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Unblocking a rigid purine MOF for kinetic separation of
xylenes

Zn(purine)l showed excellent para-xylene/ortho-xylene
separation capability with a diffusion selectivity of 6 and
high equilibrium adsorption selectivity as indicated by
coadsorption experiments. This is attributed to the shape
and size of the channel aperture within the rigid framework
of Zn(purine)l.
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The separation of xylene isomers still remains an industrially chal-
lenging task. Here, porous purine-based metal—organic frameworks
(MOFs) have been synthesized and studied for their potential in
xylene separations. In particular, Zn(purine)l showed excellent para-
xylene/ortho-xylene separation capability with a diffusion selectiv-
ity of 6 and high equilibrium adsorption selectivity as indicated by
coadsorption experiments. This high selectivity is attributed to the
shape and size of the channel aperture within the rigid framework
of Zn(purine)l.

Industrially, xylene isomers are predominantly separated
through simulated moving bed (SMB) processes, which are
adsorption-based processes operating at high temperature
(~180 °C) and pressure (~9 bar)."* Typical sorbents for these
processes are cation-exchange faujasite zeolites that exhibit
excellent thermal and chemical stability, but have low xylene
saturation capacity (0.8-1.8 mmol g~ ') and p-xylene (PX) selec-
tivity (smaller than 6)."* New adsorbent candidates with either
higher xylene uptake capacity or sorption selectivity have the
potential to enable next-generation SMB.

Metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs), a family of inorganic-organic hybrid materi-
als constructed from inorganic clusters and organic linkers via
coordination bonds, have garnered tremendous interest in the
field of chemical separations because of the rich engineering
toolbox for tailoring the functionality, dimension, and geometry
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of pores.*™ Although efforts have been devoted to exploiting
differences in thermodynamic interactions between MOFs and
xylenes isomers to enable their separation,'®™* high selectivities
(>10) remain elusive.” Recently, MOF framework flexibility has
been utilized to separate xylene isomers.'®™*® Lee et al. reported
the breathing-assisted selective adsorption of PX in the pillar-
bilayered MOFs [Zn,(aip),(pillar)] [aip = 5-aminoisophthalic
acid; pillar = 4,4'-bipyridine or 1,2-bis(4-pyridyl)ethane].*® Shi-
vanna et al. showed that selective PX adsorption is affected by
the rotational barrier of the pyrazine pillars in Hofmann-type
PCPs, which are coordination-dependent.>® Yang et al. reported
that flexible MOFs o-[Cu,(pypz),] and B-[Cu,(pypz),] [Hpypz =
4-(1H-pyrazol-4-yl)pyridine] selectively adsorb PX over m-xylene
(MX) and o-xylene (OX) through a transformation to another
phase [Cu,(pypz),]- 0.5PX.>' Nevertheless, it is difficult to pre-
dict the framework dynamics and xylene sorption properties
prior to experimental measurements, which impedes rational
design and rapid development of this class of materials.

Molecular sieving of PX has been realized in MOFs with
tailored pore apertures as PX is somewhat smaller than the
other C8 isomers (Scheme S1, ESIT). Nevertheless, most of these
MOFs exhibit PX selectivities lower than 10,” which are under-
whelming compared to the selectivities commonly seen in
other chemical separation systems based on molecular
sieving.”>>* These moderate xylene selectivities could be attrib-
uted to the undesired flexibility of MOFs.>>?°

Molecular sieving of xylene isomers may be realized by
utilizing a rigid framework with minimal flexibility. One strat-
egy to mitigate the effects of framework flexibility is construct-
ing MOFs from rigid multidentate linkers. Linker rigidity
reduces the possibility of linker bending and rotation, while
increased linker connectivity helps confine linker translations
in frameworks. Recently, purine derivatives have been
employed as rigid ligands in MOFs for high-performance
chemical separation,”””*® but MOFs constructed with purine
have not been studied for separation applications. Kahr et al.
reported a series of MOFs that are constructed with purine
building blocks.?® Upon evaluating the single crystal structure

Chem. Commun., 2022, 58, 12305-12308 | 12305


https://orcid.org/0000-0002-6945-6431
https://orcid.org/0000-0002-7928-1129
https://orcid.org/0000-0002-8619-0612
https://orcid.org/0000-0002-0962-9644
https://orcid.org/0000-0003-2913-1648
https://orcid.org/0000-0002-8039-4008
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cc04387d&domain=pdf&date_stamp=2022-10-14
https://doi.org/10.1039/d2cc04387d
https://rsc.li/chemcomm
https://doi.org/10.1039/d2cc04387d
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC058088

Published on 30 September 2022. Downloaded on 11/30/2022 9:16:58 PM.

Communication

of this MOF family, we hypothesized that guest-free Zn(purine)X
(X = OAc™, Br™) should be attractive adsorbent candidates for
kinetic separations and even molecular sieving®® of xylene
isomers as it has a pore aperture of ~6 A which lies within
the target range.”*° Unfortunately, these materials were found
to be nonporous, which is likely due to the blockage of pores by
solvents or residual ligands.

Here, we report the synthesis and structural information of
porous Zn(purine)X MOFs (X = I and Br™). The gas sorption
properties of these isostructural MOFs are reported for the first
time, and Zn(purine)l exhibits excellent PX/OX ideal pseudo-
equilibrium adsorption and diffusion selectivities of 16 and 6 at
303 K, respectively. The PX sorption selectivity of Zn(purine)l
over OX under coadsorption scenarios is one of the best for
xylene separation in MOFs to date.”

In the previous report, 2-nitroimidazole was used for the
MOF synthesis, but it was not present in Zn(purine)X (X = OAc™
and Br~).>® Therefore, a modified synthetic method without 2-
nitroimidazole was used for the synthesis of Zn(purine)X (X=1"
and Br ) (ESIT). The powder X-ray diffraction (PXRD) pattern of
Zn(purine)Br corresponds well to the literature as shown in
Fig. 1. In addition, the similar XRD patterns of Zn(purine)Br
and Zn(purine)I suggest that these MOFs share similar crystal-
lographic structures. Attempts to synthesize Zn(purine)OAc
via the modified synthesis method in the absence of 2-
nitroimidazole were unsuccessful and produced an amorphous
material.

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) profiles of Zn(purine)X (X = I and Br ) were
recorded to identify conditions of activating these MOFs for
further characterization (Fig. S1, ESIT). The weight loss steps at
~200 °C can be attributed to the removal of solvents trapped in
the frameworks. Heat activation at 200 °C appears to be
sufficient for removing these solvent molecules as these weight
loss steps disappear in the TGA and DTA curves of both
activated materials (Fig. S2, ESIY).

Single-crystal X-ray diffraction (SCXRD) studies of activated
Zn(purine)l and Zn(purine)Br crystals (Fig. S3, ESIf) suggest
that both MOFs share the same RHO net topology (Fig. 1b-e
and Table S1, ESIt). The Zn centers are tetrahedrally coordi-
nated to two purine linkers via N-atoms from two different
imidazole groups and a third purine linker via the pyrimidine
N. Halide ligands occupy the last coordination sites of Zn
coordination spheres, blocking the channels along ¢ direction.
Two types of channels with different openings lie alternatively
along b direction (Fig. 1d and e), but only the larger channels
are accessible to guest molecules (Fig. 2a, b and Fig. S4, ESIY).
The calculated pore limiting diameters for the larger channels of
Zn(purine)Br and Zn(purine)I are 5.6 A and 5.5 A, respectively.**

Ar adsorption experiments at 87.3 K revealed the porous
nature of both MOF materials after activation (Fig. 2c and d).
The BET surface areas of Zn(purine)Br and Zn(purine)l were
calculated to be 142 and 130 m” g~ %, respectively. These values
are lower than the geometrically calculated accessible surface
areas of Zn(purine)Br (391 m* g~ ') and Zn(purine)I (329 m> g™ )
using a probe radius of 1.7 A (the van der Waals radius of Ar).
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Fig. 1 (a) Experimental PXRD patterns of as-synthesized Zn(purine)Br and
Zn(purine)l and the simulated PXRD pattern of unactivated Zn(purine)Br.2°
(b and c¢) The asymmetric unit obtained from SCXRD data of
(b) Zn(purine)Br and (c) Zn(purine)l. (d and e) The packed structures view
down the b-axis of (d) Zn(purine)Br and (e) Zn(purine)l. The difference in
asymmetric unit appearance results from the different centering of their
unit cells. C, grey; H, white; N, blue; Zn, dark blue; |, purple; Br, red.

Considering that the calculated binding energy of CHCl; is 0.268
eV per molecule (25.8 k] mol™"', Fig. S5, ESIf), CHCl; guest
molecules should have been removed during the activation step.
The lower than expected surface areas of the MOFs suggest that
the reduced porosity might be the result of strongly-bound guest
molecules that could not be replaced by CHCl;.>* Despite having
low surface areas, Zn(purine)Br and Zn(purine)I exhibited mod-
erate CO, uptake capacities of 2.0 mmol g~ ' and 1.8 mmol g~ " at
1 bar at 298 K, respectively (Fig. S7, ESIf).

The small pore aperture of ~5.6 A and rigid frameworks
based on crystallographic measurements suggested that these
MOFs may be promising molecular sieving materials for PX and
OX isomers with kinetic diameters of 5.8 A and 6.8 A,
respectively.*® Single-component xylene vapor adsorption stu-
dies were conducted to evaluate the xylene sorption properties
of these MOFs. No xylene adsorption in Zn(purine)Br was
observed. However, Zn(purine)I exhibited PX and OX uptake
capacities of 1.9 wt% (0.18 mmol g~ ') and 0.1 wt% with a
0.05 xylene vapor activity at 303 K, respectively, corresponding to
an approximate guest occupancy of 0.44 PX molecules and 0.023
OX molecules per unit cell. Accordingly, the pseudo-equilibrium

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a and b) Pore shape and accessible volumes indicated by yellow
surfaces of Zn(purine)Br viewed along the (a) b- and (b) a-axis using a
probe radius of 1.2 A (red surfaces represent the cross-section of the
pores). Continuous 1D channels can be seen along the b-axis allowing the
passage of guest molecules. C, grey; N, blue; Zn, dark grey; H, white; Br,
orange. (c and d) Ar adsorption (closed symbols) and desorption (open
symbols) isotherms of (c) Zn(purine)Br and (d) Zn(purine)l at 87.3 K for BET
surface area determination.

ideal sorption capacity ratio of PX and OX is about 16, which is
greater than that (3-5) of faujasite-type zeolites used in indus-
trial SMB processes.” The high selectivity of PX over OX exhib-
ited in Zn(purine)l coupled with the low overall uptake is
consistent with the conclusions drawn in a recent computa-
tional prediction of xylene separation that high PX selectivity is
typically accompanied with low PX uptake capacity.*® In addi-
tion, the similar PXRD patterns of Zn(purine)I powder loaded
with xylene vapors (Fig. S8, ESIt) suggested no signs of phase
transition triggered by the presence of xylene guests in the
framework.

The transport diffusivities of PX and OX in Zn(purine)I were
obtained via fitting the kinetic adsorption curve with a Fickian
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diffusion model (Fig. 3a). The assumption of the diffusion path
along the b-axis, which corresponds to the longest dimension of
the crystals, was determined using the Mercury software
(Fig. S9, ESIf). Particle size distribution of Zn(purine)l
(Fig. S10 and Table S3, ESIt) was calculated by Image], and
details of the calculation are described in the (ESIt). At 303 K
and 0.05 vapor activity, the PX and OX transport diffusivities are
4.5 x 107 cm?® s" ' and 0.8 x 10 ' cm® s, respectively. This
results in a PX/OX diffusion selectivity of 6. Kinetic selectivities
of this magnitude are rarely observed in MOFs."”?! Self-
diffusion in Zn(purine)l by pulsed field gradient - nuclear
magnetic resonance (PFG-NMR) spectroscopy revealed a diffu-
sivity of 8 x 107'° em® s™* for PX at a similar temperature of
296 K (Fig. S11, ESIt). However, this can mostly be due to the
much smaller length scale of diffusion observation (300 nm) in
PFG-NMR than in the macroscopic kinetic adsorption measure-
ments. OX diffusion could not be measured by PFG-NMR due to
signal-to-noise limitations.

Liquid phase batch adsorption experiments of PX and OX
mixtures were performed to examine the xylene separation
performance of Zn(purine)l. 1,3,5-Triisopropylbenzene (TIPB)
with a kinetic diameter of 8.5 A** was selected over typically
used linear alkanes as the diluting bulky solvent to avoid
solvent adsorption during the sorption experiments, and the
even bulkier 1,3,5-tri-tert-butylbenzene (TTBB) was selected as
an internal non-adsorbed marker."® As shown in Fig. 3b, the
PX concentration in the liquid phase decreased from the
beginning of the experiment and stabilized at around 0.085 M
after 1 day, indicating adsorption of PX into Zn(purine)l. Mass
balance calculation estimates that the PX uptake capacity of
Zn(purine)l was about 0.51 mmol g~ ' at an activity of 0.02 at
298 K. In contrast, the liquid phase concentration of OX did not
appreciably change during the adsorption experiment, suggest-
ing that negligible amount of OX was adsorbed by Zn(purine)I
within 7 h. In addition, Zn(purine)I selectively adsorbed PX
from an equimolar ternary mixture of PX/OX/MX but excluded
MX and OX (Fig. 3c), and the PX uptake was as high as
0.54 mmol g~ " at an activity of 0.02 at 298 K. These experiments
suggest that xylene sorption selectivities in Zn(purine)l are
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Fig. 3 (a) Kinetic uptake curves of PX (black) and OX (blue) in Zn(purine)l and the curve fittings to determine transport diffusivities (red). For clarity, the OX
experimental data were smoothed using an FFT Filter Method with 40 points of window. (b) Time-dependent liquid-phase concentrations of xylene
isomers (PX and OX) and PX uptakes in Zn(purine)l in coadsorption experiments in TIPB at room temperature. Initial concentrations of PX and OX were
both 0.09 M. (c) Time-dependent liquid-phase concentrations ternary xylene isomer system (PX, MX, and OX) and PX uptakes in Zn(purine)l in

coadsorption experiments in TIPB at room temperature.
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dependent on the differences in xylene dimensions, and that
only PX with the slimmest profile can be adsorbed. In compar-
ison, UiO-66, a Zr MOF with a comparable pore window size
(5.6 A) but freely rotatable phenyl rings and larger cavities, did
not exhibit noticeable selectivity towards any of xylene isomers
as indicated by their comparable uptakes (Fig. S12, ESI}), high-
lighting the critical roles of combining suitable pore apertures
and framework rigidity in realizing highly selective molecular
sieving of xylene isomers in MOFs (Table S4, ESI}). Further
analyses of the similar PXRD patterns of Zn(purine)I before and
after liquid-phase xylene adsorption experiments confirm the
excellent stability of Zn(purine)I (Fig. S13, ESIT).

In summary, we have successfully demonstrated the pre-
paration of porous purine Zn MOF Zn(purine)Br and its iso-
structural variant Zn(purine)l. The synthesis procedure was
optimized from a previously reported method to prevent pore
blockage. Zn(purine)l features a high PX/OX diffusion and
adsorption selectivity owing to small channel sizes and rigid
framework, which along with its excellent thermal stability
makes it a promising candidate for xylene isomer separation.
Future development to improve the MOF’s kinetic properties
could make it highly attractive for next-generation SMB
separations.
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