
rsc.li/nanoscale

As featured in:
 Showcasing research from Professors Meenesh Singh, 

Anh Ngo, and Santanu Chaudhuri's laboratory, Department 

of Chemical Engineering, University of Illinois Chicago, 

Illinois, USA. 

  Microkinetic insights into the role of catalyst and water 

activity on the nucleation, growth, and dissolution during 

COF-5 synthesis  

 The synthesis pathways for covalent organic frameworks 

(COFs) involve a complex sequence of reactions over a 

rippling energy landscape that cannot be described using 

existing theories. Here, we employ time-resolved  in-situ  

FT-IR coupled with a large-scale microkinetic model to reveal 

previously unrecognized roles of catalyst pKa and water on 

COF synthesis. COF yield increases with decreasing catalyst 

pKa, whereas water reduces the growth rate and broadens 

the size distribution. 

Registered charity number: 207890

See Meenesh R. Singh  et al. , 
 Nanoscale , 2023,  15 , 9329.

 Nanoscale
rsc.li/nanoscale

ISSN 2040-3372

 PAPER 
 Zhenyu Zhang  et al.  
 Unprecedented atomic surface of silicon induced by 
environmentally friendly chemical mechanical polishing 

Volume 15
Number 21
7 June 2023
Pages 9231-9578



Nanoscale

PAPER

Cite this: Nanoscale, 2023, 15, 9329

Received 29th November 2022,

Accepted 7th April 2023

DOI: 10.1039/d2nr06685h

rsc.li/nanoscale

Microkinetic insights into the role of catalyst and
water activity on the nucleation, growth, and
dissolution during COF-5 synthesis†

Anish V. Dighe, ‡a Rajan R. Bhawnani, ‡a Prem K.R. Podupu, a

Naveen K. Dandu,a,b Anh T. Ngo,a,b Santanu Chaudhuria,b and Meenesh R. Singh *a

The chemical pathway for synthesizing covalent organic frameworks (COFs) involves a complex medley of

reaction sequences over a rippling energy landscape that cannot be adequately described using existing

theories. Even with the development of state-of-the-art experimental and computational tools, identify-

ing primary mechanisms of nucleation and growth of COFs remains elusive. Other than empirically, little

is known about how the catalyst composition and water activity affect the kinetics of the reaction

pathway. Here, for the first time, we employ time-resolved in situ Fourier transform infrared spectroscopy

(FT-IR) coupled with a six-parameter microkinetic model consisting of ∼10 million reactions and over

20 000 species. The integrated approach elucidates previously unrecognized roles of catalyst pKa on COF

yield and water on growth rate and size distribution. COF crystalline yield increases with decreasing pKa of

the catalysts, whereas the effect of water is to reduce the growth rate of COF and broaden the size distri-

bution. The microkinetic model reproduces the experimental data and quantitatively predicts the role of

synthesis conditions such as temperature, catalyst, and precursor concentration on the nucleation and

growth rates. Furthermore, the model also validates the second-order reaction mechanism of COF-5 and

predicts the activation barriers for classical and non-classical growth of COF-5 crystals. The microkinetic

model developed here is generalizable to different COFs and other multicomponent systems.

Introduction

Covalent-organic frameworks (COFs) are crystalline materials

formed by strong covalent bonds that result in high surface

area and porosity, enabling a variety of applications across

domains, including gas storage,1 catalysis,2 carbon capture,3

sensing,4,5 and energy storage.6 Reagents and process con-

ditions such as solvent or antisolvent compositions, catalyst,

pH, temperature, and concentration have all been observed to

affect the kinetics of COF reticular synthesis, but their mecha-

nism is not well-discerned.7

The formation of COFs, and other framework materials like

metal–organic frameworks (MOFs), is often described with the

help of secondary building units (SBUs).7–9 COF SBUs contain

two or more organic molecules linked through a metalloid

(boron – boronic ester, boroxine groups) or non-metallic

linkers (nitrogen – imide/imine groups). In COFs with ester lin-

kages, the bonds are reversible, allowing the deformation of

their crystalline framework during synthesis.10 Furthermore,

pH-dependent speciation has also been observed to influence

the rate of bond formation,11–13 which in turn determines the

crystallinity of the COF.14–16 The synthesis pathway and the

chemistry of SBU formation that can dictate the dimensional-

ity of the COF frameworks17 have been studied experimentally

and computationally.

Researchers have shown that COFs follow both classical

(monomeric attachment) and non-classical (oriented attach-

ment) nucleation and growth.18–20 Computational approaches

such as density functional theory (DFT),21–23 molecular

dynamics (MD),24 kinetic Monte-Carlo (kMC)14,15,25 are often

used to derive mechanisms of COF synthesis from the study of

a subset of reactions involved in SBU formation. It is, there-

fore, necessary to derive alternative unbiased theoretical-com-

putational models which comprehensively capture the com-

plete pathway of COF synthesis, including (i) speciation of the

reactants, (ii) the SBU formation, and (iii) nucleation and

growth.

COF synthesis mechanisms have been analyzed and vali-

dated using in situ X-ray diffraction (XRD)26–28 – specifically
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small and wide-angle X-ray scattering (SAXS/WAXS) techniques,

and also electron microscopy,29,30 which can yield comprehen-

sive information of their synthesis at much smaller length and

time scales.31,32 However, performing these characterizations

across ranges of solvent compositions is time-consuming. In

situ SAXS/WAXS are elaborate and are less readily available,

while electron microscopy can only capture information across

time scales for a few COF crystallites. In addition to SAXS,

in situ near-infrared and nuclear magnetic resonance tech-

niques have been implemented to understand the kinetic

effects of various processing conditions on 2D boronate ester

COFs.28,33–35 Studies have been performed to understand the

effect of solvents using the mentioned in situ techniques, to

gain limited mechanistic insights, and hypothesize a possible

reaction pathway for a coupled crystallization–polymerization

phenomena of COF-5 formation.33,36 However, the role of addi-

tive catalytic species has been largely unexplored, which can

provide further insight into the esterification mechanism of

COF-5.

Although independent experimental and computational

investigations have been conducted previously, very few

reports have utilized both experiments and computations to

identify a mechanism of COF synthesis. There is a need for a

combined experimental and theoretical approach to quantitat-

ively understand the mechanism of COF-5 synthesis and ident-

ify key molecular events that govern COF nucleation and

growth processes. In this work, a time-dependent synthesis of

COF-5 obtained from in situ Fourier transform infrared spec-

troscopy (FT-IR)37 and ex situ powder X-ray diffraction (PXRD)

is analyzed using a robust microkinetic model to precisely

predict COF yield and grain size distribution. The microkinetic

model was developed to include kinetics of SBU formation fol-

lowed by classical and non-classical aggregation of SBUs to

form crystals. The model system chosen here was COF-5,

which is a boronate ester that results from the reaction

between an acidic precursor (1,4-diboronic acid) and a catechol

(hexahydroxytriphenylene (HHTP)). This esterification reaction

is reversible due to hydrolysis of SBU in the presence of water

(byproduct). To further alter and gain control over the back-

ward reaction for a higher yield of COF, the effect of catalyst

speciation is studied. For this purpose, COF-5 was synthesized

using catalysts of decreasing pKa values, namely methanol

(pKa 15.5), phenol (pKa 10), acetic acid (pKa 4.74), and formic

acid (pKa 3.75). The microkinetic model was developed to

predict the effect of speciation using only the pKa values of the

catalysts in the kinetic expression.38 Experiments performed at

different temperatures allow estimation of the rate constants

involved in the synthesis of COF-5. Based on the results, we

first show that the initiation reaction of COF-5 proceeds

through the acid-catalyzed esterification pathway leading to

the formation of SBU and water.39 The formation of SBU

depends on the speciation of the reactants that is govern by

the pKa of the catalyst. Second, we show that higher-order

SBUs are formed due to non-classical nucleation pathways,

and the yield of COF-5 strongly depends on the rate of for-

mation of SBUs (initiation reaction). Third, we show that the

non-classical nucleation mechanism governs the grain size of

the COF-5. The high amount of water evolved due to the for-

mation of SBUs then further impedes the formation of larger

COF-5 crystals. Overall, the simplicity of coupled theoretical

and experimental approaches yields significant insights into

COF-5 synthesis, which are usually only possible using elabor-

ate experimental techniques such as in situ SAXS/WAXS. The

experimental setup and the proposed mechanism of COF-5 for-

mation are shown in Fig. 1.

Materials & methods
Experimental methods

In situ FT-IR and ex situ XRD studies were used to measure the

yield and crystallinity of COF-5 as a function of different reac-

tion temperatures and catalysts. Briefly, 1 ml of reaction

mixture containing 8 mM of HHTP, 12 mM of PBBA, desired

catalyst, and solvents (1,4-dioxane and toluene, 4 : 1 v/v

mixture) was prepared and analyzed under in situ time-

resolved FT-IR spectroscopy. The choice of 4 : 1 v/v solvent

mixture of dioxane and toluene is used mainly to obtain a

homogenous reaction mixture and mediate the diffusion of

the dissolved monomers to enhance nucleation of COF-5.35,40

The batch cell containing the reaction mixture was maintained

at desired temperature using a temperature-controlled zinc

selenide (ZnSe) crystal plate, and spectra were collected in atte-

nuated total reflectance (ATR) mode. The COF-5 crystals were

harvested at various times and analyzed under XRD. Details of

the experimental setup and characterizations are included in

section S1 of the ESI.†

Computational methods

Based on the insights obtained from the experiments, a

detailed reaction schematic was utilized to formulate a six-

parameter microkinetic model. The microkinetic model was

validated and used to predict the results of COF-5 synthesis at

various experimental conditions. The parameters of the pre-

cursors were utilized from the experiments, and the SBU struc-

ture molecular weight was derived, as shown in section S2 of

the ESI.† Density functional theory (DFT) calculations were

performed to validate the experimental results further. DFT

calculations were performed using Gaussian 16 software

package. Details of DFT calculations are provided in section S3

of the ESI.† The details of the theoretical microkinetic model,

optimization, and rate calculations are given in sections S4,

S5, and S6 of the ESI,† respectively.

Results and discussion

The experimental setup and the characteristic FT-IR spectra of

COF-5 are shown in Fig. S1 and S2,† respectively. The molar

concentration of COF-5 shown in Fig. S2a† is derived using the

known crystal structure of COF-5, and the smallest repeating

SBU (SBU1) found in the crystal structure. Since COF-5 for-
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mation is a second order reaction,35 the molecular structure of

SBU1 can be considered as one part PBBA and one part HHTP

with elimination of two water molecules. The molecular

weight of SBU1 is then calculated as 454.04 g mol−1. The con-

centration of SBU1 in COF-5 suspension is obtained by divid-

ing the weight of COF-5 by the molecular weight of SBU1. The

formation of SBU1 results in three strong covalent bonds that

are characteristic signatures of COF-5 in the mid-IR region,

and those are (i) boron–oxygen (B–O, 1352 cm−1 and

1347 cm−1), (ii) carbon–oxygen (C–O, 1241 cm−1), and (iii)

boron–carbon (B–C, 1076 cm−1).39 The intensity of the C–O

bond as a function of increasing concentration follows a linear

relationship, as shown in the calibration curve in Fig. S3 of the

ESI.† The linear relationship and the high confidence (R2 =

0.996) of fitting of the calibration curve allow estimating the

experimental yield of COF-5. Fig. S2b and S2c† show the

increase in the intensity of the C–O peak in the experiment

carried out at 80 °C with acetic acid and methanol as catalysts,

respectively. It is possible that the non-crystalline yield of

COF-5 was also captured during the in situ measurements

since FT-IR is based on bond vibrations. The XRD spectra of

the harvested powder of COF-5 confirm its crystallinity.

The difference in the intensity between acetic acid and

methanol as catalysts at longer times, as shown in Fig. S2b

and S2c,† is mainly due to the change in the buffering capacity

of the precursor solution. Fig. 2 quantitatively depicts the

Fig. 1 Overview of the analysis procedure for COF-5 synthesis. (a) The reaction mixture containing reactants hexahydroxytriphenylene (HHTP) and

phenylbisboronic acid (PBBA), in a 4 : 1 (v/v) solvent mixture of 1,4-dioxane and toluene with the desired catalyst is added to the batch cell of FT-IR.

FT-IR is then operated in attenuated total reflectance (ATR) mode on a temperature-controlled zinc selenide (ZnSe) crystal. The crystals obtained at

various time points during the COF-5 formation reaction are collected and analyzed using the ex situ PXRD technique. (b) The proposed mechanism

of COF-5 is that the reactants HHTP and PBBA form the smallest secondary building unit (SBU1) of COF-5 and water. SBU1 undergoes chain addition

to form higher-order growth units. Higher-order growth units can result in surface stabilized crystals of COF-5 due to monomer attachment (chain

addition) or oriented attachment (step-growth), resulting in the termination phase. Formation of new SBU1 in the solution or on the surface of the

crystal releases water. In turn, water hydrolyzes the boron–oxygen and carbon–oxygen bonds of COF-5 to yield smaller crystals or reactants.

Fig. 2 Effect of catalyst and water on the crystalline yield of COF-5. (a) Experimental crystalline fraction (yield) of COF-5 at various times obtained

from in situ FTIR as a function of different catalysts in the solution. The solvent condition was maintained at 4 : 1 v/v mixture of dioxane : toluene and

T = 80 °C. (b) Relationship between the steady-state yield of COF-5 and the pKa of the catalysts. (c) Effect of addition of excess water on the crystal-

line yield of COF-5.
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relationship between the solution composition and the crystal-

line yield. The role of solvents 1,4-dioxane and toluene in the

solution is reported in the literature.35 However, for the first

time, we report the role of buffering capacity of the catalyst

(additive) and the water dynamics on the crystalline yield.

Fig. 2a shows that the crystalline yield increases as the pKa of

the catalyst in the solution decrease. The crystalline yield of

COF-5 with no catalyst (control) is the same as the crystalline

yield when methanol is used as the catalyst. As pKa decreases

from methanol (pKa 15.5) to phenol (10) to acetic acid (4.74)

and finally to formic acid (3.75), the initial rate of formation of

COF-5 and the steady-state crystalline yield increase. The

steady-state crystalline yield plotted against pKa shows a linear

relationship (Fig. 2b). This indicates that the rate of the

initiation reaction of COF-5 that proceeds through esterifica-

tion and release of water molecules depends upon the concen-

tration of protons (H+ ion) in the solution. Two components in

the solution affect the total concentration of protons: (i) the

catalyst and (ii) the equilibrium dissociation of water into a

proton and hydroxyl (OH−) ions. The pKa of water dissociation

is calculated at various temperatures, and for the temperatures

considered in this study, the pKa varies between 12 and 13.41

Hence, the dissociation of water is the only dominant proton

source in the solution when methanol is used as the catalyst

since all the other catalysts have significantly higher pKa

values. The linear relationship further indicates an upper limit

for the proton concentration that catalyzes the initiation reac-

tion. Identifying such a limiting rate constant of the initiation

reaction would help design the reaction conditions that yield a

higher crystalline yield of COF-5.

The effect of buffering capacity is further validated with the

help of DFT calculations. The results of these calculations are

shown in Fig. S4, S5, and Tables S1, S2 of the ESI.† DFT calcu-

lations were performed to understand and quantify the energy

change during the intrinsic reaction coordinate of the

initiation reaction (HHTP + PBBA). The results show that the

activation barrier is highest when the initiation reaction

occurs independently (without a catalyst). However, when

different catalysts are placed in the vicinity of reactant mole-

cules, the activation barrier decreases. DFT results do not

strictly follow the pKa-dependent trend, as shown in Fig. 2.

The mismatch can be attributed to the fewer molecules and

steric hindrance effects captured due to molecules’ placement

in the simulation box. However, lowering of activation barrier

in the presence of different additives validates that COF-5 for-

mation proceeds through the acid-catalyzed Fischer esterifica-

tion process.

Apart from contributing to the net proton concentration of

the solution, water molecules can also further hydrolyze the

newly formed bonds in the COF-5 reaction. Water was added

at different times to understand the crystalline yield to test the

hypothesis, and the results are shown in Fig. 2c. 10 μL and

20 μL water were added at the start of the COF-5 synthesis and

after 2 and 4 minutes of reaction in separate experiments.

When a higher concentration of water is added at the initial

time, it significantly increases the lag period resulting in the

sigmoidal feature of the crystalline fraction curve. When water

is added after 2 or 4 minutes, an immediate reduction in the

crystalline fraction is seen, indicating that water hydrolyzes the

bonds in COF-5. The steady-state yields of COF-5 in different

experimental conditions in Fig. 2c are not the same indicating

that water has not fully evaporated from the reaction mixture.

If the water had fully evaporated, then according to Le

Chatelier’s principle, all experimental conditions should have

yielded the same steady-state. The experimental results

described in Fig. 2 form the basis of the microkinetic model

developed for COF-5 synthesis.

The mechanistic insight into the dependence of COF-5 crys-

talline fraction on reaction conditions is obtained using the

microkinetic model, which has been previously benchmarked

for MOFs.38,42 The microkinetic model developed in this study

includes (i) acid-catalyzed formation of SBU1 (initiation), (ii)

formation of COF-5 crystals (onset of termination) due to

monomer addition (chain addition) and oriented attachment

(step growth), and (iii) dissolution (hydrolysis) of the crystals

to yield smaller crystals or reactants. The reaction network

resulting due to the consideration of all of the processes

described above has over 20 000 nodes and 10 million edges.

Eight different synthesis conditions corresponding to tempera-

tures – 80 °C, 85 °C, and 90 °C, and catalysts – acetic acid (all

listed temperatures), methanol (all listed temperatures),

phenol, and formic acid (80 °C) were studied using the micro-

kinetic model. Fig. 3 shows the theoretical (solid black line)

and experimental (solid red line) crystal volume fraction with

estimated contribution from nucleation (black dashed line).

The average standard deviation for experimental data points is

reported in Table S3 of the ESI.† The relative contributions of

reactions towards the increase in crystal volume fraction are

represented as – SBU1 formation (initiation reaction, blue

region), monomer addition (chain addition, green region),

oriented attachment resulting in active SBU clusters (step-

growth, orange region), and oriented attachment resulting in

inactive SBU clusters (termination phase, red region). The

parameters required to obtain results from the theoretical

model are error minimized using the experimental results

depicted in Fig. 3a, b, d, and e. Theoretical results shown in

Fig. 3c, and f are predicted using the optimized parameters.

Tables S3 and S4 of the ESI† give the information about the

experimental data sets used for optimization and the values of

the parameters, respectively. Fig. S6–S10† show the error mini-

mized values in the parameter scan.

Relative rate contributions from the theoretical model high-

light the effect of pKa on forming SBU1. Lower pKa of acetic

acid yields a higher concentration of protons in the solution,

allowing faster SBU1 formation. In other words, a higher rate

of initiation in the presence of acetic acid allows the reaction

to proceed quickly to the monomer addition and oriented

attachment stage. In the case of methanol catalyst, a lower rate

of initiation holds the reaction in the SBU1 formation and

monomer addition phase, thus slowing down the transition to

the oriented attachment stage. Although the monomer

addition phase dictates the crystalline fraction observed in the
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experiments, it also results in the small size of crystals. In lit-

erature, the smallest size of COF-5 crystal is reported to be

12 nm.28,43 Since organic crystals smaller than 12 nm have not

been observed in any of the spectroscopic or microscopic

studies reported in the literature, it can be said that the crys-

tals smaller than 12 nm are energetically unstable. The high

surface-to-volume ratio results in high surface energy and

increases the reactivity of such crystals. Beyond this size,

lattice mismatch and low surface energy of the crystals reduce

the reactivity of the crystals. The formation of COF-5 requires

energetically stable nuclei with at least 750 SBU1. The incu-

bation time shown in all the panels of Fig. 3 is the time

required to cross that nucleation window. The nucleation

window is the set of reactions involving two or more clusters

smaller than the energetically stable size (active crystals) to

form a crystal of size equal to or greater than energetically

stable size (inactive crystals). The dynamics of nucleation

pathway while forming the smallest energetically stable

crystal size are shown in Fig. S11,† and the details of the cal-

culation are given in section S7 of the ESI.† The time rep-

resented on the x-axis about the peak in the dashed line,

shown in all the panels of Fig. 3, is the time at which the

rate of formation of inactive crystals is the highest. As the

reaction proceeds, the crystalline fraction is dominated by

inactive crystals. The relative rate of oriented attachment

resulting in the formation of active crystals (step-growth) and

inactive crystals (termination phase) start increasing after the

concentration of active and inactive crystals is higher than

SBU1. Hence, the relative rate contribution of step and ter-

mination growth is lower and mostly seen at higher times.

Similar results for phenol and formic acid catalysts are

shown in Fig. S12 of the ESI.†

The effect of oriented attachment and the resulting grain

size of COF-5 crystals using the theoretical microkinetic model

(solid black line in Fig. 4a–f ) and ex situ XRD (red scatter

points in Fig. 4a–f ), the subsequent evolution of water in the

system, and the steady-state grain size distributions is shown

in Fig. 4. The details of characterization using XRD and calcu-

lation of experimental grain size are given in section S8, and

the standard deviation of the grain size from XRD is given in

Table S5 of the ESI.† The parameters required to obtain results

from the theoretical model are error minimized using the

experimental results depicted in Fig. 4a, b, d, and e.

Theoretical results shown in Fig. 4c and f are predicted using

the optimized parameters. In Fig. 4a–f, the volumetric rates

are shown in the background, where the blue region represents

the destruction of higher-order crystals due to hydrolysis, the

green region shows the volumetric rate of monomer addition,

volumetric rate of oriented attachment resulting in active crys-

tals is shown by orange region, and the volumetric rate of

oriented attachment resulting into inactive crystals is shown

by red region. The volumetric rates are plotted on the log–log

scale to distinguish between the volumetric rates of different

phases. After the formation of crystals higher than SBU1, the

Fig. 3 Mechanistic insights into the yield of COF-5 using coupled theoretical and experimental approaches. In all the panels, the solid red line rep-

resents experimental data from in situ FTIR experiments, the solid black line represents theoretical crystalline fraction (yield), and the black dashed

line represents the theoretical contribution of nuclei towards crystalline fraction. The left y-axis represents the crystalline fraction. The background

in all the panels represents the relative contribution of initiation reaction (blue), chain addition (green), step-growth (orange), and termination phase

(red). The relative rate contribution is represented on the right y-axis. The figure title represents the temperature and the catalyst used in the experi-

ments. (a) 80 °C, acetic acid, (b) 85 °C, acetic acid, (c) 90 °C, acetic acid, (d) 80 °C, methanol, (e) 85 °C, methanol, (f ) 90 °C, methanol. Legend and

terminologies defined in (a) apply to all the panels. Panels enclosed in the black box represent the experimental conditions used to validate the

microkinetic model ((a), (b), (d) & (e)), and panels enclosed in the blue box represent the predictions using the developed model ((c) & (f )).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 9329–9338 | 9333

P
u
b
li

sh
ed

 o
n
 1

0
 A

p
ri

l 
2
0
2
3
. 
D

o
w

n
lo

ad
ed

 o
n
 7

/3
/2

0
2
3
 5

:3
0
:4

8
 P

M
. 

View Article Online



volumetric rate of oriented attachment always has a dominant

contribution to the increase in grain size. Initially, the rate of

oriented attachment resulting in active crystals is higher than

the rate of oriented attachment resulting in inactive crystals. At

higher times, the volumetric rate of formation of inactive crys-

tals is exponentially higher than the volumetric rate of

monomer addition and formation of active crystals. Similar

results for phenol and formic acid catalysts are shown in

Fig. S13 of the ESI.†

One of the significant results obtained from the theoretical

model is that it yields mechanistic insight into the dynamics

of grain size. The acetic acid catalyst yields a higher proton

concentration in the solution than methanol, and hence the

grain size observed in acetic acid catalyst experiments should

be higher than the grain size observed in methanol catalysts

experiments. Indeed, the steady-state grain size is higher for

experiments with the acetic acid catalyst at all temperatures.

However, the difference (around 2–4 nm depending on temp-

erature) between the grain size is not significant compared to

the exponential difference in the concentration of proton in

the solution (see Fig. S14 in the ESI†). The insignificant differ-

ence can be attributed to the hydrolysis of larger crystals to

form smaller crystals. For every formation of SBU1 on the

surface of crystals, two molecules of water are released. At low

times, the concentration of water is not significant for both

catalysts, and hence the grain size at initial times is not signifi-

cantly different for the two catalysts. As the crystals involved in

the oriented attachment increase, the water molecules are

released proportionally. The increase in the concentration of

water increases the volumetric rate of hydrolysis. The volu-

Fig. 4 The evolution of grain size of COF-5, formation of water in the solution as a function of temperature and catalyst, and the steady-state size

distributions. The solid red line in panels (a)–(f ) is obtained using the ex situ XRD technique. The solid black line in panels (a)–(f ) is the grain size

obtained from the theoretical microkinetic approach. The grain size is represented on the left y-axis. The background in panels (a)–(f ) represents the

volumetric rates of hydrolysis reaction (blue), chain addition (green), step-growth (orange), and termination phase (red). The volumetric rates are rep-

resented on the right y-axis. The titles of panels (a)–(f ) represent the temperature and the catalyst used in the experiments. (a) 80 °C, acetic acid, (b)

85 °C, acetic acid, (c) 90 °C, acetic acid, (d) 80 °C, methanol, (e) 85 °C, methanol, (f ) 90 °C, methanol, (g) water evolution in experiments with an

acetic acid catalyst, (h) water evolution in experiments with methanol catalyst, (i) steady-state size distributions. Legend and terminologies defined in

panel (a) apply to panels (a)–(f ). In panel (i), the abbreviation ME refers to methanol, PH refers to phenol, FA refers to formic acid, and AA refers to

acetic acid catalyst. Panels enclosed in the black box represent the experimental conditions used to validate the microkinetic model ((a), (b), (d) &

(e)), and panels enclosed in the blue box represent the predictions using the developed model ((c) & (f )).
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metric rate of hydrolysis results in a high concentration of

SBU1 in the system, and SBU1 eventually breaks down into

reactants pushing the system into the initiation phase. The

competition between oriented attachment to form active and

inactive crystals and the reversibility of the reaction due to

water is the reason behind the insignificant difference

between the grain size obtained using two different catalysts.

Fig. 4g and h show the absolute concentration of water evolved

during the formation of COF-5 as a function of temperature in

the presence of acetic acid and methanol, respectively. The

steady state grain size as a function of the water concentration

at these experimental conditions is shown in Fig. S15 of the

Fig. 5 Nucleation and growth kernels as a function of temperature and catalyst, and the Arrhenius plots. (a) Nucleation kernel for experiments with

the acetic acid catalyst, (b) nucleation kernel for experiments with the methanol catalyst, (c) growth kernel for experiments with the acetic acid cata-

lyst, (d) growth kernel for experiments with the methanol catalyst, (e) Arrhenius plots of the rate constants obtained by theoretical approach, and (f )

Arrhenius plots of the rate constants obtained by fitting experimental data to integrated rate law. In panels (e) and (f ), the abbreviation ME refers to

methanol catalyst, and the abbreviation AA refers to acetic acid catalyst.
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ESI.† Fig. 4i shows the steady-state size distribution of COF-5

as a function of temperature and catalyst. The mean of steady-

state size distribution in experiments with a methanol catalyst

is lower than the mean of steady-state size distribution in

experiments with an acetic acid catalyst.

The information derived from the microkinetic model,

which can be used to design and control the synthesis of

COF-5, is presented in Fig. 5. Fig. 5a–d show the nucleation

and growth kernels for the two different catalysts. The esti-

mated nucleation and growth kernels are given in section S9 of

the ESI.† The nucleation rate and growth rate depend upon

two phases in the system: product and reactant. The fitting

parameters with respect to the product phase (An) and (Ag) are

very small, and the fitting parameters with respect to the reac-

tant phase (Bn) and (Bg) are high, indicating that nucleation

and growth rates depend highly upon the reactants. It can also

be said that a higher initial concentration of the reactants

would yield higher nucleation and growth rates. The activation

barriers for nucleation and growth of COF-5 crystals in experi-

ments with acetic acid as the catalyst are 25.12 and 81.27 kJ

mol−1, respectively. However, the activation barriers for nuclea-

tion and growth in experiments with methanol as the catalyst

are 93.12 and 91.2 kJ mol−1, respectively. The similar acti-

vation barriers for nucleation and growth of COF-5 crystals in

the case of methanol catalyst indicate that there is no signifi-

cant difference in the mechanism of nucleation and growth. It

further validates that the low buffering capacity of methanol

results in a slower rate of initiation reaction, thus preventing

oriented attachment of COF-5 during nucleation and growth.

The initial increase seen in the nucleation and growth kernels

is because, initially, the rate is determined by the increase in

the concentration of active crystals. The gradual decrease at a

higher reaction extent is due to a higher concentration of inac-

tive crystals in the system. Fig. 5e shows the Arrhenius plots

for various rate constants involved in the formation of COF-5.

At least one data point in each of the Arrhenius curves in

Fig. 5b represents a predicted value. Fig. 5f shows the

Arrhenius plots for the rate constants obtained by fitting

experimental data to integrated rate law (see section S10 of the

ESI†). The integrated rate law assumes a second-order reaction.

The activation barrier for the SBU1 formation reaction using

integrated rate law is 70.18 and 113.32 kJ mol−1 for acetic and

methanol catalysts, respectively. The activation barriers

obtained by the theoretical model for SBU1 formation for

acetic acid and methanol catalysts are 64.65 kJ mol−1 and

106.14 kJ mol−1, respectively. The activation energy obtained

from the fitting of the limiting rate constant from the theore-

tical rate model is obtained as 48.04 kJ mol−1. The difference

between the lowest possible activation energy obtained from

the theoretical approach and the activation energy calculated

from experiments indicates that operating conditions can be

modified to have higher proton concentration in the solution

and achieve a faster synthesis of COF-5. Since the activation

energy of the theoretical and experimental approaches match

closely, it validates the mechanism of the SBU1 formation reac-

tion of COF-5. A summary of activation barriers and the pre-

exponential factors obtained from Fig. 5e and f are given in

Table S7 of the ESI.†

Conclusion

This work uncovers the kinetic moieties that are responsible

for the formation of microcrystalline COF-5. Table S8 in the

ESI† summarizes the governing molecular events that are

responsible for each growth phase in COF-5 crystallization and

polymerization. Along with an alternate proposed reaction

pathway, the microkinetic model developed not only provides

novel insights but also yields a quantitative foundation to the

previously published hypothesis on COF-5 growth (see Tables

S9 and S10 of the ESI†).

Enhanced initiation rates due to acid-catalyzed esterifica-

tion, followed by oriented attachment and dissolution, govern

the yield and grain size of COF-5 crystals, respectively. The rela-

tive rate contributions of various phases involved in the syn-

thesis of COF-5 formation confirm that the crystalline yield of

COF-5 depends significantly on the formation of SBUs.14 The

formation of SBUs is in turn governed by the proton concen-

tration in the solution. The higher buffering capacity and

higher concentration of protons given by acetic acid than

methanol allow the transition of COF synthesis from the

initiation and monomer addition phase to the oriented attach-

ment phase. The resultant BET surface area based on the N2

adsorption isotherm of the COF-5 crystals synthesized in this

study is presented in Fig. S16 of the ESI.† To ensure that negli-

gible amorphous proportions of COFs are obtained during the

synthesis, TGA analysis were conducted on samples collected

at different time stamps to ensure the crystalline nature of the

obtained product (see Fig. S17†).

The higher-order SBUs formed due to SBU1 dictate the

grain size. The contribution of volumetric growth towards

grain size due to oriented attachment is exponentially higher

than monomer addition. The formation of larger grain size is

further impeded by the release of water during oriented attach-

ment. The lower pKa of acetic acid allows the reaction to

proceed to the larger size of crystals but, in turn, releases more

water than the methanol catalyst and results in the dissolution

of COF-5 crystals. The competitive effect of oriented attach-

ment and release of water is the primary reason for the similar

grain sizes obtained using both catalysts.

The nucleation and growth kernel yield direct insight into

the difference in the yield and grain size of COF-5 observed in

the presence of the two catalysts. The activation barriers for

nucleation and growth of COF-5 crystals are higher in the case

of methanol than acetic acid. Such quantitative data is critical

to further optimize the batch and continuous synthesis strat-

egies to fabricate thin films, adsorption beds, etc., of crystal-

line COF-5 for a wide range of applications. Gas separations

and catalysis applications have significant dependence on the

domain size, porosity, and surface areas of the polymeric

network. Manipulation of these processing variables effectively

controls these aspects of COF-5, as shown in this work.
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Although the results in this article are presented only for

COF-5, the inexpensive experimental approach and the simpli-

city of the microkinetic model allow the extension of this

approach to a wide range of 2D and 3D COFs.
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