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Abstract: Separation of xylene isomers is one of the most
important but most challenging and energy-intensive separa-
tion processes in the petrochemical industry. Here, we report
an adaptive hydrogen-bonded organic framework (HOF-29)
constructed from a porphyrin based organic building block
4,4’,4’’,4’’’-(porphyrin-5,10,15,20-tetrayl) tetrabenzonitrile
(PTTBN), exhibiting the exclusive molecular recognition of p-
xylene (pX) over its isomers of o-xylene (oX) and m-xylene

(mX), as clearly demonstrated in the single crystal structure
transformation and 1H NMR studies. Single crystal structure
studies show that single-crystal-to-single-crystal transforma-
tion from the as-synthesized HOF-29 to the pX exclusively
included HOF-29�pX is triggered by the encapsulation of pX
molecules, accompanied by sliding of the 2D layers and local
distortion of the ligand, which provides multiple C�H···π
interactions.

Separation of benzene derivatives from each other, as one of
the seven key separation processes, have been recognized to
reap global benefits.[1] Among all the benzene derivatives, C8
isomer separations play a great role in the chemical industry
to produce valuable feedstocks. Because these C8 isomers
have similar physical and chemical properties as shown in
their similar boiling points and molecular sizes, it is very
challenging but very important to develop environmentally
benign and low-cost materials for these separations to
replace the industrially implemented energy extensive sepa-
ration technology of the cryogenic distillation.[2,3] Among
these isomers, pX, the raw material to produce terephthalic
acid, which has been widely used for the production of
polyethylene terephthalate (PET) and polyester, is the most
valuable xylene isomer chemical.[4] The microporous materials
developed over the past three decades, including metal-

organic frameworks/porous coordination polymers (MOFs/
PCPs),[5–13] covalent organic frameworks (COFs),[14] metal-
organic and/or pure organic complexes/cages,[15–20] have
principally provided the resolution of the finely pore tuning
and engineering for the selective separation of xylene
isomers. Although extensive efforts have been pursued to
target such microporous materials for this very important
separation, highly pX-selective porous adsorbents have been
barely realized.[21,22] In fact, most of the discovered porous
materials for these separations show the co-adsorption of the
other isomers though the materials take up more pX over
others.

Compared with MOFs and COFs for different molecular
separations and recognitions; hydrogen-bonded organic
frameworks, as a new kind of microporous materials, have
been much less explored though some HOF materials have
been recently realized for their diverse functions and
applications.[23–31] HOFs are generally more flexible than other
microporous materials, which might provide more driving
forces to developing adaptive microporous materials for
some challenging separation, as shown in our recent example
of HOFs for the highly selective C2H4/C2H6 separation at the
elevated temperature.[32] HOFs also have some uniqueness in
terms of their solution processability, straightforward recrys-
tallization and regeneration, providing the bright promise of
HOFs for diverse separation applications.[33–37] Herein we
report a microporous HOF-29 constructed from the organic
building block 4,4’,4’’,4’’’-(porphyrin-5,10,15,20-tetrayl) tetra-
benzonitrile (PTTBN). The synthesis of the organic linker was
provided in the Supporting Information. (Figure S1) Diffusion
of dichloromethane (DCM) into the DMF/DMSO solution of
PTTBN readily formed HOF-29. Single-crystal X-ray diffraction
studies revealed that HOF-29 crystallizes in the triclinic P�1
space group with half of a PTTBN and one DMF molecule in
the asymmetric unit. (Table S1). In the crystal structure of
HOF-29, each PTTBN linker is connected with four adjacent
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linkers via four pairs of intermolecular C�H···NC hydrogen
bonds (H···N 2.529–2.606 Å, C�H···N 3.423–3.530 Å) to form a
two-dimensional sql network, which runs across crystallo-
graphic (12�2) plane. (Figure 1a). The adjacent PTTBN mole-
cules from two layers were packed compactly through
multiple hydrogen bonding interactions (H···N 2.641–2.830 Å,
C�H···N 3.487–3.568 Å) and slipped π-π stacking interactions
with a distance of 3.761 Å, which lead to an inclined AA
stacking pattern (Figure 1b, 1d and S2a). Such packing
fashion allows the intrinsic cavity embedded within the sql
network to interconnect to generate a one-dimensional
channel running along a-axis (cavity and aperture size: 12.7×
6.3×4.1 Å3, 9.1×3.7 Å2) with a void ratio of 25.3% (Figure S3).

The purity of HOF-29 was confirmed by powder X-ray
diffraction (PXRD) (Figure S4). Thermogravimetric analysis (TGA)
showed that all the DMF guest molecules were lost at 150 °C
with a weight loss of 7.4%, while the plateau was maintained
up to 400 °C (Figure S5).

The ellipsoidal cavities within HOF-29 seem to be large
enough to accommodate xylene molecules, so we inves-
tigated the molecular recognition behavior of HOF-29

towards xylenes. HOF-29 was first soaked in the commercial
xylene mixture of isomers (ACS assay, >98.5%), composed of
pX, oX, mX and EB (ethylbenzene), and then collected after
thorough rinsing with hexane as the HOF-29�Guests. 1H NMR
spectra of the resulting HOF-29�Guests in DMSO revealed
that only pX molecules have been included into the cavities
of HOF-29�Guests, as clearly shown in the characteristic 1H
NMR peak of the pX at 7.05 ppm (Figure 2a-b), so we re-
termed it as HOF-29�pX. It is very encouraging that the
resulting HOF-29�pX keep high crystallinity, which allowed
us to determine its crystal structure by synchrotron diffrac-
tion studies. Single-crystal synchrotron diffraction analysis
showed that HOF-29�pX keeps the triclinic P�1 space group,
with a volume shrinkage of 6.5%, including 30.5% expansion
of a-axis, 3.2% shrinkage of b-axis and 19.7% shrinkage of c-
axis. (Table S2) Only one crystallographically unique pX
molecule was identified in the pore channel. Compared to
the as-synthesized HOF-29 structure, after the inclusion of
pX, stronger hydrogen bonding interactions between adja-
cent PTTBN molecules in the same sql net (N···H 2.527-
2.580 Å, N···H�C 3.325–3.483 Å) were observed, while the

Figure 1. (a) Perspective view of the adjacent building blocks PTTBN in HOF-29, which are extended by intermolecular C�N···H hydrogen bonding (highlighted
in yellow) into sql net. Grey, carbon; blue, nitrogen; white, hydrogen. Layer packing diagrams of HOF-29 (b) and HOF-29�pX (c) viewed perpendicularly to the
layers, with simplified topology, showing different inclined AA and AB stacking patterns, respectively. Side views of HOF-29 (d) and HOF-29�pX (e) with
interlayer distance indicated. The guest solvent molecules are omitted for clarity. (f) Schematic representation of adaptive structural transformation from HOF-
29 to HOF-29�pX driven by the specific recognition of pX.
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interlayer distance was decreased from 4.01 Å to 3.94 Å
(Figure 1c and 1e). The layers in HOF-29�pX were further
inclined to form the AB packing pattern in which the
interlayer stacking of PTTBN molecules was slide, resulting in
a loss of π-π stacking interactions and elongated hydrogen
bonding interactions (H ···N 2.650–2.870 Å, C�H···N 3.497–
3.568 Å) (Figure S2b). Therefore, the one-dimensional pore
channels in HOF-29 were transformed into discrete cavities
with a size of 11.1×7.0×4.7 Å3 in HOF-29�pX due to the
sliding of layers, which encapsulates one pX molecule,
corresponding to one pX per PTTBN (Figure 1f and S7). A
close examination of the crystal structures reveals that tilting
and bending of phenyl ring in PTTBN linkers, compared to
the as synthesized one, were found to realize the optimal
binding and maximized contacts for the pX molecules: the
dihedral angel between phenyl ring (ring 1 and 2) and
porphyrin ring decreased from 63.7° and 63.0° to 59.0° and
57.6°, respectively, while the phenyl rings were bent by 13.7°
and 24.7°, respectively (Figure 2c). As a result, the pX
molecules were confined within the cavities in a sandwiched-
like fashion through multiple hydrogen bonding interactions
mainly strong C�H···π(pX) interactions with the phenyl ring
with a distance of 2.709 Å (shorter than 2.90 Å, sum of vdW
radii of C and H), accompanied by weak C�H···π(phenyl)/
π(porphyrin) interactions (3.141 and 3.144 Å) (Figure 2c–e
and S8). The crystallographic studies further confirmed the
adaptive nature of the pore structure and conformation of
linkers in HOF-29 for its exclusive recognition of pX mole-
cules.

To further explore the potential of HOF-29 for its specific
recognition of pX molecules from C8 isomers, we further

individually examined its recognition behaviors in binary
mX/oX (volumetric 1 : 1), mX/pX (1 : 1) and oX/pX (1 : 1), and
ternary mX/oX/pX (1 : 1 : 1) mixtures, respectively. Interest-
ingly, HOF-29 does not recognize either mX and oX at all
even without the existence of pX, as clearly shown in
Figure 3a in which only the characteristic 1H NMR peaks of
organic linker PTTBN (8.86 ppm, singlet; 8.43 ppm, doublet;
8.32 ppm, doublet) were observed. As expected, when
soaking HOF-29 into the mX/pX (1 : 1), oX/pX (1 : 1), and
ternary mX/oX/pX (1 : 1 : 1) mixtures, only pX molecules were
exclusively included in the resulting HOF-29�pX solids
(Figure 3b–d and S9–11). As mentioned above, the 1D
channels within the as-synthesized HOF-29 are large enough
to encapsulate all the mX, oX and pX molecules. However,
the weak interactions between mX/oX with the framework,
which are even weaker than the interactions between the
DMF molecules in the as-synthesized HOF-29 with the
framework. The driving force for the structural transforma-
tion from the 1D channel based framework of HOF-29 to the
framework of HOF-29�pX with the isolated cavitities is the
slightly stronger interactions between pX molecules and the
HOF framework.

In summary, we have successfully constructed a novel
microporous HOF, HOF-29, from a simple organic molecule.
This HOF exbibits exclusive recognition of pX over mX, oX
and EB, as clearly established in both molecular recognition
studies and single-crystal diffraction experiments. The flexible
and thus more adaptable nature of HOF materials, compared
with those well-developed ones such as MOF and COFs,

Figure 2. 1H NMR spectra of (a) commercial xylenes isomers (ACS assay,
>98.5%) containing mX (orange), oX (green) and pX (purple), EB
(magenta), and (b) HOF-29�pX in the DMSO-d6 solution. (c) Comparison
of the geometry of PTTBN in HOF-29 (top) and HOF-29�pX (bottom) with
C�H···π interactions and dihedral angle (ϕ) between phenyl ring and
porphyrin ring highlighted. (d) Perspective view of preferential binding
configuration and pore confinement for pX in HOF-29�pX. The pX
molecule is highlighted in CPK model. (e) The close C�H···π(pX)/
π(porphyrin) contacts with the frameworks from top and bottom layers.
Strong (H···π <2.90 Å) and weak (H···π >2.90 Å) interactions are displayed
in red and orange, respectively.

Figure 3. 1H NMR spectra of HOF-29�Guests in the DMSO-d6 solution. The
HOF-29�Guests were collected after soaking in binary (a) mX/oX (1 :1), (b)
mX/pX (1 :1) and (c) oX/pX (1 :1), and (d) ternary mX/oX/pX (1 :1 : 1) mixtures,
respectively, followed by thorough rinsing by hexane solvents.
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might not only for us to mimic these porous materials but
also to enable us to target some unusual HOFs with superior
and unexpected performance. We are now working on the
construction of more HOF materials for diverse applications
and functions.

Experimental Section
Crystallization of HOF-29: PTTBN (72.2 mg) was dissolved in DMF/
DMSO (6 mL/6 mL) after sonication and filtration. The resultant
clear solutions were divided into fifteen 4-mL open vials. DCM was
carefully layered on the top of the solution, which were allowed to
slowly diffuse into the DMF/DMSO solution of PTTBN at room
temperature. Purple-red crystals were isolated in the bottom of the
vials after two weeks.

Molecular recognition experiments: 10 mg of HOF crystals were
soaked in 2 mL of mixture of xylene isomers for 2 days. The
crystals were isolated by centrifugation and rinsed with 5 mL of
hexane for 5 times. The samples were dried in air and applied
under low vacuum for about 3 h. The crystals were completely
dissolved in DMSO-d6 after vigorous sonication and heating for
1H NMR spectra measurements.

Deposition Numbers 2121390 (for HOF-29), 2121391 (for HOF-29
�pX) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.
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[Correction added on February 21, 2022, after first online publication:
Figure 1 and the Table of Contents image were changed to correctly display
the structure of ethylbenzene]
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