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Luminescent Organically Templated Lanthanide Oxalate—Selenate Hybrids
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Hydrothermal reactions of lanthanide nitrates with selenic
acid, sodium oxalate, and organic amines led to two series of
new organically templated lanthanide oxalate-selenate hy-
brids with 2D-layer or 3D-network structures, namely,
Ln,(Se04)1(C204)(H20)4+pip (Ln = Eu 1; Tb 2; Dy 3; Er 4; Yb
5) (pip = piperazine) and [H,pip]»[Ln,(SeO,)s(C204)3]-H.0
(Ln=Er6; Yb 7; Lu8; Y9). Their structures were established
by X-ray single-crystal diffraction. Isostructural compounds
1-5 feature a 2D inorganic-organic hybrid neutral layer of
Ln,(Se04)2(C204)(H,0),. The neutral piperazine molecules
are located at the interlayer spaces and interconnect with the

inorganic skeleton through hydrogen bonds. Compounds 6-
9 are isostructural and possess 3D pillared layered architec-
tures composed of lanthanide oxalate layers bridged by sele-
nate anions (the pillar). The template cations are located at
the tunnels of the structure. Compounds 1, 2, and 3 display
emission bands in the red-, green-, and pink-light regions,
respectively, and these compounds have lifetimes of 0.178,
0.962, and 0.276 ms, respectively. Compounds 6 and 7 both
exhibit emission bands in the near-IR region.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Recent studies on the preparations of new compounds
possessing inorganic open frameworks with guest organic
entities have revealed the diversity of such materials in
terms of structure topology and composition, particularly
in the presence of organic amines as structure-directing
agents, which usually occupy the structural voids and are
well isolated from the inorganic skeleton.'"3] The main
interest in this class of compounds stems from their poten-
tial applications in the areas of catalysis, sorption, and sepa-
ration processes.” So far, a remarkable variety of such
materials has been reported and most of the reports are
based on metal phosphates.[®! Recently, this research field
has been extended to the oxido anions of group 16 elements
such as metal sulfates.[”! Selenium exists in many different
oxidation states and various forms such as H,SeOs;,
HSeO5, SeO5%, Se,Os>, and SeO,> .l As for the oxido
anions of Se', a few organically templated transition-metal
selenites with various structural types have been re-
ported.P-11 3D  open-framework [NH,(CH,),NH,], s
[M(HSeO5)(Se,05)] (M = Zn, Co, Ni) with a diamondoid
network containing both hydrogenselenite and diselenite
anions were reported by Rao et al.l'?l A series of organically
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templated or organically bonded copper(Il), indium(III),
and gallium(III) selenites were prepared in our laboratory
recently.!'3 Both organically templated and linked vana-
dium and MoV"! selenites were isolated.l'41%) However, re-
ports on organically templated metal selenates are still rela-
tively rare hitherto, in particular lanthanide ones. The oxido
anions of Se differ from those of S in their most stable oxi-
dation states and their redox behaviors.!” The most stable
oxidation state of S is +6 as in SO, whereas that of Se is
+4 as in SeO;>~ or Se,0s>". The reduction potential of the
X0,> /XO5> couple is 0.03 V in alkaline medium for Se
and 0.119 V for S, which has strong effects on the thermal
stabilities of their metal compounds. It is, therefore, difficult
to stabilize a metal selenate framework under the hydro-
thermal conditions especially in the presence of reducing
amine templates.['3] So far the organically templated 1D
cadmium(II) selenate [H,en][Cd(HSeO,4),(H-0),], layered
lanthanide(III) selenates [H,en]y s[Ln(SeOy4)>(H,0),] (Ln =
La, Nd, or Pr) and [H,pip]y s[La(SeOy,),]:0.5H,0, and 3D
lanthanum(III) selenate [H,en][La,(SeO,)4(H,0)5]-H,O
were isolated by Rao et al.l'8l The organically templated
lithium!"! and zinc selenates®” were been reported. Several
organically templated uranyl selenates were obtained by the
Krivovichev group.?!! Very recently, the organically tem-
plated indium selenates [Hjen]y s[In(SeO4)(C>04)(H,0),]
and [H,en][InF;(SeO,)] were prepared in our laboratory.!3!

Lanthanide compounds are of special interest due to
their unique luminescent properties.>23 It is assumed that
organically templated lanthanide selenates with a rigid sec-
ond ligand such as oxalate would have novel structural
architecture and good luminescent properties.?! The com-
bination of two types of ligands (selenate and oxalate) may
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Figure 1. (a) ORTEP drawing of the selected unit of 5. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity. Symmetry codes for generated atoms: a) —x, y + 1/2, —z + 3/2; b) —x, -y, —z + 1, ¢) x, —y + 1/2, z + 1/2; d) —x,
y—12,—=z+3/2;¢e)x,—y+ 12,z 1/2;f) —x - 1, -y + 1, -z + 1. Hydrogen bonds are drawn as dotted lines; (b) 2D ytterbium(III)
oxalate layer in compound 5 parallel to the bc¢ plane. The Yb, O, and C atoms are drawn as white, crossed, and black circles, respectively;
(c) view of the structure of 5 down the b axis. The Yb, O, C, and N atoms are drawn as white, crossed, black, and octanded circles,
respectively. The selenate tetrahedra are shaded in medium grey. Hydrogen bonds are drawn as dotted lines.
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enhance the energy transfer efficiency from ligands to lan-
thanide ions and improve the luminescent properties of the
lanthanide compounds due to the so-called “antenna ef-
fect” [24a-24¢.25] Fyrthermore, the coordination of both types
of ligands with the lanthanide ion may reduce or eliminate
aqua ligands that usually quench the luminescence of the
Ln" ions.[42:2481 Qur current research efforts in this aspect
resulted in two series of new luminescent organically tem-
plated lanthanide(III) oxalate-selenate hybrids with 2D-
layer and 3D-network structures, namely, Ln,(SeQ,),-
(C,04)(H,0)4-pip (pip = piperazine; Ln = Eu 1; Tb 2; Dy
3; Er 4; Yb 5) and [H,piplo[Ln,(SeO4)2(C,04)3]-H,O (Ln =
Er 6; Yb 7; Lu 8; Y 9). Herein we report their syntheses,
crystal structures, and luminescent properties.

Results and Discussion

Compounds 1-9 represent first members of organically
templated lanthanide(III)  oxalate-selenate  hybrids.
Ln»(Se04)(C,04)(H,0)4pip (Ln = Eu 1; Tb 2; Dy 3; Er 4;
YD 5) have a layered structure, whereas [H,pip],[Ln,(SeOy),-
(C504)3]'H>O (Ln = Er 6; Yb 7; Lu 8; Y 9) feature a pil-
lared layered structure. It should be noted that the synthetic
conditions for the two series of compounds are almost the
same except for the amount of Na,C,04 used. Ln,(SeOy),-
(C,04)(H>0)4pip (Ln = Eu 1; Tb 2; Dy 3; Er 4; Yb 5)
were obtained when the Ln/C,0, molar ratio was about 3:1.
When the amount of Na,C,O, was doubled, [Hpip],-
[Lny(Se04)>(C504)3]'H,O (Ln = Er 6; Yb 7; Lu 8; Y 9) were
isolated, and the open frameworks of the compounds were
dominated by lanthanide oxalates. Therefore, the amount of
second metal linker plays an important role in the chemical
compositions and crystal structures of the inorganic—
organic hybrids formed.

Compounds 1-5 are isostructural; hence, only the struc-
ture of 5 will be discussed in detail as a representative exam-
ple. As shown in Figure la, the asymmetric unit of 5 con-
sists of 14 independent non-hydrogen atoms, 11 of which
belong to the neutral framework (one Yb atom, one Se
atom, one C atom, six O atoms, and two aqua ligands) and
the remaining three for the organic amine (one N atom and
two C atoms). The ytterbium(III) ion is eight-coordinate
and is chelated by two SeO,> anions in a monodentate

Table 1. Selected bond lengths [A] for compounds 1, 3, 5, 6, and 9.[!
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fashion, one oxalate anion in a bidentate chelating fashion
and one in a unidentate fashion, and three aqua ligands.
One of the aqua ligands (O1W) bridges two Yb! ions. The
Yb-O1W distance [2.204(3) and 2.259(3) A] is significantly
shorter than the Yb-O2W (terminal) bonds [2.425(3) A]
(Table 1). The other Yb—O (C,0,> and SeO,>) bond
lengths vary from 2.275(3) to 2.514(3) A (Table 1), which
are comparable to those reported in other ytterbium(III)
selenates and oxalates.[?%-26] The oxalate anion is hexaden-
tate: it chelates two Yb'™! ions (O35, 0O6) by forming two
Yb-O-C-C-O five-membered rings and also it bridges two
other Yb™! ions. The O6 atom is bidentate, whereas the O5
atom is unidentate. The selenate anion is bidentate bridg-
ing.

The interconnection of the Yb™ ions by chelating and
bridging oxalate anions and as well as bridging O1W led to
a 2D layer of ytterbium(III) oxalate parallel to the bc plane
(Figure 1b), which is different from the lanthanide oxalates
with 1D-chain and 3D-porous network structures pre-
viously reported.l?**-24l Four-membered rings (Yb-O1W-
Yb-06) and 12-membered rings composed of four Yb™!
ions, two carboxylate groups, and two aqua ligands are
present within the 2D layer. The selenate groups hang above
and below the central lanthanide oxalate layer and form a
2D neutral layer of Yb,(SeO4),(C>04)(H50)4. The inter-
layer distance is 9.3 A. The piperazine molecules are located
at the interlayer spaces and form hydrogen bonds with the
noncoordinating selenate oxygen atoms [N1:-O1 2.736(5)
and N1---O3 (symmetry code: x, —y + 1/2, z — 1/2) 2.757(5)]
(Figure 1c and Table 1).

The use of more oxalate anions in the preparation af-
forded [H,pip],[Lny(SeO4)»(C504)3]'H,O (Ln = Er 6, Yb 7,
Lu 8, and Y 9) with a 3D pillared layered structure. Their
3D pillared layered architectures are built from 2D lantha-
nide oxalate layers bridged by selenate anions (the pillar)
(Figure 2c). The structure of the Er'™ compound will be
described in detail as an example. The asymmetric unit of
6 consists of 22 independent non-hydrogen atoms, 15 of
which belong to the anionic framework (1 Er atom, 1 Se
atom, 3 C atoms, and 10 O atoms), 6 for the template cation
(2 N atoms and 4 C atoms), and 1 for a lattice water mole-
cule (Figure 2a). The erbium(III) ion is eight-coordinate
and is chelated by two SeO,> anions in a monodentate

Ln-O 1 (Eu) 3 (Dy) 5(Yb) Ln-O 6 (Er) 9 (Y)
Lnl-O1W 2.274(3) 2.243(3) 2.204(3) Lnl-O3#1 2.297(3) 2.300(3)
Lnl-O1W#1 2.331(3) 2.297(3) 2.259(3) Lnl-02 2.298(3) 2.302(3)
Lnl-02#1 2.352(3) 2.321(3) 2.275(3) Lnl-O5#2 2.334(3) 2.340(3)
Lnl-O4 2.403(3) 2.359(3) 2.301(3) Lnl-O7 2.344(3) 2.352(3)
Lnl-0O5 2.441(3) 2.407(3) 2.359(3) Lnl-O8#2 2.362(3) 2.373(3)
Lnl-O2W 2.508(3) 2.470(3) 2.425(3) Lnl-0O6 2.374(3) 2.379(3)
Lnl-O6#2 2.538(3) 2.518(3) 2.500(3) Lnl-09 2.393(3) 2.403(3)
Lnl-O6#3 2.568(3) 2.544(3) 2.514(3) Lnl-O10#3 2.429(3) 2.441(3)
Hydrogen bonds:

N1--0l 2.754(6) 2.747(5) 2.736(5)

N1---03#4 2.775(6) 2.763(5) 2.757(5)

[a] Symmetry transformations used to generate equivalent atoms: For 1, 3, and 5: #1 — x, y + 1/2, —z + 3/2; #2 —x, —y, =z + 1; #3 x, -y

+ 1/2, z + 1/2; #4 x, —y + 1/2, z — 1/2. For 6 and 9: #1 x + 1/2, -y +

Eur. J. Inorg. Chem. 2007, 5447-5454
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12,z 112 #2 x - 112, —y + 172, z = 1/2; #3 —x, -y, —z + 1.
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Figure 2. (a) ORTEP drawing of the selected unit in compound 6.
Thermal ellipsoids are drawn at the 50% probability level. Sym-
metry codes for generated atoms: a) x + 1/2, -y + 1/2, z — 1/2; b)
x=12,—y+12,z-1/2;¢)—x, -y, —=z+ 1;d) x =12, -y + 1/2, z
+ 1/2;¢) x + 1/2, =y + 1/2, z + 1/2. The template cation and the
lattice water molecule are omitted for clarity; (b) A (-202) er-
bium(III) oxalate layer in compound 6. The Er, O, and C atoms
are drawn as white, crossed, and black circles, respectively; (c) view
of the structure of 6 down the b axis. The Er, O, C, and N atoms
are drawn as white, crossed, black, and octanded circles,
respectively. The selenate tetrahedra are shaded in medium

grey.
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fashion and three oxalate anions all in a bidentate chelating
fashion. The Er-O distances fall in the range of 2.297(3)-
2.429(3) A (Table 1), which are comparable to those re-
ported for other erbium(III) selenates and oxalates.[26b-26¢]
The selenate anion is bidentate and bridges two Er'!! jons.
Different from that in compounds 1-5, each oxalate anion
in compound 6 is tetradentate and forms two Er—O-C-C-
O five-membered chelating rings.

The interconnection of the Er'! ions through the chelat-
ing and bridging oxalate anions results in the formation of
a (-202) erbium(III) oxalate layer. Different from the lan-
thanide oxalate layers in compounds 1-5, the erbium(III)
oxalate layer in 6 is based on 24-membered rings composed
of 6 Er' ions and 6 carboxylate groups (Figure 2b). The
lattice water molecule is located at the center of the above
ring. The above layers of lanthanide oxalates are further
cross-linked by selenate anions into a 3D pillared layered
architecture with large tunnels running along the b axis
(Figure 2¢). The tunnel is formed by 16-membered rings
composed of 4 Er'!! ions, 2 selenate anions, and 2 carboxyl-
ate groups. The solvent accessible volume in compound 6
is 38.1% according to calculations performed by using the
PLATON program.?”! The doubly protonated piperazine
cations are located at the above tunnels. No hydrogen bonds
are found between the template cations and oxygen atoms
from the framework (Figure 2c).

The IR spectra of compounds 1-9 clearly exhibit the
characteristic vibration bands for the selenate (893-696 and
586-416 cm™'") and oxalate groups (1654-1627 and 1384—
1315cm™). The broad bands in the range of 3609-
2461 cm™! correspond to the stretching vibrations of water
molecules and organic amines in all compounds.

The TGA curves of compounds 1-3 and 5-9 are shown
in Figure S1 (see the Supporting Information). The TGA
curves of compounds 1-3 and 5 are similar and display
three main steps of weight loss (Figure Sla). Compound 1
was used as an example. The first step in the 160-306 °C
range corresponds to the release of the four aqua ligands
and neutral piperazine molecule, the observed weight loss
of 17.7% is close to the calculated value of 18.9%. The
second step covering from 306-560 °C can be assigned to
the partial decomposition of the selenate and oxalate
anions. The third step in the range of 560-1000 °C repre-
sents further combustion of the compound. The total
weight loss at 1000 °C is 54.1%, and on the basis of the
slope of the TGA curves, the decomposition is not com-
plete. The thermal decomposition mechanism of the metal
selenate is very complicated; the selenate anion was re-
ported to decompose into SeO, and O,, and the final resi-
dues are probably a mixture of metal oxide and metal sele-
nide.['3 The TGA diagrams of compounds 6-9 are similar
and display three main weight losses (Figure S1b). Com-
pound 6 is used as an example. The first step began at 60 °C
and was completed at 140 °C, which corresponds to the re-
lease of the lattice water molecule. The observed weight loss
of 1.72% is very close to the calculated value (1.67%). The
second step covered from 140 °C to 434 °C, which corre-
sponds to the release of the piperazine cations and the par-

Eur. J. Inorg. Chem. 2007, 54475454
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tial decomposition of the selenate and oxalate anions. The
third step is the further combustion of the compound. The
total weight loss at 1000 °C is 61.8%, and on the basis of
the slope of the TGA curves, the decomposition is not com-
plete. Similar to those in 3, the final residues are expected to
be mainly a mixture of metal oxide and metal selenide.[!3%

Luminescent Properties

The solid-state luminescent properties of compounds 1—
7 and the ligands (Na,C,0,4 and H,SeO,) were investigated
at room temperature. Compounds 4 and 5 and the ligands
do not show observable emission bands under our experi-
mental conditions. The emission spectra of compounds 1,
2, 3, 6, and 7 are given in Figure 3. Compound 1 shows the
characteristic emission bands for the Eu™ ion in the visible

region under excitation at 363 nm (Figure 3a). They are due
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to °Dy—"F,; (J = 0, 1, 2, 3, and 4) transitions: 577 nm
(°Dy—"F,); 585, 589, and 600 nm (°Dy—’F,); 608, 611,
618, 620, and 625nm (°Dy—'F,); 654nm (weak,
Dy—"F3), and 688, 694, 698, 701, and 703 nm
(°Dy—"F4).1281 The splitting of the Dy—"F;, ’Dy—"F,, and
SDy—"F, transition bands is due to the “crystal field effect”
of the Euion in a C; symmetry, which led to the complete
degeneracy of the "F, (J = 1 and 2) and the partial degener-
acy of the ’F, states. The most intense transition is
Dy—"F, in the red light region. The Eu (°Dy) lifetime
(Aex.em = 363, 618 nm) of 1 was measured to be 0.178 ms.
Compound 2 displays the characteristic emission bands for
the Tb™ ion under excitation at 354 nm (Figure 3b). The
emission bands can be assigned to Dy—"F; (J = 6, 5, 4,
and 3) transitions of the Tb'™ ion: 484 nm (°D,—"F), 541
and 546 nm (°D,—’Fs), 589 nm (°D,—’F,), and 626 nm
(°D4—"F5).?°) The Tb (°Dy) lifetime for compound 2 under
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Figure 3. Solid-state emission spectra for (a) 1; (b) 2; (¢) 3; (d) 6; and (e) 7 at room temperature.
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Aexem = 354, 548 nm is 0.962 ms. Compound 3 displays
both broad and sharp emission bands that are characteristic
for Dy ions when excited at 285 nm (Figure 3c). The
broad emission bands at about 450 and 468 nm can be as-
signed to the *Fo,—°H,s, transition, the weak emission
bands at 559, 574, and 588 nm are due to the *Fo,—°H;3,
transition, and the emission bands at 612 and 702 nm can
be assigned to the *Fo/»—°H, ), and *Fy,,—°%Hy,, transitions
of the Dy ion.?%3% The *Fg,—%H,s» and *Fop—°Hi3,
transitions were split into several sub-bands, which may re-
sult from the Stark sublevel splitting of the °H;s, and
%H,5,, energy levels by the ligand field.*® The Dy (*Fy,)
lifetime for Aexem = 285, 612 nm is about 0.276 ms. The
emission spectrum of 6 exhibits emission bands in the near-
IR region (4., = 520 nm, Figure 3d). The emission bands at
1477, 1503, 1526, and 1542 nm can all be attributed to the
41,3—*1,55 transition of the Er' ion.?#b-31.321 The split-
ting of the *I,3,—*I,s/, transition bands is probably due to
the ligand field effect of erbium(III) located at a site with a
C; symmetry. Compound 7 shows only a broad fluores-
cence emission band centered at 1015 nm in the near-IR
region (Aex = 937 nm, Figure 3e), which is assigned to the
’Fs;—2F4, transition for the Yb™ ion.33] No emission
bands in the near-IR region were observed for compounds
4 and 5, which is probably due to the quenching effect of
the luminescence state by high-frequency vibrating aqua li-
gands.[?42-24b] Therefore, the luminescence of the inorganic—
organic hybrids formed can be significantly enhanced if
more rigid oxalate anions are incorporated into the frame-
works of the lanthanide selenates.

Conclusions

In summery, through the introduction of the rigid linker
oxalate as the second metal linker, novel organically tem-
plated lanthanide oxalate—selenates with 2D and 3D struc-
tures were hydrothermally synthesized. Furthermore, the
introduction of the rigid linker oxalates into the lantha-
nide(IIT) selenates can afford new inorganic—organic hy-
brids with novel structures and enhanced luminescent prop-
erties. Compounds 1, 2, and 3 are respectively capable of
producing red-, green-, and pink light in electroluminescent
devices, whereas 6 and 7 are luminescent materials in the
near IR region. We believe that a wide range of other new
lanthanide open frameworks and microporous materials
can be developed by self-assembly or structurally directed
synthesis by using a similar technique.

Experimental Section

Materials and Methods: All chemicals were purchased from com-
mercial sources and used without further purification. Elemental
analyses were performed with a Vario EL III elemental analyzer.
IR spectra were recorded with a Magna 750 FTIR spectrometer
photometer as KBr pellets in the range of 4000-400 cm™!. Thermo-
gravimetric analyses were carried out with a NETZSCH STA 449C
unit at a heating rate of 10 °Cmin ! under a nitrogen atmosphere.
X-ray powder diffraction (XRD) patterns (Cu-K,) were collected in
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a sealed glass capillary with a XPERT-MPD #-20 diffractometer.
Photoluminescence analyses were performed with an Edinburgh
FLS920 fluorescence spectrometer.

General Method for the Preparation of Lny(SeO,),(C,04)(H,0)4
pip (Ln = Eu 1; Tb 2; Dy 3; Er 4; Yb 5): A mixture of H,SeO,
solution (40%, 0.24 mL, 0.93 mmol), piperazine:6H,O (0.105 g,
0.54 mmol), Na,C,04 (0.018 g, 0.13 mmol), and Ln(NO3);-6H,O
(0.32 mmol) in distilled water (2 mL) was sealed in an autoclave
equipped with a Teflon liner (23 mL) and then heated at 100 °C
for 5 d. The initial and final pH values of the solution did not show
appreciable change and were close to 5.0

1: Prepared by the general method. Brick-shaped crystals. Yield:
0.052 g (48% based on C,04%). IR (KBr): ¥ = 3583 (s), 3359 (s),
2963 (w), 2835 (w), 2731 (w), 2461 (w), 1627 (s), 1453 (m), 1315
(m), 1090 (m), 1008 (m), 974 (w), 886 (s), 863 (W), 848 (s), 806 (W),
711 (s), 585 (m), 538 (m), 444 (w), 423 (s) cm'. C¢H;3Eu,N>O,6Se,
(836.06): caled. C 8.62, H 2.17, N 3.35; found C 8.51, H 2.25, N
3.20.

2: Prepared by the general method. Brick-shaped crystals. Yield:
0.049 g (45% based on C,04%). IR (KBr): ¥ = 3591 (s), 3357 (s),
2961 (w), 2834 (w), 2730 (w), 2478 (w), 1654 (w), 1629 (s), 1453
(m), 1317 (s), 1212 (w), 1091 (m), 1008 (w), 974 (W), 889 (s), 866
(w), 851 (m), 812 (w), 727 (s), 696 (w), 586 (m), 535 (m), 448 (w),
425 (s) ecm™'. C4H gN,O¢Se;Th, (849.98): caled. C 8.48, H 2.13,
N 3.30; found C 8.16, H 2.55, N 3.14.

3: Prepared by the general method. Brick-shaped crystals. Yield:
0.048 g (43% based on C,04%). IR (KBr): ¥ = 3596 (s), 3358 (s),
2961 (w), 2835 (W), 2731 (w), 2479 (w), 1633 (s), 1454 (m), 1318
(s), 1212 (w), 1092 (m), 1008 (m), 974 (w), 889 (s), 866 (w), 851 (s),
814 (w), 734 (s), 697 (W), 586 (m), 536 (m), 449 (s), 426 (s) cm .
CeH sDy>N,O4Se, (857.14): caled. C 8.41, H 2.12, N 3.27; found
C 8.30, H 2.16, N 3.22.

4: Prepared by the general method. Brick-shaped crystals. Yield:
0.013 g (12% based on C,04%). IR (KBr): ¥ = 3607 (s), 3394 (s),
2961 (w), 2787 (w), 2479 (w), 1633 (s), 1454 (w), 1320 (m), 1212
(w), 1092 (w), 1008 (w), 974 (w), 891 (s), 867 (w), 853 (m), 816
(w), 740 (m), 697 (w), 587 (m), 533 (m), 452 (w), 429 (s) cm .
C¢H gEr,N,O¢Se, (866.65): caled. C 8.32, H 2.09, N 3.23; found
C 8.24, H 2.76, N 3.15.

5: Prepared by the general method. Brick-shaped crystals. Yield:
0.023 g (20% based on C,0,4>). IR (KBr): ¥ = 3609 (s), 3379 (s),
2963 (w), 2834 (w), 2788 (w), 2473 (w), 1632 (s), 1454 (m), 1320
(s), 1211 (w), 1093 (m), 1008 (m), 974 (w), 893 (s), 868 (m), 855
(m), 826 (w), 753 (s), 695 (w), 587 (m), 535 (m), 454 (w), 426 (s)
cm !, C¢H 1gN,O16Se,Yb, (878.21): caled. C 8.21, H 2.07, N 3.19;
found C 8.23, H 2.10, N 3.17.

General Method for the Preparation of [H,pip],[Lny(SeQy,),(C,04);]
H,O (Ln = Er 6; Yb 7; Lu 8; Y 9): The synthetic procedure for the
preparation of compounds 6-9 was similar to that of compounds
1-5 except that the amount of Na,C,0, used was doubled. The
initial and final pH values of the solution were close to 5.5.

6: Prepared by the general method. Prism-shaped crystals. Yield:
0.043 g (46% based on C,0,>). IR (KBr): ¥ = 3435 (s), 3040 (w),
1630 (s), 1421 (w), 1384 (w), 1315 (m), 1080 (w), 1005 (w), 882 (s),
856 (s), 798 (m), 789 (m), 583 (m), 499 (m), 460 (m), 420 (w) cm .
C4H56ErsN4O5,Se, (1078.83): caled. C 15.59, H 2.43, N 5.20;
found C 15.64, H 2.49, N 5.21.

7: Prepared by the general method. Prism-shaped crystals. Yield:
0.029 g (31% based on C,0,42). IR (KBr): v = 3435 (m), 3218 (w),
2973 (w), 1632 (s), 1422 (w), 1315 (m), 1081 (w), 883 (s), 856 (s),
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798 (m), 788 (m), 583 (s), 499 (s), 461 (m) cm . C14HsN,O,-
Se,Yb, (1090.39): caled. C 15.36, H 2.40, N 5.12; found C 14.93,
H 2.93, N 4.93.

8: Prepared by the general method. Prism-shaped crystals. Yield:
0.030 g (32% based on C,04%). IR (KBr): ¥ = 3435 (s), 3219 (w),
3042 (w), 1632 (s), 1423 (w), 1316 (s), 1081 (w), 883 (s), 868 (s),
856 (s), 798 (m), 788 (m), 583 (m), 498 (m), 460 (m), 417 (w) cm .
C4Hs6Lu,N4O5Se; (1094.25): caled. C 15.33, H 2.39, N 5.11;
found C 14.85, H 2.86, N 4.92.

9: Prepared by the general method. Prism-shaped crystals. Yield:
0.027 g (34% based on C,0,4>). IR (KBr): v = 3449 (m), 3219 (w),
3038 (w), 1631 (s), 1453 (w), 1423 (w), 1315 (s), 1080 (m), 882 (s),
857 (s), 798 (s), 789 (s), 584 (m), 499 (m), 459 (m), 416 (w) cm™'.
C14H56N405,Se,Y, (922.13): caled. C 18.19, H 2.84, N 6.06; found
C 18.14, H 2.88, N 6.04.

On the basis of X-ray powder diffraction studies, compounds 1-9
were obtained as pure phases. The measured patterns are in good
agreement with those simulated from single-crystal structures (see
Figure S2, Supporting Information).

X-ray Crystallography: Data collection for compounds 1, 2, 4, 7,
and 8 were performed with Siemens Smart CCD and compounds
3, 5, 6, and 9 with a Rigaku Mercury CCD diffractometer both
equipped with graphite-monochromated Mo-K,, radiation (1 =
0.71073 A). Lattice parameter measurements indicate that com-

Table 2. Crystal data and structure refinements for compounds 1-4.
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pounds 1-5 are isostructural as are compounds 6-9; hence, full
data collections for only compounds 1, 3, 5, 6, and 9 were per-
formed. Intensity data were collected by the narrow frame method
at 293 K and corrected for Lorentz and polarization effects as well
as for absorption by the SADABS program.3# All structures were
solved by direct methods and refined by full-matrix least-squares
cycles in SHELX-97.34 All non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms attached to C
and N atoms and for aqua ligands in compounds 1, 3, and 5 were
located at geometrically calculated positions and refined with iso-
tropic thermal parameters. Hydrogen atoms for water molecules in
compounds 6 and 9 were not included in the refinements. Crystal-
lographic data and structural refinement parameters for com-
pounds 1-4 are summarized in Table 2 and for compounds 5-9 in
Table 3. Important bond lengths for compounds 1, 3, 5, 6, and 9
are listed in Table 1.

CCDC-644791 (for 1), -644792 (for 3), -644793 (for 5), -644794
(for 6), and -644795 (for 9) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): TGA curves for compounds 1-3 and 5-9 and X-ray powder
diffraction patterns for compounds 1-9.

Compound 1 2 3 4
Formula C6H18EUQN2016SGZ C6H18N2016562Tb2 CGngDy2N2OI6SCZ C5H18Er2N2016S62
Fw 836.06 849.98 857.14 866.65
Space group P2/c P2,/c P2,/c P2\/c
alA] 9.4382(5) 9.430 9.389(3) 9.342
b[A] 7.4745(4) 7.440 7.406(3) 7.375
c [A] 12.8140(7) 12.750 12.732(5) 12.676
B 93.4230(10) 93.30 93.336(4) 93.178
VA 902.36(8) 892 883.9(5) 872

Z 2 2 2 2
Deatea. [gem ] 3.077 3.194 3.220 3.340
4 [mm '] 11.007 12.141 12.594 13.986
GOF on F* 1.115 1.148

Ry, wR, [I>20(D)] 0.0217, 0.0520
R, wR, (all data) 0.0239, 0.0532

0.0185, 0.0461
0.0198, 0.0467

[a] Ry = X[|Fo| — [FVEIF,), wRy = {Zw[(Fo)* — (FFIZw[(F )T}

Table 3. Crystal data and structure refinements for compounds 5-9.

Compound 5 6 7 8 9

Formula C6H18N2016Sesz2 C14H26Er2N4021562 C14H26N4021S62Yb2 C14H26LU2N4021S92 C14H26N4021S62Y2
Fw 878.21 1078.83 1090.39 1094.25 922.13
Space group P2,/c P2,/n P2,/n P2,/n P2,/n

a[A] 9.309(3) 8.754(3) 8.680 8.700 8.7749(10)
b [A] 7.333(2) 15.873(4) 15.780 15.863 15.8803(17)
¢[A] 12.643(4) 9.466(3) 9.520 9.372 9.5077(9)

B [1 93.169(5) 99.887(3) 99.665 100.166 99.855(6)
VA3 861.7(4) 1295.8(6) 1284 1273 1305.3(2)
zZ 2 2 2 2 2

Deatea, [2em] 3.385 2.765 2.795 2.805 2.346

u [mm1] 15.100 9.347 10.088 10.489 7.317

GOF on F? 1.030 1.093 1.063

Ry, R, [I>20(D]® 0.0183, 0.0465 0.0231, 0.0578
Ry, wR, (all data)  0.0210, 0.0474 0.0260, 0.0596

0.0337, 0.0825
0.0411, 0.0865

[a] Ry = X|IFo| — [FVEIF,], wRy = {Zw[(Fo)* — (FPIEw[(Fo) 1P}
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