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The Ln(I1I) complexes with picrate ligand, [Sm(Pic)>(H»O)g|Pic-6H,0, 1, and [Ho(Pic)(H.O)7](Pic)»-3H-0, 2,
have been synthesized and their crystal structures are analyzed by X-ray diffraction methods. Complex 1,
crystallizes in the monoclinic P2/ space group and complex 2 in the triclinic P-1 space group. In complex 1,
two picrate ligands coordinate to the Sm(III) ion, one of them in the bidentate fashion. There are one picrate
anion and six water molecules in the crystal lattice. The nine-coordinated Sm(III) ion forms a slightly distorted
tricapped trigonal prism. In complex 2, only one picrate ligand coordinates to the metal ion as a monodentate.
There are two picrate anions and three water molecules in the crystal lattice. The eight-coordinated Ho(I1I) ion
forms a distorted bicapped trigonal prism. Based on the results of the TG-DTG and DSC thermal analysis, it
was analyzed that the lanthanide picrate complexes 1 and 2 are thermally decomposed in three distinctive
stages, the dehydration, the picrate decomposition, and the formation of the metal oxide.

Key Words : Lanthanide complex, Picric acid, Thermal analysis, Crystal structure

Introduction

The nitrophenols and their metal salts as high energetic
materials have been the subject of fairly extensive
investigation in various aspects, such as the thermal and
combustion properties,' molecular structures,*® solvent
extraction,”'° and coordination behavior.'""!* The molecular
structures of lanthanide complexes of 2,4,6-trinitrophenol
(picric acid) have been thoroughly studied by Harrowfield et
al® In the picrato hydrates of lighter members of the
lanthanide series (La — Tb), two picrate ligands are
coordinated to the metal ion, one as monodentate and the
other as being quasi-bidentate.’* On the other hand, one
picrate is coordinated in monodentate fashion in the
complexes of heavier lanthanide metal ions (Dy — Lu).*®
However, unlikely with the picrato hydrates of earlier
lanthanide, the picrate ligands in the samarium complex are
both clearly unidentate.*

As the extension of the studies, we have investigated the
X-ray single crystal structures of the samarium and holmium
complexes of picric acid. The thermal properties of the
neodymium, samarium, gadolinium, and holmium complexes
of picric acid have been also investigated.

Experimental Section

Preparation of the complexes. The lanthanide ion
solutions were prepared by dissolving respective lanthanide
oxides (Ln,Os, Aldrich; ca. 4.8 mmol) in distilled water (20
mL) at 60 °C with stirring under the hot water bath, adjusting
the pH of the solutions to ca. 2 with 7 M HNOj solutions.
The ligand solution was prepared by dissolving picric acid

(CsH3N307, Merk; 13.75 g, 0.06 mol) in distilled water (55
mL) at 60 °C with stirring under the water bath. The pH of
the ligand solution was adjusted to about 6 with 3 M LiOH
solution. The lanthanide metal solution was added dropwise
slowly to the ligand solution. The volume of the mixture was
reduced to 50 mL by evaporation of the solvent. The
reaction mixture was stirred for 3 hours at 60 °C adjusting its
pH to about 4 and then filtrated through a plastic membrane
of 0.45 pm pore size in order to remove the small amount of
the precipitate formed. The final solution was cooled and
kept in the refrigerator. Light yellow crystals of the picrate
complexes of respective lanthanide metal ions were obtained
at room temperature over a period of a few weeks. The
complexes were recrystalized from distilled water. Upon
cooling of hot aqueous solutions of the picrate complexes to
room temperature, crystals of the complexes suitable for
single crystal X-ray diffraction were obtained. A decaying
tendency without water at room temperature is observed for
the crystals of the samarium picrate, indicating that the
crystals are comparatively unstable in atmosphere. Thus the
relatively large error range in the analytical data was
observed for the Sm-picrate complex 1.

The contents of carbon, hydrogen, and nitrogen were
determined by a CE EA-1110 elemental analyzer. Anal.
Calcd. (%) for C18H30N9033Sm: C, 20.55; H, 2.85; N, 11.99.
Found: C, 21.24; H, 2.31; N, 11.68. Anal. Calcd. (%) for
C18H26N9031H0: C, 20.98; H, 2.53; N, 12.24. Found: C,
21.00; H, 2.13; N, 12.27.

X-ray crystallography. The data for X-ray structure
determination was collected on a Siemens P4 diffractometer
equipped with graphite monochromated Mo K & radiation (4
= 0.71073 A) at 293 K. The unit cell dimensions were



1198  Bull. Korean Chem. Soc. 2005, Vol. 26, No. 8

determined on the basis of 40 reflections in the range of 5.9°
< 0<12.6° and 4.7° < 6 < 12.5° for Sm(III) and Ho(III)
picrate, respectively. The data was collected by the @w-26
technique. Empirical absorption correction was applied to
the intensity data. The standard direct method was used to
position the heavy atoms. The remaining non-hydrogen
atoms were located from the subsequent difference Fourier
synthesis. All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms were calculated in ideal
positions and were riding on their respective carbon atoms
(Biso =1.2B¢q). The structure was refined in a full matrix
least-squares calculation on F2 Program used to solve
structure and to refine structure; SHELXS97 and
SHELXL97." Molecular graphics; Ortep-3 for windows. "

Thermal analysis. The thermal decomposition of the
complex was investigated on a TGA 50 apparatus (Mettler-
Toledo GmbH, Switzerland). The conditions of TG were:
sample masses of ca. 1-2 mg being heated at the heating rate
of 10 °Cmin™' under a nitrogen atmosphere. The DSC
experiments were carried out with a model 821° apparatus
(Mettler-Toledo GmbH, Switzerland) fitted with a standard
aluminum sample pan. The conditions of DSC were: sample
masses of ca 1-2 mg being heated at the heating rate of 10
°Cmin™" under the static air atmosphere. A sample of indium
was used as the reference.

Results and Discussion

Crystal structure. Thus X-ray crystallographic data could
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be obtained by data collection with a single crystal sealed in
quartz capillary under a microscope. The details of the
crystallographic data for [Sm(pic)>(H>O)s]+(pic)-6H-0, 1 are
given in Table 1. As a family member, unit cell data of
samarium(IIT) picrate are closely related to the data for the
other picrate complexes of lighter lanthanide(IIT) metal
ions.®® Unlikely with that reported,*® the samarium picrate
complex appeared to be such a dodecahydrated complex like
the members of lighter lanthanide series, whose stoichio-
metric chemical formula is Ln(pic);(H2O)1». It is comprising
[Sm(pic)(H20)s]* cation, a picrate counter anion, and six
water molecules in the outer coordination sphere.

The selected bond lengths and angles for complex 1 are
listed in Table 2. An ORTEP diagram of the molecular
structure for complex 1 is presented by labeling atoms in
Figure 1. The structural feature of complex 1 is that two
picrates and six water ligands are coordinated directly to the
Sm atom in the inner coordination sphere forming the
complex cation, while one picrate as a counter anion is
bound to the complex cation. In addition, there are six water
molecules (Ow1-Ow6) in the outer sphere. The Sm(III) ion
is coordinated to nine O atoms. Six of these neighbors are
the O atoms of water molecules (Ow7-Ow12). The Sm-O (O
in water) bond distances are within the range of 2.443(5)-
2.512(6) A and are slightly shorter or longer than the sum of
the covalent radii of the Sm and O atoms (2.46 A).

The complex 1 has one chelate ring composed of a Sm(III)
ion, O1 atom of the phenol group, and O2 atom of the nitro
group of one picrate ligand. The Sm-O distance to one of the

Table 1. Crystal data and structure refinement for [Sm(pic)>(H>0)s]-(pic)-6H-O and [Ho(pic)-7H>O]-(pic)»'3H.O

Empirical formula Cis H30 Ng O33 Sm

Cig Has No O3; Ho

Formula weight 1050.86 1029.41
Temperature 2932) K 293(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic
space group P2i/n P-1

Unit cell dimensions

Volume

Z

Calculated density
Absorption coefficient
F(000)

Crystal size

@ range for data collection
Index ranges

Reflections collected / unique
Completeness to 2(6) =27.50°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [7 > 20(])]

R indices (all data)

Largest diff. peak and hole

a=7693)A a=90°
b=27.5343) A B=99.36(1)°
c=178242) A y=90°
3709(1) A?

4

1.882 g/cm’

1.712 mm™'

2108

0.40 x 0.30 x 0.25 mm

1.88 to 27.50°
-9<h<1,-1<k<35,-23</L23
10806/8499 [R(int) = 0.0448]
99.9%

Full-matrix least-squares on /2
8499/0/559

1.043

R;=0.0583, wR>,=0.1297
R;=0.1111, wR,=0.1634
2.285 and —1.656 eA™

a=8.172Q) A a=75.12(1)
b=11.5372) A B=87.06(1)°
¢=20.0602) A y=88.53(1)°
1825.3(5) A®

2

1.873 g/em’

2291 mm™

1024

0.84 x 0.2 x 0.16 mm

1.83 to 25.00°
-9<h<1,-13<5k<13,-23<57<23
7879/ 6399 [R(int) = 0.0306]
99.4%

Full-matrix least-squares on F'*
6399/0/551

1.084

R;=0.0502, wR>=0.1400
R;=0.0699, wR>=0.1548
2.233 and -0.828 eA™
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Table 2. Selected bond lengths [A] and angles [°] for
[Sm(pic)(H20)s]*(pic)-6H.0

Sm(1)-0(1) 2.337(5) 0(1)-C(1) 1.267(9)
Sm(1)-0(8) 2.385(5) C(1)-C(2) 1.43(1)
Sm(1)-Ow7 2.443(5) C(2)-N(1) 1.45(1)
Sm(1)-Ow9 2.461(5) N(4)-0(9) 1.210(8)
Sm(1)-Ow10 2.462(5) N(1)-0(2) 219(9)
Sm(1)-Ow8 2.464(5) 0(8)-C(7) 1.254(9)
Sm(1)-Owl1 2.480(6) C(7)-C(12) 1.44(1)
Sm(1)-Ow12 2.512(6) C(7)-C(8) 1.44(1)
Sm(1)-0(2) 2.773(6) C(8)-N(4) 1.451(9)
Ow7-Sm(1)-Owll  76.7(2) O(1)-Sm(1-02)  62.3(2)
Ow9-Sm(1)-Owll  733(2) 0Q)-N(1)-C2)  120.2(7)
Ow10-Sm(1)-Owll 76.2(2) N(1)-02)-Sm(1)  140.4(5)
Ow8-Sm(1)-Owll  130.0(2) 0(8)-C(7)-C(8)  123.2(7)
O(1)-Sm(1)-0w12  75.6(2) C(1)-0(1)-Sm(1)  149.8(5)
0(8)-Sm(1)-0wl2  70.8(2) O()-C(1)-C2)  125.6(7)
Ow7-Sm(1)-Ow12  72.9(2) O()-C(1)-C(6)  121.3(7)
Ow9-Sm(1)-Owl12  114.8(2) C(1)-CQ)-N(1)  121.2(7)
Ow10-Sm(1)-Owl12 140.9(2) C(7)-C(8)-N(4)  117.6(7)
Ow8-Sm(1)-Owl2  68.5(2) 0(9)-N(4)-0(10)  123.7(7)
Owl1-Sm(1)-Ow12 142.5(2) 0(9)-N4)-C(8)  119.1(7)

nitro groups is 2.773(6) A and is quite longer than those of
Sm-O to the phenol groups in the range of 2.337(5)-2.385(5)
A, indicating that one of the picrate ligands in the inner
sphere coordinates to the metal ion as a so-called “quasi-
bidentate” as found in the other picrate complexes of lighter
lanthanides.®® This result does not agree with the study
previously reported in which the picrate ligands are both
unidentate in the samarium picrate.®

The dihedral angles between the benzene ring and its nitro
groups in ortho position are good evidence for an interaction
between the O atoms on the nitro groups and the Sm(III)
atom. The dihedral angles were calculated to be 4.5° for the

026
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coordinated nitro group and in the range 35.8°-40.6° for the
uncoordinated nitro groups in ortho position, and 4.6°-5.3°
for the nitro groups in the para position. The closest
approach to Sm of the O atoms of the uncoordinated nitro
groups is 3.75 A.

The coordination polyhedron of the Sm(III) ion in 1 is
shown in Figure 2.

The skeletal structure around the Sm atom forms a slightly
distorted tricapped trigonal prism. The four water molecules
(Ow7, OWS8, Ow10, and Ow11) and two oxygen donors (O1
and O8 atoms from the phenol groups) of the picrate ligand
occupying the basal sites are constructed to be the trigonal
prism geometry. At relatively long distances, another two
water molecules (Ow9 and Ow12), and O2 atom from the
nitro group of the chelating picrate ligand cap the sides of
the trigonal prism.

The characterization and the mounting method of crystal
for the data collection of Ho(III) picrate complex are similar

Figure 2. The coordination polyhedron of the Sm atom in
[Sm(pic)(H20)s]:(pic)-6H,O. The tricapped trigonal prism is
indicated by dashed lines.

Figure 1. ORTEP diagram of [Sm(pic)>(H20)s]"(pic)-6H-O showing atom labeling. Thermal ellipsoids are drawn at the 30% probability

level.
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Table 3. Selected bond lengths [A] and angles [°] for
[Ho(pic)-7H,0]-(pic)2:3H-O

Ho-O(1) 2.247(5) Ho-Ow10 2.393(7)
Ho-Ow9 2.348(6) Ho-Ow5 2.397(6)
Ho-Ow8 2.377(6) 0(1)-C(1) 1.26(1)
Ho-Ow4 2.381(6) C(1)-C(2) 1.42(1)
Ho-Ow7 2.385(6) C(1)-C(6) 1.44(1)
Ho-Ow6 2.388(6)

O(1)-Ho-Ow9  144.9(2) Ow7-Ho-Owl0  74.3(3)
O(1)-Ho-Ow8  80.1(2) Ow6-Ho-Owl0  143.5(3)
Ow9-Ho-Ow8  77.6(3) O(1)-Ho-Ow5  75.2(2)
O(1)-Ho-Owd  145.1(2) Ow4-Ho-Ow6  79.5(2)
Ow9-Ho-Owd  69.8(2) Ow9-Ho-Ow5  73.2(2)
Ow8-Ho-Owd  115.1(2) Ow8-Ho-Ow5  75.5(2)
O(1)-Ho-Ow7  76.1(2) Ow4-Ho-Ow5  137.42)
Ow7-Ho-Ow6  74.8(2) Ow7-Ho-Ow5  126.7(2)
O(1)-Ho-Ow10  83.3(3) Ow6-Ho-Ow5  72.3(2)
Ow9-Ho-Ow10  114.3(3) Owl10-Ho-Ow5  143.4(2)
Ow8-Ho-Ow10  71.7(3) C(1)-0(1)-Ho  145.7(6)
Ow4-Ho-Owl10  73.3(3)

to those of Sm(IIl) picrate complex. The details of the
crystallographic data for [Ho(pic)(H>O)7]-(pic)2:3H-0, 2 are
given in Table 1.

The results are very similar to those of other members of
the heavier lanthanide.®® The stoichiometry consists of a
complex cation [Ho(pic)(HO);]** and a pair of picrate
counter anions and three water molecules in the outer
coordination sphere. It would be, because of the dehydration
ability of the complexes, that the hydration number 10 of the
holmium picrate is somewhat smaller than 11.5 hydrates of
other picrates of the series. However, the stoichiometry of
the inner sphere complex cation consists with those of the
other members of heavier lanthanide.®

Cw iy

Ciwd

Figure 3. ORTEP diagram of [Ho(pic)(H,O);](pic)::3H-O
showing atom labeling. Thermal ellipsoids are drawn at the 30%
probability level.
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The selected bond lengths and angles for complex 2 are
listed in Tables 3. An ORTEP diagram of the molecular
structure for complex 2 is presented by labeling atoms in
Figure 3. The structural feature of complex 2 shows that the
Ho(III) ion is coordinated to eight O atoms. Seven of these
neighbors are the O atoms of water molecules (Ow4-Ow10).
The Ho-O (O in water) distances are within the range of
2.348(6)-2.397(6) A and are shorter than the sum of the
covalent radii of the Ho and O atoms (2.40 A). The picrate
ligand coordinates to Ho(Ill) ion as a monodentate. The
Ho-O atoms distances to the nitro groups in ortho position
are in the range of 3.62-4.41 A, and are considerably longer
than those of Ho-O atoms to the phenol groups. The Ho-O
distance to the phenol group is 2.247 A.

The calculated dihedral angles between the benzene rings
and the nitro groups are good evidence for that there is no
interaction between the O atoms of the nitro groups and the
Ho atom. The dihedral angles are calculated to be 7.6° for
the nitro group in para position and in the range 34.0°-57.9°
for the nitro groups in ortho position. The closest approach
to Ho of the O atoms of the uncoordinated nitro groups is
longer than 3.5 A.

Figure 4 shows the coordination geometry of the Ho(III)
ion. The skeletal structure around the Ho atom forms a
distorted bicapped trigonal prism. A picrate ligand (O1 atom
from the phenol group) and five water molecules (Ow4,
Owo6, Ow8, Ow9, and Ow10) coordinated to the Ho(III)
atom are constructed to be a trigonal prism geometry
occupying the basal sites. Two O atoms (Ow7 and OwS5) of
the water molecules coordinated to Ho(III) atom cap the
sides of the distorted trigonal prism at relatively long
distances.

There are hydrogen bonds between three water molecules
and the O atoms of the picric acid ligands. The hydrogen
bond length ranges from 2.80(1) A [Ow1-Hw1A ---Ow3*]
to 3.11(1) A [Ow2-Hw2A---O3]. This means that the
coherence of the hydrogen bond is weakened as the
hydrogen bond length is increased.

Figure 4. The coordination polyhedron of the Ho atom in
[Ho(pic)(H20)7]-(pic)>'3H,0O. The bicapped trigonal prism is
indicated by dashed lines.
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Thermal analyses. TGA and DSC curves for the picric
acid show that the thermal decomposition of the compound
occurs in four stages from 30 °C to 600 °C. The first stage is
an endothermic process, the second stage is a minor acute
exothermic process, the closely following next stage is a
sharp exothermic process, and the fourth is a broad
exothermic process. The DSC curve is basically similar to
the DTA curve previously reported, beside that the fourth
exothermic peak does not appear on the DTA curve.'® The
DTA curve was obtained in the temperature range only up to
ca. 350 °C."

On the other hand, the TGA curve indicates that there are
two mass losses between 150 °C and 600 °C, the rapid mass
loss to 320 °C followed by slower mass loss to 600 °C. It
appears that the sample of picric acid is decomposed almost
perfectly with the mass loss of 98.2%. The oxidation of
carbon formed during the decomposition would occur in the
step of slower mass loss beginning at about 320 °C which
corresponds well to the fourth stage of a slow exothermic
process appeared on the DSC curve.

The thermal decomposition reaction of [Ln(pic).(H.O)e]:
(pic):6H>O (Ln = Nd, Sm, and Gd) would proceed through
three stages under our experimental conditions, which are
the dehydration, the ring breaking of the picrate, and the
formation of metal oxide. The results of thermal analysis
study for the picrate complexes of neodymium, samarium,
and gadolinium are almost identical to each other. Thus, the
results obtained for the samarium complex 1 are discussed
here representatively.

The typical thermograms of TG-DTG and DSC obtained
under the conditions of linear temperature increase are
shown in Figures 5 and 6 for the samarium picrate 1,
respectively. TG-DTG curves indicate that the dehydration
step involves the mass loss for the coordinated water
molecules in the temperature range from 30 °C to 200 °C. In
the process of dehydration for Sm(pic);-6H->O to Sm(pic)s,
the observed mass loss value of 11.0% is in good agreement
with the calculated mass loss value of 11.5%. In fact, it is
very difficult to distinguish the dehydration range from the
graphic data.

The decomposition of Sm(pic); to Sm,O; through the
explosion of the picrate occurs from 260 °C to 593 °C with

ES

50

100 200 300 400 500  °C
Figure 5. TG-DTG curves of [Sm(Pic)>(H»0)s]-(Pic)-6H.O Sample
weight: 0.891 mg, atmosphere: nitrogen gas (20 mL/min, purity:
99.5%).
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50 100 150 200 250 300 350 400 450 500 °C
Figure 6. DSC curve of [Sm(Pic)(H>O)s]'(Pic)-6H,O. Sample
weight: 0.751 mg, reference sample: indium (156.6 °C),
atmosphere: static air.

04 ~

the distinguished intermediate state around 400 °C. The final
stage would be the metal oxide formation of Sm»O; from the
intermediate in the temperature range of 323 °C-593 °C. The
observed mass loss value of 70.7% is in excellent agreement
with the calculated value of 70.1% in this decomposition
stage of Sm(pic); to Sm»0O;. At present it could not be
suggested what the intermediate would be. However, the
pattern and decomposition temperature ranges of the TGA
curve are very similar to those for the lanthanide-NTO (NTO
= 3-nitro-1,2,4-triazol-5-one). It was suggested that
Ln(NTO); decomposes thermally to Lny(CO;); from 180 °C
to 380 °C and then to Ln,Os from 380 °C to 600 °C.!” Thus,
the decomposition mechanism of [Ln(pic)>(H>O)s]-(pic):
6H>O (Ln =Nd, Sm, and Gd) would be summarized as:

260 °C-323 °C 323 °C-593 °C
Ln(Pic); ——— intermediate ——— LnxOs

DSC curve for the complexes shows that there are two
small endothermic peaks between 50 °C-200 °C and three
exothermic peaks between 260 °C-560 °C. The two endo-
thermic peaks would be corresponding to the dehydrations
from the outer and inner spheres. The three exothermic
peaks would be for the decomposition process of Sm(pic)s to
Smy0s;. A slow exothermic process begins at 279.6 °C,
slowly reaches its peak at 321.8 °C, and quickly ends at
331.7 °C. Tt takes the place continuously as an exothermic
process from 331.7 °C to 373.4 °C, with a sharp maximum
peak at 349.0 °C. The last is a slow exothermic process. It
occurs from 411.1 °C to 519.8 °C, with a maximum peak at
452.8 °C.

The TG-DTG and DSC curves of [Ho(pic)(H.O)7]-(pic)*
3H,0, 2 of which holmium ion is a family of the heavier
lanthanides, were obtained under the conditions of linear
temperature increase. The TG-DTG curves of complex 2 are
basically same as those of complex 1. The thermal
decomposition processes of 2 could be divided into three
steps under our experimental conditions: the dehydration,
the ring breaking of the picrate, and the formation of metal
oxide.
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TG-DTG curves show that the first stage of thermal
decomposition of complex 2 is connected with their
dehydration processes in the temperature range from 30 °C
to 195 °C. The dehydration stage involves mass loss for the
seven coordinated water molecules in the temperature
ranges from 30 °C to 195 °C. In fact, it was very difficult to
distinguish between the dehydration steps for inner and
outer spheres from the graphic data. However, the total
observed mass loss value of 17.0% is in good agreement
with the total calculated mass loss value of 17.5% in the
processes of dehydration.

The observed mass loss value of 63.2% at the stage from
195 °C to 584 °C is in good agreement with the calculated
one of 64.1% in the decomposition of Ho(pic); to Ho,Os. In
this stage, a distinguished intermediate state around 380 °C
is also appeared as with the case of the samarium picrate.
The final mass loss from 380 °C to 584 °C is the stage of
the formation of metal oxide. The decomposition
mechanism of complex 2 would be summarized as same as
that of complex 1.

DSC curve of complex 2 is basically same as that of
complex 1. DSC curve of complex 2 shows the thermal
decomposition reaction of the holmium picrate complex
consists of five stages from 30 °C to 600 °C. The first two
stages are endothermic processes for the dehydration from
the complex. The third stage is a minor acute exothermic
process, the closely following fourth stage is a sharp
exothermic process, and the fifth is an acute exothermic
process, all for the decomposition of Ho(Pic); to Ho,O:s.

Supplementary Material. Complete lists with atomic
coordinates, anisotropic displacement parameters, bond
lengths and angles have been deposited at the Cambridge
Crystallographic Data Center, 912 Union Road, Cambridge
CB2 1EZ, UK [CCDC 236996 for Ho complex and CCDC
236997 for Sm complex].
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