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ABSTRACT 

Homogeneous two-dimensional (2D) polymerization is a poorly understood process in which 

topologically planar monomers react to form planar macromolecules, often termed 2D covalent 

organic frameworks (COFs). While these COFs have traditionally been limited to weakly 

crystalline aggregated powders, they were recently grown as micron-sized single crystals by 

temporally resolving the growth and nucleation processes. Here, we present a quantitative analysis 

of the nucleation and growth rates of 2D COFs via kinetic Monte Carlo (KMC) simulations, which 

show that nucleation and growth have second-order and first-order dependences on monomer 

concentration, respectively. The computational results were confirmed experimentally by 

systematic measurements of COF nucleation and growth rates performed via in situ X-ray 

scattering, which validated the respective monomer concentration dependences of the nucleation 

and elongation processes. A major consequence is that there exists a threshold monomer 

concentration below which growth dominates over nucleation. Our computational and 

experimental findings rationalize recent empirical observations that, in the formation of 2D COF 

single crystals, growth dominates over nucleation when monomers are added slowly, so as to limit 

their steady-state concentration. This mechanistic understanding of the nucleation and growth 

processes will inform the rational control of polymerization in two dimensions and ultimately 

enable access to high-quality samples of designed two-dimensional polymers.  

  



 3 

TOC GRAPHICS 

 

KEYWORDS: Covalent organic frameworks (COFs); two-dimensional (2D) materials; kinetic 

Monte Carlo simulations; two-dimensional polymer networks; in situ X-ray diffraction 

  



 4 

Introduction 

Two-dimensional (2D) polymerization is an emerging frontier in polymer science, which promises 

the development of rationally designed 2D materials.1 2D covalent organic frameworks (COFs) 

are a class of 2D polymers that are permanently porous, atomically regular, synthetically modular, 

and structurally versatile.2-14 These properties have inspired explorations of COFs for applications 

such as catalysis, molecular separations, energy storage, and optoelectronic devices.15-34 However, 

their small crystalline domain sizes (< 100 nm) and empirical polymerization processes have 

impeded the study of their intrinsic properties. It has been suggested that the insufficient materials 

quality of the 2D COFs obtained to-date is likely due to uncontrolled nucleation-elongation 

processes in the reaction mixture.35-38 However, characterizing the small, polydisperse, constantly 

evolving particles present in the early stages of COF polymerization remains a demanding 

experimental task. From a theoretical perspective, using an analytical approach to describe the 

nucleation and growth rates is also daunting because of the presence of many simultaneous growth 

processes and pathways.39 Furthermore, the application of computational methods such as 

molecular dynamics (MD) simulations provides only limited information because of the short time 

scales that are accessible.40 

Recently, Smith et al. demonstrated a novel synthetic method that prevents agglomeration of COF 

particles and instead results in a stable colloidal suspension.41 This approach enabled the temporal 

resolution of the growth and nucleation processes and the synthesis of several single-crystalline 

2D COF colloids.42 However, the underlying mechanism remains poorly understood, which stands 

as a barrier to the general application of this approach. Here, we use kinetic Monte Carlo (KMC) 

simulations to study the 2D COF nucleation and elongation rates as a function of initial monomer 
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concentration. Based on the simulation results, we are able to reach a quantitative understanding 

of the nucleation and growth rates, which we further validate via in situ X-ray scattering 

measurements. Overall our results allow us to rationalize why reducing the steady-state monomer 

concentration suppresses nucleation and favors crystallite growth, the strategy that has been 

successfully used in the fabrication of micron-sized 2D COF crystals.42 This kinetic model will 

inspire other strategies to temporally resolve nucleation and growth. Similar control of initiation 

and propagation in linear polymerization has revolutionized precision polymer synthesis, and its 

further development in two-dimensional systems is key to fully realizing the potential of this 

longstanding missing topology in macromolecular science.  

Results and Discussion 

To probe the general dynamics of 2D COF polymerization, we focus on the boronate ester-linked 

COF-5, which is a frequently used model system in the study of 2D COFs.35,38,41-45 COF-5 is 

formed from the condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 1,4-

phenylenebis(boronic acid) (PBBA), as shown in Scheme 1. We have previously developed a 

kinetic Monte Carlo (KMC) model for 2D COF formation in solution, which makes use of a 

combination of experimentally and computationally derived parameters.38 The rate parameters 

related to bond formation, bond breakage, and van der Waals interactions involved in the COF-5 

growth have been parameterized in our previous work and found to reproduce very well the 

experimental production curves.38 Here, in order to fully quantify the nucleation and growth rates, 

we carried out two sets of KMC simulations, based on modifications from our original KMC 

model. 
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Scheme 1. The two-step growth process of micron-sized crystals obtained by slowly adding 

monomers to COF nanoparticle seeds42. 

 

The first set of simulations is designed to evaluate the nucleation rates. Here, the nuclei that have 

grown beyond a threshold size of 50 monomers are removed from consideration, thereby 

suppressing the impact of growth. The initial system contains 48,200 HHTP molecules and 72,300 

PBBA molecules; the volume is varied in order to model different initial monomer concentrations. 

These amounts were chosen to minimize any finite-size effects (see Figure S2 in the Supporting 

Information, SI) while still allowing for practical simulation times. The simulations are stopped 

when the nuclei that are generated correspond to 10% conversion of all monomers; in this way, 

the monomer concentrations do not vary significantly from their initial conditions. The nucleation 

rates are calculated through a linear fitting of nucleus production with time (additional 

computational details can be found in the SI). For each of the initial conditions, 20 simulations 

were run in order to reduce the statistical errors. 

The second set of simulations focuses on the evaluation of growth rates by preventing additional 

nucleation after the appearance of the first nuclei. To model reliably large crystals, the system size 

is increased by a factor of ten so as to hold 482,000 HHTP molecules and 723,000 PBBA 

molecules. The simulations are completed when the crystal has grown to a size of 100,000 
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monomer units (which corresponds to less than 10% of the total number of monomers). The in-

plane expansion/stacking rates are calculated by considering the evolution of the particle 

diameter/height vs. time. Similar to the first set of simulations, in order to obtain different initial 

monomer concentrations, the volume is varied while keeping the same number of monomers. 

The results of the KMC simulations are shown in Figure 1. They establish the following 

fundamental relationships among the nucleation rate (Jnuc), the in-plane (lateral) expansion rate 

(vin-plane), and the stacking (vertical expansion) rate (vstacking), with respect to the monomer 

concentration (CMonomer = CHHTP = 2/3 CPBBA) –note that, for the sake of simplicity, we neglect the 

change in monomer concentration with respect to its initial value: 

2

nuc nucleation monomerJ k C=          (1) 

,in plane growth in plane monomerv k C− −=          (2) 

,stacking growth stacking monomerv k C=          (3) 

By considering a series of simulated monomer concentrations, we obtain that the knucleation, kgrowth,in-

plane, and kgrowth,stacking rate coefficients have values of 0.024 L.mol-1.s-1, 1,418 nm.L.mol-1.s-1 and 

599 nm.L.mol-1.s-1, respectively. 
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Figure 1. A) KMC-simulated nucleation rate as a function of monomer concentration. B) KMC-

simulated in-plane and stacking growth rates as a function of monomer concentration. 

 

Our earlier KMC simulations showed that nucleation involves bond formation and stacking 

between oligomers, which are both second-order in the reactants.38 At steady state, the nucleation 

speed is expected to be governed by one of these two steps. Regardless of which step is the limiting 

one, a second-order dependence is preserved, as shown by Eq. (1). The first-order dependence of 

growth on monomer concentration can be rationalized by considering that, while any growth is 

formally a second-order process, given that one reactant is fixed in the crystal, the overall dynamics 

become pseudo first-order. 
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Recently, Smith et al. reported an original methodology that allowed them to study COF-5 

particles as homogenous colloidal suspensions.41 These COF-5 nanoparticle solutions are much 

more suitable for mechanistic investigations than conventional agglomerated particles, since the 

heterogeneous processes of precipitation and aggregation are suppressed. Thus, we have measured 

the growth rates of the nanocrystalline colloidal suspensions in order to characterize in depth the 

mechanism of 2D COF growth.  

To probe the rate dependence of COF-5 nucleation or growth, we turned to in situ 

Small/Medium/Wide-Angle X-ray Synchrotron Scattering (SAXS/MAXS/WAXS) 

measurements. The simultaneous collection of these data sets allowed us to monitor the size and 

crystallinity of the particles in tandem, as the reaction proceeded. To probe the nucleation and 

growth processes independently, it was necessary to choose conditions under which the processes 

were temporally resolved. This was achieved by selecting monomer concentrations under which 

one process dominated, as was seen for COF-5 in a recent report by Evans et al.42 To probe the 

nucleation behavior of COF-5, we prepared solutions of HHTP and PBBA at concentrations of 

over 1 mM, which were recently demonstrated to favor nucleation. After heating these solutions 

to 70 °C, we continuously monitored the MAXS pattern during COF-5 nucleation (Figure 2A). 

The integrated intensity of the <100> Bragg feature (~0.24 Å-1) as a function of time was extracted 

from these data (Figure 2B, inset). Finally, linear fits of signal intensity versus time were extracted 

to determine the rate of nucleation under these conditions. We observe a second-order relationship 

between the initial monomer concentration and the growth rate of the <100> signal intensity 

(Figure 2B). This observation is thus consistent with the results of the KMC simulations described 

above and supports a second-order dependence of COF nucleation on monomer concentration. 
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Figure 2. A) MAXS traces as a function of time for selected data of B. B) Rate of intensity of the 

<100> Bragg feature as a function of initial monomer concentration (inset: <100> intensity as a 

function of time for selected monomer concentrations). C) MAXS traces as a function of time for 

selected data of D. D) Rate of increase of intensity of the <100> Bragg feature as a function of 

monomer equivalents added (inset: <100> intensity as a function of time for selected equivalents 

added). 

 

In order to probe the monomer dependence of growth, we sought to identify conditions under 

which nucleation would be suppressed, yet growth would occur at measurable rates. We first 

determined an upper concentration limit for growth experiments (0.7 mM) by allowing HHTP and 

PBBA to react in the absence of preexisting seed particles. No change in signal was observed, 

indicating that nucleation is suppressed at these time scales (Figure S9). It was also critical to 

identify concentrations of COF seeds that were observable while sufficiently dilute to allow for 

observable growth, which was ultimately optimized to an initial seed concentration. Mixtures of 

COF-5 seed particles at a constant particle density but variable free monomer equivalents (moles 

HHTP free monomer / moles of HHTP present in COF seeds) below this nucleation threshold were 

then prepared and heated to 70 °C (see SI for more details). Additionally, a sample was prepared 
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by diluting the COF-5 seeds in the absence of additional monomers. Once again, the MAXS pattern 

was monitored as a function of time (Figure 2C), with extracted <100> intensities (Figure 2D 

inset) and rate of this intensity growth (Figure 2D) being determined as described for the 

nucleation experiment. In this case, the <100> intensity growth rate is clearly linear with respect 

to the monomer equivalents (and therefore the initial monomer concentration) being added. As 

expected, under conditions where no additional monomers were added to the diluted COF seeds, 

the initial seed particles remained unchanged (Figure S10), which confirms that any enhancement 

in signal is not related to processes such as Ostwald ripening. Taken together, these results indicate 

that growth is a first-order process with respect to monomer concentration when the particle 

density of COF-5 seeds is held constant. 

We stress that precise control of nucleation and growth rates is critical to fabricating high-quality 

2D COF crystals. Based on the above results, it can be concluded that for COF-5 particles 

nucleation is an inherently higher-order process than growth. As we elaborate on in the following 

discussion, this difference in dynamics is the origin of the observation that nucleation and growth 

can be temporally resolved by controlling the monomer concentration, with nucleation being 

suppressed at lower monomer concentrations.42,46  

We now turn to a discussion of the relative strengths of nucleation and growth rates. One way to 

compare these rates is through monomer consumption. The monomer consumption rates for 

nucleation (ωmonomer,nuc) and growth (ωmonomer,growth) of a crystal take on the following forms when 

assuming a cylindrical shape and a constant diameter-to-height ratio: 

2

, nucNmonomer nuc nuc monomerJ C =          (4) 



 12 

2

,monomer growth monomer

dV
d C

dt
 =          (5) 

where Nnuc is the nucleus size, taken here as 50 monomer units; β, the number of monomer units 

per unit volume in the crystal; V, the crystal volume; t, the time; and d, the crystal diameter. 

If we consider the monomer consumption rates of a colloidal system consisting of uniform 

microcrystals of diameter d, the steady-state nucleation and growth rates are sketched in Figure 

3A. Therefore, the second- and first-order dependences of nucleation and growth rates on 

monomer concentration mean that there always exists a threshold concentration below which 

nucleation is slower than growth (Figure 3A). This analysis thus rationalizes the recent findings 

that nucleation is suppressed when adding monomers slowly to the colloidal solution.42,46 

  

 

Figure 3. A) Comparison of the monomer consumption dynamics of nucleation and growth. B) 

Illustration of the critical monomer concentration and reaction time at different desired crystallite 

expansion (l). The value of Cnuc,0 is assumed to be 3.3×10-5 mM. 
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Understanding the relative rates of competing processes allows for guided experimental design of 

COF crystal growth by selecting a specific, steady-state monomer concentration. Higher monomer 

concentrations will speed the growth of existing colloids, yet complicates the suppression of the 

nucleation of new particles. Considering the interplay between nucleation and growth processes 

are always at play, it is challenging to completely eliminate nucleation. However, with the 

objective of suppressing nucleation, we define γ as the number of newly nucleated species divided 

by the initial seed crystals (it can be understood as a proportionality factor between the occurrence 

of new crystals with respect to the existing ones) during a growth process in which the diameter 

of the existing crystals is extended by l. There exists a critical monomer concentration (C*) that 

represents the upper theoretical limit for a specific combination of γ and l. By this definition, the 

monomer concentration in the reaction needs to be lower than C* to achieve the desired crystal 

expansion while suppressing nucleation. Monomer concentrations above C* lead to more frequent 

nucleation (increased γ) and smaller average crystal sizes. We find that C* depends on the initial 

nuclei concentration (Cnuc,0) and can be expressed as: 

,0 ,* nuc growth in plane

nucleation

C k
C

lk

 −
=          (6) 

The monomer consumption rate ωconsump (from both nucleation and growth) gives information 

about the monomer amount that should be added to maintain a constant monomer concentration at 

Cmonomer. When assuming the crystals to be cylindrical and under the condition that γ≪1, we find 

that ωconsump is expressed as: 

( )
2, 2

, 0 nuc

3
N

4

growth in plane nuclei monomer

consump growth in plane monomer nucleation monomer

k C C
k C t d k C

 




−

−= + +  (7) 
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where α is the diameter-to-height ratio of the crystal and d0, the initial diameter of the crystals. It 

emerges from Eq. (7) that ωconsump is not constant but instead increases quadratically with time.  

For practical 2D COF growth, the reaction time is also an important factor to be considered. The 

use of too low a monomer concentration should be avoided as it results in undesirably slow growth. 

The shortest time for crystal growth is achieved when using Cmonomer = C*. In this case, the time 

required for the desired crystal expansion l is calculated to be: 

,

2

* 2

, ,0growth in plane

nucleation

growth in plane nuclei

k ll

k C k C



−−

= =        (8) 

The quadratic dependence of time on desired growth coupled with the inverse dependence on γ 

means that growing ever larger crystals by slow monomer addition is likely to face practical 

challenges. Nevertheless, this analysis provides a theoretical reference for the monomer 

concentration to use during 2D COF fabrication, the amount of monomers to add, and the estimated 

time of crystal growth. This theoretical foundation is critical to the rational control over 2D COF 

synthetic conditions, and therefore temporal resolution of different microscale processes relevant 

to COF growth. Furthermore, the model we have developed for COF growth suggests that 

mechanisms other than direct condensation (e.g., formal transimination 47 and monomer exchange 

reactions 48) need to be explored to determine whether growth can be favored over nucleation, 

which could yield 2D COF single crystals under more practical time scales. In addition, we 

anticipate that combinations of strategies will likely be more effective than individual approaches. 
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Conclusions 

The combination of kinetic Monte Carlo simulations and in situ X-ray scattering measurements 

has allowed us to develop a quantitative analysis of the nucleation and growth rates of 2D COFs, 

as represented by COF-5. The nucleation and growth processes have second-order and first-order 

dependences on monomer concentration, respectively. These different reaction orders explain why 

growth can be suppressed by controlling the speed of monomer addition. Based on this 

experimentally validated model, we were able to define a critical monomer concentration C*, 

which provides insight into the optimal monomer concentration to use for 2D COF growth via 

slow addition of monomers to 2D COF colloidal seeds. 

This understanding allows us to express several rules for the optimization of 2D COF synthesis. 

First, we find that C* is proportional to the occurrence of new crystals with respect to the existing 

ones, while inversely proportional to the desired amount of expansion of the seed. Therefore, lower 

monomer concentrations should be selected when targeting fewer and larger crystallite domains. 

Secondly, C* is linearly dependent on the number of nuclei in solution. This means that higher 

monomer concentrations may be used in solutions where the number of nuclei is also larger. 

Therefore, in solutions with more COF nanoparticles, the critical monomer concentration is 

increased as well as the rate of monomer consumption directed toward crystal growth. However, 

this growth will be shared among the larger number of crystallite seeds, making this strategy 

ineffective for increasing the average crystallite domain size more quickly.  

The fundamental connection between C* and the competition between nucleation and growth 

means that the reaction time has a quadratic dependence on the desired crystal expansion. While 

no theoretical upper limit exists in terms of a maximum COF size, the nonlinear dependence on 
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time suggests that growing large crystals can rapidly become impractical. For example, as 

illustrated by Eq. (8), growing 1-mm long crystals for a value of γ (the proportionality factor 

between the occurrence of new crystals with respect to the existing ones) equal to 0.01, can take 

over 1,000,000 years. Thus, growing millimeter-sized 2D COF crystals from solution using a 

direct-condensation, seeded-growth approach remains challenging. However, this limitation is 

associated with the specific strategy of limiting nucleation only by maintaining a low monomer 

concentration. Other methods to limit nucleation, such as chemically increasing the 

transesterification rate associated with COF formation, might provide access to high-quality COFs 

under different kinetic regimes. New synthetic strategies are called for to achieve these goals. 

Finally, we note that 2D COF formation and growth can rely on different mechanisms. Here, we 

have used COF-5 as a representative example and the conclusions thus likely apply to the series 

of boronate ester-linked COFs. It will be of interest to determine whether the set of empirical 

equations developed here can be extended to other types of 2D COFs for which different growth 

mechanisms have been proposed. Such mechanistic investigations of chemically distinct systems 

are part of our ongoing collaborative efforts. 
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