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ABSTRACT: Three hydrogen-bonded organic frameworks
(HOFs) (HOF-26, HOF-27, HOF-28) have been crystallized
from a benzonitrile-based porphyrinic organic linker 4,4′,4″,4‴-
(porphyrin-5,10,15,20-tetrayl)tetrabenzonitrile (PTTBN), in ethyl-
benzene, nitrobenzene, and tetrahydrofuran, respectively, and
structurally characterized. Close inspection of the crystal structure
of the HOFs reveals that PTTBN units form a two-dimensional
hydrogen-bonded sql network but with varied hydrogen bonding
connectivities, packing patterns, and host−guest interactions. The
pore system in these HOFs can be systematically modulated by the
guest molecules and tuned from discrete cavities to one-
dimensional channels with distinct dimensions. Energy decom-
position analysis was carried out to investigate the intralayer and
interlayer interaction energy to understand the solvent-dependent self-assembly.

■ INTRODUCTION
Hydrogen-bonding-directed self-assembly is a crucial process
in biological systems to form ordered molecular structures.1

Hydrogen-bonded organic frameworks (HOFs), an emerging
class of crystalline porous materials, are held together by
organic units through hydrogen bonding interactions.2−5

Compared with covalent bonds and coordination bonds, as
shown in covalent organic frameworks (COFs)6 and metal−
organic frameworks (MOFs),7,8 the bonding energy of
hydrogen bonds is intrinsically low, which sets significant
challenges in the design and synthesis of robust HOFs. The
applications of HOFs had been limited for decades due to their
fragility until recent discoveries in many promising applications
using robust HOFs such as gas separation,9−14 chiral
separation,15 heterogeneous catalysis,16−18 sensing,19,20 and
enzyme encapsulation.21 The rapid growth in HOF chemistry
has attracted much attention, thanks to its large surface area,
tunable pore environment, and easy regeneration by
recrystallization.22−25 In addition, the metal-free characteristic
of HOFs shows excellent potential in biomedical applications
considering its low toxicity and excellent biocompatibility.
The quest for rational design and precise prediction of HOF

structures is obstructed by the liability and low directionality of
weak hydrogen bonds and insufficient understanding of the
molecular self-assembly mechanism, namely, the energy−
structure relationship.26 Thereby, organic units with the
potential for strong hydrogen bonds with high directionality
have been utilized as the backbone for the construction of
HOF architectures, as exemplified by some representative
building blocks such as 2,4-diaminotriazine (DAT),27−30

carboxylic acid,31−34 pyrazole,35,36 imidazole,37 guanidinium-
sulfonate,14,38 pyridine,9,39 and even nitrobenzo40 and
aldehyde group.41 On the other hand, starting from the same
linker, the self-assembly and the functionalities of the HOF
structure can also be significantly affected by solvent molecules
due to the resultant different hydrogen-bonded network
connectivities or interpenetration patterns.33,42,43 Recently,
we demonstrated unprecedented ethylene/ethane separation
performance and exclusive p-xylene molecular recognition
from C8 mixtures in benzonitrile-based HOFs.44,45 Motivated
by these works, we further explored the self-assembly of
benzonitrile-based porphyrinic organic linkers in different
solvent systems (polar and nonpolar) to gain more insight
into the self-assembly mechanism of HOF chemistry. Herein,
we report three HOFs, HOF-26, HOF-27, and HOF-28,
assembled by a porphyrinic organic linker 4,4′,4″,4‴-
(porphyrin-5,10,15,20-tetrayl)tetrabenzonitrile (PTTBN) in
ethylbenzene (EB), nitrobenzene (NB), and tetrahydrofuran
(THF), respectively, as shown in Scheme 1. We realized fine-
tuning the connectivity of PTTBN units and the stacking
patterns of H-bonded two-dimensional (2D) layers upon
different polarities and molecular structures of guest molecules
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employed, which led to distinct pore space and geometries.
This work showcases the solvent-dependent self-assembly
strategy as a toolkit for pore engineering in HOFs and the
development of multifunctional porous materials.

■ EXPERIMENTAL SECTION
General Remarks. All of the chemicals were purchased

commercially (Sigma-Aldrich, Aesar, ACROS) and directly employed
as received without further purification unless otherwise mentioned.
Reagents were purchased at the highest commercial quality and used
without further treatment.1H NMR spectra were recorded on a Brüker
Avance 500 (1H NMR, 500 MHz). TMS was used as an internal
standard for 1H NMR (0.00 ppm), and the solvent signal was used as
a reference for 1H NMR (dimethyl sulfoxide (DMSO), 2.50 ppm).
The powder X-ray diffraction (PXRD) patterns were recorded on a

Rigaku SmarLab X-ray powder diffractometer equipped with a Cu
sealed tube (λ = 1.54178 Å) at room temperature. Simulation of the
PXRD patterns was carried out by the single-crystal data and
diffraction-crystal module of the Mercury program at http://www.
ccdc.cam.ac.uk/mercury/. The organic linker 4,4′,4″,4‴-(porphyrin-
5,10,15,20-tetrayl)tetrabenzonitrile (PTTBN) was synthesized ac-
cording to our previous work.44 The gas sorption measurements were
carried out on an automatic volumetric adsorption apparatus
Micromeritics ASAP 2020 surface area analyzer. Prior to the gas
sorption analyses, the samples were activated under a dynamic
vacuum at 100 °C for 3 h.

Crystallization of HOFs. 4,4′,4″,4‴-(Porphyrin-5,10,15,20-
tetrayl)tetrabenzonitrile (PTTBN) (10 mg) was dissolved in solvents
(EB, NB, and THF) (2 mL) after sonication and heating. The
resulting supernatant solutions were cooled to room temperature and

Scheme 1. Schematic Illustration of Solvent-Dependent Self-Assembly of HOFs

Table 1. Crystallographic Data for HOF-26, HOF-27, and HOF-28

HOF-26 HOF-27 HOF-28

empirical formula C48H26N8·C8H10 C48H26N8·2C6H5NO2 C48H26N8·2C4H8O
formula weight 820.96 837.90 786.89
crystal system triclinic triclinic triclinic
space group P1 P1̅ P1̅
a/Å 8.664(10) 11.048(11) 6.605(2)
b/Å 10.835(2) 13.106(15) 10.996(4)
c/Å 12.362(3) 17.261(2) 15.713(6)
α/° 76.20(2) 97.04(10) 100.60(3)
β/° 70.12(2) 102.48(10) 98.97(3)
γ/° 75.14(2) 90.99(9) 90.86(3)
volume (Å3) 1040.24(4) 2419.59(5) 1107.00(7)
Z 1 2 2
Dcal (g/cm

3) 1.310 1.319 1.288
absorption coefficient (mm−1) 0.619 0.691 0.637
F(000) 428 996 450
goodness-of-fit on F2 1.053 1.000 1.024
R1
a, wR2

b [I > 2σ(I)] R1 = 0.0616, wR2 = 0.1329 R1 = 0.0472, wR2 = 0.1157 R1 = 0.0576, wR2 = 0.1189
R1
a, wR2

b (all data) R1 = 0.0688, wR2 = 0.1382 R1 = 0.0544, wR2 = 0.1208 R1 = 0.0683, wR2 = 0.1244
largest diff. peak and hole (e/Å3) 1.530/−0.474 0.586/−0.516 0.334/−0.374

aR1 = Σ(||F0| − |FC||)/Σ|F0|. bwR2 = [Σw(|F0|2 − |FC|2)2/Σw(F02)]1/2.
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allowed to evaporate at room temperature for 2 weeks. Purple-red
rod-shaped crystals were then harvested in the bottom of the vials
(yield: 78% for HOF-26, 88% for HOF-27, 90% for HOF-28).
Single-Crystal X-ray Diffraction. The single crystals of HOF-26,

HOF-27, and HOF-28 suitable for X-ray diffraction were mounted in
Paratone oil onto a glass fiber and frozen under a nitrogen cold
stream. The data were collected at 100 K using a Rigaku AFC12/
Saturn 724 CCD fitted with Cu Kα radiation (λ = 1.54184 Å). Data
collection and unit cell refinement were executed using Crystal Clear
software. Data processing and absorption correction, giving minimum
and maximum transmission factors, were accomplished with
CrysAlisPro and SCALE3 ABSPACK, respectively. The structure
was solved by direct methods and refined on F2 using full-matrix least-
squares techniques with SHELXL. All nonhydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen atom
positions were determined by geometry and refined by a riding model.

■ RESULTS AND DISCUSSION

The single crystals of HOF-26, HOF-27, and HOF-28 were
readily crystallized from the corresponding solvents (EB, NB,
and THF, respectively). The phase purities were confirmed by
the powder X-ray diffraction patterns, which indicated a good
match with the simulated ones (Figure S1). 1H NMR studies
of the dissolved HOFs in DMSO-d6 validated the cocrystalliza-
tion of EB, NB, and THF molecules with PTTBN in HOF-26,
HOF-27, and HOF-28, respectively (Figures S2−S4). The
porosity of three HOFs was examined by 77 K nitrogen
adsorption analysis. However, the uptake amounts were shown
to be lower than those expected from the crystal structures,
which is attributed to the collapse of the porous structures
(Figure S5).
Crystal Structure of HOF-26/HOF-27/HOF-28. X-ray

diffraction studies showed that HOF-26 crystallizes in the
triclinic space group P1 (Table 1). The asymmetric unit of
HOF-26 is composed of one PTTBN and one doubly
disordered EB molecule. Each PTTBN molecule forms four
pairs of C−H···N hydrogen bonds (3.325−3.482 Å) to
connect with four neighboring linkers, giving a two-dimen-
sional hydrogen-bonded network with sql topology (Figure 1a
and S6a). Geometrical details about the intermolecular H-
bonding interactions within the 2D layers are summarized in
Table 2. The adjacent layers are packed in an inclined AB
stacking pattern with an interlayer distance of 3.97 Å to
encapsulate the intrinsic ellipsoidal cavity embedded in the 2D
layers into sandwiched-like pore confinement (12.8 × 8.0 × 4.9
Å3) (Figures 1b and S8a). The discrete cavity occupied 22.5%
of the unit cell volume (1040.24 Å3). As shown in the
simplified topology, the 2D layers are related by displacements
along the a-axis of 8.66 Å (Figure S7a). The EB molecules are
bound tightly within the cavities through weak C−H·· π
interactions (dH···C/N = 2.689−2.952 Å) (Figure 1c). Such
binding fashion and stacking pattern in HOF-26 is similar to
those observed in our previously published HOF-29⊃pX but
with a slightly larger cavity size to accommodate the bulkier EB
molecule.44

HOF-27 crystallizes in the triclinic space group P1̅, with one
crystallographically unique PTTBN molecule and two different
NB molecules in the asymmetric unit. Compared to HOF-26,
although the sql topology and the number of hydrogen
bonding interactions are unaltered, the connectivity of the
PTTBN linker observed in HOF-27 is slightly different: all
four pyrrole subunits in the PTTBN are hydrogen-bonded to
the neighboring linkers (C−H···N 3.434−3.532 Å), which
gives rise to a distorted sql network (interior angle from 62.9°

in HOF-26 to 87.4° in HOF-27) and a round-shaped cavity
with a size of 12.2 × 11.0 Å2 (Figures 2a and S6b). In HOF-27,
the 2D layers adopt an inclined AA pattern with an elongated
interlayer distance of 4.05 Å, allowing the cavities to merge
into a one-dimensional channel running along the b-axis with a
void ratio of 33.5% (unit cell volume of 2419.59 Å3) (Figures
2b and S8b). The pore size of the channel is 9.8 × 5.6 Å2.
Interestingly, in contrast to the nonpolar ethylbenzene, the
high polarity nature of nitrobenzene enables multiple
considerably stronger hydrogen bonding interactions to
stabilize their orientations: the nitro groups in both NB
molecules serve as hydrogen bonding acceptors to interact with
multiple phenyl rings and pyrrole units (C−H···N(nitro), dH···N
= 2.560−2.713 Å, shorter than 2.75 Å, sum of vdW radii of N
and H). In addition, intermolecular C−H···N(nitrile) (dH···N =
2.521−3.083 Å) and C−H··· π interactions (dH···C = 3.115−
3.321 Å) are also found between NB molecules and PTTBN
linkers. (Figure 2c)
Similarly, HOF-28 crystallizes in the triclinic space group P1̅

with the asymmetric unit consisting of half of one PTTBN and
one doubly disordered THF molecule. The connectivity of
PTTBN in HOF-28 is similar to that of HOF-26, with half of
the pyrrole units extended to other linkers, resulting in an oval-
shaped cavity exhibiting a size of 13.3 × 6.5 Å2 surrounded by
two PTTBN molecules (Figure 3a). The hydrogen-bonded
layers in HOF-28 also adopt the inclined AA stacking pattern
with a similar interlayer distance (4.02 Å) and interlayer
displacement along the b-axis of 6.62 Å, as shown in the
simplified topology, compared to that of 6.61 Å in HOF-27
(Figures 3b and S7c). Thereby, the one-dimensional channel

Figure 1. Crystal structure of HOF-26. (a) Top view of the packing
diagram of the two-dimensional sql hydrogen-bonded layers. (b) Side
view of the inclined AB stacking patterns with the interlayer distance
indicated. The guest EB molecules are omitted for clarity. (c)
Perspective view of binding orientation for EB in the pore
confinement of HOF-26. C−H···π interactions and hydrogen
bonding donors from PTTBN are highlighted in orange and light
green, respectively.
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in HOF-28 exhibits a pore size of 11.3×5.2 Å2, which occupies
25.5% of the volume of unit cell (1107.00 Å3) (Figure S8c). A
close inspection on the crystal structure of HOF-28 reveals
that THF molecules reside along the pore channel with the
framework through C−H···N(nitrile)/O(THF) and C−H···π
interactions (dH···N/O = 3.007, 2.943 and dH···C = 3.156−3.523
Å, respectively) (Figure 3c).
Self-Assembly Mechanism. The slightly different sql

hydrogen-bonded layers with distinct local linker distortions
(dihedral angles) and stacking patterns shown in three HOFs
induced by guest molecules motivated us to investigate the

driven forces of the self-assembly of the molecular crystals
(Figures S6,S7 and Table S1). As shown in Figure S9, the
nitrogen atoms in the porphyrin ring are observed to form
weak C−H···N hydrogen bonding interactions in three HOF
structures. Besides, π···π stacking was found in HOF-27 and
HOF-28 with a distance of 3.71 Å between the porphyrin
rings, which led to the formation of the inclined AA stacking
patterns accompanied by the interlayer hydrogen bonding.
However, there was no π···π stacking observed in HOF-26 due
to the larger node-to-node distance and the AB stacking
pattern. We performed energy decomposition analysis to
calculate the interlayer interaction energies using the adjacent
PTTBN molecules from two different layers as cluster models

Table 2. Summary of Hydrogen Bonding Interaction Details and Geometries

HOFs donor−H···acceptor H···A (Å) D−H···A (Å) angle (deg)
HOF-26 C14−H14A···N7i 2.556 3.341 142

C38−H38A···N5ii 2.532 3.325 143
C15−H15A···N8iii 2.595 3.482 160
C39−H39A···N6 2.599 3.477 157

symmetry codes (i) 1 + x, y, 1 + z; (ii) 2 + x, −1 + y, z; (iii) 1 + x, y, 1 + z
HOF-27 C2−H2A···N6i 2.623 3.532 160

C26−H26A···N8ii 2.470 3.395 164
C38−H38A···N5iii 2.452 3.376 164
C14−H14A···N7 2.524 3.434 160

symmetry codes (i) x, y, −1 + z; (ii) x, y, z; (iii) 1 + x, −1 + y, z
HOF-28 C3−H3A···N4i 2.546 3.428 158

C2−H2A···N3ii 2.615 3.523 165
symmetry codes (i) −x, 2 − y, −z; (ii) 2 − x, 2−y, 1 − z

Figure 2. Crystal structure of HOF-27. (a) Top view of the packing
diagram of the two-dimensional sql hydrogen-bonded layers. (b) Side
view of the inclined AA stacking patterns with the interlayer distance
indicated. The guest NB molecules are omitted for clarity. (c)
Perspective view of binding orientation for NB in the pore channel of
HOF-27. C−H···O/N, C−H···π interactions, and H-bonding donors
from PTTBN are highlighted in purple, orange, and light green,
respectively.

Figure 3. Crystal structure of HOF-28. (a) Top view of the packing
diagram of the two-dimensional sql hydrogen-bonded layers. (b) Side
view of the inclined AA stacking patterns with the interlayer distance
indicated. The guest THF molecules are omitted for clarity. (c)
Perspective view of binding orientation for THF in the pore channel
of HOF-28. C−H···O/N, C−H···π interactions, and H-bonding
donors from PTTBN are highlighted in purple, orange, and light
green, respectively.
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(Table S2). It can be concluded that the dispersion term is the
dominant contributor of the overall interactions between two
layers. For HOF-26, the overall energy (−89.0 kJ/mol) is
significantly lower than those in HOF-27 (−105.3 kJ/mol)
and HOF-28 (−104.4 kJ/mol) due to the loss of the π···π
stacking, which contributed to the dispersion interaction
energy. Such a phenomenon can be rationalized by the fact
that the stabilization of nonpolar EB molecules highly relies on
the maximum contact with the PTTBN molecules and the AB
stacking patterns. On the other hand, the polar guest
molecules, NB and THF, are able to form strong guest−
guest and/or host−guest interactions to allow the host
structure to adopt the more thermodynamically preferred AA
stacking patterns. In addition, the intralayer hydrogen bonding
interaction energy was also calculated to evaluate its hydrogen
bonding nature (Figure S10). In this case, a total energy of
−56.3 kJ/mol was obtained for two pairs of C−H···NC
hydrogen bonds with higher electrostatic component than the
dispersion term, which contrasts with the interlayer inter-
actions and verified its moderate bonding energy according to
the classification of Jeffrey and Steiner.46

■ CONCLUSIONS
In summary, we have successfully realized solvent-dependent
self-assembly of a series of microporous hydrogen-bonded
organic frameworks (HOFs), HOF-26, HOF-27, and HOF-
28, from a porphyrinic organic linker PTTBN in different
solvents, ethylbenzene, nitrobenzene, and THF, respectively.
Single-crystal X-ray diffraction studies reveal that the PTTBN
linkers are held together by the intermolecular hydrogen
bonding interactions from nitrile groups into two-dimensional
extended networks. The 2D layers are further stacked
compactly in an AB pattern to encapsulate nonpolar EB
molecules and in an AA pattern to accommodate polar NB and
THF molecules with different pore geometries. The flexible
nature of the linker and its solvent-dependent self-assembly
offers the platform to engineer the overall HOF structure and
pore environment. This work will facilitate the future
exploration of nitrile-based HOFs and show the promise to
develop tailor-made HOFs with a well-defined pore structure
for more specific applications.
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