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The thermal behaviour of the solvates and mixed solvates in the LiCI(MgC12, A1Cla)-water- 
1,4-dioxane systems was investigated by means of DTA measurements of the melting behaviour 
and by quasi-isothermal and quasi-isobaric investigations of the thermal decomposition 
processes. 

The compounds melt incongruently. The positions of the melting points and the processes of 
thermal decomposition confirm the assumption that 1,4-dioxane is bonded in the first 
coordination sphere in the mixed solvate of lithium, but in the cases of magnesium and 
aluminium chloride it is bonded via hydrogen-bonds and not directly to the cations. Only for the 
lithium and magnesium compounds does the decomposition of the anhydrous solvates result in 
anhydrous chlorides. 

At 298.15 K, LiCI, MgCI 2 and A1C13 form the salt hydrates LiCI-H20 , 
MgC12 �9 6H20 and A1Cl a �9 6H20 in aqueous solution. Moreover, in the presoace of 
1 ,4 -d ioxane  ( C 4 H 8 0 2 )  the solvates and mixed solvates LiCI.H20.C4HsO2, 
LiC1. C 4 H 8 0  2 [1], M g C 1 2  �9 6 H 2 0 "  C 4 H 8 0  2 , M g C l  2 " 2 C 4 H a O  2 [2], 
A1CI3 "9H20" 3C4HaO 2 and AIC13 �9 2C4HAO2 [3] can be obtained. 

From the point of view of  coordination chemistry, the incorporation of 1,4- 
dioxane in the solvates is interesting because this can be coordinated as a bridging 
ligand between the aquo complexes of the cations, as well as directly to the cation. 

As a continuation of our thermoanalytical investigations of solid-phase solvates 
in the salt-water-organic component systems, this paper is intended to demonstrate 
the influence of 1,4-dioxane on the solvate structure and the coordination of the 
solvents to the different cations, through an investigation of their thermal 
behaviour. 

Detailed results ofthermoanalytical investigations are available only for the pure 
salt hydrates [4-7]. As concerns the solvates and mixed solvates, the data published 
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so far in the literature are incomplete. Rheinboldt [8] mentioned that the separation 
of 1,4-dioxane from the compound LiCI-C4H80 2 is complete at 120 ~ Barnes [9] 
reported only decline curves of the MgC12 solvates under dynadaic conditions, and 
Scheka et al. [10] gave the melting point of AICIa-2C4H80 z as 114 ~ and the 
beginning of dioxane separation at 106 ~ 

Experimental 

Preparation and characterization of  solvates 

With the exception of the compound MgC12"2C4H802, which was prepared 
according to the instructions of Rheinboldt [8], the solvates and mixed solvates were 
prepared by the addition of the anhydrous salts LiC1, MgC12 or A1C13, or the 
corresponding salt hydrates, to the cooled solvents and stirring at 298.15 K till the 
estabfishment of equilibrium. The resulting solid phases were separated and 
dried over calcium chloride before thermoanalytical investigations. The mixed 
solvate A1C13"9H20-3C4H80 2 is stable only in the mother liquor; otherwise, it 
decomposes even at room temperature and gives offabout 1 mol of H20 and 1 mol 
of C4H802. The compounds were characterized by means of chemical analysis and 
X-ray investigations (X-ray apparatus TUR M 62, VEB Rrntgen- und Transfor- 
matorenwerke, Dresden, provided with a horizontal goniometer H Z G 4-B, VEB 
Freiberger Pr/izisionsmechanik; CuK, radiation). 

In order to exclude changes of the surface due to ageing processes during the 
measurements, the crystals were absorbed with adherent mother liquor. 

Table 1 presents the results of sample characterization. The good agreement of 
the lattice parameters derived from the powder diffractograms with the published 
results of single-crystal investigations [11-13] is clear. The lattice parameters of 
AICI3-9H20.3C4H80 2 have not been published previously. 

Thermoanalytical investigations 

The melting behaviour was characterized by means of DTA using the 
thermoanalyser made by Setaram (France), in gas-tight crucibles (consisting of 
TiPd 0.2) and crucible holder suspension incorporated platinel thermocouples. 
Parameters: DTA + 100 p.V, +250 pV, heating rate 2 deg/min, sample mass 
8-12 mg. In addition, microscopic investigations of the crystals in closed test-tubes 
were carried out on a Boetius micro heating stage fitted with the observation 
instrument PHMU 05 produced by VEB Analytik, Dresden. 

Moreover, the solid phase in the melting equilibrium was separated and analysed 
by means of a high-temperature centrifuge [15]. 

d. Thermal Anal. 32, 1987 
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The investigations on the thermal decomposition were carried out under quasi- 
isothermal and quasi-isobaric conditions (p _ 0.12 + 0.01 MPa [16]) and simulta- 
neous gas titration. In this process, the thermogravimetric signal (TG curve), the 
temperature difference curve for the reference material ct-A1203 (A Tcurve) and the 
HC1 titration (TGT curve) were recorded. Analyser: Q-derivatograph made by 
MOM, Budapest; parameters: Pt labyrinth crucible, TG = 100 mg, decom- 
position rate 0.3 or 0.6 mg/min, DTA = 250 ~tV, inert gas atmosphere = N2, 
thermocouples: P t - P t / R h  10%, titrant 0.1 N NaOH, titration at pH = 5. 

Results 

LiCI-HzO-C4H802 system 

Figure 1 shows DTA plots for the dioxane adducts as compared to LiCI. H20  [4]. 
The DTA effects reveal the incongruent melting of the compounds to form 
anhydrous lithium chloride. The phases LiCl(s), LiCI. 1.2H20" 0.8C4H802(I) and 
C~HaOz(1)~ coexist in the melting equilibrium of the mixed solvate 
LiCI-H20.C4HaO 2 at 130 ~ In Fig. 2, the results of the thermal decomposition are 
presented. As compared to LiC1. H20, were the water evaporates from the melt at 
168 ~ the LiCI" HzO" C4H802 and LiC1-C4HaO2 system already decomposed just 
before melting. In the case of  LiCI. H20" C4H802, dioxane is released in the first 
stage at 120 ~ , and water is released in the second stage starting at 165 ~ from the 
lithium chloride monohydrate melt. The mass loss of 59% and the course of the 

Te mpera~ ur � 9  oC 

0 50 100 150 200 
' ,I 9~ ~ l 

Exo 

AT 

123 

x: '~ 115 

L "  �9 

Fig. 1 D T A  curves o f  the solvates of  LiCI in the closed system 
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Temperature ~ oC 
o lOO 50o 

o [ '...'~1~' 1~ . . . . .  I . . . . .  
I /ta i 
~LiC_l~ LiCl" 0 Z0 HZ Exo 

�9 " ~,~o 

- so I- IL~c,~oc.~,o~ 
. 60 ~L_iCIt~ 65 E~o 

o DTA 
X IEndo 

60 _~t,.iC_l~, , I Exo 
6~o I f ~ Y - [ L  

Fig. 2 Thermal decomposition of the solvates of the LiCI-H20-C,,HsO 2 system (TG, AT) 

curve after interruption and resumption of the heating process at this degree of 
decomposition are identical with the thermal behaviour of LiC1- H 2 0  (Fig. 2) and 
prove the separate solvent liberation from the mixed solvate. 

More than 90% dioxane separates isothermally from LiC1-C4H802 at 110 ~ 
When the solvent liberation stops, LiC1 is always present in the compounds 

investigated. Its transition into the melt is indicated by the peaks at about 610-614 ~ 
(Fig. 2). In the literature, 614 ~ has been reported [17]. 

M g C I 2 - H 2 0 - C 4 H 8 0 2  system 

In Fig. 3, the DTA curves of MgCI 2 �9 6H20. C4HaO 2 and MgCI 2 �9 2C4H802 are 
presented in comparison with MgCl2" 6H20. Just like the hydrate [5], the dioxane 
solvates melt incongruently, with the melting point of MgCI2.6H20 at 117 ~ 
intermediate between that of MgCI2-2C,~H802 at 71 ~ and that of 
MgCI2"6H20"C4H802 at 127 ~ In the case of the mixed solvate at 130 ~ a solid 
phase composed of MgCl 2 �9 2 H 2 0 "  C4H802  and two liquid phases approximately 
composed of dioxane and a melt rich in water consisting of 
MgC12 �9 6H20" 0.5C4H802 are present. 

Figures 4 and 5 report the results of thermal decomposition of the MgCl 2 
solvates. In the first stage (Fig. 4), the compound MgCl 2 -6H20.C4HaO 2 
isothermally releases 0.7 mol of C,,H802 below the melting point. 

J. Thermal Anal 32, 1987 
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EI~O 
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Temperaturep eC 
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II  
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Fig. 3 DTA curves of the solvates of MgCI 2 in the Closed system 

Temperature, ~ 

0 100 2oo 30o 
~  TG , l~5--T~f- '~- . ,1  o 

- ,or-- I \ 

so 2 . . . . . .  _ ~ s  

- -  - -_ T - - - ~ -  S_____--SX.__ 
Exo J _ . ~ 1 2 7  .__ 245 3 1 5 _  

/ DrA-f~-3 t " "~  fa - / 'A  f"-" Lt  v v v "  
Fig. 4 Thermal decompositiOn of MgClz-6HzO-C4HaO 2 (TG, AT, TGT). 1 MgCI2-4H20, 

2 MgC12.2H20 , 3 Mg(OH)0jaCll.82-1.03H20, 4 Mg(OH)o.TaClx.22 

Subsequently, in the temperature range up to 205 ~ the joint evaporation of the 
dioxane residue (0.3 mol) and of 2 mbl of water per mol of initial compound 
follows. 

After the completion of these processes, a saturated MgCI 2 -4H20 melt is 
attained, whose thermal decomposition to magnesium hydroxide chloride is 
approximately identical with the decomposition of MgCI2"4H20 from 
MgCI2 "6H20 [5] as described above. In contrast to this, the thermal decomposition 
of MgCI 2 �9 2C4H802 results in anhydrous magnesium chloride (Fig. 5). 

After melting, the evaporation of dioxane starts of 90 ~ with stages of solvate 
contents of apprgximately 0.5 and 0.25 mol of C4HsO2/mol of MgCI 2 being 
observed. The slight HC1 liberation of about 0.2 wt.% at about 230 ~ should be 
attributed to the reaction of adhesive water with the solvate, forming MgC12 
hydrate, and to the thermal decomposition of the latter. 

J. Thermal Anal. 32, 1987 
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TG 

T e m p e r a t  u r e , ~  
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_ 0 - - ~  " 

. . . . . . . . .  o~ ~: ~ 1 
Fig. 5 Thermal  decompos i t ion  o f  M g C I 2 2 C 4 H 8 0 2  (TG, ,J T, TGT) 

AICI3-H20-C4HsO 2 system 

Due to the instability of  the mixed solvate AICI 3 �9 9HzO.  3C4H802 (Section 2), 
only the melting behaviour of  A1C13.2C4HsO 2 could be investigated. Figure 6 
shows the DTA peak at 43 ~ By means of  the heating stage microscope, extremely 
incongruent behaviour was observed. The evaporation of  dioxane starts at 105 ~ 
(Fig. 7). At the end of  the first stage, AICI 3 �9 C4H802 has been formed. This solvate 
was also demonstrated by Scheka [10]. N o  anhydrous aluminium chloride is formed 

Exo 

AT r 

20 
Temperat ure~ ~ 

5O 10~ 

Fig. 6 DTA curves in the closed system o f  AIC1 a �9 2 C 4 H 8 0  z 

with further increase o f  the temperature, but dissociation and polymerization 
reactions occur which have not been studied in detail. On the one hand, the water 
content o f  0.7 wt.% in the solvate catalyzes the dioxane dissociation, while on the 
other hand, the hydrolytic dissociation of  the intermediates, including HCI 
liberation, sets in (TGT curves in Fig. 7). 

23 J. Therrnat Anal. 32, 1987 
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Fig. 7 

Temperature, ~ 
~ o 

~ _o 

o ~ 

40 Exo~, 
AT 
I DTA 

EJdo 

Thermal decomposition of A1C13 "9H20 �9 2C4H 8 02 (TG, AT, TGT) 

The thermal decomposition of A1CI3"9H20"3C4HsO 2 does not result in 
AICI 3 �9 6H20 either, but, after the simultaneous liberation of dioxane and water, 
AI203 is formed via A1C13 �9 6H~O (Fig. 8). Intermediate stages ofdioxane liberation 
cannot be quantified. Moreover, Fig. 8 illustrates the instability of the mixed 
solvate. The liberation of dioxane already proceeds at 25 ~ 

Temperature, oC 
-50 50 750 250 350 450 

0 " ~ A I  s ' 0" 3(~4H$02 [ 

_~ s0-  . . . . . . .  ___~_~,~,_~_6~_~__~ 

" Ak%-----'~-----~ ~o ~ioo ], 
~T 

Endo 

Fig. 8 Thermal decomposition of A1CI 3 �9 9H20.3C4H802 (TG, A T) 

Discuss ion 

The thermoanalytical investigation results obtained confirm the concepts of the 
solvate structure and the coordination of the compounds investigated as reported in 
the literature. In the case of lithium chloride solvates, the compounds 
LiCI.C4H802 (melting point = 115 ~ and LiCI.H20.C4H802 (melting 
point = 123 ~ containing dioxane always have higher melting points than the 
corresponding hydrates: LiCI.H20 (melting point = 90 ~ and LiCI '2H20 
(melting point = 19.4 ~ [18]. This increase in the melting point correlates with the 

J. Thermal Anal. 32, 1987 
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increasing stability of the coordinate bond. Due to the increase in the covalent bond 
character, dioxane forms stronger coordinate bonds with the lithium cation than 
water does. By means of X-ray investigations of the mixed solvate 
LiCI.HzO.CaH802, Durant [11] proved that the tetrahedrally coordinated Li § 
ion is surrounded by CI-, H20 and two dioxane molecules forming bridges, and 
that the dioxane is not involved in hydrogen-bonding. 

The separate solvent evaporation from the mixed solvate indicates the direct 
coordination of the water as well as of the dioxane to the lithium cation. In 
agreement with the lower donor number of dioxane as compared to water 
(DNdl . . . . .  = 62 kJ/mol, DNn2o = 75.4 kJ/mol) [19], the organic solvent is 
separated at a lower temperature than water. 

Similarly as for the LiC1 mixed solvate, the melting point of 
MgCI. 6H20. C4H802 (melting point = 127 ~ is higher than that Of MgCI z .6H20 
(melting point = 117~ although the melting point is generally reduced for salt 
hydrates with increasing hydrate water content. 

This effect is an expression of the increased bond strength of the mixed solvate, 
which can be attributed to the hydrogen-bonds between the dioxane and water 
molecules [13]. The intermolecular interactions also become obvious from the fact 
that the organic component is already separated in the first two stages of 
MgC12"6H20"C4HsO 2 decomposition (Fig. 4)'. In contrast to MgC12"6H20 
decomposition, the beginning of decomposition at 125 ~ sets in from the solid phase 
near the melting point; according to Barnes [13], the dioxane expands the crystal 
lattice and thus the thermal stability is reduced in comparison to that of the hydrate. 

In the initial phase, the decomposition of the mixed solvate 
AIC1.9H20.3C4H802 proceeds similarly to that of the mixed solvate of MgCI2, 
with preferred separation of dioxane and the formation of A1C13.6H20, as in this 
case too the organic component is not bonded to the At 3+ cation in the first 
coordination sphere, but via hydrogen-bonds [20]. 

The decomposition of the anhydrous solvates LiCI.C4HaO 2 and 
MgCI2 - 2C4H802 results in the formation of anhydrous Li and Mg halides, but this 
is not the case for AIC13 �9 2C4H802 . Due to the increasing acidity of the salts in the 
series LiCI<MgCI2<A1CI3, the reaction of the salt with the organic solvent, 
involving dissociation of the cyclic ether, begins in the case of A1C13 �9 2C4H802. 

The valuable assistance of Dr. Franghfinel in the separation of the solid phase by means of the high- 
temperature centrifuge is gratefully acknowledged. 
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Zll~mmtmfa,~tUlg - -  Das thermische Verhalten der Solvate und Mischsolvate der Systeme LiCI, 
(MgCI2, AICla)-Wasser-1,4 Dioxan wurde mit Hilfe von DTA-Messungen zum Schmelzverhalten, und 
quasi-isothermen und quasi-isobaren Untersuchungen zum Ablauf der thermischen Zersetzung 

Untersueht. Die Verbindungen schmelzen inkongruent. Die Lage der Schmelzpunkte und der Verlauf 
der thermischen Zersetzung bekr/iftigen dieVorstellungen, dab 1,4 Dioxan im Mischsolvat des Lithiums 
in der ersten Koordinationsph~ire direkt am Kation, hingegen bei Magnesium und Aluminium tiber 
Wasserstoffbriicken gebunden ist. Die Zersetzung der wasserfreien Solvate fiihrt nur im Fall der 
Lithium- und Magnesiumverbindungen zu den wasserfreien Chloriden. 

Pe31ome - -  TepMnqecKoe rioBe21enHe CO.IIbBaTOB H CMelLlaHHblX CO.qbBaTHpOBaHHblX CHCTeM x.r/opttCTbl~ 
YIHTHfi (X.aOpHJl Marnn~l, xaopHa aytlOMnHn~l)-ao~la-l,4-jlnorcan 6blYIO nccne~loaaHn ~TA H3MepeH- 
r l ~  nX rl~aaaemil, a Kaa3H-H3OTepMrlqeClCd4Mn H KBa3H-H306apHblMH MeTO~IaMH - -  npoIleOc ax 
TepMnqecroro paa~oxenns. CoeannenH~ n:IaaflTCS nnrourpyaHTnO. FIo~oxxenne nx xoqer n~aa~enn~ 
n nporaecc TepMnaecroro paa~o~xenn~ ao~lTaepx~arox npezmo3aox~enne, axo 1,4-anorcan cas3an c 
anTHeM a nepao~ roopannaunonno~ c4bepe ero cuemannoro co~baaxa. B c~yqae xe x~opH~oa Marnn~ 
n aarounHn~, OH canaan c raxnonaun He nps io ,  a nocpe~lcxaoM ao~lopoanhlx casae~. Toabro ~as 
coe~lHHenn~ anxnfl'H Marnn~ TepMnqecroe pa3~oxenne 6e3aoaumx co~baaToa npnao~nx r 
o6paaoaanmo 6e3aoanux xa0pn~oa. 
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