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The compounds KM, M, _ F, (x ~ 0.4-0.6; M!! = Mn, Ni; Ml = V, Cr) were prepared and studied. The tetragonal tungsten
bronze structure formed for M! = Mn and M'!! = V, Cr, and the modified pyrochlore structure formed for M = Ni and M!I!
=V, Cr, except for Kg6Nips0Cro.4F3, which formed the tetragonal bronze structure. From their magnetic behavior, we conclude
that all of the tetragonal bronze compounds are ionically ordered and belong to space group P4,bc (C%,). Magnetic ordering in
these compounds occurs in two steps. Linear trimers (M')? and (M!"')? form first, giving rise to a quasi-paramagnetic region,
followed at lower temperatures by long-range magnetic ordering. The 180° M2*~F—-M>* magnetic interactions appear to be
ferromagnetic. Samples of compositions Nag ,sKq 1sM'g oM ioF5 and Nag oM oM, F; were also prepared and studied.

Introduction

Magneli! reported the structure of tetragonal tungsten bronze,
K, WO, (x = 0.4-0.6), to belong to space group P4/mbm (D3,).
In this structure, tungsten ions are indistinguishable and occupy
both 8j and 2¢ sites. Banks, Nakajima, and Williams? reported
that K Mny 5, Feq cF3 belongs to space group Pdbe (C3). This
lowering of symmetry is a consequence of ionic ordering of Mn?*
and Fe* in the fluoride analogue. The Mn?* ions are found on
one set of 8¢ sites, designated M(1), and Fe** ions are found on
a second set of 8c sites, designated M(2). Both Mn?* and Fe’*
ions randomly occupy 4b sties, designated M(3).

Mounting evidence indicates that ionic ordering of the type
found in K, ssMng s4Feg 4sF5 is common in fluoride analogues of
tungsten bronze. From their magnetic behavior, we have con-
cluded that K, VF;? and K, Mn,Cr,_.F,* as well as K,Mn,Fe,_.F,}
belong to space group P4,bc (C8,) over their entire composition
spans (x = 0.4-0.6). Only the occupation of 4b sites is affected
by composition change. At x = 0.50, occupation of the 4b sites
is random in the ab plane; however, M?** and M** ions on 4b sites
along the ¢ direction are ordered.

The ionically ordered structure of Ko ;oM™ oM™, 5o in the
ab plane is illustrate on Figure 1. The magnetic data has also
allowed us to make quantitative conclusions regarding the mag-
nitude and sign of the magnetic exchange constant, J, between
neighboring paramagnetic ions. All near-neighbor interactions
in the tetragonal bronze structure are approximately 180°, and
for KO.SOM"O.SOM“IO.SOF!’ the interactions M2+"F__M2+,
M3*-F-M3*, and M?**-F-M?* occur in the ratio 1:1:13. From
their magnetic susceptibilities, we deduced for KV,F¢ /24 24| =
ot 34| = Vax.34]* for KMnFeF /34 34] > Vo 34| > W424|,° and
for KMnCrFg V34 24| = [/34.34] 3 |J24,34).* Furthermore, all of
the magnetic interactions in these compounds are antiferromag-
netic except Jz+’3+ in KolsoMn0'50Cr0_50F3 (i.e., Mn2+*‘F-_Cr3+),
which is weakly ferromagnetic.

We reported the magnetic properties of the trirutile compound
LiMnVF,¢ In the trirutile structure as in the rutile structure,
there are two important magnetic interactions: J,, between
nearest-neighboring metal ions, and J,, between second-nearest
neighbors. In this compound, |J,] > |/4); hence, magnetic ordering
occurs in steps: dimers form first between nearest-neighboring
(Mn,V) pairs, and three-dimensional, long-range ordering occurs
at a lower temperature. One of the interesting features of this
mechanism is the existence of a quasi-paramagnetic region at
temperatures where the dimers are stable but above the tem-
perature at which long-range magnetic ordering sets in. In a plot
of x7! vs T, this quasi-paramagnetic behavior is supported by the
existence of a second linear region.

In KMnCrFg, a situation exists similar to that in LiMnVFg.
The ionic ordering displayed on Figure 1 reveals that if a M(3)
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site is occupied by a Mn?* ion, it has two nearest-neighboring Mn?*
ions on M(1) sites or if a M(3) site is occupied by a Cr** ion, it
has two nearest-neighboring Cr3* ions on M(2) sites. Since the
(Mn,Mn) and (Cr,Cr) magnetic interactions are believed to be
much stronger than the (Mn,Cr) interactions, we conclude that
magnetically-coupled linear trimers, (Mn)? and (Cr)?, form first,
followed by three-dimensional, long-range ordering at a lower
temperature. Only 6 of every 10 metal ions would form trimers,
one (Mn)? and one (Cr)®. Since the magnetic interactions within
these trimers are known to be antiferromagnetic, the resultant
spin moments of (Mn)? and (Cr)* would be %/, and 3/,, respec-
tively. Of the 10 metal jons the number of species with resultant
spins of 3/, would be 3 [one (Mn)? and two Mn?*] and the number
with spins of 3/, would also be 3 [one (Cr)? and two Cr3*].
Therefore, a quasi-paramagnetic temperature region should exist
below the temperatures where the trimers are formed but above
the temperature at which long-range ordering sets in, with a Cy,/
value quantitatively equal to 0.6 Cy;. To establish the existence
of the quasi-paramagnetic region, we have remeasured the
magnetic susceptibility of K, ;oMng 5oCrg 5oF3 over smaller tem-
perature intervals.

Assuming that other fluoride analogues of tetragonal tungsten
bronze will be ionically ordered as illustrated on Figure 1, the rules
of Goodenough’ and Kanamori® make it possible to select com-
binations of first-row transition metal ions which may become
magnetically ordered in two steps and may even demonstrate
ferromagnetic behavior. In addition to remeasuring (Mn,Cr), we
have chosen to prepare and study the phase systems
K.MIMIL_F, (x = 0.4-0.6) with combinations (Mn,V),
(Ni,Cr), and (Ni,V).

Babel, Pausewang, and Viebahn® reported that Kg soNip so-
Cros50F; (KNiCrFy) crystallizes in the modified pyrochlore
structure. Babel!® later demonstrated that when KNiF, is reacted
with CrF; at 800 °C, under a pressure of 30 kbar, the product
has the tetragonal tungsten bronze structure. Since these authors
only reported samples of composition x = 0.50, we elected to
examine the phase system from x = 0.40 to 0.60 in the event that
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Table I. Lattice and Magnetic Constants
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lattice consts

Cwu, cm?® deg mol™!

compd (£0.05%), A Tn K 9, K obsd caled G0, BB

Ko s0Mng 50Cro.50F3 a=12.649 31 0=0 Cy =3.13 3.10 1.90
c=17935 o' =19 Cy' =199 1.86

Ko 4aMng 4,V s6F3 a = 12.681 12 0 =-18 Cy =214 2.35 0.12
¢ = 7.860 o =-15 Cy =143

Ko4sMng 45V ssF3 a = 12.701 19 0=-19 Cy =230 2.39 0.08
c = 17862 0 =+1.5 Cy = 1.50

Ko.s0Mng soVo.50F3 a=12718 21 0 =-16 Cy = 2.51 2.57 0.12
c=1916 0 =43 Cy =150 1.54

Ko.ssMng ssVo4sFs a = 12795 21 6 =-30 Cy = 2.66 2.75 0.18
c=17998 o' = +6.5 Cy =137

Ko.soMnggoVo.40F3 a = 12.845 24 0 =-43 Cy =274 2.93 0.13
¢ = 8.052 o = +3.5 Cy =122

Ko.40Nig.40Cro60F3 a =10.294 0 =-82 Cy =247 1.59 0

Ko.4sNig4sCrq ssFs a = 10.258 0 =-58 Cy = 2.11 1.56 0

K050N10 50Cr0 50F3 a = 10.236 0 = -40 CM = 1.54 1.53 0

Ko.5sNig ssCro4sFs a = 10.225 0 =-38 Cy =145 1.50 0

Ko.60Nig60Croa0F3 a = 12450 63 0=15 Cy =141 1.47 0
c=1822 o’ =30 Cv' =122

Ko.40Nig40Vo60F3 a =10.403

K045N|045VO 55F3 a = 10.398

Ko.50Nio.s0Vos50F3 a = 10.382 0 =-80 Cy =092 1.00 0

Ko.5sNig ssVg.45F3 a = 10.366

Ko.60Nig g0 Vo.a0F3 a = 10.531

Nag25Ko25Mng s¢Crq soF 3 a=12518 20 0=-13 Cy = 2.82 3.10 0.87
¢ = 1807 0 = +10 Cy' =1.76 1.86

Nag 25Ky 25Nig 56Cro.50F 3 a=10272
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Figure 1. Ionically ordered structure of K soM' soM!g soF5. M ions
occupy M(1) sites, M'!! jons occupy M(2) sites, and M(3) sites are
occupied by either M! or M™ jons.

the tetragonal bronze structure might form at either extremity.
The systems K. Mn,V,_ F, and K, Ni,V,_F, (x = 0.40-0.60) have
not been previously reported.

The modified pyrochlore structure usually forms for compounds
of composition Rby oMy M™ oF; or Csg oMy oMM 5o, but
it is curious that it forms for Kg soMy oMY, soF 3, since the K*
ion is small. The modified pyrochlore structure may be thought
of as a geometrical packing of tetrahedra and truncated tetrahedra
in the ratio 1:1 where the M?* and M** ions are located at all
vertices of the polyhedra and F~ ions are located approximately
in the centers of the edges of the polyhedra. The alkali metal ions
Rb* and Cs* are known to occupy the truncated tetrahedral sites,
but there is some question as to where the K* ions might reside.
To answer some questions regarding the size effect of the alkali

metal ions on structure, we have included studies of the compounds
Nag K. 25M 0.5oM Mg soF3 and Nag oMy oM™y 5F3 (M =
Ni; Ml = V, Cr)

Experimental Section

The magnetic susceptibility of KgsoMngsCrq5F; was remeasured
from 4.2 to 70 K at temperature intervals of approximately 2 K.

Samples of K.Mn,V,_,F;, K.Ni Cr,_F;, and K,Ni.V,_.F; (x = 0.40,
0.45, 0.50, 0.55, 0.60), as well as samples of compositions
Na, 25Ko 25Muo oMo 5oF; and Nag soM'y oM M soF3 (MU' = Mn, Ni;
Ml = V. Cr), were prepared and studied. Stoichiometric amounts of
NaF, KF, MF,, and MF, were vacuum encapsulated inside molybdenum
containers. The K, ML M!II, F. samples were prepared in 3.2 cm long
X 1.9 cm diameter containers, and the other samples in 3.2 cm long X
0.65 cm diameter containers. The sealed Mo containers were fired at 850
°C for 14 days. Weight checks were made after each step to ensure that
compositions of products were unchanged from nominal values. All
samples were examined by optical microscopy for homogeneity and im-
purities to assure there was no reaction between the products and the
container material. X-ray powder diffraction data were obtained by
Guinier-Hagg techniques using Cu Ko, radiation and Si as an internal
standard. Precision lattice constants were determined by least-squares
analyses.

Magnetic susceptibility measurements were made from 4.2 to 300 K
and between 0 and 10 kG with a Foner type PAR vibrating-sample
magnetometer equipped with a Janis liquid-helium dewar and gallium
arsenide temperature controller. Magnetic fields were measured with an
F.W. Bell Hall-probe gaussmeter, Model 8860. Corrections for core
diamagnetism were made from ionic susceptibility tables of Mulay.'!

Results

Ko soMng 5oCro soF3. A plot of x! vs T from the remeasured
susceptibility of Kg sgMng s¢Cro.soF3, over the range 4.2-70 K is
shown on Figure 2. This figure clearly shows a linear region
between 25 and 50 K with G’ = 1.99 and ©’ = 19 K. The ratio
Cy'/Cy = 0.636. The lattice and magnetic parameters of
Ko 50Mng soCrosoF; are given in Table I, The parameters include
Tn (long-range magnetic ordering temperature), 8 and Cy
(Curie-Weiss constants obtained from the high-temperature
paramagnetic region), 6’ and Cy,’ (Curie-Weiss constants from
the quasi-paramagnetic region), and o, (the spontaneous magnetic
moment).

KMn,V,_F, Optical and X-ray analyses indicate the samples
of nominal composition Kg4sMng45Vo.ssF3, Ko soMng soVo.s0F3,

(11) Mulay, L. N. Magnetic Susceptibility; Interscience: New York, 1963;
p 1782,
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Figure 2. Inverse magnetic susceptibility of K 5oMng soCrq soF; vs tem-
perature from 4.2 to 70 K.

Ko.5sMng 5sVo.45F3, and Ko Mg ¢ V.40F3 to be homogeneous and
single phased. The color of the samples was light green. All X-ray
diffraction lines of these four samples were fitted to tetragonal
tungsten bronze type structures. The sample Kg oMng 4Vo.60F3
contained two phases. Most of this sample consisted of a tet-
ragonal tungsten bronze phase, with a small amount of a hexagonal
tungsten bronze phase. X-ray results of the five samples are shown
in Table 1.

The range of chemical composition of the tetragonal phase was
determined to be x = 0.44-0.60 from a linear plot of the interlayer
distances, ¢/, vs —log x (Figure 3). The previously reported values
of ¢’ for K,Mn,Cr,_.F;? are included on the same plot for com-
parison.

Magnetic susceptibilities of the five powdered samples were
similar, and none displayed a maximum over the temperature
range 4.2-300 K. All five samples, however, displayed small
spontaneous magnetic moments at low temperatures, which al-
lowed us to determine T values. The inverse susceptibility vs
T and magnetic moments extrapolated to zero field, o, vs T of
a powdered sample of Kg 5oMng 5oV, soF'; are shown on Figure 4.
As was the case for K,Mn,Cr,_.F;, the K Mn,V,_F; compounds
display two linear regions.

K,NiCr,_,F,. The samples of K,Ni,Cr,_,F; formed the cubic,
modified pyrochlore structure for x = 0.40, 0.45, 0.50, and 0.55.
The value of a for K soNijsoCrgsoF; is within reasonable
agreement with that published by Babel et al.® The sample
Ko 60lNig 6oCro40F; formed the tetragonal bronze structure. Optical
and X-ray analyses indicated the samples of composition x = 0.40,
0.45, and 0.50 were homogeneous and single phased. The sample
of composition x = 0.55 was primarily cubic but contained less
than 1% of the tetragonal bronze phase, while the sample x =
0.60, which was primarily tetragonal, contained small amounts
of the cubic modified pyrochlore phase. All five samples were
bright green in color. Lattice dimensions are shown in Table I.

A plot of densities calculated from the X-ray data vs x was
found to be linear for the modified pyrochlore phase (Figure 5),
which established a check that the composition of this phase exists
within the range x = 0.40-0.55.

Hong et al.
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Figure 3. Linear plots of interlayer distances, ¢’, vs —log x for the
K Mn,V_F;, KMn,Cr,_F,, and K,Ni,Cr,_,F; compounds.
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Figure 4. Inverse susceptibility vs temperature and magnetic moments
extrapolated to zero field vs temperature for Ky soMng 5oV soFa.

The interlayer distances, ¢/, vs —log x of Kg eNigs0Cro.4oF 3, along
with literature values for KNiF,!? and the tetragonal tungsten
bronze phase Ky 5oNig 5gCrg soF3!® formed under high pressure, are
shown on Figure 3.

The magnetic susceptibilities of the modified pyrochlore samples
(x = 0.40, 0.45, 0.50, 0.55) from 4.2 to 300 K appeared similar.
None displayed spontaneous magnetic moments or showed other
evidence of magnetic ordering above 4.2 K. Figure 6 shows the

(12) Knox, K. Acta Crystallogr. 1961, 14, 583.
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Figure 6. Inverse susceptibilities vs temperature for K; 5,Nig soVo.50F3 and
Ko.50Nig 50Cro.50F3.

plot of x-l vs T for K0‘50Ni0.50Cr0.5oF3.

The magnetic susceptibility of K NigeCro4F; passes through
a maximum at 63 K. A plot of x~! vs T (Figure 7) displays two
linear regions, one above 150 K and a second between 63 and 150
K. The magnetic parameters of the five K Ni,Cr,_,F; samples
are included in Table I.

K,Ni,V,_,F;. Optical and X-ray analyses indicate all of the
K,Ni,V,_,F, samples (x = 0.40, 0.45, 0.50, 0.55, 0.60) to be
homogeneous, single phased, and cubic. The color of the five
samples was bright green. All X-ray diffraction lines of these
samples were fitted to a cubic, modified pyrochlore structure. The
X-ray data for K 4Nig 6 Vo.4F3, however, showed the additional
weak lines (211), (310), (520), (722), and (730). These lines do
not obey the conditions, all hk/ odd or all k! even, required of
a face-centered lattice. A plot of calculated density vs x for the
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Figure 7. Inverse susceptibility vs temperature for K Nig6Cro.4oFs.

K,Ni,V,_F, compounds is included on Figure 5.

The magnetic susceptibility of K, soNig soVo.50F3 does not pass
through a maximum between 4.2 and 300 K. A plot of x7! vs
T is included on Figure 6. The region between 4.2 and 75 K was
measured twice, and although this region appears linear on Figure
6, it really has distinct curvatures. The lattice constants for all
of the K,Ni,V,_,F, compounds, and the magnetic constants for
Ko.50Nig.s0Vo.50F3, are disclosed in Table I.

Nag ;Ko 2sM'y oM™y oF3 (M'! = Mn, Ni; M™ = Cr, V).
Homogeneous, single-phased compounds did not form for the
compositions M = Mn, Ml = V and M = Nij, MIIl = V, but
the compounds Nag 5Kq 55Mng 50Cro.s0F3 and Nag 25Ko 25Nig so-
Crgs0F; each formed homogeneous, single-phased, green material.
Optical and X-ray analyses revealed the former compound to have
the tetragonal tungsten bronze structure (like Kg soMnyg soCrg 5oF3)
and the latter compound to have a modified pyrochlore type
structure (similar to K 5oNig soCrg soF3). The X-ray powder data
for Naolsto_zsNiO.wcrolsoFg contained a few weak lines which dld
not obey the conditions kk/ all odd or all even. The magnetic
constants for Nag ,sK; 2sMng 50Crq 50F3 are in Table 1.

Nag oMy oM soFy (M = Mn, Ni; M'! = V, Cr). Homo-
geneous, single-phased compounds formed for M!! = Mn and M!I!
=V, Cr. All X-ray powder diffraction lines of these compounds
were indexed to hexagonal unit cells (Nag soMng s¢Crg s0F3, @hex
=9.026 A, Chex = 4.993 A; Nao_soMnoJoF], Qhex = 89714 A, Chex
= 5.058 A). The lattice dimensions of Nay sgMng ¢,Crg soF; are
in excellent agreement with those reported by Courbion, Jacoboni,
and DePape.!?

Single-phased compounds did not form for M = Ni and M'!
=V, Cr. The predominant phase in each of these samples had
a weberite type structure.

Discussion

Tetragonal Tungsten Bronze Phases. The tetragonal tungsten
bronze phase forms for K .Mn,Cr,_,F, (x = 0.42-0.57),

(13) Cot;lrbion, G.; Jacoboni, C.; DePape, R. Acta Crystallogr. 19717, B33,
1405.



1044 Inorganic Chemistry, Vol. 31, No. 6, 1992

K

0.850 07 0.50' 3

Mno.80% 0.50" Ko.s0MPo.s0v0.80 s

Hong et al.

F K NijeaCr F

060 0607 040 3
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coupling; single bars represent ferromagnetic coupling.

K.Mn,V_.F; (x = 0.44-0.60), K. Ni,Cr,_.F, (at x = 0.60), and
for Nag 2sKg25Mng 5oCrg sgF3. The composition limits of the first
two systems were determined from plots of ¢’ vs —log x. Magnetic
data support the existence of similar M?*-M>* ionic ordering in
these compounds and that their structures belong to space group
P4,be (Cy,).

A plot of x7! vs T of Kg5oMng soCrg s0F; between 4.2 and 70
K (Figure 2) clearly indicates the region between 30 and 50 K
is linear. The unit cell of K soMnyg oCro soF; contains 10 Mn?*
ions and 10 Cr3* ions. At about 60 K, relatively strong anti-
ferromagnetic coupling between neighboring Mn** ions occurs
forming linear trimers, (Mn)?, with resultant spins of 3/,. Coupling
of Cr* ions occurs in this same temperature region forming linear
trimers, (Cr)?, with resultant spins of */,. The formation of linear
trimers reduces the number of each paramagnetic species from
10 to 6 (10 Mn?* ions to 4 Mn?* ions and 2 (Mn)? trimers, and
10 Cr3* jons to 4 Cr?* ions and 2 (Cr)? trimers). The fact that
Cy’ =~ 0.60C), supports the conclusion that a quasi-paramagnetic
region exists between 30 and 50 K.

At 31 K, long-range magnetic order sets in as a result of
(Mn,Cr) ferromagnetic coupling. A proposed magnetic structure
for K, 50Mng s¢CrosoF5 is illustrated on Figure 8. Intratrimer
coupling in (Mn)? and (Cr)? is antiferromagnetic, which is rep-
resented by double bars. Ferromagnetic coupling (Mn,Cr) is
illustrated by single bars.

Magnetic ordering in K 50Mng 5oV 50F; occurs in two steps,
as in K sMny 54Crq 5oF3. However, we conclude that its long-range
magnetic structure must be different from that of (Mn,Cr), since
it displays a relatively small spontaneous magnetic moment. In
(Mn,V), antiferromagnetic interactions form linear trimers, (Mn)?
and (V)3 near 40 K, with resultant spins of /, and 1, respectively.
This gives rise to the quasi-paramagnetic region between 20 and
35 K seen on Figure 4. The ratio Cy'/Cy = 0.598 is remarkably
close to the theoretical value of 0.6. The proposed magnetic
structure of (Mn,V) is shown on Figure 8. Upon comparison of
the proposed structures of (Mn,Cr) and (Mn,V) on Figure 8, it
is conceivable that external magnetic fields may induce small
magnetic moments in (Mn,V).

At the composition x = 0.50, neighboring linear trimers along
the crystallographic ¢ axis should alternate (MI1)3, (M1I)3, (MI1)3,
(M)3.... At compositions other than x = 0.50, the possibility
exists for antiferromagnetic coupling between like trimers. The
compositions x = 0.40 and 0.60 represent the extremes at which
trimers are all (M!)3 and all (M™)3, respectively. Each of the
five K,Mn,V,_,F; compounds were measured at small temperature
intervals from 4.2 to 60 K, and each displays two linear regions
on plots of x~! vs T. The large values of Cy’ for x = 0.50 (Table
I) suggests that coupling between like trimers along the ¢ axis
does not occur above Ty.

Of the five K,Ni Cr,_.F; samples, the tetragonal bronze
structure formed only at x = 0.60. A plot of x~! vs T (Figure
7) is consistent with an ionically ordered structure upon which

magnetic coupling forms linear trimers, (Ni)?, near 150 K. Two
linear regions are present on Figure 7, and long-range magnetic
ordering sets in at 63 K. No spontaneous magnetic moment was
observed, but the positive 6’ value (30 K) indicates that the
Ni?*-F—Cr** interaction is ferromagnetic. A proposed magnetic
structure for (Ni,Cr) is illustrated on Figure 8.

The plot of calculated density vs x for (Ni,Cr), on Figure 5,
shows the density of the cubic phase is considerably smaller than
the tetragonal phase. This is consistent with Babel’s experiment
in which he formed the tetragonal phase under 30 kbar and 800
°C.!1° However, we included Babel’s ¢’ value on Figure 3 and we
believe the composition of this compound is not x = 0.50 but
something between x = 0.50 and 0.60.

The magnetic susceptibility measurements made on Na ;5-
Ko.2sMny 5oCry 5oF; indicate magnetic ordering behavior similar
to that in Ko oMng 5Cro 50F3. A plot of x! vs T displays two linear
regions with Cy,'/Cy = 0.624 and a 6’ value of +10 K. These
features along with a sizable spontaneous moment (0.87 up) leads
us to believe its magnetic structure is the same as (Mn,Cr) on
Figure 8.

Modified Pyrochlore Phases. The modified pyrochlore phase
forms for K Ni,Cr,_.F; (x = 0.40-0.55), K,Ni,V,_.F; (x =
0.40-0.60), and Nag,sKg2sNig 50Crg oF3. The fact that these
modified pyrochlore compounds are cubic suggests there is no
M2*-M3** jonic ordering.

The X-ray data shown in Table I reveal that the dimensions
of the cubic unit cell decreased as x increases over the region x
= (0.40-0.55. This effect is present in both (Ni,Cr) and (Ni,V).
The calculated density of these compounds was found to be linear
with respect to x (Figure 5). The lattice dimensions and calculated
density of K ¢Nig¢oVo.40F3, however, are dramatically different
from these trends.

There are two possible sites in the modified pyrochlore structure
for the K* ion: tetrahedral sites (with M coordination of 4) and
truncated tetrahedral sites (with M coordination of 12). These
sites occur in the ratio 1:1, and at x = 0.50, each truncated
tetrahedral site is believed to contain one K* ion. At compositions
above x = 0.50, some of the K* ions may occupy tetrahedral sites
as well, and this would explain why the dimensions of the unit
cell are larger for x = 0.60. Additional lines in the X-ray dif-
fraction powder pattern (x = 0.60) suggests that the occupied
tetrahedral sites are ordered, and this ordering lowers the sym-
metry of the crystal from face-centered cubic to primitive cubic.

The compound Nao>25K0.25Ni0_5°Cr°'5°F3 displays structural
behavior similar to Kg¢NiggoVo.4oF3. Its lattice dimensions are
large, however, compared with those of Kg 5oNig s9Cro s0F3 (Table
I), and there are extra lines in its X-ray powder pattern. It is
difficult to imagine that Na* ions could occupy anything but the
tetrahedral sites, and as was the case for K ¢oNig ¢oVo.40F3 de-
scribed above, occupation of the tetrahedral sites increases the
dimensions of the unit cell. The compounds Nag 54Nig 5¢Cr s0F3
and Nag sNigsoVos0F3 do not form the modified pyrochlore
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structure, which probably means that at least some of the truncated
tetrahedral sites are occupied by larger A* ions in order for the
structure to form.

The modified pyrochlore and tetragonal tungsten bronze
structures demonstrate how physical properties depend on
structure. The most striking difference between the magnetic
properties of the two structures (Table I) is the large negative
O values of the modified pyrochlores as opposed to mostly small
positive © values for the tetragonal bronze compounds. This
difference is a consequence of the relative number of M?*~F—M?*,
M3*-F—M3*, and M?*-F—M3* near-neighbor interactions, which
is 1:1:2 in the cubic, modified pyrochlore structure and 1:1:13 in
the ordered, tetragonal bronze structure. It is because of the
relatively large number of M>*~F—M3* near-neighbor interactions
(which are ferromagnetic) that the © values of the tetragonal
bronze compounds are positive.

It is not surprising that long-range magnetic ordering was not
observed in the modified pyrochlore phases since this structure
gives rise to S0 many magnetic constraints (frustrations). Dif-
ferences in the magnetic properties of K, 5oNig 50Crg.50F; and
Ko.50Nig.soVo.50F3, however, are surprising. From Figure 6, it
appears that a considerable amount of magnetic coupling occurs
in (N1,V) near 100 K. We assume this is antiferromagnetic
coupling between neighboring Ni?* ions. What is strange is that
no such effect is seen in (Ni,Cr). One possible explanation is that

(Ni,V) goes through some crystallographic phase change between
100 and 300 K.

Conclusions

The most important conclusion of this work is that M2*-M3*
ionic ordering is common in first-row transition metal fluorides
having the tetragonal tungsten bronze structure. In K,Mn,Cr,_F;,
KMn,V,_F;, Ko 6oNig 0Cro.40F3, and Nag 55K 2sMng 5oCro soF 3
lJz+,2+I = |Jg+'3+| > lJz+‘3+l. This difference in magnitude of
magnetic coupling energies causes magnetic ordering to occur in
steps. Although neutron diffraction studies are necessary to
unambiguously confirm the magnetic structures, it appears that
linear trimers form first, giving rise to a quasi-paramagnetic region,
followed by long-range magnetic ordering at a lower temperature.
The 180° M2*-F—-M3* interactions (M?* = Mn, Ni; M3* =V,
Cr) are ferromagnetic. The modified pyrochlore structure
sometimes forms with smaller alkali metal ions like K* and Na*.
At some compositions, these compounds form ordered structures
of lower symmetry, although they remain cubic.
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Order and Disorder of Vanadyl Chains: Crystal Structures of Vanadyl Dihydrogen
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Miguel A. G. Aranda,’ J. Paul Attfield,* Sebastian Bruque,*' and Maria Martinez-Lara’

Received July 10, 1991

The crystal structure of layered, tetragonal VO(H,AsQ,), (a = 9.1305 (1) A, ¢ = 8.1318 (2) A) has been refined in space group
I4/mcm from laboratory X-ray powder diffraction data by the Rietveld method, giving R,, = 10.1% and R; = 5.5%. Disorder
of the vanadium atoms over two sites results from infinite «V==0..V=0- chains orienting in the *c-directions at random, due
to the flexibility of the arsenate groups that link neighboring chains. The two modes of ordering the vanadyl chains to give structures
with P4/nce and I4cm symmetry, both of which have been reported, are also discussed. The structure of the lithium derivative
Li,VO(AsQ,), (a = 9.0293 (2) A, ¢ = 9.0053 (4) A), obtained by ion exchange, has P4/ncc symmetry due to partial ordering
between vanadyl chains and has been refined to R, = 13.8% and Ry = 9.3%. The lithium ions occupy irregular five-coordinate
sites between vanadyl arsenate layers. The different behavior of the VO(H,XO,), compounds (X = P, As) toward ionic exchange

reactions is discussed in the light of these results.

Introduction

Vanadium phosphorus oxides have a rich and complex structural
chemistry owing to the variable oxidation state of vanadium and
the variety of observable phosphorus to vanadium ratios. These
compounds have been extensively studied due to their interesting
catalytic properties!~* and their ability to act as host materials
for ion exchange and intercalation reactions.** Butane and butene
can be oxidized to maleic anhydride with air over vanadium
phosphate catalysts.®’ The consensus of the studies is that the
best catalysts have vanadium in the +4 oxidation state and a P/V
ratio of approximately 1 and (VO),P,0,, which exhibits these
values, has been detected in active catalysts with high selectivities.

Although vanadium phosphates have been widely studied,®
possible arsenic analogues have received less attention. We have
recently reported the synthesis and characterization of vanadyl
dihydrogen arsenate VO(H,AsO,), and the lithium derivative
Li,VO(AsO,), obtained by a “chimie douce” reaction.® The
crystal structure of the apparently isostructural vanadyl dihydrogen
phosphate, VO(H,PO,),, has been reported,!® but according to

*Universidad de Milaga.
*University of Cambridge.

the literature this compound does not exchange H* with Li* or
other cations.!! We have therefore investigated the structures
of VO(H,AsO,), and Li;VO(AsO,), to clarify the differences
between the crystal chemistries and ion-exchange reactions of the
arsenate and phosphate compounds.

Experimental Section

The synthesis and chemical analysis of VO(H,AsO,), and Li,VO-
(AsQ,), were carried out as described elsewhere.” Both preparations

(1) Bordes, E., Courtine, P. J. Catal. 1979, 57, 236.

(2) Hodnett, B. K.; Delmon, B. Appl. Catal. 1983, 6, 245.

(3) Poli, G.; Resta, I1.; Ruggeri, O.; Trifiro, F. Appl. Catal. 1981, 1, 375.

(4) Martinez-Lara, M.; Jimenez-Lopez, A.; Moreno-Real, L.; Bruque, S.;
Casal, B.; Ruiz-Hitzky, E. Mater. Res. Bull. 1988, 20, 549.

(5) Ladwig, G. Z. Anorg. Allg. Chem. 1965, 338, 266.

(6) Hodnett, B. K.; Permanne, P.; Delmon, B. App!. Catal. 1983, 6, 231.

(7) Vartuli, J. C.; Zener, J. R,; U.S. Patent 4247419, 1981.

(8) Beltran-Porter, D.; Beltran-Porter, A.; Amoros, P.; Ibanez, R.; Marti-
nez, E.; Le Bail, A.; Ferey, C.; Villeneuve, G. Eur. J. Solid State Inorg.
Chem. 1991, 28, 131.

(9) Martinez-Lara, M.; Bruque, S.; Moreno, L.; Aranda, M. A. G. J. Solid
State Chem. 1991, 91, 25.

(10) Linde, S. A.; Gorbunova, Y. E.; Lavrov, A. V.; Kuznetsov, V. G. Dokl.
Akad. Nauk SSSR 1979, 244, 1411.
(11) Ladwig, G. Z. Chem. 1968, 8, 307.

0020-1669/92/1331-1045803.00/0 © 1992 American Chemical Society



