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A novel three-dimensional lanthanide-organic framework has
been synthesized; this material has an exceptionally high
thermal stability (600 °C) and an unusually low coordination
number for a lanthanide ion (CN = 6).

The use of multifunctional organic linker molecules to polymerize
metal centers into microporous and framework materials has led
to the development of a rich field of chemistry."® These metal-
organic framework (MOF) materials hold the potential for very
useful applications, ranging anywhere from molecular recognition
and separation to gas storage and sensing.’”'” Their thermal
stability, however, is moderate (often in the range of 150-300 °C)
and usually related to the decomposition of the organic
component(s). Traditional microporous materials (zeolites,
AIPOs) or various metal oxides typically dominate these areas in
terms of practical functions.'®>* Just the same, the versatility and
topological diversity demonstrated through MOF materials is
perhaps the primary reason why these materials have been studied
so enthusiastically over the past few years.

The use of structure-directing agents in the syntheses of these
materials is of interest to our research efforts.>>?® We have had
much success with the use of 4,4'-dipyridyl in this regard. As such,
we attempted to use 4,4'-dipyridyl in the synthesis of a previously
reported structure’’ in hopes of inducing a change in topology that
would occur upon inclusion of a guest molecule. This structure,
[Er(CoHyOg)(H,0),]-2.5H,0, consists of ErOg polyhedra, where
seven of the oxygen atoms are from the carboxylate groups of the
organic linker and the remaining two oxygen atoms are bound
water molecules. Channels along the [001] direction are approxi-
mately 4.7 A in diameter and contain several unbound water
molecules. We believed that the 4,4'-dipyridyl would displace the
excess water and act to change the overall channel topology as a
structure-directing agent. Instead, a novel material ([Ln(CoHoOg)],
where Ln = Er**, Tb®") was synthesized that did not include the
intended guest molecule. This serendipitous discovery has led to a
very interesting, highly symmetric lanthanide-containing MOF
material. Perhaps the most interesting features of this material are
the low coordination of the lanthanide metal center (coordination
number = 6) and the high thermal stability of this material (stable
to 600 °C), as will be discussed herein.
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Initial synthesis of this material was conducted via hydrothermal
methods. Erbium nitrate hydrate (Strem Chemicals), 1,3,5-
cyclohexanetricarboxylic acid (Aldrich Chemical Company),
4.4'-dipyridyl (Aldrich Chemical Company), and distilled water
were placed into a Teflon-lined Parr bomb in the relative molar
ratios of 1 : 1 :1: 830 (pH = 2.6). The reaction vessel was then
sealed and placed in a 170 °C oven for 24 hours. Upon cooling to
room temperature, a clear bright yellow solution of pH 1.7 was
decanted from pink, spherical crystals. The crystals were rinsed
with distilled water followed by ethanol and allowed to air dry at
room temperature. An analogous reaction was done, replacing the
erbium source with terbium nitrate hexahydrate (Strem
Chemicals), to yield light yellow, cube-shaped crystals (pH initial
= 2.6; pH final = 1.7). Subsequent syntheses without 4,4'-dipyridyl
produced the title compound, thus suggesting merely a spectator
role for the dipyridyl. Further reactions were done wherein the
water ratios were varied (420 and 85). It appears that the amount
of water in this reaction has little to no effect on the final product,
as all products from these reactions are isomorphous.

A single crystal of each sample was selected and mounted on a
glass fiber for single crystal X-ray diffraction.t Since both the
spherical crystals obtained from the erbium and the cubic crystals
from the terbium were quite large and appeared to be polycrystal-
line, they were first crushed under a glass slide and a single crystal
fragment was selected from the resulting powder. Powder X-ray
diffraction data were also collected on all samples with a Scintag
XDS 2000 diffractometer (Cu Ko, 3-60°, 0.05° step, 1.0 s step )
and manipulated using the JADE software package.”® The
observed powder patterns were compared to those calculated
from single crystal X-ray diffraction and both were in agreement,
indicating phase purity. Elemental analyses were also performed
and found to be in good agreement: Er(CoHgOg) Found: C,
28.38%; H, 2.38%. Calc.: C, 28.42%; H, 2.38% and Tb(CoHoOp)
Found: C, 28.95%; H, 2.46%. Calc.: C, 29.05%; H, 2.44%.

The structures (Fig. 1) of both materials are identical, thus only
the Er** structure will be described. This material consists of a
single 6-coordinate Er** metal center in octahedral geometry with
six oxygen atoms (Ol and symmetry equivalents). Each oxygen
atom is from a carboxylate group from six different ligands, thus
each ligand is coordinated to six symmetry equivalent lanthanide
centers (Fig. 2). It is interesting to note that each carboxylate group
exhibits only a bridging bidentate connectivity (Fig. 3), with a
complete lack of more complex connectivities that are readily seen
within lanthanide-containing solid-state extended structures.” It is
also quite remarkable that the lanthanide ions are in such low
coordination, even without excess water molecules to fulfill the
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Fig. 1 View of the title compound down the [001] direction. Polyhedra
represent the LnOg building unit and black lines represent the organic
linker, 1,3,5-cyclohexanetricarboxylate.

Fig. 2 View of the coordination of the organic linker to six unique LnOg
polyhedra.

Fig. 3 ORTEP drawing of the title compound. Ellipsoids are shown at
the 50% probability level. Hydrogen atoms are omitted for clarity, as is the
disordered component of C2. Superscript indicates symmetry transforma-
tion:i=—y,x — y,z;ii=—x+y, —x, ziil=—x, —y, —ziv=y, —x + ),
—ZVEX—y, X, —zVi=y+ 13, x+ 23, —z+ 1/6;vii=x — y+ 1/3, —y
+2/3, —z + 1/6; viii = —x + 1/3, —x + y + 2/3, —z + 1/6.

usually high coordination numbers inherent to the lanthanide ions.
In a search of the Cambridge Structural Database (using
ConQuest Version 1.8, updated January 2006),® approximately
100 structures were found where the lanthanide center has a
coordination number of 6. Most of these structures, however, are
molecular species or complexes, often made in non-aqueous
solutions and in many instances have sterically bulky ligands. The
reason for this unique coordination is unclear, yet may be related
to sterics resulting from the dense nature of the framework. The
cyclohexane ring of the ligand shows static disorder on the C2 site,
indicating that the ligand crystallizes in both the chair and boat

conformations. Using SQUEEZE within PLATON,?' no acces-
sible void space was found in this structure.

Thermogravimetric analysis was performed on both the Er and
Tb analogues using a Perkin-Elmer Pyris] over a temperature
range of 30-1000 °C (10 °C min~"') with flowing Nx(g). Initial
weight loss begins at 600 °C and continues in one step to 1000 °C.
The total weight loss over this range is 45%, which corresponds to
loss of most of the organic component. Based on powder X-ray
diffraction data (PXRD), the final product is isostructural with
lanthanum nitride (PDF #15-0892), indicating that upon loss of
the organic at such extreme temperatures, the lanthanide is
reacting with the N, gas flow. Complete loss of the organic
component would require a 55% weight loss, thus the 10%
discrepancy between the calculated and observed weight losses can
be attributed in part to the formation of the lanthanide nitride.
Additionally, the final PXRD spectrum shows some very minor
peaks, but attempts to identify these were not successful. Likewise,
a powder pattern collected from the sample after heating to 600 °C
shows no change from that prior to thermal treatment, further
demonstrating the high thermal stability of this material (Fig. 4).

The thermal stability of this material is quite remarkable.
Degradation of the organic components of MOFs typically begins
at moderate temperatures (200-350 °C),*>*7 resulting in decom-
position of the synthesized material. In rare instances, a metal-
organic framework material may be stable above 350 °C and up to
around 520 °C,***° but reasons for this are largely unspecified. In
many of these materials, residual solvent remains in the framework
either coordinated directly to the metal center (e.g., aquo ligands)
or uncoordinated in the framework channels. Considering the
volatility of these solvent molecules, it is quite common to observe
their release from the framework at low temperatures (<200 °C).
This release can easily result in a perturbation of the structure and
weakening of metal-linker bonds, which may help facilitate
decomposition. Lack of such solvent molecules in the structure
presented herein may be one factor that contributes to its
robustness. An additional factor to consider is the flexibility of
the organic linker itself. In more rigid systems (e.g., aromatics), it is
perhaps more difficult to accommodate distortions in the structure
caused by heating. It is therefore conceivable that the metal-linker
bonds will break in order to accommodate any changes, whereas a
less rigid linker adds a degree of flexibility that allows for any small
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Fig. 4 Powder X-ray diffraction spectra of the title compound. The
bottom spectrum was taken at room temperature with no thermal
treatment and the middle spectrum is after heating to 600 °C. The top
spectrum shows the title compound after heating to 1000 °C.
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perturbations in the structure. Both of these factors may play a key
role in the high thermal stability of this material.

In conclusion, a new lanthanide-containing metal-organic
framework material with exceptional thermal stability has been
synthesized. It has been shown that this material contains a
coordination number of six, which is rather rare for the large
lanthanide ions.
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Notes and references

+ Crystallographic data: the data were collected at room temperature using
a Bruker SMART diffractometer with an APEX II CCD detector*! using
both phi and omega scans. The structures of both materials solved readily
in both the R3¢ and R3¢ space groups with direct methods and refined
using SHELXL-97.** During refinement in the acentric space group,
PLATON indicated missed symmetry and suggested the R3¢ space group.
When both materials were refined in R3¢, however, disorder appeared on
the C2 position, creating two symmetry equivalent C2 positions about 1
from each other, indicating static disorder. Samples were tested for second
harmonic generation, yielding negative responses, indicating that an
acentric space group was not likely. Taking these factors into consideration,
final refinement was done in the centric space group R3c using the
WINGX software suite.” Er(CoHoOg): M = 380.42, hexagonal, a = b =
8.820(3), ¢ = 20.727(13) A, = = 90°, y = 120°, V' = 1396.4(11) A®, T =
2952) K, Z =6, u=9.025mm" ", Ry, = 0.0618, R, = 0.0176, wR, = 0.0414
(I > 20(1)); Tb(CoHoOg): M = 372.08, hexagonal, a = b = 8.9133(12), ¢ =
20.654(6) A, o = =90y = 120°, ¥V = 1421.1(5) A®, T=2952) K, Z = 6,
w=T7475mm ", Ry = 0.0605, R, = 0.0184, wR, = 0.0412 (I > 20(1)). The
heavy metal atom positions were located immediately upon solution and
the remaining atoms (except hydrogen atoms) were located in Fourier-
difference maps. Hydrogen atom positions on C3 were located in Fourier-
difference maps yet constrained to idealized distances. Hydrogen atoms on
C2 were neither located nor calculated due to disorder on this site. CCDC
614837 and 614838. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b610012k

1 O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi
and J. Kim, Nature, 2003, 423, 705-714.

2 O. M. Yaghi, H. Li, C. Davis, D. Richardson and T. L. Groy, Acc.
Chem. Res., 1998, 31, 474-484.

3 C. Serre, F. Millange, C. Thouvenot, N. Gardant, F. Pelle and G. Ferey,
J. Mater. Chem., 2004, 14, 1540-1543.

4 F. A. A. Paz and J. Klinowski, Inorg. Chem., 2004, 43, 3948-3954.

5 L. Pan, T. Frydel, M. B. Sander, X. Huang and J. Li, Inorg. Chem.,
2001, 40, 1271-1283.

6 V. Kiritsis, A. Michaelides, S. Skoulika, S. Golhen and L. Ouahab,
Inorg. Chem., 1998, 37, 3407-3410.

7 S. L. James, Chem. Soc. Rev., 2003, 32, 276-288.

8 L. A. Borkowski and C. L. Cahill, Inorg. Chem. Comnwn., 2004, 7,
725-728.

9
10

11
12

13

14

15

16
17

18

19

20
21

22

23

24
25

26

27

28
29

30
31

32

33

34
35

36
37

38

39

40

41
42

43

A. de Bettencourt-Dias, Inorg. Chem., 2005, 44, 2734-2741.

J. Fan, H.-F. Zhu, T.-a. Okamura, W.-Y. Sun, W.-X. Tang and
N. Ueyama, New J. Chem., 2003, 27, 1409-1411.

C. Janiak, Dalton Trans., 2003, 2781-2804.

H. Li, M. Eddaoudi, T. L. Groy and O. M. Yaghi, J. Am. Chem. Soc.,
1998, 120, 8571.

L. Pan, M. B. Sander, X. Huang, J. Li, M. Smith, E. Bittner,
B. Bockrath and J. K. Johnson, J. Am. Chem. Soc., 2004, 126,
1308-1309.

J. L. C. Rowsell, A. R. Millward, K. S. Park and O. M. Yaghi, J. Am.
Chem. Soc., 2004, 126, 5666-5667.

X. Zhao, B. Xiao, A. J. Fletcher, K. M. Thomas, D. Bradshaw and
M. J. Rosseinsky, Science, 2004, 306, 1012-1015.

C. J. Kepert, Chem. Commun., 2006, 695-700.

U. Mueller, M. Schubert, F. Teich, H. Puetter, K. Schierle-Arndt and
J. Pastre, J. Mater. Chem., 2006, 16, 626-636.

E. M. Flanigen, B. M. Lok, R. L. Patton and S. T. Wilson, Stud. Surf.
Sci. Catal., 1986, 28, 103-112.

E. M. Flanigen, R. L. Patton and S. T. Wilson, Stud. Surf. Sci. Catal.,
1988, 37, 13-27.

B. M. Lok, T. R. Cannan and C. A. Messina, Zeolites, 1983, 3, 282-291.
B. M. Lok, C. A. Messina, R. L. Patton, R. T. Gajek, T. R. Cannan
and E. M. Flanigen, J. Am. Chem. Soc., 1984, 106, 6092-6093.

S. T. Wilson, B. M. Lok, C. A. Messina, T. R. Cannan and
E. M. Flanigen, ACS Symp. Ser., 1983, 218, 79-106.

C. L. Yang, M. A. El-Sayed and S. L. Suib, J. Phys. Chem., 1987, 91,
4440-4443.

A. L. Smoot and D. A. Lindquist, J. Chem. Educ., 1997, 74, 569-570.
D. T. de Lill, D. J. Bozzuto and C. L. Cahill, Dalton Trans., 2005,
2111-2115.

D. T. de Lill, N. S. Gunning and C. L. Cahill, Inorg. Chem., 2005, 44,
258-266.

L. Pan, E. B. Woodlock, X. Wang and C. Zheng, Inorg. Chem., 2000,
39, 4174.

JADE, V6.1, Materials Data Inc., Livermore, CA, 2002.

C. N. R. Rao, S. Natarajan and R. Vaidhyanathan, Angew. Chem., Int.
Ed., 2004, 43, 1466-1496.

F. H. Allen, Acta Crystallogr., Sect. B: Struct. Sci., 2002, B58, 380-388.
A. L. Spek, Acta Crystallogr., Sect. A: Found. Crystallogr., 1990, 46,
194-201.

L. Pan, B. Parker, X. Huang, D. H. Olson, J. Lee and J. Li, J. Am.
Chem. Soc., 2006, 128, 4180-418]1.

A.-Q. Wu, Y. Li, F.-K. Zheng, G.-C. Guo and J.-S. Huang, Cryst.
Growth Des., 2006, 6, 444-450.

M. Du, X.-J. Jiang and X.-J. Zhao, Chem. Conunun., 2005, 5521-5523.
B.-B. Ding, Y.-Q. Weng, Z.-W. Mao, C.-K. Lam, X.-M. Chen and
B.-H. Ye, Inorg. Chem., 2005, 44, 8836-8845.

M. Du, C.-P. Li and X.-J. Zhao, Cryst. Growth Des., 2006, 6, 335-341.
S. K. Ghosh, J. Ribas, M. S. El Fallah and P. K. Bharadwaj, Inorg.
Chem., 2005, 44, 3856-3862.

S. Y. Yang, L. S. Long, Y. B. Jiang, R. B. Huang and L. S. Zheng,
Chem. Mater., 2002, 14, 3229-3231.

D. Sun, S. Ma, Y. Ke, T. M. Petersen and H.-C. Zhou, Chem.
Conmmun., 2005, 2663-2665.

J. Perles, M. Iglesias, M.-A. Martin-Luengo, M. A. Monge, C. Ruiz-
Valero and N. Snejko, Chem. Mater., 2005, 17, 5837-5842.

APEXII, V1.27, Bruker-AXS Inc., Madison, WI, 2005.

G. M. Sheldrick, SHELXL-97, Program for refinement of crystal
structures, University of Gottingen, Germany, 1997.

L. J. Farrugia, J. Appl. Crystallogr., 1999, 32, 837-838.

4948 | Chem. Commun., 2006, 4946-4948

This journal is © The Royal Society of Chemistry 2006



