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The stability of covalent organic frameworks (COFs) is essential to their applications. However, the 

common boronate ester-linked COFs are susceptible to attack by nucleophiles (such as water 

molecules) at the electron-deficient boron sites. To provide an understanding of the hydrolytic stability 

of the representative boronate ester-linked COF-5 and of the associated hydrolysis mechanisms, we 

report density functional theory (DFT) calculations of the hydrolysis reactions of the molecule formed 

by the condensation of 1,4-phenylenebis(boronic acid) (PBBA) and 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP) monomers; we consider the molecule both freestanding and when it 

interacts with COF layers. We find that the boronate ester (B-O) bond dissociation, which requires one 

H2O molecule, has a relatively high energy barrier of 22.3 kcal/mol. However, the presence of an 

additional H2O molecule significantly accelerates hydrolysis by reducing the energy barrier by a factor 

of 3. Importantly, the hydrolysis of boronate ester bonds situated in a COF environment follows 
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reaction pathways that are different and have increased energy barriers. These results point to an 

enhanced hydrolytic stability of COF-5 crystals. 

 

1. Introduction 

Two-dimensional covalent organic frameworks (2D COFs) are an emerging important class of porous 

materials composed entirely of light chemical elements (H, B, C, N, O and S) and linked by covalent 

bonds (C-C, C-N, C-O, B-O).1-4 Their high surface areas, low gravimetric densities, thermal stability, 

and nm-sized pores provide the potential for applications in gas storage, catalysis, photoenergy 

conversion, or as semiconductors.5-12 Among the most reported COFs are boron-containing 

frameworks,13 including COF-5,14 COF-10,15 TP-COF,16 the COF-18Å series,17 the BDT COF series,18,19 as 

well as others.20-27 Boronate ester-linked COFs are formed by the condensation of a boronic acid and 

a diol (Figure 1), which releases two water molecules. Since the reaction is reversible, it has been 

reported that boronate ester-linked COFs can decompose when exposed to water28 or moist air.29 

This dissociation has been attributed to the strong electron-deficiency of boron, which makes it 

susceptible to attack by even moderate nucleophiles.28,29 Finding ways to improve their hydrolytic 

stabilities would thus be of great importance with regard to applications. Experimentally, efforts 

have been made to enhance the hydrolytic stability of self-assembling boron-containing COFs via the 

incorporation of hydrophobic alkyl chains into the pores of the COF-18Å family.29 However, a 

thorough understanding of the hydrolysis mechanism, which can provide useful insights to improve 

on hydrolytic stability, remains elusive.30,31 In this work, the hydrolysis mechanism of boron-

containing COFs is investigated based on the dissociation reaction of the B-O-C moiety within the 

basic COF-5 unit; COF-5 is a prototypical boronate ester-linked COF, synthesized via the 

condensation of 1,4-phenylenebis(boronic acid) (PBBA) and 2,3,6,7,10,11-hexahydroxytriphenylene 

(HHTP) monomers.14 
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Figure 1. Illustration of the reversible reaction between boronic acid and diol. 
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2. Results and Discussion 
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The formation of boronate ester-linked basic unit, TDPBA (4-(2,3,6,7-tetrahydroxytriphenyleno[2,3-

d][1,3,2]dioxaborol-11-yl)phenyl)boronic acid, see Figure 2), via the condensation of the PBBA and 

HHTP monomers leads to two boronate ester bonds (B-O-C) involved in a five-membered ring, see 

Figure 1. Conversely, the hydrolysis of TDPBA can be understood as a two-step reaction, see Figure 

3. In the first step, one boronate ester bond reacts with one H2O molecule and dissociates into an 

intermediate structure (which we refer here as INT) with the five-membered ring broken. In the 

following step, INT reacts with another H2O and regenerates the HHTP and PBBA monomers. We 

first discuss the hydrolysis reactions of the boronate ester linker in a freestanding TDPBA molecule. 



  

This article is protected by copyright. All rights reserved.6 

 

 



  

This article is protected by copyright. All rights reserved.7 

2.1 Role of Water Molecules in the Dissociation of B-O-C linkers 

2.1.1 Dissociation of the first B-O bond 

In TDPBA, there occurs overlap between the lone pairs on the oxygen atom and the empty p-orbital 

on boron, leading to conjugation with the adjacent phenyl rings, which share the same plane, see 

Figure 4a. The NPA charge on the central boron atom of TDPBA is +1.18 |e|. Such a strong electron-

deficiency suggests the vulnerability of that boron center to attack by even moderate nucleophiles.29 
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Given the presence of the empty p-orbital at the boron center and of the lone pairs on the adjacent 

oxygen atoms, the boronate ester bond of TDPBA is able to act as both an electron donor and 

acceptor. This situation is favorable for H2O addition via B(TDPBA)···O(H2O) and O(TDPBA)···H-O(H2O) 

interactions, which leads to a four-membered ring structure of the monohydrated TDPBA (TDPBA-

W1), as displayed in Figure 4b. The binding energy (Eb) between TDPBA and the water molecule is 

calculated to be -2.9 kcal/mol, see Table 1. Moreover, binding of the water molecule weakens the B-

O bond strength and consequently the B-O bond of TDPBA elongates from 1.390 Å to 1.394 Å.  
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Table 1. Binding energies (Eb) between TDPBA/INT and water molecules calculated at the ω-

B97XD/6-31G(d,p) level (in kcal/mol). 

Eb isolated TDPBA on surfaces at edges 

TDPBA-W1 -2.9 -2.8 -11.6 

TDPBA-W2 -26.8 -9.4 -43.6 

INT-W1 -22.7 -2.8 -11.6 

INT-W2 -23.7 -8.0 -16.7 
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The transition state (TS1) is identified with a single imaginary frequency of 1390 cm-1, with the 

corresponding vibration related to a proton transfer from H2O to the boron in the B-O bond (see 

TS.gif in ESI). The outcome of this motion is the intermediate INT structure with a broken B-O bond. 

The corresponding energy barrier of the boronate ester bond dissociation (TDPBA-W1→ INT) is 

calculated to be 22.3 kcal/mol (Figure 5a). This relatively large energy barrier suggests hydrolytic 

stability, at least at low water concentrations. However, besides acting as the reactant, H2O can also 

catalyze the reaction, leading to much easier bond dissociation, vide infra. 
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 in TDPBA, in the presence of (a) 
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One additional water molecule joining in the hydrogen bond between TDPBA and the first water 

molecule leads to the TDPBA-W2 structure of Figure 4c. Importantly, the participation of the second 

water molecule is calculated to promote the proton transfer and to significantly lower the hydrolysis 

energy barrier by 15.8 kcal/mol (Figure 5b). We note that a similar trend has been found recently by 

Koo et al. using QM/MM calculations.32 

In TDPBA-W2, a six-membered ring is formed (instead of the four-membered ring found in TDPBA-

W1), which acts to reduce significantly the B(TDPBA)···O1(H2O) and O(TDPBA)···H2(H2O) distances by 

1.039 and 0.695 Å, respectively, see Figure 4c. TDPBA and two H2O molecules (W2) are found to 

have a large binding energy of -26.8 kcal/mol, compared to -2.9 kcal/mol for TDPBA-W1 (Table 1). 

These results underline a much stronger interaction between the B-O linkage and H2O. In addition, 

the B-O bond is weakened as it elongates to 1.468 Å (from 1.394 Å in TDPBA-W1). 

Thus, the overall combination of these factors contributes to much easier dissociation of the 

boronate ester bond, with the energy barrier lowered to 6.5 kcal/mol (Figure 5b). Although the 

energy barriers of the hydrolysis reactions can be further lowered when additional water molecules 

are involved (but to a decreased extent, see ESI), the initial configurations in these situations are less 

favorable because of entropy considerations, which acts to reduce their role.33 

2.1.2 Dissociation of the second B-O bond  

The dissociation of the first B-O bond breaks the coplanar five-membered ring structure in TDPBA. In 

the INT intermediate structure, as shown in Figure 6a, the PBBA and HHTP monomer units are nearly 

perpendicular to each other. Along with this configuration change, the remaining B-O linkage 

shortens from 1.390 Å (in TDPBA) to 1.382 Å, which indicates a stronger B-O bond. 
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Without the restriction from the planar five-member ring structure, the boron center in INT can 

switch more easily from sp2 to sp3 hybridization to accommodate the H2O molecule. The binding 

energy between a first water molecule W1, and INT (-22.7 kcal/mol) is consequently much larger 

than that for the TDPBA-W1 complex (-2.9 kcal/mol). Correspondingly, the addition of the water 

molecule has a larger influence on the B-O bond length (which increases by 0.06 Å, see Figure 6ab) 

than in TDPBA-W1 (increase by 0.004 Å, see Figure 4ab). As a result, the hydrolysis energy barrier in 

the second step in the presence of a single water molecule reduces to 13.5 kcal/mol, from the much 

larger 22.3 kcal/mol value in the first step, see Figure 7a. Moreover, step 2 is more exothermic than 

step 1 since the step-2 product corresponds to cofacially stacked HHTP and PBBA monomers (Figure 

7), which are stabilized by dispersion (π-π) interactions. Thus, the dissociation of the second B-O 

bond is easier than that of the first bond. 
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 in TDPBA, in the presence of (a) 

 



  

This article is protected by copyright. All rights reserved.17 

In addition, the assistance of an additional H2O molecule in the hydrolysis can also be observed for 

step 2, with the hydrolysis energy barrier decreased from 13.5 kcal/mol to 7.9 kcal/mol (Figure 7b). 

The reasons are similar to those in step 1. Overall, from an Arrhenius-type consideration, the H2O-

catalyzed hydrolysis is seen to have a reaction rate increased by a factor of over 1010.  

2.2 The influence of the COF-5 environment on the hydrolytic stability 

COF-5 often forms multi-layer crystalline structures.13 Hydrolysis of such crystals can be expected to 

be different from that of individual oligomers. To better understand the hydrolytic stabilities of COF-

5 crystals, the hydrolysis reactions of the boron ester B-O bond have been explored further in the 

presence of neighboring COF fragments. Two different possibilities regarding the location of the 

TDPBA molecule are considered: (a) TDPBA located on the top of a COF-5 fragment, which simulates 

the hydrolysis reaction on a crystal surface, see Figure 8a; and (b) TDPBA sandwiched between two 

parallel HHTP layers, which simulates the reactions at the edge of a crystal (stacked 2D sheets), see 

Figure 8b.  
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Figure 8. Hydrolysis of TDPBA on the surface of a COF-5 fragment when simulating the reactions (a) 

on crystal surfaces and (b) at crystal edges (of stacked 2D layers). 
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2.2.1 TDPBA on the surface of a COF-5 fragment 

The structure of TDPBA interacting with a COF-5 fragment acting as a substrate has been optimized 

based on an initial eclipsed stacking configuration (characteristic of COF-514), see Figure 8a. The 

optimized distance between TDPBA and the fragment is about 3.38 Å, which is very close to the 

experimentally determined layer distance of 3.46 Å.14  

The π-π interactions with the COF-5 substrate make it more difficult for the boron center in TDPBA 

to switch from sp2 to sp3 hybridization in order to accommodate an H2O molecule. As a result, the 

interactions between H2O molecules and TDPBA are weakened (which can be seen from the binding 

energy values in Table 1). 

The most prominent influence from the COF-5 substrate is that it leads to a drastically different 

reaction pathway: Unlike the major change seen in the case of the freestanding TDPBA, the 

conformation of the molecule remains the same (and more-or-less parallel to the substrate) 

throughout the reaction. Thus, the interaction with the COF-5 fragment limits the geometric 

relaxations of the TS1 transition state and of the INT molecules, leading to increased energies with 

respect to the reactant. As a result, compared with the case of freestanding TDPBA, the energy 

barrier and reaction energy for the first B-O bond hydrolysis reaction are increased by 3.3 kcal/mol 

(Figure 9a) and 4.2 kcal/mol, respectively. 

A similar effect of the COF-5 substrate on the second B-O bond hydrolysis reaction of TDPBA is 

observed (Figure 9b). Again, there occurs lesser conformational change compared to the case of a 

freestanding TDPBA and the energy barrier increases to 20.3 kcal/mol (compared to 13.5 kcal/mol in 

the case of freestanding TDPBA). 
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Although an additional H2O is still found to assist the hydrolysis reaction (Figure S1, ESI) on a COF-5 

crystal surface, the reaction barriers are higher than for the freestanding TDPBA and remain above 

10 kcal/mol. Thus, the important result is that COF-5 crystal surfaces have overall increased 

hydrolytic stability compared to freestanding oligomers: Estimations based on an Arrhenius 

relationship suggests 3-4 orders of magnitude decrease in the hydrolysis rate at room temperature. 
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Figure 9. Reaction pathways for the (a) first and (b) second B-O bond dissociation in TDPBA on a 

COF-5 fragment, in the presence of a single water molecule 
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2.2.2 TDPBA sandwiched between two HHTP layers  

The structure of TDPBA sandwiched between two HHTP layers is shown in Figure 8b. Overall, the 

trends are similar to the case of the reactions on crystal surfaces. The steric hindrance from the top 

and bottom layers reduces the extent of conformational relaxation for the TS1 and INT species, again 

leading to increased energies compared to the case of the freestanding molecule. As a result, the 

energy barrier and reaction energy for the first hydrolysis step increase by 7.5 kcal/mol (Figure 10a) 

and 9.1 kcal/mol, respectively. We note, however, that the binding energy between TDPBA and H2O 

(-11.6 kcal/mol, see Table 1) is larger than for freestanding TDPBA (-2.9 kcal/mol), which can be 

mainly attributed to the additional hydrogen-bond interactions between the water molecule and the 

hydroxyl groups of the bottom and top HHTP layers. 

The presence of HHTP layers also limits the geometric relaxation of the transition state in the second 

B-O hydrolysis reaction, leading to an increased energy barrier of 20.1 kcal/mol (Figure 10b, 

compared to that of 13.5 kcal/mol in the case of isolated molecules). For H2O-catalyzed hydrolysis 

reactions, the largest energy barrier is 13.6 kcal/mol (Figure S2), much higher than that of 7.9 

kcal/mol in the case of isolated molecules. These results point to increased hydrolytic stabilities at 

the edge of COF-5 crystals. Based on an Arrhenius relationship, we estimate 5-6 orders of magnitude 

decrease in the hydrolysis rate at crystal edges. 
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3. Conclusions 

 

The hydrolytic stability of COF-5 has been investigated via reaction pathway analyses using density 

functional theory calculations. The influence of the presence of several water molecules and of the 

COF-5 environment has been assessed. 

The hydrolysis of the boronate ester linkage is a two-step reaction. In the first step, one H2O 

molecule reacts with one B-O bond and breaks the five-membered ring in TDPBA (chosen as the 

COF-5 representative moiety). In the following step, another H2O molecule reacts with the remaining 

B-O bond and generates HHTP and PBBA monomers. These two steps have energy barriers of 22.3 

kcal/mol and 13.5 kcal/mol, respectively, in the case of an isolated boronate ester. An additional H2O 

molecule is found to greatly assist the hydrolysis by lowering the reaction barriers to 6.5 kcal/mol 

and 7.9 kcal/mol, respectively. This is attributed to the increased interactions of TDPBA with the 

bound water molecules as well as weakening of the B-O bonds. 

COF-5 crystals are found to have higher hydrolytic stabilities compared to isolated oligomers. The 

dispersion (π-π) interactions with the COF-5 substrate forces a co-planar conformation of the TDPBA 

molecule throughout the reaction, while the optimal conformation in the transition state of the 

isolated molecule is strongly out-of-plane. This reduced degree of geometric relaxation of the 

transition state leads to higher reaction energy barriers compared to the case of an isolated 

boronate ester. The energy barriers for the two reaction steps increase to 25.6 kcal/mol and 20.3 

kcal/mol, respectively, for bond dissociation on top of a COF-5 layer. Similar trends are found in the 

case of bond dissociation at the edge of a COF-5 crystal, where the reaction barriers increase to 29.8 

kcal/mol and 20.1 kcal/mol, respectively. 
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It is useful to note water is generated as a byproduct during the growth of boronate ester-linked 

COFs. The increased hydrolytic stability as COF-5 crystals form, contributes to their extended 

crystallization under solution conditions.34 Still, applications in water-abundant environment should 

be avoided due to the significantly decreased hydrolytic stability, when additional water molecules 

can act as catalysts. The fact that hydrolysis of the B-O bond undergoes a series of major 

conformational changes points to the opportunity to enhance the hydrolytic stability of such 

boronate-ester COFs by fine-tuning the molecular structure, a feature that has indeed been 

experimentally explored.29 

 

4.  Computational Details 

Geometry optimizations were performed at the density functional theory level using the long-range 

corrected ω-B97XD functional35 and the 6-31G(d,p) basis set.36,37 Harmonic vibrational frequencies 

were calculated analytically at the same level of theory to confirm that each structure corresponds 

to a minimum on the potential energy surface. The QST3 algorithm was employed to locate the 

transition states (TS), which were identified by confirming that they have a single imaginary 

frequency with the corresponding eigenvector pointing toward the reactants / products. 

Furthermore, intrinsic reaction coordinate (IRC)38,39 calculations were performed to ensure that an 

optimized TS is connected to two relevant minima (reactants and products). To better simulate the 

experimental conditions,40 the conductor-like polarizable continuum model (CPCM)41 was employed 

during the optimizations, taking 1,4-dioxane (ɛ = 2.2099) as the dielectric medium. 

The binding energy in complexes between the TDPBA and (n) water molecules was calculated as the 

energy difference between the total energy (ED-n(W)) of the complexes and the energies of isolated 

components: 
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with the basis set superposition error (BSSE) corrected via the Boys-Bernardi counterpoise 

technique42. In all cases, the zero-point vibrational energy (ZPVE) corrections were included. 

The charge distribution in isolated and hydrated TDPBA molecules were evaluated by a natural 

population analysis (NPA).43 All calculations were performed with Gaussian 09 Rev. D.0144. 

Supporting Information  

Hydrolysis reaction of TDPBA hydrated with three water molecules; results of intrinsic reaction 

coordinate analyses; illustration of the motion corresponding to the imaginary frequency of the 

transition state. Supporting Information is available from the Wiley Online Library or from the 

author. 
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Reaction pathways of the hydrolysis of boronate ester-linked covalent organic frameworks are 

analyzed based on DFT calculations, using the model molecule comprised of two monomer units as 

an example. Water molecules are found to catalyze the hydrolysis by promoting the proton transfer 

involved in bond breakage, while COF-5 crystals have enhanced hydrolytic stabilities. 
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