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Abstract: Three-membered rings (3-rings) are an important structural motif in zeolite chemistry, but their formation
remains serendipitous in reticular chemistry when designing zeolitic imidazolate frameworks (ZIFs). Herein, we report a
design principle for constructing four new ZIFs, termed ZIF-1001 to -1004, from tetrahedral Zn" centers (T),
benzotriazolate (bTZ), and different functionalized benzimidazolates (RbIM) that adopt a new zeolite NPO-type
topology built from 3-rings. Two factors were critical for this discovery: i) incorporating the bTZ linker within the
structures formed 3-rings due to a /(T-bTZ-T) angle of 120-130° reminiscent of the /(Ge—O—Ge) angle (130°) observed
in germanate zeolite-type structures having 3-rings; and ii) RbIM guided the coordination chemistry of bTZ to bind
preferentially in an imidazolate-type mode. This series’ ability to selectively capture CO, from high-humidity flue gas
\and trap ethane from tail gas during shale gas extraction was demonstrated. )

~

Introduction

Zeolitic imidazolate frameworks (ZIFs) are metal-organic
analogues to inorganic zeolite-type materials.! To date, the
design of ZIFs has been limited to three working principles:
i) tetrahedral metal centers (T) are bridged by azolate
linkers (e.g., imidazolate, IM) to form T-IM-T angles
(Figure 1a, 135-145°) that are similar to those Si—O-Si
angles (=2145°) observed in pure silica zeolites;? ii) linker—
linker interactions”! are used to orient the synthesis without
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the use of supplementary structure-directing agents;* and
iii) mixed-linker systems exploit differences in the steric
index and ratio of the mixed linkers to achieve ZIFs with
extra-large pore apertures and colossal cages.”! Although
these principles have successfully yielded hundreds of
unique ZIF structures, a handle over the rational design and
targeting of specific end structures often remains elusive.["®

Herein, we propose a synthetic strategy for targeting
zeolite azolate frameworks based on three-membered rings
(3-rings, Figure 1b). Specifically, we report the design, syn-
thesis, and characterization of an isoreticular series of ZIFs
with a new topology of the zeolite NPO net,”” termed ZIF-
1001 to -1004, constructed by linking tetrahedral Zn" centers
(T) with benzotriazolate (bTZ) linker and benzimidazolate
(bIM), 5-methylbenzimidazolate (mbIM), 5-bromobenzimi-
dazolate (bbIM), or S-chlorobenzimidazolate (cbIM), re-
spectively. Single-crystal X-ray diffraction (SCXRD) con-
firmed the co-existence of bTZ and bIM within the 3-rings
in 2:1 or 1:2 ratios (Figure 1b), which can be distinguished
by the T-bTZ-T angles of 122° and the T-bIM-T angles of
133°. Given the nature of the linkers incorporated within
this series, we further validate the thermal stability by
variable-temperature synchrotron powder X-ray diffraction
(PXRD) and the chemical stabilities by PXRD analyses
after immersing in boiling water and in aqueous acid/base
solutions (pH=3-14). Owing to their ultramicroporosity,
intrinsic hydrophobicity, and chemical stability, these ZIFs
performed efficient CO, capture from CO,/N, mixtures with
high humidity and in simulated flue gas in the presence of
SO, and NO,, as well as selectively trapping of C,Hy from
CO,, which is an important separation process desired for
sustainable resource recycling from tail gas during shale gas
extraction.

We note that the 3-ring has been a critical structural
motif for designing zeolite-type materials.*”! In zeolite
chemistry, the historical challenge for realizing new struc-

© 2022 Wiley-VCH GmbH
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Figure 1. Design principles for targeting zeolite NPO-type azolate frameworks comprised of 3-rings. a) The design of ZIFs is historically based on
mimicking the /(Si—O—-Si) angles of ~2145° in zeolite-type materials through creating /(T—IM—T) angles of 135-145°. The design strategy of NPO-
type azolate frameworks seeks to create /(T—bTZ—T) angles of 120-130° that resemble the /(Ge—O—Ge) angles of ~130° observed in germanate
zeolites to lessen the 3-ring strain.?#7% b) Reaction of tetrahedral Zn'" and bTZ with different functionalized benzimidazolates (RbIM) yields ZIF-
1001 to -1004 comprised of two types of 3-rings with the bTZ and RbIM in different ratios and varying angles, 0,, 0,, and 6,, that deviate away from
the 3-ring plane. c) Geometry analysis of the T site for two adjacent linkers via 6, and 6, angles when the /(T-IM—T) angle for the adjacent linkers
are both 130.5° (top) and when the /(T-TZ-T) angle is 125° and the /(T—IM—T) angle is 133° (bottom). d) The /(T—-IM—T) angle distribution of IM
linkers in most reported ZIFs ranges from ca. 132-150° meaning that it is difficult find IM linkers that adopt small angles necessary for
constructing 3-rings with low ring strain. A /(T-TZ—T) angle of <130° (highlighted in red) reported herein leads to the formation of the NPO net,

which is nearly impossible for /(T—-IM—T) angles centered at 135-145°. e)

Crystal structure of ZIF-1001 adopts a distorted NPO-type net featuring

1D channels that proliferate along the a-axis. Cage A (t-npo, [3°.6%]) is built from two parallel 3-ring units that are connected by three bTZ—Zn—bTZ
bridges. Cage B (t-ato, [6°.12%)) is constructed from six cage A units that form a 12-ring opening. All insets depict the underlying net of the
corresponding crystal structures. The embedded natural tiling is noted in face symbol, [..m"..], meaning that there are n faces with m-membered
rings. The yellow ball is a visual representation of the free space available in the pore. Atom colors: Zn, blue and green polyhedra; C, gray; N, blue.

All H atoms are omitted for clarity.

tures based on 3-rings is a need to compensate for the large
strain of inorganic rings, which can be accomplished by
varying the T centers away from Si to elements with larger
atomic radii, such as Ge, in order to increase the T—O bond
length and decrease the /(T—O-T) angle (Figure 1a).”}
Although ZIF structures containing 3-rings have been
reported (e.g., ZIF-95 and ZIF-100 with the poz and moz
nets, respectively, TIF-1 with the zea net, GT-18 with the
ecu net, and ZIF-516/586 with ykh net), the chemical
realization of their design principles remains severely
underdeveloped.""'** The critical discovery in this series is
therefore two-fold: i) incorporating a large amount of bTZ
within the structures enabled the formation of 3-rings due to
a /(T-bTZ-T) angle of 120-135°, being achieved, which is
reminiscent of the /(Ge—O—Ge) angle (&130°) observed in
zeolite-type germanate structures based on 3-rings. Indeed,
the reduction of the /(T-bTZ-T) angle relieves the ring
strain in 3-rings, and ii) bIM guided the chemistry of bTZ to
bind preferentially in the imidazolate-type mode. This new
design principle reduced /(T-bTZ-T) angles when com-
pared to previously reported ZIF structures, which led to
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the formation of ideal tetrahedral centers and 3-ring motifs
(Figure 1c,d).

Results and Discussion

Constructing ZIFs based on 3-rings from the traditional
/(T-IM-T) angle of 135-145° is challenging when consider-
ing the geometry of an ideal T center requiring a /(IM—
T—IM) angle of 109.5°. Forming co-planar 4- to 10-rings in
ZIFs that have an ideal T center is possible when the
/(T-IM-T) angle is 144°. This /(T-IM-T) angle is achieved
by flipping two adjacent T-IM bonds in a plane resulting in
a /(T,—T,—T;) angle of 73.5-145.5°, which excludes the
possibility of forming a 3-ring.*! In targeting 3-rings, we
coded a geometric model for free rotation of adjacent T-IM
bonds that have angles, 8, and 6,, away from the plane of a
given ring. The corresponding /(IM—T-IM) angle with the
/(T-IM-T) angle being fixed can then be calculated.
Consequentially, we then can evaluate the possibility of
forming 3-rings for a certain /(T-IM-T) angle that satisfies
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the geometry of an ideal T center with a /(IM—T-IM) angle
of 109.5+1°. By setting the /(T-IM-T) angle to 140°, no
appropriate 8, and 6, angles will yield a 3-ring with an ideal
T site. However, by setting /(T-IM-T)=130.5°, 6, and 6,
angles are close to 0° and satisfy the geometry of an ideal T
center. It was through this gained understanding of the
required /(T-IM-T) angles that we were able to develop a
synthetic design strategy for realizing a new ZIF structure
comprised of 3-rings.

ZIF-1001 to -1004 were synthesized solvothermally using
a mixture of Zn(NO;),-6H,0, bTZ, and the respective
RbIM derivative in N,N-dimethylformamide (DMF) at
120°C for 3 days (Section S1 in the Supporting Information).
It is important to point out the roles that both bTZ and bIM
and their derivatives play in realizing ZIF-1001 to -1004
under these synthetic conditions. These ZIFs are achievable
when synthetic input mole ratios of bTZ:bIM are greater
than 1.5:1. At synthetic input mole ratios of bTZ:bIM are
less than 1.5:1, the SOD-type ZIF-7 structure is observed.
Furthermore, if the bIM derivative is replaced with the less
bulky, pure IM linker, then a two-dimensional ZIF is
realized with little to no attractive features. Upon comple-
tion of the reactions for ZIF-1001 to -1004, needle-like
crystals suitable for single-crystal X-ray diffraction analysis
were isolated after decanting the mother liquid and washing
the crystals with fresh DMF to remove any unreacted
starting materials.

All members of the series crystallized in the orthorhom-
bic P2,2,2;, (No. 19) space group (TablesS1-S4 in the
Supporting Information).'” Taking the asymmetric unit of
ZIF-1001 as a representative example, the evolution of the
3-ring unit is clearly seen by three tetrahedral Zn" centers
being brought together via two bTZ and one bIM linkers or
one bTZ and two bIM linkers (Figure 1b,e). This 3-ring unit
is then extended further to other 3-ring units through six
bTZ linkers that ultimately form a distorted zeolite NPO net
having one-dimensional channels proliferating along the a-
axis [Figure le; note: an ideal NPO-type net crystallizes in
the space group P6;/mmc (No. 194)]. The overall distorted
NPO net characteristic of this series is defined by two
distinct cages (the embedded natural tiling are noted in face
symbol [.m".]: n faces with m-membered rings):" i)a
smaller cage A (t-npo, [3%.6°]) created by two parallel 3-ring
units that are connected by three bTZ—Zn—bTZ bridges
with dihedral angles of 45.5 or 47.7°; and ii) a larger cage B
(t-ato, [6°.127]) that is derived from six cages A units coming
together to form a 12-ring opening to the one-dimensional
channel (Figure 1le). The /(Zn—bTZ—Zn) angle is ~122° and
the /(Zn—bIM—Zn) angle is ~133°. These values are smaller
than the typical /(T-IM-T) angles (135-145°) observed in
ZIFs, which serve the purpose of reducing the strain of the
3-rings that form the basis for these structures. The frame-
work density (FD; the number of T sites per 1000 A%) of
ZIF-1001 is 2.75 Tnm ™', which is comparable to those ZIFs
whose structures adopt zeolite-type nets (e.g., BCT, GIS,
and ACO).>

Prior to further structural characterization, all members
of this series were washed with fresh DMF (6x10 mL),
solvent exchanged with CH;OH (6x10mL each day for
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5 days) and evacuated for 12 h at 120°C to yield activated
samples. The structural stability upon activation and the
bulk phase purity of the series was demonstrated by powder
X-ray diffraction (PXRD) analysis, in which the experimen-
tal diffraction patterns obtained for the activated samples
were observed to be in satisfactory agreement with the
patterns simulated from the single-crystal structures (Fig-
ure 2a). Thermal gravimetric analysis (TGA) indicated that
all members of this series had high thermal stability
(~500°C) and that the activated samples were free of any
guest molecules residing within their pores (Figure S11 and
Table S6 in the Supporting Information). Temperature-
dependent synchrotron PXRD measurements provided
absolute confirmation of the high thermal stability for ZIF-
1001 up to 500°C and demonstrated that no structural
transformations occurred (Figure 2b). Finally, the examina-
tion of the chemical stability for all members of this series
was undertaken by immersing activated samples in boiling
water for 5 days in addition to aqueous acid/base solutions
ranging from pH=3 to 14 for at least 7 days. Interestingly,
all members retained their structures as evidenced by the
coincidence of the PXRD patterns with those simulated
from the single crystal structure (Figures 2c,d; Figures S15—
S19 in the Supporting Information).

The chemical formula for each member of this series was
calculated through a combination of digested-solution 'H
nuclear magnetic resonance (NMR) spectroscopy, elemental
analysis (EA), and metal-oxide residue analysis via TGA
under airflow. The relative ratios of the bTZ and bIM
linkers incorporated into each of the ZIF structures were
first assessed through '"H-NMR spectroscopy (Section S3 in
the Supporting Information). For these measurements,
activated samples were dissolved in a solution containing
DMSO-d, and 20 % DCI in D,0O and the 'H signals for each
of the linkers were assigned according to characteristic
chemical shifts. For all members of the series, a bTZ:bIM
linker ratio was established at 3:1, which is consistent with
what is observed in their corresponding crystal structures.
Given this information, EA data (e.g., for ZIF-1001: calcd,
C, 49.9, H, 2.85, and N, 25.6 %; found, C, 48.8, H, 2.39, and
N, 24.8 %) was used to support a general chemical formula
of Zn,[(bTZ),(RbIM)],_,[(bTZ)(RbIM),](bTZ); (where
RbIM =bIM, mbIM, bbIM, and cbIM for ZIF-1001 to -1004,
respectively) (Section S1 in the Supporting Information).
Finally, the calculated ZnO residues (22 %) found in the
TGA curves for all members of the series agreed with the
value derived from the EA data (23 %) (Table S6 in the
Supporting Information).

The permanent porosity of the series was first probed by
Ar isotherms at 87 K (Section S6 in the Supporting Informa-
tion). ZIF-1001 exhibited a typical Type-I profile, which is
characteristic of a microporous material, and a Brunauer-
Emmett-Teller (BET) surface area of 290 m*g ™! was calcu-
lated. Surprisingly, the other members of the series
displayed no appreciable Ar uptake at 87 K, likely due to
the limited size of their pore apertures. Reversible CO,
adsorption was observed for all members at 195 K (Fig-
ure 2¢). For ZIF-1001, pore size distributions derived using
Monte Carlo simulations for the CO, isotherm at 273 K

© 2022 Wiley-VCH GmbH
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Figure 2. Characterization of the thermal/chemical stability, intrinsic hydrophobicity, ultramicroporosity, and evaluation of the gas sorption and
separation properties in NPO-type ZIFs. a) PXRD patterns of the activated ZIF-1001 (red), -1002 (blue), -1003 (orange) and -1004 (grey) compared
with the Bragg reflections for the PXRD pattern simulated from the single crystal data (black). b) Temperature-dependent synchrotron PXRD
patterns confirm the high thermal stability (500°C) of ZIF-1001. c) PXRD patterns of ZIF-1001 after immersing in aqueous solutions ranging from
pH=3 to 14 for 7 d. d) PXRD patterns of ZIF-1001 to -1004 after immersing in boiling water for 5 d. e) CO, adsorption isotherms at 195 K for ZIF-
1001 to -1004 proving this series’ ultramicroporosity. f) Methanol and water vapor adsorption isotherms at room temperature for ZIF-1001 to
-1004. g) CO, and N, uptake for ZIF-1001 to 1004 at 298 K. Open and closed symbols represent adsorption and desorption branches, respectively.
The connecting line is a guide for the eye. h) Cycling breakthrough curves under high-humidity conditions (85% RH) for the CO,/N, (v/v=15:85)
gas mixture at 298 K and a flow rate of 1.0 mLmin~". Solid and dashed lines represent cycles 1 and 5, respectively. i) Cycling breakthrough curves
under simulated flue gas conditions (80% N,, 15% CO,, 5% O,, 85% RH, 1000 ppm of SO,, 500 ppm of NO,, 298 K and a flow rate of

1.0 mLmin"). Solid and dashed lines represent cycles 1 and 30, respectively. j) C,H¢ adsorption isotherms at 298 K for ZIF-1001 to -1004. Open
and closed symbols represent adsorption and desorption branches, respectively. The connecting line is a guide for the eye. k) C,H,/CO, IAST
selectivity for the C,H/CO, (v/v=50:50) gas mixture at 298 K. ) Breakthrough curves for ZIF-1001 to -1004 for a C,H¢/CO, (v/v=>50:50) gas
mixture at 298 K and a flow rate of 1.0 mLmin™".
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(centered at 6.1 A) and density functional theory models
fitted to the Ar isotherm at 87 K (5.7 A) were in satisfactory
agreement (Section S6 in the Supporting Information). Pore
volumes (0.150, 0.127, 0.118, and 0.136 cm®’g " for ZIF-1001
to ZIF-1004, respectively) were calculated from the CO,
sorption isotherms at 195 K, which are consistent with the
theoretical values obtained from PLATON (0.156, 0.126,
0.113, and 0.132 cm®g ™, respectively). Finally, water vapor
adsorption isotherms were collected for all ZIF members at
298 K using the static volumetric method (Figure 2f). All
ZIF members displayed TypeIIl profiles indicating the
prominent role that the hydrophobic functionalities distrib-
uted throughout the frameworks play.

Given this series’ high thermal and chemical stability
and hydrophobicity, we sought to assess their effectiveness
in the industrially relevant capture of CO, from flue gas with
high humidity conditions and in the presence of SO, and
NO,.'>®1 Thermodynamic CO, and N, adsorption isotherms
were subsequently measured at 273, 283, and 298 K (Section
S6 in the Supporting Information). At all temperatures and
for all members of the series, the adsorption-desorption
processes were observed to be completely reversible, and
there was noticeably higher uptake and affinity for CO, over
N,. The CO, uptake capacities at 298 K and 15 kPa (i.e.,
partial pressure of CO, in coal-fired post-combustion flue
gas streams) were 3.0, 2.5, 2.4, and 3.2 cm’g ! for ZIF-1001
to -1004, respectively (Figure 2g). Coverage-dependent en-
thalpies of adsorption (Q,) were then calculated by fitting
the isotherm data at 273, 283, and 298 K with a virial-type
expansion equation (Section S7 in the Supporting Informa-
tion). The resulting Q, values at zero coverage were ~25-
30 kJmol ' —moderate values that indicate a physisorption-
driven process. Based on ideal adsorbed solution theory
(IAST), by fitting CO, and N, adsorption isotherms at 298 K
and 0-101 kPa, the CO,/N, (v/v=15:85) selectivity was
calculated for ZIF-1001 to -1004 (Section S8 in the Support-
ing Information). At low pressures, ZIF-1003 and ZIF-1004
with halogen functional groups exhibit higher CO,/N,
selectivities of 22 and 24, respectively.

To demonstrate the series’ proficiency in capturing CO,
under practical conditions, dynamic gas adsorption break-
through experiments were carried out using CO,/N, gas
mixtures (v/v=15:85 at 298 K and 1.0 bar) under either dry
or high-humidity conditions (85 % RH) with a gas mixture
flow rate of 1.0 mLmin ' (Figure 2h and Section S9 in the
Supporting Information). The CO, breakthrough time (i.e.,
the time it takes for CO, to “breakthrough” the bed) and
kinetics were similar for all members under both dry and
high-humidity conditions. This is an important achievement
as related materials often experience a decrease in CO,
uptake capacity in the presence of water. Two different
cycling breakthrough measurements were then carried out
to demonstrate the long-term stability and performance of
this series: i) a 5-cycle measurement using the same high-
humidity conditions as before (CO,/N,, v/v=15:85 at 298 K,
1.0 bar, 85 % RH, and a flow rate of 1.0 mLmin™'); and ii) a
30-cycle measurement using simulated flue gas (80% N,,
15% CO,, 5% O,, 1000 ppm of SO,, 500 ppm of NO,, and a
flow rate of 1.0mLmin"). For the first high-humidity
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measurement, after 5 consecutive cycles, there was no loss in
CO, capture performance, and regeneration between each
cycle required minimal energy input (simple He purge at
298 K) (Figure 2h and Section S9 in the Supporting Informa-
tion). Remarkably, the same findings were true for ZIF-1001
after being exposed to simulated flue gas for 30 consecutive
cycles (Figure 2i).

Ethane (C,Hg) and CO, are the main components of tail
gas produced during shale gas extraction. Due to the fact
that C,Hy and CO, form a homogeneous binary azeotrope,
conventional separation technology based on high temper-
ature and high pressure is inefficient and energy-intensive.
ZIFs are well-positioned to be applied toward this process
as they have the potential to consistently separate C,Hy and
CO, at normal temperature and pressure.”! Accordingly, to
assess this series’ ability to separate C,Hy and CO,, we first
measured thermodynamic C,Hy adsorption isotherms. The
C,Hg uptake capacity was estimated from the adsorption
isotherms at 298 K, from which ZIF-1001 was demonstrated
to have the highest C,Hy uptake of 20.6 cm’srpg™' (Fig-
ure 2j). Coverage-dependent isosteric heats of adsorption
were calculated via the Clausius—Clapeyron equation by
fitting the C,Hg adsorption isotherms at 273, 283, and 298 K
for each member of the series (Section S7 in the Supporting
Information). ZIF-1001 to -1004 displayed similar zero-
coverage enthalpies of adsorption (e.g., >30kJmol™).
Following this, the C,H/CO, adsorption selectivity for a
C,H¢/CO, binary gas mixture (v/v=50:50) was calculated
using IAST by fitting C,Hys and C,H, adsorption isotherms
at 298 K and 0-100 kPa (Figure 2k and Section S8 in the
Supporting Information). From the series, ZIF-1001 exhib-
ited the highest C,Hy/CO, selectivity of 8. To assess the
dynamic C,H¢/CO, separation performance of this series,
breakthrough experiments were again undertaken, in which
ZIF-1001 to -1004 were each subjected to a mixed gas
stream at 298 K consisting of 0.5mLmin"' C,H; and
0.5mLmin"' CO,. Breakthrough curves for ZIF-1001 to
-1004 were measured at least two times, with regeneration
occurring between each cycle via a He flow (5 mLmin™") for
60 min. As shown in Figure 21, the breakthrough curves
demonstrate that all members of the series were capable of
effectively and efficiently separating C,H, from CO,.

Conclusion

It has long been known in both zeolite and ZIF chemistry
that making 3-rings is important for accessing new zeolitic
structures. Among the hundreds of unique ZIFs reported, it
is interesting that there have only been a few discovered
(neither designed nor targeted) containing 3-ring motifs.
Our findings, therefore, provide a significant addition to the
limited library of ZIF design principles. Now, reticular
chemists have the requisite tools to explore new ZIF
structures that not only have attractive properties (e.g.,
ultra-high thermal and chemical stability) but also excep-
tional functions (e.g., practical gas separation under high-
humidity and -acidity conditions).

© 2022 Wiley-VCH GmbH
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A new design principle for obtaining
zeolitic imidazolate frameworks (ZIFs)
with an underlying NPO built from
three-membered rings (3-rings) is re-
ported. Among the hundreds of unique
ZIFs known, only a few have been
discovered that are partially constructed
from 3-ring motifs. These findings pro-
vide a significant addition to the limited
library of ZIF design principles to access
attractive structural features for realizing
practical function.
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