
Introduction

First members of the tetrahalogenoferrates(III), of

general formula [(C2H5)4N][FeBr4–nCln] (n=0–4),

were synthesized and characterized by FIR, Raman

and Mössbauer spectroscopies in 1970 [1]. The spec-

troscopic [2–5], magnetic [6–8] and X-ray crystallo-

graphic [9–11] investigations revealed in these coor-

dination entities a high-spin d5 iron(III) in a slightly

distorted tetrahedral environment of the halogen lig-

ands. Owing to these structural features the

tetrahalogenoferrate(III) salts can serve as models for

exploration of physicochemical properties of biologi-

cal systems involving iron – sulfide proteins [12–13].

In recent years thermal behavior of complex com-

pounds with transition elements has been extensively

studied [14–18]. However, to the best of our knowledge,

there are no reports on thermal decomposition of com-

pounds with mixed tetrahalogenoferrate(III),

[FeBr4–nCln] (n=0–4), anions. Just this was the reason

that prompted us to embark on these studies.

One of the previously studied compounds,

[(n-C4H9)4N][FeCl4], turned out to be fairly stable at

elevated temperatures [19]. Its decomposition was

preceded by phase transition and melting, and around

683 K iron(III) was quantitatively reduced to iron(II)

both in the oxidative and inert atmospheres. In contin-

uation of these studies, it seemed now worthwhile to

learn how a gradual exchange of the chloride ligands

for the bromide ones in the coordination sphere of

iron(III) – in the series bromotrichloroferrate(III),

[FeBrCl3]
–, tribromochloroferrate(III), [FeBr3Cl]–,

and tetrabromoferrate(III), [FeBr4]
– – would affect

their thermal behavior. To eliminate the effect of cat-

ion on the thermal stability of the anions, all of them

were stabilized by a tetrabutylammonium cation. In

this contribution, thermal characteristics (TG-MS,

DTA, DTG and DSC) of the bromotrichloro-,

tribromochloro- and tetrabromoferrates(III) have

been presented.

Experimental

Synthesis and chemical analysis

The synthesis of tetrabutylammonium bromotrichloro-,

tribromochloro- and tetrabromoferrates(III) was carried

out using a procedure similar to that reported for the

preparation of other tetrahaloferrates(III) [19]. Thus, to

an ethanolic solution of FeBr3 (or FeCl3) a

stoichiometric quantity (ca. 0.03 mol) of tetrabutyl-

ammonium chloride (or bromide) was added to afford

amorphous precipitates of [(n-C4H9)4N][FeBr3Cl] (or

[(n-C4H9)4N][FeBrCl3]). The synthesis of

[(n-C4H9)4N][FeBr4] was carried out using a procedure

similar to that described above, expect that stoichio-

metric quantities of FeBr3 (ca. 0.02 mol) and tetrabutyl-

ammonium bromide were used.

All the compounds were recrystallized from eth-

anol and dried over P4O10 in a vacuum desiccator. The

composition of the compounds was established on the

basis of elemental analysis (C, H, N, Cl, Br and Fe).
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Methods

The TG-DTG-DTA measurements in argon (Ar 5.0)

were run on a Setsys 16/18 thermalanalyzer (Setaram)

coupled with a Thermostar quadrupole mass spec-

trometer (range 293–1073 K, corundum crucible,

sample mass ca. 13–18 mg, Al2O3 as reference, heat-

ing rate 5 K min–1, flow rate of the carrier gas

15 mL min–1).

The DSC measurements were carried out in a

model DSC 204 NETZSCH calorimeter (range

293–423 K, Pan Al crucible, open, sample mass ca. 2,

4 and 3.55 mg for [(n-C4H9)4N][FeBrCl3],

[(n-C4H9)4N][FeBr3Cl] and [(n-C4H9)4N][FeBr4], re-

spectively, heating rate 5 K min–1, flow rate

30 mL min–1).

The course of the thermal analysis was broken at

points corresponding to 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 X-ray

powder diffractometry.

The presence of crystalline phases was checked

by X-ray diffraction with the use of a Philips X’Pert

diffractometer system. The XRD patterns were re-

corded at room temperature with CuK� radiation

(�=1.540 �). Qualitative analysis of diffraction spec-

tra was carried out with ICDD PDF database [20].

Results and discussion

Results of thermal analysis of the

[(n-C4H9)4N][FeBr4-nCln] compounds (n=0, 1, 3) are

compiled in Table 1. From the obtained results it fol-

lows that the thermal decomposition of compounds

proceeds in two main steps. The first one is rapid and

comes to an end at ca. 683 K. In the DTA curve of

[(n-C4H9)4N][FeBr3Cl] there are two distinct peaks

indicating two reactions to occur (Fig. 1). However,

due to the rapid proceeding of these reactions, espe-

cially over the 538–683 K range, it is difficult to pre-

cisely determine temperature ranges of these reac-

tions. The second step is much slower and terminates

at ca. 1023 K.
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Table 1 Thermal characteristics of [(n-C4H9)4N][FeBrCl3], [(n-C4H9)4N][FeBr3Cl] and [(n-C4H9)4N][FeBr4] in argon

Formula
Range of
decomposition/
K

Peak temperaturea)/K

Mass loss/
%

DTG DTA

T� Tm Tp

[(n-C4H9)4N][FeBrCl3] 528–683 613 386 403 612 62

683–1023 – – 22

[(n-C4H9)4N][FeBr3Cl] 538–683 605
642

399 606
643

64

683–1023 963 967 29

[(n-C4H9)4N][FeBr4] 543–683 626 410 629 60

683–1023 – – 28

a)T� – temperature of the solid-state phase transition; Tm – melting point; Tp – peak temperature – temperature at which a maximum

of the thermal effect emerges

Fig. 1 TG and DTA curves of thermal decomposition of

1 – [(n-C4H9)4N][FeBrCl3], 2 – [(n-C4H9)4N][FeBr3Cl]

and 3 – [(n-C4H9)4N][FeBr4] in argon



In the DTA curves the first energetic events are

seen before decomposition of the compounds (Fig. 1).

With [(n-C4H9)4N][FeBr3Cl] and [(n-C4H9)4N][FeBr4]

they emerge as sharp endothermic peaks assigned to

melting of the compounds. With

[(n-C4H9)4N][FeBrCl3], the melting is preceded by

solid-state phase transition as indicated by another effect

at a temperature by ca. 17° lower than the melting point.

A similar behavior was noted during thermal analysis of

[(n-C4H9)4N][FeCl4] [19].

Bearing in mind that all of the compounds studied

here are isostructural in the solid state [21], it is interest-

ing to note that their thermal behavior before decompo-

sition is distinctly affected by the kind of the halogen

ligands in the coordination sphere of Fe(III). This find-

ing has gained further support from DSC analysis. Here

it is also evident that the melting of the bromo-

trichloroferrate(III) is preceded by phase transition

probably due to conversion of one polymorphic form

into another (Fig. 2b). Upon cooling of

[(n-C4H9)4N][FeBrCl3] down to 253 K, i.e. slightly over

the phase transition point, a single exothermic peak is

seen in the DSC curve (Fig. 2a). It emerges, however, at

a temperature by ca. 10° lower than that appearing upon

heating. A repeated heating of the sample above its

melting point, followed by cooling down to ambient

temperature, results in appearance of two exothermic ef-

fects (Fig. 2b). The first one does not seem to be due to

the phase transition noticed upon heating of the com-

pound. It is rather due to supercooling of the sample due

to delayed formation of the crystallization nuclei of a

new phase upon recrystallization of the sample. Again,

the other exothermic peak around 344 K seen upon

cooling may be due to phase transition of the metastable

phase to a stable one.

A similar behavior during recrystallization was

noted for [(n-C4H9)4N][FeBr3Cl] (Fig. 3). There are

several exothermic events upon cooling due to

supercooling of the sample and formation of

metastable phases.

There is another picture in the DSC plot of

[(n-C4H9)4N][FeBr4]. Upon first heating of the com-

pound up to 423 K, a single endothermic peak appears

assigned to its melting. Then, upon cooling from 423

down to 253 K, unlike the remaining compounds, a

single exothermic peak is seen, displaced towards
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Fig. 2 A DSC plot for [(n-C4H9)4N][FeBrCl3]: a – first heating

and cooling; b – repeated heating and cooling

Fig. 3 A DSC plot for [(n-C4H9)4N][FeBr3Cl]: a – first heating

and cooling; b – repeated heating and cooling



lower temperatures probably due to supercooling of

the melt (Fig. 4a). It is interesting to note that upon re-

peated heating of the sample up to 423 K and subse-

quent cooling down to ambient temperature two exo-

thermic effects are seen (Fig. 4b). First corresponds to

that emerging during the first cooling of the sample

and the other appears at a temperature by ca. 8° lower.

Such a thermal behavior of [(n-C4H9)4N][FeBr4] is

not quite clear. The additional effect may be due to

conversion of the metastable phase to a stable one.

Within the series of the compounds of general

formula [(n-C4H9)4N][FeBr4–nCln] (n=0, 1, 3) there is

no distinct influence of the kind of the

tetrahalogenoferrate(III) ion on both their decomposi-

tion temperatures and shapes of TG curves (Fig. 1).

During the first step, both the cations and the anions

undergo decomposition. Examination of the ion cur-

rents of the gaseous products, recorded during the

TG-MS analysis, has shown that the halogen ligands,

depending on the kind of anion, are released as

C4H9Br (m/z: 57), C4H9Cl (m/z: 56), HBr (m/z: 80)

and Cl2 (m/z: 70, 72). Based on the previous analyses

of the products of thermal decomposition of

tetrachloroferrates(III), we have found that their de-

composition was non-stoichiometric [19, 22]. In addi-

tion, concurrent redox processes make any proposal

for balancing the decomposition reactions difficult. A

comparison of the X-ray diffraction patterns of the de-

composition products of the compounds studied has

shown that the largest differences between products

of the first and second steps are seen when the number

of the bromide ligands increases (Figs 5–7). It can

thus be assumed that the coordination environment of

iron in [(n-C4H9)4N][FeBrCl3] present in the products

of the first step is more thermally stable than the iron

phases appearing in the first step products of the two

remaining compounds. The mass loss during the sec-

ond step (around 683–1023 K) of decomposition of

[(n-C4H9)4N][FeBrCl3] is mostly due to the loss of the

remaining organic fragment, and an increase in tem-

perature does not significantly affect the main form of

iron present in the products of the first step.

A slightly different behavior is seen during ther-

mal conversions of [(n-C4H9)4N][FeBr3Cl] and

[(n-C4H9)4N][FeBr4]. Here, distinct differences in the

X-ray powder patterns of both steps suggest that the
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Fig. 4 DSC plot for [(n-C4H9)4N][FeBr4]: a – first heating and

cooling; b – repeated heating and cooling

Fig. 5 Comparison of the XRPD patterns of the decomposition

products of [(n-C4H9)4N][FeBrCl3] in argon

Fig. 6 Comparison of the XRPD patterns of the decomposition

products of [(n-C4H9)4N][FeBr3Cl] in argon



loss in mass over the 683–1023 K range is due to the

loss of the undecomposed organic matter with simul-

taneous conversion of the less thermally stable forms

of iron in more stable ones.

Conclusions

Thermal decomposition of the compounds studied oc-

curs in two steps. It is preceded by melting of the com-

pounds and in the case of [(n-C4H9)4N][FeBrCl3] by

phase transition as well. Similar as [(n-C4H9)4N][FeCl4],

the compounds are fairly stable in the molten state.

There is no significant influence of the kind of the

tetrahalogenoferrate(III) anion on both their decomposi-

tion temperatures and shapes of TG curves. However,

the number of the bromide ligands in the coordination

sphere of iron(III) has a distinct influence on the compo-

sition and stability of iron species occurring in solid res-

idues left after decomposition of the compounds. The

differences due to different number of bromide ligands

in the anions are seen in DSC plots. Cooling down the

compounds, which previously had been heated slightly

above their melting points, are accompanied by effects

attributable to supercooling of the samples and forma-

tion of metastable phases that are subsequently con-

verted to more stable ones upon further cooling. Due to

non-stoichiometric progress of the decomposition reac-

tions of the tetrahalogenoferrates(III) it is difficult to

suggest equations describing their thermal degradation.
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Fig. 7 Comparison of the XRPD patterns of the decomposition

products of [(n-C4H9)4N][FeBr4] in argon
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