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While growing two-dimensional covalent organic frameworks (2D COFs) on substrates holds promise for
producing functional monolayers, the presence of many defects in the resulting crystals often hinders
their practical applications. Achieving structural order while suppressing defect formation necessitates
a detailed atomic-level understanding. The key lies in understanding the polymerization process with
high nano-scale accuracy, which presents significant challenges. Here, we perform microsecond
atomistic molecular dynamics simulations to describe the deposition and polymerization of cyclohexa-
m-phenylene on metal substrates, closely mimicking experimental conditions. Our improved approach
highlights that 2D polymerization occurs through monomer addition and island coalescence, with a pre-
bonding stage allowing monomers/oligomers to dynamically adjust their configurations to the expanding
island structures. Our results elucidate the mechanisms underlying the formation of vacancy and
dislocation defects during 2D polymerization as well as their healing processes. Overall, our findings

underscore the significant roles that high surface mobility, effective monomer-substrate anchoring, high
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Accepted 2nd October 2024 framework rigidity, moderate monomer coordination, and low bonding rate play in forming large,
extended 2D crystals while suppressing vacancy and dislocation defects. We demonstrate how these

DO 10.1035/d4sc05168h factors can be tuned through substrate selection, deposition rate modulation, and temperature control,
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1. Introduction

Two-dimensional covalent organic framework (2D COF)
monolayers are appealing for applications in 2D optoelectronic
devices."? Confining two-dimensional polymerization to an
interface, which restricts the degrees of freedom, provides an
effective means to fabricate thin-film or monolayer COFs.*”
This is commonly achieved by depositing monomers onto
a metallic substrate under vacuum and then thermally driving
them to polymerize on this substrate.**"* However, the
inherent lack of 2D polymerization control generally results in
small lateral crystalline domain sizes (100-10000 nm?) and high
defect densities,"****'* which limits the relevance of the
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thereby offering valuable insight for strategically optimizing on-surface 2D polymerizations.

resulting monolayers in optoelectronic device applications.'”*®
The complex interplay among monomer deposition, surface
diffusion, and bond formation has made developing a holistic
model of 2D polymerization at interfaces elusive.”*>** An in-
depth understanding of the atomic-level dynamics associated
with these processes is a prerequisite to achieving directed
network control, increasing the monolayer lateral domain sizes,
reducing the concentration of defects, and ultimately fabri-
cating high-quality optoelectronic devices based on 2D COFs.
Such insight is also beneficial to understanding 2D COF
synthesis at other types of interfaces (e.g:, liquid-liquid, liquid-
solid, liquid-gas).**®

Experimentally probing 2D COF polymerization with high
spatio-temporal resolution on substrates is challenging.>*
One report that studied this process with high temporal reso-
lution leveraged in situ scanning tunneling microscopy to track
the polymerization of pyrene-2,7-diboronic acid at a solid-
liquid interface of highly oriented pyrolytic graphite surface
(solid-liquid interface).® Initially, an amorphous layer is
formed that begins to nucleate crystalline domains. These
crystalline nuclei then begin to dynamically exchange as a result
of the reversible boroxine bonds formed during this polymeri-
zation. These nuclei then undergo crystalline elongation with
particle  attachment  characteristics.  Also,  separate
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investigations of confined polymerization under vacuum have
shown substrate interactions greatly influence the rates of
monomer diffusion and bond formation, which is empirically
observed to modify the defect density and crystallinity of
resulting monolayers.**>'*> While these descriptions
contribute to an empirical understanding of 2D COF polymer-
ization on substrates, important questions remain regarding
how the monomers dynamically assemble at the nanoscale, how
defects are generated, and whether they can be healed in the
course of polymerization. Addressing these questions calls for
a molecular/atomic-level description of 2D COF polymerization
on substrates.

Atomistic molecular modeling is one approach to interrogate
the formation dynamics of 2D COFs.*'"** For example, Nguyen
and Griinwald studied the microsecond-scale homogeneous
crystallization ~ dynamics of  2,3,6,7,10,11-hexahydroxy-
triphenylene and 1,4-phenylene bis(boronic acid) to form COF-5
and explored the formation of defect structures, which was
enabled by using large time steps (5 fs) and neglecting explicit
solvent molecules.?* Very recently, Hao et al. used 5 ns simula-
tions to show how hydrogen bonds help direct the formation of
a crystalline imine-linked COF on a graphene substrate in
vacuum.*® While these studies provide valuable insight into
COF formation, they are unable to capture the full complexity
needed to derive a mechanistic model of COF formation at an
interface.

The ability to describe experimentally relevant 2D COF
formation conditions with long timescales and high atomistic
accuracy exceeds the capabilities of common theoretical tools.
Ab initio molecular dynamics, known for high accuracy, can
typically consider processes only over a few picoseconds and
involving a few hundred atoms,* making their practical use in
the context of 2D COF polymerization unfeasible. Methods such
as reactive force fields reduce computational costs but are still
limited to the nanosecond timescale and are bottlenecked by
the limited availability of appropriate force-field parame-
ters.*>*¢ Classical molecular dynamics, while significantly more
computationally efficient, cannot directly describe the molec-
ular reactions intrinsic to 2D COF growth. In the case of kinetic
Monte Carlo models, experimental timescales can be matched
with high levels of microscopic accuracy, which has been
demonstrated for boronate ester-linked COFs.*’** However, the
development of kinetic Monte Carlo models relies on a good
initial understanding of the microscopic processes involved and
a substantial amount of rate data that must be validated,*>*
making its general deployment to a broad range of 2D COF
systems and synthesis conditions challenging.

Here, we leverage a recently developed algorithm for chem-
ical reactions in classical molecular dynamics with force field
parameters carefully tuned to approach the accuracy of ab initio
methods.*” This computational approach enabled us to carry
out successful atomistic simulations of the deposition and
polymerization of cyclohexa-m-phenylene (CHP) monomers®
(Fig. 1a and b) on metal (Ag and Cu) surfaces over microsecond
timescales with high atomistic accuracy under conditions
closely resembling experimental conditions. It has been shown
experimentally® that when a hexaiodo-substituted macrocycle
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CHP is deposited onto Ag or Cu, the iodine atoms cleave,
leading to CHP radicals that polymerize and co-adsorbed iodine
(Fig. 1a). CHP makes an ideal model system to study the surface
polymerization mechanisms since the experimental data for its
growth on Ag and Cu substrates are well-established® and can
be used to validate the calculations. Moreover, the molecular
reaction pathways are well-understood, which enables us to
provide an accurate modeling of the temperature dependence
of the bond-formation rates in our simulations.*® Finally, CHP's
simple Dg;, symmetry means that we do not have to contend
with competing topological isomer formation.

The improvements in our theoretical descriptions of 2D
polymerization allowed us to uncover the mechanisms of
monomer addition and island coalescence under experimen-
tally relevant conditions. During 2D COF formation, monomers
are evaporated onto a metallic substrate under vacuum and
thermally annealed, which produces crystalline layers by
reducing local stress.*”'>'* We mimic these two processes in
our simulations. It has been empirically identified that the 2D
COF quality depends on the substrate identity, reaction
temperature, and monomer concentration.>***>** From this
perspective, we deduce that 2D COF formation is the result of
competition among monomer deposition, surface diffusion,
and bond formation. Here, we aim to investigate the interplay
among these factors using atomistic simulations. It is also
important to acknowledge that, even with the efficient MD
simulations applied here, achieving a complete match between
experimental conditions and molecular simulations remains
a difficult proposition. In this study, we modeled timescales in
the microsecond range while maintaining high atomistic
accuracy with the following conditions (see Methods section):
(1) we consider a faster deposition rate to allow us to mimic the
deposition and annealing stages in the simulations. (2) We use
slightly elevated temperatures (570-620 K) compared to those
used in experiments to enhance the rate of surface diffusion
within the microsecond timescale.”® (3) To account for the
appropriate temperature dependence of the reaction rates, we
exploit the reaction energy barriers evaluated from density
functional theory calculations.* (4) We use large prefactors for
the reaction rates to allow bond formation within microsecond
timescales. As we will see in the following discussions, varia-
tions in deposition rate and temperature lead to distinct 2D
polymer networks, indicating that the interplay among mono-
mer deposition, monomer diffusion, and bond formation is
successfully captured by our atomistic simulations. Conse-
quently, the simulations preserve the interplay among deposi-
tion, surface diffusion, and bonding over longer timescales and
the findings from our study can be extrapolated to typical
experimental conditions.

Importantly, we identified a crucial pre-bonding stage that
significantly impacts the formation of extended 2D COF crys-
tals, which is guided by an intricate interplay among monomer
coordination, diffusion, and bond formation. Our models also
describe the formation of vacancy and dislocation defects
during polymerization. Overall, our results highlight the
significance of high surface mobility, high framework rigidity,
moderate monomer coordination, and low bonding rate in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Chemical structures of hexaiodo-substituted CHP and the gene
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rated CHP radical after being deposited on metal surfaces. (b) Chemical

structure of the polyphenylene network. Distributions of the angles between the vector connecting the monomer center of mass and the radical
atom (blue arrow) and the substrate (1, 0, —1) direction (red arrow) at 600 K on (c) Cu (111) and (d) Ag (111) substrates. Distributions of the angles of

the monomer units of 2D islands on (e) Cu (111) and (f) Ag (111) substrates
other temperatures can be found in Fig. S1 and S2 in the ESI.t

formation of high-quality 2D COFs, which can be achieved by
tuning the substrate, deposition rate, and temperature.

2. Results and discussion

2.1.
substrate

Monomer conformation and motion on the metal

In the isolated state, the dihedral angle between adjacent phe-
nylene rings in CHP is approximately 150°. Upon deposition of
the monomer on the substrate, its molecular conformation
becomes coplanar due to van der Waals interactions with the
metal surface (see Fig. S3t). Previous DFT calculations based on
the local density approximation (LDA)** have demonstrated that
the CHP monomer exhibits its most stable binding configura-
tion with the metal substrate when it resides at the Atop posi-
tion (where the center of mass of the CHP radical is directly

© 2024 The Author(s). Published by the Royal Society of Chemistry

. Details of the calculation of the angular distributions and the values at

above a surface atom).”” This feature is also seen in our
molecular dynamics simulations. For the Cu (111) substrate,
~90% of the monomers are located at the Atop position, which
is consistent with the LDA-DFT results that the Bridge and
Hollow configurations have energies 1.8 eV and 2.0 eV higher,
respectively. For the Ag (111) substrate, monomers are seen in
our simulations to be located in both the Atop (~45%) and
Bridge (~34%) positions, which agrees well with the LDA-DFT
results that the energy difference between these configura-
tions is small (0.1-0.2 eV).*

At elevated temperatures, the CHP monomer does not keep
fixed orientational angles (see Fig. 1) seen in the optimal
configurations at 0 K (see ESI Videot). For the Cu substrate, we
find that ~90% CHP monomers have a 30° angle relative to the
(1, 0, —1) direction of the metal surface at 600 K (see Fig. 1c),
which is consistent with the potential energy profiles calculated

Chem. Sci., 2024, 15, 17629-17641 | 17631
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based on the force field (Fig. S47). This preferred orientation of
the CHP monomer with respect to the Cu (111) surface origi-
nates from their lattice matching (Fig. S51). However, the
lattices are mismatched on the Ag (111) surface (Fig. S57),
leading to variations in orientations, as shown in Fig. 1d. As
such, monomer diffusion on the Cu surface proceeds from Atop
to Atop position with the initial and final configurations having
the same orientation, while that on the Ag surface can switch
among Atop and Bridge positions and with orientational
changes. These results also demonstrate that the Cu surface has
a stronger anchoring effect for CHP than the Ag surface.

2.2. Polymerization via monomer addition and island
coalescence

We consider in the simulation a constant-rate deposition stage,
followed by an annealing stage. There is a probability of bonding
between deposited CHP monomers when they come into prox-
imity on the surface, gradually forming an initial island con-
sisting of two monomers, as shown in Fig. 2a. This island also
diffuses on the metal surface, although at a slower rate.

Our MD simulations indicate that the polymerization of 2D
COFs on the metal substrate occurs through two mechanisms:
monomer addition and island coalescence. The process of
monomer addition (Fig. 2a) resembles the classical crystal
growth process, with monomers added sequentially to estab-
lished nuclei. A small island and a monomer can diffuse and
collide on the substrate, resulting in the extension of the island
by one monomer unit. This repetitive process fosters the
gradual formation of larger islands. Fig. 2a illustrates a typical
monomer-addition process, where we take the example of the

(a)

@ Monomer 1 % RIS
o G R
Monomer 3

Monomer 2 addition

Island G

Fig. 2
coalescence, and (c) monomer-assisted island coalescence.
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Ag (111) substrate: Monomers 1 and 2, upon being deposited on
the metal substrate, collide and bond to form Island A (2al —
2all). Subsequently, Monomer 3 approaches this island,
collides, and forms a larger Island B (2all — 2alll). This process
continues, resulting in the formation of larger islands (2aIV and
2aV). We refer to the islands grown exclusively through mono-
mer addition as the Initial Islands. As the islands expand, their
diffusion rate on the metal surface decreases (see the mean
square displacements in Fig. S61 and diffusion coefficients for
monomers, dimers, and trimers in Table S1t). We observe that,
on the Ag substrate, islands containing more than five mono-
mers are virtually static within the simulated time frame, while
on the Cu substrate those containing two or more monomer
units exhibit minimal movement. As a result, the subsequent
growth of the islands is primarily dependent on the diffusion of
monomers, dimers, trimers, and tetramers on the substrate,
along with their collisions. Thus, the locations of the initial
islands heavily influence the formation of dense regions in the
2D network.

As multiple islands grow simultaneously on the substrate,
they may merge into a larger island (island coalescence) (2bI —
2bII in Fig. 2b). Small islands diffuse and collide: When Island E
and Island F approach each other, they temporarily form a loose
contact due to van der Waals forces (2bIII), with the smaller
Island F continuing to move and rotate. This loosely bound
configuration during the pre-bonding stage facilitates their
subsequent bonding, which connects the two islands (2bIII —
2bIV). For large islands, diffusion on the substrate is restricted.
However, small islands can diffuse, approach them, and coa-
lesce. Additionally, we have observed that monomers can

Monomer addition

e s B

addition
addition

ﬁ?ﬁ
.

Island K

Illustrations of the CHP polymerization on the Ag (111) substrate: (a) monomer addition (red circles indicate bonding sites), (b) island
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promote contact and bonding between islands, a process we
refer to as monomer-assisted island coalescence. For instance,
as illustrated in Fig. 2c, Monomer 4 is located between Island G
and Island H (2cl), which also fosters the formation of a tran-
sient binding state (2cII). Monomer 4 collides with both Island
G and Island H and, in this case, eventually bonds with Island
G, forming Island J (2¢III). Finally, Island J and Island H collide
and coalesce to form Island K (2¢III — 2¢V).

The transient binding configurations described above
represent a pre-bonding stage for island growth. This stage
involves molecular collision leading to eventual bond forma-
tion, while allowing the monomers and small islands to adjust
their positions and move towards a more thermodynamically
favorable state. This corresponds to filling the concave struc-
tures surrounded by more monomer units to form a larger
contact, thereby facilitating the formation of an integrated
polymer network, as shown in Fig. 3. Based on this mechanism,
it can be inferred that moderate coordination, high surface
mobility, and low bonding rate are important to forming large,
extended networks.

The type of substrate significantly influences the polymeri-
zation of 2D COFs, which manifests as monolayers with
different sizes and defect densities. As shown in Fig. 4a and b,
large and dense networks are formed on an Ag substrate, while
on a Cu substrate, the network consists of numerous small and
branched islands (see ESI Videot). These findings are consis-
tent with previously reported experimental STM measure-
ments.” Compared to Ag, the interactions between monomers
and the Cu substrate are stronger (the binding energies are
calculated by the force field to be —35.6 kcal mol™" (~—1 kcal
per mol per carbon) on Cu (111) and —32.5 kcal mol™* (~—0.9
keal per mol per carbon) on Ag (111), respectively; see Table S2F
for calculation details). The monomer mobility is also lower on
Cu (111) than on Ag (111), with the diffusion barriers evaluated
by LDA-DFT being 2.2 eV and 0.8 eV, respectively;" the calcu-
lated monomer diffusivities given by our MD simulations are
0.335 and 4.734 cm® s~ " on Cu (111) and Ag (111), respectively
(see Table S1t). The restricted mobility on Cu not only leads to
fewer bonding collisions, but also reduces the conformational
adjustments in the pre-bonding stage, thereby limiting the
formation of high-quality 2D COFs, as mentioned above.

Interestingly, the formation of islands modifies the orienta-
tion of the monomers on the substrates. On the Cu substrate,
the islands maintain the ~30° angle seen for monomers
(Fig. 1e). However, on the Ag substrate, the monomers, which
originally have various orientations, become aligned within
a given island due to constraints of covalent bonding. These
islands prefer to orient around 10 or 50°, while those with

Surface Coordination
diffusion R

Fig. 3 Proposed mechanism of polymerization on metal substrates.
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dislocations can have values between these two limits, as
illustrated in Fig. 1f. Overall, these results suggest that the
monomer-substrate interactions should be tuned to balance
increasing monomer mobility for extended crystal growth and
anchoring monomer orientations to suppress dislocations.

Our quantitative analysis of bond formation during poly-
merization reveals distinct growth stages. Fig. 4c shows the
number of bond formations occurring during the simulation.
The initial step is an induction stage with low bonding occur-
rences, which is observed for polymerizations on both Ag and
Cu substrates. This stage corresponds to diffusion-controlled
nucleation, where the low monomer concentration results in
few effective collisions and bond formations. Subsequently, on
the Ag substrate, the system enters a regime of constant growth,
where the growth rate of islands is primarily limited by the
number of deposited monomers on the substrate. In compar-
ison, the induction period is notably longer on the Cu substrate,
and the subsequent growth rate increases gradually, indicating
relatively restricted monomer and island diffusion during
polymerization. As the concentration of monomers increases on
the Cu substrate, the dependence of polymerization on diffu-
sion decreases, leading to an increase in the growth rate.
Overall, more bond formations are observed on the Ag substrate
than on the Cu substrate within the same time frame, as a result
of more rapid diffusion and formation of 2D COF crystals on its
surface (Fig. S77).

Fig. 4d and e show the evolution of the largest and average
island sizes over time. We found that both monomer addition
and island coalescence contribute to forming 2D crystals on the
Ag substrate, as indicated by their alternating stages in Fig. 4d.
In contrast, on the Cu substrate, constrained diffusion leads to
the generation of localized small islands, and the development
of the main 2D crystal proceeds in a step-wise manner (see
Fig. 4e), primarily through the merging of islands. The change
in island sizes in the annealing stage indicates ongoing island
growth without new monomer deposition; it is unreacted
monomers on the substrate that continue to grow existing
islands by monomer addition. Island coalescence can also
facilitate the growth of crystals, which is particularly noticeable
in the case of Ag where this process rapidly increases the
average island size.

2.3. Defect formation and healing

Our simulations demonstrate that monovacancy, divacancy,
multivacancy, and dislocation defects emerge during monomer
addition and island coalescence. We now illustrate represen-
tative examples of the appearance of such defects. As shown in

Conformational
adjustment .

Bonding

BN
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Fig. 4 2D COFs formed at 1000 ns on (a) Ag (111) and (b) Cu (111) surfaces. (c) Evolution of the number of reactions during the simulation.
Evolution of the island size on (d) Ag and (e) Cu substrates. Red and blue in panels (d) and (e) represent growth by monomer addition and island
coalescence, respectively. During the deposition stage, a monomer is deposited every 1.25 ns while keeping the system at a temperature of 600
K; in the annealing stage, the system is maintained at 600 K without monomer deposition (see the Methods section for details).

Fig. 5a, when Monomer 1 diffuses close to Island A - which has
a concave structure formed when a connecting monomer is not
adjusted to the thermodynamically most favorable configura-
tion in its pre-bonding stage, see 5al—, entering the cavity is
difficult in the pre-bonding stage due to steric hindrance;
however, frequent collisions due to van der Waals interactions
can lead to bonding and eventual closure of the cavity, resulting
in a vacancy (5all — 5alIV). During the subsequent growth, it is
difficult for such a vacancy to get in contact with monomers and
heal. Depending on the shape of the islands and the bonding
positions, divacancy and multivacancy defects can also occur.
Fig. 5b illustrates the successive formation of a multivacancy
defect and a divacancy. Island B formed through island coa-
lescence possesses multiple semi-closed regions. Monomers
can diffuse and connect with the semi-closed ring structure,
gradually closing the ring and resulting, for instance, in a five-
vacancy defect (5bI — 5bV). Subsequently, another semi-
closed region of this island can collide and bond with Mono-
mer 3, forming a divacancy defect (5bVI — 5bVIII). Since the
edges of islands usually do not match perfectly, the coalescence
of islands also tends to produce vacancies, as illustrated in
Fig. 5c. Compared to monomers, adjustment of the conforma-
tions of islands during the pre-bonding stage is more difficult
due to their reduced mobilities. Based on the mechanisms of
vacancy formation, a low bonding rate and a high surface

17634 | Chem. Sci, 2024, 15, 17629-17641

mobility, which facilitate the adjustment of monomer and
island configurations in the pre-bonding stage to prevent the
formation of concave structures, also suppress the formation of
vacancies. Lattice elongation by monomer addition is also
preferred to reduce vacancy.

Dislocation structures can also accompany island coales-
cence and monomer addition, a feature mostly observed on the
Ag surface. To illustrate this point, consider Fig. 6a where Island
A and Island B first diffuse and come in proximity (6al). Colli-
sions lead to bond formation on one end, connecting the two
islands and forming a semi-closed structure (6all). At this point,
maintaining contact on the other end due to van der Waals
forces results in a deformation along the branch of the covalent
network from its crystal lattice. When a bond forms at the
contact, a dislocation with multivacancy is formed (6all-6allI).
Subsequent monomers during deposition and diffusion may
partially fill the vacancies (6aIV); however, the dislocation is
difficult to eliminate.

Fig. 6b illustrates the formation of a seven-membered ring
through monomer addition. Initially, Island C and Island D
combine to form a semi-closed ring structure (6bI — 6blII).
Then, Monomer 1 collides and eventually bonds to one side of
the semi-closed structure during its diffusion, forming a near-
closed structure (6bII — 6bIV). If it further bonds, the ring
would close with a single vacancy defect. However, we found

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Ratios of monomers with different numbers of connections at different deposition rates on the Ag (111) substrate: (a) at the end of the
deposition stage, (b) at 200 ns after the deposition stage, and (c) at a total time of 1000 ns. Ratios of monomers with different numbers of
connections at different deposition rates on the Cu (111) substrate: (d) at the end of the deposition stage, (e) at 200 ns after the deposition stage,
and (f) at a total time of 1000 ns. A bar plot representation of the ratios of bond connections is provided in Fig. S9.1

that it is possible for a second monomer, Monomer 2, to diffuse
into the middle of the semi-closed region, pushing away the
earlier connected monomer unit, and then to bond to the other
side of the semi-closed structure (6bV — 6bVIII). Finally, the
ring completely closes, forming a seven-membered ring struc-
ture (6bIX). The vacancy in this defect can still be filled by
a monomer; indeed, we observed the diffusion of Monomer 3
into the interior of the heptagon and its subsequent bonding
(6bX — 6bXII).

On the Cu surface, the monomers tend to have fixed orien-
tation owing to the strong monomer-substrate anchoring and
the good lattice match we mentioned above. This phenomenon

17636 | Chem. Sci., 2024, 15, 17629-17641

counteracts the deformation of the COF framework induced by
van der Waals interactions in the pre-bonding stage, thereby
reducing the likelihood of dislocation formation. However,
suppressing dislocation formation through strong monomer-
substrate anchoring and good lattice match may increase the
diffusion barriers, thereby restricting the monomer mobility
that is necessary for collision and conformational adjustment
during the pre-bonding stage. This restricted mobility leads to
the formation of more branched islands instead of large, dense
crystals. In other words, there is a tradeoff between suppressing
dislocation defects and forming dense 2D structures. Conse-
quently, fine-tuning the monomer-substrate interactions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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becomes imperative to strike a balance between achieving an
extended COF crystal and suppressing dislocation formation.
Based on these aspects, a high framework rigidity reduces
lateral structural deformations induced by monomer coordi-
nation or from thermal vibrations, thereby improving the
quality of the 2D crystal.

2.4. Impact of the deposition rate and the temperature

The above results illustrate the intricate relationship among
monomer coordination, surface diffusion, and bonding reac-
tions during the polymerization of 2D polymers. These char-
acteristics are expected to vary across different chemical
structures and substrates and are markedly influenced by the
experimental conditions. For a specific combination of mono-
mer chemical structure and substrate, it is possible to fine-tune
the polymerization process towards higher-quality crystals by
adjusting factors such as the deposition rate and temperature.
Next, we theoretically investigate their impacts to gain insight
into an optimization of such experimental conditions. The
tuning of these factors has so far been only explored
empirically.'***

Fig. 7a-f show the distributions of bond connections
between the same absolute number of monomers at different

View Article Online
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a longer deposition time) leads to more connected bonds at the
end of the deposition stage, as shown in Fig. 7a and d. This is
understandable as the monomers have more time to diffuse and
react. When the simulations proceed into the annealing stage,
the monomers in the fast-deposition cases reacted with each
other, leading to smaller differences in the bond density (Fig. 7b
and e). However, the impact of the deposition rate cannot be
fully eliminated via an annealing process. After a simulation
time of 1000 ns (including deposition and annealing), the
framework with the slowest deposition rate still has the densest
network. This difference is more pronounced on the Cu surface
given its lower monomer mobility than on the Ag surface; this
feature is also illustrated in Fig. S8.t

Thus, modifying the deposition rate can tune the relative
rates between surface diffusion and bond reaction. A slower
deposition rate means a stronger impact of monomer mobility,
particularly when bond formation is diffusion-limited as on the
Cu surface. At a faster deposition rate, only a limited number of
monomers have reacted at the end of the deposition stage,
resulting in more monomers reacting during annealing, albeit
to a lesser degree.

Finally, we investigated the impact of substrate temperature.
A higher temperature helps overcome the surface diffusion and

deposition rates. A slower deposition rate (which corresponds to reaction energy barriers, simultaneously increasing the
(
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Fig. 8 Ratios of monomers with different numbers of connections at different temperatures after a total simulation time of 1000 ns on the Ag
(111) substrate for deposition steps of (a) 250 ns and (b) 500 ns. Ratios of monomers with different numbers of connections at different
temperatures after a total simulation time of 1000 ns on the Cu (111) substrate for deposition steps of (c) 250 ns and (d) 500 ns.
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monomer mobility and the bond formation rate. However, their
relative accelerations can differ as the process with a higher
energy barrier will increase to a larger extent. Our calculations
suggest that the bond formation rates increase faster than the
monomer surface mobility as the temperature goes up
(Fig. S77). At a higher temperature, the monomers have more
kinetic energy, making the coordination process more difficult
but allowing for easier monomer conformational adjustment in
the pre-bonding stage. The combined effect of these factors is
thus expected to be complicated by multiple interacting
features. Our results suggest that the network density increases
with temperature over the investigated range of 570-620 K for
the Ag surface, albeit to different degrees at different deposition
rates (Fig. 8a and b). However, the network density on the Cu
surface begins to drop above 610 K for the two considered
deposition rates (Fig. 8c and d). As such, a careful tuning of the
temperature might be needed depending on the type of
substrate and the deposition rate.

3. Conclusions

In summary, we have leveraged efficient molecular dynamics
simulations with parameters approaching density functional
theory-level accuracy to investigate the two-dimensional poly-
merization of cyclohexa-m-phenylene on two metal substrates.
Our greatly improved theoretical approach enabled us to
simulate 2D COF polymerization over microsecond timescales
with high atomistic accuracy under conditions closely resem-
bling those used experimentally.

The polymerization of 2D COFs on metal substrates exhibits
an induction period followed by growth, both of which are
significantly impacted by the diffusion of the monomers on the
substrate. Induction corresponds to the formation of initial
islands and is limited by surface diffusion. The growth process
is driven by both monomer addition and island coalescence. On
the Ag substrate (high monomer surface mobility), the crystal
forms mainly via monomer addition and also involves island
coalescence, while on the Cu substrate (low monomer surface
mobility), it progresses mainly step-wise through the merging of
islands. These results are intriguing because they resemble
chain-growth and step-growth linear polymerizations, respec-
tively, where growth is dominated by either monomer addition
or chain-chain coupling. From this analogy, we derive that high
monomer surface mobility may be desirable for achieving high-
quality 2D COFs.

We identified a pre-bonding stage critical to forming large
2D crystals. The monomers, loosely coordinated by van der
Waals interactions, can dynamically adjust their configurations
with respect to the island structure towards the thermody-
namically more favorable stage, i.e., filling concave structures.
The simulations reveal that vacancy and dislocation defects
arise during island coalescence and monomer addition
processes. Surface diffusion, bonding, and closure of specific
concave regions can lead to the formation of vacancy defects,
while subsequent growth may reduce the extent of vacancies
through partial or complete filling. Framework deformation
due to low diffusion barriers and thermal vibrations leads to

17638 | Chem. Sci, 2024, 15, 17629-17641
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lattice mismatch situations (in particular for islands with long
branches) where bonding can result in difficult-to-eliminate
dislocations. Deformation of the COF framework in this pre-
bonding stage must be suppressed because it yields disloca-
tions that are challenging to anneal. These findings suggest that
utilizing moderate monomer coordination strength (beneficial
to entering the pre-bonding stage), minimizing the deformation
of the 2D COF network (e.g., via tuning monomer-substrate
interactions or increasing its structural rigidity), maintaining
high surface mobility, and lowering the bond formation rate
can reduce the occurrence of dislocation defects and promote
the formation of large 2D crystals.*>*® These factors can be
modified by tuning substrate type, deposition rate, and
temperature, as we demonstrated in the simulations and as has
been previously observed experimentally. Based on this under-
standing, it is possible that high-quality 2D crystals can be
generated without the need for reversible defect annealing if
these kinetic factors are appropriately balanced. Going forward,
it will be important to consider how this complex interplay of
factors influences the growth of 2D COFs at other interfaces
(e.g., liquid-liquid, liquid-solid, liquid-gas).

Our observations underscore the intricate nature of 2D COF
formation on substrates. While the mechanisms elucidated in
this study are expected to apply to the formation processes of
other types of 2D COFs, factors such as the COF chemical
structure and substrate interactions will significantly influence
the growth profiles. Understanding this complex interplay of
factors as a function of interface and COF structure warrants
further investigation.

4. Methods

For simplicity, we directly model the deposition of CHP radicals
on metal substrates. Three atomic layers of Cu (111) or Ag (111)
of a lateral dimension of 38 nm x 32 nm are used as the
substrate, with the bottom layer fixed in the simulations. The
General Amber Force Field* is used to describe the CHP
molecules with the restrained electrostatic potential (RESP)*
charges, an approach that has shown good accuracy for small
molecules.**> The embedded-atom method (EAM)* is used to
describe the metal substrate® and the interactions between
CHP and the metal substrates are described via a Lennard-Jones
potential with parameters taken from Heinz.*® We bench-
marked the monomer-substrate interactions of the force field in
comparison to those obtained at the DFT level (PBE,** RPBE,*’
and PBEsol*®) and found that they can be reasonably described
around the equilibrium position (see Fig. S107).

The monomers were deposited from a distance of 35-40 A to
the substrate, with an initial velocity of 0.001 A fs~* towards the
substrate. A total of 400 monomers were deposited over a period
of 5 ns, 250 ns, and 500 ns, after which the system was further
simulated for another 995 ns, 750 ns, and 500 ns, resulting in
a total simulation time of 1000 ns. The final system has 71 100
and 84 840 atoms for simulations on the Ag and Cu substrates,
respectively.

A parallel algorithm (REACTER)** is used to perform pre-
defined bond formations among CHP radicals during the MD

© 2024 The Author(s). Published by the Royal Society of Chemistry
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simulations (see Fig. S117). Radicals within 3 A of each other
were allowed to form a bond with a probability based on the
reaction energy barriers derived from DFT calculations by Bieri
et al.™ and prefactors tuned to allow feasible bond formation
during the simulation timeframe (see Fig. S12%).* Reversible
reactions were not considered due to their high reaction energy
barriers."

The Nosé-Hoover® thermostat was used to control the
temperature. We considered temperatures between 570 and 620
K. The combination of a temperature higher than those re-
ported experimentally,” a faster deposition rate, and a faster
bonding rate preserves the competition among deposition,
diffusion, and bond formation found in actual experimental
timescales. The time step was set to 1 fs. The velocity Verlet®
integrator was used for time integration of the potential energy
equation.

The Gaussian 16 (version C.02)** code and Vienna ab initio
simulation package (VASP, version 6.3.0)°*** were used for the
density functional theory calculations aimed at comparing the
energy profiles from the force field. The Gaussian smearing
width was set to 0.1 eV. A plane wave cut-off of 500 eV and a 3 x
5 x 1 k-point mesh were used. All MD simulations were per-
formed with the Large-scale Atomic Molecular Massively
Parallel Simulator (LAMMPS, version 2 Aug 2023 update 1).%°
The RESP charges of the system was calculated with the Mul-
tiwfn® software (see Fig. S13 and Table S31). The LJ cutoff was
set to 10 A, and the longrange Coulomb interactions were
calculated using the particle-particle/particle-mesh (PPPM)*’
method.
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