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ABSTRACT: Condensation of 2,5-diethoxyterephthalohy-
drazide with 1,3,5-triformylbenzene or 1,3,5-tris(4-formyl-
phenyl)benzene yields two new covalent organic frame-
works, COF-42 and COF-43, in which the organic building
units are linked through hydrazone bonds to form extended
two-dimensional porous frameworks. Both materials are
highly crystalline, display excellent chemical and thermal
stability, and are permanently porous. These new COFs
expand the scope of possibilities for this emerging class of
porous materials.

In the chemistry of linking molecular building blocks with
strong bonds to make extended structures (reticular

chemistry), it is critical, and often a challenge, to find the precise
reaction conditions that lead to crystalline materials. This
“crystallization problem” has been overcome for the joining of
metal ions with organic units using M�O and M�N bonds
to make what has become a large class of porous metal�organic
frameworks.1 However, the problem becomes particularly
acute in making covalent organic frameworks (COFs),2 in
which the organic units are composed entirely of light atoms
and joined by covalent bonds (e.g., C�C, C�N, C�O). In this
regard, only recently has success been achieved, and polycrys-
talline COFmaterials have been assembled using boronate,1�12

borosilicate,13 imine,12,14 and triazine15 linkages. The porous
COF structures thus prepared have extremely low densities,3

unusual gas adsorption properties,16�23 and electronic con-
ductivity.11,12 In view of the almost limitless number of
chemical linkages and the wide range of possible materials that
could be achieved through any one kind of linkage, it is important
to develop means of making crystalline COF materials with new
strong organic linkages. Here we show how two crystalline
mesoporous COFs, COF-42 and COF-43, can be made by
condensation of easily accessible hydrazine and aldehyde organic
building blocks to give hydrazone-linked structures whose crystal-
linity is controlled by the well-known pH-dependent reversibility
of hydrazone linkages.24,25 We also show that these COFs have
permanent porosity with high surface area, adjustable pore size,
and exceptional chemical stability.

COF-42 and COF-43 (Scheme 1) were synthesized by the
reversible dehydration of 2,5-diethoxyterephthalohydrazide and
1,3,5-triformylbenzene or 1,3,5-tris(4-formylphenyl)benzene in
mixtures of mesitylene, 1,4-dioxane, and aqueous acetic acid in
flame-sealed tubes.26 The use of this combination of solvents

Scheme 1. Synthesis of COF-42 and COF-43 by Condensa-
tion of Linear 2,5-Diethoxyterephthalohydrazide Building
Blocks (Red) with Trigonal-Planar 1,3,5-Triformylbenzene
(Blue) or 1,3,5-Tris(4-formylphenyl)benzene (Blue) to Form
COF-42 and COF-43 (Cavity Sizes Are Indicated)
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provided reaction conditions for crystalline samples, and slight
variations of the solvents ratios and the amount of acid resulted in
materials with very poor or no crystallinity.

Both COF-42 and COF-43 were obtained as pale-yellow
microcrystalline powders that remained insoluble in common
organic solvents such as alcohols, acetone, chloroform, ethers,
acetonitrile, N,N-dimethylformamide, and dimethyl sulfoxide.
The COF materials were immersed in a high-vapor-pressure
solvent to remove occluded guests, after which the solvent was
removed by heating under dynamic vacuum. Elemental analyses
performed on the guest-free samples were in good agreement
with the expected chemical formulas of C9H9O2N2 and
C15H13O2N2 for COF-42 and COF-43, respectively.27

The molecular connectivity and integrity of the molecular
building blocks of guest-free COF-42 and COF-43 were assessed
by Fourier transform IR (FT-IR) and 13C cross-polarization with
magic-angle spinning (CP-MAS) NMR spectroscopies. Data
were collected on the starting materials of both COF materials
and the molecular model compound N0-benzylidenebenzohy-
drazide. The FT-IR spectra of COF-42 and COF-43 showed
stretching modes at 1621�1605 and 1226�1203 cm�1 that are
characteristic of νCdN moieties.14 These band assignments were
confirmed by the observation of analogous features in the FT-IR
spectrum of the molecular model compound. Additional support
for the formation of the extended COF network was provided by
close analysis of the carbonyl stretching mode of the amide unit.
In the COFmaterials, the νCdO band was observed at 1659 cm�1

while the corresponding bands in the starting material and the
model compound were observed at 1612 and 1643 cm�1,
respectively. This shift can be interpreted as a weakening of the
νCdO bonds as a result of resonance with the imine, as has been
observed in molecular hydrazones.28,29 It is also noteworthy that
no signals for the carbonyl νCdO stretching modes of the
aldehyde groups in the starting materials (1689�1697 cm�1)
were observed in the FT-IR spectra of the COFs. 13C CP-MAS
NMR analysis provided further confirmation that the molecular
backbones of COF-42 and COF-43 are constructed from hy-
drazone links. The presence of a CdN bond formed by the
condensation of the starting materials was established by a
characteristic resonance signal at 149 ppm in the spectra of both
COFs. Similar resonances were observed in the 13CP-MASNMR
spectra of the carbon of the CdN bond in the model compound
(150 ppm) and the carbon atom in COFs constructed from
imine links.14 To assess fully the correspondence of this signal with
the imine carbon, we performed a cross-polarization contact time
variation experiment, which shows different trends of increasing
intensity for carbons with different protonation states.30 With
the exception of the imine, all of the resonance signals between
120 and 160 ppm corresponded to quaternary carbons (aromatic
and amide); therefore, we expected the intensity of the imine
carbon signal to be significantly different from those of the rest
of the signals in the same range (Figure S9 in the Supporting
Information).

Powder X-ray diffraction (PXRD) measurements were per-
formed on samples of COF-42 and COF-43 to determine their
crystallinity. Figure 1 shows the experimental PXRD patterns of
the two COFs, which were indexed on the basis of a primitive
hexagonal lattice. The raw data were compared to models of
possible crystal structures that can be obtained from linking
the trigonal and linear building blocks. Since the hydrazone
moiety should be approximately coplanar with the aromatic rings
because of resonance effects and internal hydrogen bonding,31 it

was anticipated that two-dimensional (2D) trigonal layers
(Figure 2) would be formed. These layers can pack in eclipsed
bnn (P6/m) or staggered gra (P63/m) modes.32 Analysis of the

Figure 1. Indexed experimental (red) and refined (black) PXRD
patterns of guest-free COF-42 (top) and COF-43 (bottom) after Pawley
refinement, compared to the calculated pattern (blue) from the simu-
lated crystal model. The difference plot is indicated in green. Purple ticks
indicate the positions of reflections.

Figure 2. Space-filling models of COF-42 and COF-43 in both extreme
packing modes, eclipsed (bnn topology) and staggered (gra topology).
The scale is inset. Atom colors: C, black; H, white; O, red; N, blue.
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PXRD pattern of COF-42 indicated peaks with d spacings of
25.57, 17.06, 12.81, 9.63, and 6.29 Å, corresponding to the 100,
110, 200, 210, and 220 diffraction peaks in simulations for both
gra and bnn structures, as modeled using Materials Studio.33 In
addition, a peak at 3.29 Å correlating with the value of the
interlayer distance was observed. The PXRD pattern for COF-42
was then indexed on a primitive hexagonal unit cell and refined
using the Pawley method in the Reflex module of Materials
Studio, yielding cell parameters a = 28.827(15) Å and c =
9.739(12) Å (residuals: Rp = 5.23%, Rwp = 6.62%). Notably,
the refinement process required that the c cell parameter be 3
times the interlayer distance (c0 = 3c for the bnn model). This
modified value can be attributed to faults within the stacking of
the 2D layers34 and had no significant effect on the proposed
models. The PXRD pattern of COF-43 showed diffraction peaks
with d spacings of 37.71, 21.99, 18.89, 14.37, 10.93, 8.72, and 7.22
Å and a small broad peak at∼3.6 Å. Analogous to COF-42, these
values are in agreement with the 100, 110, 200, 210, 220, 320,
330, and 001 reflections of the hexagonal crystal structures gra
and bnn. The unit cell was refined on a primitive hexagonal unit
cell, affording parameters a = 43.164(12) Å and c = 3.590(17) Å
(residuals: Rp = 1.68%, Rwp = 2.39%). Attempts to reconstruct
electron density maps, perform simulated annealing, and com-
plete the Rietveld refinements were prohibited by the data
resolution of 3 Å. Furthermore, it is noteworthy that at this
resolution, unique assignment of the framework topology as either
bnn or gra was not possible for either COF. However, the great
difference between the pore sizes for the two topologies facilitated
this assignment using adsorption data, as discussed below.

Confirmation that the COF pores were activated was given by
thermogravimetric analysis (TGA), which showed no weight loss
for either COF until decomposition at 280 �C. The architectural
stability and porosity of each COFwas assessed bymeasuring gas
adsorption isotherms on the fully activated samples. The Ar
adsorption isotherm of COF-42 measured at 87 K (Figure 3a)
showed a sharp uptake below P/P0 = 0.05 with a step between
P/P0 = 0.05�0.20. This profile is best described as a type-IV
isotherm, which is characteristic of mesoporous materials. The
Brunauer�Emmett�Teller (BET) model was applied over the
0.12 < P/P0 < 0.17 range of the isotherm, yielding a BET surface

area of 710 m2 g�1. The 87 K Ar adsorption isotherm of COF-43
(Figure 3c) also possesses a type-IV shape, indicating that it is a
mesoporous material. The application of the BET model over
0.15 < P/P0 < 0.30 range afforded a surface area of 620 m2 g�1.
Notably, the surface areas obtained for COF-42 and COF-43 are
comparable to those of other 2D COFs with hexagonal pore
systems.2,4�8 A nonlocal density functional theory (NLDFT)
model was fitted to the isotherms of COF-42 and COF-43 to
estimate their pore size distributions and total pore volumes. The
average pore sizes of 23 and 38 Å for COF-42 and COF-43,
respectively (Figure 3b,d), are in good agreement with the
expected pore sizes observed in the crystal simulations based
on the bnn topology. The total pore volumes of COF-42 and
COF-43 were also estimated to be Vp = 0.31 and 0.36 cm3 g�1,
respectively.

We found that nonsubstituted terephthalohydrazides did not
yield permanently porous materials.35 It is presumed that the
poor solubility of these in organic solvents leads to blockage of
the pore network by unreacted starting material. The increased
solubility of this component facilitated activation and resulted in
the isolation of crystalline and permanently porous structures.

In conclusion, we have synthesized two new 2D porous COFs
constructed from the dynamically reversible condensation of
hydrazones. The molecular architectures of these robust COFs
are constructed from functional groups that introduce novel
polar and hydrogen-bonding units into the pore space, facilitat-
ing the exploration of enhanced properties.
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