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Donor—acceptor (D—A) covalent organic frameworks (COFs) have gained great attention in the fields of opto-
electronics due to their ability to promote charge transfer (CT) and charge transport, leading to long-lived
charge carriers and thus better device performances. The modularity of these materials makes them ideal for
computational molecular design based on electronic structure calculations, able to predict their excited state
and photoconductive properties in silico. However, the characterization of CT transitions in D—A COFs inherits
the same difficulties as their analogous molecular systems. This poses a challenge for standard cost-effective
electronic structure methods, whose reliability needs to be carefully assessed. Moreover, strong CT is usually
associated with localized states, whereas band dispersion is ascribed to delocalized states. Thus, whether the
CT and the in-plane photoconductivity can be enhanced simultaneously still needs to be addressed. In this
work, we propose 12 chemical modifications for two families of 1,3,6,8-tetraphenylpyrene (Py) 2D-COFs with
potential for light-induced CT and highly dispersive bands. Based on DFT/TD-DFT calculations, we
characterize the low-lying excited state properties of the 26 monolayers and expose the limitations of the
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most common approximations to provide reliable data. Ultimately, we analyze the CT versus band shape
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Introduction

Covalent organic frameworks (COFs) are a versatile class of
porous crystalline materials that have been exploited in a wide
range of applications, from gas adsorption’ to catalysis®* and
energy storage,>® among others. COFs are composed of organic
molecules covalently bonded through reticular chemistry,
usually forming well-organized extended two-dimensional
(2D) networks, which also endowed them with great attention
in the fields of electronics”® and optoelectronics.”*°
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t Electronic supplementary information (ESI) available: Section S1: molecular
structure of the Mod9-Mod12 monolayers. Section S2: optimized cell parameters.
Section $3: HOCO, LUCO, band gap and S; energies of the 26 monolayers. Section
S4: characterization of the orbital contributions to the S, state. Section S5: HOMO
and LUMO energies of the constituent D and A monomers. Section S6: CT values
of the isolated D-A pairs at PBEO and ®B97XD level. Section S7: orbital contribu-
tions to the optimized S, state of the Mod0, Mod6 and Mod10 of COF-1 D-A
dimers. Section 8: band structure of the 26 monolayers. Section S9: correlation
between the effective mass values and the dihedral and orbital energy differences
of the D and A building blocks. All data, structures, inputs and outputs, are
available in the Zenodo online repository https://doi.org/10.5281/zenodo.
15130360. See DOI: https://doi.org/10.1039/d5tc01966d
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correlation and identify two possible candidates with improved features for optoelectronic applications.

From the molecular-design perspective, the modular nature
of COFs offers the possibility to control their optoelectronic
properties by using different building blocks (donors, accep-
tors, linkers, etc.)'™> and topologies (hexagonal, rhombic,
Kagome, etc.)."”>'* The performance of COF materials for
photocatalysis or photovoltaics for instance, is directly asso-
ciated with the lifetime of the photo-generated charge carriers,
which can be typically enhanced using charge transfer (CT)
donor-acceptor (D-A) pairs.”*® In addition, 2D-COFs have the
ability to trigger both in-plane n-conjugation as well as out-of-
plane n-m-stacking interactions and, thus, favorable charge
transport pathways that promote charge separation."®*° How-
ever, only certain 2D topologies®! and n-stacking arrangements>>
are able to optimize these charge transport pathways.

The versatile modularity of COFs causes an almost unlim-
ited number of potential 2D-COF structures that can be synthe-
sized, which makes the trial-and-error strategy unfeasible. In
this context, computational modeling provides an attractive
alternative route to accelerate the discovery of new COF struc-
tures with target properties.>* > To this end, accurately pre-
dicting the excited state and photoconductive properties
of COFs in silico is crucial. Nevertheless, COFs (together
with metal-organic frameworks or MOFs) are uniquely posi-
tioned between a molecular and periodic material and thus
may pose a challenge for the cost-effective electronic structure
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Fig. 1 Molecular structure and unit cell of COF-1 (left) and COF-2 (right). Hydrogens omitted for clarity.

characterization of their excited states.®™2®

On the one hand,
DFT/TD-DFT approaches are commonly applied owing to their
cost-accuracy prediction.”* However, the CT excited state pre-
diction of D-A COF materials inherits the same difficulties than
their partner D-A molecular systems and will strongly depend
on the charge localization features of the DFT functional of
choice.?°? On the other hand, the band structure obtained at
DFT level is typically sufficiently accurate and it is commonly
applied to evaluate the effective mass values of 2D COFs.**™*?
This work focuses on two families of 1,3,6,8-tetraphenyl-
pyrene (Py) 2D-COFs with promising features for in-plane CT and
photoconductive properties, named COF-1 and COF-2. (see Fig. 1).
These COFs were selected from the literature for three reasons.
First, they have already been synthesized and thus, their synthetic
routes are available. Second, they hold ligands whose donor and
acceptor character can be tuned at the molecular level. Finally, both
COFs have an oblique/rectangular 2D topology, which have been
reported as promising for the design of monolayers with in-plane
highly dispersive bands.*" Through DFT/TD-DFT calculations, we
characterize the ground and first excited state of 26 D-A COF
monolayers, 13 for each family, and assess the reliability of the
most common DFT approximations to predict the CT properties.
The approximations considered are (i) reduction of the dimension-
ality to a cluster model, (ii) upgrading the DFT functional to a long-
range corrected method, and (iii) optimizing the excited state
geometry. Then, we evaluate the electron and hole effective mass
values from the conduction and valence band minimum and
maximum, respectively. Finally, we analyze the correlation between
the CT and band shape and identify two possible candidates with
promising features for improved optoelectronic performance.

Methods

COF structures

As mentioned in the introduction, two experimentally reported
COF structures (COF-1 and COF-2) were chosen due to their
synthetic availability, their tunable D-A character and their
four-arm topology, whose symmetry promotes dispersive bands
and thus potential in-plane photoconductivity.”’ COF-1

18240 | J Mater. Chem. C, 2025, 13, 18239-18249

monolayers expand as an oblique lattice built from electron-
rich Py and electron-deficient thiazolo-[5,4-d|thiazole (Tz)
ligands connected via an imine linker (Fig. 1).">?® Thus, it is
expected a significant Py-to-Tz CT character in its original form.
COF-2 monolayers expand as a rectangular lattice built from
the same Py ligand and the electron-richer tetrathiafulvalene
(TTF) ligand, also connected via imine linkers (Fig. 1).>”%% In
this way, the Py ligand is expected to be the donor in COF-1,
while it is expected to be a poor acceptor in COF-2. The TTF-to-
Py CT character is expected to improve by tuning the electro-
negativity of the ligands via in silico chemical modifications.
12 chemical modifications were performed to these struc-
tures in silico aiming at tuning the D-A character and the
in-plane band dispersion. 8 modifications consist in adding
electron-withdrawing groups (-F, -COOH, -NO,) and/or
electron-donating groups (-CHz, ~-OCHO, —-OH) to the ligands
(Mod1 to Mods8, see Fig. 2). 3 modifications consist in chemi-
cally changing the ligands by substituting some heteroatoms
(Mod9 to Mod11). Finally, 1 modification consists in changing
the imine linker to amide, (Mod12, see Table 1 and Fig. S1,
ESIYT). This modification is proposed based on the ability of this
linker to tune the CT properties of other Py-based COFs.*’

Geometry optimization

Optimization of the cell parameters and crystal coordinates
of the 13 COF-1 and COF-2 monolayers was performed at the
I'-point in 2D periodic boundary conditions with DFT using
the PBE functional®® including Grimme D3B] dispersion
correction”” as implemented in the CP2K 9.1 program.’>** In
all calculations, the GTH pseudopotential** was used with a
density cutoff of 400 Ry and DZVP-MOLOPT basis set.*® This set
up has been shown to provide reliable cell and crystal struc-
tures of COFs*>*® and MOFs.*”*® The COF monolayers were
oriented parallel to the x-y plane and separated by a fixed
vacuum spacing of 25 A in the z-direction. The optimized cell
parameters are provided in Table S1 of ESL ¥

Excited state characterization

The lowest excited state singlet (S;) was computed for the opti-
mized COF monolayers in periodic boundary conditions with

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Molecular structure of the D—A dimers of COF-1 (left) and COF-2 (right) indicating the R;-to-R4 substitution positions and the respective

chemical modifications of the Mod1-to-Mod8 COF structures.

Table 1 Description of the chemical modifications applied to COF-1 and
COF-2 in Mod9-to-Mod12. See Fig. S1in ESI

COF-1 COF-2
Mod9 Pyrene — triazapyrene Pyrene — triazapyrene
Mod10 Phenyls attached to Phenyls attached to
Tz — pyrazines TTF — pyrazines
Mod11 Tz — pyrrolo[3,2- Mod3 + TTF —
b]pyrrole naphtalene
Mod12 Imine linker — amide Imine linker — amide

linear-response TD-DFT using the truncated PBEO functional*® and
the Tamm-Dancoff approximation (TDA) as implemented in CP2K
9.1.*>* The auxiliary density matrix method (ADMM)’® was used to
reduce the computational cost together with the pFIT3 auxiliary
basis set (3 Gaussian exponents per valence orbital, including
polarization d-functions). The highest occupied crystal orbital
(HOCO), lowest unoccupied crystal orbital (LUCO), band gap, S;
energies, and oscillator strengths are collected in Table S2 of ESL¥

TDDFT/TDA calculations were also performed for the iso-
lated D-A pairs with PBE0"® and wb97XD”" functionals using
def2-SVP basis set as implemented in Gaussian.*” The calcula-
tions of the isolated dimers were done at (1st) the optimized
geometry extracted from the 2D periodic structure, (2nd) the
optimized geometry in gas phase and (3rd) the optimized
geometry of the S; state in gas phase. For the (1st) step,
hydrogen atoms were added to saturate the 0D structure. For
the (2nd) and (3rd) steps, the position of the atoms at the edge
of both ligands was fixed to maintain the same relative dis-
position than in the 2D periodic structure.

For each excited state evaluation, the local character asso-
ciated to the lowest excited state singlet is calculated as the
weighted average of the spatial overlap between the Kohn-Sham
occupied and virtual orbitals involved in the excitation as:**>*

2
Z Kiq Oia
ia
A=~ 5
> Kid
ia
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where «;, are the coefficients or amplitudes associated with a
given occupied-virtual pair contributions and Oy, is the spatial
overlap between these occupied and virtual orbitals, which is
given by the inner product of the module of the two orbitals as:

01 = (o] | 19a]) = _[\@i<r>u<pu<r>|dr )

Coefficients below |0.05| were not considered. The CT
character of the excited state is evaluated as 1 — /.

Effective mass calculations

The mobility of the charge carriers u is inversely related to the
effective mass, which can be approximated from the curvature
of the band structure. Band structure calculations were per-
formed with PBEO using FHI-AIMS version 210226.>° The
“light/Tier1” numerical atom-centered orbital (NAO) basis set
was used in all cases.®®®! The band structure was computed
using a Monkhorst-Pack scheme with a x-y k-point grid of 3 x 3
to sample the 2D Brillouin zone. The dispersion of the conduc-
tion band minima (CBM) and valence band maxima (VBM) was
then evaluated as the inverse of the effective mass:
1 1 O°E
B =3 X aE (3)

The data near the VBM and CBM was fitted to a parabola to
obtain the curvature and therefore, the effective mass values.
All high-symmetry points of the band structure path were
considered to compute the effective mass. From the VBM or
CBM, the forward and backward effective masses were com-
puted, and the smallest values were considered the most
favorable hole and electron photoconductive pathways,
respectively.

Results and discussion
Charge transfer of the D-A COF monolayers

As mentioned in the introduction, the performance of a COF
material for photocatalysis or photovoltaics will depend on its

J. Mater. Chem. C, 2025, 13,18239-18249 | 18241
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Table 2 Charge transfer CT (1 — A) and local (4) components associated to the S; state of COF-1 (Mod0-to-Mod12) monolayers computed with TD-
DFPT with truncated PBEO. Classification of the CT and local components. Charge carriers effective mass, mj, and m, in electron rest mass (mg units),
computed at the VBM and CBM, respectively, with PBEO. Corrected CT values as computed for the isolated D—A pairs with ®B97XD at the optimized S;

geometry

PBEO
®B97XD

CT CT Local Corrected

(1—-4) component A component my, m; CT
Modo0 0.53 Py-to-Tz 0.47 Delocalized 0.90 1.01 0.79
Mod1 0.77 Py-to-Tz 0.23 Local in Py 24.08 5.28 0.59
Mod2 0.39 Tz-to-Py 0.61 Delocalized 13.36 8.58 0.37
Mod3 0.21 Py-to-Tz 0.79 Delocalized 4.84 2.20 0.15
Mod4 0.35 Py-to-Tz 0.65 Local in Py 2.68 1.71 0.18
Mod5 0.36 Py-to-Tz 0.64 Delocalized 1.43 0.79 0.28
Mod6 0.49 Py-to-Tz 0.51 Delocalized 1.34 4.15 0.79
Mod7 0.27 Py-to-Tz 0.73 Local in Py 9.55 1.02 0.17
Mod8 0.33 Py-to-Tz 0.67 Local in Tz 1.37 2.00 0.60
Mod9 0.34 Py-to-Tz 0.66 Delocalized 0.56 0.43 0.27
Mod10 0.64 Py-to-Tz 0.36 Delocalized 1.01 2.28 0.80
Mod11 0.77 Py-to-Tz* 0.23 Delocalized 8.64 1.70 -
Mod12 0.37 Tz-to-Py 0.63 Delocalized 2.26 1.18 0.14

“ Note that the Tz ligand has changed to pyrrolo[3,2-b]pyrrole. ? The S, excited state could not be optimized.

ability to generate long-lived charge carriers, which can be
promoted in D-A CT states. Following Kasha’s rules,®* we
assume that photoexcited states will decay towards the lowest
excited singlet (S;). The computed CT values (1 — A) associated
with the lowest singlet (S;) excited state of the D-A COF
monolayers are collected in Table 2 and Table 3 for the two
non-substituted structures (Mod0) of COF-1 and COF-2 and
their 12 in silico chemical modifications (Mod1-to-Mod12) as
evaluated with truncated PBEO implemented in CP2K 9.1. CT
values from 0 to 0.5 indicate mostly local character and thus
higher chances of fast electron-hole recombination, while
values from 0.5 to 1 indicate mostly CT character and, there-
fore, longer charge carrier’s lifetimes. The CT values expand
from 0.21 to 0.77 in the case of COF-1 and from 0.27 to 0.92 in
the case of COF-2, therefore covering all possible local and CT
situations. Most COF-1 (9 out of 13) show a CT value below 0.5,

whereas all COF-2 monolayers have a CT component above 0.5
except Mod11, for which the TTF ligand has been modified to
naphthalene. This suggests that the CT character is mostly
determined by the chemical nature of the D-A combination.
The PBEO calculations predict that three monolayers of COF-1
will show larger CT than the original structure, which corre-
spond to Mod1, Mod10 and Mod11, and four monolayers of the
COF-2 family will have larger CT: the Mod4, Mod6, Mod9
and Mod12.

The characterization of the CT in the excited state can be
made based on the occupied-virtual orbital contributions to the
S, state. These are collected in Tables S3 and S4 of ESI{ for COF-
1 and COF-2 monolayers, respectively. Remarkably, the major
contribution to the S; state for all COF-2 monolayers is the
HOCO-to-LUCO transition, while for the COF-1 monolayers,
this is the case only in half of the systems. This shows that,

Table 3 Charge transfer CT (1 — A) and local (A1) components associated to the S; state of COF-2 (Mod0-to-Mod12) monolayers computed with TD-
DFPT with truncated PBEQ. Classification of the CT and Local components. Charge carriers effective mass, myand mi, in electron rest mass (mg units),
computed at the VBM and CBM, respectively, with PBEO. Corrected CT values as computed for the isolated D—A pairs with ®B97XD at the optimized S;
geometry

PBEO
®B97XD

CT CT Local Corrected

1-4 component A component my n; CT
Modo0 0.62 TTF-to-Py 0.38 Local in TTF 4.64 0.93 0.53
Mod1 0.62 TTF-to-Py 0.38 Local in TTF 2.11 6.17 0.57
Mod2 0.69 TTF-to-Py 0.31 Local in TTF 11.02 4.90 0.60
Mod3 0.62 TTF-to-Py 0.38 Local in TTF 5.81 1.99 0.57
Mod4 0.81 TTF-to-Py 0.19 — 70.78 6.67 0.56
Mod5 0.63 TTF-to-Py 0.37 Local in TTF 6.81 2.00 0.86
Mod6 0.90 TTF-to-Py 0.10 — 22.41 12.43 0.55
Mod7 0.62 TTF-to-Py 0.38 Local in TTF 5.78 1.08 0.57
Mod8 0.58 TTF-to-Py 0.42 Local in TTF 2.35 1.48 0.53
Mod9 0.73 TTF-to-Py 0.27 Local in TTF 6.44 6.41 0.53
Mod10 0.52 TTF-to-Py 0.48 Delocalized 1.74 1.94 0.58
Mod11 0.27 Py-to-TTF* 0.73 Delocalized 2.68 0.80 0.19
Mod12 0.92 TTF-to-Py 0.08 — 94.33 66.97 0.58

¢ Note that the TTF ligand has changed to naphtalene.
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depending on the material, the lowest energy excitation does
not necessarily correspond to the HOCO-to-LUCO transition
but to a more complex electronic transition from lower to
higher energy crystal orbitals whose exciton binding energy
compensates a slightly larger orbital energy gap. Indeed, most
COF-1 monolayers exhibit a remarkably small energy gap
(<0.1 eV) between the LUCO and LUCO+1, whereas only
Mod5 of COF-2 fulfills this condition. As a consequence,
Mod5 of COF-2 exhibits a strongly mixed HOCO-to-LUCO and
HOCO-to-LUCO+1 character (Table S4, ESIT).

Based on the crystal orbitals mainly involved in the one-
electron contributions to the S, state, it is possible to classify
the local and CT component (Fig. S2, S3 (ESIt) and Tables 2, 3).
The CT character of most COF-1 monolayers corresponds to Py-
to-Tz except for Mod2 and Mod12 for which the CT component
originates in a Tz-to-Py contribution (although the global
character of the S; state is still mainly local). In Mod2, the
change in CT character originates in the addition of electron-
withdrawing (-NO,) and electron-donating (-OH) substituents
to the Py and Tz ligands, respectively. In Mod12, the change in
CT character originates in the linker substitution from imine to
amide. This highlights the importance of the linkage in the CT
properties, in agreement with what has been observed in
previous work.* In the case of the COF-2 monolayers, TTF is
significantly more donor than Py and consequently, the CT
component is TTF-to-Py in all cases except when chemically
modifying the TTF ligand to naphthalene in Mod11, in which
case the CT polarization changes.

There are two different approaches to enhance the local
component of the S; state. On the one hand, delocalized
occupied and/or virtual orbitals will result in one-electron
transitions with a reduced CT component, thus enhancing
the local component of the excitation. This is the case for most

HOCO

?’“uuusn?““wusw‘
» »

14 »

i & :

Fig. 3
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Fig. 4 Schematic representation of the relative disposition of the HOMO
and LUMO frontier molecular energies of a given D—A pair promoting CT
or local contributions in the low-lying excited state.

COF-1 monolayers, which exhibit a delocalized “local” compo-
nent (Table 2). An example of the delocalized nature of the
crystal orbitals of COF-1 is shown in Fig. 3a. On the other hand,
one-electron transitions between localized crystal orbitals in the
same ligand will also result in a small CT and a large local
component. This is the case for Mod1, Mod4, and Mod7 of COF-
1, which show a localized HOCO in the Py ligand, and for Mod8 of
COF-1, which shows a LUCO strongly localized in the Tz (Fig. S2,
ESIt). Similarly, the TTF-localized nature of the HOCO in most
COF-2 monolayers (Fig. 3b) originates both the CT and local
components, except in the case of Mod10 and Mod11, for which
partial delocalization of the frontier crystal orbitals results in a
diminution of the CT character (Fig. S3, ESIt).

Ultimately, the CT and localization features of the S; state in
D-A 2D-COF strongly depend on the relative disposition of the
frontier molecular orbitals of the constituent D and A units in a
similar way than in D-A dimers®® or in 1D D-A copolymers
(Fig. 4).°4% In Tables S5 and S6 (ESIt) are collected the PBEO
HOMO and LUMO energies of the isolated D and A monomers

HOCO and LUCO of Mod0 of (a) COF-1 and (b) COF-2 monolayers as obtained with truncated PBEO.

J. Mater. Chem. C, 2025, 13,18239-18249 | 18243
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Fig. 5 Correlation between the energy difference between the local and
CT orbital gaps of the isolated D and A, and the computed CT values for
the D—A COF monolayers of COF-1 (red) and COF-2 (blue). The R? linear
regression values are provided.

of each COF monolayer together with the relative HOMO and
LUMO energy differences. The correlation between the result-
ing local and CT orbital energy gaps of the isolated monomers
with the CT values of the 2D monolayer is shown in Fig. 5.
Those D-A combinations with smaller local orbital gaps tend to
result in smaller CT values, whereas those D-A combinations
with smaller CT orbital gaps tend to provide larger CT values.
Remarkably, COF-1 and COF-2 give rise to two parallel correla-
tions between the orbital gaps and the CT values separated by a
factor of 0.3 in the CT magnitude, as seen in Fig. 5. We ascribe
this to the different (de)localization features of the frontier
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crystal orbitals (Fig. 3), which tend to result in systematically
smaller CT values for COF-1 (delocalized) than for COF-2
(localized orbitals) monolayers.

Charge transfer of the D-A isolated dimers

Global hybrid functionals such as PBEO are not able to fully
recover the 1/r dependence of the electron-hole interaction
and, thus, tend to overstabilize the CT with respect to the local
contributions, especially in long-range CT interactions such as
the ones found in D-A pairs. In contrast, the coulomb potential
is split into a long-range and a short-range local potential term
in range-separated hybrid functionals such as ®B97XD, which
has been shown to provide an accurate description of long-
range CT interactions.®*®” Herein, we compare the CT values
obtained with truncated PBEO for the 2D monolayers with the
CT values computed in the gas phase for the isolated D-A pairs,
both with PBEO and ®B97XD methods. We first compare the CT
values at the geometry optimized for the 2D monolayers, then
reoptimize the coordinates of the isolated D-A pairs in the gas
phase, and, finally, optimize the excited state geometry and reeval-
uate the CT character. In this way, we assess (1st) the effect of the 2D
periodicity, (2nd) the limitations of the PBEO approximation, and
(3rd) the effect of the relaxation of the excited state geometry.
Tables S7 and S8 (ESIt) collect the CT values obtained in each case,
and Fig. 6 shows the case-to-case correlations for COF-1 and COF-2.

The correlation between the CT values obtained for the
extended 2D monolayer and the isolated D-A pairs in gas phase
is shown in Fig. 6a. COF-2 shows a perfect agreement between
the 2D and isolated CT values. However, COF-1 shows a small
deviation toward larger CT values for the isolated dimers. This
is ascribed to the fact that COF-2 has mostly local crystal

(a) PBEO method (b) D-A pairs in GP (¢) wB97XD method (d) wB97XD method
1 1 1 1
o f f
2 o3 3 3
08 ° ® 008 €08 | 08 o o
0 . S |3 g
T06 e 206 | 506 | . 506 | .
N 3 %] 17}
w < v Z ° O * o w
O 004 =04 s ® ° o 04 - ° 004 | .
O o 2 e °* & (O] ES]
< (- o o ° — o/ o
=02 002 - 02 Ll ©02 °
[S) = lL—)
5 0 . . . . 0 . . . . f 0 . . . . 0 . . . .
0 02 04 06 08 1 0 02 04 06 08 © 0 02 04 06 08 1 0 02 04 06 08 1
CT of the 2D monolayer CT with PBEO CT at the 2D GS geometry CT at the GS geometry
o 1 - 1 - -
) @ s .
£08 | Q08 t £08 | 2os |
» Q S
N = > g @
L 306 f . 206 | . 206 7 o 06
O <« b4 3 . o @
O dos £04 a 04 004 |
o H O] £
S02 So2 t 2o2 | Bo2 t
o s ©
O 0 L L L . 0 L . . . - 0 L L L L 0 . L . .
0 02 04 06 08 1 0 02 04 06 08 1 © 0 02 04 06 08 1 0 02 04 06 08 1

CT of the 2D monolayer CT with PBEO

CT at the 2D GS geometry CT at the GS geometry

Fig. 6 Comparison between the CT values of the S; state of COF-1 and COF-2 obtained (a) with PBEO method for the 2D monolayers and the isolated
D-A pairs in gas phase (GP), (b) with PBEO and ©®B97XD methods for the isolated D—A pairs in GP, (c) with ®B97XD method for the isolated D—A pairs at
the 2D optimized geometry and at the GP optimized geometry, (d) with ®B97XD method for the isolated D—A pairs at the ground state (GS) optimized

geometry and the excited state (ES) optimized geometry.
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orbitals, whereas COF-1 has significantly delocalized crystal
orbitals (Fig. 3) which reduces the overall CT values as
explained above. In this way, the isolated D-A pairs fairly
represent the CT properties of the COF-2 monolayers, whereas
this is not the case for COF-1, which would require a larger-size
0D cluster model or considering point charge embedding
schemes®®® for the correct characterization of its excited state
CT properties.

Fig. 6b shows the correlation between the CT values of the
isolated D-A pairs computed with PBE0 and ®B97XD func-
tional. In the case of COF-2, PBEO and ®B97XD predict the
same CT values up to CT values of 0.7. Above 0.7, PBEO tends to
overestimate the CT values. In the case of COF-1, PBEO and
®B97XD methods predict the same CT values up to CT values of
0.3. Above 0.3, PBEO overestimates the CT values. This high-
lights the difficulties of PBEO in correctly predicting the CT
when local and non-local excitations compete, especially in
cases with strong delocalization features, such as in COF-1. In
those cases, a range-separated hybrid functional such as
®B97XD is needed.

Comparison between the CT values computed with ®B97XD
at the 2D and 0D optimized geometries show no systematic
deviations towards smaller or larger values (Fig. 6¢). Similarly,
optimization of the excited state geometry does not signifi-
cantly perturb the CT values in the case of COF-2 (Fig. 6d).
However, the optimization of the excited state geometry in
some COF-1 dimers results in significantly larger CT values
(Fig. 6d). This is the case of Mod0, Mod6 and Mod10 of COF-1
dimers, for which the CT increases from 0.3-0.4 at the GS
geometry to 0.8 at the ES geometry. The MO involved in the
one-electron transitions with the largest coefficients in the S;
state are depicted in Fig. S4-S6 (ESIT). These show that there is
a significant spatial redistribution of the electron and hole
densities upon excited state relaxation for these systems.
Indeed, the prediction of whether these systems have a low-
lying excited state with mostly local (CT < 0.5) or non-local (CT
> 0.5) character entirely relies on considering the excited state
optimized geometry.

Altogether, the results on the isolated D-A pairs of the COF-1
and COF-2 monolayers indicate that (i) larger cluster models
beyond the D-A pair may be needed depending on the (de)lo-
calization features of the COF monolayer, (ii) range-separated
hybrid functionals such as ®B97XD are required to accurately
characterize the CT character and avoid CT overestimation in
those cases with competing local and non-local excitations and
(iii) the relaxation of the excited state towards its minimum energy
geometry may be crucial to predict the correct CT behavior in
some particular cases. This highlights the difficulties of standard
methods, such as PBEO evaluated at the GS geometry, to accu-
rately predict the CT character and the importance of establishing
reliable computational protocols for its fair evaluation. Consider-
ing our best estimate of the CT values (obtained with ®B97XD at
the S; optimized geometries, also collected in Tables 2 and 3),
Mod10 of COF-1 will present slightly enhanced CT with respect to
the original Modo0 (CT of 0.8 versus 0.79), and Mod5 of COF-2 will
show a significant promotion of the CT in comparison to the

This journal is © The Royal Society of Chemistry 2025
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Mod0 analogous (CT of 0.86 versus 0.53). Therefore, Mod5 of COF-
2 is identified as a promising candidate with significantly
improved CT for enhanced charge carriers lifetimes.

Effective mass values of D-A COF monolayers

The photoconductive properties of the 2D-COF monolayers have
been evaluated in the context of a band transport model.”® The
band structure of the 2D monolayers computed at PBEO level are
collected in Fig. S7 and S8 of ESI.f The smallest effective mass
obtained at the VBM and CBM have been assigned to the hole
(m;;) and electron (m}) effective mass, respectively. The values,
given in electron mass units (1,), are collected in Tables 2 and 3
for COF-1 and COF-2 monolayers, respectively. On the one hand,
the results show that the experimentally reported material of
COF-1, Mod0, displays small effective mass values (~1 m,) for
both the electron and the hole. On the other hand, the Mod0 of
COF-2 shows a small effective mass for the electron (~1 m,), but
a four times larger value for the hole (~ 4 m,). This is ascribed to
the fact that both the HOCO and LUCO of COF-1, as well as the
LUCO of COF-2, are well delocalized crystal orbitals, while the
HOCO of COF-2 is strongly localized in the TTF units (see Fig. 3).

The 12 chemical modifications applied to the COF-1 and
COF-2 monolayers significantly modulate the hole and electron
effective mass values. For both COF-1 and COF-2 monolayers,
all Mod1-12 display larger effective mass values, except in the
case of Mod9 for COF-1, and Mod11 for COF-2. Remarkably, the
imine-to-amide substitution of the linkage in Mod12 of COF-2
drastically increases the effective mass values up to >50 m,
values. This illustrates the profound impact of the linkage in
the electronic structure of COF-2, in line with what has been
observed in other systems.”" In contrast, the proposed Mod9 of
COF-1 improves both the hole and electron mobilities by a
factor of 2 (~0.5 mg), which will potentially enhance the
photoconductive properties with respect to the original Modo.
Therefore, Mod9 of COF-1 is identified as a promising candi-
date with potentially improved in-plane photoconductivity for
optoelectronics. The question of whether the CT and band
dispersion can be enhanced simultaneously is discussed in
the following.

CT versus effective mass values of D-A COF monolayers

The improved CT and charge carriers mobilities in semicon-
ductor materials are meant to reduce charge recombination
and thus improve the light-to-electric or light-to-chemical
energy conversion. Whether they can be optimized simulta-
neously in a single monolayer needs to be assessed since
significant CT is mostly associated with local states, whereas
band dispersion, and thus higher charge carriers mobilities,
are associated with delocalized states. To address this question,
we map the CT and effective mass values obtained for the
Modo0-12 monolayers of COF-1 and COF-2 in Fig. 7a and b,
respectively. In the case of the COF-1 monolayers (Fig. 7a),
Mod9 reduces by a factor of two the sum of the effective mass
values with respect to Mod0 (from ~2 m, to ~1 m,) but
strongly penalizes the CT value (from 0.8 to 0.2). In contrast,
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Mod5 also shows reduced CT character but does not signifi-
cantly improve the charge carriers mobilities (m} is reduced
from 1 m, to 0.8 m,, but m;, slightly increases from 1 m, to 1.4
my). In the case of COF-2 (Fig. 7b), Mod5 enhances the CT from
0.5 to 0.9, considering Mod0 as the reference, at the cost of
increasing the effective mass values. In contrast, Mod11
reduces the effective mass values at the cost of reducing the
CT to 0.2. However, there are two remarkable cases, Mod8 and
Mod10, that improve the effective mass metric with respect to
Mod0 without penalizing the CT value. Thus, overall, Mod8 and
Mod10 of COF-2 display better CT and charge mobility features
than the original Modo0. These results indicate that, although
the promotion of the CT may be detrimental for the effective
mass values and vice versa, there is not a direct correlation
between the two properties, and, in principle, a targeted
chemical design of COF monolayers can lead to novel materials
with improved both CT and photoconductive features.

To identify the origin of the improvement of the band
dispersion, we mapped the effective mass values with respect
to the character of the local component of the S; excitation,
either delocalized or local (Fig. 7c). It can be seen that relatively
low effective mass values (<3 m,) can only be obtained when
the local component is delocalized. This agrees with the fact
that band dispersion and orbital delocalization stem together.
Two typical molecular design strategies to promote charge and/
or state delocalization in D-A pairs include ensuring certain
coplanarity and a close energy matching between either the
HOMOs or the LUMOs of the molecular building blocks. In
Fig. S9 of ESI,} these two features are mapped with respect to
the m} and m values. In general, more coplanar structures give
rise to the lowest m; and m values. In contrast, the correlation
with the D-A orbital energy differences is less pronounced.
Further investigations with larger datasets of D-A COF mono-
layers are necessary to establish a comprehensive correlation
between the properties of the 2D COF and those of the

18246 | J Mater. Chem. C, 2025, 13,18239-18249

constituent building blocks, as well as their arrangement.
Moreover, how the ligand size, and thus the pore size, may
affect the CT and the effective mass values in D-A COF mono-
layers still needs to be assessed in a more diverse dataset of
systems.

Conclusions

In this work, we have evaluated the CT and effective mass
values of 26 D-A COF monolayers through DFT/TDDFT and
band structure calculations. These 26 structures were generated
via in silico chemical modification of 2 experimentally reported
2D Py-COFs, named COF-1 and COF-2. On the one hand, our
results show that DFT/TDDFT calculations with PBEO func-
tional suffer from the same prediction bias as in 0D and 1D
D-A systems. Namely, an overestimation of the CT character.
Consequently, range-corrected functionals such as ®B97XD are
required. Moreover, our results indicate that larger cluster
models beyond the minimal D-A pair may be needed to
evaluate the CT in COF monolayers with significantly deloca-
lized crystal orbitals. Similarly, our results show that the
optimization of the excited state may be required in some
cases. These approximations should be considered for the
accurate prediction of light-induced CT properties in these
materials. On the other hand, we have calculated the effective
mass values of the 26 monolayers at the VBM and CBM based
on the band transport model, which provided an estimate of
the hole and electron mobilities. Our results show that small
effective mass values are obtained in systems with more delo-
calized crystal orbitals, whereas local states are detrimental for
photoconductivity. Ultimately, we analyzed the correlation
between the CT and effective mass values. In some cases,
enhancing the CT is shown to be detrimental to the band
dispersion. However, there is no direct correlation between the
two properties. Therefore, it is, to some extent, possible to

This journal is © The Royal Society of Chemistry 2025
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improve the CT and band dispersion simultaneously. This is
the case of Mod8 and Mod10 of COF-2, which show reduced
effective mass values with respect to the experimentally
reported Mod0 without penalizing the CT character. Based on
our calculations, we identify two possible candidates with
either significantly enhanced CT or lower effective mass values
than the originally reported materials. On the one side, Mod9
of COF-1 reduces both electron and hole effective mass values
from ~1 m, to ~0.5 my, therefore significantly improving the
in-plane band dispersion metric. On the other side, Mod5 of
COF-2 significantly promotes the CT character from 0.5 to 0.8,
therefore potentially extending the charge carriers lifetimes.
Mod9 of COF-1 consists of three aza-substitutions in the Py
ligand of the original COF, whereas Mod5 of COF-2 consists of
the addition of -NO, groups to the phenyl rings attached to the
TTF. Altogether, our results show that aza-substitutions, the
addition of functional groups, and the substitution of the
linkage can improve, worsen, or leave unaltered the CT char-
acter and/or the band shape of the COF material, depending on
the 2D-COF family in which they are applied. This highlights
the difficulty of making simple general rules for the molecular
design of 2D-COF with improved properties and points towards
the use of automatized screening protocols and the develop-
ment of artificial intelligence algorithms for the discovery of
novel candidates. Future work devoted to the generation,
characterization and computational screening of large datasets
of chemically diverse D-A monolayers is envisioned to identify
more materials with improved optoelectronic features and to
enrich the library of systems for the development of compre-
hensive artificial intelligence algorithms.
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