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Thermal decomposition of tetrabutylammonium bromotrichloro-, tribromochloro- and tetrabromoferrates(Ill), of general formula
[(n-C4Hg)4N][FeBr, ,Cl,] (n=0, 1, 3), has been studied using the TG-MS, DTA, DTG as well as DSC techniques. The measurements
were carried out in an argon atmosphere over the temperature range 293—1073 K. Solid products of the thermal decomposition were

identified by X-ray powder diffractometry.
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Introduction

First members of the tetrahalogenoferrates(Ill), of
general formula [(C,Hs)N][FeBry ,Cl,] (n=0-4),
were synthesized and characterized by FIR, Raman
and Mdssbauer 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 d° iron(III) in a slightly
distorted tetrahedral environment of the halogen lig-
ands. Owing to these structural features the
tetrahalogenoferrate(I11) 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(Ill),
[FeBry ,Cl,] (n=0-4), anions. Just this was the reason
that prompted us to embark on these studies.

One of the previously studied compounds,
[(n-C4Hg)4N][FeCly], turned out to be fairly stable at
elevated temperatures [19]. Its decomposition was
preceded by phase transition and melting, and around
683 K iron(IIl) 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(IIl) — in the series bromotrichloroferrate(Ill),
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[FeBrCl;], tribromochloroferrate(Ill), [FeBr;CIJ,
and tetrabromoferrate(Ill), [FeBr,]” — 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(Ill) have
been presented.

Experimental
Synthesis and chemical analysis

The synthesis of tetrabutylammonium bromotrichloro-,
tribromochloro- and tetrabromoferrates(I1l) was carried
out using a procedure similar to that reported for the
preparation of other tetrahaloferrates(I1I) [19]. Thus, to
an ethanolic solution of FeBr; (or FeCl;) a
stoichiometric quantity (ca. 0.03 mol) of tetrabutyl-
ammonium chloride (or bromide) was added to afford
amorphous precipitates of [(n-C4Hy)sN][FeBr;Cl] (or
[(n-C4Hy)4N][FeBrCl;]). The synthesis of
[(n-C4Ho)4N][FeBr,] was carried out using a procedure
similar to that described above, expect that stoichio-
metric quantities of FeBr; (ca. 0.02 mol) and tetrabutyl-
ammonium bromide were used.

All the compounds were recrystallized from eth-
anol and dried over P,O,, in a vacuum desiccator. The
composition of the compounds was established on the
basis of elemental analysis (C, H, N, CI, 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, Al,O; as reference, heat-
ing rate 5 K min', flow rate of the carrier gas
15 mL min ™).

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 355 mg for [(n-C4Ho)sN][FeBrCls],
[(n-C4Ho)4N][FeBr;Cl] and [(n-C4Ho)4N][FeBry], re-
spectively, heating rate 5 K min', flow rate
30 mL min").

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
(A=1.540 A). Qualitative analysis of diffraction spec-
tra was carried out with ICDD PDF database [20].

Results and discussion

Results of  thermal analysis of  the
[(n-C4Ho)4N][FeBr4,Cl,] compounds (=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-C4Hg)4N][FeBr;Cl] there are two distinct peaks
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Fig. 1 TG and DTA curves of thermal decomposition of

1 — [(n-C4Hy)sN][FeBrCls], 2 — [(n-C4Ho)4N][FeBr;Cl]
and 3 — [(n-C4Ho)4N][FeBr,] in argon

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.

Table 1 Thermal characteristics of [(n-C4Hy)4N][FeBrCl;], [(n-C4Hq)sN][FeBr;Cl] and [(n-C4Hg)4sN][FeBr,] in argon

Peak temperature”/K
Range of Mass loss/
Formula decomposition/ DTG DTA %
K T, T T,
[(n-C4Hg)4N][FeBrCl;] 528-683 613 386 403 612 62
683-1023 - - 22
[(n-C4Hg)4N][FeBr;Cl] 538-683 605 399 606 64
642 643
683-1023 963 967 29
[(n-C4Hy)4N][FeBr;] 543-683 626 410 629 60
683-1023 — - 28

97T, — temperature of the solid-state phase transition; T}, — melting point; T, — peak temperature — temperature at which a maximum

of the thermal effect emerges
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In the DTA curves the first energetic events are
seen before decomposition of the compounds (Fig. 1).
With [(I’l-C4H9)4N][F€BI'3C1] and [(n-C4H9)4N][FeBr4]
they emerge as sharp endothermic peaks assigned to
melting of the compounds. With
[(n-C4Hy)4N][FeBrCl;], 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-C4Hg)4N][FeCly4] [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(Ill). This find-
ing has gained further support from DSC analysis. Here
it is also evident that the melting of the bromo-
trichloroferrate(Ill) is preceded by phase transition
probably due to conversion of one polymorphic form
into another (Fig. 2b). Upon cooling of
[(n-C4Hy)4N][FeBrCl;] 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
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Fig. 2 A DSC plot for [(n-C4Hy)sN][FeBrCl;]: a — first heating
and cooling; b — repeated heating and cooling
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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-C4Hg)4N][FeBr;Cl] (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-C4Hg)4N][FeBry4]. 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. 3 A DSC plot for [(n-C4Ho)sN][FeBr;Cl]: a — first heating
and cooling; b — repeated heating and cooling
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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-C4Ho)sN][FeBry] 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-C4Hy)4N][FeBry ,Cl,] (n=0, 1, 3) there is
no distinct influence of the kind of the
tetrahalogenoferrate(I11) 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
C4HoBr (m/z: 57), C4HoCl (m/z: 56), HBr (m/z: 80)
and Cl, (m/z: 70, 72). Based on the previous analyses
of the products of thermal decomposition of
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Fig. 4 DSC plot for [(n-C4Hg)sN][FeBr4]: a — first heating and
cooling; b — repeated heating and cooling
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tetrachloroferrates(Ill), 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-C4Hy)4N][FeBrCl;] 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-C4Hg)4N][FeBrCls] 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-C4Hy)4sN][FeBr;Cl] and
[(n-C4Hg)4N][FeBr,]. Here, distinct differences in the
X-ray powder patterns of both steps suggest that the
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Fig. 5 Comparison of the XRPD patterns of the decomposition
products of [(n-C4Hg)sN][FeBrCls] in argon
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Fig. 6 Comparison of the XRPD patterns of the decomposition
products of [(n-C4Ho)sN][FeBr;Cl] in argon
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Fig. 7 Comparison of the XRPD patterns of the decomposition
products of [(n-C4Hg)sN][FeBr4] 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-C4Hy)4N][FeBrCls] by
phase transition as well. Similar as [(n-C4Hg);N][FeCly],
the compounds are fairly stable in the molten state.
There is no significant influence of the kind of the
tetrahalogenoferrate(I1) 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(I1I) 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(Ill) it is difficult to
suggest equations describing their thermal degradation.

Acknowledgements

This research was supported by the Polish State Committee for
Scientific Research under grant DS/8230-4-0088-6 and Euro-
pean Social Fund project no. ZPORR/2.22/11/2.6/ARP/U/2/05.

J. Therm. Anal. Cal., 90, 2007

References

1 C. A. Clausem and M. L. Good, Inorg. Chem., 9 (1970) 220.
2 @G. P. Bhavsar and K. Sathianandan, J. Mol. Struct.,
16 (1973) 343.
3 J.S. Avery, C. D. Burbridge and D. M. L. Goodgame,
Spectrochim. Acta, 24A (1968) 1721.
4 A.P. Ginsberg and M. B. Robin, Inorg. Chem.,
2 (1963) 817.
5 K. D. Butcher, S. V. Didziulis, B. Briat and E. I. Solomon,
J. Am. Chem. Soc., 112 (1990) 2231.
6 J. A. Zora, K. R. Seddon, P. B. Hitchcock, C. B. Lowe,
D. P. Shum and R. L. Carlin, Inorg. Chem., 29 (1990) 3302.
7 C.B. Lowe, R. L. Carlin, A. J. Schultz and C. K. Loong,
Inorg. Chem., 29 (1990) 3308.
8 Z. Warnke, R. Kruszynski, J. Ktak, A. Tomkiewicz and
D. Wyrzykowski, Inorg. Chim. Acta, 359 (2006) 1582.
9 D.J. Evans, A. Hills, D. L. Hughes and G. J. Leigh, Acta
Crystallogr., C46 (1990) 1818.
10 M. T. Hay and S. J. Geib, Acta Crystallogr.,
E61 (2005) m190.
11 R. Kruszynski and D. Wyrzykowski, Acta Crystallogr.,
E62 (2006) m994.
12 J. W. Lauher and J. A. Ibers, Inorg. Chem., 14 (1975) 348.
13 M. C. Smith, Y. Xiao, H. Wang, S. J. George,
D. Coucouvanis, M. Koutmos, W. Sturhahn, E. E. Alp,
J. Zhao and S. P. Cramer, Inorg. Chem., 44 (2005) 5562.
14 A. Bujewski, K. Grzedzicki, J. Btzejowski and
Z. Warnke, J. Therm. Anal. Cal., 33 (1988) 961.
15 M. Feist, R. Kunze, D. Neubert, K. Witke and E. Kemnitz,
J. Therm. Anal. Cal., 49 (1997) 635.
16 S. Chen, Sh. Gao, X. Yang, R. Hu and Q. Shi, J. Therm.
Anal. Cal., 73 (2003) 967.
17 W. Ferenc, A. Walkow-Dziewulska and P. Sadowski,
J. Therm. Anal. Cal., 82 (2005) 365.
18 W. Ferenc, B. Bocian and J. Sarzynski, J. Therm. Anal.
Cal., 84 (2006) 377.
19 D. Wyrzykowski, T. Maniecki, A. Pattek-Janczyk,
J. Stanek and Z. Warnke, Thermochim. Acta, 435 (2005) 92.
20 ICDD PDEF-2 Database Release 1998, ISSN 1084-3116.
21 D. Wyrzykowski, R. Kruszynski, U. Kucharska and
Z. Warnke, Z. Anorg. Allg. Chem., 632 (2006) 624.
22 D. Wyrzykowski, A. Pattek-Janczyk, T. Maniecki,
K. Zaremba and Z. Warnke, Thermochim. Acta,
443 (2006) 72.

Received: September 26, 2006
Accepted: October 19, 2006
OnlineFirst: February 26, 2007

DOI: 10.1007/s10973-006-8207-9

897




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


