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S1 In silico generation of interpenetrated structures

As elaborated in the main text (and depicted in Figure S15), four different materials are consid-

ered, creating a versatile set of interpenetrated covalent organic frameworks (COFs). COF-300

and COF-3201 are formed by tetratopic tetra-(4-anilyl)methane, and either ditopic terephthalalde-

hyde (COF-300) or 4-(4-formylphenyl)benzaldehyde (COF-320) building blocks. Notably, they

differ only in the length of their linker, with COF-300 incorporating the shorter linker. In contrast,

NPN-12 and NPN-3,2 formed through the selfcondensation of tetrakis(4-nitrosophenyl)methane

or 1,3,5,7-tetrakis(4-nitrosophenyl)adamantane, respectively, are fundamentally different with a

much shorter and more rigid linker, and, for NPN-3, a more rigid tetratopic building block with

an adamantane cage instead of a tetraphenylmethane moiety.

S1.1 Structure generation

All initial materials are generated in silico using our in-house structure assembly software, which

is based on a top-down approach, starting from the building blocks of the material and the un-

derlying topology. The building blocks of the four COFs are derived from the cluster models,

which are visualized in Fig. S15. After a force field optimization, appropriate connection points

are defined as the points where the building block can link with other building blocks. There are

as many connection points as the coordination number of the building block designates. For the

building blocks that constitute the imine-linked COFs (COF-300 and COF-320), they are chosen

in the centre of the C-N imine bond, whereas for the building blocks forming the azodioxy-

linked COFs (NPN-1 and NPN-3), they are positioned in the centre of the N-N azodioxy bond.

The initial geometries of the building blocks are obtained from the force field optimized clusters,

from which the termination, i.e. all atoms that are beyond the connection points, are omitted. All

topologies are derived from the non-interpenetrated dia net. A mathematical description of the

interpenetrated topologies is given in Section S1.2. As mentioned in the main text, the degree

of interpenetration is varied from onefold (non-interpenetrated) to eightfold (or elevenfold for

COF-320, as the linker in this COF is especially longer than the other linkers and steric repulsion

only becomes important at higher degrees of interpenetration).

Once the building blocks and the topology are selected, its nodes are decorated in a three step

procedure. Firstly, the unit cell of the topology is rescaled isotropically as such that the building

blocks can be correctly positioned on its nodes. Secondly, the configurations of each building

block in which the connection points are nicely oriented towards the neighboring topological
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nodes are selected. As the symmetry of the atomic representation of the building blocks is lower

than the symmetry of its connection points, multiple configurations result in the same alignment

within the topology. For example, a rotation of the ditopic building blocks around the axis

formed by its two connection points, keeps their positions fixed, while the atomic positions are

changed. In the last step, a final configuration is selected from the remaining ones based on an

energetical descriptor that defines the energy penalty that is introduced by inserting the building

block in this specific configuration. Once all topological nodes are decorated with the appropriate

building blocks, the final structure is relaxed with the periodic force fields as derived in Section

S5.

S1.2 Interpenetrated dia nets

As explained in the previous section, the topological net is required as input for the structure

assembly software. The non-interpenetrated diamondoid topology can be represented by four

vertices in an orthogonal unit cell with the length of the c vector equal to 2.3094 Å and the length

of the a and b vector being 1.6330 Å (=
√

2
2 ‖c‖). These values are normalized such that the

distance between two connected vertices is equal to one. In this unit cell, the coordinates of the

four vertices are:

r1 = 0a +
1
4

b +
5
8

c (S1.1)

r2 = 0a +
3
4

b +
3
8

c (S1.2)

r3 =
1
2

a +
1
4

b +
7
8

c (S1.3)

r4 =
1
2

a +
3
4

b +
1
8

c (S1.4)

As the individual nets in an interpenetrated diamondoid topology can be constructed by

translating along the twofold rotation axis (here the c axis), a straightforward approach to con-

struct these topologies is by introducing four additional vertices in the unit cell that are translated

from the original ones for each net. In general, to construct the k-th net in the n-fold interpene-

trated net, each original node ri should be translated with the vector kc/n:

r(k,n)
i = ri + k

c
n

(S1.5)

However, applying this approach to construct the interpenetrated dia topologies, results in

a non-consistent number of building blocks in the unit cell, that grows linearly, such that the
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results can not immediately be compared between the different degrees of interpenetration. A

more elegant approach is to exploit the symmetry of the topology and the interpentration axis,

by introducing a new unit cell with the same a and b axis, but the scaling the original c axis by a

factor 1/n: c′ = c/n. Equation S1.5 can now be rewritten as

r(k,n)
i = ri + kc′ (S1.6)

Using this new unit cell, the individual nets now emerge as the periodic images of the original

vertices ri and do not have to be constructed explicitly. Furthermore, a consistent number of four

vertices and eight edges are present in the unit cell, allowing for a direct comparison between

the different degrees of interpenetration.
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S2 Experimental reference data

COF-300 is the archetypal interpenetrated dia covalent organic framework (COF), and has been

extensively characterised, at varying conditions, with various techniques. This is captured in

Table S1, where, together with other dia COFs, the reported degree of interpenetration and the

respective 1D channel sizes have been provided as a reference for our free energy calculations.

As discussed in the main text, four different materials were considered, creating a versatile set of

interpenetrated COFs, namely, COF-300, COF-320, NPN-1, and NPN-3, for which the reported

data has been summarised in Table S1. From this table, it is clear that while the dia topology

potentially allows for different phases, flexibility does not necessarily come to expression in each

of the materials.

Evidently, this potential for flexibility is correlated to the structural decoration for each ma-

terial. Although COF-300 and COF-320 are extremely similar, no rectangular-shaped pore has

yet been reported for COF-300, whereas it does exist for COF-320. Moreover, only a single phase

is observed for the more rigid NPN-COFs. Furthermore, there are conflicting reports on the

equilibrium channel size of COF-300(7). This could likely be attributed to the varying sample

preparation, which can give rise to different crystal sizes, guest concentrations, among others.
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Table S1: Experimentally reported phases of COF-300, COF-320, NPN-1 and NPN-3, with their re-
spective degree of interpenetration (between brackets), synthesis conditions, and channel shape.
The corresponding values of the proposed collective variables, as defined in Figure 3 in the
main text, are also reported. The channel shapes are referred to using the following symbols:

= rectangular-shaped; = small square-shaped; = large square-shaped. When the phase
is obtained through introducing guest molecules, the symbol is filled. The following abbrevia-
tions are used in the table below: (PXRD) powder X-ray diffraction; (SXRD) single-crystal X-ray
diffraction; (RED) rotation electron diffraction; (EDT) electron diffraction tomography; (atm) at-
mospheric conditions.

conditions of the measurement

material observed
pore shape

CV1×CV2
[Å×Å]

method T synthetic procedure REF

COF-300(5) 14.1 × 14.1 PXRD atm solvothermal [3]

COF-300(7) 9.8 × 9.8 SXRD 100 K solvothermal [4]

COF-300(7) 9.8 × 9.8 PXRD atm ventilation-vial [5]

COF-300(7) 9.9 × 9.9 EDT 77 K ventilation-vial [6]

COF-300(7) 10.2 × 10.2 PXRD atm ventilation-vial [5]

COF-300(7) 10.2 × 10.2 EDT 77 K ventilation-vial [6]

COF-300(7) 10.2 × 10.2 RED/PXRD 93 K/298 K solvothermal [7]

COF-300(7) 13.1 × 13.1 SXRD 100 K solvothermal [4]

COF-300(7) 13.6 × 13.6 EDT 77 K ventilation-vial [6]

COF-300(7) 13.7 × 13.7 PXRD atm ventilation-vial [5]

COF-320(9) 17.7 × 12.5 RED 89 K solvothermal [1]

COF-320(9) 14.8 × 14.8 RED/PXRD 298 K/150 K solvothermal [1]

NPN-1(4) 10.3 × 8.3 SXRD/PXRD 100 K/298 K solvothermal [2]

NPN-3(6) 11.2 × 11.2 SXRD/PXRD 100 K/298 K solvothermal [2]
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S3 Iterative WHAM algorithm

As mentioned in the main text, the WHAM algorithm from Grossfield et al.8 failed in situations

where the total sampled phase space was not rectangular. This was mainly problematic for those

systems with a high degree of interpenetration, as steric hindrance prevented sampling in spe-

cific areas of the phase space. This is illustrated in Figure S1, which visualises the density map

over all umbrella sampling simulations for elevenfold interpenetrated COF-320 at 300 K, with a

typical ‘ Γ’-shape. By exploiting the specific shape of the density maps, and the symmetry be-

tween the two collective variables, an iterative algorithm was created that varies the lower and

upper edges provided to the WHAM code, and removes the simulations with a trajectory outside

of these bounds, until an optimal set of rectangular regions is found that maximally resembles

the sampled phase space. Afterwards, all free energy regions are related to each other using

a common point (if it exists) or a daisy chaining algorithm (where each region is related to at

least one other region). Evidently, both approaches require that the total free energy region is

connected, as for any WHAM calculation. Finally, the total free energy at any given point is

calculated as an average over its value for all regions in which it is defined.
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Figure S1: Logarithmic density map over all umbrella sampling simulations for elevenfold inter-
penetration COF-320 at 300 K. A equilibration time of 5 ps was considered for all simulations,
resulting in a typical ‘ Γ’-shaped density map.
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A flowchart demonstrating the iterative algorithm is visualized in Figure S3. In the first step,

the optimal square edges are calculated, for which the lower and upper bound are identical for

both CVs. When removing the trajectories with data outside the edges does not allow for a

successful WHAM run, the lower bound will be consistently increased by ‘step’ until it reaches

the provided maximum lower bound (maximum min_CV). At that point, the upper bound is

decreased by ‘step’. This process is repeated until a successful WHAM run is encountered or the

upper bound becomes lower than the provided minimum upper bound (minimum max_CV).

Then, all symmetrically inequivalent rectangular edges are iterated over, between the minimum

and maximum CV values, skipping those edges that do not cover any additional surface and

hence are redundant. Finally, all successful combinations (and their symmetrical equivalent) are

combined in step 3 to create a full free energy surface.

In addition to this procedure, and as a validation, the in-house WHAM code from ThermoLIB

was adapted to prevent the aforementioned convergence error, which originated in Boltzmann

factors becoming infinitely small in regions with prohibitively low unbiased probabilities. As the

WHAM algorithm requires a rectangular region, and the steric hindrance inhibits small channel

sizes with increasing interpenetration, it is to be expected the WHAM algorithm fails without

accounting for these problematic grid locations. By removing the responsible simulations, and

masking the relevant grid locations, similar to the iterative procedure, only a single WHAM cal-

culation is required to obtain the full profile. A comparison between the two processes for the

density map in Figure S1 is given in Figure S2, showing an almost perfect agreement.
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Figure S2: Comparison between the free energy landscapes calculated with (left) the iterative
procedure and (right) the ThermoLIB code for elevenfold interpenetrated COF-320 at 300 K.
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Figure S3: Flowchart indicating the three steps that constitute the adaptive WHAM algorithm.
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S4 Free energy landscapes

The free energy landscapes as a function of interpenetration and temperature can be calculated

for all materials, as captured in Figures S4-S13, for COF-300, COF-320, NPN-1, and NPN-3, using

a temperature of either 50 K, 100 K, 300 K or 400 K. An overview of the number of simulations

for each combination of material, degree of interpenetration, and temperature can be found in

Tables S2-S5. Note that the number of simulations generally decrease with an increasing degree

of interpenetration due to the steric hindrance limiting the accessible phase space. Moreover, to

limit the number of calculations, not all possible degrees of interpenetrations were considered

for each material and temperature combination, aside for the reference calculations at 300 K. For

the other temperatures, the non-interpenetrated framework was not considered due to a lack

of stabilizing dispersive interactions, whereas the highest degrees of interpenetration were not

considered due to the steric hindrance, both enforcing a single stable phase.
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Figure S4: Free energy surfaces for COF-300 at 50 K as a function of interpenetration, going from
twofold to sevenfold interpenetrated, as indicated in the top left corner of each subpanel. The
different (meta)stable phases are indicated on the figure. Regions with a free energy exceeding
the free energy minimum by more than 500 kJ/mol are omitted from the plot, as they are not
accessible under realistic conditions.

S-10



0

5

10

15

20

25

CV
2 [

Å]

2 3 4

0 5 10 15 20 25
CV1 [Å]

0

5

10

15

20

25
CV

2 [
Å]

5

0 5 10 15 20 25
CV1 [Å]

6

0 5 10 15 20 25
CV1 [Å]

7

0

100

200

300

400

500

kJ
/m

ol

Figure S5: Free energy surfaces for COF-300 at 100 K as a function of interpenetration, going from
twofold to sevenfold interpenetrated, as indicated in the top left corner of each subpanel. The
different (meta)stable phases are indicated on the figure. Regions with a free energy exceeding
the free energy minimum by more than 500 kJ/mol are omitted from the plot, as they are not
accessible under realistic conditions.
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Figure S6: Free energy surfaces for COF-300 at 300 K as a function of interpenetration, going
from non-interpenetrated to eightfold interpenetrated, as indicated in the top left corner of each
subpanel. The different (meta)stable phases are indicated on the figure. Regions with a free
energy exceeding the free energy minimum by more than 500 kJ/mol are omitted from the plot,
as they are not accessible under realistic conditions.
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Figure S7: Free energy surfaces for COF-300 at 400 K as a function of interpenetration, going
from twofold to sixfold interpenetrated, as indicated in the top left corner of each subpanel. The
different (meta)stable phases are indicated on the figure. Regions with a free energy exceeding
the free energy minimum by more than 500 kJ/mol are omitted from the plot, as they are not
accessible under realistic conditions.
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Figure S8: Free energy surfaces for COF-320 at 50 K as a function of interpenetration, showcasing
twofold, fivefold, and ninefold interpenetrated, as indicated in the top left corner of each sub-
panel. The different (meta)stable phases are indicated on the figure. Regions with a free energy
exceeding the free energy minimum by more than 500 kJ/mol are omitted from the plot, as they
are not accessible under realistic conditions.
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Figure S9: Free energy surfaces for COF-320 at 100 K as a function of interpenetration, show-
casing twofold, fivefold, and ninefold interpenetrated, as indicated in the top left corner of each
subpanel. The different (meta)stable phases are indicated on the figure. Regions with a free
energy exceeding the free energy minimum by more than 500 kJ/mol are omitted from the plot,
as they are not accessible under realistic conditions.
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Figure S10: Free energy surfaces for COF-320 at 300 K as a function of interpenetration, going
from non-interpenetrated to elevenfold interpenetrated, as indicated in the top left corner of
each subpanel. The different (meta)stable phases are indicated on the figure. Regions with a free
energy exceeding the free energy minimum by more than 500 kJ/mol are omitted from the plot,
as they are not accessible under realistic conditions.
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Figure S11: Free energy surfaces for COF-320 at 400 K as a function of interpenetration, show-
casing twofold, fivefold, and ninefold interpenetrated, as indicated in the top left corner of each
subpanel. The different (meta)stable phases are indicated on the figure. Regions with a free
energy exceeding the free energy minimum by more than 500 kJ/mol are omitted from the plot,
as they are not accessible under realistic conditions.
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Figure S12: Free energy surfaces for NPN-1 at 300 K as a function of interpenetration, going
from non-interpenetrated to eightfold interpenetrated, as indicated in the top left corner of each
subpanel. The different (meta)stable phases are indicated on the figure. Regions with a free
energy exceeding the free energy minimum by more than 500 kJ/mol are omitted from the plot,
as they are not accessible under realistic conditions.
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Figure S13: Free energy surfaces for NPN-3 at 300 K as a function of interpenetration, going
from non-interpenetrated to eightfold interpenetrated, as indicated in the top left corner of each
subpanel. The different (meta)stable phases are indicated on the figure. Regions with a free
energy exceeding the free energy minimum by more than 500 kJ/mol are omitted from the plot,
as they are not accessible under realistic conditions.
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Table S2: Number of umbrella sampling simulations at unique grid points as a function of the
degree of interpenetration for the considered materials at 50 K.

degree of interpenetration

1fold 2fold 3fold 4fold 5fold 6fold 7fold 8fold 9fold 10fold 11fold

COF-300 1234 1900 1639 1634 1365 1179

COF-320 2319 2082 1229

Table S3: Number of umbrella sampling simulations at unique grid points as a function of the
degree of interpenetration for the considered materials at 100 K.

degree of interpenetration

1fold 2fold 3fold 4fold 5fold 6fold 7fold 8fold 9fold 10fold 11fold

COF-300 1288 1899 1653 1643 1371 1187

COF-320 2256 2040 1178

Table S4: Number of umbrella sampling simulations at unique grid points as a function of the
degree of interpenetration for the considered materials at 300 K.

degree of interpenetration

1fold 2fold 3fold 4fold 5fold 6fold 7fold 8fold 9fold 10fold 11fold

COF-300 2251 1768 1891 1651 1563 1336 1124 905

COF-320 2544 2189 2249 2012 1982 1760 1613 1364 1138 840 782

NPN-1 957 859 760 688 531 510 519 531

NPN-3 1583 1152 1361 1088 903 744 574 586

Table S5: Number of umbrella sampling simulations at unique grid points as a function of the
degree of interpenetration for the considered materials at 400 K.

degree of interpenetration

1fold 2fold 3fold 4fold 5fold 6fold 7fold 8fold 9fold 10fold 11fold

COF-300 1291 1847 1636 1523 1317

COF-320 2190 1959 1045
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S4.1 Derivation of transition barriers

Through application of the Minimum Energy Path Surface Analysis (MEPSA) code,9 which re-

quires the FES as input data, the individual local minima can be extracted from the energy

landscape, as illustrated in the left panel of Figure S14. By analysing the resulting minimal free

energy paths between the identified minima (right panel), we can calculate the transition barrier

heights by calculating the difference between the free energy of the (meta)stable phase and the

neighbouring local maximum, that delineates the basin of attraction for that specific phase.
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Figure S14: Analysis of the transition height barriers for fourfold interpenetrated COF-300 at
300 K using MEPSA. (Left) Identification of local minima as the (meta)stable phases. (Middle)
Forwards and backwards transition barriers as derived from the free energy paths drawn in the
left panel. (Right) The 1D free energy paths corresponding to the paths drawn in the left panel.
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S5 From ab initio cluster structures to periodic force field structures

S5.1 Generation of cluster models

Following our general accepted approach to feasibly estimate force field parameters for periodic

materials,10–18 the framework structure is decomposed into clusters that each mimic a part of the

framework and their environment. Although this clustering procedure results in a considerably

reduced calculation time for the ab initio calculations required to derive a force field, the termina-

tion of each cluster should be carefully considered, as the optimal cluster geometry might deviate

significantly from its periodic equivalent. When cutting and saturating the bonds at the edges of

the cluster model in a suboptimal way, artificial charges and/or spins can be induced, altering

the desired molecular environment. Here the cluster models were terminated with phenyl rings

to optimally mimic the molecular environment of the cluster, as visualized in Figure S15. COF-

300 and COF-320 were decomposed into two clusters (a/c and b/c), whereas NPN-1 and NPN-3

were approximated by a single cluster (d and e), similar to their synthesis procedure.

The cluster geometries were optimized with the Gaussian16 suite,19 using the B3LYP exchange-

correlation functional20–22 extended with the Grimme-D3 dispersion corrections23 and the 6-

311++G(d,p) Pople basis set.24 For convergence, the default criteria for distances and angles were

adopted (maximum force=0.00045 Ha/a0 and Ha/rad, rms force=0.00030 Ha/a0 and Ha/rad,

maximum displacement=0.00180 a0 and rad, rms displacement=0.00120 a0 and rad). Subse-

quently, the Hessian was calculated and a normal mode analysis was performed to validate

whether no negative frequencies were present. Then, from the equilibrium electron density, the

atomic partial charges were calculated with the MBIS partitioning scheme,25 as implemented in

HORTON.26

These ab initio data were then provided as input to the QuickFF protocol,27,28 first, to de-

rive the electrostatic force field parameters from the MBIS charges, using a Gaussian charge

distribution29 and bond charge increments,30 and second, to derive the covalent force field pa-

rameters. For the latter, van der Waals force field parameters where included during the fit-

ting procedure, using the MM3-Buckingham potential as parametrized by Allinger et al.,31 since

the ab initio calculations were supplemented with the Grimme-D3 dispersion corrections. The

cluster force fields have been provided as additional supplementary files, and can be found at

https://github.com/SanderBorgmans/SupportingInformation.
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a) b) c)

d) e)

Figure S15: Cluster models used in the ab initio calculations for (a) terephthalaldehyde, (b) 4-
(4-formylphenyl)benzaldehyde, (c) tetra-(4-anilyl)methane, (d) tetrakis(4-nitrosophenyl)methane,
and (e) 1,3,5,7-tetrakis(4-nitrosophenyl)adamantane. All clusters were terminated with phenyl
rings to optimally mimic the molecular environment of the clusters in the periodic material. The
following colour code was used: (white) hydrogen, (grey) carbon, (blue) nitrogen, (red) oxygen.
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S5.2 Validation procedure

The cluster force fields were validated through a vibrational frequency analysis, performed with

TAMkin.32 This constitutes the comparison of the ab initio and force field frequencies, as cal-

culated with the normal mode analysis (NMA) technique.33 This provides a quantitative mea-

sure for the accuracy of the fitting procedure of the force field. The mean deviation (MD) and

root mean square deviations (RMSD) have been indicated in Figure S16 for each cluster model,

demonstrating a good correspondence.

Aside from the frequency comparison, the optimal internal coordinates for the force fields are

also compared with respect to the ab initio reference values, as visualized in Figure S17. Again,

the error made by the force fields is quantified through the MD and RMSD.
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Figure S16: Comparison of the ab initio (AI) and force field (FF) NMA frequencies for all the
cluster models, with a zoomed picture for the low frequencies in the bottom right corner. The
dashed lines indicate a perfect agreement. The alphabetical labels correspond to Figure S15.
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Figure S17: Comparison of the ab initio (AI) and force field (FF) internal coordinates. The dashed
lines indicate a perfect agreement. The alphabetical labels correspond to Figure S15.
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S5.3 Combining cluster force fields

Since COF-300 and COF-320 both consist of two clusters, the respective cluster force fields have

to be combined into a single force field for the periodic material. To this end, the atom types

of each cluster are divided into a ‘core’ and ‘termination’ category, in correspondence with the

aforementioned decomposition of the periodic material into representative parts and their sur-

roundings. The force field parameters for the periodic force field are subsequently calculated as

a weighted average from the cluster force field parameters, where the weight for each term is

equal to the amount of ‘core’ atom types. This workflow assumes that the parameters contained

in the ‘core’ region are fitted to their optimal value in the periodic material, whereas the termi-

nation ‘region’ might deviate significantly. All resulting combined force fields are provided as

supplementary files, found on the previously mentioned GitHub page.

S5.4 Additional force field terms

The main deviations in the internal coordinates (Figure S17) stem from the imine linkages in

the cluster models for COF-300 and COF-320. Moreover, the corresponding rotational barrier

predicted by the force field deviates significantly from the ab initio reference, as observed in

the left panels of Figures S18-S19, for COF-300 and COF-320. This can be accommodated by

introducing additional force field terms, replacing the responsible dihedral term. Here, a sixth

order polynomial as a function of the cosine of the dihedral angle is used, removing all odd

powers to account for the rotational symmetry, and discarding the irrelevant constant term:

Vdih(cos(φ)) = c0 cos2(φ) + c1 cos4(φ) + c2 cos6(φ) (S5.1)

For COF-300, the fitting procedure results in c0 = −16.9 kJ/mol, c1 = 11.5 kJ/mol, and

c2 = −7.5 kJ/mol, whereas for COF-320, this results in c0 = −16.9 kJ/mol, c1 = 12.9 kJ/mol, and

c2 = −8.5 kJ/mol. The similarity between the two sets of parameters can be expected, since the

molecular environment of the imine linkage is quasi identical. As evident from Figures S18-S19,

the additional terms result in a near perfect reproduction of the ab initio behaviour, as the red

and purple graphs coincide.
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Figure S18: Force field contributions for the rotation of the imine linked building block of COF-
300, described by the dihedral angle φ. The total force field energy (tot) is equal to the sum
of the covalent contributions (valence), the electrostatic interactions (ei) and the dispersion in-
teractions (vdw), and should reproduce the ab initio energy scan (AI). (Left) Original force field.
(Right) Adapted force field, with additional sixth order polynomial for the covalent contributions
expressed in Equation S5.1.
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Figure S19: Force field contributions for the rotation of the imine linked building block of COF-
320, described by the dihedral angle φ. The total force field energy (tot) is equal to the sum
of the covalent contributions (valence), the electrostatic interactions (ei) and the dispersion in-
teractions (vdw), and should reproduce the ab initio energy scan (AI). (Left) Original force field.
(Right) Adapted force field, with additional sixth order polynomial for the covalent contributions
expressed in Equation S5.1.
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