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The pyrolysis of Ba(CF;C00),-nH,0 at temperatures up to 1000 °C, under flowing pure Ar, O, and O,
saturated with water vapour, was extensively analysed. The existence of a:CF, diradical is inferred and
the formation of HF is observed directly for the first time during a trifluoroacetic acid salt decomposition.
High resolution thermogravimetry, differential scanning calorimetry, X-ray diffractometry and scan-

ning electron microscopy indicated that the exothermic two-stage decomposition of the anhydrate salt
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occurs between 282 and 325 °C, forming BaF, via an unstable CF3COOBaF intermediate. Fourier transform
infrared spectroscopy revealed the influence of water on the reactions of the liberated gaseous products,
identifying CF3COOH, HF, CHF; and CO, as the principal volatile species, with C;F4, C;Fg, CO and SiF4
also detected. The decomposition temperature is significantly lower than previously reported, which has
implications for sol-gel processing.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fluoride glasses are used in optical and opto-electronic appli-
cations [1-3], as immiscible transparent matrices for functional
fine particles [4,5] or as host crystals for luminescent ions [6]. In
such glasses, a low concentration of transition metal ions results
in strong absorptions in the infrared range of the spectrum, which
are unacceptable in many applications [7,8]. Metal fluorides are
not commonly available in the required ultra-high purity, so metal
trifluoroacetates are commonly used as affordable, high purity
starting materials. The same trifluoroacetate salts are the most
popular metal cation precursors in the synthesis of superconduct-
ing YBa,Cu30;_s coated conductors (YBCO CC), as they inhibit the
formation of carbon-rich impurities, for example BaCO3, during
post-deposition heat treatment [9].

Barium trifluoroacetate has been successfully used in anti-
refracting coatings [10,11] and YBCO CC thin film deposition
[12-14] via a sol-gel method (chemical solution deposition, CSD).
Unlike evaporation techniques, which often require ultra-high vac-
uum (physical vapour deposition, PVD), the sol-gel approach is
cheap and can be easily scaled up; but controlling the crucial
transformation of the deposited gel into a film with the right mor-
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phology is challenging. A thorough analysis and understanding of
the decomposition process can contribute to controlling this trans-
formation and optimising the material’s final performance.

It is assumed that the formation of metal fluorides results from
the thermal decomposition of the trifluoroacetic acid anions coor-
dinated to the metal cations. In the present work we present the
results of an in-depth in situ IR study of the thermal decompo-
sition of barium trifluoroacetate hydrate, as a full understanding
of pyrolysis is of great importance during any sol-gel deposition
technique.

2. Experimental
2.1. Chemicals

Barium(Il) trifluoroacetate hydrate (Ba-TFA, Ba(CF3COOH),-
nH,0) was obtained from Alfa Aesar (JM) and used as supplied.

2.2. Characterisation techniques

Thermogravimetry (TG) and high resolution thermogravimetry
(HR-TG) coupled with Fourier transform infrared (FT-IR) spec-
troscopy were performed using a TA Instruments TGA Q500 in an
open platinum crucible. For standard TG, a heating rate of 5 °C/min
was used from room temperature to 1000 °C. HR-TG was performed
up to 600 °C, with a heating rate dynamically adjusted in response
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to the measured rate of change of mass in the range from O to
20°C/min. Analysed samples were between 5 and 10 mg in mass.
The mixture of evolved and purge gases was transferred to the
heated stainless steel gas cell of a Thermo Scientific Nicolet iS10
Spectrometer via inert glass-lined stainless steel tubing, which
was also heated to around 125°C to avoid the condensation of
less volatile species. Spectra were recorded at appropriate inter-
vals throughout each run. All data collected from TG and HR-TG
were analysed in TA Universal Analysis software, and differentiated
to obtain differential thermogravimetry (DTG) data. The start of a
reaction was defined from the mass vs. temperature curve by the
intersection of the extrapolated local horizontal baseline and the
tangent to the curve at its steepest point [15]. The equipment was
purged before each measurement for 0.5 h at ambient temperature
before a background IR spectrum was taken.

Simultaneous thermogravimetry and differential scanning
calorimetry (TG-DSC) were performed using a TA Instruments
SDT Q600 in an open platinum crucible with a heating rate of
5°C/min from room temperature to 1000°C. Analysed samples
were between 5 and 10 mg in mass each. Data were analysed in
TA Universal Analysis software, with the same definition of the
start of a reaction as used for TG. Results are presented here using
the convention of a positive peak in the temperature difference
between the sample and the reference for an exothermic process
and a negative trough for an endothermic process.

The TG, HR-TG and TG-DSC measurements were all performed
in three different atmospheres with a flow rate of 100 mL/min: pure
Ar, Oy, and O, saturated with water vapour. The water-saturated
atmosphere was prepared at standard temperature and pressure
(25°C, 1atm). Every experiment was repeated 3 times in order to
confirm the results and gain enough powder for X-ray diffractom-
etry.

X-ray diffractometry (XRD) was performed on powder samples
using Philips X’Pert PW1730 diffractometers. The instruments used
the Bragg-Brentano geometry and unfiltered Cu Ko radiation. /26
scans were performed with 1/2° divergence and anti-scatter slits
and a 0.3 mm receiving slit to minimize variations in measured
intensity as a result of the finite sample area (typically 1cm?).
All powder diffraction data were analysed in Panalytical High-
score Plus software and compared with the International Centre
for Diffraction Data (ICDD) powder diffraction file PDF2.

Scanning electron microscopy (SEM) was performed on pow-
der samples using a JEOL JSM 5800 LV scanning microscope with
a W source and an ultra-thin window (UTW) detector for energy
dispersive X-ray (EDX) spectroscopy. The detector was calibrated
each time against Si. All SEM images and EDX data were analysed
in INCA software.

3. Results

The results of thermogravimetric analysis revealed two distinct
regions of mass loss, the first below 150°C associated with three
peaks in DTG, and the second larger mass loss starting at 286 °C
and corresponding to two poorly resolved peaks in DTG (Fig. 1). In
order to resolve these partially overlapping peaks and to identify
the evolved gases of decomposition, the compound was subjected
to HR-TG coupled with FT-IR in three different purge gases, dry
Ar, pure O, and O, saturated with water vapour. It was confirmed
by FT-IR analysis that the mass loss at low temperatures, up to
150°C, corresponded to water loss. Fig. 2 shows the HR-TG curves
in all three atmospheres for this dehydration region: three broad
steps are observed in each case, but they are much more clearly
defined for the wet O, atmosphere. The mass loss after the third
dehydration step is consistent with the starting material existing
as a dihydrate (Tables 1 and 2): from HR-TG data in all three atmo-
spheres,n=1.9+0.1.
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Fig. 1. TG and DTG curves of Ba-TFA hydrate heated at 5°C/min under a flowing dry
Ar atmosphere, revealing overlapping decomposition steps of the salt; above 150°C,
the same behaviour was observed in all three atmospheres.
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Fig. 2. Dehydration HR-TG curves of Ba-TFA hydrate heated under three different
flowing atmospheres, revealing the presence of two intermediate hydrates.

Fig. 3 shows the full temperature range of the HR-TG data. After
a broad plateau above 150°C, during which no mass loss occurred,
the rapid decomposition of the anhydrate salt at 292 °C resulted
in a sharp mass loss with a changing gradient, reaching a hor-
izontal plateau at 325°C. The corresponding DTG curve has two
peaks in this temperature range, revealing a two-stage decompo-
sition mechanism: the start temperature for the first stage, and
the remaining masses after each stage, are listed in Table 2. In all
the atmospheres used here, the remaining masses after the first
and second stages are in good agreement with those expected for
CF3COOBaF and BaF, respectively. After this decomposition, no
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Fig. 3. HR-TG and DTG curves of Ba-TFA hydrate heated under a flowing dry Ar
atmosphere with resolved decomposition peaks of the anhydrous salt; above 150 °C,
identical curves were recorded under a flowing dry and wet O, atmosphere.
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Table 1

TG data for Ba-TFA Hydrate decomposition under 5°C/min heating rate, showing the relative remaining mass after dehydration and decomposition. The theoretical values

are calculated on the assumption that the starting material is a dihydrate, n=2.

Compound Flowing atmosphere Mass % as anhydrous Decomposition Mass % as BaF,
Ba(CF3C00), temperature (°C)
Theory Found Theory Found
Dry Ar 90.98 91.40 286 43.90 43.99
Ba(CF3C00), nH0 Dry O, 90.98 92.37 286 43.90 44.45

Table 2

HR-TG data for Ba-TFA hydrate decomposition, showing the relative remaining mass after dehydration and the two stages of decomposition. The theoretical values are

calculated on the assumption that the starting material is a dihydrate, n=2.

Compound Flowing atmosphere Mass % as anhydrous Decomposition Mass % as CF3COOBaF Mass % as BaF;
Ba(CF;C0O0), temperature (°C) (1st stage) (2nd stage)
Theory Found Theory Found Theory Found
Dry Ar 90.98 92.05 292 +2 67.44 65.80 43.90 44.47
Ba(CF;C00),-nH,0 Dry O, 90.98 91.56 288 £1 67.44 69.56 43.90 44.34
Wet O, 90.98 91.02 282 +1 67.44 67.00 43.90 43.86

further mass changes were observed up to the maximum temper-
atures of 600 °C and 1000 °C reached in HR-TG and TG respectively.

In order to confirm the products remaining after decomposition,
samples were collected for XRD. Fig. 4 shows the diffraction pattern
of the white powder remaining after HR-TG was performed up to a
temperature of 600°C, demonstrating that this product was BaF,.
EDX analysis of the same powder indicated the Ba/F atomic ratio to
be 1.9+0.2 (Fig. 5). The product after performing TG up to 1000°C
was also a white powder confirmed by XRD to be phase-pure BaF,.

FT-IR analysis of evolved gases identified a mixture of carbon
dioxide (CO,) and monoxide (CO) as well as a mixture of fluori-
nated compounds. The evolution of CO, and CO is represented by
the carbonyl stretch at 3726, 3700, 3627, 2362, 2337, 667 cm™!,
and peaks at 2178 and 2111 cm™1, respectively. The fluorinated
mixture principally consisted of trifluoroacetic acid (TFAH), triflu-
oromethane (CHF3) and hexafluoroethane (C,Fg), with traces of
tetrafluoroethene (C,F4). The principal changes in the spectrum
with temperature are the appearance and loss of TFAH peaks at
3579, 1829, 1405, 1234, 1203, 1120, 778 and 580cm~! as well
as CHF; peaks at 3035, 1375 and 1151 cm™!, associated with the
carbonyl (C=0), C-H, C-C and C-F stretches listed in Table 3.
Peaks corresponding to C;Fg were also observed at 1250, 1115
and 714cm! in the early stages of decomposition. The forma-
tion of CF,4 is observed from the peaks at 1338 and 1186cm™!,
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Fig. 4. XRD 26 scan (Cu Ka) of the residue after heating Ba-TFA Hydrate to 600°C
under a flowing dry Ar atmosphere during HR-TG, revealing BaF, formation; identi-
cal patterns were recorded for the powder samples obtain under a flowing dry and
wet O, atmosphere.

and the peaks at 3920, 3877, 3833 and 3788cm~! are evidence
of the presence of hydrogen fluoride (HF) in the gas mixture. A
peak at 1026 cm~! develops for silicon tetrafluoride (SiF,), which is
believed to be a reaction product between HF and either the quartz
elements of the furnace tube or the glass spectroscopic cell [16,25].
Repeated analysis did not reveal any carbonyl fluoride (COF,) to
be present. A list of all recognised species is presented in Table 3
together with the assigned stretching regions and references.

The rate of evolution of each detected species, as reflected by the
absorbance in the FT-IR data (Fig. 7), depended on temperature and
atmosphere. For the dry atmospheres, significant amounts of CO,
and TFAH with a smaller amount of C,Fg were detected throughout
decomposition; significant amounts of SiF4 and CHF; were liber-
ated only during the second stage of decomposition, above ~310°C.
In the case of the O, atmosphere saturated with water vapour,
only CO, was evolved rapidly in both stages of decomposition: the
other four species, although detected in the first step, exceeded
50% of their maximum absorbances during the second stage of the
decomposition.

Analysis of the TG-DSC curves (Fig. 6) revealed the presence of
three endothermic peaks in the temperature range in which dehy-
dration takes place, followed by two exothermic peaks. Accurate
temperature calculation was difficult because the DSC baseline was
not straight. The endotherms (a, b and c) are due to dehydration,
and the first (d) and second (e) exotherm correspond to the two-

20um L
Fig. 5. SEM micrograph (secondary electron image) of the Ba-TFA hydrate residue

after HR-TG under a flowing dry Ar atmosphere; EDX analysis suggested a F/Ba ratio
of 1.9+0.2.
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Table 3
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Assignment of IR peaks (4000-400 cm~') recorded during HR-TG of Ba-TFA hydrate

under a flowing dry Ar atmosphere.
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Fig. 7. FT-IR spectrum of gases evolved during HR-TG of Ba-TFA hydrate under a
flowing dry Ar atmosphere, revealing liberation of HF, CO,, CF3COOH, CHFs, CO,
CyF4, CoFg and SiF4 at the indicated temperatures (curves offset for clarity).

the TFA salts of lanthanides [25], the intermediates were not stable

Observed peak (cm~!) Species Approximate description Reference
3920 HF H-F [16,17]
3877 HF H-F [16,17]
3833 HF H-F [16,17]
3788 HF H-F [16,17]
3726 CO, =0 [18]

3700 CO, =0 [18]

3627 CO, =0 [18]

3579 CF3COOH O-H str [16,18-20]

3035 CHF; C-H str [16,18]

2362 CO, C=0 asym str [16,18]

2337 CO, C=0 asym str [16,18]

2178 co =0 [16,18]

2111 co =0 [16,18]

1829 CF3COOH C=0 str [16,18-20]

1405 CF3COOH C-Ostr [16,18-20]

1375 CHF;3 C-F str [16,18]

1338 CoFy C-Fstr [18,21]

1250 CyFs C-F str [18]

1234 CF3COOH C-F asym str [16,18-20]

1203 CF;COOH C-F sym str C-C str [16,18-20]

1186 CyF4 C-F oop def [18,21]

1151 CHF;3 C-F str [16,18]

1120 CF3COOH O-H ip def [16,18-20]

1115 C,Fs C-Fstr [18]

1026 SiF4 Si-F str [22-24]
778 CF3COOH C-Cip def [16,18-20]
720 CyFg C-Cstr [18]

701 CHF;3 C-F def [16,18]

667 CO, CF3COOH  C=O0 def [18-20]

580 CF;COOH C-Fip sym def [16,18-20]

str, stretching; def, deformation; sym, symmetric; asym, asymmetric; ip, in-plane;
oop, out-of-plane.

stage decomposition of the anhydrous compound. These results are
in agreement with TG and HR-TG, where three dehydration steps of
the dihydrate and then two decomposition steps of the anhydrous
salt were defined.

4. Discussion

The low temperature of the dehydration reaction indicates that
the water molecules are not strongly bonded to the salt (Reaction
(1)). HR-TG confirmed that dehydration proceeded in three steps,
forming intermediate hydrates with masses and stability ranges
dependent on the atmosphere. Although it is believed that the salt’s
crystalline structure could change upon dehydration, as occurs in

100 6
TG
B
80
r4 =z
—_ g
= | , 2
g 601 3 E
] [+
= Lo &
>
: 40 ¢ =
& === DSC -—-—-- - =N )
/ o T Fo &
204 Ve It B
\\\'u b ¢ L
a
0 : . . . . ; . ‘ . 2
0 50 100 150 200 250 300 350 400 450 500

Temperature [°C]|

Fig. 6. TG and DSC (exothermic positive) curves of Ba-TFA Hydrate heated at
5°C/min under a flowing wet O, atmosphere, revealing the three-stage endothermic
dehydration (a, band c) of the hydrate and the exothermic two-stage decomposition
of the anhydrous salt (d and e); identical curves were recorded under a flowing dry
0O, atmosphere.

enough to isolate for further characterisation.

Thermal studies revealed the decomposition of anhydrous Ba-
TFA to start at a temperature around 290°C in the presence of
flowing dry gases and almost 10°C lower in the presence of flow-
ing wet gases (Table 2). From the HR-TG and DSC curves it can be
seen that the two partially overlapping stages of decomposition are
highly exothermic and that the intermediate species is unstable, as
itundergoes further decomposition readily before the first has been
completed. Although powder XRD analysis could not be carried out
after the first exothermic decomposition step, the mass change is
consistent with the formation of CF3COOBaF. Calculations of the
remaining mass together with XRD powder analysis confirmed the
final product of decomposition to be BaF,.

The existence of a:CF,CO, diradical has been postulated (but
not conclusively demonstrated) in earlier work on the thermal
decomposition [26,27] and flash photolysis [28] of TFAH and
related species. However, in the present work, the volatile products
detected together with calculations of remaining mass suggest that
the decomposition of anhydrous Ba-TFA proceeds stepwise through
the liberation of CO, and a difluoromethylene diradical (:CF,), not
a:CF,CO, diradical (Reaction (2)). The existence of:CF, has previ-
ously been suggested in several related systems, including the TFAH
scavenging reaction with Br, [23] and THAH pyrolysis in the pres-
ence of flowing Br; [24]; in each case, CF,Br; was identified in the
IR spectrum. Furthermore, pyrolysis of a TFAH and HCI mixture has
been shown (by IR) to produce CHCIF, [12], and trimethyltriflu-
oromethyltin ((CH3)3SnCF3) has been reported to produce:CF, on
decomposition [29].

The liberation of:CF, from unstable CF3COOBaF is also believed
to take place in the second stage of decomposition, leaving BaF,
as the final product (Reaction (3)). The formation of traces of C;F4
in the present study, presumably from the dimerisation of:CF,, is
further verification of the presence of:CF, in the reaction mixture
(Reaction (4)). The:CF; may also reactin contact with quartz or glass
components, giving the SiF4 observed by FT-IR (Reaction (5)) [16].

TFAH and HF are both observed in the FT-IR spectra during the
decomposition of anhydrous Ba-TFA, even in the supposedly dry
atmospheres. In the absence of any other proton source, it must
be proposed that water is still present in the system (either in the
gas cell of the IR spectrometer or at low concentrations in the purge
gas), and that HF is formed from its reaction with:CF, (Reaction (6))
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[16]. The HF may then, most likely in the presence of:CF, and CO,,
produce TFAH (Reaction (7)).:CF, seems to react relatively easily
with H,O0, since little C;F4 and no higher polymer was formed.
The majority of HF seems to react either with:CF, to form a
significant amount of CHF3 (Reaction (8)) [16], or with the quartz
elements of the furnace tube or the glass spectroscopic cell to form
SiF4 (Reaction (9)) [16,26]. The former reaction is not unexpected
given the previously reported reactivity of:CF, with HCI [12].

(CF3C00),Ba-2H,0 = (CF3C00),Ba + 2H,0 (1)
(CF3C00),Ba = CF3COOBaF + :CF, +CO, 2)
CF3COOBaF = BaF, + :CF, +CO, 3)
2:CFy = CoFy (4)
2:CF +Si0, = SiF4 +2C0 (5)
:CF, + H,0 = 2HF + CO (6)
:CF, + HF + CO, = CF3COOH (7)
HF + :CF, = CHF3 (8)
4HF + SiO, = SiF4 +2H,0 9)

No evidence of BaO was found, suggesting that the hydrolysis of
BaF, has to take place at a temperature above 1000 °C in the con-
ditions investigated here. Tada et al. [30] reported oxide formation
starting at 800 °C in sol-gel thin films, but a lower reaction temper-
ature is not uncommon for thin film deposition by sol-gel routes
[32].

In the complete absence of water, it is expected that Reac-
tions (6)-(9) would not occur, and the decomposition described
by Reactions (2) and (3) would be consistent with the overall reac-
tion proposed by Riissel for Li, Na, Mg, Al, Ca, Ti, Zn, Y, Zr, Ba, La
and Pb TFA salts (Reaction (10); M =metal cation) [10]. However,
the present work has distinguished a two-stage mechanism and
demonstrated the role of:CF,.

(CF3C00)M = MFy + (1/2)XC,F4 +xCO, (10)

The onset temperatures found in this work for the decom-
position of anhydrous Ba-TFA, 282°C in wet O, and 288-292°C
in dry atmospheres, are significantly lower than the 318°C and
346 +2°C previously reported by Tada et al. [30] and Riissel [10]
respectively. In sol-gel processing routes, too high a heating rate
around the decomposition temperature results in rapid pyrolysis,
often causing cracking and porosity of the developing film. Accurate
knowledge of the decomposition temperature is therefore essen-
tial to design an appropriate heat treatment, and assuming the
26-64°Chigher temperatures previously reported is likely to result
in poor coating morphology.

5. Conclusions

The dehydration and decomposition of Ba(CF3C00),-nH,0 have
been investigated in flowing dry Ar, and both wet and dry flowing
0,. It has been determined by HR-TG that the salt is a dihy-
drate (n=1.9+0.1), with dehydration proceeding in three steps.
Decomposition to BaF, takes place in two stages, probably via the
unstable intermediate CF3COOBaF, by the liberation of CO, and
the:CF; diradical. In the presence of water, the latter forms HF, caus-
ing the formation of other fluorinated species; but fluorophosgen
(carbonyl difluoride, COF;) was not detected. The decomposition
temperatures, 282-292°C, were significantly lower than previ-
ously reported.
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