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Abstract: Hydrophobic zeolitic imidazolate frameworks
(ZIFs) with the chabazite (CHA) topology are synthesized
by incorporating two distinct imidazolate links. Zn(2-mIm),g,-
(bbim),; 1, (ZIF-300), Zn(2-mIm),e,(cbIm), s (ZIF-301), and
Zn(2-mIm),s;(mbim), 33 (ZIF-302), where 2-mIm = 2-methyl-
imidazolate, bblm =5(6)-bromobenzimidazolate, cblm =
5(6)-chlorobenzimidazolate, and mblm =5(6)-methylbenzi-
midazolate, were prepared by reacting zinc nitrate tetrahydrate
and 2-mIm with the respective bIm link in a mixture of N,N-
dimethylformamide (DMF) and water. Their structures were
determined by single-crystal X-ray diffraction and their
permanent porosity shown. All of these structures are hydro-
phobic as confirmed by water adsorption isotherms. All three
ZIFs are equally effective at the dynamic separation of CO,
from N, under both dry and humid conditions without any loss
of performance over three cycles and can be regenerated
simply by using a N, flow at ambient temperature.

Zeolitic imidazolate frameworks (ZIFs) are a class of
porous, crystalline materials, in which metal atoms are
connected through ditopic imidazolate (C;N,H;”=Im) or
functionalized Im bridges.! The resulting open frameworks
exhibit topologies that are analogous to those observed in
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microporous zeolites. Although there has been over one
hundred ZIF structures reported, few of these have top-
ologies found for the most important zeolites.”! Two strategies
have been utilized to overcome this challenge and make
topologies known to be important in zeolite chemistry. In the
first, link—link interactions are used to direct the synthesis to
a specific topology as was demonstrated for ZIF-20 having the
common LTA zeolite topology.*! In the second strategy,
mixed links are used to produce ZIF-68 to ZIF-70 and ZIF-78
to ZIF-82, which are based on the GME zeolite topology.!
Herein, we show how the mixed-link approach could be used
to make a series of new ZIFs based on the chabazite (CHA)
zeolite topology.”®! Specifically, we report the synthesis and
detailed characterization of an isoreticular series of ZIFs, in
which 5(6)-bromobenzimidazolate (bbIm), 5(6)-chlorobenzi-
midazolate (cbIm), or 5(6)-methylbenzimidazolate (mbIm)
was used with Zn" atoms and 2-methylimidazolate (2-mIm) to
construct CHA-type ZIFs termed ZIF-300, ZIF-301, and ZIF-
302, respectively (Scheme 1). Our design strategy was built
upon the use of bulky hydrophobic links to produce ZIFs that
are water stable and are capable of capturing CO,”! under
practical humid conditions. Consequently, we report the
remarkable hydrophobic properties and CO, capture abilities
for all members of this series. We further demonstrate that
each member shows sufficient separation of CO, from
a ternary mixture containing N, and water over three cycles.
This occurred without degradation of the ZIF structure or
performance.

ZIF-300, ZIF-301, and ZIF-302 were solvothermally
synthesized using the mixture of 2-mImH and the respective
benzimidazole derivative (Scheme 1). As a representative
example, ZIF-300 was synthesized by dispensing 2-mImH,
bbImH, and zinc nitrate tetrahydrate in a N,N-dimethylfor-
mamide (DMF) and water solvent mixture that was heated at
120°C for 72 h to give light-brown block-shaped crystals (see
Supporting Information). In contrast to other mixed-link ZIF
syntheses,>*1% water was used as a co-solvent and is believed
to also play an important role in the formation of these ZIF
compounds, especially of the CHA topology. This is sup-
ported by the fact that the CHA topology could not be
obtained after exhaustive efforts were undertaken to form
these frameworks in the absence of water. Prior to single-
crystal X-ray diffraction analysis, the obtained crystalline
materials were washed with DMF (5x3 mL) to remove all
unreacted starting materials.

The crystal structures''! of all members of this series show
tetrahedral Zn atoms being surrounded by four Im links
(Figure S1-S6 in the Supporting Information). These tetra-
hedral Zn atoms are then linked together by imidazolate
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Scheme 1. Reaction of 2-methylimidazole (2-mImH) with Zn(NO;),
and 5(6)-bromobenzimidazole (bbImH), 5(6)-chlorobenzimidazole
(cblmH), or 5(6)-methylbenzimidazole (mblmH) resulting in ZIF-300,
ZIF-301, and ZIF-302, respectively. The yellow sphere represents the
space in the framework. Zn blue polyhedra, C black, N green, Br brown,
Cl pink, all H atoms and terminal ligands are omitted for clarity.

bridges to produce the three-dimensional CHA framework
(Figure 1a). The CHA-type ZIF structure is illustrated by
a cha [4"%6’8°] cage (Figure 1b), composed of 36 Zn tetrahe-
dral vertices, cross-linked by a hpr[4°6?] cage (Figure 1c)
with 12 such vertices in a ratio 1:1 (Figure 1d,e) (the symbol
[..m"..] means that there are nfaces with m-membered
rings).'?! This forms channels of 6-membered rings parallel
to the caxis. The CHA topology includes four crystallo-
graphically distinct edges. Upon closer examination of the
crystal structures, we found that in the case of all members, 2-
mlIm links (red in Figure 1d,e) are always found at the edge
that connects the two 6-membered rings comprising the Apr
cage. Additionally, the substituted bIm links (gray in Fig-
ure 1d,e) have specific positions within the cha cages, which
are not edge sharing with the hpr cages. The remaining two
edges (green in Figure 1d,e), shared by the Apr and cha cages,
are nonspecific with respect to either 2-mIm or the substituted
blm for ZIF-300 and ZIF-301. For ZIF-302, although it
exhibits the same connectivity, mblm was found to prom-
inently occupy one of these two nonspecific edges. This
situation is likely a result of a higher ratio of mbIm used in the
synthesis to optimize the conditions for single-crystal growth.

The phase purity of ZIF-300 to ZIF-302 was demonstrated
by the homogeneous crystal morphology observed in scan-
ning electron microscope images (Figure S7-S9) as well as the
noted good agreement between the experimental powder X-
ray diffraction (PXRD) patterns with the PXRD patterns
simulated from the single crystal structures (Figure S10-S12).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. a) Ball-and-stick model depicting the CHA net. The yellow
and orange spheres represent the space in the framework. b,c) The
crystal structure of ZIF-302 is composed of two types of cages, cha (b)
and hpr (c). d) These two types of cages, cha (large) and hpr (small)
are cross-linked together. Light red and gray imidazolate rings indicate
the specific position of 2-mIm and the corresponding bim, respec-
tively. The green imidazolate rings indicate the nonspecific positions,
which 2-mIm or blm can occupy. Functional groups are omitted for
clarity. €) CHA tiling, with both the cha (yellow polyhedra) and hpr (or-
ange polyhedra) cages, demonstrating which links occupy each of the
unique edges (same color scheme as in (d). Zn blue polyhedra,

C black. N green; all H atoms and terminal ligands are omitted for
clarity.

To evaluate the structural characteristics of these ZIFs, the
samples were solvent-exchanged and activated (see Support-
ing Information). Thermal gravimetric analysis on the acti-
vated samples demonstrated high thermal stability (450°C)
and confirmed the lack of guest molecules for all members
(Figure S13-S15).

The crystallinity of these activated ZIFs was also con-
firmed by PXRD analysis (Figure S10-S12), which indicated
the structural maintenance of all three members under such
activation procedures. The permanent porosity of guest free
samples was established by Ar gas-adsorption measurements
at 87 K, which exhibited typical Type-I isotherms character-
istic of microporous materials (Figure S16). The Langmuir
(Brunauer—-Emmet-Teller) surface areas were 490 (420), 825
(680), and 270 (240) m*g~" for ZIF-300, ZIF-301, and ZIF-
302, respectively.

As a result of the incorporation of hydrophobic function-
alities within all three ZIFs, we sought to clearly demonstrate
the materials’ exceptional water stability. This was accom-
plished by soaking each ZIF structure in water at 100°C for
7 days. Throughout this process, sample aliquots were taken
for structural analysis by PXRD. The well-maintained dif-
fraction patterns, as indicated by coincidence of peaks,
signified that all three ZIFs were extremely stable in boiling
water (Figure S17-S19). Following this lead, water adsorption
measurements were performed (Figure S20). All ZIF mem-
bers exhibited Type-III water isotherms, which are attributed
to the hydrophobic functionalities throughout the frame-
works.
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Table 1: Chemical formula, surface area, crystal density, thermodynamic CO, uptake, CO,/N, selectivity, dynamic CO, uptake for ZIF-300, ZIF-301, and

ZIF-302.
ZIF-n Chemical formula Ager Crystal co, N, CO,/N, CO, uptake ~ CO, uptake
[m?g '™ density uptake uptake selectivity  capacity-dry  capacity-wet
m*g "™ [emPem@ [emPem [em*em [em*em e
ZIF-300  Zn(2-mim)oge(bblm), 1s-(DMF)ggs 420 1.446 40 2.9 2 10.4 102
ZIF-301  Zn(2-mim)ge,(cbim), o (DMF)ops 680 1.261 40 3.8 19 8.0 8.2
ZIF302  Zn(2-mim)og)(mblm), sy (H,O)es 240 1193 36 40 17 5.5 5.6

[a] Calculated by BET method. [b] Calculated for activated ZIFs. [c] At 800 Torr and 298 K. [d] Calculated from pure component isotherms by Henry’s

law. [e] Calculated from dynamic breakthrough experiments.

For the industrially relevant process of post-combustion
CO, capture from flue gas, adsorbents must be able to
effectively separate CO, in the presence of nitrogen and other
constituents, such as water.”! Accordingly, the thermody-
namic CO, and N, uptake of all three ZIFs were measured at
273,283, and 298 K (Figure S21-S27). The isotherms for both
CO, and N, at all measured temperatures exhibit a reversible
adsorption and desorption process and there is clear indica-
tion that these ZIFs show higher capacity and affinity for CO,
over N, (Figure S28). The CO, (N,) capacities at 298 K and
800 Torr were 40 (2.9), 40 (3.8), and 36 (4.0) cm*cm ™ for ZIF-
300, ZIF-301, and ZIF-302, respectively. Furthermore, it is
also noted that the initial slopes of the CO, isotherms were
steeper than those observed for N,, indicating the ZIFs higher
affinity for CO,. This led to the estimation of the CO,/N,
selectivity for each ZIF by calculating the ratios of the initial
slopes based on Henry’s law (Table 1, see Supporting
Information).

Dynamic breakthrough experiments were performed to
definitively show the CO, separation capabilities, as related to
practical industrial processes, for all members of this series
(Figure 2; Figure S29). In these experiments, an adsorbent

comprising 16% (v/v) CO, and 84% (v/v) N,, which
simulated the appropriate volumetric percentages in flue
gas streams. The resulting breakthrough curves clearly con-
firmed the fact that CO, was retained, while N, passed
through unencumbered (Figure2a). From these break-
through measurements, the calculated CO, uptake capacities
for ZIF-300, ZIF-301, and ZIF-302 were 10.4, 8.0, and
5.5 cm®cm, respectively. It is worth noting that the capacity
of dynamic CO, separation of these ZIFs increases with an
increase in the calculated CO,/N, selectivity (Figure S30).
Taking into consideration the water stability and hydro-
phobicity of ZIF-300, ZIF-301, and ZIF-302, we additionally
sought to test these materials’ ability to separate CO, from N,
under humid conditions. This is an important factor to
consider as similar materials have exhibited a noticeable
decrease in CO, uptake capacity in the presence of water,!'*l
although there are a few exceptions to this otherwise.!”! Each
ZIF structure was thus exposed to a wet N, gas stream (80 %
relative humidity) until water saturation was detected. Break-
through experiments were then implemented by adding dry
CO, to the binary gas mixture. As shown in Figure 2b, the
breakthrough time was fully reproducible regardless of dry or
humid conditions, which is evidence for the
viability of these materials in carbon dioxide

[ T : T T T T T T ]
128 a) 2302, GO = capture from flue gas (Table S4).
60 | Dry N2 feed b,eakm,ougﬁ i'F i?»: c0z N2 effluent Low energy consumption and time efficiency
— rea roug! - . .
s sl ZIF-300, COs i throughout the regeneration and recycling process
B go| 002 breakthrough cozefiluent | are of high importance in industrial settings.!"®! For
g ol 1 1 1 l l l L the case of each CHA-type ZIF, regeneration was
§ 100 - b) ' J ‘ ' ' ' "4  fully realized under mild conditions. Specifically,
§ 80 [ et np feod N effvent | the CO, saturated ZIF-300 was simply exposed to
g 60r 1  aN,pure flow at ambient temperature and within
‘Z‘g " copeed | Coseuent | 15min, 99.5% of adsorbed CO, was purged from
0 e the bed. For ZIF-301 and ZIF-302, the time
= CHA ZIF — ) A A L : :
0 100 200 300 400 500 600 700 800 needed for regeneration was less than 10 min.
Time / sec Remarkably, over the course of three cycling

Figure 2. A binary mixture of CO, and dry N, (a) or wet (80% relative humidity)
N, (b) is flown through a fixed bed of ZIF-300 (red), ZIF-301 (blue), and ZIF-

302 (green). The breakthrough time is indicated by the dashed line.

material is exposed to a mixed gas stream to evaluate the time
in which the material can selectively hold CO, while the other
gas components pass through. A longer resulting CO,
retention time (i.e. the time it takes for CO, to breakthrough)
indicates a greater dynamic separation capacity. Accordingly,
each ZIF sample was subjected to a flow of binary gas mixture

Angew. Chem. 2014, 126, 1082110824
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measurements, all three ZIF structures were
shown to fully retain their CO, separation perfor-
mance after successive regenerations (Figure S31-
S36). Therefore, due to their performance under
humid conditions coupled with their low energy
regeneration requirements, these CHA-type ZIFs have over-
come key challenges that many porous materials/* <1517
face in rationalizing their use for practical applications.!*
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