor principle val-
ues of the NO adsorption species according to the formulas given in the work
of Rudolf et al.94 and the 14N hfi parameter A14N

yy for various NO adsorption
species. For species NOb and NOc, ∆ is listed in Table S9 of the supplemen-
tary material. The HOMO-LUMO gap, calculated at the B3LYP/def2-TZVP
level for the optimized model ML3, is also given.

Species T (K) ∆ (kJ/mol) A14N
yy (MHz)

NOa [MIL-100(Al)] 6 23.3(73) 86(3)
NOd (H-ZSM-5a,b) 10 25.5 84.1(62)
NOe (Na-ZSM-aa,c) 10 15.9(28) 102.0(62)
NOf (Na-Aa,c) 10 26.2(38) 91.6(62)
B3LYP/def2-TZVP (ML3) 0 317.5 . . .

aNO adsorbed on zeolite matrix.
bg-tensor values from the work of Rudolf et al.,11 and our calculated value∆ differs from
that stated there.
cRudolf et al.104

of the correct g-tensor principle values seems to originate from
a wrong calculation of the excited 2Πx molecular state energy
of the NO molecule. Indeed a correct description of an excited
state by DFT is problematic if this state has the same spa-
tial and spin symmetry as the ground state has,95 like it is the
case for the 2Πx excited state of the present system. For such
cases, the orthogonality between the excited and ground states
is difficult to ensure by DFT.95 Nevertheless, the calculated ori-
entation of the g-tensor matches the theoretically predicted:20

The smallest principle value points along the internuclear bond
of the NO molecule, and the intermediate value points almost
along the symmetry axis of the 2py AOs contributing to the π∗y
HOMO at the NO [Fig. 11(c)].

The experimental determined 14N hfi parameter A14N
yy is

a quantitative measure for the Lewis acidity of the Al3+ CUS
of the MIL-100 material.11 The electronic structure of the NO
molecule can be interpreted as a mixture of two resonance
structures

:Ṅ = Ö:↔:N̈
−
= Ȯ:+,

where most of the unpaired electron density is either in the
2py AO at the nitrogen or in the 2py AO at the oxygen atoms,
respectively.11,16,105 The electron pair acceptor property of a
Lewis acid site leads to a redistribution of the electron density
in terms of the contributions of both resonance structures to
the total electronic state of the NO molecule. The stronger the
Lewis acidity of the adsorption site, the more unpaired elec-
tron density is shifted from the nitrogens 2py AO to the oxygen
2py AO in favor for an increased contribution of an additional
electron pair at the nitrogen to the total electronic state. This
redistribution of the electron density is measured by the 14N hfi
parameter A14N

yy since the latter is proportional to the amount
of unpaired spin density in the nitrogen 2py AO.100 Accord-
ing to this hfi parameter, the Lewis acidity of the MIL-100(Al)
CUS seems similar to that of the extra-framework Al site in the
H-ZSM-5 zeolite probed by species NOd (Table V).11 It has
been claimed that acetonitrile (CD3CN) is a good IR spectro-
scopic probe to characterize the Lewis acidity of such sites.22

More specific the Lewis acidity can be probed by its ν(CN)
wavenumber. For the CD3CN adsorbed at the MIL-100(Al)
CUS, ν(CN) lies in the range 2326 cm�1–2321 cm�1.22 For
CD3CN adsorbed at the Al-Lewis acid site in H-ZSM-5 zeo-
lite, IR spectroscopy provides a similar wavenumber ν(CN)
= 2322 cm�1,106 confirming our EPR derived result that the
Al-Lewis acid site in the MIL-100(Al) MOF has a similar
electron pair acceptor strength as that in the H-ZSM-5 zeolite.
Thus our results indicate that the Lewis acidity of Al-sites in
MOFs can be reliably probed by the EPR signature of adsorbed
NO, verifying its nature by the same time.

CONCLUSION

In the present work, the application of high resolution
pulse EPR methods allowed a detailed characterization of the
low temperature NO binding in the MOF MIL-100(Al) con-
firming only the weak adsorption of NO in this material, even at
the metallic Al3+ sites of the MOF. Results derived from DFT
calculations reflect nicely the experimental data and allow a
profound understanding of the structural and electronic prop-
erties of the EPR detected NO adsorption species NOa binding
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at the regular aluminum framework ion of this MOF. In par-
ticular, this methodology might be a notable alternative for
the characterization of Lewis acid sites in various Al-based
MOFs, using NO as an EPR active probe and simultaneously
allowing a certain decision about the nature of those sites. The
weak ionic binding of species NOa might explain the failure of
a previous IR spectroscopic study to detect its signal at inter-
mediate temperatures T > 173 K.25 Consequently, future IR
studies at much lower temperature T < 100 K are strongly
recommended for verification of the presented EPR results.
Hopefully future studies will give more insight into the nature
of the NO adsorption species NOb observed in the present EPR
work. The occurrence of an EPR active NO adsorption species
NOc, which most probably interacts with the organic part of the
MOF, might be a general situation for MOFs, which all contain
organic moieties. Future EPR studies of the NO adsorption on
MOFs, having 2H or 13C labelled ligand molecules, should be
able to characterize the NO-ligand interaction of this species
in more detail.

SUPPLEMENTARY MATERIAL

See supplementary material for the DFT derived struc-
tures of the various cluster models; additional parameters
used for the DFT calculations; further results and discussions
regarding the NO adsorption species NOb and NOc; more fig-
ures including an illustration of the τ and A dependence of
blind-spots in a HYSCORE spectrum of a strongly coupled
27Al nucleus; all HYSCORE spectra including the simula-
tions of species Ala, Alb, and Alc; HYSCORE and ENDOR
simulations illustrating the effect of the 27Al nqi on the sig-
nal of species Ala; an illustration of the orientation selectivity
produced by the 14N hfi for an EPR signal of an NO adsorp-
tion species as well as additional tables collecting certain
geometric parameters of the various DFT derived cluster mod-
els; more DFT derived magnetic parameters calculated with
various functionals and different basis-sets; the DFT derived
Mulliken and Löwdin reduced spin populations and charges
for the cluster models ML3 and M3; and the energy splitting
∆ of species NOb and NOc.
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