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Abstract: *N magic-angle spinning (MAS) NMR spectra of
diamagnetic LaTiO2N perovskite oxynitride and its paramag-
netic counterpart CeTiO2N are presented. The latter, to the
best of our knowledge, constitutes the first high-resolution *N
MAS NMR spectrum collected from paramagnetic solid ma-
terial. Induced paramagnetic **N NMR shift due to unpaired
4 f-electrons in CeTiO2N is non-existent, which is remarkable
given the severe paramagnetic effects on surface proton species
revealed by 'H NMR, and direct Ce—N contacts in the struc-
ture. Ab initio molecular orbital calculations predict substantial
Ce—'*N contact shift interaction under these circumstances,
therefore, cannot explain the unprecedented *N NMR spec-
trum of CeTiO>N.

LaTiO2N and other oxynitride semiconductors with per-
ovskite crystal structure exhibit favorable band gaps and
visible-light-driven photocatalytic activity for water split-
ting reactions, hence constitute one of the most promising
types of materials for this purpose. '™ Local O~ /N*~ an-
ion ordering in these systems is predicted to have significant
implications on properties such band gaps, and was stud-
ied with X-ray, electron, and neutron diffraction, as well
as first-principles calculations. ' *® However, local 0%~ /N3~
ordering occurs on too short length scales to be observed by
diffraction techniques.'® Moreover, O~ and N~ ions differ
in charge, ionic radii, and coordination preferences, thus are
not expected to occupy the same positions, as it is enforced
in structures derived from diffraction measurements, which
are biased by averaging. On the other hand, solid-state
NMR probes nitrogen atoms directly, regardless of chemi-
cal/structural disorder. Therefore, in this work we present
1N MAS NMR spectra of LaTiO2N and its paramagnetic
counterpart CeTiO2N. Assessment on how these spectra
compare, given the paramagnetic NMR interactions arising
in the latter, may provide further insights into Ce/N/O ar-
rangements in these structures. The paramagnetic nature of
CeTiO2N was revealed by magnetic measurements resulting
in Weiss constant § = —28 K and effective magnetic moment
tef = 2.43,'3 in line with that expected for free Ce®** ion
(2.54), in contrast to potential occurrence of Ti*% (1.73).
To the best of our knowledge, this is the first reported high-
resolution N MAS NMR spectrum of solid paramagnetic
material, considering that previous attempts were performed
under static conditions and cryogenic temperatures. *°"2!

Despite 99.6% natural abundance of *N isotope, solid-
state 1N NMR studies of materials are very rare. This is due
to the spin I = 1 and considerable nuclear quadrupole mo-
ment of **N, which result in signals that are severely broad-

ened by quadrupolar interaction, imposing serious challenges
with respect to signal excitation, processing, and interpre-
tation. However, as revealed by recent studies on Ta- and
Nb-based oxynitrides, and N-doped BaTiOs, **N NMR sig-
nals of these materials are unusually narrow, implying that
quadrupolar interaction vanishes due to the high local sym-
metry of N3~ moieties. ®1%2%2% This offers the unique op-
portunity to get insight into '*N paramagnetic interactions
in the solid-state, which has not been investigated with MAS
NMR before.
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Figure 1. 'H (a) and *N (b) MAS NMR spectra of LaTiO2N
(black traces) and CeTiO2N (red traces) collected at 14.1 T and
60 kHz MAS rate. Inset in panel a shows zoomed 'H NMR signals
from LaTiO2N. Insets in panel b display crystal unit cells of both
materials with Ce atoms as yellow, La as green, Ti grey, and O/N
red/blue. Crystallographic data from refs. 1314



For paramagnetic systems the NMR shift can be expressed
as:

0= 6orb + 5con + 6pc (1)

where 0, term corresponds to orbital “chemical” shift,
the sole shift contribution in diamagnetic systems, whereas
the latter two terms arise due to the presence of unpaired
electrons. dcon is associated with elecron-nucleus hyper-
fine coupling constant (HFCC) and denotes the effect of
through-bond polarization called “contact shift”, which is
operative in close vicinity to paramagnetic ion. dp. term
called “pseudocontact shift” (PCS) originate from electron-
nucleus dipolar coupling and magnetic anisotropy of para-
magnetic center, and is long-range in nature (1/7%). Para-
magnetic lanthanide (Ln) ions can induce PCS effects for
NMR-active nuclei at the distances as long as 25—40 A.24
This is exploited in biomolecular NMR, where paramag-
netic ions are used as “shift tags” for structure elucida-
tion of large molecular systems.?®2” On the other hand,
solid-state NMR studies of materials incorporating param-
agnetic lanthanide ions are scarce. At short distances be-
tween the nuclei of NMR interest and paramagnetic Ln®*
ions in solids, both contact and pseudocontact mechanisms
contribute to the NMR shift, which complicates data in-
terpretation. 3°Y MAS NMR studies of Ln-substituted yt-
trium pyrochlores Y2_,Ln;SnaO7 and Ya_,Ln,Ti2O7 re-
vealed significant induced paramagnetic shifts of Y NMR
signals from yttrium sites in close proximities to paramag-
netic Ln®* ions, compared to the signals from diamagnetic
Y2Sn207 and Y2Ti207.28 Similar effects were observed for
27 Al resonances upon incorporation of Ce (or other param-
agnetic lanthanides) in Y3Al;012 (YAG), 29-31 45 well as for
43Ca and ¥°Sc NMR signals from CaSc204 doped with Ce. 32
However, the assessment on dcon /dpc mechanisms could not
be established. Note that in aforementioned materials con-
tacts between the probed nuclei and paramagnetic Ln®" ions
are not direct but via oxygen bridges (Ln—O—X), with dis-
tances ron—x 23 A. 170 MAS NMR studies of paramagnetic
lanthanide oxides Ln2Og3 (probed atoms are directly bonded
to paramagnetic Ln®" ions) revealed substantial 7O shifts
(hundreds to thousands ppm), with contributions from all
three terms: dorb, Ocon, and 6p6.33’34 In this work we explore
corresponding effects for nitrogen with *N MAS NMR on
LaTiO2N and CeTiO2N oxynitride perovskites.

Let us first consider the 'H MAS NMR spectrum of
LaTiO2N photocatalyst surface, which is presented in Fig-
ure 1(a), black trace. Proton signal at 4.9 ppm corresponds
to physisorbed H2O, whereas remaining resonances originate
from different types of bridging (>OHg) and terminal hy-
droxyl groups (—OHr). 35 In contrast, surface proton signals
from paramagnetic CeTiO2N (Figure 1(a), red trace) are
strongly affected by the presence of unpaired electrons from
Ce®t jons. Spectrum is severely broadened as a result of
both paramagnetic NMR, shift interactions and relaxation
enhancement.?” Only signal at 7.3 ppm is moderately af-
fected, which indicates that it originates from protons being
the most distant ones from Ce** ions.

The N MAS NMR spectrum of LaTiO2N is shown in
Figure 1(b), black trace. Narrow signal at 270 ppm is con-
sistent with data reported for other diamagnetic oxynitride
perovskites, and are collected in Table 1. Although these
oxynitrides develope space groups with lower than cubic
symmetry as a result of octahedra tilts and rotations upon
substitutions of different cations, **N NMR shifts are basi-

cally unchanged, indicating that local environments of ni-
trogen are almost identical.

Table 1. **N NMR shifts in oxynitride perovskites

Formula Space group  “*N shift (ppm)
CaNbO,N Pnma®® 2708
SrNbO>N I4/mcm36 2718
BaNbO,N Pm3m?3¢ 2708
LaNbON, Prnma® 2718
CaTaO:N Pnma3® 270—271810:23
SrTaO2N I4/mem3® 271272823
BaTaO;N Pm3m?3 269—270%23

BaTi(O,N);  P4mm?®® 27122

LaTaON, Immat® 2708
LaTiO2N Imma™* 270 (this work)
CeTiOsN Pnma®® 268 (this work)

The N MAS NMR spectrum of paramagnetic CeTiO;N
is presented in Figure 1(b), red trace. Despite being broader
and a little bit less symmetric, *N signal from CeTiO2N
exhibits no induced paramagnetic shift due to unpaired 4f
electrons when compared to its LaTiO2N counterpart and
other diamagnetic oxynitride perovskites in Table 1. This
is remarkable given the direct Ce—N contacts in the net-
work and strong paramagnetic effects on surface protons
[Fig. 1(a)]. This counterintuitive result could be explained
by the cancellation of orbital and paramagnetic shift contri-
butions with opposite signs, as it is partially the case for 7O
NMR shifts in Sm»O3. 3% However, based on the N NMR
data in Table 1 for ten diamagnetic oxynitride perovskites
incorporating variety of metal ions, it is safe to assume that
dorb does not change for CeTiO2N as well, so induced para-
magnetic shift has to be zero, or at least dcon and 6, have
to cancel each other out.

To explore these scenarios, induced paramagnetic “N
NMR shifts were evaluated in terms of electron param-
agnetic resonance (EPR) parameters by applying the for-
malism of Moon and Patchkovskii,®® and Vaara?®™® to
hypothetical cluster model derived from CeTiO2N crystal
lattice. The calculations of N hyperfine coupling ten-
sors and electronic g-tensor of Ce were performed with
ab initio quantum chemistry methods: domain-based lo-
cal pair natural orbital coupled-cluster singlets and doublets
(DLPNO-CCSD)** and multireference perturbation theory
(CASSCF/NEVPT?2),* respectively (see Supporting Infor-
mation for details). Although this theoretical approach
employed crude approximation of (averaged) structure de-
rived from diffraction measurements and no Madelung field,
nonetheless the molecular orbital theory is helpful because
it provides upper/lower bounds of the range of *N HFCCs
expected at the Ce—N distances representative for the
CeTiO2N crystal lattice, and insight into relative magni-
tudes of contact and PCS effects as well.

Predicted *N HFCCs for nitrogen positions at the dis-
tances of 2.1 and 2.5 A from Ce in the CeTiO2N model are
—2.0 and —0.9 MHz, respectively (Table S4). These values
are in the same range as the experimental estimates of —2.2
and —0.6 MHz for '"O HFCCs in cubic EusO3 and SmsOs5
(Ln—O distances of 2.3—2.4 A),3* and the older experimen-
tal value of —2.7 MHz estimated for 'O HFCC in the se-
ries of paramagnetic lanthanide oxides (Ln203).%* Both N
and 17O HFCCs are negative due to polarization mechanism
mediated by lanthanide 6s orbitals (4f orbitals do not par-
ticipate in chemical bonding to any greater extent).3! For
nitrogen positions at the distances >3.3 A from Ce, pre-



dicted magnitudes of '*N HFCCs are <0.05 MHz. However,
the scenario that nitrogen atoms experience only distances
>3.3 A from Ce is unrealistic, considering the CeTiO2N crys-
tal structure.

Calculated induced *N paramagnetic contact shifts for ni-
trogen atoms at the distances of 2.1 and 2.5 A from Ce®™ ions
are —498 and —213 ppm, respectively (Table S7), whereas
magnitudes of pseudocontact shifts are <30 ppm and dimin-
ish to <10 ppm already at the distances >3.3 A. Therefore,
long-range effects from distant paramagnetic centers are un-
likely to counteract substantial contact shifts of close Ce—N
contacts, given that next nearest Ce neighbors are >4.5 A
away.

Hence, we conclude that averaged crystal structure ob-
tained by diffraction techniques does not provide basis for
understanding of experimental *N MAS NMR spectrum of
CeTiO2N, and more work is needed to gain insight into local
structures in these materials. Consequently, the lack of para-
magnetic shift in the *N MAS NMR spectrum of CeTiOoN
we attribute to unique symmetry and Ce—O/N arrangement
in the CeTiO3N lattice that leads to remarkable cancellation
effects for interactions with distinct physical origins and dif-
ferent spatial dependencies.

METHODS

For synthesis of LaTiO3N, the LasTi2O7 precursor ox-
ide was synthesized by a conventional solid-state reaction
with KCI as flux, similarly to our previous work.° In short,
starting materials of 1.5 mmol LasO3 (99.9 wt %, Fluka),
3 mmol TiO2 (99.3 wt %, VWR Chemicals) and 15 mmol
KCI (99.5 wt %, Griissing) were adequately ground. Mixture
was placed in an alumina crucible to be heated to 1423 K
for 8 h at a ramping rate of 10 K/min under ambient atmo-
sphere and then cooled to room temperature at a rate of 10
K/min.? The product was ground and washed with distilled
water to completely remove the flux agent. A typical ther-
mal ammonalysis process was employed to convert LasTioO7
into LaTiO2N. Briefly, 100 mg of LazTi2O7 was placed into
an alumina crucible in a tube furnace and was subsequently
heated under a constant flow of NHs (15 mL/min) and
H; (5 mL/min) at 1223 K for 15 h at a ramping rate of
10 K/min. After cooling down to room temperature, the
final LaTiO2N product can be obtained.

Quaternary oxynitrides can also be prepared via one
step NHs-assisted flux-mediated route.*®*” Cerium can ex-
ist with oxidation state of Ce*", i.e. CeOs. Thus, one step
NHgs-assisted flux-mediated route was used to synthesize Ce-
TiO2N by in situ reducing Ce?™ to Ce®**. Typically, starting
materials of 1 mmol CeO2 (99.9 wt %, ABCR Chemicals)
and 1 mmol TiO2 (99.3 99.9 wt %, VWR Chemicals) were
mixed with 9 mmol LiCl (99 99.9 wt %, Alfa Aesar) by pes-
tle. The mixture placed into an alumina crucible in a tube
furnace and was subsequently heated under a constant flow
of NH3 (15 mL/min) and Hy (5 mL/min) at 1223 K for 15 h
at a ramping rate of 10 K/min. After cooling down to room
temperature, the product was washed with distilled water
to obtain CeTiO2N by removing the flux agent.

X-ray powder diffraction (XRD) patterns of synthesized
LaTiO2N and CeTiO2N were recorded in the transmission
mode on a STOE STADI-P diffractometer (Cu Koy radia-
tion) equipped with a DECTRIS Mythen 1K detector. See
Figure 2.

Solid-state 'H and *N MAS NMR spectra were acquired
at a magnetic field strength of 14.1 T (Larmor frequencies of
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Figure 2.
LaTiO2N and CeTiO2N samples shown with reference data.

X-ray powder diffraction patterns of synthesized
13,14

600.1 and 43.4 MHz, respectively) with a Bruker Avance III
spectrometer equipped with a 1.3 mm MAS probehead and
employing MAS rate of 60.00 kHz. 'H NMR. acquisitions
were performed with rotor-synchronized, double-adiabatic
spin-echo sequence with a 90 degree excitation pulse of
1.1 us, followed by two 50.0 us tanh/tan short high-power
adiabatic pulses*®*® with 5 MHz frequency sweep.?® All
pulses operated at a nutation frequency of 210 kHz. 256
signal transients with 5 s relaxation delay were accumu-
lated. N MAS NMR spectra were collected using single
pulse “Bloch-decay” protocol with 3.0 us 90 degree excita-
tion pulse and 65536 scans collected with 1 s relaxation de-
lay. 'H shifts were referenced using neat tetramethylsilane
(TMS) at 0 ppm, whereas N shifts to solid NH4Cl at 0 ppm
(—342.4 ppm with respect to nitromethane).
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