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ABSTRACT: Developing robust microporous hydrogen-bonded
organic frameworks (HOFs) is crucial for exploring novel physical
adsorbents and revealing the structure—property relationship of
hydrogen-bonding pairing behaviors. However, it is still challeng-
ing to obtain dense and stable hydrogen-bonded frameworks due
to the rigidity and spatial resistance of the tectonic centers. Herein,
we report a robust microporous HOF (HOF-ZSTU-4) via
4,4',4',4"-([1,1'-biphenyl]-4,4’-diylbis(azanetriyl) ) tetrabenzoic
acid (H,BDATB) with flexible nitrogen nodes composing the
tectonic center. Single-crystal X-ray diffraction (SCXRD) analysis
shows that the activated framework undergoes a solid-to-solid
phase transition because of the torsion of the carboxyl—carboxyl
dimer, leading to the switching of the framework from the sql topology to the cds topology (HOF-ZSTU-4a). The single-component
gas sorption isotherm reveals that HOF-ZSTU-4a has a C,H, packing density of 0.54 kg L', marking it as the most efficient among
reported HOFs. In addition, HOF-ZSTU-4a exhibits promising separation selectivity for several binary gas mixtures, and the

T

dynamic separation performance for C,H,/CO,, CO,/N,, and CH,/N, is verified by dynamic breakthrough experiments.

KEYWORDS: acetylene storage, gas separation, hydrogen-bonded organic frameworks, micropores, solid—solid transitions

H INTRODUCTION

Porous materials have long been used for guest storage/
separation and catalysis/transformation.' ™ With the in-depth
study of structure—property relationships, it has been difficult
for traditional porous materials to meet a wide variety of
modular structural designs. In the past few decades, several
novel porous materials have been developed, including metal—
organic frameworks (MOFs) and covalent organic frameworks
(COFs).°~" Hydrogen-bonded organic frameworks (HOFs)
are another newly developed class of porous materials, in
which ordered hydrogen-bonded units are established through
intermolecular hydrogen-bonding as well as several other
interactions (e.g., 77 stacking, van der Waals forces,
etc.).*”*® The favorable solution processability and easy
regeneration of HOFs have enabled their widespread interest
in the field of gas separation.”*™** With rationally designed
hydrogen-bonding arm engineering, HOFs can also possess
high surface area, high porosity, and expandable pore
sizes.”' > The tectons with 7z-conjugated aromatic compo-
nents allow the inherent good proton conductivity and
biocompatibility of the assembled HOFs, thus HOFs are also
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widely used in optoelectronics, carrier encapsulation,””
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and sensing. "> ™"
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Concerning the rational design of HOFs with desired
functionalities, the construction of HOFs with permanent
porosity has been accomplished based on z-conjugated
carboxylic acid tectons of porphyrins, pyrenes, polycycles,
etc.”?>*47% The rigid core and well-oriented hydrogen-
bonded dimers make such HOFs feature high stability, high
specific surface area, and high pore volume. However, the large
pore size leads to insufficient confinement of gas molecules,
making it difficult to be effective in critical gas separation. In
addition, enhancing structural interpenetration alone is not
sufficient for framework densification in most cases, e.g, the 3-
fold interpenetrated ZJU-HOF-1,"’ the 5-fold interpenetrated
HOF-TCBP and PEC-2,>"*° and the 6-fold interpenetrated
ZJU-HOF-10(sc) still exhibit large porosities.”’ Recent studies
have shown that the tectons with nitrogen nodes exhibit
flexible rotation to reduce the rigidity of the core and decrease
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the steric effects to achieve framework densification,

which is one of the options to build a robust three-dimensional
(3D) HOF. Based on this, the introduction of multiple
interpenetrations can enhance the multiple interactions and
further improve the stability of HOFs.

Herein, we have successfully constructed a carboxylic acid
HOF (HOF-ZSTU-4) based on 4,4',4’,4”-([1,1’-biphenyl]-
4,4'-diylbis(azanetriyl) )tetrabenzoic acid (H,BDATB), show-
ing a 3D framework and a S-fold interdigitated topology.
Single-crystal X-ray diffraction (SCXRD) and powder X-ray
diffraction (PXRD) analyses showed that activated HOF-
ZSTU-4 (HOF-ZSTU-4a) undergoes a single-crystal to single-
crystal transformation from the sql topology to the cds
topology. The analysis of the single-crystal structure shows
that the flexible deformation of the H,BDATB molecule
distorts the two hydrogen-bonding units in the symmetric
position, leading to the transformation of the original lamellar
hydrogen-bonding network into a helical structure. The close
alignment of the two H,BDATB molecules in the asymmetric
unit causes the pores of the framework to shrink further, which
arouses our interest in its use in gas separation. We
investigated the potential of HOF-ZSTU-4a as an adsorbent
for the selective separation of binary gas mixtures by single-
component gas sorption isotherms. The dynamic breakthrough
experimental results showed that HOF-ZSTU-4a could
effectively separate binary mixtures of C,H,/CO,, CO,/N,,
and CH,/N,. In addition, HOF-ZSTU-4a can maintain its
structure in some solvents and acid—base environments and
has good thermal stability. This work presents a successful case
of a solid-state phase transition from desolvation to generate a
robust HOF.

B RESULTS AND DISCUSSION

H,BDATB (Figure S1) was sealed and held in a solution of
acetic or propionic acid for 1 day at 150 °C until it cooled
naturally to obtain pale green rod-like crystals of HOF-ZSTU-4
suitable for X-ray diffraction. SCXRD analysis showed that
HOF-ZSTU-4 crystallizes in the P1 space group and that the
asymmetric unit consists of two intact H,BDATB molecules.
The hydrogen-bonding unit of HOF-ZSTU-4 is composed of
carboxyl---carboxyl dimers. Considering H;BDATB as a four-
node scaffold, a basic ring of four tectons displays the sql
topology (Figure 1 and Figure S2a). Two independent
H,BDATB molecules form a laminar network crossing in
space at a plane angle of 54.2° to form a S-fold interpenetrating
3D framework, and two types of one-dimensional (1D) pores
distributed along the g-axis with sizes of 5.0 X 5.3 and 5.3 X
6.0 A’ are observed in the voids of the interpenetrating
hydrogen-bonded layers.

The activated phase HOF-ZSTU-4a was obtained by
degassing HOF-ZSTU-4. Besides, the activated phase could
be obtained directly by volatilizing the methanol solution of
H,BDATB. Notably, the same PXRD spectra as those of HOF-
ZSTU-4 were observed after immersing HOF-ZSTU-4a in
acetic or propionic acid for 2 days, suggesting that the
transition between the two is reversible (Figure S3). The
SCXRD and PXRD results show that HOF-ZSTU-4a has
different structural topological morphologies and diffraction
peak positions, which suggests that the activated structure
undergoes a solid—solid transition (Table S1). Compared to
the synthesized sample, the cell volume of the activated
structure shrinks from 3875 to 3602 A3, indicating a further
densification of the structure. The cell @ angle changed from
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Figure 1. Crystal structure of HOF-ZSTU-4. (a) H,BDATB as a four-
node linked to four carboxyl groups from neighboring tectons. 1D
pores are observed from the (b) a-axis and (c) b-axis, respectively, and
are indicated by yellow columns. (d) Dihedral angles between
interpenetrating planes. (e) Simplified demonstration diagram of the
HOF-ZSTU-4 framework. (f) S-fold interpenetration of the sql
topology. (g) Diagram of 1D channel structure in the 3D model.

90.7° to 95.6° and the y angle changed from 102.5° to 98.5°.
These changes in the cell structure are attributed to rotation of
the carboxyphenyl at the nitrogen node (Figures S4 and SS),
causing distortion of the carboxyl---carboxyl dimer in the
symmetric position (Figure 2a,b, Figure S6). In addition, the
decrease in the dihedral angle of the central biphenyl further
reduces the spatial resistance of the tecton (Figure S7). In
contrast to the simplified four-membered ring of the
synthesized sample, the activated structure extends rotationally
in the form of a helical chain (Figure 2c). A stepped six-
membered ring can be observed along the b-axis direction,
showing a 9-fold interpenetrating cds topology (Figure 2d,e,
Figure S2b). The 1D pore sizes along the a-axis direction
shrink to 3.9 X 4.0 and 4.9 X 5.3 A? respectively, which are
more compatible with small molecule gases (Figure 2fg).
The structures of the synthesized and activated samples were
determined by PXRD curves to agree with their respective
crystal structures (Figure 3a). The activated samples have good
crystallinity and can remain structurally stable in a range of
chemical solvents, acid—base environments (pH = 2—12), and
a wide temperature range (up to at least 180 °C) (Figure S8—
$10). Scanning electron microscopy (SEM) revealed the
morphology of HOF-ZSTU-4 as a micrometer-sized rod-like
polyhedral structure (Figure S11). To determine the
permanent porosity of HOF-ZSTU-4a, solvent exchange,
vacuum-heated degassing, and supercritical carbon dioxide
(sc-CO,) drying methods were attempted for activating the
pores of the samples, respectively, and the validity of the
activation was verified by thermogravimetric analysis (TGA)
(Figures S12 and S13). The pore properties of the activated
samples were examined by sorption of N, at 77 K and CO, at
195 K (Figure 3b). HOF-ZSTU-4a showed a typical type-I
sorption isotherm with uptake of 57 and 84 cm® g”! for N, and
CO,, respectively, indicating permanent microporosity. The
surface area calculated by the Brunauer—Emmett—Teller
(BET) equation was 219 m* g~* (Figure S14), which is close
to the theoretical calculated value (215 m* g™'). The
Horvath—Kawazoe (H—K) microporous modeling analysis
showed that the pore size of HOF-ZSTU-4a ranges from 4.0 to
5.6 A (Figure S15). The pore volume was calculated to be 0.13
cm® g~', which agrees with the theoretical value (0.13 cm®

g
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Figure 2. Crystal structure changes before and after activation. The changes in the four-membered ring before (a) and after (b) activation. (c)
Demonstration of the rotational extension of the structure in the form of a helical chain after activation. (d) 9-fold interpenetration of the cds
topology. (e) Simplified demonstration diagram of the HOF-ZSTU-4a framework. The apertures and dimensions of (f) HOF-ZSTU-4 and (g)

HOEF-ZSTU-4a.
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Figure 3. (a) Comparison of XRD curves of synthesized and activated samples with crystal structure simulations. (b) 77 K N, sorption isotherm
and 195 K CO, sorption isotherm for HOF-ZSTU-4a. Single-component gas sorption isotherms at 273 K (c) and 298 K (d) for HOF-ZSTU-4a.

To evaluate the effect of HOF-ZSTU-4a on the adsorption
of small molecule gases, the single-component gas sorption
isotherm tests were carried out at 273 and 298 K (Figure 3c,d).
The adsorption results showed that the adsorbed amounts of
N,, CH,, CO,, C,H,, C,H,, and C,Hg were 7.0, 30.2, 49.6,

70.7, 60.5, and 55.8 cm? g_1 at 273 K and 1 bar. When the
temperature was increased to 298 K, the adsorbed amounts of
each adsorbent decreased to 3.8, 18.2, 36.8, 60.6, 51.7, and
48.4 cm® g7, Due to the relatively suitable pore size, the C,H,
uptake of HOF-ZSTU-4a was significantly higher than HOF-
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Figure 4. (a) C,H, uptake and C,H, packing density of HOF-ZSTU-4a compared with some other HOFs at 298 K and 1 bar. (b) Binary IAST
selectivity for HOF-ZSTU-4a at 298 K. (c) CH, uptake and C,H,/CH, selectivity of HOF-ZSTU-4a compared with several HOFs at 298 K and 1
bar. (d) Isosteric heat of adsorption (Q,,) plots of gases on HOF-ZSTU-4a.

FJU-1a (43 cm® g7!),°° SOF-1a (50 cm® g7'),"® BNF-1a (32.8
cm® g7'),°" and HOF-3a (47 cm® g'),>® which was
comparable to HOF-16a (60 cm?® g_l)59 and HOF BTB
(64.3 cm® g™') (Figure 4a).%° Notably, several HOFs with
larger pore sizes have low uptake due to insufficient
confinement of C,H, by the pore environment, e.g, HOF-
TCBP (344 cm?® g_1)31 and PEC-2 (47.9 cm® g—1)_50 The low
pore volume and high C,H, uptake of HOF-ZSTU-4a
prompted us to investigate its storage performance for C,H,.
At 298 K and 1 bar, the C,H, packing density of HOF-ZSTU-
4a reached 0.54 kg L™}, which is significantly higher than
previously reported HOFs and 1.4 times higher than the
density of liquid C,H, (0.393 kg L™') under the same
conditions (Table S2),°" suggesting that HOF-ZSTU-4a is a
potential medium for C,H, storage. Meanwhile, the excellent
cyclic uptake capability of HOF-ZSTU-4a was verified by three
consecutive C,H, sorption—desorption tests at room temper-
ature (Figure S16). Moreover, the uptake of CH, by HOF-
ZSTU-4a was significantly higher than that of some related
HOFs (Table S3), suggesting that the reduced pore size
effectively traps CH,, which is not common in HOFs
constructed from purely organic components.

Ideal adsorbed solution theory (IAST) was used to evaluate
the separation selectivity of the materials for some key gas
mixtures (Figure 4b and Figure S17). At 298 K and 101 kPa,
the IAST selectivity of HOF-ZSTU-4a for binary mixtures of
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C,H,/CO, (v/v = 50/50), C,H,/CH, (v/v = 50/50), CO,/
N, (v/v = 15/85), CH,/N, (v/v = 50/50), and C,H,/C,H,
(v/v =1/99) were 5.3, 24, 34.5, 6.6, and 1.5, respectively. The
C,H,/CO, selectivity of HOF-ZSTU-4a was higher than
HOF-16a (3.4) and HOF-FJU-8a (3.9),>* comparable to BNF-
1a (5.9). For C,H,/CH, mixtures, the selectivity is better than
HOF-5a (13.6),°” PEC-5 (20),”* and HOF-BTB (9.3) (Figure
4c). In addition, the CO,/N, selectivity of HOF-ZSTU-4a is
also better than JLU-SOF2 (30) and JLU-SOF3 (22.8).°
These results indicate that HOF-ZSTU-4a has potential
applications in C,H, purification, flue gas removal of CO,,
and natural gas upgrading. To assess the affinity of HOF-
ZSTU-4a for adsorbates, the isosteric heat of adsorption (Q,,)
was calculated based on the single-component sorption
isotherms at 273 and 298 K (Figure 4d and Figure S18).
The Q, values for N,, CH,, CO,, C,H,, C,H,, and C,H; at
zero coverage were 16.5, 24.4, 33.3, 37.0, 32.5, and 37.9 kJ
mol™!, suggesting that HOF-ZSTU-4a has a moderate affinity
for gas molecules, while providing low-energy desorption of
gases.

The adsorption profiles of C,H,, CO,, and CH, were
investigated via GCMC simulations. The simulation results
show that C,H, preferentially binds in a lateral mode in pore B
of HOF-ZSTU-4a, with the head and tail each forming a
moderately strong C—H--O interaction with a carboxylate
oxygen on the pore wall at distances of 3.238 and 3.319 A

https://doi.org/10.1021/cbe.3c00100
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Figure S. (a) Preferential binding site for C,H, molecules in pore B of HOF-ZSTU-4a. Preferential binding sites for (b) the CO, and (c) the CH,
molecules in pore A of HOF-ZSTU-4a. Dynamic breakthrough curves of (e) C,H,/CO, (v/v = 50/50), (f) CO,/N, (v/v =15/85), and (g) CH,/

N, (v/v = 50/50) under ambient conditions.

(Figure Sa). For both CO, and CH, molecules, the preferential
binding sites are located at the smaller size of pore A, in a
vertical binding mode forming a C—H---O interaction with a
carboxylate group at distances of 3.137 and 3.432 A (Figure
Sb,c). The static binding energies obtained from the
simulations are 39, 31.7, and 24.3 kJ mol™, respectively,
which are in better agreement with the experimental values.
The distribution of gas molecules inside the pore channel is
revealed by density distribution maps (Figure S19). At 298 K
and 101 kPa, both CO, and CH, are continuously distributed
in pore B, while the distribution in pore A is discrete, which is
attributed to the smaller pore size. In contrast, the lateral
binding mode of C,H, in pore B and the larger window size of
pore B led to contrary distribution behavior. The per cell
loadings of C,H,, CO,, and CH, obtained from GCMC
simulations were 6.9, 4.3, and 2.8, respectively, corresponding
to uptake of 59.4, 36.3, and 20.7 cm® g_l, which were close to
the experimental values.

The separation performance of HOF-ZSTU-4a for binary
mixtures of C,H,/CO, (v/v = 50/50), CO,/N, (v/v = 15/
85), and CH,/N, (v/v = 50/50) was further verified by
dynamic breakthrough tests. As shown in Figure Se, when the
C,H,/CO, mixture was passed through the filled column, CO,
was first detected at 23 min, while C,H, did not break through
until it reached adsorption saturation at 35 min. For the CO,/
N, mixture, the retention times of N, and CO, were S and 24
min (Figure 5f); for the CH,/N, mixture, the retention times
of N, and CH, were 4 and 13 min (Figure Sg). The separation
time intervals of the two components in the mixtures reached
12, 19, and 9 min, respectively, which indicated that HOF-
ZSTU-4a exhibited efficient separation performance in all
three mixtures. The total dynamic uptake of HOF-ZSTU-4a
during mixture separation was calculated to be 9.1 (for C,H,/
CO, mixtures), 7.5 (for CO,/N, mixtures), and 4.0 L/kg (for
CH,/N, mixtures), with dynamic separation selectivities of 4.7,
2.8, and 6.9, respectively.
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B CONCLUSIONS

In conclusion, a carboxylic-acid-based microporous HOF
undergoing a solid—solid transition after activation was
constructed by utilizing the flexibility of the nitrogen nodes
to reduce the spatial resistance between the tectons. SCXRD
analysis has revealed a 3D topological reconstruction,
prompted by the flexible deformation of the tectons, resulting
in a contracted pore size. The excellent stability of the
structure-transformed HOF is demonstrated by a series of
stability experiments. Moreover, the activated HOF demon-
strated efficient separation performance for gas mixtures such
as such as C,H,/CO,, CO,/N,, and CH,/N,, as evidenced by
both static gas adsorption experiments and dynamic break-
through tests. Theoretical calculations have provided insight
into the potential adsorption sites. This study not only sheds
light on the structure—property relationships following
structural transformations in HOFs but also sets the stage
for future explorations of the design of HOFs with tailored
properties for specific applications.
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