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ABSTRACT: Crystallinity and porosity are crucial for
crystalline porous covalent organic frameworks (COFs).
Here we report synthetic control over the crystallinity and
porosity of COFs by managing interlayer interactions
based on self-complementary π-electronic forces. Fluoro-
substituted and nonsubstituted aromatic units at different
molar ratios were integrated into the edge units that stack
to trigger self-complementary π-electronic interactions in
the COFs. The interactions improve the crystallinity and
enhance the porosity by maximizing the total crystal
stacking energy and minimizing the unit cell size.
Consequently, the COF consisting of equimolar amounts
of fluoro-substituted and nonsubstituted units showed the
largest effect. These results suggest a new approach to the
design of COFs by managing the interlayer interactions.

Porous materials have attracted great attention in many
fields of science and technology. Among them, covalent

organic frameworks (COFs) are a unique class because they are
composed of lightweight elements linked by strong covalent
bonds.1−7 The most intriguing trait is their atomically precise
integration of building blocks into periodic two-dimensional
(2D) and three-dimensional structures, which endow COFs
with high flexibility in the design of skeleton and polygon
morphologies.3i COFs have emerged as predesignable porous
materials for gas adsorption1−7 and provide useful skeletons for
the design of a new class of organic semiconductors that feature
columnar π-arrays periodically aligned with a nanometer-scale
precision.3,6 In this sense, 2D COFs serve as new platforms for
the design of organic 2D materials with structural periodicity
that is difficult to achieve with other molecular architectures.
However, control over the crystallinity and porosity, which are
key parameters in their applications, has been elusive. Here we
report the synthetic control of COFs by managing interlayer
interactions based on self-complementary π-electronic forces.
We demonstrated the strategy using imine-linked porphyrin

COFs in which fluoro-substituted and nonsubstituted arenes at
different molar ratios were integrated into the edge units. The
porphyrins occupy the vertices and the arene units are located
on the edges of mesoporous two-dimensional COFs. Mixtures
containing 2,3,5,6-tetrafluoroterephthalaldehyde (TFTA) and

terephthalaldehyde (TA) at different molar ratios were utilized
in polycondensation with copper 5,10,15,20-tetrakis(p-
tetraphenylamino)porphyrin (CuP) under solvothermal con-
ditions, generating five new imine-linked COFs [Chart 1; also
see the Supporting Information (SI)]. These reactions
exhibited similar isolated yields, indicating that the reactivities
of TFTA and TA are similar under the solvothermal conditions.
The edge units of the COFs were composed of tetrafluor-
ophenyl (TFPh) and phenyl (Ph) groups at molar ratios of
100/0, 75/25, 50/50, 25/75, and 0/100, respectively. IR
spectroscopy, elemental analysis, field-emission scanning
electron microscopy, and transmission electron microscopy
confirmed the formation of the COFs (Figures S1−S3 and
Table S1 in the SI).
Figure 1A shows the X-ray diffraction (XRD) patterns of the

five COFs. Each COF exhibited diffraction peaks at 3.4, 6.9,
and 20−22°, which were assigned to the (100), (200), and
(001) facets, respectively. A significant feature is that the XRD
peak intensities were highly dependent on the edge
components. For example, the COF bearing only Ph units in
the edges (CuP−Ph) exhibited the lowest XRD intensity of
∼15000 cps for the (100) facet (red curve). When the content
of TFPh units was increased to 25 mol % (CuP−TFPh25), the
intensity increased to 21000 cps (purple curve). The most
explicit increment was observed for CuP−TFPh50, which
showed an intensity of 30300 cps (blue curve). In this case,
the two edge units are present in an equimolar ratio and
produce the largest number of self-complementary π-stacked
pairs. Consequently, CuP−TFPh50 shows the strongest self-
complementary electronic interactions. Further increments in
the TFPh content eventually caused decrements in the XRD
intensity (green and black curves). The distinct edge-depend-
ent intensity changes reflect the effective control over the
crystallinity of the COF through self-complementary electronic
interactions. Such interactions have been employed for the
crystal engineering of arene arrays through strengthened π−π
interactions between fluoro-substituted and nonsubstituted
arenes.8 In the present π-array systems, the enhanced π-
interactions improved the crystallinity of the COFs.
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Nitrogen sorption isotherm measurements at 77 K were
performed to investigate the porosity. All of the COFs
exhibited type-IV sorption curves (Figure 2A), indicating the
presence of mesopores, in agreement with the theoretical pore
sizes. Interestingly, their Brunauer−Emmett−Teller (BET)
surface areas were dependent on the edge units, with values
of 926, 979, 1389, 1287, and 1185 m2 g−1 for CuP−Ph, CuP−

TFPh25, CuP−TFPh50, CuP−TFPh75, and CuP−TFPh,
respectively (Figure 2B). The largest surface area was observed
for CuP−TFPh50. The Langmuir surface areas also showed a
similar tendency, with CuP−TFPh50 exhibiting the largest value
(1924 m2 g−1; Figure 2C). The pore size distribution profiles
revealed the presence of only one type of 2.5 nm wide
mesopores in these COFs (Figure S4A−E). The pore volume
of the COFs exhibited a maximum of 1.11 cm3 g−1 when the
TFPh content in the edges was 50 mol %, the same trend as
observed for the surface area (Figure S4F). Condensation
reactions in other solvents, such as 5:5:1 or 15:5:2 mesitylene/
dioxane/6 M AcOH, resulted in series of COFs exhibiting the

Chart 1. Schematic Representation of the Synthesis of COFs Integrated with Self-Complementary π-Electronic Interactions
(CuP−TFPhX, X = 25, 50, and 75 mol %) and the CuP−Ph and CuP−TFPh Controls

Figure 1. (A) XRD patterns of the COFs. The insets show enlarged
(001) facets. (B−D) Observed XRD pattern (red), Pawley refinement
(green), their difference (black), and simulated patterns using slipped
AA stacking (orange) and staggered AB stacking (blue) modes for (B)
CuP−Ph, (C) CuP−TFPh50, and (D) CuP−TFPh.

Figure 2. (A) Nitrogen sorption isotherm profiles measured at 77 K
(red, CuP−Ph COF; purple, CuP−TFPh25; blue, CuP−TFPh50;
green, CuP−TFPh75; black, CuP−TFPh). (B) BET and (C) Langmuir
surface areas.
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same trends in XRD intensity and porosity as those prepared in
5:5:1 (v/v) o-dichlorobenzene/BuOH/6 M AcOH (Figures S5
and S6).
The strong correlation between the edge component and the

crystallinity and porosity indicates that the self-complementary
π-electronic interactions are effective in controlling the
crystallinity and porosity of the COFs. To gain insight into
the crystalline structure of the COFs, we simulated the XRD
patterns using different stacking modes. Pawley refinements
yielded XRD curves (Figure 1B−D, dashed green curves) that
reproduced the observed patterns (red curves), as evidenced by
their negligible differences (black curves), indicating the
suitable assignment of the diffraction signals. Simulations with
a 0.9 Å slipped AA stacking mode (orange curves) reproduced
the XRD signal positions and peak intensities. In sharp contrast,
a staggered AB stacking mode (blue curves) could not
reproduce the XRD patterns. In the case of the slipped AA
stacking mode, the c value for CuP−TFPh50 (3.85 Å) was
smaller than those for CuP−Ph and CuP−TFPh (3.97 and 3.98
Å, respectively). The a and b values for CuP−TFPh50 (25.2 Å)
were also smaller than those for CuP−Ph and CuP−TFPh
(25.4 Å). Therefore, CuP−TFPh50 has a much more compact
structure as a result of the strong self-complementary π-stacking
interactions. Such a compact unit cell may account for the high
porosity.
To evaluate the interlayer interactions quantitatively, we

employed the density functional tight binding (DFTB) method
including Lennard-Jones (LJ) dispersion (Tables S2 and S3).
Table 1 summarizes the total crystal stacking energies per layer

for different stacking modes. CuP−Ph showed stacking energies
of 60.07 and 35.34 kcal mol−1 for the 0.9 Å slipped AA and
staggered AB modes, respectively. On the other hand, the
stacking energies for the 0.9 Å slipped AA and staggered AB
modes of CuP−TFPh were 62.58 and 39.28 kcal mol−1,
respectively. In the case of CuP−TFPh50, there are two
different geometries for the alignment of the TFPh edge units,
namely, the syn and anti isomers. The stacking energies for the
anti isomers with the 0.9 Å slipped AA and staggered AB modes
were 68.11 and 38.73 kcal mol−1, respectively, and the syn
isomers were found to have stacking energies of 64.36 and
41.30 kcal mol−1, respectively. Accordingly, the anti isomer with
the 0.9 Å slipped AA stacking structure is much more stable
than the syn isomers. These results reveal that the integration
of self-complementary π−π interactions into the edge units
clearly increases the total crystal stacking energy, which gives
rise to high crystallinity of the COFs. Figure 3 illustrates the
structures of these COFs in the 0.9 Å slipped AA stacking
mode.

The HOMO and LUMO mapping showed that in CuP−Ph,
both the HOMO and LUMO are centered on the CuP units.9

In contrast, in CuP−TFPh50, the HOMO is retained on the
CuP units but the LUMO is partially moved to the edge units.
This feature is also different from CuP−TFPh, in which the
LUMO lies completely on the edge units (Figure S7).
Therefore, the edge component strongly affects the distribution
of the π-electron clouds in the COFs. The HOMO−LUMO
gaps were estimated to be 0.131 and 0.065 eV for CuP−Ph and
CuP−TFPh, respectively (Table S2). Remarkably, in CuP−
TFPh50, the gap was reduced to only 0.05 eV. The decreased
HOMO−LUMO gap indicates facilitated electron transfer
capability in CuP−TFPh50.
In summary, we have demonstrated control of the

crystallinity and porosity of COFs by managing self-
complementary π-electronic interactions through a comparative
study of five newly synthesized COFs. Computational studies
in conjunction with structural resolutions revealed that the self-
complementary π-electronic force maximizes the total crystal
stacking energy and minimizes the unit cell size. As a result, the
COFs show improved crystallinity and enhanced porosity, with
the greatest effects observed when the interactions are
strongest. These interactions also show a prominent effect on
changing the π-electron distribution in the framework and
lowering the HOMO−LUMO gap. The present work suggests
a new means of designing COFs by managing the interlayer
interactions.
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Table 1. Total Crystal Stacking Energies per Layer (Estack)
for the CuP−TFPh50, CuP−Ph, and CuP−TFPh COFs

COF stacking mode Estack (kcal mol−1)

anti-CuP−TFPh50 0.9 Å slipped AA 68.11
staggered AB 38.73

syn-CuP−TFPh50 1.1 Å slipped AA 64.36
staggered AB 41.30

CuP−Ph 0.9 Å slipped AA 60.07
staggered AB 35.34

CuP−TFPh 0.9 Å slipped AA 62.58
staggered AB 39.28

Figure 3. The 0.9 Å slipped AA stacking modes of the COFs.
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(1) (a) Côte,́ A. P.; Benin, A. I.; Ockwig, N. W.; O’Keeffe, M.;
Matzger, A. J.; Yaghi, O. M. Science 2005, 310, 1166. (b) Côte,́ A. P.;
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