E]]] MATERIALS

Heoo®06

pubs.acs.org/cm

Optimizing the Thermodynamics and Kinetics of the Triplet-Pair
Dissociation in Donor—Acceptor Copolymers for Intramolecular

Singlet Fission

Maria Fumanal and Clémence Corminboeuf*

Cite This: Chem. Mater. 2022, 34, 4115-4121

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Singlet fission (SF) is a two-step process in which a
singlet splits into two triplets throughout the so-called correlated
triplet-pair ("TT) state. Intramolecular SF (iSF) materials, in
particular, have attracted growing interest as they can be easily
implemented in single-junction solar cells and boost their power
conversion efficiency. Still, the potential of iSF materials such as
polymers and oligomers for photovoltaic applications has been
partially hindered by their ability to go beyond the 'TT
intermediate and generate free triplets, whose mechanism remains
poorly understood. In this work, the main aspects governing the
'TT dissociation in donor—acceptor copolymers and the key
features that optimize this process are exposed. First, we show that
both thermodynamics and kinetics play a crucial role in the
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intramolecular triplet-pair separation and second, we uncover the inherent flexibility of the donor unit as the fundamental ingredient
to optimize them simultaneously. Overall, these results provide a better understanding of the intramolecular 'TT dissociation
process and establish a new paradigm for the development of novel iSF active materials.

B INTRODUCTION

Singlet fission (SF) is the photophysical phenomenon in which
a singlet state is converted into two independent triplets. This
occurs via the so-called correlated triplet-pair state (‘TT),
which belongs to the singlet state manifold and thus can be
accessed through a spin-allowed reaction. Once the 'TT state
is formed, it dissociates into two triplet excitons to complete
the process (eq 1).' >

S, = 'TT - 2T, (1)

Materials exhibiting SF have received significant interest for
applications in photovoltaics because of their potential to
overcome the thermodynamic Shockey—Queisser 33% limit of
single-junction solar cells and boost their power conversion
efficiency up to 45%." ° The challenge of finding SF materials
comes from designing chromophores that fulfill not only the
energetics E(S;) > 2E(T;) but also undergo fast smglet
splitting and triplet-pair dissociation rates. Anthracene’ and
tetracene” were the first molecular crystals in which SF was
identified. Since then, extensive experimental’~'* and theoreti-
cal”™"” work on acene derivatives has significantly pushed the
understanding of the SF process. However, the poor
photostability of these systems and their limitations for
practical implementations has urged the search for more
diverse SF-active materials.”*~>* In this context, other families
of SF materials such as carotenoids” and conjugated

© 2022 The Authors. Published by

American Chemical Society

4115

7 ACS Publications

polymers®**® have been considered, although so far to a
much less extent. The one-dimensional sequence of
chromophores in extended polymers opens the possibility of
iSF through their characteristic lowest singlet excited state of a
multiexciton character.?*™>® This feature, together with their
high tunability and easy processability, makes conjugated
polymers particularly attractive for the development of novel
iSF materials. In particular, Busby et al. proposed a push—pull
donor—acceptor (D—A) copolymer framework to obtain
highly efficient iSE.”” In this strategy, optical absorption
promotes D-to-A charge transfer (CT) sideways that drives the
formation of two low-lying spatially separated triplets localized
in the acceptor units (Figure 1). Remarkable triplet quantum
yields up to 170% were reported for poly(benzodithiophene-
alt-thiophene-1,1-dioxide) (BDT-TDO) polymer chains in
solution as well as for similar D—A copolymers following the
same approach.””***" Still, only very few conjugated polymers
fulfill the criteria for iSF, namely, energetics and coupling
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| 1. UV-vis light absorption |

| 2. Singlet-triplet splitting |

| 3. Triplet-triplet dissociation |
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Figure 1. Schematic representation of the iSF steps in D—A copolymers. First, UV—vis light absorption promotes S, to S;, characterized by strong
D-to-A CT sideways. Second, S, decays via a spin-allowed process toward the triplet-pair state 'TT, localized in adjacent A. Third, the 'TT state

spatially dissociates and become two independent T triplets.
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Figure 2. Left: nine D—A copolymers considered for extended (SA and 4A) models. Right: library of donors and acceptors of the database of 100
A—D—A trimers (2A model) considered, extracted from ref 32. R groups include H, Me, OMe, and COOMe, and X groups include H, F, Cl, CN,
and OH. Acronyms: thiophene-1,1-dioxide (TDO), diketopyrrolopyrrole (DPP), benzothiadiazole (BT), 2,2-bithiazole (bTz), benzodithiophene
(BDT), phenylene (Phen), thieno[3,2]thiophene (TT), ethylenedioxythiophene (EDOT), carbazole (Cbz), thiophene-vinyl-thiophene (TVT),

cyclopentadithiophene (CPDT), naphthalene (Naph).

requirements. Indeed, a fundamental trade-off between the
ability to display D-to-A CT S, and acceptor-local T, in
coplanar copolymers was identified,”* evidencing the need for
accelerated design strategies to find promising SF candi-
dates.*>** A comprehensive structure—property analysis of D—
A copolymers allowed us to recognize the role of dihedral
torsion in modulating and pushing the CT and local character
of the excitations beyond the limit of the coplanar
approach.””** On the one side, a larger CT resulted in larger
S,/'TT electronic coupling in a series of modified TDO-based
copolymers, promoting fast S,-to-'TT dynamics.”® On the
other side, localized T, in the acceptor reduces the 'TT
binding energy (evaluated as the vertical energy difference with
the >TT state), which is traditionally associated with better
triplet—triplet dissociation rates.*

The loss of spin coherence between the triplets and the
triplet-pair separation process are crucial steps for the
successful im;)lementation of SF copolymer materials in solar
cell devices.>”*® In this context, theoretical frameworks have
been recently developed to model triplet-pair dissociation in
acene-based molecular crystals.’”*" Still, the triplet-pair
dissociation process in D—A copolymers remains unexplored.
In this work, we show that considering the 'ITT binding energy
is not enough to anticipate favorable intramolecular triplet—
triplet dissociation rates in D—A copolymers. For a series of
extended prototypes (Figure 2), we evaluate the TT, 2T, and
intermediate structures and uncover that not only the 'TT
dissociation thermodynamics but also the intramolecular triplet
transport kinetics play an important role in the triplet-pair
separation process. We discuss whether it is possible and how
to optimize both features simultaneously and propose a simple
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model based on sequential T, potentials to rationalize and
predict their behavior.

B METHODS

Initial structures of the D—A copolymers were obtained from the
SMILES-to-xyz transformation given by Openbabel with the
MMFF94 force field.*' Geometry optimization of the ground state
singlet, T}, TT, and 2T electronic states was performed on top with
the @wB97X-D** functional and 6-31g(d) basis set using Gaussian 09
(D.01).* The TT and 2T; geometries were obtained for the
quintuplet spin state with unrestricted DFT. Three different extended
models were considered: S-acceptors (SA) model with sequence A—
D—A-D—A—-D—A—-D—-A, 4-acceptors (4A) model with sequence
A-D—A-D—A-D-A, and 2-acceptors (2A) model with sequence
A—D—A. Transition state (or intermediate) geometries of the *TT —
2T reaction were obtained with the SA model starting from the linear
interpolation between the A—-D—T,—D—T,—D—A—D—A (TT) and
A-D-T,-D-A-D-T,—-D-A (2T),) geometries. Transition state
(or intermediate) geometries of the T; — T, reaction were obtained
with the 4A (2A) model starting from the linear interpolation
between the A—-D—T,—D—A—D—-A (T,—D—A) and A—D—A-D—
T,—D—A (A—D—-T),) geometries. Frequency computations confirmed
the nature of the critical points as minimum or transition states of the
potential energy surface.

Non-collinear spin-flip TDDFT** (with the @B97X-D functional)
and restricted active space spin-flip RAS-2SF* computations, both
with 6-31g(d), were performed on top of the optimized TT and 2T,
SA model geometries (A—D—T,—D—T,—D—A—-D—A and A-D—
T,—D—A—D—T,—D—A) to determine the STT—3TT—'TT vertical
energy splitting and the "*TT — 2T, reaction energies using Q-
Chem 5.1.*° Extended computational details, including basis set and
functional benchmarking, can be found in Sections S1—S4 of the
Supporting Information.
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Figure 3. Left: representation of the TT dissociation profile. From left to right of the graph: TT, intermediate, and 2T geometry of the SA model
of the BDT-TDO copolymer. Singlet, triplet, and quintuplet energies computed with SE-TDDFT. On TT geometry (left) is indicated the vertical
energy difference between *TT and 'TT (otherwise known as the TT binding energy). On the 2T, geometry (right), the negative and positive
dissociation energy of the *TT (blue) and 'TT (red) states, respectively, is indicated. The middle (intermediate) geometry point corresponds to
the minimum energy intermediate along the linear path between TT and 2T;. Right: quintuplet spin density isosurface (0.002 cutoff) of the three

minima.

B RESULTS AND DISCUSSION

The TT binding energy is considered the minimal energy
required for the separation of the triplet-pair and is usually
evaluated as the STT—'TT vertical energy difference, as it is
related to the degree of electronic configuration mixing of the
TT states.">>**” On the one side, the mixing of the STT state
is limited because the other quintuplet configurations are much
higher in energy; thus, it is used as a proxy of two non-
interacting triplets (2T;). On the other side, electronic
interaction between the triplets becomes large in 'TT when
other singlet configurations significantly contribute to stabilize
its energy. This is usually the case in extended conjugated
systems such as polymers where the characteristic low-lying
multi-excitonic singlet is strongly mixed with the lowest mono-
electronic transition of the same symmetry.">*’ In a previous
work, we showed how the TT binding energy can be reduced
in A—D—A trimers by means of inducing dihedral torsion
between the D and A molecular building blocks,* therefore
potentially accelerating the triplet-pair dissociation rates in
agreement with the model established for SF dimers.>**” Still,
it is unknown whether this model applies to extended D—A
copolymers and more importantly which features control the
intrachain triplet-pair dissociation process in these systems. To
address this question, the triplet—triplet dissociation scenario
of the BDT-TDO coplanar prototype was evaluated (Figure 3
and Section SS). To do so, the relative energy between the TT
and 2T, geometries was computed in the singlet, triplet, and
quintuplet states as well as the minimum energy barrier
between the two structures. Both TT and 'T'T spin states
result in non-zero dissociation energies. In the case of *TT the
dissociation energy to 2T, is negative (—0.18 eV), indicating
repulsive interaction between the triplets, while for 'TT, the
dissociation energy is positive (+0.13 eV), indicating
attraction. Near zero dissociation energy is obtained for *TT
(+0.03 eV). Remarkably, the three spin states display similar
barrier energies whose value (~0.3 eV) is significantly larger
than the 'TT — 2T, reaction energy, thus indicating that the
kinetics would control the rate of the TT dissociation process
over the thermodynamics. Note that the 2T, — TT process is
also possible. There will be inevitable triplet—triplet re-
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encounters along the copolymer chain assuming long T,
lifetimes, leading to an effective equilibrium between 2T,
TT, and S, states. Analysis of the spin density of the TT,
intermediate, and 2T, structures shows that the dissociation is
mainly characterized by the energy transfer of one T from one
acceptor to another passing throughout a donor unit (Figures
3 and S5.1). This anticipates that intrachain triplet transport is
a crucial step in the triplet—triplet dissociation reaction of iSF
in D—A copolymers.

The same analysis was performed for the BDT-DPP non-
coplanar prototype (Figure 2 and Section S6). This D—A
copolymer displays a significant dihedral torsion (~60°)
between the donor and acceptor units due to the steric
repulsion between their functional groups and, as a
consequence, reduces the TT—'TT splitting down to ~0
eV.” In agreement with this result, the computed TT-to-2T,
reaction energies of the extended chain are close to 0 eV
regardless of the spin state (Table S6.1). The dissociation
barrier, however, increases up to ~0.5 eV for the minimum
energy intermediate that connects both structures (Figure
S6.1). Therefore, while the 'TT dissociation thermodynamics
of BDT-DPP is more favorable than that of BDT-TDO, the
triplet dissociation kinetics would slow down. Indeed, the
electronic entropy of the 'TT — 2T, process is ~0.3 eV, and
thus, barriers or dissociation energies above this value would
promote triplet-pair trapping. This indicates that solely
reducing the TT binding energy is not enough to improve
TT dissociation rates and that the triplet transfer barrier needs
to be also minimized. In this context, similar conclusions were
reported for intermolecular TT dissociation in acene-based
molecular crystals, for which TT exchange interactions
(splitting) and triplet—triplet energy transfer (t) need to be
optimized simultaneously to achieve successful triplet-pair
separation.” It is therefore necessary to determine how to
optimize these two features simultaneously in D—A copoly-
mers. We address this question by evaluating the TT
dissociation energy and triplet transfer kinetics of a series of
extended and minimal D—A prototypes.

First, to establish whether a systematic correlation between
the TT splitting and the intramolecular TT-to-2T, reaction
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Figure 4. (a) Correlation between TT—"TT vertical splitting and 'T'T-to-2T, dissociation energy of the nine D—A copolymers evaluated with the
5A model. (b) Correlation between STT—"TT splitting and transition state (ts) or intermediate energy barrier associated with the intramolecular
energy transfer of a triplet from one acceptor to another, evaluated with the 4A model. The star indicates the optimal region to find systems with a
small TT binding energy and triplet transport barrier. (c) Same correlation as in (b) evaluated with the 2A model for a database of 100 A—D—A
trimers extracted from ref 32, color-coded with the donor unit. The BDT-TDO and the best candidate are pinpointed and the structure shown.

Colored guidelines highlight the trends.

energy exists, these values were computed for nine D—A
extended copolymers based on TDO and DPP acceptors
(Figure 2). These hold inherently low triplet energies and have
been identified as promising building blocks for
SE.??3%3%353051 The results show that 'TT-to-2T, reaction
energies follow opposite trends with respect to the vertical
STT—'TT splitting in a way that larger splitting results in less
favorable 'TT-to-2T, thermodynamics (Figure 4a) in agree-
ment with the literature.***” Thus, TT splitting can be used as
the reference of TT dissociation energies.

Second, to characterize the triplet-pair dissociation kinetics
of these systems, the minimum energy path of the triplet
energy transfer process was evaluated from one acceptor to
another throughout the donor (i.e., between A—-D—T,—D—A—
D—A and A—-D—A-D-T,—D—-A) and compared to that of
the TT-to-2T, dissociation barrier. The results show that the
TT-to-2T, barrier mostly originates from the energy transfer of
an isolated triplet (Section S7), and thus the latter can be used
to predict the TT dissociation barrier.

For the nine extended D—A copolymers, the correlation
between their TT splitting and their triplet transfer barrier
shows an unfortunate inversely direct trend in which the cases
with the smallest (largest) TT splitting result in the largest
(smallest) barriers (Figure 4b). This points to the need for
larger-scale sampling of D—A combinations to uncover
whether it is indeed possible to find systems in the optimal
region, namely, with small TT splitting and triplet transfer
barriers, and, thus, to minimize both simultaneously. We took
advantage of the 2994 database of D—A dimers previously
reported’ to extract 100 candidates that fulfill the require-
ments for iSF*® (Figure 2 and Section S8). For those systems,
the TT vertical splitting and triplet energy barrier of their
minimal A—D—A model were evaluated. The minimal model
slightly overestimates the TT splitting and underestimates the
triplet transport barriers but is able to capture the trends of the
extended model (Figure S8.1). The results show that the 100
systems spread all over the bottom-left diagonal of the property
space but only few have small TT splitting and triplet transfer
barriers simultaneously (Figure 4c). Interestingly, the BDT-
TDO copolymer prototype lies on the edge of the ~0.3 eV
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limit. Analysis of the chemical composition of the systems in
the optimal region reveal that these have bithiophene (or TVT
in one case) as the donor. In the absence of these two donors,
the inversely direct trend between the TT splitting and the
triplet transfer barrier is recovered (Figure S$8.2). The
particularity of these two donors is that they hold inherent
flexibility to display coplanar and non-coplanar conformations
around they central bond (depending on the electronic state),
while the rest are based on conjugated fused rings without this
possibility (Figure 2). This inherent flexibility comes from the
fact that they are based on two or more covalently bound units
with a small rotational barrier. This allows to modulate their
coplanarity differently for the TT state minimum, in which the
central bond is formally a single bond, and the T, transition
state structure, in which the central bond acquires a double
bond character (Scheme 1). The non-coplanarity of the TT

Scheme 1

Noncoplanar TT Coplanar T1 ts
X

minimum reduces the triplet—triplet interaction and thus the
TT binding energy, while the coplanarity of the T,
intermediate (or transition state) tends to reduce the energy
barrier.””>* For that reason, rigid donors can only minimize
one while penalizing the other, (or hold the perfect balance as
BDT-TDO) depending on their optimal D—A dihedral.
Remarkably, this provides an important extra functionality to
the donor unit beyond assisting the S;-to-'TT step of the iSF
process, which is to drive the 'TT dissociation reaction via
intrachain triplet energy transfer. Note that inferchain triplet
energy transfer would be also possible in polymer thin
films.”>** This will, however, depend on unpredictable
intermolecular arrangements beyond a molecule-based design
approach for iSF. In the following, we analyze which features
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Figure 5. Schematic representation of the potential energy profile for intramolecular triplet energy transfer between two acceptors separated by a
donor (A—D—A). The blue potentials represent the T state of the acceptors and the red potential the T, state of the donor. The three main
features that control the magnitude of the barrier are indicated in (a) the distance between the acceptors, the relative difference between T, of the
donor and the acceptor (labeled A), and the coupling between the two, which is partially modulated by the dihedral. The effect of increasing A is
shown in (b) and of decreasing the distance in (c). Note that the nature of the middle point as an intermediate or transition state would depend on

each case.

control the triplet energy transfer barrier throughout the donor
and, therefore, the efficiency of the intrachain triplet exciton
transport.

Triplet energy transfer is usually described as a bilateral
Dexter-type process and is mainly controlled by electronic
coupling and inter- (or intra-)molecular distance.>® Within a
Marcus-like potential energy surface perspective,”® these two
features define the position of the transition energy barrier and
thus modulate the rate of the triplet exciton transport. In the
case of triplet energy transfer between the two acceptors of an
A—D—A copolymer, an additional parameter needs to be
considered, which is the relative energy difference between the
T, of the donor and the T, of the acceptor (labeled A) (Figure
5). As the distance between the two T, (A) potentials increases,
the position of the triplet state of the bridging donor becomes
relevant and the middle point becomes an minimum energy
intermediate (Figure Sa). This is the case of most of the A—
D—A systems based on long donors such as BDT (Table $8.2).
In contrast, when the T (D) energy increases (Figure Sb) and/
or the distance between acceptors decreases (Figure Sc), the
middle point becomes a transition state. The latter is the case
for all phenylene-, thieno[3,2]thiophene- (TT-), or bithio-
phene-based A—D—A trimers (Table S8.2). The correlation
between acceptor—acceptor distance, A, and triplet transfer
barrier is captured in Figure 6 based on the 100 A—D—A
studied systems. On the one side, small barriers (<0.3 eV) are
obtained for systems containing small donors (<6.5 A), while
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Figure 6. Correlation between the T,(D)—T,(A) difference (eV), the
acceptor—acceptor distance in A (which corresponds to the donor
length), and the intramolecular triplet transfer barrier (eV) obtained
for the 100 A—D—A computed trimers. The molecular structure of an
example of each region is shown on the right with the same color.
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large barriers (>0.3 eV) are obtained for most A—D—A
systems containing long donors (>6.5 A). For exceptionally
short donors such as phenylene (red points in Figure 6), the
barrier remains small even if the A values are as large as 1 eV
given that in these cases, the triplet transfer process occurs
directly between the two acceptors (as shown in Figure Sc). In
addition to the distance and A, the dihedral angle plays a non-
innocent role in the magnitude of the barrier as mentioned
above. The effective conjugation along the A—D—A chain is
partially modulated by the coplanarity and as a consequence,
systems characterized with the same acceptor—acceptor
distance and A value tend to display larger (or smaller)
barriers for non-coplanar (or coplanar) candidates (Figure
$8.3). For that reason, barriers in the 0.2—0.3 eV range can still
be obtained for long donors when either A or the dihedral is
optimal such as in the BDT-TDO case. Clearly, the choice of
the donor needs to be made carefully as it will have a direct
impact on the triplet-pair separation process and, ultimately,
on the iSF conversion rate. Altogether, this adds to the tight
list of electronic and structural characteristics required for iSF
in D—A copolymers, which include (i) the energetic
requirement, by which the energy S; must be not less than
twice the energy of T, (ii) the coupling requirement, by which
S, needs the CT character to drive efficient S,-to-'TT
splitting,”® and (iii) the separation requirement, by which T,
must be mostly localized in the acceptors.”® The first and the
third conditions were shown to be mainly dependent on the
acceptor selection,””* the second on the relative position of
the Frontier Molecular Orbitals of the donor and acceptor
units®> and the dihedral between them,>> and, herein, we
recognize the importance of the donor choice (its length, T,
energy, and inherent flexibility) to promote efficient intra-
molecular triplet-pair separation along the D—A copolymers
chain. Future progress in the development of novel D—A
combinations with the potential for iSF is envisioned based on

these findings.

B CONCLUSIONS

In this work, we exposed the importance of considering triplet
exciton transport kinetics, besides 'TT thermodynamics, to
optimize "TT dissociation rates in extended D—A copolymers
for iSF. Our analysis revealed that optimal values for both
features can only be achieved when using flexible donors that
have at least one rotatable sigma bond leading to a coplanar
and a non-coplanar conformation such as bithiophene or TVT,
whereas using non-flexible (fused-rings) donors can minimize
one while penalizing the other. Using a simple model based on
sequential T, potentials, we discussed the main aspects
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governing the triplet exciton transport kinetics in A—D—A
systems, namely, the acceptor—acceptor distance, the relative
energy difference between T(A) and T;(D), and the degree of
coplanarity of the A—D—A chain. Together with the energetic,
coupling, and separation requirements previously identified,
these additional features can be easily computed and
implemented in large-scale high-throughput screening proto-
cols to accelerate the discovery of more efficient D—A
copolymer candidates for iSF and, thus, to expand the very
limited library of reported systems as of now.
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