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1. Introduction

Covalent organic frameworks (COFs) are highly porous crystal-

Understanding the origin of serrated stacking
motifs in planar two-dimensional covalent organic
frameworksf
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Covalent organic frameworks (COFs) have attracted significant attention due to their chemical versatility
combined with a significant number of potential applications. Of particular interest are two-dimensional
COFs, where the organic building units are linked by covalent bonds within a plane. Most properties of
these COFs are determined by the relative arrangement of neighboring layers. These are typically found
to be laterally displaced, which, for example, reduces the electronic coupling between the layers. In the
present contribution we use dispersion-corrected density-functional theory to elucidate the origin of that
displacement, showing that the common notion that the displacement is a consequence of electrostatic
repulsions of polar building blocks can be misleading. For the representative case of COF-1 we find that
electrostatic and van der Waals interactions would, actually, favor a cofacial arrangement of the layers and
that Pauli repulsion is the crucial factor causing the serrated AA-stacking. A more in-depth analysis of the
electrostatic contribution reveals that the “classical” Coulomb repulsion between the boroxine building
blocks of COF-1 suggested by chemical intuition does exist, but is overcompensated by attractive effects
due to charge-penetration in the phenylene units. The situation becomes more involved, when addition-
ally allowing the interlayer distance to relax for each displacement, as then the different distance-depen-
dences of the various types of interactions come into play. The overall behavior calculated for COF-1 is
recovered for several additional COFs with differently sized n-systems and topologies, implying that the
presented results are of more general relevance.

(electronic, optical, and catalytic) of the resulting three-dimen-
sional (3D) stacks are then strongly determined by the packing
motif of consecutive 2D layers,”***** as it defines the shape

line materials consisting of organic building blocks linked by
covalent bonds."”” Because of their tunable structures, COFs
have significant potential for various applications like gas
storage,® ' gas separation,"'** catalysis,"”"™” energy
storage, or optoelectronics.”' ™ Among the different topol-
ogies of COFs, two-dimensional (2D) systems have received

18-20

particular attention. Here, the individual organic building
units are linked via covalent bonds within a plane, forming
highly regular 2D layers. These layers then stack on top of each
other and the resulting stacks are held together primarily by
comparably weak van der Waals interactions. The properties
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of the pores and the overlap of the n-systems of neighboring
layers. For example, depending on the symmetry and nodal
structure of the involved orbitals/wavefunctions, the inter-
layer shifts can determine, whether the resulting bulk systems
are insulating, semiconducting, or even metallic.**?’
Furthermore, it has also been found that the band gaps of
such layered COFs depend on the stacking motif of consecu-
tive layers.*>*® Thus, it is of utter importance to unravel the
actual packing motif of COFs and to understand, by which
factors it is determined.

The vast majority of the reported 2D COFs exhibit either
eclipsed (cofacial) or serrated (shifted) AA-stacking,>®3%37~*?
where the actual magnitude of the shift is hard to determine
experimentally via X-ray diffraction due to the large peak
broadening in  the typically investigated powder
samples.>®?”** Furthermore, while there have been tremen-
dous advances in the field of electron diffraction, also for this
technique it remains a sizable challenge and takes quite some
effort to determine the exact interlayer arrangement of
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COFs.** 1In this context it is worth mentioning that in a
recent study, by employing a combination of powder X-ray
diffraction experiments, transmission electron microscopy,
and electron diffraction, a shifted stacking motif has been suc-
cessfully determined for a 2D COF.*° Different stacking motifs
are found, for example, when the 2D sheets comprising the
COF are not entirely planar.®**" In the following we will,
however, focus on planar COFs, as these systems allow a more
straightforward analysis of the interplay between different geo-
metric degrees of freedom and the energetic stability of the
respective COF. Of particular appeal for such an analysis are
COF-1 and COF-5 (the structures first reported in ref. 2). As far
as modelling studies on these systems are concerned, Zhou
et al.*” explicitly showed (employing density functional tight-
binding methods) that the total energy of the COF becomes a
minimum for shifted layer arrangements with displacements
of around 1 A. They hypothesized that the alignment of neigh-
boring m-orbitals plays an essential role for these shifts and
compared the stacking motif of the aromatic rings to the situ-
ation in graphite, albeit without determining the nature of the
interactions that enforce the serrated structure.’’ Lukose
et al.*® also performed a computational study on the alignment
of layered COFs, again considering COF-1 and COF-5. These
authors also identified similar shifts of consecutive layers
(~1.4 A) as the energetically favorable layer arrangements. In
this work, as well as in ref. 36, the authors argued that repulsive
Coulomb interactions between B and O linking units in neigh-
boring layers would cause the eclipsed AA-stacking to be energe-
tically unfavorable, but again without quantifying these inter-
actions. Thus, to the best of our knowledge, a quantitative
assessment of the different types of interactions as a function of
the alignment of consecutive layers is still lacking. This lack pre-
vents a fundamental understanding of the factors determining
the packing motif in 2D COFs and also hinders the development
of strategies for tuning the stacking arrangements of COFs (and
their resulting electrical, optical, and catalytic properties).?*>%3!
To generate such an understanding, in the present study we
employ dispersion corrected density functional theory (DFT) cal-
culations with a focus on decomposing the interlayer inter-
actions in the prototypical model system COF-1 (see Fig. 1 and
ref. 2 for the structure of this COF) into physically well-defined
contributions. These comprise dispersion forces, electrostatic
interactions, and exchange repulsions with orbital rehybridiza-
tions. To demonstrate the wider applicability of our findings, we
extend our analysis to COF-5 and COFs containing porphyrin
(Por-COF)** and hexabenzocoronene cores (HBC-COF).** The
details of the structures of these COFs will be discussed below.
Furthermore, by considering the example of COF-366°°
briefly address how deviations from planarity influence the indi-
vidual factors determining the packing motif.

2. Methods

For the investigations of the layered COFs considered in this
study we employed dispersion corrected density functional
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Fig. 1 Structure of COF-1 and the primarily considered shift direction:
panels (a) and (b) show top and side views of the structure of COF-1 for
cofacial AA-stacking. The considered unit cell is shown by the thin,
black, solid lines. The blue hexagon and the white lines highlight the
hexagonal symmetry of the pores. In panel (c), a shifted (serrated)
arrangement with a displacement of 1.75 A parallel to one of the walls of
the pore is shown. The shift direction is shown as a dashed, orange
arrow and the shifted layer is marked in blue. The dashed black lines in
panels (b) and (c) connect equivalent atoms in consecutive layers, indi-
cating the stacking motif. Color code of the atoms: C ... grey, H ... white,
B ...green, O ... red.

theory, DFT, as implemented in the FHI-aims code.>®>* The
PBE functional®®*® was used and van der Waals interactions
were considered by using the Tkatchenko-Scheffler,>” TS,
scheme. For comparison, also test calculations employing the
computationally more costly many body dispersion
correction,”®®® MBD, were performed. The electronic band
structure of COF-1 was also calculated using the HSE06°"°
hybrid functional based on the PBE geometries. The corres-
ponding data are shown in the ESI.f We used the conventional
“tight” basis functions of FHI-aims with details for each
atomic species described in the ESI.j For all bulk systems of
the COFs a grid consisting of 3 x 3 x 6 k-points (4 x 4 x 8§ for
Por-COF) was employed for sampling reciprocal space, unless
stated otherwise. Tests show that the total energy for this grid
is well converged to within less than 1 meV for COF-1. To
describe the occupation of the electronic states, a Gaussian
type smearing function with a width of 0.01 eV was employed.
For geometry relaxations, the positions of individual atoms
were allowed to relax until the largest force component on any
of the atoms was below 0.01 eV A™".

The calculations of the potential energy surface for COF-1
as well as for shifts parallel to one of the pore walls were per-
formed on structures employing the experimental lattice con-
stants reported in literature (@ = b = 15.420 A and ¢ = 3.328 A).>
The unit cell of COF-1 was constructed such that it contains
two layers in stacking direction (layers A and B, see Fig. 1).
This allows displacing these layers along directions parallel to
the xy-plane. In addition to considering systems with constant
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unit-cell height (and, thus, constant interlayer stacking dis-
tance), we also studied systems for which the unit-cell height
was optimized for each displacement. Further details on the
geometry relaxation and the determination of the optimal
unit-cell heights and interlayer stacking distances can be
found in the ESL.{

For the additional COFs considered in this work (COF-5,
Por-COF, and HBC-COF), the in-plane lattice parameters had
to be optimized, as for some of them no literature values are
available. To find the optimal stacking arrangement in terms
of in-plane shifts and (shift-dependent) stacking distance, we
performed full geometry relaxations for the bulk systems.
Details on these simulations are provided in the ESIj together
with test calculations for COF-1 in which the in-plane lattice
parameters were also optimized. The latter yields somewhat
smaller lattice constants than in the experiments (in good
agreement with previous computational studies®®) but does
not significantly impact the results.

To calculate the full potential energy surface for lateral dis-
placements between layers in COF-1 we employed Gaussian
process regression, GPR, as implemented in scikit-learn.®* The
model vector consisted of the x and y positions of the shifted
layer. As Kernel functions we used a combination of a constant
kernel with the radial basis function kernel (RBF). To obtain
the ideal hyper-parameters, the marginal log likelihood was
maximized. The model was initially trained with 80 randomly
chosen data points (i.e., displacements). Then 39 additional
points were included at the x and y positions of the maximum
model uncertainty. The final model uncertainty was estimated
to be well below 10 meV for displacements smaller than 3.5 A
and to be below 50 meV for shifts around 6 A. Details of the
model and the obtained model error are reported in the ESL.}

In order to quantitatively assess the porosity of the various
structures presented here, various characteristic measures like
pore sizes and (non-)accessible surface areas have been calcu-
lated utilizing the Zeo++ code (version 0.2.2)*> based on a
Voronoi tessellation®® and on statistical integration using
probe spheres of different sizes,*”’°® respectively. Details on
the employed methodology can be found in the ESL.}

To determine the individual contributions to the inter-
action energy of the COFs, the system was split into two frag-
ments, which consist of only one of the two layers in the unit
cell each (layers A and B in Fig. 1). Technically, this was
achieved by removing one of the layers from the unit cell,
while not changing the unit-cell dimensions and the positions
of the atoms in the other layer. Then the total energies of the
COF containing both layers in the unit cell and of COFs com-
prising either only layers of type A or of type B were calculated.
The resulting interaction energy between the fragments (i.e.,
layers) is given by

AEjne = Eﬁﬁal - (E?otal + E?otal)’ (1)

This interaction energy can be decomposed into the inter-
action energy resulting from the PBE calculations and the con-
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tribution due to the a posteriori correction for (long range) van
der Waals interactions

AEjn = AEpgg + AEyw. (2)

The individual contributions can be readily obtained from
the FHI-aims output for the full system and the two sub-
systems as

AEpgg = Epgy — (Epgg + Epgp) (3a)

and

AEyqw = EC(?W - (EvAdw + Egdw) (3b)

A more involved step is to decompose the PBE interaction
energy, AEpgg, into the electrostatic contribution due to cou-
lombic interactions between nuclei and electron clouds of the
subsystems and into contributions due to exchange inter-
actions and orbital rehybridizations. Various decomposition
schemes that serve this purpose are available for finite-size
systems, but for extended solids described by periodic bound-
ary conditions such approaches are, unfortunately, rare.
Therefore, a custom decomposition scheme was implemented
as a post-processing tool for FHI-aims. This scheme is largely
based on the periodic energy decomposition analysis (pEDA)
scheme developed by Raupach and Tonner.®®’® Within this
scheme, the authors basically extended the energy decompo-
sition analysis (EDA) method developed by Ziegler/Rauk”"”>
and Morokuma” to periodic boundary conditions. The key
idea in this method is to partition the interaction energy
AEin¢ elec into well defined terms as shown in eqn (4).

AEint,elec = AEelstat + (AEPauli + AEorb) (4)

As a first step, one can evaluate AE.,. Dy considering the
charge densities of the individual, non-interacting fragments A
and B and use them to construct a combined system {A,B}.
This combined system contains the charge densities of the
non-interacting fragments A and B at the positions these frag-
ments exhibit in the combined system. Consequently, the sum
of the non-distorted charge densities n, and ng is used to
describe the combined system. The energy of system {A,B} can
then be calculated by performing a single shot DFT calculation
without a self-consistency cycle. This calculation yields the
electrostatic energy E?fthat of the system as constructed from
the fragments. The difference between this energy and the
electrostatic energies of the individual fragments yields the
quasiclassical electrostatic interaction between the layers,
AEejstar, aS:

AB A
AEelstat = E{ - elstat

elstat

E glstat . (5 )

With the knowledge of AE.g.. it is possible to assess,
whether an electrostatic repulsion between the (unperturbed)
charge densities of consecutive layers is actually responsible
for the common appearance of shifted (serrated) structures of
2D COFs. Another consequence of the overlap between the
charge densities of the interacting sub-systems is Pauli repul-
sion, which is strongly repulsive. Additionally, the wavefunc-

Nanoscale, 2021,13, 9339-9353 | 9341
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tion overlap triggers orbital rehybridization, which lowers the
energy of the entire system. This effect is, however, comparably
small in stacked n-systems between which no interlayer bonds
are formed.”* In fact, Pauli repulsion and orbital rehybridiza-
tion are intimately related, with a sizable part of the stabilizing
effect of orbital rehybridization arising from a reduction of
Pauli repulsion, especially in the absence of covalent inter-
actions. Thus, in the following both energy contributions will
be combined into a single term, AEyp, pauii, Which can be cal-
culated from the overall interaction energy via:

AEint = AEelstat + AEorb,Pauli + AEvdW~

3. Results and discussion

For bulk structures of planar 2D COFs, the two parameters
characterizing the relative arrangement of the layers are (i) the
interlayer stacking distance and (ii) the direction and magni-
tude of the shift between consecutive layers parallel to the
plane of these layers. Both factors play a significant role in
determining the actual properties of a COF. An advantage of
computer simulations is that they allow varying both para-
meters independently. In particular, one can first address the
question, how shifts between consecutive layers impact the
energetic stability and the properties of 2D COFs for a fixed
interlayer distance. In a second step one can then address the
question to what extent the situation is altered when the inter-
layer distance is allowed to adapt for each shift. In the follow-
ing, for both scenarios the focus will be on analyzing the
impact of the stacking geometry on the interaction energy split
into contributions from van der Waals attraction, Coulomb
interactions, and the impact of orbital rehybridization and
Pauli repulsion. As far as the impact of the relative arrange-
ment of neighboring layers on COF properties are concerned,
we will consider the electronic structure of the COF as well as
its porosity. Based on the electronic structure we will be able to
draw qualitative conclusions with respect to charge transport
within the COFs and regarding their optical properties. For the
Por-COFs considered in section 3.5 we will even find that inter-
layer shifts can cause a metal-to-semiconductor transition in
analogy to previous findings for metal-organic frameworks.””

3.1. Constant interlayer stacking distance

Before displacing consecutive layers in specific directions, it is
important to identify the directions in which minima of the
potential energy surface are to be expected. The corresponding
potential energy surface, PES, for the stacking distance fixed to
the experimental literature value (3.328 A) is shown in Fig. 2.
This PES has been obtained employing Gaussian process
regression, GPR, as described in the Methods section and in
the ESLf It shows the expected six-fold symmetry.
Interestingly, the cofacial arrangement of successive layers (Ax
= Ay = 0.00 A) is particularly unstable. The global minima of
the PES are found for shift directions parallel to the pore walls
(see Fig. 1) at displacements of around 1.75 A. Therefore, in
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Fig. 2 Panel (a) shows the total energy as a function of the displace-
ments of consecutive COF-1 layers, i.e. the potential energy surface. The
x- and y-axes are aligned in the same way as in Fig. 1. The layers are dis-
placed along directions parallel to the xy-plane. The obtained values of
the total energy are specified per unit cell containing two COF layers
and are reported relative to the energy of the global minimum structure.
The hexagonal symmetry of the system is indicated by the white lines
(see also Fig. 1). These white lines also indicate directions parallel to the
pore walls. Panel (b) shows a zoom into the region of smaller displace-
ments for one of the symmetry inequivalent sections. Panel (c) shows
the total energy as a function of the azimuthal angle ¢ (measured rela-
tive to the x-axis) at a constant radius set to 1.75 A, i.e. the value at
which the minimum of the energy is observed in panels (a) and (b).

the following analysis we will focus on shifts along this direc-
tion. For the sake of comparison, we also calculated the total
energy for a shift perpendicular to the pore wall (see ESIT) with
the obtained data fully supporting the outcomes of the GPR
fit.

The evolution of the interaction energy, AEjy, for the shift
along one of the pore walls is shown in Fig. 3a, with the
employed shifts reaching up to the AB-type stacking distance
(~8.9 A). This energy is plotted relative to the value of the cofa-
cially aligned layers, which amounts to —1290 meV per unit
cell (see caption of Fig. 3). In passing we note that the evol-
ution of AE;j, exactly follows that of the total energy, which is
a consequence of its definition in eqn (1) and the fact that the
energies of the individual fragments A and B for a fixed inter-
layer distance are independent of the shift. Notably, the value
of AE;, is highest (least negative) for the cofacial arrangement,
which confirms the notion from the GPR data that this is a
particularly unstable structure. Likewise, at a displacement of
around 1.75 A the interaction energy displays a pronounced
minimum and rises again for larger displacements. This be-
havior is consistent with the observations reported in
literature,*”®
occurs at slightly larger displacements. To understand the

although in our investigations the minimum

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Relative energies of COF-1 displaced parallel to a pore wall at a
constant interlayer distance. (a) Comparison of interaction energy, vdW
energy, electrostatic energy, and Pauli repulsion plus orbital rehybridiza-
tion energy for the displacements. (b) Corresponding width of the
valence band along a k-path parallel to the stacking direction for COF-1
layers as a function of the displacement. The bandwidth was determined
as the difference between minimum and maximum of the respective
electronic band. This evaluation of the bandwidth better mimics the
more complex character of the valence band at larger displacements
(>2.1 A) than considering only the energies at high symmetry points.
Energy values at 0.0 A displacement: AE,; = —1290 meV, AEi telec =
2257 meV, AE\,dW = —3547 meV, AEelectrostatic = —1344 meV, AEPauli,orb =
3601 meV, Eiora = —70 442.671 eV. All energies are specified per unit cell
containing two COF layers. The dash-dotted line indicates the shift at
which an AB-type arrangement of the COF layers is reached.

origin of that trend, the interaction energy is decomposed into
contributions from van der Waals interactions, AE,qw, electro-
static interactions, AE g, and interactions due to Pauli repul-
sion and orbital rehybridization, AEp,uii,orb, Where all energies
in Fig. 3a are plotted relative to their values for zero displace-
ments (listed in the figure caption).

AE.,qw is most attractive for the cofacial arrangement
(=3547 meV per unit cell), and then increases (i.e., becomes
less negative) upon displacing the layers. This behavior is not
unexpected, as by displacing the layers parallel to a pore wall,
parts of the layers are moved over open pore space. This
increases the average interatomic distances and causes a drop
in vdW attraction. This effect becomes particularly pronounced
for displacements above ~1.5 A. Important to add is that we
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do not observe a dependence of this effect on the used van der
Waals correction scheme, as is shown in the ESI} for MBD
energy corrections instead of the otherwise employed TS
scheme (see Methods section).

A similar trend compared to AE.qw is observed for the
electrostatic energy shown by the blue open triangles in
Fig. 3a, where it has to be stressed that also AE.j4, remains
negative (ie., attractive) for all displacements with AEac
amounting to —1344 meV for the cofacial case. As far as the
evolution of AE.,: iS concerned, it remains essentially con-
stant for displacements up to around 2 A and then becomes
less negative (i.e., less attractive) for larger displacements. This
means that the electrostatic attraction would be strongest in
the cofacial case, and, thus, cannot be responsible for the ser-
rated structure of COF-1, as hypothesized in ref. 36 and 38.
This raises the question as to the origin of the overall attractive
nature of electrostatic interactions in COF-1 despite the polar-
ization of the heteroatoms in the boroxine linkage groups. In
fact, the attraction can be attributed to so-called charge pene-
tration effects, which have been described frequently for inter-
acting organic molecules’®”® and which originate from the
interpenetration of the charge clouds of non-bonded chemical
entities. A more detailed discussion of charge penetration
effects will be provided in section 3.4 below.

In contrast to the van der Waals and electrostatic inter-
actions, the combined energy contribution due to Pauli repul-
sion and orbital rehybridization is always repulsive with a
maximum of 3601 meV for the cofacial arrangement. This sig-
nificantly destabilizes that structure. Another fundamental
difference between AEypauii and the other energy contri-
butions is that AE.upaai changes significantly already for
small displacements and then levels off for larger displace-
ments. This is the primary reason, why the sum of AE 4w,
AEistat; and AEqp, pauii, first drops with the displacement, then
forms a minimum at 1.75 A, and finally rises again for larger
displacements. ILe., AE.mpaui 1S the factor that is actually
responsible for the fact that energy minimum corresponds to a
shifted rather than a cofacial arrangement of successive layers.

3.2. Band widths and Pauli repulsion

The crucial role of AE,, pauii raises the question, why Pauli
repulsion is so large for a cofacial structure. To understand
that, one has to keep in mind that when occupied orbitals of
two molecules overlap, bonding and antibonding linear com-
binations are formed, where the bonding one is stabilized less
than the antibonding one is destabilized. As the energies of
the occupied bands (orbitals) enter into the expression of the
total energy, wavefunction overlap involving fully occupied
orbitals results in a repulsive contribution. This effect is par-
ticularly pronounced for large energetic splittings between the
bonding and antibonding states and, correspondingly, for
strong electronic couplings and large bandwidths. As a conse-
quence of orbital symmetries, this is typically the case for cofa-
cial arrangements of n-conjugated systems. A maximum band-
width for a vanishing displacement is, indeed, observed also
here, as is shown for the case of the valence band in Fig. 3b.
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When the layers are shifted relative to each other, the band-
width decreases, essentially vanishes around a displacement
of 2.5 A and then slightly increases again, a trend that has
been intensively discussed for organic
semiconductors.®>”*7°783 The shift at which the bandwidth
reaches its minimum value depends on the symmetry and
nodal structure of the lattice periodic functions in the Bloch
states constituting the different bands. Independent of that,
bandwidths and, thus, Pauli repulsion are expected to be maxi-
mized for zero-displacement for all occupied bands.
Additionally, both quantities should drop for small displace-
ments, while the shift at which the minimum is reached is
band-dependent. Therefore, one cannot expect a one-to-one
correlation between the valence bandwidth and Pauli repul-
sion. This is discussed in more detail for quinacridone and
pentacene in ref. 74. Consistently, as can be seen in Fig. 3, also
in COF-1 the bandwidth and total energy adopt maximum
values in the cofacial case, and both values drop at very small
displacement, while there is no one-to-one correlation at larger
displacements.

In the case of porous materials, there is an additional
aspect which goes beyond what is observed in organic semi-
conductors. Its origin is sketched in Fig. 4, where one can see
that different types of phenylene stacks, are affected differently
by the displacement. Phenylene rings in the equivalent stacks
2 and 3 are shifted towards open pore space, such that the
associated Pauli repulsion has to drop due to its dependence
on wavefunction overlap. This is the primary reason, why
AEp,yii,orp drops over the entire range of displacements shown
in Fig. 3a. Conversely, the phenylene units in stack 1 experi-
ence the more “traditional” situation that a shift reduces the

E
staCK 2 §i EI: stack 1
,"‘v O 4°
L
,"¢;"1 <

Fig. 4 Illustration of the consequences of a shift between consecutive
layers for a section of COF-1. The plot shows, how different types of
phenylene stacks (denoted as stack 1, 2, and 3) are differently affected
by the displacement. Here, the lattice vectors are omitted for clarity.
Note that stack 2 and 3 are equivalent. Thus, both are affected equiva-
lently by shifts along the indicated shift direction.
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overlap with one entity, but increase that with another (here
the boroxines). This is also the situation typically observed in
organic semiconductors and relates to the discussion in the
previous paragraph.

To more directly illustrate the stack-dependent impact of
the slip on the electronic structure of COF-1, it is useful to con-
sider the associated band structures.*> From these band struc-
tures we then can derive charge transport relevant quantities
like effective masses and bandwidths. First, we analyze the
corresponding band structures shown in Fig. 5 in approxi-
mately the energy range spanned by the valence band. For the
cofacial arrangement displayed in Fig. 5a one observes a three-
fold degenerate valence band, which is essentially flat for k-
vectors within the plane of the layers (with several additional
bands between 0.0 and 0.35 eV). Such flat bands are actually
expected for systems with three-arm cores and three-fold sym-
metry.®® The situation changes significantly in the T'A direc-
tion, where the effective bandwidth of the valence band
amounts to ~1.8 eV, when considering the backfolding of the
band due to the two layers in the unit cell. The densities of
states projected onto the individual sub-units of the COF,
namely the phenylene stacks 1, 2, and 3, and the boroxine
stack (the PDOSs shown in Fig. 5¢). They illustrate that for zero
displacement the degenerate valence bands are dominated by
equal contributions of states localized on the three phenylene
linkers. The boroxine-related states are found at slightly more
negative energies.

For the minimum energy conformation (with a displace-
ment of 1.75 A along the pore wall), the situation changes fun-
damentally (see Fig. 5b and d): the degeneracy of the valence
bands is lifted and the topmost band is derived only from phe-
nylene stack 1. This is apparent from the plot of the PDOSs in
Fig. 5d and from the electron density corresponding to the
highest occupied eigenstate in Fig. 5e. The width of that band
is reduced to ~1 eV. The band-width reduction is even more
pronounced for most of the lower-lying bands associated with
stacks 2 and 3 (consistent with the diminishing overlap of the
respective phenylene units).

These changes in the band structure have a distinct impact
on charge-transport related properties of the serrated system:
the interlayer electronic coupling is reduced in line with the
bandwidth by a factor of ~1.8., which is detrimental for charge
transport. The correspondence of the two quantities is a conse-
quence of the coupling being directly proportional to the
bandwidth for simple, cosine-shaped bands like the valence
band of COF-1 (as can be inferred, for example, from a tight-
binding description; see also dashed green line in Fig. 5b).
Additionally, the effective mass for transport in =-stacking
direction more than doubles from 0.61m, in the cofacial case
to 1.29m, for the minimum energy structure (with m, corres-
ponding to the free electron mass). On more technical
grounds, we note that the above trends prevail, when employ-
ing the hybrid HSE06°"°* functional instead of the PBE**>°
functional, as shown in the ESL.{ Eventually, this means that
the energetically favorable serrated packing motif corresponds
to poorer charge transport properties. Furthermore, when ana-

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Electronic band structure ((a) and (b)), projected density of states ((c) and (d)), and eigenstate density ((e)) of COF-1 for the cofacial arrange-
ment ((a) and (c)) and for the minimum energy, serrated structure ((b), (d), and (e)) with successive layers shift by 1.75 A along the direction of a pore
walls. All quantities have been calculated for a structure with the interlayer distance fixed to 3.328 A. The densities of states are projected onto the
phenylene stacks 1, 2, and 3 (grey, purple, dark yellow, see Fig. 4) and the boroxine-based stack (red). The energy range in the PDOS plots is reduced
compared to the band-structure plots and a gaussian broadening of 0.02 eV is employed. The dashed green line in panel (b) is the result of a fit of a
simple 1D tight-binding model and serves to illustrate the structure of the valence band. In (e) an isodensity plot of the electron density associated
with the valence band state at the I'-point is shown. Color code of the atoms: C ... grey, H ... white, B ... green, O ... red.

lyzing the band gaps at the HSE06 level, we find that they are
severely altered by changes in the stacking motif, varying from
2.2 eV at the cofacial arrangement to 3.7 eV at the serrated
one.

3.3. Optimized interlayer stacking distance

While the above considerations provide relevant fundamental
insights concerning the consequences of a displacement of
neighboring 2D COF layers, they disregard the fact that an
increased interlayer repulsion/attraction triggers an increase/
decrease of the interlayer stacking distance. Therefore, as a
next step, we studied, how the situation changes when the
stacking distance between consecutive COF layers is optimized
for each displacement. As this optimization is computationally
rather demanding (see Methods section and ESIT), we here

This journal is © The Royal Society of Chemistry 2021

focus on shifts close to the energetic minimum determined
above for a constant interlayer distance. In the ESL{ we
additionally consider the AB arrangement and a recently
observed ABC type stacking.’® These arrangements are signifi-
cantly higher in energy than the favorable serrated stacking
motif. In passing we note that now the evolution of the total
energy no longer overlaps directly with that of the interaction
energy, as due to the varying interlayer distance the energies of
the sub-systems A and B slightly change as a function of the
shift. Still, the evolutions of the total and the interaction ener-
gies run essentially in parallel, as shown in the ESL.}

The data on the interaction energy in Fig. 6 reveal that the
energy minimum for shifts parallel to the pore wall is still
found around 1.75 A, just like for the constant interlayer stack-
ing distance. This can be rationalized by the observation that
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Fig. 6 Relative energies, stacking distance, and valence bandwidth of
COF-1 displaced parallel to one of the pore walls. Here, the stacking dis-
tance has been optimized for each displacement. (a) Comparison of
interaction energy, vdW energy, electrostatic energy, and Pauli plus
orbital rehybridization energy; (b) optimized stacking distance between
consecutive COF-1 layers; (c) width of the valence band along a k-
vector parallel to the stacking direction of COF-1 layers. The bandwidth
was determined as the difference between minimum and maximum of
the respective electronic band. Energy values at 0.0 A displacement:
AEjne = —1957 meV, AEintelec = 812 meV, AEygw = —2769 meV, AEgstat =
—385 meV, AEpauiiorb = 1197 meV, Eiora = —70 443.275 eV. All energies
are specified per unit cell containing two COF layers.

the calculated optimum interlayer distance (3.350 A) con-
sidered in Fig. 6a is very close to the experimental value
(3.328 A) used for obtaining the trends in Fig. 3a (see also
dash-dotted line in Fig. 6b). This is insofar rather surprising,
as now the evolutions of all contributions to the interaction
energy with displacement are fundamentally different from
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the situation discussed above. This goes far beyond a mere
reduction of the magnitudes of the variations, which one
would expect because of the additional “degree of flexibility”
of the system.

Now, the van der Waals attraction no longer decreases con-
tinuously with displacement as in Fig. 3. Rather, the vdW
energy becomes more negative up to a displacement of 1.75 A
and rises only afterwards. One can rationalize this behavior by
a pronounced decrease of the interlayer stacking distance for
small displacements relative to the cofacial case (Fig. 6b). This
overcompensates the consequences of the decreased lateral
overlap of the layers, as can be quantified by weighted distance
histograms, which are contained in the ESI.{ This overcom-
pensation vanishes for displacements beyond 1.75 A, where
the change in stacking distance is less pronounced and where
also larger portions of the COF layers come to lie above the
(empty) pores of neighboring layers. In passing we note that,
the decrease in interlayer distance with displacement roughly
follows the evolution of AEp,yjiorb in Fig. 3a. This is, in fact,
sensible, considering that (i) Pauli repulsion is by far the
largest contribution in Fig. 3a and that (ii) it depends on wave-
function overlap and should, thus, display a particularly pro-
nounced distance dependence.

In line with this reasoning, the decrease in interlayer dis-
tance with layer displacement essentially inverts the situation
for Pauli repulsion: AEp,uion remains strongly positive (ie.,
repulsive) for all distances, but now, the decrease in wavefunc-
tion overlap due to the shape of the orbitals (vide supra) for
shifted systems is overcompensated by an increase of the
repulsion due to the larger wavefunction overlap at smaller
inter-layer distances. Only for larger displacements AEp,yii orb
drops again because of an increasing fraction of the COF
coming to lie above the pores of neighboring layers. The conse-
quences of the above-described compensation effects are
visible also in the evolution of the valence bandwidth (see
Fig. 6¢), which now displays a pronounced decrease only for
shifts beyond the equilibrium displacement of 1.75 A.
Therefore, the cofacial arrangement also loses part of its
advantage over the energetic minimum structure as far as
bandwidths (and the resulting interlayer electronic coupling)
and effective masses are concerned. In fact, the bandwidth
only decreases from 1.15 eV to 1.00 eV. For the effective mass,
the effect is still a bit larger with an increase from 0.85m, in
the cofacial case to 1.31m, for a layer displacement of 1.75 A
parallel to the pore wall.

Interestingly, also the evolution of the (attractive) electro-
static interaction is largely inverted compared to the situation
for fixed interlayer distances and the magnitude of the
changes is significantly increased. For small displacements,
this evolution is again caused by the significantly decreasing
interlayer distances. This amplifies the attractive charge-pene-
tration effects for shifted layers. Only at larger displacements
the diminishing overlap of significant parts of the COF layers
becomes again the dominant factor and results in a reduction
of the electrostatic interaction. As a consequence, when allow-
ing the interlayer distance to relax for displaced structures,

This journal is © The Royal Society of Chemistry 2021
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electrostatic interactions do favor the serrated configuration.
This is, however, again not caused by a “conventional” electro-
static repulsion due to a high octupole moment of the B;0;
rings, as suggested by chemical intuition. Rather, the evol-
ution is primarily a consequence of the changing inter-layer
distance with small distances resulting in an increased electro-
static attraction. This calls for a more in-depth investigation of
the role played by the B;O; ring, which will be provided in the
next section.

3.4. Attractive electrostatic energy and charge penetration
effect

In all situations encountered so far, the electrostatic inter-
actions between the layers were attractive (i.e., the electrostatic
energy was negative). As mentioned before, this is commonly
attributed to charge penetration, an effect that has been dis-
cussed extensively for interacting organic materials and
organic semiconductor crystals.”®”® Conceptually, this effect
describes that due to the interpenetration of charge/electron
clouds the shielding of the positively charged nuclei is
reduced and the attractive electron-nuclei interaction
increases.

As indicated above, for systems like COF-1 one would still
expect that the significantly different electronegativities of the
B and O atoms in the central B;O; rings would result in
sizable octupole moments resulting in a repulsion of cofacial
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B;0; rings. To disentangle the roles of the phenylenes and the
boroxine-based linkages, we split the individual COF-1 layers
into two model systems consisting either of benzene (CsHg) or
boroxine (B;O3H;) rings (i.e., into an only weakly polar and a
highly polar unit; see insets in Fig. 7a). The dangling bonds of
the model systems were saturated by H atoms and the rings
were arranged at exactly the same positions they adopt in
COF-1 with optimized interlayer distances. Then, AEqjg,; Was
calculated separately for each model system as a function of
the shift of consecutive layers. The resulting energy evolution
is shown in Fig. 7a for constant interlayer stacking distances
and in Fig. 7c for optimized distances. For both cases, when
considering only the benzene molecules, AE.jq, is indeed pri-
marily determined by charge penetration effects and is clearly
attractive for all considered situations in analogy to the situ-
ation observed above for the full COF. Interestingly, when con-
sidering only the boroxine units, for small displacements the
electrostatic interactions become repulsive, in line with the
sizable octupole moments of the molecules. This is insofar
relevant, as the electrostatic interaction between the layers in
COF-1, in a first approximation, can be regarded as a superpo-
sition of the (largely independent) interactions of the pheny-
lene subsystem and the boroxine subsystems, as shown in
Fig. 7b and d (again for constant as well as for optimized inter-
layer stacking distances). This implies that there is, indeed,
electrostatic repulsion between the boroxines at small displace-
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Fig. 7 Panels (a) and (c) show the electrostatic energy contributions of the COF-1 sub-systems (boroxine unit and benzene) extracted from COF-1
with constant (a) and optimized (c) interlayer stacking distances. The nature of the sub-systems is indicated by the insets in panel (c). In panels (b)
and (d) the sum of the electrostatic energies stemming from the two sub-systems is shown by the purple line and symbols and the electrostatic
energy of COF-1is given in blue. Panel (b) shows the results for constant and panel (d) for optimized interlayer stacking distances. Note that in con-
trast to Fig. 3 and 6, the electrostatic energies are not given relative to the situation for zero displacement. Rather, their absolute values are plotted,
as, when separately considering the boroxines, the electrostatic energy changes sign as a function of the displacement. All energies are specified per

unit cell containing two COF layers.
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ments also in the actual COF-1. This repulsion is, however,
overcompensated by the attractive interactions of the pheny-
lenes, resulting in the final trends observed in Fig. 3 and 6.
This overcompensation is clearly visible for both cases, com-
prising constant and optimized stacking distances.
Interestingly, for constant interlayer stacking distance, this
overcompensation is even strong enough that the cofacial
arrangement of neighboring sheets, which is electrostatically
unfavorable when considering only the boroxine units,
becomes favorable for the full COF-1 layers.

3.5. Additional layered COFs

In the following, we will briefly address to what extent the
above observations are specific to COF-1, or whether they are
of more general nature. Therefore, we considered additional
2D COFs with n-systems of different size and nature and also
with different pore topologies. These systems comprise COF-5,
as a more extended analogue to COF-1, and the porphyrin- and
hexabenzocoronene-based COFs Por-COF,*> and HBC-COF.*°
Their structures are shown in Fig. 8. For Por-COF we consider
two versions of that system, one consisting of Zn-metallated
porphyrin (Zn) and one without a metal incorporated in the
center of the molecule (NH).

When performing a full geometry optimization (for details
see Methods section), all of these COFs adopt a serrated struc-
ture (see Fig. 8). This is consistent with the expectation from
literature that apart from a few exceptions such shifted AA-
stackings are the preferred stacking motif.>” The obtained
lateral displacement vectors, Av,,, between consecutive layers
are reported in Table 1 and indicated by purple arrows in
Fig. 8. Considering the absolute values of these vectors, we
find that they are of similar magnitude for all COFs.
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Table 1 Structural parameters (displacement vectors, stacking dis-
tances) of the considered COFs. Av,, ... displacement vector for the
second layer in the unit cell between cofacial and optimized structure, z
... stacking distance (given for the cofacial and the optimal arrangement
of the COF)

COF-1  COF-5 HBC-COF NH-Por Zn-Por
Avyy/ (1.50,  (1.49, (0.0, (1.18, (1.22,
A —0.86) —0.46)  1.60) 1.18) 1.22)
z/A  Cofacial 3.62 3.59 3.62 3.54 3.56
Optimal  3.36 3.39 3.43 3.33 3.32

Furthermore, from the interlayer stacking distances reported
in Table 1 one can see that the energetically favorable serrated
layer arrangements exhibit significantly smaller stacking dis-
tances compared to the cofacial arrangement.

To understand, whether similar driving forces as in COF-1
are responsible for the serrated AA-stacking, Fig. 9 compares
the changes in interaction, van der Waals, electrostatic and
Pauli repulsion plus orbital rehybridization energies between
cofacial structures with optimized interlayer distances and
fully optimized structures for all considered COFs. The absol-
ute values of the energies are contained in the ESI.{ All COFs
display the same behavior that has been discussed in section
3.3 for COF-1: the displaced structure is stabilized by an
increased van der Waals and Coulomb interaction while the
Pauli repulsion increases consistent with the observation in
Fig. 6. Considering that also the relative magnitudes of the
individual contributions are reasonably similar in all systems,
one can confidently attribute these changes to a superposition
of the effects due to the displacement and the concomitantly
decreased interlayer stacking distance in the serrated structure

Fig. 8 Optimized structures of the considered COFs: COF-1, COF-5, HBC-COF, NH-Por, Zn-Por. For each COF the respective unit cell containing
two original layers is shown. The atoms of the top layer are colored according to their chemical nature (C ... grey, H ... white, B ... green, O ...red, N ...
blue, Zn ... violet). The atoms in the displaced bottom layer are all plotted in dark green. The layer displacements of all COFs are indicated by purple
arrows. Interestingly, the resulting packing motif of the aromatic systems of COF-1, COF-5, and HBC-COF, resemble that of graphite.®”
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Fig. 9 Energy differences between the cofacial and the optimized
structures of the COF-1, COF-5, HBC-COF, NH-Por, Zn-Por. Differences
in the total interaction energy are compared to the contributions, van
der Waals, electrostatic, and Pauli repulsion plus orbital rehybridization
interactions. Minor differences in the values for COF-1 in Fig. 9 and 6 are
due to the fact that for Fig. 6 we relied on the experimental lateral unit-
cell parameters, while here, for the sake of comparability with the other
COFs, all unit-cell parameters were optimized.

(see Table 2) in analogy to the discussion in section 3.3. This
is shown explicitly for COF-5 in the ESI,f where equivalent
trends as in Fig. 6 are shown for the interaction energy and its
individual contributions (van der Waals, Coulomb, and Pauli
repulsion plus orbital rehybridization).

Another interesting observation can be made, when consid-
ering the hexabenzocoronene core of HBC-COF: there, the
stacking motif of the C atoms is strongly reminiscent of the
most common form of graphite (CCDC 918549).%° To find out,
whether the stacking in this material is governed by
similar driving forces as in the COFs considered here, we
applied our decomposition scheme also to periodically
stacked graphene flakes. Indeed, the obtained situation is fully
analogous to all the considered COFs. Le., Pauli repulsion acts
as the driving force pushing the layers/flakes towards a ser-
rated stacking motif (for details see ESIt). In passing we note
that graphene flakes instead of graphite have been considered
for this comparison to avoid a semi-metallic character of the
individual fragments (i.e. graphene), for which the perform-
ance of the employed decomposition scheme is not well
tested.

For COF-5 and HBC-COF the influence of the structural
changes on the band gaps and the effective masses is very
similar to that discussed for COF-1. For COF-5 (HBC-COF), the
energetically favorable slip leads to an increase of the effective
masses for holes from 1.14m,, (1.18m,) at the cofacial arrange-
ment to 1.70m, (2.82m,) at the serrated arrangement.
Additionally, the band gap is increased due to the slip from
1.37 eV (0.58 eV) to 1.98 eV (1.13 eV) when using the PBE func-
tional. As generalized gradient based functionals massively
underestimate band gaps, we also calculated the gap for COF-5
using HSEO06, for which a similar gap increase, albeit from
2.06 eV to 2.70 eV was observed (HBC-COF turned out to be
too complex for HSE06 calculations; for band structures see

This journal is © The Royal Society of Chemistry 2021
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ESIY}). For the Por-COFs, the induced change in the electronic
structure is even qualitative, as for the cofacial arrangement
both systems have a vanishing band gap showing metallic
character, which changes for the energetically favorable ser-
rated arrangement, for which an indirect gap of ~0.5 eV (at the
HSEO06 level) opens up. Consistent with our findings, such
metal-to-semiconductor transitions as a function of interlayer
shifts have recently also been discussed for metal-organic
frameworks.”®

As additional quantities, we also studied the impact of the
serrated arrangement of consecutive layers on the porosity
and available surface area of the systems shown in Fig. 8.
Here the impact of shifts of consecutive COF layers, however,
turns out to be only minor with changes of only ~3% in the
accessible surface areas per volume (as shown in detail in the
ESIT).

3.6. Impact of the non-planarity of individual COF layers: the
example of non-planar COF-366

All above findings were obtained for planar or almost planar
(HBC-COF) systems. This raises the question, how the situation
changes for 2D COFs, which are non-planar. Therefore, we
considered the example of COF-366.>> The structures of this
system were calculated analogously to HBC-COF considered in
section 3.5, with the addition that for the cofacial arrangement
the porphyrins of consecutive layers were forced to be copla-
nar, while the stacking distance was optimized as outlined in
the ESI.{ This constraint was removed when performing the
geometry relaxation optimizing also the stacking distance,
which then yields the optimal structure. The resulting struc-
tures are shown in Fig. 10 a and b. Decomposing the inter-
action energy of these two systems into the individual contri-
butions (see Table 2) reveals a behavior consistent with the
above findings.

One aspect is different though: instead of a displacement of
consecutive COF layers, the shift of consecutive porphyrin
units to minimize the total energy is achieved by a rotation
around the linking groups and a reduction of the stacking dis-
tance from 4.31 A at cofacial to 3.86 A at the optimal arrange-
ment. So, while the shift of the entire layer was hindered by
steric interactions between the linking groups of consecutive
layers, the system exploited a different degree of flexibility in

Table 2 Relative energies of COF-366 for the structure with cofacial
and not twisted porphyrin cores and the structure where all atomic posi-
tions were allowed to relax. AEiqq ... difference of total energies of the
two systems per unit cell, AEj, ... interaction energy, AE,qw ... vdW
energy contribution, AEgtat electrostatic energy contribution,
AEpayii,orb --- Pauli repulsion with orbital rehybridization

AEtt:)tal/ev AEint/ev AEvdw/ev AEelstat/ev AEPauli,orb/eV
Planarized -3.89 —4.78 -1.74 2.63
Optimal -5.73 -7.09 —2.26 3.61
Difference —1.87 —1.85 -2.31 —0.52 0.98
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Fig. 10 Geometries of COF-366 with (a) planarized porphyrin cores
and when fully relaxing all atomic positions plus the stacking distance
(b). The linkers in different spatial directions are colored in either purple
or green for better visibility. In panel (b) the twists around the axes of
the linkers are indicated.

order to minimize the energy and to avoid a cofacial arrange-
ment. This being said, COF-366 is, of course, only one possible
example of how steric interactions can be used to modify the
stacking of COFs and one cannot exclude that for other struc-
tural motifs steric effects could be used to enforce a cofacial
arrangement of n-backbones with the resulting favorable
properties.

4. Conclusions

Based on the prototypical example of COF-1, we identified the
driving forces that result in shifted (serrated) AA-stacking
arrangements to be energetically favorable in planar 2D COFs.
A quantitative assessment of the individual interactions deter-
mining the evolution of the total energy (dispersion, electro-
static, Pauli repulsion plus orbital rehybridization) is provided
employing dispersion-corrected density-functional theory. For
both, fixed and variable interlayer distances, the actual equili-
brium structure is a consequence of a subtle interplay between
van der Waals and Coulomb attraction as well as Pauli repul-
sion. How these different interactions play out is, however, fun-
damentally different in the two cases: in the fixed-distance
case, van der Waals and Coulomb attractions favor a cofacial
arrangement as a displacement of consecutive layers increases
the net inter-atomic distances and, thus, diminishes the attrac-
tion due to dispersion forces and charge penetration effects.
Conversely, Pauli repulsion favors displaced structures, which
can be correlated at least in part with a decrease of the width
of the valence band (especially at small displacements). This
also results in clearly deteriorated transport parameters for the
minimum structure with a decrease of the electronic coupling
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and an increase of the effective mass of the holes in the
valence band by a factor of roughly two.

The role of the different contributions is essentially
inverted when optimizing the interlayer distance at each dis-
placement. The reason for that is that the effects resulting
from a decreased geometrical overlap in the displaced struc-
tures are compensated by the impact of the concomitantly
observed decreased interlayer distance. Considering the funda-
mentally different origins of Coulomb, Pauli, and van der
Waals interactions, these compensation effects play out differ-
ently. Nevertheless, the optimum displacement is essentially
the same for both situations with a shift of 1.75 A parallel to
one of the pore walls.

The above results, at first glance, suggest that “convention-
al” electrostatic repulsion between the highly polarized borox-
ine units, which has previously been held responsible for the
serrated structure of COF-1,>**® does not play a role. An in-
depth analysis of the contribution of the boroxine fragments,
however, reveals that they do cause electrostatic repulsion for a
cofacial arrangement of the layers, in line with chemical intui-
tion. Still, in the actual COF, this repulsion is overcompensated
by the attractive interaction of the phenylenes due to charge
penetration.

A similar behavior as in COF-1 is found for a series of
additional COFs with differently sized n-systems and differ-
ently shaped pores. The serrated equilibrium arrangement of
the considered COFs increases the effective masses of the
holes and in some cases even results in a transition from a
metallic (cofacial case) to a semiconducting (serrated case)
character of the material. Conversely, parameters related to the
porosity of the materials are hardly affected by the slip of con-
secutive layers.

Overall, our findings imply that the structure of layered
COFs is to a significant extent determined by effects that are of
quantum-mechanical nature (like Pauli repulsion) and that
depend on the symmetry and nodal structure of extended elec-
tronic states. As a consequence, approaches relying, for
example, on classical force fields should not be able to provide
a qualitatively correct description of the relevant physics. Even
more importantly, our findings suggest that for obtaining
layered COFs with cofacial stacking arrangements (as would be
ideal for charge-transport applications), one cannot rely on the
self-assembly of the individual layers. Also, merely reducing
the classical electrostatic repulsion between layers by eliminat-
ing polar functionalities will not resolve the issue. Instead, one
has to think of introducing additional driving forces in order
to realize the desired stacking by tipping the otherwise unfa-
vorable balance between van der Waals, Coulomb, and Pauli
interactions.
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