GDCh
~~

CO, Sorption

Zuschriften

Deutsche Ausgabe: DOI: 10.1002/ange.201607076
Internationale Ausgabe: DOI: 10.1002/anie.201607076

Giant Hysteretic Sorption of CO,: In Situ Crystallographic
Visualization of Guest Binding within a Breathing Framework at 298 K
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Abstract: A dynamic Zn"-MOF has been shown to exhibit
extreme breathing behavior under gas pressure. The very
narrow pore form of the activated framework opens up in the
presence of carbon dioxide, thus making it a suitable material
for CO, capture. Sorption of CO, at 298 K and relatively high
pressure clearly shows a two-step isotherm with giant hysteresis
for the second step. In-situ single-crystal diffraction analysis
was carried out under CO, gas pressure at 298 K using an
environmental gas cell in order to visualize the interaction
between CO, and the host framework. The results are well
supported by pressure-gradient differential scanning calorim-
etry (P-DSC) and variable-pressure powder X-ray analysis.
Theoretical calculations have been carried out in order to
further back up the crystallographic data.

Carbon dioxide is one of the major green-house gases and its
increasing concentration in the atmosphere is raising concerns
about global warming.!"! Since most of our energy demands
are still being met by burning fossil fuels, there is growing
interest in developing new reusable materials that can
selectively capture CO,, thus reducing its emissions into the
atmosphere. Metal-organic frameworks (MOFs),”! among
various other porous materials,” are considered promising
candidates for gas sorption!* and separation of substances.”
Owing to their large surface areas'® and tunable pore sizes,”
MOFs have been successfully employed for the sorption of
a variety of gases, especially carbon dioxide.

One of the main advantages of MOFs over conventional
porous materials, such as zeolites” and activated carbons,['"lis
their flexibility."!! Flexible MOFs not only display unique
dynamic behavior!?! (shrinking and expansion), but they also
show selective sorption!"®! properties that make them poten-
tially suitable for sensing!'*! and separation of gases.”!*! The
selectivity of a MOF towards a particular gas can be due to
either the size/shape exclusion effect!™™ or the change in pore
size/shape upon adsorption.?*1%1 Sorption studies involving
flexible/dynamic MOFs are particularly interesting with
regard to hystereticl'” and breathing!"” (gate-opening) behav-
ior. The gate-opening phenomenon is generally assumed to be
indicative of structural transformations during the adsorption
process. The structural changes associated with gate-opening
under gas loading conditions are challenging to characterize,
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yet important in terms of understanding host-guest interplay
(i.e. as compared to rigid frameworks that typically show type
I isotherms).['*"]

Researchers typically use various techniques such as IR
spectroscopy,!’* ¥l NMR [ and powder X-ray diffraction®”!
in order to identify the interactions between gases and host
framework materials. Although all of these techniques have
been used extensively to ascertain the presence of gas
molecules inside the MOF structures, the use of in situ
single-crystal X-ray diffraction (SCXRD) is superior because
it can often provide unequivocal structural information
relating to host—guest interactions.”!! However, SCXRD
presents a technical challenge™ as it involves exposing
a single crystal to a particular gas pressure within a confined
environment during the diffraction experiment, with the
added requirement of maintaining crystal singularity. How-
ever, if the gas loaded structure can be elucidated at
a particular pressure using SCXRD analysis, the host-guest
interactions can be evaluated. In the case of MOFs with open
metal sites, adsorption and selectivity for CO, gas is usually
due to favorable interactions with the metal centers.”
However, when no such open metal sites are present,
uptake will depend on dispersion and electrostatic interac-
tions between the host framework and the guest molecules.
Here we present direct evidence of CO, molecules interacting
with a breathing MOF as determined by means of in situ
SCXRD analysis using an environmental gas cell.”" The
Zn"-framework, {Zn(tp)(1,2,3-tz)-x DMF}, (1) (tp = tereph-
thalate and 1,2,3-tz=1,2,3-triazolate), shows structural flex-
ibility upon desolvation with retention of crystal singularity
and is therefore ideal for the study of breathing behavior
under high gas pressures.[!'“>!

The asymmetric unit of the desolvated complex (1a)
comprises one tp, one 1,2,3-tz and two crystallographically
independent Zn" ions (one with half occupancy and the other
with full occupancy). One zinc center (Znl) is octahedrally
coordinated to four oxygen atoms from four different tp
ligands and two nitrogen atoms from two different 1,2,3-tz
units. The second Zn center (Zn2) is tetrahedrally coordi-
nated to two oxygen and two nitrogen atoms from two
different carboxylate and 1,2,3-tz ligands (Figure S1 in the
Supporting Information). In 1a the overall dimensions of the
pores, formed by the Zn clusters and the tp units within the
4,4-Zn-tp network, are entirely different from those of the as-
synthesized complex 11''¥, The Zn-tp-Zn connectivity of the
4,4-Zn-tp network resembles a rhombus (Figure S2). The
short diagonal of this rhombus shrinks from 11.51(1) A (1) to
7.95(1) A (1a),""l whereas the long diagonal expands slightly
from 19.09(1) A (1) to 19.76(1) A (1a). This trellis-like
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mechanism™® results in an overall reduction of the solvent
accessible volume (Table S1).

The low pressure CO, and N, sorption measurements for
1a have previously been reported in the literature.''*?!
However, to date there have been no reports on high pressure
sorption studies for this known framework. To this end we
carried out sorption analysis with CO, and N, at 298 K up to
a pressure of 50 bar. The sorption isotherm for N, shows very
little uptake up to 50 bar, and no hysteretic or gate-opening
step is apparent. However, in the case of CO,, the sorption
isotherm consists of two major steps. The first step occurs with
an onset pressure of 0.8 bar, with CO, uptake leveling out
between 20-35bar; at 35bar CO, loading reaches
2.85 mmolg !, which is equivalent to one CO, molecule per
asymmetric unit.

Interestingly, a further increase in pressure initiates
a second step in the sorption isotherm with an onset pressure
of approximately 37 bar. Saturation appears to be reached at
50.0 bar. A total uptake of 5.9 mmolg™" at 50 bar (Figure 1)
corresponds to two CO, molecules per host formula unit. The
35% sorption hysteresis for the second step is colossal
compared to 3.2% for the first step. It is also significantly
larger than the very extreme value recently reported by us
(Equation S1).1'7]
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Figure 1. N, and CO, sorption isotherms for 1a measured at 298 K.

In order to obtain structural information regarding the
CO, sorption sites and loading-induced changes to the
framework, single crystals of 1a were pressurized with CO,
using an environmental gas cell developed by us.*' In each
case the single crystal within the gas cell was allowed to
equilibrate at the selected pressure for one day at 298 K prior
to SCXRD analysis. Although the onset of the first structural
change occurs below 1 bar, a pressure of 2 bar was used in
order to increase the CO, occupancy for improved refinement
of the CO, guest molecules at 298 K. The diffraction patterns
indicate that the crystal maintains its crystal singularity under
2 bar of CO, pressure (Figure S3). Similar to 1a, the 2 bar
CO, pressurized structure (1b) adopts the monoclinic space

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

group P2,/c. Comparison of the crystal structures shows
lengthening of the crystallographic axes a (8.6890(2) A to
9.1212(2) A) and ¢ (7.9614(2) A to 8.1265(2) A), with con-
comitant shortening of the b axis (19.7634(5) A to 18.8576-
(4) A) upon proceeding from 1a to 1b. There is also
a decrease in the crystallographic f angle from 113.798(2)°
to 111.963(1)° and an increase in volume from 1250.92(5) to
1296.35(5) A® (Table S2). The asymmetric unit of 1b remains
similar to that of 1a, except for the additional presence of
a CO, molecule in the guest-accessible void space of 1b
(Figure 2). The CO, occupancy was determined to be 0.66
molecules per asymmetric unit (see the Supporting Informa-
tion).

Zn(1)

Zn(2) N(3)

0(5)
c(11)
0(6)

Figure 2. Perspective view of the asymmetric unit of 1b.

Insertion of CO, molecules into the framework expands
the pore dimensions. Most notable is the expansion of the
short diagonal of the 4,4-Zn-tp rhombus-shaped network,
which runs parallel to the channels occupied by CO,: this
diagonal stretches slightly from 7.95(1) A (1a) to 8.12(1) A
(1b) (Figure 3). The trellis-like stretching mechanism!'*?
elongates the channels and results in an overall increase in
the amount of guest-accessible volume (Table S1).
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Figure 3. Perspective views of 1b along the crystallographic a (a) and ¢
axes (b).
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Upon entering the pores of 1a, the CO, molecules form
strong electrostatic interactions with the framework. The
closest contact occurs between the carbon atom of the guest
CO, molecule and the oxygen atom of the carboxylate group:
C11-+02=3.12(1) A. In addition, there exist several other
electrostatic interactions between the hydrogen atoms of the
terephthalate aromatic ring and the oxygen atoms of the guest
CO, molecules (Figure S4). In order to assess the interactions
of the CO, guest molecules with the host framework at higher
pressure, 1b was further pressurized to 20 bar and allowed to
equilibrate for 12 hours at 298 K. Although the diffraction
patterns indicate that crystal singularity is maintained for 1¢,
the integrity of the crystal degrades as compared to that of 1b.
At 20 bar the space group P2,/c is maintained and the site
occupancy of the CO, molecule increases to one molecule per
formula unit. The increased pressure leads to further expan-
sion of the framework, as evidenced by expansion of all of the
unit cell axes (Table S2). At 20 bar the electrostatic inter-
action between the oxygen atom of the carboxylate group and
the carbon atom of CO, remains similar to that of 1b
(C11-+-02=3.17(1) A) (Table S3). Additionally, there exist
interactions between the oxygen atoms of the CO, guest
molecules and the hydrogen atoms of both the tp and 1,2,3-tz
units (Figure S4). The crystallographic angle j decreases
slightly to 111.164(4)°. Increasing the pressure to 50 bar
results in loss of crystal singularity and SCXRD analysis at
this pressure was therefore not possible. Pressurizing a single
crystal of 1a to only 37 bar (i.e. the onset pressure of the
second step in the CO, sorption isotherm) also resulted in
degradation of its singularity.

Pressure-gradient DSC measurements®! at 298 K were
carried out for the activated complex (1a) using both N, and
CO, to pressures of 98 and 54 bar, respectively. In the case of
N,, no energetic event was observed, thus indicating the
absence of a gate-opening structural change in 1a (Figure S5).
However, upon ramping the CO, pressure from 0.3 to 4 bar,
a sharp exothermic peak was recorded with an onset around
0.8 bar. This exotherm is mainly due to the heat of sorption
associated with the first phase-change (1a to 1b/1¢), but most
likely also includes a small component associated with the
structural transformation. A corresponding endothermic
peak was observed upon decreasing the pressure (4 to
0.3 bar), thus implying that the first phase-change event is
reversible (Figure S6). On further increasing the pressure,
a second broad exothermic peak with an onset pressure of
approximately 37 bar was observed. This event is associated
with the second CO, induced phase change (1¢ to 1d), with no
further energetic events below the CO, saturation vapor
pressure at 298 K. Upon decreasing the pressure, the onset of
the corresponding endothermic peak for the desorption event
associated with the transition from 1d to 1¢ occurs around
17 bar. The interval between the exothermic and endothermic
events is in good agreement with the hysteresis observed in
the high pressure CO, sorption isotherm at 298 K (Figure S7).
Upon decreasing the pressure, the endothermic event is
complete at approximately 7 bar, indicating reversion to the
CO, induced phase 1c. The pressure-gradient DSC experi-
ments were repeated and found to be reproducible.
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To substantiate the experiments described above, variable
pressure PXRD patterns were recorded under CO, and N,
loading at 298 K (by adapting our environmental gas cell).
The bulk phase purity of activated material (1a) was
confirmed by comparison with the simulated powder pattern
generated from the single-crystal structure of the activated
form (Figure S8). In the case of N, loading, the PXRD
patterns remained unchanged to 50 bar (Figure S9). On the
other hand, clear changes were observed in the PXRD
patterns at various CO, gas pressures (Figure 4 and Fig-
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Figure 4. PXRD patterns of activated form 1a (recorded at 298 K)
under a) vacuum, b) 2 bar, c) 20 bar and d) 50 bar of CO,.

ure S10). The PXRD pattern of the first CO, loaded sample
(1a at 1 bar) clearly shows the occurrence of the first phase-
change (1a to 1b). From vacuum to 1 bar, peaks correspond-
ing to Miller indices (100), (011) and (11—1) clearly shift
towards lower 20 values, thus indicating expansion of the
framework (Figure S11). Between 1 and 20 bar the PXRD
patterns remain similar. Beyond 20 bar new peaks begin to
emerge in the PXRD patterns and at 40 bar the patterns
change to indicate the second gas-induced phase (1d), which
persists up to 50 bar.

The crystal structures for 1¢ (benchmark) and 1d were
derived computationally using the activated SCXRD struc-
ture (la) as initial input (Figures S12 and S13). These
computationally determined structures for 1¢ and 1d were
used as input structures for rigid body Rietveld refinement
using the software package TOPAS 4.2 (Figures S14 and S15,
Table S4).

From the Rietveld refined structure 1d it is apparent that
the 4,4-Zn-tp grid continues to stretch out along the channel
direction to accommodate the additional CO, molecules
within the framework (Figure 5). The additional CO, mole-
cules pack efficiently within the guest-accessible space via
slipped-parallel and T-shaped guest—guest interactions
(Figure 5). As expected, the framework opens up further by
employing a trellis-like motion,['*! with the acute angle of the
4,4-Zn-tp grid increasing from 38.72(1)° in 1a to 44.20(1)° in
1c, and then to 52.35(1)° in 1d (Figures S16 and S17,
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Figure 5. Perspective view of 1d along the crystallographic b axis.

Table S5). The aromatic rings of the tp moieties tilt out of the
channel, thus increasing the channel volume in 1d and,
consequently, the CO, uptake (Table S5). The increase in CO,
uptake by 1d is also facilitated by rotation of the 1,2,3-tz
paddle moieties (Figure S16). As viewed along the b axis, the
1,2,3-tz paddle undergoes sufficient rotation such that two
neighboring channels become interconnected (Figure S18).
The space connecting the channels is occupied by two CO,
molecules interacting with each other via slipped-parallel™’
CO,+-CO, interactions. The transformation from 1la to 1c¢
only involves a trellis-like stretching along the guest-acces-
sible channels, whereas the transformation from 1¢ to 1d
involves tilting of both the tp aromatic rings and 1,2,3-tz
paddles in addition to trellis-like stretching of the 4,4-Zn-tp
network.

In summary, we have shown that the breathing Zn"-MOF
exhibits a two-step CO, uptake with extreme hysteresis for
the second step of the high pressure sorption isotherm
recorded at 298 K. Although there are other reports on
flexible frameworks that show hysteretic steps, such colossal
sorption hysteresis for breathing MOFs is not very common at
298 K. We were able to obtain the CO, loaded structures at 2
and 20 bar (by means of in situ SCXRD studies) and 50 bar
(in situ PXRD), thus providing valuable information relating
to host—guest interactions in this dynamic framework. The
Zn"-MOF employs two structure-opening mechanisms in
order to increase the CO, uptake: trellis-like stretching of the
framework, and tilting of both the organic linkers. Under-
standing these mechanisms can improve our efforts to design
new materials with specific pressure-induced gate-opening
mechanisms in order to achieve a desired sorption property.
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