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Summary
A systematical consideration of two-component fluorides is worked out on

the basis of spatial correlation of the electrons, and gives numerous
interesting interpretations of facts not understood before. The old ques-
tion of the ionic lattice theory, why the NaCl type for instance of NaF

is preferred to the CsCl type contrary to the expectation from ionic radii,
is answered by the remark that the binding of the NaCl type permits a
greater average valence electron distance than the binding of the CsCl
type. The compound MgFZ(TiOZ.r type) is found to be homeodesmic to
NaF(NaC1), and it may also be considered as topologically homeotypic to a
vacancy homeotype of NaCl. In TiFS(VF3type) may be expected that the 3sp
electrons of Ti leave the ¢ correlation with the result that the c.corre-
lation transforms to a Cr correlation which is quite persistent in the
following compounds. This is confirmed by the homeotypism of many subse-
quent compounds to the ReO3 type, and by the sequence of binding BF2, CF2
for instance in the mixture NbFM, while FF2 cannot be stable. In szF5
Hund insertion appears to support Nb - cluster formation.

The deformation-homeotypism of CrF2 to TiOZ.r is found to be a consequence
of the commensurability rule. The shear homeotypism of HgF(U2.2) to NaCl
may be explained in the same manner as the shears in homeotypes of Cu3Au.
The deformation homeotypism of TIF.r to NaCl follows immediately from the
FUHTZ binding. In SbF3 having a C’C2 binding, clear indications of Hund
insertion are found. Many further interpretations confirm that the two-



correlations model gives a helpful insight inte the valence problem of
fluorides.

Introduction

The experience that the analysis of the probable spatial correlations
in twocomponent oxides [1“ gave illuminating interpretations for many
structural phenomena , suggests to try an analysis also for two-component
fluorides. Clearly the fluorides are, with respect to bonding, quite
opposed to metallic phases, for which the two correlations model had been
devised; therefore the validity of this model for fluorides might appear
questionable. However, in fluorides there must exist a spatial cerrelation
of the valence electrons ( b correlation) and a spatial correlation of
the peripheral core electrons ( ¢ correlation) and these correlations may
be assumed,just as in metallic phases, as lattice like and commensurable
to the crystal cell a and to one another F2'. Also in earlier analyses
indications for the influence of spatial correlations of electrons in
fluorides have been found 3.

The fluorides have been carefully reviewed by Pies and WeiB [4‘, and
this listing is of great help in systematical work. Reference is made in
the following TABLE 1, preferredly to Structure Reports A [5: (although
unfortunately they are not free from omissions) as these reports are
supposedly at hand in most structural laboratories. It is well known that
F has a great electronegativity so that its compounds are strongly ionic,
and F induces the greatest oxidation numbers in cationic components as
compared with other halogen anions. The fact that fluorides have often
structures different from chlorides, bromides, and iodides, is caused by
the fact that the F core has only two peripheral core electrons while Cl
has 8 and Br, I have 10. As has been shown repetedly {1,2,31, for an ana-
lysis of the bonding type (binding)} an assumption on the electron count is
necessary. From a binding proposal the electron count may be retrieved by
applying the rule of full occupation of the b correlation [2]. It is found
unexpectedly that the analysis affords interpretations which are probable
with respect to the rules of the two-correlations model, when it is pro-
posed that the valence electrons of F populate the ¢ correlation while
the peripheral electrons of A elements populate partly the b correlation
and partly the c correlation. This assumption had been confirmed previous-
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ly for oxides ' 1], therefore the analysis of the binding in oxides gives
good advice for the analysis of the binding in flourides. (Also the nomen-
clature used in 1] shall be followed here)

The above surprising electron count implies, that the Lewis phenomenon
of octet completion is also possible when the completing electrons belong
to another correlation than the valence electrons of the anions. In fact,
when an electron "goes over to the anion" it is yet admissible that it is
correlated to electrons of other cations. Even more surprising is the
possibility of Hund insertion, which appears to imply that the spin of a d
electron is not quenched only when it is in Hund insertion. However, these
interesting problems are not the subject of this inquiry, the question here
is, whether the phenomenon of spatial correlation of electrons may be
used for an interpretation and classification of our knowledge on crystal
structures. When the answer is affirmative then new empirical structural
rules must emerge, and there must appear some parallelism between data and
model. It should not be expected that all the binding proposals are final,
so that they hold all in the future development of the model.On the contra-
ry it must be expected that sets of proposals based on some assumption
which was falsified is to be changed somewhat. In reality there are so
many examples of parallelism between the proposals and experimental facts
that the general approach appears truly rewarding.

It might be questioned whether the finding of a low-energy bonding type
(binding) for stable phases has some explanatory value. But every valence
model attempts to find bonding types forming a variety smaller than the
chemical compounds and affording thus a classification of compound.
Certainly the crystal structure gives also a classification of compounds,
but this could be only the geometrical part of a solution of the valence
problem as it does not make appropriate use of the electron numbers. The
two-correlations model utilizes the electron numbers and relates them to
the structures by the electron spatial correlations, it is therefore a
phenomenological valence model. The phenomenological valence theory has un-
covered many rules unknown before, and explained many unsolved structural
phenomena, thereforeit is an admissible and necessary method of investi-
gation.
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Analysis

The fluorides of the alcali elements (A1} obey the Lewis octet rule, and ex-
clusively the compounds A:F1 begome stable (see TABLE 1}; their structures
obey Zintl's supply rule: the A" atom supplies to F one electron and the an-
ions form a partial structure isotypic to Ne. If a uniform valence electron
1’8F;’2}, the binding for the NaCl struc-
tures A'F might be assumed as E?EF(E);C (4) (for matrix symbols see [2] ).
However, when the electron count Nat’s;g’? i supposed then the homeotypic
binding E;QF(1)=EC(4) appears probable (the use of character F in two meanings

gas is expected (electron count A

should not confuse the reader, if necessary F1 might be written for fluorine).
Although the valence electron of Na does not belong to the ¢ correlation,
which contains the valence electrons of F, the octet completion remains pos-
sible [1]. For the high pressure A1F.p phases of the CsC1(C1.1) type like
KF.p {for phase and type description see [2,3]) a CBZ binding is probable
(TAbLE 1). For KF following the electrostatic lattice theory the CsCl type
is expected (see [3]) but the NaCl type (being stabilized really) is prefer-
red by the present binding since it allows an electron distance gb which is
nearer to the distance in the element K(W type) than the dy in the CsCl type.
The CsC1 type has a closer packed c¢ correlation than the NaCl type and is
therefore stabilized by pressure. - By analogy to the suboxides of Rb and
Cs a stabilization of subfluorides might be possible.

The structures of BeF, are reported to be isotypic to structures of Si0

(see {11). This supports the assumption of an electron count 1ike BeE’ZFZ’.

For Mng(TiOZ.r) and the following phases an electron count like Mgz’gFg’7
is probable. Although the octet completion is fulfilled in Mng, Zintl's
supply rule is not fulfilled, as the anions are not in a Cu type partial
structure. But the rule of the ionic lattice theory is fulfilled that the
smallest cation is 4-coordinated, the greater 6-coordinated (TiDz.r type of
Mng) and the greatest 8-coordinated (CaF2 in F1.2 type) by anions. While
CaF, is a L-homeotype of CsCl (L=lacuna) the Ti0,.r type is only topologi-
cally homeotypic to a L-homeotype of NaCl. Considering a NaCl representative
like NaF with the ¢ correlation EFEC(4) the strong compression of the cell
leading to the cell of Mng(TiOZ.r) may transform the commensurability of the
correlation to E?Ec(“?0;3) so that the number of c¢ places per cell is re-
duced from 64 in NaF to 60 in MgF. Such a decrease is to be expected from
the decrease in Mg content caused by the octet rule. The small decrease of
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number of places per cell in b correlation Hf?=3.75 may be removed by a
Tittle Hund insertion in the b correlation. Therefore the F'C4 binding of
Mng is essentially the same as the FC4 binding of NaF. Also the CB2 binding
of CaF2 is the same as that of KF.p{CsC1) and Ca1-MYMF2+M(SR44‘324)' At ele-
vated pressures Can.p(PbC12, 04.8, drawing {3] p.322) becomes stable. The
PhC]2 type is a RDI-homeotype of Cu (R = replacement, D = homogeneous, I =
inhomogeneous deformation) and this is compatible with its stabilisation
under pressure. A binding of the kind UC3 being homeotypic to the below

CC3 binding appears to obey the rules. A binding with similar commensura-
bility to a was found in CaSn,(CujAu, SR3.638,15.25) a=4.7dA=b(3/2)-¢o{) .

Similar to the mixtures IFM n A3FM (M = undetermined mole number)
only the octet completed compounds have been found, but in AqFM subfluo=
rides occur. The phase ScF,.r(R..3) has been doubted [7] whi1e‘5cr3.h(Re03)
is confirmed [7,8] . The CF2 binding of ReO3 appears not probable for ScF3
as gb would become somewhat great, but the homeotypic FF2 binding fits
well.

The homeotypism of TiF, (VF3 type) to TaF3(Reﬂ3)ponsists in a small
rotation around ag of the TiF6 octahedra (described by an x-parameter of
the F position) conserving the common corners; the value of x is a func-
tion of the axial ratio [10]. The greatest rotation is reached in
PdF3(SR21.206) (see [3] p.283). Just as CaTi0y is a filling homeotype of
ReD3 the phase LiTa03(5R32.312) is a filling homeotype of VF3 which fits
together with further isotypes to the x-]gBJ/IEII relation[10]. The binding
is discussed below. Several T4F|.‘,I structures require further refinement,
the binding analysis may be posEponed to avoid uncertain proposals.

For VF,(Ti0,.r) the binding a=b.(v2;1)=c5(/1052.1) could be assumed,
but it is known [4,14] that at Tow temperatures a magnetic structure ap-
pears. This probably corresponds to Hund insertion which occurs preferred-
ly in a CF corre1ationi Therefore the FF3 binding (TAB. %) is considered
probable, which has Np.=22c places per V atom. The transition of the F'C4
binding of Mng to the FF3 binding of VF, corresponds to the transition
of the FC4 binding of NaF to the FF2 binding of Ti0.h [T]. The fact that
CaFE with its CB2 binding has Néﬁa=32, conforms to the rule of place num-
bers [2] that a heavier  compound needs less ¢ places, also CaF, has
many ¢ correlation places as the Ca atom is so great. VF3(R2.6) has no
magnetic ordering (SR22.232). The structure is homeotypic to ReO3
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(see 13} p.283), in Re03 there is a CF2 binding _1i and this holds in VF
also; the heterotypism to ReO3 is perhaps caused by some Hund insertion.
Hund insertion certainly is responsible for the persistency of the VF3
type up to PdF,. While VF, is not yet analysed well enough, VF5(38.40) dis-
plays clearly the homeotypism to ReO, or NaCl. Conventionally it is des-

3

3
cribed by infinite zigzag chains of V in 2 direction where each F6 octa-

hedron has two common corners. This becomes necessary in the Re[}3 family
by the composition 1:5. Such an array however could be achieved in very
different ways, it is therefore important to state also the homeotypism
to NaCi EMFE:ENBCI(1,U,-1.5;D.4,U;1.U,1.5). Out of 48F places (calculate
the determinant) 40 are occupied, i.e. 5/6, while in Rel)3 3/4 only, be-
cause of a higher electron offer for the ¢ correlation in Re03. The fit

of the c correlation is not very good; this must be taken as an indication
of Hund insertion, as Hund insertion strongly deformes the fundamental
correlation. The matrix element 6/2 of the E'qg commensurability must be
responsible for the array of the V chains in a similar manner as the shear
in the S-homeotypes of CuSAu was explained [3] (S=shear).

The phase Nb2F5(86.15) is a lacuna-homeotype of NaCl with the commen-
surability ANb2F5” ENaCI(Z) and there are 20 Nb-vacancies and 2 F-vacancies
in the cell.As there are 12Nb in the cell the b correlation contains 16
electrons per cell when the electron contribution NbT'3’3' is assumed,
and this permits the correlation 3;93(2) which is in good commensurability
to the a cell, and yields with F0s7 the number of 254.4 electrons per cell
in the ¢ correlation. This number indicates that a full occupation of the
Cl1 partial structure of NaCl by fluorine is not possible, i.e. the expec-
ted 3=5F(4) correlation does not allow in Nb,Fp a fully occupied fluorine
partial structure. The easiest possibility for the ordering of the fluo-
rine vacancies is in a Bl site as it is observed in fact. However, with the
number 254 the EF(d) correlation would be nearly fully occupied. As this is
energetically not very favourable it must be assumed that several electrons
are Hund inserted in the EF(4) correlation. As Hund insertion fosteres the
formation of metal clusters a disorder of F vacancies (1ike 0 vacancies in
Ti0.h(L-homeotype of NaCl)) is not possible; the NbﬁF15 arrangement could
even exist in some solution, as the energetic favour of the binding may
persist for stronger perturbations as they occur in the liquid. The anions
will have also in solution partial Hund insertion; therefore these anions
behave unsymmetrically and favour agglomerations in clusters [11,12]. The
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centre of a cluster is a fluorine vacancy, the neighbouring Nb move onto
the vacancy because of ¢ correlation, they are neutralized by fluorine
atoms and these put their Hund insertion on the cluster surface and stabi-
lize the c1uste;. In fact a Nb6F15c]uster in solution is not known as yet
but the other B' elements form a multitude of clusters with Nb and Ta in
solutions.

Nde(SnF4 type) also is a L-homeotype of NaCl, with a filled F partial
structure. It has the CF2 binding like NbF3.i(Re03). The full occupation
of the ¢ correlation should not be taken too literally because of Hund
insertion. The matrix element 2 in the equation 5NbF4=§NaC1(1;2) is neces-
sary to have a close coordination of the F to the Nb.

Also NbFS{MoFS) is a L-homeotype of NaCl with a complete F partial struc-
ture. The array of the Nb causes a DI-homeotypism. NbF5 is probably homeo-
desmic to Nqu, it is a seperate phase because of the deformation homeo-
typism.

It may be summarized that all phases of the mixture Nbl-’M are L-homoeotypes
of NaCl. This corresponds to the fact that the stable intermediary phases
are limited to a fairly narrow range of composition (see TAB. 1). A1l phases
are stabilized by a 3 correlation. Fluorine vacancies occur only when
there are too many Nb atoms in the structure the <F correlation having the
commensurability as in NbF 4. The array of the T atoms is not the most uni-
form one as T clusters are formed. This probably has to do with Hund in-
sertion of c-electrons into ¢ correlation. Also some interaction of the T
atoms may be present, but the Hund insertion would be an additional mecha-
nism which Timits the uniform distribution of T atoms. At the point where
Hund insertion occurs at a fluorine atom the atom is only able to form a
van der Waals bond so that the distance to the next atom becomes greater.

The heterotypism TaFB(REO3)-VF3(R2.6) corresponds to the stability of
the ReOy type in ReCy but not in MnOM; it is not yet clear why in TaF3
there is one F vacancy per NaCl cell while in Nb,Fg there are only 0.25.
It might be conjectured that the heavy Ta atom discourages Hund insertion
at F atoms so that vacancy formation is favoured.

The phase Cer is D-homeotypic to Tioz.r contrary to VF2 and MnF, which
are isotypic. Comparison of the lattice constants of VF2 and CrF2 reveals
that the tetragonal axial ratio [§3|/lii\ has increased considerably as it
is to be expected when the electron concentration increases while the commen-
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surability of the correlation to the crystal is conserved in the basal
plane. The matrix element lgf‘g)33=3.8 (TABLE 1) may be idealized to 3.5 as
Hund insertion may strain the correlation. This matrix element gives a
whole number commensurability for the translation 213, but there is neces-
sary also a shift of 51/5;0.9551/13112 (look at the a,a, mesh with inser-
ted V13 commensurability); the crystal distortion affords 2[§3|c05a50.793
which is in fair agreement with the expectation, as a greater accuracy can-
not be expected because of other interactions. It may therefore be said
that the two-correlations model gives by the commensurability rule an ex-
planation of the monoclinic D-homeotypism of CrF2 to VFZ. To be shure the
commensurability requirement needs not be the only cause of the phenomenon,
Hund insertion may take further advantage of the deformation. This may be
seen from MoO2 which is a different homeotype of Tioz.r and reveals the
Hund insertion by shifts of Mo atoms. This shift might also be interpreted
by cluster forming forces, therefore Hund insertion may be considered as a
cluster forming agent.

At this occasion it may be remembered that the Tiﬂz.r type is topological-
ly related to a L-homeotype of NaCl. A strong tetragonal compression of a
NaCl structure homeodesmic to Ti0.h may transform the correlation ETiO.h=EF£a
[17 into gTioz_r=EFU(/1B;3/2} [1] so that the number of c-places per cell is
reduced from N£§=32 to 30 corresponding to the decrease in Ti content. Just
as there are heterodesmic subtypes of the NaCl type [1]a1so in the T102.r
type hetereodesmic representatives occur; in VFZ(TiOZ.r} for instance a FF3
binding with v13 commensurability appears possible. This possibility of he-
terodesmic isotypism may explain an irregular behaviour of the axial ratio
of Tioz.r representatives [13]. The commensurability of the binding to the
elementary cell is in both cases oblique and to this property corresponds
the oblique character of the fluorine (or oxygen) sites.

Crst(N4.10} is homeotypic to ReU3 with the commensurability 3cr2FS
=5R903{2.0,0;0,2,0;-1,0,2). The phase has in the approximately quadratic
mesh 0,x253(05x;51) 4Cr distributed quadratically like the Re O,xz,x3
of ReOz. Only the Cr in 0,0,0 and 0,0,1/2 are coordinated by
F(za,/4, 2(a+az/2)/4) and Fy/2(¥a3/4)s0 that there are octahedral chains
in asz direction, and two Cr are only 2-coordinated by F. These Cr4F1U lay-
ers are stacked up in such a manner that the two-coordinated Cr become
approximately 6 coordinated. The structural relation of Cr2F5 to NaCl is
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therefore a LS-homeotypism (L=lacuna, S=shear). The determinant of the com-
mensurability shows that in the cell there are 24 F places as compared with
the ReO3 type. The compression of the structure of Cr,Fg in (31+53/2} direc-
tion causes that only 20 F are in the cell. The binding may be assumed as
HTF2 which is closely homeotypic to CF2 of ReD3 and CrF3. The octet rule
leads to the conventional formulation Cr2+Cr3+F;-
tion of Cr clustering, which should be expected if there are remaining A
atom valences. Since the c-occupation ratio is NéP":U.B the c correlation
probably has not much Hund insertion and therefore clustering is not fa-
voured.

The isotypism of M0F3{VF3) and MoFS(NbFS) with quasi homologous phases
discussed earlier is satisfactory as the phases are dominated by the ma-
jority component F and the relative change of the electron contribution
caused by the homologic changes of A atoms is relatively small. While the
oxidation number 6 was not stabilized in Crfy, it occurs in MoFG(Ost). The
room temperature phase MoF5 displays rotational disorder of octahedral MoF6
molecules {SR41.151) but the distance g(Mo-F)=1.8ﬁ points preferredly in
a axis direction. Starting from the homeotypism to Re03 the 6 coordination
of Mo by F is conserved and from the composition, common corners or edges

, but there is no indica-

are not allowed. Therefore there are no more chains or layers homeotypic to
NaCl. When the approximate relation aMUF6=aR603(/2;I.5) is considered a [
correlation becomes probable with respect to the CF2 binding of Re03. In
M0F5.1(UF6) the Mo are 6-coordinated by F but these atoms form a ABAC hexa-
gonal close packed partial structure without lacunae. A very simple [
correlation emerges with the electron distance 2gc=gF] just as in Re0s. But
the ¢ correlation is nearly fully occupied and the gc(MoFs.l) is 6% greater
than QC(MO%). This suggests strong Hund insertion at the F atoms, and the
Hund insertion must also be responsible for the peculiar stacking sequence

of the F1 layers parallel a, and a; along a,.

The NFM phases are isodesmic to phases discussed earlier.

Man(TiOZ.r) is antiferomagnetic (SR15.359) so that it may be concluded
that a cp correlation contains Hund insertion. The binding may be described
by the FF'3 bonding type. Man.p1(Pb02.m) has a Mg type partial structure of
F with g=5.0;5.8;5.4&=§Mg(0,2,-1;0,2,1;1,0,0) in the octahedral interstices
of which the Mn are inserted. The stabilisation of three different high pres-
sure phases probably has to do with change in electron count. Regarding
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the uncertain electron count in Mn the binding analysis may be postponed.

The partial isotypism of TcFM and ReFM with A6FM is a consequence of
the particular elctron count which leaves the b-electron contribution of
the A atom essentially independent of a homologic change and which renderes
the «hange of A electrons in the ¢ correlation Tess important as there are
so m'ny ~ electrons in it.

11 all ‘:FM phases the Sk correlation is found which must be understood
more or less Hund inserted. In FeFZ(TiOZ.r) the number of 2 valence elec-
trons per cell requires a little deformation of EF' Therefore it is satis-
factory that Fe2F5 has been found which may have a undeformed FF3 binding.
Since FF3 affords 27 c correlation places per b correlation place it is
satisfactory that FeF3 with a CF2 binding pecomes stable which affords 32
c-places per b-place.

In the mixture RuFM the phase Rqu(OsFG type) displays a BB4 binding
mentioned before which has 64 c places per b place. The HFH/12 binding of
RuFﬁ.l(UFS) affords only 48 places as an increased Hund insertion decreases
the apparent place number by increasing the average electron distance of
the cp correlation.

The T “'WFM mixtures show mainly isotypes of phases discussed earlier.
The binding of FdFa{htpVF3) is an interesting homeotype of the VF; binding.
The structure of Pqu(Th614) is a remote I-homeotype of CaF2 as a partial
C1 structure of F1 is homeotypic to the fluorine partial structure in Pqu.
The FB4 binding is homeotypic to the CB2 binding of CaFZ.

For CuF(ZnS) following the electrostatic lattice theory a CsCl1 type is
to be expected (see [3] p.42). The fact that instead the sphalerite struc-
ture is stabilized might indicate a change of electron count to Cu1’10F7’2
and a b correlation of the F type as in diamond. The ¢ correlation takes
a C type because of the few core electrons contributed by fluorine. To be
shure for CuF also the binding of AgF might be possible but with respect
to the B"8™ phases (Grimm-Sommerfeld phases) the FC2 binding was pre-
ferred. In CuFe which has a monoclinically deformed TiGz.r structure the
electron count of the TFM phases is recovered and the explanation of the
monoclinicity is as in CFFZ, not considering Hund insertion.

The brass like colored subfluoride Ang(Cdlz) probably has the prior
electron count Ag1’10Fﬂ’7 in analogy to the alcali suboxides [f]. The



mensur;bi11£y to the crystal which will be more comprehensible after com-
parison with the binding of Hng. [t becomes apparent here that a simple
commensurability E_1£ of the b correlation to the ¢ correlation is more
important than a simple Eﬁlgrcommensurabi1ity. The fact that Hund inser-
tion at Cd is not necessary does not mean that it is not present. It
appears that in CdF,.p{(PbCl,) full Hund insertion at Cd is necessary.

The subfluoride HgF(HgC1,U2.2) is a DS-homeotype of NaCl (D=deformation,
S=shear) with the commensurability EHgF=gNac1{V/2;2) (see [3] p.191).
Starting from the FC4 binding of NaF Teads to a HHZ binding (see TABLE 1)
affording the place numbers per cell N/. P"—1U 80 which are to be compared
with the electron numbers Né C—B 68. The place numbers account for the
wellknown valence electron contribution of Hg which exceeds 2 and for the
increased number of core electrons as compared to NaF. The axial ratio is
borne out well by the binding and the shears follow a rule found in S-
homeotypes of Cu3Au [3\), that the dipole array generated by the commensura-
bility of the electron correlation causes the shear system in the struc-
ture. It must be concluded that HgF is stabilized by the energetic favour
of the HHZ binding and that forces within the structure generate the mer-
curous ion Hg§+. From the ionic lattice theory it is somewhat surprising






























