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Assembly and Upconversion Properties of Lanthanide Coordination Polymers
Based on Hexanuclear Building Blocks with (n;-OH) Bridges
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Three novel hexanuclear core-based hydroxidolanthanide
coordination polymers [Lnz(BDC); 5(OH),(H20),]-H,0O [Ln =
Y (1), Yb (2) and Er (3); BDC = 1,4-benzenedicarboxylate]
were prepared by the hydrothermal method. The controlled
hydrolysis of lanthanide ions led to an open hexanuclear
cluster core. The hexanuclear core containing six (pz-OH)
bridged Ln ions from two asymmetric units adopts a chair-
like configuration. It behaves as a building block and is
linked by the BDC ligands to form a 3D framework. The

guest water molecules occupy the 1D channels in the struc-
ture. The upconversion spectra of the Y:Er-Yb codoped coor-
dination polymers have been studied. The distinct upconver-
sion emissions come from two-photon or three-photon
excitation of Y:Er-Yb codoped coordination polymers and
arise from Er'™ ftransitions of the type
Hy1/2—>*T15/2, *S3/2—*115/2 and *Fo/a—115/2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)
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Introduction

Polynuclear hydroxidolanthanide cluster compounds are
enjoying increasing popularity due to their optical, elec-
tronic and catalytic properties, which may ultimately lead to
potential technological applications such as optoelectronic
devices, luminescent and biocatalyst materials.l'l Many
polynuclear hydroxidolanthanide clusters have been re-
ported in the past two decades. The reported structures
show that the basic structural skeletons belong to two mo-
tifs, i.e. cubane-like clusters and square pyramids with the
[Lny(pns-OH),J®* cubane-like building block being regarded
as a common structural motif in hydroxidolanthanide clus-
ters.'™2l Many tetranuclear hydroxidolanthanide clusters
have a cubane-like building block.!'®?<25:31 Two cubane-
like units can be combined to a heptanuclear [Ln;(ps-
OH)g]"3* cluster sharing one vertex.[*! Four or five vertex-
sharing cubane-like cluster units centring around a halide
anion template can be assembled to dodeca-!'®!“l and pen-
tadecanuclear clusters!!®!%3 with wheel structures. The
pentanuclear square-pyramid unit appears to be another
common structural motif in hydroxidolanthanide clus-
ters.l'4-% The [Eus(us-OH)(13-OH)4]'%* cluster has been re-
ported” and the square-pyramidal Lns unit can be consid-
ered as a building block for hexa-,['*1¢8] nona-°¢9 and
tetradecanuclear!!d-6>10] clusters sharing their apexes or the
square bases. To the best of our knowledge, the majority of
hexanuclear [Lng(ug-O)(ns-OH)gJ®* skeletons are octahe-
dral while the [Lng(us-OH),4)'** chair-like core as building
block has never been reported.
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In the past decade, the upconversion of the infrared light
into visible light has been extensively studied on various
crystalline and amorphous materials for their potential ap-
plications in lasers,'!l optical devices, wave-guides, data
storage devices, microfabrication,'?! biological labelling,[!3!
biosensors!!'¥ and so on. The most frequently used upconv-
ersion ions are Er'"! or Tm'" combined with Yb'! as a sen-
sitiser. Many different RE-doped (RE = rare earths) inor-
ganic materials have been studied such as oxides, '] silicates
and phosphates,['®  oxyfluorides,'”!  fluorides!'8! and
NaYF,.[130:140.191 However, very few lanthanide-doped co-
ordination compound materials have been achieved.?Y) We
report herein three new hexanuclear hydroxidolanthanide
cluster coordination polymers [Ln;(BDC); 5(OH),(H,0),]
H,O [Ln =Y (1), Yb (2), Er (3)] which are different from
the reported motifs and the first examples with upconver-
sion properties of the codoped lanthanide (Y, Er, Yb) coor-
dination polymers.

Results and Discussion

Synthesis

The coordination polymers were obtained by hydrother-
mal synthesis. During the preparation, the pH of the reac-
tion systems was adjusted by aqueous NaOH in the pres-
ence of NaAc to control the hydrolysis of the lanthanide
ions. Then 1,4-benzenedicarboxylic acid was added to the
resultant mixture.

Structural Description

The single-crystal X-ray diffraction analysis revealed that
compounds 1, 2 and 3 are isomorphous and, consequently,

Eur. J. Inorg. Chem. 2006, 4184-4190



Assembly and Upconversion Properties of Lanthanide Coordination Polymers

FULL PAPER

we will only describe the structure of 1 in detail. The asym-
metric unit of 1 consists of a neutral trinuclear [Y3-
(BDC); 5(OH)»(H»0),] unit (Figure 1) and one lattice water

Figure 1. Coordination environment of Y in complex 1 with ellip-
soids drawn at the 30% probability level. All hydrogen atoms and
lattice water molecule are omitted for clarity.

Table 1. The coordination environment of the Y ions in the asym-
metric unit.

No. of p3-OH  No. of carboxylate oxygen atoms  Npo, of H,O
I II
Y1 3 3 2 0
Y2 1 3 3 1
Y3 2 3 2 1

molecule. The three Y'! ions are all eight-coordinate but
surrounded by different numbers of p;-OH groups, coordi-
nated H,O molecules and BDC anions. Around Y1, Y2 and
Y3, there are five, five and four BDC ligands, respectively.
For BDC, which adopts two coordination modes in the
compound, the coordinated carboxyl units are divided into
two types: bridging bidentate (I) and chelating/bridging tri-
dentate (II) (Scheme 1). The hydroxy groups adopt a ;-
mode to bridge three Y™ ions, while the water molecule
only acts as a terminal ligand. Thus, the three Y ions are
coordinated in markedly different coordination environ-
ments (see Table 1). Selected bond lengths of 1 are listed in
Table 2.

Table 2. Selected bond lengths in complex 1 [A].

Y(1)-0(1) 2.362(2)
Y(1)-O(3)#1 2.408(2)
Y(1)-0(5) 2.263(2)
Y(1)-O(8)#2 2.293(2)
Y(1)-O(11)#2 2.431(2)
Y(1)-0(15) 2.388(2)
Y(1)-0(16) 2.412(2)
Y(1)-O(16)#2 2.278(2)

Y(2)-0(2) 2.336(2)
Y(2) O(4)#1 2.335(2)
Y(2)-0(5) 2.436(2)
Y(2)-0(6) 2.500(3)
Y(2)-O(9)#3 2.254(2)
Y(2)-O(14)#4 2.300(2)
Y(2)-0(15) 2.429(2)
Y(2)-0(17) 2.363(3)

Y(3)-0(7) 2.226(2)
Y(3)-O(10)#1 2.231(2)
Y(3)-0(11) 2.821(2)
Y(3)-0(12) 2.414(2)
Y(3)-0(13) 2.2353)
Y(3)-0(15) 2.479(2)
Y(3)-O(16)#2 2.315(2)
Y(3)-O(18) 2.394(3)

Symmetry operations: #1: x + 1, y, z; #2: —x + I, -y + 1, —z + 1; #3:
X,y +2,—z+ 1, #4b x+1,y+2,—z+ 1.

The three Y ions combine with another three Y'! ions

from the adjacent asymmetric unit to form a second hexa-
nuclear building block (Figure 2a). Every three adjacent
Y™ ions are linked by one ps3-OH group in the centre,

{a)

Figure 2. (a) Cell structure of 1. (b) Chair-like conformation of the hexanuclear core.
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which is slightly above the basal face and the Y-O(u;-OH)
distances range from 2.278 to 2.479 A. These distances are
comparable with Ln-O(u;-OH) distances in the reported
octahedral hexanuclear compounds with an average of
2.433 A48 Four Y;(us-OH) trigonal pyramids share
their adjacent sides to form the hexanuclear cluster with a
chair-like conformation (Figure 2b). This chair-like hexanu-
clear building block is different from the reported structural
motifs based on square pyramids and cubane-like cores.
The Ln--Ln distances ranging from 3.731 to 4.712 A are
longer than those found in the latter two kinds of clusters
(the majority range from 3.5 to 3.8 A).l!b-3¢:4.68d.8¢.9] Thjg jg
due to the steric effect of the open construction of the Lng
entity whereas the reported hexanuclear clusters are all
closed clusters.

Among the reported hexanuclear hydroxido clusters,
most were almost zero-dimensional.[8*8>84:8¢] One 1D ex-
ample was achieved by linking the hydroxidolanthanide
cluster through Pd ionsl®l and a reported pseudo-3D net-
work is based on hydrogen bondsl®l whereas the hexanu-
clear cores in the title compounds are linked by the ligand
BDC, resulting in 3D coordination polymers. The BDC li-
gands act as short bridges through one carboxylato end
linking the hexanuclear nodes or longer bridges through the
two carboxylate groups. The linkages consist of ten BDC
ligands along the a-axis, four along the [2 0 1] direction, two
along the [0 T 1] direction with the remaining two following
the [1 1 0] direction. The linear rigid BDC ligands take the
main role in linking the hexanuclear building blocks into a
complicated 3D structure. The lattice water molecules, fixed
by hydrogen-bonding interactions to the frameworks, are
located in 1D channels in the 3D networks (see Figure 3).

Figure 3. (a) Perspective view of the microporous framework of 1
along the [1 1 0] direction, showing 1D channels where guest water
molecules reside and the guests are shown as space-filling models.
(b) Lateral view of the 1D channels holding the water molecules.
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Upconversion Properties

The upconversion emission spectrum of the Y:Er-Yb co-
doped coordination polymer under 980 nm laser excitation
is shown in Figure 4. The emission spectrum exhibits four
bands. The red emission is centred at 654 nm and results
from the *Fo,»(Er™™) to *I;5,(Er'™) transition and the green
band has centres at 545 and 524 nm and results from the
transitions *Ss,(Er'™)/2H »(Er™—4T;5,o(Er™™). A seldom
observed indigo emission centred at 455nm can
also be observed and corresponds to the transition
*Fsip(Er'"™)—*T;5(Er'™).

4 4
5 Su s
«
—
2
k7]
o
Q
2
£
c
kel
[7]
R
£ 2 4
1] Hie™ ey
[ ~
2
§
4 4
E o For™™ lsn
K] 512 1572
8 N A ﬁ_j\. e
]
T T T T T T 1
350 400 450 500 550 600 850 700

Wavelength / nm

Figure 4. Upconversion emission for the Er''! ion in the Y:Yb-Er
codoped coordination polymer (laser power used is 640 mW, EM
slit = 10.0 nm).

The 545 and 524 nm emissions can be described as a two-
photon upconversion excitation mechanism[!5218a.18¢.181]
First, the Yb'! ions are easily excited to their ?Fs,(Yb')
level from ground 2F;,5(Yb') level by absorbing a 980 nm
photon. The energy is transferred to the Er' ions which
become excited from the *1;5,,(Er'™) level to the *I,,,,(Er!!)
level. A second photon transfer from the excited Yb'! ions
pumps the Er'™(*I;;,) ions to the *F;,(Er'™) level. The
“F5,»(Er'") state can decay nonradiatively to the *Ss,(Er')
and H,»(Er'™) levels.!38:16¢.18a] The green emissions ob-
served result from the *S;,(Er'™)—*1;5,(Er'™) and the
2H 1 o(Er™—41,5,,(Er™) transitions. The decay processes
were confirmed by a frequency of 2160 cm ™' (1410 cm™! +
750 cm™!, see Figure 5) and the peak at 1410 cm™! in the IR
spectrum, for which the phonon energy corresponds to the
energy gap between the *F,,(Er'") and 4Ss,(Er'™) states,
and the energy gap between “F,,(Er') and 2H,,,(Er'™)
states. The possible channel for the green upconversion lu-
minescence is given below:

2Fsp (YD) + *Ly5(Er'™) — 2F75(Yb'") + 41y 5(Er'™)
Fs;p (YB'") + 411 p(Er'™) — 2F75(YD™) + 4F55(Er'™)
AF7p(Br'™y — 4S5, (Er'™)/2H, , »(Er') (nonradiative decay)

The 654 nm emission is caused by the transition to the
Er'™" ground state *1;5,5(Er™™) from the excited *Fg/,(Er'T)
state.[15a.18a.18¢. 1811 Brlll jong in the “I,;,(Er'") state lose
their energy in the form of an OH vibration at 3500 cm™!

[corresponding to the energy gap between “I;;,»(Er'") and
*T13(Er'M)], decay to the *Iy3,(Er'™) state and then jump
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Figure 5. IR spectrum of the Y:Er-Yb codoped coordination poly-
mer.

to the *Fo,(Er'™) level by a second pumping photon. This
would account for the red emissions from the *Fo,,(Er')
level to the ground state. This mechanism can be described
as:

ZFspp (YD) + 4T 5(Er™) — 2F;,5(YD™M) + Ty p(Er'™)
Ty 1o(Er'™y — 4T, 55(Er'") (nonradiative decay)
2Fspp (YD) + 4135(Er'™) — 2F7,5(Yb!) + 4F,0(Er'h)

The 455 nm indigo emission is unusual since upconver-
sion emissions below 490 nm have seldom been observed
for YB'"/Er'™ materials.['3 A probable three-photon
mechanism for the population of the *Fs/,(Er'!) level can
be proposed to explain the indigo emission at 455 nm.
There is a possibility that some excited Er''(*I;,,) ions
jump back to the lower *I;3,(Er'™) level giving the
3500 cm ! IR active decay. The two-photon energy from ex-
cited Yb™(?F5,,) pumps the Er'™(*I;5,,) to the >Ho,(Er')
level via the >Fo),(Er™) bridge and decays to the *Fs,(Er'™)
level. The 2Hg(Er™)—*Fs,(Er'Y) decay corresponds to
2325cm™! (1575cm™ + 750 cm™' in the IR spectrum).
Therefore, the possible three-photon mechanism can be ex-
pressed as follows:
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Figure 6. Energy-level diagram for the upconversion mechanism of
the Y:Er-Yb codoped coordination polymer under 980 nm exci-
tation.
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2Fsjp (Yb'™) + *L50(Er'™) — 2F;5(Yb™) + 41, 5(Er'™)
414 1o(Er'™) — 41, 5,5(Er'™) (nonradiative decay)

ZFs, (YD) + 4Tj35(Er'™) — 2F;5(YD™) + 4Fgpn(Er'™)
ZFs, (YD) + “Fon(Er™) — 2F;5(YD™) + 2Hy»(Er™)

2Ho»(Er') — 4F5(Er') (nonradiative decay)

The energy levels and overall upconversion Scheme of
Er'"l are shown in Figure 6.

Thermogravimetric Analysis and Powder X-ray Diffraction

We took complex 1 as a representative example for ther-
mogravimetric analysis (see Figure 7). Under atmospheric
conditions, thermogravimetric analysis performed on 1
showed the first weight loss of 5.5% in the range of 151-
365 °C. This is related to the loss of the two coordinated
water molecules and one lattice water molecule (calcd.
weight loss 5.8%). The second mass loss began at 480 °C
and is associated with the decomposition of the organic and
hydroxy groups. The final residue, after the sample was
heated to 836 °C, was Y,O; (found weight loss 36.2%,
calcd. 36.5%).
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Figure 7. Thermogravimetric trace of 1.

To confirm the thermogravimetric analysis, complex 1
was characterised by powder X-ray diffraction (PXRD) at
25, 100, 400, 635 and 880 °C (see Figure 8). The PXRD
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Figure 8. PXRD patterns for 1 taken at 25, 100, 400, 635 and
880 °C.
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patterns of the sample at 100 and 400 °C, although very
similar, are not the same, which indicates the change of the
frameworks after the removal of the lattice water and coor-
dinated water molecules. Above 635 °C, the PXRD patterns
change completely, suggesting the collapse of the frame-
work. The remaining residue Y,Oj3 coincides quite well with
the standard Y,O5 (No. 01-083-0927).

Conclusions

Three coordination polymers based on hexanuclear
building blocks with (u3-OH) bridges have been achieved.
The hexanuclear building block has an interesting chair-like
configuration which is different from the reported motifs
based on cubane-like clusters and square pyramids. The
structure of the cluster core depends on the extent of the
hydrolysis of the Ln ions which is closely related to the pH
of the system. Hence, controlled hydrolysis could lead to
polymeric materials based on polynuclear clusters exhibit-
ing different configurations. Furthermore, the Y:Er-YDb co-
doped coordination polymers have been synthesised suc-
cessfully. We have demonstrated the feasibility of introduc-
ing red, green and indigo light emissions of Er''! ions using
IR spectroscopy as supporting evidence for the nonradia-
tive decay. The upconversion emissions of the codoped
polymers correspond to two-photon and three-photon up-
conversion excitation mechanisms.

Experimental Section

General: All chemicals were obtained commercially and used with-
out further purification. Elemental analyses of C, H and N were
performed with an Elementar Vario EL analyser. The IR spectra
were recorded with a Nicolet Avatar 360 FTIR spectrometer using
the KBr pellet technique. The thermal stability was investigated
using a ZRY-2P thermogravimetric analyser under atmospheric
conditions at a heating rate of 10 °Cmin !, using a-Al,O5 as a ref-
erence. The inductively coupled plasma (ICP) analysis was per-

Table 3. Crystallographic data of 1, 2 and 3.

formed with a JY ULTIMA spectrometer. The powder X-ray dif-
fraction was carried with a PANalytical X’Pert PRO MPD dif-
fractometer using Cu-K,; radiation in the 26 range of 5°-70°.

Synthesis of [Y3(BDC);5(OH),(H,0),]'H,O(1): A solution of
NaAc-3H,0 (0.020 g, 0.15 mmol), YCl5-6H,O (0.030 g, 0.1 mmol),
H,O (5 mL) and aqueous NaOH (0.3 mL, 0.65 mol L") was stirred
to bring about the hydrolysis of YCl; and 1,4-benzenedicarboxylic
acid (0.017 g, 0.1 mmol) was then added. The pH of the solution
was adjusted to 5.1 and the mixture was then sealed in a 25 mL
stainless steel reactor with a Teflon liner and heated at 190 °C for
72 h. Colourless block-like crystals of 1 were obtained. Yield:
0.021 g (66.67% based on Y). CygH»O9Y3 (929.19): caled. C
36.19, H 2.39; found C 36.25, H 2.36. IR (KBr): ¥ = 553 (s), 3421
(s), 1651 (m), 1571 (s), 1540 (s), 1510 (m), 1410 (s), 1318 (w), 1169
(w), 1016 (m), 745 (s), 525 (m) cm .

Synthesis of [Yb3(BDC);5(OH),(H,0),]'H,O(2): This compound
was prepared according to the procedure for 1 but by using
Yb(NO3);:6H,0 instead of YCl;3:6H,O. Diamond-like crystals of 2
were obtained. Yield: 0.020g (49.61% based on YD).
CysH5,019Yb; (1177.54): caled. C 28.45, H 1.86; found C 28.50, H
2.01. IR (KBr): ¥ = 3555 (s), 3435 (s), 1654 (m), 1583 (s), 1539 (s),
1502 (m), 1408 (s), 1320 (w), 1170 (w), 1017 (m), 751 (s), 526 (m)

cm L.

Synthesis of [Erz(BDC);s(OH),(H,0),]'H,O(3): This compound
was prepared according to the procedure for 1 but by using
ErCl;-6H,0 instead of YCl;-6H,O. Pink diamond-like crystals of 3
were obtained. Yield: 0.016 g (41.47% based on Er). C,gH»,0,9Er;3
(1164.25): caled. C 28.89, H 1.91; found C 29.08, H 1.89. IR (KBr):
¥ = 3550 (s), 3424 (s), 1650 (m), 1578 (s), 1538 (s), 1509 (m), 1408
(s), 1323 (w), 1174 (w), 1019 (m), 749 (s), 520 (m) cm .

Synthesis of [(Y:Er-Yb);(BDC); 5(OH),(H,0),]‘H,0: The codoped
compounds were prepared according to the procedure for 1 but by
using YCl;*6H,0, ErCl;-6H,O and Yb(NO3);:6H,O (for example,
molar ratio: 94.00:2.00:4.00%) instead of 100% YCl3-6H-O.
Colourless block-like crystals were obtained. Yield: 0.018 g
(56.88% based on total Ln). Co,5H»,0,9(Y:Er-Yb); (943.83): calcd.
C 35.63, H 2.35; found C 35.85, H 2.43. IR (KBr): ¥ = 3554 (s),
3423 (s), 1653 (m), 1574 (s), 1535 (s), 1508 (m), 1410 (s), 1319 (w),
1167 (w), 1020 (w), 749 (s), 527 (m) cm!. The ICP analysis showed
that the molar ratio of Y/Yb/Er was 94.45:2.17:3.38 in the product.

1 2 3
Empirical formula C28H22019Y3 ngszO]ngy, C28H24019Er3
Formula mass 929.19 1177.54 1166.25
T [K] 293(2) 293(2) 293(2)
Wavelength [A] 0.71073 0.71073 0.71073
Crystal system triclinic triclinic triclinic
Space group Pl Pl Pl
a[A] 11.392(1) 11.363(3) 11.408(1)
b [A] 12.070(1) 11.989(3) 12.064(1)
¢ [A] 12.996(1) 12.987(4) 13.026(1)
a ] 86.898(1) 86.741(4) 86.827(1)
L] 67.176(1) 67.084(4) 67.126(1)
7 [°] 72.200(1) 72.150(4) 72.137(1)
v [A3 1563.9(3) 1547.1(7) 1568.0(2)
V4 2 2 2
D, [gem ) 1.973 2.536 2.470
u [mm'] 5.608 9.082 8.043

Reflections collected, unique, R,
R indices [1 > 26(])]
R indices (all data)

10547, 7180, 0.0187
R, = 0.0319, wR, = 0.0779
R, = 0.0457, wR, = 0.0886

8207, 5447, 0.0336
R, = 0.0350, wR, = 0.0697
R, = 0.0492, wR, = 0.0749

8072, 5504, 0.0207
R, = 0.0240, wR, = 0.0609
R, = 0.0267, wR, = 0.0621
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The observed XRD patterns of the Y:Er-Yb codoped coordination
polymer and 1 indicate that they are isomorphous.

X-ray Structure Determination: Intensity data for 1, 2 and 3 were
collected at 293 K with a Bruker SMART 1000 CCD area detector
diffractometer using graphite-monochromated Mo-K, radiation (4
=0.71073 A) in ¢ and  scan modes with 0 ranges of 1.78-27.88°
for 1, 2.09-25.01° for 2 and 1.70-25.01° for 3. Semiempirical ab-
sorption corrections were applied using the SADABS program.?!]
The structures were solved by direct methods?* and refined by full-
matrix least squares on F? using the SHELXS-97 and SHELXL-97
programs, respectively.?>23 All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were generated geometrically
and treated with a mixture of independent and constrained refine-
ments. Details of the crystallographic data of 1, 2 and 3 are summa-
rised in Table 3. CCDC-608985 to -608987 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.ccdc.cam.ac.uk/datarequest/cif.

Luminescence Spectroscopy: Upconversion spectra were obtained
with an LS-50B fluorescence spectrophotometer (Perkin—Elmer
Corp., Forster City, CA) with an external 0-800 mW adjustable
laser (980 nm, Beijing Hi-Tech Optoelectronic Co., China) as the
excitation source, instead of the xenon source in the spectropho-
tometer and with a fibre-optic accessory.
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