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Synthesis and Structure of BisNFs: A Member with n = 3 of the
Vernier Phases M, X;,+1
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Heating of NH,BiF, at 285°C under dry ammonia yields Bi;NFg
via the intermediate products NHBi;Fy and BiF;. Bi;NF; is an
air-sensitive grey powder decomposing under dry NH, at 350°C to
form Bi metal. It crystallizes in the orthorhombic space group
Pbcm, with a = 581.74(2), b = 570.18(2), c = 1851.13(5) pm, Z =
4. The structure was determined by X-ray and neutron powder
diffraction data. Bi;NF; belongs to the family of vernier phases
M, X;.+1, and represents the first member of the series with n = 3.
The two-symmetry independent Bi atoms exhibit coordination
numbers of eight. © 1995 Academic Press, Inc.

INTRODUCTION

Ammonolysis reactions of ammonium fluorometallates
have been shown to yield metal nitride fluorides like
TiNF (1), ZrNF (2), TaNF, (3), and LnisNFs (4, 5). In
dependence of the reaction conditions some oxygen
might be introduced into the nitride fluorides, either
forming solid solutions as in the case of TiNF and TaNF,
or forming stoichiometric compounds as ZryON,Fs (2) or
BfsONFs (6). We have now also studied the ammonoly-
sis reaction of NHBiF, which vields BisNFg with
NH,Bi;F,; and BiF; as intermediate compounds. The am-
monolysis of BiF; already was investigated (7), resulting
in an impure compound with an approximate composi-
tion BiNg34F| 7200.13. Its powder pattern corresponds to
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the diagram of Bi;NF¢ with additional reflections of
rhombohedral BiO,F3_;,.

EXPERIMENTAL

Synthesis of BisNFg

NH,BIiF, is heated in a monel tube under an atmo-
sphere of dry and oxygen free NH; for 3 hr at 250°C
yielding NH;Bi;F,,. Further heating for 30 hours at 285°C
under NH; affords Bi:NFg which is formed via intermedi-
ate BiF. Prior to use, NH; was condensed over Na, and
then slowly evaporated into the reaction tube.

Analysis for BisNFg: N (found), 1.83%; (calc.), 1.85%;
F (found), 14.5%; (calc.): 15.1%; Bi (found), 83.0%;
{calc.): 83.05%.

Structure Determination

Comparing the scattering powers of the involved ele-
ments for X rays and neutrons clearly indicates that X-
ray diffraction data are most suitable to locate the
strongly scattering Bi atoms, whereas neutron diffraction
data will allow to distinguish unambiguously between F
(scattering length: b = 5.7 fm) and N atoms (b = 9.3 fm).

To find the Bi positions first, integrated intensities for
reflections between 8° and 90° in 20 (min. d-spacing 110
pm) were extracted from the X-ray powder diffraction
pattern with the program FullProf (8). Of the 260 reflec-
tions extracted, 117 were within 15% of the full width at
half maximum of another reflection, and thus, were con-
sidered to be severely overlapping. Equipartitioning of
the total intensity of a peak over the contributing, se-
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verely overlapping reflections was used to obtain a sin-
gle-crystal-like data set (9). After the normalization of the
intensities with a Wilson plot, a sharpened Patterson
function with |E * F| as coefficient was calcuiated.

Normally, one searches in the Patterson function for
the strongest inter atomic vectors, e.g., those vectors
between the heavy atoms. The vectors between symmet-
rically equivalent atomic positions are called Harker vec-
tors H (r) (10):

Hs.t(r) =
Cs

Ca — Cr =(C; — Cyr,

sth symmetry operator (s = 1, ..., n).

Once these Harker vectors are identified in the Patterson
function, they can be directly used to infer the original
heavy atom position 1. In practice, the identification of
the Harker vectors depends largely upon the quality of

x  0.7500

the used Patterson function and the complexity of the
structure involved. In the case of powder data, equiparti-
tioning the intensity of overlapping reflections results in a
generally ‘‘flat’” Patterson function with broader peaks
and fewer features (9). Consequently, the peak positions
are less rehable or may be lost altogether.

In an attempt to overcome these difficulties we em-
ployed the symmetry minimum function (SMF)

SMF(r) = min L P(r — Cur),
s=1 My

which vses the entire Patterson function and the space-
group symmetry rather than just the strongest vectors
(11). The SMF searches the Patterson function systemati-
cally for large Harker vectors; the quantity m; takes the
multiplicity of the Harker vectors r — Cr into account.

(b)

FIG. 1. (a)Section at x = 0.75 of the symmetry minimum function (SMF) for Bi;NF,. The refined positions of Bi(1) and Bi(2) are indicated in
the map. Additional maxima occur by shifting the positions of Bi(1) and Bi(2) by 0, 1/2, 0 and 0, 0, 1/2 (permissible origin shifts). (b) Section at x =
0.0 of the image seeking minimum function (IMF) for B;NF;. The refined pesitions of the atoms F(1} and F(4) are indicated in the map.
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The maxima in the SMF are the possible positions for
heavy atoms, including the ones related by a permissible
origin shift (Fig. 1a). The position of the strongest peak in
the SMF was assigned to the first Bi atom which in turn
was input for the image seeking minimum function IMF
(11). It systematically searches the Patterson function for
large cross-vectors between the first Bi atom at position
r* and other positions at r,

IMF(@r) = min P(r ~ Car*).

The maxima in the IMF can now directly be related to
atomic positions because the origin is fixed with Bi(1). In
fact, the second Bi atom and the F and N atoms appeared
in the IMF (Fig. 1b).

The atomic positions have then been refined on the
basis of the X-ray data with the program FullProf (8).
Then, to distinguish between the N and F positions, neu-
tron diffraction powder data have been collected (12) and
used for a Rietveld refinement (13) (Fig. 2, Tables 1 and
2).

A bond valence calculation (14) clearly indicated that
the anion in position 0.498, 0.25, 0.0 should be nitrogen
as a valence sum of 3.06 was obtained while values of
0.78-0.90 resnlted for the other four anions which conse-
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FIG. 2. Observed (dotted line) and calculated (full line) neutron
powder diffraction pattern of B NFg. The bottom line is the difference
pattern.

quently have been assigned to fluorine atoms. This result
was confirmed by the Rietveld refinement (13) of the neu-
tron diffraction data which gave R, values of about 15.0
and unreasonable occupation factors for N in the posi-
tions of F(1) to F(4). {Table 2). Refinement with the an-
ions in the positions given in Table 2 converged, how-

Formula
Molar mass

TABLE 1
Crystal Data and Parameters of the Structure Determination and Refinement
Bi;NF;
755.25 g/mol
Pbem

Space group
Crystal system
Cell dimensions

orthorhombic

a = S81.74(2) pm

b = §70.18(2) pm

¢ = 1851.13(5) = 3 - 617.04 pm

Volume V = 614.01 - 10° pm?
Formula units Z=4
Density Peate = 8.165 g - cm?
Neutron diffraction data
X-ray diffraction data
Back scattering 90° detector

Parameters refined 40 38 38
No. of profile points measured 4101 1700 1950
Profile function Pseudo-Voigt Voigt Voigt
Zero point 0.0249(4)
Scan range BO00-18000 psec 750019000 ysec
Profile parameters (22,23} U = 0.125(4) o(2) = 32.276(5) 122.04(2)

V= —-0.030(1) ¥(2) = 2.843(1) 1.139(9)

W = 0.013(7)
Agreement factors R, =132 59 5.0

R, =179 5.4 4.2

xi=2.19 2.45 2.23

Rprogy = #.43 3.01 2.05
Expected R-value R, =122 3.45 2.80
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TABLE 2
Positional Parameters and their Estimated Standard Deviations
Atom x ¥ z B(107* pm?)
Bi(1) (.2207(5) ~0.0296(7) 0.25 0.31(5)
Bi(2) 0.2923(3) 0.5056(6) 0.0688(1) 0.73(2)
E(1) —0.0180(8) 0.7377(%) 0.6778(1) 1.45(3)
F(2) (.3716(6) 0.5395(8) 0.8722(2) 1.45(3)
F(3) 0.6046(9) 0.1257(9) 0.25 1.45(3)
F(4) —0.0118(11) 0.25 0.0 1.45(3)
N 0.4983(9) 0.25 0.0 1.45(3)

Note, The parameters are based on the refinement of the neutron diffraction data.

ever, with reasonable occupation factors and R,, = 5.4

and 4.2 (Table 1),

RESULTS AND DISCUSSION

Synthesis and Properties of BinNFy

Heating of NH,BiF, under dry NH; at 250°C and 285°C
leads in first steps to a decomposition to NH,Bi:F; and
BiFy (Eq. [1]) before the ammonolysis proceeds to
Bi;NFg (Eq. [2]). NHBi;Fo crystailizes isotypicaily to
cubic KY:Fp (15) in the space group Fmdm with a =
1197.60(2) pm:

3 NH,BiF, —2°— > NH,Bi;F;, —2X 3 BiF, [l]

—2NH4F —NHF

285°C

3 BiF; + 4 NH; " BizNF¢ + 3 NH,F (2]
. 3

Upon longer reaction times at 285°C, partial hydrolysis
by traces of water occurs and nonstoichiometric rhombo-
hedral compounds BiO.F;_» (x = 0.5 — (.65) with the
space group R3m or R3, and ¢ = 410 and ¢ = 2026 pm
(x = 0.55) are formed in addition to Bi;NF;.

Bi:NF, decomposes under NHjy at 350°C to Bi metal
(Eq. [3]), while under an atmosphere of dry N, at 510°C
BiF; and Bi are obtained (Eq. [4]):

2 Bi;NFg + 16 NH; - 6 Bi + 3 N; + 12 NH,F (3]
2 Bi:NF; — 4 BiF, + 2 Bi + N;. {4]
Bi;NF; is a moisture-sensitive grey compound hydro-
lyzing within a few hours to BiOg sF,. The i.r. spectrum
shows absorptions at 588 cm™' (w), 5333 ¢m~! (m), 492
cm~! (vs), and 406 cm~! (w).
Discussion of the Structure

Bi;NF¢ belongs to the family of fluorite-type related
compounds with anion excess. Within these compounds

the anion excess can be accommodated by a local trans-
formation of the primitive cubic lattice of anions to a
close packing which may either occur in small clusterlike
areas like in the structure of the mineral tveitite,
Ca; YsFys M, Xp:5, 2 = 19) (16) and in KY3F 0 (13), orin
iwo-dimensional sections like in the vernier phases
M, X521 (17). In the latter the square 4*nets of anions are
partially transformed to a denser triangular 3%net. This
situation fits best for the member with n = 6, where six
rows of the 4%net coincide almost exactly with seven
rows of a parallel 3%net, with the exact relation being
6:6.93. The misfit is becoming larger the smaller the
value of n in M, X5+, and the smallest value of n so far
abserved was n = 4, e.g., represeated in Eu,Clg (18) and
Zr,ON;Fs (2). The misfit of 4: 4,33 between the alternat-
ing 3% and 4*nets is either accommodated by the intro-
duction of antiphase boundaries at the unit cell level like
in the case of EuCly or by ordering of anions of different
size like N3~ and F~ in ZrsON;Fs. Another possibility is a
puckering of the 3%-net which can be cbserved in most
cases.

Bi;NFs also forms a vernier phase, and it is besides
Lu3O;F;5 (19) the first member with »n = 3, showing the
highest densification yet obtained.

While LuyO;Fs exhibits antiphase boundaries, Bi;NFg
does not (Fig. 3). This is astonishing as the low content of
N atoms cannot compensate the large misfit of 3:3.464,
The misfit is, however, partially balanced by an elonga-
tion of the square 4%net in the direction of the long crys-
tallographic axis ¢ which corresponds to 3 - 617.0 =
1851.13 pm in comparison with @ = 581.7 pm and b =
570.2 pm (Table 1). Whereas for the other known vernier
phases with n > 3, the superstructure is always an almost
exact multiple of the two short axes or even less than
that. In the case of Lu;O»F; the superstructure also
shows an elongation. Its longest axis » = 3 - 562.5 pm has
to be compared with ¢ = 554.4 pm, and ¢ = 529.2 pm
(19).

In addition to the elongation in the direction of the
superstructure, a strong puckering of the 35-net is present
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FIG. 3. Crystal structure of Bi;NF; in projection along {100] and [010].

(Fig. 3) and it can be assumed that strong covaient Bi-N
bonds of 225 and 227 pm also stablize the superstructure.

The N atoms are tetrahedrally coordinated by four Bi
atoms, with the Bi;N tetrahedra sharing edges to form
linear chains along [010]. The parallel chains of tetrahe-
dra are located in layers at the levels z = 0 and z = 1/2.
Between these layers, slabs of a YF;-type structure in
which BiF; crystallizes are inserted at z = 1/4 and z =
3/4.

A slight structural change between the structures of
YF; (20), BiF; (21), and the BiF;-type slabs in Bi;NF; can
be visualized by the ratio of the crystallographic axes a
and ¢ of the orthorhombic YFi-type structure. While this
ratio is 1.44 for YF,, it decreases to 1.36 for BiFs, and
1.02 for the Bils-type slabs in Bi;NFg, which is close to
the expected value for the cubic fluorite-type structure.

The atoms Bi(1) in the BiF:-type slabs exhibit an eight-
fold coordination in form of a bicapped trigonal prism FIG. 4. Coordination polyhedron of Bi(1).
BiF; (Fig. 4), with the distances Bi(1)-F being in two
ranges of three shorter ones between 221 and 226 pm and
five longer ones between 240 and 244 pm (Table 3). The
three closer F atoms together with the Bi atom form a
trigonal pyramidal arrangement.

The atom Bi(2) also has three narrow neighbors in a
pyramidal arrangement, two N atoms with distances 225

TABLE 3
Selected Bond Lengths in pm with
Estimated Standard Deviations
Bi{l) — F(3) 221.3(6) Bi(2) — N’ 224.7(4)
Bi(1) — F(1) 226.3(5) (2x) Bi(2) — N 227.6(4)
Bi(l) — F(3") 240.2(6) Bi(2) — F(2) 225.4(4)
Bi(l) — F(2) 242.7(4) (2%) Bi(2) — F{4) 249.5(5)
Bi(l) — F(19) 243.9(5) (2x) Bi(2) — F(4" 262.2(4)
Bi(2) — F(2) 285.2(6)
Bi(1) — F(3" 369.2(6) Bi(2) — F(1) 292.3(4)
Bi(2) —F{1} 307.8(5)
Bi(2) — F(2") 332.7(6)

FIG. 5. Coordination polyhedron of Bi(2).
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and 227 pm, and one F atom with 225 pm. In contrast to
the coordination of Bi(l), the longer distances starting
with Bi(2)~F = 249 pm increase almost continuously.
Therefore, the first coordination sphere cannot unambig-
uously be determined. If, however, the first largest gap
between the distances of 307.8 and 332.7 pm is taken as
termination, then a coordination number of eight results,
and the coordination polyhedron may be described as a
distorted cube with one edge (F2-F2') being displaced
(Fig. 5).
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