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Imparting Gas Selective and Pressure Dependent Porosity into a
Non-Porous Solid via Coordination Flexibility

Shyamapada Nandi,* Phil De Luna,® Rahul Maity,” Debanjan Chakraborty,” Thomas Daff,” Thomas
Burns,” Tom K. Woo,” Ramanathan Vaidhyanathan®™

Using a simple hard-soft acid-base concept we have deliberately designed gas-specific and pressure dependent porosity
into a non-porous solid via coordination flexibility. This creates distinct gate-openings wherein the CO, molecule opens-up
the framework pores by rotating the ligand about the weaker hard-soft bonds (Hard-Soft Gate Control). For this, we have
studied the CO, gating behaviour of M(4-PyC),, (M = Mg, Mn and Cu), which represent metals of varying hardness. A
combination of quantum chemical calculations, molecular dynamics and Grand canonical Monte Carlo simulations were
performed to examine the gate opening of the isonicotinate ligands in Mg(4-PyC),. The simulations show that interaction
of the CO, molecules with the isonicotinate ligands at different CO, loadings can result in pressure-dependent gate
opening. Further, the simulated CO, uptake values calculated using the partially gate-opened structures at different

loadings showed good agreement with the experimental uptake values. This provides an effective strategy for designing

highly-stable dynamic porous solids employing rigid frameworks.

Introduction

Solids with metal-organic links provide a robust platform to
carefully tune the properties at the metal site as well as offers
access to improved pore space and chemistry by functional
tuning of the organic Iigands.l'3 Though, stability and rigidity in
a framework go in concert, a reversible dynamic character can
be imparted to frameworks either via flexible organic linkers or
localized ligand rotations- "gating" or through a structural
transitions involving abrupt expansion/compression of the unit
cell, induced by atomic displacement caused by interactive
guest molecules- "breathing".4 The flexibility of organic linkers
has rendered some metal organic frameworks as soft porous
materials.>™® Such dynamic frameworks in an extended solid
has clearly been placed as an advantageous feature for guest
encapsulation,11'13’19'27 storage,l‘l’zg’29 sensingso'31 and
biomedical application.e'z'34

Molecular-rotating gate4 is a type of gating wherein
rotation of the aryl rings is observed; only a limited number of
such examples exist. Kitagawa and co-workers® reported a
layered-pillared structure where the aryl ring could rotate as a
function of hydration. Unfortunately, in this particular case,
the dehydration and the concurrent gate opening resulted in a
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decrease of porosity. More recently, Schroder and co-workers
found that the pyridyl rings in their linkers rotate in the
presence of CO, to open the channels based on molecular
simulations, powder XRD (PXRD), and IR experiments.**
Alternatively, the MOFs can ‘breathe’ upon gas adsorption,
for example, in MIL-53(Sc) (Materials of Institut Lavoisier, L¥=
(BDC)) the flipping of the
carboxylate bonds of the BDC units causes breathing.
Interestingly, this happens only at elevated temperatures
making it a thermo-mechanical process.36 With this framework

1,4-benzenedicarboxylate

breathing large structural changes are observed in the X-ray
and neutron diffractions. The breathing in this metal (hydroxy)
carboxylate framework of MIL-53 is due to the strong CO,
interactions with corner-sharing p,-OH groups, which has
significant electrostatic component to it.*” In contrast, the oxo
anion based clusters do not seem to favour the CO, assisted
breathing.38’43A thorough examination of the literature reveals
that the p, or py-oxo anions are much more ubiquitous in the
SBUs of MOFs compared to the bridging hydroxyl groups.
These statistics suggest that building a library of dynamic
frameworks by incorporating 'hydroxyl' moieties capable of
interacting strongly with CO, is not straightforward. Aforesaid
calls for developing CO, interactive functionalities that are
more easy to plug-in into a MOF framework to gain CO,-
specific dynamicity via either gating or breathing.

In most cases, the breathing behavior is triggered by sol-
Ventslg,12,14,15,26,36,44»46
where a gas alone is able to trigger the breathing.
With the exception of one material,24 all these breathing
behaviors under a purist's argument are associated with
significant lattice changes as compared to a gate-opening

whereas there are only a few cases
19,13,25,47,48
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assisted by localized bond rotations. Moreover, the gating in

the materials have all have made a moderately porous

framework into a more open or less porous framework. >
% In many cases, there is no significant change in the pore
volume but a marked impact is seen in the adsorption
capacity.“g'52 None have completely closed off the adsorption
of the guests, let alone do so selectively. Such gating has been
observed in both low and high pressure adsorption. This
pressure-controlled change in porosity makes these materials
operate like a switch to detect specific gases present above or
below certain partial pressures. When they occur at larger
pressures,
responsive smart separation membranes.

Generally, the interactions of gases with organic or metal-
organic frameworks are of the order of 4.8 to 12 kcal/moal,
which is lower in comparison to those exhibited by solvents,
for example, water (10.8-15.5 kcal/mol). However, gas-
adsorbent interactions can co-operatively possess sufficient
energy, even at extremely low partial pressures, to cause
significant modifications on the structure by manipulating
specific sites of the Iigand.4'6’19'25’26’37’53‘54 In this study, we
constructed three ultra-microporous MOFs using metals with
systematically varying hardness (Hardness order: Mg > Mn >
Cu). These MOFs are Mg(4-PyC), (1, ISERP-MOF21a), Mn(4-
PyC), (2, IISERP-MOF21b), and Cu(4-PyC), (3, IISERP-MOF21c)
(where 4-PyC = 4-pyridylcarboxylate or isonicotinate). The first
two of which exhibit pressure dependent, CO, specific gate
opening. Importantly, 1 and 2 are non-porous and do not
adsorb gases except in the presence of CO,, which triggers a
gate opening. With 1, the gate opening occurs at a low partial
pressure of CO,. We have exploited the concept of hard-soft
acid-base (HSAB) theory by utilizing the metal as a hard Lewis
acid and the organic ligand serving as a borderline hard base to
aptly tune their coordination strengths- Hard-Soft Gate Control
(HSGC). This introduces coordination flexibility assisted gate-
opening that converts an otherwise non-porous material into
an ultra-microporous material with nominal surface area
(~350-400 mz/g). The CO, adsorption data suggests there are
two gate opening events that occur with minimal changes in
the crystal lattice of the material. Atomistic modelling reveals
how CO, interactions with the organic linkers can provide
sufficient energy to induce the bond rotations responsible for
the gate opening events. Since the molecular-rotation assisted
gating in 1 is not accompanied by any marked structural
change(s) it becomes difficult to snapshot the open/closed
structures corresponding to the pre- and post-gate opened
phases from experiments. We have gathered these insightful
snapshots from computational modelling.

Results and Discussions

Materials were synthesized via a solvothermal reaction
between M(acetate), (M= Mg/Mn/Cu) and 4-pyridine
carboxylic acid (4-PyC) in a DMF/Acetonitrile or
DMF/EtOH/THF mixture by heating at 110-120°C for 72hrs
(Supp Info). The Mg(4-PyC),, 1 and Mn(4-PyC),, 2 were scaled
up to 10 g in laboratory synthesis. 1 and 2 are isostructural
whereas Cu(4-PyC),, 3 is slightly different from the other two.
Hence, we are explaining the structure of 1 as a

the very phenomenon could provide stimuli-
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representative. 1 has a cubic three-dimensional framework
built up from the linking of Mg centers by 4-PyC aka
isonicotinate (Figure 1). There are two crystallographically
uniqgue Mg centers which are connected by the p, bridging
carboxylate units to form chains. The Mg(1) and Mg(2)
alternate within the chain. Importantly, the chains are made
up of Mg2+ octahedra wherein the carboxylate oxygens occupy
the equatorial positions and the pyridyl nitrogens occupy the
axial positions (Figure S1A). Four such chains running along the
a-axis are positioned in the bc-plane in a square lattice
disposition. The alternate chains are rotated by 90° with
respect to each other (Figure 1B). The linking of these chains
in all three crystallographic directions by the 4-PyC units
results in the 3-D cubic framework. Also, in 1 and 2, the
alternate 4-PyC rings are rotated by ~90° with respect to each
other which generates an ultra-microporous 1-D channel along
the a-axis (5.5 x 6.5 A, not factoring the van der Waal radii,
Figure 1A and S1). The c- and b-axes do not contain any pores
or channels. These 1-D channels are occupied by DMF guest
molecules. Notably, in 3, the aromatic rings of the 4-PyC units
are not rotated with respect to each other, leading to a larger
channel (8.6 x 8.8 A. Figure S3).

Considering the presence of just an ultra-microporous 1-D
channel (Figure 1A), we expected this material to be non-
porous or to have negligible porosity. Accordingly, the 77 K
and 298 K N, adsorption showed no gas uptake; however, the
195 K and 298 K CO, adsorption showed saturation uptakes of
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Figure 1. (A) Experimentally determined single crystal structure of
Mg(4-PyC),, 1, with its Connolly surface represented. The Mg centers
are linked by 4-PyC units that form a cubic three-dimensional lattice.
Color scheme: Green-Mg; Grey-C; Blue-N; Red-O. Hydrogens are
omitted for clarity. (B) A single channel has been shown, and the
pyridyl nitrogens have been color coded to indicate the presence of
two different Mg-N distances within the lattice. The purple ones have
Mg(1)-N distance = 2.22 A, and the cyan ones have the Mg(2)-N bond
distance = 2.20 A. Both Mg(1) and Mg(2) bind to carboxylate oxygens
strongly (av. Mg-O distance = 2.05A). (C) Adsorption-desorption
isotherms (closed and open symbols, respectively) of 1 for CO,
collected at different temperatures.
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Figure 2. (A) Variable temperature PXRD plots of the as-synthesized form of 1. The plots at 303 K (orange) shows the stability of sample heated at
548 K and cooled back to 303 K. (B) A plot of the change in single crystal unit cell parameters of 1, obtained from single crystal diffraction, as a
function of temperature. (C) A comparative PXRD study of activated and CO, loaded sample (under an environmental cell). The peak due to (011)
reflection shifts to lower 268 values when the sample was maintained at 1 bar of CO,. This suggests expansions along the b and c- directions upon
CO, sorption. (D) TGA cycling of 1, with alternating flows of CO, and N,. The cycle involves N,-20 ml, CO,-20 ml, N,-50 ml, CO,-50 ml, N,-20 ml,

CO,. (E) Plot of the self-diffusion coefficient of CO, in 1 as a function of CO, pressure.

4.7 mmol/g and 2.42 mmol/g, respectively. In this ultra-
microporous framework of 1, built from short linkers, CO, gas
is capable of generating a stepped isotherm showing an abrupt
increase in pore accesses (Figure 1C). This increase in CO,
uptake occurs at two different pressure points and is observed
only for CO,. In 1, at 273 K, there is no significant porosity prior
to the abrupt increase in CO, uptake at 0.1 bars. What we
observe in 1, is a gating phenomenon.ﬂ"z‘r”36 With this
interpretation, at 273 K, with a CO, pressure of 0.1 bar the
uptake jumps-up from 0.3 mmol/g to 1.7 mmol/g, indicating
the first gate opening (Figure 1C). Thus, with a pressure
differential of just 0.1 bar, the uptake sharply increases (~82%)
suggesting the fast switching even in these rigid MOF. As the
CO, pressure is further increased to 0.3 bar again the uptake
abruptly jumps-up from 1.8 mmol/g to 2.6 mmol/g, indicating
second gate opening (Figure 1C). The gate opening is
persistent across different temperatures (298, 283, 273, 263
and 248 K), however, the pressure at which both gate
openings occur moves to lower values as the temperature
decreases. Additionally, the pressure difference between the
two gate opening points becomes smaller as the temperature

This journal is © The Royal Society of Chemistry 20xx

decreases. At 195 K the trend suggests that the gate is already
fully opened at very low pressures.

To ascertain if these gate openings are assisted by any
temperature effects, temperature PXRD
measurements were carried out in the temperature range of
303 to 548 K under 107 vacuum as shown in Figure 2A. The
PXRD plots indicated the lack of any major structural changes.
The (011) peak does shift from 20 of 11.0 to 11.35° as the
temperature reaches ~445K indicating a slight structural
contraction likely due to loss of DMF. The same peak then
shifts back to lower angles as the temperature is raised beyond
445 K, likely due to lattice expansion. Above this temperature,
the crystallinity remains intact even until 548 K. This is in

variable

agreement with the exceptional thermal stability (up to
450° C) observed from the TGA (Figure S11 and S12). Such high
thermal stability is quite unusual and, to the best of our
knowledge, unreported for an Mg-pyridyl based compound.
Furthermore, we have carried out variable temperature single
crystal X-ray diffraction studies. Figure 2B gives a plot of the
unit cell parameters as a function of the temperature

determined from single crystal diffraction study. The plot

J. Name., 2013, 00, 1-3 | 3
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reveals that the b- and c-axes showed subtle changes, while a-
axis showed no change as the temperature is varied from
100 K to 375 K. Within the same temperature range, the
monoclinic beta angle only decreases from 101 to 98°. These
small changes in the unit cell parameters point to only minor
structural changes, possibly due to solvent loss. This suggests
the gate opening is not due to a major structural change. On
the other hand, linker rotation as the mechanism of gate
opening is consistent with this data since it should not change
the cell parameters significantly.

The bond distance analysis from the single crystal structure

shows the carboxylate groups forming rigid bonds with the Mg
(average Mg-O = 2.05A), while the pyridyl nitrogens form
relatively weaker bonds based on typical Mg-O and Mg-N bond
lengths. There are two types of Mg-pyridyl bonds — one with a
Mg-N bond length of 2.20 A (Mg(1)-N) and the other with an
2.22 A (Mg(2)-N) bond length. The rotation of the pyridyl ring
along Mg-N bond is likely to be responsible for the gate
opening.
The gate opening behaviour was further characterized via in
situ PXRD measurements under CO, environment (using an
environmental cell). Figure 2C shows the comparative PXRD
plot of activated vs. CO, (1.0 bar) loaded sample. The peak due
to 011 reflection shifts (26 =11-10.5°) to lower 26 value upon
loading with 1 bar CO,. This indicates the subtle expansion of
the lattice during the gate opening.

A TGA cycling experiment was carried out using 1, where
the CO, flow rate was set to low (20 ml/min) and high
(50 ml/min) values. It could be seen that there was a
quantitative difference between the CO, uptakes when the
CO, flow was varied between cycles (Figure 2D). Each CO,
cycle included a 20 ml CO, flow, followed by a 20 ml N, sweep
and then by a 50 ml CO, flow which is swept with a 50 ml N,
flow. A comparison of the DSC trace between the 20 ml and 50
ml CO, flow cycles shows the possibility of CO, accessing
different sites at different flow rates. Considering that the
20 ml and 50 ml flows mimic the low and high pressure CO,
adsorption equilibrium points, it is possible that there are
distinct sites. Under 50 ml/min flow all the sites fill up
immediately where as in case of 20 ml/min flow the distinct
sites fill up gradually.®® For the 20 ml flow, there are two
exothermic DSC peaks as compared to just one for the 50 ml
flow. This could suggest the sites accessed during the different
flows are different. Of course, there does exist an alternate
interpretation involving the slow equilibration of the CO,
uptake with the 20 ml flow compared to the 50 ml flow;
however, it would not explain the presence of two DSC peaks
in the lower flow cyclings nor its marked difference from the
DSC profile observed for the 50 ml cycle. Also, a routine CO,
on-off cycling on a TGA at a constant flow of (either 20 ml or
50 ml) con-firmed facile adsorption-desorption of CO, (Figure
S15 and S16).

1 lies in the borderline of being non-porous or porous.
Thus, any small structural change could produce a significant
change in the accessibility of the porous spaces within the
material and the associated CO, kinetics. This can be tracked
from the changes in the CO, self-diffusion coefficients during

4| J. Name., 2012, 00, 1-3

the gate-opening processes. For this purpose, we carried out a
rate of adsorption experiment at 273 K in the pressure range
of 0-1bar and 8 different pressure points were used to
determine the diffusion coefficients by fitting them against a
slit/spherical pore models (Supp info). Interestingly, the self-
diffusion coefficient showed an appreciable jump (9.9x10’9 to
6.5x10® mz/s) at the low pressure gate opening point
(0.1 bar) and a relatively lower jump(7.5x108t09.1x 10
8 mz/s) at the higher pressure gate opening (0.3 bar) (Figure
2E). Above this pressure, the diffusion steadily increases to a
value of 12 x 10% m?/s giving almost two orders of magnitude
increase in diffusion as we progress from the lowest partial
pressure to 1 bar. This is quite high compared to diffusion in
zeolites and some of the other metal organic frameworks.>®™*

The gate opening happens at a CO, pressure of 0.1 bar at
273 K giving a CO, uptake of 1.7 mmol/g (82% increase w.r.t
the unopened form). When the CO, pressure is 0.3 bar, the
total uptake reaches the highest capacity of 3.4 mmol/g (~¥31%
increase w.r.t. the partially opened form at 0.1 bar pressure).
The gate opening pressure shifts to lower pressures as we go
down in temperature, where at 195 K, a condition that mimics
high pressure adsorption, the gate is fully open with a
maximum saturation capacity of 4.7 mmol/g is observed
(Figure 1C). A Non-localized Density Functional Theory (NLDFT)
model of the 195 K isotherm shows the presence of uniform
3.95 A pores (Figure S$24). The surface area turns out to be
357 mz/g for 1. Due to the complex gate opening, the 273 K
CO, isotherm could not satisfactorily be modelled using NLDFT
(Figures S26 and S27).

A striking aspect of the gate opening in 1 is that only CO, is
capable of inducing conformational changes and neither
N,/CH,/0,/15C0,:85N, nor heat is able to impart any
structural flexibility. To wunderstand this selectivity and
examine the energetics of the ligand rotation to substantiate
our above multiple site gate opening model and we studied
the process with a combination of DFT calculations, grand
canonical Monte Carlo (GCMC) simulations and molecular
dynamics (For computation details see the supporting
information). We focus on the CO, adsorption isotherm at
273 K because at this temperature the uptake has two clearly
defined steps in the uptake — one at about 0.15 bar and one at
about 0.38 bar (Figure 1C). If a gate opening phenomenon
were responsible for the step changes in the CO, uptake, there
may be additional conformations of 1 that have more open or
more closed pores. As noted earlier, 1 has two distinct Mg-N
bonds. Looking down the 1D channel, as shown in Figures 1B
and S1, it can be seen that the pyridyl rings with the different
Mg-N bonds are roughly perpendicular to one another. By
rotating these pyridyl rings, one can further open or close the
channels. Using periodic DFT calculations, we performed an
exhaustive search where various combinations of the pyridyl
rings were rotated to varying degrees to widen or close the
channels. Starting from 18 different initial structures (See
supporting information, Figure S34), only 5 thermodynamically
stable structures were identified, including one that
corresponds to the crystal structure (Figure 3A). These
structures are labelled conformers 1a-d and are shown in

This journal is © The Royal Society of Chemistry 20xx
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Figure 3A starting at the left with a fully closed structure
moving to more open pore structures towards the right. The
DFT calculated energies relative to the crystal structure
conformation, 1c, which had the lowest energy, are given
below the structures.

1d. Open
pore

le. Fully

A 1a. Fully opsh

closed

1b. Partially 1c. Crystal
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Figure 3. (A) Minimum energy DFT optimized conformers of 1.
Energies reported are relative to conformer 1c. (B) Computed
isotherms using the structure of 1c and 1d compared to the
experimental isotherm at 273 K. (C) Comparison of the experimental
isotherm to the simulated isotherm with conformer 1d at 195 K.

Using each of the DFT optimized structures shown in Fig-
ure 3, simulated CO, adsorption isotherms were calculated at
273 K. The ‘fully closed’ and ‘partially closed’ structures, 1a
and b did not show any CO, adsorption from the GCMC
simulations showing that these conformers have no CO,
accessible pore space. The conformer corresponding to the
crystal structure, 1c, has accessible pore space and its
calculated adsorption isotherm (using the DFT optimized
structure) shows that the CO, uptake rapidly reaches a
saturation uptake of approximately 1.9 mmol/g (Figure 3B).
This uptake is close to the uptake in the experimental isotherm
at 273 K observed in the range 0.18 — 0.38 bar between the
first and second gate opening ‘events’. The experimental
isotherm of 1 is also shown in Figure 3B for comparison. The
next conformer, 1d, has a saturation uptake at 273 K of
approximately 3.5 mmol/g. This is also consistent with the
maximum uptake observed in the experimental isotherm.
Notably, this conformer is only 2.3 kcal/mol less stable than
the crystal structure, and it is conceivable that interactions
between the framework and CO, molecules may provide
enough energy to access this structure. The final conformer
located, 1le, is a fully open structure that is 11.5 kcal/mol
higher in energy than the crystal structure. A simulated
isotherm (not shown) with this structure gave a saturation
uptake of 5 mmol/g, which is significantly higher than the
saturation uptake observed experimentally.

From the calculated isotherms and relative energies of the
conformers, we hypothesized the crystal structure conformer,
1c, gives rise to the uptake at the plateau (0.18 — 0.38 bar)

This journal is © The Royal Society of Chemistry 20xx
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after the first gate opening. Then as the pressure increases
beyond 0.4 bar, we further hypothesize that conformer 1d
becomes more accessible giving rise to gradually higher CO,
uptake as the pressure increases. In other words, conformer
1d corresponds to the final ‘gate opened’ structure. The fully
open structure, 1e, is not likely to be accessible since it is too
high in energy (+11.5 kcal/mol relative to 1c) and since it’s
saturation uptake of 5 mmol/g is much higher than observed
for 1 at any temperature. At this point, we have no evidence to
suggest that the closed pore conformers 1a or b, are
responsible for the low uptake at the low pressure regime
observed before the first gate opening. The primary reason for
this is that these conformers are quite high in energy (+10.0
and 20.2 kcal/mol). Additionally, they show no CO, uptake,
while experimentally there is a modest uptake of CO, in the
low pressure region.

A B ~9— Simulated from MD
P Experimental
D 34
2 )
% £
s E 2
o <
5 ©
o 841
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=2
| |
\ 0
T T T T T T T T y T T y T y
-150 -100 -50 0 50 100 150 00 02 04 06 08 10 1.2

Dihedral angle (°) Pressure (Bar)

Figure 4. (A). Distribution of dihedral angles of the pyridyl rings from a
1 ns MD simulation of a 3 x 2 x 2 supercell of 1. 16 CO, per supercell
corresponds to the uptake observed at a pressure of 0.15 bar while 48
CO, molecules corresponds to the uptake at a pressure of 1.25 bar. (B)
Simulated isotherm where each pressure point is an average uptake
calculated from 3 snap shots derived from MD simulations where the
pyridyl ligands were free to rotate.

If structure 1d corresponds to the final gate opened
structure responsible for high pressure uptake, then the low
temperature 195 K adsorption isotherm of 1d would ideally
match that of the experimental isotherm of 1 at 195 K because
low temperature can be used to mimic high pressure. As
shown in Figure 3C, the simulated isotherm of 1d is in good
agreement with the experimental isotherm at 195 K, which
further supports our hypothesis.

To provide insight into the CO, pressure dependent
conformational changes, we performed molecular dynamics
simulations at 273 K at fixed CO, loadings. To do this more
accurately, we fit the torsional potentials of a force field
involved in the rotation of the pyridyl rings to a torsional scan
calculated at the DFT level. The details of the fitting and
validation are given in the Supporting Information. The fitted
potential was in reasonable agreement with the DFT potential
and reproduced the overall barrier to rotation of ~10 kcal/mol.

A series of 1 ns MD simulations were performed wherein
the MOF framework was fixed except that the pyridyl rings
were allowed to rotate with the approximate fitted potential.
More specifically, simulations were performed on a 3 x2x2
supercell of 1 at 273 K with a range of loading from zero to 44

J. Name., 2013, 00, 1-3 | 5
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CO, molecules per supercell. 44 CO, molecules correspond to
the loading observed at a pressure of 1.2 bar.

First, we examined whether the presence of CO, molecules
was able to change the conformation of the pyridyl rings. For
this, we examine the distribution of pyridyl dihedral angles
defined such that 0° and £180° correspond to open pores and
+90° corresponds to closed pores. The distribution resulting
from a MD simulation of 1, with no CO, molecules, 16 CO,
molecules and that containing 48 CO,
significant differences in the pyridyl ring conformations as a
function of CO, loading (Figure 4A). At the highest loading of
48 CO, molecules, there is a significant increase in the open
pore con-figurations at 0° and *180° as compared to the
empty simulation. To quantify the change in dihedral angles,
the ratio of open to closed dihedral angles was calculated.
With zero loading or no CO, molecules, it was found that this
ratio was 1.05, which corresponds to a 1:1 mixture of dihedral
angles in open and closed positions. With 48 CO, molecules in
the simulation cell, the number of pyridyl rings in the open
position is double that in the closed position. Figure 4A also
gives the dihedral distribution from an MD simulation with 16
CO, molecules revealing that it is intermediate between the
distributions resulting from the empty and fully loaded MD
simulations. Thus, the simulations suggest that CO, loading can
induce large conformational changes of the framework’s
pyridyl rings to widen the pores.

To see how these conformational changes would allow for
the differential CO, uptakes that were experimentally
observed, we performed MD simulations with 16 different CO,
loadings corresponding to pressures from 0.02 to 1.2 bar.
Snapshots of the MOF framework were then taken at 0.6, 0.8
and 1.0 ns and used to calculate the adsorption uptake (using
GCMC simulations) at each pressure by taking the average
from the three snapshots. Shown in Figure 4B is the adsorption
isotherm where each point was determined using snapshot
geometries from the MD simulations. Although the average
uptake was determined using geometries from only three
snapshots, we note that the 3 x 2 x 2 simulation cell accounts
for a large number of pyridyl rings. Calculated in this way, the
greatest standard deviation in uptake was found to be only
0.21 mmol/g. Considering how simple our model is, the
simulated isotherm shows good agreement with the
experimental isotherm for pressures greater than ~0.1 bar, or
from the first gate opening onwards. Neither of the abrupt
changes in uptake observed at 0.2 bar and 0.4 bar is seen in
the simulated isotherm. However, the gradual rise in the CO,
uptake from 0.4 bar onwards is reasonably well reproduced.
This suggests that a gradual gate opening induced by the guest
CO, molecules can explain the adsorption in this region.

So far, the simulations have been able to provide a
reasonable explanation for the experimental isotherm from
0.18 bar to 1.2 bar via a conformational change from crystal
structure conformation, 1c, to the open pore structure, 1d.
However, the initial low pressure regime with low CO, uptake

molecules show
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is still unexplained. We could not identify a low energy
conformer of 1 with closed pores. The two closed pore
conformers identified were 10.0 and 20.2 kcal/mol higher in
energy than the crystal structure and therefore would have
negligible populations at the temperatures considered here.
One observation from the MD simulations of the empty
framework is that the linker rotation was rapid and dynamic
without any CO, molecules. The Connolly surfaces (calculated
with a probe radius of 1.72 A which corresponds to CO,)
calculated on several snapshots from the MD simulation show
that the channels are no longer connected because of the
linker rotation. Thus, at any given time, the empty framework
possesses many pyridyl rings in the ‘closed’ position,
perpendicular to the channel that prevents CO, diffusion into
the MOF, which may explain the low uptake at low pressure.
Another possible explanation for the minimal uptake from 0
bar to 0.18 bar is that it is a surface effect. More specifically, at
the surface of the crystals, the pyridyl rings may have a low
energy conformation that somehow blocks off the entry of
CO,. Then it is possible that the surface pyridyl rings are
opened at a certain CO, pressure, resulting in the first gate
opening. Since surface reconstruction is often a long time and
length scale process and potentially very complex, we have not
performed any simulations to examine it.

The crux of the CO, adsorption in 1 lies in the choice of the
framework components which brings dynamic behaviour to a
rigid framework. The gate opening mechanism is facilitated by
the co-ordination flexibility of the Mg-N bonds. Mg2+ is a hard
Lewis acid, whereas the pyridyl is typically a borderline soft
base. This mismatch provides sufficient coordination flexibility
to allow for the gate opening which in turn produces a
significant change in the accessibility of the ultra-microporous
channels within the material. To evaluate the applicability of
the Hard Soft Acid Base (HSAB) principle to provide
coordination-assisted rotational flexibility, we attempted to
synthesize the isostructural analogues of 1 wherein Mg is
replaced by Mn, Ni and Cu. We successfully isolated the Mn
and Cu analogues but could not form the Ni phase.

Figure 5A compares the CO, adsorption isotherms at 273 K
of the Mg(4-PyC), and its Mn, and Cu analogues. Since the
order of the hardness of the metals is Mg >Mn> Cu, we would
expect the M-N bond to go from weakest to strongest as Mg,
Mn, Cu. Therefore, we would expect the gate opening to be
more hindered as the M-N bond becomes stronger. With Mg,
which should have the weakest M-N bond, we observe two
gate-opening events, the first one occurring at ~0.15 bar. With
Mn, we observe only one gate opening event and it occurs at
higher pressure (~0.23 bar) than with the Mg analogue. This is
consistent with the HSAB hypothesis. With Cu, we see no
gating and presumably, the gates are locked in the open
position whereas with Mg simulations suggested that the gates
freely open and close without any gases, which closes off the
channels.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (A) Comparative CO, isotherms at 273 K for the Mg, Mn and
Cu analogues of 1. Highlighted are the onsets of the gate-opening
pressures that shift to higher values following the HSAB rule. A
schematic representation of the initial configuration for the Mg & Mn
analogues (closed) and the Cu analogue (open) have been presented in
figures B and C.

The initial configuration (before the gate-opening) of the 4-PyC
analogues have been schematically represented in Figure 5B
and 5C. In figure 5A, the closed-form of the Mn or Mg phases
show only an initial surface adsorption before the gate
opening (Mg: 0.44 mmol/g @ 0.14 bar; Mn: 0.64 mmol/g @
0.23 bar) and they represent one extreme, while the open-
form of the Cu phase (Figure 5B) shows much higher uptake
(Cu: 1.18 mmol/g @ 0.14 bar and 1.52 mmol/g @ 0.23 bar) at
the similar pressures, thus representing the other extreme.

Conclusions

We have shown how a non-porous and rigid solid, Mg(4-
PyC),, can be made into a dynamic porous solid with good CO,
uptake and selectivity through 'coordination flexibility'. The
CO,-specific gate-opening, observed in 1 and 2 that does not
also result in large structural changes of the framework is
unprecedented. Additionally, due to the ultra-microporous
nature of the materials, the effect of the gate moiety rotation
is drastic — changing a non-porous material into a porous one.
Compared to other breathing phenomenon our hard-soft acid
base assisted coordination flexibility could be relatively easier
to embed into a range of extended metal-organic structures to
make them functioning or operating more selectively under

This journal is © The Royal Society of Chemistry 20xx
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milder triggering conditions. Other interesting classes of

systems where this chemistry or even the exact choice of
metal and ligand are adoptable would be the metallo-
cyclodextrins,60 crystalline cavitands,61 metal-organic
nanotubular assemblies,62 MOFs with large discrete cages,63
crystalline molecular ﬂasks,64 and
polycatenanes/pseudorotaxanes.65 Most of these systems
possess massive nano-sized discrete cages accessible to guest
solvent but are locked for gases. This approach could expand
their limits by unlocking these cages into gas-selective 1 or 2 or
3-D nanochannels.
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