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Abstract: We report the first magic-angle spinning (MAS)
nuclear magnetic resonance (NMR) study on Sn(NCN). In
this compound the spatially elongated (NCN)*" ion is
assumed to develop two distinct forms: either cyanamide
(N=C-N%) or carbodiimide ((N=C=N"). Our *N MAS NMR
results reveal that in Sn(NCN) the (NCN)*>" groups exist
exclusively in the form of symmetric carbodiimide ions
with two equivalent nitrogen sites, which is in agreement
with the X-ray diffraction data. The “N quadrupolar
coupling constant |Cq| ~ 1.1 MHz for the "N=C=N" ion
in Sn(NCN) is low when compared to those observed in
molecular compounds that comprise cyano-type N=C-
moieties (|CQ| > 3.5 MHz). This together with the informa-
tion from N and ®C chemical shifts indicates that solid-
state NMR is a powerful tool for providing atomic-level
insights into anion species present in these compounds.
The experimental NMR results are corroborated by high-
level calculations with quantum chemistry methods.

Keywords: DLPNO-CCSD; DSD-PBEP86; “N MAS NMR;
SnCNy; °Sn MAS NMR.
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1 Introduction

Metal carbodiimides My(NCN), (where M = alkali, alkaline-
earth, rare-earth, or transition metal) are a class of inor-
ganic compounds originally derived from molecular cy-
anamide, H,N-C=N, or the unstable carbodiimide isomer,
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H-N=C=N-H [1, 2]. Furthermore, metal oxide carbodii-
mides as representatives of mixed-anion compounds can
incorporate both types of anions to yield additional func-
tionality [3-5]. Although Ca(NCN) has been known for a
long time due to its application as nitrogen source for in-
dustry, it has been the last five years that carbodiimides
have occurred as prospective materials for lighting and
energy applications [6, 7]. The carbodiimides M(NCN)
(M = Mn, Co) have been demonstrated as photoelectrodes
for photoelectrochemical (PEC) water-splitting, whereas
Ag,(NCN) is one rare example of a cyanamide that is active
for the oxygen evolution reaction (OER) and for the
photochemical CO, reduction reaction [8-10]. Besides solar
energy conversion, energy storage in carbodiimides has
been reported by Dronskowski and coworkers in 2016 for
several compounds M(NCN) (M = Mn, Fe, Zr, Cr) as elec-
trode materials in both Na- and Li-ion batteries [11, 12].
Subsequent reports have disclosed synthetic approaches to
obtain nanostructured carbodiimides and investigated size
effects on the electrochemical storage capacity [13, 14].

Among the carbodiimides, Sn(NCN) can be considered
as a versatile compound for materials science since (i) it
can be doped with rare-earth elements to yield phosphors
and (ii) favorable photochemical properties, as well as
(iii) its application as electrode materials in Li-ion batteries
[15]. Sn(NCN) can be reversible electrochemically lithiated
according to following reaction:

Sn(NCN) + 2Li* + 2~ = Sn° + Li, (NCN) 6)

During electrochemical cycling, it is most likely that
several intermediate phases will be passed through. Within
this respect, the advances in solid-state nuclear magnetic
resonance (NMR) spectroscopy have helped to explore the
chemistry of the electrode materials during charge and
discharge of Li-ion batteries [16, 17].

Given the potential of Sn(NCN) as the electrode mate-
rial in Li-ion batteries and the fact that there are no reports
on solid-state NMR spectroscopic investigations to date for
this class of compounds, in this study we provide atomic-
level structural insights into Sn(NCN) with multinuclear
N, €, and ™Sn NMR spectroscopy. The experimental
NMR parameters are confronted with the results obtained
from accurate calculations with quantum chemistry
methods.
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2 Results and discussion

The graphical representation of the tin(II) carbodiimide
Sn(NCN) crystal structure derived from X-ray diffraction
[18, 19] is shown in Figure 1a. According to the diffraction
data carbodiimide ("N=C=N") ions in Sn(NCN) are sym-
metric and linear, and Sn** cations are four-coordinated in
the distorted square pyramidal arrangement. The powder
X-ray diffraction (PXRD) pattern of our Sn(NCN) sample
(Figure 1b) was collected from the sample powder retrieved
from the rotor after NMR experiments to exclude potential
sample decomposition issues during magic-angle spinning
(MAS). The PXRD data indicated minor amounts of
Sn,O(NCN) and SnsN, impurity phases, similarly to previ-
ous reports on Sn(NCN) [15, 18].

In Figure 2a the "*Sn MAS NMR spectrum of Sn(NCN) is
presented. The spectrum reveals a broad pattern of spin-
ning sidebands resulting from substantial chemical shift
anisotropy (CSA) of the single Sn environment with an
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Figure 1: Crystal structure of the tin(ll) carbodiimide Sn(NCN) with a
unit cell indicated (a), and experimental XRPD pattern (b) collected
from Sn(NCN) (blue trace). Crystallographic data from refs. [18, 19].
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isotropic chemical shift 8;s, = —393 ppm, which is signifi-
cantly lower than 6;5, = —208 ppm observed for SnO. This is
consistent with the shielding effect induced by less elec-
tronegative nitrogen atoms, and therefore evidences more
covalent bonding character in the carbodiimide compared
to the oxide. The position of the isotropic signal was veri-
fied by performing experiments at different MAS rates and
it was also checked with different offsets that the entire CSA
pattern was excited. If we label the principal components
of the NMR shift tensor (6xx, Oyy» 0, Where
8iso = (Bxx + Byy + 8,,)/3) according to |6, — Sisol > |6xx —
Bisol = |6yy — 6150| (“Haeberlen notation”), then the CSA can
be expressed as Saniso = 02z — Oiso. The °Sn spectrum of
Sn(NCN) indicates the 8., = —600 ppm, hence its
magnitude is smaller than 6,,;s, ~ ~800 ppm observed for
SnO. However, the overall shape of the **Sn CSA pattern of
Sn(NCN) exhibits close resemblance to that of SnO, which
indicates that the local environment of the Sn** ion in the
crystal structure of Sn(NCN) is similar to the square pyra-
midal (four-coordinated) arrangement in SnO, in agree-
ment with the X-ray diffraction data [18]. The T, relaxation
for the 1°Sn signal of Sn(NCN) was estimated to be ~12 s.

The small doublet centered at each sideband is visible
close to the baseline in Figure 2a. This is attributed to the
indirect J("*Sn-""Sn) spin-spin couplings, which were
also observed and analyzed by Amoureux and coworkers
in the ”Sn MAS NMR spectrum of SnO [20]. The splitting of
~2.2 kHz observed for Sn(NCN) is significantly smaller than
~8.3 kHz for SnO.

In Figure 2b the >C MAS NMR spectrum of Sn(NCN) is
shown. The broad background signal centered at around
110 ppm originates from the polymer drive cap of the NMR
rotor. The PC signal of the Sn(NCN) sample itself appears as
a manifold of five sharp spinning sidebands that exhibit an
isotropic chemical shift 65, = 148 ppm. This shift is slightly
higher than those reported for dialkylcarbodiimides in
the liquid state (136-143 ppm) [21, 22]. The C CSA
Saniso ® —200 ppm is large, as expected for the linear
molecular geometry of the carbodiimide "N=C=N" ion.
Noteworthy, the °C signal of Sn(NCN) exhibits very slow
relaxation, and could only be recorded if a pulse delay
of 3600 s was employed. This suggests the absence of
molecular motion/dynamics in the crystal structure.

Despite 99.6% natural abundance of the N isotope,
the ®N nucleus is the preferred one for solid-state NMR
studies of nitrogen-containing materials. This is due to the
spin I = 1and a considerable nuclear quadrupole moment of
N, which (in contrast to °N; I = 1/2) result in signals that
are severely broadened by the quadrupolar interaction
(proportionally to 3|Cq|/2, where Cyis the N quadrupolar
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Figure 2: Sn (panel a) and *C (panel b) MAS NMR spectra of
Sn(NCN). The star in panel b denotes the background signal from
polymer of the rotor cap.

coupling constant). With less than 0.4% natural abun-
dance of PN isotope its direct NMR detection without
isotope enrichment is challenging, although it has been
shown to be feasible even with much lower nitrogen con-
tent in the material [23, 24]. However, we did not succeed to
obtain °N NMR signal from Sn(NCN), which we attribute to
very slow relaxation that is expected to be even slower than
that of carbon, and accompanied by inherently lower
sensitivity of ®N compared to C as a consequence of lower
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natural abundance and detection frequency. Instead, we
focused on the detection and interpretation of the N
spectrum.

In Figure 3a the step-wise, variable-offset N MAS
NMR acquisition is presented. The gray pattern of spinning
sidebands corresponds to the sum of all recorded sub-
spectra and reflects the extent of the N quadrupolar
interaction in Sn(NCN). Its total width of around 1.6 MHz
indicates rather low "N quadrupolar coupling constant
|CQ| =~ 1.1 MHz (note that the sign of the coupling is not
discernible from the NMR spectrum). This is much lower
than expected for cyano-type moieties (N=C-). For
example, "N quadrupolar coupling constants (estimated
with rotational spectroscopy) for the acetonitrile molecule
(CH5C¥N) and for the terminal nitrogen atom in iso-
cyanogen (CNC™N) are —4.23 and —3.78 MHz, respectively
[25, 26]. However, for the “inner” nitrogen atom in the
isocyanogen molecule (C**NCN) much lower quadrupolar
coupling constant of 1.32 MHz is obtained [26], which is
close to that in Sn(NCN). This indicates a high degree
of covalent bonding within *Sn—-N=C=N-Sn* structural
motifs in Sn(NCN).

The "N sideband pattern originates from a single
nitrogen environment as shown in a zoomed fragment of
the spectrum in Figure 3b, where evenly spaced (by MAS
frequency of 7 kHz) spinning sidebands of the Sn(NCN)
signal overlap with a sharp resonance of the impurity
phase at 270 ppm. There are no spinning sidebands
associated with a signal at 270 ppm, hence, this “N
resonance does not exhibit any measurable Cq even at
relatively slow MAS rate of 7 kHz. When compared to the
intensity of the entire sideband pattern of the Sn(NCN), it
is obvious that the signal integral of the impurity phase at
270 ppm is negligible. We attribute this signal to Sn3;N,,
as its chemical shift and lack of quadrupolar broadening
indicates either nitride or oxynitride [30-33]. The
appearance of the Sn(NCN) N signal that forms a side-
band pattern of a single environment indicates that the
two nitrogen environments in a (NCN)?~ ion are equiva-
lent, otherwise two signals (with distinct chemical shifts)
would be expected, and therefore two spinning side-
bands patterns formed. The result above renders the N
solid-state NMR as a powerful method for discrimination
of the potential occurrence of cyanamide (N=C-N*") or
carbodiimide ("N=C=N") moieties in this class of
compounds.

To support the interpretation of the experimental data,
the C isotropic chemical shift and “N quadrupolar
coupling constant of the carbodiimide moiety were calcu-
lated with quantum chemistry methods applied to the
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Figure 3: "N NMR variable-offset DANTE [27-29] spectra of Sn(NCN)
(panel a) with the sum of all sub-spectra shown in gray, and *N spin-
echo acquisition of the central fragment of the spectrum around
impurity signal at 270 ppm (panel b).

cluster model derived from the Sn(NCN) crystal structure.
This model consists of six Sn** ions coordinated by 19
(NCN)* ions, see Figure 4a.

The calculations of BC 8, for the central "N=C=N"
unit (Figure 4b) involved perturbatively-corrected,
“double-hybrid” DFT (with DSD-PBEP86 approximation
and MP2 relaxed density), whereas calculations of "N Cq
were performed with the domain-based local pair
natural orbital coupled cluster singlets and doublets
(DLPNO-CCSD) method (through the unrelaxed CCSD
density and so-called A-equations). These methods pro-
vide accuracy beyond that of standard DFT approaches
for prediction of NMR parameters [33-39]. The core-
property pcSseg-2 (for 6;s,) and aug-cc-pVTZ-] (for Cq)
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Figure 4: Cluster model of Sn(NCN) used for calculations of NMR
properties (panel a) with indicated local environment of the
carbodiimide group in the crystal structure (panel b).

basis sets were employed, which were specifically devel-
oped for accurate prediction of NMR properties [40, 41].
The ®C NMR shielding tensors were obtained with the
GIAO approach [42]. The isotropic *C NMR shielding
Oiso = (Oxx + Oyy + 0,;)/3 was converted into an isotropic

5 5 s . _ ~calc _ ~calc
NMR chemical shift § according to iso = 075 er — Ofap” +

8ieq of Where 8i5, and ojs, correspond to the chemical shift

and shielding of the atom of interest, whereas o< __ and

iso, ref
5P
iso, re;

mental shift of the reference, respectively. The CO,
molecule in the gas phase was used as a reference [37].
The molecular geometry of the CO, reference was opti-
mized at the CCSD(T)/cc-pVTZ level of theory.

¢ represent the calculated shielding and experi-
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The calculated C isotropic chemical shift
biso = 146 ppm is in excellent agreement with the experi-
mental result of 148 ppm. Moreover, the calculated CSA
Saniso = —192 ppm agrees very well with the experimental
estimate of ~—200 ppm. In fact, the predicted >C CSA for
the carbodiimide "N=C=N~ ion in the Sn(NCN) crystal
structure is very similar to that calculated for the 0O=C=0
molecule in the gas phase: —192 and -226 ppm, respec-
tively. Yet, the principal components of the chemical shift
tensor {0xx, Oyy, 0.} predicted for the "N=C=N" ion in
Sn(NCN) {254, 230, —46} are rather similar to those for CO,
{238, 238, —101}, however, the C CSA tensor in Sn(NCN) is
axially asymmetric (6xx # Oyy # 6,,), whereas that for CO,
displays axial symmetry.

The calculated “N quadrupolar coupling constant
Cq = -1.22 MHz for the Sn(NCN) model is in very good
agreement with the experimental estimate of |Cq| ~ 1.1 MHz.
This indicates that the low C, observed for the N=C=N" ion
in Sn(NCN) does not originate from averaging as a result of
the motion/dynamics in the crystal structure, and corrobo-
rates that N solid-state NMR offers a possibility for clear-cut
distinction between the carbodiimide and cyanamide ions in
these compounds.

3 Conclusions

In summary, the “N/C MAS NMR results reveal that
in Sn(NCN) the (NCN)*" groups exist exclusively in the
form of symmetric carbodiimide "N=C=N" ions with two
equivalent nitrogen sites. The N quadrupolar coupling
constant |Co| ~ 1.1 MHz is much lower than those observed
in molecular compounds that comprise cyano-type moi-
eties (N=C-). The Sn MAS NMR spectrum indicates the
local environments of Sn** ions in Sn(NCN) to be similar
to those in SnO. Although the indirect J(***Sn-'"Sn) spin-
spin couplings are observed for both clearly, they are
much weaker in the case of Sn(NCN). Excellent agreement
between the experimental and calculated “N/PC NMR
parameters is obtained. This not only corroborates the
reliability of the theoretical methods employed, but
indicates also that the structural model of Sn(NCN) is
robust since NMR properties are very sensitive to the local
molecular geometry. Given the rich structural chemistry
of (NCN)-based compounds, our results demonstrate
that solid-state NMR spectroscopy is a powerful tool
to distinguish the anionic species, i.e., carbodiimide or
cyanamide, and could be also potentially applied for
studying structural changes upon electrochemical
cycling of (NCN)-based electrode materials.
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4 Experimental section

Sn(NCN) was synthesized according to our previously reported pro-
cedure at low temperatures (623-823 K) by using an urea precursor
route. The precursor was produced by dissolving 2 g (5.7 mmol) of tin(IV)
chloride pentahydrate (SnCl,-5H,0, >99%, Sigma Aldrich) powder in
ethanol, 0.342 g (5.7 mmol) urea (>99%, Sigma Aldrich) was added and
the resulting solution dried under vacuum. The precursor was heated
under a NH; atmosphere at 673-823 K (10 K min™) for 2 h. The sample
was then cooled down to room temperature under argon atmosphere.
Since the temperature range for the synthesis of Sn(NCN) and SnsN, is
very narrow, a minor impurity phase of the latter was present in the XRD
patterns; similar as to previous reports on Sn(NCN) [15, 18].

An ambient temperature PXRD pattern was collected on a
Panalytical X’Pert PRO Alpha-1 diffractometer operated with Cu Ka,
radiation. The powder sample was mounted on a Si wafer zero-
background holder and diffraction patterns were measured in a 260
range from 10 to 80°.

The N MAS NMR spectra were acquired at the magnetic field
Bo = 14.1 T (43.4 MHz "N Larmor frequency), whereas those for >C and
9Sn at B = 9.4 T (100.6 and 149.2 MHz Larmor frequencies for >C and
196n, respectively). Experiments were performed with a Bruker Avance-
III spectrometer and the 7 mm MAS probeheads were used with the MAS
rate of 7.00 kHz. The ®C and "Sn spectra were collected with a single-
pulse (Bloch decay) protocol with a 90° radiofrequency (rf) excitation
pulse of 5 ps at the nutation frequency of 50 kHz. Sixty-four signal
transients with a 3600 s relaxation delay were collected for ®C and 2048
scans with a 60 s relaxation delay for "”Sn. In order to increase band
width the step-wise N acquisitions involved a DANTE sequence [27-29]
with a train of short, rotor-synchronized rf pulses operating at the nuta-
tion frequency of 36 kHz. About 12,288 scans with 1s relaxation delay
were collected per spectrum, and the offset difference between the sub-
sequent acquisitions was ~200 kHz. An additional "N spin-echo acqui-
sition of the central region of the signal pattern was recorded with a
90/180° rf pulses of 7/14 ps at the same power level as for DANTE. About
65,536 scans with 1 s relaxation delay were accumulated. The C, Sn,
and N shifts were referenced with respect to tetramethylsilane (TMS) at
0 ppm, solid SnO at —208 ppm, and solid NH,Cl at O ppm, respectively.

All calculations of NMR parameters were performed with the ORCA
code [43, 44] using very tight convergence tolerance of 1 x 107 Ej,. The
evaluation of Coulomb and exchange integrals was accelerated with the
RIJCOSX [45] approximation with very tight grid (GridX8) and employ-
ing either def2/] Coulomb-fitting basis set [46] or automatic basis set
generation procedure [47] (see the Supporting Information for details).
The DSD-PBEP86 calculations employed very tight integration grid
(Grid7 NoFinalGrid) and no frozen core electrons. The DLPNO-CCSD
calculation was performed with a Foster-Boys localization scheme, a
full MP2 guess, all electrons on carbon and nitrogen being correlated,
and ThightPNO truncation settings employed for the central carbodii-
mide group and the six Sn atoms, whereas the embedding NCN groups
were treated at the Hartree—Fock level of theory.

5 Supporting information

Cartesian coordinates of the cluster model and the CO,
reference are given as Supporting Information available
online (https://doi.org/10.1515/znb-2021-0122).
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