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Fragment to framework: automatic fragmentation
of covalent organic frameworks into building
blocks for band gap analysis
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Understanding structure—property relationships in ordered functional materials is essential for their
rational design and optimisation. Fragment-based approaches relating materials” properties to those of
their building blocks (fragments) are intuitive to chemistry and have been successfully applied in the
design of metal—organic frameworks (MOFs). However, covalent organic frameworks (COFs) are resistant
to such in silico fragmentation due to their covalent bonds and ambiguous definitions of nodes and lin-
kers. Here we introduce a new algorithm, deCOFpose, designed to systematically fragment COFs into
building blocks according to chemically intuitive rules, enabling fragment-based structure—property ana-
lysis, and exemplify the latter for COF band gaps. Our results reveal that the electronic features (e.g.,
energies of the frontier molecular orbitals) of the building blocks alone are insufficient to fully represent
these materials, and the inclusion of their topological characteristics is required to engineer bespoke
COFs with desired band structures.

Introduction

Reticular chemistry establishes a direct link between small-
molecule building blocks (nodes and linkers) and extended
ordered materials such as metal-organic and covalent organic
frameworks (MOFs and COFs, respectively)." This fragment-
based rationale not only enables one to construct extensive
virtual databases in silico,>”® but also provides insight into how
the material’s properties emerge from those of the building
blocks. For example, tuning the functionalisation of the sec-
ondary building units afforded band gap engineering in
MOFs.>'° By decomposing experimentally characterised MOFs
into their building blocks, analysing their influence on the
material’s properties, reconstructing new MOFs from selected
fragments, and predicting their properties with machine learning,
new frameworks with improved stability,'* thermal conductivity,">
and gas adsorption capacity™® were realised. For MOFs, identifi-
cation of the metal-containing nodes and organic linkers is
straightforward. However, adapting similar fragmentation techni-
ques to COFs, composed exclusively from organic building blocks

“ Institute of Geological Sciences, University of Bern, 3012 Bern, Switzerland.
E-mail: michelle.ernst@unibe.ch

b Heidelberg Institute for Theoretical Studies (HITS gGmbH), 69118 Heidelberg,
Germany

¢ Heidelberg University, 69120 Heidelberg, Germany

4 School of Chemistry, University of Birmingham, B15 2TT Birmingham, UK.
E-mail: g.grynova@bham.ac.uk

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

connected by covalent bonds, represents a challenge. For instance,
the same building block - benzene - can be considered a node in
one framework, and a linker in another (Fig. 1).

Despite this complexity, fragment-based simulation and
screening approaches have been exemplified for COFs in several
recent studies. Using bespoke building-block-specific forcefields,
a so-called ReDD-COFFEE database was constructed and
screened to identify promising materials for vehicular methane
storage® and carbon capture.'® Electric quadrupole building
blocks have been utilised to engineer the electrostatic potential
inside COF pores, crucial for such practical applications as gas
storage, sensing, and catalysis."” Finally, for five COFs with

COF-16A

CTF-1

Fig.1 Exemplary COFs with a benzene building block (shown with balls
and sticks) serving as node in COF-16 A and as linker in CTF-1.1°.
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distinct topologies, Troisi and colleagues demonstrated that
conduction and valence bands, key to their optical, electronic,
and catalytic properties, could be expressed as a linear combi-
nation of the frontier molecular orbitals (MOs) localised on the
individual molecular building blocks."®

To transition from such insightful yet case-by-case analysis
to high-throughput screening and, ultimately, targeted inverse
design of COFs, an automated fragmentation tool is necessary.
In this work, we present deCOFpose - an algorithm which
automatically fragments COFs into their building blocks based
on predefined rules and prepares these fragments for subse-
quent computational analysis. We apply deCOFpose to the
CORE-COFs database'® of experimental structures and probe
the relationship between the energies of fragments’ frontier
molecular orbitals and the band gaps of the frameworks for
hundreds of systems.

Methodology
deCOFpose algorithm

The algorithm consists of five steps, illustrated in Fig. 2 and
discussed in detail below.

(i) Conversion of a periodic framework structure into a finite
molecular structure. COF structures, including those in the
CoRE-COF database, are typically deposited in the Crystallo-
graphic information file (CIF) format, which readily conveys
their periodic nature but is not easily processable for fragmen-
tation. Therefore, starting with a CIF, a 3 x 3 x 3 supercell is
generated for the periodic structure, and a central unit cell
within this supercell is identified and isolated. Next, atoms are
mapped back from the supercell to their original positions in
the central unit cell. Bonds connecting atoms across periodic
boundary conditions (PBCs) are mapped according to their
corresponding central unit cell atoms.

(if) Bond order determination is necessary since the frag-
mentation rules rely on this information. Bond orders are
determined based on the type, valency, and connectivity of the
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atoms, as well as aromaticity (defined as iterating double bonds
within a ring). Importantly, bond order information is retained
for bonds crossing the arbitrary cell boundaries. Steps (i) and (ii)
are implemented in an algorithm called cif2mol (consistent with
the xyz2mol notation)*® and integrated into deCOFpose. cif2mol
transforms CIF-formatted periodic structures into molecular
structures with bond-type information using RDKit*' and ASE**
libraries. At this stage, periodic SMILES strings and Morgan
fingerprints are generated, providing a representation of the
molecular structure that can be used in subsequent analysis.

(iii) Selection of the bonds to “cut”. Covalent organic frame-
works generally feature appreciable electron delocalisation (con-
jugation) over large portions of their structure, responsible for their
unique electronic properties (see Fig. S1, S2 and the accompanying
discussion in the SI). However, this same feature greatly compli-
cates the selection of bonds to break when determining the COF
fragments. Lacking occupation- or orbital-based guidelines applic-
able to a variety of COFs, we started instead with a retrosynthetic
perspective.’”™® Specifically, to capture the synthetic diversity of
COFs in a systematic and computationally tractable manner, we
categorised the linkage types found in COFs into four distinct
decomposition families, each representing a class of chemically
analogous transformations®*** and underlying a specific “cutting”
rule (Fig. 3). In defining these “cutting” rules, we aimed to:

e Capture the chemical diversity of COFs;

e Ensure, as much as possible, the continuity of the electro-
nic structure (e.g., avoiding cutting through n-conjugation,
double and triple bonds, or cyclic moieties);

e Generate fragments that are common, ie., found in as
many COFs as possible, to enable direct comparison and fast
pre-screening.

As a result, in deCOFpose, the bonds selected to be “cut” are:

(1) Carbon-carbon bonds adjacent to a doubly-substituted
nitrogen, i.e., C,—~C;-N-X, except for carbonyl, i.e., 0—C,-C;-N-X,
and bonds that are components of 5- or 6-membered rings.

(2) Boron-carbon bonds B-C, except when they are compo-
nents of 5- or 6-membered rings.

it

‘Always
exclude

*....Select unless part of a

c

q i nasor
5- or 6- member ring .

Fig. 2 Schematic illustration of the steps involved in applying the deCOFpose algorithm to a framework material.
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Fig. 3 Retrosynthetic origins of the “cutting” rules.

(3) Nitrogen-carbon bonds involving triply-substituted nitro-
gen, e.g., C-NR;R,, except for carbonyl, i.e., O—C-NR;R,, and
bonds that are components of 5- or 6-membered rings.

In the case of a secondary nitrogen atom, the C-N bond is
only selected for “cutting” if the carbon atom is part of a 5- or a
6-membered ring, while the nitrogen is not in the ring.

(4) Oxygen—carbon bonds C-O except when they are compo-
nents of 5- or 6-membered rings. In a C;-0-C,=—0 motif, the
C;-0 single bond is selected for “cutting”.

(iv) Resolving ambiguities and “cutting” bonds. In cases
where applying the aforementioned rules leads to conflicting
choice of the bond(s) to be “cut”, the following additional criteria
are imposed:

e Grouping bonds: bonds are grouped by similarity based on
the applied selection rule and the nearby atomic environment
(quantified via the Morgan fingerprint surrounding the bond).
Groups are sorted first by size (largest first) and then by
lexicographical order of fingerprint values. This ensures that
bonds with similar chemical environments are treated similarly.

e Graph representation: a graph is created where nodes
represent candidate bonds to be “cut” and edges represent
the shortest bond-atomic paths between them. An adjacency
matrix is constructed to capture the bond connectivity.

e Finding symmetrical routes: the algorithm searches for
symmetrical triangles in the graph (indicating three preselected
bonds with similar paths). If found, these triangles are selected
for “cutting”. If no symmetrical triangles are found, the algorithm
selects all routes with the same minimum number of atoms.

(v) Fragment creation. Once the selected bonds are “cut”,
hydrogen atoms are added to obtain neutral closed-shell mole-
cular fragments. deCOFpose generates both the individual
nodes and linkers and their combinations termed ‘“node +
linker”. Identified individual building blocks are not assigned
as “node” and “linker”, to account for situations like the
benzene example discussed above; instead, in our analysis we
simply denote them as a “smaller” and a “larger” fragment.

Computations

Periodic computations of the band gaps were performed at the
PBE0-D3/pob_TZVP_rev2 level of theory in Crystal17.>® All
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fragment geometry optimisations and computations of the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energies were conducted at
the PBEO-D3/dev2-TZVP level in ORCA 5.0.4.%%’

Data analysis

For each COF, volume, density, and accessible surface area
were taken from the CORE_COF database. Principal component
analysis (PCA) was performed in Python to further analyse the
dataset using the unit cell volume, density, and accessible
surface area, as well as computed HOMO-LUMO gaps of the
building blocks and of the “node + linker”” constructs. The data
was normalised before PCA.

Results and discussion
Fragmentation of the COFs from CoRE-COF

Out of the 591 COFs in the CoRE-COF database, 47 were
excluded due to the presence of metal atoms, which greatly
influence the band gaps.”® For 121 COFs, conversion into
molecular structures failed, primarily due to incorrect struc-
tural information in the database. A total of 422 COFs were
successfully decomposed into building blocks. We visualised
the chemical space of these COFs using the “cutting” rules as a
similarity measure (Fig. 4). Prevalence of the “cuts” according
to rule 1 reflects the predominance of imine-linked COFs in the
database. Analysing the generated fragments, we identified
another subset of frameworks containing incorrect structural
information, which were also removed. The final dataset for

® Rule 1

% © Rule 2
S @ Rule3
° @ Rule4

Fig. 4 Chemical space of studied COFs. Each framework is represented
by a circle with a corresponding number referring to its position in the
CoRE-COF database. Points are coloured by the rule used to separate
them. Two points are connected by a grey line if they share a building
block. For selected clusters, the most common building block is shown in
an inset.
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subsequent fragment-based analysis includes 316 COFs.
Detailed discussion of these data cleaning procedures is pro-
vided in the SI

Framework band gap vs. fragment HOMO-LUMO gap

The investigated COFs display a wide range of band gaps, from
as low as 0.02 eV (COF no. 15 in the CoRE-COF database) to as
high as 4.80 eV (COF no. 44), with an average band gap of 2.37 eV.
Most systems behave as semiconductors, although several have
near-insulating behaviour. Most of the computed band gaps are
indirect, with only a few COFs exhibiting direct band gaps. The
HOMO-LUMO gaps of the individual nodes and linkers range
from 0.63 eV to 9.06 eV, with an average of 5.18 eV, while for their
combinations - the “node + linker” fragments - these values
range from 0.79 eV to 6.02 eV, with an average of 3.95 eV.

In an effort to track the emergence of the electronic struc-
tures of the frameworks, we analysed the relationships between
their band gaps and the HOMO-LUMO gaps of their building
blocks (where HOMO and LUMO used to compute the gap
always refer to the same species, i.e., either the node, the linker,
or the “node + linker” fragment). Considering the individual
nodes or linkers, we found virtually no correlation between
these parameters (see Fig. S4 in the SI). Similarly, the coeffi-
cient of determination (R*) for the relationship between the
computed band gaps of the frameworks and the HOMO-LUMO
gaps of the “node + linker” fragments is only 0.22. This
observation is unsurprising considering that (i) in creating
the fragments, by necessity we occasionally ‘“cut” through =-
conjugated moieties, thus disrupting the electron delocalisa-
tion, and (ii) molecular orbitals of the fragments cannot, by
definition, capture the complex nature of the periodic electro-
nic structure featuring band dispersion, etc.

We also do not observe a particularly strong distinction in
the band gaps between two- and three-dimensional COFs
(Fig. 5, top). It is worth noting that the CoRE-COF database
contains a limited number of 3D COFs, and even fewer of them
were successfully deCOFposed. However, certain patterns in the
data arise when we consider the topologies of the frameworks
(Fig. 5, bottom). The two prevalent topologies are the hch
(honeycomb) network, in which each node is connected to
three linkers at 120° angles, and the sql/ (square lattice) net-
work, where one node connects with four linkers at 90° angles.
Interestingly, COFs with an hcb topology tend to exhibit higher
HOMO-LUMO gaps relative to those with an sql topology,
despite the fact that ich systems are flatter and thus afford
better electron delocalisation (conjugation) throughout the
framework. This emphasises the subtle interplay between the
topology and the chemistry of the building blocks in defining
the electronic properties of the resulting frameworks. The high
structural diversity observed across network topologies
indicates that even identical building blocks can yield distinct
properties depending on their connectivity®® - a facet that is
neglected in our fragmentation approach. Furthermore, the
interlayer stacking arrangements recorded in the commonly
used databases of both experimental and hypothetical 2D-COFs
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Fig. 5 Plots of computed “node + linker” HOMO-LUMO gaps vs. COFs
band gaps, coloured by their dimensionality (top) and topology (bottom).
Dashed black line represents the x = y relationship.

are frequently oversimplified, idealised, or even incorrect,*®
additionally obfuscating the structure-property analysis.

Composition-based subsets

The lack of pronounced correlation between the electronic
structure properties of molecular fragments and frameworks
does not imply that the building blocks have no bearing on
these properties. This notion is supported not only by the
topology-based analysis above, but also by the relationships
that emerge once the entire dataset is split into subsets based
on the type and number of heteroatoms in a COF (Fig. 6, see
also Fig. S5 in the SI). Within these relatively homogeneous
subsets, there is a stronger correlation between the ‘“node +
linker” HOMO-LUMO gaps and the COF band gaps.

Principal component analysis

To account for the entangled influences of the framework
topology, elemental composition, and the electronic structure
of the building blocks, we performed PCA of the computed
building blocks using simple physical descriptors of the frag-
ments and the frameworks. The two principal components, PC1

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 6 Correlation analysis within the heteroatom-based subsets of the investigated COFs composed of the “node + linker” fragments containing (from

left to right) three boron atoms, six nitrogen atoms, and four oxygen atoms.
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values of the computed band gaps. Right: Illustrative composition of the
two principal components with the highest data variance.

and PC2, explain 39% and 25% of the data variance, respectively.
In the two-dimensional space of these PCs, computed band gaps
follow a clear pattern: higher band gaps are generally found in the
top left corner, and lower band gaps in the bottom right (Fig. 7, left).
Tendentially, PC1 correlates inversely with the HOMO-LUMO gaps,
whereas PC2 correlates positively with the volume and internal
pore surface (Fig. 7, right; see also Fig. S6 in SI, for a detailed
breakdown of the contributions to each principal component).
Thus, low PC1 (higher HOMO-LUMO gaps of the fragments) and
high PC2 (high volume and surface area of the frameworks) are
associated with higher COF band gaps, and vice versa.

Conclusions

In this work, we demonstrate that a fragment-based approach
only partially captures the complex electronic structure of the
covalent organic frameworks. Observed weak correlations
between the HOMO-LUMO gaps of the building blocks (frag-
ments) and the COF band gaps can be attributed to the high
extent of electron delocalisation throughout the framework which
were disrupted upon fragmentation. Improved correlations

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

emerge only in the curated subsets of COFs with similar heteroa-
tom profiles in their building blocks, e.g., those containing exactly
three boron atoms. Admittedly, our investigation is limited to the
CoRE-COF database, dominated by the imine-based linkers. This
suggests that holistic representation of the band structures of the
covalent organic frameworks, realised experimentally so far,
requires combining electronic structure features of the fragments
with the topological characteristics of the frameworks. Specifically,
our analysis demonstrates that COFs with, e.g., lower band gaps
can be engineered from building blocks with low HOMO-LUMO
gaps arranged into compact networks. These findings highlight a
crucial distinction between COFs, composed entirely of robust
covalent bonds imparting high thermal stability, and MOFs,
which feature dynamic metal-linker bonds®' and are well-
represented with fragment-based techniques."* ™

Properties other than band gaps, relying on more localised
phenomena, are likely to display a more direct emergence from
the features of the building blocks. These potentially include
the host-guest interactions (as shown in our previous work),*?
acid/base character, and local reactivity. Our new fragmenta-
tion algorithm, deCOFpose, not only enables this analysis for
COFs, but can be easily modified to accommodate alternative
“cutting” rules and describe many other types of ordered
functional materials.
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Data availability
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Supplementary information (SI) is available. See DOI:
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