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The existence of gaseous Cefa species with
demonstrated by means of Knudsen effusion
mass spectrometry method has been applied

an unusually high degree of oxidation of the méia$ been
mass spectrometry and FTIR spectroscopy. The Knudsen effusion
to investigate the gas-phase composition oveXsRreTOBHKS)

system and to establish the optimum in situ conditions for{&yRthesis. The electron impact mass spectrum of
the CoR molecule has been obtained. From the infrared spectrum of argon-isolatedrotgeules, the CoF
stretching mode has been detected at 767.8'cm

Introduction

The existence of compounds with unusual valence states is
of considerable scientific interest, because the achievement of

unusual states of oxidation is connected to the theories of

chemical valence and bonding. The theoretical and experimental

aspects of this problem were discussed in the 1950svever,

the synthesis and the investigation of compounds at the limits
of thermodynamic stability are difficult to carry out without
obtaining unambiguous results.

Synthesis of thermodynamically unstable fluorides in the solid
state, such as Nif NiF;, and Agk, has been successfully
performed?3 The probable existence of unstable gaseous
fluorides, with an unusually high degree of oxidation of the
metal, was first predicted by Sidorov and Krasiégnd indeed,
CoF, was subsequently identified in the gas phase by mass
spectrometry:”

TbF4(s) had been used to oxidize with G$), and Cok{g)
was found in small amourftsn CoRs(g) vapor atT = 650—

730 K. Convincing evidence for the existence of Q@if was
provided by means of a fluorine admission technigue this
technique, the interaction between atomic fluorine and the initial
sample (CoKs)) took place. However, CqFwvas the only
product of fluorination in a narrow temperature range of 620
640 K. Furthermore, the fluorine admission technique is difficult
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to combine with other methods, because relatively high con-
centrations of the aggressive gas may have a detrimental effect
on the sensitive detectors of the instruments.

The aim of this research was to determine the optimum in
situ conditions for the synthesis when cobalt tetrafluoride is the
only product of fluorination so that other characterizational
techniques could be applied with confidence. Solid-phase
synthesis seemed to be best suited to this purpose. Th€sFoF
TbF4(s) system has been further investigated by mass spec-
trometry. Matrix isolation infrared spectroscopy has been applied
to investigate cobalt tetrafluoride, and the first spectroscopic
data on Cok are presented here.

Experimental Methods

(a) Mass Spectrometric MeasurementsMass spectrometric mea-
surements were carried out with a magnetic mass spectrometer
combined with a Knudsen cell. Details of the apparatus and standard
measurements procedure have been published elsefvidergckel
effusion cell with an orifice/evaporation area ratio of 500 was used for
the experiments. Preliminary fluorination of the cell used the following
conditions: p(Fz) = 1 atm, T =470 C,t = 10 h. Cell temperature was
measured+£2K) with a Pt=Pt/Rh thermocouple, which was verified
at the melting point of Ag and KCI.

Electron impact mass spectrometry conditions were as follows:
electron ionization energy 60 eV; emission current 0.3 mA; mass
resolution 500 (10% valley definition). Positive ions were accelerated
to 2 keV and mass analyzed in the magnetic field.

CoR; and Cokl; (>97% purity) were supplied by Aldrich Chemical
Co. Tbk was prepared according to the ref 9. X-ray powder diffraction
analysis showed 95% purity for the Thgample. It should be pointed
out that the fluorinating ability of ThfFdepends heavily on its quality,
and it can be significantly reduced by traces of water.

All samples were extensively outgassed in the instrument before the
experiments. The mixture of Cend ThF samples{1:10 by mass)
was loaded into the prefluorinated nickel effusion cell in a drybox and
evaporated in the temperature range 6220 K. Two experimental
runs were performed. All detected ions were identified by mass-to-
charge ratiorfve) and their shutterable profiles. CgHn = 0—4) ions
were present in the mass spectrum for approximately 50 h in each run,
and their intensities were recorded as a function of temperature. Relative
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Table 1. Experimental Gas Phase Mass Spectrum (Relative
Abundances of the lons) over the G¢§j + TbF4(s) System

Rau et al.

1). This may be a consequence of the activity of €b&ing
much less than unity in the Cg8)—TbF4(s) system (the Caf-

T, K t,h CoR*™ CoR" CoR* CoF" Co* TbF, ratio in the mixture was approximately 1:10). Therefore,
620 19 0.26 0.54 1 0.28 0.35 one may conclude that under our experimental conditions;CoF
645 30 0.23 0.57 1 0.22 0.32 is the only component of the gaseous product mixture in the
660 24 0.22 0.55 1 0.23 0.36 temperature range 62000 K. The Cok partial pressure
670 23 0.26 0.56 1 028 031 [P(CoRy)] lies in the range between 2:810°7 and 3.2x 107°

;82 S 5 %ﬁ %2(1) i ggg %%g atm at 626-700 K. Our results for the individual mass spectrum
720 15 0.27 1 0.20 0.23 of the Colz molecule are the following (the relative abundances

ion intensities of Cof¥ (n = 0—4) were constant in the temperature
range 626-700 K. Thel(CoF") = I(m/e 135") peak was identified
unambiguously. It was shutterable while the neighbotifmge 134")
and I(m/e 136") peaks were not. ThgCoR*") = I(m/e 135") peak
increased with the increase of temperature within the range of 620
700 K.

Further temperature increase up to 720 K led to the disappearanc
of the I(CoF,") peak in the mass spectrum. At= 720 K the mass
spectrum was identical to that of Col? TbF," (n = 0—4) ions that
originated from Tbl and Tbk molecules were not registered under

e

of the ions are given in parentheses): ¢of.2), Cok™ (0.5),
CoR,* (1.0), CoF (0.3), Co (0.3).

There are differences between the present results and those
reported elsewhefefor the same system [Cafs)—TbF4(s)].
The previous authofseported a short lasting measurement of
low concentration of Coffg) compared to Coffg). A reason
for their less efficient fluorination could be the presence of water
and the lower ratio of Cofto TbF, in their mixture. Both
CoRs(s) and Thbi(s) are destroyed by water. They quickly
adsorb water at room temperature, and then hydrolyze as the

our experimental conditions. Experimental data are presented in Tabletemperature is increased.

1.
(b) FTIR Measurements. The apparatus basically consists of a
cryotip (Displex, Air Products and Chemicals 202 CSA) connected

FTIR Study of Argon-lsolated Cobalt Fluorides. (a)
Cobalt Di- and Trifluorides. Cobalt trifluoride has been
vaporized in a wide range of temperatures in order to character-

under a rotary vacuum to a Bruker IFS 113v interferometer through a . h | ch d h ibl L
suitable IR-transparent window (Csl or polyethylene). The gold-plated ize the spectral changes connected to the possible variation in

copper finger is free to rotate in a homemade shroud under high vacuum.the vapor composition with temperature. Since the vaporization
Details of the assembly are described elsewfiere. process of Cofinvolves also its decomposition to Cgi®3a

High-purity argon (Caracciolo) was used as isolating gas with a flow reinvestigation of Cofwith our apparatus was also required.
rate of 1-1.5 mmol/h through a standardized needle valve. Spectra of  |n our spectra the infrared fundamental modes of Cpf
cobalt di- and trifluoride suspended in nitrogen (ultragrade, Caracciolo) g v,) (Figure 1 a) have been detected at 722.5 and 150.8/

were also obtained, but argon was preferred for its better transparencyy 4g g cnrl respectively, in good agreement with literature

in the far-infrared.

All samples were vaporized from nickel Knudsen cells with effusion
orifices from 0.7 to 1.2 mm in diameter. The vaporization temperature
ranged from 900 to 1500 K for CeF600 to 1500 K for Cok; and
500 to 800 K for Thk and for Cok and Tbhk mixtures. Depositions

datal*15The absence of the symmetric stretching madgif

the infrared, detected at 587 ctnin the Ramari® suggests a
linear molecule. However, the quasilinear geometry, inferred
from electron diffraction measurements, cannot be excluded

lasted from 5 min to 1 h. Spectra were taken in reflection, accumulating owing to the low infrared intensity expected for themode?”18

at least 200 scans at a resolution of 1 érar better.

Results and Discussion

Mass Spectrometric Determination of CoR(gas). Synthesis
Conditions. The Cok(s)—ThbF4(s) mixture was examined in our
work in the temperature range 62020 K. The distribution of
ion intensities Cof" (n = 0—4) remained constant for a long
time atT = 620—-700 K (see Table 1). The intensities increased

An additional feature was observed at 706.3 &growing with
deposition temperature likely faster than fundamental ones. This
peak should correspond to the feature at 707.5'dentatively
assigned previously to dimeric or aggregate fotm&ven
though mass spectrometric détdo not indicate the presence
of a detectable amounts of dimeric Golts formation in the
matrix cannot be excluded.

Recent investigatioA%13of the vapor composition over cobalt

with the increase of temperature. The question is whether only trifluoride showed Cokto be the main component in the 700
CoF; or the mixture (Cokand CoF) is present in the gas phase 830 K temperature interval. The presence of a dimeric form
under our experimental conditions. According to literature (CoFg) in the gas phase has also been proved in a recent mass

datal012.13the Cok-saturated vapor pressuré(€okRs)] is ~3
x 1078 atm at 620 K. This value is below the sensitivity limit

spectrometric investigatiof.
Fundamental bands of Cgiwere detected in the FTIR spectra

of our instrument. Therefore, all the measured ion intensities at oyer cobalt trifluoride vaporized below 900 K (Figure 1 b).

620 K might be attributed to the CgFnolecule. Furthermore,
there & a 2 orders of magnitude increaseACokR) in the
range 626-700 K191213|n this connection and taking into
account the Cofmass spectrurf, a decrease in the CgH

Above 900 K Col; appeared in the matrix and increased with
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supported by the lack of; in the infrared. Vaporization above
. 830 K led to the appearance of a weak band at 747 4 @nd
g a medium intensity doublet at 728.7/724.9dpgwhich gained
intensity with the vaporization temperature and therefore have
been attributed to a dimeric form (&F).
Observed vibrational levels are exactly reproduced by the
following force constants (in mdyn/A)e, = 4.28,F,, = 0.214,
Fa= 0.27,Fa = 0.2, Fop = 0.023.
a (b) CoF5(s)—TbF4(s) Mixture. Vaporization of pure This)
was performed in the temperature range-30800 K, in order
to obtain blank spectra. No bands were observed below 1000
K as expected. For higher temperatures, weak bands appeared
at 550.8 and 523.0 cm, indicating the presence of ThEaces
in the matrix, in agreement with literature data.

Vaporization of the Coffs)—TbF4(s) system was carried on
in the 400-750 K range of temperature in order to reproduce
the experimental conditions of the Cp$ynthesis in situ in the
mass spectrometric study described above. Atk6@ new band
at 767.8 cm! was observed on deposition, which slowly gained
b intensity up to 700 K (Figure 1c). This new band is attributable
to CoF; on the basis of our mass spectrometric measurements.
Its spectral position reasonably supports this attribution. Since

no other vibrational features could be confidently assigned to
)M CokFy, conclusions concerning the molecular geometry cannot
s be drawn. Any attempt to obtain a higher concentration of{CoF
in the argon environment, with long-lasting depositions, unfor-
tunately failed because of the deterioration of the transparency
of the matrix.

It is necessary to note that Cpbands were missing in our
FTIR spectra of the Cafs)—ThF,(s) mixture at 650 K (Figure
1c). This is in line with the conclusion of mass spectrometric
experiments that Caofwas the only component of the gaseous
product mixture at 626700 K.

722.5
706.3

150.8

161.2

736.9 L

Absorbance Units

767.8

Conclusion

‘\A\,\’

The results of this research demonstrate that gaseous cobalt

AN tetrafluoride can be produced in sufficient amourR§JoF)
Wavenumber cm™ = (2.8 X 10_7)—(3.2 X 10_6) atm at 626-700 K] over the

Figure 1. FTIR spectra of argon-isolated cobalt fluorides: (a) €oF COFRs(s)—ThbF4(s) system. The solid-phase synthesis in situ
vaporized at 1000 K; (b) Cafvaporized at 800 K; (c) Cafobtained procedure was utilized to investigate the GaRolecule by
from the vaporization at 650 K of the CoFTbF, mixture. Knudsen effusion mass spectrometry and matrix isolation
infrared spectroscopy. The individual electron impact mass
spectrum and the infrared spectrum of argon-isolated,CoF
molecules were determined. The described synthesis procedure
can be applied for further experimentation in order to investigate
%0F4 by other spectroscopic methods, for example, Raman
spectroscopy and high-temperature gas electron diffraction,
which could provide more information about the geometry and
other characteristics of this molecule.

the vaporization temperature. From 1050 K on, it was the only
species detected.

On deposition of Cofin the 706-800 K range of temper-
ature, a sharp band was observed at 736.9 and a medium on
at 161.2 cm?, in agreement with literature dat&£? and
theoretical suggestior#8.Electron diffraction measuremefts
have suggested a plan@s, geometry for this molecule,
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