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ABSTRACT: Hydrogen-bonded organic frameworks (HOFs) show great potential in many applications, but few structure-property

correlations have been explored in this field. In this work, we report that self-assembly of a rigid and planar ligand gives rise to flat hexagonal

honeycomb motifs which are extended into undulated two dimensional (2D) layers and finally generate three polycatenated HOFs with record

complexity. This kind of undulation is absent in the 2D layers built from a very similar but non-planar ligand, indicating a slight torsion of ligand

produces overwhelming structural change. This change delivers materials with unique stepwise adsorption behaviors under a certain pressure

originating from the movement between mutually interwoven hexagonal networks. Meanwhile, high chemical stability, phase transformation,

and preferential adsorption of aromatic compounds were observed in these HOFs. The results presented in this work would help us to

understand the self-assembly behaviors of HOFs and shed light on the rational design of HOF materials for practical applications.

INTRODUCTION

Learning from the extensively existed hydrogen bonding in the
biological system, chemists were inspired to use hydrogen bonding
to construct porous frameworks, termed as hydrogen-bonded
organic frameworks (HOFs) or supramolecular-organic frameworks
(SOFs), as early as 1990s.! This kind of materials has many unique
advantages including high crystallinity, large surface area, mild
synthetic conditions, solvent processability, and so on.>® However,
even after the efforts of several decades, the HOFs (including SOFs)
field is still under-development especially compared with the
prosperousness of its analogue of metal-organic frameworks (MOFs)
and covalent organic frameworks (COFs). One of the most
significant barriers can be ascribed to the poor chemical stability
originated from the weak non-covalent interactions. Apart from
stability, another obvious obstacle lies in that the design and
prediction of the obtained self-assembly structure is usually
unsuccessful, since the rules for self-assembly of HOF have yet to be

fully clear.”®

The structures of HOFs were dominated by molecular building
blocks that mainly consist of two indispensable parts, namely a
backbone (or scaffold) and hydrogen bonding interaction.’
Changing either of them would make great differences on the
obtained structure of materials. For example, self-assembly of the
ligand 4,4'4" 4" tetra(2,4-diamino-1,3,5-triazin-6-yl )tetra-
phenylethene (DAT-TPE) resulted two entirely different HOF
structures, where the dissimilarity was derived from the difference
on hydrogen bonding interaction.!®!! Therefore, understanding the
influence of both backbone geometry and the hydrogen bonding
interaction on the final structure is very important for unveiling the
self-assembly rules and realizing the rational design of HOF
structures. This encourages us to investigate ligands with identical
hydrogen interaction but different backbone geometry. Among
these, 4,4',4"-benzene-1,3,5-triyl-tris(benzoic acid) (H;BTB, also
called 1,3,5-tris(4-carboxyphenyl)benzene and abbreviated as
TCPB)? and 4,4',4"-(1,3,5-tria-zine-2,4,6-triyl)-tribenzoic acid
(H;TATB)" (Figure 1)
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Figure 1. Representation of the chemical structure, the obtained hexagonal honeycomb motifs, the resulted monolayer and polycatenated networks
constructed by H;TATB (upper panel) and H;BTB (lower panel). Atomic force microscope (AFM) and scanning electron microscope (SEM) images
of the solute in supernatant during the crystallization process (fifth and third days, respectively) of PFC-12 (inset).

attract our interests, because they are readily accessible and the
hydrogen interaction between the carboxyl groups on C; symmetry
backbones can be easily predicted. The difference between these
two ligands lies on that H;TATB is a planar molecule with
conjugated effect while H;BTB is non-planar. The non-planarity of
H;BTB is induced by the slight dihedral angle between adjacent
benzene rings.'* The investigation of the structures assembled from
these two ligands would bring us a chance to unveil the factors
impacted on the final structure as well as the structure-properties
relationship in HOF materials.

In this work, based on the co-planar H;TATB molecules, three
HOFs (PFC-11, PFC-12, and PEC-13) (PFC= Porous materials
from FJIRSM, CAS) have been synthesized from different solvents
(Scheme S2) and characterized by single-crystal X-ray diffraction. In
these structures, adjacent H;TATB ligands are interconnected
through double hydrogen bonds to form regular hexagonal
honeycomb nets (hcb), which are interwoven simultaneously to
form extremely complicated two-dimensional (2D) layer structures.
Entanglement (interpenetration or polycatenation) stabilizes
structures due to increasing molecular packing density and adding
more intermolecular interactions.’>!¢ We also speculate that the
undulations coupled with parallel polycatenation stabilize the ultra-
thin planar fragments formed during self-assembly process, which
resembles the microscopic corrugations existing on suspended or
supported graphene sheets.!”2° Undulation of heb nets can be also
observed in the HOF structure constructed by other flat molecules
of benzene-1,3,5-tricarboxylic acid H;BTC (named also trimesic
acid)?! and triboronic acid derivative.?? In contrast, self-assembly of
the non-planar H;BTB molecules (CSD RefCode OGUROZO01)

resulted in flat H-bonded hcb layers with inclined polycatenation of
parallel layers."* The entangled structures endow PFC-11 and 12
with high degree of flexibilities, and therefore expected gate opening
adsorption behaviors were observed. The n electrons of s-triazine
and phenyl rings on framework provide strong interactions toward
molecules with large 7 conjugation, causing higher uptakes for vapor
of benzene and toluene over cyclohexane. The carbon dioxide
uptakes are also among highest values for HOFs.!2

RESULTS AND DISCUSSION

Crystal Structure. PFC-11, 12 and 13 were obtained by
recrystallization of H;TATB in ethyl alcohol, isopropanol and the
mixture of ethyl alcohol/deionized water, respectively (Scheme S2).
Single-crystal X-ray diffraction indicates that H;TATB monomers in
all these structures are interconnected through double hydrogen
bonds to form a hexagonal honeycomb motif of heb topology, which
is a result of the symmetry of the ligand. Solvent information inside
pores was determined by elemental analysis and '"H-NMR (Figure
S$15-17). Notably, the layers constructed by H;TATB ligands show
regular undulations and these wave-like layers are parallel
polycatenated, resulting in intricate crisscrossed 2D networks
(Figures 1 and 2). The very high undulation of layers in these
structures aroused our attention: the span of the layers in PEC-11,
12 and 13 are 49.3 A, 37.7 A, and 72.7 A, respectively. Using Top-
osPro,?? we found in CSD only one example of H-bonded organic
hcb undulated layers that span more than 37 A: the 1,3,5-triazine-
2,4,6-triyltris(4,1-phenylene)triboronic acid with hcb topology
(OFUVU]J with a span of 53.9 A).22 Such high waves have never
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Figure 2. The geometry of entanglement (degree of catenation DOC referred to the red-arrow indicated red layer (a)) and of a single undulated layer

(b) for PEC-11, PFC-12, PEC-13.

been observed in other layered H-bonded structures with flat
molecular building units.} 2427

Further looking into the detailed structure of PFC-11 to 13, we
found that the H;TATB building units are almost planar molecule
(i.e. with deviation from planarity of max. 0.8 A, see table S2) that
self-assembled into a nearly ideally planar hexagonal ring (Figure 1).
All the curvature happens on hydrogen interaction sites at interval of
specific connection of the hexagons as shown in Figure 2b: 4-3-3-3-
4-3-3-3 for PFC-11 (one step of four hexagons up alternating with
three steps of three hexagons down-up-down repeated twice), 3-3
for PEC-12 (up and down steps of three hexagons), 6-6 for PEC-13
(six hexagons up and down). Like PFC-12, H;BTC (BTCOAC)?!
has 3-3 steps of hexagon connections but a smaller span of 25.8 vs
37.7 A due to the smaller size of H;BTC while the bigger triboronic
acid derivative OFUVUJ* has 4-4-3-3-4-4-3-3 steps with span 53.9
A (Table S2).

The origin of the undulation in 2D layered structure. The
occurrence of wave-like layers in all these structures, no matter what
temperature and solvent we used in the recrystallization process, was
reminiscent of the corrugations observed on suspended or
supported graphene sheets where the rippling has been invoked to
explain the thermodynamic stability of free-standing graphene
sheets.’ There were numerous studies on thin films showing that
films become thermodynamically unstable (segregated into islands
or decomposed) when the thickness is below a certain value, unless
they constitute an inherent part of a three-dimensional (3D) system,
such as grown on the surface of a bulk crystal with a matching
lattice.’ 282 Therefore, we speculate that during the self-assembly
process, the hexagonal motifs constructed by H;TATB molecules
can undergo corrugation after exceeding certain dimension (an
undulation step), resulting in undulated layered fragments, or we
can say intermediates, which are interwoven simultaneously and
finally fixed by molecular packing in a bulk crystal. Moreover, as the
hydrogen bond interaction is much labile than the organic

3

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

backbones with delocalization of & electrons, the deviation from
planarity is manifested in the hydrogen bonding geometry. This
speculation is supported by the observation that the supernatant
solution contains many lamellae featured about 7 nm in thickness
when examined by AFM and SEM analyses, on the fifth and third
days during the crystallization process (from different batches, see
Figure 1, inset). It is worth to mention that undulated hcb were also
found in two HOFs built by H;BTC (BTCOAC)?! and triboronic
acid derivative OFUVUJ??, which are planar ligands as well. While in
asearch of H-bonded hcb net built from tri-carboxylated ligands, we
found that non-planar ligands prefer inclined polycatenation of flat
hcb nets instead of corrugation (see Table S2). These findings
validate our speculation that heb layers distorted by undulation and
parallel polycatenation provide higher density of molecular packing
and minimize the surface free energy during self-assembly process.

The intricated polycatenation in structures. The parallel
polycatenations in PFC-11, PFC-12, and PFC-13 have record
complexity and unique features, which have never been observed
before.?>?” The three structures are new examples of entanglement
isomers with different solvents inside of pores and different topology
of rings catenations.?” In detail, in PFC-11 one layer (Figure 2a)
catenates 24 other layers (degree of catenation, DOC = 24), while
rings catenate 12 or 14 other rings (12, 14-c coordination of Hopf
ring net, HRN), it is required to remove 20 layers to disjoin the
entangled array on two separate parts (index of separation, IS = 20,
Figure S1). PEC-12 has DOC = 18, IS = 14, and 12-c HRN. Finally,
PFC-13 has the record largest DOC = 36 and IS = 35, while 12-c
coordination of HRN. The known records on polycatenation
complexity of H-bonded networks have been all observed for hcb
underlying net and are H;BTC (BTCOAC)?' with DOC = 10, IS =
8, and 6-c HRN, bis(1,1,1-tris(4-hydroxyphenyl) ethane) tris(4,4"-
bipyridyl) (POVJAL)*® with DOC = 10, IS = S, and 20-c HRN and
the triboronic acid derivative OFUVU]J?? with DOC = 31, IS = 24,
and 14-c HRN. Among coordination polymers, the most complex
polycatenation was observed again for hcb nets: DOC = 10, IS = 3,
12-c HRN (RIWXIG®, VUHCUX®).

For comparison, we further looked into the structure of HOF-
BTB (with the same underlying net hcb), where the monolayers are
flat and assembled in parallel stacks to form inclined polycatenated
3D array (OGUROZO01)."* The existence of torsions between
adjacent benzene rings of H;BTB ligands led to the observed
hexagonal motif with an obvious deformation out of plane (Figure
1). In this case, we believe that the excess energy was consumed by
the rotation of the peripheral phenyl groups (deviation from
planarity of max. 1.41 A), therefore the generated 2D monolayers
were flat without undulation. In summary with ToposPro?, we
found in CSD 12 examples of H-bonded networks, with underlying
hcb nets, from tripodal carboxylate molecules. They show flat
networks built from non-planar molecules assembled in inclined
polycatenated 3D array (Table S2), again coinciding with our
explanation on the origin of the undulated layers in PFC-11 to 13.
Therefore, a deviation on dihedral angles from planarity produces
the overwhelming structural changes observed in this work.

Figure 3. Crystal structures of PEC-11, PFC-12 and PFC-13 showing
the shape of the cavities in green.

Figure 4. The composition of channel in structures of PEC-11 (a) and
PFC-12 (b). Balls of olive, red, grey and blue colour present hydrogen,
oxygen, carbon, and nitrogen atoms, respectively.

The pore architecture and gas adsorption performance. Despite
the presence of intricate polycatenation, there remains solvent-
accessible void spaces in PFC-11, PFC-12, and PFC-13, and which
are estimated to be 35.2%, 35.2%, and 34.6%, respectively, relative
to the whole crystal volumes. Further looking into these structures,
PFC-11 and PFC-12 obtained from less polar solvents ethyl alcohol
and isopropanol exhibit one-dimensional helical open channels,
while PFC-13 obtained from the mixture of ethyl alcohol and H,O
shows closed cavities (Figure 3). Thus, variation of synthesis
conditions (choice of solvent) enables tuning the pores geometry
and the connections of HOF materials.

The active surface in PFC-11 and PFC-12 should exhibit polarity
due to the triazine core and carboxylate oxygens in the ligand, as well
as sp? carbon atoms from aromatic rings peeking out into the pores,
that enable stronger interactions with both carbon dioxide and
aromatic guest molecules. Thus, the open channels surface in PFC-
11 and PEC-12 is composed from H, O, C, N in the ratios
60.8:27.4:11.4:0.4 and 64.6:29.2:6.2:0, respectively; PFC-11 differs
from PFC-12 by presence of N and larger part of sp* carbon atoms
on the pore surface (Figure 4).

N, isotherm shows that PFC-13 failed to load N, after activation,
while both PFC-11 and PFC-12 exhibit stepwise adsorption
isotherms and obvious hysteresis behaviors in the desorption
isotherms.> 3 As shown in Figure Sa, PEC-11 and PEC-12 absorbed
N, with uptake 0f 247 cm3/g and 251 cm®/g and Brunauer-Emmett-
Teller (BET) surface area of 751.3 m?/ g and 653.6 m?/g,
respectively. The well-defined steps occur at low relative pressure
(P/Py < 0.09) and P/P, = 0.36 during adsorption process. This
behavior usually associates with the swelling of non-rigid porous

4
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structures or with irreversible adsorption of molecules in pores of
approximately the same size as the adsorbate. Obviously, the radius
of nitrogen molecule (1.82-1.90 A)3* is much smaller than the pore
size of PFC-11 (the maximal radius of migrating probe Rf = 2.76 A
and radius of maximal pore Rfi = 4.07 A)35 and PEC-12 (Rf=3.26 A
and Rfi = 3.69 A) (Figure S4). Therefore, the second step of
isotherm at P/P, = 0.36 can be ascribed to the movement between
mutually interspersed hexagonal networks under a certain pressure.
This movement can also explain the unclosed hysteresis loop
observed on the desorption branches. In the structure of PFC-11
and PFC-12, the apertures formed by movable polycatenated
networks change along with the pressure variation and trap
significant amount of adsorbate in pore space during the desorption
process. However, this stepwise adsorption behavior was not
observed in HOF-BTB as shown in Figure S5 and reference 14 and
36 (two channels along (010) with Rf = 2.76 A, Rfi = 5.06 A and Rf
=2.96 A, Rfi = 4.59 A), where HOF-BTB displays type I isotherm
characteristic of microporosity as most periodic framework
materials do. Therefore, it’s reasonable to conclude that the wave-
like layer structure endows PFC-11 and 12 with high degree of
flexibility and special adsorption behavior.

..........
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Figure S. (a) N adsorption isotherms of PEC-11, PFC-12 and PFC-13
at 77 K. (b) CO, adsorption isotherm of PFC-11 and PFC-12 at 273 K
and 298 K.

The two porous materials were also tested for carbon dioxide
adsorption at temperatures 273 K and 298 K (Figure Sb). The
resulting isotherms do not show any steps and belong to classical

type usually observed in other HOF materials.* 8 However, the
values of CO, uptake in PFC-11 0£90.3 cm®/g and 65.1 cm®/g under
pressure 1 atm are among the highest for reported HOFs at 273 K
and 298 K, respectively, higher values were obtained before only for
HOF-5a.1% 12 The good CO, adsorption capacity can be ascribed to
the presence of N and O atoms in the ligands and the H-bonding in
framework that polarize the pore surface and make host-guest
interactions stronger.
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Figure 6. (a) PXRD patterns of PFC-12, 13 and indicative of the
transformation from PFC-12 to 13 after being soaked in water. (b)
PXRD patterns of PFC-11 after being treated with different pH aqueous
solution.

Stability of PFC-11, 12 and 13. Powder X-ray diffraction (PXRD)
patterns of PFC-11, PFC-12, and PFC-13 after N, adsorption are
almost identical to those of the pristine samples (Figures S7, S9 and
S$12), indicating the porous architectures retained after undergoing
backbone movement during the adsorption process. Chemical
stability test of these compounds demonstrates that both PFC-11
and PEC-13 exhibit high water stability in aqueous solution from pH
0 to pH 11 as indicated by PXRD patterns (Figures 6b and S13).
Besides, the PXRD patterns of these HOFs still matched well with
the simulated patterns after being treated with some organic solvents,
such as CH;0H, acetone, CH,CN, and CH,Cl, for one day (Figures
S8, S10 and S12). Noted that PFC-12 was transformed to PFC-13
after being immersed in water for 24 hours as confirmed by PXRD
patterns (Figure 6a), indicating a tendency of transformation from a

5
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high porous structure into a close packing phase. As we mentioned
above, the variation of synthesis conditions (choice of solvent)
enables tuning the pore geometry and their connections. The degree
of catenation follows the order of PFC-12 (DOC = 18) <PFC-11
(DOC = 24) <PFC-13 (DOC = 36), which is consistent with the
ordered of solvent polarity and molecules dimensions used for
recrystallization: isopropanol (for PEC-12) < ethanol (for PFC-11)
< ethanol and water (for PFC-13). Therefore, we inferred that the
solvent with higher polarity and smaller size produces more closely
packed structure. This trend also explains the phenomenon that
PFC-12 can transform to PFC-13 upon treating with water. Because
of the high complexity of the molecular packing, it is difficult to track
the structural transformation from PEC-12 to PFC-13. Indeed, the
transformation is provided by breaking the H-bonds (the Hopf ring
nets are different), as well the closing of pores in the PEC-12. Thus,
the stacks of 3 molecules of PFC-12 converts to 6 molecule stacks in
PFC-13 due to the shift of molecules respective to each other
(Figure S3).

Vapor adsorption. Inspired by the excellent stability and
framework flexibility, the vapor adsorption capacities of PFC-11 and
PFC-12 toward benzene, toluene, and cyclohexane were
investigated. As shown in Figure S18, both PFC-11 and PFC-12
have much higher adsorption uptakes of benzene (190.7 cm3/ g for
PEC-11, 318.7 cm3/g for PEC-12) and toluene (174.9 cm?/g for
PFC-11, 183.7 cm?/g for PFC-12) than cyclohexane (91.6 cm®/g for
PEC-11, 86.5 cm®/g for PFC-12). The preferential adsorption can
be described to the widely exposed = electrons of s-triazine rings in
the channel, which can provide strong host-guest interactions
toward benzene and toluene molecules.?”-*® The lower adsorption
uptake of toluene than benzene can be described to the larger steric
hindrance derived from the larger molecular area of toluene (55.3 A2)
than benzene (48.2 A%).3* Because of the higher uptake of volatiles
for PFC-12, we can assume that it undergoes much larger structural
changes (the starting pores volume was about the same for both
compounds) upon adsorption at pressures more than 0.5 P/ B, It is
also worth noting that both PFC-11 and PFC-12 can be recycled
through a heating procedure to completely remove the vapor guests
(Figures S19), demonstrating PFC-11 and PFC-12 are the
promising candidates for volatile organic compound adsorption and
separation with high stability and uptake.

Conclusion

Based on planar H; TATB molecules, three HOF materials PFC-
11, 12, and 13, have been synthesized where H;TATB molecules are
connected through double hydrogen bonds to form nearly ideal
hexagonal honeycomb motifs. Regular undulations were observed
when the hexagonal motifs were extended into a 2D layer, which
could be explained by the thermodynamic instability of the layers.
Wrinkled layers and entangled networks minimize the free energy
and stabilize the entire structure. In contrast, self-assembly of the
very similar ligand H;BTB, bearing the same hydrogen bonding sites
but non-planar backbone, resulted in a flat monolayer. The unique
interweaving structures of PFC-11, 12 and 13 endow materials with
high degree of flexibility and stepwise adsorption behavior. With the
excellent stability and framework flexibility, PFC-11 and 12 present
promising candidates for carbon dioxide and volatile organic
compound adsorption with preferential selectivity toward -
conjugated molecules such as benzene and toluene. This work

demonstrated that the slight deviation on dihedral angles in a ligand
delivers overwhelmingly changes on both the structure and the
property, which allows us to well understand the self-assembly rule
and the structure-property relationship for rational design of HOF
materials.
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