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ABSTRACT: Covalent organic frameworks (COFs) are crystal-
line polymers with permanent porosity. They are usually synthe-
sized as micrometer-sized powders or two-dimensional thin films 
and membranes for applications in molecular storage, separation, 
and catalysis. In this work, we report a general method to integrate 
COFs with imine or β-ketoenamine linkages into three-dimensional 
(3D)-printing materials. A 3D printing template Pluronic F127 has 
been introduced to co-assemble with imine polymers in an aqueous 
environment. By limiting the degree of imine polycondensation 
during the COF formation, the amorphous imine-polymer and F127 
form co-assembled 3D-printable hydrogels with suitable shear thin-
ning and rapid self-healing properties. After the removal of F127 
followed by an amorphous-to-crystalline transformation, three β-
ketoenamine- and imine-based COFs have been fabricated into 3D 
monoliths, possessing high crystallinity, hierarchical pores with 
high surface areas as well as good structural integrity and robust 
mechanical stability. Moreover, when multiple COF-precursor inks 
are employed for 3D printing, heterogeneous dual-component COF 
monoliths are fabricated with high spatial precision. This method 
not only enables the development of COFs with sophisticated 3D 
macro-structure, it also facilitates the heterogeneous integration of 
COFs into devices with the interconnected interface at the 
molecular level.  

Covalent organic frameworks (COFs),1 especially imine and β-
ketoenamine-linked COFs,2 have demonstrated great promises for 
applications in molecular storage, separation, catalysis and energy 
storage due to their synthetic versatility, good chemical stability, 
high crystallinity, large void spaces, and accessible surface area. 
COFs are usually employed in the form of as-synthesized powders 
or 2D thin films3 and membranes4 to selectively adsorb and sepa-
rate molecules of interest, benefiting from nano-sized pores defined 
by the periodically aligned molecular entities. The limited form 
factors of COF-based materials, however, posts challenges to ex-
pand their uses in complex 3D devices. Recently, 3D printing tech-
nology such as direct ink writing (DIW) has demonstrated promises 
for the fabrication of porous materials such as metal-organic frame-
works (MOFs),5 yet no COF-based 3D-printed material has been 
reported. Establishing a method to fabricate COF-based 3D-printed 
monoliths will not only allow for high-rate mass transfer of sub-
strates at the macroscale6 but also enable selective adsorption and 
catalytic conversion of substrates with suitable sizes at the na-
noscale.1e Currently, the integration of these crystalline powders 
such as MOFs into 3D printing materials are achieved by forming 
MOF/polymer composites.5 However, this approach possesses 

several intrinsic limitations: (1) the tradeoff between the mechani-
cal stability, which requires larger binder amount, and the high sur-
face area, which requires lower binder amount to avoid reducing5a 
or even blocking the nanosized pores of the fabricated monolith; 
(2) limited printability giving rise to the uncontrolled and uneven 
distribution5c of the porous particles; and (3) difficulties to integrate 
multiple porous materials with robust interfacial binding, since in-
duvial porous material requires tailored polymer composition.  
In this communication, we present the stepwise manipulation of 

the imine-COFs formation process7 to introduce COFs, for the first 
time, as 3D-printing materials. Through a templated hierarchical 
co-assembly8 followed by post-printing amorphous-to-crystalline 
network re-organization (Figure 1), crystalline single- and dual-
component COF monoliths have been fabricated successfully. In 
our design, imine and β-ketoenamine-based COF precursors are 
polymerized in an aqueous environment in the presence of a supra-
molecular 3D printing template Pluronic F127, affording 3D-print-
able hydrogels composed of imine polymer/F127 co-assemblies9 
(Figure 1). The degree of polymerization (DP) of the amorphous 

 

Figure 1. Design and synthesis of 3D-printed hierarchically porous 
imine and β-ketoenamine-linked COFs through a supramolecularly 
templated co-assembly process followed by a two-stage post-print-
ing imine network transformation.  



 

imine (or β-ketoenamine) polymer is intentionally restrained by in-
troducing a large excess of water, controlling the amount of acid 
catalyst and the introduction of a transimination step.10 After 3D 
printing, the amorphous polymers are heated to extensively poly-
merize and re-organize the imine network. After the removal of 
F127 and solvent annealing, the 3D-printed COF-only monoliths 
possess homogeneous nano-to-macroscale hierarchical porous fea-
tures, good structural integrity and mechanical robustness, and their 
measured surface areas match those of the correspondent COF 
powders. Furthermore, robust heterogeneous COF monoliths were 
obtained by 3D printing multiple hydrogels with different COF-
precursors into designed 3D architectures. Benefiting from the re-
versible imine network formation, a molecular-level seamlessly in-
terconnected interface is formed between two COFs, which cannot 
be achieved otherwise.  
A β-ketoenamine COF TpPa-1 reported11 by Banerjee et al. was 

chosen as the model system because of its mild synthesis conditions 
and high chemical stability. Solution-phase synthesized TpPa-1 (s-
TpPa-1) was obtained and its 2D hexagonal framework structure 
was confirmed by powder X-ray diffraction (PXRD) analysis. s-
TpPa-1 appear as irregular micrometer-sized particles under the 
scanning electron microscope (SEM, Figure S30), and its 
Brunauer-Emmett-Teller (BET) surface area was measured as 669 
m2/g by N2 sorption analysis (Figure S35). Physical blending of s-
TpPa-1 particles with F127 hydrogel affords a barely printable ink, 
which clogs the printer tips due to the coagulation of COF particles. 
The incomplete F127/s-TpPa-1 monolith possesses no measurable 
surface area, and its 3D architecture quickly collapsed into powders 
upon F127 removal (Figure S4). In order to achieve a 3D-printable 
COF with homogeneity across the nano-to-macroscale, we sought 
to co-assemble its amorphous polymer precursor with F127 mi-
celles (Figure S20) to form viscoelastic hydrogels for DIW. 

Experimentally, a THF solution (25 mL) of 1,3,5-tri-
formylphloroglucinol (Tp) (0.9 g, 4.3 mmol) and an aqueous solu-
tion (6 mL) of p-phenylenediamine (Pa, 0.7 g, 6.5 mmol), p-tol-
uenesulfonic acid (TsOH, 0-2.6 mmol)12 and Pluronic F127 (2.0 g) 
were mixed together. A majority of the THF was quickly evapo-
rated in open air and the mixture gradually turned to a red-colored 
opaque F127/imine-polymer hydrogel G1 (Figure 2a), indicating 
that the imine polycondensation was sufficiently restrained by the 
large excess of water so as to avoid precipitation. Stress-strain 
measurements of G1 suggest an averaged elastic modulus of 12.0 
kPa (Figure 2b, left), which is sufficient to support a high-profile 
3D geometry. In the step-strain study (Figure 2b, right), G1 de-
formed into a liquid-like material at 100% strain and immediately 
recovered its elastic modulus after the shear force removal, sug-
gesting that G1 possesses rapid self-healing property for 3D print-
ing. Lattice pyramids (Figure 2a) with good structural integrity and 
stability were printed using G1. After DIW, the lattice was placed 
in a sealed chamber at 11 % relative humidity to gradually remove 
water and allow for an extensive imine polycondensation. Most of 
the water in the lattice was removed as indicated by the IR spectrum 
(Figure S17f) with 50% mass loss recorded. PXRD analysis of the 
freeze-dried gel (Figure S8) suggests that the periodically stacked 
hexagonal 2D framework had not yet been formed. 
To extensively polymerize the imine network and initiate the 

amorphous-to-crystalline transformation, the lattice was heated to 
90 oC for 24 h (Figure 2a), followed by intensive solvent washing 
to remove any unreacted species as well as the F127 template. The 
3D architecture of the pyramid is well maintained after washing 
and a ~61 % mass loss was recorded in this step. In the IR spectra 
(Figure 2c), the sp3 C-H stretching band at 2884 cm-1 attributed to 
F127 disappeared after washing, suggesting a complete removal of 
F127. The C=C stretching band at 1580 cm-1 suggests an extensive 

 
Figure 2. (a) Synthesis of 3D-TpPa-1 through Pluronic F127 templated co-assembly followed by post-printing framework re-organization. 
Inset: a robust 3D-TpPa-1 cubic lattice (32 mg) loaded with a 100 g weight. (b) Stress-strain (left) and step-strain (right) rheological meas-
urements of hydrogel G1. (c) FT-IR spectra of s-TpPa-1, F127 and 3D-TpPa-1 respectively. (d) SEM images of a 3D-TpPa-1 and its 
focused ion beam sliced cross-section. Nano-crystalline fibers were observed in the cross-section. (e) PXRD profiles of s-TpPa-1, as syn-
thesized 3D-TpPa-1 after F127 removal and annealed 3D-TpPa-1, respectively.  

 



 

imine-to-β-ketoenamine tautomerization. PXRD profile of the 
monolith suggests (Figure 2e) the formation of a moderately crys-
talline 3D-TpPa-1 with diffraction peaks of 2θ = 4.7o, 8.3o, 11.1o, 
and 26.5o. PXRD analysis of different samples obtained after F127 
removal revealed that, increasing the heating time of the dried G1 
monolith from 24 h to 72 h and 120 h at 90 oC did not improve the 
monolith’s crystallinity (Figure S9), nor did elevating the heating 
temperature to 120 or 150 oC (Figure S10). These results suggest 
that the network re-organization is hindered by the surrounding 
F127 matrix. However, we noticed that the amount of TsOH (0-2.6 
mmol) added to the hydrogels had a significant impact on the crys-
tallinity of the obtained 3D-TpPa-1 (Figure S11) and the stability 
of the 3D-printed architecture. While lower TsOH amount afforded 
as synthesized 3D-TpPa-1 with better crystallinity, higher TsOH 
amount allowed a more extensive β-ketoenamine polycondensation 
to form mechanically robust 3D architectures after solvent wash-
ing. An optimized TsOH (1.6 mmol) amount in the hydrogel was 
found to provide a balance in crystallinity and mechanical stability.  
To improve the crystallinity of the as-synthesized 3D-TpPa-1 

monolith, the lattice obtained after F127 removal was annealed in 
a dioxane/mesitylene/acetic acid (6M) mixture at 150 oC for 72 h. 
After annealing, the crystallinity of 3D-TpPa-1 improved signifi-
cantly (Figure 2e, green to red), and the monoliths exhibited good 
structural integrity and outstanding mechanical robustness (Figure 
2a, inset). Nitrogen adsorption isotherm (Figure S36) of the 3D-
TpPa-1 acquired at 77 K suggests a BET surface area of 587 m2/g, 
which matches that of the s-TpPa-1 we synthesized. In the SEM 
experiments (Figure 2d), inter-connected nanocrystalline fibers 
were observed, which confirms the formation of crystalline COF 
throughout the monolith. Hierarchical porous features of the 3D-
TpPa-1 monolith that attributed to the F127 removal were 

observed with pores ranging from a few nanometers to sub-
micrometer throughout the dissected area of a 3D-printed lattice.  
Following this method, another β-ketoenamine COF11b TpBD-

Me2 and an imine-COF13 TPE-COF were successfully integrated 
into DIW-compatible materials (Figure 3). Hydrogel G2 formed by 
Tp, o-tolidine, F127 and TsOH were 3D-printed to lattice pyramid 
(Figure S26). Although the hexagonal framework has not been ex-
tensively formed after heating at 90 oC for 24 h (Figure 3c, green), 
a crystalline 3D-TpBD-Me2 monolith was obtained after solvent 
annealing (Figure 3c, red), suggesting that the β-ketoenamine pol-
ymer still reorganizes its network after the removal of F127 matrix. 
The 3D-TpBD-Me2 monolith possesses a measured BET surface 
area (1022 m2/g, Figure S38) similar to that of solution-phase syn-
thesized s-TpBD-Me2 (767 m2/g, Figure S37). In the dissected 
SEM sample (Figure S32), similar crystalline fibrous structures 
were observed with hierarchical porous features generated after 
F127 removal. In contrast, mixing tetrakis(4-aminophenyl)ethene, 
terephthalaldehyde, and F127 in the absence or presence of TsOH 
did not afford a homogeneous hydrogel but a non-printable yellow 
precipitate, which gave rise to the rapid formation of large imine 
polymer particles. To decrease the DP of the imine polymer, aniline 
was introduced to form an imine intermediate (Figure 3b), which 
subsequently reacted with tetrakis(4-aminophenyl)ethene through 
a transimination10 polymerization in the presence of F127. A 3D-
printable hydrogel G3 was obtained and 3D-printed into lattice pyr-
amid. Upon heating and subsequent annealing under an N2 atmos-
phere, a crystalline monolith 3D-TPE-COF (Figure 3b) with a 
measured BET surface area of 1373 m2/g (Figure S40) was ob-
tained. PXRD (Figure 3d) and SEM analyses (Figure S33) suggest 
3D-TPE-COF possesses a periodically stacked 2D hexagonal 
framework at the nanoscale with hierarchical porous features.  

 
Figure 3. Synthesis of 3D-printed monoliths of 3D-TpBD-Me2 (a) and 3D-TPE-COF (b). (c) PXRD profiles of s-TpBD-Me2, as synthe-
sized and annealed 3D-TpBD-Me2, respectively. (d) PXRD profiles of s-TPE-COF, as synthesized and annealed 3D-TPE-COF, respec-
tively. (e) Dual-material 3D printing of heterogeneous COF monoliths and the obtained lattice of 3D-TpPa-1/TpBD-Me2 and 3D-TpPa-
1/TPE-COF. No mechanical fracture was observed after placing 100 g weight on the 3D-TpPa-1/TpBD-Me2 monolith (221 mg). (f) SEM 
image of an exposed interface formed between 3D-TpPa-1 and 3D-TpBD-Me2 in the printed heterogeneous monolith. (g) PXRD profiles 
of s-TpPa-1, s-TpBD-Me2, and a 3D-printed heterogeneous monolith 3D-TpPa-1/TpBD-Me2, respectively. 



 

The polymer network re-organization in these 3D-printed COF 
monoliths enables heterogeneous integration of different imine and 
β-ketoenamine COFs in a spatially defined 3D architecture. The 
cross-imination at the COF/COF interface would allow two COF 
materials to covalently connect to each other, therefore eliminating 
the binding issue in conventional fabrication methods.14 Two het-
erogeneous lattice structures (Figure 3e) were 3D-printed using 
inks of G1 and G2, and G1 and G3, respectively. After the two-
stage amorphous-to-crystalline transformation, mechanically ro-
bust dual-COF monolith 3D-TpPa-1/TpBD-Me2 (Figure 3e) with 
high crystallinity (Figure 3g) were obtained. SEM studies revealed 
that two COFs are seamlessly bound at the COF/COF interface 
(Figure 3f), suggesting a molecular-level connection between the 
two COFs. To further demonstrate the strong interfacial binding 
between two COFs, the concentration of TPE-COF precursors in 
G3 was intentionally kept significantly lower than that of G1. After 
annealing, the top layer composed of TPE-COF shrank more than 
the bottom layer composed of TpPa-1, forcing the heterogeneously 
3D-printed monolith 3D-TpPa-1/TPE-COF to bend into a half-
round tubular structure (Figures 3e) at the macroscale, demonstrat-
ing the strong interfacial interaction between two COFs.  
In summary, we have demonstrated a general method to integrate 

imine and β-ketoenamine COFs into 3D printing materials and fab-
ricated the first set of single component and multi-component 3D-
printed COF monoliths through hierarchical co-assembly enhanced 
direct-ink-writing, followed by two-stage post-printing network re-
organization. At the nanoscale, the fabricated COF monoliths ex-
hibit high crystallinity similar to their solution-phase synthesized 
COFs yet impart good mechanical robustness at the macroscale. 
Compared to the solution phase synthesized counterparts, these 3D-
printed monoliths possess comparable measured surface areas and 
hierarchical porous features, which can potentially increase the 
mass transport rate for molecular storage, separation and catalysis. 
Furthermore, dual-COF monoliths with molecular-level structural 
integration at the COF/COF interfaces have been successfully fab-
ricated using two COF-precursor inks. Our approach provides a 
facile method to fabricate homogeneous and heterogeneous COF 
monoliths with high crystallinity and designed macroscale 3D ar-
chitectures, which will pave the way for future applications that 
require sophisticated 3D architectures. 
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