Journal of Thermal Analysis and Calorimetry, Vol. 71 (2003) 501-508

TG-DTA STUDY ON THE LANTHANOID
TRIFLUOROMETHANESULFONATE COMPLEXES

K. Egashiral, Y. Yoshimuraz*, H. Kanno® and Y. Suzuki'

'Department of Industrial Chemistry, Faculty of Science and Technology, Meiji University,
Tama-ku, Kawasaki 214-8571, Japan

*Department of Applied Chemistry, National Defense Academy, Yokosuka, Kanagawa 239-8686,
Japan

(Received January 26, 2002; in revised form May 8, 2002)

Abstract

The thermal decomposition of the lanthanoid trifluoromethanesulfonate (triflate) complexes
{Ln(CF;S05);-9H,0; Ln=La-Lu} was studied by TG and DTA methods. From the endothermic and
exothermic data of Ln(CF5S0;);-9H,0 complexes, pyrolysis behavior of the complexes is classified
into three groups: 1) La—Nd salts, 2) Sm—Ho salts, 3) Er—Lu salts. It has also shown that all the final
decomposition products were found to result in the formation of LnFs.

Keywords: lanthanoid trifluoromethanesulfonate complexes, pyrolysis behavior, TG-DTA, ther-
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Introduction

As compared with 3d-transition elements, lanthanoids are known to form complexes
of higher coordination numbers ranging from 7 to 12 due to the large size of ions and
the ionic nature of the metal-ligand bonding [1]. Until now there have been some
thermal studies on the lanthanoid complexes [2—7]. Recently, much attention has
been directed to the lanthanoid complexes containing trifluoromethanesulfonate
(triflate) [8] because of its unique properties [9—11]. Lanthanoid triflates are also now
widely used as a catalyst in various organic reactions [12].

Yanagihara et al. [5] have studied thermal decomposition of lanthanum
trifluoromethanesulfonate. They stated that the general reaction scheme for the de-
composition process can be shown as follows:

La(CF;SO3)3—>LaF3+3 SOz+C02+CF30CF3

However, systematic studies including all lanthanoid members have been still
lacking. It is well known that the various data, such as thermodynamic and transport
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properties [13—15], complex formation constants [16], Raman peak frequencies [17]
etc., of lanthanoid electrolyte solutions show irregular variations across the series.
These irregular variations are explained by the coordination number change of
lanthanoid ions in the middle of the series [17, 18]. It is then very interesting to deter-
mine the thermal decomposition processes of the lanthanoid triflates of all lanthanoid
members. Some new insights could be obtained from the pyrolysis behavior of the
complexes.

In this study, we have investigated the thermal decomposition of the lanthanoid
trifluoromethanesulfonate (triflates) complexes {Ln(CF,SO,),-9H,0; Ln=La-Lu} by
TG-DTA measurements.

Experimental

Sample preparation

The lanthanoid triflates {Ln(CF,SO,),; Ln=La—Lu} were prepared from Ln,O,
(Santoku Metals, 99.9%) and trifluoromethanesulfonic acid (HCF,SO,; Wako Pure
Chemicals, 98%>). The oxide was mixed with the slightly excess trifluoromethane-
sulfonic acid at room temperature and then heated on a hot plate at about 80—90°C to
synthesize the Ln(CF,S0O,), and evaporate excess water. The resulting white salt was
recrystallized from aqueous solution. The composition of the triflate as precipitated
from the solution corresponds to the formula of Ln(CF,SO;),-9H,0. The crystals
were preserved in a dessicator before use as samples.

TG-DTA measurements

The theromogravimetric (TG) and differential thermal analysis (DTA) measurements
were carried out with a Mac Science WS-002 TG-DTA system in static air. About
15 mg of the sample was taken for each run. The sample pan was an open aluminum
type. An a-Al,O, powder was used as a reference material. TG and DTA curves were
obtained up to ~550°C. The heating rate was 5°C min .

Results and discussion

Figures 1-3 show the typical TG and DTA curves of lanthanoid triflates {Fig. 1;
La-triflate, Fig. 2; Gd-triflate, Fig. 3; Lu-triflate}. For a convenience, the peak tem-
peratures revealed on the DTA curve are designated to 7, for the onset endothermic
temperature and 7, for the onset exothermic temperature (x=1, 2,..), respectively. As
seen in Figs 1-3, there are clear differences in the decomposition processes. The
DTA curve for lanthanum triflate (Fig. 1) gives two large endothermic peaks and one
sharp exothermic peak, but that for gadolinium triflate (Fig. 2) composed of three en-
dothermic peaks and two small exothermic peaks. The DTA trace for lutetium triflate
(Fig. 3} shows two large endothermic peaks and two exothermic peaks. The several
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Fig. 1 The TG-DTA trace of the lanthanum triflate. The respective mass loss steps on
the TG curve are designated to A, B, C, D. The onset endothermic temperatures
revealed on the DTA curve are indicated as 7,x. The onset exothermic tempera-
tures are denoted as Ty, (x=1, 2..)
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Fig. 2 The TG-DTA trace of the gadolinium triflate
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Fig. 3 The TG-DTA trace of the lutetium triflate
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peaks on the DTA curve correspond to the successive steps on the gravimetric change
on the TG curve. The entire TG curve shows various decomposition steps.

Figure 4 shows the temperatures of all endothermic peaks (7)) appeared in the
DTA curves of lanthanoid triflates across the series. The value of the temperature of
the first endothermic peak (7,) rises gradually from La to Lu complexes. The second
endothermic peak (7,) for La—Nd salts appears to be nearly constant, but that for
Sm-Lu salts increases with the increase in the atomic number of lanthanoid. In the
case of Sm—Ho salts, the third endothermic peak (7,;) is observed.

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
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Fig. 4 The series behavior of the temperatures of the endothermic peaks; ® — Ty,
o- T n2s A _T n3

Figure 5 shows the temperatures of all exothermic peaks (7, ) appeared in the
DTA curves of lanthanoid triflates. The first exothermic temperature (7),,) decreases
with the increase in the atomic number of lanthanoid. For Sm—Lu triflate salts, the
second exothermic temperature (7,) is observed and the temperature increases with
the increase in the atomic number.

The mass loss at the end of the decomposition, expressed in percent of the initial
mass, is denoted with @ in Fig. 6. It is noticeable that the values of gravimetric change
are almost constant across the series. If the complex is converted completely into
LnF, at the end of its decompositions, the value of gravimetric change can be calcu-
lated by the Eq. (1), and is shown as A in Fig. 6.

Ln(CF,S0, ),-9H,0-LnF,

A(%)=100
Ln(CF,S0,),9H,0

(M

As can be seen in Fig. 6, the calculated value is in good agreement with the ex-
perimental value within the experimental uncertainty. In addition, in order to confirm
that the final decomposition products were not Ln,O,, we dissolved the final decom-
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Fig. 5 The series behavior of temperatures of the exothermic peaks; ® — 74, © — Ty,
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Fig. 6 The relative mass of the final product of the lanthanoid triflates plotted vs. the
atomic number of Ln; ® — experimental values, A — calculated values

position products into the nitric acid. It is found that the decomposition products do
not dissolve in the nitric acid. It should be pointed out that Yanagihara et al. [5] ex-
amined the product remaining after thermal decomposition of the La(CF,SO,), by
XRD study. They reported that the lanthanum trifluoride (LaF,), which has the crystal
structure of a hexagonal form, was obtained as the final product. Therefore, in view
of these results it is most likely that the lanthanoid triflate complexes were converted
into the LnF; at the end of their decomposition.

From all the data obtained in this study, the pyrolysis behavior of the complexes
can be classified into three groups, i.e., (1) La—Nd salts, (2) Sm—Ho salts, (3) Er—Lu
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salts. Considering the TG data for the complexes, the reaction scheme for each group
of the lanthanoid triflates can be expressed as follows:

LI’I(CF3SO3)3 9H20—)L1’1(CF3SO3)3 HQO—)LH(CF3SO3)2(CF3 SOz)—)LnF3 (1 )

The complex begins to lose 8H,0 molecules when heated to a certain tempera-
ture (step AB in the TG curve) in Fig. 1. Then comes another step BC. The TG change
of the step BC is gentler than that of the step AB. Finally comes the decomposition of
the Ln(CF,SO0,),(CF,S0,) rather rapidly with the rise of temperature, up to a point D
where the mass of the residue becomes nearly constant.

LH(CF3803)3'9H20—) LH(CF3803)33H20 —)LI’I(CF3SO3)3 —>
—)LH(CF3SO3)2(CF3SOQ)—)LI’I(CF3SO3)2'F—)LHF3 (2)

Taking the occurrence of one more set of endothermic and exothermic peaks in
the DTA curve and the corresponding TG curve into account, the decomposition pro-
cess for the Sm—Ho complexes is different from that for the La—Nd complexes. As
compared with the process (1), the main difference in the pyrolysis behavior is that
the intermediate decomposition products such as Ln(CF;SO,), and Ln(CF,SO;), -F
should exist in the course of decomposition process. The number of water molecules
released at the first step in this process is fewer than that in the process (1).

Ll’l(CF3SO3)3'9H20—)L1’1(CF3SO3)3'3H20—) (3)
- LH(CF3SO3)2(CF3SOz)—> LI’I(CF3SO3)2-F—)LHF3

The differences in the pyrolysis behavior between the process (2) and (3) are
present in that the 3H,0 molecules and an O atom of the CF,SO, molecule are lost si-
multaneously and Ln(CF,S0,), is not the intermediate substance in the course of the
decomposition.

These differences in the pyrolysis behavior are possibly due to the size differ-
ences between lanthanoid ion and its ligands. The complexes of the lighter lanthanoid
members with larger ionic radii of Ln’*, will have weaker Ln—H,O bonds. The crystal
structure of Ln(CF,SO,),-9H,0 was determined by X-ray diffraction technique [19].
It was reported that the crystal structure has the hexagonal space group (P6,/m) and
the basic coordination sphere around Ln*" ion involves nine water molecules in a
tricapped trigonal-prismatic array. There should be the mismatch between the size of
lanthanoid ion and that of the coordination sphere of water molecules and the triflate
ions. Thus, their coordination spheres are not perfectly packed with 9H,0 molecules,
so that the interactions will be relatively weaker than those in the complexes with
smaller Ln’* ions.

Rillings and Roberts [20] reported the thermal studies on several lanthanide salts
of trifluoroacetic acid (Ln(CF,CO,),-3H,0; Ln=Pr, Sm, Er). As like in our results in
this study, the compounds, which have isomorphous structures within the series, de-
hydrate in definite steps and a variety of intermediates are formed depending on the
lanthanoid ion. The respective trifluoroacetate shows 1-, 1.5- and 2-hydrate interme-
diates for the first step of dehydration. The procedural decomposition temperature of
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the salts increases with increasing the atomic number of the lanthanide. Rillings and
Roberts stated that the lanthanide contraction and decreasing base strength of the ele-
ments are major causes of the results. It is to be noted that there is a difference in the
pyrolysis behavior between the lanthanoid triflates and trifluoroacetate salts; The
number of water molecules released per step increases with an increase in atomic
number. They suggested the general reaction scheme for the trifluoroacetates to pro-
ceed as follows:

LH(CF3C02)3—)LHF3 + (CF3CO)20 + C02 +CO
Secondary decomposition of the anhydride also occurred.

(CF5C0),0—CF;COF + COF, + CO

Wendlandt [21, 22] studied the thermal decomposition of the hydrated oxalates
of lanthanoid (Ln,(C,0,),-10H,0; Ln=La—Er). As like in our results, he concluded
that the thermal decomposition curves of the lanthanoid oxalates can be classified
into three groups. The first group includes the oxalates of La—Nd. The formation of
intermediate hydrates was not observed and the 10-hydrates decomposed directly to
the anhydrous oxalates; the second group consists of the oxalates of Sm—Dy. The for-
mation of 6- and 2-intermediate hydrates was observed; the third group contains Ho
and Er. The 2-hydrates appeared to be stable complex.

Conclusions

In conclusion, the present TG-DTA data provides previously unreported information
concerning the thermal stability and thermal decomposition of the Ln(CF,SO,),-9H,0
complexes. An important point is that the thermal decomposition behavior of the
lanthanoid complexes, as well as thermodynamic properties observed in aqueous
lanthanoid salt solutions, is not the same throughout the series and is considerably de-
pendent on the size of the lanthanoid ion. That is, the Ln(CF,SO,),-9H,0 complexes de-
compose in definite steps and a variety of intermediates are formed depending on the
lanthanoid ion. It is found that the pyrolysis behavior of the Ln(CF,SO;),"9H,0 com-
plexes can be classified into three groups as La—Nd salts, Sm—Ho salts, and Er-Lu salts,
though all the final decomposition products are LnF,.
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