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Two-dimensional (2D) polymers, also known as 2D covalent Monomers (i)
organic frameworks (COFs), are increasingly finding use in applications such
as membrane separations, catalysis, and energy conversion. Current research
is focused on the development of new synthesis routes for COFs and
obtaining a mechanistic understanding of the growth process to control it in a
better manner. In this regard, synthesis methods such as reversible
polycondensation termination use monofunctional inhibitor species to
achieve a controlled growth rate for COFs. However, so far, the role of the
inhibitors in modulating the kinetics of COF growth is inadequately
understood. In this work, inspired by the Mayo—Lewis framework, we
develop a generalized kinetic model to describe the synthesis of a 2D COF
monolayer. Our model involves six parameters corresponding to the rate
constants of attachment and detachment of monomer and inhibitor species, as well as enhancement factors that quantify the effect of
the local coordination environment of the attaching/detaching species on the reaction kinetics. We measure the inhibitor
concentration-dependent growth kinetics of the COF experimentally and fit our model to experimental yield data, with the same
parameters working across multiple inhibitor concentrations. As the growth process is inherently stochastic, we use this knowledge to
develop a comprehensive kinetic Monte Carlo (KMC) simulation of 2D COF synthesis, demonstrating that scaled rate constants are
required in the inherently local KMC simulations rather than those obtained from the global kinetic model. The KMC simulations
point to an inverse flake size—inhibitor concentration relationship, in agreement with experiments, indicating that flake sizes could be
precisely regulated by changing the inhibitor concentrations. Overall, our work promises to improve the understanding of 2D COF
synthesis and will help in controlling the growth process to obtain the desired flake size distribution and product morphology.
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nucleation—elongation dynamics and the anisotropic growth of
2D COFs. However, there is presently no generalized theory
that includes the effect of the functionalities (i.e., coordination
numbers) of the monomeric species while describing the

Two-dimensional (2D) polymers are a class of nanostructures
that emerge from the linking of monomeric building units in two
dimensions."”” Variations in the linking mode between such

building blocks lead to different kinds of structures such as
covalently linked”* and coordination polymers.” 2D covalent
organic frameworks (COFs)® are an emerging class of
crystalline, organic 2D polymer materials that are produced by
the strong covalent linking between monomers. Due to their
large surface area,” high extent of porosity,* and structural
versatility,”” 2D COFs find use in a wide range of
applications,'°™"* including gas separation and storage,'*'°
catalysis,17 energy conversion,'® and biotechnology.1 The
factors that affect the shape and the pore sizes of the 2D
COFs are the monomers’ geometry and dimensions. Moreover,
the lateral extent of crystallinity in COFs can be enhanced from a
few nanometers to the micrometer scale by controlling their
nucleation and growth. Previously, Bredas, Ditchel, and co-
workers pioneered the development of models for the synthesis
of COFs.”""** These studies provided new insights into the
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synthesis of 2D COFs, forming a knowledge gap in the field.
Accounting for all possible bonded configurations of monomers
is important in a modeling framework, particularly because the
dynamics of 2D COF growth is dictated by the number of free
bonding sites available in the reacting monomers. Accordingly,
this work is aimed at addressing the above-mentioned gap by
developing a comprehensive theoretical and simulation frame-
work to model the controlled growth of 2D COFs considering
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two different inhibitors and two trifunctional monomers which
can exhibit functionalities ranging from zero (in a free
monomer) to three (in a fully bonded monomer).

Several techniques®® can be used to synthesize high-
crystallinity COF structures, such as two-step reaction path-
ways,25 reversible reactions,”® and preorientation of mono-
mers.”” Among these, the synthesis of COFs by the reversible
bond formation method is the preferred one for obtaining high
crystallinitzf. This approach is based on dynamic covalent
chemistry, e, obtaining polymers from a pool of monomers
by continuous bond formation and breakage. As the reaction of
monomers with each other is rapid and the products precipitate
immediately, the reversible reactions enable morphology control
by avoiding kinetic traps.”” Introducing monofunctional
competitors in the reaction system to reversibly inhibit the
attachment of monomers is a viable method to control COF
growth kinetics by slowing down polymerization, thus leading to
products with good crystallinity and excellent thermal stability.
Indeed, the COFs obtained using this approach only begin to
decompose over 400 °C, as discussed in previous work.”’ Note
that in this work, we use the terms inhibitors and competitors
interchangeably as these molecules compete for attachment to
the edge sites of the COF and thus inhibit its growth in a
controlled manner.

Several research studies have been conducted to control the
properties of COFs at the micro/macro scales to enhance their
applications in various fields.””*”*'™*> Smith et al.*’ exper-
imentally explored the growth of imine-linked 2D COFs, which
revealed the rapid formation of an amorphous network.
Tiangiong et al.>" used excess aniline in the reaction system to
synthesize large-area single crystals of imine-based 3D COFs. In
another study, Chen et al.’® synthesized crystalline COF
mesocrystals (nanocrystals with a common crystallographic
orientation) by adding an alkyl amine as a modulator to a
trifunctional monomer, which led to the growth of a uniform
COF structure. Further, Zhao et al.>* used a monofunctional
amine as a competitor to synthesize crystalline COF aerogels
with a controlled diameter. Recently, Wang et al.”” introduced a
reversible polycondensation termination method to generate
higher-order COF structures by adding two monofunctional
competitors simultaneously in the reaction system. However, a
precise understanding of how the competitors regulate the
nucleation and growth process at the molecular level remains
elusive. Thus, theoretical studies are necessary to delineate the
reaction mechanism and to use this knowledge to control the
morphology of the COFs.

In this regard, kinetic Monte Carlo (KMC) simulations offer a
robust framework to study the nucleation and growth of 2D
materials.”"***” Since the growth of COFs takes place in the
solution phase and involves several monomeric and inhibitor
species, one needs to account for these processes within a KMC
framework. To this end, Li et al.”' reported a KMC simulation to
study the formation of a boronate ester-linked COF to control
the nucleation rate, leading to enhancement of the material’s
quality. In their group’s subsequent work,”* one monofunctional
competitor was introduced, which suppressed nucleation and
enabled seeded growth polymerization that led to the controlled
synthesis of a 2D COF. In another study, Nguyen et al.**
investigated the reasons for the poor crystallinity of COF-S (a
2D COF formed by condensation reactions) using molecular
dynamics simulations. When the stacking interactions between
the aromatic molecular constituents were weakened, leading to a
slow aggregation rate, structures with increased crystallinity

were observed. However, before the stacking of COF layers can
be modeled, one needs to understand the formation of a single
COF layer. To this end, a detailed theoretical model of
monolayer COF growth that considers monomeric species with
various functionalities, which can extract the COF growth rate
constants from experimental data, can be particularly valuable.

Accordingly, in this work, we develop a generalized
framework to model the synthesis of 2D COFs using a
theoretical approach inspired by the well-known Mayo—Lewis
model,” as well as KMC simulations. The model developed
here is generalized in the sense that it can be applied to the
synthesis of 2D COFs using monomers with any number of
functionalities. Although the current model makes use of first-
order reaction kinetics for modeling polymerization, higher-
order kinetics can be readily incorporated. We measure the time
dependence of the COF yield experimentally and use it to
determine the kinetic model parameters. Note that the
application of this model to other 2D polymers would simply
involve refitting the model parameters. We primarily focus on
unraveling the role of competitors in regulating the COF growth
process as well as their effect on the 2D flake size. This is akin to
how the molecular weight of polymeric chains is regulated by
using monofunctional inhibitors during linear polycondensation
of bifunctional monomers. To simplify the model, we neglect the
stacking and aggregation of the 2D COF layers in three
dimensions.

Our 2D COF reaction system consists of two trifunctional
monomers, 1,3,5-benzene-tri carbaldehyde (BTCA) and 1,3,5-
tris (4-aminophenyl) benzene (TAPB), as well as two
monofunctional competitors, aniline and benzaldehyde. As the
first step, we develop a comprehensive theoretical model based
on unified reaction parameters for the system that can describe
various scenarios where the inhibitors are present in different
proportions to the monomers. Next, we determine the temporal
variation of the yield of the 2D polymer experimentally with
varying amounts of inhibitors in the reaction system. By fitting
the rate constants in the model to the experimental yield vs time
data, we show that the model captures the regulatory mechanism
by which the inhibitors modulate the growth rate of the COF.
Subsequently, these rate constant values are used in a KMC
simulation to predict the time evolution of the COF structure.
We find that scaled rate constants are required in the inherently
local KMC simulations rather than those obtained from the
global kinetic model to match the experimental yield vs time
data. Interestingly, the KMC simulations reveal an inhibitor
concentration—flake size trade-off, whereby higher inhibitor
concentrations can bring in more control in the COF growth
process but can reduce the resultant flake size. Overall, our work
presents and validates a generalized theoretical model for
describing the inhibitor-modulated synthesis of 2D COFs.

We began by developing a theoretical model to describe the
steps involved in the polycondensation reaction mechanism
with BTCA (M;) and TAPB (M,) as the monomers. The
inhibitors present in the system are benzaldehyde (I;) and
aniline (I,). Our reaction network is inspired by the seminal
Mayo—Lewis theory’ of polymerization from 1944 and is
presented in Table 1. Some of our assumptions are also derived
from that work, e.g., equal activities of a given functional group
irrespective of its neighboring chain constituents and no effect of
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Table 1. Reactions Involved in the Generalized Mechanistic
Model for the Synthesis of 2D COFs Involving Monomers M,
and M, and Inhibitors I, and I,

reaction type
inhibitors attaching to monomers
M +L=M (1)
Mi+L=M (2)
polymer growth
M + M} + a,P{ + a,P} + b,P} + b,P;
2 Pt prritate g p) 4 a,Pl + bP) + b,Py (3)
M+ bPy + by 2 PR b+ bPy (4)
M} + aP| + a,P0 = PJ7 2+ a P + a,p]  (5)
inhibitors attaching to COF
PF+L=2P" (6)
. py-1
P+L =P (7)
inhibitor condensation
L+L =1L (8)
“x and y denote the number of free bonds in a species. Monomers
that are part of the polymer are denoted as P, and P,. Parameters a;,
a,, by, and b, are stoichiometric coefficients of the polymeric units
adjacent to the incoming monomers and quantify the local

coordination environment of the attaching monomeric units. Note
that water molecules are excluded from the reactions shown here.

penultimate groups. Nevertheless, we do incorporate the effect
of neighboring species from the perspective of the monomer
getting added to the COF, via the use of an enhancement factor
(see below). The set of reactions are divided into four categories
in our mechanistic model. The first set consists of the reactions
corresponding to the addition of an inhibitor to a monomer, as
given by reactions 1 and 2 in Table 1. The second set of reactions
in Table 1 corresponds to the reactions leading to the growth of
the COF, which either involves the reaction of two monomers to
form a dimer that bonds with the COF or involves the direct
attachment of M, or M, to any free end of the COF directly, as
represented by reactions 4 and S, respectively, in Table 1. The
third set of reactions in Table 1 is inhibitor addition to the COF,
as represented by reactions 6 and 7. The fourth and final type of
reaction is the condensation of inhibitors to form an imine. Note
that M7 represents the trifunctional monomer BT CA with x free
bonds so that the range of x is [0,3]. Similarly, y represents the
number of free bonds of the trifunctional monomer M}. When
an inhibitor attaches to a monomer, the number of free bonds of
the monomer reduces by one. In the case of deattachment of an
inhibitor from a monomer, the number of free bonds of M
increases by one. Since a maximum of three inhibitors can attach
to amonomer as there are three free bonds, the monomer BTCA
can be present in the forms M3, M3, M}, and M? in the reaction
mixture.

We present pictorial representations of some example
reactions in Figure 1A—B (reaction types 2 and 6) and Figure
1C (reaction type 3). In Figure 1A,B, we present schematics of
the inhibition reactions involving monomeric and polymeric
species, respectively. Figure 1A depicts an example of reaction
type 2, which involves the attachment of inhibitor I, to
monomer M, which has only one free bond, to give M3. Figure
1B provides an example of reaction type 6. Therein, inhibitor I,
attaches to polymer Pj to give P}, which has zero free bonds as
two bonds are occupied by inhibitors and one bond is attached

with the rest of the COF. Finally, one example of complex
polymer growth (reaction type 3) is shown in Figure 1C. Here,
the monomeric species M; and Mj react to form a dimer and
further attach to the free ends of the COF (P}, P3, and P}, in the
example).

The rate for reaction 1 can be calculated as k;{ M}][I,] and that
for the backward reaction can be calculated as k,[M}™'], where
the square brackets represent the activity of the species. k;and k;,
are reaction rate constants for inhibitor attachment and
detachment reactions, respectively. In this work, we use the
species molarity as the activity of each species. Other possible
choices of activity, such as the mole fraction, can be explored in
future work. We ignore changes in the solution volume as we use
only 0.05 mmol of monomers, which would correspond to a
water volume of 2.7 uL produced when considering a 3:1 ratio of
water produced to monomers reacted upon condensation and
assuming all the monomers to have reacted. This change is
negligible compared to the volume of the solution (~10.1 mL,
see Methods). Even accounting for the production of water
during the imine condensation reaction in the 12C case, only
10.8 uL of water is produced when all the monomers are
consumed, thus indicating the negligible role played by water
formation in changing species concentration in this work.
Following a similar procedure, reaction rate expressions are
obtained for reaction 2. The second set of reactions in Table 1
corresponds to the reactions leading to the growth of the COF,
which can occur through two routes. First, two monomers, M,
and M,, can react with each other to form a dimer that bonds
with the COF, as represented by reaction 3 in Table 1. In this
reaction (see Figure 1C for an example), P} represents a free end
of the polymer which is formed by M, and it has one free bond,
while P? can form two new bonds. a, and a, represent the
number of available P| and P} neighbors, respectively, to which
the dimer can attach. Note that P} has no free bonds.
Analogously, b, and b, represent the number of available P;
and P; neighbors. Again, P has no free bonds. Upon attachment
to M, b, units of P3, and b, units of P}, the M} converts to
P b Similarly, the M converts to p,lreme upon forming
a dimer and getting incorporated into the COF network. Now,
certain conditions need to be imposed on the maximum number
of P{"* and P{"* to which the dimers can attach. For example, if
M, has two free bonds (i.e., x = 2), it can only attach to one P} or
P as its one free end will be used to bond with M, to form a
dimer. This shows that the sum of b, and b, must always be
strictly less than «x for this type of reaction to take place. An
analogous rule applies to a4, and a, as well, whereby the sum of 4,
and a, must be strictly less than y.

We also included an enhancement factor Fyfor the attachment
of monomers and a de-enhancement factor F, for their
detachment in the calculation of reaction rates in our model
to account for the effect of the coordination environment on the
growth process. Accordingly, when a monomer or a dimer
attaches to more than one P, or P,, the rate constant of the
reaction is enhanced by the factor F; raised to the power of the
number of neighbors it is attaching to, as given by the expression
ka?‘mﬁb”bl. Here, k,, denotes the rate constant for the forward
reaction when a monomer attaches to another monomer or to
the COF. This is because the rate of monomer or dimer
attachment should be higher when it forms more than one new
bond with the COF as the activation energy barrier decreases as
per the well-known Evans—Polanyi relationship (linear relation-
ship between the activation barrier and the reaction energy).
The rate expression for reaction 3 is thus kaf‘”ﬁb‘erz [M}][M3]
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Figure 1. Examples of various chemical reactions in the mechanistic model. (A) Example of an inhibitor attachment to a monomer (M; + I, — MY;
reaction type 2 in the model). (B) Example of an inhibitor attachment reaction to a polymer (P} + I, = PJ; reaction type 6 in the model). (C)
Schematic of a polymer growth reaction (M3 + M3+1P}+1P3+1P) — P{ + P3+1P{+1P,+1P9; reaction type 3 in the model). Dashed black lines depict

bonds with the rest of the COF.

(P}]4[P3]*[P3]"[P3]P. Similarly, when a monomer detaches
from the COF after it was attached with more than one bond to
the COF, the tendency of this reaction decreases by the factor F,,
raised to the number of neighbors it is attached to. Thus, one can
write the rate constant expression for the reverse reaction
corresponding to reaction type 3 as k,, F, (%) wwhere k,,
denotes the rate constant for the detachment of a monomer
from another monomer or from the COF.

The second route for polymer growth is when either M, or M,
attaches to any free end of the COF directly, as represented by
reaction types 4 and S in Table 1. While calculating the rate for
these reactions, the enhancement factor Fy is raised by the
exponent of one less than the number of neighbors the monomer
is attaching to. The reason is that the base rate constant, k,,
already includes the formation of one bond with the COF (note
that for reaction type 3, this is not applicable because the bond
between the M; and M, species needs to be accounted for).
Thus, the rate constant expressions for monomer attachment
and detachment are k,F***7! and k,, F, bﬁbz_l), respectively.

Accordingly, the rate expression for forward reaction type 4 can
be written as kmF; b1 [MZ][P3]"[P3]". The rate expressions for
reverse reaction types 4 and 5 and forward reaction type S are
obtained in a similar manner. As discussed later, we estimate the
enhancement factor Fyand the de-enhancement factor F, along
with the rate constants k,, k,, k, and k;,. The third set of
reactions in Table 1 is inhibitor addition to the COF, as
represented by reactions 6 and 7. The rate expressions for the
inhibitor attachment and detachment in reaction 6 are k,[ P{][L,]
and k,[P}™'], respectively. The rate expressions for reaction 7
can be obtained in a similar manner. Finally, we also consider the
condensation of inhibitors to form an imine in our model. The
last reaction is thus inhibitor (I; and I,) condensation to form
the imine I,,. The rate expressions for the forward and backward
reactions are k;[I;][L,] and k,[I},], respectively. Note that the
water generated in the reaction has almost no effect on the
synthesis process (see Section S1 in the Supporting
Information) in our experiments, so its concentration is
neglected in the model. This follows from the small amount of
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water produced in the system and forms an assumption that may
be relaxed in future work. Meanwhile, the condensation product
N-benzylideneaniline (I;,) showed the same effect as the
individual inhibitors, indicating that imine exchange is possible
and could be another important regulatory pathway. This
inspires us to use N-benzylidene aniline instead of aniline and
benzaldehyde as an inhibitor in future studies.

It is important to highlight that though the Mayo—Lewis
approach is used as an inspiration for our model, the basic
structure and assumptions differ in the development of our
model and reaction system. Reversibility of copolymerization
reactions is not considered in the Mayo—Lewis equation, which
is taken into account in our model using the reaction rate
constant k,,,. In the Mayo—Lewis system, reactions between the
same two monomers to form homopolymers or block
copolymers is possible. However, in our model, homopolyme-
rization is not allowed and only an alternating polymer can be
synthesized. Finally, in the Mayo—Lewis model, the reaction
rate constants for M, attachment to P2 and M, attachment to P:
are taken to be different (k;, and kZIS- On the contrary, in our
model, both the rate constants are taken to be the same, i.e., k,,,
to avoid too many parameters. Future work can explore the
effect of different sets of assumptions on the 2D COF growth
model.

We used nonlinear least-squares data fitting via the Isqnonlin
function in MATLAB R2022b to obtain the optimized values of
the rate constants k,, k,,, k, and k;, the enhancement factor Fj,
and the de-enhancement factor F,. Experimental yield vs time
data was measured at various inhibitor concentrations (see the
Methods section) and was used to fit the model parameters.
Plots of the experimental yield vs time are shown using various
symbols in Figure 2, wherein filled squares depict data used to fit
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Figure 2. COF yield obtained from the kinetic model, as a function of
time, for different amounts of inhibitors in the system. The symbols
represent the experimental data and the solid lines represent the best-fit
model predictions. Filled squares (3C, 6C, and 12C) denote data used
to fit the model and unfilled circles (0C and 9C) depict data used to
validate the model predictions. Data for cases 0C (before 2 h) and 12C
(all times) is adapted from ref 30. All other data was collected in this
work. Note that the yield is dimensionless.

the model and unfilled circles represent data used to validate the
model predictions. Note that theoretical studies were done in
this work for the cases wherein the inhibitor concentration at the
beginning is 3, 6,9, and 12 times the initial concentration of both
the monomers, considering that higher concentrations of
inhibitors could significantly affect the thermodynamic equili-
brium in the system, as shown in our previous work; "’ see below
for further discussion on this point. These cases are referred to as
3C, 6C, 9C, and 12C, respectively. Experimental data regarding
0C (before 2 h) and 12C cases (all times) were already
presented in ref 30 and are adapted from there. As seen in Figure
2, the higher the concentration of the inhibitors, the lower the
yield at a given point in time during the reaction. We also verified
this to be true using turbidity measurements,”” as seen in the
Supporting Information, Section S2, wherein the rate of growth
of the COF is lower for higher inhibitor concentrations. A
coupled system of ordinary differential equations involving the
reaction rate expressions was solved to calculate the time
evolution of the concentrations of each species. There are a total
of 17 species in our reaction system: four each pertaining to
monomers 1 and 2 (Mf, JVI]?', JVII-I, and M}(-), where j€{1,2}), two for
the inhibitors involved (I; and 1,), one for the imine I;,, and
three each for the polymer COF (sz, le, and P](.), where j€{1,2}).
The root mean squared error between the predicted and the
experimental yield was minimized to obtain the optimal
parameters for the kinetic model. The bounds were set as zero
to infinity for all the parameters while solving this optimization
problem.
At each time, the yield, Y, was calculated as

Y(t)
_ M1 - IM(D)] — IM{(D)] — [M ()] — [M{(D)]
[M(0)]

This equation considers that all the nonfree monomers are
incorporated into the product, as confirmed by the experimental
'H nuclear magnetic resonance characterization in the work of
Wang et al.’® For fitting the kinetic parameters, the initial
concentrations of the inhibitors I; and I, were taken to be 3, 6,
and 12 times the initial concentration of M3, in the simulations,
to match the experimental conditions. We also carried out
calculations for the OC (no inhibitors) and 9C cases to
understand the predictions of the model further and validate
the rate constant parameters obtained. All the simulations were
run until steady state was reached (24 h). The optimized values
of all the parameters are summarized in Table 2.

Figure 2 depicts the yield vs time plots from our model, using
the optimized set of rate constants. The corresponding
experimental data is also shown. We found the root-mean-
square deviation (RMSD) between the predicted and the
experimental yield data to be 0.1107 for the fit data (3C, 6C, and
12C), indicating about 11% error in the predictions of the
model, as compared to experimental data. Further, the RMSD
for the validation cases (0C and 9C) was found to be 0.1073.
Note that the same set of parameters is able to explain the

Table 2. Forward and Backward Rate Constants and Enhancement/De-Enhancement Factors Obtained by Fitting the

Experimental Data to the Mechanistic Model”

RMSD k,, (hr™") k,, (hr™t)
0.1107 302.125 4.456

k; (hr™")
1301.8 4.688 1.358

k; (hr™") F; F,
244.865

“The root-mean-square deviation (RMSD) between the model predictions and the experimental yield is also indicated.
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experimental yield vs time plots at various inhibitor concen-
trations, indicating the robustness of the model to explain data
under different experimental conditions. The discrepancy
between the predicted and experimental yields for the 0C case
atlow times could be due to the lack of considering mass transfer
limitations in the model. Further details about the data fitting
procedure are given in the Methods section.

It is interesting to ask what happens if the inhibitor
concentration is increased beyond the 12C case. As mentioned
before, our previous work has shown that if the inhibitor-to-
monomer concentration ratio (I/M) is increased beyond 12, the
COF formation rate within 24 h is significantly reduced.’ In the
Supporting Information, Section S3, we present results for fitting
the kinetic model using data for 15—24C cases. Therein, one
sees that very high inhibitor concentrations could activate imine
exchange with the COF, accelerating the inhibition of the sites in
the polymer as well as the free reacting monomers. Indeed, we
showed experimentally that the imine condensation product I},
could itself inhibit COF growth, as discussed earlier. This
reaction is not considered in our model and could possibly
explain the very low yield seen in those cases, which is much
lower than what the kinetic model parameters listed in Table 1
would predict. Nevertheless, in the present model, the imine
exchange is indirectly included via the composite reaction
involving the decomposition of the imine and the reaction of the
individual inhibitors with the growing 2D polymer, though this
prevents the possibility of imine exchange being the dominant
route due to a different (higher) rate constant.

Next, we carried out KMC simulations to understand COF
growth at the molecular level. We considered a graphene-like
honeycomb lattice for the KMC simulations to account for the
trifunctionality of the monomers. The lattice grid consisted of
two triangular sublattices, wherein M, and I, can occupy the sites
on one sublattice and M, and I, can attach on the other one due
to the possible reactions between these species. Note that the
stacking of COF layers is not considered in our model, which
describes solely single-layer growth. To simplify the KMC
algorithm, the first (inhibition of monomers) and the last
(condensation of inhibitors) set of reactions were not carried
out on the lattice but simply accounted for in terms of changes in
the concentrations of the species involved in these reactions. In
other words, these reactions do not change anything on the
polymer lattice. The reaction rates were updated before each
iteration of the simulation as the species concentration changes.
For all the other sets of reactions which correspond to the COF
growth, the lattice sites were updated according to the reaction
picked by the algorithm. Following that, the concentrations of
the species and the reaction rates were updated. Further details
regarding the KMC algorithm are provided in the Methods
section.

As the kinetic model developed above considers a well-mixed
system, contrary to the localized phenomena modeled in KMC
simulations, we found it essential to scale the corresponding
parameters in the KMC simulations to obtain agreement with
the experimental yield vs time plots. Indeed, the rate constant in
the kinetic model is multiplied with a global species activity (the
corresponding species concentration), whereas it is multiplied
with a local species activity (unity) in the KMC simulations.
Accordingly, the reaction rate constants obtained from the data
fitting were scaled, as documented in Table 3. The backward
reaction constant k,, for the monomer detachment reactions

Table 3. Scaled Forward and Backward Rate Constant
Parameters and Enhancement Factor Used for the KMC
Simulations of 2D COF Growth

RMSD k,, (hr™!) k,, (hr™") k; (hr™!) k; (hr™') F
0.07 6042.492 0 1301.8 0.141 1.3585

was fixed to be zero to reduce the computational cost of the
KMC simulations as it was found to be much smaller than the
forward rate constants k,, and k; (see Table 2). Future work can
explore the effect of allowing monomer detachment in the KMC
simulations. As the detachment of monomers is not allowed, the
de-enhancement factor F), was not used for the reaction rate
calculations. Although the inhibitor detachment rate constant k;,
was found to be comparable to k,,,, this value was retained and
not set to zero since the inhibitor concentrations are much larger
than the monomer concentrations (3C, 6C, 9C, or 12C, for
example).

In terms of specific changes, k,, was enhanced 20 times to
achieve agreement with the experimental yield curves. The faster
rate constant for polymerization required in KMC is because
each local uninhibited polymer site participates in a reaction
giving rise to a lower polymer activity, whereas in the kinetic
model, all the polymer chains in the reaction mixture are lumped
together, leading to a higher activity. Further, since we set k,,,, to
zero (as discussed above), we reduced k;, by a factor of 0.03 to
maintain parity between the low possibility of monomers and
inhibitors detaching from the COF, as reflected by the
comparable values of the rate constants k,,, and k;, in Table 1.
Note that it is sufficient to modify one of the rate constants
among k; and k;, to vary the inhibitor attachment/detachment
rate. We carried out a sensitivity analysis to demonstrate the
robustness of the choices for k,, and k;,, as documented in the
Supporting Information, Section S4. Figure 3 presents the yield
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Figure 3. COF yield obtained from the KMC simulations, as a function
of time, for different amounts of inhibitors in the system. The symbols
represent the experimental data and the dotted lines represent the KMC
predictions. The data points shown using filled squares are used in the
RMSD calculation. Note that the yield is dimensionless.

vs time plots obtained using the KMC simulations for the 0C,
3C, 6C, 9C, and 12C cases. The KMC yield curves show good
agreement with the experimental data, except for the 0C case.
The difference in the 0C case could be attributed to mass
transport limitations in the experimental system which would
slow down the rate of increase in yield with time, as compared to
KMC simulation predictions. Note that a short induction period
is seen in the experimental yield curve for the 12C case. As the
KMC lattice is initiated with one COF seed, this induction
period is not observed in our simulated yield curve.
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Figure 4. Concentration vs time plots for (A) monomer BTCA (M;) using the mechanistic model and the KMC simulations, (B) inhibitor I, using

both the methods, (C) imine product I}, using the mechanistic model, and (D) imine product I, using the KMC simulations. Solid lines depict
mechanistic model results and dotted lines represent the KMC results.

(;Tres) 3C Simulation 6C Simulation 12C Simulation

0.06

0.13

Figure S. Time series of snapshots from the KMC simulations of COF growth for the 3C, 6C, and 12C cases at t = 0.06, 0.13, and 1.14 h.

To further understand the differences between the physics 6C, and 12C cases. The monomers are only consumed to form

involved in the global kinetic model and the localized KMC the polymer COF; thus, the monomer M, concentration vs time
simulations, in Figure 4, we present a comparison between the curve exhibits an opposite trend as that of the yield curve.
concentration vs time plots obtained using the mechanistic Although the rate constants k,, and k;, are scaled in the KMC

model and the KMC simulations for various species for the 3C, simulations, the monomer concentration curves from the
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Figure 6. Morphology of the COF samples obtained using different amounts of inhibitors at (A) 0.06 h and (B) 0.13 h, captured using FESEM.
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Figure 7. Flake size distribution at 0.06 h of reaction time obtained by averaging the results of 100 KMC simulation runs for different concentrations of
inhibitors in the reaction system. The solid red lines indicate a fit to the log—normal distribution.

mechanistic model and KMC simulations qualitatively agree
with each other, as shown in Figure 4A. Nevertheless, the
concentration plots for the inhibitors show different behavior in
the two models, as seen in Figure 4B. The mechanistic model
predicts the consumption of a significantly larger amount of
inhibitors as compared to the KMC simulations. As the COF
growth is similar for the two methods, one explanation for
different amounts of inhibitors being consumed could be the
different amounts of imine I, formed. To verify this, we plotted
the imine product I}, concentration vs time, as shown in Figure
4C,D. The plots support the above argument as the I,
concentration is much higher in the mechanistic model as
compared to the KMC simulations. Indeed, the reduction in the
rate constant k;, for the KMC simulation reduces the chances of
free inhibitors being available to participate in the imine
condensation reaction. Future studies could explore the use of
different rate constants for the inhibitor addition to the
monomer/COF and the inhibitor condensation reaction,
along with the consideration of imine exchange, to better
model the production of the imine.

Using KMC Simulations to Visualize the Growth of a COF
Layer

We next analyzed the flake sizes in the COF network in the
presence of varying inhibitor concentrations using KMC
simulations. To this end, we present the snapshots of the
KMC simulations to understand COF growth for the 3C, 6C,
and 12C cases in Figure 5. At t = 0.06 h, we observed the least
number of nucleates on the lattice sites for the 3C case. These
nucleates were surrounded by a smaller number of inhibitors
which is directly proportional to the initial inhibitor
concentration. We saw a higher number of nucleates for the
12C case, but they were smaller in size as the inhibitors are more
in number and thus attach at a faster rate to the COF than the
monomers. Thus, as expected, the COF grew slowly in the 12C
case when compared to the other two cases. At t = 0.13 h, we
observed that the nucleates enlarged to form clusters in the 3C
case, while the 6C simulation snapshot shows smaller clusters
and the 12C case still has a large number of nucleates of very
small size. This simulation prediction is in agreement with
experimental microscopy images collected using field-emission
scanning electron microscopy (FESEM), as shown in Figure 6.
Indeed, therein one sees that the COF flake size follows the
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Figure 8. Particle size of the samples after 0.06 h of reaction with different dosages of competitors. The results shown are based on statistical analysis of
more than 100 particles from the SEM images. The solid red lines indicate a fit to the normal distribution.

order 12C < 9C < 6C < 3C, which is also seen in the simulated
flake sizes in Figure 5 for the 0.13 h case.

We also show KMC simulation snapshots at 4 and 24 h of
simulation time in the Supporting Information, Section SS. It is
evident in those snapshots that by 24 h, almost all the sites in the
simulation box are occupied. However, more vacancies are
found in the 12C case as the presence of a higher inhibitor
concentration causes more sites to be blocked for polymer
growth. Nevertheless, at sufficiently long periods of time (>72
h), crystalline structures are obtained in all cases, as seen
experimentally.

These observations are further confirmed by our analysis of
the flake size distribution at ¢ = 0.06 h, as shown in Figure 7 for
the KMC simulations (the flake size distribution at t = 0.13 h is
shown in the Supporting Information, Section S6) and Figure 8
for the experiments. With an increase in the dosage of
competitors, the COF flake size decreased gradually, and the
size distribution became narrower, as seen in both Figures 7 and
8. Nevertheless, the COF obtained using a lesser amount of
competitors, such as the 3C case, showed notable aggregation
and fusion, resulting in some rods or flakes, as seen in Figure 6B.
These irregular product particles further grew over time and
even attached nanoflakes to their surface.”® To verify this
phenomenon with experiments, the product was dispersed in
ethanol solvent by ultrasonication and detected using the
dynamic light scattering (DLS) method, as shown in Section S7
in the Supporting Information. Therein, we indeed see larger
flake sizes measured using DLS, indicating the fusion and
aggregation of the COF flakes in solution.

It is noteworthy that the agreement between the flake size
distributions in experiments and simulations is only qualitative.
Moreover, at t = 1.14 h, all the three cases exhibited a single COF
polymer in the KMC simulation with varying numbers of

inhibitors blocking the monomer attachments. This is because
our model is 2D in nature and does not capture the stacking of
the nucleates in the third dimension. We did verify that
increasing the simulation box size in the lateral direction does
not affect the KMC simulation results, as seen in the Supporting
Information, Section S8. The assumption of single-layer growth
could be improved upon in future studies by investigating the
stacking of the COF flakes. Nevertheless, as expected, the 12C
case was found to have the lowest yield out of all the three cases
in the simulations. Indeed, a higher inhibitor concentration
slows down the kinetics of the COF growth to a larger extent due
to the rapid attachment and detachment of the inhibitors. This
leads to a controlled growth of the polymer and smaller sizes of
the flakes in the COF, thus reducing defects and promoting self-
repairing to obtain a higher-crystallinity structure.”' Our work
thus points to a trade-off in increasing the inhibitor
concentration wherein one needs to optimize the inhibitor
concentration to obtain the desired crystallinity while, at the
same time, not decreasing the flake sizes significantly.

In this work, we developed a comprehensive model to study the
kinetics of the reversible polycondensation termination reaction
to synthesize COFs. To this end, we presented, for the first time,
a generalized mechanistic theory, inspired by the Mayo—Lewis
model of polymerization, to describe the controlled growth of
COFs. We formulated a detailed set of reactions to model the
complex chemistry occurring during COF growth in a
generalized manner. As a first step, the mechanistic model was
employed to obtain the rate constant values for the proposed
system of reactions by fitting to experimental yield data. Further,
we ran KMC simulations to understand the evolution of COF
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structures with different numbers of inhibitors present in the
reaction system. We demonstrated that the rate constant values
need to be scaled before feeding them into the KMC simulations
to reproduce the experimental yield data. We also concluded
that the flake size in the COF is a function of the number of
inhibitors present in the reaction system, unraveling an inhibitor
concentration—flake size trade-off. Overall, the mechanistic
model presented in this work allows the consideration of the
effect of the functionalities of monomeric species on COF
growth and enables the prediction of the growth rate and flake
sizes as a function of the inhibitor concentration introduced in
the reaction system. In the future, one could make the kinetic
model more comprehensive by allowing for imine exchange
reactions, considering the impact of water produced during
condensation, and also allowing for reversible monomer
attachment in the KMC simulations. To conclude, our model,
fit using experimental kinetic data, can enable the controlled
synthesis of 2D COFs in future studies by tuning the
concentration of inhibitors to achieve the desired crystallinity
and nanosheet size distribution, wherein higher crystallinity can
be achieved using larger inhibitor concentrations and larger
flakes can be achieved by using lower inhibitor concentrations.

Benzaldehyde (98%), aniline (99.5%), and scandium(III) trifluor-
omethanesulfonate (Sc(OTf)3, 98%) were purchased from J&K
Scientific Ltd. Further, 1,3,5-tris(4-aminophenyl)-benzene (TAPB,
98%) and 1,3,5-benzenetricarbaldehyde (BTCA, 98%) were purchased
from Chemsoon Co., Ltd. In addition, hexane (AR) and 1,4-Dioxane
(AR) were purchased from Sinopharm Chemical Reagent Co., Ltd.
Finally, mesitylene (97%) was purchased from Shanghai Macklin
Biochemical Co., Ltd.

Inhibitors I; (benzaldehyde) and I, (aniline) in 0—24 equiv (0—24C)
were added to the reaction systems with TAPB and BTCA as
monomers. In a typical experiment (12C), 17.6 mg of TAPB (0.05
mmol, 1 equiv) and 8.1 mg of BTCA (0.05 mmol) were dissolved in 10
mL of dioxane/mesitylene (1:2, v/v), followed by adding 60.7 uL of I,
(0.6 mmol, 12 equiv) and 54.4 uL of I, (0.6 mmol, 12 equiv) to produce
the reaction solution. Sc(OTf); (0.73 mg, 1.5 umol) in 0.1 mL of
dioxane/mesitylene (2:1, v/v) was added to start the reaction. The
reaction solution was filtered at different reaction times (from 0 to 24
h), and samples were collected at regular intervals. After drying at
ambient conditions for 1 day naturally and under vacuum at 80 °C for
another day, the mass of the sample was weighed, and the yield of the
reaction was calculated using the formula

m

Y= weight
(MBTCA + MTAPB - 3Mwater)nmonomer
where #1,.igp, is the measured mass of the synthesized COF, Mprc, and

M app are the molar masses of the two monomers, M., is the molar
mass of water, and #,,4omer 1S the number of moles of one type of
monomer added to the reaction mixture. Note that (Mypca + Myap —
3M,,ater) Pmonomer 1S the theoretical mass of the polymer formed assuming
that all moles of monomer have reacted with the concomitant
elimination of three moles of water and that the inhibitors were
considered to be retained in the liquid phase.

The turbidity of the solutions was measured using a PERSEE TU-1901
UV spectrophotometer. The FESEM images were obtained using a
Hitachi SU-8010 field-emission scanning electron microscope with an

accelerating voltage of 3 kV. The samples were sprayed with Pt for 90 s
for better electric conduction before carrying out FESEM imaging.
Before each of the DLS measurements, 60 uL of the reaction solution
obtained at 0.06 h was dispersed in 10 mL of ethanol by ultrasonication.
Subsequently, DLS was performed using a Malvern Zetasizer Nano
Z.590.

As discussed in the Results and Discussion section, we formulated a
system of ordinary differential equations to describe the time evolution
of the 17 species concentrations simultaneously. We also developed a
function to solve this system of equations using the ode23 function in
MATLAB R2022b for a given set of rate constants, thus predicting the
yield of the COF growth process as a function of time. Subsequently, we
used the nonlinear least-squares minimization function Isqnonlin to
obtain the best-fit set of rate constants to obtain the maximum possible
agreement between the predicted yield vs time curves and the
corresponding experimental data. For this purpose, an error array was
defined using the difference between the calculated yield and the
experimental yield at various time points, and the sum of squared errors
was minimized.

KMC simulations were carried out based on Gillespie’s algorithm,42
wherein the probability of a reaction being picked is proportional to the
rate of that reaction.™ This algorithm involves the generation of two
uniformly distributed random numbers between 0 and 1, u; and u,. The
first random number is used to pick the reaction m as
szz_l‘ "
Thet
denotes the total rate, calculated as r,,,, = Y /'_ 7, and n denotes the total
number of reactions. The second random number is used to update the

Zﬂi ] .
< u; £ == where r; denotes the rate of reaction I and r,,,
Thet

simulation time as t - t + LIn(ui), where ln(ui) converts the
2 2

Thet
uniformly distributed random number u, to an exponentially
distributed random number. Note that reaction types 4 through 7
were clubbed together while choosing the reaction that occurs (using
u,), and another uniformly distributed random number (u;) was used
to determine the exact reaction from those belonging to types 4 through
7. The simulation box used a 50 X 50 lattice in the lateral direction,
leading to a total of 5000 sites considering both monomeric species,
with a lattice constant of 18.72 A and a lateral box area of 758810 A%
The vertical extent of the simulation box was calculated by using the
initial concentration of monomers utilized in the experiments, i.e., 0.00S
mmol/mL. Considering that equal numbers of monomers 1 and 2
correspond to the total number of lattice sites, i.e., 5000, the vertical
length of the simulation box was calculated as the number of the
monomer molecules (2500) divided by the initial concentration of
monomers (0.005S mmol/mL), Avogadro’s number, and the lateral area
of the box, which gives a value of 1094 A. Periodic boundary conditions
were implemented for the lateral directions of the simulation box. The
lattice was initiated with the smallest possible seed of the COF polymer,
ie., the moiety P{—P3. The reactions given in Table 1 were arranged
into three sets which are different from the mechanistic model to
efficiently implement the KMC algorithm. The first set consisted of
reactions corresponding to inhibitors attaching to monomers and the
condensation of inhibitors, which are reactions 1, 2, and 8 in Table 1.
This approach is preferred as these reactions do not change anything on
the lattice sites. The second set consisted of reaction 3, i.e., the coming
together of two monomeric units on the COF lattice, as it is the most
complicated one to implement. A “pairs list” was created to keep track
of the number of occupied neighbors of each lattice site pair and the
reaction rate corresponding to it. If any reaction from this set was
picked, the pairs list was updated accordingly. Another list, called the
“sites list”, was created only for the occupied sites to keep track of
whether their respective neighbor sites are unoccupied or occupied by a
monomer or an inhibitor. For the sites occupied with a monomer, the
reaction rate corresponding to it was taken to be zero as the detachment
of monomers is not allowed in the KMC simulations. If a site is
occupied by an inhibitor, it can be detached, and thus, the reaction rate
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was stored accordingly. The third set of reactions corresponded to
reactions involving the attachment of a sole monomer or inhibitor to
the COF lattice. These include reactions 4 through 7 in Table 1 and can
only occur for the empty sites which have a COF neighbor. At these
empty sites, Mi3, M}-Z, or Mjl, where j€{1,2}, can attach according to the
number of unoccupied neighbors. The pairs list and sites list were both
updated accordingly. Finally, after each iteration, the simulation time,
the concentrations of the species, and the reaction rates were updated.
To obtain the flake size distribution, we created an adjacency matrix for
the 2D polymer and used the MATLAB function conncomp to identify
the number of clusters (flakes) with different sizes. The equivalent
circular diameter, based on the number of occupied polymer sites and
the area of each site, was considered as the size of a given cluster. The
fitdist and pdf functions were utilized to obtain the log—normal
distribution curves for the flake size histogram plots.

The MATLAB codes for the global kinetic model and local
KMC simulations are available at https://github.com/
agrgroup/COF_growth model.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00077.

Effects of different additives on COF synthesis, turbidity
measurements for various inhibitor concentration cases,
refitted model for I/M ratios higher than 12 and its
implications, sensitivity analysis of the KMC simulation
results using various sets of rate constant parameters to
understand their influence on the model, snapshots of
KMC simulations until 24 h, simulated flake size
distribution at 0.13 h, DLS measurements of the flake
sizes at 0.06 h, and sufficiency of the KMC box size (PDF)
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