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The crystal structures of the hexagonal compounds CssCoCryFys (@ = 720.3, ¢ = 1076.1 pm) and
Cs,CrsF 324 (a = 720.0, ¢ = 1067.9 pm), both crystallizing in space group P3ml, Z = 1, have been
determined (R, = 0.041 and 0.045, respectively). They exhibit a new triple layer arrangement of
octahedra, which has the composition MsF; and derives from the RbNiCrF¢-type pyrochlore struc-
ture. The overall average distances are M—F = 192.9 and 192.0 pm for the Co(II) and the Cr(Il)
compound, respectively, the smaller value of the latter being mainly due to the higher Cr(111) portion in
it. The compensating anion excess is located and its influence discussed, as well as the evidence on the
distribution of M(I1) and M(III) ions on the lattice sites, including some hints on the presence of a

Jahn-Teller distortion in the Cr(11) compound.

Introduction

In the course of our studies to grow sin-
gle crystals of CsCrF, (2, 3) we used chlo-
ride fluxes CsCl/CoCl, (3), as similar sys-
tems have been successfully applied (4, 5)
to get single crystals of the modified
pyrochlores AIMUMWF, (A! = Rb, Cs; M",
MU = 34 transition metal ions) (6, 7). In the
present case, in addition to the octahedral
crystals of the cubic pyrochlore CsCoCrF,
the formation of platelike crystals of an-
other, hexagonal species was observed.
Their composition Cs,CoCr,Fg with M: F
= 5:18 was new for a fluoride and lies just
between that of pyrochlores or perovskites

t Author to whom correspondence should be ad-
dressed.

(6: 18 = 1:3) and that of binuclear Cs;Fe,Fq
(8) (4:18 = 2:9). Our interest in the struc-
ture of this new compound was stimulated
when we found crystals of a nearly isodi-
mensional and obviously isostructural
phase, which formed in slowly cooled melts
of pure CsCrF, and which had a slightly
fluoride excessive composition Cs4CrsF g+
(3). In this paper we report the results of
our single crystal structure determinations
of both compounds CssCoCr,F;z and
CS4CI'5F13+X x= 0.24).

Experimental
Preparation

Crystals of Cs,CoCrF,g were grown
from a flux of 3 CoCl, + 18 CsCl + 2 CsF +
2 CoF, + 4 CrF,;, which was heated at
850°C during 12 hr and slowly (8°C/hr)
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TABLE 1

CeLL DIMENSIONS OF THE TRIGONAL COMPOUNDS CsM'Cr F g, (M"

Cr, Co: FROM SINGLE

CRYSTALS; M = Ni, Mg: FROM POWDER DATA) AND OF CUBIC® PYROCHLORES CsM!'CrF,

CS4CI'5F|3_24 CS4COCT4F|3 CS4NiCr4F|3 CS4MgCr4F,g

a(pm) 720.0 720.3 718.1 716.9
c(pm) 1067.9 1076.1 1072.5 1074.4
cla 1.483 1.494 1.494 1.499
V(103 m?) 479.4 483.5 479.0 478.2
d(g cm™)

calculated 3.944 3.917 3.953 3.840

forZ = 1
d(g cm™3) 3.87

measured
ryn(pm) (17) 74.3 72.6 69.0 (18) 68.2
a(pm) (17) 1040.5 (19) 1036.6 1028.8 1027.0
CsMUCrF,

9 From the cell volume of the orthorhombic pyrochlore CsCr,F; (/9) a pseudocubic lattice constant is
calculated. It agrees well with cubic @ = 1039.5 pm found in multiphase mixtures of the compound (3).

cooled then to 300°C. Together with small
amounts of dark CsCoCrFg octahedra,
greenish plates of cleavable crystals were
found in the mass. The chemical analysis
of the plates fitted the composition Cs,
CoCrFi5: Cs 46.4 (46.61 calculated), Co
5.1(5.17), Cr 18.1 (18.24), F 29.9 (29.98)%.

Polycrystalline samples of this com-
pound and its homologs Cs,M"Cr,F 3 with
M" = Mg, Ni could also be obtained by
prolonged heating (920°C) of stoichiometric
mixtures of the binary component fluo-
rides. However, our efforts to vary the
Cr(III) ions by substitution with M™! = Al,
V, Fe or to prepare rubidium compounds
were unsuccessful. In all these cases only
pyrochlore AMUMUE, and AM'F, phases
could be identified.

Some bottle green crystals of Cs,CrsF 5.,
were found in the partly decomposed mass
which had formed after slow cooling (4-
5°C/hr) of melts of CsCrF, (or CsF + CrF,
mixtures) in sealed platinum tubes from
1000 to 600°C (3). The composition
Cs,CrsF g 24, derived from the structure de-
termination, may get its Cr(II) content from

the disproportionation 3 CrF; — 2 CrF, +
CrF;, which is quantitative at 1100°C (9,
10), but noticeable already at 850°C (11).
However, powder preparations using CrF,
to get Cs,CrsF g always resulted in multi-
phase mixtures (3). Obviously the forma-
tion of small amounts of CrF, during heat-
ing near the incongruent melting point of
CsCrF, (936°C) (12), followed by prolonged
cooling, is essential for the growth of
Cs4CrsF 3., phase crystals within the main
product of CsCrF,, containing also some
CS;CTFG.

Crystal Studies and Data Collection

Selected crystals of Cs,CoCr,F ;3 and
Cs4Cr;sF 5., were of trigonal symmetry and
mainly bounded by faces {001}, {100}, {010},
{110}, and {110}. Precession photographs,
which showed no systematic absences,
were in accordance with Laue group 3m.
From the possible space groups P3ml,
P3m1, and P321 (13) the centrosymmetric
one, P3ml, was selected, as no evidence of
acentricity could be obtained from nonlin-
ear optical measurements on Cs,CoCr,F 3.
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The lattice constants of the crystals and
those refined of powder samples of iso-
structural Cs,MgCr,F;3 and Cs,NiCr,Fs
are shown in Table 1. The cell dimensions
a. of the corresponding cubic pyrochlores
CsMUCrF, are given for comparison; the
relation a = a./V2, ¢ = a. is obvious.

The conditions of data collection using
automatic 4 circle diffractometers CAD4
(ENRAF-NONIUS) are listed in Table 2,
which also shows the final reliability factors
and the computers and programs used. The
atomic form factors used were those of the
ions given in parametric form (/4, I5).
Anomalous dispersion corrections have
been applied (14, 16).

Structure Determination

From Patterson syntheses it became evi-
dent that the four cesium atoms in the unit
cell of the basic CsyM;F 5 structure are situ-
ated in two different twofold positions, Csl
in 2¢ (0,0,2) and Cs2 in 24 (3,3,2) of space
group P3ml1 (13), with z = 0.23 and 0.37,
respectively. These atoms are centered by
a layer containing three of the five transi-
tion metal ions (M1), which could be local-
ized in the fixed threefold position 3e
(3,0,0). Regarding the metric relations to
the pyrochlore structure the octahedrally
coordinating ligands F1 and F2, both in six-
fold positions 6i (x,%,z) near the layer, could

TABLE 2

CoNDITIONS OF DATA COLLECTION AND TREATMENT

CSACOCr.‘Fw

Cs4CrsFig.04

Radiation

Crystal size (mm)/volume (1073 mm?3)

Absorption coefficient u(cm™') for MoKa
Transmission factors: minimum, maximum

Scanning:
Mode
Aperture (°)
Time (sec)
Range registered:
omim omax(o)
h k | (min)
h k | (max)
Reflections measured
Total
Suppressed
Independent (Rayemge)
Used in refinement
R= 2”Fol - 'Fcnlleol
Ry = [Zw(|Fo| — |F)/ZwF,]"?
Weight w =
k refined
Extinction correction ¢ in F(corr.) =
F.(l — g F?/sin )

Computer

Programs

Mo Ka-graphite
monochromatized
0.14 x 0.42 x 0.06

104.8
0.238, 0.550

wl/26
(1.6 + 0.45 tan 6)
variable, max. 50

1,35
=11, 0, -17
11, 11, 17

3414
all I = 3a(D)
770 (0.0207)
671 (F, > 6a(Fy))
0.0449
0.0411
KGN F,) + 5 - 1075F.2)
15.761
4.51- 107

IBM 370/168
CIRCE (Orsay)
SHELX (22)

— MoK«

0.16 x 0.27 x 0.07/2.53
98.3
0.238, 0.534

wl26
(1.5 + 0.3 tan 6)
variable, max. 45

2,45
—14,0,0
14, 14, 21

4303
1535 (0.0326)
834 (F, > 20(F,))
0.0413
0.0451
klo*(F,)
0.5001

TR440, Rechenzentrum der
Philipps-Universitit Marburg

System STRUX (20) including
CADLP (21), SHELX (22)
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TABLE 3

ATOM PARAMETERS FOR Cs4CoCr,Fis (UPPER LINE; M = Col4Criil) AND Cs(CrsF g2 (LOWER LINE; M =
Cri5sCrils) IN SPACE GROUP P3m1 (THE ANISOTROPIC TEMPERATURE FACTORS Ui; REFERRING TO THE

. 2U\;hka*b*)] ARE MULTIPLIED BY 10%)

Atom  Position x y z Uy Un Uss Uy Ui Ui
Csl 2c 0 0 0.22510(11) 415(3) u, 7417 0 0 208(2)
0.22765(9)  328(2) 574(5) 164(1)
Cs2 2d 4 £ 0.37383(8) 690(4) Uy 2564 0 0 345(2)
0.37306(7)  578(4) 212(3) 289(2)
Cr 2d 4 £ 0.71764(13) 157(4) Uy 114(6) 0 0. 78(2)
0.71642(11)  170(3) 118(4) 85(2)
M 3e 1 0 0 104(3) 754) 167(5) —10(4) -21(8) 37(2)
162(3)  100(4) 164(3) -9(3) -5(2) 50(2)
Fl1 6i 0.20494(27) —x 0.03863(33) 185(10) Uy 332(17) -43(8) -—Uxy 48(12)
0.20391(37) 0.03982(38)  302(12) 442(19) —74(10) 47(16)
F2 6i 0.54091(25) —x 0.17336(31) 337(13) Uy  221015) A7) —Uxy 272(15)
0.54121(27) 0.17326(28) 445(16) 214(12) 8(6) 359(18)
F3 6i 0.79331(30) —x 0.37813(35) 466(15) U, 303(18) -58) -Uy 329(17)
0.79060(32) 0.37818(32) 568(21) 268(15) 29(7) 457(23)
F4 16 0 0 ] 400 (fixed), 0.24(3) occupancy, leading to Cs,CrsFg24*

*Note added in proof. Final simultaneous refinement of temperature factor and multiplier for F4 lead to U =
616(180) - 107% and 0.29(5) occupancy, both correlating with a factor of 0.74.

be found around the atoms M1. Finally, on
both sides of this layer, the remaining two
atoms M2 could be detected in a 2d position
(z = 0.72) just opposite to that of the cesium
atoms Cs2 and occupying octahedral sites
between the ligands F2 and F3. The addi-
tional anions F3 are positioned once more
in 6i, where they have about the z height of
Cs2 and nearly the same x,y coordinates as
the F1 ligands (3).

The resulting model of composition
CssM;Fy3 could be refined for both com-
pounds to about R = 0.1 using isotropic
temperature factors. Anisotropic refine-
ment of the cobalt compound Cs;CoCr,F g
was performed then with mixed atoms M =
(Co + nCr)/(1 + n) in (1) only 2d positions,
(2) only 3e positions, (3) both positions.
The resulting R, factors were 0.060, 0.041,
and 0.044, respectively, favoring version 2.
The final atomic coordinates, listed in Table
3, refer to an atom mixing M = Cob5;Criks,
in which all Co(II) ions are distributed on 3e
positions and 2d positions consist only of
Cr(III) ions.

The -analogous -distribution. of Cr(II) ions
was assumed to be valid for the mixed-va-
lent chromium compound Cs,CrsF,s. In the
final difference Fourier map, however, the
strongest peak, corresponding to the spe-
cial position 15 (0,0,3), indicated the pres-
ence of some electron density at this site,
which is just midway between the Csl at-
oms and 291 pm away from them. For an
additional fluorine atom F4 in this position
multiplicity and isotropic temperature fac-
tors could be successfully refined. The re-
sulting temperature factor was the same as
the mean value of the other anions within
its standard deviation. With the tempera-
ture factor fixed at this value, the atom mul-
tiplier refined to 0.0198(24), corresponding
to 0.24(3) occupancy, also noted in Table 3.
An improvement of R, from 0.047 to 0.045
accompanied this change of composition
despite its small contribution of only about
0.4% to the total scattering power. In the
resulting formula Cs,CrsFiz,4 the chro-
mium(II) content is therefore only 0.76 in-
stead of 1 Cr(II) ion per unit cell. Under the
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F1G. 1. Octahedral network in the structure of the compounds Cs4CoCryF5 and Cs,CrsFig,4. (a)

Projection [001]; (b) projection [210].

assumption mentioned this corresponds to
0.76 Cr(II) + 2.24 Cr(III) in the 3e position,
or M = CrllysCrils for the mixed atom, as
also stated in Table 3.

Another indication of lowered Cr(II) and
increased Cr(III) content may be seen in
the smaller cell volume of Cs4CrsF g 54 com-
pared to Cs4sCoCr4Fg, as rea+ < reg2+ <
ree2+ (17, 18) (see Table 1). Still more con-
vincing seems the significant contraction of
the ¢ axis and consequently c/a in the
mixed-valent chromium compound, quite
in accordance with lowered repulsion of the
Csl ions by some additional fluoride ions
between them. On the other hand, argu-
ments based on the Jahn-Teller effect of

the Cr(II) ion could equally well account for
some distortion. This will be discussed
later.

The anisotropic thermal parameters of
the atoms in the structures of Cs;CoCr,F g
and Cs,CrsF5.4 are also listed in Table 3.
Tables of the structure factors F, and F. are
omitted here, but are available from the au-
thors upon request.

Results and Discussion

The structure of the Cs;MsF ., com-
pounds determined is shown in projections
[001] and [210] in Figs. la and b, respec-
tively. The triple layer arrangement of octa-
hedra found in the structure is just a section



FiG. 2. The M;sF;s*~ content of one unit cell of Cs,
CoCrFis. The central cation is situated in $,3,0 of
position 3e in space group P3ml.

of the framework of the cubic pyro-
chlores A'MMWF,, where layers of ex-
actly the same kind extend along the (111)
planes (7). But in the pyrochlores these lay-
ers are further connected to identical ones,
so as to make all ligands bridge in the same
way; this results in a composition M,F¢™.
The different composition MsF '~ is illus-
trated in Fig. 2, showing just the content of
18 ligands within one hexagonal unit cell of
Cs4CoCr,F ;. In this compound only the li-
gands F1 and F2 bridge; the F3 species,
contrary to the pyrochlores, are terminal.
This is also reflected by the distances Cr-
F3 being the shortest in the network of oc-
tahedra of Cs4CoCr4Fi;3 and CsyCrsFig 24
(see Fig. 2 and Table 4).

The pyrochlore-related layer structure
shown in the figures consists of a central
puckered sheet, where the M ions in posi-
tion (3e) form triangles and hexagons, as
also found in sections of the hexagonal
tungsten bronze (I, 23) and weberite struc-
tures (24--26). However, an identical cen-
tral single layer is known in the compound
CSzNaAl3F]z = CSO.67N3.0'33A1F4 (27) But,
as the other varieties of AAIF, layer struc-
tures do (28, 29), it exhibits four longer
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bridging bonds within and two shorter ter-
minal ones normal to the layers. The new
and special feature of the CsyM;sF gy
structure is that such an isolated single
layer becomes triple by condensing to it ad-
ditional transition metal centered octahe-
dra, which are located in turn at the upper
and the lower sides of the triangles men-
tioned (see Fig. 1). The tetrahedra of cat-
ions formed this way are but slightly elon-
gated to trigonal pyramids, as may be seen
from the distances Cr-M > M-M (see Ta-
ble 4). Undistorted cation tetrahedra with
similar distances, e.g., M—M = 366.5 pm in
CsCoCrF¢, are found in the pyrochlores
(7).

One half of the cesium atoms (Cs2) of the
CsyM;F g+, structure is inserted between
the triple layers just at the opposite side of
the central triangles of cations, in face of
the additional octahedra. The other half
(Csl) is arranged above and below the hex-
agons mentioned. This corresponds once
more to the cubic pyrochlore structure,
where the cesium atoms are positioned in a
distance of a\V/3/8 away from the central
layer and twice this value, Cs—Cs = 448.9
pm in CsCoCrFg, away from each other. In
the CsyM;F g, structures, where the lay-
ers are separate, a considerably enlarged
distance of about Csl-Csl = 485 pm is
found (see Table 4). Still larger is the corre-
sponding distance between Csl atoms situ-
ated at neighboring layers. It is large
enough to make insertion of additional an-
ions possible, as found in the fluoride ex-
cessive compound Cs,CrsFz,4. Not only
the shorter ¢ axis of this compound, as al-
ready mentioned before, but also the still
more contracted Cs1-Cs1 distance of 581.7
pm, compared to 591.6 pm in Cs,CoCrFy;,
demonstrate the presence of some exces-
sive anions (F4) in it. They lower the repul-
sion by some Csl-F4-Csl insertion. Per-
haps the resulting short distances F4-Csl
prevent the F4 position, which is just half-
way between the layers and surrounded by



359

CESIUM CONTAINING FLUORIDES, VI

144!

[ara4l D74 N
QL 9tl ¢LEl W-14-IN L'89C L'1Le A Jo
9Ll 6Ll X¢ ed4-Td
(o) 9[3ue L'68 (4)$°892 <68 )8 0LT X9 td-¢d
626 (€)L°L9T 0°¢6 (L)9€Le X¢ ed-td
0°09¢ 1'09¢ (44 W-IN 9°'L8 @0°1Lt 8°L8 ($)8°1LT X¢ dTd
(D€ L9€ (V)T 89¢ W-1D
(1)L'99¢ (D0°0LE 1D-78D 7061 rard ! A 1D
(06561 (0)6°561 Xg Td-
8°Ive 9°¢pe A® J-780 (€)9°'¢81 (2)9°881 x¢ 41D
()0 v9¢ (€)9°€9¢ X9  €£4-
(0)8's¢€€ (€)0°LeE xX¢ 4 1'¢LC £eLe A -
()¢ Log §2r40 )1 Xg€  €4-78D 0°081 0°081 d-d
0081 0°081 X7 1d-1d
@QL16t X9  td-¥d4 06 W9 LLT 616 ($)8°LLT Xy  d-
(1)8°062 XT 1SD—+¥d 088 (#)8°L9T 1°88 ($)8°89¢ Xy -
L 18S/T°98¢ 9°16S /S ¥8Y 1SD-18D ¥'Z6 (€)9°6LT 8’16 9)$°LLT X 1d-
9°'L8 #)1°89T 788 (§)6°89T X7 1d-14
8 1Pt L'1¥t Ae 418D
(2)€'89¢ (#)0°89¢ X9 d- 1°'t61 £ €6l A J-H
(€)6°€T€ (©)6°¥2E X¢  Id- @)L ¢6l (1 g6l Xy Id-
(€)9°90¢ (#)0°90¢ xg  €4-I8D (€)0°z61 Qv g6l X? TIHA
(wd) (wd) (,) J21u2d (wd) () 191U (wd)
dueIsig Jouelsiq 1e 98uy aouelsig e 9[Suy duelsiq

punodwod (I1)1D

punodwod (11)0)

punodutod (I1)1D

punodwos (I1)0)

(Q3LVLS ISIMYIHLO LON dI ‘SSIT WO ,]'0 UV ISTHL ‘STTONV 40 3ASVD FHL NJ 'SISTHINVEVd

NI SNOILVIAIQ QUVANVLS) (¢

L0
m

.—Unn._

0

T

1D = W) I LUDYSD anv (D 00D = W) 81,J71)0)S) 40 STTONY ANV STONVISI(J DINOLVHEILN]

(TS |
¥ d4714VL



360

a puckered ring of six anions, from being
fully occupied. This would result in iso-
structural compounds Cs;M;sF,9, which to
our knowledge have never been observed in
4 CsF:5 MF; systems.

Neglecting the possible presence of ex-
cessive anions, the cesium ions in both po-
sitions and structures are similarly coordi-
nated by 12 anions in strongly distorted
cuboctahedral arrangements. The average
distances Cs—F of more than 340 pm are
untypically high for 12-coordination. In fact
the average distances of the six nearest an-
ions are close to 320 pm, similar to the con-
ditions observed in the pyrochlores within
their 6 + 12 = 18 coordination around the
alkali ions (6, 7). In the CsyM;sF g, Struc-
tures there are also three additional anions
at each cesium atom, which may or may not
be counted to enlarge their coordination
sphere to 15. However, these distances in
the range Cs-F = 387 * 5 pm exceed the
shortest cation separation of about 370 pm
for the cesium atoms, and are not listed in
Table 4.

At first sight the interatomic distances
and angles within the triple layers of dis-
torted octahedra are very much the same in
Cs4CoCr4F,5 and Cs,CrsF544. The average
anion bridging angles of nearly 140° agree
well with 141° for undistorted octahedra in
ideal pyrochlores (7). One larger discrep-
ancy concerns the distances Cr-F3 of the
terminal ligands and hence the mean values
Cr-F, which are in the compound
Cs4CrsFig,4 in significantly better agree-
ment with Cr-F = 190.5 = 0.5 pm found in
many Cr(III) fluorides (2, 30-35). It seems
possible therefore, that the greater distance

in the cobalt compound is caused by some °

Co(II) mixing with Cr(III) ions in the 2d
position, contrary to the assumption based
solely on the R factor criterion. From the
chemical point of view, however, this as-
sumption of only higher valent cations in
this site, offering better charge balance by

its terminal ligands, also seemed well justi-
fied.

COURBION ET AL.

One smaller discrepancy between Cs,
CoCr,F )5 and Cs,CrsF g 24 is the splitting of
distances M-F of the presumably mixed
cations M in the latter compound. The
mean values 193.3 and 193.1 pm, respec-
tively, are close to expectation from the
ionic radii listed in Table 1. These radii, as
well as rcu = 61.4 pm, were derived from
pyrochlore dimensions (/7). Taking Shan-
non’s radius of 2-coordinated fluoride ions,
re = 128.5 pm (/8), and considering the
atom mixing (Co" + 2 Cr''Y)/3 and (0.76 Cr!!
+ 2.24 Cr'"y/3, M-F values of 193.6 and
193.2 pm, respectively, are calculated. But
to account for the splitting in the chro-
mium(II) compound, the Jahn-Teller effect
(36) may be claimed.

The difference of 1.7 pm between the two
shorter M—F2 and the four longer M-FI
bonds seems small, but the Cr(II) content
which is believed to cause it is also small.
However, compression of octahedra like
this is rarely found in Jahn-Teller systems
(37). 1t should be interpreted therefore as
simulated by a disorder of longer and
shorter axes within the M-F1 plane of long
average bonds or by a planar dynamic
Jahn-Teller effect. These models, which
have been used to explain the much more
marked pseudo-compression of octahedra
in CsMnF, (38) [Mn(III) being isoelectronic
with Cr(II)] are based on the assumption of
essentially elongated octahedra. An indica-
tion of their presence may be found by com-
paring the individual atomic temperature
factors of the Cr(II) and the Co(Il) com-
pound (see Table 3).

In fact just the U,; components of the
concerned atoms M and F1 in the chro-
mium(II) compound are at least 20% more
enhanced than is true for all other atoms
and main temperature factors compared to
the cobalt compound. In addition, the stan-
dard deviations of coordinates, being very
much the same in corresponding pairs of
the other atoms, are significantly higher for
the F1 atoms only in Cs,CrsF5.4. There-
fore, regarding the low Cr(II) content in this



CESIUM CONTAINING FLUORIDES, VI

compound, the evidence seems sufficient
that there is a Jahn-Teller distortion to-
wards elongated octahedra, static or dy-
namic, effective in it and responsible for its
small deviations from the cobalt com-
pound.
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