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Crystals of dicalcium nitride fluoride, Ca,NF, grown from the
melt have been characterized by X-ray diffraction and were
found to have a cubic (Fd3m) structure. Owing to ordering of
N and F atoms along all three cell axes, the cell edge is doubled
relative to the rocksalt-type structure reported previously.
Residual electron density at an interstitial tetrahedral site was
refined as a Frenkel defect of F atoms, giving a final
composition of Ca,N(F013)°"(Fo.0s7)""

Comment

The compound Ca,NF belongs to a largely unexplored class of
extended inorganic materials first referred to as pseudo-oxides
by Andersson (1967), as they have compositions that can be
derived from oxides by replacement of O*~ with N>~ and F~
ions. Andersson (1970) published the first quantitative struc-
tural study of nitride fluorides, in which three phases in the
Mg/N/F system were prepared and characterized by powder
X-ray diffraction methods. The three phases, viz. L-Mg,NF,
MgsNF; and H-Mg,NF, all have structures related to rocksalt
to various extents, depending on anion ordering. In the
H-Mg,NF phase, for example, no ordering of N and F atoms
occurs and the rocksalt-type structure of MgO is observed.
The L-Mg,NF phase, on the other hand, is tetragonal (i.e. anti-
LiFeO,-type structure) due to ordering of N and F atoms
along the c axis, and has a nearly doubled c axis relative to the
a and b axes. Ehrlich et al. (1971) subsequently completed a
study of M,NF (M = Ca, Sr and Ba), in which they reported
the rocksalt structure for all three phases (i.e. similar to the
analogous oxides) using the Guinier powder diffraction tech-
nique. Galy et al. (1971) also reported a rocksalt-type structure
for Ca,NF on the basis of powder X-ray diffraction results. We
previously reported (Nicklow ef al,, 2001) the preparation and
single-crystal X-ray structure of a Ca,NF phase with the
L-Mg,NF-type structure. The present study concerns a newly
observed phase in the Ca/N/F system, with doubling of the cell
axes along all three directions relative to rocksalt-type Ca,NF.
This phase is isostructural with doubled-cubic Sr,NF reported
previously (Wagner, 2002).

Crystals for the present study were grown from the melt of a
mixture of Ca metal and CaF, reacting in a dynamic flow of N,

gas. The yellow samples, including that selected for analysis,
were typically small and highly air (i.e. moisture) sensitive.
They were also invariably multicrystalline, usually consisting
of a predominant crystallite with one or more other compo-
nents at symmetrically unrelated orientations. GEMINI
(Bruker, 2000) was used to find the orientation matrix of the
predominant Ca,NF crystallite in the selected sample, and the
final refined lattice parameter was ultimately determined to be
10.0215 (8) A. It was immediately recognized that this para-
meter is approximately double that of the rocksalt-type Ca,NF
reported by Ehrlich et al. (1971), with a cell parameter of
4.937 A. On the basis of the overall analysis of systematic
absences, the space group was optimally assigned as Fd3m
(No.227). Included in the observed data were 29 low-intensity
forbidden reflections, all of type (0k!) with k + [ # 4n, which
are forbidden by the presence of the diamond glide planes.
These reflections are accounted for by the refined model
described below.

Initial stages of the structure refinement yielded three
crystallographically distinct octahedral positions, which were
assigned as Ca (32¢), N (16d) and F1 (16c¢), respectively.
Following these assignments, appreciable electron density
remained at one of the tetrahedral sites (8a), and this was
optimally refined as an interstitial F atom. The occupancy of
this site was constrained to be equal to vacancies at the nearby
F1 octahedral position; thus, a Frenkel defect was modeled.
Also, the sum of the occupancies of these two partially filled
F-atom sites was restrained to keep the total F content fixed at
16 atoms per unit cell. The resulting final empirical composi-
tion was Ca,N(Fj13)°'(Fo0s7)'", corresponding to an average
of 1.4 interstitial F atoms per unit cell.

Fig. 1 shows the coordination sphere for one Ca atom, with
atoms plotted as 50% probability displacement ellipsoids. The
severely misshapen ellipsoids at the octahedral F1 sites reflect
the partial occupancy and disorder at this site, as expected
from the nearby Frenkel defect. Any one of three adjacent F1
atoms can be positioned 2.170 A away into the nearby F2 (i.e.
tetrahedral) site in this Frenkel defect model, with the
remaining two F1 atoms expected to relax away from F2. Thus,
the ellipsoids are directed away from (and towards) the
nearest partially occupied F2 tetrahedral sites, and the 16¢

Figure 1

A view of one Ca coordination sphere in the doubled-cubic Ca,NF
structure (50% probability displacement ellipsoids). Elongated ellipsoids
at the F1 site are consistent with the modeled Frenkel defect, resulting in
partial occupancy of both the F1 site and the F2 interstitial site. Symmetry
codes are listed in Table 1.
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special position at which the F1 atom is located is really an
average position with partial occupancy. Note that attempts to
refine a split-atom model for the F1 position failed to yield a
stable refinement, as might be expected given that the largest
principal axis of the displacement ellipsoid is 0.136 A2,

Fig. 2 shows the unit-cell plot, and selected bond lengths
and angles are given in Table 1. From the figure, ordering of N
and F atoms along all three cell axes is clearly seen, accounting
for the doubling of the cell edges relative to rocksalt as well as
the presence of the diamond glide planes. An interstitial F2
atom is also shown in the figure, with a nearby F1 atom
missing, which results in local loss of the diamond glide plane.
Therefore, considering the average vacancy of 1.4 F1 sites per
unit cell, the model accounts for the presence of the weak
reflections in the data mentioned previously that are
forbidden for the diamond glide planes. It is also evident in
Fig. 1 and from Table 1 that the CaF;N; octahedra are
distorted, with N—Ca—N angles greater than 90° and F1—
Ca—F1 angles smaller. This distortion is merely a conse-
quence of the fact that the Ca atom is closer to the N/N/N face
of the octahedron than to the F/F/F face, since the Ca—N
bonds are shorter than the Ca—F1 bonds, as also indicated in
Table 1. Thus, the Ca atom is positioned off the octahedral
center (i.e. on a lower-symmetry site) relative to the Ca site in
rocksalt-type CaO, whereas the N and F atoms have essentially
rocksalt-type positions. In addition, as expected, the N—Ca—
N angle is larger than the corresponding angle in doubled-
cubic SrpNF (93.89°; Wagner, 2002).

Bond-valence sums were calculated using the empirical
parameters of Brese & O’Keeffe (1991), which were reported
as 2.14 for Ca—N bonds and 1.842 for Ca—F bonds. The
resulting values are 1.86 for Ca, 2.89 for N, 0.76 for F1 and 1.04
for F2 atoms. These results indicate that the atoms on the
doubled-cubic lattice positions are somewhat underbonded.
Initially, one might consider that this result can be explained

€

Figure 2

A view of the unit cell for the final Ca,NF structure. Ordering of N and F
atoms along all three cell axes is evident. Some atoms have been omitted
for clarity. Symmetry codes are listed in Table 1.

by the relatively expanded lattice caused by the presence of
the distorted octahedra. For example, note that doubling of
Ehrlich’s reported ideal rocksalt-type cell would give a lattice
dimension of 4.936 A x 2 = 9.872 A, which is significantly
smaller than the value of 10.0215 (8) A for the present struc-
ture. However, the bond-valence sums for both the rocksalt-
type Ca,NF phase of Ehrlich et al. (1971) and our previously
reported L-Ca,NF phase (Nicklow er al, 2001) indicate
underbonding as well (e.g. the values for Ca in the two phases
are 1.79 and 1.77, respectively). Therefore, further explanation
for the underbonding in the present structure must be
provided by crystal chemical factors other than lattice
expansion. O’Keeffe & Hyde (1984) have noted previously
that atoms in oxides with large cation-to-anion ratios (i.e. > 1)
tend to be underbonded and attribute this observation to bond
elongation from relatively strong cation—cation interactions in
such compounds. We have consistently observed the same
phenomenon in other M,NF (M = Ca, Sr and Ba) compounds
and have discussed it in detail elsewhere (Nicklow et al, 2001;
Wagner, 2002; Seibel & Wagner, 2004).

Experimental

Ca metal and CaF, (3:1 molar ratio) were mixed in a glove-bag under
Ar and placed in an Ni crucible. The crucible was then inserted into a
silica tube that was sealed from air while allowing dynamic flow of
inert gas. The reaction mixture was heated to 1273 K under Ar for 1 h
and then cooled to 473 K, at which point the gas flow was switched
from Ar to N,. The reactants were heated to 1273 K for 12 h, and
were subsequently cooled at a rate of 40 K h™' to 473 K and then to
room temperature at a non-controlled rate.

Crystal data

Ca,NF Mo Ka radiation

M, =113.17 Cell parameters from 2393
Cube, Fd3m reflections

a =10.0215 (8) A 0 = 3.5-28.3°

V = 1006.46 (14) A> w=422mm™"

Z =16 T=100(22)K

D, =2987 Mgm™

Data collection

Bruker SMART APEX CCD
diffractometer
w scans

Prism, light yellow
0.11 x 0.09 x 0.08 mm

83 independent reflections
81 reflections with 7 > 20(I)
Rin = 0.031

Absorption correction: empirical Omax = 28.3°

(SADABS in SAINT-Plus; h=-13—->13

Bruker, 2003) k=-13—>13

Tomin = 0.540, Tax = 0.717 [=—-13 —> 13
2393 measured reflections
Table 1
Selected geometric parameters (A, °).
Ca—F2 2.3412 (12) Ca—Ca'™ 3.263 (2)
Ca—N 2.4105 (7) Ca—Ca" 3.5487 (3)
Ca—F1 2.6081 (8)
F2i—Ca—N" 121.94 (2) NY—Ca—F1" 89.732 (4)
N—Ca—N" 94.61 (3) F1'—Ca—F1" 85.57 (3)
N'—Ca—F1¥ 173.59 (4)

Symmetry codes: (i) 1—x,1—y,1—z (i) x,3-y. -z (i) 3—-xy3-2z @)

3

x—ty-bl-zMxi-yi-zO)i-xi-y 5 (i)i-xi-y 2
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Refinement

w = 1/[c*(F2) + (0.0109P)*
+ 23.8669P]
where P = (F? + 2F2)/3
(A/6) max < 0.001
APmax =040 ¢ A7
APmin = —041e A3

Refinement on F?
R[F* > 20(F?)] = 0.028
WR(F?) = 0.064
§=139

83 reflections

10 parameters

Data collection: SMART (Bruker, 1997-2002); cell refinement:
SAINT-Plus (Bruker, 2003); data reduction: SAINT-Plus; program(s)
used to solve structure: SHELXS97 in SHELXTL (Bruker, 2000);
program(s) used to refine structure: SHELXL97 in SHELXTL;
molecular graphics: SHELXP in SHELXTL; software used to
prepare material for publication: SHELXP in SHELXTL.

Purchase of the diffractometer at Youngstown State
University was supported in part through funding from NSF-
CCLI grant No. 0087210 and from the Ohio Board of Regents
Action Fund, grant No. CAP-491. MZ was supported by NSF
grant No. 0111511.

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BC1056). Services for accessing these data are
described at the back of the journal.
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