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A model system has been established to construct two-dimensional
(2D) covalent organic frameworks (COFs) by taking advantage
of the variable orientation of imine bonds. During the assembly
process, the imine bonds adopt an unprecedented heterodromous
orientation to facilitate the formation of the COFs.

Covalent organic frameworks (COFs), a class of periodic
two-dimensional (2D) and three-dimensional (3D) crystalline
organic porous materials, have drawn considerable attention
due to their important applications in many fields, including
gas storage,’ separation,” catalysis,” sensing,* energy storage,’
and delivery,® just like their analogs, metal organic frameworks
(MOFs).” Since the first two COFs reported by O. M. Yaghi and
co-workers in 2005,® a variety of COFs have been designed and
constructed over the past 11 years.’ The design strategy for the
construction of COFs includes two key points. The first one is
the symmetries of building blocks, which dictate the topologi-
cal structures of pores in COFs. For example, while a COF with
hexagonal pores can be fabricated by the combination of a
Cs-symmetrical building block and a C,-symmetrical building
block, the condensation of a C,-symmetrical monomer and a
C,-symmetrical monomer leads to the formation of a COF with
tetragonal pores. The second key point is the type of bonds
(also known as linkages) which connect the building blocks.
The typical reactions used for constructing COFs include
boronic acid trimerization, boronate ester formation, Schiff
base reaction and nitrile trimerization (high temperature
required).® Among them, an imine bond formed from the Schiff
base reaction is one of the most popular linkages.'® A notable
feature of the imine bond (and also hydrazone bond) is its
variable orientation which theoretically can result in a homo-
dromous or a heterodromous orientation of C—=N linkages in COFs.
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Such a unique feature should endow the C—=N bond with a great
advantage over the other bonds by providing variable direction of
bond formation, which greatly facilitates the assembly of well-
ordered frameworks from building blocks. However, so far, the
usefulness of the variable orientation of C—N bond has never been
demonstrated for the construction of COFs. It could be attributed to
the lack of a model suitable for conducting such an investigation.
In this work, we report the first example of the construction of COFs
by taking advantage of the variable orientation of the imine bond.

To demonstrate the crucial role that the variable orientation
of the imine bond can play in the construction of COFs, a
model system has been established by the combination of two
Cs;-symmetrical monomers. While one monomer possesses
three aldehyde groups located at the ends of the three branches
(NTBA and NTBCA), the other peripherally bears six amine
groups (HAT-6NH,)'" (Scheme 1). As can be seen in Scheme 1,
in order to facilitate the formation of an extended two-
dimensional framework with a periodic structure, the C—=N
bonds in the COF must adopt a heterodromous orientation,
that is, alternately clockwise and counterclockwise. In contrast,
a homodromous orientation of imine bonds would result in
incomplete bond formation (as indicated by the blue circles in
Scheme 1) and thus lead to the formation of an amorphous
polyimine with a disordered internal structure. It is totally
different from the COFs fabricated from the combination of
Ce-symmetric and Cz;-symmetric monomers or the combination
of two common C;-symmetric monomers, in which the C=N
linkages adopt a homodromous orientation (see Scheme S1 in
the ESIt for comparison). Furthermore, it can also be clearly
found that, if dynamic covalent bonds other than C=N were used
for the model system described in Scheme 1, no COFs could be
generated, as a result of fixed orientations of those bonds.

A 1:2 (molar ratio) mixture of HAT-6NH, and 4,4’,4"-
nitrilotribenzaldehyde (NTBA) in dimethylacetamide-mesitylene-
acetic acid (aqg., 6 M) (5/5/1, v/v/v) ternary solvent in a sealed glass
ampoule was heated at 120 °C for 72 h, which afforded a
yellow powder (HAT-NTBA-COF). Under the same conditions,
another COF, called HAT-NTBCA-COF, was prepared from
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Scheme 1 Construction of COFs by taking advantage of the variable orientation of C—=N linkages (HAT-NTBA-COF as a representative).

the condensation of HAT-6NH,, and 4',4"",4’"""-nitrilotris(([1,1'-
biphenyl]-4-carbaldehyde)) (NTBCA). Both the COFs are inso-
luble in common organic solvents and show high thermal
stabilities (Fig. S1, ESIt). Fourier transform infrared spectro-
scopy (FTIR) was carried out to characterize the as-obtained
powders (Fig. S2 and S3, ESIf). The band around 3337 cm ™,
which was attributed to the vibrations of the -NH, groups of
HAT-6NH,, attenuated dramatically in the IR spectra of the
COFs, indicating the high polymerization degree of the con-
densation reactions. Similarly, compared with the starting
monomers NTBA and NTBCA, the intensity of C=O stretching
vibrations decreased significantly in the two COFs, also indicat-
ing the high polymerization degree. However, the peak corres-
ponding to the vibrations of the newly formed imine bonds
could not be distinguished from the band of aromatic C=N in
the HAT core. Both of them appear around 1600 cm ™. Solid-
state cross-polarization with magic angle spinning (CP/MAS)
3C NMR spectroscopy was also performed for the two
COFs. The resonance signals at 159 ppm in the spectrum of
HAT-NTBA-COF and 157 ppm in the spectrum of HAT-NTBCA-COF
could be attributed to the chemical shifts of the carbons in the
C—N bonds (Fig. S4 and S5, ESIt). Scanning electron micro-
scopy (SEM) revealed spherical morphology for both the COFs
(Fig. S6, ESIY).

It should be noted that the orientations of the C=N linkages
in COFs are extremely hard to be directly observed by the
available techniques. However, they can be deduced from
the structures of the polymeric products. As stated above, in
order to produce COFs from condensation reactions between
HAT-6NH, and the trialdehydes, a heterodromous orientation
of C=N linkages must be adopted; otherwise, amorphous
polyimines with disordered internal structures will be generated.
Powder X-ray diffraction (PXRD) patterns of the as-obtained
powders were recorded. Their PXRD patterns displayed intense
diffraction peaks, clearly indicating the formation of crystalline
materials. In order to elucidate their crystal structures, the
experimental PXRD patterns were compared with the simulated
PXRD patterns generated by using the Accelarys Materials Studio
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7.0 software. In the simulations, two possible stacked models,
namely eclipsed (AA) stacking and staggered (AB) stacking, were
established using the compass II force-field implemented in the
Forcite module after geometry optimizations. In the PXRD
profile of HAT-NTBA-COF, diffraction peaks at 20 = 3.87°,
6.63°, 13.50° and 14.09° were observed (Fig. 1a), which could
be assignable to the (100), (110), (220) and (130) facets. It was
found that its simulated PXRD pattern with the AA stacking
model reproduced well the experimental PXRD pattern of
HAT-NTBA-COF, indicating that the polymer prepared from
HAT-6NH, and NTBA holds the structure of the COF as illu-
strated in Scheme 1. The formation of the COF strongly suggests
that the C—=N bonds in HAT-NTBA-COF do adopt a hetero-
dromous orientation. Pawley refinement was performed and it
yielded unit cell parameters of a = b = 25.83 A, and ¢ = 4.10 A, and
o= f=90°and y = 118°, with R, = 2.63% and R, = 2.08%. As
revealed by the difference plot (Fig. 1b), the refined PXRD profile
matches the experimental profile quite well. It should be noted
that the interlayer distance could not be obtained from the
experimental PXRD data because the (001) peak was hard to
identify in the broad region of 20 = 18-24°. Instead, it was set to
be 4.10 A by force-field-based molecular mechanics calculations
(Table S1 and Fig. S7, ESIt). The twisted conformation of the
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Fig. 1 (a) Experimental (black) and refined (red) PXRD patterns of HAT-NTBA-

COF, (b) difference plot between the experimental and refined PXRD patterns,
and simulated PXRD patterns of the COF with (c) AA and (d) AB stacking, and
(e) the unit cell structure of HAT-NTBA-COF in AA stacking.
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Fig. 2 (a) Experimental (black) and refined (red) PXRD patterns of HAT-

NTBCA-COF, (b) difference plot between the experimental and refined PXRD
patterns, and simulated PXRD patterns of the COF with (c) AA and (d) AB
stacking, and (e) the unit cell structure of HAT-NTBCA-COF in AA stacking.

phenyl units in HAT-6NH, results in weak interlayer interactions
between the COF sheets and thus decreases the degree of order
of stacking.

HAT-NTBCA-COF exhibited diffraction peaks at 3.03°, 5.26°
and 6.04° (Fig. 2), corresponding to the (100), (110) and (200)
facets, respectively. The comparison of the experimental PXRD
pattern with the simulated ones also indicated that the as-
prepared polymer from HAT-6NH, and NTBCA possessed a
COF structure similar to HAT-NTBA-COF, with AA stacking of
the 2D layers. Pawley refinement gave rise to unit cell para-
meters of @ = b = 33.03 A, and ¢ = 4.20 A, and o = § = 90° and
y =120°, with Ry, = 3.57% and R;, = 2.88%. And the PXRD pattern
obtained through Pawley refinement matched well with its experi-
mental pattern. The formation of crystalline HAT-NTBCA-COF
demonstrates again that the variable orientation of the C=N
linkage has really played a crucial role in facilitating the formation
of the COFs. Similar to that of HAT-NTBA-COF, its interlayer
distance was also set by molecular mechanics calculations
(Table S2 and Fig. S8, ESIT).

Nitrogen adsorption-desorption measurements were carried
out for the two COFs at 77 K. Both the sorption curves display

500

—=— Adsorption
o Desorption

A
3
38

@
8
3

N
S
3

Quantity Adsorbed (cm¥/g STP) o
3

>

0.0 0.2 0.4 06 08 1.0

10 20 30 40 50
Relative Pressure (P/Pg)

Pore Width (Angstrom)

—=— Adsorption
200 | —e— Desorption

-
00000000 0 * %0000 o

6000

Quantity Adsorbed (cm3/g STP) ©

Differential Surface Area (m2/g)

3

1
o T T T T T T T 1
10 15 20 25 30 35 40 45 50 5¢
Pore Width (Angstrom)

DIZ 014 0‘6 0?8 1'0
Relative Pressure (P/Pn)

o
°

Fig. 3 N, adsorption—desorption isotherms (77 K) of (a) HAT-NTBA-COF
and (c) HAT-NTBCA-COF, and pore size distribution profiles of (b) HAT-
NTBA-COF and (d) HAT-NTBCA-COF.
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type I isotherm according to the IUPAC recommendation (Fig. 3),"
indicating the microporous feature of the COFs. Brunauer-
Emmett-Teller (BET) surface areas were calculated to be 628.0
and 439.9 m®> g ' for HAT-NTBA-COF and HAT-NTBCA-COF,
respectively (Fig. S9 and S10, ESIt). And the total pore volume
(at p/po = 0.99) of the former was estimated to be 0.68 cm® g™,
while the latter had a value of 0.32 cm® g~'. The pore size
distributions of the two COFs were estimated using the non-
local density functional theory (NLDFT), which exhibited main
distributions centred around 9.5 A for HAT-NTBA-COF and
12.7 A for HAT-NTBCA-COF (Fig. 3). These values are close to
the theoretical pore sizes estimated by PM3 calculations, which
are 10.2 A for HAT-NTBA-COF and 13.5 A for HAT-NTBCA-COF.
These results corroborate again the obtention of the COFs by
taking advantage of the variable orientation of the C=N bond.
The CO, storage capacities of the COFs have then been examined.
Their CO, adsorption isotherms were recorded at 273 K and
298 K, respectively (Fig. S11 and S12, ESIt). HAT-NTBA-COF
exhibits 9.4 wt% and 5.3 wt% CO, uptakes at 273 and 298 K,
respectively. In the case of HAT-NTBCA-COF, CO, uptakes of
6.0 wt% (273 K) and 3.7 wt% (298 K) are obtained.

In conclusion, having a deep understanding of the principles
of formation of COFs is crucial for their construction and
development of their functions. In this work, a model system
has been established by a reasonable design to demonstrate the
construction of COFs by taking advantage of the variable orien-
tation of the imine bond. This process has never been observed
before due to the lack of a suitable model. On the basis of the
established model, COFs bearing a heterodromous orientation
of C=N linkages have been fabricated for the first time, demon-
strating the crucial role that the variable orientation of the C=N
bond can play in the construction of COFs. This work offers a
new insight into the fundamental understanding of the forma-
tion of COFs, which should provide useful guidance to the
design of COFs with novel structures and functions.
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