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A very exceptional effect of pressure-induced dissolution has been revealed for an edible metal-organic
framework, y-CD-MOF-1, formed using y-cyclodextrin and KOH base. In addition, a new polymorph
of y-CD-MOF-1 has been obtained. The trigonal structure is a symmetry sub-group modification of the

cubic form. The pressure-induced dissolution of y-CD-MOF-1 and its polymorphism are shown to be
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Introduction

Metal-organic frameworks (MOFs) have been known for decades,’
and they continuously gain new scientific interest. Owing to their
large active area, as well as their structural and functional diversity,
MOFs have various applications in industry and science.” For
example, they are promising materials for increasing the efficiency
of fuel gas storage.'®" However, most MOFs and their syntheses
are toxic, which limits their applicability. Therefore safer, cheaper,
easier-to-synthesize and more environment-friendly alternatives
are needed. In 2010, the first edible MOFs were reported,'” which
meant new possibilities for applications in pharmaceutical and
nutrition technologies. These edible MOFs can be easily obtained
from readily available components, e.g. y-cyclodextrin (y-CD) and
potassium hydroxide, and only water and methanol or ethanol
is needed to yield high quality crystals. The y-CD-MOFs mark an
interesting, new direction in MOF chemistry. They have already
been shown to be highly selective CO, adsorbers,"* and they are
also efficient for separating mixed solvents.'*

In y-CD-MOFs, the cations, preferentially of the 1st and
2nd group metals, are coordinated by the y-cyclodextrin molecules
in the presence of hydroxide counter-ions. In particular, potassium
easily yields high-quality crystals with y-cyclodextrin. The cyclo-
dextrin cavities arrange into a three-dimensional porous structure
with channels that intersect at the voids between the molecules.
Owing to the 8 glucose units constituting the y-CD molecule,
it can adopt a four-fold symmetric conformation. This directly
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closely related and regulated by adsorption in the pores, as well as the guest framework interactions.

influences the structure of the y-CD-MOF crystals, enabling their
highly-symmetric space group /432. However, it is known that, in
general, MOFs are highly susceptible to temperature and pressure,
as well as the contents of the pores.’” Hence this high-pressure
and varied-temperature study was aimed at determining the
pressure stability of y-CD-MOF-1 and its possible symmetry
changes. We have found a new trigonal § form of this MOF and
compared it with the previously reported cubic polymorph, now
labelled with the letter o.

The effects of the external stimuli on the structure and pro-
perties of MOFs can be very different.">"® In extreme cases,
a porous structure can even be destroyed.”® The synthesis condi-
tions of the pressure, temperature, and solvent etc. can affect the
product structure. The response to the pressure stimuli and
stability of MOFs depends on the framework architecture as well
as its interactions with the pressure-transmitting medium. In this
respect, the y-CD linker, which is flexible and contains an open
cavity, can easily deform and affect the whole MOF-crystal
structure. The K'-coordination bonds are weaker compared to
the heavier metal ions that are commonly used for making MOFs,
which increases their sensitivity to external conditions.

Experimental

y-Cyclodextrin (y-CD) and potassium hydroxide (KOH) from
Sigma-Aldrich were mixed in a 1:8 molar ratio and dissolved
in distilled water. The flask with this solution was sealed in a
container filled with methanol (in other experiments it was filled
with isopropanol) and large transparent hexahedral crystals
were obtained by the vapor diffusion method. The crystals, which
were covered with the mother liquor (either methanol:water,
isopropanol : water or methanol), were studied by X-ray diffraction
inside a quartz capillary at both ambient conditions and in the
195-310 K temperature range. For high-pressure experiments,
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Fig. 1 Dissolution of y-CD-MOF-1-a powder (a) and the single crystal
growth (b—d) from the water : methanol mixture inside the DAC: (a) poly-
crystalline sample at 0.16 GPa/295 K; (b) one small crystal seed by the left
edge of the gasket; (c) crystal growth at 345 K; (d) the single crystal at 295 K
and 0.16 GPa. A small ruby sphere lies by the left edge of the chamber.
cf. Fig. S2 in the ESI.

the sample was recrystallized in situ (Fig. 1 and Fig. S1, S2, ESI¥)
in a modified Merrill-Bassett diamond-anvil cell (DAC)** and
measured after compression in the 0.16-1.76 GPa pressure
range. Beyond these pressure limits, the sample crystals dis-
solved, which hampered the X-ray diffraction experiments at
still higher pressures (Fig. 1, 7 and Fig. S3, ESIT). The pressure
inside the DAC was measured by the ruby fluorescence method*>
with a Photon Control Inc. spectrometer affording an accuracy
of 0.02 GPa.

The in situ microscopic observation of the pressure-induced
dissolution of the sample crystals was continued to over 2.0 GPa
(Fig. 2). The compression of the sample crystal eventually led to
its complete dissolution at 2.1 GPa. The attempted recrystalli-
zation by further increasing the pressure resulted most likely in
the water of mother liquor frozen in the form of ice VI. Upon
decrease of the pressure, small hexahedral crystals appeared
at 0.53 GPa (Fig. 2 and Fig. S3, ESIt). The y-CD-MOF-1 crystals
grown under ambient conditions, and compressed in the DAC
in fluorinert, methanol or ethanol, showed very weak or even
hardly detectable diffraction, and gave no satisfactory crystallo-
graphic information.

The X-Ray diffraction experiments were performed either with
synchrotron radiation (2 = 0.6889 A) using a 4-circle Newport
diffractometer equipped with a Pilatus 300K detector at beam-
line 119 of Diamond Light Source or with MoK, graphite mono-
chromated radiation and a 4-circle Xcalibur diffractometer
equipped with an EOS CCD detector and a gaseous-nitrogen
open-flow Oxford Cryosystems attachment. For the synchrotron
measurements, GDA software was used for collecting the data

This journal is © the Owner Societies 2017

Fig. 2 Selected photographs of the pressure dissolution of a y-CD-MOF-1-a
crystal in the water : methanol mixture inside the DAC (a—e) and a few single
crystals subsequently grown upon lowering the pressure (f); (a) a single crystal
at 0.19 GPa/295 K; (b—e) the crystal dissolving at 0.67, 2.09, 2.15 and 2.10 GPa;
(f) single crystals at 295 K and 0.53 GPa. A small ruby chip lies by the left edge
of the chamber. cf. Fig. S3 in the ESI.t

and converting them for the CrysAlisPro software, which was
used for determining the UB-matrix, absorption corrections
and data reduction for all collected data. Destruction of the
sample (Fig. 3 and 7) affected the data sets and precision of
the refinements at 0.41 and 0.49 GPa, as well as hindered the
crystal structure solution and refinement at 0.26 and 1.76 GPa.
The temperature measurements were aimed at obtaining the
temperature dependence of the unit-cell parameters and volume
only, and due to the low resolution of collected data no struc-
ture refinement was performed for the crystals, except for
those in the isopropanol : water mixture. The difference in the
diffracting properties of the crystals plausibly originates from
the local differences in the crystal structure distortions due to
the different packing and interactions of the small molecules of
methanol.

The upper limit of the temperature study resulted from the
significant experimental difficulties related to the low quality
of the crystals, the concomitant mixed phases I and II, their
twinning and the disordering in their structures. Due to these
features, the resolution of diffraction data was low when measured
with the laboratory diffractometers equipped with sealed X-ray
tubes, and we had to resort to synchrotron radiation. Even for the
single-crystal diffraction data measured with a state of the art
synchrotron beam, the structural refinements required constraints
on the molecular dimensions and temperature factors. These
sample-quality related constraints confined the diffraction experi-
ments to low-temperature and high-pressure measurements,
and no meaningful high-temperature diffraction data above 310 K
could be recorded.

The crystal structures were solved either by direct methods
using the program Shelxs,>* or intrinsic phasing using Shelxt,**
followed by refining using least-squares in the Shelxl program.>?
The hydrogen atoms were located using the molecular geometry
with Ui, equal to 1.2 Ueq for the C-carriers and 1.5 Ueq for the
O-carriers. The O-H and C-H bond lengths were fixed to the
distances of 0.82 A for the oxygen atoms, and 0.98 or 0.97 A for
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Fig. 3 Pressure dissolution and radiation damage of the y-CD-MOF-1-a crystal; the pictures were taken before and after the measurements at 0.16 GPa
(@ and b); 0.25 GPa (c and d); 0.33 GPa (e and f); 0.41 GPa (g and h); 0.49 GPa (i and j).

the tertiary and secondary carbon atoms, respectively. The crystal
structures of y-CD-MOF-1 have been deposited with the Cambridge
Crystallographic Data Centre (CCDC 1529141-1529165) and with
the Crystal Open Database.

The single-crystal X-ray diffraction experiments on y-CD-MOF-1
revealed, apart from the known cubic form (hereafter labelled as
phase «), a new trigonal form of the space group R32 (labelled
as phase B), similar to the y-CD-MOF-1 crystal with adsorbed
benzoate ions."” The crystallographic data of the y-CD-MOF-1
phases are listed in Tables S1 and S2 in ESI,{ and summarized in
Table 1.

We have observed the symmetry change of the sample crystal,
from trigonal to cubic, when kept in an isopropanol:water mixture
and monitored by X-ray diffraction at 295 K/0.1 MPa over 12 days.
The crystal transforms from phase o to phase B after lowering the
temperature to 245 K. Moreover, crystals of mixed cubic and
trigonal phases were grown as the pressure was increased to a
few MPa (Fig. S4, ESIt), however only crystals of the pure phase
o were obtained after recrystallization at 0.25 GPa. The performed
experiments are described in detail in the ESL¥

Table1l Selected crystallographic ambient pressure data for y-CD-MOF-1
(C48040Hg2-2KOH) at 295 K, as well as room-temperature data at 0.16 and
1.36 GPa (cf. Tables S1 and S2 in ESI). The corresponding rhombohedral (R)
unit cells have been refined for the same diffraction data

Phase y-CD-MOF-1-0, y-CD-MOF-1-B
Pressure (GPa) 0.16 1.36 0.0001
Temperature (K) 295 295 295

Crystal system Cubic Cubic Trigonal
Space group 1432 1432 R32

a (&) 31.347(1) 30.898(3) 43.676(1)
c(A) 28.186(1)
Volume (A%) 30802(3) 29499(9) 46565(3)

zZ 12 12 18

Final R, (I > 40)) 0.0745 0.0907 0.1354

R unit cell

a(A) 27.156(4) 26.756(2) 26.928(1)

o () 109.47(2) 109.40(1) 108.47(<1)
Vv (A% 15419.00(2) 14783(2) 15563.9(8)

9088 | Phys. Chem. Chem. Phys., 2017, 19, 9086-9091

Results and discussion

We have established that y-CD-MOF-1 can crystallize into two
similar crystal forms, either the cubic space group 432 (phase o)
or trigonal space group R32 (phase f). The y-CD-MOF-1 structures
appear very similar when viewed down the directions of the
channel pores: in the trigonal phase, 3, along the crystal directions
[212], [112] and [122] and in the cubic phase, o, along the direc-
tions [100], [010] and [001] (Fig. 4). However, in y-CD-MOF-1-, the
glucose units are distorted and the four-fold symmetry of the
channels is broken. The overall symmetry of the y-CD-MOF-1-
crystal is lowered, and the channel voids are not ideally perpendi-
cular (like in phase o), but at 87.96°.

Each y-CD molecule, both in phases o and B, is bonded by
8 potassium cations, and each cation is 8-fold coordinated by
4 v-CD molecules. In y-CD-MOF-1-a, only one fourth of the y-CD
molecule is symmetry independent (Fig. S5, ESIT). Consequently,
the y-CD ring consists of 4 identical maltose units. In y-CD-MOF-1-,
small displacements of the atoms and their thermal vibrations
distort the individual glucose units, which differentiates their
positions and breaks the 4-fold symmetry. As shown in Fig. 5,
the y-CD rings and coordinated K" cations of the o and B phases
superimpose nearly exactly, with the exception of small distortions.

It is well known that the cubic body-centered Bravais lattice I
can be transformed to the equivalent rhombohedral R lattice
(Fig. S12, ESIt). Consequently, the R lattice of phase B can be
considered as a distorted version of the cubic phase a. The strain
in the lattice of phase 3 can be expressed by the distortion of the
angle oy of the rhombohedral unit cell derived from the hexagonal
unit-cell parameters ay and ¢y by equation:

o =2sin” {1.5-[3 + (cu/an)’] >}

The cubic I lattice requires the corresponding ¢y angle to be
109.47°. A significant distortion of this angle, to about 108.5°, is
characteristic of the trigonal B phase (Fig. 6 and Fig. S10, ESIT).
It appears that the ay angle values can slightly divert from the
ideal value of 109.47° due to, apart from measurement errors,

This journal is © the Owner Societies 2017
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Fig. 4 Crystal structures of (a) cubic y-CD-MOF-1-a and (b) trigonal
v-CD-MOF-1-, presented in part as the capped-stick and space-filling
models, viewed along the channel voids.

the sample crystal consisting of mixed contributing cubic and
trigonal portions.

The intriguing temperature behavior of the y-CD-MOF-1
crystals, which are exhibiting different symmetries at the same
temperature and pressure conditions (Fig. S8 and S9, ESI{), can
be related to the inclusion of solvent molecules in the channel
pores. It appears that the solvent adsorbed in the pores supports
the 4-fold symmetry of the cyclodextrin molecules and the cubic
symmetry of the crystal in phase a. The adsorption is a kinetic
process, and the trigonal crystals of phase  in the mother liquor
acquire the cubic symmetry of phase a after some time. On
lowering the temperature to 245 K the pores decrease their
volume by forcing the guest molecules out, however the mother
liquor, which partly consists of water, starts to freeze and
prevents any transport to and from the pores. The differences
in the unit-cell parameters of the crystal samples immersed in
different solvents and their mixtures (Fig. S8-S10, ESIT) originate
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V-CD-MOF-1-a
y-CD-MOF-1-8

K+

Fig. 5 The y-cyclodextrin molecules of the y-CD-MOF-1 phases o (orange)
and B (green) at 295 K/0.1 MPa, which are overlaid in one drawing, together
with their 8 coordinated potassium cations shown in purple; two of the
K* cations are exactly superimposed and highlighted in yellow.

from the adsorption of the molecules in the porous channels.
Depending on the type and ratio of the components of the mother
liquor, their different interactions with the framework affect
the y-CD-MOF structure and the crystal symmetry. Similarly, when
v-CD-MOF is recrystallized under high pressure, the solvent is
forced into the porous channels and enforces higher symmetry
of the crystal. Thus it is very likely that phases o and B differ in
their composition (i.e. type and amount of solvent in the channel
pores), which in strict terms excludes their classification as
polymorphs and also as one compound of defined composition
undergoing a phase transition in the strictly physical sense.
However, it is characteristic of transforming MOFs that some
transport of guest molecules will be involved, and such different
MOF structures are treated as polymorphs.”*?

The cubic form a of the space group 7432 is retained during the
compression up to at least 1.76 GPa, when the crystal dissolves
(Fig. 7). It is noteworthy that the molecular volume (Vy, = V/Z) of
v-CD-MOF-1-f at 295 K/0.1 MPa is higher than that of the ambient
and high-pressure structures of y-CD-MOF-1-a (Fig. 7). This, along
with the filling effect of the solvent molecules forced into the
porous channels, may be responsible for the preferential crystal-
lization of phase o at high pressure.

We have established that the y-CD-MOF-1-o crystals resemble
those of pristine a-cyclodextrin®® in this respect that they both
exhibit the effect of pressure-induced dissolution. This behavior
is the opposite to that observed for most of substances. Thus the
v-CD-MOF-1 crystals can be grown in solution on releasing the
pressure (Fig. S3, ESIT). This extremely unusual behavior is
analogous to that of pressure-induced melting of ice I}, which is
connected to the lower specific density of ice compared to that
of water, i.e. V(I) > V(water). It is plausible that the pressure-
induced dissolution of y-CD-MOF-1-u is connected to an analogous

Phys. Chem. Chem. Phys., 2017,19, 9086-9091 | 9089
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The ideal value of the o angle for the cubic | lattice is marked with the purple dashed line. The solid blue and green lines guide the eye for the sample transforming
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Fig. 7 The pressure dependence of the molecular volume (V,, = V/Z;
circles) and solvent-accessible volume of the pores (Viq; diamonds) in
v-CD-MOF-1 phases o (red and blue) and B (green). The open and filled
symbols indicate the diffraction data collected with the synchrotron and
MokK,, radiation, respectively. The insets show the pressure-induced dissolution
and radiation damage in the sample crystals in the 0.57-1.76 GPa range.
The solid, dashed and doted lines are for guiding the eye only.

reversed volume relation between the crystal and solution. Such
a reversal could be caused by the better access of the solvent to
the y-CD cavities in the isolated molecules at high pressure than
in the compressed y-CD-MOF-1-o structure. It complies with the
pressure-promoted solvation observed in MOFs and molecular
crystals.””° It allows more compact packing of the molecules in
the limited space, enabling the formation of solvates with possible
technological applications.** The molecular volume of the
v-CD-MOF-1 phase o crystal at 0.16 GPa is higher than that
at ambient conditions. This pressure-induced increase can be
explained only by the solvent-intake stretching the framework
(Fig. 7). When the y-CD-MOF-1-o crystal is gradually pressurized,
additional solvent molecules are pushed into the channel pores,

9090 | Phys. Chem. Chem. Phys., 2017, 19, 9086-9091

which increases the solvent accessible volume (Fig. 7). The solvent-
accessible volume within the trigonal y-CD-MOF-1-§ crystal struc-
ture is about 25% of the total unit-cell volume and it is lower than
that in the cubic o form in the presence of isopropanol under the
same conditions (295 K/0.01 MPa). At 0.16 GPa the volume in phase
a is 25.5%, which is 1.5% lower than that at ambient conditions,
probably due to the presence of methanol instead of isopropanol in
the mother liquor, and it increases up to 0.5 GPa where it saturates
around 30% (Fig. 7 and Fig. S11, ESIY). The increased volume
within the channel voids, involving the y-cyclodextrin cavities,
contrasts with the decreasing volume of the unit-cell, so it appears
that the expansion of the cyclodextrin cavities is compensated by
changing the conformation and distances of the cyclodextrin
molecules, and regulated by the coordination bonds between the
oxygen atoms of the glucose units and potassium ions (Fig. S6,
ESIT). Thus, the strained cohesion forces counteract the increased
intake of the solvent, which at some pressures destabilizes the
structure and leads to its dissolution.

Attempts to recrystallize y-CD-MOF-1, after it completely dis-
solved when increasing the pressure further to above 2 GPa,
resulted in the formation of crystals that were probably ice VI.
Thus at this pressure, the solution components separated, which can
lead to a new form of y-CD-MOF-1 crystal, or its amorphous state.

Conclusions

Crystals of y-CD-MOF-1 are susceptible to the environmental
conditions. Two crystalline forms of this compound, cubic
v-CD-MOF-1-o and trigonal y-CD-MOF-1-f, exist at ambient and
low temperature conditions. Despite the symmetry difference,
both of these forms are highly similar in their lattices, the
positions of the molecules and ions, and the architecture of the
porous channels. At high pressure, the o form is more favorable
than B, which is not obtained in pure form by the high-pressure
crystallization at all. The formation of the B phase has been
connected to the kinetics of the adsorption of the solvent in the
pores, which is quicker at high-pressure and slows down at low
temperature. Above 1.7 GPa, no transitions of the o phase were
detected, however a very unusual dissolution of the sample was

This journal is © the Owner Societies 2017
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observed with increasing pressure. This exceptional feature can
be employed technologically for exchanging the guest molecules
in the y-CD cavities for pharmacological purposes. The pressure-
induced dissolution has been explained by the volume changes
relating to the interactions of the solvent molecules, and their
better access to the y-CD cavities that are partly blocked in the
crystal. In addition, the swelling of y-CD-MOF-1-u in the range
up to 0.5 GPa implies increased adsorption from the surrounding
fluid, and also that pressure can be used for modifying the
composition of this promising non-toxic porous material.
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