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ABSTRACT: Flexible metal-organic frameworks (MOFs) undergo reversible structural transformations triggered by
external stimuli. An interesting feature of some MOFs is their ability to flex in response to specific guests, which can enable
selective separations. Here, we introduce MUF-15-OMe ([Co¢(ps-OH),(ipa-OMe)s(H,0)4]), a variant of MUF-15 which
comprises hexanuclear cobalt(ll) clusters connected by 5-methoxyisophthalate (ipa-OMe) ligands. MUF-15 itself has
isophthalate linkers and is inflexible upon uptake of common gases. On the other hand, MUF-15-OMe flexes upon the
uptake of gases such as CO; and C2 hydrocarbons at pressures less than 1 bar, as revealed by distinct steps in its gas
adsorption isotherms. Computational analysis showed that the underlying mechanism involves the partial detachment of
one of the carboxyl groups of the framework linkers. The gas pressure required to induce framework dynamics can be
tuned by replacing some of the ipa-OMe by isophthalate ligands in multivariate frameworks. The flexing of MUF-15-OMe
opens up space for the adsorption of specific additional gas molecules. This enhances the separation of CO, and N, and
enables the differentiation of H, and D, by quantum sieving. By providing a clear illustration of how flexibility allows the

discrimination of gas mixtures, this study underpins the use of dynamic MOFs for challenging separations.

Introduction

Metal-organic frameworks (MOFs) benefit from
atomic-level precision coupled to rich structure-
property relationships.’ 2 While most frameworks are
rigid with unvarying structures,® * certain frameworks
are dynamic and respond to external stimuli.>® When a
MOF flexes the structural deformation can originate
from a) motion of the organic ligands, b) distortion of
the metal-ligand interactions, c) the arrangement of
ions with metal clusters, and/or d) the movement of
interpenetrated subnets. Combinations of these effects
are common. The connectivity between the components
is typically maintained when dynamic MOFs flex in this
way, which maintains the the integrity of the framework
and means that the dynamic process is reversible.> % 1°
The adsorption of gas molecules is a well investigated
way of stimulating structural transformations in MOFs.
A dense MOF can be pried open above a certain
threshold pressure or, alternatively, the framework may
be porous both before and after the transformation.!- 12
Since the framework is porous prior to the flexing in this
latter case, the adsorption isotherm exhibits two
distinct steps.

Dynamic processes in MOFs can be influenced by
functional groups on the linkers.!3® For example,
certain moieties on the bdc ligand in MIL-53 can tune
the gas pressure at which the narrow pore form is
converted into the large pore form.!” A fine balance is
struck between the stability of large and narrow pore
forms and the guest-framework interactions. The
narrow pore form is more stable than the large pore
form due to hydrogen bonds. However, when guests are
admitted into the framework, favourable noncovalent
interactions induce pore opening.

Dynamic MOFs are attractive for gas separations since
flexing can enhance host-guest interactions to improve
their uptake capacity and boost their selectivity.!*-26 We
previously reported MUF-15, [Coe(ps-
OH),(ipa)s(H;0);], which comprises hexanuclear
cobalt(Il) clusters and isophthalate (ipa) linkers.?” The
hydrogen atom at the 5-position of the phenyl ring in
MUF-15 is positioned towards a framework cavity
which allows functional groups (-F, -OH, -Br, -NO, and
-CH3) to be introduced via 5-substituted isophthalic
acid linkers.?® While we observed hints of framework
flexibility in these materials, their overall dynamic
behaviour was subtle. We now report on a material with



pronounced dynamic transformations: a methoxy
derivative of  MUF-15 derived from 5-
methoxylisophthalate (MUF-15-OMe). Computational
analysis illustrates the flexing process at the molecular
level, and the additional space upon gate opening
enhances the separation of CO, and N, and enables the
differentiation of H, and D, by quantum sieving.

Experimental section

Synthesis  of MUF-15-OMe: A  mixture of
Co(OAc),-4H,0 (0.125 g 0.5 mmol), 5-
methoxyisophthalic acid (0.171 g, 0.875 mmol), MeOH
(7 mL), and H,0 (0.5 mL) was sonicated for 10 mins then
sealed in a 25 ml Teflon-lined autoclave and heated to
120 °C for 48 hours. After cooling to the room
temperature, the resulting purple crystals were washed
with methanol several times and dried under vacuum.
Yield ca. 0.098 g, 82% (based on cobalt acetate). Guest-
free MUF-15-OMe was produced by placing the crystals
under vacuum overnight at 120 °C.

MUF-15-OMe doped with isophthalic acid: A mixture of
Co(OAc),-4H,0 (0125 g 0.5 mmol), 5-
methoxyisophthalic acid, isophthalic acid, MeOH (6 mL),
and H,0 (0.5 mL) was sonicated for 20 min and sealed
in a 25 ml Teflon-lined autoclave and heated to 140 °C
for 48 hours. After cooling to the room temperature, the
resulting purple crystals were washed with methanol
several times and dried under vacuum. Ligand ratios
were determined by 'H NMR spectroscopy on dissolved
samples. [Cos(13-OH) (ipa)ose(ipa-OMe)4.41(H20)4],
(88.3% ipa-OMe, 11.7% ipa): synthesized using 5-
methoxyisophthalic acid (0.156 g, 0.80 mmol) and
isophthalic acid (0.33 g 0.20 mmol). [Cos(ps-
OH)z(ipa)Olgz(ipa'OMe)4.68(H20)4], (935% ipa-OMe,
6.5% ipa): synthesized using 5-methoxyisophthalic acid
(0.177 g, 0.90 mmol) and isophthalic acid (0.16 g, 0.10
mmol).

X-ray diffraction: As-synthesized samples were
washed several times with methanol before being
mounted on the instrument. All PXRD data for pure
MUF-15-OMe was collected at room temperature on a
Rigaku Spider diffractometer equipped with a MicroMax
MMOO7 rotating anode generator (Cu,radiation,
1.54180 A), high-flux Osmic multilayer mirror optics,
and a curved image plate detector. For aging
experiments on activated frameworks, after washing as-
synthesized samples several times with MeOH, they
were activated and the exposed to air with a high
relative humidity (~70%) at 20 °C.

The SCXRD data for MUF-15-OMe and unit cell and
PXRD data for the doped materials was collected at
room temperature on a Bruker Venture D8
diffractometer equipped with a IpuS DIAMOND source
(Cu, radiation, 1.54178 A) and a Photon III detector.
Crystals of MUF-15-OMe diffracted poorly and the best
results were obtained at room temperature. As a
consequence, the SCXRD data were truncated at 0.90 A
during the refinement. All atoms were allowed to freely
refine during the refinement except those of the
occluded water molecules, which were found on the
difference map then held in fixed positions.

Low-temperature thermal desorption spectroscopy: The
sample was cooled to the exposure temperature under

vacuum and then exposed to the gas atmosphere for the
exposure time. After a 1-minute evacuation under high
vacuum, the MOF is further cooled to 20 K and heated to
300 K at a constant heating rate of 0.1 K / s. During the
heating, mass spectral data, gas pressure as a function of
time, are collected to determine the rate of desorption
of each gas. Quantitative uptake and selectivity values
can be calculated. For this purpose, the calibration alloy
PdssCes was placed under a hydrogen or deuterium
atmosphere at 16 mbar and 353 K for two hours. Before
and after absorption, the alloy was weighed to
determine the amount of gas loaded. The alloy sample
was then heated to 600 Kat 0.1 K / s for desorption. The
integral of the desorption pressure over time
corresponds to the amount of desorbed gas molecules
and thus to the weight-determined gas loading. The
ratio of the measured change in weight to the
determined amount of gas through the desorption
integral was used as a specific calibration constant.

Results and discussion

The solvothermal reaction of cobalt acetate and 5-
methoxyisophthalic acid (H,ipa-OMe) yields violet
plate-like single crystals of MUF-15-OMe, [Cog(ps-
OH);(ipa-OMe)s(H,0),]. MUF-15-OMe crystalizes in the
P2,2,2 space group. Although this space group differs
from that seen for MUF-15 (Pnna), their unit cell
volumes are similar (Table 1). The phase purity of the
framework activated at 120 °C was confirmed by
matching its powder X-ray diffraction (PXRD) pattern
with that simulated from its single crystal X-ray
diffraction (SCXRD) structure (Figures S6-8).

Table 1. Calculated and Experimentally-
Determined Structural Parameters of MUF-15 and
MUF-15-OMe.

MOF MUF-15 MUF-15-OMe©
Unit cell volume (A3) 6640 7082

BET surface area 2 (m?/g) 1130 837

Calc. surface area  (m?/g) 1207 999
Exptl pore volume (cm3/g) 2 0.51 0.36
Calc. pore volume (cm3/g) ® 0.46 0.38
PLD/LCD (A) b4 3.6/5.2 3.4/5.0

2 From the N, adsorption isotherm at 77 K. ? Calculated
using RASPA and Zeo++. ¢ Prior to gate opening. ¢ PLD:
pore limiting diameter. LCD: largest cavity diameter.

MUF-15-OMe comprises hexanuclear clusters that are
built up from two symmetry-related sets of cobalt(II)
ions (Figure 1a). The 5-methoxyisopthalate (ipa-OMe)
linkers further assemble the clusters into a porous 3D
network (Figures 1b-d). Each cluster coordinates to ten
ipa-OMe linkers in total, with eight linkers connecting
adjacent clusters in the (bc) plane. Two additional
linkers are oriented along the crystallographic a
direction. These linkers are orthogonal to the main
plane of the clusters, and they connect each cluster to a
partner above or below it (Figure 1c). The disposition of
these axial linkers subtly depends on the functional
group at the 5-position of the isophthalate ligand.
Hydrogen and fluoro substituents lead to a zig-zag
orientation, while methyl and bromo groups lead to
titling in the same direction (Figure S5). A third
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arrangement is evident in MUF-15-OMe (Figure 1c).
Here, the ligands tilt in an alternating, zig-zag fashion
along the a direction. MUF-15-OMe is thus a topological
isomer of MUF-15 rather than being strictly isoreticular
with it.

MUF-15-OMe is thermally and hydrolytically stable,
which allows for easy handling. Thermogravimetric
analysis (TGA) shows a mass loss of 10-20% up to 100
°C, corresponding to the escape of occluded guest water
molecules, and the guest-free framework is stable up to
300 °C (Figure S10) and under humid atmospheres
(Figure S6). In comparison, MUF-15 is stable in air for
only a week and loses crystallinity over that time. To
quantify the stability of MUF-15-OMe towards humid
air, we measured gas adsorption isotherms before and
after exposure to ambient air. The uptake of CO, by aged
MUF-15-OMe is 60.2 cm3/g (at 1 bar), which is almost
identical to a pristine sample (60.6 cm3/g) (Figure S12).

A N, adsorption isotherm of MUF-15-OMe was
recorded at 77 K (Figure S18). Its BET surface area is
837 m?/g, and its total pore volume is 0.36 cm3/g (Table
1, Figure S18). These values are close to the geometric
surface area (999 m?/g) and pore volume (0.38 cm3/g)
calculated from the crystallographic coordinates (Table
1). As expected, the introduction of the methoxy
functional group reduces the pore volume and surface
area of MUF-15-OMe in comparison to the parent MUF-
15. This decrease can be explained by the occupation of
void space by the methoxy groups, but we note that this
is counteracted in part by the greater unit cell volume of
MUF-15-OMe compared to MUF-15. Connolly surfaces
with a probe of 1 A were plotted for MUF-15-OMe
(Figure 1d) and MUF-15 (Figure S2) to compare their
pore architectures. There are significant channels along
the crystallographic c direction (approx. 3.5 x 6.0 A) in
MUF-15-OMe, and smaller, more tortuous channels in
the crystallographic a direction. The PXRD pattern of
MUF-15-OMe changes slightly when the occluded
solvent is removed under vacuum (Figure S8). The
diffraction peak at 26 = 7.5° disappears under vacuum
and the peaks at 26 = 8.0° and 26 = 9.0° move to higher
angle. The diffraction pattern reverts to that of the as-
synthesized state after exposing the evacuated sample
to the atmosphere. These changes are consistent with
reversible flexing of the framework.

The dynamic behaviour of MUF-15-OMe was
substantiated by measuring low-pressure gas
adsorption isotherms with C,Hg, C;H,4, C;H, and CO, at a
range of temperatures (Figure 2). Stepped isotherms
were observed in all cases, except for the uptake of CO,
at 283 K and 293 K, where the step is likely to exist at
above 1 bar. Taking the C,H, adsorption isotherms as an
example (Figure 2a), the uptake at 263 K proceeds

steadily at low pressures in a Langmuir-like fashion. At
a pressure of 110 torr there is then a sharp jump in gas
uptake from 50 cm3/g to 70 cm?3/g. This indicates flexing
of the framework, which creates additional framework
space to allow an increase in C,H; adsorption. At 293 K,
the C,H, pressure for the second adsorption step
increases from 100 torr to ~400 torr, while the amount
of adsorbed gas required to induce flexing is fairly
constant (51 cm3/g 263 K; 46 cm3/g at 293 K). Similar
trends are observed for the adsorption of C,H, and C,Hg
(Figures 2b,c). Gate opening is also evident at low
temperatures; in the CO; and C,H4 adsorption isotherms
at 195 K (Figures S13 and S14) we observed the
isotherm steps at pressures of 1 and 85 torr,
respectively, with uptakes of 40 and 130 cm3/g. Lower
temperatures increase the gas loading and therefore
lower the pressure required for the structural
transition. The gate opening pressure of MUF-15-OMe is
sensitive to the adsorbate, with C,H, being the most
effective at prising open the framework (Figure 2e).
C3Hg and Cs3Hg isotherms exhibit no distinct jumps
(Figure S15). We speculate that these gases may induce
framework gate opening behaviour at very low
pressures so the first and second adsorption steps are
indistinguishable.

The parent MUF-15 material is built up from
isophthalic acid (H,ipa).?” MUF-15 isotherms have
standard Langmuir shapes and do not exhibit flexibility
below 1 bar. We thus reasoned that the flexibility of
MUF-15-OMe could be tuned by doping with
isophthalate (ipa) linkers. To this end, we synthesized
multivariate frameworks with variable levels of
included ipa: [Cog(ps-OH)(ipa)ose(ipa-OMe)s.42(H20)]
(88.3% ipa-OMe) and [Cog(us-OH),(ipa)es2(ipa-
OMe)463(H20),] (93.5% ipa-OMe). H NMR spectroscopy
was used to quantify the ligand ratios (Figures S26 and
S27). PXRD indicates that the MUF-15-OMe framework
structure is preserved upon the inclusion of the ipa
ligands (Figure S7, Tables S2 and S3). As anticipated, the
inclusion of ipa linkers increases the gate opening
pressure and the sharpness of the second adsorption
step decreases with increasing ipa content. (Figures 2f
and S16). A shift in the gate opening pressure also
occurs for CO, (Figure S17), however a distinct step is
only observed below 1 bar at 273 K. The inclusion of ipa
linkers counteracts the framework flexing to tune the
gate opening pressure.

[sosteric heats of adsorption (Q)?° calculated at low
uptake show that MUF-15-OMe has a high affinity for
C,H; (31.4 kJ/mol), followed by C,H,, C,Hs and CO,
(29.4, 27.9 and 26.9 k]J/mol, respectively, Figure S20).
This trend indicates that stronger MOF-guest
interactions result in lower gate opening pressures.



Cog(n3-OH)2(RCO;3)1q

Figure 1. (a) The SCXRD structure of MUF-15-OMe comprises hexanuclear cobalt(II) clusters (cobalt = dark blue; oxygen = red;
carbon = gray; hydrogen = pale pink (mostly omitted for clarity)) connected by 5-methoxyisophthalate (ipa-OMe) linkers. Sites
occupied by terminal H,0 ligands are marked with the letter t. (b, c) Cobalt(Il) clusters and ipa-OMe ligands assemble into a
network that defines a 3D array of channels in MUF-15-OMe. Each cluster is connected to ten others by bridging ipa-OMe ligands.
(d) The network of pores in MUF-15-OMe illustrated by the Connolly surface in yellow (probe of diameter 1.0 A). The outer
surface of the pore space network is shown in grey
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Figure 2. Volumetric (a) C;H,, (b) C;Hy, (c) C;Hg and (d) CO, adsorption (filled circles) and desorption (open circles) isotherms
measured at different temperatures for MUF-15-OMe. (e) Volumetric adsorption isotherms measured at 273 K for MUF-15-OMe
presented using a log scale on the x axis. The vertical dashed lines indicate the gate opening pressure each gas. (f) Volumetric
C;H4 adsorption (filled circles) and desorption (open circles) isotherms measured at 273 K and 293 K for [Cog(us-
OH);(ipa)os2(ipa-OMe)468(H20)2] (93.5% ipa-OMe) and [Coe(ps-OH)(ipa)ose(ipa-OMe)saz(H20)2] (88.3% ipa-OMe). The
percentages represent how much ipa-OMe is present as a fraction of the total isophthalate content.



To understand the structural details of the flexing
process, we performed ab initio simulations on MUF-15-
OMe and its parent structure, MUF-15, at the quantum
chemical level. We followed a methodology previously
used in exploring the flexibility of novel (or
hypothetical) compounds.3® The lower symmetry, large
dimensionality, and presence of very soft degrees of
freedom in MUF-15-OMe prevented calculations from
converging within the high accuracy required. We
therefore performed the computational analysis on the
parent MUF-15 compound in the Pnna space group
(Figure 3a).

We first gradually applied an isotropic negative
pressure on the structure to simulate framework
opening under a guest-induced adsorption stress.3! In
response, we observed a small variation of the a and ¢
parameters of around 0.3 A (over the range of 0 to -1.6
GPa), while the b parameter varied more significantly -
around 2.3 A. This demonstrates potential for flexibility
in the MUF-15 family and highlights an important
anisotropy in the microscopic mechanism, with the b
direction being by far the softest. At an applied pressure
of -1.7GPa, an even more pronounced increase was seen
in the b cell parameter of >1.3 A over 0.1 GPa. Here, one
of the ipa linkers, aligned along b, detaches from the
cobalt cluster (Figure 3b).

(a) p 4

e O o2 ©
ce e
° e

Figure 3. (a) Structure of parent MUF-15, [Cog(z-
OH),(ipa)10], at equilibrium, from DFT calculations. (b)
Structure of parent MUF-15, [Cog(2-OH)(ipa)1o], after an
increase of volume of AV = +32% due to detachment of one
of the ipa linkers from the cobalt cluster.

To further investigate the variation of the cell
parameters around the pressure of interest, we
performed a series of constant-volume minimizations
(where atomic positions and cell parameters are
optimized with only a constraint on total volume). The
structures  obtained (available as supporting
information) confirm the microscopic mechanism: first,
as the volume increases, the linkers orient in the b

direction and flatten in the ab plane. This is followed by
cleavage of one of the Co-0 coordination bonds aligned
in the b direction. This explains the strong anisotropy of
the mechanical properties.

To ascertain the impact of this flexibility on the pore
network, we calculated the surface area and accessible
volume of both structures with Zeo++. The parent
structure has a surface area of 1391 m?/g and an
accessible volume of 0.079 cm3/g. These values are
lower than those derived from the experimental
structure, which is consistent with the smaller unit cell
volume of the energy-minimized structure. Upon
increasing the unit cell volume from 5807 A3to0 7648 A3,
the values for the surface area and accessible volume
jumped to 2357 m?/g and 0.260 cm?3/g, respectively.
Framework flexibility is clearly associated with a drastic
change to the pore network, demonstrating how it can
be coupled to (and triggered by) the adsorption of guest
molecules with significant host-guest interaction
strengths.

We confirmed the accessibility of this open phase by
calculating the energy penalty for the opening process.
As our simulations are performed on the neat
framework, the denser phase is expected to be more
stable. The energy difference is E = +54 kJ/mol per Co
atom. This is comparable to “breathing” energies
observed for other porous MOFs, and fully consistent
with materials where flexibility can be triggered by
adsorption. We also confirmed that the structure in
Figure 3b corresponds to a metastable phase, being a
local minimum of the enthalpy (H = U + PV). The
mechanism observed for MUF-15 appears to be generic,
although the details of the energetic balance involved in
the opening process will depend on the microscopic
nature of each structure: this means that while we
expect all members of the MUF-15 family to have the
potential to be flexible, flexing will be triggered under
different conditions (temperature, pressure,
adsorption) in different materials. This is in line with the
experimental observations.

With an eye to exploiting the flexibility of MUF-15-
OMe for quantum sieving, we measured adsorption
isotherms of H, and D, at 30-50 K (Figure 4a). These
isotherms exhibit stepwise and hysteretic adsorption,
which are both indicators of structural flexibility. At
their boiling temperatures, the framework opening
pressures of H, (0.07 mbar) and D, (0.04 mbar) differ
slightly (Figure S28). At higher temperatures, gate
opening is consistently induced at lower pressure by D,
compared to H,. At 30 and 40 K, the difference in
opening pressure is more than one order of magnitude,
which is comparable to results reported for the
breathing MOF MIL-53(Al) at 77 K.32 In accord with the
earlier-reported gases, the position of gate opening for
H, and D, shifts towards higher pressures with
increasing temperature. A similar shift in gate opening
pressure has been reported for high-pressure H,
adsorption in Co(1,4-benzendipyrazolate)®® and for
cryogenic low-pressure adsorption in MIL 53(Al).3?

Hydrogen isotope separation is a key technological
challenge in the development of hydrogen fuel systems,
chemical reaction mechanism labelling, neutron
scattering techniques, pharmaceutical technology, non-
radioactive isotopic tracing, lighting etc.34-38 Invigorated
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by the significant differences in the single-component
adsorption isotherms of H, and D,, we investigated

(@) 12 [peuterium, 30 K

MUF-15-OMe for this separation.

_7 [ Deuterium, 40 K i [ Deuterium, 50 K 10 | Pexp: 5 mbar
Hydrogen, 30 K! _,.-7" Hydrogen, 40 K 1 f Hydrogen, 50 K Time,, 30 min 412
B : : ) .
10} il i e | ar
P ! L;“..;'Q..‘ 4110 ~
Bol _uP » L : o z
o ST =
g & i A . 3 | a
E'G .'_./ ! ...6'-': : ;7_ 1.05§
o[ 1 r . ¢
£ : o g [ ™ £
] i g o & ® 41082
24 | L o L n 6t s
1 ] 1 [}
| o 2
| o
2t [ L o L -1.04
1 1 1 o
| . st .
1 ¢ 1 1 b 4
[ d L il al. ol o wal. s sdund sl unl. b ol ol l. sad wi sl L 1 1 1 1 1.02
001 01 1 10 1001000 0.01 0.1 1 10 1001000 0.01 0.1 1 10 100 1000 30 35 40 45 50
Pressure (mbar) Pressure (mbar) Pressure (mbar) Temperature (K)
b e
(b), (€) o T
m L P, 5 mbar —_ - . Time,,,: 30 min
9270 /‘.“. T:rr:e - 30 min g, 20r '\' . Te-w. i . 141y v
EJ 18h ; i exp E ;‘ i Time,,,: 30 min 115
316 ;N 5 S5 =
3 30Ki 316 Ai 12} T
014t = 2 o P S z 5
£, / g 250 mbar = e
o F A T2 % 7 250 mbar 10} 110 §
=10} D, 40K = 5 o = =
o 2 o= D; s = 5mbar 8 E
T08} \ Los T 2 b5
So. ¥ 50 H e B 8r &
§06[ He c H: ¢ g . a
204l € 03 $ - . 1.05
= o L AR 6
. 5 \ %
2o02¢ : 2
S0 e ‘* O OO p— e —— o o e i o
20 30 40 50 60 70 80 90 100 20 30 40 50 B0 70 80 90 100 0 50 100 150 200 250

Temperature (K) Temperature (K)

Pressure (mbar)

Figure 4. (a) Semi-logarithmic representation of MUF-15-OMe isotherms for H, and D, at 30, 40 and 50 K. The grey lines indicate
the conditions at which TDS measurements with a 1:1 isotope mixture were performed. (b) Desorption of MUF-15-OMe for 30,
40 and 50 K exposure temperature: TDS desorption rate at 5 mbar exposure pressure and 30 min exposure time. (c) Desorption
of MUF-15-OMe for 5, 50 and 250 mbar exposure pressure: TDS desorption rate at 40 K exposure temperature and 30 min
exposure time. Selectivity determined by TDS and isotope ratio of MUF-15-OMe as a function of exposure temperature (d) and
of exposure pressure (e). The isotherm ratio was determined for 52 pressure points, TDS measurements were carried out at

four different pressures.

The ability of a material to be used for isotope
separation can be analysed indirectly via its pure gas
isotherms or directly by thermal desorption
spectroscopy (TDS)3® of a 50/50 gas mixture (Figures
4b,c). The molar isotherm ratio D,/H, as a function of
temperature and pressure, as well as the selectivity
determined by TDS measurements with a 50/50
mixture of the isotopes, is displayed in Figures 4d and
4e. Here, temperature and pressure refer to the gas
exposure conditions, which are indicated by grey lines
in the corresponding isotherm (Figure 4a). Both
selectivity and the isotherm ratio decrease as a function
of temperature from 30 to 40 K, followed by a steep rise
to 50 K. The selectivity decreases from 6.3 at 30 K to 4.9
at 40 K. It increases strongly to 9.8 at 50 K. With rising
pressure at 40 K, the molar ratio first drops at low
pressures below 20 mbar, followed by a rapid rise from
a minimum of 1.02 to a maximum of 1.17 at 140 mbar.
The selectivity of MUF-15-OMe follows this trend with a
drop between 5 and 10 mbar, a significant selectivity
increase to 50 mbar and a more gradual increase to 100
and 250 mbar. The highest selectivity value of 14.3 for
MUF-15-OMe was measured at 40 K and 250 mbar. This
can be compared with other highly selective materials
such as CP0-27% (11.8 at 60 K and 30 mbar), MIL-

53(Al)*? (13.6 at 40 K and 10 mbar) and FMOFCU3® (14
at 25 K and 10 mbar). MUF-15-OMe outperforms these
materials when selectivity and uptake capacity are
considered together. In the breathing region at 40 K and
pressures between 50 and 250 mbar (kinetic quantum
sieving mechanism), we observe a selectivity of 14.3 and
uptake of 4.75 mmol/g for MUF-15-OMe, which is higher
than CP0-27% (selectivity of 11.8 and uptake below 3
mmol/g at 60 K and 30 mbar), MIL-53(Al)3? (selectivity
of 13.6 and uptake of 2 mmol/g at 40 Kand 10 mbar and
for higher pressure 80 mbar the uptake increases to 8
mmol/g, but the selectivity drops to 6) and FMOFCU3®
(selectivity of 14 and uptake of 0.1 mmol/g at 25 K and
10 mbar).

The pressure-dependent selectivity, measured by TDS
at 40 K, spans the pressure ranges 5 - 10 mbar, prior to
the D, adsorption step, and the range 50 - 250 mbar,
where the framework flexes (Figures 4a, c). The rapid
increase in the total uptake between 10 and 50 mbar
arises from the additional pore space generated by gate
opening (Figure S29b). The significant increase in
selectivity over this pressure range indicates that the
kinetic quantum sieving is enabled by the flexing of
MUF-15-OMe since D, diffuses faster than H, in the
newly-created void space (Figure 4e).



Temperature-dependent selectivity measurements
align with this finding (Figure 4d). At 40 K, 5 mbar lies
below the adsorption step, while at 30 K this pressure
falls inside the hysteresis zone. The selectivity of MUF-
15-OMe at 5 mbar decreases from 30 to 40K. This is due
to the adsorption-driven opening of the additional pore
at 30 K, which enables kinetic quantum sieving. In
contrast, at 5 mbar and 40 K the additional pores are still
closed so have no beneficial impact on the selectivity.
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The high selectivity at 50 K and 5 mbar could originate
from chemical affinity sieving. Due to evacuation at the
exposure temperature, only strongly bound molecules
remain at the surface, which leads to a decrease in total
uptake with increasing exposure temperature.
Moreover, at the stronger adsorption sites there is a
preference for D, adsorption, resulting in a higher
selectivity by chemical affinity quantum sieving.
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Figure 5. (a) Volumetric CO, and N, adsorption (filled circles) and desorption (open circles) isotherms measured at 273 K for
MUF-15-OMe. (b) Experimental and predicted single-component breakthrough curves of CO, in a column packed with MUF-15-
OMe with a total pressure of 1.1 bar. (c) Predicted single gas breakthrough curves for CO; at 0.95 bar assuming MUF-15-OMe to
be either rigid (pink) or flexible (brown). (d) Predicted breakthrough curve for an 85/15 CO,/N, mixture for a bed packed with
MUF-15-OMe at 273 K and 1.1 bar assuming the framework to be either rigid (blue) or flexible (orange).

We then turned to the separation of CO, and N,. The
effect of MOF flexibility on chemical separations is a
topical research field.'” 40-42 We made measurements at
273 K due to the favourable isotherm profiles at this
temperature: the low-pressure CO, isotherm of MUF-
15-OMe features the second adsorption step around 620
torr, while N, isotherm does not have a second
adsorption step (Figure 5a). We therefore reasoned that
enhanced selectivity toward CO, may arise from above
620 torr following gate opening. We first measured
single gas breakthrough curves of CO, as a function of its
partial pressure (Figure 5b). Mixtures of CO, and helium
(as an inert carrier gas) were introduced to an
adsorption column packed with 0.85 g of MUF-15-OMe.
The total pressure was maintained at 1.1 bar and the
temperature at 273 K. Feeds with four CO, partial
pressures were introduced to the column (Table S5).
The sharpness of the experimental breakthrough curves
indicate that the adsorption rates are rapid. The first
three partial pressures (412, 495 and 577 torr) lie
below the gate opening pressure. In these cases, the

framework does not flex, and the progressively longer
breakthrough times reflect the increased quantity of CO,
(Figure 5b). At a CO, partial pressure of 783 torr, on the
other hand, gate opening will occur. Here, we observed
a distinct jump in the breakthrough time since the
structural transformation of MUF-15-OMe brings about
a higher capacity for CO, uptake (Figure 5b). To further
investigate this additional capacity, we simulated the
CO, breakthrough curves.?” 43 44 Good agreement was
observed between simulated and experimental
breakthrough curves, confirming the validity of this
model across feeds with different CO, concentrations
(Figure 5b,c). Using this validated model, a
breakthrough curve was then predicted for the feed
mixture with a partial CO, pressure of 783 torr under
the hypothetical assumption that the framework
structure remains static. This involved refitting the CO,
adsorption isotherm below the gate opening pressure to
obtain appropriate parameters (Figure 5c, Figure S24).
The breakthrough of CO, using this ‘inflexible’
adsorbent is predicted to occur after 21 minutes, which
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is earlier than the simulation that allows for framework
flexibility (23.3 minutes, Figure 5c). This demonstrates
that gate-opening enhances CO, capture under dynamic
conditions.

To further demonstrate effect of gate opening on
binary gas mixtures where the two gases
simultaneously adsorb, we investigated the separation of
CO, and N,. Firstly, experimental breakthrough curves
fora 60/40 CO,/N, mixture (CO, partial pressure of 495
torr) and an 85/15 CO,/N, mixture (CO, partial
pressure of 701 torr) were measured (Figure S25).
Simulated breakthrough curves show a good match with
the experimental data (Figure S25). With this model in
hand, we could compare the breakthrough separation of
the 85/15 CO,/N, mixture under two different
scenarios: (i) that MUF-15-OMe is flexible, and (ii) the
hypothetical assumption that MUF-15-OMe is inflexible
(Figures S23 and S24). When the flexibility of MUF-15-
OMe is taken into account, the elution of CO, is extended
by more than two minutes (Figure 5d). On the other
hand, the elution times for N, are very similar since it
does not benefit from the additional pore space that is
created by framework flexing. In this way the structural
transformation produces a superior separation material

In summary, MUF-15-OMe is a dynamic MOF that
responds to guest uptake with a reversible, pore-
expanding structural transformation. Adsorption in this
newly-created pore space is specific to particular guests,
enabling highly selective separations. Specifically, it
improves the separation of CO, and N, and allows the
quantum sieving of D, and H,. The underlying
mechanism behind the flexibility of MUF-15-OMe was
deduced from computational studies, where one of the
linkers partially detaches to allow the framework to
expand and generate additional pore space. By
illustrating how flexibility can enhance the uptake of
specific guests, this study defines the way forward for
challenging separations using dynamic MOFs.
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