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The conditions of thermal decomposition of the Y, La and lanthanide complexes of square 
acid in air atmosphere have been studied. On heating, the complexes of Y, La, Ce(III), Pr(III), 
Nd, Sm, Eu(III), Gd, Tb(III) and Ho decompose in two steps. First, the hydrated complexes lose 
crystallization water to form anhydrous salts. The complexes of Dy and Er decompose in three 
steps; they are dehydrated in two steps to .form anhydrous salts. The complexes of Tin, Yb and 
Lu are dehydrated in three steps; in two steps they lose water molecules to form octahydrates, 
which in the third step are dehydrated during decomposition. On heating, the anhydrous 
complexes of Y, Ce(lII), Pr(llI), Eu(III), Gd, Tb(lII), Dy, Ho and Er and the octahydrated salts 
of Tm, Yb and Lu decompose directly to the oxides Ln203, CeO2, Pr6Oll and Tb407. The 

anhydrous complexes of La, Nd and Sm decompose to LnzO 3 with intermediate formation of 
Ln202CO3. 

1,2-Diketocyclobutenediol, known as square acid, is a crystalline solid soluble in 
water. As a pseudoacid of lamination, it is ferroelectric [1, 2]. The salts of square 
acid are little known. The thermal decomposition of Ni(II) squarate has been 
studied in air and nitrogen atmospheres [3]. The salt was found to be stable up to 
560 K. The X-ray spectrum of Ni(II) squarate has been recorded, and its structure 
has been determined [4]. Complexes of Ac(III) with formulae Ac(C404) + and 
Ac(C404)2 have been identified in solution by an ion-exchange method, and their 
stability constants have been determined [5]. 

The aim of the present work was to obtain solid-state Y, La and lanthanide 
complexes of square acid and to examine the conditions and products of their 
thermal decomposition. 
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Experimental 

Complexes of Y, La and lanthanides from Ce(llI) to Lu were prepared by adding 
equivalent amounts of a 0.087 M solution of square acid to a hot solution of  rare 
earth chloride. The precipitate of  rare earth squarate was heated in the mother 
liquor for 0.5 h, then filtered off, washed with water to remove C1 - ions and dried at 
303 K to constant weight. 

The complexes of  Y, La and lanthanides were prepared in crystalline form. The 
squarates of Y, La, Ce(III), Sm, Gd, Dy and Lu were white, those of Nd and Er 
pink, those of Pr(III) and Eu(III) green-yellow, those of Tb(III), Tm and Yb beige, 
and that of Ho cream-coloured." 

The carbon and hydrogen contents of  the rare earth squarates were determined 
by elemental analysis. The rare earth element contents were determined by 
thermogravimetry and by ignition of the complexes to the oxides at i 173 K. The 
water contents were determined by thermogravimetry and by isothermal heating at 
definite temperatures. 

On the basis of the elemental analyses (Table 1),it was found that the complexes 
of  the rare earths with square acid were prepared as hydrated compounds with a 
metal to ligand mole ratio of  2: 3. The salts exhibited various degrees of  hydration. 
The salts of La, Ce(III), Pr(III) and Sm crystallize with 13 water molecules, those of 
Nd, Gd, Tb(lII) and Ho with 10 water molecules, that of  Eu(III) with 8, that of Y 

Table 1 Analytical data  

Complex 
L n , %  C , %  H , %  

calcd, found calcd found calcd, found 

Y2(C404)3 �9 9H20 26.6 26.5 21.5 21.7 2.7 2.7 

Laz(C404) 3 " 13H20 32.8 32.7 19.8 19. t 3.0 :~.9 

Ce2(C404) ~ - 13H20 32.9 32.8 16.9 16.9 3.1 3.3 

Pr2(C404) 3 �9 13H20 33.1 32.9 16.9 17.1 3.1 2.9 

Ndz(C404) 3 - 10I]20 35.8 35.8 20.9 21.0 2.5 2.7 

Sm2(C~O4) 3 - 13H20 34;5 34.5 16.5 16.4 2.9 2.7 

Et12(C404) 3 . 8H20 38.8 38.8 18.4 18.6 2.0 2.0 

Gdz(C404) 3 �9 10HzO 37.8 37.8 17.3 17.7 2.4 2.4 

Tbz(CaO4)3 �9 10H20 38.1 38.0 17.3 17.8 2.ll 2.5 

Dy2(CaO4) 3 �9 26H 20 28.7 28.5 12.7 13.5 4.6 4.0 

Hoz(C404) 3 - t 0H20  38:9 39.0 17.0 t7.5 2.6 2.4 

Er2(CaO4) 3 �9 14H20 36.6 36.8 15.8 16.0 3.1 2.9 

Tmz(C404)3 �9 26H20 29.8 30.0 12.6 13.2 4.6 4.0 

Ybz(C404) 3 - 22H20 32. I 32.0 13.3 13.3 4.0 3.9 

Lu2(C404)3 - 22H20 32.3 32.5 13.3 13_3 4.0 3.8 
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with 9, that of Er with 14, those of Yb and Lu with 22, and those of Dy and Tm with 
26 water molecules. 

The IR spectra of the studied complexes were recorded in the range 
4000-400 cm-l.  They are similar to one another. Analysis of the IR spectra 
confirms the compositions of the complexes. 

X-ray studies confirmed that the complexes are crystalline compounds of low 
symmetry, with large unit cellsl They are characterized by different structures and 
different degrees of crystallinity. 

The thermal stabilities of Y, La and lanthanide squarates were studied. The 
measurements were made on a Q-1500 D derivatograph at a heating rate of 
10 deg.min -1. The samples were heated in air atmosphere. The results are 
presented in Figs 1-7. The solid decomposition products were calculated from the 
weight loss in the TG curve and were confirmed by recording the iR spectra. 

Results and discussion 

On the basis of the thermal curves recorded for all the prepared complexes, the 
temperatures and products of decomposition were established. The results are given 
in Figs 1-7. 

When heated in air atmosphere, the square acid complexes of Y, La and 
lanthanides from Ce(IIl) to Lu decompose in different ways. 

The hydrates of Y, La, Ce(IIl), Pr(llI), Nd, Sm, Eu(III), Gd, Tb(III) and Ho lose 
crystallization water in one step in the interval 313-573 K, which is associated with 
a strong endothermic effect. The anhydrous salts formed are quite strong, except for 
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Ce(lll) squarate. The squarate of  dysprosium is dehydrated in two steps on heating. 
It loses 8 water molecules at 413-513 K, and the next 18 water molecules at 
513-633 K, forming the anhydrous salt, which immediately decomposes directly to 
Dy20 3. The hydrate of erbium squarate, crystallizing with 14 water molecules, is 
also dehydrated in two steps. The complex loses 12 water molecules in the interval 
313-503 K, and the next 2 molecules at 553-673 K, to yield the anhydrous salt, 
which decomposes directly to Er203. The most hydrated thulium, ytterbium and 
lutetium squarates are dehydrated in three steps. Thulium squarate hydrate loses 12 
water molecules at 363-433 K, and then a further 6 water molecules at 433-493 K. 
The octahydrate formed decomposes directly to TmzO 3. 
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The squarates of ytterbium and lutetium lose 14 of the 22 water molecules in two 
steps to form unstable octahydrates, which decompose to Yb203 and Lu203. 

The ranges of dehydration temperatures of the rare earth squarates are presented 
in Fig. 8. These were found to vary periodically with increasing atomic number; 
erbium has the highest value. 

The results indicate that the anhydrous rare earth squarates, except those of 
Ce(IIl) and Dy, are stable, whereas the octahydrates of Tm, Yb and Lu squarates are 
very unstable. When heated in air, the anhydrous complexes of Y, Ce(III), Pr(III), 
Eu(III), Gd, Tb(III), Dy, Ho and Er, and the octahydrates of Tm, Yb and Lu, 
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decompose directly to the oxides, whereas the anhydrous complexes of La, Nd and 
Sm decompose to Ln/o3 with the intermediate formation-of L n 2 0 2 C O  3 . The rare 
earth oxides are formed at 863-963 K, except for those of La, Nd, Tb and Tm, 
which are formed at 1053-1123 K (Fig. 9). The temperatures of oxide formation 
vary periodically with increasing atomic number Z and decreasing ionic radius in 
the lanthanide series. The double~louble effect has been observed. 
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Fig. 9 Relationship between T k and Z for rare earth squarates. and o~ylates . . . .  

The crystallization water in the prepared complexes is bonded in different ways. 
It is outer sphere water connected by hydrogen-bond to the ligand oxygen atoms 
and lattice water, and in Tin, Yb and Lu squarates it is inner sphere water too. 

Square acid is known to be a compound similar to oxalic acid. The rare earth 
complexes of square acid are more strongly hydrated (except for the Y complex) 
than those of oxalic acid, which are usually prepared as decahydrates. On heating, 
the hydrated oxalates of the light lanthanides [6-8] lose crystallization water to 
form anhydrous salts, which are very unstable. The hydrated oxalates of the heavy 
lanthanides lose some water molecules on heating, to form hydrates containing less 
water molecules, which then decompose to the oxides. Only the anhydrous oxalates 
of La, Pr(III) and Nd decompose to the oxides with the intermediate formation of 
Ln202CO 3. The temperatures of oxide formation (Tk) are presented in Fig. 9. 
These vary periodically with increase of the atomic number and decrease of the 
ionic radius from La to Tb, while they have the same value (973 K) for the 
compounds from Dy to Lu .  
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Zusammenfassung Die thermische Zersetzung von Komplexen von Y, La und Lanthaniden mit 

Squares/iure in Luft wurde untersucht. Beim Erhitzen zerfallen die Komplexe von Y, La, Ce(lll), Pr(l ii), 
Nd, Sm, Eu(Ill), Gd, Tb(Ill)  und Ho in zwei Schritten. Die hydrierten Komplexe geben zuerst Wasser ab 
und bilden wasserfreie Salze. Die Komplexe von Dy und Er zerfallen in drei Schritten, wobei sie in zwei 

Schritten zu wasserfreien Salzen dehydriert werden. Die Komplexe von Tm, Yb und Lu werden in drei 
Schritten dehydriert. Sie geben in zwei Schritten einige Wassermolekfile ab, um Octahydrate zu bilden, 
die dann w~ih, rend des Zerfalles dehydriert werden. Die wasserfreien Komplexe von Y, Ce(Ill), Pr(Ill), 

Eu(lll),  Gd, Tb(IIl), Dy, Ho und Er sowie die Octahydratsalze von Tm, Yb, und Lu zerfallen beim 

Erhitzen direkt zu den Oxiden Ln203,  CeO2, Pr60 ~ ~ und Tb40  7. Die wasserfreien Komplexe von La, 

Nd und Sm zerfallen fiber das Zwischenprodukt Ln202CO 3 zu Ln203.  

Pe3mMe B aTMoc~epe Bo3~lyxa n3yqeHbl yc.qOBrl~ TepMl4qecKoro pa3Jlo~eHnfl l~OMn.aeKCOB rlTTpHa, 
.~aHTana ~I .qaHTaHOrl//OB CO Cl(BaP0BOfi KtlCJIOTOH. Hpn HarpeBannH KOMnJIeI~Cbl ItTTpHfl, .aaHTaHa, 
aeo//nMa, caMapna, Fa,/loJlnHl411, FO.rlbMItlt M TpexBaJIeHTHblX ttepHa, npa3eo//nMa, eBponna n Tep6na 

pa3J~aratoTca B :IBe CTa//HH. Fri,apaTHble KOMn.qetCbl cHaqa.aa Tl~pInoT KpricTa.aJln3atlrtoHHyro Bo21y, 
/laBan 6e3aO:IHble COJllt. KoMn.qeKCbl //Hcnpo3na n 3p6Ha pa3~ara~oTca B TpH cTa//riri. ,~errulpaTaLIHa 
Hx HpoTeKaeT a //Be cTa//rln c o6pa3OBaHHeM 6e3BO//HbIX coJle~. KOMHJleKcbl Ty.arta, rtTTep6tlfl rl 
.rllOTeIIl, lll//ertt/ipaTnpyroTclt a Tplt cTa,/Irm. Ha nepal,Ix ;~ayx CTa/ltlItX OHrl TepatoT necl<o.rlbl<O M0.rleKyJl 

aO~I~,~, 06paaya oKTarn//paTbi, KOTOpbIe Ha TpeTbe~ CTa/1HH //erI4//paTHpyroTca c pa3.ao~eHHeM, lqprf 
HarpeBanttlt 6e3BO//Hble KOMnJIeKCbl l, ITTpna, Fa,RO~HHHa,//ncnpo3rta, FOYlbMHII, 3p6Ha, TpexBaY~eHTHblX 

uepna, npa3eo~lnMa, eBponna, Tep6rta, a Ta~>re OKTarn~lpaTb~ Ty,qna, HTTep6Ha H JItOTelIH~ 

pa3nara~oTca npaMo /1o Or~tC~OB Ln203,  CeO2, Pr6Ot~ rl Tb407.  Be3BO~IH~,~e KOMn~el(Cb~ .qanTaHa, 
Heo//HMa I~ caMaptta pa3J~araroTc~ 310 L n20  3 c 06pa30BaHrleM npoMe:~yTOqHOrO apo//yKTa 

Ln202CO 3 . 
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