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The chemical dehydration of Yb(CI3-H,O by chlorine trioxide leads to a low-temperature form (LT) of anhydrous
perchlorato complexes of ytterbium(lll). By controlled thermolysis of this compound, a high-temperature form
(HT) of Yb(CIO4)3 was obtained. Its thermal decomposition leads to the corresponding oxide chlori@aCY,b

as a fine powder. The structures of the two polymorphic phases of YhifW@ere determined by Rietveld
analysis of high-resolution X-ray powder data (BL16, ESRF). The LT form crystallizes in a hexdggyhal

unit cell @ = 9.219 70(7) Ab = 5.535 18(3) A, an& = 2). For the HT form, the space groupR8c (a =

8.124 06(3) Ab = 24.0818(1) A, and& = 6). The thermal decomposition pathway was also determined with
the aid of TGA measurements and Raman spectroscopy.

Introduction 15 single-crystal X-ray or EXAFS structuré&st* Due to the
) ) ] o strong oxidative properties and very weak basicity of £ tBere

Although perchloric acid was discovered at the beginning of s at the present time, no suitable solvent for the preparation
the 19th century,the chemistry of unsolvated perchlorates is ang crystallization of anhydrous perchlorates. They are gener-
relatively young considering that it was only in 1961 that gjly optained as microcrystalline powders rather than single
Hathaway and Underhill demonstrated, by infrared spectroscopy crystals.
o;llanhydrous Clé)(CI.QZ’ tki:elcoo;dlnagng zblhty of thﬁ pelr- The significant improvement, over the past 10 years, of X-ray
chlorate group. During the last four decades more than 100 owder diffraction techniques allows the structure of ever more
unsolvated perchlorato complexes or salts of numerous elementgompbx species to be solvéd. This adds attractive prospects
over a wide range of the peI’IOC!IC table have been prepargd byto both the crystalline and molecular description of perchlorato
reliable synthetic methods® This emphases the coordinating
properties of [CIQ], which can act, in the absence of a strong (8) Rissoan. G.. Cheradame. H. Favier, F.. Pascal, J. L. ChencE. J
base, as a remarkable tetrahedral assembling ligand. Some of ™ ¢ "Acoq’ S¢i. Paris. Ser. 2994 318 329. Hosono, S.: Kim, W. S.:
these compounds, particularly those with rare earths, have been  Sasai, H.; Shibasaki, M. Org. Chem1995 60, 4. Castellani, C. B.;

successfully used in catalytic proces$és.However, the (C)afggo-ton-;F’_efé)ttgA-C:;E?CChib D-QOL_C&@HJ%S:% ?3’ g?-tCaIfUQO.
F H s ., Castellani, C. B.; Igna, P.; Rizzl, Mur. J. Solid. state Inorg.
description of the crystalline and molecular edifice of these Chem.1991 28, 425, Piguet, C.. Buzli, J. C. G.: Bernardinelli, G..

compounds, essential for the knowledge and understanding of  Hopfgartner, GJ. Am. Chem. Sod996 118 28, 6681.

their reactivity and physical properties, is limited to less than (9) Belin, C.; Chaabouni, M.; Pascal, J. L.; Potier, J.; Rozier&, Ghem.
Soc, Chem. Commuri98Q 105. Belin, C.; Chaabouni, M.; Pascal,

J. L.; Potier, JInorg. Chem1982 21, 3557. Fourati, M.; Chaabouni,

TE-mail: pasfav@univ-montp2.fr. M.; Pascal, J. L.; Belin, C.; Potier, J. Charbonnel, IMorg. Chem.
*E-mail: fitch@esrf.fr. 1986 25, 1386. Favier, F.; Bargues, S.; Pascal, J. L.; Belin, C.; Tillard-
(1) Von Stadion, FGlibert's Ann.1816 52, 197, 339. Charbonnel, MJ. Chem. Soc., Dalton Tran$994 3119.
(2) Hathaway, B. J.; Underhill, A. El. Chem. Socl961 3091. (10) Fourati, M.; Chaabouni, M.; Pascal, J. L.; Belin, C.; PotieNew J.
(3) Schmeisser, M.; Brandle, Kdv. Inorg. Chem. Radiochert963 5, Chem.199Q 14, 685.
41. (11) Genkina, E. A.; Babaeva, V. P.; Rosolovskii, V. Yéoord. Khim.
(4) Nikitina, Z. K.; Karelin, A. I.; Rosolovskii, V. YaRuss. J. Inorg. 1984 10, 1415. Genkina, E. A.; Babaeva, V. P.; Rosolovskii, V. Ya.
Chem. (Engl. Transl.198Q 25, 71. Koord. Khim. 1985 11, 1221. Ivanova, T. A.; Rybakov, V. B;
(5) Pascal, J. L. Thesis, Universiwontpellier 11, Sciences et Techniques Mistryvkov, V. E.; Mikhailov, Y. N. Russ. J. Inorg. Chem. (Engl.
du Languedoc, France, 1978. Zhang, C. S. Thesis, Univevkite- Transl.) 1991 36, 670. Schield, T.; Meyer, G.; Oczko, G.; Legend-
pellier Il, Sciences et Techniques du Languedoc, France, 1984. Pascal, ziewicz, J. Alloys Compd1991, 176, 337.
J. L.; Potier, J.; Zhang, C. 8. Chem. Soc., Dalton Tran$985 297. (12) Pascal, J. L.; Potier, J.; Roziere, J.; Jones, D. J.; Michalowidnp#g.
(6) Favier, F.; Pascal, J. LJ. Chem. Soc., Dalton Tran%992 1997. Chem.1984 23, 2068. Pascal, J. L.; Potier, J.; Roziere, J.; Jones, D.
(7) Brzyska, W.; Switz, EPol. J. Chem1993 67, 1003. Lixin, Z.; Bo, J.; Michalowicz, A.Inorg. Chem.1985 24, 238.
W.; Shiyan, Y.; Daosen, Polyhedron1995 14, 889. Zhou, D. J; (13) Potier, J.; Roziere, J.; Seigneurin, A.; Jones, D. J.; Pascal, J. L;
Gan, L. B.; Xu, L. B.; Luo C. PFurellene Sci. Technoll995 3, Michalowicz, A.New J. Chem1987 11, 641.
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complexes, especially in the new emerging field of their use as Table 1. Details of Rietveld Refinements for Yb(Ci2 LT and
precursors for ceramics. Perchlorates decompose at moderat&lT Forms

temperatures, below 2500 °C, giving fine powders, gener-
ally of oxides. This alternative preparative method for ceramics
has been largely developed using nitrétdsit could now be
envisaged also with perchlorato complexes. To control the
structure and morphology of the resulting materials, it remains

compd
space group
lattice
params (A)
A

Yb(CIQ)s(LT)
P6s/m
a=9.219 70(7)
c=5.53518(3)
2

Yb(ClO4)3(HT)
R3c

a=8.124 06(3)
c=24.0818(1)
6

: X-ray wavelength (A) 0.549 94(1) 0.549 94(1)
of importance to know the structure of the precursor as well as 29 range (deg) 6.5035.00 6.50-45.00
those of the intermediate solids. step incr () 0.0025 0.005

In a previous paper, we have fully characterized the channeled Nrefiens 251 446
structure of Yb(CIQ)s-H20.** We describe here its chemical ms"“?‘ params 2134 %
dehydration by chlorine trioxide leading, in a first step, to an Nfer:::':m‘::’ams 0 10
anhydrous low-temperature form (LT) of perchlorato complexes Ny 5 6
of ytterbium(lll). The controlled thermolysis of this compound, Re 0.0366 0.0414
as well as of the monohydrate, allows a high-temperature form Re 0.0397 0.0472
(HT) of anhydrous Yb(CIG); to be isolated. Its thermal Ssvp 8:8?22 8:823;

decomposition leads to the corresponding oxide chlorideQyb

Cl, as a fine powder. The structures of the two polymorphic
phases of anhydrous Yb(CJ2 have been determined by
Rietveld analysis of high-resolution X-ray powder diffraction
data. The thermal decomposition pathway was also determined
by TGA measurements and Raman spectroscopy.

description of the line, the precision, and resolution characteristics of
the diffractometer have been reported elsewher@wing to their high
hygroscopicity, finely ground and sieved white powders were sealed
under extra dry argon into 0.5 mm thin-walled Lindeman glass
capillaries. X-ray powder diffraction data were collected at room
temperature with a monochromated incident beam of wavelength
0.549 94(1) A. The wavelength and zero point were callibrated using
Caution! Chlorine trioxide and perchlorates are highly reagi the NIST Si standard 640b (fwhms 0.009 at 40 (20)). Data were

compounds particularly on contact with organic substances and under Scanned over= 26 < 50° with a counting time of 0.38 s per point
shock. They must be handled with care, and reactions must be for 850 points per degree €2in the scan range°0< 26 < 30" and
continuously monitored. 0.28 s per point for 1242 points per degreé@)(8p to 3C. Data were
Materials. Yb,Os; (Aldrich, 99.9%) was used without further ~ normalized with various step lengths given in Table 1. The indexing
purification. Chlorine trioxide, GDs, and perchlorates were prepared  Of the powder patterns was carried out using the TREOR90 profram.
in a vacuum line according to previously given methbdBecause of Rietveld refinements were performed using the FULLPROF program
their hygroscopicity, reactants as well as products were handled in aon a PC computef’
glovebox filled with extra dry nitrogen or argon. Hydrated ytterbium The diffraction powder patterns were indexed on the basis of the
perchlorate was prepared by dissolution of the corresponding oxide in first 25 observed lines with the following results:
boiling cgmmercial perchloric acid (Labosi, Analypur, 72%). Slow For Yb(CIOy)s(LT), the best indexing solution witM(25) = 122
dehydration at room temperature under vacuum (1.33 Pa) led to Yb- ;4 F»s = 213 (0.001951, 58) indicated an hexagonal unit cell with

g e ACCTHO, S 1l brametre =0 2153() A ant: = 53450 A Systemat
. APRTR ' b istent with th indicating th
heated to 170C while the other arm was cooled with liquid nitrogen. absences were consistent Wi © space 9 indicating the

After a few days colorless needles of Yb(GJ@H,O were isolated in existence of an isostructural relationship with the related anhydrous
perrhenate compound, Yb(Rg@®
the warmed arm. . ) )
Synthesis of Yb(CIQy)s Low-Temperature Form (LT). Yb- _For_ Yb(CIOQg(HT_) the patterns were indexed in hexagonal unit cells
(CIOs)s (LT) was synthesized by treating Yb(CJ@mH,0 or Yb- with flg'ures of _merlt ofM(25) = 60 andF,s = 135 (0.001363, 142).
(ClOg)s*H-0 with CLOs. At this stage in the synthesis of anhydrous Nonrefined lattice parameters weaie= 8.124(4) A ancc = 24.08(2)
perchlorates, a chloryl salt is usually obtained. However, as has beenA. This compound appears to be isostructural with SB(®)s, which
observed for other lanthanidesp ytterbium chloryl salt was isolated. ~ Crystallizes in theR3c space groug: Examination of systematic line
To remove absorbed or intercalated traces of chlorine trioxide, the absences in the patterns is in agreement with this assignation.
resulting product, Yb(CI@)s-¢Cl,Os, was heated at 76C (1.33 Pa). Refinements were carried out using a pseudo-Voigt function for the
Synthesis of Yb(CIQy)s, High-Temperature Form (HT). Under peak shape profile with an angular variation of the mixing parameter
dynamic vacuum (1.33 Pa) at 17%, the complete loss of the 7. Backgrounds were extracted by linear interpolation between several
coordinated water from Yb(CIs-H-O leads to the high-temperature  points in the overall angular range. A simplified two-parameter form
form of Yb(CIOy)s. This HT form can also be obtained by thermal  of the Berar and Baldinozzi asymmetry correction at low angles was
treatment of the low-temperature form of Yb(G)® After a few hours adopted?? Details of the Rietveld refinements for Yb(CJi@, LT and
at 200 °C (1.33 Pa), the high-temperature form of Yb(G)¥Ois HT forms are given in Table 1. Plots of the experimental and
quantitatively obtained. This phase transformation from the LT to the calculated X-ray diffraction patterns and difference data after the final

HT form is irreversible. Rietveld refinements are depicted in Figure 2.
Physical Measurements. Raman spectra were collected at room

temperature with a DILOR spectrometer using a Spectra Physics argon ich -
laser (5145 or 4880 A). Samples were contained in sealed Pyrex tubeg(17) Fitch, A. N.Mater. Sci. Foruml996 219 228.

Experimental Section

(outside diameter 4 or 8 mm), (18) TREOR90: A semi-exhaustive TRial-and-ErrOR powder indexing

X-ray Powder Analysis of Yb(CIO4)s, Low- and High-Temper-
ature Forms. High-resolution X-ray diffraction patterns of these two

BM16 at the European Synchrotron Radiation Facility (ESRF). A brief

(16) Guillou, N. Thesis, Universite Rennes |, France, 1994.
Guillou, N.; Auffrédic, J. P.; Lotig D. J. Solid State Chenl994
112 45.

program. Basic principles: Werner, P. E. Kristallogr. 1964 120,
375. For all symmetries: Werner, P. E.; Eriksson, L.; Westdahl).M.
Appl. Crystallogr.1985 18, 367.

complexes were collected using the new diffractometer on beam line (19) Rodriguez Carjaval, Xollected Abstracts of Powder Diffraction
Meeting Toulouse, France, 1990, p 127.

(20) Krustalev, V. N.; Varfolomeev, M. B.; Shamrai, N. B.; Struchkov, U.

T.; Pisarevskii, A. PKoord. Khim.1993 19, 871.

(21) Smolin, Y. I.; Shepelev, Y. F.; Domanskii, A.3a. Phys. Crystallogr.
1982 27, 2, 146.
(22) Berar, B.; Baldinozzi, GJ. Appl. Crystallogr.1993 26, 128.
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Figure 1. Raman spectra of Yb(CU-H.O (a), Yb(CIQ); LT (b),
Yb(CIO4)s HT (c), and YBO.CI (d). Assignments done for the

1000 1200

monohydrated compound can be transposed for anhydrous complexes:

1 lattice modes (trid); 2, lattice modes (bid); 3, lattice modes (trid); 4,
H.0 libration; 5,ds (bid); 6, ds (trid); 7, das (bid, trid); 8, das (bid); 9,
vadClOp) (bid); 10, v{(ClOy) (bid); 11, vs(CIOy) (trid); 12, vadCIOp)
(trid); 13, v{CIOy) (bid); 14,va{CIOy) (bid); 15,v(CIO) (trid). Bid and

trid are abbreviations for respectively bidentate and tridentate perchlo-
rato groups, and b and t subscripts, for respectively bridging and
terminal oxygen atoms, *, perchlorate traces (?).

Results and Discussion

Raman Spectroscopy.To establish structural models before
the recording of X-ray data, the chemical and thermal dehydra-
tion of Yb(CIOy4)3-H20 leading to the two different forms, low
(LT) and high temperature (HT), of anhydrous Yb(G)©were
followed by Raman spectroscopy.

The spectra of the monohydrate and LT complexes, depicted
in Figure 1, look similar, suggesting the same coordination mode
of the [CIOy] groups in both complexes. The large splitting of
the stretching mode frequencies between 900 and 1308 cm
and the complexity of the spectra in the deformation range
unambiguously show that the perchlorato groups are strongly
coordinated to the ytterbium. The line frequencies and their
shape agree with those of Ce(G)&3° or M(ClO4), (M = Mn,

Co, Ni, Zn or Cd)3121326jn which the [CIQ] groups are
bridging tridentate. This coordination mode is also consistent
with the molecular structure of Yb(Cl-H,O, which includes
simultaneously tridentate and bidentate perchlorato grétups.
Note that this double bonding mode also explains the greater
width of thev(CIOy) (Op: bridging oxygen) line at 998 cm in

the hydrated form than in the anhydrous. Moreover, the
moderate shift in frequency of this stretching lw(€lOp) from

998 cnt? for the LT compound to 992 cnd for Yb(ClOg)s-H,O
confirms a stronger coordination of the perchlorate in the
anhydrous compound. Given the stoichiometry of the LT
complexe and the bonding mode, a 9-fold coordination for the
metal is deduced.

The spectrum of the HT form is different. Although the line
shape and frequency, around 1250 ¢pmmemain analoguous to

(23) Pascal, J. L., Favier, Eoord. Chem. Re, in press.

(24) Huheey, J. Elnorganic Chemistry. Principles of Structures and
Reactuity, 2nd ed.; Harper and Row: New York, 1978; p 71.

(25) Cheung Kivan Yeun, D. Diploe d’Etudes Approfondies, Universite
Montpellier I, Montpellier, 1995.

(26) Pascal, J. L.; Potier, J.; Zhang, CCSR. Hebd. Sceances Acad. Sci.,
Ser. 21984 298 579.
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Figure 2. Observed (line), calculated (crosses), and difference plots
and peak markers for Yb(CKR(LT) (top) and -(HT) (bottom) after
the final Rietveld refinement.

those observed in the monohydrated and LT formsy{#Oy)
symmetric and antisymmetric modes are shifted to lower
frequencies by about 50 cth In the same way, the deforma-
tion modes at 620 cmt (Jantisyn) and between 400 and 500 cin
(dsym) are strongly split in energy. Nevertheless, on the basis
of this first vibrational analysis, a tridentate mode of the
perchlorate coordination could also be expected for this HT
complex. However, this splitting of the valency as well as the
deformation modes, which can be compared with those of the
chelating bidentate [CIg in Ti(ClO4)4,1°is characteristic of a
high level of constraint in the perchlorate. Instead of an usual
bridging mode, a chelating character of the supposed tridentate
[ClO4] could be envisaged.

At 295 °C under reduced pressure (1.33 Pa), Yb(J4®IT
form loses 45% of its weight corresponding to decomposition
to YbsO4Cl. The Raman spectrum of this ytterbium oxide
chloride shows two large bands centered at 400'caoorre-
sponding tov(YbO) modes.

Structural Solutions. Since Yb(ReQ@)s; appears to be
isostructural with LT ytterbium perchlorate, the atomic coor-
dinates of the Yb, Re, and O atoms were used as starting
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U Yb(CIO4)3 HT

ey A =200°C
1.33 Pa

Figure 3. Ytterbium coordination polyhedra at various stages of Figure 4. Left: Molecular structure of Yb(CIQs(LT) form showing
thermolysis. the coordination shell around Yb atoms. Black circles represent Yb,

large open circles are for O, and medium open circles are for Cl atoms.
Right: Schematic packing. Black circles are for Yb, and large open

positions for Yb, Cl, and O atoms, respectively. In the final circles represent perchlorato groups.
stage of the refinement, 24 parameters were refined, including
the scale factor, 9 profile parameters, and 14 structural
parameters giving final intensitiR-factorsR- = 3.7% andRs

= 4.0% and profileR-factorsR, = 5.1% andRy, = 7.3%.

Sc(HbPOy)3 was used as model for the HT form. In the
Rietveld refinement, scandium and phosphorus atomic positions
were used as starting coordinates for the heaviest atoms, Yb
and ClI, respectively, but at this stage, it was not possible to
correctly fit the oxygen positions. In Sc{PQy)s, bidentate
phosphato groups build a distorted octahedral environment Figure 5. Left: Molecular structure of Yb(CIQs(HT) form showing

around Sc atoms, while for lanthanide perchlorato complexes athe coordination shell around Yb atoms. Black circles represent Yp,
gray circles are for Cl, and open circles are for O atoms. Right:

higher coordination, up to eight, might be expected. In View gSchematic packing. Black circles are for Yb, and large open circles
of the Raman spectroscopy results, the [gIQroups are represent perchlorato groups.

tridentate. According to the stoichiometry of this compound,

a 9-fold coordination of the ytterbium atoms should be of the rectangular faces but are displaced by a slight rotation
considered. The initial positions of oxygen atoms were then around the 3-fold axis. The YO distances, ranging from 2.42
calculated from a relationship established elsewAieid{M — to 2.46 A, are close to those expected from the effective ionic
0) = f(R) whered(M—0) = metal-oxygen distance ang = radii of Shanon and Prewdttand are in good agreement with
Brown and Shanon effective ionic radii of the metallic cetffer ~ Previous EXAFS results on praseodymium Pr(g@omplexes

while CI-O distances and angles were constrained at values(PT—O = 2.51 AP” and on Gd(CIQ)s (Gd-O = 2.40 A)?®
consistent with coordinated tridentate perchlorato groups. A Note that these EXAFS results have also predicted nine chloride

atoms at mean distances of 3.90 A for Pr(@kand 3.76 A

r Gd(ClQy)3, which agree with Yb+Cl at 3.66 and 3.72 A in
the LT form. As for Yb(CIQ)3s-H20, the structure of this LT
compound could also be described on the basis of six-membered

total of 31 parameters were refined including 10 profile
parameters and 21 structural parameters (atomic coordinates an
isotropic thermal factors), while 10 distances were constrained.

'I4'h7e0 /: elgpn(imdfezz/;:o;\:;ged:t(;gr;/flfactors,RF = 4.1%,Re = rings (see Figure 4). The YbYb distance decree_lses to_5.54
o o P o A because of the loss of water molecules and a slightly different
Structural Relations. In both structural types of the studied  packing.

perchlorato complexes of ytterbium, tridentate perchlorato A schematic representation of the packing of the HT form is

groups and also bidentate groups for the monohydrated com-depicted in Figure 5. The molecular structure consists of infinite

pound, lead to channeled three-dimensional networks. However,ayers of lanthanide atoms built through simultaneously bridging

as shown in Figure 3, the coordination polyhedra around Yb @nd chelating tridentate perchlorato groups. Note that this

atoms as well as the coordination modes of the perchloratestUb|e character is (i) described accurately for the first time in

differ significantly between the structures. perchlorato complexes and (ii) in perfect agreement with the
characteristics of the Raman spectra (see Figure 1). The nine

In Yb(CIO4)3-H,0O, four bidentate and three tridentate per- closest oxygen atoms around ytterbium, belonging to six
chlorato groups, and one;@ molecule, build a distorted square  different CIQ; groups, build a polyhedron resembling more
antiprism of eight oxygen atoms around ytterbium. The closely a tricaped trigonal antiprism than the above-described
structure comprises catenated rings including six Yb atoms prism for LT compound. Trigonal faces are twisted by about
(Yb—Yb distances range from 5.77 to 5.92 A) forming large 20° around the 3-fold axis. The ytterbium environment is
channels that contain water molecules. When thes® H completed by three oxygen atoms at longer distances, capping
molecules are removed, the three-dimensional channeled structhe “rectangular” faces of the “prism”. These distortions are
ture remains, even though bidentate groups become tridentateconsistent with the simultaneously bridging and chelating
in the LT anhydrous form. These Yb atoms are thus coordinated character of the perchlorato group. Three bridging oxygens
by nine oxygen atoms belonging to nine bridging tridentate;CIO - -

L . . . - - (27) Pascal, J. L.; El Haddad, M.; Rieck, H.; Favier,Gan. J. Chem.
groups, building a slightly distorted tricaped trigonal prism. The 1094 72, 2044,
three capping O atoms do not strictly correspond to the center(28) Pascal, J. L.; Favier, F. Unpublished results.
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complete the coordination of Yb through shorter contacts. This obtained as a fine dispersed powder. The size of the spherical
original double character of the perchlorato groups leads to particles was estimated by electron microscopy at 0.8 um.

distances and angles.ranging from 1.37 to 1.47 A, and from Acknowledgment. The European Synchrotron Radiation
102.8 to 113.3 respectively, comparable to those of perchlorate Facility and the Centre National de la Recherche Scientifique
in the LT form described above. _ are acknowledged for funding.

At 295°C, due to the reduction from CI(VII) to CKl) during
the thermolysis of the Yb(CIg); HT form, the structure of the
resulting ytterbium oxide chloride, ¥B4Cl, is completely
rebuilt on the basis of a square-based pyramid of oxygen atoms
around Yb (Yb-O distances range from 2.14 to 2.27 A). Two 1C9712683

faces of this polyhedron are capped by chlorine atoms through(zg) Beck, H. P.Z. Naturforsch.1977 32h 1015. Belkova, M. M.:
long Yb—CI contacts (3.11 A¥® Note that this material is Alekseenko, L. ARuss. J. Inorg. Chenl965 10, 6, 747.
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(Tables S2 and S3) and bond distances and angles (Table S4) (2 pages).
Ordering information is given on any current masthead page.




