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Predicting the bulk modulus of single-layer
covalent organic frameworks with square-lattice
topology from molecular building-block propertiest
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Two-dimensional Covalent Organic Frameworks (2D COFs) have attracted a lot of interest because of
their potential for a broad range of applications. Different combinations of their molecular building blocks
can lead to new materials with different physical and chemical properties. In this study, the elasticity of
different single-layer tetrabenzoporphyrin (H2-TBPor) and phthalocyanine (H2-Pc) based 2D COFs is
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numerically investigated using a density-functional based tight-binding approach. Specifically, we calcu-
late the 2D bulk modulus and the equivalent spring constants of the respective molecular building-
blocks. Using a spring network model we are able to predict the 2D bulk modulus based on the properties
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Covalent Organic Frameworks (COFs) offer the unique possi-
bility of engineering their chemical and physical features via a
lego-like principle, where, through different combinations of
molecular building blocks, novel material properties can
emerge.' As a result, they have gained increasing interest
over the past years,”® and the potential of single-layer or few-
layer 2D COFs has been demonstrated in various applications,
including energy storage,””® supercapacitors,”'® charge trans-
port,"* optoelectronics,>"* chemical catalysis** and sensorics."

The underlying combinatorial variety of possible materials,
enabled by the previously mentioned bottom-up lego-prin-
ciple, imposes additional challenges to experimental investi-
gations, so that extensive computational studies are becoming
invaluable. For example, in silico methods have been used to
study photocatalysis,"® carbon capture,"”'® hydrogen storage,"’
gas storage,”® methane adsorption®! and drug adsorption®* in
2D COFs. An especially challenging issue in this context is
revealing possible correlations between the chemical and
physical properties of COFs and the ones of their molecular
constituents. This requires, for example, the identification of
appropriate sets of non-redundant molecular descriptors.
Learning COF properties using such fragment-level finger-
prints can help to reduce the computational efforts and allows
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of the isolated molecules. This provides a path to optimize elastic properties of 2D COFs.

for an extended sampling of configurations. Since the reticular
synthesis approach poses a highly combinatorial problem, we
also expect that Machine Learning based approaches will
become increasingly relevant in the near future.”®

Although mechanical properties play an important role for
many applications of COFs, up to now only a few experimental
studies addressing COF elasticity are available. Specifically,
measurements of the Young modulus of wafer-scale single-layer
porphyrin-based imine COFs** and of thin films of dihydroxyter-
ethaldehyde-(triazine-triyl)trianiline (DHTA-TTA) COFs> have
been reported. In contrast, calculations of elastic properties of 2D
COFs are routinely done using a range of different methods.>®>*

In this work, we address the relation between elastic pro-
perties of a set of linker molecules and those of the resulting
organic frameworks. To this end, we use a density-functional
based tight binding (DFTB) approach to compute the bulk
modulus of the COFs and the equivalent harmonic spring con-
stants of the molecular building blocks. Based on a simple
spring-network model,> we are able to relate these two
quantities.

The molecular spring constants can, in principle, be
obtained experimentally and there have been several studies
on their direct measurement.’°* For example, in the work of
Xu et al.,*® the spring constants of two small molecules, 1,8-
octanedithiol and 4,4-bipyridine, were measured in a setup
consisting of two gold electrodes and a molecular junction.
Similarly, the contact stiffness of small molecule ligands, bio-
inspired peptide and peptoid oligomers was estimated by
using atomic force microscopy.**

The COFs studied in this work include tetrabenzoporphyrin
(H2-TBPor) and phtalocyanine (H2-Pc) as molecular cores and
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different linker molecules. For instance, in the example shown
in Fig. 1, the core molecule is H2-TBPor (shaded in yellow) and
the green shaded area indicates the linker molecule (bis(cate-
cholato)diboron). In the context of our calculations and in the
analytical approach, we take porphyrin and porphyrazine as
core molecules, instead of H2-TBPor and H2-Pc, and consider
the additional phenyls as part of the linker molecules as
shown in Fig. 2. The geometry of the linker plays an important
role for the elastic properties of the synthesized material. As
linker molecules we use the following molecular systems:
imine (N-benzylideneaniline), azo (azobenzene) and benzal-
phenylhydrazine (benzaldehyde phenylhydrazone), bis(cate-
cholato)diboron and N-phthalimidophthalimide ([2,2"-biisoin-
doline]-1,1',3,3"-tetraone) consisting of functionalized pyrolles,
anthracene and phenazine.*>*> The first three consist of
linear chains and the latter two include fused benzene rings.
The resulting COFs are denoted as linker-core-COF as given in
the caption of Fig. 2, which shows the different linker and core
molecules. Due to the chemistry of the linkage, all the con-
sidered COF crystals feature a simple square lattice topology.

This manuscript is structured as follows. In section 1 we
review the concept of the equivalent spring constant of a mole-
cule and use it to derive a model for the elastic properties of
COFs with a square lattice topology. The computational
methods are summarized in section 2. Then, we present and
discuss the results of our study: the equivalent spring con-
stants of the different linker and core molecules, the bulk
moduli of the respective COFs and the possibility to tune the
elastic properties by modifying the linker elasticity.
Conclusions are given in section 4.

View Article Online
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1 Equivalent molecular spring
constants and 2D bulk moduli
1.1 Equivalent molecular spring constants

An equivalent spring constant can, in general, be associated
with a complex system of connected springs. In particular, the
combination of Hookean springs in series or parallel behaves
like a single Hookean spring.*® In the context of molecules or
molecular fragments, the equivalent molecular spring con-
stant comprises the collective response of all chemical bonds
to stretching or compression of the molecule. Depending on
the chemical composition and molecular topology, the result-
ing behavior can approximately be Hookean and thus, the
response of the molecule is considered as that of an effective
Hookean spring. If the molecule consists of several fragments
which are fused together, the equivalent molecular spring con-
stant is approximately given in terms of those of the
fragments.’”® As an example, anthracene (see Fig. 2 (7)) con-
sists of three fused benzene rings. If we assume each ring to
be described by an effective spring with spring constant £,
then the equivalent spring constant of the molecule consisting
of n rings is obtained by simply adding the inverse spring con-
stants®® k(n) = k/n.

1.2 Two dimensional bulk modulus

The bulk modulus is one of the two elastic constants of an iso-
tropic material,”® and it quantifies the relative change of
volume upon an applied pressure. For a two-dimensional
material, the bulk modulus can be redefined according to the

Fig. 1 Schematic view of a CDB-TBPor-COF. The yellow and green areas indicate the core and linker molecule, respectively. Carbon atoms in the
COF are colored brown, hydrogen grey, oxygen red, nitrogen light blue and boron green.
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Fig. 2 Core and linker molecules: (0a) porphyrin, (0b) porphyrazine, (1)
imine (imine-TBPor-COF), (2) azo (azo-TBPor-COF), (3) benzalphenylhy-
drazine (BPH-TBPor-COF), (4) bis(catecholato)diboron (CDB-TBPor-
COF), (5) N-phthalimidophthalimide (PP-TBPor-COF), (6) phenazine
(phenazine-TBPor-COF), (7) anthracene (anthracene-TBPor-COF).

change in dimension as the relative change of area instead of
volume and is obtained as:
d’u

Byp=A-——

1
daA? Aoptimized ' ( )

where the area is denoted by 4, the internal energy is U(4) and
the derivative is evaluated for the area A°P"™**d corresponding
to the energetic minimum.

More specifically, we consider a square lattice with lattice
constant a and area A(a) = a”. Since there are two identical
bonds connecting neighboring sites in each unit cell, we can
consider their respective contribution to the internal energy to
be the same, i.e. U= &, + &, = 2&. Then, eqn (1) becomes

1 d’o
2 da? qoptimized

1
B —-k 2
» : @)
and k can be interpreted as the spring constant that represents
the interaction between neighboring sites. More general deri-
vations, also for different lattices and with additional springs,
can be found in ref. 29.

This journal is © The Royal Society of Chemistry 2021
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In two-dimensional porphyrin-based COFs with square
lattice topology, the lattice sites are occupied by the core mole-
cules which are in turn inter-connected by linker molecules. In
Fig. 1, such a representative COF-structure is shown. Bi-axially
stretching this 2D structure, will change the position of atoms
depending on their local environment. If the building blocks
are described by effective springs, then on each axis of the unit
cell there are two springs in series, one corresponds to the
core and one to the linker molecule. If we consider that each
building block can be described as a linear spring, then
according to the previous section the equivalent spring con-
stant of the fused molecule can be written as

e ()

kcore klinker

1
Ketr
Combining eqn (2) and (3) then gives

kcore : klinker (4)

1
Boyp == - ket = - .
2 ¢ 2 kcore + klinker

Eqn (4) is one of the central results of this work. It allows to
calculate the bulk modulus of a single-layer 2D COF with
square lattice topology only from the knowledge of the equi-
valent spring constants of the building blocks.

2 Computational methods

In this work, we mainly use the DFTB method to compute the
mechanical properties of various COF structures. DFTB
methods are much faster than ab initio and Density Functional
Theory (DFT) methods and are, therefore, particularly attrac-
tive in applications to large systems and for extensive sampling
of the configuration space.

All calculations were performed using the self-consistent
charge extension (SCC) method,*®**' implemented in the
DFTB+ code (version 17.1). In order to better gauge the effect
of the parametrization of the Hamiltonian matrix elements on
our results, different Slater—Koster sets were used: 30b-3-1 and
mio-1-1,"* pbc-0-3,"* ob2-1-1** and matsci-0-3.*> Those para-
metrizations have been optimized for different target systems.
For example, mio-1-1 was designed for materials and biological
systems and includes a second-order expansion of the energy,
giving results comparable to DFT-Generalized Gradient
Approximation (GGA). The 30b-3-1 parametrization has been
developed particularly for DFTB3."® Compared to mio-1-1, it
firstly improves non-covalent bonds by optimizing bond dis-
tances and energies and secondly, it reduces the overbinding
energy."” For organic and biological molecules, ob2-1-1 has
been designed with a focus on long-range interactions. It has a
very good performance for thermochemistry, geometries, and
vibrational frequencies.”® The pbc-0-3 parametrization gives
reasonable results for solid-state systems and iron clusters.***”
Finally, matsci-0-3 is based on semi-relativistic calculations
with self-consistent charge corrections,”® and gives results in
quantitative agreement with the GGA functional of Perdew-
Burke-Ernzerhof (PBE).*®

Nanoscale, 2021,13,1077-1085 | 1079
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For all calculations of COFs, periodic boundary conditions
were used. The single layers of the square lattice were opti-
mized using the SCC method with 30 A distance between the
layers to avoid interactions between them. We applied (7,7,1)
k-points according to Monkhorst and Pack.?® The strain was
changing the area of the unit cell around the equilibrium state
in steps of 0.2%, while the z-direction of the lattice vector was
always remaining the same.

To establish the applicability of DFTB for the computation
of COF properties, we also carried out benchmark calculations
for the bulk modulus using DFT based on the open source
implementation of the Grid-based Projected Augmented Wave-
method®® (GPAW’') code within the local density approxi-
mation (LDA) as well as GGA-PBE. The representation of the
wave-function was implemented through plane-waves using a
cut-off energy of 400 eV. For the COFs, we used (5,5,1) k-points.
The linker molecules were put in the middle of the simulation
box, keeping a vacuum of 15 A in all directions. For the core
molecule, the vacuum was 20 A. The geometry optimization
was achieved using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) optimizer.

3 Results and discussion

The equilibrium lattice constant of the COFs was found by
using the equation of state®* as introduced by Murnaghan®*°°
and implemented in ASE.> This approach also yields the 3D
bulk modulus Bz, from the volume dependence of the total
energy. To obtain the 2D bulk modulus we multiplied B;p by
the height of the unit cell.

For the calculations of the molecular spring constant of
the linker molecules, we first optimize the molecular geo-
metry. Then, applying a constraint to the outermost carbon
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Fig. 3
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atoms, the length of the molecule is changed according to
the applied strain in steps of 0.2%. We compute the total
energy for each length, which can be fitted by a
polynomial

Elinker(L) =ct+cr-L+c- LZ —+C3 - L3. (5)

The spring constant is then calculated from the second
derivative of the energy around the minimum as

:2'\/022—3'(:1'(:3 (6)

Loptimized
The concept for the estimation of the core spring-constant
is similar as above. However, the length dependence is substi-
tuted by the change of area A:

2
d°E linker

klinker = dL?

dZEcore

kcore - dAZ

7)

| Aoptimized

The underlying isotropic contraction or expansion of the
molecule mimics more closely the behavior of the core in the
COF.

3.1 Equivalent molecular spring constants

Fig. 3(a) shows the strain dependence of the energy for several
linker molecules obtained from DFTB calculations with the
matsci-0-3 parametrization. The energy at zero strain is shifted
to zero for convenience. In all cases, a nearly parabolic behav-
ior of the energy is observed and the curvature is used to
extract the equivalent spring constant according to eqn (6) for
the linker molecules and according to eqn (7) for the core
molecules. The resulting values are summarized in Table 1. Of
all the linker molecules, benzalphenylhydrazine has the smal-
lest spring constant, while anthracene and phenazine have
spring constants which are an order of magnitude larger. This

(b)
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Spring constant (N/m)

(a) Relative binding energy per atom as function of the strain for several molecules using matsci-0-3. (b) Spring constants using different

Slater Koster parametrizations for selected molecules: anthracene, phenazine, N-phthalimidophthalimide and porphyrin (from left to right).
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Table 1 Calculated equivalent spring constants for different linker
molecules and two core molecules. All results are obtained with DFTB+
and matsci-0-3

Molecule Spring constant (N m™)
Benzalphenylhydrazine 35.2
Imine 117.0
Azo 123.4
Bis(catecholato)diboron 145.8
N-Phthalimidophthalimide 147.4
Anthracene 221.1
Phenazine 246.8
Porphyrin 163.8
Porphyrazine 195.4

difference in behavior is related to the chemical structure
which can be inferred from Fig. 2.

It is interesting to compare the results for the spring
constants for different Slater-Koster parametrizations. This
is shown in Fig. 3(b) and summarized in Table 1 (ESIT) for
phenazine, anthracence, N-phthalimidophthalimide and
porphyrin. One can see that all parametrizations yield
similar values, which are also consistent with the results
from DFT. Since the different parametrizations are obtained
by best fits to different target systems, the observed differ-
ences are reasonable. The ob2-1-1 parametrization systemati-
cally gives larger spring constants compared to the other
ones and pbc-0-3 yields a drastically smaller value for
N-phthalimidophthalide.

Next, we analyze the influence of the strain on different
parts of the molecules. Fig. 4 show the relative change of
specific bond lengths as a function of the applied strain for
phenazine, anthracene and azo. Phenazine and anthraceneare
molecules with similar structure and a planar arrangement of
the atoms. Azo is planar as well, with two benzene rings being
connected by a linear chain which consists of a N-N double
bond. Fig. 4(a) shows that there is no change of the bond
length between those nitrogens (orange line), and only a negli-
gible change of the bond length between nitrogen and the ring
(red line). The largest percentage of strain is absorbed by the
outer rings (green line).

In contrast to this behavior, for anthracene and phenazine
the width of all rings shows a similar increase upon applying
strain. This is shown in Fig. 4(b). The width of the inner rings
is changing with a slightly different rate than that of the edge
ring, which implies that the strain is not transferred equally
along the chain. This behavior might relate to the applied
constraints, which keep the bond length between the con-
strained atoms fixed. We also observe a reduction of the
height of the respective rings as the strain is increased. This
effect is akin to the Poisson effect in the elasticity of
solids.”>”®

3.2 Bulk modulus

Fig. 5(a) shows the strain dependencies of the total energies
for different COFs with TBPor cores and different linker mole-

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Strain analysis of specific distances and bond-lengths for the
linker molecules of (a) azo and (b) phenazine and anthracene using
DFTB+ and matsci-0-3.

cules using matsci-0-3. The bulk moduli are extracted from the
curvature at zero strain as described earlier in this section. The
comparison with other parametrizations, shown in Fig. 5(b),
again yields an overall quantitative agreement for the bulk
moduli with the exception of BPH-TBPor-COF. The values of
different parametrization are summarized in Table 2 (ESIY).

In Table 2 the calculated bulk moduli are compared with
the analytical formula given by eqn (4) and using the equi-
valent spring constants from Table 1. While the bulk moduli
of the COFs are much smaller than that of graphene (~210 N
m™'), they are comparable to other inorganic 2D crystals, such
as silicene (~45 N m™") or InSe (~35 N m™").””*® The analytical
approach is in close agreement with the calculations for the
linker molecules of bis(catecholato)diboron, anthracene and
phenazine, which are planar. The results for linear chains
have, however, relatively large deviations from the DFTB calcu-
lations, especially for benzalphenylhydrazine. The analytical
approach for PP-TBPor-COF gives a relatively large deviation as
well. Here, the constraints used for calculating the spring con-
stant prevent a change of the torsional angle, which leads to
an additional stiffening of the molecule. Due to the repulsion
of the oxygen atoms a non-planar configuration of the linker
molecule is preferred. In the COF, the linkage to the core leads

Nanoscale, 2021,13,1077-1085 | 1081
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parametrizations for selected linker molecules: imine, anthracene, phenazine and N-phthalimidophthalimide (from left to right).

Table 2 Comparison of the analytical model, eqn (4), and the calcu-
lations of the bulk modulus for the linker molecules shown in Fig. 2 and
the TBPor core using matsci-0-3

Bulk modulus (N m™)

Linker molecule Analytical approach Calculation
Benzalphenylhydrazine 14.5 7.4
Imine 35.2 27.3
Azo 34.1 24.3
Bis(catecholato)diboron 38.8 35.3
N-Phthalimidophthalimide 34.1 26.7
Anthracene 47.0 49.2
Phenazine 49.2 51.6

to a more planar geometry. Moreover, by stretching the COF,
the dihedral angle of the pyrroles in the linker molecules is
changing, which in turn allows them to lie in the same plane
as the core.

In accordance with the discussion in the previous
subsection, we find a very good agreement of the
calculations with the analytical model for those linker
molecules where the strain is evenly distributed along the
molecule (anthracene, phenazine, bis(catecholato)diboron and
N-phthalimidophthalimide). The molecules involving a linear
chain (or single bonds) are seen to be too flexible to be
described by a single effective spring. In the following we will
focus only on the former set of molecules.

3.3 Manipulation of elastic properties

To further investigate the correlation between the bulk moduli
of the COFs with the equivalent spring constants of the linker
molecules, we added few benzene rings to bis(catecholato)
diboron, phenazine, anthracene and N-phthalimidophthalimide.
Additionally, we change the core to phtalocyanine. Table 3

1082 | Nanoscale, 2021,13,1077-1085

(ESIT) summarizes the resulting equivalent spring constants
and the respective bulk moduli of the COFs so built.

The lower part of Fig. 6 shows the dependence of the equi-
valent spring constant on the number of inserted benzene
rings. In accordance with the discussion in section 1 the
spring constant of the molecule reducesas the number of
benzene rings increases since those act as springs in series. A
more quantitative analysis based on the combination of the
spring constants of molecular fragments yield results in good
agreement with the calculations for phenazine, anthracene
and bis(catecholato)diboron (see ESI).

For N-phthalimidophthalimide, the
feature due to the presence of the opposing oxygens is
replaced by a dihedral angle between the extra rings and the
rest molecule. Moreover, these COFs become mostly planar,
except for the added rings which are twisted with respect to
each other. This effect is not accounted for in the Hookean
spring model.

In the upper part of Fig. 6, the respective results of the bulk
moduli for the COFs are shown. Similar to the spring con-
stants, the bulk moduli are seen to become smaller as more
benzene rings are added to the linker molecules. The compari-
son with the analytical formula (ESIT) yields an excellent agree-
ment with the calculated values, with an exception for
PP-COFs.

Additionally, we change the molecular core and replace H2-
porphyrin (H2-TBPor-COF) by H2-porphyrazine (H2-Pc-COF).
Phthalocyanine consists of the core of porphyrazine, which
can be considered as functionalized porphyrazine. Firstly, the
calculation of thespring constant shows that porphyrazine is
stiffer than porphyrin. The calculated value of the spring con-
stant for porphyrin is 163.8 N m™", while for porphyrazine it is
195.4 N m~*. This reflects to the results of Table 3 in the ESI,{
which shows that some COFs (with CDB, anthracene and phe-

intrinsic torsional

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Comparison between (a) bulk moduli of COFs by changing the molecular core (blue denotes tetrabenzoporphyrin and orange denotes
phthalocyanine) and (b) spring constant of molecular linkers with added phenyl-rings as shown on the bottom of the figure. Each column of bar-
plots of (a) and (b) corresponds to the respective linker with phenyl-rings added as given. The structures from left to right are (COF(molecular

linker)): CDB-COF(bis(catecholato)diboron),
results are obtained with DFTB+ and matsci-0-3.

nazine linkers) with porphyrazine as core are stiffer. For the
other COFs, however, the bulk moduli are very similar to the
ones of TBPor-COFs, which indicates that the linker molecules
determine the elastic behavior in those cases.

Motivated by the findings above, we show in Fig. 7 the bulk
moduli of different COFs vs. the equivalent spring constants of
the respective linker molecules. One can see a clear correlation
between the spring constants and bulk moduli. As indicated
above, the analytical model and eqn (4) yield results in excel-
lent agreement with the calculations. A separate fit of eqn (4)

PP-COF(N-phthalimidophthalimide),

anthracene-COF(anthracene), phenazine-COF(phenazine). All

to the calculated data gives keore = 175.4 N m™" for porphyrin
and keore = 209.4 N m™" for porphyrazine, very close to the
values found above (see Table 1).

In Fig. 7, there is one outlier for each core, which corres-
ponds to the N-phthalimidophthalimide linker (smaller-sized
circle). The spring constant of this linker has been overesti-
mated, as explained in section 2. When rings are added into
the linker, N-phthalimide partly lies on the same plane,
while the rings tilt out of the plane. The corresponding COF
structures are planar except for the added rings, which are

L6 calculation : k& = 163.8 N/m
4.5 e it: kI, =1754 N/m
374
30.2
231

16.0

uniAydiodozuoqeniay,

5129 calculation : k&4 =195.4 N/m

core

49,01 fit . Kjf, =209.4 N/m

Bulk modulus (N/m)

326
24.4

16.2

QUIURADOTRY

1218

163.5 205.1 246.8

Spring constant (N/m)

Fig. 7 Correlation between spring constant and bulk modulus for the different cores. The fit according to eqn (4) gives values of ke Very close to
the calculation for the core alone as listed in Table 1. The size of the circles for the structures is related to the number of the added benzene rings,
while the color corresponds to the selected linker molecule as shown in the legend.
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tilted out of plane like in thecase of the isolated linker
molecule.

Nevertheless, the fitting of eqn (4) verifies that we can
predict the bulk modulus for planar 2D COFs which do not
have any linear chain within the linker molecule.

4 Conclusions

In summary, we calculated the spring constants of several
molecules, which can be used as linker molecules for building
up COFs, using DFTB and different Slater Koster parametriza-
tions. Using tetrabenzoporphyrin (H2-porphyrin based) and
phthalocyanine (H2-porphyrazine based) as cores leads to
monolayer crystals with a square lattice structure. The spring
constant and thus the stiffness of the molecule were shown to
be closely related to their structure. By adding benzene rings
in selected linker molecules, we verified that the equivalent
spring constants become smaller as more rings are added.

Turning to the COFs, we calculated their bulk modulus
from the strain dependence of the total energy. We found that
the bulk modulus is correlated with the spring constant of the
respective linker molecule. Modelling those linker molecules
as Hookean springs we derived a simple analytical formula,
given by eqn (4), to relate the bulk modulus to the corres-
ponding spring constant. This analytical approach was shown
to work very well for a set of linker molecules and explains the
observed correlation.

Our results explicitly demonstrate the correlation between
the properties of the molecular building blocks and the elastic
properties of the resulting COFs. More generally, it is expected
that such correlations also exist between other properties of
the linker molecules and the COFs. Finding the relevant set of
molecular descriptors is the foremost challenge for achieving a
rational design of covalent organic frameworks.
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