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ABsrRAcr 

Thermogravimetry (TG) of A(H20)&$ complexes are presented with 
A = Cd’*, Co2+, Cu2+, Fe2+, Mg2*, Mn2+, Ni2+, Pb2+, Zn’+, B= Siqf, Sn4+, 
Ti4+ , n4*, and X=Ci_, F-. On a sekcted number of complexes, differential 
thermal analyses (DTA) and difTerential scanning caIorimetric measurements (DSC) 
have been performed. It was found possible to synthesize most complexes including 
Cd(H,O),TiF, as single crystals. The hexafluoride and the titanate compounds are 

formed from the corresponding cadmium. hexaquo-hexafluoride complex. The 
cadmium titanate co&d be made either in the ilmeuite or in the perovskite structure. 
The decomposition pmgrams for the preparation of NxTiO, and CdTiO, are 
p-ted. 

The hexaquo-hexahzdide compkxes, in general, show one of two decomposition 
types. The intermediate product in one type is the me&I(H) fiuoride AX, and in the 
other the mixed hexahahde compounds A&Y”. Which type of decomposition occurs 
depends on the anion BJ$-. 

INTRODUCXON 

~A well-known cIass of complexes A (H,O),B& * J has been studied in more 
detail in this laboratory (A is a bivaknt metal ion such as Mg2+, Fe’+, Ni2+, Pb2+, 
B is a quadrivaIent ion such as Si4+, Ti4+, and X is a halide ion). These complexes 
can be used to synthesize homogeneous and stoechiometric compounds ABO, with 
perovskite or ilmenite type structures 34 In this method, the ABO, compounds are . 

formed by the thermal decomposition of the corresponding A(H,O),B& complex. 
In order to obtain.more information about this synthesis further investigations have 
been performed. This part of the study presents the thermal decomposition of the 
various A(H,O),B& compkxes. In future papers we will report on single crystal 
X-ray diffraction results of a few complexes and on the electron paramaguetic 
resonance measurements (EPR) of the Nift complexes. 
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Few studi= have been pubhshed’concerning the thermal anaIysi.s of these 
compIexes_ FoIek and %owo16 have rec&tIy reportedthe thermal decomposition of 
Zn(F120)6S~Z6 and cd@120)6SrF& OdenthaI and Hoppc’ have rcportcd the synth&is 
of some &3x6 compounds by thermzd decfmpos%on of the corresponding-hexaquo 
comp1~ Odenthal and Hoppe were not able to prepare the Cd(HzO),TiF6 
compIex and as a consequence the CdTiF, compound in this simple way_ Only 
cXEo~- and c&lo, oe&r both in-the iI.menite structure (at tow tempbature and 
pressure) and in the perovskite structure (at high temperature -and_pmssu@-lo_ The 
question is which structure would be formed upon decomposition of the corresponding 
hexaquc&cxahaIide complexes. The temperature range at which the hansition of 
CdliOa from iimenite to perovskite takes place is between 1150and1300K,whereas 
the reverse tmnsition occurs at about lOOOK, The temperature at uhich ihnenite 
CdTiOs is prepared by a solid state reaction is about 1100 K, whereas the temperature 
for perovskite -03 Iies at about 1350 K’O_ 

. 

A=- of the Cobb 
The method of synthesis of the compIexes has been descri- eIsewherczV3 The 

twenty-eight compIexes mentioned in TabIe 1 have been synthesizd_ There are eight 
SITS-, eight S&I%-, two SnFz-, nine EF;’ and one ZrFg- complexes. Special care 
is masary in the synthesis of those compkxes wheic the.Ax, compound is very 
insolnbkz (es PbF, and W&-In these cases the reaction 

_’ 
J3043)+6~0 --+ H,Bx,(aq)+ZH,O 

nxIirirestwoor~daystorrPloveantraccsof-RXandaIsoanencessofB02, 
which is titer&-off before the next step in the process-The best.method for the 
addition-of the metaI is in the form’of the reactive metal carbonate with the H&Y, in 
excess, to prevent precipitation of insoIubIe simple fluorides. -- 

It is necessary to take some precautions in order to obtain single crystals. Some 
complexes are very suIuble and d&&on shouId be avoided_ Some other complexes are 
reIativeIy insoluble and the HJ3X6 solution has to be diluted with Hz0 to get sir&e 
cryst&_ Sometimesthe only methodof obt&ningsingIe cry&Is is by slow cooIing.of 
a supe&turated solution- For alI eight Complexes, in which singIe crystal prepar&on 
was attempted, it was succes&I (Table I). However, ah attempts to prepare TiCI~- 
and SiCIz- compkxes either as a powder or as single aystaIs were unstxc&z&I_ : 

Decomposilzo of& complexe I _. 

The method used to obtain the RBO, ‘compound, begins --with the careful 
powdcriug of the he&Pm-hexagnoride Complex The powder is put into a quartz’ 
vesseI, the bottom of which is covered with -platinum foil to prevent ‘silicon Con--. 
tamination a&heated in a stream of air or a special atmosphere. Heating sbouId take 
pIace very careMly with the heating program taking into account the decomposition- 
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properties. In general, the complex is heated slowly for 2 h increasing from ambient 
tobetween450and550K,Thenitiskeptataconstanttemperaturebetween500~d 
800 K, the duration of time depending on the type of complex concerned. For lack of 
a bet&r term this period is called the “delay time”. Subsequently, the substance is 
gradually heated for 2 or 3 h to a temperature of 1100 K This tempemture is main- 
tained for 15 min to 1 h. Heating programs for FeTi03 and PbXOs have been 
published in other pamrs3vd. 

For N1Zfi0, very slow heating in air with a delay time of about 60 h gave the 
best results, This long deIay time can be shortened by performing the decomposition 
in an atmosphere consisting of a mixtnre of air and water vapour, 

As was found after repeated experiments, pure CdTiOs can only be obtained 
by applying the fopowing procedure_ The compIex is heated slowly for 23 6 to a 
temperature of 620 K in an atmosphere of air and water vapour, nnderkoes a delay 
timeof16hat6ZOK,andisthengraduaiIyheatedfor2hto1100K.Thistemper- 
atureismnintainedforlh,stilliathesameatmosphere, 

Similar principles can be applied to all SnFi-, TiFi- and ZrFz- complexes. 
Also from these same complexes, ABX, type compounds can be prepared by ending 
the decomposition in the temperature range between 500 and 600 K and introducing 
atmospheres of dry a&or, as in the method published by Odenthal and Hoppe’ a 
mixture of air and hydrogen fluoride. Starting with these AB& compounds; the 
A(1320)6BX6 complex can be restored within a few days by keeping it over a 
saturated NH&l solution. 

TG and DTA measure ments have been carried out on DuPont instruments 
Models 950 and 900 and DSC meakements oti a Perkin-Elmer Model lB_ In TG, 
the temperature range is from ambient to 1300 K, whereas in DTA the temperature 
range is from ambient to 850 K. DSC measurements have been carried out on the 
ComplexeS prepared as singie cry&& in order to see ifphase transition oaaxrs between 
i70and32OK. 

EPR rneasurentents 
Electron paramagnetic moh&e mtitiements~have been performed during 

the decomposition of the Ni(H,O),TiF, complex. Measurements have.been carried 
out with a Varian V&02/10 spectrometer, equipped with a 12-in, fielddial-regulated 
magneL Hightemperaturcshave been obtained with the Varian accesso ries VA557 and 
v-Q546. 

x-ray l?z&mu&?menls 

At the intermediate and final stages. of. decomposition of the complexes, 
powder Guinier X-ray diffraction photographs were taken with a Philips dBaction 
spectrometer PW. 1320/1310 using CuKa-radiation, 
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-_ The metal content of the complexes -and decomposition products was de- 
termine&titrimetricaIIy or-gravimetricaIIy. Water analyses of the complexes and of 
intermediate productswere in agreement with the TG results. Fluorine a&&s 
showed, within the detection limit (O-l%), no fluorine presetit in the ABO,- corn- 
pounds. 

A summary of the results has been ColIected in Table -1, The number of water 
molccales present in the complex in genez-al is a- but at room temperature tbis 
rmmbez is sometimes smalIer, indicating that the decomposition step for the first 
mokcuks of crystal water lies below room temperature_ When the synthesis is carried 
ant cssrefuny, the Cu-compkxes were also found, in contrast to the literatureY1 to 
contain six Hz0 if kept above a satmated NH& soIutior~ The 0nIy exceptions are the 
Pb2f-compIexes as they never have a higher hydration number than three_ From the 
DSC results, it is seen (Table l), that for the investigated complexes, no low temper- 
ature phase tran&ions were found which were net already known in the literature. 
Until now low temperatme phase transitions have been found only for some SiFz- 
aJmpIe.xes. 

From thermogravimetry, the quaEtatke analysis of gasses and the chemicaI 
analysis of int~ediate products, it is seen that the decompositions can be divided 
into two types designated as I and II, The type I decomposition in air with littIe 
moistme, takes pIace according to the reaction scheme: 

aww&(s) + AX,(s)+BX~(g)+6H,O(s) _ 

AX,(s)+H,O(g) + AO(s)+ZHX(g) 

Table 1 gives the two decomposition temperatures for the compkxes which show 

decompo5itio~ type I_ Because the addition of water vapoti has not been regUrated 
in these sekies of experiments, the second temperature does not indicate the real 
stab%@_ I&z&position type I is found for alI SnCii- and SiFz- complexes. 

Decomposition type II takes place as follows: 

A(EI2a5=&) +-~(&~),~&(S)+3H,o(g) 

: AGiW3&(S~ --+ ABX6(s)i3H26(g) .. _. 

ABx,(s)+ZH,O(g) + ~o,x,(S)+4=(g) 

ABO,X,(s)+H,O(g) + ABO,(s)+2~@ 

Insevcralcass.thewaterisgmenoffinthreestepsoftwomolecaleseachinsteadof 
in two steps .of-three .mokuks as indicated above_ This-depends strongly on the 
cation A” concerned_ Table 1 gives the four or five decornlkk&K temperatures 
found for type IL Because the TG measurem entswerecarriedoutinair,thereisa 
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strong correlation between the presence of water vapour and the temperature at which 
the last two-steps take place. It has been noticed that an increase in the heating rate 
increases the first two or three decomposition temperatures only some tenths of 
degrees; whereas the last two decomposition temperatures increase sometimes more 
than two -hundred degrees. The values of TabIe 1 have been taken at a rate of 
temperature increase of ~ 15 K min- r_ To investigate these decompositions in more 
detail, a rate of temperature increase of less than 1 K min-’ is necessaq and has been 
used and special atmospheres have also been applied. Chemical and-X-ray analyses of 
the intermediate products showed the real existence of the ABX, compouncls- 
Decomposition type II is found for all SnFi-, TiFg- and ZrFg- complexes. 

The DTA measurcmcnts are cousistent concerning number, intensity and 
broadening of the bands with the decomposition types as found from TG_ Xn the case 
of the Cd(H,O)TiF6 complex the water is given off in four steps of respectively one, 
one, two and two molecules according to DTA, whereas, according to TG, it is given 
off in three steps of two molecules. This means that TG, which has a low resolving 
power, is not able to discern the two separate first steps, The decomposition temper- 
atures of the DTA as opposed to the TG sometimes differ. This is due to different 
experimental circumstances between these techniques since the decompositions 
depend-strongly. on the partial water pressure_ In Table 1 the DTA decomposition 
temperatures, taken with a rate of temperature increase of15Kmin-1,arepresent@. 
All DTA bands are endothermic_ 

The ABX, and ABO, strudures can be prepared from all complexes which 
show decomposition type II, i.e., ATiF,, AZrF,, -ASnF6. XliO,, AZrOB and 
ASnO, _. The CdTiOB prepared at 1100 K shows an ilmenitc structure- It has also been 
possible to obtain the pcrovskitc structure by applying a final heat treatment for 
about +h at 13OOK.instead of-l h at 1lOOIL EPR m- ents taken at the 
beginning of the decomposition of the Ni(H,O)s’DFs complex, show a spectrum with 
a high zer&Ud parameter D and with a zero-field parameter E equal to zero. This 
EPR speotrum..will be descrii in a forthcoming paper. In the temperatum range 
where the water leaves the compIex this spectrum disappears. Ni(H,O),TiF, does not 
give a powder EPR spectrum- The zero-fie!rf splitting may be too large or the 
strudum may be too strongly~distorted. Subquently a spectrum is observed with 
g = 2.2 and D = 0 at tbc point where all water ~olccules have left the complex, This 
spectrum is consistent with octahcdralIy coordinated Nili in the NlTiF6 structure. 
Thisspecbumrtmainsunchanged,withg=2_2andD=O,evenafter~O,has 
been formed. This is in agreement with the fad that the Niz* in this structure is also 
oef&&&lyeoordmated_ 

DISCUSSION 

The relationship between decomposition type I or II and the type of anion can 
be explained as a direct result of the boiig or sublimation points of the BX, 
compounds. For SrF4 and SnCl, these are 187 and -387 K, respectively, while the 
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SiFz- and Sncl;- comphnuzs all show .decomposition type I. The complexes cor- 
responding with T-IF,, ZrFa and SnPb, with sublimation points of 557, 873 and 
978 K, respectively, ah show decomposition type II. .The last water moiecules are 
given off at temperatures ranging from 350 to 5OOK. The type of cation is not 
important with respect to the decomposition type. From the above, it is clear, that 
ABX, can be made when X= F and B = Ti, Sn, Zr, whereas A may be any bivalent 
metal-When this bivaleut metal cau exist in several oxidation states a special de- 
composition atmosphere has to be applied, e.g., for Fe. 

It is now clear that the role of the Hz0 in the synthesis of FeTiO: is three-foId: 
(a) It performs the exchange of F- against 0” ; (b) it provides the correct oxidation 
potential in the HJN, mixture to preserve the biv&ut state of iron; (c) it prevents 
thereaction 

Fe(HzO~JiF6(s) + FeF2(s)+TiF&)+3H20(g)~ 

before FeTiF6 has been formed. Aiso, the equilibrium of the reaction 

TiF.&)+2H20(g) 2 TiO,(s)-+4HF(g) 

lies to the extreme right, which prevents loss of Ti relative to Fe. 
Mixed chlorides are impossible to prepare in this simple way because, in 

general, BC& compounds have low boiling points. To prepare ABO, compounds the 
hexaqutietiuorides have to be used as the initial product It may also be possible 
to prepare a compound stih starting with a chloride by preventing the following 
reaction from x-eating completion 

by applying a very high v&er and/or HCI partial pressure during the decomposition 
of A(H,O),SnCZ,. Possibly this may lead to the formation of au AS&Is ampound, 
from which an ASnO, compound cau be prepared by heating in-wet air. This 

possibility is. not investigated in this paper as the hexafluoride method makes it 
rum- for starmates. To prevent a similar reaction in the case of the synthesis of 
the sihe ,4S1T6 and ASi03 was found to be, after numerous attempts, impossible 
because SiFi has such a low boiling point As a consequence, it is not possibie to 
prepare ilSiFd compouuds star&g with the hexaquo compIexes. 

The pr&aration of ABO, structures starting with the hexaquo.compIexes 
makes it possible to obtain these in homogeneous and stoezhiometric form. Only 
relativeIy low reacticn teir~pemtures from 900 to 1100 K are necessary, The delay time 
in the decomposition during the exchange of F- against 0’: appears as a negative 
point. However, this delay time may be shortened by using a high Hz0 partial 
pressure. In this procedure only fluorides but not chlorides can be used. This may 
make it diEcult to remove all traces of fluorine from the final products. For some 
practical applications this may be critical. The low reaction temperatures make it 
possiile to obtain products with very small partide size which can be very useful in 
special~c&for~pfe,sintering--: T .- . . .t- -_ 
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There are two reasons for the necessity of a delay time: (a) The exchange of F- 
against 02- is performed by solid state diffusion, which is a slow process; (b) before 
the F- exchange can take place at the higher temperature, the ABF, compound has 
to be formed, otherwise BF, will leave the solid phase. 

The Cd(H,O),TiF, complexes gives CdTi03 in the ilmenite structure when the 
final temperature of 100&1100 K is maintained for 1 h_ This agrees with the result of 
the solid state reaction, where ihnenite is prepared at 1100 K for 24 h. The Guinier 
photogra$s of in&mediate cieizomposition stages never showed perovskite lines. 
This means that the temperature of 1000 K for the transition perovskite to ilmenite is 
detezrmined kinetically and not thermodynamically_ Already a short heat treatment 
at 1350 K changes the CdTiO, to the perovskite structure showing that the product is 
still very reactive- 
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