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ABSTRACT: Understand/visualize the established interactions between gases and adsorbents is mandatory to implement bet-
ter performant materials in adsorption/separation processes. Here we report the unique behavior of a rare example of a
hemilabile chiral three-dimensional metal-organic framework (MOF) with an unprecedented qtz-e-type topology, with for-
mula Cu'z(S,S)-hismox - 5H20 (1) (hismox = bis[(S)-histidine]oxalyl diamide). 1 exhibits a continuous and reversible breath-
ing behavior, based on the hemilability of carboxylate groups from L-histidine. In-situ powder (PXRD) and single crystal X-
ray diffraction (SCXRD) using synchrotron radiation allowed to unveil the crystal structures of 4 different host-guest adsorb-
ates (Ar, Nz, COz and CsHes@1), the rationalization of the breathing motion and unravel the mechanisms governing the adsorp-
tion of these gases. Then, this information has been transferred to implement efficient separations of mixtures of industrial
and environmental relevance -CO2/Nz, COz/CH4 and C3Hs/C3Hs using 1 in packed columns as the stationary phase and dis-

persed in a mixed matrix membrane.

INTRODUCTION

Metal-organic frameworks'-* (MOFs) are solid crystal-
line porous materials that have been extensively studied in
last decades, due to the myriad of useful and exploitable
properties that they can exhibit, such as gas adsorption® and
separation,® catalysis,’-1® magnetism,! conductivity!? and
water harvesting.’®* Among them, gas adsorption/separa-
tion processes have traditionally captured most attention
due to their intrinsic porous nature and the possibility to
fine-tune, pre- or postsynthetically,'415> such porosity in
terms of size, shape and/or functionality of the MOFs chan-
nels, in order to modify adsorption affinities and/or separa-
tion capabilities.'® In addition, the unique stimuli-respon-
sive flexibility”17 and adaptability'® of some MOFs can also
account for the selectivity observed in the separation of spe-
cific molecules.!?

The resolution of the crystal structure of the host-guest
adsorbate?0-22 js the most effective and direct way to visual-
ize and rationalize these adsorption mechanisms. However,
the number of reports showing these crystal structures is
still limited and most of them have been resolved by powder
X-ray diffraction?3-26 (PXRD) and neutron powder diffrac-
tion?’-3¢ (NPD) methods. Even fewer crystal structures
were resolved by single crystal X-ray diffraction35-50
(SCXRD) - which offers unambiguous results with much

more precise structural parameters - and these were fo-
cused mainly on COz-adsorbed materials.

Among the total MOFs reported in literature, only a select
group of MOFs have network flexibility and exhibit breath-
ing, under application of external stimuli.>'>2 This phenom-
enon is directly related to stepped adsorption isotherms,
which may lead to hysteretic adsorption behavior with
great potential impact on the gas separation properties.53

In this work, we report a novel very robust and flexible
water-stable microporous three-dimensional (3D) MOF
(Figure 1a), prepared with an oxamidate ligand!>54-60 de-
rived from the natural amino acid L-histidine (Figure 1b), of
formula Cu'z(S55)-hismox - 5H20 (1) (where hismox'® =
bis[($)-histidine]oxalyl diamide). The present material fea-
tures intricate and narrow distorted triangular channels,
which are decorated with a number of accessible Cu(Il)
sites and aromatic imidazole rings from the amino acid res-
idue histidine (Figures 1c-d). This material exhibits great
robustness but also a singular flexible network -due to the
presence of specific temperature- and adsorbate-respon-
sive structural features, which can induce a reversible and
continuous breathing of the MOF. This phenomenon is visu-
alized by means of SC-XRD of 1, which constitutes one of the
very few examples showing such continuous breathing,
along with MIL-8861.62 and SHF-6153. It finally experiences a
gas-driven phase transition without change in crystalline



phase at low pressures, from a stable guest-free phase to
give a larger-pores phase, which is reflected in two-step ad-
sorption isotherms. The extremely high crystallinity and ro-
bustness of 1 allowed the resolution of the crystal struc-
tures of 4 different host-guest adsorbates (Ar, Nz, CO2 and
CsHe) by means of SC-XRD. This offered unprecedented
snapshots on the mechanisms governing the adsorption of
these gases and the subsequent impact on its separation
properties. Separation of some common mixtures of gases
is of main relevance in industrial chemical processes. These
separations include the selective capture of greenhouse
gases - like COz or CH4 - or the separation of different mix-
tures of hydrocarbons; amongst which olefin/paraffin sep-
arations stand out.®® Current separation methods consume
large amounts of energy and resources. Thus, the develop-
ment of new materials with improved separation properties
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will have a major impact on society from both environmen-
tal and economic view-points.®* To this end, it is crucial to
understand the host-guest interactions operating in the gas
adsorption/separation processes. In particular, 1 carries
out efficiently the kinetic separation of mixtures of CO2/Nz,
CO2/CH4 and CsHs/CsHs.

RESULTS AND DISCUSSION

Preparation and X-ray Crystal Structure. Compound 1 is
obtained at large scale by decreasing the pH of an aqueous
(BuaN)2{Cuz[(S,S)-hismox](OH)2} - 4H-0 solution to pH = 4
with diluted HCL. In addition, at small scale, a slow diffusion
technique yields larger blue rectangular prisms suitable for
X-ray diffraction (see Supporting Information for details).
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are omitted for clarity). (b) Chemical structures of the chiral bis[(.5)-histidine]oxalyl diamide ligand (top) and the correspond-
ing dianionic bis(hydroxo) dicopper(II) complex (bottom), highlighting the potential coordination sites (blue and red) and
the chiral centers (*). (c) Perspective view of a fragment of 1 in the bcplane, showing the dinuclear units coordination modes.
(d) Perspective views of one single channel of 1 in the ab (top) and bc (bottom) planes. The ligands are depicted as sticks and
the copper(Il) cations as spheres, both with surfaces. In d, C and N atoms constituting the imidazole rings are shown using

the spheres and sticks mode. Color codes: Cu: cyan; O: red; C: gray; N: blue.

Crystal structure of the MOF. 1 The structures of 1 in the
110-350 K range of temperature and ambient pressure
were solved with single-crystal X-ray diffraction at the Syn-
chrotron Light Source, Diamond, UK (Figure S1, Table S1).

Analysis of the structure of 1 at 110 K (Figure 1) shows
that the material crystallizes in the hexagonal space group
P3121 with unit cell dimensions 2= 10.5763 (12) Aand c=
16.8289 (6) A, and has the unique qtz-e-type topology (Fig-
ure S2) with no occurrence in MOFs’ topologies database.®>
The framework comprises six connecting nodes of trans-ox-
amidato-bridged dicopper(Il) units, {Cu'2[(S,S)-hismox]}
(Figure 1b), bridged by the carboxylate of the histidine moi-
eties acting as monodentate linkers, creating an infinite chi-
ral porous 3D framework (Figure 1c). Coordinated water
molecules occupy the apical site on each of the Cu centres
and form strong hydrogen bonds [0-:-O and H---O-H of
2.45(1) and 1.63(3) A, respectively] with crystallization

water molecules. Free imidazole N atoms on {Cu'’z[(S,S)-his-
mox]} units are involved in hydrogen bonds with -0-CO
groups of the histidine residues occupying adjacent sheets
[0---N and O---H-N of 2.756(3) and 2.03(3) A, respectively].
The weak interaction of this imidazole---carboxylate is a key
intrinsic feature, as it is at the origin of its hemilability. It is
retained by the net, being still very active and dynamic as
well, in the dehydrated phase of 1 (vide infra). All Cu centres
are crystallographically equivalent, exhibiting a square-py-
ramidal (CuN2020water) geometry (Figure 1c). The five-coor-
dinated Cu metal centres have different Cu-O and Cu-N
bond lengths for the basal/equatorial planes [1.95(1)-
1.97(1) A] and the apical ones [2.483(1) A]. The qtz-e lattice
has one type of unidimensional trapezoidal nanosized chan-
nels growing along the [001] direction (Figures 1a and 1d),
with effective calculated void volumes, at 110 K, of 30.5%
[total potential accessible volume of 497.9 A3 of 1629.9 A3



of the unit cell]. The channels contain both coordinated and
lattice water molecules.

PXRD and TGA experiments. The powder X-ray diffraction
(PXRD) pattern of a polycrystalline sample of 1 (Figure S3)
fits perfectly with the calculated pattern (Figure S3a),
which confirms the purity of 1 and the isostructurality of the
bulk with the crystals selected for single crystal X-ray dif-
fraction. The water content of 1 was established by thermo-
gravimetric analysis under dry Nz atmosphere (TGA, Figure
S4) and elemental CHN analyses (Experimental section at
SI). Figure S4 shows a fast mass loss from room tempera-
ture, followed by a plateauin the range of 95-280 °C, where
decomposition starts. The weight loss of 16.2% at 150 °C
closely corresponds to 5 water molecules.
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Figure 2. N2 (77 K) adsorption isotherm for the activated
compound 1. Filled and empty symbols indicate the adsorp-
tion and desorption isotherms, respectively. The inset
shows the two-step gas adsorption and the hysteresis in the
desorption process at low pressures.

Gas adsorption experiments. Compound 1 was activated,
prior to the sorption measurements, by soaking the sample
in methanol for 60 min, followed by drying under reduced
pressure for 24 h at 80 °C. The Nz adsorption isotherm at 77
K (Figure 2) shows a type I isotherm, characteristic of mi-
croporous materials with permanent microporosity, with
an estimated Brunauer—Emmett—Teller (BET) surface
area®® of 624 m? g1, Interestingly, the N2 sorption isotherm
exhibits a two-step hysteresis (inset of Figure 2). The first
step, which occurs at very low-pressures (P = 2.0x10-°-
2.8x10-*bar), fits well with the adsorption of ca. 3 mmol of
Nz per formula unit. The sharp second step corresponds to
the adsorption of 3 more mmol of N2 per formula unit (P =
1.1x10-3-1.7x10-3 bar) to reach a “pseudo-plateau” that in-
creases smoothly to reach a saturation value of ca. 7 mmol
of N2 per formula unit.

Interestingly, very similar behaviour is observed for the
Ar (77 K) and CO2 (195 K and 273 K) adsorption isotherms
(Figures S5 and S6) with a two-step adsorption of ca. 3 and
6 mmol of Ar and 1.5 and 3 mmol of COz per formula unit.
Overall, such two-step hysteretic adsorption behaviour for
Nz, Ar and COz can be attributed to both framework flexibil-
ity and/or a gas molecules relocation.

Synchrotron powder X-ray diffraction. /n-situ Synchro-
tron Powder X-ray Diffraction (S-PXRD) measurements of 1
at different temperatures and in the presence of different

gases unveiled the origin of this two-step adsorption and to
elucidate the gas adsorption interactions.
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Figure 3. S-PXRD experiments for compound 1 at different
temperatures and under vacuum. From the bottom to the
top: pattern of simulated hydrated phase (blue), 7-depend-
ent S-PXRD patterns in the 298-340 K range (black), S-PXRD
patterns at 350 K within 30 min. (orange), simulated pat-
tern of the dehydrated phase (green). Solid red line repre-
sents the last spectra before the phase transition.

The diffraction pattern of the sample was monitored dur-
ing activation under vacuum from 298 K to 350 K and only
shows a sudden shift of nearly all peaks to higher angles
around 250°C, after which it remains constant. The S-PXRD
pattern of 1 at different temperatures, showing this dra-
matic change in the crystal structure, indicate that 1 is sen-
sitive to the desolvation, but once it is dehydrated, the struc-
ture remains unaltered. Exposure of the activated sample to
air showed complete reversibility of the process.

Isobaric experiments with N2, Ar, COz and C3He at 5 bar
accomplished saturation of activated 1 upon cooling from
350°C (Figures S7-S10). The structure of 1 behaves very
similar upon adsorption of the different gases. Thus, once
the sample is pressurized with the gases at high tempera-
ture (350 K), the diffraction pattern shifts towards lower 2
theta, indicating that when a small amount of gas is ad-
sorbed, the structure of 1 starts assuming an analogous
structure as the hydrated one. Interestingly, this happens
for all gases, including Ar and N2, which are very far from
the condensation point (see phase diagram, Figures S7-
S$10). These results suggest that the structure of 1 is ex-
tremely sensitive to gas adsorption and, when the first mol-
ecules of an adsorbate enter the pores, the structure of the
sample changes. However, the same structure of the fully
hydrated MOF was not achieved with any of the gases,
showing that the interaction of the framework with perma-
nent gases is weaker than that with water vapor.

Overall, S-PXRD experiments confirm that the framework
is highly flexible and that the (de)hydration of the sample
produces a pronounced and reversible change in the struc-
ture, while gases have a similar but less pronounced effect,
depending on their polarity, size and shape. Nevertheless, S-
PXRD does not allow to identify which specific interactions



of the different gases with the framework are responsible
for the breathing.

Crystal Structures of the activated and gas-adsorbed
phases. /n-situ SC-XRD experiments with synchrotron radi-
ation on a single crystal of 1 in the presence of different
gases (Nz, Ar, COz2 and C3He) at variable temperature and
pressure, yielded much more detailed information (Figures
4-6) than the powder experiments. The temperature in-
crease of 1 induces a delicate breathing motion of its crystal
structures, culminating in a sudden contraction of the cell
volume at high temperatures and under vacuum (Figures 4
and S12-S14 and Tables S1-S3 and video S1). A slightly pos-
itive thermal expansion (PTE) over the temperature range
of 110-290 K is followed by an abrupt contraction of the a
and c axes (see Figure S13 and Tables S1-S2) and lower vol-
ume at 320 K and 350 K (Table S2 and Figure S12). The
large breathing motion is associated with the removal of the
water molecules (Figure 4) accounting for a large decrease
in the unit-cell volume (total AV = 325 A3, ~22%, Table S2
and Figure S12).

Noteworthy, the deformation of the framework during
the breathing process is not accompanied, by a crystalline
phase transition. The dehydrated phases (Figure 4) main-
tain symmetry and still exists in the 3121 space group. The
structural changes are most evident in the crystallographic
a- and c-axis directions showing strong contractions (Aa =
—0.81 A and Ac ~ -0.84 A, see Table S2) over the range of
breathing motion. The dehydrated network is stable and
does not show strong further changes upon heating (see
1@320K and 1@350K, Table S2) or upon cooling of the de-
hydrated 1 in 250-110 K range of temperatures (Table S3).
The whole process gives rise to two main distortions of the
framework: (7) an important motion of each carboxylate
group of the histidine moiety towards the Cu centers that
assists the change in the coordination environment of the
copper metal ions -hemilability- (Figures 5 and S11), which
results in a narrowing of the trapezoidal channels in the ab
plane (Figure 4); and (77) a compression of the copper chiral
chains along the cchannel direction, for which the length of
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Interestingly, during the evacuation process, it has been
possible to take a snapshot of the transient adopted by the
net before getting the most stable dehydrated conformation

the axis is reduced. (Figures 5 and 6). Noteworthy, the main
contributor to the breathing mechanism in 1 -the change in
copper coordination sphere (hemilability, Figure 5)- is to-
tally different to that of other MOF's exhibiting breathing be-
havior, such as MIL-53, MIL-88 and DMOF,¢7 for which the
ligand hinge motion accounts for the breathing behavior.

Upon heating to 350 K, 1 undergoes a single-crystal-to-
single-crystal transition (Table S2), which reverses upon
exposure to air at 298 K (Table S4). The unit cell changes at
350 K to 10.055(3) A and 16.302(6) A for aand ¢ respec-
tively (see Figure 4 and Table S1 for fully solvated unit-cell
parameters). Figures 4 and 6 show loss of both free and co-
ordinated water molecules, while the frameworks are still
composed of one crystallographically unique Cu centre and
one unique hismox ligand with empty trapezoidal channels.

Dehydration deforms the unique qtz-e net (Table S3). Co-
ordination sites that were previously occupied by coordi-
nated water molecules (Cu-O distance = 2.483(2) A) are
then occupied by pz-coordinated carboxylate O atoms (Cu-
0, 2.670(2) A or 2.626(3) A at 320 K and 350 K, respec-
tively) from neighboring trans oxamidato-bridged dicop-
per(I) units, {Cu'2[(S,S)-hismox]} (Figures 5 and 6). The
latter are still H-bonded to free -NH groups of imidazole and
their H-bond acts as a pivot for 0-CO motion (Figure S11).
Thus, during the evacuation process, a significant oscillation
of carboxylate groups, H-bond assisted, move them from a
Cu--0 distance greater than 3.0 A [3.014(3) A for 110 K
crystal structure] to the lower values reported above, re-
vealing an established bond with copper metal ions
(hemilability). This change in coordination environment of
the Cu centers does not alter the dimensionality of the
framework but triggers the breathing affecting the dimen-
sion of the channels. The combined structural variation and
the new conformation arrangement results in a large de-
crease of the Cu-+-Cu [from 8.442 to 7.771 A] and 0--0 [from
6.779 to 6.083 A] separations of each waving carboxylate O
atoms on neighbouring {Cu''2[(S,S)-hismox]} dimers within
narrow window of each pore (Figures 5, 6 and S11).

a=b=10.0623(16) A
c=16.382(3) A

V = 1436.4(5) A®
Figure 4. View of one single channel of 1 in the ab plane for selected temperatures: 110 K (a), 250 K (b), 320 K (¢) and 350 K
(d) (the crystallization water molecules are omitted for clarity) with most relevant structural parameters. The ligands are
depicted as sticks and the copper(II) cations as spheres, both with surfaces. Color codes: Cu: cyan; O: red; C: gray; N: blue.

a=b=10.055(3) A
¢ =16.302(6) A
V = 1427.2(10) A®

(Figure 6). Surprisingly, the transient is the most ‘open’
crystal structure. This unique transient only occurs in the
freshly activated MOF and does not re-appear after cooling



and heating to the same temperature. Our hypothesis is that
the loss of water imposes a first transient step in response
to the change in the coordination number from five to four,
in which the new geometry around the Cu centers imposes
first only a flattening of the basal plane, still reminiscent of
the hydrated network, with a consequent increase of the
bond lengths in copper environment. (Figure S11b, left).
Then, the flexible -0-CO groups rotate to bind sites that
were occupied by the water molecules, rather than leaving
these sites vacant. On exposure to humidity from air, 1
quickly reverts to the original as-synthesized crystal struc-
ture (Table S4). On the other hand, synchrotron powder X-
ray diffraction did not show any evidence of the transient
structure (Figures 6 and S11), which suggest that such
‘transient’ shift occurs faster or in a less collective fashion
in the dehydration of powders, where different size and
shape of crystallite contributions may quench the bulk ef-
fect. As far as we know a such unambiguous visualization of
a complete rearrangement process of a MOF single crystal
upon dehydration, showing the occurrence of diverse steps
before pore’s contraction, is unprecedented in a MOF.

The origin of robustness, reversibility and hydrolytic sta-
bility of 1 and few other hemilabile MOFs®® is connected
with the presence of coordinated solvent molecules that
may be removed by heating and/or under vacuum, leaving
open metal sites within the MOF pores, which interact with
new guest molecules. The weak coordination interactions
involving carboxylate groups attenuate the coordination
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change effect. On rehydration, these weak bonds are broken
and the framework returns to its original hydrated form
(Figure 5). The energy released by the adsorption of water
molecules is used to break these long Cu-0 bonds, rather
than Cu-0 bonds in network that hold the framework to-
gether (Figures 1c and S11).
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Figure 5. View of a fragment of 1 emphasizing the changes
in the copper(Il) environment during the reversible breath-
ing process [Structural parameters are reported in A].
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Figure 6. (a) View along the caxis of one pore’s details of the 3D open-framework from original structure of 1 (at 110 K, the
guest water molecules are represented as red spheres whereas hydrogen as with sticks) through evacuation process gener-
ating transient (b) and then robust dehydrated phases (c) where a significant conformational rearrangement occurred. The
main structural variations are shown in detail (dashed lines). Color codes: Cu: cyan; O: red; C: gray; N: blue.

The direct structural characterization of N2, Ar, CO2 and
CsHe adsorption in single crystals of 1 (Figures 7 and S15-
S20 and Table S5) under rigorously air-free conditions con-
firms that a larger-pores phase is reobtained after exposing
the stable guest-free phase to the gases, in agreement with
S-PXRD (Table S5). Furthermore, each gas, except Ar (Fig-
ure S17), interacts with the exposed copper(ll) site (Figures
S15-S20) and this allows the identification of secondary (for
Nz, and CO2) and tertiary (for N2) adsorption sites (Figures

S15 and S18, respectively) within the framework. Remark-
ably, further inspection of Cu'-gas distances reveals that
binding occurs primarily through both strong (for N2, CO:
and C3Hs) and weak (for N2, Ar, CO2 and C3He) interactions
(see Single Crystal X-ray Diffraction section at the Support-
ing Information for an in depth analysis of N2@1, CO2@1and
Ar@1 crystal structures). The total amount of gas molecules
detected by in-situ SC-XRD experiments fits well with that
observed in the gas adsorption measurement, except for Ar.



Inspection of the {Cuz[(S55)-hismox]}0.66Ar structure
shows no direct bond between Ar and the framework, as ex-
pected for such a symmetric atom without quadrupole mo-
ment capable to interact with the dipole moment of the met-
als. This point must be responsible for the lower Ar loading
in the structure compared to N2, CO2 and CsHs adsorbates
and gas-sorption measurements. The higher disorder of

these free atoms, probably does not allow to define all Ar
atoms. The Cu-CsHe interactions observed in 1 represent, to
the best of our knowledge, the first single-crystal structure
determination of a metal-C3Hs interaction, which were so
far only determined by neutron powder diffraction
(NPD).283034

Figure 7. Perspective views of the porous structures determined by single-crystal X-ray diffraction of the host-guest adsorb-
ates containing N2 (a, 110 Kand 7. 4 bar), Ar (b, 120 Kand 10 bar), COz (¢, 235 Kand 9.4 bar) and C3Hs (d, 290 K and 7.5 bar).
Copper(1I) atoms are depicted as spheres and sticks whereas ligands are represented as sticks. The guest gases are repre-
sented as spheres and sticks with surfaces. The host-guest interactions are shown in detail (dashed lines) in the right side of
the porous structures. Color codes: Cu: cyan; O: red; C: gray; N: blue.

The X-ray analysis of a single crystal of 1 under 7.5 bar of
C3Hs at 290 K resulted in the {Cuz[(5S)-hismox]} - 2C3He

crystal structure (Figures 7d, S20 and S21). Noteworthy,
below 1 bar of C3He at 230 K, the structure showed no



marked subnetwork displacements, indicative of a high af-
finity of the net for the gas as shown by gas adsorption iso-
therms. A direct bond involving the unsaturated carbon-
carbon bond of the C3Hs molecule and Cu(II) ions can be ob-
served at 2.33 A and 2.61 A, for 7.5 bar/290 K and 1 bar/230
K, respectively. This is the shortest distance among the
studied gases (Figures S20 and S21), and further supports
the presence of strong network-gas interactions. In both the
low and the high pressure regime, C3H¢ preferentially forms
single CsHe*Cu(Il) adducts with this unique adsorption site,
and the guest molecules are never confined at the center of
the channels but interact weakly with the pore wall (Figure
7d).

Breakthrough experiments. Adsorption isotherms for the
hydrocarbons methane (CH4), propane (CsHs) and propyl-
ene (Cs3He), and for Nz and COz at 298 K (Figure S22), indi-
cate that only COz, CsHs and C3He are adsorbed significantly,
whereas CHs and N: are virtually not adsorbed. These re-
sults suggest potentially high theoretical selectivities for the
separation of N2/COz and CH4/CO2 gas mixtures and also a

moderate theoretical C3Hs/C3He selectivity that increases
under kinetic conditions (breakthrough experiments, vide
infra). This can be attributed to the higher interactions be-
tween C3Hs and the framework, as determined by SC-XRD.

Breakthrough experiments®® in packed columns of 1 as
the stationary phase (Figure 8) show that the N2/CO2 and
CH4/CO2 separations are fully achieved, whereas N2 and CHa
break at the same time as Hz, indicating no N2 and CH4 ad-
sorption. However, COz is adsorbed for a duration of ca. 13.5
min., which corresponds to the maximum adsorption capac-
ity of ~34 cm3 g1 of 1 at 298 K, and indicates that selectivity
for this separation is extremely high. For the C3Hs/C3Hs mix-
ture (Figure 8c), CsHs breaks 3 min later than Hz and C3Hs
breaks 7.5 min after CsHs, indicating a maximum total ad-
sorption of ~15 cm3 g! and 47.5 cm3 g1, respectively. This
is in agreement with the much higher affinity of 1 for C3Hs
then for CsHs adsorption (Figure S22). This scenario with a
central role of the metal center may be at the origin of selec-
tive behavior of 1.
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Figure 8. Experimental column breakthrough curves for N2/CO2 (75:25, v/v, (a)), CH4/CO2 (75:25, v/v, (b)) and C3He/C3Hs
(50:50, v/v, (c)) gas mixtures measured at 298 K and 1 bar in a column using 1 (ca. 1 g) as stationary phase. The total flow

was 12 mL min-1. H2 was used as reference gas.

Mixed matrix membranes based on Pebax1657®/1 for gas
separation. MOF 1 is an appealing candidate for the fabrica-
tion of membranes, useful for gas application, due to its re-
markable CO2z adsorption capacity as well as its selectivity.
As a further confirmation, 1 was dispersed in a film of the
poly(ether-co-amide) multi-block copolymer Pebax®1657
in order to obtain a defect-free mixed matrix membrane
with homogenous dispersion of 1 (Figure 9). This is a model
system for mixed matrix membranes, currently at the cen-
ter of the attention for gas and vapor separation applica-
tions.70.71

a

Figure 9. (a) Photograph of a representative Pebax®1657/1
mixed matrix membrane. (b) SEM image of MMMs with a
loading of 22 vol% of 1.

The advantage of Pebax®1657 is that it does not affect the
overall permeability for the gases of interest (Figure 10a),
which makes it ideally suitable for the study of transient
phenomena. Gas permeability measurements were carried
out with pure gases by a standard time lag instrument and
with gas mixtures by an innovative setup with on-line mass
spectrometric analysis of the gas composition.”? Details of
the permeability measurements are given in the Supporting
Information. In contrast to the constant permeability, there
is a remarkable decrease of the effective pure gas diffusion
coefficient with increasing MOF content (Figure 10b). De-
tails of the permeability measurements are given in the Sup-
porting Information. In contrast to the constant permeabil-
ity, there is a remarkable decrease of the effective pure gas
diffusion coefficient with increasing MOF content (Figure
10b).

Given the well-known equation describing the solution-
diffusion mechanism, P = D x S (where P = permeability, D
= diffusion coefficient and S = gas solubility), a reduction in
the diffusion coefficient and constant permeability means a
corresponding increase in the gas solubility (Figure 10c), in
agreement with the high sorption capacity of 1 discussed
above. The strong CO2-1 interaction was confirmed by the
anomalous trend in the diffusion coefficient for COz as a
function of the feed pressure monitored in the range 0.1-1.5
bar for the Pebax®1657/22 vol% MOF 1 MMMs (Figure



S23). The anomaly originates from the high affinity of CO2
for 1 which, affects negatively the diffusion coefficient at
low feed pressure, boosting at the same time the solubility.
The sorption isotherms of the six gases, determined from
the indirectly calculated solubility (C=S X pfeed), show a
clear dual mode sorption behavior for CO2, and a greater af-
finity of CO2 with MMMs with respect to the other gases
(Figure S24). The characteristic gas interaction properties
of 1 were further confirmed under mixed gas conditions.
The membrane Pebax®1657/1 with 22 vol% of MOF 1 was
tested using two binary mixtures CO2/CHa4 (35/65 v/v) and
CO2/N2 (85/15v/v). Figure 11a shows the typical sigmoidal
curve of COz2 permeate flow rate during single and mixed gas
permeation, in the presence of N2 and CH4 for CO2/Nz and
CO2/CHa4 binary mixtures, respectively. The permeation of
COz2 slows down markedly by the presence of methane and
nitrogen. This behavior was not observed for the neat
Pebax® membrane (Figure 11b) confirming the strong CO2-
1 interaction. For a more accurate analysis of the transient

behavior, the permeate flow rate curves of the two binary
mixtures were fitted with Eq. S1 (Figure S25) describing
Fickian diffusion in nonporous polymers. The high preci-
sion fit strongly underestimates the early stage of the me-
thane and nitrogen permeation curves. This very fast tran-
sient behavior is associated to the preferential penetrant
transport in non-interacting channels formed by compound
1 cavities, confirming the poor adsorption anticipated by
the breakthrough curves. Instead, the CO2 transient perme-
ation is somewhat slower than the theoretical curve, indi-
cating the existence of a stronger COz2-membrane interac-
tion in this Pebax®1657/1 MMM with respect to that in the
neat polymer.

This strong interaction makes this innovative material a
good candidate for the potential design and development of
mixed matrix membranes or even membrane reactors,
where the separation properties of the membrane can be
coupled with the presence of a catalyst in the MOF.
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CONCLUSIONS

In summary, we have reported a novel chiral 3D MOF, de-
rived from the natural amino acid Z-histidine exhibiting a
qtz-e-type topology for the first time in a MOF. This novel
material shows a reversible and continuous breathing, as
evidenced by in situ SCXRD, which leads to a stable guest-
free phase with a drastic reduction of the unit-cell volume
and the size of the channels. The process can be reversed by
exposing the sample to open-air or gases like Ar, Nz, COz and
C3He which also originates two-step adsorption isotherms
for Ar, N2 and COz2. The use of in situ SCXRD at the Synchro-
tron Light Source allowed the resolution of the crystal struc-
tures of 4 different host-guest adsorbates (Ar, Nz, CO2 and
CsHs), offering unprecedented snapshots on the mecha-
nisms governing the gas adsorption of these gases. The MOF
1 is able to efficiently separate mixtures of CO2/N2, COz/CH4
and C3Hs/C3Hs. These separations have been investigated
with the MOF packed in a column and integrated in a mixed
matrix membrane (MMM), which provides fundamental in-
sight into the properties of the materials and the guest-host
interactions in the pure MOFs and in the MMMs. The results
of our study are of great practical importance for the poten-
tial use in the separation of economically or environmen-
tally important gas mixtures, such as CO2/CHa separation
from natural gas or from biogas, COz/N: separation from
flue gas, or olefin/paraffin separation in the petrochemical
industry. Considering the possibility to tailor the pore size
and internal chemistry, further application of these materi-
als in a much wider field, for instance catalysis, can also be
hypothesized.

EXPERIMENTAL SECTION

Preparation of Cu'z(S,S)-hismox - 5H20 (1): Well-formed
deep blue cubic prisms of 1, suitable for X-ray diffraction,
were grown after a few days of slow layer diffusion in an
essay tube at room temperature. The top layer was a pH =
2 aqueous solution (12 mL, pH was adjusted using HCI),
while the bottom one was another aqueous solution of
(BusN)2{Cuz[(S,S)-hismox](OH)2} - 4H2.0 (0.1 mmol dis-
solved in 2 mL of water). The crystals were collected by fil-
tration and air-dried (0.045 g, 77% yield); elemental analy-
sis calculated (%) for Ci4H22CuzNeO11 (577.5): C 29.12, H
3.84, N 14.55; found: C 29.06,H 3.77,N 14.61. IR (KBr) 3376
cm-! (vn-u) and 1608 cm! (vc=0).

Alternatively, a gram-scale synthesis of 1 can be also car-
ried out: 2.5 g (2.32 mmol) of (BusN)2{Cuz[(S,S)-his-
mox]|(OH)z} - 4H20 were dissolved in 25 mL of H20. To the
resulting dark green solution, another aqueous acid solu-
tion (HC], pH = 2) was added slowly, under a continuous
stirring, to reach a final pH value of ca. 4.0. The blue poly-
crystalline solid that appeared was filtered off, washed with
water and methanol and dried under vacuum. Yield: 1.21 g,
91%; Anal.: calcd for Ci4H22Cuz2N6011 (577.5): C 29.12, H
3.84,N 14.55; found: C 29.11,H 3.70, N 14.59.1R (KBr) 3356
cm~! (vn-u) and 1612 cm! (ve=o0).

Membrane preparation. All pure Pebax®1657 and MMMs
were cast from water and ethanol (ratio 30:70 wt%/wt%)
mixture -based solutions or suspensions that were poured
into level Teflon dishes. Slow solvent-evaporation yielded
self-standing films that were blue in color for all MMMs, as

exemplified in Figure 9a. The Pebax1657/MOFs weight ra-
tios were 10:1, 10:2, 10:3 and 10:4, corresponding to MOFs
volume percentages of 6vol%, 12 vol%, 17 vol% and
22 vol%, respectively.
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Experimental Section
Chemicals

All chemicals were of reagent grade quality. They were purchased from commercial
sources and used as received. H2Me2-(S,S)-hismox and (BuaN)2{Cu:z[(S,S)-

hismox](OH):2} - 4H20 were prepared as previously reported. !

Preparation of Cu'>(S.S)-hismox - SH>O (1).

Well-formed deep blue cubic prisms of 1, suitable for X-ray diffraction, were grown
after a few days of slow layer diffusion in an essay tube at room temperature. The top
layer was a pH = 2 aqueous solution (12 mL, pH was adjusted using HCI), while the
bottom one was another aqueous solution of (BusN)2{Cuz[(S,S)-hismox](OH).} - 4H>0O
(0.1 mmol dissolved in 2 mL of water). The crystals were collected by filtration and air-
dried (0.045 g, 77.% yield); elemental analysis calculated (%) for Ci4H22Cu2NsO11
(577.5): C29.12, H 3.84, N 14.55; found: C 29.06, H 3.77, N 14.61. IR (KBr) 3376 cm™
' (va-n) and 1608 cm ™! (ve=o).

Alternatively, a gram-scale synthesis of 1 can be also carried out: 2.5 g (2.32 mmol)
of (BusN)2{Cuz[(S,S)-hismox](OH)>} - 4H,O were dissolved in 25 mL of H>O. To the
resulting dark green solution, another aqueous acid solution (HCI, pH = 2) was added
slowly, under a continuous stirring, to reach a final pH value of ca. 4.0. The blue
polycrystalline solid that appeared was filtered off, washed with water and methanol
and dried under vacuum. Yield: 1.21 g, 91%; Anal.: calcd for Ci14H22Cu2NgO11 (577.5):
C 29.12, H 3.84, N 14.55; found: C 29.11, H 3.70, N 14.59. IR (KBr) 3356 cm ™' (vn-n)
and 1612 cm™! (ve—o).

Membrane preparation.

All pure Pebax®1657 and MMMs were cast from water and ethanol (ratio 30:70
wt%/wt%) mixture -based solutions or suspensions that were poured into level Teflon

dishes. Slow solvent-evaporation yielded self-standing films that were blue in colour for

all MMM, as exemplified in Figure 9a. The Pebax1657/MOFs weight ratios were 10:1,
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10:2, 10:3 and 10:4, corresponding to MOFs volume percentages of 6 vol%, 12 vol%,
17 vol% and 22 vol%, respectively.

Physical Technigues

Elemental (C, H, N), and ICP-MS analyses were performed at the Microanalytical
Service of the Universitat de Valencia. FT—IR spectra were recorded on a Perkin-Elmer
882 spectrophotometer as KBr pellets. The thermogravimetric analysis was performed
on crystalline samples under a dry N2 atmosphere with a Mettler Toledo TGA/STDA
851 thermobalance operating at a heating rate of 10 °C min.

X-ray Powder Diffraction Measurements: A fresh polycrystalline sample of 1 was

introduced into a 0.5 mm borosilicate capillary prior to being mounted and aligned on
an Empyrean PANalytical powder diffractometer, using Cu Ka radiation (A = 1.54056
A). For each sample, five repeated measurements were collected at room temperature

(26 =2-60°) and merged in a single diffractogram.

Gas adsorption: The CHa (298 K), CsHsg (298 K), CsHe (298 K), Ar (77 K), N2 (77
and 298 K) and CO3 (195, 273 and 298 K) were carried out on a polycrystalline sample

of 1 with a Micromeritics ASAP2020 instrument. Sample was first activated with
methanol and then evacuated at 348 K during 24 hours under 10 Torr prior to their

analysis.

Synchrotron powder X-ray diffraction: S-XRPD experiments were collected at the

high-pressure/microdiffraction end station of the MSPD beamline at synchrotron ALBA
in Spain, using a Rayonix SX165CCD 2D detector and a wavelength of 0.4243 A. The
experiments were performed in an ad hoc capillary reaction cell (fused silica capillary,
inner diameter 247um, outer diameter 662um). The material was placed inside the
capillary connected to a manifold that allows dosing gases at different pressures. An
Oxford Cryostream 700 was used to control the temperature of the sample. In a standard
experiment the sample is activated at 350 K under vacuum. After the activation, the
sample is then pressurized with a given pure gas (N2, Ar, CO2 etc.). Then, the

temperature is decreased step-wise while the XRD pattern is recorded.

Synchrotron single-crystal X-ray diffraction: The various crystal structures of 1 in the

110-350 K range of temperature and ambient pressure were solved with single-crystal
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X-ray diffraction at the Synchrotron Light Source, Diamond, UK. Then in-situ SC-XRD
experiments were carried out for dehydrated compound 1 at variable temperatures and
under the presence of different gases (first H20 to evidence reversibility of water uptake
and then N2, Ar, CO2 and CsHe) at different pressures, using synchrotron radiation, on
single crystal sealed in the gas cell, designed and built at Diamond Light Source, in the

119 beamline to perform in situ gas-dosing experiments (Figure S1).

CCDC reference number for all crystal structures CCDC 1891576-1891596.

e Synchrotron crystallographic measurements and data analysis of 1 at

different temperatures.

A crystal of 1 with 0.05 x 0.04 x 0.04 mm as dimensions was selected and mounted
on a MITIGEN holder in glue, then the sample pin was inserted in the glass capillary,
sealed in the cell and placed on a liquid nitrogen stream cooled at 110 K. Diffraction
data for 1 were collected using synchrotron radiation at 119 beamline in DIAMOND (A
= 0.6889 A). The data were collected at 110 K and then starting heating to 140-170-
200-250-300-320-350 K (see Tables S1-S2). They were processed through xia2
software,? and all structures solved with the SHELXS structure solution program, using
the Patterson method. The model was refined with version 2013/4 of SHELXL against

F2 on all data by full-matrix least squares.®

A slightly positive thermal expansion (PTE) over the temperature range of 110-290 K
is followed by an abrupt contraction of a and ¢ axes and a resulting reduction of the
volume at 320 and 350 K (see Tables S1-S3). The large breathing motion is associated
with the removal of the water molecules together with the rearrangement (hemilability)
of carboxylate groups accounting for a large decrease in the unit-cell volume (AV = 325
A3, ~22%, see Table S1 and following section).

In all solved structures all non—hydrogen atoms of the MOF net were refined
anisotropically. The use somewhere of some C-C bond lengths restrains during the
refinements in 1, have been reasonable imposed and related to extraordinary flexibility

of the frameworks.

The solvent molecules were well-defined and modelled in all solved structures with

data measured in the 110-290 K. The hydrogen atoms of the ligand were set in
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calculated positions and refined as riding atoms whereas for water molecules, where
possible, were found from AF map and then refined with restrains on O-H distance and

angle and fixed thermal factors.

The resolution of data measured at 320 and 350 K revealed no significant peaks of
electron density attributable to waters in the channels in either case, as would be

expected from solvent loss (see section below).

The comments for the main alerts A and B are described in the CIF using the

validation reply form (vrf).

A summary of the crystallographic data and structure refinement for the hydrated

MOF 1 at different temperatures is given in Table S2.

The final geometrical calculations on free voids and the graphical manipulations
were carried out with PLATON implemented in WinGX, and CRYSTAL MAKER

programs, respectively.

e Single-crystal structure determination and refinement of 1 during desolvation

and resolvation processes.

Single crystal of 1 were removed from their water solvent by first washing with
methanol then applying vacuum/refill cycles for three times (three minutes for each
cycle) and heating in situ using cryostream device of the 119 beamline in DIAMOND.
Synchrotron crystallographic data were collected on a single selected single crystal of
0.054 x 0.050 x 0.050 mm as dimensions under vacuum at 300, 320 and 350 K and only
then cooling down to 110 K and measuring at 250-200-150-110 K (see Table S3). They
were processed through xia2 software,? and all structures solved with the SHELXS
structure solution program, using the Patterson method. The model was refined with

version 2013/4 of SHELXL against F? on all data by full-matrix least squares.®

In all solved structures all non-hydrogen atoms of the MOF net were refined
anisotropically. The presence of some C-C bond lengths restrains during the
refinements in 1, have been reasonable imposed and related to both extraordinary

flexibility of the frameworks and small effects of heating over the crystal morphology.
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While the resolution of data measured at 300, 320 and 350 K and then 260-110 K
revealed no significant peaks of electron density attributable to waters in the channels in
either case, confirming the evacuation occurred, only the crystal structure measured at
300K (defined as a ‘transient’ structure) unveiled, surprisingly, a very large positive
thermal expansion after evacuation followed by the ‘robust’ crystal structures exhibiting
the expected negative thermal expansion at both 320 and 350 K and 250-110 K (Tables
S2 and S3). In fact, as reported in the main text, the dehydrated network is stable and

did not show appreciable changes in the range of temperatures (Tables S2 and S3).

After that, valve on sample has been opened for one minute to expose crystal to air
and allow to adsorb water vapor and then in situ synchrotron data were collected at 260
and 150 K (see Table S4). They were processed through xia2 software,? and all
structures solved. In all solved structures significant peaks of electron density
attributable to waters in the channels clearly appeared confirming the fast and reversible

water desolvation-rehydration process occurring in 1.

A summary of the crystallographic data and structure refinement for the dehydrated
and after rehydration process on MOF 1 at different temperatures are given in Tables

S2, S3 and S4, respectively.

The final geometrical calculations on free voids and the graphical manipulations
were carried out with PLATON implemented in WinGX, and CRYSTAL MAKER

programs, respectively.

e in situ synchrotron SC-XRD measurements and data analysis during gas

sorption.

As stated above, the whole crystallographic studies on single-crystal X-ray on 1 were
carried out at beamline 119, at Diamond Light Source. The gas loading was precisely
controlled and measured on single crystal sealed in the gas cell, designed and built at
Diamond Light Source, to perform in-situ gas-dosing experiments. Experiments were
carried out on the same single crystal of 1 used for studying dehydration-rehydration
process. After activation of the crystal data were acquired measuring on 1 at variable
temperatures and under the presence of different gases (N2, Ar, CO, and C3Hs) at

different pressures (see below for refinement details). Once measurements on a given
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gas have been performed, the gas was exhausted from main rig and sample lines. Then,
vacuum was applied on all the lines to remove any residue of previously measured gas
and all the rig and gas lines refilled with inert gas. After closing the inert gas lines, once
again the rig and sample lines were exhausted to restart with vacuum and new gas. All
the four adsorbate structures were measured at two different T values accordingly to

their critical points (see Table S5 for details on T and P).

All data were processed through xia2 software,? and solved with the SHELXS
structure solution program, using the Patterson method. The models were refined with

version 2013/4 of SHELXL against F2 on all data by full-matrix least squares.®

All non-hydrogen atoms of the MOF net were refined anisotropically. The hydrogen

atoms of the ligand were set in calculated positions and refined as riding atoms.

The comments for the main alerts A and B are described in the CIF using the

validation reply form (vrf).

A summary of the crystallographic data and structure refinement for the (N2, Ar, CO>

and CzHs) adsorbates of MOF 1 at different temperatures is given in Table S5.

The final geometrical calculations on free voids and the graphical manipulations
were carried out with PLATON implemented in WinGX, and CRYSTAL MAKER

programs, respectively.

In depth analysis of gas loaded crystal structures:

Overall, analysis of the structures of {Cuz[(S,S)-hismox]} - 6Nz, {Cuz[(S,S)-hismox]}
~3CO2 and {Cu2[(S,S)-hismox]} - 2C3Hs shows that N2, CO, and C3zHs interact, axially,
with the open coordination site offered by copper(ll) ions (Figure 5), confirming that
this site has the greatest contribution to the adsorption of these gases in the material
(vide infra). N2, Ar, CO2 and CsHe were also measured at high pressures (10, 9.4 and
7.5 bar, respectively) at different T values accordingly to their critical points (see Table
S5 for details on T and P). In these conditions N2 (only at 110K), CO2 and Ar guest
molecules were unambiguously unveiled (see Single Crystal X-ray Diffraction section
at Supporting Information for an in depth analysis of N2@1, CO2@1and Ar@1 crystal
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structures), whereas crystal structures for the CsHe adsorbate have been obtained both at
1 and 7.5 bar (Figures 7 and S15-S21).

{Cu2[(S,S)-hismox]} - 6N2: The crystal structure has been measured on the evacuated
crystal of 1 under a pressure of 7. 4 bar of N2 at 110 K. Data were acquired also from
crystals of 1 loaded with N2 between temperature and pressures ranges of 298-110 K
and 0.5-7.4 bar. Refinement of data collected at 298 K and low pressures (0.5-6 bar)
revealed no significant peaks of electron density attributable to guests in the channels in
either case, as would be expected from their weak interaction due to thermal motion and
low loading. As the temperature was lowered, many local maxima were located in the
observed structure factor Fourier maps, providing evidence of the localization of the gas

atoms. This localization is most apparent at 110 K.

Well-located N2 guest molecules were refined with fixed thermal factors due to
expected high thermal motion. Both the high thermal factors on guest molecules and
high-pressure regime (affecting a bit crystal quality) are most likely at the origin of the

moderate high R factor.

The crystal structure of {Cu2[(S,S)-hismox]} - 6N2 (7.4 bar of N2 at 110 K, Figure 5a)
shows that N2 molecules adopts three different adsorption sites. The primary adsorption
site displays an end-on coordination geometry towards the d® Cu(ll) metal ion with a
Cu—Nn2 distance of 2.44(6) A, significantly shorter than Cu—Nn, separation of 4.11 A
observed in the unique structure reported so far for porous copper frameworks solved by
single crystal X-ray experiment.* The non-linear Cu—N—-N angle of 122(5)° suggests a
significant contribution of back-bonding interaction between N2 and Cu(ll). These two
main structural parameters indicate the strongest Cu-N. binding reported so far in a
MOF. N2 molecules at 110 K residing in the other two absorption sites, farther from
Cu?*, are thermally disordered. The secondary sites (Figures 5a, S15 and S16) display
van der Waals interactions between N. and the waving oxygen atoms of carboxylate
groups belonging to hismox ligand, with Nn2---O shortest interactions of 2.71(6) and
2.89(6) A (Figure S15). Besides the net displays the expected expansion followed by a
O-CO motion moving the weaker bond at Cu...O to 2.94(1) A. The additional third
adsorption site identified from local maxima of electron density, is situated at the center
of the pores (with molecules in special positions) exhibiting as closest contacts with the
framework the H,C- of the histidine moiety [shortest N2--- H-C- at 3.64(6) A] (Figures
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5a and S15e). Full occupancy factors of three adsorption sites give six N2 molecules
adsorbed per formula unit, and corresponds remarkably well to the estimated number of
N2 molecules adsorbed in the framework from the gas adsorption measurement.

{Cu2[(S,S)-hismox]} - 3CO2: The crystal structures were obtained from a single
crystal dosed with 9.4 bar of CO: in a sealed capillary at 235 and 298 K. The best model
has been reached at 235 K, even if even at 298 K no important variations on the

structure has been registered (see Table S5).

Peaks related to CO> guest molecules were detected with a fully occupancy factors
and refined with restrains on bond lengths and fixed thermal factors due to expected
high thermal motion, especially associated with guest molecules occupying the third
adsorption sites. At 235 K, CO- is found to interact with a large Cu—Oco2 distances of
3.033(5) and 3.451(5) A. This site, found in all refinements over the temperature range
examined, can be identified as the primary adsorption site (Figures 5¢ bottom, S18 and
S19). Moreover, O atoms from the carbonyl groups of the ligands are situated at only
2.848(5) A from the C atom of CO, molecules occupying the primary site, suggesting
an interaction between the C(5") atom of the CO, molecule and the O lone pair, as
observed before.® The secondary adsorption sites identified, are situated at the center of
the pores, where CO2> molecules are packed with closest contacts with the framework
through the H,C- of the ligand [shortest O-C-O--- H-C- at 3.436(6) A] (Figures 5c and
S18b).

{Cu2[(S,S)-hismox]} - 0.66Ar: SCXRD data from crystals of 1 loaded with Ar were
collected firstly between temperature range of 320-100 K at a pressure of 2 bar.
Unfortunately, refinement of data revealed no discernible peaks of electron density
assignable to guests. Their location became apparent at 120 K under a pressure of 10
bar, even if the population is lower than the loaded amount observed in the gas
adsorption measurements. Only one site has been found with shortest contacts with the
net at 3.087(9) A far from H-C- of the histidine moieties (Figure S17). The shortest
distance of 3.98 A with copper metal ions is significantly longer than that recently
reported for Co—Ar of 2.932(9) A reported,® which provides a possible explanation for
the difficulties finding all adsorbed Ar atoms. This point must be responsible for the
lower Ar loading found in the structure —compared to N2, CO2 and C3He adsorbates and

gas-sorption measurements— due to the possible higher disorder of these free atoms,
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which does not allow to define all of them. Furthermore, the resolution of the structure
unveiled a network not really ‘opened’ (see cell volume in Table S5) most likely as

consequence of no change in copper coordination environment.

{Cu2[(S,S)-hismox]} - 2CsHs: These crystal structures have obtained both at
pressures of 1 and 7.5 bar, and temperature of 230 and 290 K, respectively.

Refinements of both data collected at high and low pressure (290 K / 7.5 bar and 230
K / 1 bar) revealed significant electron density attributable to CsHe guests in the
channels. The local maxima were located in both the observed structure factor Fourier
maps, providing the first single-crystal structures determination of a metal-CsHs
interaction. Guest molecules were detected with a fully occupancy factors in all
structures and refined with restrains on bond lengths. Hydrogen on guests have been
neither found nor calculated. As a consequence of a large thermal motion they exhibit
high thermal factors. These high thermal factors on guest molecules and also the high-
pressure regime used (affecting a bit crystal quality) are most likely at the origin of the
moderate high R factor (Table S5).

Breakthrough measurements: Breakthrough curve experiments for three different
mixtures of gases CH4/CO2 (75/25), N2/CO. (75/25) and CsHg/C3Hs (50/50) were
carried out using a column at 298 K. The sample powder was packed in the middle part

of the column. Here, the sample mass we used is ca. 1 g. Breakthrough allows in situ
activation of the sample under Helium flow. Mass flow controllers controlled the flow
rates of all gases. Before the measurement, the sample was activated at the desired
temperature for 19 hours. The gas stream from the outlet of the column was analysed
online with a mass spectrometer. The preparation of a fixed bed for breakthrough
experiments is not a trivial point. When activated carbons or zeolites are used for
breakthrough, the powders are pelletized, in order to get and controlled particle size and
furthermore the bed is compressed. In this way it is possible to achieve a quasi-plug
flow or piston flow through the column. In the case of MOFs, the difficulties to prepare
pellets or the stability issues that many MOFs present upon compression, limit the
degree of freedom to prepare fixed beds that allows a quasi-piston flow through the bed.
For that reason, we used inert gas (H2) that allows us to track the deviation of the flow

from the ideal flow. The amount of gas adsorbed was the difference between the shape
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of the CHs, N2, CO2, C3Hg and CzHs breakthrough and the H» breakthrough. Thus, the
dispersion and the very small pressure drop can be considered.

Membranes characterization:

e Structural and morphological characterization.

Morphological analysis of membranes were performed by scanning electron
microscopy (SEM) on a Phenom Pro X desktop SEM, equipped with backscattering
detector (Phenom-World B.V., Netherlands).

e Determination of gas transport properties.

Single gas permeation tests were carried out at 25 °C and at a feed pressure of 1 bar,
using a fixed-volume pressure increase instrument (ESSR), described elsewhere.’
Permeability coefficients, P, and diffusion coefficients, D, were determined by the time-
lag method.® The simplest model of permeation through dense polymeric films
describes permeability as the product of diffusion coefficient and solubility coefficient.
Thus, the apparent solubility, S, was indirectly calculated as S = P/D. The ideal
selectivity is the ratio of permeability of two species, a(A/B) = PA/PB. Mixed gas
permeation tests were carried out using a custom made constant pressure/variable

volume instrument, described elsewhere,”!°

equipped with a quadrupole mass filter
(HPR-20 QIC Benchtop residual gas analysis system, Hiden Analytical). Measurements
were carried out as a sequence of increasing and subsequently decreasing pressure steps
in the range from 1-6 bar(a). For the constant pressure/variable volume system, the
theoretical permeate flow rate as a function of time curve is given by the equation,

describing Fickian diffusion in nonporous film:

= (3), ras (22T ((2F)en(-2)) sy

mn

in which e is the permeate flow rate (cm3ste min ) at time, t (s), R is the universal
gas constant (8.314 x 107> m? bar mol*-K™), T is the absolute temperature (K), A is the
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exposed membrane area (m?), | is the membrane thickness, ps is the feed pressure (bar),

S is the gas solubility (m3ste m~3 bar?), and D is the diffusion coefficient (m? s™2).
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Table S1. Summary of Crystallographic Data for 1@110K, 1@140K 1@170K, 1@200K and 1@250K.

Compound 1@110K 1@140K 1@170K 1@200K 1@250K
Formula C14H24CusNgO12 C14H22CuaNgO12 Ci14H22CusNgO12 C14H22CusN6O12 Ci14H22CusN6O12
M (g mol™) 595.47 595.47 595.47 595.47 595.47
A (A) 0.6889 0.6889 0.6889 0.6889 0.6889
Crystal system trigonal trigonal trigonal trigonal trigonal
Space group P3;21 P3,21 P3;21 P3;21 P3,21
a(A) 10.5755(2) 10.5867(2) 10.5958(2) 10.6489(3) 10.70450(10)
c(A) 16.8276(4) 16.8414(4) 16.8456(4) 16.8523(5) 16.8919(3)
V(A% 1629.88(7) 1634.67(8) 1637.89(9) 1655.00(11) 1676.26(4)
z 3 3 3 3 3
Peatc (g cm ™) 1.820 1.815 1.811 1.792 1.770
4 (mm) 1.874 1.868 1.864 1.845 1.747
T (K) 110 140 170 200 250
Orange for data 2.155- 30.814 2.153- 30.799 2.151- 30.770 2.140 - 30.684 2.129- 30.860
collection (°)
g;’glplete“ess o= 100% 100% 100% 100% 100%
Measured reflections 19916 20123 20219 19242 21065
Unique reflections 3616 3631 3641 3656 3751
Observed reflections

3316 3154 3072 2985 3603
[{>20(D)]
Goof 1.062 1.044 0.986 1.013 1.028
Absolute structure
sarametor (Flack) 0.023(5) 0.017(6) 0.012(6) 0.016(8) 0.002(6)
g;g; 2o(D] (all 0.0329 (0.0357) 0.0329 (0.0378) 0.0324 (0.0384) 0.0362 (0.0462) 0.0355 (0.0367)

b

gﬁa)[l > 20(D] (all 0.0990 (0.1005) 0.0989 (0.1006) 0.0952 (0.0973) 0.1053 (0.1085) 0.1172 (0.1195)
CCDC 1891576 1891577 1891578 1891579 1891580

#R = Y.(IFol = [Fel)/XIFol. ® WR = [Zw(|Fo| - [Fel)*/Xw|Fol’]2.
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Table S2. Summary of Crystallographic Data for 1@300K, 1@320K and 1@350K.

Compound 1@300K 1@320K 1@350K
Formula C14H12CusNgO¢ C14H12CuxN6Os Ci14H12CuxN6Os
M (g mol™) 487.38 487.38 487.38

2 (A) 0.6889 0.6889 0.6889
Crystal system trigonal trigonal trigonal
Space group P3,21 P3,21 P3;21

a (A) 10.926(12) 10.0623(16) 10.055(3)
c(A) 17.70(2) 16.382(3) 16.302(6)
V(A% 1829(4) 1436.4(5) 1427.2(10)
Z 3 3 3

Peale (g cm™) 1.327 1.690 1.701

4 (mm™) 1.578 2.010 2.023

T (K) 300 320 350
Orange for data 2.086- 30.255 2.265- 30.737 1.521- 28.00
collection (°)

Completeness o o o

t0 0 = 25.0 100% 100% 100%
Measured 19063 16951 17129
reflections

Unique 3737 3173 3211
reflections

Observed

reflections [/ > 973 1733 1656
20(D)]

Goof 0.932 0.983 0.977
Absolute

structure

parameter 0.02(5) 0.02(2) 0.01(2)
(Flack)

RO[1>20(1)]

(all data) 0.0931 (0.2315) 0.0703 (0.1147) 0.0691 (0.1191)
WwR [1>20(D)]

(all data) 0.2456 (0.2890) 0.1601 (0.1854) 0.1627(0.1903)
CCDC 1891581 1891582 1891583

* R = Y.(IFo| = [Fel)/XIFol. ® WR = [Xw(|Fo| - |Fel)/Xw|Fo’]*2.
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Table S3. Summary of Crystallographic Data for dehydrated phase 1@250K, 1@200K, 1@150 and

1@110K.
Compound 1@250K 1@200K 1@150K 1@110K
Formula C14H12CuaNOg C14H12CuaN¢Os C14H12CuaN¢Og C14H12CuaN¢Og
M (g mol™) 487.38 487.38 487.38 487.38
A (A) 0.6889 0.6889 0.6889 0.6889
Crystal system trigonal trigonal trigonal trigonal
Space group P3;21 P3;21 P3;21 P3;21
a(A) 10.156(5) 10.125(4) 10.136(2) 10.166(5)
¢ (A) 16.664(9) 16.556(9) 16.514(4) 16.563(10)
V(A% 1488.4(16) 1470.0(15) 1469.3(8) 1482.3(17)
Z 3 3 3 3
Pealc (g cm™>) 1.631 1.652 1.652 1.638
u (mm™) 1.940 1.964 1.965 1.948
T (K) 250 200 150 110
Orange fordata 5545 54062 2.548-24.997  2249-24.988  2.540-24.984
collection (°)
Compleleness o 6 100% 100% 100% 100 %
EZEfsggzi 11806 11615 11666 7278
Unique reflections 1918 1900 1901 1885
Observed
reflections [/ > 1498 1478 1540 1516
20(D)]
Goof 1.076 1.164 1.211 1.187
Absolute structure 0.033) 0.02(3) 20.03(2) 20.04(2)

parameter (Flack)
R[I>20(])] (all
data)
WRP [I>20(D)] (all
data)
CCDC

0.0887 (0.1049)

0.2035 (0.2243)
1891584

0.0861 (0.1044)

0.2011 (0.2202)
1891585

0.0838 (0.0968)

0.1912 (0.2064)
1891586

0.0718 (0.0860)

0.1589 (0.1706)
1891587

* R = Y.(IFo| = [Fel)/XIFol. ® WR = [Xw(|Fo| - [Fel)/Xw|Fo’]*2.
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Table S4. Summary of Crystallographic Data for H-O@1 at 150K and 260K (Crystal structures
after heating the sample to 350 K and single-crystal-exposure to air for one minute, to rehydration).

Compound H0@1 H0@1
Formula C14H24CusNgO12 C14H24CuzN6O12
M (g mol™) 595.47 595.47

L (A) 0.6889 0.6889
Crystal system trigonal trigonal
Space group P3;21 P3;21
a(A) 10.802(4) 10.790(4)
c(A) 16.933(6) 16.891(7)
V(A% 1710.9(14) 1703.0(15)
VA 3 3

Peale (g cm™>) 1.734 1.742

4 (mm™) 1.785 1.793

T (K) 150(2) 260
forﬁ‘gcggofr‘l’r(gata 2.411- 30.396 2.113- 30.384
gso.l(;lpleteness to 0 = 100% 100%
Measured reflections 19288 19373
Unique reflections 3642 3647
Observed reflections [/

~20(D)] 2543 2508
Goof 1.031 1.031
Absolute structure

parameter (Flack) 0.00 (1) 0.02(2)
R*[I>20(])] (all data) 0.0557 (0.0813) 0.0496 (0.0763)
WR’[1>20(])] (all 0.1617 (0.1798) 0.1355 (0.1511)
data)

CCDC 1891588 1891589

* R = Y.(IFo| = [Fel)/XIFol. ® WR = [Xw(|Fo| - [Fel)/Xw|Fo’]*2.
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Table S5. Summary of Crystallographic Data for N2@1, CO@1, Ar@1 and CsHes@1.

Compound N:@1 110K/7.4 N.@l1 (226 K/7.5  CO:@1 (235 CO:@1 (298 Ar@l (120 K/10 Ar@1 (160 K/10  CsHs@1 (290 C:Hs@1 (230

P bar) bar)© K/9.4 bar) K/9.4 bar) bar) bar) K/7.5 bar) K/1 bar)
Hi2CwN Hi2CwN

Formula C14H12CuaN 1306 Ci14H12Cu2N 1306 C17H12CuaN6O 12 C17H12CuaNgO 12 Cua 12(;::7 1806 Cus 12(1?;27 1806 Ca0H24CuaN¢Os Ca6H24CuaN¢Og

M (g mol™) 655.50 655.50 619.41 619.41 514.01 514.01 571.53 571.53

A (A) 0.6889 0.6889 0.6889 0.6889 0.6889 0.6889 0.6889 0.6889

Crystal system trigonal trigonal trigonal trigonal trigonal trigonal trigonal trigonal

Space group P3,21 P3,21 P3,21 P3,21 P3,21 P3,21 P3,21 P3,21

a(A) 10.324(4) 10.5951(12) 10.564(4) 10.7877(17) 10.134(3) 10.175(3) 10.709(4) 10.476(12)

c(A) 16.712(8) 16.8331(15) 16.921(6) 17.088(3) 16.514(4) 16.621(6) 16.881(7) 16.66(2)

V(A% 1542.7(14) 1636.5(4) 1635.4(13) 1722.2(6) 1468.8(8) 1490.1(11) 1676.8(13) 1584(4)

VA 3 3 3 3 3 3 3 3

Peale (g cm) 2.117 1.995 1.887 1.792 1.743 1.71 1.698 1.798

u (mm™) 1.899 1.791 1.793 1.702 2.066 2.036 1.729 1.831

T(K) 110 226 235 298 120 160 230 290

Orange for data 2.208 - 24.986 2.158 - 30.362 2.113 -24.986 2.249 - 30.411 2.536 - 24.987 2.128-24.981 2.176 - 24.415

collection (°)

gsor(;lpleteness 0= 100% 100% 100 % 100% 100 % 100 % 78 %

Measured reflections 7377 2796 19074 15762 19503 7268 7231 5091

Unique reflections 1975 2440 3314 2207 3167 1892 2081 1406

g;’(sleﬁved reflections [/> 1650 1919 2130 1837 2267 1565 1349 791

Goof 1.220 1.000 1.048 1.049 1.037 1.054 1.088

Absolute structure

parameter (Flack) 0.03(5) 0.01(2) -0.01(2) 0.00(2) -0.016(18) 0.06(4) 0.01(5)

RA[I>20(])] (all data) 0.1527 (0.1661) 0.0596 (0.0929)  0.0736 (0.0830)  0.0635 (0.0879)  0.0517 (0.0625)  0.1091 (0.1328)  0.1305 (0.1664)

WRP[I>20(D)] (all data)  0.3275 (0.3571) 0.1561 (0.1742)  0.2073 (0.2194)  0.1587 (0.1740)  0.1363 (0.1435)  0.2655 (0.2903)  0.2940 (0.3281)

CCDC 1891590 1891591 1891592 1891593 1891594 1891595 1891596

"R = X.(IFol = [Fel)/XIFol. ® WR = [Xw(|Fo| - [Fel)/Xw|Fo[]2.

‘Refinement of data collected at 226 K, even if at high pressure, revealed no significant peaks of electron density attributable to guests in the channels, thus only data collection
parameters have been reported.
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1 mm capillary

/ brass pin

1/8” tube connection

1/16” tubing

1/8” tube connection
1/8” rod

Z goniometer Support

Vacuum - 10° mbar
Maximum pressure - 150 bar
Number of cells: 8

Figure S1. (a) Diagram of a capillary dosing assembly. (b) Capillary static cell designed and built at
Diamond Light Source Beamline 119.
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Figure S2. (a) Perspective view along c crystallographic axis of the 3D underlying uninodal 6-connected
net with stoichiometry (6-c) and point symbol for net {3°.63.7°.8}. Perspective views along the [110] (b)
and [100] directions (c) emphasizing the qtz-e-type topology of 1.
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Figure S3. Calculated (a) and experimental (b) PXRD pattern profiles of 1 in the 26 range 2—-60° at RT.
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Figure S4. Thermo-Gravimetric Analyses (TGA) of 1, in the 25-500 °C range, under a dry N,
atmosphere.
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Ar uptake (mmol g™')
Ar uptake {(mmol g")

Figure S5. Ar (77 K) adsorption isotherm for the activated compound 1. Filled and empty symbols
indicate the adsorption and desorption isotherms, respectively. The inset shows the two-step gas
adsorption and the hysteresis in the desorption process at low pressures.
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Figure S6. CO; adsorption isotherms at 195 K (a) and 273 K (b) for the activated compound 1. Filled and
empty symbols indicate the adsorption and desorption isotherms, respectively. The inset in S6a shows the
two-step gas adsorption and the hysteresis in the desorption process at low pressures.
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Figure S7. (a) This graph shows the S-PXRD of compound 1 pressurized with 5 bar of N, and different
temperatures (black), pattern of simulated hydrated phase (blue), simulated pattern of the dehydrated
phase (green). (b) represent the phase diagram of N, and the blue circle shows where the S-PXRD are

taken.
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Figure S8. (a) This graph shows the S-PXRD of compound 1 pressurized with 5 bar of Ar and different
temperatures (black), pattern of simulated hydrated phase (blue), simulated pattern of the dehydrated
phase (green). (b) represent the phase diagram of Ar and the blue circle shows where the S-PXRD are

taken.
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Figure S9. (a) This graph shows the S-PXRD of compound 1 pressurized with 5 bar of CO» and different
temperatures (black), pattern of simulated hydrated phase (blue), simulated pattern of the dehydrated

phase (green). (b) represent the phase diagram of CO, and the blue circle shows where the S-PXRD are
taken.
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Figure S10. (a) This graph shows the S-PXRD of compound 1 pressurized with 5 bar of propene (C3Hs)
and different temperatures (black), pattern of simulated hydrated phase (blue), simulated pattern of the
dehydrated phase (green). (b) represent the phase diagram of propene and the blue circle shows where the

S-PXRD are taken.
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Figure S11. Crystal structures of hydrated, transient dehydrated and robust dehydrated phases of 1 (a).
View along the c axis of one pore’s details of the 3D open-framework from original structure of 1 (at 293
K) through steps for transient and robust dehydrated phase. (b) Details of one pore viewed along the a
axis for transient (left) and robust hydrated phase (right). The guest water molecules are represented as
red spheres. The main structural variations are shown in detail (dashed lines). Color codes: Cu: cyan; O:
red; C: gray; N: blue.
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Figure S12. Cell volume changes of crystal structures of 1 during heating.

SI-29



10,800

10,700

10,600

10,500

10,400

10,300

a axis lenght (A)

10,200
10,100

10,000
100 150 200 250 300 350 400

Temperature (K)

17,000
16,900
16,800
16,700

16,600

¢ axis lenght (A)

16,500
16,400
16,300

16,200
100 150 200 250 300 350 400

Temperature (K)

Figure S13. Changes to the a- (top) and c- (bottom) axis lengths, registered by
SCXRD, of 1 during solvent removal.
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Figure S14. Cell volume changes registered by SCXRD of activated crystal structures of 1
(top) and under pressure of different gases (N2, Ar, CO, and C3;Hg) (bottom) at different
temperatures.
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Figure S15. A portion of the crystal structures of N2@1 (110 K, 7.4 bar) along the ¢ axis underlining the
three diverse adsorption sites (a-c) I (green lines in a), II (red dashed lines in b) and III (sky blue dashed
lines in ¢) and side views (d-e) showing details and structural parameters related to N, guest molecule
interactions. The ligands are depicted as sticks and the copper(Il) cations together with N, guests as
spheres. Color codes: Cu: cyan; O: red; C: gray; N: blue.
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Figure S16. Detailed view of one single channel of N2@1 (110 K, 7.4 bar) along the ¢ axis showing
thermal ellipsoids at 50% of probability levels. Hydrogen atoms are omitted for clarity. Color codes: Cu:
cyan; O: red; C: gray; N: blue.
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Figure S17. A portion of the crystal structures of Ar@]1. Detailed view of one single channel of Ar@1
(120 K, 10 bar) along the ¢ axis (a) and side view details (b). of the adsorption site (grey dashed lines).

The ligands are depicted as sticks and the copper(Il) cations together with Ar guests as spheres. Color
codes: Cu: cyan; Ar: purple; O: red; C: gray; N: blue.
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Figure S18. A portion of the crystal structures of CO:@1. Detailed view of one single channel of
CO:@1 (235 K, 9.4 bar) along the ¢ axis (a) and side view details (b). of the two diverse adsorption sites
I (cyan dashed lines) and II (red dashed lines). The ligands are depicted as sticks and the copper(Il)
cations together with CO; guests as spheres. Hydrogen atoms in a are omitted for clarity. Color codes:

Cu: cyan; O: red; C: gray; N: blue.
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Figure S19. Detailed view of one single channel of CO:@1 (235 K, 9.4 bar) along the ¢ axis showing
thermal ellipsoids at 50% of probability levels. Hydrogen atoms are omitted for clarity. Color codes: Cu:
cyan; O: red; C: gray; N: blue.
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Figure S20. A portion of the crystal structures of CsHe@1 (290 K, 7.5 bar). Detailed view of one single
channel along the ¢ axis (a) and side view details (b) of the adsorption site (cyan dashed lines) The
ligands are depicted as sticks and the copper(I) cations together with C3He guests as spheres (depicted as
yellow spheres). Hydrogen atoms in a are omitted for clarity. Color codes: Cu: cyan; O: red; C: gray; N:
blue.
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Figure S21. A portion of the crystal structures of CsHe@1 (230 K, 1 bar). Detailed view of one single
channel along the ¢ axis (a) and side view details (b) of the adsorption site (cyan dashed lines) The
ligands are depicted as sticks and the copper(Il) cations together with C3;Hs guests as spheres (depicted as
yellow spheres). Hydrogen atoms in a are omitted for clarity. Color codes: Cu: cyan; O: red; C: gray; N:
blue.
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Figure S22. C;Hg (blue), C3Hg (red), CO, (purple), CH4 (green) and N> (orange) adsorption isotherms at
298 K for the activated compound 1. Filled and empty symbols indicate the adsorption and desorption
isotherms, respectively.
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Figure S23. Feed pressure dependence of (a) permeability, (c) diffusion, (e) solubility and b)
permselectivity, (d) diffusion selectivity and (f) solubility selectivity in membrane Pebax1657 + 22
vol%1. Lines are indicated as a guide to the eye.
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Dual Mode sorption plot
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Figure S24. Sorption isotherms as determined by the pressure-increase

method for six gases in the Pebax1657+22 vol%1 membrane
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Figure S25. Sigmoidal curve of the permeate flow rate for MMMs based on Pebax1657/amine-derived-MOF1
using (a) the binary mixture CO2/CHas (35/65 v/v) and (b) the binary mixture CO2/N2 (15/85 v/v), (pink curve for
COo, grey curve for CHa, and green curve for Ny).
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