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Abstract

Two new hexanuclear complexes involving two of the lightest lanthanide ions have been synthesized and structurally described. Their
chemical formula is [Ln6(l6-O)(l3-OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O with Ln = Pr or Nd. The structure has been solved for the Pr3+-
containing compound. It crystallizes in the monoclinic system, space group P21/n (no. 14) with a = 12.4163(2) Å, b = 10.51210(10) Å,
c = 16.0389(2) Å, b = 95.7810(6)� and Z = 4. The chemical and thermal stabilities of both the compounds have been studied. These stud-
ies reveal that they can be used as molecular chemical precursors for further materials synthesis. To the best of our knowledge, this pra-
seodymium-containing hexanuclear complex is the first ever reported.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

For almost a decade now, there has been a great activity
devoted to coordination polymers because of their ability
to provide potentially porous materials. Numerous coordi-
nation polymers involving 3d metal ions exhibiting great
porosity have recently been reported [1–3]. One of the strat-
egies to increase this porosity consists in designing coordi-
nation polymers where poly-nuclear complexes would act
as metallic centres. This strategy has been successfully
applied in later years and very promising materials involv-
ing zinc tetra-nuclear complexes have been obtained [4,5].
Up to now, only a few coordination polymers involving
lanthanide poly-nuclear complexes have been reported [6–
10]. Actually, while the cluster chemistry of d-block transi-
tion metals is now firmly established [11,12], the analogous
chemistry involving the lanthanide ions is rather underde-
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veloped and until now only a few poly-nuclear lanthanide
complexes have been reported. The first ones have been
described fifteen years ago [13–19] and consist of hexanu-
clear lanthanide complexes with general formula
[Ln6O(OH)8(NO3)6(H2O)12]2+. More recently numerous
poly-nuclear complexes, from di-nuclear to pentadecanu-
clear species, have been obtained thanks to the use of
poly-functional organic ligands preventing the formation
of lanthanide hydroxide [8,20–27]. Basically, most of the
oxo/hydroxo complexes are stabilized by ligands such as
alkoxides [28–30], phenoxides [31], diketones [24,32], ami-
noacids [21,25,33,34] or nitrophenolates [19,35,36]. Unfor-
tunately these poly-nuclear species were generally very
unstable and decomposed very rapidly in solution [33]
and right now there is only one family of lanthanide
poly-nuclear complexes which is stable enough to be con-
sidered as a potential molecular precursor of coordination
polymers [6]. Furthermore, these hexanuclear complexes,
with general chemical formula [Ln6O(OH)8(NO3)6-
(H2O)12]2+ only exist for the smallest lanthanide (Ln =
Nd–Lu).
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Thus, we have undertaken the synthesis of such
complexes involving one of the lightest lanthanide ions
because of the great interest they present in the field of
heterogeneous catalysis [37,38]. As mentioned above, most
of the reported poly-lanthanide hydroxo complexes have
been obtained by reacting, in a one-pot synthesis, lantha-
nide perchlorate salts with sodium hydroxide in presence
of an organic functional ligand. A second synthetic route,
cheaper and safer, has first been described some years
ago in the literature [16,18]. It consists in using lanthanide
nitrate as a starting material and in hydrolysing it by
sodium hydroxide without any organic ligand. This route
is based on a subtle balance between the various experi-
mental parameters to reach a hydrolysis rate of 1.7 (here
defined as the number of OH� groups per lanthanide ion
in a given species) which is very close to the hydrolysis rates
of insoluble and very stable polymeric species such as
Er(OH)2NO3 [13–15] (hydrolysis rate equal 2), LnONO3

[39] (hydrolysis rate equal 2) and Ln(OH)3 [40] (hydrolysis
rate equal 3).

We wish to report here the synthesis and structural char-
acterization of hexanuclear complexes with general for-
mula [Ln6O(OH)8(NO3)6(H2O)14]2+ where Ln stands for
NdIII or PrIII.

2. Experimental

2.1. Synthesis of the micro-crystalline powders of compounds

[Pr6(l6-O)(l3-OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O and

[Nd6(l6-O)(l3-OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O

Hydrated lanthanide nitrates have been purchased from
STREM Chemicals and used without any further
purification.

Twenty milliliters of a dilute (0.5 mol L�1) aqueous
solution of sodium hydroxide is carefully added, dropwise,
to 50 mL of a concentrated (1 mol L�1) aqueous solution
of lanthanide nitrate, vigorously stirred magnetically. This
slow addition is crucial to avoid any local over-concentra-
tion that would lead to the insoluble lanthanide hydroxide.

During the addition, a polycrystalline powder appears.
Once the addition is finished, the mixture is maintained
under magnetic stirring for 12 h to insure the completion
of the reaction. The solid phase is then filtrated, washed
with ethoxyethyl, and dried in air. The yield (relative to
lanthanide ions) is 20(1)%.

Anal. Calc. for [Pr6(l6-O)(l3-OH)8(NO3)6(H2O)14] �
2NO3 � 2H2O: Pr, 47.4; N, 6.3; O, 44.0; H, 6.3. Found: Pr,
47.5; N, 6.1; O, 44.1; H, 6.3%.

Anal. Calc. for [Nd6(l6-O)(l3-OH)8(NO3)6(H2O)14] �
2NO3 � 2H2O: Nd, 48.0; N, 6.2; O, 43.6; H, 2.2. Found:
Nd, 48.2; N, 6.0; O, 43.5; H, 2.3%.

Both the compounds present similar IR spectra (cm�1):
3550–3100 (s) m(OH) and m(H2O), 1630 (m) d(HOH), 1488
(m) m(OH), 1461 (m) m(NO3), 1387 (s) m(NO3), 1340 (s)
m(NO3), 1040 (w) m(NO3), 800 (w) m(NO3), 615 (w) d(Ln–
OH), 526 (w) m(Ln–OH2), 421 (w) m(Ln–OH) [41,42].
2.2. Single crystal synthesis of compound [Pr6(l6-O)(l3-

OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O and [Nd6(l6-

O)(l3-OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O

Once the sodium hydroxide solution has been added to
the lanthanide solution according to the procedure
described above, the solid is filtered off and the filtrate is
allowed to slowly evaporate. After a few days, prismatic
single crystals suitable for X-ray diffraction characteriza-
tion appear. Both compounds reveal themselves to be iso-
structural and the structure has only been solved for the
Pr(III)-containing complex.

2.3. Dehydrated phases synthesis

The anhydrous phases have been thermally obtained by
heating the hydrated phases in a furnace at 250 �C for 2 h.
Both the anhydrous phases exhibit the same powder X-ray
diffraction diagram. Both reversibly bind water when
exposed to wet atmosphere leading to the initial hydrated
phases. These anhydrous phases have general formula
[Ln6(l6-O)(l3-OH)8(NO3)6] � 2NO3 with Ln = Pr or Nd.

Anal. Calc. for [Pr6(l6-O)(l3-OH)8(NO3)6] � 2NO3: Pr,
56.6; N, 7.5; O, 35.3; H, 0.6. Found: Pr, 56.5; N, 7.5; O,
35.5; H, 0.7%.

Anal. Calc. for [Nd6(l6-O)(l3-OH)8(NO3)6] � 2NO3: Nd,
57.2; N, 7.4; O, 34.9; H, 0.5. Found: Nd, 57.0; N, 7.5; O,
35.0; H, 0.5%.

2.4. X-ray structure determination of compound [Pr6(l6-
O)(l3-OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O

The crystal has been sealed in a glass capillary for X-ray
single crystal data collection to avoid potential dehydra-
tion. The single crystal was mounted on a Nonius Kap-
paCCD diffractometer with Mo Ka radiation
(k = 0.71073 Å). The crystal data collection was performed
at room temperature.

A crystal-to-detector distance of 25.0 mm was used and
data collection strategy (determination and optimization of
the detector’s and goniometer’s positions) was performed
with the help of the COLLECT program [43] to measure
Bragg reflections of the unique volume in reciprocal space.

Unique reflections were indexed, Lorentz-polarization
corrected and then integrated by the DENZO program of
the KappaCCD software package [44].

Absorption corrections were performed using the facili-
ties [45–49] included in the WINGX program suite [50].

Structure determinations were performed with the solv-
ing program SIR97 [51] that revealed all the non-hydrogen
atoms. All non-hydrogen atoms were refined anisotropi-
cally using the SHELXL program [52–54]. Hydrogen atoms
have not been localized. Crystal and final structure refine-
ment data of the compound are listed in Table 1. Full
details of the X-ray structure determination of the praseo-
dymium-containing complex have been deposited by the
Fachinformationszentrum Karlsruhe under the depository



Table 1
Experimental data for the X-ray diffraction study of [Pr6O(OH)8-
(NO3)6(H2O)14](NO3)2 � 2H2O

Molecular formula Pr3O24.5N4O20

Formula weight 890.85
Crystal dimensions (mm) 0.3 � 0.08 � 0.08
Temperature (K) 298(2)
Crystal system monoclinic
Space group P21/n (no. 14)
a (Å) 12.4163(2)
b (Å) 10.51210(10)
c (Å) 16.0389(2)
b (�) 95.7810(6)
V (Å3) 2082.77(5)
Z 4
Dcalc (g cm�3) 2.777
F(000) 1604
l (cm�1) 7.024
Radiation monochromated Mo Ka

(k = 0.71073 Å)
hkl Range �20 6 h 6 19, �16 6 k 6 16,

�25 6 l 6 25
h Range (�) 1.00 6 h 6 34.97
Rint 0.0799
Rr 0.0602
Data collected 9143
Observed data
ðF obs P 2rðF 2

obsÞÞ
6693

Parameters refined 287
Ra (%) 4.01
Rw

b (%) 9.44
Goodness of fit 1.065
Final shift/error 0.000
Residual density (e Å�3) 0.254 (in the vicinity of rare earths)

w ¼ 1=½r2ðF 2
oÞ þ ð0:0443� P Þ2 þ 2:1797� P � where P ¼ ðF 2

o þ 2� F 2
cÞ=3.

a R1 =
P
jjFoj � jFcjj/

P
jFoj.

b wR2 ¼ ½
P

wðF 2
o � F 2

cÞ
2=
P

wF 4
o�

1=2.
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number CSD-418549 and can be obtained, on request,
mentioning the authors and a reference to the present
publication.

2.5. X-ray powder diffraction

The X-ray powder diffraction diagrams have been col-
lected using a Panalyticals X’Pert Pro diffractometer with
an X’celerator detector. The recording conditions were
40 kV, 40 mA for Cu Ka (k = 1.542 Å), the diagrams were
recorded in h/h mode in 60 min between 5� and 75� (8378
measurements) with a step size of 0.0084� in 2h and a scan
time of 50 s.

The characterization of the obtained micro-crystalline
powders has been based on comparisons of the experimen-
tal powder X-ray diffraction diagrams to the ones calcu-
lated from crystal structures. The calculated XRD
diagrams have been performed using POWDERCELL [55] soft-
ware and compared with the experimental one using WIN-

PLOTR [56] software.
For the [Pr6(l6-O)(l3-OH)8(NO3)6] � 2NO3 pattern

indexing, the extraction of the peak positions was carried
out via the WINPLOTR software. The pattern indexing was
performed by the program MCMAILLE [57], and the refine-
ment of the unit-cell parameters by means of the MSMod-
eling-‘‘Powder Refinement” module using a variant of the
Pawley method [58].

The identification of the phases based on their X-ray dif-
fraction diagrams has been done by using the Highscore
Software [59] with a JCPDS version PDF2/2000 (sets 1–
50 and 70–88) database.

2.6. Thermal analysis

Thermo-gravimetric and thermal differential analyses
were performed in a platinum crucible under a nitrogen
atmosphere between room temperature and 1000�C with
a heating rate of 5 �C min�1 using a Perkin–Elmer Pyris-
Diamond thermal analyzer.

The thermal dependence X-ray diffraction experiments
have been performed by a Philips diffractometer using Cu
Ka1 radiation in the range 5–70� in 2h. The heating of
the samples (from room temperature to 1000 �C) was per-
formed by an Anton Paar HTK 1200 furnace under nitro-
gen atmosphere.

3. Results and discussion

3.1. Synthesis

As already mentioned, the synthesis of the hydrated
hexanuclear complexes implies a strict control of the pH
of the medium. To rationalize these syntheses we have
undertaken a pH-metric study of these syntheses from the
heaviest lanthanides (for which hexanuclear complexes
are already known) to the lightest ones. A diluted aqueous
solution of sodium hydroxide (0.5 M) is slowly added
(0.2 mL min�1) to 50 mL of a concentrated solution of lan-
thanide nitrate (2.0 M). The pH is measured continuously
and, from time to time, part of the precipitate is filtered
off and analysed by powder X-ray diffraction. This experi-
ment has been done for different lanthanide ions, namely
Y3+, Tb3+, Eu3+, Gd3+, Nd3+ and Pr3+. The results
obtained for Y3+ are reported in Fig. 1.

First (from A to B), the pH of the clear solution is rising.
Then, a white precipitate appears progressively (from B to
C). The X-ray diffraction diagrams reveal it is [Y6(l6-
O)(l3-OH)8(NO3)6(H2O)12] � 2NO3 � 2H2O (hydrolysis rate
1.7). Then (from C to D), this precipitate disappears while
the hydroxy-nitrate Y(NO3)(OH)2 � (H2O) (hydrolysis rate
2.0) appears. At last (after D), the hydrolysis goes on and
the highly insoluble amorphous Y(OH)3 is obtained (hydro-
lysis rate 3.0). This experiment clearly indicates that the
hexanuclear complex is obtained between points B and C.

All the other experiments lead to similar behaviors,
whatever the lanthanide ion involved. Only the position
of the characteristic points vary from one experiment to
the other. As one can notice from Fig. 2, the pH domain
in which the hexanuclear complex is obtained shrinks when
the involved lanthanide ion gets larger. This could explain



Fig. 1. pH-Metric study of complex [Y6(l6-O)(l3-OH)8(NO3)6(H2O)12]2+. The characteristic recorded diagrams are reproduced in the figure.
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why no hexanuclear complex with light lanthanide ions was
known until now.

Thanks to this study, we succeeded in synthesizing the
compounds [Pr6(l6-O)(l3-OH)8(NO3)6(H2O)14].2NO3 � 2H2O
and [Nd6(l6-O)(l3-OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O.
Both have been obtained as micro-crystalline powders
and as mono-crystals suitable for X-ray structure determi-
nation. The crystal structure has been solved for the
Pr(III)-containing compound. It crystallizes in the mono-
Fig. 2. pH versus ionic radii of measured points B (beginning of the
precipitation of the hexanuclear complex) and C (end of the precipitation)
for various lanthanide ions.
clinic system, space group P21/n (no. 14) with
a = 12.4163(2) Å, b = 10.51210(10) Å, c = 16.0389(2) Å,
b = 95.7810(6)� and Z = 4.

3.2. Crystal structure

The crystal structure of this compound consists of lantha-
nide-based hexanuclear entities of chemical formula [Pr6(l6-
O)(l3-OH)8(NO3)6(H2O)14]

2+. Two nitrato counter ions insure
Fig. 3. Projection view of the hexanuclear entity [Pr6(l6-O)(l3-
OH)6(NO3)6(H2O)14]2+ along with the labelling scheme.
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the neutrality of the crystalline framework and two crystalliza-
tion water molecules complete the crystal structure.

The hexanuclear entity can be described as follows. An
O2� ion is surrounded by six lanthanide ions in an octahe-
dral fashion. So, a first contact between the lanthanide ions
is insured by a l6-oxo bridge (see Fig. 3). Each of the faces
of this octahedron is capped by a l3-OH group. This bridge
insures a second contact between the lanthanide ions. Each
praseodymium ion is also bound to a bidentate nitrato
group. At last, four out of the six lanthanide ions (Pr1
and Pr2) are bound to two coordination water molecules
while the two others (Pr3) are bound to three of these mol-
ecules. Actually, four out of the six lanthanide ions are
nine-coordinated by one central O(-II), four oxygen atoms
from the l3-hydroxo groups, two oxygen atoms from a
bidentate nitrato group and two oxygen atoms from coor-
dinated water molecules, thus forming a distorted tri-
capped trigonal prism. The two others are 10-coordinated
and their coordination polyhedron can be best described
as a square antiprism.

The crystal packing of this compound can be described
as the juxtaposition of two hexanuclear entities per unit
cell. The free nitrato groups and the two crystallization
water molecules are localized between the hexanuclear enti-
ties, thus forming a complex pseudo-three dimensional net-
work based on hydrogen bonds (see Fig. 4).
Fig. 4. Projection view along the ~b axis of the packing of the structure of [Pr6

numbering scheme of intercalated NO3
� and H2O species have been reported
3.3. Chemical and thermal stabilities

The interest that these hexanuclear complexes present
lies essentially in their ability to be used as chemical precur-
sors for the synthesis of highly porous coordination poly-
mers or as soluble species for homogeneous catalysis
applications. Unfortunately, as already stressed above,
these complexes are not stable in water or in wet medium.
Actually, when in a wet medium, the hydrolysis process
goes on and the insoluble lanthanide hydroxide is rapidly
obtained.

To obtain de-hydrated poly-nuclear complexes, we stud-
ied the thermal behavior of these two complexes by per-
forming TG/DTA and TDXD experiments. For both
compounds, the thermal behavior is essentially the same
(see Fig. 5).

In the first three steps, the total dehydration of the com-
plex occurs between 40 �C and 180 �C leading to an anhy-
drous phase with chemical formula Ln6(l6-O)(l3-
OH)8(NO3)6 � 2NO3 for Ln = Nd or Pr. These phases are
thermally stable up to 250 �C. A high resolution powder
X-ray diffraction diagram of Pr6(l6-O)(l3-OH)8(NO3)6 �
2NO3 has been recorded (see Fig. 6). This compound crys-
tallizes in the triclinic system, space group P�1 (no. 2) with
a = 9.4644 Å, b = 10.4546 Å, c = 9.5508 Å, a = 72.668�,
b = 61.459�, c = 98.682� and Z = 2. Unfortunately, despite
(l6-O)(l3-OH)6(NO3)6(H2O)14] � 2NO3 � 2H2O. With a view to clarity, the
.



Fig. 5. TG/DTA graph for [Pr6(l6-O)(l3-OH)8(NO3)6] � 2NO3. The typical XRD diagrams obtained from TDXD measurements have been reported.
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great efforts it has not yet been possible to solve the crystal
structure ab initio.

Then, upon heating, the molecular skeleton is destroyed
and the lanthanide hydoxy-nitrates, oxy-nitrates and finally
Fig. 6. Powder XRD diagram of [Pr6(l6-O)(l3-OH)8(NO3)6] � 2NO3. The diag
in the range 5–70� in 2h. The main peaks that were observed are listed below: (
29), (11.991: 33), (13.754: 18), (19.862: 11), (20.852: 22), (21.819: 12), (23.025:
oxides are successively formed (see Table 2). All the occur-
ring phases have been identified on the basis of their X-ray
powder diffraction diagrams. This decomposition process
has already been described [6,60].
ram has been recorded by a Philips Diffractometer using the Ka1 radiation
2h(�): relative intensity) – (10.874: 30), (11.358: 45), (11.468: 100), (11.653:
21), (28.324: 17), (31.667: 77) and (42.390: 11).



Table 2
Identified phases occurring upon heating

T (�C) Compound N�JCPDS

40 [Pr6(l6-O)(l3-OH)8(NO3)6(H2O)14] � 2NO3 � 2H2O unknown
150 [Pr6(l6-O)(l3-OH)8(NO3)6] � 2NO3 unknown
310 Pr(OH)2(NO3) 70-0270
410 PrO(NO3) 47-0890
1000 Pr6O11 41-1121

40 [Nd6(l6-O)(l3-OH)8(NO3)6(H2O)14].2NO3 � 2H2O unknown
150 [Nd6(l6-O)(l3-OH)8(NO3)6] � 2NO3 unknown
310 Nd(OH)2(NO3) 80-0748
410 NdO(NO3) 78-2332
1000 Nd2O3 41-1089
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Furthermore, the chemical stability of the anhydrous
phases has been checked in various non aqueous solvents.
In all the cases, the hexanuclear complexes remain
unchanged after a dissolution–recrystallization cycle. These
data clearly indicate that the anhydrous compounds
[Pr6(l6-O)(l3-OH)8(NO3)6] � 2NO3 and [Nd6(l6-O)(l3-
OH)8(NO3)6] � 2NO3 are chemically and thermally stable
enough to be used as chemical molecular precursors for
materials synthesis.

4. Conclusion

We have synthesized and structurally characterized the
first poly-nuclear complexes involving praseodymium(III).
Because of its chemical stability in non aqueous solvent
and of its thermal stability, this complex could be used as
a molecular precursor for new highly porous coordination
polymers. We are currently trying to design such a material
by substituting the nitrato groups by linking bi-functional
ligands. This type of materials could actually present some
interest in the field of heterogeneous catalysis because it
could combine interesting catalytical properties and poros-
ity. We are also currently trying to synthesize the cerium
containing analogous compound.
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