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Novel Structure Evolution of Lanthanide—SIP Coordination Polymers
(NaH,SIP = 5-Sulfoisophthalic Acid Monosodium Salt) from a 1D Chain to a
3D Network as a Consequence of the Lanthanide Contraction Effect

Qing-Yan LiuP! and Li Xu*!2l

Keywords: Crystal structures / Hydrothermal synthesis / Lanthanides / Lanthanide contraction

The new series of lanthanide-SIP coordination polymers
[{Ln(SIP)(H,0);5}(H20)3], (Ln = Lu (1), Yb (2), Tm (3), and Er
(4)], [{Ln(SIP)(H;0)4}1, (Ln = Ho (5), Dy (6), Tb (7), Sm (8), Pr
(9), and Nd (10)], and [{La(SIP)(H,0)3}(H,0)], (11), have
been synthesized by hydrothermal reactions of Ln,O3 and 5-
sulfoisophthalic acid monosodium salt (NaH,SIP) at 160 °C
and characterized by single-crystal X-ray diffraction. The un-
precedented three structure types ongoing from Lu™ to La
have been established: type I for the small ions, Lu, Yb, Tm,
and Er; type II for the medium ions including Ho, Dy, Tb, Sm,
Pr, and Nd; and type III for the largest La ion. Type I adopts

a one-dimensional zigzag chain-like structure, type II exhib-
its a two-dimensional undulate layer structure, and type III
features a two-dimensional double-layer pillared by sulfo-
nate groups to form a three-dimensional open framework.
The progressive structural changes from type I to type Il and
to type III with increasing atomic number were rationalized
by the effect of the lanthanide contraction. Their spectro-
scopic properties and thermal stability were also investi-
gated.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The design and construction of coordination polymers is
one of the most active areas of materials research. The in-
tense interest in these materials is driven by both their inter-
esting network topologies and their potential applications
in catalysis, molecular magnets, sensors, ion exchange, ad-
sorption, and phase separation.['®l Numerous coordination
polymers with varied dimensions and topologies have been
obtained through a judicious choice of organic linkers and
metal ions.”-!* Many of the efforts have so far been de-
voted to the study of transition-metal-based coordination
polymers.">1%1 The chemistry of lanthanide coordination
polymers has been less-well investigated despite their useful
luminescent, catalytic, and magnetic properties.?°2%! For
example, our knowledge about how the lanthanide contrac-
tion works in crystal-structure formation is limited because
of few systematic investigations across the lanthanide series
with a single ligand.[**-28 This contribution deals with the
self-assembly of the lanthanide series with the single SIP
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ligand. SIP was selected for several reasons: (1) it contains
a soft sulfonate group that may serve as a more sensitive
probe in the exploration of the effect of the lanthanide con-
traction; (2) it has three functional groups that allow the
formation of structures of higher dimensions; (3) n—n stack-
ing interactions between the aromatic rings may facilitate
ordered, noninterpenetrated open frameworks; (4) it has an
asymmetric geometry that may lead to acentric crystal
structures that are needed for the development of non-lin-
ear optical materials. This new series of lanthanide-SIP co-
ordination polymers prepared by hydrothermal reactions
displays three types of polymeric structures, ranging from
one-dimensional chains to a three-dimensional framework
on going from Lu to La.

Results and Discussion

Preparation of the Complexes

We prepared the series of Ln™-SIP compounds 1-11
with the structures [{Ln(SIP)(H,O)s}(H»0)s], [Ln = Lu (1),
Yb (2), Tm (3), and Er (4)], [{Ln(SIP)(H,0),}], [Ln = Ho
(5), Dy (6), Tb (7), Sm (8), Pr (9), and Nd (10)], and
[{La(SIP)(H,0)s}(H,0)], (11) (excluding the rare and ra-
dioactive Pm as well as Eu™ and Gd™ reported pre-
viously®!) by a hydrothermal reaction of Ln,Os and NaH,.
SIP in aqueous solution. The preparative reactions were
carried out at different temperatures (140 °C, 160 °C, and
180 °C) to investigate the temperature dependence of their
solid structures. X-ray diffraction analyses of the products
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indicated that the same results were obtained at these reac-
tion temperatures although the purity and yields were
slightly different, indicative of the thermodynamic nature of
the hydrothermal reactions. Attempts to get single crystals
of the Ce-SIP compound by reacting CeO, with NaH,SIP
were unsuccessful. This compound has been reported pre-
viously but the crystal structure was not determined. The
crystalline compounds 1-11 could not be isolated from the
conventional reaction of Ln,Os3 with NaH,SIP in aqueous
solution at room temperature, indicating the kinetic nature
of the reactions. The different results between the conven-
tional solutions and hydrothermal reactions may be caused
by a different reaction mechanism: the hydrothermal reac-
tion mechanism is shifted from the kinetic to the thermo-
dynamic domain when compared to a conventional solu-
tion reaction.39-32

Crystal Structures

The X-ray diffraction analyses of compounds 1-11 re-
vealed three types of solid structures on going from Lu to
La: a 1D chain (1-4, Lu-Er), a 2D sheet (5-10, Ho-Pr),
and a 3D network (11, La). These structure types result
from the different coordination modes of SIP, as illustrated
in Scheme 1, presumably as a consequence of the lantha-
nide contraction, as will be detailed below.

Type I: Structure of [ {Ln(SIP)(H,0)s}(H,0)3], [Ln =
Lu (1), Yb (2), Tm (3), and Er (4)]

The type I structure features a one-dimensional ribbon,
as exemplified in Figure 1 for 4 (Ln = Er). Each Er'™™ ion
is coordinated to nine oxygen atoms, four from the carbox-
ylate groups and five from water molecules (Figure 1a). SIP
uses the two carboxylate arms to chelate to the Er' ions, as
illustrated in Scheme 1(a), to form an infinite zigzag chain
(Figure 1b). The Er-O distances given in Table 1 range
from 2.310(3) to 2.463(3) A (average value 2.397 A). The
phenyl rings in the chain are not parallel but are twisted
relative to each other with a dihedral angle of around 48.4°.
The uncoordinated sulfonate group forms hydrogen bonds
with coordinated and lattice water molecules.

/

Ln\O

@]
—0

—1Ln

a

Xy

Table 1. Selected bond lengths [A] for compounds 1—4.12!

Lu(1) Yb(2) Tm@) Er@4)
Ln-Ol 2.392(11) 2.401(15) 2.415(5) 2.415(3)
Ln-0O2 2.443(11) 2.438(16) 2.463(6) 2.447(3)
Ln-O3A 2.392(12) 2.406(16) 2.410(5) 2.463(3)
Ln-O4A 2.443(13) 2.456(16) 2.437(5) 2.423(3)
Ln-O8 2.285(13) 2.291(17) 2.306(6) 2.310(3)
Ln-09 2.297(12) 2.306(16) 2.315(6) 2.326(3)
Ln-O10 2.300(13) 2.314(16) 2.321(6) 2.333(3)
Ln-Ol1 2.360(13) 2.370(19) 2.385(7) 2.393(3)
Ln-O12 2.455(13) 2.468(16) 2.471(6) 2.460(3)
Ln-O (av.) 2.374 2.383 2.391 2.397
00 (av.) 2.857 2.864 2.856 2.686
n—7 interacting 3.715 3.705 3.715 3.687
distances (face-to-face)
Dihedral angle of benzene 51.0 51.4 51.7 48.4

rings in the chain [°]

[a] Symmetry transformation for equivalent atoms: A: x — 1/2, —y
+1/2, z - 1/2.

The extensive interchain hydrogen bonds link the zigzag
chains into a three-dimensional supramolecular layer struc-
ture, as illustrated in Figure 2. Two types of hydrogen bonds
are observed between the chains: hydrogen bonds between
the coordinated water molecules and carboxylate oxygen
atoms (O-+O = 2.723-2.900 A), and hydrogen bonds be-
tween the coordinated water molecules and sulfonate oxy-
gen atoms (O-+O = 2.675, 2.814, and 2.929 A). The supra-
molecular layer structures are further stabilized by n—m in-
teractions between the parallel aromatic rings in an off-set
fashion, with a face-to-face distance of about 3.687 A. Sim-
ilar hydrogen bonds and n—= interactions between aromatic
rings have also been reported in the cadmium complexes
recently reported.[33-34 The lattice water molecules located
in the cavities of the supramolecular open framework are
hydrogen bonded to each other and the chain, with O--O
distances ranging from 2.703 to 3.081 A.

The Lu (1), Yb (2), and Tm (3) complexes possess a sim-
ilar structure. Selected bond lengths, hydrogen bonds, and
n—m stacking distances between aromatic rings are listed in
Table 1. The results indicate that the Ln—-O bond lengths
increase from Lu (1) to Er (4), as expected for the lantha-
nide contraction.

[ N

O O 0O
|
—Ln Ln—_ —1Ln
b c

Scheme 1. The three different coordination modes of the SIP ligand observed in complexes 1-11.
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Figure 1. a) Local coordination environment of the lanthanide ions [Ln = Lu (1), Yb (2), Tm (3), and Er (4)]. b) Infinite zigzag chain of

complexes 1-4.

Figure 2. Three-dimensional supramolecular framework of 1-4.
The lattice water molecules occupy the interlayer space. The inter-
lamellar interactions between the neighboring layers are hydrogen
bonds (not shown).

3460 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Type II: Structure of [ {Ln(SIP)(H,0),}], [Ln = Ho (5),
Dy (6), Th (7), Sm (8), Pr (9), and Nd (10)]

The lanthanide ions Ho (5), Dy (6), Tb (7), Sm (8), Pr
(9), and Nd (10) form type II structures with the acentric
crystal system, space group Pna2;. They have similar crystal
structures, as displayed in Figure 3a for Ln = Pr. Their se-
lected bond lengths, hydrogen bonds, and n—r stacking dis-
tances are listed in Table 2. The type II structure can be
described as an undulating, two-dimensional, sheet-like
structure constructed from fused [Pr(SIP);(H,0),] pseudo-
hexagonal grids (Figure 3b). The tridentate SIP ligand links
the three surrounding Pr'™ atoms through two chelating
carboxylate groups and one sulfonate oxygen atom, as illus-
trated in Scheme 1(b). The presence of intermolecular hy-
drogen bonds and - interactions finally results in a three-
dimensional supramolecular structure, as depicted in Fig-
ure 4. Compounds 5-10 are isomorphous with the pre-
viously reported Eu'™ and Gd™" complexes.[*’! A structural
comparison with type I compounds may give an insight
into the formation of type II species. Both types of com-
pounds have nine-coordinate lanthanide ions in a similar
coordination geometry. The type II structure may best be
understood as resulting from interchain replacement of one
of the coordinated waters by one sulfonate oxygen atom in
a type I structure. The resultant Ln—O5S bonding links the

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3458-3466
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Figure 3. a) Local coordination environment of the lanthanide ions [Ln = Ho (5), Dy (6), Tb (7), Sm (8), Pr (9), and Nd (10)]. b) Two-

dimensional network structure of complexes 5-10.

Table 2. Selected bond lengths [A] for compounds 5-9.[!

Ho(5) Dy(®6) Tb(7) Sm(8) Pr(9)
Ln-Ol 2.415(8) 2.466(12) 2.442(5) 2.502(18) 2.519(4)
Ln-02 2.494(7) 2.539(14) 2.504(5) 2.540(16) 2.560(3)
Ln-O3A 2.436(7) 2.472(10) 2.462(4) 2.476(16) 2.536(3)
Ln-O4A 2.491(6) 2.550(11) 2.520(4) 2.541(15) 2.579(3)
Ln-O5B 2.384(7) 2.447(12) 2.409(5) 2.460(18) 2.476(4)
Ln-08 2.363(9) 2.434(15) 2.392(7) 2.409(19) 2.472(4)
Ln-09 2.375(8) 2.451(11) 2.400(4) 2.439(15) 2.482(3)
Ln-010 2.376(6) 2.469(14) 2.403(6) 2.469(18) 2.517(3)
Ln-Ol1 2.420(5) 2.496(10) 2.434(4) 2.491(14) 2.541(3)
Ln-O (av.) 2417 2480 2441 2481  2.520
00 (av)) 2863 2866  2.845 25884  2.847
n-n distance 3.652  3.686 3588  3.681  3.636
Dihedral angle [°] 8.0 6.9 8.1 8.6 72

[a] Symmetry transformation for equivalent atoms: A: —x + 1/2,
y+1/2,z-1/2; B: —x + 172, y + 1/2, z + 1/2.

Eur. J. Inorg. Chem. 2005, 3458-3466 www.eurjic.org

Figure 4. View of complexes 5-10 along the b axis. The interlayer
interactions between the neighboring layers are hydrogen bonds
(not shown).
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zigzag chains into a 2D sheet. Such structure evolution sug-
gests a stronger trend for the type II lanthanide ions to bind
to anionic sulfonate groups, as will be detailed later.

Type III: 3D Open Framework Structure of [ {La(SIP)-
(H;0);}(H;0)], (11)

Only lanthanum, which has the largest ionic radius in
the lanthanide series, was found to form a 3D coordination
polymer, namely [{La(SIP)(H,O)s}(H-0)], (11). As shown
in Figure 5a, each La™ ion is coordinated by nine oxygen
atoms, six from five SIP ligands and three from water mole-
cules. The five SIP ligands are coordinated to the La' cen-
ter in three distinct modes, two by one carboxylate oxygen,

two through one sulfonate oxygen, and one by a chelating
carboxylate group. The La-O distances (Table 3) range
from 2.451(5) to 2.596(5) A (av. 2.544 A), with the longest
La-O distance associated with the sulfonate oxygen atoms.
The S—-O bond lengths are normalt®>! [1.439(5), 1.443(5) and
1.446(5) A] and similar to each other, as expected for the
strong conjugation of sulfonate. As shown in Scheme 1 (c),
SIP functions as an unprecedented hexadentate ligand with
only one sulfonate oxygen atom uncoordinated. Of the
three functional groups of SIP, one chelating carboxylate
group and one unidentate oxygen atom of sulfonate group,
together with the similar ones from a neighboring SIP, con-
nect the two neighboring La'l ions to form the sixteen-

:

d

(b)

Figure 5. a) Local coordination environment of compound 11. b) Two-dimensional sheet-like structure viewed along the « axis.

3462 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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membered ring depicted in Figure 5b. Of interest is the
other carboxylate group, which, together with the similar
one from neighboring SIP, bridges a pair of La'! ions to
form an [La,0,C,] eight-membered ring with an La--La
separation of 4.982 A, as shown in Figure 5a. Two types of
rings connected by SIP propagate along the crystallo-
graphic be plane to yield a two-dimensional sheet-like struc-
ture (Figure 5a). As described above, SIP uses five of its six
donor atoms to form a 2D sheet. The sixth donor atom
from the sulfonate group functions as a linker between the
layers to form a 3D open framework, as depicted in Fig-
ure 6, with an approximate interlamellar separation of
3.884 A. The free oxygen atom of the sulfonate group is
involved in hydrogen bonding with the coordinated water
molecules at a distance of 2.687-2.968 A. The lattice water
molecules are located in the cavities of the structure, form-
ing a number of hydrogen bonds with carboxylate oxygen
atoms, sulfonate oxygen atoms, and coordinated water
molecules (O++O = 2.596-2.991 A). The coordination poly-
mer is further stabilized by m—n stacking interactions be-
tween the parallel aromatic rings in an off-set fashion, with
a face-to-face distance of about 3.517 and 3.642 A.

Table 3. Selected bond lengths [A] for compound 11.12)

Bond Distance [A] Bond Distance [A]
Ln-O1 2.583(5) Ln-O2 2.586(5)
Ln-O3A 2.468(5) Ln-O4B 2.507(4)
Ln-O5C 2.565(5) Ln-O6D 2.596(5)
Ln-O8 2.451(5) Ln-0O9 2.565(5)
Ln-O10 2.574(5) Ln-O (av.) 2.544

[a] Symmetry transformation for equivalent atoms: A: x — 1/2, -y
+ 1/2,z-1/2; B: —x + 172, y + 112, = + 5/2; C: —x, -y, —z + 2;
D: —x+1/2, y + 1/2, -z + 3/2.

Figure 6. Three-dimensional pillared structure of complex 11
viewed along the b axis (the sulfonate groups and lanthanum atoms
are represented as spheres).

Discussion of Structure Evolution

The self-assembly of the lanthanide series with a single
ligand was found to form three unprecedented types of

Eur. J. Inorg. Chem. 2005, 3458-3466 www.eurjic.org

structures, ranging from a 1D chain to a 2D sheet and a
3D framework, wherein all lanthanide ions are nine-coordi-
nate and trivalent. This intriguing structure evolution ac-
ross the lanthanide series may be attributable to the effect
of the lanthanide contraction. The structure evolution
(from Lu to La) results from the extent to which the coordi-
nated water molecules are replaced by the sulfonate oxygen
atoms of the SIP ligand. Thus, the effect of the lanthanide
contraction should be responsible for the water substitution
with the sulfonate anions during the structure evolution.
The preference to bond to anionic ligands can be measured
as follows:

@ =Zlr
where @ is the basicity, Z is the oxidation state, and r is the
ionic radius.*®

La' has the largest ionic radius and thus the smallest
basicity in the lanthanide(mm) series. In other words, La'!
has the greatest tendency to form La'™-Os;S bonds, thus
accounting for the replacement of water by one sulfonate
oxygen during the 2D — 3D structure evolution. Moreover,
the large ionic radius allows the presence of five surround-
ing SIP ligands. The lighter lanthanide ions from Ho™! to
Pr'l adopt a 2D sheet-like structure as a consequence of
both their slightly higher basicity and smaller ionic radii.
The lightest four lanthanide ions (Lu™-Er™™) show no sub-
stantial interactions with the sulfonate oxygen donor atoms
in their chain-like structures, consistent with their larger ba-
sicity and smallest radii. In summary, the sulfonate group
of SIP is a comparatively soft oxygen donor ligand and is
thus able to serve as a more sensitive probe for investigating
the effect of the lanthanide contraction in crystal-structure
formation of the lanthanide series, thereby accounting for
the unprecedented three structure types observed in this
lanthanide-SIP system.

FT-IR Spectra and Thermogravimetric Analyses

The FT-IR spectra of these complexes exhibit broad ab-
sorption bands in the range 3500-3200 cm ' due to the
presence of water molecules in the structures. The strong
bands at 1360-1670 cm™! for all complexes are characteris-
tic of the carboxylate group. The absorptions in the region
1000-1230 cm™! for all complexes are typical of the sulfo-
nate group.’”! Interestingly, the characteristic bands of the
carboxylate group show some changes from type I to type
II, even though the coordination mode of the carboxylate
groups in the two structure types is identical. In the type I
structure these peaks are observed in the range 1668-
1397 cm™!, while in the type II structure these absorptions
are in the range 1605-1381 cm™' with two weak shoulders
in the range 1665-1630 cm™'. The IR spectrum of the La—
SIP compound (type III) is nearly identical to that of the
type II structure. However, the characteristic bands of the
sulfonate group do not show any obvious change from type
I to type II1.

To assess the thermal stability of these compounds and
their structural variation as a function of the temperature,

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3463
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thermogravimetric analyses (TGA) were performed on sin-
gle-phase polycrystalline samples of these materials (Fig-
ure S1). Since compounds of the same structure type show
similar thermal behavior, the results of only three represen-
tative compounds — YD (2) of type I, Tb (7) of type II, and
La (11) of type III — are discussed. The TGA measurements
for Yb (2) exhibit three distinct weight-loss steps. The first
weight loss occurs between 60 and 110 °C due to the release
of three lattice water molecules (weight loss: measured
9.55%; calculated 9.64%). The second weight loss in the
temperature range 110-240 °C corresponds to the removal
of the coordinated water molecules (observed 14.65%; cal-
culated 16.07%). A further increase of the temperature
leads to the decomposition of the compound at 540 °C. The
thermogravimetric analysis of Tb (7) shows that the initial
weight loss occurs in the temperature range 120-200 °C, at-
tributable to the release of all coordinated water molecules
(observed 14.67%; calculated 15.19%). The thermogravime-
tric analysis of La (11) indicates that the loss of the water
(14.95%) takes place between 100 °C and 160 °C, corre-
sponding to the release of all water molecules (calculated:
15.85%).

Conclusions

In conclusion, the self-assembly of the lanthanide series
with a single (SIP) ligand with soft sulfonate probes leads
to the formation of the unprecedented three structural types
I (1D), II (2D), and 111 (3D). The compounds of the heavi-
est lanthanides (Lu, Yb, Tm, and Er) adopt a type I struc-
ture without Ln-sulfonate bonds, the Ho, Dy, Tb, Sm, Pr,
and Nd compounds belong to type II, with one Ln-sulfo-
nate bond, and the largest, La, forms a type III structure
with two La-sulfonate bonds. The progressive structural
changes resulting from the distinct preference for the lan-
thanide series to bind to anionic sulfonate groups are be-
lieved to due to their different basicity as a consequence of
the effects of the lanthanide contraction. In addition, the
SIP ligand displays diverse coordination modes, which to-
gether with the versatile coordination ability of the bridging
ligand makes it adaptable to lanthanide ions of different
sizes and leads to the various topologies of the coordination
networks.

Experimental Section

General Remarks: All chemicals were purchased commercially and
used without further purication, including 5-sulfoisophthalic acid
monosodium salt (Alfa). Elemental analyses were carried out with
an Elementar Vario EL III analyzer and IR spectra (KBr pellets)
were recorded with a Perkin-Elmer Spectrum One. The thermo-
gravimetric measurements were performed with a Netzsch
STA449C apparatus under nitrogen with a heating rate of
10 °Cmin ! from 25 to 800 °C. All complexes were synthesized by
a hydrothermal method under autogenous pressure.

3464 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[{Lu(SIP)(H,0)s}(H,0);],, (1): In a typical synthesis, solid Lu,O3
(0.04 g, 0.1 mmol) was dispersed in an aqueous solution (15 mL) of
S-sulfoisophthalic acid monosodium salt (0.03 g, 0.12 mmol) with a
pH value of ca. 3-4. The mixture was placed in a Teflon-lined stain-
less-steel autoclave (30 mL), and the autoclave was sealed, heated
to 160 °C under autogenous pressure for 5 d, and then cooled to
room temperature at a rate of 6 °Ch™!. The resulting colorless, crys-
talline product was filtered, washed with distilled water, and dried
at ambient temperature (0.035g, yield 62% based on Lu).
CgHoLuO5S (562.26): caled. C 17.08, H 3.38; found C 17.01, H
3.33. IR (KBr pellet): ¥ = 3388(vs), 1664(s), 1612(vs), 1542(vs),
1460(s), 1396(vs), 1211(s), 1175(s), 1119(m), 1043(vs), 746(m),
628(s) cm 1.

[{Yb(SIP)(H,0)s}(H,0)3], (2): The synthetic procedure for 2 was
similar to that for 1 but replacing Lu,O3 with Yb,Os. A colorless,
crystalline product was obtained (0.042 g, yield 75% based on Yb).
C3H90;5SYD (560.33): caled. C 17.14, H 3.39; found C 17.00, H
3.36. IR (KBr pellet): ¥ = 3391(vs), 1667(s), 1614(vs), 1538(vs),
1462(s), 1397(vs), 1208(s), 1175(s), 1120(m), 1042(vs), 746(m),
628(s) cm 1.

[{Tm(SIP)(H,0)s}(H,0)3], (3): The synthetic procedure for 3 was
similar to that for 1 but replacing Lu,O; with Tm,O;. A pale-
orange, crystalline product was obtained (0.037 g, yield 66 % based
on Tm). CgH9O;5STm (556.22): calcd. C17.27, H 3.42; found C
17.19, H 3.41. IR (KBr pellet): ¥ = 3389(vs), 1667(s), 1614(vs),
1540(vs), 1460(s), 1395(vs), 1210(s), 1176(s), 1119(m), 1042(vs),
745(m), 628(s) cm .

[{Er(SIP)(H,0)s}(H,0);],, (4): The synthetic procedure for 4 was
similar to that for 1 but replacing Lu,Osz with Er,O3. A pale-red,
crystalline product was obtained (0.043 g, yield 78 % based on Er).
CgH 9ErOsS (554.55): caled. C17.31, H 3.43; found C 17.30, H
3.41. IR (KBr pellet): ¥ = 3391(vs), 1668(s), 1614(vs), 1538(vs),
1460(s), 1396(vs), 1210(s), 1176(s), 1120(m), 1042(vs), 745(m),
630(s) cm™ .

[{Ho(SIP)(H,0)4}]. (5): The synthetic procedure for 5 was similar
to that for 1 but replacing Lu,O3 with Ho,Os. A colorless, crystal-
line product was obtained (0.028 g, yield 59% based on Ho).
CgH; HoOy;S (480.16): caled. C 20.04, H 2.29; found C 19.86, H
2.21. IR (KBr pellet): ¥ = 3390(vs), 3232(vs), 1658(w), 1642(w),
1605(vs), 1559(vs), 1458 vs), 1391(vs), 1208(m), 1180(s), 1115(w),
1042(s), 744(w), 628(m) cm .

[{Dy(SIP)(H;0)4}],, (6): The synthetic procedure for 6 was similar
to that for 1 but replacing Lu,O3 with Dy,Os. A colorless, crystal-
line product was obtained (0.030 g, yield 63% based on Dy).
CgH,DyOy;S (477.73): caled. C 20.15, H 2.31; found C 20.14, H
2.25. IR (KBr pellet): ¥ = 3405(vs), 3232(vs), 1658(w), 1641(w),
1601(vs), 1538(vs), 1451(vs), 1382(s), 1223(m), 1206(m), 1180(s),
1116(w), 1043(s), 738(w), 620(m) cm .

[{Tb(SIP)(H,0)4}],, (7): The synthetic procedure for 7 was similar
to that for 1 but replacing Lu,O5 with TbsO. A colorless, crystal-
line product was obtained (0.031 g, yield 66% based on Tb).
CgH,,0,,STb (474.15): caled. C 20.25, H 2.32; found C 20.22, H
2.28. IR (KBr pellet): ¥ = 3391(vs), 3210(vs), 1664(w), 1639(w),
1602(vs), 1536(vs), 1458(vs), 1392(vs), 1208(m), 1177(m), 1116(m),
1042(s), 777(m), 742(m), 625(m) cm .

[{Sm(SIP)(H,0)4}],, (8): The synthetic procedure for 8 was similar
to that for 1 but replacing Lu,O; with Sm,0O3. A colorless, crystal-
line product was obtained (0.028 g, yield 61% based on Sm).
CgH,10;,SSm (465.58): caled. C 20.65, H 2.36; found C 20.60, H
2.32. IR (KBr pellet): v = 3408(vs), 3201(vs), 1653(w), 1634(w),
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2.33. IR (KBr pellet): v = 3410(vs), 3249(vs), 1650(w), 1633(w),
1601(vs), 1531(vs), 1447(vs), 1381(vs), 1223(vs), 1203(m), 1164(m),
1109(m), 1045(s), 773(m), 736(m), 627(m), 585(m) cm .

[{Nd(SIP)(H,0)4}], (10): The synthetic procedure for 10 was sim-

ilar to that for 1 but replacing Lu,O3 with Nd,O;. A pink, crystal-
line product was obtained (0.024 g, yield 51% based on Nd).

1602(vs), 1537(vs), 1448(vs), 1383(vs), 1222(vs), 1203(m), 1166(m),
1109(m), 1046(s), 773(m), 738(m), 630(m), 583(m) cm .

[{Pr(SIP)(H,0)4}1,. (9): The synthetic procedure for 9 was similar
to that for 1 but replacing Lu,Os with PrgO;;. A colorless, crystal-
line product was obtained (0.015g, yield 34% based on Pr).
CgH,,0;,PrS (456.14): caled. C 21.05, H 2.41; found C 20.94, H

Table 4. Crystallographic data for 1-5.

Lu (1) Yb (2) Tm (3) Er (4) Ho (5)
Empirical formula CgH]gLUO]5S CgH]gO]sSYb C8H|9015STHI CnggErOl 5S CgH] 1H001 1 S
Formula mass 562.26 560.33 556.22 554.55 480.16
Temperature [K] 273(2) 293(2) 293(2) 293(2) 293(2)
Crystal size [mm] 0.20x0.18 x0.04 0.45%0.20%0.05 0.33%x0.24%0.06 0.45%0.35%0.04 0.25%0.23x0.22
Space group P2i/n P2y/n P2i/n P2i/n Pna?2,
z 4 4 4 4 4
a [A] 9.44700(10) 9.4630(5) 9.4681(17) 9.422(4) 7.2351(10)
b [A] 10.4895(4) 10.5142(5) 10.5316(18) 10.526(4) 16.456(2)
c [A] 17.1948(4) 17.2285(10) 17.252(3) 17.102(7) 10.3183(14)
Bl°] 101.8210(10) 101.779(2) 101.8150(10) 101.312(4) 90
VA% 1667.77(8) 1678.07(15) 1683.8(5) 1663.2(11) 1228.5(3)
Deaiea. [gem™3] 2.239 2.218 2.194 2.215 2.596
u [mm'] 6.122 5.774 5.469 5.248 6.671
Measured reflections 5171 10289 12721 12505 8952
Independent reflections 2899 2953 3842 3816 2704
Observed reflections 2276 2553 3593 3243 2603
[ > 20(1)]
Parameters 250 265 271 274 211
Completeness [%0] 97.8 99.7 99.6 99.8 99.6
0 range [°] 2.94-25.08 2.99-25.03 2.28-27.48 2.28-27.48 2.33-27.48
hkl ranges —10/11 —11/11 —12/11 —12/12 -9/8

—6/12 -8/12 —13/13 ~13/9 -21/16

-20/20 -20/20 -22/12 -22/22 —12/13
R, (obsd. refl.) 0.0730 0.0348 0.0253 0.0306 0.0145
wR, (all refl.) 0.1739 0.0828 0.0611 0.0764 0.0337
Largest diff. peak/hole [eA 3] 1.761/-1.893 1.362/-2.349 1.551/-1.487 2.306/-1.162 0.615/-0.800
Table 5. Crystallographic data for 6-9 and 11.

Dy (6) Tb (7) Sm (8) Pr (9) La (11)
Empirical formula CgH] IODyl 1S CgH] 101 1 STb CgH] ]O] ISSm CgH] 101 IPI'S CgH] 1L3.0] 1S
Formula mass 477.73 474.15 465.58 456.14 454.14
Temperature [K] 273(2) 293(2) 273(2) 293(2) 273(2)
Crystal size [mm] 0.32x0.14%x0.14 0.18x0.16x0.12 0.10x0.10x0.08 0.18x0.15%0.10 0.52%0.50%0.10
Space group Pna2, Pna?2, Pna2, Pna2, P2,/n
z 4 4 4 4 4
a [A] 7.3006(7) 7.260(2) 7.2839(6) 7.1969(17) 7.9076(2)
b [A] 16.6036(15) 16.508(5) 16.5781(14) 16.695(4) 15.2955(4)
c [A] 10.4270(10) 10.353(3) 10.3919(8) 10.489(3) 10.4404(3)

° 90 90 90 90 92.686(2)
VA% 1263.9(2) 1240.7(7) 1254.86(18) 1260.3(5) 1261.39(6)
Dearea. [gem 3] 2.511 2.538 2.464 2.404 2.391
4 [mm] 6.136 5.928 4.905 4.091 3.611
Measured reflections 5968 9150 3814 9206 3907
Independent reflections 2190 2847 1602 2627 2274
Observed reflections 1834 2634 1301 2490 2140
[ > 20(1)]

Parameters 147 214 142 214 208
Completeness[%o] 99.7 99.8 99.9 99.8 98.4
26 range[°] 2.31-25.06 2.47-27.48 2.31-25.09 3.08-27.48 2.36-25.35
hkl ranges =817 -9/9 -8/8 -9/9 -9/8
~17/9 —16/21 —-19/14 -21/21 —15/18
—12/12 —13/13 —6/12 —13/10 -8/12
R, (obsd. refl.) 0.0507 0.0267 0.0602 0.0225 0.0403
wR, (all refl.) 0.1276 0.0586 0.1354 0.0560 0.1013
Largest diff. peak/hole [eA3] 1.945/-0.840 1.120/-0.701 1.113/-1.179 0.758/-0.556 1.298/-2.841
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CH,NdO, ;S (459.47): caled. C 20.92, H 2.40; found C 20.88, H
2.36. IR (KBr pellet): v = 3410(vs), 3251(vs), 1650(w), 1636(w),
1601(vs), 1534(vs), 1448(vs), 1382(vs), 1223(vs), 1204(m), 1167(m),
1109(m), 1049(s), 773(m), 737(m), 626(m), 583(m) cm .

[{La(SIP)(H,0)3}(H,0)],, (11): The synthetic procedure for 11 was
similar to that for 1 but replacing Lu,O3 with La,O5. A colorless,
crystalline product was obtained (0.035 g, yield 76% based on La).
CsH,;LaO,;S (454.14): calcd. C 20.25, H 2.32; found C 20.24, H
2.30. IR (KBr pellet): ¥ = 3446(vs), 3218(vs), 1644(m), 1599(s),
1564(s), 1538(vs), 1451(s), 1436(s), 1378(vs), 1217(s), 1179(m),
1112(m), 1051(s), 775(m), 726(m), 619(m) cm .

X-ray Crystallographic Study: X-ray diffraction data for complexes
2-5, 7,9, and 10 were collected with a Rigaku Mercury CCD dif-
fractometer equipped with graphite-monochromated Mo-K, radia-
tion (1 = 0.71073 A). The CrystalClear software package was used
for data reduction and empirical absorption correction.[*®! Data
collection for complexes 1, 6, 8, and 11 was performed with a Sie-
mens Smart CCD diffractometer with graphite-monochromated
Mo-K, radiation (1 = 0.71073 A). Empirical absorption corrections
were applied using the SADABS program.[*! All structures were
solved by direct methods and successive Fourier difference synthe-
ses, and refined by the full-matrix least-squares method on F?
(SHELXTL Version 5.14%) All non-hydrogen atoms were refined
with anisotropic thermal parameters for all structures except 1, 6,
and 8. In the structures of 1, 6, and 8 all non-hydrogen atoms were
refined anisotropically except several carbon and oxygen atoms,
which were refined isotropically in order to prevent some of them
being “non-positive-definite”. Aromatic hydrogen atoms were as-
signed to calculated positions with isotropic thermal parameters
fixed at 1.2-times that of the attached carbon atom. Some water
hydrogen atoms were placed in calculated positions with isotropic
thermal parameters fixed at 1.5-times that of the attached oxygen
atom. Other water hydrogen atoms were located from difference
maps and refined with O-H distances restrained to 0.95 A, and
isotropic thermal parameters fixed at 1.5-times that of the respec-
tive oxygen atom. The R; values are defined as R; = X||F,| — |F||/
Y|F,| and wR, = {I[w(F,>2 — F2)?/Z[W(F,2)?]}"2. The crystallo-
graphic data for 1-11 (except 10) are listed in Tables 4 and 5. Se-
lected bond lengths together with some nonbonding interactions
for 1-4, 5-9, and 11 are listed in Tables 1, 2, and 3, respectively.
CCDC-267294 to -267303 (for 1-9 and 11) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.
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