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RPF-4 is a family of polymeric frameworks prepared with rare-earth elements and the versatile ligand 4,4'-(hexa-
fluoroisopropylidene)bis(benzoic acid). We have found that during the synthesis procedure up to three different
polymorphs can be obtained. Their crystal structures are here presented. The three networks have unusual topologies,
the three being uninodal penta-coordinated, two of them unknown up to now, and the other named hxg-d-5-Imma.
They are here described and compared. DFT calculations of the relative energies for the three polymorphs show
that the most often obtained structure is a metastable phase, which appears to be, next to others, thermodynamically

more stable.

Introduction

The design and synthesis of microporous coordination net-
works with a novel structural topology obtained using poly-
dentate ligands and a metal center have been of a great interest
across disciplines because these metal-organic frameworks
(MOFs) have been found to be a platform for immense potential
applications' ~® in gas storage, catalysis, magnetism, nonlinear
optics, ion exchange reactions, separation processes, and so
forth. Numerous studies have been presented of transition metal
MOFs while the rare-earth (Ln) based MOFs are significantly
less studied. However, the situation has been changing over the
past few years due to the fact that Ln-based MOFs present a
number of interesting opportunities with respect to their
intriguing topologies and many interesting properties that may
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give rise to industrial applications from catalysis to optical
materials.'”"'> In MOF materials, functionality is introduced
from a cooperative influence of both inorganic species and
organic linker molecules. This paper deals with the self-assembly
of the lanthanide series with the 4,4’-(hexafluoroisopropylidene)
bis(benzoic acid) ligand (H>hfipbb). The long hydrophobic
linker H,hfipbb is a flexible molecule, which, being a dicarbox-
ylate, establishes a bridge between different metal centers;'> '
two novel frameworks have been recently obtained in our group,
constructed from Zn'* or In'® and hfipbb. In these frameworks,
the composition and shape of the intermediate part of the
hfipbb”~ linker play an essential role in forming 3D and 2D
polymeric structures of corresponding Zn and In MOFs. As a
followup, we previously presented a short communication'’
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Table 1. Main Crystallographic and Refinement Data for the Three La-RPF-4 Polymorphs

Gandara et al.

RPF-4-a

RPF-4-8

RPF-4-y

empirical formula

fw

cryst syst, space group
unit cell dimensions

volume

Z, calculated density

abs coeff

F(000)

cryst size

© range for data collection
limiting indices

reflns collected/unique
Absorption correction
max. and min. transmission
refinement method
Data/restraints/parameters
goodness-of-fit on F>

final R indices [/ > 20(])]
R indices (all data)

largest diff. peak and hole

Cs; Hyy FigLay Oy
1448.52
orthorhombic, Pnan
a =7.791009) A
=21.372(3) A
¢ =36.997(3) A
6160.2(13) A*
4,1.562 Mg/m®
1.475 mm ™!
2808
0.06 x 0.04 x 0.02 mm
1.10—28.62°
0<h=10
0=<k=28
0=</7=<48
22622/7622
semiempirical from equivalents
0.9711 and 0.9167
full-matrix least-squares on F*
22866/160/293
0.863
Ry = 0.1385, wR, = 0.2388
R, = 0.4358, wR, = 0.3620
2454 and —3.197e A™?

Cs; Hyg FigLay Oy
1448.52
monoclinic, P2,/n

a=756003)A  a=90°
b=2589141)A =9
¢ =296752(HA  y=90°

5583.6(4) A’

4,1.723 Mg/m®

1.628 mm™'

2808

0.20 x 0.10 x 0.06 mm
1.07—25.68°

—-9<h=9

—30 <k <30

—35=<1=<36

36747/10356

semiempirical from equivalents
0.9087 and 0.7367

full-matrix least-squares on F*
10356/355/748

1.130

R; = 0.0892, wR, = 0.1691
Ry = 0.1547, wR, = 0.1979
0.946 and —2.283 ¢ A™*

0.8540(1)°

Cs) Hyy Fig Lay Opo
1448.52
orthorhombic, €222,
a = 7.791009) A
=21.372(3) A
¢ =36.997(3) A
5235.7(10) A*
4,1.838 Mg/m®
1.736 mm ™!
2808
0.12 x 0.10 x 0.07
1.31—26.48°
—-9=<h=9
—38=<k=38
—27=<1=<28
21371/5360
semiempirical from equivalents
0.8882 and 0.8188
full-matrix least-squares on F*
5360/0/376
1.264
Ry = 0.0898, wR, = 0.2019
Ry = 0.0973, wR, = 0.2114
2.050 and —5.090 e A™?

reporting a series of novel isostructural lanthanide MOFs
with the same ligand, called RPF-4, showing excellent optical
properties, as well as catalytic activity. In this paper, we
report the extended data of the synthesis study of the
Ln—hfipbb system. During the synthesis procedure, up to
three different polymorphs have been identified, named
o, 3, and y, and their crystal structures determined. Polymorph-
ism is an interesting and well-known phenomenon; there
exist numerous examples of compounds with more than
one crystalline phase, being of special interest those of pharma-
cologically important molecules.'® In the case of MOFs,
however, there are not too many examples of real polymorph-
ism." In the current work, a topological analysis for the three
new polymorphs is now reported, together with DFT calcula-
tions with a comparison of the relative energy for the three
networks.

Experimental Section

All chemicals were of reagent grade and were used as
commercially obtained without further purification. The
IR spectrum was recorded from KBr pellets in the range
4000—400 cm ' on a Perkin-Elmer spectrometer. The pow-
der X-ray diffraction was performed with a Bruker D8
difractometer.

General Synthesis Procedure. During the first attempts to
synthesize the new Ln®"'-based materials with the ligand
H,hfipbb, a mixture of phases with different crystal structures
was obtained. Only after determining their crystal structures did
the same formula, Ln,(hfipbb)s, for the three phases result, three
polymorphs for the RPF-4 family, that we call o, §, and y. By
adjusting the synthesis conditions, we could get the materials as
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Yaghi, O. M. Inorg. Chem. 2005, 44, 181. (c) Li, Z.-G.; Wang, G.-H.; Jia
H.-Q.; Hu, N.-H.; Xu, J.-W. CrystEngComm 2007, 9, 882.

pure phases. The materials of the new family of the rare-earth
polymeric framework, RPF-4-a, were synthesized via hydro-
thermal reactions of R(IIT) (R = Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Yb) salts with H,hfipbb in a mixture of solvents.
Typically, a mixture of Ln(NO3); (0.1 mmol), H,hfipbb acid
(C17H19F¢04; 0.15 mmol), ethyleneglycol (2 mL), ethylenedia-
mine (0,2 mL), and H,O (12 mL) was put in a Teflon-lined acid
digestion bomb (internal volume of 43 mL) and heated at 170 °C
for 2 days, followed by cooling to room temperature. The
crystalline products (the color of the crystalline powder depends
on the metal used) were collected after washing with H,O (3 x
20 mL)and acetone (2 x 10 mL). Yields were 60—70%. The pure
RPF-4-f# (R = La) was obtained from a mixture of La(NO3);
(0.1 mmol), H>hfipbb acid (0.15 mmol), triethylamine (0.3 mL),
and H»O (5§ mL). Heating this mixture in a Teflon-lined acid
digestion bomb at 170 °C for 5 days, followed by cooling to
room temperature, resulted in pure white crystalline product La-
RPF-4-f5. The RPF-4-y (R = La) polymeric framework was
obtained from a mixture of La(NO3); (0.1 mmol), Hphfipbb acid
(0.15 mmol), 4,4-bipyridyl (0.1 mmol), and H,O (6 mL). Heating
this mixture in a Teflon-lined acid digestion bomb at 180 °C for 4
days, followed by cooling to room temperature, resulted in a
mixture of crystalline powder La-RPF-4-a and colorless large
crystals of La-RPF-4-y. All attempts to obtain La-RPF-4-y as a
pure phase were not successful. It is worth noting that, if we use
the synthesis conditions that lead to the obtaining of RPF-4-a.,
but augmenting the time of the reaction (up to 5 days), a mixture
of RPF-4-o. and RPF-4-f is obtained.

Crystal Structure Determination. The data collection of
La-RPF-4-o was reported in ref 17. Main crystallographic and
refinement data are given in Table 1, for comparison with
those of La-RPF-4-f and La-RPF-4-y. For La-RPF-4-# and
La-RPF-4-y, the data were collected at room temperature, on a
SMART-CCD Bruker diffractometer, with Mo Kot radiation
(A = 0.71073 A). Data were collected over a hemisphere of the
reciprocal space through a combination of sets of exposures.
Each exposure of 20 s covered 0.3° in ¢. Unit cell dimensions
were determined by a least-squares fit of 60 reflections with
I > 200(I). The structures were solved by direct methods.
The final cycles of refinement were carried out by full-matrix
least-squares analyses with anisotropic thermal parameters for
all non-hydrogen atoms. Hydrogen atoms were geometrically
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located. Calculations were carried out with SMART software
for data collection and data reduction and SHELXTL.?

Computational Details. Density functional plane-wave
calculations have been carried out with the help of the VASP
code®'?* for the three lanthanum MOFs. There are 428 atoms in
the unit cell (Cyo4HogF72LagOy4g). The energy is calculated
employing the generalized gradient approximation, in particu-
lar, the exchange and correlation functional of Perdew and
Wang (PW91).?*?* The density was expanded in a plane
wave basis set, whereas the effect of the inner cores was taken
into account through the projected augmented plane wave
method.?>?® The cutoff for kinetic energy of the plane waves
has been set to 415 eV throughout, which ensures a total energy
convergence of better than 107* eV. A Gaussian smearing
technique with a 0.2 eV width has been applied to enhance
convergence, but all energies presented have been obtained by
extrapolating to zero smearing (0 K). Geometry optimization on
selected starting geometries obtained from single-crystal X-ray
diffraction vh(see corresponding experimental details) was
carried out using a gradient-conjugate method until forces on
all atoms were less than 0.3 eV/nm. All calculations have been
carried out on a parallel CESCA supercomputer.

Results and Discussion

The Lny(hfipbb); MOF presents three different poly-
morphs, named o, B, and y. The polymorphs a and f tend
to appear together in most of the synthesis experiments. Only
after a fine adjustment of the hydrothermal conditions
(see the Experimental Section) were these two polymorphs
obtained as pure phases. The polymorph La-RPF-4-y could
not be obtained as a pure phase. Crystals of the monoclinic
polymorph La-RPF-4-# (isostructural with one of Eu”’ re-
cently reported) and orthorhombic polymorph La-RPF-4-y
are quite good, and the structures can be easily determined.
The orthorhombic polymorph La-RPF-4-o, however, is only
obtained as fine crystalline powders, with few small twinned
crystals in some cases. Powder diffraction patterns of this
orthorhombic phase show that the compounds for all rare-
earth elements are isostructural and quite similar to that of
our Zn(hfipbb) com}%ound previously reported'® and also to
that, later reported with cell parameters a=b=2132A,
¢=771A,and V = 3009.4 A>.

Only small twinned crystals apt for the structure determi-
nation were obtained in the case of the lanthanum com-
pound. The careful analyses of the diffraction pattern gave
us another hexagonal cell unit with double ¢ and b and
quadruple volume. Only after thorough study of the data
could we solve the twin by applying the matrix
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to a hexagonal cell quite similar to that of the Zn compound,
which drove us to the final orthorhombic cell. The structure
could then be solved in the space group, Pnan (a = 7.79 A,
b=2137TA,c=37.00A,V =6160.2A° ). Subsequently, the
presence of three orthorhombic components in the twinned
crystal was confirmed and refined to a composition of
47:29:24%. The structure solution was also employed to
refine the obtained bulk samples of the compounds with
the Rietveld refinement of the X-ray synchrotron data for
La'” and with laboratory X-ray data for the whole family
(Figure 1).

Upon determining the crystal structure, the composition of
the three compounds was found to be [Lay(C,7HgF04);].
The La ion is always nine-coordinated (Table 2). In
La-RPF4-a. and La-RPF4-y, the asymmetric unit comprises
one-half of the formula, while in La-RPF4-f, there are two
independent La atoms, and therefore one molecular formula
per unit cell. In the three structures, chains of La atoms are
formed along the « axis via the u, oxygen atoms (Figure 2,
bottom). The anions link these chains, giving rise to 3D
structures.

In the case of RPF-4-a, a channelled structure with three
parallel tunnels down the « axis is formed. Two of the
channels are square-shaped (A and B), and one is hexagonal
(C; Figure 3). All of these channels are empty and have a
free void cylindrical space with a Wlndow of diameters
52-55 A, as computed by Platon®® (cavity routine).
Although the structure looks quite similar to that of the
previously reported zinc compound,'® it has a different
topology. The network of the Zn compound is uninodal
four-connected (short symbol (6°.8)), while in the La
compound, the net is uninodal five-connected. Each node/
La ion is directly connected to two other La ions of the
same chain via bridging carboxylate oxygen atoms of the
ligand, and also to three other La ions from different
chains via the whole li and as linkers. The result is a net with
a point symbol of (42 ghls net has been recently found i ina
search for net relations®** and named hxg-d- -5-Imma’ 2
topological analysis was performed using TOPOS.*" :
In contrast to what happened for the Zn compound, where
all of the metallic chains are connected through the ligand
anions in a crossing way, in the Ln compounds, these
connections are established in two different manners:
two of them crossing (for the channels of A-type) and
one parallel (for the channels of B-type) (Figure 3, right).
The different distribution of the A and B channels breaks
the hexagonal symmetry and explains the preference for
triple twins. Due to the bent geometry of the ligand, its central
atom being a sp’ carbon, the fluorine atoms are all pointing into
the C hexagonal channels. Consequently, the walls of the
hexagonal tunnel are formed by CF; groups, giving rise to
hydrophobic fluoro-lined Teflon-like channels.

The two other polymorphs (Figure 4) exhibit a more
dense structure, with smaller cell volumes than the first
structure: RPF-4-a has a cell volume of 6160.2(13) A3, with
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(31) Blatov, V. A. IUCr Compcomm Newsletter 2006, 7, 4. http://www.
topos.ssu.samara.ru (accessed Apr 2009).
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Comm. 2004, 6, 377.
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Figure 1. Rietveld refinement of the Ln-RPF-4-a. structure showing experimental (dot), simulated (line), and difference patterns.

Table 2. Interatomic Distances in the Coordination Sphere of the Three La-RPF-4 Polymorphs

RPF-4-0° RPF-4-° RPF-4-y°
La(1)—0(1) 2.443(12) La(1)—O(12)#a 2.473(7) La(2)—0(10) 2.470(7) La(1)—O(6)#b 2.505(10)
La(1)—O(6)#a 2.443(12) La(1)—O(6) 2.491(7) La(2)—O(8)#b 2.487(8) La(1)—O(4)#a 2.505(11)
La(1)—OQ)#a 2.456(14) La(1)—0O(9) 2.499(8) La(2)—O(11) 2.500(8) La(1)—0(1) 2.521(10)
La(1)-O(4) 2.467(11) La(1)—O(1) 2.501(8) La(2)—0(2) 2.536(7) La(1)—O(3) 2.533(11)
La(1)—O(3)#b 2.471(12) La(1)—O(4)#a 2.501(7) La(2)—0O(3) 2.539(7) La(1)—OQ)#b 2.545(12)
La(1)—O(5) 2.560(12) La(1)—O(7) 2.526(8) La(2)—0(5) 2.568(8) La(1)—0(5) 2.578(10)
La(1)—O(6) 2.668(11) La(1)—0O(10) 2.622(7) La(2)—0O(4) 2.612(7) La(1)—O(6) 2.637(10)
La(1)—0(2) 2.712(13) La(1)—O(2) 2.658(7) La(2)—O(12) 2.616(7) La(1)—O(1)#b 2.675(11)
La(1)-O(3) 2.769(11) La(1)—O(8) 2.803(7) La(2)—0(6) 2.677(7) La(1)—O(4) 2.878(11)

“Symmetry transformations used to generate equivalent atoms. #a: x — 1/2, —y + 1, z. #b: x + 1/2, =y + 1,z
¢ Symmetry transformations used to generate equivalent atoms. #a: x — 1/2, —y + 1/2, —z

used to generate equivalent atoms. #a: x + 1, y, z. #b: x — 1, y, z.
#orx + 1)2, —y + 1/2, —z

a 23.8% of free volume, while those for RPF-4-f and
RPF-4-y are 5583.6(4) A and 5235. 7(10) A3, with a free
volume of 15.9% and 3.7%. The networks of RPF-4-f and
RPF-4-y can also be simplified as rods of La atoms, running
along the a axis. The ligand is then considered as a linker
between two La nodes from different chains. Opposite of
RPF-4-0, where all of the interchain connections are
made through two linkers, above and below the chains, in
RPF-4-f and RPF-4-y, there is a connection between chains
which is made only by one ligand: in RPF-4-8, along the
b axis and, in RPF-4-p, along the ¢ axis. The joining along
the remaining direction is made by two linkers, above and
below the chains. However, this connection is different in
each case: in RPF-4-8, they are all made in a parallel mode,
with no edge-crossing presence, while in RPF-4-y, they are
all arranged in an edge-crossing manner (Figure 2, top).
As a result, these two networks, also uninodal pentacoordi-

> Symmetry transformations

nated, have different unprecedented topologies™ with a point
(Schlifliy symbol of (4*6*8%) for RPF-4-f and (6'°)
for RPF-4-y. Notwithstanding that the infinite chains
give simple rod packings for all three compounds (o, hex-
agonal type I, f and y square type II),** the bent ligands
give a final topology more complex than the simplest
possible five-connected bnn and six-connected pcu nets
derived from two such kinds of rod packings.

(33) RPF-4-3: vertex symbol, [4.4.4.4.6.6.6.8/5.813.%]; coordination
sequence, (5;16;45;96;169;264;377;508;657;824). RPF-4-y: vertex symbol,
[63.63.63.03.63.63.63.65.65.65]; coordination sequence, (5;20;52;112;188;
284;391;516;653;808). The maximum symmetry embedding of the nets (the
“ideal nets”) observed in the polymorphs o and y present edge-crossings
similar to the 3D net in the Zn derivative (ref 10) and the two-periodic 3D in
the In layers (ref 16). Such crossings are avoided in the real structures due to
the flexible ligands that bend over.

(34) Rosi, N. L.; Kim, J.; Eddaoudi, M.; Chen, B.; O’Keeffe, M.; Yaghi,
O. M. J. Am. Chem. Soc. 2005, 127, 1504.
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Figure 2. Topological analysis of the three RPF-4 polymorphs.

The three nets can also be compared in other ways,
describing layers of square (more or less deformed) channels,
parallel to the ab plane for the o and the f, and to the
ac plane in the case of y polymorph (figure 5). Thus, in
both a and y polymorphs, the layers are ligand-crossed. In
the y polymorph, the layers stack on 010 joined by the
remaining ligand; in the a polymorph, the layers are

RPF-4-

undulated, stacking on 001 and joined by the no crossing
ligands. Actually, in this a polymorph, we can also find
the undulated layers containing the square channels
by rotating the cell £60° over the a axis, but then the
distribution of the crossing and no crossing ligands is
different, which may be the cause of the triple twinning in
this structure.
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type A: edge crossing connection mode
type B: parallel connection mode

Zn-hfipbb

RPF-4-a MOF

Figure 3. Comparison between RPF-4-o. and Zn-hfipbb MOFs.

Gandara et al.

Zn-hfipbb MOF

\

-

RPF-4-a RPF-4-p RPF-4-y

Figure 5. Comparison of the three simplified networks. Layers containing the La atoms and the square channels are represented. In the case of the
o polymorph, the two other possible orientations for these planes, the cause of the twinning, are shown with different colors.

Conformational and energetic DFT-based calculations are
commonly used in several chemistry fields as organic and
inorganic systems. In the case of MOFs, the majority of
works that raise these studies are performed using molecular
mechanics calculations, due to the size of these systems. Only

a limited number of studies use an ab initio DFT methodol-
ogy. DFT plane wave periodic calculations have been
extensively performed in solid-state chemistry (perovskites
and catalysts, among others) because they offer a better
interpretation of periodic solid frameworks. However, these
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Figure 6. Energy gap diagram of different polymorphs, obtained by
DFT calculations.

studies are much less applied to MOF materials, although
some groups have begun to use these kinds of methods.*

A study of the relative energies of the three polymorphs in
the La—hfippb RPF-4 system has also been carried out. The
geometry optimization always converged to a stable structure
with the same topology that the experimental structures
exhibited as obtained by X-ray diffraction, even though no
symmetry constraints were imposed. As observed in Figure 6
and taking into account the experimental results, the
o polymorph is a metastable structure kinetically controlled.
The changes of the synthesis conditions give rise to the other
two different polymorphic phases (that often are observed
together with o). The DFT calculation shows that these
crystal polymorphs (f and y) are more stable than o, and
therefore they are thermodynamically controlled.

(35) (a) Keskin, S.; Liu, J.; Rankin, R. V.; Karl Jhonson, J.; Sholl, D. S.
Ind. Eng. Chem. Res. 2009, 48, 2355 and references therein. (b) Coombes
D.S.; Cora, F.; Mellot-Draznieks, C.; Bell, R. G. J. Phys. Chem. C 2009, 113,
544.(c) Sillar, K.; Hofmann, A.; Sauer, J. J. Am. Chem. Soc. 2009, DOI:
10.1021/a8099079.
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The solution-phase synthesis, especially hydro- or sol-
vothermal synthesis, is often controlled kinetically, giving
rise to the growth of metastable phases. Thus, the optimiza-
tion of the synthesis conditions is critical and can play a
crucial role in the design of thermodynamically unstable
unknown structures with interesting properties that are
technologically useful.

Conclusions

In summary, up to three polymorphs can be obtained in
the La—hfipbb system. The crystal structures for the three of
them have been solved and refined, including one with a triple
twinned structure. The structural and topological analysis
here reported demonstrate that the use of a versatile ligand
such as hfipbb can lead to the formation of different networks
with different features, some of them with very interesting
properties, as it has been already reported.'” In addition, the
energetic calculations carried out for the three compounds
demonstrate that the most frequently found structure is
a metastable phase, which appears together with others
thermodynamically more stable. The formation of this
metastable phase is controlled by kinetic factors, and it can
be obtained purely with a fine control of the synthesis
conditions.
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