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NMR spectra of polycrystalline samples of the binary nitrides
ScN and VN were acquired under magic-angle spinning. The
observed nuclides “Sc, *'V and N are all quadrupolar nuclei
with a spin / > 1/2. However, due to the high symmetry of their
rock-salt type structures, the spectra of the nitrides do not
exhibit effects of quadrupolar or other anisotropic interactions
of significant magnitude. This allows a relatively straightforward

Introduction

Despite its challenging technical fixation, nitrogen is one of the
most important elements for industrial processes. Nitrogen-
containing compounds cover a wide range of applications,
which is apparent already for members of the compound class
with the simplest compositions, i.e. binary nitrides. For
example, the wide-bandgap semiconductor aluminium nitride
(AIN) with its high thermal conductivity and piezoelectric
properties is a promising and widely used material not only for
ultraviolet light-emitting diodes" but also in microelectrome-
chanical systems (MEMS)? or tactile sensors.®’ Boron nitride
occurs in both a cubic and a hexagonal modification. With its
special properties, ¢-BN is a useful material for cutting devices
used in the machining process of ferrous alloys to avoid
graphitization of diamond.”! On the other hand, the 2D-layered
h-BN is an excellent lubricant offering thermal and chemical
stability which can be used in both a wide temperature and
pressure range, and is also a good dielectric material.*®

Binary nitrides of transition metals have also been synthe-
sized, including titanium, vanadium as well as scandium nitride,
all crystallizing in the rock-salt structure type. TiN is used to
improve surface properties by coating,”® and has also
applications in microelectronics.”’ Likewise, VN possesses good
electrical conductivity as well as a large electrochemical
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evaluation of the acquired spectra, leading to isotropic chemical
shift values (0;,) of —213 ppm (*'VN), 378 ppm (V*N), 290 ppm
(**ScN) and 442 ppm (Sc'*N) against commonly used reference
standards. In the wider context of “N-NMR of binary nitrides, it
is shown that the distance of nitrogen to the nearest neighbour
cation can be correlated to the observed chemical shift.

potential window which enables its use as anode material in
supercapacitors"” or as diffusion barrier"™ ScN offers semi-
conducting properties as well as a high thermal and mechanical
stability. It is of interest for thermoelectrics'? or as a compatible
metal gate for n-type metal-oxide-semiconductors."

Another important area of application is the use of binary
nitrides as starting materials for synthesis. Aluminium nitride is
a precursor in the production of SIAION ceramics.™ Titanium

nitride has been reacted to obtain a range of target
compounds, such as an oxonitridophosphate™ TiP,Ng
polymorphs,'® and both titanium pernitride"” and cubic phase

Ti;N, under extreme pressure conditions."® Scandium nitride
has long been considered mostly inert, but has recently been
utilized for the synthesis of an oxonitridophosphate.” Due to
the refractory character of TiN and ScN, it has been necessary
to activate these compounds under both high-pressure and
high-temperature conditions, using NH,F as mineralizing agent
and HF source.™® Obviously, it is of vital importance to
monitor synthetic procedures by appropriate analytics. X-ray
diffraction (XRD) methods are very powerful, but may fail to
detect minority phases in powder samples due to their grains
being too small or non-crystalline. Because of its capability of
probing the local electronic surrounding of the investigated
nuclei, solid-state NMR spectroscopy is a useful complementary
technique for the characterization of inorganic solids.”®*" In
particular, it may be possible to trace otherwise undetected
starting material in the products by NMR, as has been
demonstrated for AIN in the synthesis of SiAION
compounds.?*%

In this work, we describe the NMR characterization of
“Sc™N and °'V"“N, which may prove helpful for identifying
these binary nitrides also in multi-phase systems.
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Results and Discussion

Surveying the distribution of nuclides in the investigated
nitrides, it can be concluded that the compounds may be
denoted by **Sc'*N and *'V'*N in very good approximation, with
*3Sc occurring with 100%, *'V with 99.76 % and "N with 99.63 %
natural abundance. This leads to obvious choices for NMR
measurements. All nuclides considered here have a spin
I>1/2, and thus possess a quadrupolar moment?¥ The
interaction of these quadrupolar moments with the electric field
gradient (EFG) of the surroundings leads to additional terms in
the NMR Hamiltonians, which are usually taken into account as
perturbations of the Zeeman interaction. If the Larmor
frequency is denoted by v,, and the chemical shift contribution
by v, the resonance frequency v(k) of a transition k may be
written as:

v(k) :vo+vcs+v8)(k)+v(oz)(k2)+ M

For compact notation, we have used the parameter k to
indicate the transitions, which is related to the familiar
magnetic quantum number m by the relation k =m 4 1/2 for
the transition m — m 4 1. Both *Sc and °'V happen to
possess spin | =7/2, and their respective NMR spectra are
composed of a central transition with k = 0, and three pairwise
satellite transitions with k = £1,£2,43. In contrast, "N has
/=1, with only two possible transitions with k = +1/2. The
frequencies v’ and »¢ in Equation (1) describe the contribu-
tions of the quadrupolar interaction to first and second order.
Because of the high symmetry of the rock-salt structure type of
the investigated nitrides, which leads to a highly symmetric EFG
tensor, quadrupolar coupling should be completely absent in
these compounds. As we will see below, the experimental
spectra of **Sc and °'V indicate the possible presence of some
residual coupling, which can be adequately described using
first-order contributions only.

Dipolar couplings between the magnetic moments of the
nuclear spins are also present in our binary nitrides with high
abundance. In principle, these constitute another term v in
Equation (1). The coupling between two different spins / and S
scales according to the equation (which includes the gyromag-

netic ratios y of the spins, and their distance r;):*”

2 —
(3cos [23,5 1) 2

h (3cos’Bs — 1
vis(Bis) = %‘ yl?,;; ’ ( 2,5 )
1.

=Dy -

Here, f3s is the angle of the internuclear vector with the
magnetic field, and D;, the dipolar coupling constant, con-
stitutes a convenient measure of the interaction strength. In the
binary nitrides under investigation here, the largest couplings
experienced for the various observed nuclides are characterized
by the following values for D, which were calculated from the
shortest distances taken from the XRD structure determinations:
219 Hz for *Sc—*Sc spin pairs, 184 Hz for **Sc-""N, 333 Hz for
V=V, and 259 Hz for *'V-""N (for homonuclear couplings,
Equation (2) needs to be multiplied by a factor of 3/2 to obtain
the maximum values). All spectra in this work, however, have
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been measured under magic-angle spinning (MAS), which
reduces all  contributions scaling with the term
(3cos’Bis — 1)/2.#”" With an applied MAS rate of 10 kHz, the
dipolar couplings present in **Sc'*N and *'VN are sufficiently
small to be fully averaged out by MAS, justifying the omission
of the term v,; in Equation (1).

NMR of spin-7/2: **Sc and °'V

The MAS-spectra of *'V and *Sc, both with spin /| =7/2, are
shown in Figure 1 with single, strong resonances located at
—213 ppm for vanadium nitride and 290 ppm in the case of
scandium nitride. The high-intensity resonances can be identi-
fied as the respective central transitions (CTs, with k= 0).
Satellite transitions (STs), when present, have a much stronger
orientation dependence, with their intensities spread out over a
range of frequencies, and hence show lower intensity. The
spectra are consistent with a single crystallographic site for *'V
and *Sc, as is expected from the crystal structure. Both nitrides
crystallize in the rock-salt structure type, with space group
Fm3m (no. 225).128%7

The MAS spectra confirm that no significant quadrupolar
coupling interaction occurs for the studied nuclides, as

a)
1000 500 0 -500
45
(v-vo)/vy ( Sc) [ppm]
b)
1000 500 0  -500  -1000  -1500

v-vo)vo V) [ppm]

Figure 1. MAS spectra at 10 kHz spinning speed for the polycrystal-
line ScN- and VN-samples with a) the *Sc-NMR measurement and
b) *'V showing the corresponding center-bands at 290 ppm and at
—213 ppm.
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expected for these highly symmetric compounds. This conclu-
sion can be drawn from the fact that both central transitions
have no characteristic lineshape, but are present as single,
symmetrical signals. With sufficiently large quadrupolar cou-
pling, such a special appearance would be observable, because
the CT is influenced by second-order effects, containing terms
scaling with cos*(8) which cannot be averaged out by MAS.

The “ScN spectrum, however, shows an appreciable spin-
ning sideband (SSB) pattern, indicating the presence of
anisotropic interactions, which in contrast to the dipolar
couplings (see above) are not fully averaged by MAS. These
interactions could be either chemical shift anisotropy (CSA) or
quadrupolar coupling, the latter introduced by small deviations
from ideal symmetry. There could also be a distribution of
either interaction, since it is known that achieving an exact
stoichiometric ratio for ScN is a challenging task. The kinetics of
the direct reaction of Sc metal with nitrogen gas are slow,
which may result in nitrogen-deficient products.*® Also, for the
synthesis from the elements, impurities by O-atoms are not
improbable. This is due to the high affinity of scandium metal
to oxygen®" and, in comparison with thin films of TiN or ZrN,
also of scandium nitride® to oxygen. The problem of vacancy
formation for the cation sites has also been studied
theoretically.®™ The presence of even small concentrations of
vacancies or oxygen at anion sites causes distortions of the
highly symmetric structure, leading to anisotropies which we
observe as a SSB pattern in the NMR spectrum. Moreover,
vacancy formation as a random process is likely to introduce a
distribution of distortions, leading to additional line broadening.
This results in a general broadening of the **Sc resonances, as
observed in Figure 1a in comparison to the *'V spectrum in
Figure 1b, with the same difference in broadening being
observed in the "N spectra (see below). While instances of *Sc
CT spectra which are dominated by the CSA instead of the
quadrupolar interaction have been reported,®¥ the quadrupolar
interaction is the more likely source for the anisotropies
observed in the NMR spectra here. It should be clearly stated,
however, that the experimental evidence does not allow us to
distinguish between these interactions, so either or both could
be the cause.

It is important to ask whether the position of the strong
central resonance in Figure 1a is also affected by the quad-
rupolar interaction, which would have to be taken into
consideration when determining the isotropic shift. To estimate
that effect, we assume the quadrupolar interaction to be the
main source of the anisotropy. Then, an upper limit for the
quadrupolar coupling constant C, can be derived from the
extent of the SSB pattern. For this, the satellite transitions are
considered to be affected only by the first-order contribution,
since the quadrupolar coupling, if present at all, must be
comparatively small. Also, the **Sc atoms reside on three-fold
rotation axes (Wyckoff position 4b in the crystal structure), so
the EFG tensor is uniaxial with an asymmetry parameter of
n = 0. In this case, the relevant equation in k-notation is:***’
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3¢ 3cos’f — 1
7o () =k gy : zﬁ : )

The maximum extent is expected for the satellite transitions
with k = 43, and an angle of § = 0° to the external magnetic
field. This amounts to approximately 120 kHz, as can be
measured from the spectrum in Figure 1a. From this value, an
upper limit of C7™ = (14 - 120 kHz) /3 = 560 kHz can be calcu-
lated using Equation (3). In principle, the presence of a sizeable
quadrupolar interaction may also affect the resonance position
of the central transition via the quadrupolar-induced shift (QIS),
which (for 7 = 0 and | = 7/2) is given by:*

o1 ()
s = 7397 Ty,

4

With the relevant values for our **Sc spectrum, Equation (4)
returns 6.58 Hz, or 0.05 ppm, which obviously may be safely
ignored. Therefore, the position of 290 ppm can be identified as
being the isotropic chemical shift of **Sc in ScN.

It may be seen from Figure 1b that the SSB pattern of the
>V spectrum of VN is only a fraction of the width of that of the
*Sc spectrum of ScN. Hence, without repeating the above
discussion about *Sc, it can also be concluded for 'V that the
observed resonance frequency of —213 ppm corresponds to
the isotropic chemical shift. Although negative, this shift value
is well within the range commonly observed for diamagnetic
vanadium compounds.©®

NMR of spin-1: N

The MAS spectra of Sc*N and V'*N are shown in Figure 2. The
"N nucleus has spin / =1, and a comparatively large quadru-
pole moment. Thus, even for small distortions of the electronic
environment,®” the separation of the two transitions k = 4+1/2
becomes visible, leading to a symmetric doublet in the static
NMR spectrum. For many nitrogen-containing compounds,
these doublets are very broad, requiring specialized wide-line
techniques for spectra acquisition.®® This doublet lineshape
also persists in the appearance of the sidebands under MAS
conditions, even for quadrupolar coupling constants of only
about 140 kHz, such as for h-B"N.2% In principle, however, MAS
is capable of fully averaging the effects caused by quadrupolar
coupling to first order, with the efficiency of averaging
determined by the ratio of coupling constant to MAS rate.
While the spectra of VN and ScN in Figure 2 show a single high-
intensity resonance, spinning sidebands (SSB) are also clearly
present in the "N spectra. Again, experimental evidence does
not allow us to distinguish between CSA and quadrupolar
coupling as the source of the anisotropy manifested by the
presence of the SSBs. Assuming quadrupolar interaction to be
the main source, an upper limit for C; may be derived by
comparing the spectra in Figure 2 to computer simulations.
Using the SIMPsON package,*” we compared the ratio of the
SSB intensities relative to the main resonance. The experimental
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Figure 2. "N-NMR MAS spectra at 10 kHz spinning speed for a) the
polycrystalline ScN and b) the VN sample with the center bands
appearing at 442 ppm and 378 ppm, respectively.

intensities are consistent with a C, < 25 kHz, with coupling
constants above that resulting in significantly higher SSBs.
Irrespective of the cause of the SSB pattern, the isotropic
chemical shift may be obtained directly from the resonance
positions for both nitrides.

Relation of "N chemical shift to crystal structure

For the application of solid-state NMR spectroscopy as an
analytical tool, there is always interest in correlating NMR
parameters to structural features, e.g. distances or angles.””
One example is to plot the values of the isotropic chemical
shift, J,, against the mean distance to the next atoms
constituting the coordination sphere and postulating a linear
dependence between these two parameters. This has been
demonstrated for compounds with PbO,*" NaO,"** or AIO,*”
polyhedra. Since the specification of a coordination sphere is
neither unique nor simple even with the inclusion of complex
calculations,*? it has been suggested to use the shortest X-O
distance instead.”” The shortest distance is not only uniquely
defined, but is also an indirect measure of the average distance
to the next neighbouring atoms in the structure. In an attempt
to apply this concept to nitrogen chemical shifts, the d,, values
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for N for the binary nitrides listed in Table 1 were plotted
against the shortest distance to the nearest cation, as taken
from the XRD structure determinations. This resulted in a
comparatively good linear correlation with a Pearson correlation
coefficient R of 0.88, as may be seen from Figure 3. It should be
noted, however, that a clear theoretical foundation for this
linear relation does not exist.

Conclusions

The binary nitrides ScN and VN have been characterized by
*Sc-, *'V- and "N-NMR. For all nuclides, the effects of
quadrupolar interaction are small, leading to narrow lines in the
MAS spectra, which are comparatively easy to detect even for
modest sample amounts. The results presented here may also
be useful for identifying these nitrides in multi-phase samples.
Regarding general aspects of nitrogen NMR of binary nitrides, it

Table 1. Determined "N isotropic chemical shifts for the inves-
tigated and selected binary nitrides, listed in ascending order
(values referenced against solid NH,Cl).

Compound Structure Type Isotropic Shift
¢-BN Sphalerite™* —17.6 ppm®
h-BN Graphite-like!® 61.2 ppm=?
AIN® Wurtzite™”! 62.4 ppm™“®
GaN® Wurtzite! 270.4 ppm®
InN®! Wurtzite®" 270.9 ppm®?
TiN Rock-salt®*? 359 ppm®”!
ZrN@ Rock-salt®? 361.4 ppm®
VN Rock-salt’?® 378 ppm

ScN Rock-salt'®” 442 ppm

[a] values for 0, re-referenced against NH;

e NaCl-type
¢ wurtzite-type
4004 | % graphite»I){IEe
m sphalerite-type
' 300
=%
R
Z 200
)
3
< 100+
¢ AN
0 -
4
T T T T T
0.14 0.16 0.18 0.20 0.22

X-N minimal distances (d,,,;,) [nm]

Figure 3. Plot of nitrogen isotropic chemical shift values (deter-
mined via "*N-NMR) versus the shortest X-N distance in each crystal
structure (with the data given by Table 1). The line corresponds to a
linear fit according to the expression

diso ("*N)[ppm] = a + b - d,,;, [nm]. The obtained fit parameters
with their respective errors were: a = —740 + 200,

b = 4993 £ 1010 and the correlation coefficient R = 0.88.
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could be shown that the isotropic chemical shift relates to the
distance of the nearest nitrogen to the respective cation.

In general, research and development involving nitride
compounds is still a vibrant field, as partly reviewed in the
Introduction of this paper. In particular, the group of Wolfgang
Schnick has been very productive in this field of research over
the last decades.>'¢>*%

Experimental Section

The investigated scandium nitride has been synthesized from the
elements as described by Niewa et al.?® Vanadium nitride has also
been prepared according to literature.”” Phase purity was con-
firmed by powder X-Ray diffraction for both nitrides.

Polycrystalline samples of the compounds were filled into a 4 mm
rotor and spun at a frequency of 10 kHz. The single-pulse MAS-
measurements were carried out on a Bruker Avance-lll 500
spectrometer at LMU Munich with the corresponding Larmor
frequencies being vy("*N)=36.141 MHz, v,(**Sc) = 121.490 MHz and
vo(*'V) =131.549 MHz. A baseline correction was applied for both
"N experiments and for the Sc*N-data, an additional two point left
shift in order to reduce ringdown effects. The line broadening
applied for all spectra in this work is 500 Hz, except for the V"N
with 200 Hz. Furthermore, recycle delays of 0.5 s and 80 scans for
'WN, 20 s and 4096 scans for V*N, 64 s and 24 scans for *ScN as
well as 60's and 100 scans for Sc'*N were used. '*N spectra were
referenced against solid NH,Cl, **Sc against an aqueous solution of
ScCls, and 'V against the secondary reference of the 'H resonance
of 1% Si(CH,), in CDCl;, all set to 0 ppm.

For the syntheses of vanadium nitride achieving full stoichiometry
may be difficult. A thermodynamically favourable vacancy forma-
tion enthalpy even stabilizes the NaCl-structure for VN,-samples®®
(with x< 1) for which a strong paramagnetism is observable.
Furthermore, a high electrical conductivity has been determined of
about 1.6x 10° S/m"” and it was also published that properties like
the magnetic susceptibility or superconducting transition temper-
ature depend on the V:N-ratio.*” Therefore, it was necessary to
dilute the sample in the rotor with a non-nitrogen containing
compound (ZrO,) to achieve stable spinning. Similar problems were
already encountered for the electrically conductive transition metal
nitride TiN.57¢"
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