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New ternary phosphide Reo.s-051Nio.56-0.49P has been synthesized from the pure elements and
its crystal structure has been determined using X-ray single crystal data: MnP-type structure, space
group Pnma, a = 0.5460(2) nm, b = 0.3274(4) nm, ¢ = 0.6014(3) nm, Rr = 0.0370, Rw = 0.0381 (for
the composition Reo4sNiossP); and a =0.5430(1) nm, b=0.3259(2) nm, ¢ = 0.5992(2) nm,
Rr = 0.0356, Rw = 0.0386 (for the composition Reos1Nio4oP). Lattice parameters obtained from X-ray
powder data (a = 0.54311(5) nm, b =0.32606(3) nm, ¢ = 0.59917(6) nm for the sample composition
Reo.4Nio.6P) correlate well with the single crystal data.
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1. Introduction

Ternary system Re-Ni-P was first studied in whole concentration region by X-ray
powder diffraction, and isothermal section of the phase diagram at 700 °C was constructed [1].
Four ternary phosphides were synthesized in the system: Re;NisPs, RegsNig4P, ReNizPs,
and ReNiP4. Crystal structure was determined only for the phosphide ReogNig4P using X-
ray single crystal data with visual assessment of the intensity of the reflection, but obtained
value of reliability factor was very high (R = 0.15) [2]. Therefore, the aim of our work was
reinvestigation of the Re-Ni—P system in the region of 50 at. % of phosphorus content.

2. Experimental details

Three-component samples for investigation were prepared from powders of
rhenium, nickel and red phosphorus (all with stated purity more than 99.9 wt. %), which
were mixed in stoichiometric amounts and pressed into pellets. All pellets were sealed in
evacuated silica ampoules, then slowly heated to 800 °C (200 degrees per day) and sintered
at this temperature for 80-100 h. To reach thermodynamic equilibrium all samples were
crushed, carefully mixed, again pressed into pellets, and sealed in evacuated silica
ampoules, which were heat treated at 800 °C for 800-1 000 h. After heat treatment all
samples were quenched in cold water without breaking the ampoules.
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For the synthesis of the single crystals special heat treatment of the samples using a
high frequency furnace was performed: pre-sintered samples of the definite compositions
were placed into molybdenum crucibles, sealed into evacuated silica tubes, and then
gradually heated to 1 250 °C during 100 h, kept at this temperature for 2 h, and slowly cooled in
a furnace to room temperature. The single crystals were obtained from the crushed samples.

All samples were examined using X-ray powder diffraction: Imaging Plate Guinier
Camera G670, CuKq radiation, 20max = 100°. Determination of the crystal structure was
performed using X-ray single crystal diffraction: diffractometers STOE IPDS | (AgK.. radiation)
and Rigaku AFC7 (MoK. radiation). For all calculations WinCSD software [3] was used.

3. Results and discussion

According to the results of the phase analysis of the synthesized samples the
existence of the earlier known binary phosphide ResPs (space group C2/m, CrsSa-type
structure, a=1.2173 nm, b = 0.30149 nm, ¢ = 0.6039 nm, £ =114.05° [4, 5]), as well as a
new ternary phase with the refined composition Regas051Nioss049P Was revealed.
However, any reflections inherent to the earlier reported ternary phase RegsNig4P (Space
group /mm2, a=0.6068(4) nm, b=0.31914(2) nm, ¢ =0.5568(4) nm [2]) were not
observed in the powder patterns of the samples being synthesized. This new ternary
phosphide Reoas051Nioss049P has the close to RegsNiosP composition, but entirely
different crystal structure. This ternary phosphide was found to be in equilibrium with the
binary phosphide ResPa.

For the crystal structure determination of the new ternary phosphide two single
crystals were found in the samples of the starting compositions RezNisoPso and
RezsNigsPso. Crystal data, experimental details and results of the crystal structure
refinement are summarized in Table 1. Previous single crystal investigation revealed the
orthorhombic symmetry (Laue class mmm) for both crystals with the lattice parameters
given in Table 1. Crystal structure of the phosphide Reo.44051Nioss-049P Was solved using
direct methods in a space group Pnma with the help of the program complex WinCSD [3].

Atomic positional and displacement parameters in anisotropic approximation are
given in Tables 2 and 3. Crystal structure of the new phosphide Rep.44-051Nioss-0.49P belongs
to the MnP-type structure with statistical distribution of the rhenium and nickel atoms in
one crystallographic position 4c, whereas the second position 4c is fully occupied by
phosphorus atoms. Since the atoms of rhenium and nickel are characterized by relatively
close values of atomic radii (rre=0.1371 nm, ryi = 0.1246 nm [6]) it can cause the
formation of a small homogeneity range for the compound (~3.5 at. %).

Another confirmation of the existence of such homogeneity range is the observed
change in the lattice parameters of the phase Repas-051Nioss-049P in the samples with
different ratios of Re and Ni for the stable content of phosphorus (50 at. % of P), according
to the X-ray diffraction analysis.

Interatomic distances in the structure of Reo4s051Nioss-049P (Table 4) are in good
correlation with the respective sum of the atomic radii of the pure components.

Projection of the Regaso51Nigse049P Structure on xz-plane and coordination
polyhedra of the atoms are shown in Fig. 1. The crystal structure of the phosphide
Reo.44-051Nios6-049P belongs to the binary type MnP, which is deformed derivative of the
NiAs-type [7, 8]. As a result of the cell deformation the hexagonal symmetry of the
structure (NiAs-type, space group P6s/mmc) changes to orthorhombic symmetry (MnP-
type, space group Pnma).
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Table 1

Crystal data and structure refinement details for Reo.sNio.ssP and ReosiNio.4oP

Starting sample composition
Refined composition

Single crystal 1

Reo.20Nio.30P0.50
Reo.44Nio.56P

Single crystal 2

Reo.2sNi0.25P0.50
Reo.s51Nio.49P

Calculated density, g/lcm?® 9.00(2) 9.66(1)

Structure type, space group MnP,  Pnma

Formula units, Z 4

Lattice paramerers, nm: «a 0.5460(2) 0.5430(1)
b 0.3274(4) 0.3259(2)

c 0.6014(3) 0.5992(2)

V, nm? 0.1075(2) 0.1060(1)
Diffractometer STOE IPDS | Rigaku AFC7
Radiation and wavelength, nm Ag Ka, 0.056087 Mo Ko, 0.071069
Absorption coefficient, cm 335.44 708.41
26max; (SINE )max 47.65; 0.720 68.15; 0.788
Reflections measured 684 782

-7<h<7 -8<h<8
Range h, k, | -4<k<4 -5<k<5
-8<1<8 -9<1<9
Mode of refinement F(hkl)
Number of atoms in cell 8.0
Number of free parameters 14
Reflections with F(hkl) > 4cF(hkl) 342 272
Extinction 0.001(1) (Sheldrick-1) 0.074(8) (Sheldrick-2)
Weighing scheme 1/[cF?+0.0012F:?] UIn(Fo*)
Goodness-of-fit on F? 1.060 1.030
Final R-values: Rr, Rw 0.0370, 0.0381 0.0356, 0.0386
Largest diff. peak and hole (e A-3) 1.08/-0.90 2.15/-1.40

Table 2

Atomic positional and equivalent displacement parameters in the structures

of Reo.4sNio.s6P and ReosiNio.aoP

Atom Site x/a y/b zlc *Begx102, nm?
Single crystal 1 — Rep44Nios6P

M (0.44(1) Re +

+0.56(1) Ni) 4c 0.9964(4) 1/4 0.3008(2) 0.72(2)

P 4c 0.3046(12) 1/4 0.4262(8) 0.95(10)
Single crystal 2 — Reps1Nig.49P

M (0.51(1) Re +

+0.49(1) Ni) 4c 0.9961(1) 1/4 0.3010(1) 0.98(2)

P 4c 0.3034(5) 1/4 0.4252(5) 0.82(5)

*Beg = 1/3[Bu1 a*?a’+.

.. 2B23 b* ¢* b ¢ cosa].
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Table 3
Anisotropic displacement parameters (B*x10%, nm?) of atoms in the structures
of Reo.44Nio.s6P and Reos1Nio.49P

Atom Bu B2 Bss Bis

Single crystal 1- R80_44Ni0_5eP

0.65(4) 1.13(4) 0.44(4) 0.05(4)

P 1.4(2) 0.57(14) 0.86(13) ~0.1(2)
Single crystal 2 — Regs1Nig.49P

0.68(3) 1.68(4) 0.58(3) 0.05(2)

P 0.96(9) 0.72(9) 0.79(9) 0.09(7)

* B2 =B23 =0.
Table 4

Interatomic distances () and coordination numbers (CN) of atoms
in the structures of Reo.44Nio.s6P and ReosiNio.aoP

o6, nm o, nm
Atom Reg 44Nio s6P Reg s1Nio.49P CN
M—P 0.2340(3) 0.2351(6) 10
_op 0.2383(2) 0.2393(4)
_op 0.2420(2) 0.2439(5)
_p 0.2483(3) 0.2484(5)
_oM 0.2783(1) 0.2797(3)
_oM 0.2888(1) 0.2902(1)
P_M 0.2340(3) 0.2351(6) 6
_oM 0.2383(2) 0.2393(4)
_oM 0.2420(2) 0.2439(5)
M 0.2483(3) 0.2484(5)

Coordination polyhedra of the phosphorus atoms in the Reg 44051 Nioss-0.49P Structure
are deformed trigonal prisms formed by the metal atoms, and coordination number of P-
atom is 6. Larger atoms of the statistical mixture of Re and Ni (called M) are in the centers
of the deformed octahedrons formed by P atoms with four additional M atoms, due to what
coordination number of M-atom is equal 10 (see Fig.1). In accordance with P.I.
Kripiakevych [7] this structure belongs to the class 11.1I — structures with both trigonal-
prismatic and octahedral coordination of smaller atom.

In the Rep.44-051Nios6-0.49P Structure (MnP-type) empty trigonal prisms formed by the
atoms of metals alternates with the trigonal prisms centered by the phosphorus atoms in a
similar mode as in the NiAs-type structure. The filled prisms are connected with each other
by the edges, resulting in their lateral faces forming corrugated planes (Fig. 2).
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Fig. 1. Projection of the Reo.s-051Nio.56-0.49P Structure on xz-plane, coordination polyhedra of the
atoms, deformed octahedrons [MPs] and trigonal prisms [PMs]

Fig. 2. Combination of the trigonal prisms [PMe] in the Reo.s-0.51Nios6-0.49P Structure

Empty prisms are superimposed on the bases of the filled ones and for the form are
their mirror images. The relative position of the filled prisms is similar to the combination
of trigonal prisms in the structure of the MnsSis-type, in which the prism strips form
hexagonal rings. On the other hand, in the structure of Rega4 051Nioss049P (MnP-type)
atoms of the metal (M) form zigzag-like chains parallel to the z-axis, and the atoms of
phosphorus form zigzag-shaped chains along the x-axis [8].

4. Conclusions

Crystal structure of the new ternary phosphide Reg.44-051Nios6-049P Was determined
using X-ray single crystal data: space group Pnma, MnP-type structure, a = 0.5460(2)-
0.5430(1) nm, b = 0.3274(4)-0.3259(2) nm, ¢ = 0.6014(3)-0.5992(2) nm. The small
homogeneity range (~3.5 at. %) caused by the statistical distribution of the rhenium and
nickel atoms in the crystallographic position 4c.



O. Zhak
ISSN 2078-5615. Visnyk of the Lviv University. Series Chemistry. 2019. Issue 60. Pt. 1 115

5. Acknowledgment
Author is thankful to the Dr. Yu. Prots (Max Planck Institute for Chemical Physics
of Solids, Dresden) for the help in obtaining of the experimental X-ray single crystal data.

1. Oryshchyn S. V., Kuz’ma Yu. B., Terletskyy R. M., Dankevych Ya. G. The interaction
of rhenium with the iron triad metals and phosphorus // In: Research and application
of alloys of refractory metals. Moscow: Nauka, 1983. P. 11-15 (in Russian).

2. Oryshchyn S. V., Kuz’'ma Yu. B. Crystal structure of the compound RepgNig4P
/I Dokl. Acad. Nauk Ukr. SSR. Ser. B. 1984. No. 2. P. 46-49 (in Russian).

3. Akselrud L., Grin Yu. WinCSD: Software Package for Crystallographic Calculations
(Version 4) // J. Appl. Crystallogr. 2014. Vol. 47. P. 803-805.

DOI: https://doi.org/10.1107/S1600576714001058

4. Rundgvist S. The crystal structure of ResP4 // Acta Chem. Scand. 1966. Vol. 20, No. 8.
P. 2075-2080. DOI: https://doi.org/10.3891/acta.chem.scand.20-2075

5. Orishchin S. V., Babizhetskii V. S., Kuz’ma Yu. B. Preparation and structure of ResPs
crystals // Inorg. Mater. 1998. Vol. 34, No. 12. P. 1227-1230.

6. Wiberg N. Lehrbuch der Anorganischen Chemie. Berlin: Walter de Gruyter, 1995.
P. 1838-1841 (in German).

7. Kripiakevych P. I. Structure types of the intermetallic compounds. Moscow: Nauka,
1977. 290 p. (in Russian).

8. Gladyshevskii E. 1. Crystal chemistry of silicides and germanides. Moscow:
Metallurgiya, 1971. 296 p. (in Russian).

Ipuceauyemoca nam’ami Cmenana Opuwjuna

MOHOKPUCTAJIBHE JOCJIIXEHHSA CTPYKTYPU
HOBOTI'O TEPHAPHOTI'O ®OC®IY Reo,44-051Nio56-0.49P
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Inst norpiiieoi cucremu Re—Ni—P paninie moOymoBano i3oTepMmiunmii mepepi3 miarpamu
crany 3a Temmneparypu 700 °C Ta BHSBICHO iCHYBaHHS 4OTHPHOX TepHapHUX (ocdiniB Re2NisPs,
ReosNiosP, ReNi2Ps i ReNiPs, ommak mume must docdiny ReoeNiosP BHBuUeHO KpucTamidHy
CTPYKTYpY oTorpadidHiM METOOM MOHOKpHCTana 3 Bi3yalbHOIO OI[IHKOK IHTEHCHBHOCTEH
BiZIOMTH 32 MapKaMu MMOYOPHIHHS, MPHIOMY OTPUMAHO JOCHThH BHCOKE 3HaueHHs R-dakropa (15 %).
Crpykrypa pemtu ¢ocdiniB choroani HeBigoma. ToMy Halow MeTOIO OYyII0 TOCTiIKEHHS 3pa3KiB
cucremu Re—Ni—P 3a Bmicty docdopy 50 at. %.
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3pasku WIS JOCIiKEHHS] CHHTE3YBAJIM CHIKAHHAM LIMXTH 3 MOPOIIKIB YHCTUX KOMIIOHEHTIB
(yci me mermie 99,9 mac. % ocHoBHOro kommnoneHTa) 3a temreparypu 800 °C npotsrom 80—-100 rox 3
MTOJAJTBIITAM T'OMOT€HI3YBATBHIM BiJITAJIFOBAHHAM 32 M€l sk Temreparypu Tpusaiictio 800-1 000 rom.
Jns cuHTe3y MOHOKPHCTANIB IONEPEJHBO CIHEYEHI 3pasKH 3alaroBald y MONIONEHOBI THIII,
MOMIIIAJI y BUCOKOYACTOTHY IIid, Yy sAKiif moBiisHO HarpiBamu g0 1250 °C i Burpumysanu 2 rog,
ITCIISL YOTO TMOBIJBHO OXOJOKYBAIH 3pa3Ku 3 MIUKOK 10 KIMHATHOI TeMmreparypd. MOHOKpUCTAIH
BIUTy4€HO 3 po30uTHX 3pa3kiB. Pa3oBwuii cki1a 1 3pa3kiB BU3HAUSHO 32 JAHUMH ITOPOIIKOBOI TrppaKxmil
(Imaging Plate Guinier Camera G670, CuKa1 mpoMiHHS), MAaCHBH iHTEHCHBHOCTEH BiOWTH VIS
BHBYEHHS KPUCTAIIIYHOI CTPYKTYPH CIOJIYK OTPUMaHO HA MOHOKPUCTAIBHUX qudpakTomerpax STOE
IPDS (AgK« mpominnst) ta Rigaku AFC7 (MoK. mpominHs). Yci 0OYHCIEHHS BHKOHAHO 32
JormoMororo komiuiekcy nporpam WinCSD.

Kpucraniyna cTpykrypa HoBOro docdiny Reosso051Nios6-049P Hamexurs 1o OiHapHOTO THITY
MnP (mpocropoBa rpyma Pnma) 3i cTaTHCTHYHHM 3aIIOBHEHHSIM OZHi€l MO3MLIT 4¢ aTOMaMH MeTaliB,
pe3ynbTaToM 4Yoro € HezHauHa (~3,5 aT. %) obnacte roMoreHHoCTi 1€l aszu. ITapamerpu KOMipKH 3a
JaHUMH METOJy MOHOKpucrana maopiBHioOTE a =0,5460(2), b =0,3274(4), ¢=0,6014(3) um,
(bakTopu po36ixHOCTI yrounenHs ctpykrypu Rr = 0,0370, Rw = 0,0381 (st ckiaxy Reo4aNiossP) Ta
a =0,5430(1), b =0,3259(2), ¢ = 0,5992(2) um, Rr = 0,0356, Rw = 0,0386 (15t cknaay ReosiNio41P).
VTOYHEHI METOIOM MOJIIKPHCTANIA BEJIMYMHH NapaMeTpiB eneMeHTapHoi komipku (& = 0,54311(5) um,
b =0,32606(3) um, ¢=0,59917(6) ™) mns 3pa3ka BuximHoro ckiamy ReosNiosP OGiH3bKi 10
MOHOKPHCTAJbHUX IaHuX. MixaroMHi Bigmami y cTpykTypi ¢ocdiny Reoaso51Nioss-049P m0Ope
Y3TOKYIOTHCSI 3 CYMaMH BiIMOBITHMX aTOMHHX PaJiiyciB KOMITIOHEHTIB.

Tepuapuuii pocdin Reoss051Nios6-0,49P mepeOyBae B piBHOBa3i 3 GiHapHUM (ocdizoM peHiro
ResPa. IcnyBanns cnonmyku ReosNio4P 3a yMOB BUKOHAHOTO JOCII/DKEHHS HE MTiATBEPIKEHO.

Kniouosi cnosa: peniit, Hikenb, ¢ocdin, peHTreHiBCbka AU(PAKIisi HAa MOHOKPHCTANAX,
KpHUCTaJIiYHa CTPYKTYpA.
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