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ABSTRACT: We report CO, adsorption data for four zeolitic
imidazolate frameworks (ZIFs) to S5 bar, namely ZIF-7, ZIF-11,
ZIF-93, and ZIF-94. Modification of synthetic conditions allows
access to different topologies with the same metal ion and organic
link: ZIF-7 (ZIF-94) having sod topology and ZIF-11 (ZIF-93)
having the rho topology. The varying topology, with fixed metal
ion and imidazolate functionality, makes these systems ideal for
studying the effect of topology on gas adsorption in ZIFs. The
experiments show that the topologies with the smaller pores
(ZIF-7 and 94) have larger adsorptions than their counterparts
(ZIF-11 and 93, respectively) at low pressures (<1 bar); however,
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the reverse is true at higher pressures where the larger-pore structures have significantly higher adsorption. Molecular modeling
and heat of adsorption measurements indicate that while the binding potential wells for the smaller-pore structures are deeper
than those of the larger-pore structures, they are relatively narrow and cannot accommodate multiple CO, occupancy, in contrast

to the much broader potential wells seen in the larger pore structures.

I. INTRODUCTION

Zeolitic imidazolate frameworks (ZIFs) are porous crystalline
frameworks comprised of imidazolate and tetrahedral metal
ions.! ZIFs are a subset of metal—organic frameworks (MOFs)
and are of great interest for many gas adsorption applications
because, in addition to showing selective gas uptake, they
feature high chemical stability, in contrast to many other MOF
compounds.” Specifically, ZIFs are materials of interest for
applications involving CO, separation from flue gas and natural
gas sources, which are important in combating global warming
and purifying natural gas, respectively.” Many studies have
focused on CO, adsorption in ZIFs, both computationally and
experimentally.* >* Despite this extensive previous work, the
features of a ZIF compound required to obtain high reversible
CO, adsorption remain incompletely understood.

-4 ACS Publications  © 2012 American Chemical Society

ZIF compounds can be synthesized with a variety of metal
ions, functionalized imidazolate linkers, and with varying
topologies." To select ZIFs for CO, adsorption applications,
it is desirable to understand the role of these several
independent variables on gas adsorption, namely, imidazolate
functionality, topology, and metal ion. Understanding the role
of these structural and chemical variables on gas adsorption in
these extended materials is best accomplished by independently
varying one variable of interest while keeping others constant in
the ZIF framework. Experimental examples of this type of
controlled study remain rare, even though a large group of ZIF
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Scheme 1. (A) The Tiling of the rho and sod Structure Representing the Subdivisions of Space (Blue and Orange Polyhedra);*
(B) Synthesis and Structure of ZIF-7, -11, -93, and -94%; (C) Packing of Multiple ZIF-93 Unit Cells; (D) Packing of Multiple
ZIF-94 Unit Cells. (E) Space Filling Diagrams for ZIF-7, -11, -93, and -94 highlighting the pore apertures, with 10 A scale bars®
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“The rho topology consists of two cages: the large Ita cage (blue) and the d8r cage (orange). bThe large Ita cages and sod cages of the rho and sod
topologies are highlighted. “The yellow ball within the cage represents the free space in the evacuated structure without touching the van der Waals
radii of the ZIF atoms. Atom colors: zinc, blue tetrahedral or blue sphere; carbon, black; oxygen, red; nitrogen, green. Hydrogen atoms are omitted

for clarity. ZIF-93 and -94 showed in ordered conformation.

frameworks have now been synthesized, encompassing a wide
range of functionalized imidazolates and topologies.*
Recently, we reported the synthesis of a series of ZIF
frameworks with fixed topology (rho) in which the imidazolate
was decorated with varying functionalities. In this study, we
were able to assess the role functionality plays on CO,
adsorption leading to design principles for significant enhance-
ment of CO, adsorption.® Similar work has been performed for
a series of sod topology ZIFs.”® In the work presented here, we
focus on topology and its effect on CO, adsorption. We have
selected four ZIF frameworks with two topologies, rho and sod
(Scheme 1A), namely ZIF-7, ZIF-11, ZIF-93, and SIM-1 (from
here on in ZIF-94) (Scheme 1B—D).>’® In each case, a small
change in synthetic conditions gives rise to different topologies
(Scheme 1B). This synthetic control allows us to synthesize
two examples of chemically identical ZIFs with different
topologies. First, ZIF-7 and ZIF-11 possess the same metal
ion Zn** and same organic unit benzimidazolate, but different
topologies, sod and rho, respectively (Scheme 1A,B). Second,
ZIF-93 and ZIF-94 also exhibit the rho and sod topology,

respectively, possessing the same metal ion Zn*" and the same
organic unit 4-aldemethylimidazolate (Scheme 1A,B).

This level of synthetic control is rare, and it gives us an ideal
opportunity to study the role of topology on gas adsorption,
which includes effects of pore size and pore aperture (Scheme
1E). Here, we report the first coupled experimental and
computational study of the effect of topology on the total CO,
uptake as a function of pressure, which is one of the principal
metrics that must be considered when selecting a framework for
CO, capture. In addition, we report high-pressure adsorption
data for each ZIF. While a number of studies have been made
for high-pressure gas adsorption in MOFs,*** to date the only
such study for ZIFs is for ZIF-8. The present study thus
provides a unique opportunity to understand the importance of
pore metrics when synthesizing ZIFs for gas adsorption
applications at high pressure.

Il. EXPERIMENTAL METHODS AND RESULTS

Synthesis of each ZIF was adapted from procedures described
in the literature (see Experimental Section). For example, ZIF-7
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was synthesized by dissolving benzimiadzole (3.4 mg, 0.28
mmol) and zinc nitrate hexahydrate (11.4 mg, 3.4 mmol) in 10
mL of N,N-dimethylformamide (DMF). The solution was
heated at 130 °C for 48 h to form a crystalline powder. Before
assessing the porosity and gas adsorption properties of each
ZIF, occluded solvent molecules must be removed from the
pores. For example, ZIF-7 was first washed with DMF (3 X 10
mL) over a 2 h period. Second, over a 3 day period, the DMF
was replaced with MeOH (3 X 10 mL). The solvent-exchanged
framework was then placed under a vacuum (40 pbar) at 180
°C for 14 h. To confirm the bulk purity of each activated
sample, powder X-ray diffraction (PXRD) was performed*® and
each ZIF showed analogous structure to the simulated powder
pattern.>" To further confirm that the solvent was removed
from the pores, elemental microanalysis was carried out, the
results of which were consistent with calculated formulas.*

The porosity of ZIF-93 and 94 was evaluated by carrying out
N, adsorption isotherms at 77 K, which showed a Type I profile
indicative of permanent microporosity.>* Due to the small pore
apertures found in ZIF-7 and 11 (Scheme 1C), the N, uptake
at 77 K showed no meaningful uptake, however, from our
adsorption data at 298 K for CO,, which has a smaller kinetic
radius than N,, it is evident that these materials are porous to
molecules of smaller kinetic radii. The surface areas of ZIF-93
and 94 were determined using a Brunauer—Emmett—Teller
(BET) analysis of the N, isotherms and found to be 864 and
480 m* g™, respectively. Because of the very low uptake of N,
at 77 K in ZIF-7 and -11, experimental surface areas were not
obtained for these compounds. However, surface areas from
simulation were found to be 405(20) m* g™' and 605(11) m*
g™! for ZIF-7 and -11, respectively. The pore volumes,**
densities, and pore diameters are given in Table 1. The higher
density sod topologies (7 and 94) have smaller pore volumes
and sizes than the lower density rho topologies (11 and 93)
with larger pore sizes and volumes.

Table 1. Structural Information for ZIF Series

pore pore

density” volume™ diameter
ZIFE  composition” topology (g cm™>) (cm® gt) (A)
-7 Zn(bIm), sod 1.24 0.207 7.5
A1 Zn(bIm), rho 102 0.457 149
93 Zn(almeIm), rho 0.99 0.464 17.9
94 Zn(almelm), sod 1.32 0.229 9.1

“Calculated for solvent-free ZIF. “Calculated using PLATON
software.>*

The CO, uptake for each ZIF was first assessed in the low-
pressure region below 1.05 bar by analysis of the respective
isotherms measured at 298 K, as shown in Figure 1. The filled
and open circles show the adsorption and desorption data,
respectively. ZIF-94 shows the highest CO, uptake in the low-
pressure region with an uptake of 2.4 mmol g™" at 1 bar. Below
1 bar, ZIF-94 with the sod topology outperforms its topological
counterpart ZIF-93 with the rho topology. In addition, between
0.5 and 1 bar, ZIF-7 with the sod topological outperforms its
counterpart ZIF-11 with the rho topology. Because these ZIF
pairs have the same imidazolate functionality, this difference
can be attributed solely to the differences in topology.
Specifically, the adsorption data show that in the low-pressure
regime, small pores are advantageous when considering CO,
adsorption. Interestingly, the isotherms for ZIF-7 show
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Figure 1. Low-pressure CO, isotherms. Experimental (circles) and
simulated (triangles) CO, isotherms of each ZIF at 298 K: ZIF-7
(red), 11 (green), 93 (black), and 94 (blue). Filled and open circles

represent adsorption and desorption branches.

considerable hysteresis, which in previous work has been
attributed to a phase transformation, driven by adsorbate-linker
interactions and made possible due to the flexibility of the
imidazolate link in ZIF-7.>3°

The results at 1 bar can be contrasted with adsorption data
obtained at higher pressures, as shown in Figure 2A,B. The
CO, uptake of ZIF-93 and ZIF-11 exceeds that of ZIF-94 and
ZIF-7, respectively. In each case, a crossover pressure between
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Figure 2. (A) High-pressure CO, isotherms to 60 bar. (B) High-
pressure CO, adsorption to 20 bar. Experimental (circles) and
simulated (triangles) CO, isotherms of each ZIF at 298 K: ZIF-7
(red), -11 (green), -93 (black), and -94 (blue). Closed and open
circles represent adsorption and desorption branches.

dx.doi.org/10.1021/jp307170a | J. Phys. Chem. C 2012, 116, 24084—24090



The Journal of Physical Chemistry C

2 and § bar is observed (see Figure 2B). Below this crossover,
the ZIFs with sod topology have higher uptakes than their rho
topology counterparts. Above this crossover, the opposite
behavior is observed. The crossover presumably occurs because
the smaller pore volumes of ZIF-94 and ZIF-7 saturate at much
lower pressures than those of ZIF-93 and ZIF-11.

Isosteric heats of adsorption were calculated from the
experimental data for ZIF-11, -93, and -94 by fitting of variable
temperature isotherms, as described in the Supporting
Information.*® Due to the shape of the isotherm, fitting of
experimental adsorption for ZIF-7 was not possible. The
isosteric heats of adsorption at infinite dilution, QS, were found
to be 21.6, 29.3, and 30.5 kJ mol™" for ZIF-11, -93, and -94,
respectively. ZIF-94 and ZIF-93 have similar QY values at
infinite dilution, highlighting that the first binding sites for CO,
are located around their identical organic functionalities. The
importance of topology is highlighted by comparing the profile
of the Q¥, which decreases rapidly in ZIF-93 when compared to
ZIF-94. These profiles highlight that the small pores of ZIF-94
offer a stronger binding environment in the low-pressure region
when compared to ZIF-93. Interestingly, the Q% for ZIF-93 is
30% higher than that of its topological counterpart ZIF-11,
highlighting the importance of functionality.

lll. COMPUTATIONAL METHODS AND RESULTS
A. Monte Carlo Modeling of CO, Adsorption. In order

to obtain a more detailed molecular-level picture of the effect of
topology on CO, adsorption, we have performed a series of
grand canonical Monte Carlo (GCMC) simulations using the
program TOWHEE.”” To describe CO,, we use the three-site
Elementary Physical Model 2 (EPM2) of Harris and Young.*®
For the van der Waals interactions between the ZIF and CO,,
Lennard-Jones parameters were chosen from the universal force
field (UFF)* and optimized potentials for liquid simulations
(OPLS)* ™ force field with standard Lorentz—Berthelot
mixing rules. Because of the large quadrupole moment of
CO,, charge—charge interactions are important. We obtain
atomic partial charges for the various ZIFs by using the
REPEAT algorithm™ ™ to fit the electrostatic potential
obtained from periodic density-functional theory using a
projector-augmented wave method*® and the Perdew—
Becke—Ernzerhof generalized gradient approximation,*’ as
implemented in the code VASP.* The values of the charges
and other forcefield parameters may be found in the Supporting
Information.*

The GCMC results are overlaid in Figures 1 and 2 with open
triangles. In the low-pressure range, below one bar, the
difference between experiment and simulation is small in
ZIF-11 (22%), ZIF-93 (9%), and ZIF-94 (5%) (see Figure 1).
At 60 bar, the difference between experiment and simulation is
even better in ZIF-11 (4%), ZIF-93 (2%), and ZIF-94 (5%)
(see Figure 2A). For ZIF-7, the simulations give reasonable
agreement (5—20%) with the experiments in the 5—15 bar
range. At higher pressures, significant overestimations (up to
50%) between measurements and simulation results are
obtained. At low pressures, there is also significant disagree-
ment; however, this can be largely explained by the fact that a
change in structure in the ZIF-7 framework has been observed
above a CO, pressure of about 0.4 bar from an unknown low-
pressure topology to the sod topology.”” The authors of ref 27
performed GCMC CO, adsorption simulations using the
structure seen at the higher pressures, and obtained adsorption
values that were significantly overestimated at lower pressure

relative to experimental measurements, but agreed reasonably
well around 1 bar, which was the maximum pressure studied. In
our simulations of ZIF-7, we also use the high-pressure sod
structure. Although, our force-field model does not yield as
accurate a value in comparison to experiment at 1 bar as does
that used in ref 27, our results reproduce well the trends related
to the changes in measured adsorptions with changes in
topology for both ZIF-7/11 and ZIF-93/94, as well as the
quantitative values of the crossover pressures observed
experimentally.

An important contribution from the simulations is to
determine the preferred adsorption sites and the degree to
which they are filled at low and high pressures. To determine
the preferential adsorption sites, density maps were calculated
for ZIF-93 and -94 at 1.01 and 40 bar (see Figure 3). These

Low Pressure P =1.013 bar High Pressure P = 40 bar

e 25 ———>

Figure 3. Two-dimensional color-contour adsorbed CO, number
density maps for ZIF-93 and 94 at low (1.01 bar) and high (40 bar)
pressures. The density units are A™>.

maps are two-dimensional contour plots of the number density
for the center of mass of CO, averaged over the direction
normal to the plane of the image. At low pressure, the maps for
both ZIF-93 and 94 show that the regions of high adsorbate
density are highly localized about the binding sites, that is,
singly occupied sites dominate the adsorption at low pressure.
At high pressure, there is significant adsorption over a large
volume region in ZIF-93, but the adsorption in ZIF-94 is still
highly localized around specific binding sites. This indicates
that the potential energy wells about the binding sites in ZIF-93
are relatively shallow, allowing the density to spread out
significantly at higher pressure, accommodating multiple
occupancy. For ZIF-94, the potential wells about the binding
sites are deeper than those for ZIF-93 (indicated by the larger
adsorption), but are relatively narrow leading to rapid
saturation as the pressure is increased. Similar density maps
for ZIF-7 and 11 (included in the Supporting Information)
show adsorption for sod and rho topologies that is consistent
with those shown for ZIF-93 and 94 in Figure 3.

B. Binding-Energy Analysis. To further elucidate the role
of topology in the gas adsorption performance of ZIF-7, -11,
-93, and -94, we have analyzed the CO, binding energy
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landscape for each framework. The results are shown in Figure
4, which plots the binding energy, minimized over 61 CO,

kJ/mol

-10.0

Figure 4. Diagonal {110} slices through the cubic unit cells of ZIF-11,
-94, and -93, and the rhombohedral unit cell of ZIF-7 showing the
binding energy of CO, minimized versus orientation and plotted by
center of mass position. Important binding regions are indicated by
capital letters (A, B, C and D), referred to in the discussion in the text.

orientations, as a function of the CO, center of mass position.
The binding energies were computed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)*
with the same interactions included in the GCMC simulations
described above. These results facilitate an analysis of the
important binding sites, including the magnitude of the binding
energy, the size and shape of the potential-energy wells, and the
accessibility of the binding sites.

There are three distinct binding sites in ZIF-7, which we will
call A, B, and C. Binding site A, located within a ring of six zinc
atoms, has a binding energy of —29.6 kJ mol™~". Site B, located
within a distorted ring of six zinc atoms, has a binding energy of
—31.8 k] mol™. Site C, located in the center of the truncated
octahedron (Scheme 1) and surrounded by imidazolate linkers,
has a binding energy of —14.3 kJ mol ™. These binding sites are
relatively localized compared to the sites found in the rho
topology ZIFs discussed below. The classical potentials used in
this study produce a CO, transport barrier from the A site to
the C site of roughly 40 kJ mol 'and from the B site to the C
site of roughly 52 kJ mol™. This first barrier represents
transport through the vertical channel shown in the center and
vertical edges of the ZIF-7 polyhedral section in Figure 4, and
the second barrier corresponds to interchannel transport.
Transport through the channel is mentioned in previous studies
on the “gate-opening” mechanism in ZIF-7.%>3°

The primary binding in ZIF-11 occurs in two regions, herein
referred to as A and B. The A site is situated within a ring of six
zincs and six imidazolate linkers and has a binding energy of
—22.5 kJ mol ™. Binding region B occurs on the inner surface of
the largest pore, near the ring of eight zincs at a binding energy
of —27.2 kJ mol™". This geometry differs from previously
reported rho ZIFs,’ including ZIF-93, described below, where
binding occurs within the ring of eight zincs. Both binding
regions in ZIF-11 are broad and open onto the large Linde
Type A (lta) cavity facilitating multiple occupancies at high
pressure. Both binding sites are accessible from this cavity due

to a lack of a high energy barrier. Pore-to-pore transport should
be possible through the six-ring channel, passing through site A,
with a barrier of roughly 18 kJ mol ™.

Binding in ZIF-94 occurs within a ring of six zincs, which we
denote site A, and additionally in the same channel as A, but
closer to the center of the pore and surrounded by the
functional groups on the linkers, which we denote site B. These
sites have binding energies of —40.6 and —37.8 kJ mol™
respectively. Binding site A is surrounded by the framework
atoms, and binding site B opens to a pore that is relatively small
compared with the rho-topology ZIFs. Both these sites are
accessible from the pore; however, the CO, must pass through
the B site to get the A site, which involves a ~15 KJ
mol'barrier. Between pores, a larger barrier of ~50 k] mol™" in
one direction and ~37 k] mol™! in the other is encountered.

ZIF-93 contains four important binding sites: A, B, C, and D.
Site A is within a ring of six zincs, as with ZIF-11. Site B is
within the ring of eight zincs, instead of on the surface of the Ita
cavity as in ZIF-11, most likely due to the smaller functional
groups in ZIF-93, which allow CO, to fit in this channel. Site C
is on the inner surface of the lta cavity in the (110) direction
from the center of this cavity. Site D, represented by ellipsoidal
sections in Figure 4, lies between four zincs and four
imidazolate linkers and is accessible from site B. The binding
energies are —25.3, —28.0, —26.6, and —37.6 kJ mol ™,
respectively. Binding sites A, B, and C open to the large Ita
cavity. Binding energies in these sites are weaker than in those
in ZIF-94, but there is more room for additional CO, molecules
on the inner surface of the pore. Interpore transport appears
possible along the channel through the ring of eight rings as
well as the channel through the ring of six zincs.

The binding energy landscapes provide data on the primary
binding sites in the four ZIFs considered in this work. The
positions and relative strengths of the binding sites identified
are consistent with the results given by GCMC density maps
described above. CO, is more strongly bound in the binding
sites found in sod-topology ZIF-7 and ZIF-94, relative to those
in the corresponding rho-topology ZIF-11 and ZIF-93.
However, the sites in the rho ZIFs open to the large Ita cavity
with a correspondingly large surface area for additional gas
adsorption outside of the deepest wells. Transport barriers
determined through classical potentials provide information on
binding site accessibility; however, the framework is fixed in
these calculations and flexibility in the imidazolate linkers is
expected to reduce these barriers.

The trends in the binding energies calculated for the four
ZIFs considered in this work can be rationalized as follows,
based on an analysis of the electrostatic versus van der Waals
contributions to the classical potential models. In ref Sa, it is
argued that ZIFs with asymmetrically functionalized imdazolate
linkers (that is, having two different functional groups attached
to the imidazole ring) tend to produce stronger electrostatic
contributions to the CO, binding energy. This trend is
consistent with the larger average Coulomb contribution to
the binding sites in asymmetrically functionalized ZIF-94
(—10.0 kJ mol™) compared to ZIF-7 (—6.8 kJ mol™).
However, this is not the case for the rho ZIFs considered,
because the asymmetrically functionalized ZIF-93 has a smaller
average Coulomb contribution, —5.7 kJ mol ™}, compared to
ZIF-11 (—8.9 kJ mol™"), which suggests that local binding
geometry can influence the importance of the electrostatic
energy for a particular site. The van der Waals forces favor a
large framework surface area close enough to the CO, to
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maximize the attractive contribution to the Lennard-Jones
interactions. This contribution favors the small pores in sod
ZIF-7 and ZIF-94 when compared to the rho-structured ZIF-11
and ZIF-93, which is reflected in the average Lennard-Jones
energy, which is —18.9 and —29.1 k] mol™' compared to —15.8
and —25.0 kJ mol™, respectively.

IV. CONCLUSIONS

In conclusion, the role of topology on CO, adsorption at high
and low pressures was investigated in four ZIFs, ZIF-7, -11, -93,
and -94 with two topologies, rho and sod. The importance of
topology was highlighted with the small pores of ZIF-7 and
ZIF-94 giving rise to higher adsorptions at 1 bar than those
obtained for the larger-pore rho structures at the same pressure.
By contrast, at high-pressure, the adsorption of CO, was higher
in the large pores of the rho structured ZIF-11 and ZIF-93
because of larger pore volumes. Therefore, for each fixed
functionality, crossover points were observed where the
frameworks with the lower density of large pores (ZIF-11,
93) start to outperform the structures with the higher density of
small pores (ZIF-7, -94).

B EXPERIMENTAL SECTION

Synthesis of ZIF-7, -11, -93, and -94. ZIF-7. Zinc nitrate
hexahydrate (11.4 mg, 0.381 mmol) and benzimidazole (3.4
mg, 0.28 mmol) were dissolved in 10 mL of DMF in a 20 mL
scintillation vial. The vial was heated in an oven at 130 °C for 2
days. The crystalline powder was collected by vacuum filtration
and washed with DMF (3 X 20 mL) over a 1 h period. The ZIF
was stored under MeOH, which was exchanged with fresh
MeOH (S X 20 mL) over 3 days. The sample was evacuated at
30 mTorr for 12 h 180 °C.

ZIF-11. Zinc nitrate hexahydrate (19.4 mg, 0.0652 mmol)
and benzimidazole (118 mg, 0.999 mmol) were dissolved in 10
mL of N,N-diethylformaide in a 20 mL scintillation vial. The
vial was heated in an oven at 130 °C for 2 days. The crystalline
powder was collected by vacuum filtration and washed with
DMF (3 X 20 mL) over a 1 h period. The ZIF framework was
stored under MeOH, which was exchanged with fresh MeOH
(5 X 20 mL) over 3 days. The sample was evacuated at 30
mTorr for 12 h 180 °C.

ZIF-93. Zn(C4HN,0), = Zn(almelm),. A solution of zinc
acetate (Zn(O,CCH;),) (0.147 g, 0.8 mmol) in 8 mL of DMF
and a solution of 4-methylimidazole-S-carbaldehyde (0.264 g,
2.4 mmol) in 8 mL of DMF was combined and sealed in a 20
mL vial, heated in an oven at 85 °C, and allowed to react
solvothermally for 12 h. The mother liquor was decanted, and
the crystalline powder was washed with chloroform (3 X §
mL). The product was activated with chloroform (3 X 10 mL)
over 3 days before drying under vacuum (30 mTorr) for 24 h at
80 °C. Yield: 0.0191 g, 84% based on 4-methylimidazole-S-
carbaldehyde.

ZIF-94. Zn(CHN,0), = Zn(almelm),. A solution of zinc
nitrate hexahydrate (0.355 g, 1.37 mmol) in 8 mL of DMF and
4-methylimidazole-S-carbaldehyde (0.6 g, 5.5 mmol) in 10 mL
of DMF was combined in a 20 mL scintillation vial and heated
in an oven at 85 °C, and allowed to react solvothermally for 48
h. The mother liquor was decanted, and the crystalline powder
was washed with chloroform (3 X S mL). The product was
activated with chloroform (3 X 10 mL) over 3 days before
drying under vacuum (30 mtorr) for 24 h at 80 °C.

Powder X-ray Diffraction. PXRD data were collected
using a Bruker D8-Discover 6—0 diffractometer in reflectance
Bragg—Brentano geometry employing Ni-filtered Cu Ka line
focused radiation at 1600 W (40 kV, 40 mA) power and
equipped with a Vantec Line detector. Radiation was focused
using parallel focusing Gobel mirrors. The system was also
outfitted with an antiscattering shield that prevents incident
diffuse radiation from hitting the detector, preventing the
normally large background at 20 < 3. Samples were mounted
on zero background sample holders by dropping powders from
a wide-blade spatula and then leveling the sample with a razor
blade. The PXRD data of ZIF-7, -11, -93, and -94 was shown to
be consistent with simulated PXRD (see Supporting
Information).

Gas Adsorption Measurements. Low-pressure gas
adsorption experiments (up to 1.1 bar) were carried out on a
Quantachrome Autosorb-1 automatic volumetric gas adsorp-
tion analyzer. High-pressure gas adsorption isotherms were
measured using the static volumetric method in an HPA-100
from the VTI Corporation (currently Particulate Systems).
Ultrahigh-purity grade N,, He (99.999% purity), and CO, gases

(99.995% purity) were used in all adsorption measurements.
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