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Thermal decomposition of bis(tetraethylammonium) tetrachloroferrate(ll) has been studied using the
TG-FTIR, TG-MS and DTA techniques. The measurements were carried out in an inert atmosphere over
the temperature range of 293-1073 K. The solid products of the thermal decomposition were identified
by the FT-FIR, Mssbauer spectroscopy as well as the X-ray powder diffractometry. The influence of the
oxidation state and the nature of a metal on thermal transformation profiles of analogous complexes have
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1. Introduction

The ferric(Il) ion has been found to form with halide ligands
high-spin tetrahedral complex ions, [FeX4]®~ [1,2]. Up to now,
mostly structural [2] and spectroscopic [3-7] features of the halo-
gen complexes of the ion have been studied. In addition, their
magnetic properties aroused some interest, in particular owing
to the large magnetic moment of (Et4N);[FeCls] (5.39 B.M.) [3,8].
Similar to analogous tetrachloroferrates(Ill), [FeCl4]~, their use as
components of molecular magnetic conductors [9,10] has exten-
sively been surveyed. Bearing in mind that use, it is highly probable
that useful information on the properties of those materials might
be obtained from the results of investigation of their thermal
behaviour.

Our previous studies were concerned with the properties
of analogous tetrahalogenoferrates(Ill) [11-17], in particular the
thermal ones. Hence, the purpose of this contribution was the
preparation of the (Et4N),[FeCl4] complex and investigation of its
thermal behaviour to bridge up the literature gap. Furthermore,
it seemed worthwhile to compare the characteristic features of
the ferric(Il) compounds with those of the previously studied fer-
ric(Ill) complexes, a particular emphasis being laid on their thermal
characteristics.
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2. Experimental
2.1. Synthesis of (Et4N),[FeCly]

Bis(tetraethylammonium) tetrachloroferrate(ll) was obtained
using a procedure similar to that reported in the literature [3].
Thus, FeCl, (0.03 mol) was dissolved in a small volume of methanol
and acetone, then the solution was added to a methanolic Et4NCl
(0.06 mol) solution, in an argon atmosphere. The solvents had pre-
viously been ‘deoxygenated’ by passing argon through them. The
solid product was isolated rapidly by filtration under argon, dried
in a stream of argon and finally placed in a closed container in a
vacuum desiccator.

Elementary analysis confirmed the composition of the obtained
compound (Found: C, 41.9; N, 6.0; H, 8.9. Calcd. for [Et4N],[FeCly],
C,41.9; N, 6.1; H, 8.7%) and FT-FIR [4] and Raman [5] spectroscopies
additionally identified the complex.

2.2. Instrumental

The FTIR spectra were recorded on Bruker IFS 66 spectropho-
tometer in KBr pellets over the 4400-650 cm~! range and the FT-FIR
spectra (650-50 cm~!) were taken in PE.

The TG-FTIR analyses were run in argon (Ar 5.0) on a Netzsch TG
209 apparatus coupled with Bruker FTIR IFS 66 spectrophotome-
ter (range 298-1073 K, corundum crucible, sample mass ca. 12 mg,
heating rate 15 K/min, flow rate of the carrier gas 18 mL/min).
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Table 1
Analyses of the decomposition products obtained in the inert atmosphere.

Complex Stage Temperature range (K) DTGmax (K) Mass loss (%) Solid decomposition product
1 533-588 579 39

(Et4N);[FeCly] 2 588-678 650 35 FeCl,
3 678-1023 13 FeCl,, FesC

The TG-DTA measurements were run in helium on a Setsys 16/18
thermoanalyzer (Setaram) coupled with a Thermostar quadrupole
mass spectrometer (range 290-1123 K, corundum crucible, sample
mass ca. 4-5mg, heating rate 5 K/min, flow rate of the carrier gas
15 ml/min).

The course of thermal analysis was broken at points correspond-
ing to the main steps of decomposition and the residues in the
crucible were quickly cooled in the stream of argon. This enabled to
analyze the residues at strictly pre-determined steps of decompo-
sition. The analysis was carried out using the FTIR and Md&ssbauer
spectroscopic techniques as well as the X-ray powder diffractome-
try.

The presence of crystalline phases was checked by X-ray diffrac-
tion with the use of Philips X'Pert diffractometer system. The XRPD
patterns were recorded at room temperature with Cu Ka radia-
tion (A =1.5418 A). Qualitative analysis of the diffraction spectra was
carried out with the ICDD PDF database [18].

The Mossbauer spectra were recorded at room temperature
on a conventional spectrometer in transmission geometry using
a >’Co/Rh source. The samples were prepared in pellets with the
thickness of ca. 10 mg Fe/cm?. The spectra were numerically ana-
lyzed by the least-squares procedure assuming Lorentzian line
shapes except for the original, non-burnt compound which was
analyzed assuming the quadrupole splitting distribution. Isomer
shifts are quoted relative to a-Fe.

3. Results and discussion

Results of the thermal analysis of (Et4N),[FeCl4] are compiled
in Table 1, whereas the shapes of the TG, DTG and DTA curves are
presented in Fig. 1.

Bis(tetraethylammonium) tetrachloroferrate(ll) undergoes
thermal decomposition in the solid state, without melting, in three
steps. The first step is fairly vigorous and immediately followed by
the second one. Each of the steps is connected with a considerable
mass loss, this making separation of the accompanying TG traces
rather difficult. Fortunately, the sharp DTG and DTA peaks make
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Fig. 1. TG, DTG and DTA curves of (Et4N),[FeCls] recorded in the inert atmosphere.
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Fig. 2. FTIR spectrum of the volatile products of decomposition of (Et4N),[FeCls], in
argon.

possible to pinpoint the end of the first step and the onset of the
other (588 K).

At the very beginning of the discussion, it is worthwhile to
pay attention to a clear-cut difference between (Et4N)FeCly [17]
and (Et4N);[FeCly]. The former undergoes phase transformation
(Te =427 K) followed by melting (T, =538 K) around the decom-
position point (T4 =563 K), while the latter retains its structure up
to the decomposition point (Tq =563 K). It neither undergoes phase
transformation nor melts at all. In addition, the temperature of the
first decomposition step of (Et4N),[FeCly] is by 30 Klower than that
of (Et4N)[FeCly].

The volatile products of the (Et4N),[FeCl;] were identified on
the basis of their FTIR and TG-MS measurements (Figs. 2 and 3).
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Fig. 3. lonic current profiles recorded during TG-MS analysis of (Et4N),[FeCl4] in
the inert atmosphere.
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The FTIR spectra of the compound cover the temperature range
corresponding to the first two decomposition steps. Their shapes
are alike thus indicating that at either step the same organic entity
is released. Around 3000 cm~!, bands due to C-H stretching vibra-
tions of the methylene and methyl groups appear. The 1210cm™!
band can be assigned to the stretching vibration of C-N, while the
bands at 690cm~! are due to C-Cl. The latter band is missing in
the original, non-burnt, compound indicating that during the first
two steps the organic portion of the complex, i.e., the (Et4N)* ion,
undergoes degradation.

Having in hand decomposition patterns of similar compounds
[17,19-21], it can be speculated that the volatile products are
EtsN and EtCl, as supported by inspection of the ion currents of
the gaseous decomposition products. For instance, the peak at
m/z=49 can be assigned to CH,3>CI"* resulting from fragmentation
of the C;H53>CI* molecular ion (m/z=64) and the peak m/z=66
represents C;Hs537CI* (Fig. 3). Respective curves as a function of
temperature have identical shapes thus indicating EtCl as the prod-
uct. In addition, taking into account calculations based on the mass
losses taken from the TG curve, the first two decomposition steps
can be described by the following equation:

533-678K
—

(EtaN),[FeCly]
~2EtCl(g), 2Et3Ng)

FeCl, + CxHyN, (1)
where CyHyN; denotes undecomposed organic residue

The loss in mass taken from the TG curve reveals the formation
of FeCl, at 678 K. Sinters sampled at temperatures corresponding
to the end of successive decomposition steps enabled identifi-
cation of solid decomposition products. They were analyzed by
spectroscopic techniques (FT-FIR, Mossbauer) and X-ray powder
diffractometry of polycrystalline samples.

A comparison of the FT-FIR spectra (Fig. 4) allow to scan
changes occurring in the immediate environment of the Fe2* ion.
Thus, in the FT-FIR spectrum of the non-burnt compound, bands
due to metal-ligand vibrations are seen, namely 8¢|_re_c; (80 and
118 cm~1) and vge_¢; (285cm~1) (Fig. 4(1)). The bands are also dis-
played in the spectrum of a sinter left behind after heating of
(Et4N)y[FeCly] up to 588K (Fig. 4(2)). However, in this spectrum
anew band at 316 cm~! appears. This suggests only minor changes
to have occurred within the co-ordination sphere of the central ion
upon heating.

More pronounced changes occur during the second step of
decomposition which product differs distinctly from that of the
first step (Fig. 4(2 and 3)). The product is also retained in sinters
sampled at higher temperatures (833 and 1073 K) as indicated by
similarity of their FT-FIR spectra (Fig. 4(3-5)). Moreover, X-ray pow-
der patterns of the sinters facilitate identification of the product
(Fig. 5).

X-ray powder patterns of the sinters sampled at 673, 833 and
1073 K are almost identical thus indicating that the co-ordination
sphere of iron(II) is thermally stable during the second decompo-
sition step (673 K). The diffraction lines of the patterns correspond
to X-ray reflections of FeCl,. It suggests that the major product
of the second and third steps of the thermal decomposition of
(Et4N),[FeCly] is FeCl,. To support this conclusion, especially in
part concerning co-ordination sphere of the metal ion, Méssbauer
spectra were recorded (Fig. 6). Their parameters are shown in
Table 2.

The Mossbauer spectrum of the original, non-burnt
(Et4N),[FeCl4] reveals the internal doublet (Fig. 6(a)) which
parameters were found assuming the quadrupole splitting distri-
bution. The simple linear correlation between the isomer shift and
the quadrupole splitting was also applied. The obtained average
values of isomer shift IS=0.92mm/s with the sigma value of
0.06 mm/s and quadrupole splitting QS =0.75 mm/s with the sigma
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Fig. 4. The FT-FIR spectra of (Et4N),[FeCls] (1) and its decomposition products
(2)-(5) at various temperatures: (2) Tq=588K; (3) T4=673K; (4) Tq=833K; (5)
Tq=1073K.
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Fig. 5. XRPD pattern of (Et4N);[FeCls] heated up to 673K (2), 833K (3) and 1073 K
(4) in argon. For comparison, reflections due to FeCl, (1) are shown.

value of 0.12 mm/s are compatible with the literature data for the
tetrachloroferrate(Il) ion [8,22].

After the second decomposition step (833K) in the spec-
trum of the product two doublets - external (IS=1.16(1) mm/s,
QS=232(1)mm/s) and internal (IS=1.09(1)mm/s, QS=
0.76(1)mm/s) - appear (Fig. 6(b)). Their spectral parameters
correspond to Fe(Il) ions in different co-ordination environments.
Internal doublet with parameters similar to the doublet in original
sample may be attributed to the Fe2* jons in the [FeCl4]2~ complex
left after incomplete sample decomposition. On the other hand
the external doublet dominating in the spectrum (87%) may be
assigned to the FeZ* jons probably existing in the FeCl, phase (as
also supported by the XRPD and FT-FIR spectra).

It should also be noticed that when the sample was left in
the apparatus overnight and the measurement was repeated,
additional doublet with parameters of IS=1.21(1)mm/s and
QS=2.99(1)mm/s has been found. These parameters correspond
to those of FeCl,*4H,0 [23]. This observation revealed hygroscop-
icity of the sample and confirmed the presence of FeCl, in the “dry”
sample. The hygroscopicity of sinters had also been noticed with
similar Fe(Ill) compounds [14].

The last, third decomposition step of (Et4N),[FeCly] in the inert
atmosphere results in formation of a new phase of iron repre-
sented in the spectrum by sextet with parameters IS=0.19(1) mm/s
and H=208.6(2) kOe (Fig. 6(c)) corresponding to cementite Fe3C. It
seems reasonable to conclude that in the third decomposition step
some part of FeCl, is transformed into carbide. A small quantity
(10%) of iron is present in a form of [FeCl4 ]2~ ions what suggest the
incomplete decomposition of the sample.

A closer examination of the results obtained using Mdssbauer
spectroscopy and XRPD shows that FeCl; is the major product of the
second decomposition step of (Et4N),[FeCl]4 (cf. the above equa-
tion), while the final products of the decomposition in the inert
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Fig. 6. Room temperature Mossbauer spectra of (Et4N),[FeCl4] (a) and its products

of the second, 833K (b) and third, 1073 K (c) decomposition steps.

Table 2

Maossbauer parameters for (Et4N);[FeCls] and products of its decomposition after second (833 K) and third (1073 K) decomposition steps.

Sample Temperature of decomposition (K) IS (mm/s) QS (mm/s) I’ (mm/s) A (%) Species

(Et4N),[FeCl4] non-burnt - 0.92(06) 0.75(12) 0.24 100 [FeCly]>~

Decomposition product 833 1.16(1) 2.32(1) 0.15(1) 87.5(5) Fe?*
1.09(1) 0.76(1) 0.11(1) 12.5(4) [FeCly]*~

Decomposition product 1073 1.16(1) 2.32(1) 0.14(1) 67.5(2) FeZ*
1.09(1) 0.76(1) 0.12(1) 9.7+17 [FeCly]*~
0.19(1) 0.17(1) 22.8(7) Fe;C
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atmosphere are FeCl, and Fe;C. It was, however, interesting to learn
in what form chlorine was released during conversion of FeCl, to
Fe3;C, because in the MS spectra no unambiguous ionic currents due
either to HCl or Cl, have been noticed.

Furthermore, it is also interesting to note that FeCl, predomi-
nates in the decomposition products of (Et4N)[FeCl4] [17] at 683 K
and that both phases, FeCl, and Fe3C, occur in the final decomposi-
tion products of (Et4N)[FeCly]. Thus both complexes (Et4N)[FeCly]
and (Et4N),[FeCly] afford identical products during thermal trans-
formations. The only difference consists in the quantities of FeCl,
and Fe3C which are smaller in the case of (Et4N)[FeCl4] decom-
position. In the spectrum of its final decomposition products
in the argon atmosphere dominates a doublet with parameters
IS=1.09 mm/s and QS =0.78 mm/s assignable to [FeCl4]2~. This may
be explained in terms of a preliminary reduction of Fe(III) to Fe(II)
to afford a labile phase (in the spectrum doublet with parame-
tersIS=1.15(1)mm/s and QS = 1.65(1) mm/s) attributed to [FeCl5]*~
[17,24] followed by the formation of [FeCl4]2~ at a higher temper-
ature, whereas in (Et4N);[FeCly] the [FeCl4 ]2~ phase occurs just at
the starting point.

Additionally, from a comparison of the results with those pre-
viously reported for analogous compounds of Fe(Ill), Co(Il) and
Cu(II) [17,20,21] some conclusions can be drawn on the influence
of the oxidation state and the nature of the metal in the com-
plexes on their thermal behaviour. For instance, with (Et4N);[FeCly]
and (Et4N)[FeCly], the final decomposition products are identi-
cal (FeCl, and FesC). It suggests that the oxidation state of the
metal in a complex compound does not significantly affect its ther-
mal decomposition pattern, the major decomposition products are
virtually identical. However, some differences between the com-
pounds remain still noticeable. On the other hand, a comparison
of (Et4N)[FeCly] [17], (Et4N)2[CoCly] [20] and (Et4N),[CuCly] [21]
reveals some distinct differences. For instance, the final decompo-
sition products of (Et4N),[CoCly] in an inert atmosphere are CoCl,
and Co, C (similar to Fe), whereas (Et4N),[CuCl] leaves behind ele-
mental copper as the main product.

4. Conclusions

Bis(tetraethylammonium) tetrachloroferrate(Il) undergoes
thermal decomposition in three successive steps in the inert atmo-
sphere. During the first two steps, ethyl chloride and triethylamine
are released to leave behind FeCl,. Upon further heating, FesC is
formed. Bearing all this in mind, the most probable decomposi-
tion course of (Et4N),[FeCl4] can be described by the following
equation:

533-588K 588-678K
(Et4N),[FeCly] — ? —
—EtClig), Et3Nyg) —EtClg).EtzNg)

FEC]2

678—-1023 K,

+CxHyN,* =57 FeCl, + FesC

where CyHyN; denotes undecomposed organic residue

Because the first step is very vigorous and followed immedi-
ately by the second one, products of both steps are likely to occur
in a sinter left behind at 588 K, this making difficult the analysis
of the resulting solid and unambiguous the determination of its
composition.

To sum up, the oxidation state of the metal in a complex
compound does not significantly affect its thermal decomposi-
tion pattern. The final decomposition products of (Et4N),[FeCly]
(n=1 and 2) are FeCl, and Fe3C. However, the kind of the metal
in the complex anion has an influence on the pathway of ther-
mal degradation of (Et4N);[MCly], where M is a metal(ll). The
final decomposition product of (Et4N),[CuCly] is elemental copper,
whereas (Et4N),[CoCly] and (Et4N),[FeCl,] leave behind a mixture
consisting of metal(Il) chloride and metal carbide.

More comparative evidence with other metal(Il) ions will be
provided after termination of the on-going research.
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