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CO,-induced single-crystal to single-crystal
transformations of an interpenetrated flexible MOF
explained by in situ crystallographic analysis and
molecular modelingf
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A molecular-level investigation is reported on breathing behaviour of a metal-organic framework (1) in
response to CO, gas pressure. High-pressure gas adsorption shows a pronounced step corresponding
to a gate-opening phase transformation from a closed (1cp) to a large-pore (1) form. A plateau is
observed upon desorption corresponding to narrow-pore intermediate form 1,, which does not occur
during adsorption. These events are corroborated by pressure-gradient differential scanning calorimetry
and in situ single-crystal X-ray diffraction analysis under controlled CO, gas pressure. Complete
crystallographic characterisation facilitated a rationalisation of each phase transformation in the series
1l — 1 — 1, — 1, during adsorption and subsequent desorption. Metropolis grand-canonical
Monte Carlo simulations and DFT-PBE-D3 interaction energy calculations strongly underpin this first
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Introduction

Metal-organic frameworks (MOFs) have emerged as a distinct
new class of porous materials of potential importance for
various applications.’ Flexible MOFs offer the possibility of
stimulus-responsive dynamic behaviour,”> and thus hold
distinct advantages over conventional rigid porous materials
such as activated carbons and zeolites. The flexibility of a MOF
depends on several factors, such as the nature of the organic
ligands, cleavage and regeneration of coordination bonds, and
interaction between interpenetrated subnets.> The dynamic
behaviour of such “soft porous crystals” (as described by Kita-
gawa)* is often due to transformations between multiple stable
states of the flexible framework. Therefore, understanding the
multiple structural changes in a dynamic MOF in response to
external stimuli (e.g. guest removal or exchange, gas pressure,
mechanical force, temperature)'”*** is not only interesting but
also highly desirable for the design of materials with potential
for storage,® separation,” sensing,® and other related applica-
tions.’ It should be noted that, among the plethora of reported
MOFs, only a limited number exhibit dynamic behaviour such
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detailed structural investigation of an intermediate phase encountered upon desorption.

as expansion/shrinkage of the framework' or opening/closing
of pores,™ giving rise to reversible changes in their physico-
chemical properties.”> This is because tailoring framework
flexibility is much more challenging than controlling static
structural features such as framework topology and pore size/
shape.™ Appreciating the obvious relationship between frame-
work flexibility and host structure, we have successfully
employed the strategy of using flexible organic linkers to imbue
the framework with dynamic behaviour, both locally and
overall.*

It should be noted that MOFs exhibiting dynamic behaviour
pose a great challenge in terms of extracting atomic-level
structural information on their dynamics.”® Owing to the loss
of crystal singularity that commonly occurs upon trans-
formation between multiple stable states, single crystal X-ray
diffraction (SCD) analysis is often not an option. The most
credible structural information must therefore be derived from
powder X-ray diffraction (PXRD) and other supporting
analyses.®

Here we report structural analysis of a flexible MOF con-
structed from 1,2-bis-(4-pyridyl)ethane (bpa, with a flexible
ethylene bridge) and 1,4-naphthalene dicarboxylic acid (ndcH,,
with a rotatable aromatic ring). Solvothermal reaction of
Zn(NOj3),-6H,0, ndcH, and bpa in a 1:1:1 molar ratio,
following the procedure reported by Li et al,"” afforded the
twofold interpenetrated 3D framework [Zn,(ndc),(bpa)],, here-
after referred to as 1. Interestingly, the as-synthesised structure
(1cp; cp = closed pore) does not possess any guest-accessible

This journal is © The Royal Society of Chemistry 2019
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space, as evidenced by the absence of solvent molecules.
Nevertheless, high pressure gas sorption analysis reveals that
1., undergoes stimulus-driven breathing behaviour to an open
phase under CO, gas pressure at 298 K. Moreover, the structural
transformation occurs in single-crystal to single-crystal fashion.
We note that Kanoo et al. recently reported the related 3D
coordination polymer {[Zn,(ndc),(bpa)]-solvent}, which, upon
activation, yields a framework with the same topology as that of
1.p.'* However, the activated form of this framework is crystal-
lographically different from 1., and the authors also reported
that it does not exhibit any CO, adsorption at 293 K.

In an attempt to visualise the structural transformation of
the host, as well as the mode of interaction between CO, guest
molecules and the host framework, SCD analysis of the same
crystal was carried out under controlled CO, gas pressure at
298 K using an environmental gas cell. The sorption and SCD
results are also well supported by pressure-gradient differential
scanning calorimetry (PGDSC) and variable-pressure powder
X-ray diffraction (VP-PXRD) analysis. Theoretical calculations
provide further insight into the dynamic behaviour.

Results and discussion

1., crystallises in the orthorhombic space group Fmmm and
consists of {Zn,(COO),} paddlewheel secondary building units
(SBU) with square pyramidal zinc centres coordinated to four
oxygen atoms from four different ndc ligands at the basal
positions, and one nitrogen atom from a bpa molecule at the
apical position (Fig. 1a and Table S1t). The SBUs are linked in
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the ac plane by ndc ligands to generate rhombic 2D nets
(Fig. S1at) that are pillared by bpa along the b axis to generate
a 3D framework with a-polonium net topology. Each net is large
enough to accommodate another net, thus leading to the
formation of a twofold interpenetrated framework (Fig. 1b).
Each of the ndc naphthalene moieties in 1 is fourfold disor-
dered (Fig. S2bt) while bpa displays twofold disorder (Fig. S2ct).
As 1, is a dense structure, the interpenetrated networks are in
close proximity and interact with each other by means of
C-H-+-0 (dc...o = 3.437(12) A) and C-H- -7 (dyy.... = 3.321(9) A)
interactions (Fig. S2d¥).

Although the as-synthesised framework does not possess any
cavity or open channel, it is known that carboxylate-linked
paddlewheel SBUs are conducive to dynamic behaviour.>s*
Such phase transitions are generally accompanied by “kneecap”
rotation about the O---O axis of the carboxylate groups, which
facilitates reorientation of the SBUs while maintaining their
interconnectivity.”*** Furthermore, phenylene spacers can
rotate in the presence of suitable external stimuli, thus allowing
an increase in accessible space.

High-pressure sorption/desorption analyses with N,, CHy,
and CO, were carried out at 298 K using a single sample of 1,
(Fig. 1c). The isotherms reveal negligible uptake of N, and CH,4
at 50 bar. However, the CO, sorption profile shows gated uptake
with a large hysteresis loop in the desorption curve. Modest
uptake occurs until a threshold pressure of 32 bar is reached
(point B in Fig. 1c), after which there is a sharp increase in
uptake with a saturation plateau at 50 bar, corresponding to
a capacity of 11.5 wt%, or two CO, molecules per host formula
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Fig. 1 (a) Coordination environment of Zn(i) in 1. (b) Spacefilling view along [010] showing the twofold entanglement of 1., and its lack of
guest-accessible space. (c) Adsorption (filled symbols) and desorption (open symbols) isotherms for 1 recorded at 298 K with test gases CO,, CH4
and N. (d) PXRD patterns of 1 under variable CO, gas pressure at 298 K.
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unit (point D). The sudden uptake after 32 bar hints at a phase
change from a nonporous to a porous phase. The desorption
profile is significantly different from the adsorption profile.
Pronounced hysteresis suggests strong interaction of the
channel surface with trapped CO, molecules, which are
retained down to 28 bar during desorption (point E). Moreover,
the desorption isotherm features two steps with a plateau that
implies a metastable phase with a capacity of 8.2 wt%, or 1.5
CO, molecules per formula unit (point F). This is evidence for
a CO,-induced structural transformation of one open phase to
a different open phase. All of the CO, is released upon further
decreasing the pressure and the salient features of the
isotherms are also present in a subsequent adsorption/
desorption cycle (Fig. 2a).

PGDSC measurements were also carried out for 1., exposed
to CO, in the pressure range 1-50 bar at 298 K (Fig. 2b)."*>*
During adsorption an exothermic peak occurs with an onset
pressure of 35 bar, corresponding to the sudden uptake of CO,
observed in the adsorption isotherm. The integrated heat of
—23.69 kJ mol ™" for this event includes the heat of adsorption
along with a small contribution from the associated structural
change. During desorption, endothermic events occur with
onset pressures of 23 and 15 bar, with associated energies of
13.07 and 37.66 k] mol ™", respectively, spanning the plateau
observed in the desorption isotherm.

The “breathing” effect was further investigated using VP-
PXRD. As shown in Fig. 1d, no change is observed in the dif-
fractograms until 35 bar of CO, pressure, after which a distinct
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Fig. 2 (a) Two consecutive cycles of CO, adsorption/desorption for 1
at 298 K. (b) PGDSC trace showing thermal events corresponding to

inflections observed during adsorption (black) and desorption (red) in
the isotherm.
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change is observed that corresponds to point C in the sorption
isotherm (Fig. 1c). The diffractograms then remain unchanged
until 52 bar is reached and, upon decreasing the pressure,
a change is observed at 23 bar, which corresponds to point F on
the desorption profile. This PXRD pattern does not resemble
that of either the fully loaded or the as-synthesised structures,
thus indicating a new phase. This phase persists until 15 bar
(point G), after which the diffractogram resembles that of the
as-synthesised 1, (down to vacuum).

In order to obtain detailed structural information regarding
the CO, sorption sites and loading-induced changes to the
framework, in situ VP-SCD studies were carried out on 1, under
controlled CO, gas pressures using an environmental gas cell.>
Although the onset of the first structural change occurs at 35 bar
(as evident from VP-PXRD analysis), the saturation pressure of
50 bar was used. The crystal retains its singularity at this pres-
sure and structural characterisation reveals a single-crystal to
single-crystal phase transition from 1., to a large pore phase 1y
with the formula {[Zn,(ndc),(bpa)]-2CO,}, (Table S17). Signifi-
cant relative movement of the two interpenetrated nets is
accompanied by a decrease in space group symmetry from
orthorhombic Fmmm to monoclinic C2/c. The phase transition
1. — 1, resembles the unfolding of an articulated wine-rack.>”
Although the SBU and the framework topology remain
unchanged, the acute angle (f,) between ndc ligands increases
from 59.747(8)° to 81.621(7)° (Fig. S6 and Table S2t). The
movement of the interpenetrated nets relative to each other
with concomitant changes in the conformation of the linkers
results in the formation of guest-accessible space in 1;,. Two
crystallographically unique CO, molecules (labelled A and B,
Fig. 3) are located in the 3D guest-accessible space of 1;, and like
types repeat along [001]. The dc...c separations between the
pseudo-slipped-parallel arranged CO, molecules are in the
range 3.928(1) to 4.927(2) A (Fig. 3c). The prefix “pseudo”
distinguishes the arrangements in 1, from the idealised
arrangements in dry ice.”® The CO, molecules form strong
electrostatic interactions with the framework. The nearest
contacts between carbon atoms of CO, molecules and oxygen
atoms of the carboxylate groups are 3.465(9) and 3.63(1) A for
types A and B, respectively (Fig. S81). Close contacts also occur
between CO, molecules and the hydrogen atoms of the naph-
thalene groups, as well as those of the ethylene bridges (Table
S37).

To investigate the phase changes occurring upon desorption,
the pressure was reduced from 50 to 23 bar. In situ VP-SCD
analysis was again carried out using the same crystal. Very few
reports exist that describe desorption VP-PXRD analysis of
flexible MOFs.>*'® However, to the best of our knowledge, this is
the first detailed SCD investigation on an intermediate phase
obtained upon desorption. At 23 bar the space group changes to
P2,/m and further adjustment of the two nets (Fig. S6 and Table
S2t) yields the narrow pore (1,,) form {[Zn,(ndc),(bpa)]-
1.5C0O,},.** The 3D accessible space in 1, transforms into
discrete voids (Fig. 4). Although it was only possible to model
one CO, molecule, the difference map reveals the presence of
residual electron density consistent with the presence of
unmodelled diffuse CO,. Metropolis** grand-canonical Monte

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) View of 1, along [001]. The guest-accessible space® is shown as red dots while type A and B CO, molecules (in spacefilling repre-
sentation) are coloured green and blue, respectively. (b) and (c) Perspective views of the pseudo-slipped-parallel arrangement of the CO,
molecules with dc...c separations indicated. Hydrogen atoms are omitted for clarity.

Fig. 4 (a) View of 1, along [010] with the guest-accessible void
surfaces? shown as red dots and CO, molecules in spacefilling
representation. (b) View of 1,, along [100] showing propagation of
CO, molecules in the crystallographic b direction. Hydrogen atoms
are omitted for clarity.

Carlo simulations corroborate the measured sorption capacity
of 1.5 CO, molecules per formula unit of 1, (Fig. 5).

The breathing mechanism is derived from two principal
deformations of the framework (Fig. 6a). The dihedral angle 6,
between the naphthalene ring and the plane passing through
the four Zn atoms (as shown in Fig. 6b-d) changes owing to
linker rotation. The O---O vector of the carboxylate group acts as

This journal is © The Royal Society of Chemistry 2019
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Fig.5 Comparison of experimental and simulated excess CO, uptake
at 298 K for 1, (blue) and 1,, (orange) with corresponding simulated
probability density maps at 50 and 23 bar, respectively.

a “kneecap” around which the SBUs can rotate during the phase
transformation. This hinge-like motion changes the dihedral
angle 0; between the plane passing through all four oxygen
atoms of ndc and that between two oxygen and two zinc atoms
of the SBU (blue and pink plane in Fig. 6e-g, respectively).
The host-guest and guest-guest interactions involving the
two types of CO, molecules in 1, were investigated theoretically
in order to rationalise the occurrence of the intermediate phase
1,, during desorption. Periodic unit cell and geometry

Chem. Sci,, 2019, 10, 10018-10024 | 10021
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(a) Schematic representations of the two factors governing the breathing behaviour in 1: (b—d) rotation of the naphthalene rings (orange)

relative to the plane between the four Zn ions (blue) and (e—g) kneecap hinge motion between planes passing through the ndc oxygen atoms

(blue) and the Zn,O, moiety (pink) of the SBU.

optimisations of a 1 x 1 x 1 representation for 1, and 1y,
showed negligible changes in cell parameters and atomic
positions, confirming the suitability of the DFT-PBE-D3/double-
zeta level of theory (Table S5, Fig. S12 and S13+).>® Counterpoise-
corrected®® host-guest interaction energies of 40.09 and
34.35 k] mol " were calculated for the type A and B CO, mole-
cules of 1y, respectively (Table S6t). Favourable binary guest-
guest interaction energies between two type A, two type B and
between type A and type B CO, molecules amount to 1.06, 2.35
and 3.36 kJ mol™’, respectively (Fig. 7a). Computed electron
density difference maps (EDDMs) for 1, reveal interactions
between the 7 systems of type A CO, molecules and aromatic
C-H bonds of ndc, while type B CO, molecules interact strongly
with carboxylate oxygen atoms (Fig. 7b; see ESI for more details
and Fig. S14t1 for geometry-optimised dc...c separations).

(@)

Type B
2.35 kJ mol1

3.36 k] mol*

Fig. 7 (a) Perspective view showing CO, positions within the geom-
etry-optimised structure of 1, with guest—guest interaction energies
between different combinations of two CO, molecules. (b) EDDM
showing areas of enhanced (green) and depleted (blue) electron
density of the geometry-optimised structure of 1, with respect to its
isolated MOF and CO, components. The EDDM was generated for
a periodic 1 x 1 x 1 unit cell and only a fragment is shown for clarity.

10022 | Chem. Sci., 2019, 10, 10018-10024

Collectively these and other factors such as channel shape and
surface potential differences explain why CO, molecules are
retained until 28 bar during desorption, thus accounting for the
hysteresis observed in Fig. 1c. The host-guest interaction energy
of 40.67 kJ mol " calculated for 1,, (Table S67) is consistent
with the observation that only a fraction of the CO, molecules
are removed during the transition from 1, to 1p,. The latter
persists until 15 bar, after which the VP-PXRD diffractogram
again resembles that of 1., (Fig. 1d).

Conclusion

We report three CO, pressure-induced forms of a flexible, twofold
interpenetrated pillared-layered MOF that reversibly switches
between closed-, narrow- and large-pore forms. All of these forms
have been characterised structurally using in situ SCD analysis.
The transformation is brought about by CO, but not by N, or CH,
in the pressure range 0-50 bar at 298 K. Inflections observed in
the sorption isotherm are consistent with PGDSC and VP-PXRD
analyses. This study describes the first SCD analysis of an inter-
mediate phase that is only accessible during desorption. Using
complementary theoretical evaluations, we provide a molecular-
level explanation for the plateau observed in the desorption
isotherm. Not only do the results presented here provide
considerable new insight into the breathing behaviour of a flex-
ible MOF, but they also offer opportunities to develop a new class
of materials where the structure-property relationships can be
exploited in molecular recognition.
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