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Abstract: Herein, we present a Ca-
based metal-organic framework named
AEPF-1, which is an active and selec-
tive catalyst in olefin hydrogenation re-
actions. AEPF-1 exhibits a phase tran-
sition upon desorption of guest mole-
cules. This structural transformation
takes place by a crystal to crystal trans-

single-crystal integrity. Powder diffrac-
tion methods and computational stud-
ies were applied to determine the
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structure of the guest-free phase. This
work also presents data on the excep-
tional adsorption behavior of this ma-
terial, which is shown to be capable of
separating polar from nonpolar organic
solvents, and is a good candidate for
selective solvent adsorption under mild
conditions.

formation accompanied by the loss of

Introduction

During recent years, great attention has been paid to the
design and synthesis of porous metal-organic frameworks
(MOFs) due to their high versatility, and their many poten-
tial applications in areas such as gas storage and separation,
sensors, heterogeneous catalysis, and drug delivery.'””!
Within this field, one of the main challenges is the synthesis
and the study of dynamic MOFs, the so-called third-genera-
tion compounds, which exhibit interesting properties on re-
sponse to stimuli (heat, pressure, light, external molecules,
etc.).*] Some interesting porous MOFs have been report-
ed!'™ that can change their porosity in various ways; for
example, by reversible collapse and recovery of pores, or
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through structural changes. This dynamic structural behavior
is of great importance, because these flexible materials can
exhibit high selectivity for guest inclusion, selective molecu-
lar recognition, or drug-delivery properties, among others,
as mentioned above.['>"

A suitable guest can induce the formation of a specific
framework, thereby playing an important role in the dynam-
ic changes in the framework. Guest removal can also lead to
structural changes in the host framework, which normally
gives rise to phase transitions. On the other hand, the origi-
nal structure can often be restored by exposing the dry ma-
terial to the guest again. These structural transformations
can take place as 1) single-crystal to single-crystal transfor-
mations!™ ! or 2) crystal to crystal (CC) (losing the single
crystal integrity) transformations. To appreciate the structur-
al features of these guest-induced transformations, X-ray
powder diffraction (XRPD) methods and computational
methods need to be applied.!"

MOFs based on alkaline-earth metals remain a scientific
challenge because of the inherent difficulties concerning the
formation and crystallization of these MOFs.'! In fact, few
examples of rigid MOFs based on calcium have yet been re-
ported."®2"! However, flexible materials based on alkaline-
earth metals could represent a comparatively cheap, nontox-
ic, green alternative to conventional transition-metal-based
dynamic MOFs.

Recently, we have prepared a Ca-MOF named AEPF-1
(in which AEPF=alkaline-earth polymer framework),
based on the organic linker 4,4'-(hexafluoroisopropylidene)-
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bis(benzoic acid) (H,hfipbb=C,;H;,0,F,), in which an sp
carbon atom joins the two benzoic moieties, rendering it
flexible. Our preliminary catalytic tests showed that AEPF-1
is an active and selective catalyst in olefin hydrogenation
and hydrosilylation reactions.”!! The catalyst is an economi-
cal and environmentally friendly alternative to conventional
catalysts based on precious metals. Herein, we report a sum-
mary of the synthesis, structure, and catalytic activity of this
new Ca-MOF, as well as new results based on its reversible
structural CC transformation, the new structure of the
AEPF-1 dry-phase (AEPF-1,,) solved by XRPD and com-
putational studies, and the application of AEPF-1 as a selec-
tive absorbent of organic solvents under mild conditions.

Results and Discussion

The three-dimensional framework of AEPF-1 was synthe-
sized from the solvothermal reaction of [Ca(CH;CO,),-H,0]
and H,hfipbb in a water/acetone mixture, which resulted in
the formation of single crystals of a new MOF with formula
[Ca(hfipbb)(H,hfipbb),s(H,0)]-0.5 CsH4O, (in which hfipbb
is the deprotonated form of H,hfipbb) in around 70 % yield.
The structure has been solved by single-crystal X-ray dif-
fraction experiments, which showed that it consists of a
monocapped octahedral calcium polyhedron that forms
Ca,0,, edge-sharing dimeric units, which are linked by the
dibenzoic carboxylate ligand along the b direction. These
chains are joined through the whole deprotonated linker
hfipbb>~, forming layers with square-shaped channels along
the [101] direction, and joined along the [—101] direction
through the protonated linker H,hfipbb (see Figure 3 and
Table S1 and Figure S1 in the Supporting Information). This
arrangement gives rise to a 3D framework. Three character-
istics of this calcium-based MOF are noteworthy: 1) it has a
porous structure, possessing cavities with an accessible free
space of V=157 A® and a pore-size diameter of 6.9 A (cal-
culated with PLATON, taking into account the van der
Waals radii);? 2) the results of our previous tests (Fig-
ure S14 in the Supporting Information) showed that AEPF-
1 is an active catalyst: total conversion of styrene proceeds,
with 100% selectivity, to the hydrogenated product ethyl
benzene in 2 h, by using 1 mol% of catalyst at 373 K and
5 atm Hz;m] 3) AEPF-1 contains acetone as guest molecules,
which are held inside pores through soft interactions, and
can be removed by heating (Figure S2 in the Supporting In-
formation). Hence, the reversible uptake-release behavior
of guest molecules in AEPF-1 would demonstrate the poten-
tial application of this material as an absorber, or as an or-
ganic-molecule sensor. Such studies have been reported for
transition-metal-based MOFs,'® but not for alkaline-earth-
metal MOFs.

Study of AEPF-1 activation: To investigate the potential ap-
plication of this material for adsorption, a detailed study of
AEPF-1 activation processes was performed following the
loss of guest molecules from its pores, as follows: A thermal
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study of AEPF-1 was carefully performed in the tempera-
ture range 20-200°C by using thermogravimetric analysis
(TGA) combined with mass spectrometry (TGA-MS) and
differential scanning calorimetry (DSC). Within the temper-
ature range explored, the weight loss was attributed to
1) physisorbed water and acetone molecules (up to 75°C),
and 2) guest molecules from pores (up to 200°C), corre-
sponding to two acetone molecules per unit cell (Figure S4
in the Supporting Information). Above this temperature, the
material is stable up to 400°C (see the Supporting Informa-
tion). A change in the weight-loss rate was observed at
around 75°C. This weight-loss rate reflects the departure of
acetone from pores. It continues up to around 105°C (T.),
where the weight-loss rate changes again. These results are
in accordance with recent studies,'® which show a two-step
departure of acetone molecules that could be associated
with structural changes in the framework. Furthermore,
DSC has been used as a complementary tool to explore the
energetic processes involved in the acetone departure from
the pores in AEPF-1 (see Figure S4 in the Supporting Infor-
mation for details). A single peak centered at 105°C (T,) is
observed. This process is composed of two simultaneous
steps: 1) acetone loss from the pores; and 2) structural
changes in the AEPF-1 framework.”!

To determine the intrinsic energy involved in the guest re-
moval process, a series of computational studies was per-
formed by using the AEPF-1 atomic coordinates determined
by single-crystal XRD. All structural models were optimized
by using plane wave density functional calculations (PWDF)
(see the Experimental Section). Geometry optimization of
AEPF-1 converged to the same structure as determined by
X-ray crystallography, which confirms the accuracy of the
calculation method. These theoretical calculations allowed
the guest desorption apparent energy to be estimated at
25.5 kJmol 1.4

Taking into account the results of the activation process
of AEPF-1, along with those of our previous studies, a de-
tailed structural study was performed to elucidate the effect
on the crystal structure on the guest removal process. This
entailed a series of experiments using variable-temperature
optical microscopy (VITOM), variable-temperature diffuse
reflectance Fourier-transform infrared spectroscopy (VT-
DRIFTS), and X-ray powder thermodiffraction (XRPTD).

Variable-temperature optical microscopy: To study the varia-
tions in crystallinity accompanying the guest removal pro-
cess in AEPF-1, VTOM experiments were performed (see
the Experimental Section and the Supporting Information,
Section S3). Thus, a single crystal of AEPF-1 was heated
from room temperature to 150°C. At around 75°C the crys-
tal began to decay, which corresponds to removal of guest
molecules from the pores (Figure 1B), as described above.
Subsequent temperature increase to 105°C causes the total
loss of single-crystal integrity, although the crystal retains its
shape (Figure 1F), a phenomenon that gives rise to typical
microcrystalline X-ray diffraction diagrams. These results
confirm that possible structural changes related to the guest
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Figure 1. Optical microphotographs of a single crystal of AEPF-1 at
a) room temperature, b) 75°C, ¢) 82°C, d) 90°C, ¢) 97°C, f) 105°C. (For
details, see the Supporting Information, Section S3.) Scale bar is 20 pm.

removal process cannot be followed by single-crystal diffrac-
tion studies for AEPF-1.

X-ray powder thermodiffraction: To accurately follow the
structural changes accompanying the acetone removal pro-
cess in AEPF-1, XRPTD experiments were performed (see
the Experimental Section). These studies show that when

the temperature reaches 75°C, new peaks corresponding to
an unknown crystalline phase (named AEPF-1,,,) appear to-
gether with those peaks associated with the AEPF-1 phase.
As the temperature is further increased, the intensity of the
AEPF-1 peaks decreases, whereas that of the AEPF-1;,
peaks increases; these two phases coexist up to 95°C. Final-
ly, at temperatures above 100°C only the peaks of the
AEPF-14, phase could be observed. These experiments con-
firm that the host material exhibits a structural transforma-
tion due to the loss of guest molecules (Figure 2A and 2B),
which  gives rise to AEPF-1,, with formula
[CaC,55FsO¢H 5], as determined by elemental analysis (see
the Experimental Section).

Variable-temperature diffuse reflectance Fourier-transform in-
frared spectroscopy: VI-DRIFTS studies were carried out at
temperatures up to 130°C (see the Experimental Section).
At room temperature, typical vco vibrations corresponding
to the carbonyl groups of free acetone (present in the pores
of the framework) are observed at 1715 cm™'. As the tem-
perature is raised, a slight blueshift of the acetone band is
observed (1720 cm™), while its intensity decreases (Fig-
ure 2C). Finally, above 120°C, no band corresponding to
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Figure 2. A) XRPD patterns of AEPF-1 (red) and AEPF-1,, (green). B) XRPTD experiments that show the transformation of AEPF-1 to AEPF-1,,, in-
creases with the temperature. C) Change in the IR spectrum of AEPF-1 versus temperature, in the region of v for free acetone, due to the acetone
loss. D) Plot of the ratio of AEPF-14,, (blue), acetone loss (black), and weight loss (red) versus temperature.
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acetone is observed. This variation was used to calculate the
loss of acetone in AEPF-1 (Figure 2C). At room tempera-
ture, the bands corresponding to the vco vibrations of the
carboxylate groups of AEPF-1 were observed at 1687, 1609
(1595) (M*u; mode), and 1562 (1547)cm™' (1w, mode),
which is consistent with the coordination modes of the car-
boxylate groups determined by single-crystal XRD. Upon
increasing the temperature, the bands in this range are ob-
served at 1682, 1662, 1611, and 1566 cm™!. These results con-
firm that structural changes take place during guest removal
(see the Supporting Information, Figure S5).

To summarize the variable-temperature studies results, a
plot of the ratio of AEPF-1,, (calculated from XRPD data),
the acetone loss (calculated from IR data), and the weight
loss (calculated from TGA data) versus temperature are
shown in Figure 2. A clear relationship between the weight
loss due to acetone removal and the phase transition from
AEPF-1 to AEPF-1,,, is observed.

Structure determination of AEPF-1,,,: Because guest remov-
al caused single-crystal decay, the structure of AEPF-1,,
was determined by XRPD and computational methods. The
XRPD pattern of AEPF-1,,, shows clear peak overlap and a
lack of peaks at high Bragg angles. Nevertheless, the pattern
was indexed by using the DICVOL04 program™-? in an or-
thorhombic unit cell with @=31.55, b=24.64, and c=7.37 A,
and V=5731.7 A? (figures of merit M,,=10, F,,=24). How-
ever, after carefully studying the systematic absences, the
monoclinic system was chosen with  angle close to 90° and
the space group was determined to be P2/c (Z=4). A
matrix transformation was then applied to obtain the correct
monoclinic unit cell with a=24.64, b=7.37, and c=31.55 A,
and =90°.

First, a Pawley profile fitting procedure,”” which em-
ployed the Materials Studio software,”! was used to refine
the cell and peak-profile parameters, as well as those of the
background, peak asymmetry, and zero shift. Then, a crys-
tal-structure model could be obtained by using the direct-
space global optimization algorithms implemented in the
computer program FOX.”**" Since the unit cell volume of
AEPF-14y (Vagpr.iay) is, approximately, twice that of the
unit cell volume of AEPF-1 (Vjgpr), a valid chemical
model consisting of two AEPF-1 asymmetric units was used.
The best of the AEPF-1,, models generated by FOX was
then optimized by Rietveld refinement®! (considering mole-
cules as rigid bodies) with energy optimization (Pareto opti-
mization), using the Reflex module of the Materials Studio
software. This method tries to balance matching the simulat-
ed pattern with the experimental diffraction data and then
to minimize the potential energy of the structure.

Then, subsequent Rietveld refinements were performed
by using only gradually relaxed constraints (some torsion
angles were relaxed) to keep the model chemically sensible.
Finally, hydrogen atoms were geometrically situated to com-
plete the model. Refinement of this model converged with
the R values R,,=0.186 and R,=0.263. Finally, to deter-
mine a chemically consistent structure of the dry phase
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PWDF calculations were carried out (see the Experimental
Section). The initial coordinates of AEPF-1, were taken
from the final refined structural model obtained by XRPD.

A structure minimization calculation was performed in
the space group P1 by keeping the cell parameters fixed.
The newly obtained structural model was then optimized, as
mentioned above, by using Rietveld methodology. Refine-
ment of this model converged with R values R,,=0.115 and
R,=0.156. The final refined cell parameters are a=24.644,
bh=7.382, and ¢=31.578 A, with $=90.17°. This study has
given rise to a structural model of the dry phase that is
chemically consistent and consistent with the crystal struc-
ture, despite the complexity of the structure. Details of the
unit cell and the refinement of AEPF-1,, are given in
Table S2 (see also the Experimental Section).

The structural model of AEPF-14, contains two inde-
pendent calcium atoms: one is hepta-coordinated, and forms
a monocapped octahedron, as it does in AEPF-1; however,
the other calcium center is hexa-coordinated, forming a
monocapped trigonal bipyramidal distorted polyhedron, the
vertices of which are occupied by four oxygen atoms; two
from completely deprotonated hfipbb?*~ ligands, one from a
protonated H,hfipbb ligand, and one from a water molecule.
It is remarkable that the coordination modes of carboxylate
groups from deprotonated hfipbb®~ ligands in AEPF-1,,
(Mus (chelate bridge), n’u, (bridge), and 'y, (monoden-
tate)) are different from those in AEPF-1 (n’u; (chelate
bridge) and n’u, (bridge)). Moreover, a hydrogen bond be-
tween a coordinated water molecule and the monodentate
carboxylate group is found (with dg;y0,=2.688 A) for
AEPF-14,. It was also found that the loss of acetone mole-
cules involves changes in the torsion angles of the organic
ligand: along the ¢ direction, all ligands have the same ori-
entation (for AEPF-1 the torsion angle is C,;-Cy,-Cys-Cp=
44.23°; for AEPF-1,, it is Cy5-Cy5-Cyp-Cyy=134.29°), where-
as along the a direction, the ligands forming the square-
shaped channels in AEPF-1,,, show alternating conforma-
tions (for AEPF-1 the torsion angle is C;,-Cy-Cg-Cs=
146.06°; for AEPF-1,, the alternating torsion angles are
Cp9-Cy-Cy5-C, =49.79° and C,,-C,-Cs-C;=17.11°), as shown
in Figure 3C.

These observations suggest that, when a guest molecule
enters into a fully open A’ channel (Figure 3 C, right), a con-
formational change occurs, giving the A-type partially open
channel (Figure 3 C, left) and opening the closed channel A”
(Figure 3 C, right), which would be then accessible to other
guest molecules. These changes could thus facilitate the mi-
gration of each guest molecule to the neighboring unit cell
along the channel. Propagation of this process could effec-
tively pump the solvent molecules along the channels
throughout the crystal.

Topological study: The networks of both AEPF-1 and
AEPF-14, can be simplified as rods of Ca atoms, running
along the b axis, with the organic ligands acting as linkers
between Ca nodes from different chains. Connections be-
tween them along the [—101] direction are made by two
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Figure 3. A) Coordination environments for the calcium center of AEPF-
1 and AEPF-1,, B)Polyhedron representation along the b direction.
C) Structures of both compounds showing the different channels along
the b direction. D) Connolly surface representation (effectively the in-
verse of the solvent-accessible surface) for both materials.

linkers, above and below the chains, which then gives rise to
the typical square channels that appear when using this
ligand as a linker.”>™! These connections exist in both com-
pounds in an edge-crossing manner, similar to those of the
LnPF-4 y-polymorph (A-type channels).’®! However, the
ligand can exhibit various torsion angles; when the channels
are occupied by the solvent (AEPF-1) all the channels have
the same configuration (A type), whereas after extracting
the solvent (AEPF-14,), two kinds of alternated configura-
tions appear (A’ and A”).

The 3D framework for AEPF-1 is a uninodal pentacon-
nected net, with Schléfli symbol 610 of the type hxg-d-P-18
(vertex symbol [63.63.63.63.63.63.64.65.65.67]) (Figure 4).
The AEPF-1,,, framework is an uninodal octaconnected net,
in which each node is directly joined to two others in the
same chain, to four other chains in the ab plane, through
linkers, and along the ¢ direction to two others (Figure 4).
The net has a point symbol (425.63) and code sqc2.””!

Computational studies: In addition to the diffraction experi-
ments, a computational study was also performed to deter-
mine the energetic balance between the intrinsic stability of
AEPF-1 and the new AEPF-14, phase. As discussed above,
PWDF calculations predicted an accurate 3D structure for
AEPF-14, Due to the fact that the unit cell volume of
AEPF-14y (Vagpriay) is approximately twice that of AEPF-

11636 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A channels: Edge crossing connection mode

v

— (/§ -
é\«QA
=&

LY,
G

o
N

il g —— . WL

i)
:@4

Uninodal Octa-connected net.
Typesqc2

Uninodal Penta-connected net.
Type hxg-d-P-18

Figure 4. Square-channel and net topology for AEPF-1 and AEPF-1,,,.

1 (Vagpra), the starting configuration of AEPF-1 was based
on a new cell twice as big as the original unit cell. This cal-
culation showed that AEPF-1 is more thermodynamically
stable than AEPF-1g,, and allowed us to estimate the
energy required for the phase transition (Eappr.i—Eagpr.1dry)
as 283.9 kImol .

AEPF-1 phase recovery: The structural analyses described
above show that the transformation of AEPF-1 into AEPF-
14y with the loss of acetone guests leads to a new 3D struc-
ture. The next step was to investigate the reversibility of this
process. Treatment of AEPF-1,,, in acetone at room temper-
ature for 2 h (see the Experimental Section), gave the recov-
ered phase named AEPF-1". This shows that AEPF-1,,, can
reabsorb acetone guests. To confirm the phase transition,
the bulk samples were analyzed by XRPD. As shown in
Figure 5, the observed patterns match the simulated ones
for AEPF-1 and AEPF-1, Note that sample AEPF-1'
shows a pattern closely resembling that of AEPF-1, in ac-
cordance with the reversibility of the AEPF-1 to AEPF-1,,,
phase transition. The differences in relative intensities ob-
served for the Bragg peak centered at 7.2° can be attributed
to preferential adsorption of acetone molecules through the
plane (101) in AEPF-1' (Figure 5). Further evidence for
readsorption of the guest was obtained by TGA-MS. The
TGA curve of AEPF-1' shows a weight loss of around
5.6 wt% from 75 to 200°C, which corresponds to the loss of
2.5 acetone molecules per unit cell.

Adsorption by immersion in organic solvents: To investigate
whether or not AEPF-1,,, can act as an absorber of other
organic solvents, experiments were performed by suspending
AEPF-1,,, samples in a number of different liquids with var-
iable polarity and molecular size/shape (acetone, acetoni-
trile, 1-butanol, isopropyl alcohol, toluene, benzene, n-
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Figure 5. A) AEPF-1 net representation. B) (101) Miller plane representation in AEPF-1. C) Comparison of the X-ray patterns of AEPF-1, AEPF-1g,,

and AEPF-1".

hexane, and isooctane). All these solvents possess a molecu-
lar volume that is lower than the pore volume, and should
theoretically fit into the cavities of AEPF-1 (Table 1).

Table 1. Sorption properties of AEPF-1,,, at 25°C.

Solvent Molecular Sorption Sorption Solvent molecules per
volume®  (molar)  [wt%] unit cell
[A’] [%]

toluene 91 16 22 1.4

benzene 81 22 2.7 2.3

isopropyl al- 64 41 38 1.6

cohol

1-butanol 79 62 7.1 2.5

acetone 57 70 6.2 2.8

acetonitrile 26 90 5.7 3.6

[a] Approximate volume for each molecule calculated from the van der
Waals surface. [b] Number of solvent molecules per unit cell of AEPF-1
according to XRPD data.

AEPF-1,, samples were suspended in each solvent at room
temperature for 2h and then dried in air (see the Experi-
mental Section). TGA-MS was used to evaluate the pres-
ence of solvent guest molecules after the treatment (Fig-
ure 6A). These studies showed that AEPF-1,, exhibits a
huge adsorption capacity in the cases of acetonitrile, ace-
tone, and 1-butanol (ca. 90, ca. 70, and ca. 62 mol % adsor-
bate, respectively). Note that the linear 1-butanol is strongly
adsorbed despite its high molecular volume (see Table 1).
The aromatic solvents (benzene and toluene) were less
strongly adsorbed (Figure 6). The nonpolar aliphatic organic
solvents (n-hexane, isooctane) were not adsorbed at all.
These experiments demonstrate the selectivity of AEPF-1,,,
for small polar organic solvent molecules. The opposite be-
havior, with selective adsorption of nonpolar organic sol-
vents, was previously reported for a Cu-based MOF.*¥)
XRPD was used to check the recovery of the AEPF-1
phase for AEPF-1,, samples after the treatment. The
XRPD patterns corresponding to samples immersed in each
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solvent are depicted in Figure 6C and D. For polar organic
solvents complete recovery of AEPF-1' is observed (Fig-
ure 6C), whereas the sorption behavior for aromatic sol-
vents clearly entails a partial phase conversion (Figure 6 D).
A profile fitting of XRPD data for each AEPF-1" sample
was performed to determine the structural changes pro-
duced in the organic solvent sorption experiments (see the
Supporting Information, Section S6).

Selective adsorption by immersion in mixtures of organic
solvents: The selective adsorption behavior of AEPF-1,,
and AEPF-1" was examined in four equimolar mixtures of
organic solvents: A) acetone/acetonitrile, B) acetone/1-buta-
nol, C) acetone/toluene, and D) acetone/hexane (see the Ex-
perimental Section). TGA-MS analyses were performed on
AEPF-1,,, samples after immersion treatments to evaluate
the selectivity of the adsorption process (see Figure 7). For
the mixture A, the thermogravimetric profile of AEPF-1’
shows a weight loss of around 6.1 wt% up to 250°C, which
corresponds to the loss of 2.60 acetone molecules and 0.40
acetonitrile molecules per unit cell. For the mixture B, the
sample shows a weight loss of around 5.9 wt % up to 250°C,
which corresponds to the loss of 2.10 acetone molecules and
0.50 1-butanol molecules per unit cell. For the mixture C,
AEPF-1" shows a weight loss of around 54 wt% up to
275°C, which corresponds to the loss of 2.48 acetone mole-
cules and 0.05 toluene molecules per unit cell. Finally, for
the mixture D, only acetone adsorption is observed, with a
weight loss of around 4.9 wt% , which corresponds to the
loss of 2.19 acetone molecules per unit cell.

XRPD was used to examine the recovery of all samples
of AEPF-1' (see the Supporting Information, Section S7),
which showed that AEPF-14, not only selectively adsorbs
polar organic solvents, but can also selectively separate or-
ganic solvents according to their size, shape, or polarity.
Such behavior could be important for potential applications
of this Ca-based MOF as an adsorbent and/or sensor of or-
ganic compounds.
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Conclusion

AEPF-1, a Ca-based MOF, has been synthesized with ace-
tone as a guest molecule. A structural transformation occurs
when guest removal takes place (this new phase was named
AEPF-1,,) by a crystal to crystal transformation without re-
tention of single-crystal integrity. XRPD and computational
studies were applied to determine the structure of the
AEPF-1,4, phase.

Detailed guest-exchange studies using TGA-MS and
XRPD revealed that recoverable guest release/uptake
occurs quickly at room temperature, which shows that these
structural changes are reversible. Moreover, the special
structural properties of this Ca-based MOF lead to the se-
lective adsorption of various organic compounds based on
their size, shape, and polarity. This behavior makes AEPF-1
a good candidate for selective solvent adsorption under mild
conditions.

Experimental Section

Synthesis: AEPF-1 was synthesized according to published procedures.'!
In brief, a solution of H,hfipbb (400 mg, 1 mmol) in acetone (9 mL) was
added under continuous stirring to a solution of Ca(CH;CO,),-H,O
(178 mg, 1 mmol) in distilled water (10 mL). The resulting mixture was
sealed in a Teflon-lined steel autoclave and heated at 170°C under autog-
enous pressure for 72 h. The autoclave was then cooled to room tempera-
ture, and the product was filtered and washed with distilled water and
acetone. The phase purity of the bulk material was independently con-
firmed by XRPD, TGA, and elemental analysis (see the Supporting In-
formation).

Elemental analysis: Quantitative elemental analyses for AEPF-1 indicat-
ed that the C and H ratios were equal to 47.3 and 2.85 %, respectively
(caled (%) for AEPF-1: C 48.0, H 2.8). Quantitative elemental analyses
for AEPF-14, indicated that the C and H ratios were equal to 48.27 and
1.97 %, respectively (caled (%) for AEPF-1,,: C 48.67, H 2.39).

Thermogravimetry: TGA was performed by using a Mettler-Toledo ap-
paratus coupled with a mass spectrometer. The experiments were carried
out between 25 and 1000°C in argon (flow rate 50 mLmin') and at vari-
able heating rates (between 2 and 10°Cmin'). For more information see
the Supporting Information.

Infrared spectroscopy: Spectra were recorded in the range 1900-
1000 cm™' on a Perkin-Elmer Spectrometer. The spectra of AEPF-1
clearly show the presence of the vibrational bands at around 1650 and
1500 cm ™!, characteristic for framework carboxylate groups. A band at
1715 cm™" characteristic for free carbonyl groups is also observed for
AEPF-1, which is in agreement with the presence of acetone molecules
within the pores of this framework. Variable-temperature experiments
were carried out at a heating rate of 2°Cmin".

Differential scanning calorimetry: DSC was performed at atmospheric
pressure by using a Perkin-Elmer DSC-7 calorimeter; 4.7 mg of the
sample was placed in a sealed aluminum capsule, and this was heated at
2°Cmin~" until melting was observed.

Variable-temperature optical microscopy: A Linkam THMSG-600 stage
mounted to a Nikon Eclipse 50iPol Microscope was used to performed
VTOM experiments. The sample was placed on a 7 mm quartz coverslip
and encased within a pure Ag lid so that it was heated uniformly. The
equipment also included a liquid nitrogen cooling system and a TMS94
temperature controller. Images were captured with a Nikon Digital
Camera DXM1200F and processed with NIS-Elements Software.

Crystal structure determination: A colorless parallelepiped-shaped crys-
tal of AEPF-1 of dimension 0.14x0.10x0.10 mm® was selected under a
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polarizing optical microscope and mounted on a polyimide micromounts
(MiTeGen) with perfluoropolyether oil (Fomblin, Aldrich). Data were
collected on a Bruker four circle kappa-diffractometer equipped with a
Cu microsource operated at 30 W power (45 kV, 0.60 mA) to generate
Cuy, radiation (A=1.54178 A), with a Bruker AXIOM area detector (mi-
crogap technology) at 123 K using an Oxford N-HELIX device (Oxford
Cryosystem). Structure resolution details can be found elsewhere.'” A
summary of the main crystallographic data is given in Table S1 (see the
Supporting Information).

X-ray powder diffraction. XRPD measurements were performed with a
Bruker D8 diffractometer in the 6—0 mode using nickel-filtered Cug,1,2
(A=0.15418 nm) radiation. The best counting statistics were achieved by
using a scanning step of 0.02° between 5 and 80° Bragg angles with an ex-
posure time of 0.5 s per step.

Variable-temperature XRPD: Measurements were performed with a Phi-
lips X'Pert diffractometer in the 6—0 mode using nickel-filtered Cuy, 1,2
(A=0.15418 nm) radiation. A scanning step of 0.02° was used between 4
and 40° Bragg angles with 1 s per step. To perform in situ XRPD thermo-
diffraction studies, the diffractometer was equipped with an Anton-Paar
chamber. The sample was dispersed on the steel sample holder and
heated slowly to 100°C under vacuum. Each pattern was recorded be-
tween 4 and 40° Bragg angles with a scanning step of 0.02° at 1s per
step. The heating rate between temperatures was 2°Cmin . A final pat-
tern of AEPF-1,,, was recorded at 383 K between 4 and 40° Bragg angles
with a scanning step of 0.0093° at 1 s per step.

DFT calculations: Periodic DFT calculations were carried out by using a
plane wave basis set and the VASP package.*”*"! The initial unit cell pa-
rameters and atom positions were taken from the experimental single-
crystal and powder X-ray analyses. The data obtained were then fully op-
timized by using the PW91 implementation of the GGA exchange corre-
lation function*’ through the spin-interpolation formula of Vosko—
Wilk-Nusair.***! For AEPF-1 and AEPF-1,,, the unit cells contain 251
and 460 atoms, respectively. The effect of the core electrons on the va-
lence electron density was described by the projector augmented wave
method™®! implemented by Kresse and Joubert.) The valence one-elec-
tron Kohn-Sham states have been expanded on a plane wave basis with
a cutoff of 415 eV for the kinetic energy. The total energy threshold de-
fining self-consistency of the electron density was set to 10~* eV. The con-
vergence criterion for structural optimization was set to less than 10 eV,
for the difference of total energy from consecutive geometries. Thus,
forces on all atoms were ensured to be less than 0.3 eVnm™. A Gaussian
smearing technique with a 0.2 eV width has been applied to enhance con-
vergence. However, all energies presented in the following have been ob-
tained by extrapolating to zero smearing (0 K). Integration in the recip-
rocal space was carried out by using the Monkhorst-Pack!*”! sampling of
the Brillouin zone. Several meshes of special k points were used to
obtain the desired accuracy in the calculated energies. The apparent
energy desorption value was calculated by using a previously published
formula.” Structural energy transformation was calculated by using the
unit cell of AEPF-1,,, (twice the unit cell for AEPF-1). In this case both
systems have the same number of atoms.

Solvent sorption experiments: Acetone (Cor Quimica, 99.6 %), isopropyl
alcohol (Scharlau, 99.5%), acetonitrile (Scharlau, 99.7%), toluene
(Riedel de Haen, 99.7%), 1-butanol (Merck, 99 %), n-hexane (Merck,
99 %), isooctane (Scharlau, 99.5%), benzene (Scharlau, 99 %), and cyclo-
hexane (Scharlau, 99.7%) were used to determine the selectivity and ad-
sorption capability of AEPF-1,,, for various common solvents (polar and
nonpolar). A series of post-synthesis treatments of AEPF-1 were per-
formed:

1) Activation. The AEPF-1 was dried (vacuum, 383 K) to remove the
extra framework species (acetone molecules) to yield AEPF-1,,. The
completeness of conversion of AEPF-1 to AEPF-1,, was tested by
means of XRPD data.

2) Solvent sorption experiments. A powder sample of AEPF-1,, was
dispersed in various common solvents in a glass holder and vigorous-
ly stirred for 4 h at 298 K. The sample was then isolated by centrifu-
gation, and air-dried.
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3) Structural and thermogravimetric studies. First, XRPD was per-
formed on the AEPF-1,,, sample after sorption experiments (denoted
as AEPF-1') to evaluate structural transformations. Then, TGA-MS
was performed to study the desorption process of acetone inside the
pores of AEPF-1".

CCDC-733398 (AEPF-1) and 771413 (AEPF-1,,) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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