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Molecular design of two-dimensional
donor–acceptor covalent organic frameworks
for intramolecular singlet fission†

Maria Fumanal

Two-dimensional covalent organic frameworks (2D-COFs) consti-

tute an ideal platform for the design of novel optoelectronic

materials. In this work, the donor–acceptor copolymer strategy

for intramolecular singlet fission (iSF) is revisited and applied for

the tailored design of a functional 2D-COF with iSF capabilities.

Singlet Fission (SF) is a multiple exciton generation process in
which a high energy singlet evolves into two low energy triplets.
This phenomenon has great potential to improve the power
conversion efficiency of solar cells by reducing the energy loss
of the high energy photons generating two profitable low
energy excitons. SF is the consequence of two consecutives
steps, singlet splitting and triplet–triplet separation (eqn (1)).1

Photoexcitation promotes the system to the bright S1 state
which decays towards the so-called triplet-pair singlet (1TT)
within a spin-allowed reaction. Then, the 1TT state dissociates
into two independent triplets (2T1). The success of both pro-
cesses relies on the proper balance between the energetics and
coupling, as well as on the kinetics with respect to the compe-
titive pathways, namely fluorescence, intersystem crossing, or
triplet–triplet recombination.2

S1 " 1TT " 2T1 (1)

Since the early discovery of SF in molecular crystals of anthracene
derivatives,3 continuous effort has been made to develop a mole-
cular strategy to design SF materials with target properties.4,5 In
this context, the modularity of donor–acceptor (D–A) copolymers
showed great promise for the development of intramolecular
singlet fission (iSF) materials. In particular, pioneer work of Busby
and coworkers showed that a triplet quantum yield up to 170% can
be obtained for poly(benzodithiophene-alt-thiophene-1,1-dioxide)
(BDT–TDO) copolymer chains upon the absorption of

light,6 and similar conclusions were obtained for other D–A
copolymers.7,8

The D–A copolymer strategy for iSF relies on two main
features: (i) strong intramolecular charge transfer (CT) upon
light irradiation and (ii) the formation of well localised
low-lying triplets in the acceptor core (Fig. 1a). These two
characteristics, together with the thermodynamic requirement,
E(S1) Z 2E(T1), have been used to screen large datasets of
D–A pairs via cost-effective Density Functional Theory (DFT)
calculations and its Linear Response Time-Dependent version
(TDDFT), to find appropriate D–A combinations that fulfill these
criteria.9,10 These theoretical studies showed that thermodynamic

Fig. 1 (a) D–A strategy for iSF applied to the BDT–TDO copolymer
includes strong CT upon absorption and the formation of S1 followed by
the formation of two low lying triplets in the TDO units. (b) Scheme of the
HOMO and LUMO orbital energies of the D and A units required to obtain
low lying CT excitation. (c) Scheme of the iSF steps in extended D–A
copolymers: 1. Singlet splitting and 2. Triplet dissociation.
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adequacy in D–A copolymers mostly depends on the appropri-
ate selection of a polymerizable acceptor with a sufficiently low
triplet energy (ca. 1–2 eV).10–12 In addition, the singlet splitting
strongly depends on the CT mixing of the S1 and 1TT states,13,14

which can be modulated by the relative position of the HOMO
and LUMO of the D and A units (Fig. 1b).9,10 Finally, intra-
molecular triplet–triplet dissociation rates rely upon a small
acceptor–acceptor interaction through the donor core, and its
ability to promote triplet energy transfer along the D–A copo-
lymer chain.15 In this way, the role of the donor core is two-fold
in the iSF process: first, to promote CT for efficient singlet
splitting and second, to allow favorable and fast intrachain
triplet energy transfer for triplet–triplet dissociation (Fig. 1c).
Certainly, finding the proper balance between these two func-
tionalities within a single donor unit may limit the applicability
of the D–A copolymer strategy for iSF in the search of possible
candidates. Here, this problem is addressed by the selection of
two donor cores, one to optimize singlet splitting (D1), and
the other to promote triplet–triplet dissociation (D2), both
encompassed in an extended –A–D1–A–D2– two dimensional
framework.

Two dimensional copolymers, or 2D covalent organic frame-
works (COFs), have attracted great attention in the field of
optoelectronics due to their ability to form crystalline periodic
networks with the potential to improve the semiconducting
properties of less ordered 1D polymers.16 The formation of
p-conjugate sheets organised in p-stacking motifs results in
well-structured directional charge (or exciton) carrier pathways
that improve their mobility and lifetime.17,18 Indeed, the D–A
strategy has been widely exploited in the synthesis of 2D-COFs
to promote effective charge separation and suppress undesired
charge recombination within a variety of optoelectronic
applications.19–21 To date however, D–A 2D–COFs have not
been proposed for iSF. The approach that is presented here is
to rationally select one acceptor and two donors that can serve
for the iSF purpose forming a 2D framework. To do that, the
database containing the HOMO, LUMO, S1 and T1 energies of
92 donors and 32 acceptor units reported by Blaskovits et al.
based on DFT and TDDFT calculations has been used,10

together with the triplet–triplet dissociation energies and tri-
plet energy transfer barriers analysis previously reported.15

Both datasets are based on ob97xD/6-31g* calculations bench-
marked in front of refence wave function based methods.9

First, each unit is selected based on the aforementioned
criteria. Then, the properties of the resulting –A–D1–A–D2–
polymer are computed to ensure that it fulfills the require-
ments for iSF and finally, the periodic 2D framework is built
and its electronic properties analysed.

The selection of the A, D1 and D2 molecular units was made
based on the scheme of Fig. 2a, where D1 corresponds to the
donor unit that assists the singlet splitting process by promot-
ing light-induced CT, and D2 corresponds to the donor unit that
assists the triplet–triplet separation by promoting triplet energy
transfer from one acceptor to the next one (Fig. 2b). Previous
work showed that donors such as 2,20-bithiophene and
thiophene-vinyl-thiophene (TVT) are able to optimize both the

thermodynamics and kinetics of the triplet-pair dissociation
process in D–A copolymers due to their ability to adopt pseudo
coplanar and non-coplanar conformations.15 In this case, the
TVT unit was selected for D2 because it can be extended into
tetrathienylethene (TTE) as a 4-arms linker to built the 2D
network. DFT and TDDFT(TDA) calculations were done for TTE
at the same level ob97xD/6-31g* using Gaussian 0922 to collect
the HOMO, LUMO, S1 and T1 energies of this ligand (Table 1).

The next step is to select an appropriate D1–A pair able to
localise T1 in the A unit and promote CT from D1 to A when
combined with TTE. This can be achieved by ensuring that the
energy of T1 increases following T1(A) o T1(D2) o T1(D1) and
that the energy of the HOMO (and LUMO) decreases following
HOMO(D1) 4 HOMO(D2) 4 HOMO(A) as shown in Fig. 2a.
From the 32 acceptor candidates, 8 have T1 energies below TTE,
which correspond to substituted versions of diketopyrrolopyr-
role (DPP) and isoindigo (II) acceptor cores (Table S1.1, ESI†).
The II acceptors were discarded due to their tendency to
strongly localise not only T1 but also S1 state in the A unit,
significantly reducing the CT.9 From the 92 donor candidates,
only 4 have HOMO, LUMO and T1 energies above TTE. These
donors correspond to hydroxyl substituted derivatives of ben-
zodithiophene (BDT) and 2,20-bithiophene (Table S1.2, ESI†).
2,20-bithiophene was discarded for D1 as it has better features

Fig. 2 (a) Scheme of the HOMO and LUMO orbital energies required for
the –A–D1–A–D2– copolymer strategy for iSF. (b) Scheme of the –A–D1–
A–D2– 1D sequence. (c) Molecular structure of the –A–D1–A–D2– copo-
lymer proposed for iSF. Highlighted in red the DPP acceptor units, in green
the BDT D1 unit, in blue the TVT D2 unit to form a 1D copolymer, and in
grey the extension of D2 to the TTE derivative for the formation of the
2D COF.

Table 1 S1, T1, HOMO and LUMO energies (in eV) obtained with DFT and
TDDFT(TDA) at ob97xD/6-31g* level for the selected molecular building
blocks of the –A–D1–A–D2–A– polymer

Molecular unit S1 T1 HOMO LUMO

TVTa 4.26 2.47 �7.23 0.23
TTE 3.62 2.34 �6.94 0.05
BDT(R1 = –OH, R2 = –OCH3)a 4.24 2.87 �6.77 0.80
DPP (R = –COOCH3)a 4.15 2.08 �8.29 �0.83

a Collected from ref. 10.
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for D2. To promote the largest possible CT within these
candidates, the DPP with the largest T1 and the BDT with the
highest HOMO energy were selected for A and D1, respectively.
The resulting –A–D1–A–D2–A copolymer sequence (–DPP–BDT–
DPP–TTE–) is shown in Fig. 2c.

The S1 and T1 excited states of the –DPP–BDT–DPP–TTE–
copolymer were computed using a tetramer model (A–D1–A–D2),
and the local and CT character analised based on the electron
and hole transition densities located in the different A, D1 and
D2 fragments.23 The S1 and T1 vertical energies obtained are
2.60 eV and 1.49 eV, respectively, which leads to a E(S1)-2E(T1)
energy difference of �0.37 eV, which is larger than the �1.0 eV
limit established for the vertical energetic requirement for iSF.9

Indeed, optimization of the S1 and T1 states stabilises their
energies down to 2.38 eV and 1.18 eV, respectively, resulting in
a slightly positive E(S1)-2E(T1) energy difference. Regarding the
excited state character, the local character of T1 obtained is 0.45
and the CT character of S1 is 0.22 (Table 2 and Table S2.1, ESI†),
both within the range established to accomplish the coupling
and separation requirements for iSF.9 These results confirm
that appropriate energetic, coupling, and separation require-
ments for iSF can be obtained from the rational selection of the
molecular building blocks considering their relative T1 and
HOMO/LUMO energies.

Two different topologies, Kagome and rhombic, were used
to build the 2D copolymer based on the COF struc-
tures previously reported for the tetraphenylethylene TPE
linker.24,25 The Kagome lattice displays dual-pore characteris-
tics with a central hexagonal core surrounded by six triangular
pores (Fig. 3a), while the rhombic lattice forms a single-pore
structure (Fig. 3b). Previous work has shown that these two
topologies can be generated using D2h linkers and C2 ligands by
modulating the solvent and monomer concentration.26 Opti-
mization of the 2D COF monolayers was performed under
periodic boundary conditions with PBE including D3 disper-
sion correction using CP2K.27 The Goedecker–Teter–Hutter
pseudopotentials were used with a density cutoff of 400 Ry
and DZVP-MOLOPT basis set. The optimized lattice vectors and
energies are collected in Table S3 (ESI†). Comparison of the
unit cell relative energies indicate that the Kagome lattice is
significantly more stable than the rhombic in agreement with
previous analysis reported for these two lattices.26,28 The mor-
phology of both monolayers shows significant torsions origi-
nated in the non-coplanarity of the TTE linkers and the bulky
substituent groups (–OCH3 and –COOCH3) (see Fig. S3, ESI†).

This suggests that p-stacking, and therefore through-space
electronic coupling between the monolayers, will be relatively
weak in favour of intramolecular SF. In this way, the iSF
capabilities can be analysed based on a single monolayer.

Energy and TDDFT(TDA) calculations were performed in
periodic boundary conditions for the 2D optimized structures
and for isolated A–D1–A–D2 tetramer models extracted from the
optimized monolayers. These calculations were first done with
PBE0 using the auxiliary density matrix method (ADMM)29 as
implemented in CP2K. The S1 and T1 energies of the periodic
cells are 1.21 and 0.54 eV, respectively, for the Kagome lattice,
and 1.18 and 0.54 eV for the rhombic topology. These values
become 1.44 and 0.40 (and 1.58 and 0.53, respectively) at PBE0
level for the isolated tetramer models extracted from the unit
cells indicating that the 2D periodicity slightly modifies the
local environment. Further accuracy of the excited state char-
acterization of the local and CT character of the S1 and T1

excitations is obtained at ob97xD/6-31g* level using Gaussian
09 for the A–D1–A–D2 tetramer models extracted from the
optimized monolayers (Table 2 and Tables S2.2 and S2.3, ESI†).
Comparison with the values obtained at the gas phase opti-
mized geometry (Table 2) indicates that the main local and CT
character of the S1 and T1 states is preserved in 2D periodic
boundary conditions, thus fulfilling the requirements for iSF.

To conclude, in this work two design strategies are proposed
for the further development of D–A copolymers for iSF. First, to
use two different donors, which each optimizes a fundamental
step of iSF, either singlet splitting or triplet–triplet separation,
within a –A–D1–A–D2– copolymer sequence. This allows to
bypass the restrictive need of finding a unique donor unit
capable of both functions. Second, to encompass the –A–D1–
A–D2– copolymer in a 2D framework. Better through-bond

Table 2 Excited state characterization at ob97xD/6-31g* level: vertical
energy (eV), D1–to–A charge transfer (CT) and A–to–A local character of
S1 and T1, respectively, obtained for the DPP-BDT-DPP-TTE tetramer
model optimized (i) in gas phase, and within (ii) the Kagome lattice and
(iii) the rhombic monolayer

S1 (eV) T1 (eV) S1 (CT) T1 (local)

(i) Gas phase 2.60 1.49 0.22 0.45
(ii) Kagome 2.31 1.24 0.16 0.39
(iii) Rhombic 2.12 1.16 0.23 0.28

Fig. 3 (a) Kagome and (b) rhombic lattices proposed for the –DPP–BDT–
DPP–TTE– 2D–COF. R1: –OCH3, R2: –COOCH3. Color code: red DPP
acceptor, green BDT D1 and blue TTE D2 linker.
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exciton and charge carrier mobilities are expected for crystal-
line 2D COF monolayers with respect to amorphous 1D copo-
lymers resulting in improved iSF efficiencies. Two different 2D
topologies are proposed for the iSF –DPP–BDT–DPP–TTE–
copolymer candidate fulfilling the energetic, coupling and
separation requirements. Further extension of the library of
2D COFs candidates for iSF is envisioned by exploiting more
diverse datasets of molecular building blocks, including
different possible covalent bond assemblies30 and potentially
chiral candidates,31 applying accelerated computational screen-
ing protocols.
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