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Two-dimensional covalent organic frameworks (2D COFs) have attracted attention
as versatile active materials in many applications. Recent advances have demonstrated
the synthesis of monolayer 2D COF via an air-water interface. However, the interfacial
2D polymerization mechanism has been elusive. In this work, we have used a multi-
scale modeling strategy to study dimethylmethylene-bridged triphenylamine building
blocks confined at the air-water interface to form a 2D COF via Schiff-base reaction. A
synergy between the computational investigations and experiments allowed the synthe-
sis of a 2D-COF with one of the linkers considered. Our simulations complement the
experimental characterization and show the preference of the building blocks to be at
the interface with a favorable orientation for the polymerization. The air-water inter-
face is shown to be a key factor to stabilize a flat conformation when a dimer molecule
is considered. The structural and electronic properties of the monolayer COF's based
on the two monomers are calculated and show a semiconducting nature with direct
bandgaps. Our strategy provides a first step towards the in silico polymerization of
2D COFs at air-water interfaces capturing the initial steps of the synthesis up to the

prediction of electronic properties of the 2D material.
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1 Introduction

Despite the enormous potential of two-dimensional (2D) materials, such as graphene, phos-
phorene, dichalcogenides, or boron nitride, for applications in electronics,” optics,“ and sens-
ing,® their fabrication on large scales and with high quality remains a tremendous challenge.®
Thus, the bottom-up synthesis of 2D materials with low energy consumption and the per-

spective to rationally design material properties has attracted a lot of interest in recent



years.”

In particular, 2D covalent organic frameworks (COFs) have been emerging as a viable
material class in this respect.® In contrast to inorganic 2D materials, 2D COFs are com-
posed of covalently linked organic molecules which allows for a plethora of combinatorial
possibilities. The control over the morphology of crystalline porous structures together with

tailor-made properties render COF materials suitable for diverse applications such as gas
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storage, ™ energy storage , catalysis, electronic and optoelectronics.?®2! The
tunability of COF properties has also lead to different computational studies on the predic-
tion of their potential properties and applications, like carbon capture,“? photocatalysis®®
and drug adsorption.?*

While the approach based on COFs is promising, problems still arise from structural
defects due to high or low rates of reversibility of bond formation and instability of exfoliated
sheets. In particular, exfoliating COFs down to thin sheet and possibly even single layers
turns out to be challenging due to strong interactions between the layers. Consequently, the
controlled synthesis of COF's with tunable size and thickness on a large scale is highly desired.
In this regard, polymerization of pre-organized monomers at the air-water interface using
Langmuir-Blodgett setup has been recently demonstrated as an efficient method to synthesize
large area mono-layer and few-layer COFs. 1925728 This method exploits the promotion of
better pathways for the chemical reactions compared to solid substrates. 4"

Despite the aforementioned success in synthesizing COF's, the complexity of the polymer-
ization at the air-water interface makes the availability of a computational description and
in silico predictions of the resulting material properties highly desirable. For example, the
rational design and interactions of the building-blocks at the air-water interface can provide
valuable guidelines to steer the synthesis process.“? In order to address the largely different
time and length scales involved the polymerization, a multi-scale strategy involving different

domain-specific computational methods is inevitable.

In this work, we analyse the synthesis process from a computational point of view and
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Figure 1: Schematic overview of the different systems and methods involved in the compu-
tational study of 2D COF formation at air-water interfaces.

divided it into different stages: aggregation and stabilisation of monomers at the air-water
interface, dimerization of the monomers and stabilisation of the dimers and formation of
2D crystals. For each stage, we use a computational simulation technique which is able to
capture the essential behavior and properties (Figure [1]). For the first stage, we use clas-
sical Molecular Dynamics (MD) simulations to study the behavior of the organic building
blocks at the air-water interface. In the second stage, for the dimers, we use MD based on
a Density Functional based Tight Binding (DFTB) method. Finally, to obtain structural
information and electronic properties of the anticipated 2D COFs, we employ Density Func-
tional Theory (DFT) calculations. Specifically, we have studied two representative molecular
building-blocks, namely internally bridged triphenylamine molecules (Figure , at an air-
water interface. The molecules were selected, because using them as linker in a COF can
be beneficial for a materials with electron delocalization.® Further, these building blocks
can be linked with azine linkages via Schiff-condensation at an air-water interface to form
a COF.BI Furthermore, our combined experimental and computational studies led to the
successful synthesis of azine linked BTPHA2 COF monolayer through Schiff-base conden-

sation reaction between bridged triphenylamine (BTPHA2) and hydrazine at the air-water



by Langmuir Blodgett technique. The monolayer BTPHA2 COF has a thickness of ~ 0.8
nm with a lateral size in the range of mm? and the chemical composition of such monolayer
film was further identified by spectroscopic characterizing methods.This result is in good
agreement with the DFT calculations, which yields a thickness close to 5.23 A.

A deeper understanding of the behavior of the molecule on the water surface and their
benefits for liquid interface synthesis that lead to COF polymerization and crystallization is
key to achieving improved materials quality and control. In this regard, we have conducted
a multi-scale approach to predict the properties from the initial steps of the synthesis to
the electronic properties of the periodic COF. In this way, our work presents a step towards
a holistic description of the processes involved in the polymerization of 2D COFs at an

air-water interface.

2 Computational Methods

2.1 Classical MD calculations

All classical MD simulations were conducted using GROMACS 5.1.4.% The structures of
the two COF-building blocks used in this work (Figure [2) were built using Maestro®* 3D
sketcher. To describe the monomers, the all-atom force field OPLS-AA with 1.14*CM1A
partial atomic charges was used and parametrized with the LigParGen Server.®#3% Liquid
water was modelled with TIP3P=% and TIP4P/2005.%" In particular, the latter model has
shown a reasonable description of the phase diagram of water.”® We have selected these two
models to investigate the potential impact on the air-water interface description and the
interaction with the monomers.

The long-range electrostatic interactions were computed using the particle-mesh Ewald
(PME), while the short-range electrostatic interactions were described with a cut-off radius
of 1.2 nm. The Van der Waals interactions were described by a Lennard-Jones potential with

a cut-off radius of 1.2 nm and using the Verlet scheme. The monomer bond lengths were



Figure 2: Structures of the internally bridged triphenylamine(BTPHA) (a) BTPHA1 and
(b) BTPHA2 monomer molecules used as building blocks for the 2D COFs. Three carbons
depicted as 1, 2 and 3 are used to define the reference plane for the study of the orientation
at the air-water interface.

constrained using the LINCS algorithm®” and the Settle*” algorithm was used to constrain
bond lengths and angles of water molecules. The integration of the equations of motion
was performed using the leap-frog integrator with a time step of 2 fs. To describe the air-
water interface, we used an equilibrium protocol (Supporting Information) for both water
molecule models in order to generate a water slab system. Once the water slab configuration
was obtained the position restraints were removed and a 20 ns MD simulation using an NV'T
ensemble was used for production runs. The temperature was kept constant at 295.15 K via
velocity re-scaling with a stochastic term algorithm (7 = 0.1 ps)*! in which the monomers

and water molecules were coupled separately.



2.2 Potential of Mean Forces Calculations

The Potential of Mean Forces (PMFs) associated with pulling the monomers from the bulk
water (center of the simulation box) through the vacuum phase was computed to study
the surface preference of the monomers. The PMFs were computed using constrained MD
simulations with the umbrella sampling method. The protocol used for these calculation
shares similarities with previous simulation for water slab systems.“#%> The centers of mass
(COMs) of the monomers were pulled along the z-axis by applying an umbrella potential

> and a pull rate of 0.01 nm/ps. For

with a spring constant of & = 1000 kJ mol~! nm~
the sampling, the snapshots from the pulling trajectory were taken to generate the umbrella
sampling windows. The reaction coordinate was divided into 0.05 nm uniform windows,
representing the distance between the COM of the water and COM of the monomer along
the z coordinate. Such spacing resulted in 67 and 78 windows for BTPHA1 and BTPHA2,
respectively. Afterwards, for each umbrella window, a 5 ns NVT simulation was performed.
The COM of the monomers was constrained using a harmonic potential with a force con-
stant of k = 1000 kJ mol~' nm~2 in the z-coordinate. The previous constraint allows the
simulation to sample over different orientations and positions along the xy-plane. To take
into account the movement of COM of the water slab due to evaporation of water molecules
from the air-water interface,** the determination of the COM was done by a cosine weighting
scheme™? implemented in GROMACS. In such a scheme, the creation of artifacts in the eval-
uation of the COM (water slab) is avoided by assigning a small weight to the contribution
from molecules within the surface. Since the simulations performed in this work are at room
temperature, possible evaporation of water molecules could take place. Hence the use of the
previous scheme avoids displacements of the water slab COM.

After removing the first 600 ps of the MD run production, the PMF curves are obtained
using the Weighted Histogram Analysis Method (WHAM) implemented in GROMACS.“®

Statistical errors were calculated using a bootstrap analysis over a total of 200 cycles.



2.3 DFTB calculations

Due to the limitation of standard force fields to deal with the formation of a covalent bond,
tight-binding based DFT calculations are used to characterize the structural behaviour of
azine-linked dimer molecules at the water-air interface. The dimer structures were optimized
first in vacuum and we considered the azine angle bond formed between the monomers in cis
and trans conformations. Furthermore, the dimer of BTPHA1 was placed at an air-water of
a water slab system consisted of 670 water molecules in a 3.67 x 4.67 x 1.3 nm? orthorhombic
box and 7 nm of vertical vacuum space (see Fig. . Periodic boundary conditions were
considered. The cubic box had sufficient distance to prevent any interaction with the periodic
replicas of the monomer. Three different configurations of the dimer from BTPHA1 at the
air-water interface were studied. The first one is placing the dimer molecule at the surface
without being optimized, and the latter two are the cis and trans orientations of the prior
optimized dimer molecule at the surface. For the three systems, NVT MD simulations
were performed keeping the temperature constant at 295.15 K using a Nose-Hoover chain
thermostat. All calculations were performed using the SCC-DFTB method, using DFTB+
1.3 code.*” The Slater-Koster 3ob-3-14%4Y type parameter set was used, which is suitable for
the description of biological and organic molecules. The geometry optimization calculations,
the maximum component of the force acting on the moving atoms was set to 107% a.u.
The SCC tolerance was set to 107% a.u. The dispersion corrections for the Van der Waals

interactions were implemented via the DftD3 correction scheme.”"

2.4 DFT calculations

To study the electronic and crystal structure properties of the azine linked COFs, we have
conducted DFT simulations. All calculations were performed using the SIESTA 4.0 (Span-
ish Initiative for Electronic Simulations with Thousands of Atoms) code.”” The PBE®*#
exchange and correlation functional was used to describe the electronic properties of the

systems. Core electrons were described through Troullier-Martins norm-conserving pseu-



dopotentials.” Pseudo-atomic orbitals with double-¢ basis plus polarization were used. The
unit cell symmetry for both 2D monolayer COFs was built as hexagonal symmetry due to
the topological shape of the monomers. In order to avoid interaction between two surfaces
of the 2D COF and their replica images, each periodic unit cell is separated by 40 A. All the
calculations were performed considering a 400 Ry energy cutoff. An electronic temperature
of 300 K was used for the calculation of orbital occupation using a Fermi-Dirac function.
The minimum crystal lattice parameters of the periodic monolayer COF's were optimized
by fixing the vector ¢ while the vectors a and b where varied keeping the hexagonal slab
symmetry (Figure . The atomic positions were fully relaxed by minimizing the quantum
mechanical stresses and forces using the conjugate gradient method. The residual interatomic
forces acting on each atom were required to be less than 0.01 eV /A. The Brillouin zone was
sampled with a Monkhorst-Pack 10 x 10 x 1 k-point mesh for the unit cell optimization, and

for the calculations of the density of states (DOS) and band structure.

3 Experimental Methods

3.1 DMaterials

Hydrogen hydrate solution was purchased from Sigma-Aldrich (Germany). BTPH2 monomer
was synthesized according to the reported literature.”*»> All other chemicals were used as

received.

3.2 Synthesis of monolayer 2DP

Azine linked BTPHA2-COF monolayer was prepared at an air-water interface of a Langmuir-
Blodgett trough (Minitrough, KSV NIMA, Finland). The trough was equipped with a
platinum Wilhelmy plate and a pair of Delrin barriers. The substrates such as Si/300 nm
SiO, were immersed in to the sub-phase (water) and 40 ul of chloroform solution of BTPHA2

(lmg ml™!) were spread on the water surface. The solvent was allowed to evaporate for 30
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minutes and the compression was then done at a rate of 0.5 mm min~!. When the surface
pressure reached 10-mN m~! 75 ul of hydrazine hydrate solution (0.031umole) was added
to the subphase. The molar amount of hydrazine hydrate was ~200-300 fold excess to that
of BTPHA2. After 16 h of polymerization, the single layer 2DP was horizontally transferred
onto substrates with a rate of 1 mm min~—!. The synthetic BTPHA2 COF films could be
readily transferred to any substrates, which were purified by chloroform, ethanol and water,

and then dried in Ny flow to remove any impurities before further characterization.

3.3 Microscopic characterization

Optical images were acquired in differential interference mode with AxioScope Al, Zeiss.
Atomic force microscopy (AFM) was performed on a customized Ntegra Aura/Spectra from
NT-MDT (Moscow, Russia) with a SMENA head in tapping mode. The probes have a
typical curvature radius of 6 nm, a resonant frequency of 47-150 kHz, and a force constant

of 0.35-6.10 N /m.

3.4 Spectroscopic characterization

Raman spectra were on confocal Raman microscope (NT-MDT). The Raman spectrum was
excited by a 532 nm (2.33 eV) laser and the spot size of the laser beam was about 0.5um.
Fourier transform infrared spectroscopy was performed on Tensor II (Bruker) with an atten-

uated total reflection unit.

4 Results and discussion

4.1 Synthesis of COF monolayer at the air-water interface

Azine linked BTPHA2-COF layer was synthesized through Schiff base condensation reaction

between triphenylamine (BTPHA2) and hydrazine hydrate at the air-water interface by the
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Figure 3: Synthesis and morphological characterizations of BTPHA2-COF. a) Schematic
illustration of synthesis of BTPHA2-COF monolayer at the air-water interface. b) Optical
microscopy images of monolayer suspended over a copper grid (scale bar~ 100 pm). c)
Optical microscopy images of monolayer deposited on 300 nm SiO,/Si (scale bar~ 50 pm).
d) AFM image of the monolayer BTPHA2-COF on 300 nm SiO,/Si (scale bar~ 10 pm).

Langmuir-Blodgett technique. The procedure to synthesize monolayer 2D polymer at the
air-water interface in Langmuir trough is illustrated in Figure [3h. In the first step, BTPHA2
in chloroform is spread on the water surface of the LB trough (i). The preorganization of the
densely packed sub monolayer of BTPHA2 was achieved by compressing to a surface pressure
of 10 mNm~!. Upon compression, the monomers packed together into a monolayer, with their
reactive units in close contact with each other. The formation of a densely packed structure
could be monitored by surface pressure—area (7—A) isotherm (Figure (ii). Once the
monomers were pre-organized on the water surface, the polymerization was initiated by the
addition of hydrazine hydrate to the subphase (water) (iii). The concentration of hydrazine
was approximately in 300-fold excess relative to the concentration of BTPHA2 to ensure an
efficient and fast polymerization reaction. The reaction was maintained for twelve hours to
promote efficient polymerization (iv). Furthermore, the synthesized BTPHA2 COF could be

readily transferred to any substrates for further characterizations. For instance, BTPHA2
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COF monolayers were horizontally deposited onto copper grids with a hexagonal mesh,
comprising a side length of 18 um. As shown in Figure [3b the synthesized BTPHA2 COF
monolayer is free-standing and significantly large with few cracks/wrinkles alongside which
are induced by the transfer and/or drying process. To evaluate the thickness, BTPHA2 COF
monolayer can be horizontally transferred onto 300 nm SiO,/Si wafers. Images measured
by OM revealed thin homogeneous layers over areas of several mm? without any noticeable
defects or wrinkles (Figure [3b). The straight edges in the BTPHA2 COF monolayer sheet
are manually created to enhance the contrast and to distinguish between covered area and
bare substrate surface. The tapping mode AFM height image and the cross-sectional analysis
along the edges indicate that the BTPHA2 COF layer has a thickness of approximately 0.8
nm on Si0Os/Si, thus suggesting the single layer feature of the BTPHA2 COF synthesized at
the air water interface (Figure [3c).

To gain insight into the chemical structure of the obtained COF layer, the monolayer was
characterized by Raman spectroscopy and FTIR. Confocal Raman spectroscopy can give de-
tailed spectroscopic information with limited resolution and the sensitivity is capable enough
to monitor the change in chemical composition of monolayer 2D polymer“® and the metal
ion evolution in monolayer sheet of 2D coordination polymers.”® The synthesized BTPHA2
COF monolayer was horizontally transferred onto 300 nm SiO,/Si and characterized by con-
focal Raman spectroscopy. Figure shows the Raman spectra for precursor monomer
BTPHA2 and BTPHA2 COF monolayer. The characteristic aldehyde C=0 stretch at 1690
cm ! for BTPHA2 disappears in the spectrum of BTPHA2 COF and new peak emerges at
1585 cm™!, for C=N bond,*™* revealing that the aldehyde groups have been successfully
transformed into imine bonds. FTIR measurement was performed to further confirm the
chemical bonding in the azine linked COF monolayer. FTIR spectra show the characteristic
C=0 vibration at 1680 cm™! corresponding to precursor monomer BTPHA2. The aldehyde
band disappears in the spectra of BTPHA2 COF and a new peak at 1630 cm ™! was observed

giving strong evidence for the formation of imine®” (Figure )
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The multiple lengths and time scales of synthetic strategies require multi-scale simulation
approaches to complement the experimental characterization and to better understand the
structural and physical properties of the resulting COFs. In the following, we will present
the results of our simulation approaches to get insight into the structural behaviour of the

system in each reaction step.

4.2 Interaction of the building-blocks at the air-water interface

The behavior of the BTPHA1 and BTPHA2 monomers at the air-water interface is investi-
gated using classical MD simulations. In order to characterize the structural orientation of
the monomers, the displacement of their COMs in the simulation box and the orientation
of the monomers are studied. The position of the COM is described by the position of the
N atom. Figure da shows the time-evolution of the COM displacement for BTPHAT1 using
the TIP3P and the TIP4P water models. The molecule is initially placed on the water
surface. The TIP4P water model presents a more stable interaction between BTPHA1 and
the air-water interface. During the production run using the TIP3P model, a flip event was
encountered around 13 ns into the simulation. The molecule diffused towards the center of
the water slab and later returns to the air-water interface. This behavior demonstrates a
preference of the molecule to be in the interface region with the TIP3P model.

The orientation of the molecules with respect to the air-water interface is calculated as
the angle between the normal vector of the plane defined by three molecule atoms (Figure
and the positive z-axis of the simulation box. Figure presents the time-evolution of
the orientation for BTPHA1. During the production run it is seen to follow the water
surface orientation. The flip event using the TIP3P model that was previously discussed
can be observed in Figure as well. The molecule flips from 0 degrees to 180 degrees,
only to later flip back to 0 degrees. Such behavior of the BTPHA1 and its preference
to be at the air-water interface can be attributed to an increase of the Van der Waals

interactions contribution between the BTPHA1 and the water molecules. By adopting an
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Figure 4: MD simulation results for BTPHA1 in presence of an air-water interface using
TIP3P and TIP4P water models. (a) COM displacement of BTPHA1 initially placed at the
air-water interface. (b) Time dependence of the orientation angle at the air-water interface.
(c) COM displacement of BTPHAT initially placed at the center of the water slab. The 90%
and 10% levels of the water bulk density are represented by horizontal lines.

in-plane configuration, the contact area with the water surface is higher. The oscillations
of the molecule define an interface width, which in previous studies of small molecules like
aldehydes at air-water interfaces has been estimated to be ~ 1 nm®? which is close to the
results observed here. Furthermore, BTPHA1 was placed at the center of the water slab
and 20 ns of the production run were performed. Figure depicts the BTPHA1 COM
displacement during the simulation time. For both water models, BTPHAT1 diffuses toward
the air-water interface. Further, it can be seen that the uptake of BTPHA1 at the air-water
interface takes place around the first 4 ns for both water models. Since one simulation
is not sufficient to analyze the influence of the water models, three different simulations
were conducted placing again BTPHA1 in the center of the simulation box with different
orientations. In those three extra cases, BTPHA1 diffuses towards the air-water interface
with different uptake times than in the formerly discussed simulation, presenting a difference
in the time for the water models. However, after BTPHAL1 is localized in the interface, its
position using the TIP4P water model does not present fluctuations. For the TIP3P water
model, one of the simulations again presented fluctuations in the positions of the BTPHA1

towards the center of the box.
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Similar results were found for BTPHA2 which is expected given the similarity of the the
molecules. We conducted the same simulation protocol to study the interaction of BTPHA2
at the air-water interface and the same conclusions can be obtained (Figure [S5)). Both
BTPHAT1 and BTPHA2 exhibit a preference for the interface region. For both molecules, the
TTP4P model yields a higher preference for the air-water interface than the TIP3P model.
During the 20 ns of production time, BTPHA2 remains at the air-water interface. The
simulations of BTPHA2 showed a more stable interaction with the interface compared with
BTPHAL1 based on the angle orientation fluctuations (Figure [S5p). For both water models,
BTPHA2 adopted an in-plane configuration with respect to the water surface. The six methyl
groups of BTPHA1 and BTPHA2 promote the in-plane orientation of the molecule due to
the hydrophobic nature of methyl groups. The aldehyde groups exhibit orientation towards
the water molecule due to H-bonding interactions with water molecules. The combination
of these two interactions and the aromatic groups present in BTPHA2 enrich the orientation

and surface preference of the molecule.

4.3 Free Energy profile for the transition of the building blocks

from bulk to vacuum

To complement the MD simulations discussed in the previous section, PMFs were computed
and the free energy profile of the pulling of the molecules from bulk water to the interface
was obtained. Figure [5| presents the PMF results for the two molecules, with the reaction
coordinate z corresponding to the distance between the COM of the molecule and COM
of the water slab. All PMFs were defined as zero inside the water slab and hence the
free energy difference was quantified with respect to the bulk — an approach conducted
in similar studies involving air-water interfaces.®” All curves display a minimum energy at
the air-water interface. For the case of BTPHA1 (Figure ph), the minimum energy is at
2z = 2.064 nm with energy E;, = —20.735 kJ mol~' and z = 2.055 nm with energy

Epin = —12.54 kJ mol~! for TIP4P and TIP3P water models, respectively. These minima
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Figure 5: PMF using different water models as a function of the distance between the
molecule and COM of the water slab for (a) BTPHAL, and (b) BTPHA2. The air-water
interface is represented with vertical dashed-lines for the 90% and 10% levels of the water
bulk density.

quantify the preference of the molecule to be at the surface.®” It can be seen from the PMF
that both models favour the molecules being at the interface, as it was established with
the free MD simulations. Similar results are also found for BTPHA2 (Figure [5b), with the
difference that the minimum energy is at z = 2.96 nm with energy E,,;, = —20.39 kJ mol™!
and z = 2.94 nm with energy E,;n = —14.55 kJ mol~! for TIP4P and TIP3P water models,
respectively. The PMF results also reveal the interfacial enrichment for the TIP4P water
model compared to TIP3P. Similar results have been found for the TIP4P water model as a

favorable force field to describe water slabs.*4

4.4 Dimer structure and interaction at the air-water interface

In the previous sections we established that the monomers are driven towards the air-water
interface and remain there for longer times in an in-plane configuration. Next, we use

azine-linkages to build the dimer structures in order to consider the start of the nucleation
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process leading to the azine-linked COFs build from BTPHA1 and BTPHA2. In both
cases, the azine linkage was imposed to start in cis and trans configuration, respectively.
The optimized structures show that the dimer molecules are not flat. On the contrary, the
individual monomers have adopted a “cross geometry” with respect to each other (Figures
and [S8). For the case of the BTPHA1 dimer, the energy difference between the optimized
structures is —0.12 eV, where the trans configuration is the most stable one. The presence
of the additional benzene rings in BTPHA2 promotes a cross geometry which is closer to a
flat geometry in comparison to the optimized structures from the BTPHA1 dimer. Based
on those results, we conclude that the dimer structures are not planar in vacuum.
Subsequently, we selected the BTPHA1 dimer structure and placed it at the air-water
interface of a water slab system to investigate the effect of the surface. We considered three
different SCC-DFTB MD simulations with 2 ps runtime. The initial configurations of the
BTPHAL1 dimer were the non-optimized (with a close to planar configuration) and the cis
and trans optimized structures (with a cross configuration). All three simulations at the
air-water interface promoted a flat configuration of the different dimer structure considered
(Figure . The trans configuration structure did not completely adopt a flat configuration
since the azine linkage presented a rotation toward an in-plane configuration. Such a rotation
could represent a high energy barrier that might not be possible to overcome in the chosen
simulation time. Figure [0] shows the final configuration of the azine-linked BTPHA1 dimer
structure at the air-water interface for the case where the BTPHA1 dimer was initially
optimized. The SCC-DFTB MD simulations results show the preference of the BTPHA1
dimer molecules structures to adopt a flat configuration at the air-water interface. The
presence of the water surface promotes such configuration in order to increase the contact
area between the dimer molecule and the water. As in the case of the classical MD simulations
of the monomers, the SCC-DFTB simulations also reveal the role of the air-water interface
for the stabilization of the 2D COF during its formation where the dimer molecules can

adopt an in-plane configuration and are further linked to form a 2D crystal.
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Figure 6: Top and lateral view of the final configuration of the azine-linked BTPHA1 dimer
at the air-water interface using DFTB MD simulations. The water is represented as an
isosurface. Carbon, nitrogen and hydrogen atoms are depicted in black, blue and white
colors, respectively.

4.5 2D COF monolayer electronic structure calculations

In the monomer and the dimer simulations, we have seen that the building-blocks of the
COFs are organizing themselves at the air-water interface. The progressive linking of the
building blocks leads to the formation of large-scale 2D crystals. Since simulating the whole
polymerization process is not feasible, we focus on the ideal monolayer 2D COF crystal
structure and its electronic properties and exclude the effect of the water.

Based on the triangular molecular geometry of the building blocks considered in this work,
this kind of molecules tend to form honeycomb-like topological structures.®! Supported by
our findings for the dimer structures, we have considered a trans symmetry for azine linkage.
This type of linking has previously been reported for azine-linked COFs.?*%02 Figure 7| shows

the optimized unit cells of the resulting monolayer COFs. We refer to the 2D monolayers
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BTPAH1-COF BTPAH2-COF

Figure 7: Single monolayer optimized unit cell structure of (a) BTPAHI-COF and (b)
BTPAH2-COF. Carbon, nitrogen and hydrogen atoms are depicted in black, blue and white
colors, respectively.

built from BTPHA1 and BTPHA2 as BTPHA1-COF and BTPHA2-COF, respectively. The
optimized lattice constants were obtained via least-squares fitting of the total energy from
the optimized structures with different lattice constants (Figure .

The equilibrium lattice constants of BTPAH1-COF and BTPAH2-COF are a = 24.59 A
and a = 39.55 A, respectively. The presence of the additional phenyl rings in the BTPAH2-
COF promotes a different azine dihedral angle and a smaller monolayer thickness than for
BTPAH1-COF. The dihedral angles of BTPAH1-COF and BTPAH2-COF are 163.42° and
96.44°, respectively. The structures of both COFs are similar, having pore diameters of
2.1 nm and 3.64 nm, and a monolayer thickness of 6.41 A and 5.23 A for BTPHA1-COF
and BTPHA2-COF, respectively. This thickness is determined as the distance of the most
distant atoms along the z-axis. It is noteworthy, that in our calculations the corrugation and
distortion of the 2D material (also present in experimental conditions) are not considered,

which might explain the difference to the experimental characterization.
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Furthermore, we have studied the electronic properties of both materials. Figure [§| shows
the PBE band-structure calculations for BTPHA1-COF and BTPHA2-COF. The band-
structures are plotted along with the high-symmetry points of a hexagonal lattice in the
first Brillouin zone (I', M, K,I"). BTPHA1-COF has a PBE Kohn-Sham bandgap of E, =
1.44 e¢V. BTPHA1-COF band edges show a semiconducting direct band-gap, where the
top of the valence band and bottom of the conduction band are located at the I' point.
The DFT calculations show characteristic Dirac cones in the band structure in BTPHA1-
COF monolayer. Such Dirac cones are characteristic in pristine graphene band structure
which touch at the Fermi level at the K and K’ point in the Brillouin zone. The Dirac cone
electronic structure is a direct result of the underlying 2D hexagonal symmetry of graphene. 3
BTPHA1-COF presents the same cones with the difference that BTPHA1-COF Dirac cones
are not at the HOCO and LUCO electronic states at the Fermi level like graphene. The
hexagonal symmetry of BTPHA1-COF lead to a these common band structure features
presented in 2D COFs with hexagonal symmetry and delocalized states.**4°¢7 Although,
COF's are not mostly associated as zero gap materials,it is possible to obtained such Dirac
cone linear dispersion feature in hexagonal COFs by ensuring a correct delocalized orbital
with the correct selection of ligands®*+5=06% o1 via doping.™ In the case of BTPHA1-COF,
the triangular shape of the monomers leads to a 2D Kagome lattice symmetry. Consequently,
the shape of the conduction and valence bands for the BTPHA1-COF can be associated with
the ones of a Kagome 2D material. “™ The lowest unoccupied crystal orbital (LUCO) of
BTPHA1-COF is fully flat over the entire Brillouin zone. On the other hand the LUCO+1
and LUCO+2 are crystal orbitals hybridized at the K-point (Figure |8a) and display more
dispersion. At this same point, the highest occupied crystal orbital (HOCO) is not hybridized
with HOCO-1. The valence band of BTPHA1-COF shows more dispersion over the Brillouin
zone. This can be associated with a higher hole carrier mobility in comparison to the electron
174

carrier mobility according to the band-transport mode

The BTPAH2-COF bandstructure shows that the addition of the phenyl groups causes
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Figure 8: PBE band-structure calculations of (a) BTPAHI-COF and (b) BTPAH2-COF.
The energy of the highest occupied orbitals is set to 0 eV.

a localization of the crystal orbitals (Figure [8p). The BTPAH2-COF PBE Kohn-Sham
band gap increases in comparison to the BTPAH1-COF to E;, = 1.59 eV. The BTPAH2-
COF also displays a direct bandgap at the I' point. The BTPAH2-COF possesses the same
symmetry as the BTPAH1-COF, hence the nature of the conduction and valence bands of
the BTPAH2-COF present the same characteristic shape of Kagome bands as seen in the
BTPAH1-COF band structure (see Figure [8p). The electronic properties for the BTPAH2-
COF reveal as well a localized orbital behavior of the material. This can be observed in
the lower electronic dispersion of the bands, presenting flatter shape compared with the
dispersion of the BTPAH1-COF. The width of the conduction and valence band in BTPAH2-
COF is 167.8 meV suggesting a poor charge carrier mobility in this material. The small
dispersion in BTPAH2-COF is due to the presence of the phenyl rings linked with the azine
linkage of the COF. The addition of the phenyl groups reduces the m and 7* crystal-orbital
delocalization in the conduction and valence band of the material (Figure[S11]). This causes
the BTPAH2-COF conduction-band crystal-orbitals to localize more at the azine linkages
and the benzene rings. Although, such localization can harm the materials potential for

optoelectronic applications, the localization of the crystal orbitals in the azine linkage can
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be beneficial for photocatalytic applications.”¥ In the case of BTPAH1-COF, the frontier

crystal orbitals are delocalized over the monolayer (Figure [S10]).

5 Conclusions

This work presents a combined multi-scale modelling and experimental study of the synthesis
of azine-linked 2D COF monolayers which can be nucleated by a liquid-interface-assisted
synthesis method."™ Classical MD and umbrella sampling simulations of the isolated building-
block molecules reveal the preference of the investigated monomers to stay at the water
surface. The orientation of the monomers is found to correspond to an in-plane configuration
with the air-water interface. This orientation is beneficial for the synthesis of the COF, where
the organization of the building-blocks at the water surface is required. The same behavior
was also observed with the azine-linked dimer structures, which were investigated using SCC-
DFTB MD simulations. The presence of the water surface promotes the rotation of the azine
dihedral angle towards a flat configuration of both monomers. By utilizing the flat geometry
of molecules on the water surface, we successfully synthesized free standing and large area
azine linked BTPHA2 COF monolayer at the air-water interface by the Langmuir technique.
In contrast, in the gas phase the dimers were found to be non planar. Finally, we studied
the electronic properties of the resulting 2D COFs. Both materials have a semiconductor
band structure with band-gap energies in the regime suitable for optoelectronic applications.
BTPAH1-COF presents more dispersion in the valence band, which can be associated with
higher hole mobility. The addition of the benzene ring in BTPAH2-COF causes an increase
of the bandgap and localization effect of the orbitals due to symmetry breaking.

In summary, the multi-scale strategy used in this work allows it to study the stabilization
of molecular building-blocks, monomers and dimers, at the air-water interface for various
COF materials. Using the most preferential structures to anticipate the final 2D COF

geometry, it provides the means to evaluate their electronic properties using highly accurate
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DFT methods. Such in silico studies of liquid interface synthesis, COF polymerization
and crystallization complement experimental characterization techniques can help to achieve

improved materials quality and control over their properties.
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