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Beryllium Nitrides and their Structural Chemistry
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Beryllium Nitrides and their Structural Chemistry

A) Polyhedra

Triangle Tetrahedron Octahedron

B) Connection of polyhedra
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Layers of edge-sharing tetrahedra

3D-network of all side...

Vertex-sharing tetrahedra Edge-sharing tetrahedra Vertex-linked octahedra

CA 3 dzNEBK Sv dfoydR 2 PNREY F o2y L2 f @ KSRNI 4d 8@ YOILY GTESKIHSAR 2R /S

AAAAAA

. Sddzy A 1 a  hoAZ ANY {ENd SBSKNENA2YFI SIRSAISNI MG S RNIF a1 & »¥ 3082 NJ
AKFENAY @D @RISABKFMAyyE WWANDISGEISR G S3GN KSARNIYSHISH O £ a2 LJ
.S ®OF KSRNIY INB fAY1SR R bR2yVayi NBRAK2BYyAAYyatdNY y3ISb 6

2N KI @S 0SSy 2YAJSR DABBYBR®NI ZOFPE NA G & ¢

I £ 2271 0NIO i aeSB&EY DFd2(iKES 1y206y G2 RIGS akags

G KI

O2YLRdzyRaz aAdyAUOlIyidte Y2NBE KAIKf& O2yRSyaSR

2F .S YR bz AlG Aa GKS2NBaOlFffe LJ2aaAioktasSt Si2

ON

Of  aa 2GK& AORION i Sy@Sal M YDRIE BR KA A RADGSNARS Of |

Ay GKS ySEG aS0az2yo



Introduction

mojosy § KGR A B K NI2OFG S NANBIfof2hydzY b A G NARSE

{SOo02y mModmM | yRI mda RSLNREOVISRE $EEBA RS HzY(i 2 A0KYFA VSR 3
O2YLRdzyRaz ¢KIF{d RAGSNBYUG | LILX AOlFsa2ya | yR &aiNHzOGd
gAGK GKS OKFffSyasSa Ay (KS aeyikSaira yR OKIFNY O
Ly 3AS2CKSYAREANDIF 1SAH2MK2BIRAIS 3t SYSyid | OO02NRAY 3
Of I 43 A0S 2LKNE KEALIK ARISHNA OSR TNR X K262 DAKSEH B2 NR

608t 20SROT2NIRSABYAABRNDRKISNI £ & sIAIK RE2MESY | YR NBY
IKS SINBKAFAONHZFD 0 SNEf (KRIFRADY UK SOOI YW OSHA #iKS D

YSoOdz 2dza SEOfdzaA2y 2F 2Ee3S8Sy RdNAy3a (KS aeéyikSa
o0& A MEINI It 20S02E I yR {OKf Syl G(SOKEAFARMW 9 By 2 1
.Sh 2NE RSLISYRAYy3 2y GKS fS@St 2F Oyl YAYl a2y X
Ly GKS &a2ftS LINBOSWOSHRSF rIINRABYy I YAD &idtotS |y
Al yRYNRI f LI 2F pHZMWhYWVRY 26 A GB (KS KAIKSAd |Fyzy3
SOSy KAIKSNI i KINYT co MPWiIeY2Se1 i 2 NRh y 3b, s a HENAES . S

YR GKSNBF2NB tSaa NBFOa@S |yYyR RAYOdzZ G G2 | Os dlI
LINBOdzNE2NE X So3dd StSySyidlrt .S 2N oSNRBffAdzy KFfAR
G2 Alda KAIK KINRYS&EZAOHYIBRA DA (XKIINFROSBSBDEW BISH h &
aSyairo@dS (2 KeRNRfeairar Ay LINIa (G422 NBI OagdS Iy
NBf SHasS 2F KeRNP IIHRIKY SAMBBy@dS (K G | aeyuKSaAé A
dzy RSNJ O2y G NRffSR O2yRAe2yda |YR &aKz2dzZ R y2i 1S
a2NB20OSNE Al Aa NBO2YYSYRSR (2 2yfeadasd ‘ﬁ)K)S)\ RS
0KS F2NXl o2y 2F dzysl yiSR aARS LKIaSadukr&Syxaai
LI AOlFofS RdzS (2 Aida KAIK aSyarodride ¥R KSI (K

cm 8

=1
T

C2NJ GKS NBlI a2ym2BIB6iSRSYVYoRBSZS. BNB (KS FI g2NBR &
adyiKkKSarad bSOSNIKStSaayry 6020GK FNB RAYOdzZ G G2 | O
dzyof NBR KSI G dzy RSNJI 4 1i&S NIKSAJyke2dES R y18M CRatw @i #6232y &R dz
| Qa @l a2y 2F G(GKS&S (62 YIFIGSNAIFIf&AT (62 YIFEAY aidNF (S
NEF Os2y 6AGK PEgNE HBORYyREIRBPRORT (KS DbijdySMNINIE | Os
KAEBYLISNI (G dzNE O2FRBIp&YEO& yT dzNKF @82 2NJ 6KS O2Yo0AYy
aeyikKSarad YSGK2Ra NB SELX I Ay SR R JENBES: 2297 RS SEI
AATBRODEK (BESWEY Dlef2y. FFJ AL GSY

[A.S8b A& &y i
0K 0 Sby LASANJ LINIBNESSYSG [ Fkal Sy SIEKGS . ySR YCR- Gyl flc

KS
® |j dzI @ @Y 0% S

Sa
[A BY[ 5. IPABb OMDPHO
. b X o. S{LAb OmMPoO D

LYKS aeysKSaNRayb.2 BRb.Y Ay2 NBI O @S MNfldbdileyd dKa LINB &
DAYl NE VYAGNARSA SErN it KIS Yaiyaiskmaaluss VNS R nhyi G K

2yte AYRAOFGS I NBIjdA NBRTE R LIS HIdZDW@RS 2 F 8z 2 @8 PNK $
8



Synthesis and Characterization of Beryllium Nitrides
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Beryllium Nitrides at High Pressures

47 GPa
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State of the Art HigiPressure Techniques
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Highly Condensed and Sudaecompressible B&N
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Synthesis and Comprehensive Studies ef\Bi, (IV = Si, Ge)
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HighPressure Synthesis of Ukhacompressible Beryllium Tungsten Nitride Pernitride B@M(Ny)
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HighPressure Synthesis of Ukhacompressible Beryllium Tungsten Nitride Pernitride B@M(Ny)
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Where to go from here?
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Beryllium and itcompounds can cause different diseases like the acute berylliosis, the chronic
beryllium disease (CBD), contact dermatitis and cancer. Especially the inhalation of Be containing
dust or the contact to solvable Be salts is dangerous. Consequently, theatenf@indling of
starting materials and Be containing samples was carried out in a designated glovebox. Samples
outside the glovebox were only transported in closed vessels. For unavoidable work with Be outside
the glovebox (e.g. cleaning working equipmesaje must be taken to additional safety precautions

like FFP3nask and the avoidance of dusts. Guidelines how to work with Be are available in the
literature [2

t NBLI Noa2y 2F &l Nby3a YIFIGSNAIf &

BeN; was synthesized by the reaction of elemental Be in,atshosphere?® Beryllium flakes
(ABCR99+%) were crushed in a tungsten carbide mortar, filled into a tungsten crucible and reacted
in a radiofrequency furnace (8TIG 10/100; Hiittinger Elektronik Freiburg, Gexriiagysample was
heated to 1500°C within 10 minutes, dwelled at this temperature forli@nd cooled down to
room temperature within th. Phase purity was confirmed by means of powdeaydiffraction
(PXRD).

Partially crystalline /s was synthesized ybthe ammonolysis of &0 (Acros Organics, >98%)
according to Stock et &l.The starting material was filleid a quartz tubeand saturated with dry
ammonia for 4h at room temperature. Under a flow of dry ammonia the furnace was heated up to
850°C with a rate of 7C/min, held there for 4 h and cooled down to ambient temperature with a
rate of 7 °C/min. The orangeqmuct was washed with conc. HCI andidrized water and dried at

100 °C. Phase purity was confirmed by means of PXRD and CHNS analysis (calc. (%) C 0, H 0, N 42.98,
S O;found (%): C 0, HO, N 42.70)S 0

| ABAMNL &4 diNE Y KIS HIK(G dzNE a8y i KSaaa

BePN; was synthesized in a highmperature highpressure approach in a hydraulic 100@ress

using the multianvil technique with a modified Walker mod&féTo prevent oxygen exposure and
hydrolysis and because of safety reasons (see above), the starting materials were handled in an Ar
filled glovebox (Unilab, MBraun, Garching;, &0 < 1ppm). Stoichiometric amounts of Bk,
(28.2mg, 0.5Immol) and BENs (41.8mg, 0.27mmol) were ground in a tungsten carbide mortar and
packed in an BN crucible (Henze, Kempten). The latter was placed in the center of two graphite
furnaces with two MgO spacerslpsed with a cap of-BN and transferred in a Zs©ylinder. The
furnaces were contacted with Mo plates. The whole sleeve was placed in the center of a drilled
MgO octahedron (5% & doped MgO, 18m edge length, Ceramic Substrates & Components
Ltd, I14e of Wight). The octahedron was placed in the void of eight tungsten carbide cubes with
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truncated corners, which were separated with pyrophyllite gaskets. The assembly was transferred

to the multianvil apparatus and compressed t@&®a within 240nin. Atthis pressure the sample

was heated to 1450C within 6amin, dwelled at this temperature for 18@in and cooled down to

room temperature within 60nin before the pressure was decreased to ambient pressure within

720min.

{OFYyyAy3a StSOINRYRYSYSNEGNRRE adSBAEBD 08 LISOGINRAO2 LR

For electron microscope investigations, the sample was positioned on-adsedkive carbon foil

and coated with carbon using an electron beam evaporator {BAC MED 020, BalTec AG,
Pfaffikon) to guaranteeelectrical conductivity. For SEM imaging and EDX measurements a
Dualbeam Helios Nanolab G3 UC (FEI, Hilsboro) equipped witiMar 80 SDD detector (Oxford
instruments, Abingdon) was used. The data was processed with the Aztec sofiwEne.
accelerating voltage for SEM imaging and EDX measurements was. 5.0

{2f AR attly@S SYRAMYYAYy3I oda! {0 baw aLISOGNRAaO2LR

For solid state NMR measuremerttse sample was ground and loaded in azhd@or with an outer
diameter of 2.5mm. Tightly packed Teflon tape was used as spacer at the bottom and the top of
the rotor to avoid direct contact of the Beontaining sample with the environment. NMR spectra
were collected at 1&Hz spinning frequency on an Avance Il 500 spectrometer (Bruker, Karlsruhe)
with a 11.7T magnet (500.2MHzH frequency).

Due to the nuclear spin 8Be (I = 3/2) quadrupolar interactions have to be taken into account for
the evaluaton of the measured data. Hence, the central transition was fitted with the program
DMFIT to elucidate the values for the isotropic chemical shift),(the quadrupolar coupling
constant (&) and the asymmetry parameter ).

Additional spectra ofBe were measured from sedf/nthesied BeN. (see above) and BeO (Alfa
Aesar, 99.95%). All spectra were indirectly referenceéHon 100% tetramethylsilane (TMS) at
£0.1240ppm.

¢ SYLISNI (G dzZNB RS LElyeR SR/AIT NiB2GeRyNI 6 1 ¢

The thermal behavior of BEN; was investigated byemperaturedependent powder Xay
diffraction. The ground sample was loaded into a silica capillary (Hilgenberg, Malsfeld) with an outer
diameter of 0.3nm and heated under Ar atmosphere from 50 to 9@in steps of 50C with a

rate of 10°C/min. Followig, the sample was cooled to 8Q with the same rate and step size. After
each temperature step during heating and cooling, powder diffraction patterns were collected
within 1.5h at constant temperature on a STOE Stadi P diffractometer (STOE & Cie GmbH,
Darmstadt, Ag< ; radiation, <=0.55942A, Ge(111) monochromator, -F'SD detector) equipped

with a STOE resistance graphite furnace. For every diffraction pattern a Rietveld refinement were
conducted to determine the lattice parameters and the cell volufibe so obtained data were
plotted and fitted with Origin to determine the thermal expansion paramétét
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PowderX-ray diffraction data (PXRD) was collected on a STOE Stadi P diffractometer (STOE & Cie
GmbH, Darmstadt) in a modified Deb$eherrer geometry with Al radiation €=0.55942A)
equipped with a MYTHEN 1K strip detector and a Ge(111) monochromataafipée was ground

and sealed in a glass capillary (& outer diameter, Hilgendberg, Malsfeld) and centered on a
rotating goniometer head in the beam.

All steps for the structure solution were carried out with TOPAS Acad€hfiast, the diffraction
pattern was indexed and the metric was determined to orthorhon®mentered with the lattice
parametersa = 8.4506b = 4.8819 anda = 4.5723A. Following, the diffraction pattern was fitted
with a PawleyFit to generate the list of hkl indices. Via Charge Flipping, the starting model for the
Rietveld refinement was obtainét!! Lattice parameters and fractional coordinates were freely
refined. The site occupancies were freely refined one after the other, but not all at the same time.
The value for the isotropithermal expansion was set to a value comparable to those in other
nitridophosphates solved from PXRD data like 8P CaBNis or ZnPN.['#14 A second Rietveld
refinement was started from the model of relatddg,PN;, but the refined model from charge
flipping data fits better to the diffraction pattern. The reason might be the bigger distortion of,MgN
tetrahedra in MgPNs. (figure S3%°

The peak profiles were described with the fundamental parameter approach. A potential preferred
orientation of the crystallites was accounted for with & drder harmonic function and the
background was modeled by a shifted Chebyshev polyndttdiThe results were plotted using
Origin!® Structures were visualized using VES¥FA.

C2dzNASNJ NI yaFT2N¥SR AYFTNINBR aLISOGNR&AO2LR O0CCLv

An infrared spectrum of the sample was collected on a Bruker Alpha Il FTIR spectrometer using a
diamond attenuated total reflectancéATR) unit. The spectrum was recorded in a glovebox in the
range of 45Q4000cmt* and with a resolution of 2mf?.,

58yaAride FdyOez2zylt (KS2NE 65C¢0 OFfOdAg I e2ya

First principle electronic structure calculations were performed with the Vienna ab initio simulation
package (VASP) based on periodic density functional theory calcul@fitth€ore and valence
electrons are separated exploiting projectaugmented waves (PAWY$2¥ The exchange and
correlation energy is calculated using the generalized gradient approximation (GGA), as described
by Perdew, Burke and Ernzerhof (PBEA more detailed analysis of the band gap was achieved

by comparing results using PBE and PBEsuith results using the met&GA functionals modified
BeckeJohnson (mB3§2") local MBJ (LMBPXE | y R & N&@rdd stradlyl céBtrained

and appropriately 2 N S R ¢ 3. Nangpheridalicontributions to the gradient of the density

in the PAW spheres where included when using ri@@As. Elastic tensors were determined by
performing finite distortions and dering the elastic constants from the strastress relationship.

The bulk modulus was calculated using the \BigussHill approximation$*33 and energy vs.
volume calculations. The energy versus volume datacsagputed by scaling the cell parameters
from 93 to 107 % (with a fixegtb:.crl GA20d ¢KS . NAff 2dAy -dedtefel o1 & &
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k-point grid and the interpolation of thk space was done via the tetrahedron method with Blochl
corrections. The energy convergence criterion was set tbeM and the residual atomic forces
were relaxed until the convergence criterion of 1@V/A was reached. The optimization was
performed via RMMDII$* and a plane wave energy cutoff of 520 eV with full ionic degrees of
freedom, i.e. atomic positions, cell shape and cell volume. Both HelkRaypnmann forces and
stress tensors were calculated. An optimization without symmetry preserves the space group
Cme;. Phonon calculations were carried out after structural electronic relaxations with VASP using
the supercell approach (4 x 4 x 4) at thgoint only. Force sets and lattice vibrations were
subsequently calculated witPHONOP¥® The resulting phonon band structurand phonon
density of states are shown in Figure S9.
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95. YSI

AadzNBYSyiGa gSNBE OF NNASHS (2 daid SHyE vidXi KENE WBid SO
OKFYy S tX b FYR h $SNBF RSGISOGSR® ¢KS O2yiaSyli
Ayia2 002dzyd GKFIG hd THOOERSNAYAENIDRS 2y IG2RF\YRY
adzNF I OS SiuiS0ia o0SORS Sy ¥yRMNEt MING ROA MISHIHEDMH). SAa Ay O
322R FANBSYSyld (2 (WSIeWwSRNS oO®2 y &4 AR S NESYAT 00 1SS L.
YSGK2R T2NJ f A3Kd StSYSyidao
¢I-6ij®01$-A Y S I & dzZNBYI®y (neS A (. AS0H2NB OFIABINOSKYT IAGK adl yRI
LI NByiKSarao
Measurement Be P N @)
1 37 18 40 5
2 35 18 42 6
3 30 21 46 2
4 36 16 45 3
5 35 17 45 4

Average 35(2) 18(1) 44(2) 4(2)
Normalized  1.9(1) 1.0(1) 2.4(1) 0.2(2)
Theoretical 2 1 3 0
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observed
calculated
—— difference
I Be,PN,
I WC

Intensity / a.u.
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20/°

CAIdaNBy S dzZ & 2F GKS wAhA Sti@SthR aSBIBBKRY DwiE | DT Ol daSav s
LJ2 6 RBNIE - RA 0N OlaBhy<ILI 3 &PPrdynRe RAWGISNBYOS LI 206G o03aNBe fAyS
NEbSOes24bl M&F IASPHSY a ofl Ol oO0FNERD ! f (K2dAKSE GKS | Y2dzyi
GKS . N33 NBbSOoa2ya | NB GAaiobs dzS ¢ NNIBBEE INSHYSD o 2¥ &l RHF
dzy ARSYa USR AYLIzNRGE FNB YINJSR 6AGK FaGSNralao
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¢l c')ﬂjé)q? [\LIAééiil- ff2INIALIKANE RIEWASRAST.RS NBUY S
LI NBY G KS&AaD
Formula BePNs
Crystal system orthorhombic
Space gyup Cme4 (no. 36)
Lattice parameters / A a=8.4610(16)
b=4.8777(6)
c=4.5691(8)
Cell volume /A 188.57(5)
Formula units per unit cell 4
Density / g crii 3.208
Molecular weight / g mol 91.02
Diffractometer Stoe Stadi P
Radiation AgY h(<=0.55942 A)
Detector Mythen 1K
Monochromator Ge(111)
2drange / ° 1.0 < 2<40.180
Step width / © 0.015
Data points 2613
Total number of reflections 110
refined parameters 45
Background function Shifted Chebyshev
Number of background 12
parameters
Goodness of fit 2.117
R Rup 0.065; 0.085
Rexp Rbragg 0.031; 0.027
¢|-Aoﬁ4@>a>§()1gu L2adAsa2yas O22NRAY! Hééz
8 bd {GFYRINR RSOALoa2ya | NB IASSY Ay
Atom  Wyck. X y z Ueq/ A Occ.
P1 4a 0 0.1700(11) 0.016(4) 0.009 1
Bel 8b 0.332(2) 0.165(4) 0.021(13) 0.009 1
N1 8b 0.337(2) 0.166(3) 0.3994(13) 0.009 1
N2 da 0 0.159(3) 0.422(3) 0.009 1

YSyio

Aa20GNRBLKAO

{GFyRIN

4 KSNXNI

LI NBYyGKSaAao
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CHoM®RYGISNI G2YA 0 REBNE YWOBASKFS{ R NRUNBY RBBRI a2y a I NB
LI NBy(iKSaArao

Atom1 - Atom2 Distance / A Atom1- Atom2 Distance / A

Belg N1 1.7079(2) P1¢N1 1.6828(3)

Belg N1 1.7378(3) P1¢N1 1.6828(3)

Belg N1 1.7303(4) P1¢ N2 1.6624(2)

Belg N2 1.7229(3) P1g¢N2 1.8536(4)
CL OB FGSNF G2YAOt b IR BAaWRFIGSE R NBUYySYSyiaed {dl yRINR
LI NByiKSaAao
Atoms Angle / ° Atoms Angle / ° Atoms Angle / °

N2¢P1¢N2 103.394(4) N1g¢BelgN2 103.839(4) BelgN1lgBel 108.826(4)
N1¢P1¢N2 109.387(4) N1¢BelgN1l 109.877(4) BelgN1lgBel 107.361(5)
N1¢P1g¢N2 109.387(4) N1gBelgN2 111.298(6) BelgN1lgBel 108.837(6)
N1gP1-N1 110.149(12) N1¢BelgN2 111.047(12) BelgN2¢Bel 111.611(12)
N1¢P1g¢N2  109.387(14) N1gBelgN1 108.994(4) BelgN1gPl1 111.606(6)
N1g¢P1gN2 112.140(6) N1¢BelgN1l 111.497(6) BelgN2¢P1 104.312(4)
P1¢N2¢P1  106.708(3)

5C¢ 2LlYATlFoa2y 2F GKS &0NHzOGdzNI £ Y2RSH

¢l OBEBDXUSNBY
v

Sa 0SU06SSyYy itke$ 2102 MYS RLIFANRY2 WA STAWVSIR NBU
& G NHzO (0 dzNJ ¢ AD

SR TNBY 5C¢ 2LlYAlla2yd

Atom Wyck.  nx ny nz

P1 4a 0 £0.0064 0.0027
Bel 8b 0.0027 0.0037 1£0.0093
N1 8b £0.0028 0.0037 £0.0093
N2 4a 0 0.0095 0.0361

¢KS AGNHOGNGHIAY2REt AFSR . BNRY wASGOSIR NBUYSYSYy
Ol f Odz Fe2ya I-)/IV? I DSNB I NRa O2 YL} RBR (&l i KBS NEA faov
RSINBS 27F (1 kOS RAZEAMHYYRAGSNBY O8N0 BTRSSY YHKS |
(KS YIFGOKAYI )EGaYRSRFAYOMGKE SELISNAYSYdlt SOOIt da
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¢l o ty@ggs - YSI A&dNBY Sy (waS a2d (.&aSONB IAPSY Ay FG2YAO LISNDS)
LI NBYy(iKSaArao
Measurement Ge N O
1 30 50 19
2 37 60 3
3 28 62 11
4 31 58 10
5 37 47 15
Average 33(4) 55(6) 12(4)
Normalized  1.0(1) 1.7(1) 0.4(2)
Theoretical 1 2 0
¢l oq®q5 - YSI adz2NBY.®y WS aaAF 1aS{NB IABSY Ay |G2YAO LISNDS)
LI NBYyuKSaAao
Measurement Be Si N (0]
1 27 26 46 1
2 28 28 43 1
3 31 29 39 1
4 29 30 40 1
5 27 30 42 1
Average 28(1) 29(1) 42(2) 1(0)
Normalized  1.0(1) 1.0(1) 1.5(1) 0.1(2)
Theoretical 1 1 2 0
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Formula

BeGeN

Crystal system
Space group
Lattice parameters / A

Cell wlume /A

Formula units per unit cell
Density / g cni

Molecular weight / g mo!
Diffractometer

Radiation

Detector

Monochromator
2drange/°

Step width / °

Data points

Total number of reflections
refined parameters

Background function

Number of background
paranmeters

Goodness of fit
Ro; R
Rexp; R)ragg

orthorhombic
Pma; (no. 26)
a=2.97976(10)
b=15.11452(18)
c=4.83496(19)
73.685(5)

2

4.951

109.64

Stoe Stadi P
Agkh;6 < T
Mythen 1K
Ge(111)

1.0< < 40.180
0.015

2613

96

32

Shifted Chebyshev

12

2.327
0.037; 0.047
0.020; 0.017

nao|

L2aisz2yas

O22NRAYI GSaz

NE IAGBSY Ay

Aaz20NRLIAO

{GF yRINR

GdKSNXI €

LI NBYiKSaAraod

Atom  Wyck. X y z Ueq/ A Occ.
Bel 2b 1 0.324(5) 0.11(6) 0.009 1
N1 2b 1 0.352(4) 0.478(4) 0.009 1
Gel 2a 0 0.1736(4) 0.612(4) 0.006 1
N2 2a 0 0.1853) 0 0.009 1
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¢l o@@«py@ém 62YAO0 RABNBRYOBASGAISt. BDEBUYSYSYGPAY GF YREN
LI NBYGiKSaAao

Atom1- Atom2 Distance / A Atom1- Atom2 Distance / A

Belg N1 1.77853(7) GelgN1 1.86326(5)

Belg N1 1.77883(6) GelgN1 1.86326(5)

Belg N2 1.73583(5) GelgN2 1.87379(8)

Belg N2 1.73583(5) GelgN2 1.91648(7)
¢|-ot9@>q;q/$NJ-62YAé Fyi INBY HRSIEGHBR NBUYySYSyiod {iGFyRIN
LI NBEYuKSaAao
Atoms Angle / © Atoms Angle / ° Atoms Angle / ©
N1¢Gelc N1 106.186(3) N1c¢Bel¢N1 106.5746(13) Bel¢N1l¢Bel 115.9371(8)

N1¢GelgN2 109.3222(10) N1¢BelgN2 110.1710(8) BelgN2¢Bel 118.255(3)
N1¢Gelg N2 109.3222(10) N1¢Bel¢gN2 110.1710(8) Bel¢N1lg¢Gel 107.8197(10)
N1¢GelgN2 111.7844(14) N1¢Belg N2 105.4172(13) BelgN2¢ Gel 109.0178(9)
N1¢GelgN2 111.7844(14) N1¢BelgN2 105.4172(13) Gel¢N1¢ Gel 106.186(3)
N2¢ Gelg N2 108.3956(8) N2¢BelcN2 118.255(3)

/ 2YLI NRa2y 27T tivieh Yayld yokd yIRKGE dzLJA

Pmc2, (no. 26)

B

Pmn2, (no. 31)

it

Pna2, (no. 33)

CAINB®KE F2dzNJ LI25&aA6ft S

oe (KS
SEIF YLX S

200dzLaA Sa

BT . SBBDSbYR DSb

Pca2, (no. 29)

I MBIEIS 3 &V SIPaDd dZNBE R REMIK O4 B R

aLulyad §2NE D0 Z L) tINMDO2GR2 Y & &B0o 2 yRY NRARIKGO
I NB

n G§S4UNF KSRNI

0KS & FRNIARS FRII RBENIA DNES R ¢
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O2f dzYyyYy y2o om |VY
C i

O2NYSNJ Aa
2yS O2ft 2N
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I NN} y3SySyida Ay
YAGNRISY |G2Y Aa
GKS OFrasS F¥2NJ (KS
Fd2Y A

ax

©
=
n
z
o

2 AGKAY
aLJ O0S 3INRdAzZIE Y
a

& dZNNP dzy RSR o @
"9 2YAKALI 0SG6SSy
YI RBEB FR NS B dAF WEHENR EPNE RSIVRESR Ay T2 N
@YYSGNE NRLISo 2yiNHAOM dANEBNL MARGSF D At ot S Ay I

G§KS aLl OS 3IANPdzLia
0S502YS8a

A 7

Ay GKS (9
Ot SINE F20dzaAy3a 2
0§KS NRIKI
S O02fdzvYys GKS RAGSNBYOS fASa
He YR omMI gKAES TR aLI OS 3
IANRdzZLJA y2d HP YR om O0NBI S
G2 GKNBS 3INRdzZLJ LL FdGz2vya |
NHAzSE 20 SeRYyR o6 NNy ISKEG
G662 Olez2ya 2F 3ANRdzLJ LL |

i A

K a
Y R

iK2a$ &L} OS 3INRdzLIE Ol y &

I 2YLI NR&2y 2F A2yAO NI RAA
¢ obo®pdt SOo2y 2F 1LJ12aaAirofsS Ol es2ya nomA2 RXgzEl @IS ANBR G@
NI} 9Phéy f @ WSEKSO A Ga | MIKeS2 a®WHof2(tS NJ 2ySHeF 85 ORI (J2 Hzy & dziJi i &
UKAA SfSYSyua 2Sa y2u SEAAUOZXZ a2 FI N
M2 radius/A  M* radius/A ratio literature
0.27 St 0.26 1.038
Bet 0.27 Ge* 0.39 0.692 this work
0.27 Srf*  0.55 0.491 #
0.57 St 0.26 2.192 [8
Mg? 0.57 Gét 0.39 1.462 W8l
0.57 St 0.55 1.036 #
0.60 Sttt 0.26 2.308 19
Zret 0.60 Ge* 0.39 1.538 B0
0.60 St 0.55 1.091 B2
0.66 Sttt 0.26 2.538 B3
Mn?* 0.66 Ge* 0.39 1.692 B8
0.66 Sri* 0.55 1.200 #
0.63 St 0.26 2.423 #
Fer 0.63 Ge* 0.39 1.615 #
0.63 Srf* 0.55 1.145 #
0.58 St 0.26 2231 #
Cot 0.58 Ge* 0.39 1.487 #
0.58 St 0.55 1.055 #
0.55 St 0.26 2.115 #
NP+ 0.55 Ge* 0.39 1.410 #
0.55 St 0.55 1.000 #
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/ KI NBS RA&GNROdz2y O/ 1! w5L0

¢robPwgadd Ga 2F GKS /| lawSLE {F ySUHSLORAES TRZNMINRSDSR 2y v d:
20t OKINBSa INB Ay 3I2BREMBMBSYSYyld gAGK GKS (GKS2NB
Tetrahedron Be N1 NI N2 N2 Ge N1 N1 N2N2
Average bong length / A 1.7573 1.8792
Polyhedral volume / & 2.7615 3.3985
Distortion index (bond length) 0.01219 0.00992
Quadratic elongation 1.0058 1.0015
Bond angle variance # ° 23.8783 45397
Effective coordination number (theory) 3.9788 (4) 3.9814 (4)
Total charge (theory)
Be / Ge 2.002 (2.000) 3.998 (4.000)
N1 -3.028 (3) -3.028 (3)
N2 -2.972 (3) -2.972 (3)
alt[ 9

¢l obd WSadzZ G& 2F alt[9 Ot OdXy oS a&IKRE dzy R ALIISNS y ¥

F2N «CDBI

NER (2 GKS &adzy 27 GKISY RB&OEISOa @3S o6AYIl NB YA

BeN:+ GeNs [ 3 BeGel

GeNs
h -B%Nz

50368 kJ/mol BeGeN 3 x 23333 kJ/mol
19876 kJ/mol

70244 kJ / mol 69999 kJ / mol 0.4% difference
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{2t AR adGldGS al{ baw aLSOGNRaAO2LR

a) b)
a 5
E e
1éD 1;20 BIO 4|0 0 -410 -EiD -1‘20 -160 1I5 1IO 5 [5 5
(v—vy)iv, (°Be) / ppm (v—vo)iv, (°Be) / ppm
c) d)
[T} -
E p
Mw |
1éD 1;20 BIO 4|0 0 -410 -EiD -1‘20 -160 15 1I0 5 O -I5 -10
(v—vy)iv, (°Be) / ppm (v—vo)iv, (°Be) / ppm
CAJddagty 2f AR aGliS a!'9YSbaw . .aBBOOHNI JOPE S&BEPKb G | aALRAYY
FTNBIjdzSy PRl @ F{ Wimylyyka [RANMIRSYI NJ SR S RIS Oli N KR F R & d5 DISh
AAy3tS NBaz2ylyOSed ¢KS &aLISOGNHzY aK2ga y2 2GKSNJ . S &A3y
GKS OKSYMOYRKSAKNTEYAGdZRS 2F KS? IS dzB RISXXIIAHIMNIEKE y20ySNIA 6o 2
.8 ardaylrtd RO CAG 2F G(GKS ALISOGNYzY aK2dys¥K OPINII@KEodlI
YFE3AYyAGdzZRS 2F GKS ljdzr RNHzZLI2 I NJ AYGSN)I Oaz2y @

(0]}

¢l oo {SRAzZ BB FT2NJ 0KS bplaywR AJLSHRIbNIK SA NI .OZDEH NRA a2y G2

BeGeN BeSiN BeN,P4

position / ppm 4.6 3.5 2.2
Liso/ ppm 6.1 5.5 3.5
G/ MHz 0.49 0.57 0.55
e 0.83 0.72 0.87
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{$02yR KINXY2yAO ISySNIasaz2y o6{I DO

¢rob@wgS adzA Ga 2F {1 D YSIaddNF YSSy (23T 2ljydho BEhRIS N$BS b 6 VY |
. S{uab

SHG intensities in mV

Samples .
One layer In capillary

Quartz (<5um) 29(10)

Quartz (525 um) 238 (28) 20(14)

Quartz (2550 um) 380 (81) 24(11)

ALOs (9 pm) 0(1) 0(1)

KDP (§25 pum) 730 (38) 41(17)

KDP (2§50 pum) 1932 (367) 172(32)

BeGeN(<2pm) 29(4)

BeSiN(5¢60 um) 23(7)

20K 2GS 02YLRdzyRa aK2¢ 6SIH1 {I D aAdyli,ad |26
[ Hon HIY W) RIYKE Ph YVRY R+ §g RHFK | {EKSS BENEJZNB Y dzOK

fIF NHSN) GKIy GKS GSyaaiN OeSYONSYiOd 2KAFHIdZRNEAT 3|
SELISNAYSY(d FyR OFtOdz#f a2y YIé 68 SELXIIAYSR oé
. SDABRFRSNI al YLX S | yR &l KAl SrRT SINGS/ OB2 YijodkyNIsli2 y 2
AylGdSyaride FyR KAIK O f OdA IISROBA Y 825@2 WAA & FR® Oh
KFEyRZ GKS OF f OdzZ I §SR {doD (KS yi KSNIEFHIENSHATNRFoA ) 2 F
LIYK +Imidn LY RER Poc LIYKk+S 6 KSNBKIKES GNBYAAT NI NI
02 GKS NBFTSNBYyOS® ¢ KSNBA20NBCA yId RORLRUYSFNIGA2WTde 21y R -
l62dzi GKS RAA&IINBSYSyl o0SGsSSy SELSNKy¥éyid | yR
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¢l o r®H9C{3/SNﬂe RAGSNBYyOSa 60SisSSy GKS 3INRdzyR aidlrasS IyR
AY S+ LISNJ F2NXNdzE || dzy Al 6 Fddzdo
energy difference / eV f.tk
space group _
BeSiN BeGeN

Pme, 0.020 -

Pna&2; - 0.018

Pca, 0.910 0.847

Pmm2, 1.069 1.044

7 /v
0.8 1
> 0.6+
E
0.4
0.2
—=—BeSiN,
0.04 V>< - BeGeN2
sz:21 Pnaz1 Pz:az1 Png1

CAJddaNtvS@dz & 2F 5C¢ O f OdzllyoRR y.aSN0 bt 6 Faeazh) RIF & A5G AS
G dzNIll ALIS & G NUzOG dzZNB&as NBLINBaAaSyiSR o6& GKSANI &LJ OS 3INE dzLJ
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5AFY2YR ' y@At [/ Stt,.SELSNAYSyi(la 6AGK . S{Ab

C 2 NJTiKNGESKE daNS Y IK3 MIKG dzNB SELISNRAYSyG&a Ay | 5AFY2YyR
OStfa Ia RSAONAROSR 020Sd ¢KS TF2ftft26Ay3a fAal
O2YLX SiGSylSaza 3R AdN) SELBNESyOISGt S A{Ko 0 S{AAS UN
ONEallf&a .0BOOO2FYLINSEABR (2 nn Dt AWR a8Ii&z f | & ¢
RAGNI Oo2y SELISNAYSyjday REINAS SAy & A sk 35855 AiENI2yiG {Adala
opnn Y ¢61a RSGSOGSRd ¢KS aS0O2yR OStf gla O2YLN
Hnnn dzLd 42 tvynn P Al 0 0f KNSRI Vi NB.I DeRly 2 NJ LK I
GKAA GSYLISNI (dz2NB  LR2dENEI {oM 0 42 6{ad3WIASNR 16SRSS o(A3 K |
LK &S GNY ya#niazys 28 AFRSBRIKSNI LKIF&S G(GNF yY&Ro2Yy |
odzi O2dz RANPEYILINS dz8 § 6F S ., § REY OARAE a8/ Bf Abod 0
oTNDPNMEMPEMa = &S vola dzNB |

¢ obMo[qh a4l EEISBRANSFia SERINB YA NS i KSKIKEHKNI 2F . S{Ab

DAC number| starting materials | max.p/ GPa| max.T/K products
1 BeSiN-sc 40 3500 BeSiN
2 BeSiN-sc 90 7800 ablation

o’ 2

MBI OG dZNE 2F GKS OF 0AG8 @Sy FLISHOS S i 6d2n &Bhtyl3 £ 68k (CK
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C
I.
¢ LI Nblfte RSO2YLRaAs2Yy 2F (GKS dzLILISNI ONBEA®  Aa O

A
Y R
KS

113



®  experiment
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KAEBYLISNY GdzZNBE O2y RA o 2y abia INFAMS Ihibkk ST, hi iNBIRD (i ad ANNBH z G (B ok
| 26 SOSNE y2 SEFYAYyloe2y 2F (GKS St &80 LINRLISNbSA
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0.2 4

0.0

— — T . T
2 3 4 5 6
hv/eV
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¢tKS Sglftdad SR o0 yR:I R . SREMWEASSH BNR Y. S{kdD SELIS
RSONBIaAy3a NARYA AR SRE (GKS KSFGBASNI K2Y2f 2 3dzS ¢
LINEaSyO0S 2F RSTSOiia LISa ali Wz dANBNMIDs dzNT ANV RS OF 8 2 y
' ND I OK (1 Af acnNy (GRS RCHOF LVSAmddNBIS8PRA a2 YLIWSA
RSGSNX¥AYS (GKS o6lFyR 3L SYySNAASaA Y2NB LINBOAAaSt e
FTNRBY RST¥SOG& 2NJ FNBY (KS RAUGSNBy(d &GNHOGdzNB&

ClL oo/ YLI NA&a2y 2F SELISNAYSyGlf FF3d4a4S58aSR “ify®R 3 LI S

band gap / eV

method BeSiN BeGeN
LDA 5.1 5.2
LDAS! 4.9 3.7
GW GGA 7.7 5.0
experiment 4.5 4.9
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Formula W-BesNs

Crystal system trigonal

Space group Rom (no. 166)

Lattice parameters / A a=2.8687(1)
c=37.0753(13)

Cell volume /A 264.23(2)

Formula units per unit cell 3

Density / g crif 8.932

Molecular weight / g mo! 473.79

Linear absorption coefficient / mm 65.072

Trmind Tmax 0.7843

Diffractometer D8 Venture

Radiation Mo-Kn; (<= 0.71973 A)

Absorption correction multi-scan

BASF 0.678(3)

H000) 597

drange/° 0 DH dIX oKc dnno

Total no. of reflections 1343

Independent reflectionslpk ~ H/allp 208/215

Rnt 0.030

Refined parameters 17

Goodness of fit 1.206

Rvalues[x #B] o R =0.0277wR2 = 0.0654

Rvalues [all data] R = 0.0289wR2 = 0.0660

N mas wpl e 4.72:¢4.02
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Clron®ed O 120 LRaAisz2yar O22NRAYIFISEAY Aa20NRLIAO GKSN)YI
2, bp® {GFYRINR RSOAloa2ya INBE IAQBSY Ay LINBYyGKSarao
Atom  Wyck. X y z Ueq/ A2 Occ.
w1 6c 0 0 0.06795(2) 0.0046(1) 1
N1 6c 0 0 0.2307(3) 0.0063(19) 1
N2 3c 0 0 1/2 0.007(2) 1
N3 6c 0 0 0.3007(3) 0.0060(16) 1
Bel 6c 0 0 0.3420(7) 0.024(5) 1
Be2 6c 0 0 0.1858(9) 0.031(6) 1
CHond®PYA&a20NRLIAO RAALX F OSYSyul Dl NIIY FRS WR RENIAZ al2yR B N
LI NByd KSaaa
Atom Ui/ A2 U,/ A2 Uss/ A2 U/ A2 Ui/ A2 U/ A2
w1 0.0020(2) 0.0020(2) 0.0098(2) 0.00098(9) 0 0
N1 0.004(3) 0.004(3) 0.011(4) 0.0021(13) 0 0
N2 0.006(3) 0.006(3) 0.008(6) 0.0028(17) O 0
N3 0.008(2) 0.008(2) 0.002(4) 0.0040(12) O 0
/K NBS RA&AGNAOGdzm2Yy o6/ 1! w5L0
¢clroaMwdadsa Ga 2F GKS f I®dw5L FylFfeara F2N 2

Polyhedron W N1 N1 N1N3N3N: Bel N3N3N3N3 Be2N1N2N2N2
Average bong length / A 2.1041 1.7925 1.7675
Polyhedral volume / & 9.2481 2.8743 2.8199
Distortion incex (bond length) 0.00344 0.07288 0.02908
Quadratic elongation - 1.0260 1.0044

Bond angle variance # ° - 105.7159 17.6694
Effective coordination numbel 5.9976 1.8929 3.7700

Total charge (theory)

W/ Be 3.551 (3.500) 1.679 (2.000) 2.333 (2.000)
N1 -2.473(3) -2.473

N2 -3.714 (3) -2.626

N3 -3.4285 {3)
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Cron®®gOo120 LR2aAs2yasr O22NRAYIGSax A&20NBLIAO GKSNYI
2, Sep {dFyRIN RSOAlFLe2ya INB 3IAQSYy Ay LI NByGKSaiao
Atom  Wyck. X y z Ueq/ A2 Ocec.
w1 6¢c 0 0 0.46258(2) 0.0052(2) 1
W2 6¢c 0 0 0.38770(2) 0.0070(1) 1
N1 6¢c 0 0 0.10998(17) 0.005(2) 1
N2 6¢c 0 0 0.14893(19) 0.008(3) 1
N3 6¢c 0 0 0.25937(19) 0.008(2) 1
N4 6¢c 0 0 0.29853(17) 0.002(2) 1
N5 3a 0 0 0 0.003(3) 1
Bel 6¢c 0 0 0.3230(6)  0.046(9) 1
Be2 6c 0 0 0.0870(5) 0.033(7) 1
Be3 6c 0 0 0.169(1) 0.084(18) 1
Be4 6¢c 0 0 0.2369(11) 0.09(2) 1

CLomM®POYAA2GNRLIAO RAALI F OSYS igd LI (NG yYSHINRNE R S@MND 922 y R Y
LI NBYyGKSaArao

Atom Ui/ A2 U,/ A2 Uss/ A2 U/ A2 Ui/ A2 U/ A2
W1 0.0034(3) 0.0034(3) 0.0087(3) 0.00170(13) 0 0
W2 0.0055(2) 0.0055(2) 0.0100(3) 0.00276(12) 0 0
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Appendix

Crystal structure of W4BesNg and its comparison to W2BesNs
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