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ABSTRACT: Two-dimensional nanoporous covalent organic frame-
works (2D COFs) have gathered significant interest due to their
wide range of applications. Due to the lack of strong covalent
interlayer interactions, their layers can be stacked in countless ways,
each resulting in unique nanoscale characteristics impacting the
structural, chemical, and electronic properties. To characterize and
understand the layer stacking in 2D COFs and its effect on the
structural and electronic properties, we carried out a detailed density
functional theory investigation on four materials, CTF-1, COF-1,
COF-5, and Pc-PBBA. This entailed an in-depth evaluation of the
potential energy as a function of the interlayer distance and offset, the
powder X-ray diffraction (PXRD) pattern, and the electronic
properties. From the potential energy surfaces, the typical slipped
AA-stacking configuration was confirmed as optimal for each of the
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layers. The statically calculated PXRD patterns based on these optimized stacking configurations showed discrepancies when

compared to experimental data. Instead, when properly accounting
pattern over the course of a molecular dynamics simulation, a better
configurations also profoundly affected the electronic band structur

for dynamic fluctuations by calculating the average diffraction
agreement with the experiment is obtained. Different stacking
e of COFs as the interlayer 7—7 interactions are significantly

impacted by the layer offset. Evidently, with decreasing layer offsets, the 7— interactions increase due to the layer alignment, leading
to a decrease in the band gap and an increase in interlayer charge mobility. Our study highlights the need for accurate modeling of
the stacking configuration in 2D COFs as a small-scale deviation in the adjacent layer position can significantly affect the structural

and electronic properties.
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1. INTRODUCTION

Covalent organic frameworks (COFs) are an emerging class of
crystalline porous polymerized materials, consisting of organic
building blocks with a huge structural diversity. Through the
atomic-scale tunability of their organic building blocks, COFs
can be applied in an ever-increasing range of applications,
giving rise to numerous porous crystalline materials since their
first introduction in 2005.'~” Generally, these organic building
blocks are made of lightweight and non-toxic elements,
connected by strong covalent bonds, giving rise to a stable
and robust material. These valuable nanoscale characteristics
collectively make COFs a potential candidate for various
crucial applications such as gas storage and separation,””"’
catalysis,' ' energy storage,'° " and optoelectronics.”"**
Depending on the geometry of the building blocks and their
connectivity, COFs adopt either a nanoporous two-dimen-
sional (2D) or three-dimensional (3D) framework. 2D COFs
are layered structures, where individual layers are formed
through covalent bonding of the building blocks, which are
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stacked on top of each other. The relative layer position
between these layers in the bulk structure is governed by the
non-covalent interactions between them. In contrast, 3D COFs
are completely bonded together by strong covalent bonds.

As a result of the weaker interactions between subsequent
layers in 2D COFs, they possess a large intrinsic freedom in the
relative positions of their layers. This freedom is typically
divided into two orthogonal phase spaces: the layer offset (a
vector in the plane of the layer) and the interlayer distance
(ILD), where the former defines the alignment of the layers
(Figure 1a)b).
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Figure 1. Schematic representation of (a) subsequent layer offset
along the xy-plane and (b) interlayer distance along the z-direction.
(c) Structures of the studied 2D COFs. The atom colors are
elaborated in the figure.

The stacking configuration is typically labeled based on the
aforementioned layer alignment (see Figure 2), such as the
eclipsed stacking (AA), which is formed when there is a zero-
offset vector between consecutive layers. However, in most
cases, a small non-zero offset will be present, which is referred
to as slipped AA-stacking.”® This slipped AA-stacking is further
classified into serrated AA-stacking, where the stacking
between every other layer is eclipsed (AA’A...), and inclined
AA-stacking, where the layer offset is always in the same
direction (AA’A”..). Finally, the special case of serrated
stacking where all vertices of one layer are exactly above the

pore centers of the consecutive layer will be labeled as
staggered AB-stacking. These different types of stacking
patterns strongly influence the physical and chemical nature
of 2D COFs and derived material properties. Recently,
different approaches have been explored to form a predesigned
stacking pattern in 2D COFs. Bein and co-workers used
propeller-shaped building blocks which drive consecutive COF
sheets to lock into position, reducing the chances of
unexpected layer offsets.”* In another study, the interlayer
steric hindrance was varied through a multivariate method to
control the formation of AA- and AB-stacking in 2D COFs,”
whereas Chen et al. introduced self-complementary 7-
electronic interactions between subsequent layers to control
the stacking behavior.”® Recently, Zhao and co-workers
reported a different stacking configuration between the dried
and the solvated material, when using an appropriate solvent.
This change was driven by a solvation effect, which effectively
increased the interlayer distance, decreasing the interlayer
interactions and leading to changes in the equilibrium layer
offset.”” Moreover, particular synthetic routes have also been
observed to favor a particular type of stacking in COF
layers.”* %"

The aforementioned freedom in the phase space of the
interlayer distance becomes evident when considering the
typical broad diffraction peak at high diffraction angles in the
powder X-ray diffraction (PXRD) patterns of 2D COFs.”* This
makes determining the exact interlayer distance difficult.
Therefore, other than experimental studies, computational
approaches contribute to investigate the stacking patterns and
other properties of COFs.”' ™ These studies show that a
variation in the stacking configuration has a significant
influence on the interlayer distance and the corresponding
electronic properties. For COF-1, interlayer distances of 3.51
and 3.13 A have been reported for eclipsed AA-stacking and
AB-stacking, respectively,”" with the corresponding band gaps
of 2.2 and 3.7 eV, respectively.”* Clearly, it is crucial to
investigate the stacking in 2D COFs as it affects the structural,
mechanical, and electronic properties, which are essential in
the prediction of their eflicacy for their intended application.

In this current computational work, we have investigated the
structural arrangement of four well known 2D COFs, CTF-1 2
COF-1,' COE-S,' and Pc-PBBA* (Figure 1c). We have
studied the interlayer stacking between two consecutive layers
as a function of the two orthogonal phase spaces, the layer
offset and the interlayer distance. We also compared the
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Figure 2. Different types of stacking in 2D COFs, namely, (a) eclipsed AA-stacking, (b) inclined AA-stacking, (c) serrated AA-stacking, and (d)

staggered AB-stacking, viewed from either the top or the side.
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density functional theory (DFT)-obtained interlayer distances
with the interlayer distances obtained via the RPA + HF
method. The RPA + HF method calculates the correlation
energy via the random phase approximation (RPA) and the
exchange energy via Hartree—Fock (HF) calculations using
DFT orbitals obtained with the PBE XC functional as input.
The RPA + HF method is in principle a fully ab initio method
and is here used as the most accurate prediction for the
interlayer distance.”’

To evaluate the effect of stacking on the electronic
properties of COFs, their band structures were investigated
in detail using the Heyd—Scuseria—Ernzerhof 06 (HSEO06)
hybrid functional.”®*” The PXRD patterns were also derived
for each stacking configuration to investigate how they
influence the diffraction pattern and to validate their geometry
with respect to the experimental reference data.

2. COMPUTATIONAL DETAILS

The first-principles calculations were performed using a
projector augmented wave (PAW)* basis set and the
Perdew—Burke—Ernzerhof (PBE) functional*' with
VASP.*~* Grimme’s D3 dispersion corrections with
Becke—Johnson damping were used in our calculations to
account for the non-covalent interactions,'®*’ whereas the
hybrid functional (HSE06) was used when calculating band
structures.”®”” The plane-wave basis cutoff energy was set to
600 eV, and all structures were optimized with an electronic
energy convergence threshold of 107 eV and an ionic
relaxation threshold of 107 eV. The PAW PBE potentials
were used with the Is', 2s%2p', 2s*2p? 2s*2p’, and 2s%2p*
valence electron configurations for the H, B, C, N, and O
atoms, respectively. A one-layer unit cell was considered while
investigating the eclipsed and inclined AA-stacking, whereas a
two-layer unit cell was considered for the serrated AA-stacking
and staggered AB-stacking. For CTF-1 and COF-1,a2 X2 X 4
I'-centered grid was used to sample the Brillouin zone for both
the one- and two-layer unit cells. We also tested the 2 X 2 X 8
I'-centered grids for the one-layer unit cell for CTEF-1.
However, we found that the energy difference between these
k-point grids was only 0.01 kJ/mol. COF-S and Pc-PBBA were
studied using 1 X 1 X § and 1 X 1 X 7 I'-centered grids,
respectively, for the one-layer cell, and a 1 X 1 X 3 I'-centered
grid was used for the two-layer unit cell.

To calculate the potential energy surface (PES) as a function
of the layer offset vector, described by its x- and y-components,
a minimal grid size was used, leveraging the symmetry of the
unit cell. For the honeycomb lattice COFs (COF-1, COF-S,
and CTF-1), this corresponded to 1/12th of a hexagon (a right
triangle with an angle of 30°). For inclined AA-stacking in
CTF-1 and COF-1, the triangle legs were 3 Ax16A, totaling
78 structures when using a 0.2 A step size. For COF-S, the
triangle legs were S A X 2.8 A to account for the larger unit
cell, totaling 201 structures. For Pc-PBBA, which has a square
lattice, 1/8th of a square (a right triangle with an angle of 45°)
was considered with dimensions of S A X 4.8 A, totaling 326
structures. For serrated AA-stacking in CTF-1, COF-1, and
COFEF-S, the triangle legs were 3 A x 16 A, totaling 78
structures, whereas for Pc-PBBA, dimensions of 3 A X 2.8 A
were used with 121 structures. The corresponding stacking
energy (E,) of the COF layers was also calculated using eq 1

T, T 1)

where 7 is the number of layers in the unit cell, E, is the total
energy of n number of layers stacking in a COF, and E_ is the
total energy of a monolayer of a COF. We also benchmarked
the performance of the different exchange—correlation (XC)
functionals and the dispersion method. The detailed computa-
tional information is given in the Supporting Information
(Text S1).

To generate the PXRD patterns, molecular dynamics (MD)
calculations were performed with the CP2K software pack-
age."®" The PBE-D3(BJ) functional was used in combination
with the Gaussian and Plane Wave (GPW)*°! basis set
approach. The TZVP-GTH basis set and GTH pseudopoten-
tials were used>” with a cutoff energy of 800 Ry and a relative
cutoff of 40 Ry for all atoms. A super cell of six layers was
considered for all the MD calculations where the I"-point was
sufficient for such a large system. For example, in the MD
simulation of CTF-1, a 2 X 2 X 6 supercell was considered. As
such, the first Brillouin zone of the supercell is 2 X 2 X 6 times
smaller with respect to the initial unit cell, effectively
reproducing the 2 X 2 X 6 k-point grid density of the small
unit cell in VASP with only the I'-point in CP2K. The MD
simulations employed a velocity Verlet integration scheme,
with a timestep of 0.5 fs, amounting to a total simulation time
of at least 10 ps for each simulation. To mimic realistic
operating conditions, the NPT ensemble was used, allowing
the unit cell shape and size to vary freely. The pressure was
controlled at 1 atm, monitored using a Martyna—Tobias—
Klein (MTK) barostat using a time constant of 1 ps.””> The
temperature (300 K) was controlled using a Nosé-Hoover

chain thermostat with five beads and a time constant of 100
£ 5456

3. RESULTS AND DISCUSSION

We have studied four types of possible stackings in 2D COFs
(Figure 2). In the case of inclined AA-stacking (Figure 2b) and
serrated AA-stacking (Figure 2c), we first investigated the
influence of a varying layer offset, while keeping the interlayer
distance fixed. Subsequently, the optimal value of the interlayer
distance was determined for each favorable stacking config-
uration. A full PES analysis would require varying both the
interlayer distance and the layer offset at the same time (a 3D
grid), resulting in an 11-fold increase of the number of
simulations (equal to the number of grid spacings in the z-
direction). Consequently, for computational feasibility, the
phase spaces were separated. In particular, for eclipsed AA-
stacking (Figure 2a) and staggered AB-stacking (Figure 2d),
only the interlayer distances were varied as these stacking
configurations have a fixed layer offset. Finally, after the most
optimal layer offset and interlayer distance were determined for
each stacking configuration, the most favorable stacking was
considered by comparing the relative and stacking energies.
Furthermore, the most favorable structures were used for each
stacking to determine their static PXRD patterns and
electronic properties.

3.1. Layer Offset. To investigate the most favorable
stacking in CTF-1, at a constant interlayer distance, we
examined the inclined and serrated AA-stacking modes. The
zero-shift layered/eclipsed CTF-1 was taken as an initial
structure for our study. For inclined stacking (Figure 2b), each
consecutive layer is displaced, and for the serrated mode
(Figure 2c), the odd- and even-numbered layers are eclipsed
separately, with a fixed layer offset between consecutive even-
and odd-numbered layers, as illustrated in Figure 2. To
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Figure 3. Contour plots visualizing the PES as a function of the layer offset vector for (a) inclined AA-stacking (at a fixed interlayer distance of 3.38
A) and (b) serrated AA-stacking (at a fixed interlayer distance of 3.36 A) in CTF-1 using PBE-D3(BJ). The white cross shows the most stable
configuration. The unit cell consists of one layer and two layers for inclined and serrated stacking, respectively. The energy of the most stable

configuration was set to zero for each stacking configuration separately.

understand how the shift between the layers affects the total
energy of the COF, the layer shift was varied with a step size of
0.2 A at a fixed interlayer distance (3.38 A). The calculated
PES (Figure 3) suggests that as the layers move away from
each other, the structure becomes more energetically favorable
compared to the initial structure until a quasi-directionally
independent layer offset distance, after which the energy
increases again. The most stable configurations were again
relaxed to calculate the global minima, which are obtained at
1.74 and 1.67 A away from the center for the inclined and
serrated stackings, respectively. These stacking patterns reveal
that the eclipsed AA-stacking (Figure 2a) is not an energeti-
cally favorable configuration for CTF-1 and instead prefers an
inclined or serrated stacking configuration.

3.2. Interlayer Distance. After obtaining the energetically
most favorable stacking in CTF-1, the optimal interlayer
distance was explored for inclined and serrated AA-stacking
configurations via single-point calculations. For this, five steps
with a step size of 0.01 A were considered in the —z and +z
directions near the global minima. In order to get an optimal
correspondence with respect to the experimental value (3.40
A),> we considered various XC functionals and dispersion
methods, as listed in Table 1, and tested for inclined AA-
stacking. The accuracy of the used XC functional and
dispersion method was benchmarked by comparing the
obtained interlayer distances for different XC functionals
with fully ab initio RPA + HF calculations and with
experiments. The RPA + HF results are used as the most
accurate prediction of the interlayer distance at 0 K. The
calculated RPA + HF interlayer distance is 0.09 A lower when
compared to the experiment, which is in line with the general
observation that the interlayer distance increases with
temperature. An equal or lower interlayer distance is also
observed for all other functionals except the vdW-DF2 XC
functional.

Table 1. Calculated Interlayer Distances of CTF-1 for
Inclined AA-Stacking with Different Levels of Theory

functional interlayer distance (A)

experimental value 3.40
PBE + D2 3.24
PBE + D3(BJ) 3.36
PBE + D3(BJ)A™ 3.34
PBE + TS 3.31
PBE + MBD 3.38
PBE + MBD/FI 3.37
B3LYP + D3(BJ) 3.28
B3LYP + D3(B))A™ 328
HSE06 + D3(BJ) 3.39
HSE06 + D3(BJ)*™ 340
SCAN 3.39
SCAN + rVV10 3.28
vdW-DF2 3.44
MO6-L 3.29
RPA + HF 3.31

Moreover, aside from the vdW-DF2 and PBE + D2 XC
functionals, all interlayer distances are between 3.28 and 3.40
A, which corresponds closely to the 3.31—-3.40 A interval
between the RPA + HF and experimental results. Therefore,
almost all considered XC functionals are suitable to calculate
the structural properties of the 2D COFs investigated in this
work. In view of computational feasibility and accuracy, the
PBE-D3(B]J) functional was chosen for all COFs as using PBE-
D3(BJ) results in an interlayer distance of 3.36 A for inclined
AA-stacking, which is between the experimental (3.40 A) and
RPA + HF (3.31 A) values. Using PBE-D3(BJ), the calculated
interlayer distances suggest that the optimal distance is 3.36
and 3.38 A for inclined stacking and serrated stacking,
respectively (see Figure 4). Moreover, eclipsed AA and
staggered AB were also considered for the interlayer distance

https://doi.org/10.1021/acsanm.2c02647
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Figure 4. Variation of the energy as a function of the interlayer
distance for inclined AA-stacking (blue) and serrated AA-stacking
(red) of CTF-1. The energy of the most stable interlayer distance for
each stacking is set to zero.

assessment (Table 2) and were found to have energetically
stable structures for the interlayer distances of 3.68 and 3.17 A,
respectively.

Table 2. Calculated Offset and Interlayer Distance (ILD)
between Neighboring Layers [Using PBE-(D3-BJ)] and the
Band Gap (B. G.) of CTF-1 (Using HSE06)“

offset ILD B.G. RE. E,
stacking (A) (A) (eV) (kJ /mol) (kJ/mol)
eclipsed AA 0.0 3.68 2.73 24.08 - 87.5
inclined AA 1.74 3.36 3.18 0.0 —111.58
serrated AA 1.67 3.38 3.26 0.10 —111.48
staggered AB 8.09 3.17 322 19.67 -9191
experimental 3.40° 2.95%

“The relative energy (R.E.) per layer is calculated with respect to the
inclined AA-stacked structure and stacking energy per monolayer
(E,). All the energies were calculated using PBE-D3(B]).

The interlayer distance in eclipsed CTF-1 is 0.28 A higher
than the experimental value (3.40 A), whereas for the
staggered AB configuration, it is 0.23 A lower. The effective
interlayer distance follows from the interplay between
dispersive and electrostatic interactions.”* The dispersive
interactions stabilize the layers at a certain distance but
become very repulsive below this equilibrium distance (Pauli
repulsion), whereas the electrostatic interactions depend on
the specific chemical nature of the interacting moieties. In the
case of perfectly aligned layers, that is, AA stacking, the
dispersive interactions are maximized, while the electrostatic
interactions are maximally repulsive as identical charges are
minimally separated. In contrast, for staggered AB-stacking
(Figure S), the misalignment of the layers minimizes the
dispersion interactions, significantly lowering the repulsive
dispersive interactions as there are fewer atoms in close
proximity, while oppositely charged atoms in subsequent layers
are now minimally separated, leading to a lower optimal
interlayer distance. In CTF-1, the oppositely charged atoms in
AB-stacking correspond to an inversion symmetry between the
triazine rings in subsequent layers.

Further, we compared the energetic stability of these
different stacking configurations based on the total energy
(Table 2) and calculated the stacking energy (E;). We found

that the inclined AA is the most stable stacking for CTF-1 and
is very closely followed by serrated AA with a 0.10 kJ/mol/
layer energy difference. This almost negligible energy differ-
ence likely results in the material exhibiting a mixture of both
stacking configurations simultaneously when considering a
large number of layers. The eclipsed AA-stacking and staggered
AB-stacking configurations are 24.08 and 19.67 kJ/mol/layer
less stable than the inclined stacking, respectively. These
results reveal that neighboring layers do not desire to be
stacked in an eclipsed mode and prefer to slip over each other
to minimize the repulsion in line with the aforementioned
interplay of dispersive and electrostatic interactions.

The stability of the most favorable stacking modes (inclined
and serrated) was also confirmed via our MD simulation. The
MD simulations were performed for CTF-1 starting from the
eclipsed AA-stacked configuration as an initial structure.
Through tracking of the layer alignment, it is clear that during
the MD simulation, the neighboring layers immediately
displace from the initial perfect alignment (Figure S1) and
achieve average offset values close to the statically calculated
offset values (inclined AA: 1.74 A and serrated AA: 1.67 A).
This confirms the stability of the most favorable stacking
modes (inclined and serrated) which were identified through
both static calculations (scanning method) and MD simu-
lation. A movie is given in the Supporting Information (Movie
S1) to visualize how the layers displace from the initial perfect
eclipsed stacking during the simulation.

3.3. Powder X-Ray Diffraction. PXRD measurements
provide invaluable insights into the geometry of periodic
crystal structures and are typically used to characterize the
atomic representation of new materials. Through judicious
comparison of the experimental reference pattern with the
calculated diffraction pattern of possible structural models, the
parameters of the structural models can be refined to obtain
the material structure that maximally reproduces the experi-
ment. Similarly, PXRD patterns were calculated for various
stacking configurations of CTF-1 to validate which config-
uration corresponds best to the experimentally synthesized
material. However, instead of optimizing the structural
parameters, ab initio calculations were performed to obtain
physically sound structural models. This gave rise to a
collection of energetically favored stacking configurations at
0 K. However, as elaborated in our previous work,” a static
approach to calculate the diffraction patterns introduces large
discrepancies with the experiment due to an artificially
decreased symmetry in the structures. As such, a dynamic
approach was also considered, which accounted for the
inherent temporal character of experimental measurements
by considering an average PXRD pattern over the course of an
MD simulation subjected to a finite pressure and temperature.

This is demonstrated in Figure 6, where the static (i—iv) and
dynamic (v) results are compared to the experimental
reference pattern, with a notably better correspondence for
the dynamic average. Although the AA-stacked configuration
provides a good correspondence with the experiment, it is
thermodynamically not likely to occur, as evidenced from our
potential energy scans. This is in contrast with the physically
sound slipped stacking structures, which contain excess
diffraction peaks due to their reduced symmetry. The
seemingly resulting contradiction is resolved by the dynamic
approach, which reproduces both the symmetry and the
physical soundness of the structure by accounting for multiple
stacking configurations simultaneously with an average AA-

https://doi.org/10.1021/acsanm.2c02647
ACS Appl. Nano Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c02647/suppl_file/an2c02647_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c02647/suppl_file/an2c02647_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c02647/suppl_file/an2c02647_si_003.mp4
https://pubs.acs.org/doi/10.1021/acsanm.2c02647?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02647?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02647?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02647?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c02647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(@) A

N —(gymin

Figure S. Staggered AB-stacking in CTF-1, as illustrated in (a) and schematically in (b), results in alternating vertices on top of each other (triazine
moieties), indicated by the dotted circles. (c) Top and side view of triazine rings where the top and bottom layer cross each other. The atom sizes

of the top layer in (a) were reduced for clarity.
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Figure 6. Simulated diffraction patterns for different CTF-1 stacking
configurations, (i) staggered AB-stacking, (ii) inclined AA-stacking,
(ili) serrated AA-stacking, and (iv) eclipsed AA-stacking. (v)
Diffraction pattern obtained by averaging snapshots of the MD
trajectory compared to the (vi) experimental reference pattern from
ref 2. As the MD trajectory allows for the interlayer distance to
fluctuate, a broad peak is obtained at 26 = 25° in correspondence with
the experiment.

stacking. Six independent layers accommodated this in our MD
simulation (Figure S1), which shows that the layer slipping is
omnipresent in the global structure, and a perfect eclipsed AA-
stacking never occurs (aside from the initial configuration).
This is driven by a minimal energy difference between different
slipped stacking configurations (0.10 kJ/mol/layer), resulting
in an optimal correspondence with the experimental diffraction
pattern. Therefore, these simulated PXRD patterns suggest
that the dynamic approach offers more accurate predictions for
the experimental structures and validates the possibility of
slipped stackings (inclined and/or serrated).

3.4. Electronic Properties. To determine how the
electronic characteristics of CTF-1 are influenced by the
stacking modes, band structures and the density of states
(DOS) were calculated (Figure 7). The band gap was first
calculated using the PBE functional. The calculated band gaps
(Table S1) are 1.94, 2.35, 2.43, and 2.30 eV for eclipsed,
inclined, serrated, and staggered stacking, respectively. This
already shows a non-negligible dependence of the band gap on
the specific stacking configuration. In general, the PBE
functional underestimates the band gap; therefore, the hybrid
HESO06 functional was employed to calculate the band gaps
with better accuracy. All four stacking configurations of CTF-1
are indirect band semiconductors, with eclipsed stacking
(Figure 7a) possessing the smallest band gap of 2.73 eV
(between I" and A points). The band gap increases to 3.18,
3.26, and 3.22 eV for inclined, serrated, and staggered AB-
stacking, respectively. These trends reveal the strength of the
7m—r interactions between the layers. More 77—z interactions
between the layers decrease the band gap, which is clearly
found in the case of eclipsed stacking. In eclipsed AA-stacking,
the orbitals are perfectly aligned with the orbitals of
neighboring layers, which increases the 7—n interactions
between them and leads to a lower band gap (Figure 7a).
For the other stackings, the offset reduces the 7— interactions
between the layers (Figure 7). The interlayer interactions in
the bulk 2D material also influence the band gaps of the
material compared to the monolayer.””® To examine this
effect in CTF-1, the band structure and the DOS of the
monolayer were also investigated (Figure S2). A band gap of
3.63 eV was calculated for the CFT-1 monolayer, which is 0.9
eV more compared to the eclipsed stacked mode. This
decrease in the band gap from monolayer to eclipsed stacking
is due to increased 7—7 interactions between the adjacent
layers of the stacked system. The decrease in the band gap is
small for all other stacking configurations compared to the
eclipsed stacking as the 77— interactions between the layers
are reduced. The VB, originating from the k-points in the xy-
plane, is flat, revealing the monolayer’s lack of 7-conjugation.
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Figure 7. Band structure and density of states of (a) eclipsed AA-, (b) staggered AB-, (c) serrated AA-, and (d) inclined AA-stacking for CTF-1
using the HSEO6 functional. The Fermi level is shifted to zero and specified by the gray dashed line.

Similar flat bands were found for the xy-plane in reciprocal
space for all four stacking configurations. This is shown in
Figure 7a—c by the I' (0,0,0) to M (0.50,0), M to K
(0.33,0.33,0), K to T, A (0,0,0.5) to L (0.5,0,00.5), L to H
(0.33,0.33,0.5), and H to A paths of the band structure. This
indicates a decreased 7-conjugation, leading to a low charge
carrier mobility in the xy-plane of the COF. To improve the
electron delocalization via m-conjugation along the xy-plane,
experimentalists take advantage of sp® carbon-conjugated
0162 These sp? carbon-conjugated-based COFs
demonstrated extended 7n-conjugation along the 2D Ilattice,
promoting the layer alignment through 7—n interactions. In
Figure 7d, a different high-symmetry path in reciprocal space
was investigated as the inclined AA-stacking configuration has

frameworks.

another space group (triclinic) compared to the other stacking
configurations. Moreover, we cannot deduce the charge
mobility within the layer from the band structure depicted in
Figure 7d because the out-of-plane unit cell vector is not
orthogonal to the in-plane unit cell vector for inclined AA-
stacking.

The situation changes in the z-direction (I'—A), more
specifically for eclipsed stacking, where, due to interlayer
orbital interactions, a strong band dispersion occurs in the
vertical direction of the layers. This results in better electronic
mobility between the layers through perpendicular 7—x
interactions between the layers. This agrees well with previous
experimental findings that charge flows perpendicular to the
2D COF layers.”>™® The calculated effective masses (Table 3)
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Table 3. Calculated Effective Mass of the Electron (m,*)
and Hole (m,*)*

stacking my* m*
eclipsed AA —1.111 (I - A) 1355 (A - 1)
serrated AA -1.661 (I' - A)
inclined AA —1410 (I - 2) 2645 (Z - T)

-2.879 (K -» T) 3.353 (' = A)

“All values are expressed in terms of the free-electron mass m.

staggered AB

of —1.11m, and 1.36m; of the hole and electron along the z-
direction also indicate the high carrier mobility in eclipsed AA-
stacking with respect to —2.88m, and 3.35m; in staggered AB-
stacking, respectively. For a deeper understanding of orbital
alignment and contribution, band decomposed charge
densities of the valence band maximum (VBM), and
conduction band minimum (CBM) were analyzed (Figures
S3, S4), along with the partial density of states (pDOS) and
partial band structures (Figure SS). The results reveal that the
orbitals of adjacent layers are perfectly aligned on top of each
other in eclipsed stacking, which leads to strong 7—n orbital
interactions (Figure S3). The perfect orbital alignment is
shifted for serrated AA- and inclined AA-stacking config-
urations, leading to reduced m—n interactions between the
layers, with a maximal orbital shift for staggered AB. The
pDOS and partial band structure also show that the p-orbitals
of carbon and nitrogen contribute to the VB and CB, which
increase the possibility of orbital interactions. Here, each
neighboring layer contributes an equal density to the DOS
(Figure S6). This suggests that the layer offset should be
minimized for charge-transfer-related applications, with an
eclipsed AA-stacked structure as the ideal material.

Finally, two stacking configurations with a minimal
symmetry were constructed (Figure S7ab), with a fixed
interlayer distance and layer offset distance but a random offset
direction, to understand the influence of the third layer on the
electronic properties. Starting from the optimal AA-serrated
stacking configuration, the c-vector was adapted to obtain
unique stacking configurations such that two symmetrically
inequivalent stacking directions were present in the periodic

structure. This resulted in structures with both inclined and
serrated features. The calculated band structures (Figure S7c)
show that the orientation of the third layer with respect to the
first is mainly uncorrelated and has minor effects on the
electronic properties due to screening effects. The remaining
mismatch can be attributed to the difference between the k-
path and offset directions. Generally, in these 2D COFs, the
layers will be randomly stacked with a fixed offset length with
respect to the neighboring layers.”” This is also evident from
our MD simulations and validates the approach to only
consider the nearest neighboring layers. As such, by scanning
over all two-layer configurations as in Figure 3, we include all
relevant configurations.

3.5. Other 2D COFs. Similar to CTE-1, other 2D COFs
(COF-1, COF-S, and Pc-PBBA) were also explored in detail
(Figure S8). The corresponding results of the optimal layer
offset, interlayer distance, band gaps, and relative energy
differences for the studied stacking configurations are reported
in Table 4. The calculated offsets are within a range of 1.60—
1.88 A for inclined and serrated stacking. Previously, Zojer and
co-workers reported an offset of 1.75 A for serrated stacking in
COF-1, which agrees well with our calculated offset of 1.74 A
for the serrated COF-1.** Heine and co-workers also reported
an offset of 1.4 A for COF-1 and COF-5.>> We observe that
similar to CTF-1, all these 2D COFs also prefer the inclined
and serrated AA-stacking configurations with higher inter-
action energies when compared to eclipsed AA- and staggered
AB-stacking configurations. For COF-1, the inclined stacking is
more favorable over serrated stacking with an energy difference
of 1.43 kJ/mol, whereas COF-S stabilizes in serrated stacking
with a 1.0 kJ/mol energy difference when compared to an
inclined stacking; thus, both stackings are possible. This is in
good agreement with previous computational reports, which
indicated that serrated stacking is desirable for COF-1 and
COFEF-5. However, they did not include the inclined stacking in
their study.”® In the case of Pc-PBBA, both inclined and
serrated stacking configurations are equally favorable. More-
over, the interlayer distance also displays a similar trend when
compared to CTF-1, where the optimal interlayer distance for
serrated and inclined stacking is very close to the experimental

Table 4. Calculated Offset and Interlayer Distance (ILD) of Neighboring Layers [Using PBE-D3(BJ)] and Band Gap (B.G.) of

COF-1, COF-5, and Pc-PBBA (Using HSE06)“

COFs stacking offset (A) ILD (A) B.G. (eV) R.E. (kJ/mol) E, (kJ/mol)

COF-1 eclipsed 0.0 3.74, (3.62),** (3.51),”' (3.38)** 337 (2.2),** (3.3)°! 38.65 —68.60
inclined AA 1.88 3.35 3.94 0.0 -107.25
serrated AA 1.74, (1.75)** 3.40, (3.36)** 3.98 (3.7)** 1.43 -105.82
staggered AB 8.76 3.08, (3.13)* 4.04, (3.6)* 16.68 —-90.57
experimental 3.33

COF-5 eclipsed AA 0.0 3.72, (3.59),%*(3.49),(3.47)*" 2.30, (2.06),** (2.4)" 60.73 -177.38
inclined AA 1.66 3.40 2.84 1.0 —237.12
serrated AA 1.61 3.41, (3.39)** 2.76, (2.70)** 0.0 -238.12
staggered AB 17.54 3.40, (3.26)* 3.06, (2.8)*! 149.97 —88.14
experimental 3.46'

Pc-PBBA eclipsed AA 0.0 3.68 0.93 63.18 —162.13
inclined AA 1.83 3.33 1.56 0.0 -225.31
serrated AA 1.62 3.39 1.54 0.0 —255.31
staggered AB 16.20 3.60 1.72 164.11 —61.20
experimental 3.34

“The relative energy (R.E.) per layer is calculated with respect to the most favorable stacked configuration and stacking energy per monolayer (E,).
Previously reported computational values are given in parentheses. All the energies were calculated using PBE-D3(BJ).

H
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value. Notably, the eclipsed AA-stacking shows a ~0.30 A
higher interlayer distance when compared to the inclined and
serrated stackings for all the calculated 2D COFs.

We found that for COF-S and Pc-PBBA, the interlayer
distance for the staggered AB-stacking is also high (close to
inclined and serrated AA-stacking for COF-5 and close to
eclipsed AA-stacking for Pc-PBBA), which contrasts with CTF-
1 and COF-1. The reason for this different trend for AB-
stacking is that the AB-stacking does not result in stabilizing
electrostatic interactions between opposite charges such that
only the misalignment effect occurs, which is similar for all
slipped stacking configurations (Figure S9). Overall, we find
that all the investigated 2D COFs favor serrated and inclined
stacking configurations as the layers are more stable when they
are displaced from each other. Consecutive layers are typically
offset by 1.60—1.88 A, which optimally reduces the Pauli
repulsion between them.

After locating the energetically desired stacking and
interlayer distance, the electronic properties and PXRD
patterns of other 2D COFs were also considered. The PXRD
patterns calculated using a dynamic approach agree well with
the experimental patterns (Figure S10). The calculated band
gaps using the PBE functional are given in Table S1. Likewise,
the electronic properties using the HSE06 functional display
similar trends in the bands and band gaps as for CTF-1
(Figures S11—S13). The band gap increases from eclipsed AA-
stacking to other stacking configurations due to the lack of
7—n interactions between the layers in other stacking modes.
The highest band gap, for each COF, was found for the
monolayer (Table S1 and Figure S14). Similar to CTF-1, the
considered 2D COFs are characterized by flat bands,
originating from k-points between the high-symmetry points
in the reciprocal xy-plane, corresponding to a lack of charge
mobility within the layers. However, Pc-PBBA also shows flat
bands in the perpendicular direction for other stacking
configurations because of the reduced 7—7 orbital interactions.
We also compared our calculated band gaps with previously
reported theoretical studies. For COF-1, the band gaps of 2.2
and 3.7 eV have been reported for eclipsed and serrated
stacking, respectively.”* A band gap of 3.3 eV was also stated in
another study on COF-1 for eclipsed stacking.>’ Other
previously reported values are given in Table 4. We observe
that the band gaps of all stacking modes for COF-5 are
comparable with the previous values and have a minimal
spread of ~0.30 eV.>"** This is also true for the stacking
modes COF-1, except for the eclipsed AA-stacking config-
uration. The calculated band gap is 3.37 eV, which is 1.17 eV
more compared to the previously reported value (2.2 eV) for
eclipsed AA COF-1.>* The calculated effective mass (Table
S2) suggests that the highest charge mobility can be found
along the z-direction for eclipsed AA-stacking in both COF-1
and COF-S. In contrast, for Pc-PBBA, the maximal charge
mobility is found along the xy-plane.

4. CONCLUSIONS

We have carried out a detailed investigation of the stacking
behavior of four very well-known nanoporous 2D COFs, CTF-
1, COF-1, COF-5, and Pc-PBBA, with an in-depth evaluation
of energetics, stackings, interlayer distance, electronic proper-
ties, and PXRD patterns. One of the primary findings, based on
the energetics, is that the slipped AA-stacking, either inclined
or serrated, is more favorable over eclipsed AA- and staggered
AB-stackings for all four 2D COFs. The minor energy

difference between inclined and serrated stackings suggests
that both can be present in the same system to maintain the
offset with neighboring layers. This was validated by the PXRD
patterns of the 2D COFs simulated using the more realistic
dynamic approach via MD trajectories, which accurately match
the experimental PXRD patterns. Moreover, the interlayer
distance for inclined and serrated stackings agrees well with
experimental values, further supporting the slipped stacking
arrangements. We observe that the nature of the electronic
band structure is strongly affected by the stacking modes in
COF nanostructures. For all 2D COFs, the eclipsed stacking
configurations are associated with the lowest band gaps as a
consequence of stronger interlayer 7—x interactions. The band
structures of all stacked modes are flat in the xy-plane, which
explains the low in-plane electron mobility of 2D COPFs.
However, the interlayer 7—z interaction results in more
dispersed bands and improves the electron mobility in the z-
direction, which is maximum for eclipsed AA-stacking
configurations. Evidently, tuning the structure to promote
eclipsed stacking would be an essential step toward electronic
applications. Overall, our work provides a basis for under-
standing the structural and electronic complexity in 2D COFs
and the role of stacking. We believe that such a detailed
description of the structural dependency of electronic proper-
ties will be valuable to both computational and experimental
researchers to target the desired applications with directed
modifications of COFs.
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