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The solubility of the pure thorium phosphate-diphosphate, has been measured in 0.1 MTh4(PO4)4P2O7 , NaClO4
solutions by spectrometry (photon electron rejecting alpha liquid scintillation), ICP-MS (inductivelyPERALS}
coupled plasma-mass spectrometry) and PIXE (particle induced X-ray emission). The results obtained by the three
methods are in good agreement and show that the total concentration of thorium in solution is mainly controlled
by the precipitation of two compounds : in acidic media (pHO 4.5) and in basic andTh(HPO4)2 Th(OH)4
near-neutral media.

Natural phosphate compounds (apatites, monazites, . . .) are
known to be stable compounds from both chemical and geo-
logical points of view.1h3 This stability is essentially explained
by their low solubility. Futhermore, we know that the mobil-
ity of thorium in soil is mainly due to organic matter ; other-
wise thorium is considered as a non-mobile element.4

In a recent study, it has been shown that a thorium phos-
phate, incorrectly called ““orthophosphate ÏÏ, although its struc-
ture is not completely deÐned, is very insoluble in near-neutral
and basic media.5 For this reason and because of the strong
capacity of phosphates to retain heavy elements, thorium
phosphate could be interesting as a conÐning matrix for
retaining radionuclides in a nuclear waste repository.

More recently, a new thorium phosphate compound has
been synthesized and characterized as a single pure phase :
thorium phosphate-diphosphate, TheTh4(PO4)4P2O7 .
present work deals with its solubility in aqueous phase for a
relatively short time scale. A comparison with the solubility
data previously obtained under similar conditions on
““orthophosphate ÏÏ, along with that we have measured for the
hydroxide will be useful to interpret the results.Th(OH)4 ,
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Thorium phosphate-diphosphate has been synthesized by dry
or wet chemical processes.6 The Ðrst process consists of a
reaction between thorium oxide and ammonium dihydrogen
phosphate with a mole ratio equal to 2 : 3. In theTh : PO4latter process, a concentrated thorium chloride (or nitrate)
solution (CB 1 M) is mixed with 15 M solution. ThisH3PO4mixture is then heated on a sand bath at 80È150 ¡C to obtain
a dry residue. After grinding, this residue is heated in air at
400 ¡C for 2 h and then up to 900 ¡C (nitrate) or 1250 ¡C
(chloride) for 12 h.

At this stage, the synthesized product is very well crys-
tallized. A complete characterization of this compound has

¤ Supplementary material available : Table of experimental
““ solubility ÏÏ data for obtained at various pH valuesTh4(PO4)4P2O7by di†erent methods. For direct electronic access see http ://
www.rsc.org/suppdata/nj/1999/645, otherwise available from BLDSC
(No. SUP 57538, 2pp.) or the RSC Library. See Instructions for
Authors, 1999, Issue 1 (http ://www.rsc.org/njc).

been performed by electron probe microanalysis (EPMA) and
infrared spectroscopy. The EPMA analysis has shown that it
is a pure phase, with a mole ratio equal to 0.671,Th : PO4while the presence of two types of phosphate groups
(phosphate and diphosphate has been evidencedPO4 P2O7)by IR spectroscopy. The crystal structure determination has
been obtained from X-ray powder di†raction and on a single
crystal. It led to the chemical formula whichTh4(PO4)4P2O7 ,
is in very good agreement with the results obtained by other
analytical methods.6

It has been veriÐed that for a ratio of 3/4, the ÐnalTh : PO4product obtained after heat treatment at 1250 ¡C invariably
leads to the excess of phosphate being ther-Th4(PO4)4P2O7 ,
mally decomposed into which is volatilized. When theP2O5 ,
heat treatment is not complete, we can observe a two-phase
mixture of andTh4(PO4)4P2O7 ThO2 .

The thorium hydroxide Deionized water (500 mL)Th(OH)
4
.

containing 50 g of (Fluka) was added to 200Th(NO3)4É 5 H2OmL of a concentrated ammonia solution. The precipitate was
washed, Ðltered, dried under vacuum at 25 ¡C and stored at
D4 ¡C. The X-ray pattern has shown a low degree of crys-
tallinity for the powder so-obtained and the chemical formula
has been conÐrmed by thermo gravimetric analysis (TGA).

Solubility tests

One to two hundred milligrams of Ðne Th4(PO4)4P2O7powder (average grain size near 9 lm) were shaken in a
at room temperature, with 5È10 mL of sodium per-turbula},

chlorate solution. The pH value of the equilibrated solution
was in the range 1È6 in the case of experimentsPERALS}
and in the range 1È11 for ICP-MS ones, while the ionic
strength was adjusted to 0.1 M with the solution.NaClO4Special care was brought to the preparation of the basic solu-
tions, which were always fresh and kept under an argon atmo-
sphere, in order to exclude the presence of carbonates in these
solutions.

After 24 h (ICP-MS, PIXE) or 2È3 days (PERALS})
contact time, the two phases were separated Ðrst by centrifu-
gation, then by ultracentrifugation at 13 000 rpm (PERALS})
or 50 000 rpm (ICP-MS, PIXE) for 1 h in order to eliminate as
completely as possible the colloids unavoidably present in the
supernatant. In a previous paper, it has been shown that the
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Table 1 Detection limits of thorium for the three methods used in
the present work

Method CTh/mol L~1

PIXE7 4 ] 10~6
PERALS} 8 10~9 a [ 3 ] 10~10 b
ICP-MS9 2 ] 10~13

a Obtained with samples of 250 mL after 3 days of counting time.
b Same sample after 10 days of counting time.

presence of these nanoparticles in the solution can notably
a†ect the solubility results, particularly when the solid com-
pound is not very soluble.5

Determination of thorium concentration in leachates

Three methods have been used in the present work in order to
test the validity of the solubility results. Their limits of detec-
tion are given in Table 1.

spectrometry. Thirteen years ago, a new analyti-PERALS}
cal method named (acronyme for photon electronPERALS}
rejecting alpha liquid scintillation) using alpha liquid scintil-
lation appeared.10,11 This system, which is based on a total
rejection of the beta emission (99.95%) and an efficiency of
alpha collection near 100%, allows actinide concentrations at
the trace level to be measured, when a good energy resolution
is not needed (see Table 1). Thus, we have applied this tech-
nique for the study of the solubility of thorium phosphate-
diphosphate. We Ðrst studied the optimal extraction of
thorium in several media.

We present in Fig. 1 the variation of the recovery percent-
age as a function of pH by (which containsALPHAEX

a
TM

dialkyl phosphoric acid) and by (which containsTHOREX
a
TM

the primary alkyl amine nonyldecylamine) in nitric and sul-
furic acid media. As observed from Fig. 1, a total extraction of
thorium is obtained either by in nitric acidALPHAEX

a
TM

(0.5È2 M which leads to a yield of thorium extractionHNO3),equal to 100 ^ 4%, or by in sulfuric acid (fromTHOREX
a
TM

pH \ 5 to 3 M which gives a yield of thorium extrac-H2SO4),tion of about 98 ^ 4%. Due to the higher resolution obtained
in medium, this extractant has been preferredALPHAEX

a
TM

for the determination of low concentrations of thorium in
solution (C\ 10~6 M). For higher concentrations, both
extractants are available.

A spectrum of thorium 232Th is presented inPERALS}
Fig. 2. The peaks of all its daughter products, that is 228Th
(5.423 MeV), 224Ra (5.686 MeV), 220Rn (6.288 MeV), 216Po
(6.778 MeV) and 212Bi (6.051 MeV), are also observed but the

Fig. 1 Extraction of thorium in terms of acid concentration for dif-
ferent extractants and acid media.

spectrum of 232Th and its daughter productsFig. 2 PERALS}
(C\ 1.3] 10~7 M, s).tc\ 280 000

small di†erences in the energies of alpha particles in compari-
son with the resolution do not allow us to cleanlyPERALS}
separate these peaks by deconvolution.

ICP-MS measurements. Before their analysis, the solution
samples have been acidiÐed with (0.1 M) and thenHNO3diluted in such a way that the salt content does not exceed 0.1
g L~1, while the thorium concentration is less than 200 ppb.
Two internal standards, terbium and bismuth (SPEX ICPMS
internal standard, 100 ppm), have been added (10 ppb) to
these samples.

A calibration curve has been Ðrst established, in the range
of 10 ppbÈ10 ppt, using a standard thorium solution (SPEX
plasma standard, 1000 ppm). Each measurement was framed
by two blanks : the Ðrst one was used for correcting the total
amount of thorium detected in the sample, the second one
tested the sample-induced contamination.

All reagents were of high grade quality and all glass vessels
were preconditioned by leaching in and water. TheHNO3same deionized water was used for rinsing and preparing
samples and standards.

The measurements were carried out in the Laboratoire
Pierre Sue (CEA-CNRS, Saclay) on a VG elemental ICP-MS
spectrometer, Plasmaquad Turbo 2].

PIXE measurements. This technique has been applied to the
solutions relatively concentrated in thorium (low pH values).
Up to 100 ppm of rhenium (SPEX ICP internal standard,
1000 ppm) were added to these solutions prior to their
analysis. This analysis was performed at the AGLAE tandem
accelerator (Laboratoire de Recherche des Muse� es de France,
LRMF, du Louvre), using the external proton beam at 3
MeV. The GUPIX code was used to calculate the data.12CTh

Results and discussion
The solubility measurements are performed from the batch
experiments described in the experimental by determining the
total concentration of thorium, in the leachates. AsCTh ,
expected, this concentration is very sensitive to the pH of the
solution, as shown in Fig. 3. From this Ðgure, it can be seen
that the values obtained by the three methods under consider-
ation, PERALS, ICP-MS and PIXE (all the data with their
accuracy are available as supplementary material) are in rela-
tively good agreement. Moreover, the nature of the thorium
salt used for the synthesis of as well as theTh4(PO4)4P2O7 ,
wet or dry chemistry routes, appear without e†ect on the solu-
bility results. The discrepancies between the points relative to
each synthesis reÑect, in fact, the difficulties in reproducing
both the same sample and the same analysis.
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Fig. 3 Logarithmic variation of the total concentration of thorium
in solution equilibrated with vs. pH.Th4(PO4)4P2O7

We can also observe in Fig. 3 that the vs. pH curvelog(CTh)can be divided into three linear segments (characteristics given
in Table 2) :
(i) the Ðrst one corresponds to a sharp decrease (slope equal to
[1.10) in acidic media (pHO 1.5) ;
(ii) the second one covers the range between pH 1.5 and 5 with
a slope around 0.6 ;
(iii) the third one (pH P 5) is a plateau.

No similar variation was previously observed with the so-
called labelled with 227Th and investigated““Th3(PO4)4 ÏÏ
using the same leaching procedure.5 In the present case, the
solubility is higher and the pH e†ect less strong. The mecha-
nisms involved are probably di†erent and cannot be explained
on the basis of identical hypotheses.

In order to interpret the solubility curve of Fig. 3, it is Ðrst
necessary to know the form of the di†erent dissolved species.
Owing to the low concentrations of thorium and phosphate in
solution, even at pH 0, only monomeric species are considered
in the present work.13 The acidity constants, and ofKa1o Ka2o ,

are given with a good accuracy,14a as well as the coef-H3PO4Ðcients e of Na`) or (H`, needed to adjust(HiPO4j~, ClO4~),
them at the correct (0.1 M) ionic strength by the SIT.
method.14b But the speciation of thorium in phosphate-
containing solutions (assumed carbonate free) is based on very
few thermodynamic data, which still need to be conÐrmed.
These data, as well as the generally accepted hydrolysis con-
stants, are summarized in Table 3.

Another difficulty comes from the fact that Th4(PO4)4P2O7cannot be formed by precipitation under oversaturation con-
ditions. Consequently, there is no real equilibrium (stricto
sensu) between the solid and the aqueous thorium and phos-
phate species. Moreover, diphosphate ions are not stable in

Table 2 Characteristics of the apparent linear segments of the solu-
bility curve given in Fig. 3

pH range Slope Linear regression coefÐcient

0È1.5 [1.10 0.901 (8 points)
1.5È5 [0.616 0.988 (7 points)
5È12 0 È

Table 3 Thermodynamic constantsa used for the speciation of
thorium

Ligand L log b1 log b2 log b3 log b4 log KS
OH~ 10.815,16 21.115 30.315 40.115 [44.717
HPO42~ 15.718 30.218 38.6818 [2119
H2PO4~ 4.5220 8.8820
H3PO4 1.9120

corresponds to the equilibrium:a b
i

Th4` ] iLj~HTh(L)(4~ij)`

aqueous media.14c They are transformed into orH2PO4~ions, depending on pH and temperature. We areHPO42~thus unable to interpret the solubility results in terms of a real
solubility product.

Despite these thermodynamic considerations, a kinetic
approach can be attempted. However, due to the low solu-
bility observed, the time necessary to obtain signiÐcant results
is very long, on the order of one year or longer. Under these
conditions, we decided in a Ðrst phase to restrict our investi-
gation to short contact times (less than a week) between the
solid and the aqueous phase. We thus show that an ““apparent
equilibriumÏÏ is reached after 1 day of contact between the
solid and liquid phases over several days).(CThB constant
For this reason, we Ðrst attempted to explain the experimental
results by writing the following general reaction :

Th4(PO4)4P2O7] (1 ] 4m)H2O ]

4Th(OH)
m

] 6H
i
PO4] (2 ] 4m[ 6i)H (1)

where the charges are omitted for simpliÐcation. Eqn. (1) is, in
fact, the sum of 3 equilibria involving :
(i) the solubility of Th4(PO4)4P2O7

Th4(PO4)4P2O7H 4Th4`] 4PO43~] P2O74~ (2)

(ii) the thorium hydrolysis

Th4`] mH2O H ThOH
m
(4vm)` ] mOH~ (3)

(iii) the decomposition of the groupsP2O7
P2O74~ ]H2O H 2PO43~ ] 2H` (4)

If we assume the solubility as congruent, the total concentra-
tion of phosphate is related to by a factor of 3/2, and weCThcan write for each pH value [Th(OH)

m
]\ 2/3[H

i
PO4]\ CTh ,

where i and m are not necessarily integers.
Taking into account eqn. (1), the above equality leads to :

log CTh\ [(0.6i [ 0.4m[ 0.2)pH] Cte(m, i) (5)

Cte(m, i) depends on the thermodynamic constant of eqn. (1)
and is consequently constant for a given set of m and i values.
If we neglect the complexation of the thorium aqueous species
by the dissolved phosphate groups (because of a too low con-
centration of both thorium and phosphate), Th4` and H3PO4are the prevailing species to be considered at pH less than 1.5
and the parameters i and m are respectively equal to 3 and 0.
A slope of [1.6 is then calculated for the log vs. pHCThvariation, which is not in agreement with the value found
experimentally.

In fact, the speciation diagram based on the complexation
constants given in Table 3 shows that shouldTh(HPO4)2dominate in acidic media (more than 80% for pHO 4 and
more than 90% at pH O 1.5). If we take into account this
complex formation, the dissolution process can be described
as follows :

Th4(PO4)P2O7 ] (m] 1)H2O ]

3Th(HPO4)2 ] Th(OH)
m

] (m[ 4)H (6)

since the phosphate concentration is not sufficient to lead to
the complete formation of (there are only 6 phos-Th(HPO4)2phate groups and not the 8 required for 4 thorium species). In
this case, for each mole of thorium phosphate-diphosphate
dissolved, (m[ 4)/4 moles of protons are liberated in the solu-
tion and eqn. (5) can then be replaced by :

log CTh\ [1 [ m/4pH ] Cte(m, i) (7)

which leads to a variation of log vs. pH independent of i.CThIn very acidic media, m is equal to 0 and the calculated slope
of the log vs. pH curve is, this time, close to the experi-CThmental value : [1 compared to [1.10. Moreover, at
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pH P 4.5, thorium ion can be considered as completely hydro-
lyzed (m\ 4) in accordance with the plateau observed in Fig.
3 (slope\ 1 [ m/4 \ 0). Taking into account the distribution
of the (hydrolyzed or not) thorium species vs. pH, an average
value of m can be calculated as a function of pH. Consequent-
ly, the log vs. pH curve can be simulated, using eqn. (7).CThThis curve, which is plotted in Fig. 4 (calc. 1), is in very good
agreement with the experimental points over the entire pH
range. It can be compared, on the same Ðgure, to the curve
calculated on the basis of eqn. (5) (calc. 2).

However, the prevailing thorium species mentioned above,
and are not very soluble (the corre-Th(HPO4)2 Th(OH)4 ,

sponding are given in Table 3), and it is difficult not toK
sconsider the possibility of their precipitation close to the

surface of the thorium phosphate-diphosphate, where the con-
centration of the thorium and phosphate species are the
highest in the solution. For example, the solubility product of

is such that :Th(HPO4)2
KS \ [Th4`][HPO42~]2 \ S(2S)2\ 4S3

or

log KS \ (log 4 ] 3 log S)\ [21

S being the dissolved thorium ion concentration ([Th4`]
assimilated to We deduce for S a value equal toCTh).6.3] 10~8 M, which is less than the concentration of thorium
equilibrated with M) inTh4(PO4)4P2O7 (CTh[ 2 ] 10~7
acidic media (pH\ 4). The solubility of Th4(PO4)4P2O7could thus be controlled, at least until a pH value of 4, by

and we can write in this case :Th(HPO4)2
Th(HPO4)2 ] (m[ 4)H2O H

Th(OH)
m

] 2H
i
PO4] (m[ 2i] 2)H (8)

which replaces eqn. (1) and can be considered as a real equi-
librium, owing to the oversaturation process involved. It leads
to :

log CTh\ [[(2i[ m[ 2)/3]pH] Cte(m, i) (9)

if we assume again a proportionality relationship, independent
of pH, between or and For i \ 3CTh [Th(OH)

m
] [H

i
PO4].and m\ 0 (pH O 1.5), the slope of the log vs. pH curve isCThequal to 4/3, which is slightly higher than the experimental

value. This slope value decreases with pH (i decreases and m
increases correspondingly) up to pH B 4.5 and its calculation
leads to the third simulated curve given in Fig. 4 (calc. 3),
which Ðts very well the experimental data in its acidic part.

For pH values higher than 4.5, the formation of another
insoluble compound is to be considered : the thorium hydrox-
ide, Owing to the formation constants and solu-Th(OH)4 .
bility products given in Table 3, should prevail andTh(OH)4consequently precipitate instead of in neutral andTh(HPO4)2basic media. The results obtained in the present work show

Fig. 4 Fitting curves of the solubility results for pH O 5. Each curve
corresponds to a di†erent hypothesis discussed in the text.

that this precipitation occurs from a pH value around 5, when
the ““plateauÏÏ is reached. As a matter of fact, the total concen-
tration of thorium in solution is such that :

CTh\ [Th(OH)4]\ b4[Th4`][OH~]4\ b4KS \ Cte (10)

where and are the stability constant and the solubilityb4 KSproduct of respectively.Th(OH)4 ,
From the and values given in Table 3, a value ofb4 KS[4.6 is deduced for log which is too high compared toCTh ,

the value around [7 observed experimentally. However, very
widely di†erent values concerning the thorium hydroxideKShave been published in the literature (for example, log KS \

Among other parameters, the value could be[54.2).21 KSinÑuenced by the aging of the compound. For this reason, a
fresh precipitate was prepared and its solubility mea-Th(OH)4sured under conditions (supporting electrolyte, ionic strength,
time of agitation, phase separation) similar to those used for

The obtained value is as expected,Th4(PO4)4P2O7 . CTharound 7 ] 10~8 M. We also noticed that this value is much
higher, around 10~3 M, if the solution is not ultracentrifuged
prior to the thorium concentration measurement. Colloids are
thus present in the solution in contact with the hydroxide.
This could explain the discrepancy of the published data.KSThe experimental solubility curve of canTh4(PO4)4P2O7thus be explained by a combination of eqn. (9) and (10), each
of them being applicable within a speciÐc pH range, with a
transition around pH 4.5. But it can also be correctly
explained on the basis of eqn. (7). The thorium species
involved in both interpretations are the same. The only di†er-
ence is in their possible precipitation close to the surface of the

compound. This point is difficult to check.Th4(PO4)4P2O7The best way would be to determine the free phosphate con-
centration in the solutions, which is expected to be close to
zero in the former case and to vary with in the latter case.CThBut the concentrations involved are too low for the usual ana-
lytical methods, and only phosphate ions labelled with 32P
could perhaps give some interesting results.

Nevertheless, a solubility equilibrium is justiÐed only in the
case of the precipitation in question. It seems also to be con-
Ðrmed by microscopic observation.

It should also be mentioned that we tried to Ðt the experi-
mental solubility data by assuming the formation of thor-
ium phosphate compounds other than (e.g.,Th(HPO4)2but without success.Th4(PO4)4(HPO4)2 É nH2O),

The solubility results reported in the present work have
been obtained for relatively short equilibrium times. In order
to check their validity for longer time scales, leaching experi-
ments on in concentrated nitric acid solu-Th4(PO4)4P2O7tions are under progress.

Acknowledgements
authors are particularly grateful to G. Meyer for his tech-The

nical assistance in the ICP-MS measurements and to P. Vit-
torge for his stimulating scientiÐc discussions and useful
suggestions concerning the interpretation of the solubility
data. They also thank J. Aupiais for his participation in the
Ðrst measurements. This work has been ÐnanciallyPERALS}
supported, in part, by the French agency ANDRA.

References
1 L. A. Boatner, G. W. Beall, M. M. Abraham, C. B Finch, P. G.

Huray and M. Rappaz, ScientiÐc Basis for Nuclear W aste Man-
agement, ed. C. J. M. Northrup, Jr., Plenum Press, New York,
1980, vol. 2, p. 289.

2 G. J. McCarthy, W. B. White and D. E. Pfoertsch, Mater. Res.
Bull., 1978, 13, 1239.

3 J. Carpena and J.-L. Lacout, L ÏAct. Chim., 1997, 2, 3.
4 J. J. Braun, M. Pagel, A. Herbillon and C. Rosin, Geochim. Cosmo-

chim. Acta, 1993, 57, 4419.

648 New J. Chem., 1999, 23, 645È649



5 N. Baglan, B. Fourest, R. Guillaumont, G. Blain, J.-F. Le Du and
M. Genet, New J. Chem., 1994, 18, 809.

6 P. Be� nard, V. Brandel, N. Dacheux, S. Jaulmes, S. Launay, C. Lin-
decker, M. Genet, D. Loue� r and M. Quarton, Chem. Mater., 1996,
8, 181.

7 S. A. E. Johansson and J. L. Campbell, A Novel T echnique for
Elemental Analysis, John Wiley and Sons Ltd, Chichester, 1988.

8 N. Dacheux and J. Aupiais, Anal. Chem., 1997, 69, 2275.
9 R. Chiappini, J. M. Taillade and S. Bre� bion, J. Anal. Spectrom., in

press.
10 W. J. Mc Dowell, Alpha Counting and Spectrometry using L iquid

Scintillation Methods, Technical Information Center, US Depart-
ment of Energy, Oak Ridge, TN, 1986, p. 3783.

11 J. R. Cadieux, S. Clark, R. A. Fjeld, S. Reboul and A. Sowder,
Nucl. Instrum. Meth. Phys. Res., A, 1994, 353, 534.

12 J. A. Maxwell, J. A. Campbell and W. J. Teesdale, Nucl. Instrum.
Meth. Phys. Res., B, 1989, 43, 218.

13 V. Brandel, M. Genet and R. Guillaumont, New J. Chem, 1989, 13,
473.

14 I. Grenthe, J. Fuger, R. J. M. Konings, R. J. Lemire, A. B. Muller,
C. Nguyen-Trung and H. Wanner, Chemical T hermodynamics of
Uranium, Elsevier Science Publishers, Amsterdam, 1992, (a) p. 386 ;
(b) 696 ; (c) 388.

15 J. D. Cox, J. Drowart, L. G. Hepler, V. A. Medvedev, D. D.
Wagman, W. H. Evans, L. V. Gurvich, J. B. Pedley and S. Sunner,
J. Chem. T hermodyn., 1976, 9, 705.

16 C. F. Baes Jr. and R. E. Mesmer, T he Hydrolysis of Cations, Wiley
Interscience, New York, 1976, p. 129.

17 I. Grenthe and B. Lagerman, Acta Chem. Scand., 1991, 45, 231.
18 B. Allard, H. Kipatsi and J. O. Liljenzin, J. Inorg. Nucl. Chem.,

1980, 42, 1015.
19 A. I. Moskvin, L. N. Essen and T. N. Bukhtiyarova, Russ. J. Inorg.

Chem., (Engl. T rans.), 1967, 12, 1794.
20 R. M. Smith and A. E. Martell, Critical Stability Constants,

Plenum Press, New York, 1976, vol. 4.
21 D. Langmuir and J. S. Herman, Geochim. Cosmochim. Acta, 1994,

58, 613.
Paper 9/00818G

New J. Chem., 1999, 23, 645È649 649


