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The thermal decomposition of transition metal trifluorides MF; (M = Mn, Fe, Co) was studied by collecting se-
quences of very-high-energy (89 keV) synchrotron radiation diffraction patterns. The real-time evolution of the crystal
lattices was followed as a function of temperature and it was observed that the transition from MF3 to MF; is generally
accompanied by the formation of intermediate short-living phases —-M,Fs. One of them —Co,Fs— is a phase which had

never been observed before.

Transition metal trifluorides are used as soft fluorinating
agents in different fields of chemistry. Co and Mn trifluorides
have long been in use in organic synthesis!? and, by now, an
extensive literature on the synthesis of various fluorinated de-
rivatives of organic compounds is available.®> Examples of ap-
plication of solid fluorinating agents for the synthesis in situ of
platinum and gold fluorides are described in Refs. 4 and 5.
Among the latest applications of these compounds is the selec-
tive fluorination of fullerenes. For instance, the selective
synthesis of CgoF3¢ has been successfully performed by the so-
lid-phase reaction between Cg and MnF;.% Selective products
of the reactions between [60]fullerene and other transition
metal trifluorides are reported in Ref. 7.

Despite the wide use of solid fluorinating agents, the me-
chanism of solid-phase fluorination is not well understood
yet. This is partially due to the complicated nature of the re-
acting system, whose components are often present in several
phases. A combination of several techniques can yield more
information on such kind of systems. Reliable data on the
composition of the gas phase can be obtained by High Tem-
perature Mass Spectrometry (HTMS). Our recent mass spec-
trometric studies®® led to the conclusion that the action of
fluorinating agents is due to atomic fluorine released during
their decomposition.

The aim of the present research is the investigation of trans-
formations happening in the condensed phase during the ther-
mal decomposition of MnF;, CoF; and FeF; by means of
Very-High Energy Synchrotron Radiation diffraction. Preli-
minary experiments showed that this technique is a powerful
tool to study the real-time evolution of crystal structures.!%!!

Experimental

MnF3, CoF3, FeF; thin powder samples (all of them 98% nom-
inal purity) were purchased from Aldrich Chemical Co. and were

manipulated inside an Ar atmosphere dry box (H,O = 1 ppm).

The method we used to perform the time-resolved studies on
the thermal decomposition of transition metal trifluorides is dis-
cussed in detail in previous papers.'''!> Here we summarise its
main characteristics.

Ni capillaries (~5 cm in length) having 100 pm thick walls
were used as sample holders. They had been preliminary passiva-
ted with F, (P =5 atm, T = 720 K) in order to prevent the inter-
action between Ni and the trifluoride sample during the heating.
Indeed, the NiF, layer formed on the surface of the capillary after
passivation is rather inert with respect to trifluorides and too thin
to produce visible Bragg peaks in the diffraction patterns.

The Ni capillaries filled with the sample were placed in the
scattering center of a diffractometer equipped with a read-out im-
age plate detector (Fig. 1). For all samples, prior to heating, a re-
ference spectrum at room temperature was collected. Two differ-
ent ways were used to carry out the measurements (both
preventing the contact of the hygroscopic samples with the air
moisture), namely either sealing the capillary or submitting the
sample to an Ar flux (3.5 cm®/min) passing through the
capillary. In the former case, the fluorine realised upon heating
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Fig. 1. Sketch of the experimental set-up.
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was confined inside the inner volume of the capillary; in the latter,
it was rapidly removed by the Ar flux, so that no further interac-
tion with the decomposing sample could happen. In this way, the
effect of the F, presence during decomposition could be observed
by direct comparison of the two cases.

The capillaries were heated at a constant rate by using a hot-air
blower. This simplified the experimental set-up and, thanks to the
thermal stability of the blower furnace, allowed a very good con-
trol of the temperature ramp. Preliminary calibration tests were
performed to measure the thermal gradient between the furnace
and the sample inside the capillary at any 7. After that the capil-
laries were heated at the rate o = 1/30 °C/s. During heating, they
were irradiated by the primary X-ray beam with a sampling period
of At =70 s, 10 seconds being the actual collection time, and the
remaining 60 seconds being the time required to store the images
and to reset the acquisition system. Therefore, the nth pattern of
the sequence represents the sample structure at the temperature
T, £ AT, = an(At £ ty) + Ty, with ) = 5 s and T = initial tem-
perature in K. The T-range was from room temperature up to 1370
K. Each experimental run lasted about 9 hours.

At the beginning of each temperature ramp, an acquisition pro-
gram was launched to collect a sequence of diffraction images.
The image-plate detector was automatically read and reset after
the collection of each image. The series of the images represent
the time evolution of the Debye—Scherrer rings produced by the
sample in the various stages of its decomposition process (plus
the constant contribution of the capillary walls). By radial inte-
gration of the images, the Debye—Scherrer rings were then
converted into ordinary diffraction patterns, whose sequence
was plotted in the form of a 3D-map (see, for instance, Fig. 2).
Each ramp was stopped only after the diffractogram correspond-
ing to the final phase had appeared.

The diffraction measurements were carried out at the high-en-
ergy ID15B beamline of the European Synchrotron Radiation Fa-
cility (Grenoble, France). The high energy beam is produced by a
superconducting wavelength shifter having a critical energy of
95.8 keV. A Bragg monochromator selected a component around
the critical energy (at 89 keV in our case) suitable for the diffrac-
tion measurement with an energy resolution of 1073, A slit up-
stream from the sample collimates the beam, whose final section
on the sample is about 100 x 100 p?. The X-ray beam diffracted
by the sample is then collected by a MAR345 readout image plate
detector centered on the incident beam direction. The use of a 89
keV beam solved completely the problems connected with the X-
ray absorption of the metal capillary walls that makes the mea-
surements at lower energies complex and time-consuming. Fur-
thermore, the acceptance solid angle of the image plate detector
was so wide that all the low-order Debye—Scherrer rings could
be collected, assuring a high statistical accuracy of the diffraction
patterns obtained by their radial integration.

Results and Discussion

The time-resolved diffraction studies upon thermal decom-
position of manganese, iron and cobalt trifluorides were car-
ried out. In all the three cases, the decomposition process is
accompanied by the formation of an intermediate short-living
phase of the M,Fs kind, while the final product of decomposi-
tion is MF,.

Literature data on solid M,Fs compouds are quite limited.
Some authors'® suggested solid Mn,Fs to be formed during
partial decomposition of MnF3(s). As a stable phase it was ob-
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Fig. 2. Sequence of the diffraction patterns acquired upon
thermal decomposition of CoFjs: (a) in the sealed capillary;
(b) in the capillary submitted to the Ar flux.

tained by Tressaud et al.'* In a recent paper,'® we reported the
observation of MnF; thermal decomposition, during which
Mn,Fs was formed as an intermediate phase. However, the
method we applied for that investigation'' showed some draw-
backs and had to be essentially improved to obtain the higher
quality data reported in the present paper. Among the other
solid M,Fs compounds, Fe,Fs had been mentioned only in
Ref. 15, while Co,Fs was first reported by us.'!

The rates of CoF3;, MnF3, and FeF; decomposition are dif-
ferent and the necessity to use Ar flux was conditioned by such
differences. For instance, the Co,Fs intermediate was ob-
served only in the sealed capillary. Instead, when the capillary
was left open and an Ar flux passed through it, the CoF; de-
composition occurred rather fast and no intermediate was
detected. MnF; and FeF; behave in another way, their decom-
position process is slower. To accelerate it and to detect the
intermediate compound, it is necessary to remove the released
fluorine from the reaction zone by a small Ar flux. The results
of the measurements are contained in the sequences of diffrac-
tion patterns collected during the sample heating that are
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Fig. 3. Sequence of the diffraction patterns acquired upon
thermal decomposition of MnFs.
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Fig. 4. Sequence of the diffraction patterns acquired upon
thermal decomposition of FeF;. White zones on the graph
contain peaks belonging to the sample holder, which were
removed to improve the visibility of the graph.

shown in Figs. 2—4 in the form of a 3D-map. It can be seen
that for all the three compounds (CoF;, MnF3, and FeF3),
the initial phase is the trifluoride and the final phase is the di-
fluoride of the corresponding metal. The peaks of the initial
and final phases were assigned according to the International
Center for Diffraction Data database.'®

Figure 2 represents the process of thermal decomposition of
CoFs. In Fig. 2(a), the sequence of diffraction patterns corre-
sponding to the CoF; decomposition in the sealed capillary
(i.e. without Ar gas flux), is plotted in the momentum transfer
range g = (1.5-2.9) A~ In Fig. 2(b), the sequence of diffrac-
tion patterns corresponding to the CoF3; decomposition in the
capillary submitted to the Ar flux, is shown. In the latter case,
the transition occurs directly from CoF; to CoF, without any
intermediate phase. From the comparison of the two 3D-maps,
the Bragg peaks produced by the intermediate compound
Co,Fs are easily identified (at ¢ = 1.64 and 1.95 A~H)!'! as
can be seen in the insert of Fig. 2(a), where the region
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g = (1.5-2.1)A~" is magnified. The Co,Fs intermediate was
observed in the 540-1110 K temperature range. It should be
mentioned that low intensity CoF, peaks were present already
in the first diffractograms taken at room temperature, this was
likely due to a small amount of difluoride present in the com-
mercial CoF; sample.

The map on Fig. 3 shows the diffraction patterns sequence
collected upon thermal decomposition of MnF; heated in the
capillary submitted to the Ar flux. The peaks of the intermedi-
ate Mn,Fs phase visible in the 7-range 620-1180 K are em-
phasized in the insert of Fig. 3. Miller indexes of the Mn,Fs
phase are (400) for the peak at 1.63 A~'; (220) at 1.90 A~! and
(002) at 2.02 A1 1014

In Fig. 4, the sequences of patterns relative to the FeF; sam-
ple heated in the capillary submitted to the Ar flux are drawn.
The Fe,Fs intermediate phase (T = 790-1210 K) is marked on
Fig. 4 with asterisks. Its Miller indexes'> are (104) for the
peak at ¢ = 2.63 A~! (in our case due to the higher resolution
of the technique, it appears to be actually composed by a doub-
let at 2.63/2.66 A~1); (204) at 2.95 A~'; (unindexed) at 3.72
A-1; (430) at 3.80 A~!; (325) at 438 A~'. Actually, in the
literature,'> more peaks are reported for Fe,Fs phase. In our
case it was not possible to observe all the peaks because their
position coincided with the positions of more intense peaks of
FeF; and FeF, phases. The small peaks at 3.28 and 4.02 A~
that appeared at the end of decomposition likely belong to the
products of high temperature interaction between fluoride and
the sample holder.

The maps corresponding to MnF; and FeF; heated in the
sealed capillaries (not given here) show the same Bragg peaks
as on Fig. 3 and 4, but those corresponding to the intermediate.

It is interesting to understand how the transformation from
the initial MF5 structure to the final MF, via M,Fs takes
place. We propose below some speculations concerning this
point. It is necessary to stress that we restrict ourselves only
to the formal description of a possible model for the phase
change processes, which is mainly based on the metal atom
sublattice transformations, since the real mechanism of decom-
position can be very complex or even stochastic.

In order to clarify the structural transformations in manga-
nese and cobalt fluoride phases, we have reviewed the crystal
structures of MF,, MF3, and M;Fs compounds with M ranging
from Cr to Ni in the periodic table reported so far in the Inor-
ganic Crystallographic Structural Database.!” Among the set
of compounds mentioned above, Cr;Fs currently remains the
only structurally characterized mixed valence phase, while
all the di- and trifluoride phases, except for the NiFs, are well
described. The set of transition metal trifluorides as well as the
set of difluorides reveal striking resemblances.

Concerning trifluorides, CrF3, FeFs, and CoF; phases are all
trigonal, with very close cell parameters. Only MnF3 is mono-
clinic, but can be viewed as slightly distorted trigonal phase.
In the trifluorides mentioned above, the metal atoms form al-
most a simple cubic sublattice and have a slightly irregular oc-
tahedral coordination, while fluorine atoms are dicoordinated
and form angled (140-150°) M—F-M bridges.

Among the difluoride phases, CrF, is monoclinic and repre-
sents a minor deviation. It can be similarly regarded as a pro-
duct of a MnF,- or NiF,-like tetragonal phase distortion. In
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difluorides the metal atoms exhibit the same octahedral coordi-
nation as in trifluorides, though in this case they form a body-
centered tetragonal sublattice (distorted in CrF,), while fluor-
ine atoms become triangularly coordinated.

Since Cr—Ni difluorides are isostructural or almost isostruc-
tural, as are the corresponding trifluorides, it seems quite rea-
sonable to suggest the same for the M,Fs phases. The assump-
tion that their structures are not significantly different has
allowed us to consider the defluorination of CoF; and MnF;
proceeding to difluorides via hypothetic Cr,Fs-like structures.
The almost simple cubic metal atom sublattices in MnF; and
CoF; can be regarded as close packings of tetragonal layers
(see Fig. 5(a)). When MnF; or CoF; phase is transforming
into a CryFs-like structure, those layers undergo parallel shifts
along one of the principal axes of an idealized cubic lattice
equivalent to the consecutive shifts by ca. 0.4-0.5 of a transla-
tion, i.e. closest M—M distance (0.42 in Cr,Fs), accompanied
by a partial loss and rearrangement of fluorine atoms. As
the result, the metal atoms split into two distinct classes, refer-

Fig. 5. (a) A unit cell (left) and a projection on the CoF;
lattice along one of the principal axes of a fictitious simple
cubic metal atoms sublattice (dark grey balls: metal atoms,
light grey balls: F atoms); (b) A fragment of the Cr,Fs
lattice. The slightly distorted tetragonal metal atoms lay-
ers constitute the ab and bc planes, while the monoclinic
(distorted hexagonal) layers form the ac planes (dark grey
balls: trivalent Cr atoms, big light grey balls: divalent Cr
atoms, small light grey balls: F atoms); (c) Two projec-
tions of the CoF, lattice.
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red to as doubly and triply charged. Both of them remain ac-
tually octahedrally coordinated; however, the coordination
polyhedron for the doubly charged atoms is a highly stretched
octahedron, two M-F distances being ca. 25% longer than the
remaining four. The metal atom sublattice in this Cr,Fs-like
phase can be described in two different ways: as a system of
shifted tetragonal layers, as above, or as a close packing of
monoclinic layers perpendicular to the former. Correspond-
ingly, 3/5 of the fluorine atoms in in-layer or near-layer posi-
tions remain dicoordinated, while 2/5 of interlayer fluorine
atoms can be regarded as tricoordinated due to the presence
of a third metal atom at a longer distance (see Fig. 5(b)).

The body-centered tetragonal metal atom sublattice in MnF,
and CoF, can be described as a tetragonal packing of the metal
atoms chains, one half of them (as on a chess board) being
shifted by a half-translation along the fourfold axes (see
Fig. 5(c)). This arrangement of the metal atoms can be for-
mally obtained from a Cr;Fs-like structure by an extension
of the tetragonal layers shift mentioned above to exactly 1/2
of an in-layer closest M—M distance followed by the shifting
of each second monoclinic layer by the same distance and in
the same direction. Subsequent partial loss and rearrangement
of fluorine atoms lead to the restoration of the equivalence and
octahedral coordination of the metal atoms. The same result
can be achieved by shifting one-half of the metal atoms chains
and rearranging fluorine atoms starting directly from MF;
phases.

Conclusions

A method based on the in-situ, time-resolved diffraction of
high-energy X-rays was applied to study the structural changes
occurring upon thermal decomposition of transition metal
trifluorides. For CoF3, the intermediate compound could be
observed when the sample-holder (capillary) had been sealed
prior to heating. For MnF; and FeF; the intermediate was de-
tected when the released fluorine was removed from the reac-
tion zone by a small Ar flux.

For MnF; and FeF;3, intermediate phases could be identified
as the M,Fs species, which were already observed in the past,
although in different conditions. In the case of CoFs, the
Co,F5 had never been observed before, so that this is the first
experimental evidence of its existence.
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