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ABSTRACT: Separations based on molecular size (molecular sieving) are a solution for environmental remediation. We
have synthesized and characterized two new metal-organic frameworks (Znz:M; M = Zn, Cd) with ultramicropores (<0.7 nm)
suitable for molecular sieving. We explore the synthesis of these MOFs and the role that the DMSO/H20/DMF solvent mix-
ture has on the crystallization process. We further explore the crystallographic data for the DMSO and methanol solvated
structures at 273 and 100K; this not only results in high quality structural data, but also allows us to better understand the
structural features at temperatures around the gas adsorption experiments. Structurally, the main difference between the
two MOFs is that the central metal in the trimetallic node can be changed from Zn to Cd and that results in a sub-A change in
the size of the pore aperture, but a stark change in the gas adsorption properties. The separation selectivity of the MOF
when M = Zn is infinite given the pore aperture of the MOF can accommodate CO2 while N2 and/or CH4 is excluded from en-
tering the pore. Furthermore, due to the size exclusion behaviour, the MOF has an adsorption selectivity of 4800:1 CO2:N2
and 5x10%8:1 CO2:CH4. When M = Cd, the pore aperture of the MOF increases slightly, allowing N2 and CH4 to enter the pore,
resulting in a 27.5:1 and a 10.5:1 adsorption selectivity, respectively; this is akin to UiO-66, a MOF that is not able to func-
tion as a molecular sieve for these gases. The data delineates how subtle sub-A changes to the pore aperture of a framework
can drastically affect both the adsorption selectivity and separation selectivity.

that can be utilized for separations, or separation and stor-
age of materials.

Carbon dioxide, a leading greenhouse gas, requires an ef- a) @ b) @ c) @
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Introduction

fective approach to separate it from other gases.! Conven-
tionally, the challenge lies in the physical similarity, differ-
ences in reactivity, and/or low concentrations of constitu-
ents of the mixture.2 For COz, this either requires efficient
separation at 400 ppm from air (direct air separa-
tion/capture), at post-combustion flue gas concentrations
of 10-20 vol% COq, or as high as 50% in methane-rich bio-
gas.>* Development in this area is key to addressing the
efficiency and energy costs of this environmentally critical
separation.>® Solid adsorbents and filters have attracted
considerable attention due to their tailorability to specific
separations and lower regeneration costs.5-8

Figure 1. Modes of adsorption/separation in MOFs; a) phy-
One class of adsorbent materials that has been motivated sisorption, b) chemisorption, ¢) molecular sieving.

by separation/storage is metal-organic frameworks
(MOFs).”? Formed via the bridging of metal nodes by or-
ganic ligands (linkers), the varied 3D topologies of MOFs,
and their associated pore structures, have found applica-
tions in a multitude of storage (adsorption) and separation
technologies (among others).19-16¢ With judicious choice of
the node and linker, the pore structure, which consists of
the pore aperture, pore size, and pore functionality (Fig-
ure 1), can be tuned to favorably interact with different gas
molecules. For porous materials, there are three methods

Physical adsorption (physisorption; Figure 1a) occurs
when non-covalent interactions (e.g., Van der Waals) pre-
dominate. For physisorption to work efficiently, the gas of
interest must have a higher enthalpy of adsorption relative
to the other gases in question, and the adsorption capacity
of the porous material must be sufficiently high. Under
these conditions, the gas of interest is adsorbed onto the
surface of the MOF. The adsorbed gas can be released, and
the MOF regenerated, by heating the system or reducing
the pressure (i.e., temperature-swing or pressure-swing



adsorption). Physisorption interactions are well suited to
applications where regeneration and reusability of the
adsorbent is important or when eventual release of the
adsorbate is sought after. Physisorption has been utilized
for Hz, CHs, and CO2 adsorption.”17-19

Chemical adsorption (chemisorption; Figure 1b) relies on
forming chemical bonds between the adsorbent and the
adsorbate. These can be the formation of metal-ligand
bonds, covalent bonding, or chemical reactivity (stoichio-
metric or catalytic) between the adsorbent and the ad-
sorbate (Figure 1b). The enthalpies of adsorption for these
processes are often high and not easily, if at all, reversible.
Furthermore, a high degree of reactive sites is necessary to
achieve a high storage/reaction capacity. To that end,
chemisorption is prevalent in adsorption/separation pro-
cesses where strong binding is required. These interac-
tions have been utilized for the capture of toxic chemicals
(e.g., nitrogen oxides and their precursors),?0-22 and for
high specific-analyte selectivity such as C02.23:24

Table 1: Kinetic Diameters of common gases.

Kinetic Diameter (A)
Gas Breck?s  Dal-Cin26
CO2 3.3 3.42667
N2 3.64 3.58760
CHa 3.8 3.88178
Ar 3.4 -

The third method for the separation of gases is size de-
pendent separation (i.e,, molecular sieving) that depends
on tuning the pore aperture (Figure 1c).2” The aim of mo-
lecular sieving is to allow one species to enter the pore
while others cannot. Table 1 illustrates the tight tolerance
necessary to achieve molecular sieving for gas phase appli-
cations; the pore must have a pore aperture larger than the
gas of interest yet smaller than the other gases in a mix-
ture. This can lead to incredibly efficient separations. The
molecular sieving approach has been demonstrated in the
separation of various hydrocarbons.?8

In the context of CO: separation and storage, all these
methodologies have potential. However, each methodology
also has limitations. One of the challenges with physisorp-
tion is that changes in temperature or partial pressure can
lead to changes in the quantity adsorbed and reduce the
overall adsorption, and thus separation, efficiency. For
chemisorption, the high energy cost associated with ad-
sorbent regeneration hinders its recyclability. Molecular
sieving is a kinetic process. The more similar the kinetic
diameters of the gases being separated, the tighter the tol-
erance needs to be between pore aperture and kinetic di-
ameter of the smaller gas. This can lead to kinetic limita-
tions (e.g., diffusion). However, sieving is uniquely suited
to increase its efficiency in higher temperature applica-
tions where gases have higher kinetic energy; under these
conditions, physisorption and chemisorption may suffer
due to the increased thermal energy of the system.

Often, when gas separation applications are considered,
then storage capacity is an important factor. This is cer-
tainly true for applications that rely on physisorption and
chemisorption. However, high adsorption capacities in

molecular sieves are not necessary; a mixed-matrix mem-
brane?? (MMM) containing a molecular sieve could be used
to separate the gas of interest. The MMM could then work
in tandem with a high-capacity MOF for the storage of the
newly separated gas, or be coupled into reactors where
COz can be converted to a value added product.3® This
methodology could be used for separation and stor-
age/utilization of COz from flue gas or methane-rich bio-
gas, and direct air capture where separation, storage, and
desorption can be easily accomplished.

With the application of molecular sieving of CO2 in mind,
and our ongoing interests in chemical separations,?%.31,32
we report the synthesis and characterization of two new
MOFs, Zn3(NH2BDC)sDABCO (Zn3) and
Zn2Cd(NH2BDC)3sDABCO (ZnzCd) (NH:BDC = 2-amino-
terephthalate, DABCO = 1,4-diazabicyclo[2.2.2]octane). Zns
possesses a small pore aperture that allows CO: to enter
the pore but N2/CHs cannot. This makes Zns ideal for
C02/Nz or CO2/CHs separation while ZnzCd, with a sub-A
increase in pore aperture displays a drastic decrease in
separation capability due to its ability to to allow Nz, CO,
and CHa to enter and adsorb within the framework. Along
with Ui0-66, a prototypical MOF that contains a pore aper-
ture that cannot be used for molecular sieving, we demon-
strate the ability of Zns to act as a molecular sieve for CO2
and the importance of optimizing molecular sieving at the
sub-A level. This demonstrates the small tolerances neces-
sary for highly efficient molecular sieves.

Experimental

Materials and Methods

Terephthalic acid (H:-BDC), 2-aminoterephthalic acid
(H2-NH2BDC), 1,4-diazabicyclo[2.2.2]octane (DABCO), zinc
nitrate hexahydrate (Zn(NOs)2:6Hz0), cadmium nitrate
tetrahydrate (Cd(NOs)2-4H20), zirconium tetrachloride
(ZrCls), hydrochloric acid (HCl), dimethylsulfoxide
(DMS0), N,N-dimethylformamide (DMF), methanol
(MeOH), methylene chloride (CH2Clz), sulfuric acid
(H2S04), and deuterated solvents were purchased from
commercial sources and used as-received.

Solution 'H nuclear magnetic resonance (NMR) data were
collected on a Bruker AVANCE 500 MHz spectrometer us-
ing an inverse probe. MOF samples were prepared for
NMR by first digesting the crystals (5-10 mg) in H2SO4
(1-2 drops), then appropriate deuterated solvent was add-
ed. A water-suppression pulse program was used when
collecting data.

Solid-state 13C and !''3Cd NMR data were acquired on a
Bruker AVANCE III HD 400 NMR spectrometer (Bo = 9.4 T)
equipped with a 4 mm double-resonance (H/X) Bruker
magic-angle spinning (MAS) probe (see SI for further de-
tails). ¢7Zn NMR spectra were acquired on a Bruker
AVANCE II 900 NMR spectrometer (Bo = 21.1 T). Non-
spinning NMR spectra were acquired on a 7 mm home-
built non-spinning probe. Spinning spectra were acquired
on a 4 mm double-resonance (H/X) MAS low-y Bruker
probe (See SI for further details). All spectra were collect-
ed at natural abundance.



Powder X-ray diffraction (PXRD) patterns were collected
on a Rigaku miniflex with sealed-tube X-ray source operat-
ing at 40 kV/15 mA and a D/teX Ultra detector.

Thermogravimetric analysis (TGA) was performed on a TA
Instruments Q500 equipped with Thermal Advantages
Software (version 5.2.6) at 10 °C/min heating rate under
N2z atmosphere.

Prior to gas adsorption measurements, all MOF samples
were thermally degassed (activated) using a Micromeritics
Smart VacPrep sample preparation instrument. Samples
were heated (ZnzM at 55 °C, Ui0-66 at 150 °C) while a vac-
uum level below 1.00 mmHg was reached at a rate of
5.00 mmHg's1. Then, samples were held under unrestrict-
ed vacuum for 1080 min (ZnzM) or 800 min (Ui0-66).

Nitrogen, argon, carbon dioxide, and methane gas adsorp-
tion isotherms were measured using a Micromeritics 3Flex
Surface Characterization instrument, with the accompany-
ing MicroActive software suite. Measurements were per-
formed either at 77 K with liquid nitrogen, 195 K with
COz(s)/acetone, or at/above 273 K using a VWR circulating
water bath connected to an ADO7R-40 temperature con-
troller. Sample surface areas were calculated based on
Brunauer-Emmett-Teller (BET) theory and associated
4-point criteria, or by Langmuir theory with associated
Dual-Site Langmuir (DSL) fits (see Table S2) of CO2 adsorp-
tion isotherms.

Pore size distributions (PSDs) were obtained using the
MicroActive software suite, by examining the fits of several
provided Density Functional Theory (DFT) models to the
CO2 adsorption isotherms obtained at 273 K. Goodness of
the fit was evaluated based on the standard deviation of
the fit from collected isotherm data, and the model with
the lowest standard deviation was chosen. In all cases, this
was the “GCMC CO2 Carbon slit” model. It should be noted
that the only available models were those of a slit-pore
geometry, based on porous carbons, and while these mod-
els provide satisfactory fits to the collected isotherm data,
they may not accurately describe the pore geometry of
MOFs.

Synthesis of MOFs
Ui0-66 was synthesized following previous reports.33

Zn:M(NH2BDC)3(DABCO) (Zns, M = Zn; Zn2Cd, M = Cd) was
prepared by the solvothermal method. To a 25 mL Duran®
glass bottle, 95 mg (0.85 mmol) of DABCO, 268 mg
(1.53 mmol) Hz-NH:BDC, and 500mg (1.68 mmol)
Zn(NO03)2:6H20  (Zn3), or 333mg (1.12 mmol)
Zn(NO3)2:6H20 and 173 mg (0.56 mmol) Cd(NOs)2-4H20
(Zn2Cd) were added. The solids were dissolved with 18 mL
of DMSO with the aid of sonication. Next, 1.2 mL of DMF
was added, followed by 2.8 mL of deionized water, shaking
in between additions. Finally, the bottle was capped and
placed in a 110 °C oven for 72h (Zns), or 48 h (Znz2Cd).
After the appropriate time, formation of yellow, hexagonal-
shaped crystals was observed. The bottle was removed
from the oven, allowed to cool, and the solution was grad-
ually exchanged with MeOH or CH:Cl; and allowed to sit
for approximately 6 hours. The crystals were then washed
with fresh solvent (2 x 10 mL) and left soaking (ca. 20 mL)
overnight to remove any remaining DMSO (see SI for fur-
ther information). The crystals were removed from the

methanol by filtration prior to any subsequent characteri-
zation. For long-term storage of the MOF, the crystals can
be stored in CH:Cl2 for months without any noticeable
change in crystallinity or gas adsorption properties.
Scaleup of the reaction to 80x the procedure presented
here has resulted in identical isotherms to the 1x reaction.

CAUTION: Heating DMSO has been known to cause auto-
catalytic decomposition and can pose a risk of explosion.3*
While we have not experienced any incidents, great care
and appropriate precautions should be taken when heating
DMSO to high temperatures.

Results and Discussion

Synthesis and crystal structure

Zn3 was synthesized in a sealed glass bottle by reacting a
2:1.8:1 ratio of Zn(NOs)2:6H20:H2-NH2BDC:DABCO in
DMSO with an additional 18.2 equivalents of DMF and
183 equivalents of water. The reaction is heated at 110 °C
for 72 h; the reaction can be performed at 120 °C for 24 h,
but the higher temperature often produces a small number
of yellow flakes that are inconsistent with the data for Zns.
Under optimal synthetic conditions, the solution NMR of
the H2S0s4-dissolved MOF (Figure S6) illustrated a 9:12
proton ratio of the aromatic protons of NH2BDC to the
DABCO protons. This indicates a 3:1 linker ratio consistent
with the Zns3(NH2BDC)3(DABCO) formula determined by
X-ray crystallography (see below).

Returning to the synthesis of Zns, in the first 60 h of the
72 h synthesis the glass bottle shows no signs of crystal
growth. However, somewhere in the subsequent 12 h sur-
prisingly large X-ray quality crystals (>3mm in the smallest
direction) appear. This suggests that rapid nucleation and
subsequent crystal growth, or rapid crystal growth of ex-
isting seed crystals occurs due to some change in the solu-
tion composition. We hypothesize that this is due to the
thermal degradation of DMF to formic acid (and subse-
quently to CO and H20) and dimethyl amine, which is one
of the reasons that DMF is often used as the solvent in the
synthesis of MOFs. In fact, if DMF is left out of the reaction,
then no crystals form. That being said, we can’t rule out
that the thermal decomposition of DMSO to DMS is not also
a contributing factor; the reaction does produce a notable
odor of DMS.

To further explore the reaction conditions, we examined
the role of water on the synthesis of Zns. Increasing the
water content in steps of 39 equivalents demonstrated that
in the absence of water or too little water (up to 78 equiva-
lents), the reaction does not produce crystals. Further in-
creasing the water content to 157 equivalents results in a
cloudy solution with X-ray quality single crystals of Zns. At
183 equivalents, the solution was transparent and X-ray
quality crystals were observed. Increasing the water con-
tent to 274 equivalents produced a cloudy solution and
yellow flakes that are inconsistent with the data for Zns.
The DMSO has to be kept nominally dry or the water con-
tent needs to be adjusted to account for the hygroscopic
nature of the solvent; we stored our DMSO under 3 A mo-
lecular sieves to minimize changes in water content.

The reaction to form Zns is identical in mole ratio and rea-
gent concentration to the reaction conditions used to form



the pillared paddlewheel Znz(BDC)2DABCO. The primary
difference is the use of DMSO as the solvent with DMF act-
ing as a stoichiometric reagent to react with the acid bi-
product formed during MOF synthesis. The amount of DMF
used in the reaction is roughly 5 equivalents for every car-
boxylic acid. Using no DMF or even half the amount of DMF
does not produce Zns. The exact role of the solvent in se-
lecting Zns over the pillared paddlewheel MOF, or other
potential topologies, remains unclear.

Once Zns is formed, it can be stored in DMSO or exchanged
for CHzClz and left for months without notable change to
the crystallinity. Zns can also be exchanged for MeOH but
this often leads to a decrease in the quality of the crystals
over time due to changes in the crystal size caused by a
contracting of the unit cell dimensions (see crystallograph-
ic information, Table 2 and Table S6).

Figure 2. a) the trimetallic node of ZnzM (M = Zn2+, Cd?+)
showing an octahedral MOs unit sandwiched between two
ZnOsN tetrahedra (R = NH2BDC). The octahedral metal acts as
a fuse point for two sheets. b) an illustration showing the
stacking of the individual honeycomb sheets, where bold
black lines represent DABCO pillars. c) Stacking of hexagonal
sheets in Zns, which gives the appearance of triangular
shaped pores. Hydrogens and solvent molecules are omitted
for clarity. Grey = C, Red = O, Blue = N, Green = Zn. See SI for
larger image. d) Connolly surface with a probe size of 1.0 A,
viewed down the c-axis.

The crystal structure of Zns has been determined at both
273 and 100 K in both DMSO and MeOH-soaked samples
The node of the MOF consists of three metal cations in two
distinct coordination geometries: a central fac-ZnOs octa-
hedron (Zn-0 = 1.9236(7) A) that is sandwiched between
two ZnO:3N tetrahedra (Figure 2a; Zn-O = 2.1085(7) A).
Similar trimetallic nodes have been appearing more fre-
quently in MOFs in recent years;35-38 these trimetallic
nodes have been featured in coordination polymers and

molecular compounds.3°-44 Each node contains two fused
sheets, rotated 60° to one another, where each sheet forms
a 2D honeycomb/hexagonal (6,3) network topology con-
taining one tetrahedral Zn?* and one of the ZnOs octahedral
faces (Zn1s(NH2BDC)1s; Figure 2; Figure S1). The nodes of
each sheet alternate between connecting to the sheet
above or to the sheet below (follow sheet B in Figure 2b,
and Figure S2). The amino-units of the NH2-BDC linker are
not equally disordered over the 4 phenylene carbons (C(3)
and C(4)) but are disordered only over C(3). This places
the amino units always pointing towards the octahedral Zn
(i.e., the centre of the node) rather than pointing out of the
node; this may also illustrate why NH2BDC is necessary
and all our attempts to reproduce these structures with
terephthalic acid (H2-BDC) have thus far failed. The DABCO
units connect every other sheet (Figure 2b; Sheet A con-
nects to Sheet C via a DABCO unit). The overall structure
can be thought of as three alternating sheets (Figure 2c).
From a network topology perspective, Znz was evaluated
as having a bcu topology (Figure S3).45 Unlike a pillared
paddlewheel MOF such as Znz2(NH2BDC)2DABCO,* which
has the same components in a different ratio and topology,
the DABCO is not a structurally necessary pillar; if the
DABCO could be removed or the MOF synthesized without
it, then the overall structure would stay the same albeit
with larger pore windows. Furthermore, unlike pillared
paddlewheel MOFs, where the pillar length can be
changed, due to the interconnectivity between sheets, only
a pillar the length of DABCO can fit into this topology.#”

Table 2: Unit cell parameters of Zn:M in different sol-
vents and at different temperatures.

Zn3 Zn2Cd

a b c a b c
18.339602(17)713.981500(17)418.556000(17)414.133901(17)?
18.304699(17)413.866301(14)418.526800(14)413.961600(14)Y

18.15761(2) [13.722409(19)7 18.50357(2) | 13.96813(2)
18.12696(2)" | 13.64843(2)" | 18.4624(3)" | 13.8878(3)

MeOH| DMSO

a Obtained at 273 K.
b Obtained at 100 K.

To better understand the role that solvent has on the pore
size, we examined the crystal structure of Zns with DMSO
and MeOH soaked crystals at both 273 and 100 K. The
273K data enabled us to explore the structural features as
they pertain to the gas adsorption data below. The 100 K
data allowed us to better understand any changes in mo-
lecular motion in the MOF. Comparing the DMSO soaked
structure, which contains a structurally resolved DMSO
molecule at 273 vs. 100 K illustrates a 0.2% decrease in the
a/b axis length with a 0.8 % decrease in the c-axis length;
no notable structural differences were observed.

Comparing the DMSO-soaked and the MeOH-exchanged
samples, we note a few key differences. In addition to the
larger unit-cell (Table 2), the DMSO-containing structure
crystalizes in the R -3 spacegroup with six DMSO mole-
cules per formula unit; the DMSO units are crystallograph-
ically resolved. The MeOH-exchanged structure crystallizes
in the R-3 m spacegroup with no evidence for localized
molecules units; while Zns was exchange for MeOH, the



pore bound guest could be other guests due to the ease in
which MeOH can be removed from the pore (see below).
The spacegroup differences between the two samples are
due to the localized DMSO units that can only be observed
in three of the six sections of the hexagon-shaped pore,
thereby breaking up the R -3 m symmetry. In addition to
the spacegroup differences, the MeOH-exchanged struc-
ture shows whole linker disorder at 100 K for the NH2BDC.
This indicates that in the absence of a tightly filled pore
(e.g., such as in DMSO), the structure is more flexible. This
is further reflected in the 0.18 A decrease in the a/b-axis
length 0.25 A decrease in the c-axis length of Zns at 273 K.

From a gas adsorption perspective, looking down the
c-axis of the unit cell (Figure 2c; Figure S4) a guest mole-
cule would observe a donut shaped pore with the outer
edge looking like a hexagon and the donut hole being oc-
cupied by DABCO. Perpendicular to the c-axis there is also
a smaller channel (Figure S4; Table S1). We hypothesize
that the smaller channel is too small for gases to enter, and
the larger channel down the c-axis is primarily responsible
for the gas adsorption below. Based on the distances be-
tween the DABCO unit and the hexagonal wall (Figure 2c),
the pore aperture appears to be on the order of the kinetic
diameter of common gases (Table 1; see computational
analysis below).

With the understanding of the role of the solvent in the
synthesis of Zns and the structural information illustrating
two different Zn geometries, we explored if the octahedral
cation in the node could be exchanged. Using the same
synthetic procedure, we were able to easily incorporate
Cd(1I) into the structure to form ZnzCd. Cd(II) is approxi-
mately 13% larger than Zn(II) and readily adopts an octa-
hedral geometry. As such, it presents the most obvious
metal substitution. ZnzCd is isostructural to Zns. Crystallo-
graphically, only the central metal in the node appears to
have been exchanged. Even reactions where a 1:2 ratio of
Zn:Cd is attempted results in a 2:1 ratio in the structure.
Structurally, the main difference between Zns and ZnzCd is
that the unit cell is 1.2 % larger in the a/b-axis and 0.7%
larger along the c-axis at 100 K for the DMSO-containing
structure (Table 2; Table S7); this change is due to the
larger atom as evident by the longer Cd-O octahedral bond
lengths and unchanged, relative to Zns, Zn-O tetrahedral
bond lengths. This slight change increases the size of the
pore aperture for Zn2Cd over Zns (see below). Additional-
ly, the NH2BDC linker disorder in ZnzCd indicates more
libation about the linker’s molecular z-axis.

With the mind set of gas adsorption, we further explored
the role of the DMSO/MeOH on the structural parameters.
As shown in Table 2, going from 273 to 100 K showed a
similar absolute change in the unit cell dimensions from
Zns to Zn2Cd. However, there is a much larger decrease in
the axis lengths when DMSO is exchanged for MeOH in Zns
than in Znz2Cd. This suggest that the DMSO is more con-
strained in Zns and the structure shrinks once the DMSO is
exchanged. This suggests that when a pore-bound guest is
almost too big to fit in the structure, the structure can
stretch to some degree to allow for it to incorporate the
guest (see gas adsorption below).

To further explore the structure of these materials, we
examined the powder X-ray diffraction patterns of Znz and

ZnzCd. Figure 3 shows the simulated PXRD for the DMSO-
containing and MeOH-exchanged samples as well as the
observed diffraction patterns for the DMSO-containing and
MeOH-exchanged Zns and ZnzCd. Crystals of both MOFs
grow as large hexagons along the c-axis that results in pre-
ferred orientation; this can be best seen by comparing the
{1 0 1} reflection (the first reflection) vs. the {2 -1 0} reflec-
tion just shy of 10 °. Of particular note is the effect of sol-
vent on the diffraction pattern. The smaller pore sizes of
these MOFs lead to more localized solvents that lead to
more pronounced differences in the diffraction pattern;
this is especially observed in the DMSO-containing struc-
tures where the intensity differences between the ob-
served and measured diffractograms are more pro-
nounced. For the MeOH-exchanged samples, where the
solvent in the pore is more dynamic, the observed and cal-
culated diffraction patterns are more similar. Overall, the
diffraction patterns of these samples coupled with the sin-
gle crystal X-ray diffraction indicate that solvent exchange
of the MOF does not lead to a change in the topology.
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Figure 3. PXRD diffractograms of a) Simulated Zns with pore-
occupying DMSO, b) Zns as synthesized from DMSO, c) Simu-
lated Znz2Cd with pore-occupying DMSO, d) Zn2Cd as synthe-
sized from DMSO, e) Simulated Zns, methanol exchanged (no
crystallographically-defined solvent in the pore), f) Zns after
methanol exchange, g) Simulated ZnzCd, methanol exchanged
(no crystallographically defined solvent in the pore), h) Zn2Cd
after methanol exchange.

Once the solvent was removed from the MOFs (i.e., activa-
tion), significant peak broadening was observed (Fig-
ure S5). This is indicative of the highly flexible nature of
these frameworks, as we noted from single crystal data.
Re-solvation of Zns (i.e., refilling the framework with sol-
vent) could be accomplished by stirring the MOF in DMF
over several hours, and the PXRD pattern again looks like
the solvent-exchanged form. In the case of Zn2Cd, while
peak broadening did occur, it was not to the same extent as
what we observed with Zns. This is consistent with the
comparatively smaller changes to the unit cell of Zn2Cd
upon solvent exchange (Table 2). As a result, no noticeable
change was observed in the diffraction pattern after sus-
pension of the MOF in DMF.



Solid-State NMR investigation

a b c

Zn,

Zn, Zng

Zn,Cd Zn,Cd ——2Zn,Cd
1500 0 -1500 2000 0 -2000 3000 0 -3000
8/ ppm 8/ ppm &/ ppm

Figure 4. Solid-state 67Zn NMR spectra for Znz and Znz2Cd (Bo
= 21.1 T). From L to R: CPMG (a) and quad-echo under non-
spinning (b) and MAS (¢, vrot = 15 kHz) conditions.

To compliment the average long-range structure from dif-
fraction, the local chemical environments of the trimetallic
node was studied using solid-state NMR spectroscopy. Sol-
id-state ¢7Zn NMR has had some success in microporous
materials.*8-50 Figure 4 displays the solid-state ¢7Zn NMR
spectra at natural abundance, revealing broad unresolved
resonances with peak maxima at -22 (Zn3) and
34 (Znz2Cd) ppm. The distinction between the samples is
seen from the linewidth, whereby a FWHM of 47 kHz is
observed for Zns while the Cd incorporation increases this
to 55 kHz (Zn:2Cd). The broadening observed in Zn2Cd
suggests a change in the medium-range structure of the
tetrahedral Zn sites when Cd replaces the Zn octahedral
fuse point within these isostructural MOFs. A distortion of
the electric field gradient and local disorder can be envi-
sioned when the smaller Zn?* is replaced by the larger
isoelectronic Cd?* that induces strain on the ZnOsN pocket
(Zn-0 bond lengths are greater in Zn2Cd) above and below
the Cd plane. 13C NMR (Figure S11) further supports this
finding where the Zns spectrum is much better resolved
than its Zn2Cd counterpart. This indicates that Zns is local-
ly ordered, while Zn2Cd is disordered due to increased
flexibility within the framework with the introduction of
the Cd?* ion. Unfortunately, due to the limited sensitivity of
67Zn NMR (short spin-spin relaxation, quadrupolar nature
(I=5/2) and low natural abundance) we are precluded
from obtaining higher resolution data and turn our atten-
tion to 113Cd NMR that is ~12-fold more sensitive. The
113Cd NMR spectrum of ZnzCd (Figure S12) reveals a single
Cd resonance with an 8iso= -36 ppm and a FWHM = 3.3 kHz.
The chemical shift and absence of magnetic shielding ani-
sotropy is consistent with a highly symmetric six-
coordinate [CdOs] chemical environment (i.e., the observed
fac-MOes symmetry).5! No evidence of a secondary site is
seen, supporting isolated d!° Zn/Cd substitution only in the
octahedral site.

Computational Pore Analysis

To determine the pore characteristics of the MOF, we cal-
culated the pore aperture as well as the pore width of both

Zn3 and Zn:Cd using the PoreBlazer software package
(Table 3).52

For Zns, in the DMSO-solvated structure, 44% of the struc-
ture is empty with a pore aperture of 3.47 A and a pore
width of 4.90 A (Figure 2d). When the DMSO is exchanged
for MeOH, the pore aperture of Zns decreases to 3.29 A,
with a concomitant decrease in pore width to 4.80 A. Given
the larger size of the unit cell of ZnzCd relative to Zns (Ta-
ble 2), it is not surprising that the DMSO-containing struc-
ture of Znz2Cd has a larger pore aperture and pore width of
4.08 A and 5.03 A, respectively. After MeOH exchange, the
pore aperture and width decrease to 3.09 A and 5.05 A,
respectively. The smaller value obtained for the pore aper-
ture of ZnzCd relative to Zns in the MeOH-exchanged sam-
ples is almost certainly due to the crystallographic disor-
der of the NH2BDC linkers. Given that the pore widths of
Zn:Cd are not considerably different after solvent ex-
change, the actual pore aperture is likely also unchanged

For both Zn3 and Zn2Cd, factoring in that the disorder of
the MeOH-exchanged structures leads to an underestima-
tion of the pore sizes, the pore apertures of these MOFs
(Figure S3 and Table S1) are approximately the size of the
kinetic diameters of small gas molecules such as CHs, N,
COq, or similar gases. This indicates that these materials,
Zns in particular, may be ideal for molecular sieving appli-
cations.

Table 3. Pore dimensions of Zn:M calculated with
PoreBlazer from crystal structures obtained at 273 K.

Zns Zn2Cd
Aperture (A) |Width (A)| Aperture (&) | Width (A)
DMSO 3.47 4.90 4.08 5.03
MeOH 3.29 4.80 3.09 5.05

Gas Adsorption Analysis

In preparation for gas adsorption studies, Zn3 and Znz2Cd
were first solvent exchanged in MeOH overnight. With
these narrow aperture MOFs, we examined the efficacy of
solvent exchange by NMR and TGA. We looked at time-
resolved solution NMR of a sealed NMR tube containing
crystals of Zns in methanol-ds. As shown in Figure S7, the
amount of DMSO leaching into solution from the crystals
ceased after 18 h. Dissolution of crystals of Zns and Zn2Cd
in H2S04/CD30D after soaking (Figure S8 and S9 respec-
tively) showed no evidence of DMSO remaining in the crys-
tals. To further explore this, we examined the TGA of Zns
and Znz2Cd (Figure S10). The as-synthesized MOFs show
that the decomposition temperature of the MOF and the
removal of DMSO occur at too similar a temperature range
for successful activation of the material. However, upon
successful solvent exchange with methanol, both MOFs can
be activated at 55 °C for gas adsorption studies.
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Figure 5. Gas adsorption isotherms for Zn3z (blue squares) and
Zn2Cd (red circles): a) Nz at 77 K. b) COz at 273 K. ¢) Ar at
77 K. d) CH4 at 273 K. Adsorption and desorption are repre-
sented with filled and empty symbols, respectively.

To assess the pore aperture of Zns and ZnzCd, we exam-
ined the gas adsorption properties of these MOFs for COz,
Ar, N2, and CHs4; these gases have ever-increasing kinetic
diameters (Table 1). All the data shown in Figure 5 is re-
producible within reasonable errors (see Figures S13-S22
for additional isotherms). For ZnzCd all four gas molecules
are able to enter the pore of the MOF; this aligns well with
the computational data, and puts a lower-limit for the pore
aperture at 3.8 A. The Nz-accessible surface area of ZnzCd,
determined at 77 K is 140 m?/g (Table 4). This is corrobo-
rated from the dual site Langmuir fits of the CO2 isotherms
(Table 4; 150 m?/g).

For Zns, only CO: enters the pore of the MOF. The surface
area of Zns is calculated to be between 85 and 100 m?/g
(Table 4). This suggests that Zns has a pore aperture that is
smaller than N: but larger than COz (Table 1) and is thus
able to separate gases with kinetic diameters between this
range. This is consistent with the computational data
shown in Table 3. Zns, while not best suited for the storage
of COg, is capable of sieving CO2 from N2/CH4 gas with a
theoretically infinite separation selectivity and could more
effectively be used in an MMM system.

Comparing the CO: isotherms of Znsz and Znz2Cd (Fig-
ure 5b), we note that Zns shows hysteresis. We propose
that the CO2-filled pores result in a rigidification of the
previously flexible, unoccupied structure. Thus, desorption
of the tightly bound CO2 becomes more challenging. This
effect can be seen in the lack of disorder in the DMSO vs.
MeOH solvated structures as well as the unit cell difference
between these structures (Table 2). This is not observed
for Zn2Cd where these confinement effects are no longer
possible due to the sub-A increase in pore properties.

To further explore the potential confinement effects in Zns,
we examined the enthalpies (heats) of adsorption (Qst). For
Zn3, dual-site Langmuir models, using the method by Long
and co-workers,’3 were necessary to get good fits. As
shown in Figure 6 (Figures S25, S26, and Tables S2, S3),
the Qst for Zns are relatively high (40.2 k] /mol at zero load-
ing)>* up until 50% of the total storage capacity of Zns (Ta-
ble S2; ~0.4 CO2/Zn3 formula unit or 0.5 mmol/g). After-
wards, the COz adsorption energy is 15 kJ/mol, consistent

with the heat of vaporization for CO2 (16.7 kJ/mol). Simply
opening the pore dimensions to ZnzCd, the fits showed
only sight deviations from single-site Langmuir isotherms
with a slight decrease in Qst value over the adsorption
range; the data look remarkably like a traditional MOF
(Ui0-66; Figure S26).55 The higher enthalpies and strongly
varying Qs values as a function of loading confirm the con-
finement effects in Zns.5¢ If this was simply due to the
amine functionality of the linker, which has been demon-
strated by others,5%57.58 then we would expect both Zns and
Zn:Cd to show high enthalpies of adsorption.
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Figure 6. Isosteric heats of adsorption (Qst) of COz, calculated
at 290 K.

Table 4. Measured gas uptake (mmol/g) at different
temperatures and corresponding surfaces areas (SA,

m?/g).

CH4
COz (mmol/g) (mmol/g)
Sample [SA (m2/g)[273 K 285K 290K 295K| 273K

Zns |100,285>| 0.64 045 042 040 -
Zn2Cd |150,2140¢| 1.48 094 090 0.83 0.43
Ui0-66 | 1560c | 255 2.04 184 1.64 0.61

a Surface area from Dual-Site Langmuir fit of CO2 isotherms.
b Brunauer-Emmett-Teller (BET) surface area from CO2 gas
adsorption (195 K).

¢ BET surface area from N2 gas adsorption (77 K).

To compare Zns to other molecular sieves, we calculated
the COz/Nz and CO2/CHa4 adsorption selectivity (Sco,/n,»
and Sco, /cn,, respectively) from single-component adsorp-
tion isotherms using Ideal Adsorbed Solution Theory
(IAST).5? As IAST relies on both gases being able to adsorb,
the selectivity values obtained for molecular sieves are
often highly dependent on instrumental uncertainties.
Nonetheless, selectivities calculated using IAST are still
often used as a form of qualitative comparison between
materials. The IAST++ software suite®® was used to simu-
late mixed-gas adsorption isotherms from fits of the single-
component isotherms in order to calculate the appropriate
selectivity. As shown in Figure 7 and Figures S29, at post-
combustion flue gas concentration (15:85 CO2/N2), Zn3
possess a very large Sco, /v, (4800 at 100 kPa and 295 K).



Likewise, an adsorption selectivity of ~1028 at 100 kPa and
273 K for Sco,/cn, (50:50 CO2/CHs, Figure S29, Table S5).
This places Zns among the best molecular sieves for CO2
(Table S4).361-63 We should be diligent when presented
with such large selectivity values, as it also follows that N2
and CH4 inaccessible MOFs should approach infinite ad-
sorption selectivity for CO2 as pressure increases, barring
gating effects,® and the value obtained will be affected by
the uncertainties of the N2 and CH4 isotherm measure-
ment.’ These results nonetheless illustrate the sieving be-
haviour of Zns.
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Figure 7. IAST selectivity and simulated uptake of 15:85
C0O2/Nz binary mixture of Znz at 295 K.

In contrast to Zns, Znz2Cd has a S, y,0f 31-27.5 and a
Sco,/cn, Of 8.8-10.5 from 0-100 kPa (Figures S27, S30)
demonstrating the remarkable effect that sub-A pore aper-
ture tailoring has on selectivity. The increase observed in
Sco,jcu, for Zn2Cd may suggest improvement of separation
selectivity as pressure increases. Further study in a high-
pressure system is required to confirm this. To further
illustrate how the sub-A changes in pore sizes affect selec-
tivity, we repeated the IAST calculations for UiO-66. As
shown in Figures S28 and S31, Ui0-66 has a S¢o,,y, of
19.5-18 and a S¢p,/cn, Of 15-8.5 from 0-100 kPa. This
demonstrates how a sub-A change in the pore aperture
from Zns to Zn2Cd can make an ultramicroporous (Znz2Cd)
MOF behave like a traditional porous MOF (Ui0-66) in the
context of separation efficiency.

Conclusion

In summary, two de novo and isostructural ultrami-
croporous MOFs were synthesized and characterized. For
Znz we demonstrate that the MOF is porous the CO:z but
larger gases such as N2 or CHa, are too large to enter the
pore and are thus in accessible to the pore surface. Re-
markably, a subtle change in pore aperture that would be
unimportant in many large pore MOFs leads to a drastic
change in separation selectivity. The sub-A aperture tuning
presented here from going from Zns to Znz2Cd, enabled by
modifying a multi-nuclear node, can lead to other attrac-
tive separations such as acetylene/ethene, noble gas puri-
fication, or helium recycling, where small precisely-sized
apertures would offer an energy-efficient alternative to
current technologies.

The challenge we now face is the implementation of such
molecular sieving MOFs. The low adsorption capacity of
Zn3 and Zn:Cd make these MOFs ideal for separations
where efficacy is critical and where storage or isosteric
heats are not a metric for the success of a material. These
applications range from higher temperature applications
and applications where the gas of interest exists at a low
partial pressure where adsorption is inefficient. We envi-
sion the use of Zns, with its remarkable sieving capabili-
ties, in a pristine MOF-incorporated membrane where it
can be utilized in applications where pressure differentials
are more meaningful than adsorption capacity. Such mem-
branes may show promise in carbon separation processes,
such as direct air capture where most MOFs struggle to
adsorb at 400 ppm, coupled with oxy-fuel combustion, or
bioenergy production, where the separated CO:z can be
directly reintroduced into the process rather than needing
to be stored in the adsorbent.* Furthermore, coupling
these membranes with a high adsorption capacity but low
selectivity MOF would show interesting promise in for
various carbon capture applications.

Currently, we are studying the properties of these MOFs
via breakthrough experiments in MMMs and fixed bed ad-
sorption. For microporous MOFs such as these, performing
such experiments is non-trivial and requires careful con-
siderations to tease out the efficacy of the MOF vs. the flow
rate of the gases (i.e., kinetics of gas transport through a
porous network).
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Tuneability of the pore aperture of MOFs for molecular size-based separations is an important factor for
high analyte selectivity. We demonstrate the impressive impact that a small, sub-A change has on the

separation selectivity towards carbon dioxide in a MOF with pores able to exclude argon, nitrogen, and
methane.
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