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The reaction of rare earth acetate hydrate in ethylene glycol at 300°C yielded two novel
crystalline products, one from La-Gd and the other from Th-Lu and Y. IR and NMR spectra
of these products suggested the presence of both acetate groups and ethylene glycol
moieties, and it was concluded that these products are ethylene glycol complexes of rare
earth acetate (hydroxide) oxide. On the other hand, the reaction of rare earth acetate
hydrate in other glycols such as 1,3-propanediol and 1,4-butanediol yielded rare earth
diacetate hydroxide, two morphs of rare earth acetate oxide and rare earth acetate
dihydroxide, depending on the ionic size of rare earth element, but the glycol complexes
were not formed. In all cases, acetate groups of rare earth acetate were not completely
eliminated from the coordination sites of the rare earth element by the reaction in glycols
but the reaction in ethylene glycol could liberate the acetate groups more easily than other
glycols because of high coordination ability of ethylene glycol. © 2000 Kluwer Academic
Publishers

1. Introduction 2.2. Typical reaction procedure
Recently, the present authors reported that the rea¢¢ttrium acetate tetrahydrate (4.24 g, 12.5 mmol) was
tion of a stoichiometric mixture of aluminum alkoxide suspended in 88 ml of EG in a test tube serving as
and yttrium acetate hydrate in 1,4-butanediol (1,4-BG)autoclave liner, and the test tube was placed in a 200-ml
at 300C (glycothermal reaction) yielded single phaseautoclave. An additional 18 ml of EG was placed in
microcrystalline yttrium aluminum garnet (YAG) [1]. the gap between the autoclave wall and the test tube.
The use of 1,4-BG is essential for the formation of The autoclave was completely purged with nitrogen,
crystalline garnet under the glycothermal conditionsheated to 300C at a rate of 2.3C/min, and kept at that
and when ethylene glycol (EG) was used instead ofemperature for 2 h. After the assembly was cooled to
1,4-BG, an amorphous product was obtained [2]. Subroom temperature, the resulting product was washed by
sequently, the authors found that this method can beepeated cycles of centrifugation and decantation and
applied for the synthesis of series of rare earth)(R then dried in air.
aluminum and gallium garnets [3, 4] and that samar-
ium and europium aluminum garnets, which can not be
prepared by any other methods, are also formed by this 3 Analyses
method [3]. They also reported that the glycothermaly _ray powder diffraction (XRD) was measured on
reactions of_Racetate hydrqtes wlth triethyl phosphate ; snimadzu DX-D1 diffractometer using Cu, Ka-
or with niobium pentaethoxide yielded the correspondiation and a carbon monochromator. Temperature-
ing RE phosphates or niobates, respectively [S, 6]. Ifyrogrammed XRD experiments were carried out on
order to elucidate the mechanisms for these reactions, yertical goniometer equipped with the sample heat-
the authors explored the reaction of RE acetate hydratg,y ynit in a flow of Ar using Ni filtered Cu K radi-
alone in various glycols and found that several novebion Thel3c NMR spectra at 67.8 MHz were ob-
crystalline phases are formed by the reaction. tained on a JEOL GSX-270 spectrometer using the
cross polarization (CP) technique. About 4.5 kHz sam-
ple spinning at the magic angle (MAS) was used. In-
2. Experimental procedure frared (IR) spectra were measured on a Shimadzu IR-
2.1. Materials 430 spectrometer using the usual KBr technique or
Hydrate salts of R acetates were purchased fromon a JEOL JIR-7000 FT spectrometer using the dif-
Wako Pure Chemical Industry. Guaranteed grade glyfuse reflectance method. Thermal analyses were per-
cols (Wako) were used without further purification.  formed on a Shimadzu TG-50 thermal analyzer at
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a heating rate of I@/min in a 40-ml/min flow of
dried air.

3. Results and discussion

As reported in the previous paper [7, 8], the reactions of
Re acetate hydrates in 1,4-BG yielded &acetae hy-
droxide (DAH, Re(OAc),(OH)), Re acetate dihydrox-
ide (ADH, Re(OAc)(OH),), and two modifications of
Re acetate oxide (AOA and AOB,#0ACc)0), depend- Y
ing on the ionic radius of theRelements [7, 8]. The re-

actions in 1,3-propanediol (1,3-PG) or 1,5-pentanediol

showed a product spectrum similar as the reactions in w

1,4-BG, although the yields of the ADH phase were UM\JM

smaller as compared with the reaction in 1,4-BG. Re- M

sults are summarized in Table I. Er
The reactions in EG gave products completely dif- W

ferent from those obtained in 1,4-BG or other glycols.

Two types of crystalline products were detected, one for

La-Gd and the other for Tb-Lu and Y; hereafter these | , A Tb

products will be refereed as Phase A and Phase B, re- | | | |

spectively. The XRD patterns of the Phase A products

are given in Fig. 1 and those of the Phase B products 10 30 50 70
20/ deg. (CuKoy)

Figure 2 XRD patterns of the Phase B products obtained by the reactions
of rare earth (Tb-Lu, and Y) acetates in ethylene glycol af @dar 2 h.

are shown in Fig. 2. These results are rather surpris-
ing because the glycothermal reaction of the mixtures
of aluminum isopropoxide andeRacetates in EG gave
amorphous products [2, 3]. As shown in Figs 1 and
2, the products with Relements near the boundary
of the two phases exhibited the XRD peaks with rela-
tively low intensities and therefore these products may
be contaminated with the amorphous phase.
To elucidate the effect of the reaction temperature,
| ’ l | some of R acetates were allowed to react in EG at
10 30 50 70 200°C. The reactions of acetates of Gd and Yb afforded
20/ deg. (CuKo) amorphous pr_oducts, while acetates of Th and Ho gave
poorly crystallized products, whose XRD patterns were

Figure 1 XRD patterns of the Phase A products obtained by the reactionSimilar with that reported by Manabe and Ogawa as a
of rare earth (La-Gd) acetates in ethylene glycol ar80fr 2 h. new modification of anhydrous lanthanum acetate [9].

TABLE | Product phases of the reactions of rare earth acetate hydrates in glycols@tf802 h

Glycol
Element Ethylene Glycol 1,3-Propanediol 1,4-Butanediol 1,5-Pentanediol
La Phase A DAH DAH DAH
Ce Phase A DAH DAH —
Pr Phase A AOA, (DAH) AQA, (DAH) —
Nd Phase A AOA AOA AOA
Sm Phase A AOA AOA —
Eu Phase A AOA ADH, (AOA) —
Gd Phase A AOQA, (ADH) ADH, (AOA) AMM
Th Phase B ADH, AOB AOA —
Dy Phase B AOA AOB, (AOA) AOA
Ho Phase B AOB AOB —
Er Phase B AOB AOB —
Tm Phase B — AOB —
Yb Phase B AOB AOB Unidentified
Lu Phase B — AOB, AAH —
Y Phase B — AOB, AAH AOB

DAH, rare earth diacetate hydroxidee(®Ac);(OH): AOA and AOB, rare earth acetate oxides(RAc)O) with two different structures: ADH,
rare earth acetate dihydroxideg(®Ac)(OH): AAH, rare earth acetate anhydride: AMM, acetate monohydratéQRc)s-H,0). Phases shown in
parentheses were present in minor quantities.
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TABLE 11 Interconversion of the products obtained by the reaction
of rare earth acetate in ethylene glycol and in 1,3-proparfediol

Element Starting Pha%e Medium Product

La DAH Ethylene Glycol Phase A Yb
Nd AOA Ethylene Glycol Phase A

Gd AOA, (ADH) Ethylene Glycol Phase A, Phase B

Th ADH, AOB Ethylene Glycol Phase B

Er AOB Ethylene Glycol Phase B

Yb AOB Ethylene Glycol Phase B

La Phase A 1,4-Butanediol AOA, (Unidentified)

Nd Phase A 1,4-Butanediol AOA

Gd Phase A 1,4-Butanediol ~ Phase C Er
Th Phase B 1,4-Butanediol Phase C

Er Phase B 1,4-Butanediol Phase C

Yb Phase B 1,4-Butanediol Phase C

aThe air-dried starting material, obtained by the reaction of rare earth

acetate in a glycol at 30C for 2 h, was further treated in another glycol Tb

specified in the table at 30Q for 2 h.

bDAH, rare earth diacetate hydroxideg(®Ac),(OH): AOA and AOB,

rare earth acetate oxidegfAc)O) with two different structures: ADH,

rare earth acetate dihydroxideg(®Ac)(OH),. Gd

However, because of the low crystallinity of these prod- | | | | | | |
ucts, further characterization of was not carried out. 10 20 30 40 50 60 70
The reaction of acetates of La and Pr in EG at“ZD0 26/ deg. (CuKa)
yielded the corresponding DAH phase, although both
the products were contaminated with small amountgigure 3 XRD patterns of the Phase C products. For the reaction con-
of unidentified product(s). This result suggests that thélitions: See footnote of Table II.
Phase A products, at least those obtained from acetates
of La and Pr, were formed via the DAH phase. In orderPhase A also exhibited a broad absorption at this region
to verify this assumption, the products obtained by thebut low intensity of the band suggests that this is due to
reaction of R acetates in 1,3-PG were further treatedwater or glycol adsorbed on the product surface.
in EG at 300C. The results are summarized in Tablell. The IR spectra of Phase A showed stretching
Irrespective of the starting phases, the products of thesabration bands due to the acetate groups at 1560
reactions were essentially identical with those of theand 1420 cm?, and the Phase B products exhibited
direct reactions of Racetates in EG, although the Gd the corresponding bands at 1590 ¢hand at around
species gave a mixture of Phase A and Phase B. 1380 cn1?, although unequivocal assignments cannot
On the other hand, when the Phase A product obbe made because asymmetric bending mode of the
tained by the reaction of neodymium acetate in EG wasnethyl group appears at the same region. These
treated in 1,4-BG, Nd(OAc)O (AOA) was obtained. results suggest that the acetate groups in the two
Similar treatment of the Phase A product from lan-phases are in completely different environments. Four
thanum acetate did not afford the DAH phase, whichtypes of coordination of acetate groups are generally
was the product of the direct reaction of lanthanumconsidered, i.e., monodenate, chelating, bridging, and
acetate in glycols other than EG, but yielded the AOApolymeric [10-12]. They may be characterized by the
phase together with a small amount of unidentified crysposition and difference between the asymmetric and
talline phase(s). The reactions in 1,4-BG of the Phase Aymmetric vibrations of the carboxylate group and dif-
product obtained from gadolinium acetate and of allference between the two vibration frequencies decrease
the products with Phase B structure gave another novéh the following order: monodenate bridiging >
crystalline phase. This phase will be called Phase Cpolymeric> chelating. Phase B exhibited relatively
whose XRD pattern is shown in Fig. 3. The resultslarge difference between two bands, which may sug-
mentioned above can be summarized as follows: Thgest the presence of the bridging acetate group in this
products obtained by the reactions of Rcetates in phase.
1,3-PG can be converted to the products formed by the Liquid EG shows two absorption bands in the 850—
reactions in EG but the reverse reactions take place i850 cnt?! region. Using normal coordinate analyses,
limited cases. Matsuura and Miyazawa [13] assigned the 885-¢m
Typical IR spectra of Phases A and B are shown inband to the rocking vibration and the 865-chiband to
Fig. 4. Both the spectra of Phases A and B showedhe C—C stretching vibration of gauche isomer coupled
characteristic bands due to the acetate group and the BE@&ith C—O stretching mode. Two other groups reached
moiety, but apparent difference is that Phase B exhibitedimilar conclusions independently [14, 15]. Miyake
sharp bands at3650 cnt! while Phase A did notshow prepared two different types of EG (monodenatate and
these bands. This suggests that Phase B possesses bidentate) complexes of cobalt and nickel salts and
structural OH group while Phase A does not. A broadfound that the 865-cm' band shifts to ca. 25 cm
band at around 3400 cm observed in Phase B seems higher frequency on going from a monodentate to a
to be due to the free OH group of the glycol moiety. bidentate complex [16]. Similar shifts were reported

1543



La
Gd
Sm
{ | vy
4000 3600 3200 2800 1600 1200 eoo 4oo
Er WAVE NUMBER / cm-!

ﬁii

Figure 5 IR spectra of Phase C. Spectra were taken by the diffuse re-
flectance method.

This suggests that EG moiety in Phase A is strongly
Tb coordinated to the Rion.
The IR spectra of Phase C are shown in Fig. 5. This
phase exhibited sharp bands at ca. 3620 %cdue to

the stretching vibration of the structural OH groups.
The acetate group seems to be present in this phase
but asymmetric and symmetric vibration bands were
Y not separated well. This seems to be due to the acetate
groups present in several chemical environments and to
the chelating form of the acetate group which usually
shows a small deference in the frequencies of the two
bands. The spectra also indicate that the ethylene glycol
l I I I : moieties present in Phase B were completely expelled

by the reaction in 1,4-BG.
4000 2000 1500 1000 500 The 13C CPMASNMR spectra of the products ob-
WAVE NUMBER / cm! tained by the reaction of lanthanum acetate (Phase A)
Fiaure 4 Tvpical IR 12 of the br " he reaction and yttrium acetate (Phase B) are shown in F|g. 6. For
ofgr:ri eari/r? gietat;spaciz;;e;ee gﬁyzgr;i!g;t)? Zeha.I g);l)(;cfra?::; SPhase A, peaks at 24.9 a”q 28.7 me are attributed to
taken by the KBr disk method. methyl carbons of acetate ions while peaks at 183.3
and 185.9 ppm are due to carbonyl carbons. These two
sets of the peaks suggest that in Phase A the acetate
for many other complexes, and some glycolato comgroups are present in at least two different chemical
plexes showed the C—C vibration mode (the 865-tm environments. A broad peak at 66.3 ppm is attributed
band) at higher frequency than the rocking vibrationto the methylene carbons of the ethylene glycol moi-
mode (the 885-cm' band). As the 865-crmt bandsis ety. Phase B showed three peaks at 26.2, 69.6, and
mainly due to the C—C vibration mode, shifts to higher178.9 ppm, and these peaks were also attributed to the
frequencies may be attributed to the increase in bondhethyl carbon of the acetate group, the methylene car-
order between two carbon atoms. Actually, shorteningons of the EG moiety, and the carbonyl carbon of the
of C—C bond in bidentately coordinated EG moiety wasacetate group, respectively. The intensity ratio of the
reported [17-19]. Although Phase B showed only ongpeaks suggests that the same number of the methyl car-
absorption band at905 cnt?, this can be explained bon and the methylene carbon are present in Phase A,
by accidental overlap of the 885-cthband with the  while Phase B contains atleast four times larger number
865-cnT! band caused by large shift of the latter bandof the methylene carbon than that of the methyl carbon.
to higher frequency, which suggests that EG moiety in Thermal analyses of the as-air-dried Phase B prod-
Phase B is bidentately bound to aiBn. The 865-crm*  ucts showed that they decomposed through three suc-
band of Phase A also shifted to higher frequency and itessive weight decrease processes. The first weight de-
appeared at higher frequency than the 885-tbmnd.  crease took place at around 2@0with an endothermic
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(upper) products obtained by the reactions of lanthanum and yttrium
acetates, respectively, in ethylene glycol at3D®or 2 h. Peak at =
166 ppm, indicated by X, is due to background. | | | |
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response in differential thermal analysis (DTA). This 26/ deg. (CuKa)
weight decrease is due to the desorption of phys-. , .
. . Figure 8 High temperature XRD patterns of the samples derived from
iosorbed glycol molecules. The Seco,nd Welg,htdecreasg"Phase A product obtained by the reaction of gadolinium acetate in
observed at around 360 was associated with a large ethyiene glycol.
exothermic peak in DTA and is therefore due to the ox-
idative degradation of organic moieties. The last weight
decrease was observed at 620-<T8(nd the temper- the catalytic activity of the Ce species for oxidation. For
ature depended on theRlement. The DTA response the La, Ce, Pr, and Eu species, a slight weight decrease
also depended on the element; some showed a sligitas observed at around 5@ This weight decrease
exothermic peak while other showed a slight endotherwas associated with an exothermic response in DTA
mic one. Total weight loss of this phase was about 30%and therefore is attributed to the combustion of car-
Results for the temperature-programmed XRD ex-tonaceous material formed by degradation of organic
periments were shown in Figs 7 and 8. Phase B bemoieties at around 36C. The last weight decrease
came amorphous at 200—4@ From the amorphous process was observed at 610-780which was ac-
phase, R oxide crystallized at-600°C. Because the companied by crystallization ofdxide. Total weight
sample was held at each measurement temperature flwss of this phase was approximately 30%.
1 h, phase transformation would take place at a lower Phase A was much less stable than Phase B and
temperature than that observed in thermal analysis, antl became amorphous even by heating at°f)0as
therefore the last weight decrease observed in thermahown in Fig. 8. The oxide phase crystallized at @0
analysis is attributed to the crystallization of Bxide  During these temperatures, the carbonate oxide phase
(exothermic process), which is associated with the los$Re,(CO3)O,) did not appear. This transformation se-
of surface hydroxyl groups and desorption of carbon-quence shows a clear contrast against that of the other
ate groups (endothermic processes). The DTA respond®e acetate species such as acetate, acetate hydroxides
mentioned above may be due to the balance of the he@AH and ADH) and acetate oxide (AOA and AOB)
effects of these two processes. [7—10]. These compounds transform into carbonate ox-
Phase A showed similar transformation sequencede (Re2(CO3)0O,) before the final transformation into
After the desorption of glycol at around 14D, ox- oxide. One possible explanation for the difference in
idative degradation of organic moieties took place athe thermal transformation sequence is that the acetate
around 360C. The Ce species, however, showed thegroups of the other Racetate species decomposed into
peak temperature at 300, which can be interpreted by acetone remaining carbonate ion in the coordination

200
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TABLE Ill Elemental analysis

Calculated Found
Element C H Ignition loss C H Ignition loss
Re2O(OACc)(OCH,CH,0)
La 15.27 2.14 31.97 13.92 2.15 31.0
Ce 15.19 2.12 30.81 7.24 1.08 32.79
Pr 15.14 2.12 30.71 14.98 2.32 33.70
Nd 14.93 2.09 30.28 13.58 2.15 33.27
Sm 14.56 2.04 29.53 12.72 2.30 30.24
Eu 14.47 2.02 29.34 14.16 2.17 32.57
Gd 14.17 1.98 28.73 12.68 2.24 34.29
Re;O(OCH,CH20H),(OAC)(OH)
Tb 13.55 2.65 31.23 12.93 2.21 25.74
Dy 13.37 2.62 30.82 11.72 1.92 27.48
Ho 13.25 2.59 30.54 11.68 2.06 30.93
Er 13.13 2.57 30.29 13.64 2.28 27.17
Tm 13.05 2.56 30.10 13.89 2.42 32.49
Yb 12.86 2.52 29.66 13.29 2.29 31.22
Lu 12.78 2.50 29.46 13.91 2.25 29.39
Y 18.38 3.60 42.39 15.33 2.81 41.79

site of the R ion, while the presence of the glycol moi- OAc/Re =1; therefore, it cannot be converted to the

ety in the present products enables the acetate grouf3AH phase (OAc/R = 2) and interconversion between

to form volatile esters by the reaction with the glycol Phase A and EOAc)O occurred: The reaction equa-

moieties and to be eliminated without the formationtions can be described as follows

of carbonate species. An alternative explanation is that

the transformation of the acetate oxide phase into the

carbonate oxide phase is a topotactic process and thaR]t52 O(OCH,CHY0)(OAC)s + HOCH:)sOH

the crystal structure of the precursor phases may not b

adequate for the crystallization of the carbonate oxide ~ F"® /

phase. 2RE(OAC)O + HOCH,CH,OH + (CH2)40
Results for elemental analyses and ignition loss

determined by thermal analysis are summarized ir2rRe©Ac)O + HOCHyCH20H

Table Ill. On the basis of the results mentioned above,

the empirical formulas of Phase A and Phase B

are tentatively assigned agf(OCH,CH,0)(OAc)

and R:;O(OCH,CH,0OH),(OAc)(OH), respectively, The driving force of these two reactions can be at-

although the agreement between calculated and olfributed to the removal of low boiling point products

served C and H contents was relatively poor becaus€lHF and water) from the reaction system by evapora-

of the possible presence of the amorphous phase. tion into the gas phase. Formation of tetrahydrofuran
Thermal analysis of Phase C showed two weight de{THF) in the reaction of aluminum alkoxide in 1,4-BG

crease processes. The first one occurred at 300€400 was demonstrated and it was explained that cleavage of

which was associated with an exothermic peak in DTAthe C-O bond in 1,4-BG moiety was facilitated by the

The second one took place at 550-85@&nd the peak intramolecular participation of the hydroxyl group [20].

temperature depended on the &@ement. This weight The interconversion of the products obtained in

decrease was accompanied by an endothermic respons& and in other glycols is schematically shown in

in DTA. Although the IR spectra of the intermediate Scheme 1. Although the scheme is slightly oversim-

phase indicated the presence of the carbonate groypified, it can explain the essence of the present work.

(1510 and 860 cm'), the XRD pattern of this phase Under the glycothermal conditions only a part of the

did not agree with that of the carbonate oxide phase buacetate groups were eliminated from the coordination

was similar to the oxide phase; therefore, the secondites of Riions. With the decrease in the ionic radius of

weight decrease was attributed to the desorption of cathe Re element, cleavage of the bonds between the ac-

bonate species adsorbed on the particles of the oxidetate groups andeRons proceeds more easily. When

phase. Total weight decrease was ca. 16%, which sughe reaction in EG is compared with the reaction in

gests that Phase C has an empirical formulamfd3  1,4-BG or other glycols, the reaction in EG facilitates

(OAC)(OH). the removal of the acetate groups from the coordina-
The interconversion between the products obtainegion sites of R ions. This seems to be due to the high

in EG and other glycols (Table 1) can be explained bycoordination ability of EG molecules.

the proposed empirical formula. Because the O&c/R  This paper demonstrated that in the glycothermal

ratio in Phase B is 1/2, this phase cannot be converteteaction of R acetate alone, acetate groups are not

to Re(OAc)O (OAc/Re=1), while the reverse reac- completely expelled from the coordination sites of

tion can take place. On the other hand, Phase A hathe Re ions. On the other hand, in the glycothermal

(AOA) (THF)

REZO(OCH2CH20)(0Ac)2 + H,O
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RE(OAc),

EG
..................................................... EG
La 1,4-BG
| RE,O(OCH,CH;0)(0OAc)y -
Gd (Phase A) EG
_____________________________________________________ EG
Tb B
| | RE,0(0CH,CH,0m,0Ac) OH) —2BC
Lu (Phase B)

Scheme lnterconversion

1,3-PG
1,4-BG
1,5-PgG
La RE:OAc
RE(OAc),(OH) CIe =1:2
REO(OAc)
Pr
RE(OAc)(OH)y | Elli:f?Ac
Lu =1
REO(OAce)
RE;05(0Ac)H(OH) RE:OAc
(Phase C) =2:1

of the products.

synthesis of Raluminum or gallium garnets by the re- Development of Rare Earth Complexes” No. 06241243
action of Re acetate with aluminum alkoxide or gallium and No. 07230251 from The Ministry of Education,

acetylacetonate, all the acetate groups efdgetate
were eliminated from the coordination sites of the R
ions [1, 3, 4]. Therefore, aluminum alkoxide, gallium

Science and Culture, Japan.
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