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A B S T R A C T

The thermal decomposition of cobalt trifluoride was studied by High Temperature Mass Spectrometry

(HTMS). It was ascertained that the rate of atomic fluorine evolution in the gas phase might be increased

by adding small amounts of Ni(s) or CoF2(s) to cobalt trifluoride. Scanning Electron Microscopy combined

with Energy Dispersive X-ray spectroscopy (SEM/EDX) was used to determine the morphology and

composition of the solid product surface layer formed under different rates of CoF3(s) thermolysis.

� 2008 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Fluorine Chemistry

journal homepage: www.elsevier.com/locate/fluor
1. Introduction

Cobalt trifluoride has been used for a long time, as a mild
fluorinating reagent for the synthesis of organic fluoroderivatives
[1,2]. Fluorination occurs on the surface of CoF3(s) particles to
which organic molecules R have been supplied. The reaction
product RFn, formed within the 320–570 K temperature range, can
easily be distilled off. In all the fluorination mechanisms discussed
in the literature, atomic fluorine is considered to be a participant
in the basic stages of the reaction. Possible fluorination routes of
some aromatic and heterocyclic compounds are suggested in
[3,4].

The evolution of fluorine from the CoF3(s) crystals is one
stage that is common to all the fluorination reactions regardless
of the nature of R. This stage is present in the solid-state
thermal decomposition reaction of the CoF3(s). Therefore, the
composition of gaseous products of the CoF3(s) thermolysis and
factors affecting its rate are important for understanding
the mechanism of more complex reactions such as solid-phase
fluorination.

The evaporation of CoF3(s) was studied previously [5–8],
wherein correlations between the enthalpies of sublimation
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(Eq. (1)):

CoF3ðsÞ ! CoF3ðgÞ (1)

and dimerization (Eq. (2)):

2CoF3ðgÞ ! Co2F6ðgÞ (2)

were established.
In contrast, the thermal decomposition of CoF3(s) has not been

investigated in detail. In the first mass-spectrometric study [5],
besides sublimation products, CoF3 and Co2F6, thermal decom-
position products were found: atomic and molecular fluorine (in
the gas phase), and cobalt difluoride (in the solid-phase). These
results showed that the cobalt trifluoride sublimation is accom-
panied by the following decomposition (Eq. (3)):

CoF3ðsÞ ! CoF2ðsÞ þ FðgÞ (3)

The aim of this work is to study the kinetic factors responsible
for the evolution of atomic fluorine upon the thermal decomposi-
tion of CoF3(s), and to find the conditions that drastically increase
the atomic fluorine partial pressure P(F). The composition of
gaseous products under different conditions of CoF3(s) evaporation
was registered by the High Temperature Mass Spectrometry
(HTMS) method. The morphology and composition of surface
layers were determined by Scanning Electron Microscopy (SEM)
combined with an Energy Dispersive X-ray (EDX) module.
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Table 1
Atomic fluorine pressures upon pure CoF3(s) thermal decomposition {Ni/NiF2}

N T (K) t (h) P(F) (atm) P̄ðatmÞ DP (atm)

1.1. 698 5 2.8 � 10�8; 4.0 � 10�8; 3.2 � 10�8; 3.2 � 10�8 0.4 � 10�8

3.3 � 10�8; 2.8 � 10�8; 2.8 � 10�8

1.2. 730 7 1.7 � 10�7; 2.1 � 10�7; 3.1 � 10�7; 2.4 � 10�7; 2.5 � 10�7 0.6 � 10�7

1.8 � 10�7; 2.8 � 10�7; 3.5 � 10�7

1.3. 730 2 2.1 � 10�7; 1.8 � 10�7

1.4. 758 2 9.0 � 10�7; 9.1 � 10�7

1.5. 758 5 7.4 � 10�7; 6.6 � 10�7; 9.5 � 10�7; 7.9 � 10�7 0.9 � 10-7

7.4 � 10�7; 8.6 � 10�7

2.1. 735 1 8.3 � 10�7

2.2. 765 6 2.9 � 10�6; 3.7 � 10�6; 2.6 � 10�6; 3.2 � 10�6 0.4 � 10�6

3.7 � 10�6; 3.2 � 10�6

3.1. 734 2 5.1 � 10�7

3.2. 776 1 4.4 � 10�6

3.3. 778 7 5.9 � 10�6; 6.5 � 10�6; 3.8 � 10�6; 5.0 � 10�6 1.0 � 10�6

4.0 � 10�6; 4.8 � 10�6

3.4. 776 1 4.9 � 10�6

3.5. 772 5 4.4 � 10�6; 2.7 � 10�6; 3.8 � 10�6; 5.4 � 10�6 4.1 � 10�6 0.8 � 10�6

3.6. 776 5 5.5 � 10�6; 5.1 � 10�6; 4.3 � 10�6; 3.0 � 10�6 4.5 � 10�6 0.8 � 10�6

P̄ and DP were calculated according the formulas: P̄ ¼ ð1=nÞ �
P

PðFÞ; DP ¼ ð1=nÞ �
P
ðjPðFÞ � P̄jÞ.
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2. Results and discussion

2.1. Evaporation of pure CoF3(s)

Regardless of pure CoF3(s) evaporation conditions, the sub-
limation products, CoF3 and Co2F6, and thermal decomposition
products, F and F2, were fixed in the gas phase by the HTMS
method. In all experiments a solid pink residue was found after
evaporation. Using X-ray powder diffraction, it was identified as
CoF2(s). Most likely, atomic fluorine is the primary product of
CoF3(s) decomposition, and cobalt trifluoride thermolysis occurs
according to reaction (3). Molecular fluorine seems to be
the product of F atoms recombination. Because the free path
of the vapor species exceeds the linear dimensions of the
reaction vessel (Knudsen cell) at pressures used (P � 10�4 atm,
1 atm = 101,325 Pa), molecular fluorine is likely to be the product
of heterogeneous recombination of F atoms adsorbed on the
sample surface.

The pressures P(F) measured at temperatures T within time
intervals Dt under evaporation of pure CoF3(s) from {Ni/NiF2} and
{Pt} cells are presented in Tables 1 and 2, respectively. The average
pressures ðP̄Þ and the average deviations (DP) of P(F) values from P̄

are deduced. Irrespective of the cell material, the pressures P(F)
obtained at the same temperature are very close. Note, the time
intervals between the sets of P(F) values 1.2 and 1.3, 1.4 and 1.5
(Table 1), 1.2 and 1.6 (Table 2) are 7, 3, and 8 h, respectively. An
example of the pressure P(F) invariance with time (data 1.2 and 1.3,
Table 1) is demonstrated in Fig. 1. The pressures P(F) obtained in
different runs at the same temperature vary within a factor of two.
Table 2
Atomic fluorine pressures upon pure CoF3(s) thermal decomposition {Pt}

N T (K) t (h) P(F) (atm)

1.1 694 3 7.9 � 10�8; 1

1.2. 714 3 1.5 � 10�7; 1

1.3. 734 3 5.7 � 10�7; 3

1.4. 755 2 1.2 � 10�6; 1

1.5. 775 1 3.2 � 10�6

1.6. 714 1 1.7 � 10�7

2.1 714 3 1.8�10�7; 1.4

2.2. 734 3 1.4�10�7; 3.1

2.3. 754 3 1.4�10�6; 1.0

2.4. 773 3 4.5�10�6; 5.5

2.5. 793 2 1.6�10�5; 1.3

3.1. 778 3 4.0�10�6; 4.3
A stepped temperature increase leads to a growth of the pressure
P(F).

Atomic fluorine pressures in the pure CoF3(s) vapor were
obtained in [8] by the HTMS method. Pressure P(F) at 723 K was
calculated from the mass of the formed CoF2(s) (3.9 � 10�7 atm),
and from mass-spectrometric measurements (5.2 � 10�7 atm). A
satisfactory agreement between these pressures and the values
presented in Tables 1 and 2 can be seen.

2.2. The realization of CoF3(s) thermolysis high rate

The experimental procedure used in our study allowed us not
only to determine P(F), but also to search for thermolysis
conditions that lead to the enhanced partial pressure of atomic
fluorine at constant T. Obviously, this goal can be achieved, if we
can increase the thermolysis rate, while simultaneously minimiz-
ing the atomic fluorine loss. We attempted to solve this using a
reducer – nickel metal.

Introduction of Ni(s) into the system leads to solid-phase
fluorination (Eq. (4)):

2CoF3ðsÞ þ NiðsÞ ! 2CoF2ðsÞ þ NiF2ðsÞ (4)

The Gibbs energy of this reaction is essentially negative,
DrG8(4) = �428 kJ mol�1 (T = 700 K) [9]; therefore, the rate of
CoF3(s) decomposition should be rather high. However, a nickel
surface rapidly passivates, and the rate of atomic fluorine loss
decreases. Thus, if the high rate of CoF3(s) decomposition according
to the reaction (3) remains unchanged, the partial pressure of
atomic fluorine in the system could increase.
P̄ðatmÞ DP (atm)

.3 � 10�7; 9.8 � 10�8 1.0 � 10�7 0.2 � 10�7

.6 � 10�7; 2.0 � 10�7 1.7 � 10�7 0.2 � 10�7

.9 � 10�7; 6.2 � 10�7 5.3 � 10�7 0.9 � 10�7

.4 � 10�6; 1.4 � 10�6 1.3 � 10�6 0.1 � 10�6

�10�7; 1.1�10�7 1.4 � 10�7 0.2 � 10�7

�10�7; 2.5�10�7 2.3 � 10�7 0.6 � 10�7

�10�6; 1.3�10�6 1.2 � 10�6 0.2 � 10�6

�10�6; 6.9�10�6 5.6 � 10�6 0.8 � 10�6

�10�5

�10�6; 3.6�10�6 4.0 � 10�6 0.2 � 10�6



Fig. 1. The pressure P(F) invariance with time upon pure CoF3(s) evaporation; {Ni/

NiF2}, T = 730 K.

Fig. 3. The SEM image of nickel plate surface after the 40 h of evaporation of the

CoF3(s)–Ni(s) mixture; {Ni/NiF2}, T = 733 K.
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When cobalt trifluoride evaporates in the presence of nickel, the
atomic fluorine partial pressure is essentially higher than in the
saturated vapor over pure CoF3(s). The time dependence of the
pressure, P(F), under isothermal evaporation of the CoF3(s)–Ni(s)
mixture ({Ni/NiF2}, T = 733 K, m(CoF3)/m(Ni) = 2.3) is shown in
Fig. 2. According to our data the atomic fluorine pressure in the
CoF3(s) saturated vapor at 733 K is lower, 2.1 � 10�7 atm.

To interpret our experimental data, one should consider that
thermal decomposition solid-phase reactions start in reaction
centers or nuclei [10]. In the presence of nickel, these nuclei can be
formed in the defects of specimen crystals upon the intensive
emission of F atoms from these CoF3 crystals. The nuclei are likely
concentrated mainly on CoF3(s)–Ni(s) interphase boundaries. The
concentration of thermolysis centers is thus higher as compared
with those formed from CoF3(s) evaporation without nickel. As a
result, the partial pressure P(F) in the CoF3(s) saturated vapor
becomes more than one order of magnitude higher once nickel is
added. The monotonic increase in P(F) during the 15 h after the
beginning of evaporation (Fig. 2) can be explained by the
passivation of the nickel surface and the corresponding decrease
in the rate of atomic fluorine loss at a constant thermolysis rate.
The subsequent slow decrease in P(F) reflects the evolution of the
system to the final thermodynamically stable state, namely, the
Fig. 2. The time dependence of P(F) upon the CoF3(s)–Ni(s) system evaporation; {Ni/

NiF2}, T = 733 K, m(CoF3)/m(Ni) = 2.3.
equilibrium between the CoF2(s), NiF2(s) and Ni(s) phases. The
corresponding limit for P(F) is 1.3 � 10�22 atm (T = 733 K) [9].

SEM data show that surface layers with similar morphology are
formed on nickel plates after 6 and 40 h of fluorination (T = 733 K).
The main part of the surface (Fig. 3) is occupied by particles (a)
having virtually unchanged composition, n(F)/n(Co). The presence
of Co, F, and O atoms was detected in comparatively large crystals
(b). The concentration of Ni atoms depended on the thickness of
analyzed layer. For example, the n(Ni)/n(Co) ratio in particles (a)
decreased from 0.6 to 0.03 after 6 and 40 h of fluorination,
respectively.

The use of nickel is not the only way to increase the rate of
reaction (3). High pressures of atomic fluorine could also be
obtained after adding a small amount of CoF2(s) to cobalt
trifluoride. Atomic fluorine pressures in the vapor over the
CoF3(s)–CoF2(s) (<10 mol%) system (T = 733 K {Ni/NiF2}) are given
in Fig. 4. The high pressure of atomic fluorine and, therefore, the
high rate of cobalt trifluoride thermolysis in the CoF3(s)–CoF2(s)
system can also be due to a large number of formed nuclei which
act as thermolysis reaction centers. It seems likely that CoF2
Fig. 4. The time dependence of P(F) upon the CoF3(s)–CoF2(s) mixture evaporation;

{Ni/NiF2}, T = 733 K.



Fig. 5. The SEM image of the residue after CoF3 decomposition has been completed

{Pt}. (a) Pure CoF3(s); T = 670/770 K; (b) CoF3(s)–CoF2(s) (�10 mol%) mixture;

T = 733 K.

Table 3
Experimental and calculated equilibrium constants KP(3) at T = 733 K

System KP(3) (atm)

[9] 2 � 10�7

CoF3(s)–CoF2(s)a {Ni/NiF2} 4 � 10�6

CoF3(s)–CoF2(s)b {Ni/NiF2} 3 � 10�6

CoF3(s)–CoF2(s) {Pt} 3 � 10�6

a Residue after the CoF3(s) evaporation.
b Annealed CoF2(s) sample (Aldrich Chemical Co.).
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particles are a part of the nuclei, and thermolysis occurs on the
CoF3(s)–CoF2(s) interphase. The slow decrease of P(F) with time
(Fig. 4) is connected with the evolution of the system towards an
equilibrium state. The effect does not depend on cell material ({Ni/
NiF2} or {Pt}), or on the prehistory of CoF2(s). High rates of
thermolysis were obtained for the annealed CoF2(s) sample
(Aldrich Chemical Co), and for the CoF2(s) residue after CoF3(s)
evaporation.

The rate of the CoF3(s) thermal decomposition is influenced by
the shape and size of the solid product particles. The product of the
pure CoF3(s) thermolysis consisted of spherical particles ranging in
size from 0.5 to 3.0 mm (Fig. 5a). Particles with irregular form
having sizes of up to�8 mm prevailed in the solid residue after the
evaporation of the CoF3(s)–CoF2(s) (�10 mol%) mixture (Fig. 5b).
This difference can be explained by the aggregation of small CoF2

particles formed from rapid cobalt trifluoride thermolysis.
Pressures P(F) over the CoF3(s)–CoF2(s)(10 mol%) systems allow

the calculation of equilibrium constants KP(3) assuming that the
activities of cobalt di- and trifluoride are equal to unity. As can be
seen from Table 3, deviations (P(F) increase) from equilibrium
(KP(exp) > KP(eq)) take place independently of cell material. Note,
that under equilibrium conditions, an increase in CoF2 activity can
only lead to a decrease in atomic fluorine partial pressure.

In Table 4 the experimental pressures P(F) and P(F2),
equilibrium constants of the reaction (Eq. (5)):

F2ðgÞ ! 2FðgÞ (5)

and the {P(F)/P(F2)} ratios at T = 733 K are shown and compared
with values calculated using the IVTANTHERMO database [9].
Again considerable deviations from equilibrium were found in all
systems where high rates of thermolysis had been realized.

The absence of an equilibrium in reaction (5) under a high rate
of thermal decomposition was found earlier [11] in a study of
TbF4(s) thermolysis. This process is accompanied by a peculiar
change in the CoF3(s) structure: F atoms leave the lattice, and the
concentration of vacancies (on fluorine) in the structure increases.
The CoF3 phase with F vacancies [CoF3�d], can be considered as an
intermediate phase. With time, the surface layer of decomposing
CoF3 particles becomes saturated with vacancies. The final
solid product of thermolysis, CoF2(s), is formed by a structural
transformation of [CoF3�d] phase once a critical vacancies
concentration is attained. The existence of the vacancy structure
in the surface layer leads to the low rate of heterogeneous
Table 4
Experimental and equilibrium data for reaction (5) at T = 733 K

System P(F) (atm) P(F2) (atm) KP(5) (atm

CoF3(s) {Pt} 5.7 � 10�7 3.3 � 10�8 9.9 � 10�6

CoF3(s)–CoF2(s)a {Ni/NiF2} 7.0 � 10�6 1.5 � 10�7 3.3 � 10�4

CoF3(s)–CoF2(s)b {Ni/NiF2} 3.1 � 10�6 1.1 � 10�7 8.7 � 10�5

CoF3(s)–CoF2(s)a {Pt} 2.8 � 10�6 1.1 � 10�7 6.9 � 10�5

CoF3(s)–Ni(s) {Ni/NiF2} 4.5 � 10�6 2.0 � 10�7 1.1 � 10�4

a Residue after the CoF3(s) evaporation.
b Annealed CoF2(s) sample (Aldrich Chemical Co.).
recombination, and, as a result, to the kinetic stability of the
atomic state of fluorine and to a deviation from equilibrium in the
2F! F2 reaction.

The vacancy structure hypothesis gives us a rough idea about
the solid-phase fluorination mechanism. Organic substances R are
strong reducers, so volatile RF products are readily formed at
relatively low temperatures. The depletion of F atoms from CoF3

phase leads to the formation of vacancy structures in the surface
layer. Under such conditions, F atoms do not recombine and are the
main fluorinating reagent. It is believed that the vacancy structure
is included in the fluorination mechanism: F atoms pass from
cobalt trifluoride to R molecules inside of complexes [R� � �CoF3�d]
which are formed at the juncture of R molecules on free valences
(vacancies) of the surface layer. After the reaction is completed and
) (exp) KP(5) (atm) (eq) P(F)/P(F2) (exp) P(F)/P(F2) (eq)

7.2 � 10�6 17.3 12.9

7.2 � 10�6 46.7 1.6

7.2 � 10�6 28.2 3.0

7.2 � 10�6 25.5 3.2

7.2 � 10�6 22.5 2.2
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the complex decomposed, the fluorination product, RF, evolves
into the gas phase.

2.3. About CoF4
+ ions molecular precursors

The data obtained here allow one to ascertain whether CoF4

molecules are the precursors of CoF4
+ ions registered during the

investigation of all the systems. As pointed out in [12], cobalt
tetrafluoride pressure is proportional to atomic fluorine pressure.
The pressures P(F) measured in the investigated systems differ by
an order of magnitude. Analysis of the experimental data
evidenced the following peculiarity: CoF4 pressures calculated
using CoF4

+ ion intensities are independent of atomic fluorine
pressures. Therefore, one can assume that dimer Co2F6 is the most
likely precursor of the CoF4

+ ions. Calculations show that the
I(CoF4

+)/I(Co2F5
+) ratio in the mass-spectra of all systems is equal

to 0.04 � 0.05.

3. Conclusion

The cobalt trifluoride thermal decomposition was studied by
the High Temperature Mass Spectrometry method. The partial
pressures P(F) and P(F2) were measured. Conditions that increase
the rate of CoF3(s) thermolysis were found. It was ascertained that
at high rates of thermolysis the equilibrium between atomic and
molecular fluorine is not attained. The surface layers formed under
different thermolysis rates were investigated by Scanning Electron
Microscopy.

4. Experimental

4.1. HTMS investigation of the gas phase

4.1.1. Method and apparatus

The fundamentals of HTMS have been described in detail in
[13]. A magnetic mass-spectrometer MI-1201 (908, r = 200 mm,
resolution 300) with an ion source, modified for high temperature
investigation was used. The specimen was heated in an effusion
cell. A molecular beam of the saturated vapor components entered
the ion source. Positive ions formed under electron ionization
(Uion = 65 V) were accelerated to 3 keV, separated in the uniform
magnetic field according to m/e ratios, and passed to the collector
(Faraday cup). The ‘‘useful’’ part of signal originating from the
saturated vapor components, was separated from the background
by a movable shutter installed between the effusion cell and the
ionization chamber. This part of the signal was used for the partial
pressure calculation according to (Eq. (6)):

P j ¼ k� ðQ jÞ�1
X
ðIi jÞ � T (6)

where Pj is the partial pressure of component j (atm); k is the
sensitivity constant (atm � Å2 � V�1 � K�1); Qj is the electron
impact ionization cross-section of molecule j, calculated according
to the additivity rule (Å2); S(Iij) is the total current of ions i, formed
under the ionization of molecules j (V); T is the temperature (K).

4.1.2. Evaporation procedure

Two ways of evaporating CoF3(s) were used. Under isothermal
evaporation the cell temperature was kept constant (the actual
temperature differed from nominal by not more than � 1 K). In the
second way, the cell temperature was increased stepwise (DT = 20 K).

Platinum {Pt}, and nickel {Ni/NiF2}, cells were used for
evaporation. Diameters of the effusion orifices were 0.30 mm and
0.37 mm, respectively. The nickel cell was preliminarily passivated
by molecular fluorine at T = 740 K and P(F2) = 5 atm for �10 h.
The temperature of the effusion cell was adjusted by a KT-0203
temperature controller and measured by a Pt-Pt/Rh(10%) thermo-
couple attached to the cell cover.

4.1.3. Measurement procedure

In all experiments, typical mass spectra consisted of F+, HF+, F2
+,

CoFn
+(n = 0–4) and Co2Fk

+(k = 0–6) ions. Ratios of CoFn
+(n = 0–3)

and Co2Fk
+(k = 0–6) signals unambiguously indicated the presence

of CoF3 and Co2F6 molecules in the gas phase. Each measurement
included registration of the ‘‘useful’’ parts of CoF3

+, Co2F5
+, CoF4

+,
F+, and F2

+ signals.
For all investigated systems, the enthalpies of CoF3 sublimation

calculated applying the second law to the experimental data, were
in good agreement with the literature data. This fact can be
considered as unambiguous evidence of P(CoF3) = P8(CoF3) equal-
ity. Therefore, the sensitivity constant k and the partial pressures of
the saturated vapor components were calculated according to the
Eq. (6) using the intensities of the measured signals.

To determine the partial pressure of atomic fluorine, the
contributions of fragment ions F+ originating from the CoF3

ionization [8], F2 and HF molecules [14] to the measured F+ signal
were taken into account. P(F) being calculated only if a part of the
F+ signal corresponding to F atoms was not less than one half of the
total F+ signal. Thus, the accuracy of P(F) is estimated to be within a
factor of two.

4.2. SEM/EDX investigations

Analyses were carried out using a LEO 1450 VP Scanning
Electron Microscope. The SEM apparatus was coupled with a
system for microanalysis (Energy Dispersive X-ray) INCA 300 that
allowed us to perform a qualitative/quantitative analysis of the
elements starting from atomic number 5 (Boron) with a sensitivity
of about 0.2%. By means of the EDX analysis the composition of the
surface layers was determined. Taking into account that the
penetration depth depends on a series of factors including atomic
number and sample density, the attribution of a detected
stoichiometry to a determinate phase is limited by a possible
contribution of a different composition of the inner layers. This
technique allowed us to determine the elemental composition, and
so the attribution of an atomic species to a compound is not
precise. For these reasons, we took into account only the
information concerning the change in the surface layer composi-
tion dependent on the conditions of their formation. The validity of
this approach was demonstrated in the investigation of indium
oxide films, InOx [15]: measured n(F)/n(Co(O)/n(F)/n(Co(In) ratios
exceeded stoichiometric ones, but followed correctly the films
composition dependence on the oxygen pressure.

4.3. Materials

CoF3(s) and CoF2(s) (>98% purity) samples were supplied by the
Aldrich Chemical Co. To study the CoF3(s)–Ni(s) system, nickel
plates, 5 mm � 5 mm � 0.2 mm, were used.

Since cobalt trifluoride is hygroscopic and hydrolyzes very
quickly, all systems with CoF3(s) were stored and loaded into the
effusion cell inside a dry box (with the P4O10 desiccant) in a high
purity argon (Ar 	 99.998%, O2 � 0.0002%, H2O � 0.0003%) atmo-
sphere.
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