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Raman spectra of ZrF4–KF molten mixtures have been measured at compositions up to 66 mol% ZrF4 and at
temperatures up to 1000 �C. The data indicate that in mixtures rich in alkali fluoride two kinds of chemical
species predominate the melt structure; octahedral ZrF6

2� (ν1(A1g) 570 cm�1 and ν5 (F2g) 248 cm�1) and pentagonal
bipyramidal ZrF7

3� (ν1(A1�) 535 cm�1 and ν9(E2�) 340 cm�1). An equilibrium between the two species is established
which depends on temperature and composition. Spectral changes upon melting A2ZrF6 (A = Li or K) and
A3ZrF7 (A = K or Cs) polycrystalline compounds support the proposed two species equilibrium scheme. At 33 mol%
ZrF4 the predominant species present are ZrF6

2� octahedra. With increasing ZrF4 mole fraction the strong ν1(A1g)
band at 570 cm�1 shifts continuously to higher wavenumbers and new bands appear in the spectra. At the maximum
composition studied of 66 mol% ZrF4 the spectra are characterized by two polarized (630 cm�1, strong and ≈500
cm�1, weak) and two weak depolarized bands (245 and ≈180 cm�1). The observed spectral trends with variation of
composition are similar to those found for ThCl4–CsCl molten mixtures and are interpreted with an analogous model
where the structure of the rich in ZrF4 melts is dominated by small size chains formed by “ZrF6” octahedra bound by
corners and/or edges.

Introduction
In two recent publications we have used Raman spectroscopy
to investigate the structural properties of two sets of molten
binary mixtures ZrCl4–ACl 1 and ThCl4–ACl 2 (A = Li, Na, K
or Cs). For both binaries it was found that in mixtures rich in
alkali metal chloride the predominant species present are the
MCl6

2� (M = Zr or Th) octahedra. However, in the case of
ThCl4 an equilibrium of the type ThCl7

3� ThCl6
2� � Cl�

is established in the very rich in alkali metal chloride mixtures.
As the mixtures became more concentrated in tetravalent chlor-
ide the structural behaviors of the two sets of binaries deviate
drastically from each other. Thus, as the ZrCl4 mole fraction
increases other zirconium chloroanions (i.e. Zr2Cl6

2�, Zr2Cl10
2�/

ZrCl5
�) are formed. At high ZrCl4 mole fractions an equi-

librium exists between Zr2Cl9
� and monomeric and/or poly-

meric (ZrCl4)n species.1 The structure of pure molten ZrCl4 is
also described with an equilibrium molecular mixture of ZrCl4

monomers and (ZrCl4)n oligomers (n = 2 or 6). On the other
hand, it appears that the structure of the binaries involving
ThCl4 yield at high ThCl4 content octahedral chain species
of the type [ThnCl4n � 2]

2� and [ThnCl4n � 2]
2� where the end Th

atoms are six- and four-fold coordinated for the chain anion
and cation respectively. It has been also argued that pure molten
ThCl4 is self ionized to form the above chain species.2

The purpose of the present work is to extend the above
studies to fluoride melts. The binary system ZrF4–AF (A
mainly K) was chosen for several reasons. First it is an exten-
sion of the corresponding chloride system and has a ratio of
ionic radii Zr4� : F� almost equal to that of Th4� : Cl�; thus it
will be interesting to examine any structural similarities
between these systems. In addition the co-ordination geom-
etries of Zr4� in molten ZrF4–NaF–LiF mixtures have been
investigated by Raman spectroscopy in an early work of Toth
et al.3 It was proposed that in these mixtures and at ZrF4 mole
fractions up to 33% the main species present are ZrF8

4�,
ZrF7

3� and ZrF6
2�.

Finally, zirconium() fluoride is one of the main com-

ponents in fluorozirconate glasses which are rather important
materials for the development of optical components including
optical fibers.4 These glasses contain ZrF4 in a composition
range ≈50–70 mol% plus two or more fluorides like BaF2, LaF3,
ThF4, PbF2, NaF. The structural properties of these multi-
component glasses and their corresponding melts have been the
subject of numerous investigations. Based on Raman spectro-
scopic studies Almeida and co-workers 5–7 have suggested that in
the glass the zirconium() forms chains of ZrF6

2� octahedra
sharing corners. Further, vibrational spectroscopy studies,8–10

X-ray diffraction 11–13 and molecular simulations 14,15 have pro-
posed that in the glass zirconium() polyhedra with seven or
eight fluorides are formed which may share edges or corners.
Similar views have been supported by EXAFS studies.16–18 In a
detailed Raman spectroscopic study of fluorozirconate glasses
and melts involving BaF2 and PbF2 Walrafen et al.19 suggested
the formation of network structures involving ZrFn (n = 5, 6, 7
or 8) polyhedra sharing corners and/or edges. Upon melting
the glass the network presumably breaks up giving anions of
the type ZrF5

�, ZrF6
2� and ZrF7

3�. Also, it has been suggested
that on going from the glass to the melt the degradation of the
network is followed by a decrease in the zirconium()
coordination.20

Certain conclusions from the above studies have been
supported by independent thermodynamic investigations.21,22

However, most of these glasses and melts studied, apart from
ZrF4, contained a variety of other metal fluorides and thus the
establishment of structural systematics that depend only on the
composition of a simple binary was not possible.

The work reported here concerns the Raman spectra of the
ZrF4–KF molten mixtures and aims to establish the spectral
and structure changes occurring in this binary with com-
position and temperature. Furthermore, the spectral changes
occurring upon melting the A2ZrF6 (A = Li or K) and A3ZrF7

(A = K or Cs) polycrystalline compounds have been meas-
ured and compared with literature data.23 The data are used in
order to identify the predominant structural units present in
these melts and the structural variations occurring upon melting.
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Experimental
Zirconium() fluoride was purchased from Alfa Inorganic Co.
(99.9%) and was further purified by sublimation into a graphite
tube with a top cover in an inert atmosphere high temperature
furnace. The oxide content of the final product was measured
by LECO apparatus to be around 100 ppm. The LiF, KF and
CsF (99%) were purchased from Merck Co. and purified by
slow crystallization from the melt in an inert atmosphere fur-
nace. For the crystallization process a vitreous carbon crucible
was used for LiF and KF and a platinum crucible for CsF.

All room temperature operations were carried out in an
argon filled glove box with O2 and/or H2O content less than
1 ppm. Mixtures with appropriate concentrations were pre-
pared and melted under an argon atmosphere in an electrical
furnace in order to ensure homogeneity. The congruent melting
compounds Li2ZrF6, K3ZrF7 and Cs3ZrF7 were prepared by
mixing appropriate stoichiometric quantities, melting for sev-
eral minutes under an argon atmosphere and then cooling to
room temperature. The incongruently melting K2ZrF6 solid
compound was prepared by dissolving stoichiometric amounts
of KF and ZrF4 in 40% HF solution (in excess). The white
needle crystals so obtained gave Raman spectra (see next sec-
tion) identical to those reported for K2ZrF6 crystals.3

The spectra were excited with a Spectra Physics Model 2017
argon ion laser. Scattered light was collected at right angles to
the incident beam and analysed by a Jobin-Yvon T6400 mono-
chromator in the triple configuration. The monochromator
was equipped with a liquid nitrogen cooled CCD detector.
The spectral window was centered at 450 cm�1 relative to the
excitation line and the opening window was ≈770 cm�1. The
integration time was 5 s while the slit opening was at 300 µm.
For the melts, two polarization configurations were used by
means of polarization of the incident-scattered light, namely
VV (vertical–vertical) and HV (horizontal–vertical). For the
polycrystalline solids no polarization measurements were pos-
sible. Before each high temperature experiment the optical
scattering geometry was aligned with a CCl4 sample at room
temperature and with a ZnCl2–CsCl mixture at ≈700 �C. The
furnace used for the measurements was a home made optical
furnace 24 equipped with an OMEGA CN4801 microcontroller.
The temperature was measured with a Pt-Pt10Rh thermo-
couple at the bottom of the cell and the temperature gradient at
the optical openings of the furnace was ≈5 �C.

The windowless graphite cell technique used for recording
spectra of fluoride melts has been described elsewhere.25 The
amounts of salts placed in the cell were adjusted so that after
melting the liquid droplet formed was in the center of cell at the
level of the optical paths. After filling the cell and before melt-
ing the sample, the cell was placed and sealed in a fused silica
tube under ≈0.8 atm of high purity Ar.

Results and discussion
Raman spectra of the ZrF4–KF binary were recorded at differ-
ent compositions and temperatures as listed in Table 1. It was
observed that at ZrF4 compositions above 66 mol% the vapor
pressure of ZrF4 over the molten mixture (with liquidus tem-
peratures above 700 �C) is rather high (a few Torr). The vapors
so formed reacted with the fused silica tube surrounding the
graphite cell creating a milky surface which blocked the optical
paths of the experiment. Thus, it was not possible to record
spectra at xZrF4

> 0.66. Spectra were also measured for the poly-
crystalline compounds Li2ZrF6, K2ZrF6, K3ZrF7 and Cs3ZrF7

from liquid nitrogen temperature up to and over the congruent
melting points. In most cases the spectra of all molten and solid
samples studied here were measured more than once in separate
experiments.

Changes of vibrational modes upon melting binary compounds
The phase diagrams of the ZrF4–AF (A = alkali metal)

systems show the formation of over 25 binary compounds with
congruent or incongruent melting points.26 Depending on the
stoichiometry and the alkali metal a variety of structures are
formed having the zirconium() in different site symmetries
or in “isolated” polyhedra with defined coordination numbers
which in all cases studied so far vary from six to eight. The
binary compounds chosen to investigate, Li2ZrF6, K2ZrF6 and
K3ZrF7, have known crystal structures where the zirconium()
is surrounded by six,27 eight 28 and seven 29 fluoride ions respec-
tively. The crystal structure of the fourth compound studied,
Cs3ZrF7, is not well known but it was found from its Raman
spectrum to have a structure rather close to that of K3ZrF7.

It was anticipated that from the solid spectra the frequency
of the Zr–F stretching vibration in different fluoride geometries
could be defined and compared with the corresponding fre-
quency in the melt. In many respects such a comparison may be
correct when isolated ZrFn (n = 6, 7 or 8) units exist in the solid.
On the other hand if strong sharing (bridging) of the fluoride
occurs between neighboring zirconium() atoms a proper
comparison cannot be made but observations of frequency
shifts upon melting may help in defining an increase/decrease in
the coordination of zirconium().

Li2ZrF6. The crystal structure of Li2ZrF6 possesses hexagonal
P3̄1m(D3d

1) symmetry.27 The crystal is built up by isolated dis-
torted (D3d) ZrF6

2� octahedra. Each corner of ZrF6
2� is shared

by two Li� octahedra that share edges with each other. The

Table 1 Main Raman bands observed for ZrF4–AF molten mixtures
at different compositions and temperatures

System
Main bands (cm�1) a,b

(mol% ZrF4) T/�C P c DP d

LiF–ZrF4

33 750 585 240

KF–ZrF4

7

14

25

33

42

50

66

900

1000

850

900

950

1000

1000

850
900
750

750

820

570
535
570

(535)
(650)
570
535

(650)
570
535

(650)
570

(535)
(650)
570

(535)
(650)
570

(535)
570
570
592

604

630
(500)

248
(340)
248

(340)

248
(340)

248
(340)

248
(340)

248
(340)

248

248
248
248

(180)
245
180

(245)
180

(600)

CsF–ZrF4

25 850 563
(520) 

240

a Estimated error ±1 cm�1. b Numbers in parentheses indicate broad or
shoulder bands with an estimated error of ±10 cm�1. c P = Polarized.
d DP = Depolarized.
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compound melts congruently 26 without any phase transitions
from liquid nitrogen temperatures to the melting point.

A factor group analysis gives the representation: Γ3N =
2A1g(R) � 4Eg(R) � 2A2g(IR) � A1u(IA) � 5A2u(IR) � 6Eu(IR).
Four from the predicted six Raman active modes are the
internal modes for the ZrF6

2� distorted octahedron (ΓD3d
(R) =

2A1g � 2Eg). The other two are a translatory mode for the
Li�(Eg) and a librational mode (Eg) for the octahedron. All six
modes are observed in the solid spectra and their assignments
are shown in Fig. 1(a). The spectra and assignments given here
are quite similar to those reported by Toth and Bates.23 How-
ever, we did not observe two bands at 505 and 610 cm�1

reported in the latter work. The two low frequency internal
modes of the distorted ZrF6

2� octahedra, A1g (305 cm�1) and Eg

(250 cm�1), arise from splitting of the ν5 (F2g) mode of the
undistorted octahedra (ΓOh

(R) = A1g � Eg � F2g). Assuming an

equal weight splitting we can calculate that for the undistorted
octahedra ν5(F2g) ≈ 277 cm�1 which in combination with the
ν1(A1g) = 586 cm�1 mode permits estimation of the ν2(Eg) mode

of the octahedra from the relation:30 ν2 ≈ √ν1
2 � 1.5ν5

2 = 480
cm�1. This value is very close to that of the Eg (487 cm�1) mode
seen in the spectra (Fig. 1a) for the distorted ZrF6

2� octahedra
and further justifies the assignments given here.

With increasing temperature all vibrational modes of the
crystal shift to lower frequencies by a few wavenumbers
(Fig. 1a). Upon melting the ν1(A1g) mode exhibits an ≈5 cm�1

blue shift while the intense lower frequency bands (Eg and A1g)
are substituted in the melt by a broad depolarized band at ≈240

Fig. 1 Raman spectra of A2ZrF6 (A = Li or K) polycrystalline solids
from liquid nitrogen temperature to temperatures above melting.
Conditions: (a) solids, λ0 = 514.5 nm, laser power (LP) = 200 mW,
integration time (IT) = 20 s, spectral slit width (ssw) = 2 cm�1; (b) melt,
λ0 = 488 nm, LP = 500 mW, IT = 5 s, ssw = 5–6 cm�1.

cm�1. It seems that the intense modes of the solid are trans-
ferred into the melt. The situation resembles that observed on
melting a large number of crystalline compounds containing
isolated octahedra (see refs. 1, 2, 31). We thus suggest that the
predominant species present in molten Li2ZrF6 are ZrF6

2�

octahedra giving rise to two vibrational modes ν1(A1g) 585 cm�1

and ν5(F2g) 240 cm�1. The third expected Raman active mode
has a rather weak intensity 31 but its position can be predicted as
above 30 at ν2(Eg) ≈ 500 cm�1. Finally, it is noteworthy that the
Zr–F stretching mode (A1g) inverses its intensity relative to the
F2g (Ag � Eg) mode on going from the solid to the melt. This
behavior has been also observed in the case of Cs2ZrCl6 spectra
and an account is given elsewhere.1

K2ZrF6. The crystal structure of K2ZrF6 at room temperature
has monoclinic C2h

6 (C2/c) symmetry with the zirconium()
surrounded by eight fluorine atoms in a C2h site.28 The
vibrational modes span the representation: Γ3N = 13Ag(R) �
14Bg(R) � 13Au(IR) � 14Bu(IR). From the expected 27 Raman
active modes only 12 are seen in the spectra of the polycrystal-
line solid (Fig. 1b). In the absence of single crystal data no
assignments can be made. However, the high frequency intense
band at 525 cm�1 is presumably associated with a Zr–F stretch-
ing frequency of the eightfold coordinated unit. These units are
not isolated but share bridging fluorides with neighboring
zirconium() atoms.28 The ZrF4–KF phase diagram shows that
K2ZrF6 exhibits a phase transformation at ≈130 �C while an
incongruent melting point and a partial transformation to
K3ZrF7 occur at ≈590 �C.26 At 40 mol% ZrF4 the K3Zr2F11

compound is also formed, which at either 320 or 420 �C
decomposes yielding in part K2ZrF6.

26 The temperature
dependent spectra (Fig. 1b) indicate changes that are not
compatible with the transformations expected from the phase
diagram. Thus, the spectral features of the monoclinic form do
not change from liquid nitrogen to ≈200 �C. Then between 220
and 250 �C the 523 cm�1 band slowly disappears and a new
band at ≈545 cm�1 predominates. As we argue in the following
section, this new band and the two lower intensity bands at
≈330 and 250 cm�1 are due to the ZrF7

3� bipyramidal ion
formed in the K3ZrF7 crystal. This would imply that between
220 and 250 �C decomposition may occur yielding compounds
containing the seven-coordinated species. Further increase of
temperature to 350 �C changes the spectra yielding a band at
≈585 cm�1 and a relatively intense band at ≈250 cm�1; i.e. bands
that can be associated with the ZrF6

2� octahedra as was found
for solid and molten Li2ZrF6. A possible scheme giving account
of the overall spectral changes would be through solid phase
transformations:

3K2ZrF6 (monoclinic)
220–250 �C

K3ZrF7 � K3Zr2F11

300–350 �C

3K2ZrF6 (hexagonal)

Thus at ≈220 �C the monoclinic K2ZrF6 crystal with an eight-
fold coordinated zirconium() is decomposed forming two
solids where presumably seven-coordinated zirconium()
species are present. At higher temperatures the two solids
recombine to form a new structure K2ZrF6 containing a sixfold
coordinated zirconium(). The spectrum of the latter structure
does not change as the temperature is increased to 450 �C with
the exception of a small, but expected, red shift of the ZrF6

2�

modes. Upon melting a further red shift occurs for both bands
yielding spectra that resemble those of molten Li2ZrF6 and
showing the two intense modes of the ZrF6

2� octahedra. It
seems that the eightfold coordinated zirconium() in the low
temperature solid is gradually changing environment with
increasing temperature, yielding seven- and six-fold coordin-
ated structures in the solid and finally preserving the sixfold
coordinated ZrF6

2� in the melt. On going from the Li2ZrF6
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to the K2ZrF6 melt spectra the ν1(A1g) octahedral frequency
changes by ≈3% (from 585 to 570 cm�1), which is a shift in the
same direction and magnitude as observed for the correspond-
ing A2ThCl6 (A = Li or K) melts.2

K3ZrF7, Cs3ZrF7. At room temperature the K3ZrF7 crystal is
cubic (Fm3m-O h

5) while at lower temperatures (≈40 �C) a cubic
to orthorhombic transformation occurs.29,32 In both structures
ZrF7

3� pentagonal bipyramid (D5h) species exist as isolated
complex anions surrounded by the alkali metal cations. A
vibrational analysis of these species gives the representation:
ΓD5h

= 2 A1�(R) � E1�(R) � 2 E2�(R) � 2 A2�(IR) � 3E1�(IR) �
E2� (IR). As in other cases of crystals containing the MX7

3�

ion the Raman spectra show a limited number of bands, most
of them due to the internal modes of the pentagonal bipyr-
amid.2,3,33 The room temperature spectrum of K3ZrF7 (Fig. 2a)
shows four main bands at 247, 327, 385 and 544 cm�1 which in
accordance with previous work 2,33 are assigned to the E1�(ν8),
2 E2�(ν9, ν10) and A1�(ν1) modes of the ZrF7

3� complex
(see Table 2). At liquid nitrogen temperatures the 545 cm�1

band splits into two at 551 and 536 cm�1. Such splitting has
previously been seen in the solid state 33 as well as in the vapor
and solid spectra of IF7

34 and is attributed to the separation of

Fig. 2 Raman spectra of A3ZrF7 (A = K or Cs) polycrystalline solids
from liquid nitrogen temperature to temperatures above melting. Bands
noted with an asterisk are presumably due to small amounts of
Cs2ZrF6.

40 Conditions as in Fig. 1.

Table 2 Main Raman bands (cm�1) and assignments for the seven-
coordinated tetravalent compounds at room temperature

Compound ν1(A1�) ν9(E2�) ν10(E2�) ν8(E1�)

K3ZrF7
a

Cs3ZrF7
c

544 (10) b

533 (10)
385 (1.4)
374 (1.2)

327 (0.5)
312 (0.45)

247 (5.5)
234 (4.5)

a Cubic form (Fm3m).29 b Numbers in parentheses denote for each
polycrystalline solid the relative Raman band intensities at 25 �C.
c Anticipated cubic form.26

the axial (ν1 551 cm�1) and equatorial (ν2 536 cm�1) symmetric
stretching frequencies of the pentagonal bipyramid species.

The room temperature spectrum of Cs3ZrF7 also shows four
main bands (Fig. 2b, Table 2) having positions and relative
intensities similar to those of K3ZrF7; this supports the view 26

that the solids are isostructural, containing the ZrF7
3� complex

ion whose spectrum predominates for both compounds. The
effect of temperature on the Raman spectra of ZrF7

3� (Fig. 2a,
2b) shows the expected trends; i.e. band broadening and red
frequency shifts with increasing temperature. Thus, the seven-
coordinated species is preserved at all temperatures in the solid.

Upon melting both the K3ZrF7 and Cs3ZrF7 compounds give
the same pattern spectra. The ν1(ZrF7

3�) frequency of the solid
shifts to higher energies by ≈30 cm�1 in the melt where a new
depolarized band at ≈248 cm�1 is also present. As in the case of
molten Li2ZrF6 and K2ZrF6 we assign these two bands to the
ν1(A1g) and ν5(F2g) modes of ZrF6

2�. Thus, it appears that
the predominant species in the melts of all four compounds
investigated here are the “octahedral” ZrF6

2� species. However,
it should be noted that for all four melts (Figs. 1 and 2) the
ν1(A1g) band is rather asymmetric showing a shoulder (band)
in the low frequency tail. As we will argue in the following
section this band is due ZrF7

3� anion which participates as a
minor component in these melts.

The complex anions ZrF6
2� and ZrF7

3� in melt mixtures rich in
KF

The spectra of molten mixtures ZrF4–KF having 25 and 33
mol% ZrF4 are characterized by two main bands (Fig. 3). Based
on the discussion in the previous section we assign these bands
to the ν1(A1g) ≈ 570 cm�1 and ν5(F2g) ≈ 248 cm�1 modes of the
ZrF6

2� “octahedra” species. At composition xZrF4
< 0.33 their

position does not change but with increasing KF mole fraction
the relatively symmetric gaussian shape ν1 band changes and a

Fig. 3 Composition dependent Raman spectra of xZrF4–(1 � x)KF
(0 < x ≤ 0.33) molten mixtures. Inset: Raman VV and HV spectra of
0.14ZrF4–0.86KF eutectic mixture at 850 �C. �, Depolarization ratio.
Conditions as in Fig. 1(b).
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shoulder band gradually appears which, at dilute ZrF4 com-
positions, gives rise to a well defined polarized band at 535 cm�1

(Fig. 3). Two weak shoulder bands at ≈650 and 340 cm�1 also
appear. The frequency of the new polarized band is at lower
energies than that of the ν1(A1g) ZrF6

2� octahedra and presum-
ably is due to the formation of a new species with coordination
higher than six. The data in Table 2 suggest that this new band
can be assigned to the ν1(A1�) mode of the ZrF7

3� species.
The changes of ν1(A1�) and ν1(A1g) band intensities with

composition (Fig. 3) imply that an equilibrium of the type (1)

ZrF7
3� ZrF6

2� � F� (1)

is established and that these ionic complexes predominate the
melt structure in dilute ZrF4 compositions. The mixture with
xZrF4

≈ 0.14 forms a eutectic and thus it was possible to
measure the Raman spectra at different temperatures (Fig. 4).
The relative change of the ν1(A1�) and ν1(A1g) band intensities
with temperature support the proposed equilibrium (1) and
shows that the seven-coordinated species is favored at lower
temperatures. From an Arrhenius like plot of the ν1(A1�)/ν1(A1g)
relative intensity vs. 1/T (inset Fig. 4) we can calculate the
enthalpy of equilibrium (1) as ∆H ≈ 37 kJ mol�1. A value
≈35 kJ mol�1 was measured for the corresponding equilibrium
in the ThCl4–CsCl system.2 It is noteworthy that the spectral
behavior, the inferred melt structure and the indirect thermo-
dynamic information for ThCl4–CsCl 2 melts are almost iden-
tical to those of the ZrF4–KF system. This is probably due
to the similarities of cation/anion ionic radii not only for the
tetravalent (rZr/rF ≈ rTh/rCl) but also for the monovalent (rK/rF ≈
rCs/rCl) cations.

The depolarized shoulder band at ≈340 cm�1 is mainly seen
in the very dilute ZrF4 spectra and is presumably associated
with the ZrF7

3� species. Its presence can be verified from the

Fig. 4 Temperature dependent spectra of a 0.14ZrF4–0.86KF molten
eutectic mixture; I(ω) is the relative Raman intensity. Inset: ∆H calcu-
lation from an Arrhenius like plot of ln(I ) vs. 1/T. Conditions as in
Fig. 1(b).

linear depolarization spectrum (IHV/IVV) which shows (inset
Fig. 3) a band in this frequency range. This band is assigned to
the ν9(E2�) mode of ZrF7

3� in the melt. Finally, the weak
shoulder polarized band at ≈650 cm�1 is present only in KF
containing melts with composition 25 and 14 mol% ZrF4,
and is absent from corresponding melt mixtures of the binary
compounds with LiF or CsF. The origin of this band is rather
puzzling and we offer no assignment to it.

Associated “octahedral” zirconium fluoride ions in mixtures rich
in ZrF4

The gradual increase of the ZrF4 mole fraction at compositions
above 33 mol% causes several changes in the melt spectra (see
Fig. 5) that can be summarized as follows: (i) the ν1(A1g) 570
cm�1 mode of the independent octahedral species becames
broader and shifts continuously to higher wavenumbers reach-
ing a value of ≈630 cm�1 for the 66 mol% ZrF4 mixture; (ii) the
ν5(F2g) ≈ 248 cm�1 mode loses intensity with increasing ZrF4

content and is slowly substituted by a broader depolarized band
with a not well defined maximum at ≈180 cm�1 and (iii) a new
polarized band appears between 450 and 550 cm�1 on the lower
energy tail of the main polarized band and a weak depolarized
band at ≈600 cm�1 occurs in the 66 mol% ZrF4 mixture.

The above observation suggest that the structure in these
melts varies rather continuously and in a manner analogous to
that occurring for ThCl4–ACl 2 systems. In contrast there is
no similarity with the spectral behavior of the ZrCl4–CsCl
system where different zirconium() chloride complex ions in
equilibrium were argued to exist.1

A possible way to account for the continuous spectral
changes is to adapt the model proposed for the ThCl4–ACl
systems,2 where the melt structure is determined by an extended
linkage of ThCl6

2� octahedra. In this respect the addition of

Fig. 5 Composition dependent spectra of xZrF4–(1 � x)KF (0.33 ≤
x ≤ 0.66) molten mixtures; I(ω) is the relative Raman intensity. Condi-
tions as in Fig. 1(b).
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ZrF4 in the 33 mol% mixture, having as predominant species
ZrF6

2�, leads to the formation of bioctahedral units where the
octahedra are bound by corners or edges. Species like Zr2F10

2�

are most probably formed where the Zr–Ft terminal frequency
is blue shifted relative to the ν1(A1g) octahedral frequency due to
double bridging within the ion. Thus, the main polarized band
in the 42 mol% spectrum (Fig. 5) consist of a superposition of
bands due to the Zr–Ft frequency of the “free” octahedra (≈570
cm�1) and the bridge bioctahedra (≈600 cm�1). Furthermore
two depolarized bands due to these two species appear in the
spectrum at lower frequencies. At 50 mol% the 245 cm�1 (ν5)
mode of the “free” octahedra has rather weak intensity and
presumably the concentration of these species is very low; in
other words the overall spectrum is mainly due to Zr2F10

2�

species and the 604 cm�1 band is assigned to the Zr–Ft

frequency of this ion.
As in the case of the ThCl4–CsCl system further addition of

ZrF4 to the 50 mol% mixture may extend the linkage to form
three edge-sharing octahedral species (Zr3F14

2�) which reach
their maximum concentration at 66 mol% composition. There
are four bridging and ten terminal fluorides in such an ion
Zr(Ft)4[Zr(Ft)2(Fb)4]Zr(Ft)4, thus the observed band at 630
cm�1 presumably covers the Zr–Ft frequency region while the
weak polarized shoulder between 450 and 550 cm�1 is associ-
ated with the Zr–Fb bridging vibrations.

Owing to the vapor pressure of ZrF4 no measurements were
possible for melts with higher than ≈66 mol% ZrF4. However,
the above mentioned similarities of the ZrF4–KF and ThCl4–
CsCl melts from dilute ZrF4 solution and up to 66 mol% ZrF4

indicate that the structures of the rich in ZrF4 melts and of pure
molten ZrF4 may have an octahedral bridged chain character
and not a molecular one as in the case of ZrCl4–CsCl melts.1

Such a chain structure is compatible with model thermo-
dynamic calculations 22 which suggest that, with increasing
composition above 33 mol% ZrF4, doubly charged bridged
octahedral ions are formed which increase their chain length
in the sequence ZrF10

2�, Zr3F12
2�Cl6

2�, Zr4F18
2�, Zr5F22

2�, etc.
This model could be extended to pure molten ZrF4 where, in
analogy with ThCl4, octahedral charged chains with a higher
number of zirconium() atoms may be present. Supporting
this view are viscosity measurements of ZrF4-based melt mix-
tures which indicate that these melts have a more ionic like
behavior and are different than the network like glass formers.35

In the solid state ZrF4 and ThCl4 are polymorphic
materials 36,37 forming compact structures where the tetravalent
cation is surrounded by eight halide ions shared between neigh-
boring cations. The orientation and packing of the ZrF8 or
ThCl8 triangular dodecahedra determine the details of the
polymorphic crystal structures. The entropies of fusion are
≈40 and ≈42 J K�1 mol�1 for ZrF4

38 and ThCl4
39 respectively.

These values are rather high and within experimental errors
very close to each other indicating that the melting of the
compact crystals yields similar liquid structures.

All these observations lead to the tentative conclusion that,
as in the case of ThCl4,

2 the melting of pure ZrF4 is prob-
ably accompanied by a self dissociation scheme of the type:
nZrF4 ¹̄

²
[ZrnF4n � 2]

2� � ¹̄
²
[ZrnF4n � 2]

2� where the doubly
charged ions consist of edge bridged octahedra with the excep-
tion of the two end zirconium() atoms of the cation which
have a fourfold coordination. If the dissociation is well shifted
to the left and the values of n are high then the predominant
coordination in molten ZrF4 is sixfold. Obviously, other more
concrete experimental evidence is needed before reaching any
definite conclusions. In this respect measurements of electrical
conductivity and neutron diffraction studies of molten ZrF4

would be elucidating.
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