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SUMMARY . The synthesis of La,(CO3);.4H,0 was carefully investigated, on the basis of the thermal be-
havior (TG and DTA measurements) of the corresponding octahydrate, used as the precursor. The analysis
of the X-ray powder diagrams of La,(CQO3)3.4H,0 showed that this hydrate crystallizes in the tetragonal
crystal system with Z = 8. The FTIR and FT-Raman spectra of La,(CO3)3.4H,0 and of La,(CO3);.8H,0
were recorded and assigned. The usefulness of the tetrahydrate for the treatment of hyperphosphatemia is

briefly discussed.

INTRODUCTION

Renewed interest on the pharmacological
properties of lanthanide compounds has lately
increased 1-6. Although the use of different com-
plexes of this group of elements, particularly
GddID, as NMR contrast imaging agents is well
known and established 468 other concrete med-
ical applications begin only slowly to emerge
and, among them, the use of lanthanide com-
plexes for the treatment of bone disorders 5 and
hyperphosphatemia 46 are particularly interest-
ing and relevant.

Phosphorus is the sixth most abundant ele-
ment in the human body 9. It exists in many in-
organic and organic forms and is of central im-
portance for energy metabolism, bone mineral-
ization, cellular structure and genetic coding 1.
Up to 80-90% of the element is found in bone.
Phosphorous homeostasis is normally main-
tained through several mechanisms. Gastroin-
testinal absorption must be matched by renal
excretion, and cellular release is balanced by
uptake in other tissues. Hyperphosphatemia, in-
creased serum phosphate levels, occurs when

the phosphorous load (from gastrointestinal ab-
sorption, exogenous administration, or cellular
release) exceeds renal excretion and tissue up-
take. It is usually one of the clinical conse-
quences that accompanies end stage renal dis-
ease (ESRD) 49

Phosphate metabolism is intimately related to
calcium metabolism and is regulated by parathy-
roid hormone and vitamin D. The hormone con-
trols phosphate balance in the body by lowering
tubular reabsorption of phosphate by the kid-
ney. Consequently, during renal impairment
hormone secretion increases in an attempt to
further decrease phosphate reabsorption, and
correct the hyperphosphatemia. Furthermore, vi-
tamin D metabolism in the kidney is impaired in
ESRD resulting in reduced calcium absorption
and hypocalcemia. This decrease in calcium
can, in turn, stimulate parathyroid hormone se-
cretion. In this way, the organism attempts to
correct for the high phosphate levels, but at the
expense of increased parathyroid activity, a state
described as secondary hyperparathyroidism
4611 Tn addition, hyperphosphatemia and hypo-
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calcemia are associated with atherosclerosis,
uremic bone disease and soft-tissue calcification
411,

Although hypocalcemia and secondary hy-
perparathyroidism can be treated with calcium
supplements and the vitamin D derivative cal-
citriol, hyperphosphatemia can interfere with
these therapies. This means that alternative op-
tions are needed and usually phosphate binders
are employed 461112, Aluminum salts, such as
the hydroxide, which are effective phosphate
binders, have been initially used but have been
abandoned because of its toxicity 4612, As a re-
sult, calcium phosphate binders gradually re-
placed aluminum-based phosphate binders,
with calcium carbonate and acetate the most
commonly used 61213, However, the problem
with calcium-based agents is that the calcium
can be absorbed resulting in hypercalcemia and
increased risk of cardiovascular calcification, a
situation that can be furtherly complicated if cal-
citriol is simultaneously used.

The commented concerns and challenges
with aluminum- and calcium-based phosphate
binders have stimulated research on the devel-
opment of new aluminum- and calcium-free
binders 4614, These studies finally lead to the
development of a novel and very interesting
agent, traded as Fosrenol®, based on lanthanum
carbonate, and which use has been approved in
2004 by the FDA of the United States of Ameri-
ca. It has also received approval in different Eu-
ropean countries and in Japan. Very favorable
pre-clinical pharmacokinetic and toxicological
profiles for this drug have been reproduced in
several Phase I and Phase II clinical studies 4.
Phase III clinical studies have been reported in
both the United States and Europe 414. These
studies have shown that Fosrenol® is very effec-
tive in reducing high phosphate levels associat-
ed with ESRD, reduced the risk of hypercal-
cemia and showed long-term efficacy.

The best results were obtained with the
tetrahydrate, La,(CO3)3.4H,0, with optimal
phosphate-binding at pH 3-5, whilst retaining
binding activity across the full pH range 1-7.
This means that lanthanum carbonate can bind
phosphate at the low pH of the stomach, as
well as at the higher pH values found in the
small intestine, duodenum and jejunum. It dis-
sociates in the gastrointestinal tract to allow the
formation of lanthanum phosphate and this in-
soluble phosphate is eliminated by the fecal
route without significant absorption or tissue ac-
cumulation of La(IID) 4.
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In order to advance in a better characteriza-
tion of this new and interesting phosphate-
binder we have now investigated its crystallo-
graphic characteristics and vibrational-spectro-
scopic behavior. Besides, we have also per-
formed the spectroscopic study of the chemical
precursor of Fosrenol®, La,(CO3);.8H,0, and
analyzed its thermal degradation to generate
La,(CO3)3.4H,0.

MATERIALS AND METHODS

The starting compounds for the syntheses
were LaCl; xH,O (Merck) and NaHCO; (Carlo
Erba). The precursor, La,(CO3)3.8H,0, can be
obtained by different procedures: a) by direct
precipitation, reacting La(IIl) and CO32- aqueous
solutions; b) by slow hydrolysis of urea in an
aqueous solution containing the lanthanum salt
15, ¢) by hydrolysis of lanthanum trichloroac-
etate 16, We have used the first procedure,
briefly described as follows: to 40 mL of a 0.1 M
solution of LaCls, heated at 60 °C, 20 mL of a
0.6 M solution of NaHCOj; was dropwise added,
under constant stirring. The temperature and
stirring were then maintained for five hours. Af-
ter cooling, the precipitated white product was
filtered off using a G3 glass fritted funnel and
immediately washed with several portions of
hot water. Finally, the precipitate was dried in
air for several days. Its purity was checked by
determination of the lanthanum content (weigh-
ing out the generated La,0O5 after ignition at 800
°C) and by its characteristic X-ray powder
diffractogram 15.

Based on the information provided by the
study of the thermal decomposition of
La3(CO3);.8H,0 (see below) samples of the
tetrahydrate were obtained by carefully con-
trolled isothermal dehydration of the precursor
at 80 °C. For precursor samples of about 200
mg, the reaction time was of approximately 120-
150 min. Analytical data: % of La,O; for four dif-
ferent preparations ranged between 61.45 and
61.53 % (Value calculated for La,(CO3)3.4H,0:
61.50 %).

Infrared spectra were recorded with a Bruker
IFS 66 FTIR instrument, using the KBr pellet
technique. Raman spectra were obtained with
the FRA 106 accessory of the same spectropho-
tometer, using the 1064 nm radiation from a Nd
: YAG laser for excitation. Thermogravimetric
(TG) and differential thermal analysis (DTA)
were performed on a Shimadzu system (models
TG-50 and DTA-50, respectively), using plat-
inum crucibles, working in an oxygen flow of

127



BARAN, E.J.

50 mL/min and at a heating rate of 5 °C/min.
Sample quantities ranged between 10 and 20
mg. Al,O; was used as a DTA standard. Powder
diagrams were obtained with a Philips PW 1710
diffractometer, using Ni-filtered Cu-K, radiation
(A = 1.5425 A). The density of the La,(CO3)s.
4H,0 samples was determined pycnometrically,
at 25 °C, using benzene as the working liquid.

RESULTS AND DISCUSSION
Crystal structure of Lay(CO3) 3 8H,0
Crystallographic information on hydrated
and anhydrous lanthanide carbonates remains
relatively scarce 17. Notwithstanding, the crystal
structures of La,(CO3);.8H,0 18 and of the struc-
turally related mineral lanthanite, (Ce,La),
(CO3)3.8H,0 19, were solved some years ago.
La,(CO3);.8H,0 belongs to the orthorhombic
space group Pcen (D10, Nr. 56) with Z = 4.
The structure consists of two distinctive 10-coor-
dinated La(II) polyhedra presenting a strongly
distorted Archimedean antiprismatic geometry.
One of these La(IlD) cations is coordinated by
four water molecules and two unidentate and
two bidentate carbonate groups and these four
carbonate groups also act as bridges to the sec-
ond cation. Around this second cation one
bidentate carbonate anion replaces two water
molecules. The structure consists of infinite lay-
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Figure 1. TG-trace of the thermal decomposition of
Laz(CO5)58H20

2—

ers of La-O coordination polyhedra and COj
groups. The facile micaceous cleavage observed
along (001) supports this conjecture 18. Besides,
two of the water molecules are not bonded to
the metal centers and are situated between the
layers, participating in the hydrogen bonding ar-
rangement which is involved in the stabilization
of the structure.

For the subsequent spectroscopic discussion,
it is important to remark that four of the
COj*~groups present in the unit cell are located
on C, sites, whereas the remaining eight occu-
pies general C; positions 18.

Thermal bebavior of Lay(CO3) »8H O

With the purpose of determining the best
conditions for the partial dehydration of the car-
bonate precursor, we have investigated its ther-
mal behavior by TG/DTA measurements. A typi-
cal thermogravimetric trace is shown in Figure 1
and as it can be seen, the decomposition occurs
in three well-defined steps. A detailed analysis
of the TG and DTG (first derivative of the mass
change) curves is presented in Table 1.

In the first step, which extends between 25
and 232 °C, the greatest part of the water
molecules was lost. A thorough analysis of the
corresponding DTG traces shows that this pro-
cess is related to three successive events, corre-
sponding respectively to the elimination of 3.5,
2.3 and 1.65 moles of H,O. Each of this events
is accompanied by an endothermic DTA-signal,
the third of which (175 °C) is very weak. In the
subsequent step the rest of water, together with
two CO, molecules is eliminated, with genera-
tion of lanthanum dioxocarbonate, according to:

Laz(C03)5OSSHzo — L3202C03 + 2 COZ +
0.55 H,0

This process is also accompanied by an en-
dothermic DTA-signal, at 472 °C.

Lanthanide dioxocarbonates are recognized
as stable intermediates in the thermal decompo-
sition of the corresponding carbonates 20-22 and,
in the present case, this intermediate decompos-

T-range (°C) Am-found Product lost Am-calculated DTA-signal
28 - 96 - 10.43% - 3.5 H,O - 10.47% 82 °C, endo
96 - 138 - 6.88% - 2.3 HO - 6.87% 98 °C, endo
138 - 232 - 4.95% - 1.65 H,O - 4.94% 175 °C, endo

232 - 575 - 16.56% -0.55 H20 - 2 CO, - 16.28% 472 °C, endo
575 - 815 - 7.15% - CO, -7.31% 680 °C, endo

Table 1. Analysis of the thermogravimetric data for the decomposition of La,(CO3)3.8H,0.
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es to the respective oxide in the last thermolysis
step:

La,0,C0; — La,0; + CO,

The transformation is complete at about 800
°C and is accompanied by an endothermic DTA
signal at about 680 °C. In some of the recorded
thermograms this signal shows a weak splitting
into two components.

The final analysis of the data presented in
Table 1, shows that the total expected weight
loss for the transformation of La,(CO3);3.8H,0 in-
to La,O5 is of 45.87 %, in excellent agreement
with experimentally observed figure of 45.97 %.

The thermal behavior of the La,(CO3);.8H,0O
precursor, suggests that for the preparation of
the desired tetrahydrate, careful thermal treat-
ment in the temperature range between 80-85
°C is the obvious election. Therefore, in our
synthesis procedures we have always worked at
80 °C, with optimal results.

X-ray powder diffractometry

As mentioned above, the X-ray powder dia-
gram of La,(CO3)3.8H,0 is well-known 15 and
was used for the characterization of this precur-
sor. In spite of the fact that the X-ray powder di-
agram of Lay(CO3)3.4H,0 looks simpler than

Crystallographic data

Crystal system: tetragonal

Unit cell parameters (A):  a =17.49(2) ¢ = 9.60(1)
Volume (A3): 2936.64

Density (g/mL) Exp.: 2.4 Calc.: 2.39
Z 8

Indexed X-ray powder diagram

hkl dobserved dcalcu.lated I/Io
220 6.211 6.187 100
221 5.144 5.201 3
002 4.812 4.802 95
112 4.496 4.477 37
222 3.812 3.794 15
510 3.441 3.432 12
501 3.285 3.288 65
003 3.199 3.201 20
422 3.032 3.033 9
600 2912 2916 24
531 2.867 2.864 20
522 2.692 2.091 5
720 2.405 2.404 4
204 2.315 2.315 6

Table 2. Crystallographic data and indexed powder
diagram of La,(CO3)3.4H,0.
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that of the precursor, its general aspect suggests
a poorer crystallinity of this material in compari-
son to that of the precursor. Attempting a wider
characterization of the structural properties of
the tetrahydrate, the recorded X-ray powder dia-
gram was analyzed with the aid of a locally
modified version of the Program PIRUM of
Werner 23. The results of this analysis are pre-
sented in Table 2 and show that this hydrate
crystallizes in the tetragonal crystal system with
eight formulas in the crystallographic unit cell.

Vibrational spectroscopy

Partial information on the IR spectra of lan-
thanide carbonates are found in the literature 2426
but attempts to correlate the spectroscopic be-
havior with the structural peculiarities and also
information on the corresponding Raman spec-
tra were not found. Besides, and as far as we
know, spectroscopic investigations of partially
dehydrated carbonates have also not been un-
dertaken. Consequently, we have now per-
formed a detailed IR and Raman spectroscopic
study of La,(CO,);.8H,0 and of the correspond-
ing tetrahydrate. Figure 2 shows the IR spectra
of both hydrates and the proposed assignment
is presented in Table 3 and briefly commented
below.

The “free” planar CO;2- anion (Ds,-symme-
try) presents in solution four internal vibrational
modes, i.e.,, v; (Ay’, symmetric stretching = 1063
cm-1), v, (A", out of plane deformation = 880
cm), vy (E, antisymmetric stretching = 1415
cm-Y), vy (E’, antisymmetric bending = 680
cm™). The two E’ modes are both IR and Raman

Transmittance (%)

4000 3000 2000 1000

-1
Wavetnmbers / cm

Figure 2. FTIR spectra of La,(CO3)3.8H,O (A) and
L212(CO5)3‘4H20 (B)
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La,(CO3); 8H,O

La,(COy); 4H,0

Assignment
IR Raman IR Raman
3505 w 3473 w
3360 vs, br 3378 vs, br v(OH) (H,0)
3170 vs, br 3235w
2922w/2852w Overtone
2467 vw Combination
1667 sh 1640 sh
1568 sh 1563 sh
1475 vs 1477 vs v,s(CO3), v3
1374 vs 1384 w 1365 vs
1340 sh
1076 m 1087vs/1068sh 1083 vw 1089vs/1064m v{(CO3), v,
935 w
881 vw 886 vw 873 m
850 m 850 m Y(CO3), v,
820 sh 820 sh
746 m 759 m 747 m 764 m 0,5(CO3), vy4
679 w 676 m
648 vw 639 m
480 sh 517 m v(La-O)(?)

Table 3. Assignment of the vibrational spectra of the two investigated hydrates of lanthanum(IIl) carbonate; vs:
very strong; m: medium; w: weak; vw: very weak; sh: shoulder; br: broad.

active, whereas the A;” mode is only Raman ac-
tive and the A,” mode only IR active 7.

After coordination, the symmetry of the car-
bonato ligand, in both monodentate or biden-
tate coordination, becomes C,, 27.28 and, thus, all
vibrations become IR and Raman active and the
doubly degenerate vibrations, v; and vy, splits
into two bands and this splitting is usually larger
in the case of bidentate carbonato groups 28. Be-
sides, the same spectral behavior is expected
considering only the above mentioned site-sym-
metry conditions of the carbonate groups (four
at C, sites and eight at C; sites).

The IR spectra of the tetrahydrate and of its
precursor, shown in Figure 2, are relatively simi-
lar and only small changes in the intensity and
form of some of the bands can be noted.

The Raman spectra are extremely simple and
are dominated by the very strong v;-band, cor-
responding to the symmetric stretching of the
carbonato groups. Interestingly, this strong band
appears splitted and this splitting is more evi-
dent in the case of the tetrahydrate. The anti-
symmetric carbonato stretching, v, is only ob-
served as a weak Raman signal in the case of
Lay(CO3)3.8H,0 and is absent in the lower hy-
drate. The antisymmetric bending, vy, is found
as a unique, medium intensity Raman band, in
both cases.
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The antisymmetric stretching, vj, clearly
dominates both IR spectra. The widening of this
band and the appearance of a fine structure is
surely related to the presence of the structurally
different carbonato groups in the crystal lattice.
The corresponding symmetric stretching, v, is
only seen as a very weak IR signal for the
tetrahydrate and is better defined in the case of
the precursor.

The broad band related to the stretching
modes of the H,O molecules also originates in
the great number of molecules present in these
materials and the different characteristics of its
interactions in the lattice. Interestingly, this band
appears somewhat better defined and less
widened in the case of La,(CO3);.4H,0, in
agreement with the existence of a more reduced
number of water molecules in this material. The
deformational modes of these molecules, ex-
pected to lie at around 1600-1650 c¢cm-1, surely
contribute appreciably to the commented
widening of v3(CO3) band.

The v, and v, components, although lying in
comparable ranges, appear much better defined
in the case of the tetrahydrate.

In the case of Lay(CO3);.4H,0 two overtone
bands, probably originated in components of vs,
lying closely to the broad v(OH) band, could be
identified. On the other hand, the weak 2467



cm-! IR band observed in the precursor, may be
a combination between components of v; and
v; (cf. also 29).

The last band observed in both IR spectra
(480 and 517 cm-!, respectively) is probably re-
lated to La-O stretchings.

All the commented similarities in the spectro-
scopic behavior of the precursor and the
tetrahydrate, suggest the presence of compara-
ble La(IlD/carbonate interactions in both com-
pounds.
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