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a b s t r a c t

Covalent organic frameworks (COFs), as a novel class of functional polymers, exhibit versatile applica-

tions due to their crystalline porous structures and conjugated skeletons. However, synthesis of COFs

with high crystallinity still faces great challenges, especially for scale-up preparation. Herein we report a

two-step solvothermal process to improve crystallinity of COFs. The first step focuses on polycondensa-

tion of monomers with no need for optimizing crystallization conditions. In the second step, appropriate

solvothermal conditions are used to facilitate crystallization of the COFs through defects correction and

structural repairing. Furthermore, this strategy could also be applicable to scale-up synthesis of high qual-

ity COFs, which lays a foundation for their practical applications.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Covalent organic frameworks (COFs) are a class of crystalline

porous polymers constructed by linking organic building units

via covalent bonds, presenting features of low density, perma-

nent porosity, large surface area, and designable functionality [1–

4]. These characteristics endow COFs with superior application po-

tentials in adsorption, separation, capture of harmful substances,

energy storage, sensing, drug delivery, catalysis, and so on [5–

10]. During the past decade, various synthetic methods includ-

ing solvothermal condensation [11,12], microwave synthesis [13],

mechanochemical reaction [14], continuous flow approach [15] and

even synthesis at ambient conditions [16], have been developed for

COFs. Among them, one-step solvothermal synthesis is the most

widely used one. To implement this method, usually mass screen-

ing of solvent systems is required to produce crystalline products.

In the one-step process, polymerization of monomers and crystal-

lization of frameworks occur simultaneously under the same con-

dition, which thus is hard to balance. For this reason, the synthesis

of COFs with high crystallinity is still challenging. Moreover, due to

the crystallization problem, the reproductivity on crystallinity of a

COF in different batches could not be always secured, even under

an optimized condition. On the other hand, solvothermal synthesis

of COFs is typically limited to small amounts (generally milligram

scale) and scale-up synthesis usually results in a decrease or even

loss of crystallinity, which becomes a bottleneck for COFs achieving

∗ Corresponding author.

E-mail address: xzhao@sioc.ac.cn (X. Zhao).

practical applications. In this context, new strategies for scalable

synthesis of high quality COFs are highly desired.

Among the COFs reported so far, imine-linked COFs are the

largest category [17]. The strong imine bond endows imine COFs

with high thermal stability and moderate to high chemical stabil-

ity, which makes them very promising for practical applications.

On the other hand, the good reversibility of imine bond brings dy-

namic feature to COFs [18], providing the growing process of COFs

with “self-healing and error correction” capabilities. Very recently

such a dynamic feature has been exploited to facilitate the prepa-

ration of crystalline COFs in various respects [19–22]. Moreover, re-

cent studies have suggested that amorphous-to-crystalline trans-

formation [23–25], or dissolution-recrystallization [26] occurred

during the formation of crystalline frameworks, in which the dy-

namic feature of imine linkages played a crucial role. To further

exploit this potential, in this contribution we have developed a

two-step solvothermal procedure, which not only produces COFs

with high crystallinity, but also is scalable. The design is based on a

speculation that the one-step solvothermal condition might not be

optimal for both bond formation and crystallization of COFs. There-

fore, we divide the synthetic process into two steps, with the first

step focusing on bond formation without optimizing crystallization

conditions while the second step facilitating crystallization through

solvent-assisted defects correction/self-repairing of networks.

To implement the above design, we chose two known imine-

linked COFs, COF-ETTA-2,3-Dha and COF-DHTA [27,28], as rep-

resentatives to explore the feasibility of the proposed two-step
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Scheme 1. Synthetic scheme for the preparation of COF-ETTA-2,3-Dha and COF-DHTA through the two-step solvothermal procedure.

solvothermal synthesis (Scheme 1). To compare the crystallinity of

the COFs obtained under different synthetic conditions, the inten-

sities of (100) peak in their powder X-ray diffraction (PXRD) pat-

terns recorded under the same data collection condition were used

as a reference (BET surface areas were further used as another ref-

erence for reconfirmation, vide infra). COF-ETTA-2,3-Dha was se-

lected as a representative to be studied in detail. For the first step,

1,4-dioxane was used as the solvent to prepared COF-ETTA-2,3-

Dha under solvothermal condition from the condensation of ETTA

(500 mg, 1.3 mmol) and 2,3-Dha (423 mg, 2.6 mmol) in the pres-

ence of HOAc (aq., 9 mol/L) as a catalyst. The condensation reaction

was conducted in a sealed tube at 120 °C for 3 days. After work-up,

the as-obtained powder (named COF-ETTA-2,3-Dha-1st, 0.8 g) was

characterized by powder X-ray diffraction (PXRD) (Fig. 1g), which

indicated formation of the predicted COF (vide infra). Compared to

that of the sample of COF-ETTA-2,3-Dha previously prepared on a

small scale (58 mg) [27], the intensity of the diffraction of its (100)

peak decreases considerably, indicating that the scale-up synthe-

sis gives the COF with lower crystallinity. In the second step, the

powder was further treated in six different solvent systems, still

under solvothermal conditions at 120 °C for 3 days. The PXRD pat-

terns of the as-obtained products (named COF-ETTA-2,3-Dha-2nd)
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Fig. 1. PXRD patterns of COF-ETTA-2,3-Dha-2nd obtained in different solvents.

The scale of the ordinate of each diffraction pattern was kept the same. Abbre-

viations for the solvents: Dio = 1,4-dioxane, Mes = mesitylene, o-DCB = 1,2-

dichlorobenzene, n-BuOH = butanol, and DMAC = dimethylacetamide.

show that, after the second solvothermal treatment, the diffraction

intensity of the (100) peak of the products varies depending on

the solvents used (Fig. 1 and Table S1 in Supporting information).

The use of 1,4-dioxane again in the second step results in just a

little increase in the intensity of the diffraction peak, suggesting

that although 1,4-dioxane facilitates the Schiff base condensation,

it is not optimal for self-repairing of the framework structure. In

contrast, the uses of DMAC/o-DCB and DMAC/Mes result in much

higher diffraction intensity than that of the pristine COF prepared

in the first step, suggesting higher crystallinity of the products.

The crystallinity of the COF could also be improved by the use

of DMAC as a solvent for the second solvothermal treatment. The

improvement of crystallinity of the products is attributed to favor-

able crystallization of the polymer through defects correction me-

diated by bond cleavage and re-formation in these solvents. Be-

sides this, the PXRD result also indicates that the uses of Mes/Dio

and o-DCB/n-BuOH cause decrease in crystallinity of COF-ETTA-

2,3-Dha (Figs. 1b and c), indicating that in these solvent systems

the structural self-healing is not favored. The comparison between

the FT-IR spectra of COF-ETTA-2,3-Dha-1st and COF-ETTA-2,3-Dha-

2nd indicates that they display almost the same pattern, suggest-

ing that bond formation has completed in the first step (Fig. S1

in Supporting information). The above results clearly indicate the

two-step solvothermal synthesis, which separates structure repair-

ing from polymerization, is effective to produce COFs with high

crystallinity. The sample prepared from the second step solvother-

mal treatment was used as a representative to be characterized

by infrared (IR) spectroscopy and PXRD, from which the predicted

framework was confirmed (Figs. S1 and S3 in Supporting informa-

tion). Its unit cell parameters were given by Pawley refinement to

be a = b = 38.29 Å, c = 5.47 Å, α = β = 90°, γ = 120° (residu-

als Rp = 2.23%, Rwp = 3.35%), which are consistent with the data

previously reported [27].

We also investigated whether the solvents used in the first step

made a significant influence on the crystallinity of the final prod-

ucts. For this purpose, COF-ETTA-2,3-Dha-1st was prepared in six

different solvents, and the resulting powders were further heated

in DMAC/o-DCB (1:1, v/v), in the presence of HOAc (aq., 6 mol/L)

as a catalyst. The PXRD patterns of the as-obtained products (Fig. 2

red and Table S3 in Supporting information) were recorded and

compared with that of COF-ETTA-2,3-Dha-1st (Fig. 2 black and Ta-

Fig. 2. (Black) PXRD patterns of COF-ETTA-2,3-Dha-1st synthesized in different sol-

vents: (a) Dio, (b) o-DCB, (c) o-DCB/n-BuOH (1/1, v/v), (d) Mes/n-BuOH (1/1, v/v),

(e) Mes/Dio (1/1, v/v), and (f) DMAC/o-DCB (1/1, v/v). (Red) PXRD patterns of COF-

ETTA-2,3-Dha-2nd obtained by using DMAC/o-DCB as the solvent for the second

step solvothermal treatment.

ble S2 in Supporting information). It reveals that the intensity of

the diffraction peaks of the products after the second solvother-

mal treatments (COF-ETTA-2,3-Dha-2nd) all increase dramatically,

no matter how different crystallinity of the samples of COF-ETTA-

2,3-Dha-1st is, indicating that the solvents of the first step have

less effect on crystallinity of the product of second step. These re-

sults suggest that the monomers primarily polymerize in the first

step while crystallization mainly occurs in the second step, again

manifesting the feasibility of the two-step process in improving

crystallinity of COFs.

The effect of condensation time on the quality of the COF prod-

ucts was also studied. It is found that a short reaction time leads

to low crystalline products of COF-ETTA-2,3-Dha-1st and its crys-

tallinity increases with the extension of the reaction time (Table

S4 in Supporting information). However, it does not mean that a

longer reaction time always leads to better crystallinity. The PXRD

data of COF-ETTA-2,3-Dha-1st prepared in 1,4-dioxane at various

condensation times indicate its crystallinity drops dramatically af-

ter 5 days. In spite of the fluctuation in the crystallinity of COF-

ETTA-2,3-Dha-1st prepared from various reaction times, all these

low crystalline products could be converted into high quality COFs

after the second solvothermal treatment (Table S5 in Supporting

information), suggesting that a long reaction time of the first step

is not necessary.

The investigation on effect of acid concentration on the second

solvothermal step indicated that acid concentration had little ef-

fect on the repairing process (Table S6 in Supporting information).

Another experiment for COF-ETTA-2,3-Dha-2nd manifests that low

temperature is not conducive to the self-repairing of the frame-

work. In contrast, it even destroys the structure of the COF (Ta-

ble S7 in Supporting information). To investigate the effect of re-

action time of the second step on the crystallinity of COF-ETTA-

2,3-Dha-2nd, the samples of COF-ETTA-2,3-Dha-1st were heated in

DMAC/o-DCB at 120 °C for different time. The PXRD analysis re-

vealed that the crystallinity of COF-ETTA-2,3-Dha-2nd gradually in-

creased with the reaction time from 2 days to 5 days (Table S8 in

Supporting information). However, since high quality COF products

could be always obtained after the second step solvothermal treat-

ments, a long time for structure repairing is not necessary.
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Fig. 3. (Black) PXRD patterns of COF-DHTA-1st prepared in different solvents: (a)

Dio, (b) Mes/n-BuOH (1/1, v/v), and (c) Mes/Dio (1/1, v/v). (Red) PXRD patterns of

COF-DHTA-2nd obtained in the mixture of DMAC/o-DCB. The scale of the ordinate

of each diffraction pattern was kept the same.

Fig. 4. PXRD patterns of (a) COF-ETTA-2,3-Dha and (b) COF-DHTA synthesized in

gram-scale. (c) N2 adsorption and desorption isotherm curves of COF-ETTA-2,3-Dha-

1st and COF-ETTA-2,3-Dha-2nd. (d) N2 adsorption and desorption isotherm curves

of COF-DHTA-1st and COF-DHTA-2nd.

The above results confirm our design that the two-step

solvothermal process can efficiently convert a low crystalline COF

into a COF with high crystallinity. To illustrate the generality of this

method, preparation of another imine-linked COF, COF-DHTA, was

carried out (Scheme 1). As shown in Fig. 3 (Table S9 in Supporting

information), in the first step which was conducted under three

different solvent systems, COF-DHTA-1st was obtained as a product

with extremely low crystallinity or even as amorphous products.

Nevertheless, these materials still could be converted into the tar-

get COF with high crystallinity after the second solvothermal treat-

ment (Fig. 3 Red and Table S10 in Supporting information), again

indicating the effectiveness of the two-step procedure. COF-DHTA-

2nd was characterized with IR and PXRD (Figs. S2 and S4 in Sup-

porting information), and the as-obtained data are consistent with

the ones previously reported [28].

To further shed light on the advantage of this two-step pro-

cess, scaled-up synthesis of the two COFs was carried out. For

COF-ETTA-2,3-Dha, the first step process was performed in 1,4-

dioxane, from which 1.65 g polymer was obtained. As revealed

by Fig. 4a, the as-prepared product in the first step exhibits

very low crystallinity, with an intensity of (100) peak below

1500. In comparison with that of the sample prepared on small

scale [27], the crystallinity of the 1.65 g scale product obtained

from the one-step synthesis decreases significantly. However, af-

ter the second solvothermal process in DMAC/o-DCB/HOAc (aq.,

6 mol/L) (1/1/0.1, v/v/v), the corresponding diffraction intensity

of the resulting COF-ETTA-2,3-Dha product (98% yield) increases

to 12,311, indicating a dramatic improvement of the crystallinity

of the COF. The greatly increased quality of COF-ETTA-2,3-Dha

through the second solvothermal process was also revealed by

the N2 adsorption-desorption experiment (Fig. 4c). The Brunauer–

Emmett–Teller (BET) surface areas were measured to be 405 and

1239 m2/g for COF-ETTA-2,3-Dha-1st and COF-ETTA-2,3-Dha-2nd

(Fig. S5 in Supporting information), respectively, with total pore

volumes (at P/P0 = 0.99) being 0.30 cm3/g for the former and 0.81

cm3/g for the latter. The three-fold improvement of the BET sur-

face area of COF-ETTA-2,3-Dha-2nd again confirms the effective-

ness of the two-step solvothermal procedure on improving quality

of the COF. For the gram-scale synthesis of COF-DHTA, similar re-

sults were obtained. After the second step solvothermal treatment,

the intensity of the (100) peak increases from 8052 of COF-DHTA-

1st to 21,216 of COF-DHTA-2nd, improving by around three times

(Fig. 4b). Its BET surface area increases more than two-fold (from

766 m2/g to 1775 m2/g), while the total pore volumes increase

from 0.89 to 1.37 cm3/g (Fig. 4d and Fig. S6 in Supporting infor-

mation). These results fully demonstrate the effectiveness of the

two-step process for scale-up synthesis of high quality COFs.

In summary, a new method has been developed for the syn-

thesis of COFs with high crystallinity and scale-up preparation.

This two-step procedure operates polymerization and crystalliza-

tion under different solvothermal conditions, with the second step

mainly focusing on overcoming the crystallization problem through

structure repairing and defects elimination of the crude products

formed in the first step. As a result, scale-up preparation of COFs

could also be achieved without a decrease in crystallinity. Thanks

to its advantage, the second solvothermal treatment could be a re-

mediation method to improve the quality of COFs prepared in low

crystallinity. Since COFs are typically constructed on the basis of

dynamic covalent bonds, this method should also be applicable to

other types of COFs. Moreover, this work opens a new way to the

scalable synthesis of high-quality COFs, which is crucial for im-

plementing practical applications of this burgeoning class of crys-

talline porous organic polymers.
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