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ABSTRACT: Lanthanides (Ln) are a group of important
elements usually found in nature as mixtures. Their
separation is essential for technological applications but is
made challenging by their subtly different properties. Here
we report that crystallization of homochiral camphorate
metal−organic frameworks (MOFs) is highly sensitive to
ionic radii of lanthanides and can be used to selectively
crystallize a lanthanide element into predesigned MOFs.
Two series of camphorate MOFs were synthesized with
acetate (Type 1 with early lanthanides La−Dy) or formate
(Type 2 with late lanthanides Tb−Lu and Y) as the
auxiliary ligand, respectively. The Ln coordination environ-
ment in each type exhibits selectivity for Ln3+ of different
sizes, which could form the basis for a new cost-effective
method for Ln separation.

Because of unique optical and magnetic properties,
lanthanides are essential elements in modern technology

and are widely used in applications ranging from electronics
and lasers to powerful magnets. Due to chemical similarity,
their minerals usually coexist in nature. As a result, the
development of efficient separation methods is the first step to
achieve cost-effective applications of lanthanides. The early
separation used fractional crystallization, which was tedious, not
because of the method itself, but because of the small solubility
difference among various salts such as carbonates or oxalates,
which necessitates many cycles of recrystallization. Currently,
solvent extraction and ion chromatography, based on the
difference in formation constant (Kf) of lanthanide molecular
complexes, have been established as the methods of choice for
the separation of lanthanides. Still, newer, more environ-
mentally friendly and cost-effective methods are desirable.1

With the recent advance in solid-state coordination
chemistry,2 especially metal−organic frameworks (MOFs),3

an opportunity has risen to integrate the above two different
concepts (difference in solubility products, Ksp, for fractional
crystallization, and difference in the formation constant of metal
complexes, Kf, in solvent extraction or chromatography) into a
unified MOF-based separation strategy capable of efficient
separation of lanthanides. Because MOFs are polymers of metal
complexes, it is hypothesized that the effect of a small difference
in Kf for a molecular Ln3+ complex might be amplified during
the MOF crystallization, leading to greater difference in the

ability of each Ln3+ to form a given MOF. This method, based
on selective crystallization of Ln3+ ions into MOFs could be
made superior to the traditional fractional crystallization based
on inorganic salts for which there is a very limited selection in
counteranions.
MOFs have been widely studied for their various properties

(e.g., porosity, catalytic and optical properties, and chirality4−6)
and in particular for applications in separation processes such as
the separation of small gas molecules, hydrocarbon compounds,
inorganic anions, or even bulky organic ions.7 However, there
have been few studies targeted at separating metal ions through
selective crystallization,8 not to mention the separation of
lanthanide mixtures, which is challenging for any separation
method.
In this work, a low-cost homochiral MOF platform based on

inexpensive D-camphoric and formic acids has been developed,
which can be used to selectively crystallize or enrich specific
lanthanide ions in predesigned MOFs. We show that the
concentration of Ln3+ ions in a MOF is dependent on the MOF
structure type as well as the size of Ln3+ ions. Specifically, we
found here that larger early Ln ions only crystallize with the
larger acetate ligand (as well as D-camphorate) into a MOF
structure denoted as Type 1, while smaller late Ln ions only
crystallizes with the smaller formate into a MOF structure
denoted as Type 2 (Figure 1). Even when two Ln ions (two
early Ln3+ ions or two late Ln3+ ions) can both form the same
structure type (alloy-like Type 1 or Type 2 phases), we found
that their molar ratio in the MOF is dependent on the ionic
radii.
The synthesized 17 Ln−MOFs (plus many alloy-like Ln1

and Ln2 MOFs) fall into two isoreticular structure types,9

denoted here as 1-Ln (also called CPM-25 or Type 1, Ln = La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy) and 2-Ln (also called CPM-
29 or Type 2, Ln = Tb, Dy, Ho, Er, Tm, Yb, Lu, Y) (Figure 1).
From reactions with acetic and D-camphoric acids, the early Ln
elements (from La to Gd) only give Type 1. With the use of
formic and D-camphoric acids, the late Ln elements (from Ho
to Lu) and yttrium only lead to Type 2. Two Ln3+ ions that do
crystallize into both types with acetate or formate are middle
ones, Tb and Dy, whose ionic radii border those of early and
late Ln ions.
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Despite many attempts, cross crystallizations (i.e., Type 1 for
late Ln3+ or Type 2 for early Ln3+) have not been achieved,
suggesting the intrinsic phase selectivity of this MOF platform
(i.e., Type 1 for early Ln3+ and Type 2 for late Ln3+). Especially
interesting is the observation that Ho is incapable of
crystallizing in 1-Ln, and yet its neighboring element Dy can
readily crystallize in 1-Ln. Similar observation was also found
for Gd and Tb, whose ionic radii differ by only 0.01 Å (Figure
S1), which is <0.5% of their Ln-O bond distances, suggesting
high sensitivity of a particular MOF structure type to the size of
ionic radii.
Typically 1-Ln were prepared from lanthanide nitrate, D-

camphoric acid, and acetic acid in a mixed solvent system
containing equal amounts of N,N′-dimethylacetamide (DMA)
and water. 2-Ln were synthesized under similar conditions but
with formic acid and N,N′-dimethylformamide (DMF).
Although DMA and DMF are known to undergo decom-
position to generate acetate and formate, respectively, we were
unable to obtain 1-Ln or 2-Ln without formic or acetic acid. It
is worth noting that the crystallization of 2-LnMOFs is fast and
occurs within 4 h and that a high recovery yield can be obtained
in <6 h. The rate of crystallization is clearly an important factor
in separations.
All crystals were suitable for single crystal X-ray diffraction. A

summary of crystallographic data is shown in Tables S1 and S2.
1-Ln crystallize in the chiral space group P65 with the general
formula of [Ln(D-cam)(CH3COO)(H2O)] (D-cam = D-
camphorate), and 2-Ln crystallize in chiral space group
P212121 with the formula of [Ln(D-cam)(HCOO)]. One
notable difference between 1-Ln and 2-Ln is that Ln3+ ions
have different coordination numbers. Each Ln3+ in 1-Ln has
one pendant H2O, making it 8-coordinated. In contrast,
without H2O, each Ln3+ in 2-Ln is only 7-coordinated (Figure
1a,d). This difference in coordination number correlates with
ionic radii with the smaller ions adopting a lower coordination
number.

Both structures can be understood as 3D frameworks
assembled from parallel inorganic chains with camphorate as
the bridging ligands (Figure 1c,f and Figures S2 and S3).
Although the chains in 1-Ln and 2-Ln have different
compositions and configurations, they exhibit similar features.
The most notable one is that two adjacent Ln3+ ions are
bridged by two −COO groups from two camphorate ligands
and a monodentate ligand, which is acetate for 1-Ln and
formate for 2-Ln (Figure 1b,e). This monodentate carboxylate
is always chelating to one metal and at the same time with one
of its oxygens bridging to the other metal in a μ2-O manner.
Thus, a MOM infinite chain is formed by the
monodentate ligand. Besides their roles in reinforcing the
connection of Ln3+ ions already linked together by D-cam
ligands, they also serve to render the overall framework neutral,
suggesting a key role of acetate or formate in the crystallization
process.
Given the above observation that early and late Ln3+ ions

show clear preference in crystallization with D-cam and acetate
or D-cam and formate, respectively, we designed a series of
experiments to explore whether such preference for a particular
MOF structure type by Ln3+ could be utilized for the separation
of Ln3+ ions. Thus, a mixture of two lanthanide ions (M1 and
M2) in 1:1 molar ratio was used to grow MOFs under
conditions that could only produce 2-Ln. M1 is chosen from
the early lanthanide metals (La−Gd) that cannot lead to
structure 2-Ln by itself, while M2 is chosen from late
lanthanide ions (Tb−Lu and Y) that are known to give
structure 2-Ln. With the addition of camphoric and formic
acids, similar hydrothermal method was used for the synthesis.
As expected, a number of these combinations lead to 2-Ln
whose purity was confirmed by powder X-ray diffraction
(Figure S6).
In the above experiments starting with a mixture of M1 and

M2, we were aware of the possibility for M1 to be incorporated
into 2-Ln phase, even though we had repeatedly found that
when used alone, M1 could not form the Ln-2 phase. In fact,

Figure 1. Comparison between 1-Ln and 2-Ln. (a) Local coordination environment in 1-Ln; (b) the inorganic chain in 1-Ln (water molecules are
shown as faded); (c) 3D-framework of 1-Ln through linkage between chains; (d) local coordination environment in 2-Ln; (e) the inorganic chain in
2-Ln; (f) 3D-framework of 2-Ln through linkage between inorganic chains; (purple: Ln, red: O, black: C, purple polyhedra was defined using Ln as
central atom and O as ligand atom.).
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the observation of M1 being incorporated into Ln-2 phase
suggests that the size selective crystallization (into Type 1 or
Type 2 when a single Ln3+ source is used) may occur at the
very first step of the nucleation and that M1 ions are simply
unable to form nuclei of the Type 2 phase.
For the purpose of Ln3+ separation, it is critical to know to

what extent M1 would be incorporated into the 2-Ln phase.
Semiquantitative elemental analysis by energy dispersive X-ray
spectroscopy (EDS) was performed on six 2-Ln samples made
from different M1-M2 combinations (Figure S7). The results,
given in Figure 2, together with the ionic radius data for the

relevant Ln3+ ions, show that starting with about equal 1:1
molar ratio of two lanthanides in the mixture, the M1/M2 ratio
in the crystalline phase shows large variations with the fraction
of M2 in the crystals ranging from 70.5% to 98.0%. In the case
of the Nd−Yb combination, a high selectivity for Yb during the
crystallization was observed with only the trace amount of Nd
observed in the 2-Ln phase. As a result, a one-step separation of
Yb and Nd could be realized by crystallization. This unique and
simple separation process for lanthanides shows a great promise
for practical applications. When the ionic radius difference
between two ions becomes smaller, the selectivity for M2
decreases. Nevertheless, there is in general a clear preference

for M2 in the crystals, which can serve as the basis for fractional
crystallization.
In the study discussed above, our separation strategy is based

on our recognition that M1 and M2 ions prefer different MOF
structures (Type 1 and Type 2, respectively) and that if we
design synthetic conditions favoring one structure type (e.g.,
Type 2), it would result in the selective crystallization of Ln3+

ions. Following this discovery, a new question arises: if two
Ln3+ ions (two different M1 ions, M1 and M1′ or two different
M2 ions, M2 and M2′) are known to form the same structure
type when used individually, how can they be separated
through the MOF crystallization? Our studies described below
demonstrate that even if M2 and M2′ show the same
preference for a MOF structure when used alone, they are
not preferred to the same extent by this MOF when the
crystallization occurs from a mixture of Ln3+ ions. Specifically in
this work, we found that the smaller Ln3+ ion is preferred for a
given MOF. We attribute this preference to the stronger
binding constant between smaller Ln3+ and camphorate/
formate, which is consistent with the knowledge that smaller
Ln3+ tends to form more stable metal complexes in the solution
phase. It appears that the Ln separation principle used for
solvent extraction and ion chromatography is directly trans-
ferable to selective MOF crystallization reported here.
Such preference by the MOF structure for smaller Ln3+ is

shown by EDS results on various combinations of late
lanthanides (from Tb to Yb and Y). Nine out of the 15
combinations show a separation factor higher than 1.25 (in
other words, with an equimolar M2-M2′ mixture, their
distribution in the final crystal can reach about 55%−45% in
molar fraction) and four of them can reach over 1.5 (60%−40%
in molar fraction) (Figure 3a). Note that the selectivity
between two M2 ions is lower compared to that between M1
and M2. This is due to the fact that two M2 ions are even more
similar in ionic radii than M1 and M2 ions and are thus much
more difficult to separate with any separation method.
Given the observation that the selectivity is strongly

dependent on the ionic radius difference between two Ln3+

ions, all 22 lanthanide combinations in this study are plotted
with their selectivity versus ionic radius difference (Figure 3b).
An approximately linear fit can be used to describe the trend of
their selective distribution in the crystallization process.

Figure 2. Selective crystallization of 2-Ln (Type 2) from six
combinations of an early lanthanide M1 and a late lanthanide M2.
“In” and “out” indicate the lanthanide ratio in the original mixed
solution and the produced crystals.

Figure 3. (a) Selective crystallization of 2-Ln (Type 2) upon 15 combinations of two late lanthanides M2 and M2′ (rM2′ > rM2). (b) Dependence of
the molar fraction of Ln2 in 2-Ln (Type 2) on the ionic radius difference between two different lanthanides Ln1 and Ln2 (rLn2 > rLn1). (c)
Comparison of metal distributions obtained from single crystal X-ray crystallography refinements (Xtal) and EDS measurements in six Y−Ln
combinations.
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All of the above EDS elemental analyses were obtained based
on data from randomly selected areas from multiple samples to
eliminate any possible fluctuation in sample heterogeneity and
errors in EDS measurements. The similar separation factor data
were obtained from separate repeat experiments. To further
prove such observed selectivity of Ln3+ ions, single crystal X-ray
studies were also used to refine the molar ratio between two
Ln3+ ions. Especially, the incorporation of yttrium into 2-Ln
made it possible to verify the reliability of our method. In
contrast to the combination of two lanthanides that are close to
each other in both ionic radius and electron density, the
combination of yttrium and a lanthanide is similar to each other
only in ionic radius but very different in electron density,
making it a perfect platform for reliable crystallographic
refinement on the occupancy of metals. As is shown in Figure
3c, the metal distributions in six Y−Ln combinations obtained
from EDS measurements and crystallographic refinements are
consistent with each other, with <3% difference.
Given the selectivity for smaller Ln3+ ions by 2-Ln phase, we

wonder whether such selectivity also occurs in other MOF
platforms. To address this question, the separation of two early
Ln ions (La and Pr) with 1-Ln platform was performed. The
single crystal X-ray data show that when synthesized with
equimolar mixture of their nitrate salts, their molar fraction in
the resulting 1-Ln crystal is 25.9% La versus 74.1% Pr. This
result indicates that the size-selective crystallization-based
separation strategy reported here can be extended to more
MOF platforms.
In conclusion, by systematic synthetic and structural studies

of crystallization of a large series of homochiral rare-earth
camphorates, we have demonstrated that crystallization
processes by Ln3+ ions are very sensitive to ionic radii and
that the ionic radius difference between two Ln3+ ions dictates
the unequal concentrations of Ln3+ in Ln−MOF crystals. For
some Ln3+ combinations, the selectivity for a particular Ln3+ is
nearly exclusive, which permits one-step separation of two Ln3+

elements. This preference by a predesigned MOFs for specific
Ln3+ ion can serve as the basis for the industrial separation of
lanthanides. The strategy demonstrated here is general and
versatile in that every Ln−MOF can potentially serve as the
platform for selective crystallization of Ln3+, albeit with
different selectivity factor. In fact, the method reported here
shows the great potential for developing MOF platforms for
other crystallization-based separations beyond just lanthanide
mixtures.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details, additional figures, and cif file. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
xianhui.bu@csulb.edu
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the U.S. National Science
Foundation, Division of Materials Research, under award no.
1309347. We acknowledge the donors of the ACS Petroleum

Research Fund for partial support of a portion of the synthetic
studies (50635-UR10). X.B. is a Henry Dreyfus Teacher
Scholar.

■ REFERENCES
(1) Sun, X.; Luo, H.; Dai, S. Chem. Rev. 2012, 112, 2100.
(2) (a) Lin, H.-Y.; Chin, C.-Y.; Huang, H.-L.; Huang, W.-Y.; Sie, M.-
J.; Huang, L.-H.; Lee, Y.-H.; Lin, C.-H.; Lii, K.-H.; Bu, X.; Wang, S.-L.
Science 2013, 339, 811. (b) He, H.; Cao, G.-J.; Zheng, S.-T.; Yang, G.-
Y. J. Am. Chem. Soc. 2009, 131, 15588.
(3) (a) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M.
Science 2013, 341, 123044. (b) Zhou, H.-C.; Long, J.; Yaghi, O. M.
Chem. Rev. 2012, 112, 673. (c) Perry, J. J., IV; Perman, J. A.;
Zaworotko, M. J. Chem. Soc. Rev. 2009, 38, 1400. (d) Parnham, E. R.;
Morris, R. E. Acc. Chem. Res. 2007, 40, 1005. (e) Cohen, S. M. Chem.
Rev. 2012, 112, 970.
(4) (a) Nugent, P.; Belmabkhout, Y.; Burd, S. D.; Cairns, A. J.;
Luebke, R.; Forrest, K.; Pham, T.; Ma, S.; Space, B.; Wojtas, L.;
Eddaoudi, M.; Zaworotko, M. J. Nature 2013, 495, 80. (b) Furukawa,
H.; Ko, N.; Go, Y. B.; Aratani, N.; Choi, S. B.; Choi, E.l; Yazaydin, A.
O.; Snurr, R. Q.; O’Keeffe, M.; Kim, J.; Yaghi, O. M. Science 2010, 239,
424. (c) Xiang, S.; He, Y.; Zhang, Z.; Wu, H.; Zhou, W.; Krishna, R.;
Chen, B. Nat. Commun. 2012, 3, 954. (d) Sato, H.; Kosaka, W.;
Matsuda, R.; Hori, A.; Hijikata, Y.; Belosludov, R. V.; Sakaki, S.;
Takata, M.; Kitagawa, S. Science 2014, 343, 167.
(5) (a) Lee, J.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.;
Hupp, J. T. Chem. Soc. Rev. 2009, 38, 1450. (b) Mohideen, M. I. H.;
Xiao, B.; Wheatley, P. S.; McKinlay, A. C.; Li, Y.; Slawin, A. M. Z.;
Aldous, D. W.; Cessford, N. F.; Duren, T.; Zhao, X.; Gill, R.; Thomas,
K. M.; Griffin, J. M.; Ashbrrok, S. E.; Morris, R. E. Nat. Chem. 2011, 3,
304. (c) Fei, H.; Shin, J.; Meng, Y. S.; Adelhardt, M.; Sutter, J.; Meyer,
K.; Cohen, S. M. J. Am. Chem. Soc. 2014, 136, 4965.
(6) (a) Cui, Y.; Yue, Y.; Qian, G.; Chen, B. Chem. Rev. 2012, 112,
1126. (b) Sava, D. F.; Rohwer, L. E. S.; Rodriguez, M. A.; Nenoff, T.
M. J. Am. Chem. Soc. 2012, 134, 3983. (c) Gao, J.; Miao, J.; Li, P.-Z.;
Teng, W. Y.; Yang, L.; Zhao, Y.; Liu, B.; Zhang, Q. Chem. Commun.
2014, 50, 3786. (d) Gallis, D. F. S.; Rohwer, L. E.S.; Rodriguez, M. A.;
Nenoff, T. M. Chem. Mater. 2014, 26, 2943.
(7) (a) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Chem. Soc. Rev. 2009, 38,
1477. (b) Chen, B.; Liang, C.; Yang, J.; Contretas, D. S.; Clancy, Y. L.;
Lobkovsky, E. B.; Yaghi, O. M.; Dai, S. Angew. Chem., Int. Ed. 2006, 45,
1390. (c) Block, E. D.; Queen, W. L.; Krishna, R.; Zadrozny, J. M.;
Brown, C. M.; Long, J. R. Science 2012, 335, 1606.
(8) (a) Wang, L. J.; Deng, H.; Furukawa, H.; Gandara, F.; Cordova,
K. E.; Peri, D.; Yaghi, O. M. Inorg. Chem. 2014, 53, 5881. (b) Fang, Q.-
R.; Yuan, D.-Q.; Sculley, J.; Li, J.-R.; Han, Z.-B.; Zhou, H.-C. Inorg.
Chem. 2010, 49, 11637. (c) Tian, J.; Saraf, L. V.; Schwenzer, B.;
Taylor, S. M.; Brechin, E. K.; Liu, J.; Dalgarno, S. J.; Thallapally, P. K. J.
Am. Chem. Soc. 2012, 134, 9581. (d) Carboni, M.; Abney, C. W.; Liu,
S.; Lin, W. Chem. Sci. 2013, 4, 2396.
(9) (a) Wong, M. Master’s Thesis, California State University, Long
Beach, CA, 2008. (b) Jhu, Z.-R.; Yang, C.-I.; Lee, G.-H. CrystEngComm
2013, 15, 2456. (c) Song, Y.-M.; Huang, H.-X.; Sun, G.-M.; Liao, Z.-
W.; Luo, M.-B.; Liu, S.-J.; Luo, F. CrystEngComm 2011, 13, 6827.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja5067306 | J. Am. Chem. Soc. 2014, 136, 12572−1257512575

http://pubs.acs.org
http://pubs.acs.org
mailto:xianhui.bu@csulb.edu

