Stabilization of Polynitrogen Anions in Tantalum-
Nitrogen Compounds at High Pressure

Maxim Bykov, Elena Bykova, Alena V. Ponomareva, Igor Abrikosov, Stella Chariton,
Vitali B. Prakapenka, Mohammad F. Mahmood, Leonid Dubrovinsky and Alexander
F. Goncharov

The self-archived postprint version of this journal article is available at Linképing
University Institutional Repository (DiVA):
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-174185

N.B.: When citing this work, cite the original publication.

Bykov, M., Bykova, E., Ponomareva, A. V., Abrikosov, 1., Chariton, S., Prakapenka, V. B., Mahmood, M.
F., Dubrovinsky, L., Goncharov, A. F., (2021), Stabilization of Polynitrogen Anions in Tantalum-
Nitrogen Compounds at High Pressure, Angewandte Chemie International Edition.
https://doi.org/10.1002/anie.202100283

Original publication available at:
https://doi.org/10.1002/anie.202100283

Copyright: Wiley
https://www.wiley.com/en-gb

& Tweet

LINKOPING
UNIVERSITY



http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-174185
https://doi.org/10.1002/anie.202100283
https://www.wiley.com/en-gb
http://twitter.com/?status=OA%20Article:%20Stabilization%20of%20Polynitrogen%20Anions%20in%20Tantalum-Nitrogen%20Compounds%20at%20High%20Pres...%20http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-174185%20via%20@LiU_EPress%20%23LiU

This article was published as:
M. Bykov et al. Agnewandte Chemie Int. Ed. 60(16), 9003-9008 (2021)
DOI: 10.1002/anie.202100283

Stabilization of polynitrogen anions in tantalum-nitrogen
compounds at high pressure

Maxim Bykov,>®" Elena Bykova,” Alena V. Ponomareva,® Igor A. Abrikosov,? Stella Chariton,®
Vitali B. Prakapenka,® Mohammad F. Mahmood,? Leonid Dubrovinsky,’ Alexander F. Goncharov®

[a] Dr. Maxim Bykov, Prof. Dr. Mohammad Mahmood
Department of Mathematics, Howard University, Washington, DC 20059, USA
*E-mail: maks.byk@gmail.com
[b] Dr. Maxim Bykov, Dr. Elena Bykova, Dr. Alexander F. Goncharov
The Earth and Planets Laboratory, Carnegie Institution for Science, Washington, DC 20015, USA
[c] Dr. Alena V. Ponomareva
Materials Modeling and Development Laboratory, National University of Science and Technology ‘MISIS’,
Moscow 119049, Russia
[d] Prof. Dr. Igor A. Abrikosov
Department of Physics, Chemistry and Biology (IFM), Linképing University, SE-58183 Linkdping, Sweden
[e] Dr. Stella Chariton, Dr. Vitali B. Prakapenka
Center for Advanced Radiation Sources, University of Chicago, Lemont, IL 60437, USA
[f]  Prof. Dr. Leonid Dubrovinsky
Bayerisches Geoinstitut, Bayreuth, 95447 Germany

Abstract: The synthesis of polynitrogen compounds is of great importance due to their potential
as high energy density materials (HEDM), but because of the intrinsic instability of these
compounds, their synthesis and stabilization is a fundamental challenge. Polymeric nitrogen units
which may be stabilized in compounds with metals at high pressure are now restricted to non-
branched chains with an average N-N bond order of 1.25, limiting their HEDM performances. Here
we demonstrate the synthesis of a novel polynitrogen compound TaNs via a direct reaction
between tantalum and nitrogen in a diamond anvil cell at ~100 GPa. TaNs is the first example of
a material containing branched all-single-bonded nitrogen chains [Ns>].. Apart from that we
discover two novel Ta-N compounds: TaNs with finite Ns* chains and incommensurately

modulated compound TaNa., which is recoverable at ambient conditions.


https://doi.org/10.1002/anie.202100283

Introduction

Compounds containing polynitrogen species are considered ideal high energy density
materials due to the significant energy release upon the transformation of single or double bonded
nitrogen atoms to molecular nitrogen N2. Consequently, such materials are very unstable and
require specific synthesis techniques. Hitherto, only a few classes of compounds containing
homonuclear polynitrogen species were stabilized at ambient conditions: azides (N3’),
diazenides and pernitrides (N2*)23], pentazolates (Ns), ), pentazenium (N°*) salts!®, and most
recently MgzN4 containing cis-tetranitrogen (N4*)!. The application of pressure allows stabilizing
polymeric nitrogen species either in nitrogen polymorphs like cg-N® and bp-N*! or in compounds
with metals (CsNs!"%, LiNs'"", MgN4"l, BeN4'?, FeN, 34 etc.). Recent experimental and
theoretical studies suggest that the choice of metal significantly affects the resulting connectivity
of polymeric or oligomeric nitrogen frameworks in high-pressure compounds and therefore it
allows tuning the properties of the polynitrides '5-'%. For example, alkali metals form ionic
pentazolate salts at high pressurel'®'], while some transition metals were shown to form metal-
inorganic frameworks with predominantly polar-covalent bonding between metals and polymeric
nitrogen linkers 221, The diversity of polynitrogen species may be significantly increased in the
compounds of early transition metals, which can combine both covalent and ionic components in
the M-N bonds. Among binary transition metal nitrides, the highest thermodynamic stability is
reached in groups 4 and 5 2. Particularly, tantalum has the largest number of different nitride
compositions currently known. In this work we have studied the formation of polynitrides in the
Ta-N system inspired by the richness of the Ta-N phase diagram at moderate pressures, which in
turn may lead to diverse high-pressure polynitrides.

The binary Ta—N system displays a rich crystal chemistry, ranging from solid solutions of
nitrogen in close-packed tantalum,?® the subnitride B-TayN,?4 several TaN polymorphs,??324 and
nitrogen-rich phases TasNg?®, TasNs!®l, TaoN36271 TazNs2830 A number of theoretical and
experimental works addressed the high-pressure phases in the Ta-N system. Zerr et al.
synthesized recoverable n-Ta:Ns with U,Ss-type structure (Pbnm) at 11 and 20 GPa by a
decomposition of TasNs in a large volume press. Friedrich et al. employed laser-heated diamond
anvil cell to study direct chemical reactions between tantalum and nitrogen up to 27 GPa and
identified B-TazN and n-TazN3in the reaction product.®'! Salamat et al. produced UsSes and UsTes
polymorphs of TasNs by a decomposition of the single-source amorphous precursor at 22 GPa in
a laser-heated diamond anvil cell?.

Theoretical studies show that N:Ta ratio of 5:3 as in TasNs is not the limit for the Ta-N

system®?. Several TaN. polymorphs with P4/mbmt3, pyrite (Pa-3)B4, and P63/mmcB® crystal



structures were considered in early theoretical calculations. Recently using particle swarm
optimization methodology Xing et al. predicted that two thermodynamically stable TaN:
polymorphs with C2/m and Cmce symmetries can be synthesized under pressures above 9 and
65 GPa, respectively. Alkhaldi and Kroll computed high-pressure phase diagram of the Ta-N

system up to pressures of 140 GPa and temperatures up to 4000 K36,

(b)

(c)

Figure 1. Crystal structure of TaNs at 102 GPa. Grey balls show the positions of Ta atoms, red
and blue balls show the positions of nitrogen atoms of the branches and polymeric chains,
respectively. (a) Projection along the ¢ axis. (b) Polymeric nitrogen unit of TaNs, (c) Lewis formula

of the [Ns*]. anion. (d,e) N-N distances (A) and N-N-N angles (°) within the polymeric unit of TaNs.

As apparent from these calculations, more nitrogen rich tantalum nitrides may become stable
at ultrahigh pressures, namely TaNqo (isostructural to other 5d metal polynitrides ReN1g and WN1q
20211) ' TaN4 with finite-chain Ns' anions, and several TaN; polymorphs, which are mixed nitride-
pernitride compounds like recently discovered rhenium nitride pernitride Rez(N2)(N)237.

Here we have studied high-pressure reactions between Ta and N: in a laser-heated DAC at
pressures well exceeding any previous experimental studies. We identify three novel compounds
TaN1g (at ~60 GPa), TaNs and TaNs (at ~100 GPa). TaN4g possesses an incommensurately

modulated structure, while TaN4 and TaNs are polynitrides with N4* finite and infinite branched




[Ns]*. chains, respectively. Due to the structural complexity, these compounds were never
considered in prior theoretical calculations. Polynitrogen species in TaNs and TaNs are

unprecedented in the series of transition metal polynitrides.

Results and Discussion

In all experiments described in this paper, a piece of Ta metal was placed inside a sample
chamber of a diamond anvil cell, which was loaded with nitrogen, which served as a pressure-
transmitting medium and as a reagent. Samples were compressed to target pressures and laser
heated. The products of chemical reactions were studied by means of single-crystal and powder
synchrotron X-ray diffraction. The summary of laser-heating experiments is given in the Table S1
and further details on the experimental methods and crystal structures are given in the Supporting
Information and, Figs. S1-S3 and Table S2. The heating of Ta metal with nitrogen in a DAC at
around 100 GPa and 2200(200) K resulted in the formation of two novel nitrogen-rich compounds
TaN4 and TaNs as determined from the single-crystal XRD analysis 8.,

TaNs has an orthorhombic space group Fdd2 (No. 43) with 1 Ta and 5 N positions occupying
Wyckoff sites 16b. Nitrogen atoms form unprecedented branched chain infinitely expanding along
the c-axis (Fig. 1a,b). Each nitrogen atom possesses tetragonal coordination: N3 atoms are
connected to 3Ta and 1N atoms, N1, N2, N5 have 2 Ta and 2N neighbors, while N4 atoms are
connected to 1Ta and 3 N atoms. The bond angles ranging from 102.1 to 109.1° agree with the
sp® hybridization and the N-N distances (1.369 — 1.449 A) are in a good agreement with the single
character of every N-N bond. In the ionic consideration, the polymeric [Ns>]. anion agrees with
the common oxidation state of Ta(V) and should have the Lewis formula shown on the Fig. 1c.

The TaNs compound can be well rationalized within the extended 8-N Mooser Pearson rule.
According to this rule, the average number of nitrogen-nitrogen bonds per nitrogen atom in a
compound MNXx is b(NN) = 8 — (e(M)+x-e(N))/x, where e(M) and e(N) are the numbers of valence
electrons of metal and nitrogen, respectively. The calculation for TaNs gives b(NN) = 2, that agrees
with the results of crystal-chemical analysis (1 N-N bond for N3, 3 for N4 and 2 for the rest of
nitrogen atoms give 2 in average). Infinite nitrogen units were previously reported in FeN4['3™4],
BeN4['?l, ReNg-N22%, HfsN2o-N2, Hf2N11, WNg N2, OssN2s-N22'! and MgN4 compounds!”. However,
TaNs is a unique compound. First, the average N-N bond order is 1 (compared to 1.25 in other
known polynitrides). Second, TaNs is the first example of the branched-chain structure unexpected
for polynitrogen compounds.

To gain a deeper insight into the properties of the TaNs, we performed theoretical calculations
based on density functional theory (DFT). We carried out the full structure optimization from

ambient to the synthesis pressure and found that optimized crystal structures are in a very good



agreement with the experimental ones. Calculated phonon dispersion relations show no imaginary
frequencies demonstrating the dynamic stability of TaNs (Fig. 2a). The absence of high-frequency
phonons (> 1250 cm™) agrees with the all-single-bonded nitrogen framework and with the
experimental Raman spectrum (Fig. S4). According to theoretical calculations TaNs is a
semiconductor, which is an expected behavior for a standard Zintl phase®. To determine the
value of the band gap in TaNs calculations were performed using PBEsol and HSEO06 methods.
The estimated band gap Eg from the electronic density of state (DOS) (Fig. 2b) and band structure
(Fig. S5) results obtained by the PBEsol method give E; ~ 1.55 eV. The HSEO06 DOS calculations
(Fig. S6) give Eg= 3.00 eV. Both calculations give a low positive pressure band gap coefficient
dEy/dp < +2meV/GPa in the pressure range of 60-100 GPa. The calculation of the band structure

by the PBEsol method showed that the band gap has an indirect character (Fig. S5).
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Figure 2. (a) Phonon spectra, (b) electronic densities of states of TaNsat ~102 GPa. (c) Calculated
and experimental pressure-volume dependence of TaNs (can be described by the 4-th order Birch-
Murnaghan equation of state with Vo = 737.64 A% Ky = 205 GPa, K = 11.22, K" = -0.497 GPa™).



TaN4 is found in a mixture with TaNs (Fig. S2), but forms separate well-crystallized grains suitable
for the single-crystal XRD analysis. It crystallizes in the monoclinic space group P2:/n (No. 14)
with 1 Ta and 4 N atoms at the general positions 4e. Nitrogen atoms form four-member chains
(Fig. 3). The analysis of bond distances and angles suggests that N4 atoms have sp? hybridization
with the N3-N4-N2 angle close to 120°. The N4-N2-N1 angle 109.1° is close to ideal tetrahedral
angle, suggesting sp® hybridization of the N2 atom and single character of N4-N2 and N1-N2
bonds. The lengths of N4-N2 and N1-N2 bonds are very close to the nitrogen-nitrogen bond in cg-
N at similar conditions®. The non-planar character of the N4 unit excludes complete Tr-electron
delocalization. Therefore, the N4 anion can be viewed as a tetraz-1-enide anion [N-N-N=NJ* (Fig.
3c). Nevertheless, it should be pointed out that the N3-N4 bond length is only slightly shorter than
the N1-N2 bond, while the former is supposed to be a double bond, and the latter is a single bond
according to the Fig. 3c. Therefore, tr-electron delocalization might occur in this polyanion to some
extent, with the tetraz-1-enide anion [N-N-N=NJ* being the dominant resonance form. This
bonding scheme is in a good agreement with the 8-N rule, with an average number of N-N bonds
per nitrogen atoms equal to 2 and the oxidation state of Ta +IV. Calculated charge density maps
(Fig. 3b) also show the increased charge density between N3 and N4 atoms compared to N2-N4
and N1-N2 pairs. Previously the N4 units were observed in Mg>N4 compound, but unlike in TaN4

those N4 units are planar with a completely delocalized T-system(’].



Figure 3. (a) Crystal structure of TaN4 at 102 GPa. Blue and grey spheres show the positions of
nitrogen and tantalum atoms respectively (b) Geometry of the N4 structural unit with an overlay of
calculated charge density distribution (c) Lewis structure of tetraz-1-enide anion (d) N4 unit

projected along N2-N4 direction.

The calculated phonon spectra of TaNs do not show any imaginary frequencies (Fig. S8a) and
compared to TaNs, a higher frequency phonon branch appears around 1400 cm™ which agrees
with the appearance of double or partially double nitrogen-nitrogen bonds in N4* anions. According
to our theoretical calculations TaN. exhibits metallic properties (Fig. S8b) with both Ta and N
states contribution at the Fermi level, which is supported by the fact that TaN4 is a d' system, i.e.
some of the Ta levels might not be completely filled at the Fermi level and that the antibonding
electronic levels of the N4 anion are not saturated. From Fig. S5b we can see that the Fermi energy
is located in a narrow DOS pseudogap that occurs due to the mixing of d-electrons Ta and mainly
p--electrons N2, N3, N4 atoms and leads to the splitting of the band. The calculated band structure
shows the pseudogap with points across the Fermi level along '-Z and C2-Y2 lines (Fig. S5b).
Note, that the point along C2-Y2 line has a slightly gapped Dirac cone (~9 meV) character with a

linear dispersion over a 0.8 eV energy.



As we briefly discussed above the sample containing a mixture of TaNs and TaNs produces
a rich Raman spectrum (Fig. S4). As the TaNs compound is metallic it is not expected to possess
strong Raman signal and according to the theoretical phonon dispersions, the highest frequency
vibrations at I" point should occur around 1400 cm™, which although overlap with the diamond
Raman peak, would be, in principle, detectable if their intensity was comparable with other sample
peaks at lower frequencies. Therefore, we assume that the major portion of Raman signal arises
from TaNs with the highest frequencies around 1250 cm™ in a good agreement with the calculated
phonon dispersions (Fig. 2a and Fig. S4c). Due to the extreme complexity of the system with 96
atoms in the unit cell, the direct assignment of all Raman-active modes (69 modes: 17A; + 18A;
+17B1 + 17B>) is a non-trivial task, however it is possible to qualitatively assign the regions of the
Raman spectrum to certain types of vibrations. First, the spectrum has several high-frequency
modes, which can be attributed to deformations and stretching of N-N modes and their
combinations. Several broad bands at 400-600 cm™ are the lattice modes of non-reacted
molecular N2, while the lattice modes at 200-400 cm™ are likely the translations and rotations of
big fragments of N-chains. The most valuable information from our Raman experiment is that the
compound can be preserved in a DAC to pressures of at least 35 GPa (Fig. S4b,c). The possibility
of quenching to ambient pressure is predicted by the calculated phonon dispersions at P = 0 GPa.
As seen from Fig. S7 the phonon dispersion curves of TaNs and TaNs do not have imaginary
modes at atmospheric pressure that suggests their dynamical stability at P=0 GPaand T =0 K.

Reheating of the partially decompressed TaN4/TaNs sample at 61 GPa resulted in a drastic
change of the diffraction pattern, which could be indexed with the tetragonal unit cell (a = b =
2.882(4), ¢ = 5.728(6) A) and two modulation vectors q1 = 0.305a* + 0.305b* + Y.c* and q2 = -
0.305a* + 0.305b* + '2¢c*. Neither TaNs nor TaNs remained in the sample chamber after this
heating. Structure solution of the incommensurate phase was successful in the superspace group
P4/nmm(aa’2)0000(-aa’2)0000 (No. 129.2.69.14). The details of the structure refinement and final
crystallographic model is given in the Supporting Information (Tables S5, S6, Fig. S9). The basic
structure of the new compound TaN..x (x = 0.14) belongs to the Cu,Sb structure type with Ta
occupying the Wyckoff position 2¢, while N1 atoms and N2 atoms occupy positions 2¢ and 2a,
respectively. This structure does not contain covalent nitrogen-nitrogen bonds (Fig. 4). Formation
of modulated structures due to non-stoichiometry is well documented for Cu,Sb structure type,
e.g. in CusxTe2 [ On decompression, TaN+gs remained in the sample chamber down to ambient
pressure. It should be noted that the modulation g-vectors do not depend on pressure (Table S7),
therefore the modulation is the intrinsic property of TaN2. related only to its non-stoichiometry, but

not to any electronic or magnetic phenomena, which usually show pressure dependence #1431,



The TaNzx compound was reproduced in a separate experiment where we consequently
heated Ta in nitrogen atmosphere starting from 32 GPa. Below 60 GPa, we could not detect
anything but n-TazNs compound, previously known from the high-pressure experiments of Zerr et
al'?®l and Friedrich et al. ®" Only after heating at ~62 GPa we could obtain TaNigs in this

experiment.
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Figure 4. Average crystal structure of TaN2

As the energy of the triple nitrogen-nitrogen bond is significantly larger than that of double and
single bonds, the decomposition of polynitrides to metal-rich nitrides and nitrogen is a very
exothermic process. Therefore, polynitrides are often considered as high-energy density
materials. In order to get the lower estimate of the volumetric and gravimetric energy densities
(VED and GED) of TaN4+ and TaNs, we have calculated the enthalpy of the decomposition of both
compounds to the next most nitrogen-rich tantalum nitride TasNs and nitrogen:

6TaNs — 2TasNs + 7Nz 1

3TaNs — TasNs + 5N2 1
The temperature contribution at T=298 K to the Gibbs energy of TaN4, TaNs and TaszNs was
obtained through the phonon entropy considered in the framework of the Debye—Gruneisen
model®*4 combined with ab initio calculations. The enthalpy and entropy of N, at T=298 K were
obtained from thermochemical tables!*®!. With GED (TaN4) = 1.31 kJ/g, VED(TaN4) = 12.3 kJ/cm?
GED (TaNs) = 2.02 kJ/g, VED (TaNs) = 18.0 kd/cm?®. Due to the high density of both TaN4 and



TaNs, they possess extremely high volumetric energy density that is higher than the typical energy
density of TNT, PETN (7.2 and 10.6 kJ/cm?) [, The decomposition to more tantalum-rich nitrides
like TaN would result in even higher energy release. Since Ta is a heavy metal, TaN4s and TaNs
possess low GED, but very high VED. The energetics of the polynitride is primarily defined by the
nitrogen contents, i.e., the recalculation of the energy density into the kd/mol would be close for
many compounds even containing different metals. Therefore, the variation of the metal can allow

achieving the desired balance between GED and VED for practical applications.

Conclusion

To conclude, in this study we have synthesized and characterized three novel compounds in the
Ta-N system (Fig. 5). TaNs+ and TaNs possess unprecedented nitrogen units which were never
observed before. TaNs contains branched polymeric nitrogen chains and it is the first polynitride,
with all single-bonded nitrogen atoms. The complex non-stoichiometric TaN+1.gs could be quenched
at ambient conditions, while the lowest pressure reached for TaN4 and TaNs was around 35 GPa
in this study. The formation of branched [Ns>] chains in TaNs demonstrates the potential of
electropositive transition metals to stabilize complex single-bonded homopolyatomic anions. This
is made possible due to several specific properties of Ta. First, as a group 5 metal, Ta has access
to a variety of oxidation states up to +5 and due to relatively low electronegativity, even the highest
oxidation states may be reached in compounds with nitrogen. The latter effect is well
demonstrated by a comparison of Ta with other 5d metals (W, Re, Os), which form compounds
with nitrogen at ~100 GPa, where metals achieve only the oxidation state of +4 (WN1, ReNyo,
OssN34) despite the wider range of possible oxidation states of W, Re and Os compared to Tal?%2"],
Secondly, the stabilization of complex polyanions requires a metal to have large coordination
numbers: Ta is 10-fold coordinated in TaNs and 9-coordinated in TaN4, which would not be
possible for the 3d metals. Lastly, the Ta-N compounds should occupy intermediate position
between ionic alkali or alkaline-earth metal polynitrides (anions are stabilized by resonance, M-N
bonds are ionic) and polar covalent transition metal polynitrides (anions destabilized by the
distortion imposed by polar covalent M-N bonds like in FeN4), which leads to novel structure types.
Interestingly, we could not find any compounds that naturally link nitrides and polynitrides, namely
the compounds containing dinitrogen anions [N2]*. Such species are common among transition
metal (OsN2,“71 PtN,,Bl RhN,,“8 etc.), main-group element (SiN2, GeN,, SnN,*), alkali and
alkaline-earth (BaN2,®” SrN,?l NaN,°") dinitrides. Therefore, these phases can still be hidden
between 62 and 100 GPa. Non-stoichiometric TaN4gs is the new most nitrogen-rich tantalum

nitride, which is available at ambient conditions.
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Figure 5. Summary of high-pressure experiments in the Ta-N system. Pressures at which laser-
heating was performed are marked on the horizontal axis. Asterisks * indicate the experiments
reported by Friedrich et al.®!l, ** indicate the experiments of Salamat et al.?®! on the synthesis of
TasNs from single-source precursor. Pressures of the experiments of Zerr et al. in a multianvil
apparatus®®! coincide with those from Friedrich et al. All experiments above 30 GPa are from this

study.
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Experiment

In all experiments discussed in this paper a piece of Ta metal (Alfa Aesar, purity 99.95%) was placed inside
a sample chamber of a BX90 diamond anvil cell and loaded with nitrogen that served as a reagent and as a
pressure-transmitting medium. The samples were compressed to target pressures and laser-heated using
double-sided laser-heating systems of the beamline GSECARS (APS, Argonne, USA) and Bayerisches
Geoinsitute (BGI, Bayreuth, Germany). The summary of samples and laser-heating conditions are
summarized in the Table S1. In X-ray diffraction (XRD) experiments, pressure was determined using the
equation of state of Ta (Vinet EoS, Vo = 18.035 A3 Ky = 194 GPa, Ky’ = 3.52 according to the ref. !). For

Raman experiments we used the shift of the diamond Raman peak to determine pressure?.

The reaction products contained multiple good-quality single-crystalline domains of novel phases and they
were studied by synchrotron single-crystal X-ray diffraction at the beamline GSECARS 13IDD (APS,
Argonne, USA). The following beamline setup was used: A = 0.2952 A, beam size ~3x3 um?, Pilatus CdTe
IM detector. For the single-crystal XRD measurements samples were rotated around a vertical w-axis in a
range +£36°. The diffraction images were collected with an angular step Am = 0.5° and an exposure time of
1-2s/frame. For analysis of the single-crystal diffraction data (indexing, data integration, frame scaling and
absorption correction) we used the CrysAlis™ software package. To calibrate an instrumental model in the
CrysAlis™ software, i.e., the sample-to-detector distance, detector’s origin, offsets of goniometer angles,
and rotation of both X-ray beam and the detector around the instrument axis, we used a single crystal of
orthoenstatite (Mgi.93Fe0.06)(Sii.03, Aloos)Os, Pbca space group, a = 8.8117(2), b = 5.18320(10), and ¢ =
18.2391(3) A). The same calibration crystal was used at both beamlines. Powder diffraction measurements
were performed either without sample rotation (still images) or upon continuous rotation in the range
+20°w. The images were integrated to powder patterns with DIOPTAS software®. Le-Bail fits of the
diffraction patterns were performed with the Jana2006 software. The structure was solved with the ShelXT
structure solution program* using intrinsic phasing and refined with the Jana2006 and Olex2 programs>*.
CSD 2038294-2038296 contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge from FIZ Karlsruhe via www.ccdc.cam.ac.uk/structures. Some experimental details,

crystal structures, raw data are also summarized in the Figures S1-S3 and Tables S1-S6.

Details of the structure refinement of TaN, «

u

For the structure refinement of TaN».«, the modulation functions u; were described as harmonic waves of

first order according to van Smaalen et al. 7 in the following form:
uf(f4,f5) = A}°(w) sin[2r%,] + B} () cos[2mx,] +

+ AP (W) sin[2mxs] + +BP* (u) cos[2mixs] (1),



where A0 (), A% (1), B (), Bt () are the modulation amplitudes of the atom u, X, = t + qq * X, X5 =
u+ qz-X,i =x,y,z. The occupation modulation for the atom N1 was described by a harmonic function
of the first order:

pn1(Xs, %) = PO°(1 + PA0sin[2mx,] + PO cos[2mx,] + PP sin[2mxs] + POt cos[2mis])  (2),

where P10, P10, P01 PO are the modulation amplitudes, and P is the average occupation of the N1 atom.
Structure refinement with varied occupancies for all atoms did not show the significant deviations of Ta

and N2 atom occupancies from 1.

Calculations details

The ab initio calculations of TaN4 and TaNs were performed using the all electron projector-augmented-
wave (PAW) method as implemented in the VASP code *'°. To obtain structural and electronic properties
under hydrostatic pressure have we used the generalized gradient approximation with the Perdew-Burke-
Ernzerhof for solids (PBEsol) exchange-correlation functional ''. We also used the nonlocal screened
Coulomb potential hybrid density Heyd-Scuseria-Ernzerhof (HSE06) functional to estimate the band gap
for TaNs 213 The HSE(06 functionality is used by mixing 75% PBE exchange with 25% Hartree-Fock
exchange and 100% PBE correlation.

The sampling for Brillouin zone integrations is performed using the Gamma scheme with 18x14x14 (TaN4)
and 15x6x6 (TaNs) k-point grids for PBEsol and 5x5x5 k-point grids for HSE06 (TaNs, primitive cell).
The energy cutoff for the plane waves included in the expansion of wave functions was set to 700 eV. The
convergence criterion for the electronic subsystem has been chosen to be equal to 107 eV for two
subsequent iterations, and the ionic relaxation loop within the conjugated gradient method was stopped

when forces became of the order of 1074 eV/A.

The phonon calculations have been performed within quasiharmonic approximation at temperature T=0 K
using the finite displacement approach implemented into PHONOPY software 4. A (2x2x2) sized supercell
had to be applied with 9x9x7 (TaN4) and 7x7x7 (TaNs) k-point grids. For TaN5 the long-range interaction
of the macroscopic electric field induced by polarization of collective ionic motions near the point I' was
obtained by adding a nonanalytical term to the dynamical matrix by determining the Born effective charges

and dielectric tensors 17
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Figure S1. Reconstructed (243) reciprocal lattice plane of TaNs at ~102 GPa and corresponding powder
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Figure S5. (left) The electronic band structure of TaNs at P~ 105 GPa (V="591.56 A3) calculated by PBEsol
and (right) and the electronic band structure of TaNy, at P ~ 102 GPa (V= 130.82 A?) calculated by PBEsol
(black lines) and PBEsol including spin-orbit coupling (SOC).
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Figure S9. Crystal structure of TaN,.« at 60 GPa. (a) Average structure (b) 10 x 10 X 2 approximant
superstructure (c) Fragment of the approximant superstructure showing the atomic displacements and
occupancies of N1 atoms in %. Arrows showing the atomic displacements are proportionally scaled for
visibility. The average z-coordinate of Ta atoms is shown by a dashed gray line. Less occupied N1 sites lead
to the displacements of neighboring Ta atoms towards this site, while fully occupied site “repel” the Ta

atoms away. The N2 atoms follow the modulation of Ta atoms to prevent short N-N distances (Fig. 4c).



Table S1. Summary of laser-heating experiments

Sample Pressure, GPa Temperature, K Products
#1 105 2020(200) TaNy, TaNs
#1 62 2600(200) TaNi g6

#2 105 3300(200) TaNa, TaNs
#3 * 32, 35, 40, 46, 51, 59 1400 — 3700 N-Ta:N;

#3 62 3200 (200) TaN2.x

* In the experiments with sample 3, upon pressure increase, both already reacted areas of the sample

containing n-Ta;Ns3 and areas containing non-heated Ta were heated.
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Table S2. Crystal structure and refinement details of TaN4 and TaN;

Chemical formula

TaN4

TaN5

Crystal system, space group

Monoclinic, P2,/n

Orthorhombic, Fdd2

Temperature (K) 293 293

Pressure (GPa) 102 102

a, b, c(A) 4.4564 (6), 5.4753 (4), 5.471 (4) 13.801(8), 11.8793(11), 3.6083(5)
B 101.48 (3)

V(A% 130.82 (10) 591.6(4)

Z 4 16

Radiation type Synchrotron, 1 = 0.2901 A Synchrotron, A = 0.2901 A
p (mm™") 7.90 7.00

Data collection

Diffractometer LH@P02.2 LH@P02.2

No. of measured, independent and 774, 351, 340 560,297, 288

observed [/ > 2o(])] reflections

Rine 0.028 0.03

(5in 0/A)max (A7) 1.057 1.073

Refinement

R[F® > 26(F%)], wR(F?), S

0.026, 0.065, 1.13

0.021, 0.051, 1.07

No. of reflections 351 297
No. of parameters 27 31
APrmax> Apmin (€ A7) 1.68, —2.05 1.92/-1.73

Crystal structure

Tal (0.22684(6), 0.67436(3), 0.38011(10))
N1 (0.5510(12), 0.4464(8), 0.274(2))
N2 (0.7655(11), 0.5241(9), 0.156(2))
N3 (0.1239(13), 0.3149(7), 0.426(2))

N4 (-0.3404(13), 0.8401(7), 0.487(3))

Tal (0.17188(7), -0.67297(3), 0.4699(10))
N1 (0.045(2), -0.7711(7), 0.522(2))
N2 (0.302(2), -0.6778(8), 0.792(3))
N3 (0.297(2), -0.6777(8), 1.181(3))
N4 (0.045(2), -0.7625(9), 0.907(2))

N5 (0.3582(16), -0.5831(6), 0.718(4))
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Table S3. Lattice parameters and unit cell volume of TaNs at different pressures

Pressure, GPa a, A b, A ¢ A V, A3
102 13.801(8) 11.8793(11) 3.6083(5) 591.6(4)
101 13.848(5) 11.908(3) 3.605(2) 594.5(5)
91.75 13.979(7) 11.908(3) 3.6238(11) 603.2(4)
85.61 14.004(5) 12.021(6) 3.625(2) 610.3(6)
77.76 13.951(2) 12.097(8) 3.6413(9) 614.6(5)
60.97 14.132(4) 12.189(3) 3.675(2) 633.1(4)
Table S4. Lattice parameters and unit cell volume of TaN4 at different pressures
Pressure, GPa | a, A b, A e, A B, ° v, A3
102 4.4564(6) 5.4753(4) 5.471(4) 101.48(3) 130.82(10)
101 4.4859(6) 5.4935(4) 5.428(4) 101.293(3) 131.17(12)
91.75 4.4915(15) 5.543(2) 5.461(2) 100.92(4) 133.52(9)
8561 4.5129(15) 5.551(2) 5.476(2) 100.85(5) 134.72(9)
7776 4.5007(18) 5.541(2) 5.546(4) 101.01(6) 135.76(14)
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Table S5 Crystal structure and refinement details of TaN s¢3

Chemical formula

TaN 863

M,

207

Crystal system, space group

Tetragonal, P4/nmm(00’/2)0000(-0.0}2)0000 +

Temperature (K)

293

Pressure (GPa)

62

Wave vectors

q: = 0.305* + 0.305b* + 0.5¢*;
q2 =-0.305a* + 0.305b* + 0.5¢*

a,c(A) 2.8844(10), 5.723(2)
V(A3 47.61(3)

VA4 2

Radiation type Synchrotron, A = 0.2952 A
p (mm™) 11.40

Data collection

Diffractometer 13IDD @ APS

No. of measured, independent and 755, 259, 244
observed [/ > 3o(/)] reflections

No. of observed independent main / 63/181

satellite reflections

Rint 0.121

(sin 0/M)max (A7) 0.874

Refinement

R[F? > 26(F?)], wR(F?), S

0.073, 0.118, 9.78

No. of reflections

259

No. of parameters

15

1 Symmetry operations: (1) xi, x2, x3, X4, X5; (2) —x1, —X2, X3, X3—X4, X3—X5; (3) —x2+1/2, x1+1/2, x3, X35, X3 (4)

xa+1/2, —=x1+1/2, x3, x5, x3—x45 (5) —x1+1/2, x2+1/2, —x3, —x3+x5, —x3+x45 (6) X1+1/2, —x2+1/2, —x3, —X5, —%4; (7) X2, X1,
—x3, —X3HX4, —x5; (8) —x2, —x1, —X3, —Xa, —x3+x5; (9) —x1+1/2, —x2+1/2, —x3, —xa, —x5; (10) x1+1/2, x2+1/2, —x3, —X37+Xa4,
—x3txs; (11) x2, =x1, —x3, =x3s, =xa5 (12) =x2, X1, =3, =5, =x3+x4; (13) X1, X2, X3, X37X5, x37x43 (14) —x1, X2, X3, X5,

x45 (15) =02+1/2, =x1+1/2, x3, Xx3—X4, X355 (16) x2+1/2, x1+1/2, X3, X4, X3—X5.
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Table S6. Structural parameters for the incommensurate TaN,« at ~62 GPa in a superspace group

P4/nmm(aat’2)0000(-a02)0000 (No. 129.2.69.14). Modulation amplitudes are given using the fractional

coordinate system.

Atom Ta N1 N2
X 0.5 0.5 0
y 0 0 0
z 0.266184 0.629859 0

Un (A?) 0.005631 - -

Un (A2) 0.005631 - -

Us3 (A?) 0.006404 ; -

U2 (A?) 0 - -

U3 (A?) 0 - -

Uz (A?) 0 - -

Uiso (A2) 0.003717 0.03049
AL 0.005558 -0.00166 0.058027
AL 0.005558 -0.00166 0.058027
AL0 -0.012458 -0.009669 0
BLO -0.006154 -0.00384 0
BJ° -0.006154 -0.00384 0
BLO -0.011252 0.004179 0
Al -0.005558 0.00166 -0.058027
A% 0.005558 -0.00166 0.058027
At -0.012458 -0.009669 0
B! 0.006154 0.00384 0
BY* -0.006154 -0.00384 0
B? -0.011252 0.004179 0
p° - 0.863124 -
plo - 0.056613 -
P} - -0.024466 -
po1 - 0.056613 -
POt - -0.024466 -
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Table S7. Lattice parameters of TaN,.x at various pressures.

Pressure, GPa a, A ¢, A q-vectors v, A3

61 2.884(1) 5.723(2) (0.305(1) 0.305(1) 0.5) | 47.61(3)
(-0.305(1) 0.305(1) 0.5)

0 3.0245(4) 5.9618(9) (0.305(1) 0305(1) 0.5) | 54.54(1)
(-0.305(1) 0.305(1) 0.5)
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