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ABSTRACT: 2D covalent organic frameworks (COFs) with 
flexible urea linkages have been synthesized by condensation of 
1,3,5-triformylphloroglucinol (TFP) with 1,4-phenylenediurea 
(BDU) or 1,1'-(3,3'-dimethyl-[1,1'-biphenyl]-4,4'-diyl)diurea 
(DMBDU). The resulting COF-117 and COF-118 undergo 
reversible structural dynamics within their layers, in response to 
inclusion and removal of guest molecules, emanating from urea C–
N bond rotation and interlayer hydrogen-bonding interactions. 
These compounds are the first urea-linked COFs, serving to expand 
the scope of reticular chemistry.

In the chemistry of covalent organic frameworks (COFs), the 
linkage between the building blocks impacts the physical and 
chemical properties of the material.1,2 For example, the chemical 
stability,3 adsorption behavior,4 and catalytic activity5 of this 
family of frameworks are profoundly affected by the nature of the 
linkages employed. New linkage chemistry has also allowed for the 
employment of diverse building units which otherwise would not 
be capable of reticulating COFs.6 However, developing new 
linkage chemistries is challenging because conditions for obtaining 
crystalline COF products, without compromising the integrity of 
the building units, have to be explored. Furthermore, most known 
COFs are based on rigid linkages and building blocks because 
increased molecular flexibility adds to the significant challenge of 
obtaining crystalline products.7 Here, we report the use of urea as 
linkages for 2D COFs. Condensation of 1,3,5-
triformylphloroglucinol (TFP) and 1,4-phenylenediurea (BDU) or 
1,1'-(3,3'-dimethyl-[1,1'-biphenyl]-4,4'-diyl)diurea (DMBDU) 
yields crystalline COF-117 and COF-118, respectively (Scheme 1). 
Since this new urea linkage is flexible around the C–N bonds, the 
two frameworks exhibit reversible structural dynamics within their 
layers upon guest inclusion and removal ‒‒ the first evidence of 
such behavior in 2D COFs.

A major challenge in making urea-linked COFs is the flexibility 
of such linkages: Various conformations in molecules are known 
depending on the specific steric, hydrogen-bonding, and π-π 
stacking environments.8 The rotational barriers of urea C–N bonds 
are typically lower than that of amides.9 It is therefore anticipated 
that phenylenediurea unit might adopt various conformations 
during the COF synthesis under solvothermal conditions, resulting 
in varied linker lengths and directionalities (Figure 1). This linkage 
flexibility increases the potential for crystallographic defects and 
undermines the process of dynamic error correction required

Scheme 1. Synthesis of Urea-Linked COFsa

aColor code for space-filling diagrams: H, white; C, gray; N, blue; 
and O, red.
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Figure 1. Selected possible conformations of the diurea linker.
for growth of crystalline COFs. We studied the condensation 
between TFP and phenylurea as a model reaction for COF 
synthesis. X-ray crystallographic analysis indicates the product 
undergoes tautomerization to the keto form, therefore each urea 
group possesses two N–H bonds rather than an imine moiety 
(Supporting Information (SI), Section S10).10,11 The corresponding 
urea-linked COF (termed COF-117) was synthesized by 
solvothermal reaction between TFP and BDU in a mixed solvent of 
N-methyl-2-pyrrolidinone (NMP) and 1,2,4-trichlorobenzene 
(TCB) catalyzed by 6 M aqueous acetic acid (Scheme 1, top). The 
molecular connectivity of the urea linkage in the resulting COF was 
ascertained by Fourier-transform infrared (FT-IR) and 13C cross-
polarization magic angle spinning (CP-MAS) NMR 
spectroscopies. Data were collected on the starting materials, 
model compound, and the COF (SI, Section S3 and S4). As a result 
of an increased double-bond character, the urea C=O stretching 
band undergoes a blueshift from 1650 cm–1 in the starting material, 
BDU, to 1713 cm–1 in the framework (Figure S2 and S5).12 The 
disappearance of the characteristic aldehyde stretching peak at 
1633 cm–1 was also noted, indicating a complete reaction. The 13C 
CP-MAS NMR spectrum of the COF has the characteristic 
resonance of the newly formed ketone which matches well with the 
model compound (Figure S16): The newly formed ketone 
functionality is observed at 184.4 ppm. The peak at 149.1 ppm 
results from overlapped carbon signals of both the urea and its α-
methine groups, as corroborated by the solution spectrum of the 
model compound.

We observed that crystalline COF-117 was rendered amorphous 
upon desolvation, possibly due to the flexible nature of the urea 
linkages. Nevertheless, it readily regains crystallinity when treated 
with solvents such as methanol, acetonitrile, and tetrahydrofuran 
(Figure 2a and b).13 Pawley refinement of a structural model based 
on conformation 1 was performed against the experimental powder 
X-ray diffraction (PXRD) pattern of a sample solvated with 
acetonitrile. The unit cell parameters (a = b = 29.0 Å and c = 3.4 
Å) were obtained with good agreement factors (Rp = 1.21%, Rwp = 
2.11%) in the trigonal space group P-3 (No. 147). It is noteworthy 
that some linker conformations other than 1 can also provide 
reasonable structures in good agreement with the observed PXRD 
pattern, but current data cannot determine their distribution in the 
COF (SI, Section S5). The nitrogen adsorption isotherm measured 
on the activated sample at 77 K gives a Brunauer−Emmett−Teller 
(BET) surface area of 114 m2/g (Figure S25 and S26). This low 
value is likely due to the observed pore deformation upon 
activation as a result of framework flexibility.

An extended framework termed COF-118 was synthesized and 
characterized in a similar fashion (Scheme 1, bottom). In stark 
contrast to COF-117, this material remains crystalline upon 
activation, though a contraction of the unit cell and a decrease in 
the number of Bragg diffractions were observed when compared to 
the solvated sample (Figure 2c and d). Structure modeling and 
Pawley refinement based on conformation 1 in the trigonal space 

group P3 (No. 143) yielded unit cell parameters in good agreement 
with the acetonitrile solvated sample (a = b = 36.1 Å, c = 3.4 Å, Rp 
= 3.86%, Rwp = 6.83%) and the activated sample (a = b = 35.3 Å, c 
= 3.8 Å, Rp = 6.55%, Rwp = 8.80%). The observed structural change 
from activated phases for both COFs can be induced by exposure 
to methanol vapor under ambient conditions. In the case of COF-
118, vapor exposure over time resulted in continuous change 
between the two phases as evidenced by the change in the PXRD 
pattern (Figure 3), confirming the Bragg diffractions at 2.90°, 
5.02°, and 5.78° of the guest-free sample gradually shift to 2.81°, 
4.86°, and 5.60° in the solvated phase. The nitrogen

Figure 2. (a) PXRD pattern of COF-117 immersed with MeCN. (b) 
PXRD pattern of activated COF-117. (c) PXRD pattern of COF-
118 immersed with MeCN. (d) PXRD pattern of activated COF-
118.

Figure 3. (a) Comparison of PXRD patterns of activated COF-118, 
material exposed to vapor of methanol for 4 or 24 hours, and COF 
fully immersed with methanol and acetonitrile. (b) Space-filling 
illustration of the pores of activated and methanol immersed COF-
118. Methanol molecules were drawn arbitrarily. Scale indicates 
the maximal diameter of the hexagon. Color code: H, white; C, 
gray; N, blue; and O, red.
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adsorption isotherm at 77 K revealed the mesoporous nature of 
activated COF-118, and yielded a BET surface area of 1524 m2/g 
(Figure S27 and S28). The markedly higher crystallinity and 
surface area of activated COF-118 compared to COF-117 can be 
partly attributed to an interlayer stabilizing effect14 resulting from 
the biphenylene linker used in the COF-118 synthesis, which 
constrains the contraction process during activation. Urea is well-
known to aggregate due to favorable hydrogen-bonding 
interactions.15 Compared with COF-118, COF-117 is more inclined 
to undergo structural deformation caused by hydrogen bonding due 
to its higher weight percentage of urea groups.16

To explore the origin of framework flexibility in response to 
guest molecules, FT-IR studies were performed on acetonitrile 
treated COFs. Compared with the guest-free samples, the presence 
of acetonitrile resulted in blueshifts of the urea C=O and N–H 
stretching peaks for both COFs while no significant shift was 
observed for the other bands (Figure S7 and S8). The observed 
changes in the positions of C=O stretching peaks can be attributed 
to diminished hydrogen-bonding interactions that contribute to 
urea-urea aggregation.17 Specifically, upon guest removal, urea 
groups can potentially engage in interlayer N–H···O hydrogen-
bonding interactions with disordered conformations due to facile 
C–N bond rotation and slight layer offset. The addition of 
acetonitrile disrupts such intra-framework interactions and 
therefore restores or augments the materials’ crystallinity. In 
contrast, if acetonitrile merely interacted with free urea N–H bonds 
through hydrogen bonding, then a redshift should be observed for 
the N–H stretching frequencies instead.

As noted above, exposure of both COFs to methanol vapor under 
ambient conditions can induce structural deviations from their 
activated phases. Methanol vapor adsorption isotherms were 
performed at 288 K on activated samples and found to exhibit a 
moderate step for COF-118 (P/P0 = 0.2–0.3) and no step for COF-
117 (Figure S34). This suggests that structural responses to 
methanol dosing are gradual for both COFs.

Figure 4. Stability test of COF-118. (a) Comparison of PXRD 
patterns of methanol-immersed samples. (b) Comparison of N2 
isotherms at 77 K.

The high crystallinity and surface area of COF-118 allow for 
detection of potential structural degradation under various 
conditions. This material displayed excellent stability towards 12 
M HCl (aq), boiling water, and saturated NaHCO3 (aq) for 24 hours, 
with retained crystallinity and only minor decrease in surface area 
(Figure 4). On the other hand, no COF material was recovered after 
treatment with 1 M NaOH (aq) for the same duration.

On a fundamental level, this report identifies and illustrates the 
conditions under which urea-linked COFs can be crystallized. 
These materials undergo reversible structural dynamics upon 
addition and removal of guest molecules. The observed framework 
dynamics are attributed to facile urea linkage rotation and interlayer 
hydrogen-bonding interactions. This work also provides an 
approach to extend COF dynamics from 3D frameworks to layered 
structures. 

ASSOCIATED CONTENT 

Supporting Information

Methods and additional data (PDF)

AUTHOR INFORMATION

Corresponding Author
Corresponding Author *yaghi@berkeley.edu 
ORCID 
Omar M. Yaghi: 0000-0002-5611-3325

Notes 

The authors declare no competing financial interest.

ACKNOWLEDGMENT 

We thank Dr. Nanette N. Jarenwattananon for the acquisition of 
solid state NMR spectra, Mr. Yu Cao for the assistance of WAXS 
data acquisition, Mr. Peter J. Waller, Mr. Robinson W. Flaig, and 
Dr. Chang Yan for helpful discussions. C.S.D. would like to 
acknowledge the Kavli foundation for funding through the Kavli 
ENSI graduate student fellowship. The collaboration with and 
funding from King Abdulaziz City for Science and Technology is 
gratefully acknowledged. This research used beamline 7.3.3 of the 
Advanced Light Source, which is a DOE Office of Science User 
Facility under contract no. DE-AC02-05CH11231.

REFERENCES
(1) (a) Côté, A. P.; Benin, A. I.; Ockwig, N. W.; O’Keeffe, M.; Matzger, 

A. J.; Yaghi, O. M. Porous, crystalline, covalent organic frameworks. 
Science 2005, 310, 1166. (b) El-Kaderi, H. M.; Hunt, J. R.; Mendoza-
Cortés, J. L.; Côté, A. P.; Taylor, R. E.; O’Keeffe, M.; Yaghi, O. M. 
Designed synthesis of 3D covalent organic frameworks. Science 2007, 316, 
268.

(2) Selected reviews: (a) Ding, S.-Y.; Wang, W. Covalent organic 
frameworks (COFs): from design to applications. Chem. Soc. Rev. 2013, 42, 
548. (b) Waller, P. J.; Gándara, F.; Yaghi, O. M. Chemistry of covalent 
organic frameworks. Acc. Chem. Res. 2015, 48, 3053. (c) Huang, N.; Wang, 
P.; Jiang, D. Covalent organic frameworks: a materials platform for 
structural and functional designs. Nat. Rev. Mater. 2016, 1, 16068. (d) 
Diercks, C. S.; Yaghi, O. M. The atom, the molecule, and the covalent 
organic framework. Science 2017, 355, eaal1585. (e) Lohse, M. S.; Bein, T. 
Covalent organic frameworks: Structures, synthesis, and applications. Adv. 
Funct. Mater. 2018, 28, 1705553.

(3) (a) Waller, P. J.; Lyle, S. J.; Osborn Popp, T. M.; Diercks, C. S.; 
Reimer, J. A.; Yaghi, O. M. Chemical conversion of linkages in covalent 
organic frameworks. J. Am. Chem. Soc. 2016, 138, 15519. (b) Waller, P. J.; 
AlFaraj, Y. S.; Diercks, C. S.; Jarenwattananon, N. N.; Yaghi, O. M. 
Conversion of imine to oxazole and thiazole linkages in covalent organic 
frameworks. J. Am. Chem. Soc. 2018, 140, 9099.

(4) (a) Doonan, C. J.; Tranchemontagne, D. J.; Glover, T. G.; Hunt, J. 
R.; Yaghi, O. M. Exceptional ammonia uptake by a covalent organic 

Page 3 of 4

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



framework. Nature Chem. 2010, 2, 235. (b) Pyles, D. A.; Crowe, J. W.; 
Baldwin, L. A.; McGrier, P. L. Synthesis of benzobisoxazole-linked two-
dimensional covalent organic frameworks and their carbon dioxide capture 
properties. ACS Macro Lett. 2016, 5, 1055.

(5) (a) Li, H.; Pan, Q.; Ma, Y.; Guan, X.; Xue, M.; Fang, Q.; Yan, Y.; 
Valtchev, V.; Qiu, S. Three-dimensional covalent organic frameworks with 
dual linkages for bifunctional cascade catalysis. J. Am. Chem. Soc. 2016, 
138, 14783. (b) Han, X.; Xia, Q.; Huang, J.; Liu, Y.; Tan, C.; Cui, Y. Chiral 
covalent organic frameworks with high chemical stability for 
heterogeneous asymmetric catalysis. J. Am. Chem. Soc. 2017, 139, 8693.

(6) For example: (a) Fang, Q.; Zhuang, Z.; Gu, S.; Kaspar, R. B.; Zheng, 
J.; Wang, J.; Qiu, S.; Yan, Y. Designed synthesis of large-pore crystalline 
polyimide covalent organic frameworks. Nat. Commun. 2014, 5, 4503. (b) 
Rao, M. R.; Fang, Y.; De Feyter, S.; Perepichka, D. F. Conjugated covalent 
organic frameworks via Michael addition–elimination. J. Am. Chem. Soc. 
2017, 139, 2421.

(7) Examples of COFs based on flexible building units: (a) Wang, X.; 
Han, X.; Zhang, J.; Wu, X.; Liu, Y.; Cui, Y. Homochiral 2D porous covalent 
organic frameworks for heterogeneous asymmetric catalysis. J. Am. Chem. 
Soc. 2016, 138, 12332. (b) Xu, L.; Ding, S.-Y.; Liu, J.; Sun, J.; Wang, W.; 
Zheng, Q.-Y. Highly crystalline covalent organic frameworks from flexible 
building blocks. Chem. Commun. 2016, 52, 4706. (c) Zou, L.; Yang, X.; 
Yuan, S.; Zhou, H.-C. Flexible monomer-based covalent organic 
frameworks: Design, structure and functions. CrystEngComm 2017, 19, 
4868.

(8) (a) Cuřínová, P.; Pojarová, M.; Budka, J.; Lang, K.; Stibor, I.; 
Lhoták, P. Binding of neutral molecules by p-nitrophenylureido substituted 
calix[4]arenes. Tetrahedron 2010, 66, 8047. (b) Dial, B. E.; Rasberry, R. 
D.; Bullock, B. N.; Smith, M. D.; Pellechia, P. J.; Profeta, S. Jr.; Shimizu, 
K. D. Guest-accelerated molecular rotor. Org. Lett. 2011, 13, 244. (c) 
Matsumura, M.; Tanatani, A.; Azumaya, I.; Masu, H.; Hashizume, D.; 
Kagechika, H.; Muranaka, A.; Uchiyama, M. Unusual conformational 
preference of an aromatic secondary urea: Solvent-dependent open-closed 
conformational switching of N,N′-bis(porphyrinyl)urea. Chem. Commun. 
2013, 49, 2290. (d) Kennedy, S. R.; Miquelot, A.; Aguilar, J. A.; Steed, J. 
W. Trimeric cyclamers: Solution aggregation and high Z′ crystals based on 
guest structure and basicity. Chem. Commun. 2016, 52, 11846.

(9) (a) Bryantsev, V. S.; Firman, T. K.; Hay, B. P. Conformational 
analysis and rotational barriers of alkyl- and phenyl-substituted urea 
derivatives. J. Phys. Chem. A 2005, 109, 832. (b) Capacci-Daniel, C.; 
Dehghan, S.; Wurster, V. M.; Basile, J. A.; Hiremath, R.; Sarjeant, A. A.; 
Swift, J. A. Halogen/methyl exchange in a series of isostructural 1,3-bis(m-

dihalophenyl)ureas. CrystEngComm 2008, 10, 1875. (c) Fischer, L.; 
Guichard, G. Folding and self-assembly of aromatic and aliphatic urea 
oligomers: Towards connecting structure and function. Org. Biomol. Chem. 
2010, 8, 3101.

(10) Chong, J. H.; Sauer, M.; Patrick, B. O.; MacLachlan, M. J. Highly 
stable keto-enamine salicylideneanilines. Org. Lett. 2003, 5, 3823.

(11) (a) Kandambeth, S.; Mallick, A.; Lukose, B.; Mane, M. V.; Heine, 
T.; Banerjee, R. Construction of crystalline 2D covalent organic 
frameworks with remarkable chemical (acid/base) stability via a combined 
reversible and irreversible route. J. Am. Chem. Soc. 2012, 134, 19524. (b) 
DeBlase, C. R.; Silberstein, K. E.; Truong, T.-T.; Abruña, H. D.; Dichtel, 
W. R. β-Ketoenamine-linked covalent organic frameworks capable of 
pseudocapacitive energy storage. J. Am. Chem. Soc. 2013, 135, 16821.

(12) The C=O stretching bands of the ketone groups on the six-membered 
rings of the model compound have been observed around 1615 cm–1 for 
related compounds. They often overlap with C=C stretching bands and 
appear as shoulders. See reference (11).

(13) Examples of flexible COFs: (a) Ma, Y.-X.; Li, Z.-J.; Wei, L.; Ding, 
S.-Y.; Zhang, Y.-B.; Wang, W. A dynamic three-dimensional covalent 
organic framework. J. Am. Chem. Soc. 2017, 139, 4995. (b) Ma, T.; 
Kapustin, E. A.; Yin, S. X.; Liang, L.; Zhou, Z.; Niu, J.; Li, L.-H.; Wang, 
Y.; Su, J.; Li, J.; Wang, X.; Wang, W. D.; Wang, W.; Sun, J.; Yaghi, O. M. 
Single-crystal x-ray diffraction structures of covalent organic frameworks. 
Science 2018, 361, 48.

(14) Ascherl, L.; Sick, T.; Margraf, J. T.; Lapidus, S. H.; Calik, M.; 
Hettstedt, C.; Karaghiosoff, K.; Döblinger, M.; Clark, T.; Chapman, K. W.; 
Auras, F.; Bein, T. Molecular docking sites designed for the generation of 
highly crystalline covalent organic frameworks. Nat. Chem. 2016, 8, 310.

(15) Etter, M. C.; Urbañczyk-Lipkowska, Z.; Zia-Ebrahimi, M.; Panunto, 
T. W. Hydrogen bond-directed cocrystallization and molecular recognition 
properties of diarylureas. J. Am. Chem. Soc. 1990, 112, 8415.

(16) Devic, T.; Horcajada, P.; Serre, C.; Salles, F.; Maurin, G.; Moulin, 
B.; Heurtaux, D.; Clet, G.; Vimont, A.; Grenèche, J.-M.; Le Ouay, B.; 
Moreau, F.; Magnier, E.; Filinchuk, Y.; Marrot, J.; Lavalley, J.-C.; Daturi, 
M.; Férey, G. Functionalization in flexible porous solids: Effects on the 
pore opening and the host−guest interactions. J. Am. Chem. Soc. 2010, 132, 
1127.

(17) (a) Coleman, M. M.; Sobkowiak, M.; Pehlert, G. J.; Painter, P. C.; 
Iqbal, T. Infrared temperature studies of a simple polyurea. Macromol. 
Chem. Phys. 1997, 198, 117. (b) Mattia, J.; Painter, P. A comparison of 
hydrogen bonding and order in a polyurethane and poly(urethane−urea) and 
their blends with poly(ethylene glycol). Macromolecules 2007, 40, 1546.

Insert Table of Contents artwork here

Page 4 of 4

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


