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We present two different computational approaches to design covalently bound dimers for singlet fission. Both designs
aim at maximizing the effective coupling between the initial singlet excited state .S* and the double triplet state 7T, by
tuning the interaction (mainly through-space) between the chromophore units. Design I is based on a preliminary search
for the optimal relative arrangements of chromophores in a space of possible stacked pair geometries. Then, the optimized
dimeric arrangements are used as targets for the covalent connection of the two chromophores. In design II, all viable

ways to covalently bind the two chromophores are considered, using a given set of linkers. Next, the most promising
covalent dimers for singlet fission, among our tested candidates, are identified. The application of our approaches to
a locked 1,3-diphenyl-isobenzofuran chromophore and a diamino-fluoroquinone compound allowed to design several
promising dimers for singlet fission, featuring large S*-TT effective couplings and favorable energetics.

1. Introduction

Singlet fission (SF) is a photophysical process observed in molecular
materials in which a singlet excited state S* is split into two triplet
excitons (T + T) [1-4]. The possibility for the two triplets to form
an overall singlet state (77) makes SF a spin-allowed process and
hence potentially very fast, often occurring in the sub-picosecond time
scale [5,6]. The utilization of SF in photovoltaic devices represents a
promising strategy to overcome the Shockley—Queisser efficiency limit
of about 1/3 [7], and reach a maximum theoretical efficiency of nearly
1/2 [8].

The first requirement for efficient SF is that the isolated chro-
mophore unit satisfies specific energetic conditions, the most important
of which requires that two times the triplet energy AE(T)) is below
the energy of the lowest singlet excited state AE(S,) [1]. However,
once a compound which fulfills the aforementioned energy criteria
has been found, the SF efficiency is highly sensitive to the mutual
disposition of chromophores in the actual material [9]. Specifically,
the relative chromophore orientation and distance affect not only the
energy of the initial singlet state S*, but also the coupling of S$* with
the double triplet state TT and the other states involved in the SF
mechanism. Among the latter, low-lying charge transfer (CT) states
are of paramount importance since they may promote SF either via a
mediated mechanism or by acting as real intermediates in a two-step
route [10]. The role of CT states in the SF mechanism mainly depends
on their energies, which in turn are highly sensitive to the chromophore
mutual arrangement and to the environment.
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To date, most of the studies on SF have focused on molecular
crystals, where SF is intermolecular in nature and its efficiency is
highly dependent on the crystal packing and morphology [11-14].
However, the realization of specific intermolecular arrangements in the
solid phase represents a very difficult task. In this regard, covalent
dimers, i.e. systems where two chromophore units are covalently bound
together, appear to be more suitable. In particular, in this kind of
systems, where SF is intramolecular in nature, the highly controllable
covalent bonding can be exploited to attain specific interchromophore
arrangements.

As pointed out in a recent review [15], besides the more controllable
mutual disposition of chromophores, covalent dimers offer additional
potential advantages over molecular crystals. Specifically, in addition
to the through-space interaction between chromophores, the linkers
could provide through-bond coupling that may facilitate intramolecular
SF. Moreover, covalent dimers offer a greater control over the surround-
ing environment. This can be used to better exploit the effect of the
CT states on SF, by tuning their energy with the variation of the di-
electric environment, without affecting the interchromophore coupling.
Furthermore, the intrinsic intramolecular SF should not be altered by
the attachment of covalent dimers to charge- or energy-harvesting
materials. Therefore, covalent dimers are of interest for implementation
of new photovoltaic devices in which they are adsorbed as individual
units on a semiconductor support.

A large variety of covalently bound dimers has been already pro-
posed for SF, using different SF compounds as chromophore units and
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Fig. 1. (a) Molecular structure of methylene-locked 1,3-diphenyl-isobenzofuran (ML-DPBF). (b) Dimer model of ML-DPBF employed in the search for the optimal dimeric arrangements. Molecule

A is fixed, while molecule B is rotated about the z axis of an angle 6, and translated along the x and y axes.

a wide selection of linkers. Most of the effort has been dedicated to
the synthesis and characterization of covalent dimers of tetracene [16—
24] and pentacene [22,24-32]. Additionally, covalent dimers of 1,3-
diphenyl-isobenzofuran (DPBF) [33-35], aromatic diimides [36,37],
perylene [38], quinoidal thiophenes [39,40], azaborine-substituted
compounds [41,42], BODIPY [43], pyrene [44], and diphenylhexa-
triene [45] were designed and studied with regard to SF. Most of
these investigations were focused on fine-tuning the through-bond cou-
pling between chromophores by testing different combinations of link-
ers and connecting sites [16-18,22,23,25-30,33,35,41,42,45], while
fewer studies were dedicated to the optimization of the through-space
interaction [19,20,24,36-38].

Here, we present two different computational designs of covalent
dimers for SF. Our design approaches are based on the maximization of
the effective electronic coupling between the initial singlet state .S* and
the double triplet state T'T, by fine-tuning the through-space interaction
between the two chromophore units. The effective coupling is quanti-
fied by means of a diabatization procedure, based on the localization
of molecular orbitals and electronic states [46]. In design I (Section 2),
we first identify the optimal mutual dispositions of chromophores in a
three-dimensional space of possible stacked pair geometries. Then, the
two chromophores are covalently bound together so as to attain the
optimized dimeric arrangements. In design II (Section 3), we consider
several ways to covalently connect the two chromophores, using dif-
ferent linkers. Next, the most promising covalent dimers for SF, among
our tested candidates, are identified. We present our design approaches
as applied to a locked 1,3-diphenyl-isobenzofuran chromophore and a
diamino-fluoroquinone compound, both recently proposed for SF on the
basis of their monomer properties [47].

2. Design I: Covalent dimers of a locked 1,3-diphenyl-isobenzo
furan

Our first design of covalent dimers involves a search for the mutual
dispositions of two chromophores which optimize SF. Our search is
based on the maximization of the effective electronic coupling between
the initial singlet state S* and the double triplet state 7T in a space of
possible slip-stacked dimers. The optimized dimeric arrangements are
then used as target arrangements to covalently bind together the two
chromophores.

This design approach is suitable for SF chromophores featuring
several possible connecting sites and a planar molecular geometry.
As an example, we applied our approach to the methylene-locked
1,3-diphenyl-isobenzofuran (ML-DPBF) chromophore (Fig. 1a).

2.1. Search for the optimal dimeric arrangements

Our proposed search for the optimal mutual dispositions of two
chromophores requires to perform electronic structure calculations at a
very large number of dimeric geometries and represents a very expen-
sive computational task for any high quality ab initio method. To re-
duce the computational cost, we used the semiempirical R-AM1/FOMO-
CASCI(4,8) method in which the parameters were previously opti-
mized for the ML-DPBF compound (for computational details, see
Section 2.3).

In our search for the optimal mutual dispositions of chromophores
in a dimer, we used a model system consisting of two equivalent
molecules of ML-DPBF, each at the R-AM1/FOMO-CASCI(2,4) opti-
mized S, geometry (point group C,,), placed on parallel planes at
a distance of 4.0 A. We chose this value because it approximately
corresponds to the interplane distance of the isobenzofuran groups
(~3.8 A) in the slip-stacked dimers that can be extracted from the
two crystalline forms of 1,3-diphenyl-isobenzofuran (DPBF) [13], the
parent compound of ML-DPBF. In this way, we reduced the full six-
dimensional space of mutual arrangements and limited our search to
only three degrees of freedom. They are two translations of molecule
B along the x and y axes and one rotation of the same molecule about
the z axis, i.e. the axis perpendicular to the molecular plane and passing
through its center of mass (see Fig. 1b).

Our proposed optimization procedure aims at finding the local
maxima of the following function:

F(4x, Ay, 0) = \/(S1 SolHEITITT)? + (508,17 |TT)2 1)

where Ax and Ay are the translation distances along the x and y
axes, 0 is the rotation angle of one molecule relative to the other,
and (S, Solfl:f 17Ty and (S,S, |7:l:f J\TT) are the effective electronic
couplings between S5, or S,:S; and TT states, respectively. The latter
include both the direct coupling between .S,.S, or S,S; and TT states,
and the contribution from higher-lying states, which in our model
are the charge transfer states A~B* and A*B~, and the high-energy
localized excitations .S, S, and S,.5, (for more details, see Section 2.3).

The local maxima of function F (Eq. (1)) were determined using
the following procedure. First, we evaluated F on a grid in which
Ax and Ay were varied from —6.0 to 6.0 A and from —5.0 to 5.0 A,
respectively, by increments of 0.25 A, while 9 was varied from 0° to
180°, by increments of 15°. The rotation interval was limited to [0°,
180°] for symmetry reasons. Then, we identified a set of geometries
possibly close to local maxima of F by comparing nearest-neighbor
points of the grid. Subsequently, starting from these geometries, the
local maxima of F were further refined by maximization of function F
using the simplex method [48].
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Fig. 2. The first 8 optimal dimer arrangements of ML-DPBF, obtained as local maxima of F (Eq. (1)). Atomic coordinates are provided in Section S4.1.

Table 1

Electronic couplings and energy differences for the first 8 optimal dimer arrangements of ML-DPBF (see Fig. 2). The latter
are local maxima of function F, defined in Eq. (1). The reported electronic couplings and energies are computed using the

R-AM1/FOMO-CASCI(4,8) method.

Ax Ay [4 Coupling (meV) Energy gap (meV)*
&) &) (deg.) Fe D Sy-8§: TT-S* TT-S; CI,-S}
1 0.039 —0.102 140.7 373 45 379.0 412.9 339 182.5
2 2581 -2.337 180.1 27.6 47 259.1 3311 72.0 459.0
3 -0.481 0.146 92 273 4.8 495.6 462.7 -329 118.7
4 0.563 —2.981 158.6 24.4 4.8 335.5 385.9 50.4 404.9
5 —2.585 0.155 6.6 23.0 29 316.1 387.9 717 299.9
6 1.101 -0.752 68.5 223 31 132.1 297.1 165.0 354.2
7 0478 1.808 762 222 22 1383 302.5 164.2 339.5
8 1.941 1.630 141.1 214 3.1 2416 3449 103.4 3117

AF is defined as \/<S1 S0|H”f|TT)2 +(S,S 1|Hcff |TT)? (Eq. (1)), and quantifies the effective coupling of the S, and
Sy, states with TT, including the effect of CT states A~B* and A*B~.

D is defined as \/(;S‘].S'O|7:[L,,|TT)Z +(SyS} |7, |ITT)?, and quantifies the direct coupling of the S;.S, and S,S; states with

TT.

“Energy gap between states i and j (i.e. i —j) defined as E; — E;. A positive gap indicates that state i is above state j, while
a negative gap means that i lies below ;. State notation: S7, S}, higher- (bright) and lower-energy (dark) excitonic states,
respectively; TT, double triplet state; CT), lower-energy state of charge transfer character.

The grid of points in which function F was evaluated is reported
in Figure S5 in the form of contour maps. The first 20 “crude” maxima
identified in the grid were used as starting geometries for optimization,
from which we obtained 10 distinct local maxima. The best 8 optimized
dimer arrangements are shown in Fig. 2. The corresponding values of
F are provided in Table 1, together with the combined S,.5,/.5,S, —
direct coupling (D) and selected energy gaps between excitonic states
(see end of Section 2.3 for the definition of the excitonic basis). For
all dimers 1-8 the excitonic state S; is the bright combination of 5.5,
and S5, (Table S8), and hence it will be the most populated state upon
photoexcitation.

We see in Table 1 that dimer 1 shows by far the largest effective
interaction between §,.5)/.5,S; and TT (F). However, the largest
S§,80/8yS, —TT direct couplings are observed in dimers 3 and 4. From
Table 1 we also notice that for dimers 1-5 the TT — S energy gap is
very small (< 0.1 eV), while it is slightly larger (0.1-0.2 eV) for dimers
6-8. Interestingly, in dimer 3 the TT state is slightly below S, while
in all the other dimers in Fig. 2 TT is energetically above the S state.
Dimer 3 also shows the smallest energy gap between S and the lowest
charge transfer state CT;. These two features of dimer 3 can be mainly
attributed to the large S5 — S} splitting (~ 0.5 eV), which in turn is
due to the strong interaction between 5,5, and 5,.S;. Such effect also
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implies a large TT -S| gap at the Franck-Condon region, which might
be detrimental to SF in case of an initial ultrafast S7 — S} transfer of
population, since it may slow down the subsequent S} — T'T transition.

Some of the optimal dimers of ML-DPBF identified in this work
are very similar to already proposed dimeric arrangements of the
parent compound DPBF [49]. In particular, dimers 1 and 2 in Ref.
[49] resemble our dimer 6, and dimers 4 and 5 reported in [49] are
very similar to our dimers 7 and 5, respectively. However, we also
noticed important divergences between the two proposed sets, which
can be due to the structural differences between DPBF and ML-DPBF
(at variance with ML-DPBF, DPBF is not planar, due to the twisting of
the phenyl rings out of the plane of the isobenzofuran core) and, to a
greater extent, to the different definition of the maximization function.
In fact, while in the present work we optimized the effective electronic
coupling between §,.5,/.5,S; and TT (Eq. (1)), the search in Ref. [49]
is based on the maximization of the SF rate constant, evaluated using
Marcus theory.

Moreover, our identified optimal dimers of ML-DPBF can be com-
pared with the crystalline dimeric arrangements of the DPBF deriva-
tives investigated in Ref. [50]. Among our optimal mutual dispositions,
only dimers 3 and 5 (Fig. 2) partly resemble the slip-stacked dimers 2,
6-8 of the fluorinated DPBF compounds investigated in Ref. [50], while
all the other optimal dimers of ML-DPBF in Fig. 2 differ significantly
from the reported crystal structures [50]. This suggests that fluorination
of ML-DPBF might be unsuitable for the realization of our optimal
dimeric arrangements in molecular crystals and, therefore, alternative
strategies of crystal engineering would be required.

2.2. Covalent dimers preparation and characterization

Optimal dimeric arrangements 1-3 (Fig. 2) were then selected as
targets for covalently linking the two ML-DPBF chromophores. In the
preparation of covalent dimers, the choice of connecting sites in the
two monomers was mainly dictated by the target dimeric arrangement.
Moreover, the linkers were selected so as to fulfill the following con-
ditions: (i) the stacking distance between the two chromophores in the
covalent dimer is close to 4 f\; (ii) = conjugation via the linkers, which
may affect the SF energetics, is avoided; (iii) the linkers are sturdy
enough and do not introduce any photostability issue. With these aims,
we selected the ether chains -O-(CH,),,-O- (m = 1,2) as our linkers.

For each selected optimal arrangement we tested two ways to link
the chromophore pair, which differ in the position, length and number
of the linkers. We call the covalent dimers Dn and Dn’, n = 1-3,
where n refers to the corresponding optimal dimeric arrangement. In
Fig. 3 we show our designed covalent dimers of ML-DPBF, each at its
ground state geometry optimized using the R-AM1/FOMO-CASCI(4,8)
method (for details, see Section 2.3). Side views of the same covalent
dimers are shown in Figure S6. The dimeric geometries obtained are
better characterized and compared with the corresponding optimal
arrangements in Table 2, in which we also reported the effective and
direct couplings, F (Eq. (1)) and D, and relevant energy gaps between
excitonic states. We see that in all covalent dimers the stacking ar-
rangement is retained, with interchromophore distances between ~3.5
and ~3.8 A. Moreover, the mutual dispositions of chromophores in
the designed covalent assemblies are close to the corresponding target
dimeric arrangements.

In covalent dimer D1 we used two -O-(CH,),-O- bridges to cova-
lently link the two chromophore units. We see from Table 2 that, while
the interchromophore orientation in D1 is very close to the target
arrangement 1, the slip distance (r) between chromophores is larger
in D1, compared to dimer 1. This results in a decrease of both F (from
37.3 to 23.2 meV) and D (from 4.5 to 1.1 meV). The introduction
of a third -O-(CH,),-O- linker, leading to dimer D1’, appears to be
beneficial for the S;S,—TT and S,S; —TT couplings. In fact, D1’ shows
large F and D values, despite the mutual disposition of chromophores
does not differ much from the one in dimer D1. This suggests that
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small geometrical changes in D1 may be sufficient to obtain important
increases of F and D. In Table 2 we also see that the energy separation
between TT and the bright excitonic state .S is slightly larger in dimers
D1 and D1’ (~ 0.06 eV), compared to 1 (~ 0.03 eV), and the CT| — S;
energy gap is significantly smaller in both D1 and D1’. The S — S}
and TT - S} energy separations in D1 and D1’ are instead very close
to corresponding gaps in dimer 1.

Similarly to dimer D1, two -O-(CH,),-O- chains were used in the
first attempt to covalently connect the chromophores of target dimer
2. In the resulting covalent dimer D2 (Fig. 3) the optimal interchro-
mophore orientation of dimer 2 is satisfactorily attained. However,
despite a significantly shorter interchromophore distance (~3.5 A),
dimer D2 shows much smaller S;.S,—TT and S,.S; —TT couplings (see
their F and D values in Table 2) and a larger TT .S energy separation,
compared to 2. However, in D2 we also have a much smaller CT; — .57
gap, and the S7 -S| and TT-S} energy differences are very close to the
ones in 2. This situation does not differ much in the alternative dimer
D2’, in which the two chromophores were linked using two -O-CH,-O-
bridges (see Fig. 3). As we can see in Table 2, dimer D2’ shows even
smaller S,.5,—7T and S,S, —TT couplings and a much larger CT; — S
energy gap, compared to D2.

Two additional covalent dimers were designed starting from the
optimal dimeric arrangement 3. As for D1 and D2, we used two -O-
(CH,),-O- linkers for each dimer. Moreover, two different combinations
of connecting sites were tested, leading to dimers D3 and D3’ (Fig. 3).
We see that the target interchromophore orientation 3 is approximately
attained in D3 and D3’, and both dimers show large S,S, — TT and
SyS; —TT couplings (see F and D values in Table 2). However, as in
dimer 3, the 57 -S| Davydov splitting is quite large. As a consequence,
the TT and S states are very close in energy, while a large energy gap
(~0.5 eV) separates T'T from Sl*. As already mentioned in Section 2.1,
alarge TT - S} gap might be detrimental for SF, since it can hinder the
S} — TT transition. We also notice that in D3 and D3’ the CT, state is
quite low in energy, and in D3 it lies below the bright excitonic state
S

To better assess the SF energetics, we have optimized the geometries
of our designed dimers for their adiabatic S, state (referred to as Sf ).
For all our ML-DPBF dimers, the TT state is the lowest excited state
at the S‘l’ minimum, i.e. TT becomes the lowest excited state upon
geometry relaxation (Table S9). This suggests that, even if population
rapidly funnels to the lowest excitonic state S}, the subsequent transi-
tion from S} to TT is energetically favored in our dimers. Moreover,
since our electronic structure methodology includes all the important
stabilization effects of S}, i.e. excitonic coupling, mutual polarization
and mixing with the CT states [51], we can conclude that the energy
relationships of the ST, S7 and TT states are reasonably well assessed.

Overall, our designed covalent dimers of ML-DPBF represent promis-
ing systems for intramolecular SF. In each dimer, the mutual disposition
of chromophores at the optimized ground state geometry is very
close to the corresponding target dimeric arrangement. Moreover, all
designed covalent dimers show quite large S| S, — TT and S,S, —TT
effective couplings (F > 5 meV) and very small energy gaps between
the bright excitonic state S;‘ and TT (< 0.15 eV). The largest values
for the effective coupling F (Eq. (1)) are obtained for dimers D3’ and
D1’. However, these dimers show quite large S5 — S} energy splittings
(~ 0.4-0.5 eV), which may slow down SF, in spite of the process being
exothermic (Table S9). In this regard, dimers D2 and D2’ appear to be
more suitable, since their S7 — S} and TT — S| energy gaps are smaller
(~ 0.2-0.3 eV). Moreover, the use of equivalent connecting sites for the
two monomers in dimers D1, D2 and D2’ should make their synthesis
easier, compared to D1’°, D3 and D3’.

2.3. Computational details of design I
The electronic structure calculations for different arrangements of

a dimer model of methylene-locked 1,3-diphenyl-isobenzofuran (ML-
DPBF) were performed using a semiempirical configuration interaction
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Fig. 3. Covalent dimers of ML-DPBF. The two monomers are shown in red and blue colors, while the linkers are in green. Side views of covalent dimers are shown in Figure S6. Atomic
coordinates are provided in Section S4.2. Target dimeric arrangements 1-3, already introduced in Section 2.1, are also shown.

Table 2
Electronic couplings, energy differences and geometrical parameters for covalent dimers of ML-DPBF (see Fig. 3), computed using the
R-AM1/FOMO-CASCI(4,8) method. For comparison, the corresponding values for optimal dimeric arrangements 1-3 (Fig. 2) are also

reported.

R P ¢° 0! Coupling (meV) Energy gap (meV)*

A) &) (deg)  (deg) Fe D' Sy-S8y  TT-S; TT-S CT,-S;
1 4.000 0.092 0.0 140.7 37.3 4.5 379.0 412.9 33.9 182.5
D1 3.697 1.184 0.3 138.4 232 1.1 384.3 445.3 61.0 101.0
DI’ 3.802 0.994 39 131.0 46.7 5.1 358.9 428.4 69.5 852
2 4.000 3.470 0.0 180.1 27.6 4.7 259.1 331.1 72.0 459.0
D2 3.536 3.589 0.0 180.0 8.6 0.5 234.4 381.1 146.7 264.4
D2 3.687 4.614 23 181.3 4.9 0.5 175.3 316.9 141.6 596.0
3 4.000 0.504 0.0 9.2 27.3 4.8 495.6 462.7 =329 118.7
D3 3.634 1.249 0.7 19.0 20.3 39 496.7 543.4 46.7 —47.4
D3’ 3.606 2.169 1.7 9.5 48.1 6.3 427.9 483.4 55.5 36.3

4R is the stacking distance between monomers and is defined as the average distance (in A) between the centroid of one monomer and
its projection to the best-fit plane of the other monomer.

by is the slip distance between monomers and is defined as the average distance (in ;\) between the centroid of one monomer and the
centroid projection of the other monomer to the best-fit plane of the first monomer.

€@ is the tilting angle and is defined as the angle (in degrees) between the normal vectors of the best-fit planes for the two monomers.
49 is the (relative) rotation angle about the pseudo z axis (Fig. 1) and is defined as the angle (in degrees) between the C, axis of
monomer A and the projection of the C, axis for monomer B onto the best-fit plane of monomer A.

¢F is defined as \/(S, SO|7:[§,”|TT)2 + (SOSIU:[:’,NITT)2 (Eq. (1)), and quantifies the effective coupling of the S;S, and .S,.S, states
with TT, including the effect of CT states A~B* and A*B~.

D is defined as \/(.S'l SolHITT)? + (SyS,|H,,|TT)?, and quantifies the direct coupling of the S,S, and S,S, states with TT.
¢Energy gap between states i and j (i.e. i — j) defined as E;, — E;. A positive gap indicates that state i is above state j, while a negative
gap means that i lies below j. State notation: S7, ST, higher- (bright) and lower-energy (dark) excitonic states, respectively; TT, double
triplet state; CT;, lower-energy state of charge transfer character.
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method, with parameters specifically optimized for the system under
study. In particular, we employed a configuration interaction method
based on floating occupation molecular orbitals (FOMO-CI) [52,53],
in its complete active space version (FOMO-CASCI), using an active
space of 4 electrons in 8 orbitals, i.e. CAS(4,8), and the AM1 [54] form
of the semiempirical Hamiltonian. The AM1 parameters for carbon
and oxygen atoms, as well as the Gaussian energy width for floating
occupation, were optimized for ML-DPBF so as to reproduce a set of
data computed by higher level methods. In this target set we included
both properties of the isolated ML-DPBF monomer and data concerning
selected dimeric arrangements. Such target data were obtained by
DFT/TD-DFT calculations for the monomer [47], and using an excita-
tion selected ab initio MR-CI method for three dimeric arrangements
(see Section S1.1). More details on the semiempirical parameterization
for ML-DPBF are provided in Section S1.2. In Sections 2.1 and 2.2,
this reparametrized semiempirical methodology has been referred to
as R-AM1/FOMO-CASCI(4,8).

For each covalent dimer of ML-DPBF presented in Section 2.2, the
ground state geometry was optimized at the semiempirical FOMO-
CASCI(4,8) level, using the reoptimized AM1 (R-AM1) parameters,
presented in Section S1.2, for the ML-DPBF monomers and the original
AM1 parameters [54] for the linkers. Moreover, interatomic potential
energy terms of Lennard-Jones (LJ) type were added to correct the R-
AM1/FOMO-CASCI(4,8) interaction potential between monomers, us-
ing the LJ parameters of the OPLS-AA force field [55] (see Section S1.1
in Ref. [56], for details).

The relevant electronic couplings and energy gaps between states
for all dimeric arrangements and covalent dimers of ML-DPBF, intro-
duced in Sections 2.1 and 2.2, were computed using the R-AM1/FOMO-
CASCI(4,8) method. In particular, we first computed the energies and
wavefunctions for the 8 lowest singlet adiabatic states. Next, (quasi-
)diabatic states are determined following a procedure based on the
localization of the molecular orbitals (MO) on the two monomers
and the subsequent rotation of the adiabatic states in the localized
MO basis [46]. The latter transformation matrix is defined so as to
maximize the overlaps between the diabatic wavefunctions and a set
of reference states, i.e. simple configurations with a well-defined char-
acter. Here, we used the same 8 reference states employed for the
dimer model of DPBF in Ref. [46]. Specifically, they are prototypes
for the following diabatic states: the ground state, S5, the localized
excitations 5|5, and S, the singlet combination of two triplets, TT,
the charge transfer (CT) states A~ B* and A* B~, and the higher-energy
localized excitations S,.S5, and S5, (see Figure S2 for a schematic
representation). Note that, in the diabatic state notation, the first label
(like .S;)) refers to monomer A, while the second to monomer B.

Once the adiabatic-to-diabatic transformation matrix is defined, the
latter is used, together with the adiabatic state energies, to determine
the electronic Hamiltonian matrix in the diabatic basis, whose off-
diagonal elements quantify the direct couplings between states. To
compute the effective electronic couplings between S,.5,, S,S; and
TT, we defined an effective Hamiltonian matrix in which the model
space is defined by S,.5, .S, and TT, and the outer space is spanned
by A"B*, A*B~, S,S, and S,.5,, as described in Ref. [46]. Moreover,
to better characterize our investigated systems, an alternative basis of
states, called “excitonic”, was computed by diagonalizing separately
the electronic Hamiltonian matrix blocks of the localized excitations,
818, and S5}, and the CT states, A~B* and A*B~, giving rise to the
excitonic states S} and S5, and CT; and CT,, respectively (note that in
each group, S and CT,, the states are energy ordered).

All the semiempirical R-AM1/FOMO-CASCI calculations were per-
formed using a development version of the MOPAC code [57].

3. Design II: Covalent dimers of a diamino-fluoroquinone

Our second design approach of covalent dimers is based on the
identification of the most promising dimers for SF in a set of possible
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candidates. In particular, several ways to covalently connect the two
monomers are considered, by testing different linkers. Then, the candi-
date covalent dimers are characterized with regard to SF and the most
promising dimers are identified.

The present design approach can be applied to SF chromophores
having a limited number of connecting sites and for which only few
dimeric arrangements can be attained by covalently linking the two
monomers. On the other hand, it does not require the ease of stacking
typical of planar aromatic structures, which allows the application
of the design approach I. Here, we employed approach II to design
covalent dimers of a diamino-trifluoroquinone (DATFQ) chromophore
(Fig. 4a). DATFQ represents a promising compound for SF, since it
both satisfies the fundamental energy requirement for SF [47] and, at
variance with some of the previously proposed diamino-quinones [58,
59], is not prone to possible complications due to the presence of
NH groups [60]. Moreover, its small size allows to apply high-quality
ab initio computational methodologies, making DATFQ a good model
compound.

3.1. Preparation of covalent dimers

Our preparation of candidate covalent dimers aims at the realization
of a small number of mutual arrangements of chromophores in the
covalent assembly, using different linkers. These target arrangements
are selected on the basis of qualitative considerations on the chemi-
cal structure of the chosen SF chromophore, with preference for the
arrangements which maximize the through-space interaction between
chromophores.

In the case of DATFQ (Fig. 4a), we considered one target arrange-
ment, in which the two stacked monomers form an anti-parallel mutual
disposition (Fig. 4b). Compared to the parallel stacked dimer, the anti-
parallel arrangement allows for a more favorable interaction between
the two monomers of DATFQ, the electron-donating amino groups of
one monomer facing the electron-withdrawing carbonyl groups of the
other monomer, and viceversa. Since the DATFQ compound can exist
in two enantiomeric forms, namely isomers R and S, we considered
both the anti-parallel stacked dimer in which the two monomers are
S enantiomers (SS), and the dimer where one monomer is the R
enantiomer and the other monomer is the S form (RS).

Next, the two monomers were covalently bound together using two
equivalent linkers, as shown in Fig. 4c. We considered the following
linkers: -CH,-, -S-, -CH,0-, and -CH,CH,-. In the following, we will refer
to our covalent dimers as SS-L and RS-L, where L indicates the linker.
For the -CH,O- linker, which is not symmetric, we considered both the
dimers in which the amino halves of the monomers are connected to
the CH, group of the linkers and the hydroquinone sides are linked to
the O of the bridges (referred to as SS/RS-CH,0), and the reverse cases
(dimers SS/RS-OCH,).

As a first test for our candidate linkers, we evaluated the strain
energy for dimers RS-L, using the following formula:

AE, = E(D;;)—2[E(M)+ E(L)] 2)

where E(D;;), E(M) and E(L) are the ground state energies of the
covalent dimer, the (isolated) monomer and the linker, respectively.
The latter, E(L), is computed as the difference between the energy of
the dimer in which the monomers are connected using only one linker,
E(D;), and twice the energy of the monomer, i.e. E(L) = E(D;) —
2E(M). The strain energies for dimers RS-L, computed at the MO06-
2X/TZVP level (see Section 3.3 for details), are reported in Table 3,
together with relevant geometrical parameters. Except for dimer RS-
S, the computed strain energies are below 2 kcal/mol, indicating that
the strain caused by the covalent connection in our dimers is not
significantly large. In one case, i.e. dimer RS-CH, 0, the computed strain
energy suggests that linking the two monomers with two -CH,O- chains
is energetically favored (4E, < 0). From Table 3 we also see that, unlike
the other RS-L dimers, in RS-CH,CH, the mutual disposition of the two
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SS-L

RS-L

Fig. 4. (a) Molecular structure of the diamino-trifluoroquinone (DATFQ) chromophore consid-
ered in our design II. The stereogenic center is marked by a star. (b) Target dimeric arrangement
for the preparation of candidate covalent dimers of DATFQ. (c) Schematic representation of
our designed covalent dimers of DATFQ. In the SS-L dimer both monomers are enantiomers
S of DATFQ, while in RS-L the upper monomer is the R isomer of DATFQ and the lower
monomer is the S enantiomer.

Table 3

Strain energies (4E;) and geometrical parameters (R, r and ¢)
for different covalent dimers of DATFQ (Fig. 4c) computed at the
MO06-2X/TZVP level.

Dimer AE* R° s ¢
(kcal/mol) A) A) (deg.)
RS-CH, 1.81 2.826 1.025 0.0
RS-S 5.99 2911 1.091 0.0
RS-CH,0 —1.09 4329 0.485 0.0
RS-OCH, 0.85 3.851 1.165 0.0
RS-CH,CH, 0.88 3.789 1.826 39.5

“AE is the strain energy of the covalent dimer defined according to
Eq. (2).

PR is the stacking distance between monomers and is defined as the
average distance (in A) between the centroid of the conjugated =
system of one monomer and its projection to the best-fit plane of
the 7 system of the other monomer.

¢r is the slip distance between monomers and is defined as the
average distance (in A) between the centroid of the conjugated
system of one monomer and the centroid projection of the 7 system
of the other monomer to the best-fit plane of the first monomer.
d¢ is the tilting angle and is defined as the angle (in degrees) between
the normal vectors of the best-fit planes for the = systems the two
monomers.

monomers is quite tilted compared to the target stacking arrangement
(monomers on parallel planes, Fig. 4b), the tilting angle between the
two monomers (¢) being ~ 40°.

From the evaluation of the strain energies and geometrical features
of our RS-L dimers, we decided to eliminate -S- and -CH,CH,- from
our candidate linkers and to focus on -CH,- and -CH,O-. Then, we
proceeded to characterize the following 6 covalent dimers: SS/RS-CH,,
SS/RS-CH,0, and SS/RS-OCH,.
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3.2. Characterization of covalent dimers

The molecular structures of our candidate covalent dimers of DATFQ
are shown in Fig. 5 (see Figure S8 for side views). These ground
geometries, optimized at the M06-2X/TZVP level (see Section 3.3 for
more details), are better characterized in Table 4. We see that in our
dimers the two monomers are placed on (almost) parallel planes (tilting
angle between monomers ¢ ~ 0°), apart from dimer SS-CH,0 (¢ =
24°). In dimers SS/RS-CH, the stacking distance (R) between the two
monomers is about 2.8 A, while dimers SS/RS-CH,0, and SS/RS-OCH,
show larger values of R (i.e. 3.4 A< R<44 A). However, in all
our dimers the mutual disposition of the two monomers differs from
the perfect (anti-parallel) stacking arrangement. Specifically, the slip
distance (r) between monomers exceeds 1.0 A for dimers RS-CH,, SS-
CH,0 and RS-OCH,, while it is shorter (< 1.0 [o\) for the other three
dimers, namely SS-CH,, RS-CH,0 and SS-OCH,.

In Table 4 we also reported the §,.5,/5,S; — TT effective and
direct couplings, F (Eq. (1)) and D, and relevant energy gaps between
excitonic states for our designed dimers. They were computed at the
MR-DDC2 level, with energy shifts determined by comparison with
reference (TD-)DFT data for the DATFQ monomer (see Section 3.3 for
details). In all our designed dimers, the energy ordering of the lowest
excitonic states is S} < S < TT < CT), except for dimer RS-CH,0
where TT lies below S7.

Among our dimers, SS-CH, shows the largest effective coupling
between S.5,/5,S, and TT (F), which exceeds 100 meV. In the same
dimer, the direct coupling is large (D ~ 23 meV), and the energy gaps
between the higher excitonic state 3 and both the double triplet state
TT and the lower CT state CT, are very small (< 0.15 eV). However,
in the same dimer SS-CH, the S} — .57 and S| — TT energy differences
are quite large (> 0.36 eV).

The replacement of one S monomer in SS-CH, with its R isomer, re-
sulting in dimer RS-CH,, leads to a significant decrease in the effective
coupling (F ~ 75 meV), while the direct coupling is almost unaffected
(D ~ 23 meV). This decrease of F, in going from SS-CH, to RS-CH,, can
be mainly attributed to the increase in the S7/S) -~ CT, and TT - CT,
energy gaps, and to the important decrease in the couplings between
TT and the CT states, A~ B* and A*B~, from ~120 meV to ~47 meV
(Table S11). On the other hand, in dimer RS-CH, the Sf — TT and
83 =TT energy gaps are much smaller than in SS-CH,, the S} and TT
states being almost degenerate in RS-CH,.

Compared to the CH,-linking, the covalent connection of the
monomers with two -CH,O- chains generally leads to (i) important
decreases in F and D, (ii) a significant destabilization of the CT
states, and (iii) an important reduction in the S — 57 energy splitting
(Table 4). However, in dimers SS-CH,0 and SS-OCH,, F and D are still
quite large, namely for SS-CH,O F ~ 43 meV and D ~ 9 meV, while
for SS-OCH, F ~ 32 meV and D ~ 7 meV. Moreover, in the same two
SS dimers the S| —TT and S5 - TT energy gaps are small (< 0.35 eV).
On the other hand, the corresponding RS dimers, RS-CH,0 and RS-
OCH,, show very small values of F (< 20 meV) and D (< 2 meV). For
RS-CH,0, S} and S} are very close in energy to 7T (which is slightly
below S7), while for RS-OCH, the S} -~ TT and S; — TT energy gaps
are much larger (> 0.4 eV).

Overall, SS-CH, and RS-CH, are the most promising systems for SF
among our candidate dimers, since they show the largest .S,.5,/.5,S, —
TT effective and direct couplings (F > 70 meV and D > 20 meV), as
well as very small S7 —TT energy gaps (< 0.15 eV, Table 4). Moreover,
in these two dimers the energetic proximity of the CT state CT; with
S and TT makes easier its participation in SF through the mediated
or two-step mechanisms [1,4], which may promote the formation of
TT. Furthermore, although for both SS-CH, and RS-CH, the T'T state is
energetically above S and S at the ground state geometry, the T, and
S, energies of the DATFQ monomer suggest that the TT — S} /S| energy
ordering can be reversed upon geometry relaxation in the excited states
[47] (see also below).
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R

SS-CH,

SS-CH,0

SS-OCH,

B

RS-CH;

RS-CH,0

RS-OCH,

Fig. 5. Covalent dimers of DATFQ. The two monomers are shown in red and blue colors, while the linkers are in green. In dimers RS-L, the upper monomer (blue) is the R enantiomer, while
the lower monomer (red) is the S enantiomer of DATFQ. Side views of the same covalent dimers are shown in Figure S8. Atomic coordinates are provided in Section S4.3.

Table 4

Electronic couplings, energy differences and geometrical parameters for our designed covalent dimers of DATFQ (Fig. 5). The reported
electronic couplings and energy differences were computed at the MR-DDC2 level, after shifting the following state energies (diagonal
elements): S, S, and 5.5, (=0.32 eV), TT (-0.48 eV), A~ B* and A" B~ (—0.32 eV). These energy shifts were determined by comparison
of the MR-DDC2(6,4) energies of S; and T, for the monomer with the corresponding reference (TD-)DFT energies (Table S10). The

complete MR-DDC2 electronic Hamiltonian matrices are provided in Table S11.

Dimer R » (8 Coupling (meV) Energy gap (meV)
&) &) (deg)) F! De Sy —SF TT-S; TT-S; CT,-S;

SS-CH, 2.786 0.839 33 111.1 227 363.3 491.7 128.4 84.1
RS-CH, 2.826 1.025 0.0 74.4 22.8 341.4 349.1 7.7 150.2
SS-CH,0 3.417 1.325 235 432 9.2 195.9 333.6 137.7 603.0
RS-CH,0 4.329 0.485 0.0 7.0 13 156.2 129.8 -26.5 970.5
SS-OCH, 4.171 0.997 3.0 323 6.6 188.9 338.0 149.2 711.6
RS-OCH, 3.851 1.165 0.0 17.7 0.2 205.3 645.5 440.2 765.3

4R is the stacking distance between monomers and is defined as the average distance (in A) between the centroid of one monomer and

its projection to the best-fit plane of the other monomer.

Yy is the slip distance between monomers and is defined as the average distance (in A) between the centroid of one monomer and the
centroid projection of the other monomer to the best-fit plane of the first monomer.

€@ is the tilting angle and is defined as the angle (in degrees) between the normal vectors of the best-fit planes for the two monomers.

dF is defined as
with TT, including the effect of CT states A~ B* and A*B~.

\/(S, S(,lﬂ:,fﬂTT) + (SOSllH"ff|TT)2 (Eq. (1)), and quantifies the effective coupling of the 5|5, and §,S, states

¢D is defined as \/(.S‘I.S‘UIT:IL,,ITT)2 +(SyS |, |ITT)?, and quantifies the direct coupling of the S,.S, and S,S, states with TT.

Energy gap between states i and j (i.e. i —j) defined as E, — E;. A positive gap indicates that state i is above state j, while a negative
gap means that i lies below j. State notation: S7, ST, higher- (bright) and lower-energy (dark) excitonic states, respectively; TT, double

triplet state; CT, lower-energy state of charge transfer character.

A more thorough assessment of the SF suitability for SS-CH, and RS-
CH, requires to perform simulations of the nonadiabatic excited-state
dynamics, as we have already done for dimers D1 and D2 of ML-DPBF
[56]. As a first step towards the realization of dynamics simulations, we
have reoptimized the AM1 [54] semiempirical parameters for dimers
SS-CH, and RS-CH,, using our computed (TD-)DFT and MR-DDC2 data
as target values for the reparametrization (see Section S2.2 for details).

With the new semiempirical parameters, our FOMO-CI scheme was
used to optimize the geometries of dimers SS-CH, and RS-CH, for their
adiabatic S, and S, states (referred to as Sd and Sd respectively). For
both dimers, at the S’f minimum the TT state is the lowest excited state,
the TT adiabatic transition energy being 2.75 eV for SS-CH, and 2.44

eV for RS-CH, (Table S15). Moreover, at the same geometry, the energy
gap between 7T and the S} state is 0.31 eV for SS-CH, and 0.75 eV
for RS-CH,. These data indicate that in both dimers the SF energetics
is favorable, confirming the outlook provided by the monomer state
energies [47].

3.3. Computational details of design II

The ground state geometries of our designed covalent dimers of
DATFQ were optimized at the DFT level, using the M06-2X func-
tional [61] and the TZVP basis set [62], as already done for the DATFQ
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monomer in our previous work [47]. No symmetry constraint was
imposed in the geometry optimizations and Hessian calculations were
carried out to check if the optimized geometries were energy minima.

At the MO06-2X/TZVP optimized dimeric geometries, electronic
structure calculations were performed using a multireference config-
uration interaction (MR-CI) technique devised to treat large systems
[63-65]. The method exploits the localization of molecular orbitals
(MOs) [66] to reduce both the determinant basis and the number of two
electron integrals that contribute to the CI matrix. In our calculations,
the MR-CI adiabatic states were computed on top of state-averaged
(SA) complete active space self consistent field (CASSCF) calcula-
tions, using the difference dedicated configuration interaction scheme
DDC2 [67,68]. In the DDC2 approach all possible single excitations out
of the reference complete active space (CAS) are taken into account, in
addition to all double excitations from the occupied to the active MOs
and from the active to the virtual MOs. Moreover, in our approach the
determinant basis is further reduced by applying a selection procedure,
based on localized MOs, to the aforementioned set of singly and doubly
excited determinants [65] (see Section S3 for more details).

All the MR-DDC2 calculations for our dimers of DATFQ were per-
formed using the basis set ANO-L [69,70], contracted to 3s2pld for C,
N and O, 3s2p for F, and 2s for H. Moreover, in both the SA-CASSCF
and the subsequent MR-CI calculations, we computed the six low-lying
singlet electronic states, using an orbital active space of 12 electrons
in 8 orbitals, i.e. CAS(12,8). This active space, as well as the DDC2
scheme, was selected by comparing the S; and T, excitation energies
for the DATFQ monomer computed at different MR-CI levels with the
(TD-)DFT reference energies [47] (see Table S10).

The electronic couplings and energy gaps between states were com-
puted at the MR-DDC2 level using a diabatization procedure similar
to the one employed for the ML-DPBF dimers (Section 2). In particular,
after computing the energies and wavefunctions for the 6 low-lying sin-
glet adiabatic states of our DATFQ dimers, (quasi-)diabatic states were
defined by applying a unitary transformation to the adiabatic states, so
as to maximize the overlaps between the diabatic wavefunctions and
a set of 6 reference states [46]. The latter are the following diabatic
prototypes: the ground state, .S, the localized excitations S5, and
Sy}, the double triplet state, TT, the charge transfer (CT) states A~ B*
and A* B~ (see Figure S7 for a schematic representation).

As for the dimers of ML-DPBF (see end of Section 2.3), the effective
electronic couplings between §,S5,/5,S, and TT were computed by
defining an effective Hamiltonian matrix in which the model space is
spanned by S5, S,.5; and TT, and the outer space is defined by the CT
states A~ Bt, AY B~ [46]. Moreover, the excitonic states S;‘ and S;, and
CT; and CT, were computed by diagonalizing separately the electronic
Hamiltonian matrix blocks of the localized excitations, .S; S, and .S,S,,
and the CT states, A~ Bt and A* B, respectively.

All the M06-2X/TZVP geometry optimizations were performed with
Gaussian09 revision A.02 [71]. The MR-DDC2 calculations were carried
out using the Cost Package [72], interfaced with Molcas 7, revision 7.8
[73].

4. Conclusions

We have presented two different computational approaches to de-
sign novel covalently bound dimers for singlet fission (SF). Both ap-
proaches aim at maximizing the effective electronic coupling between
the initial singlet .S* and the double triplet state T'T, by tuning the in-
teraction between the two monomers. Note that the effective couplings
take into account the S* — T'T interactions through the charge transfer
states, which are of major importance in all the cases here considered.

Our first design is based on a search for the optimal mutual dis-
positions of two slip-stacked chromophores, followed by the covalent
connection of the chromophore units so as to attain the optimized
dimeric arrangements. This approach is suitable for SF chromophores
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having a planar structure and several possible connecting sites. By ap-
plying our design to the methylene-locked 1,3-diphenyl-isobenzofuran
(ML-DPBF) compound, we obtained several promising covalent dimers,
in which the mutual dispositions of chromophores are very close to the
corresponding target dimeric arrangements. The characterization of our
proposed dimers of ML-DPBF showed that in all our designed systems
the S*—TT effective and direct couplings are quite large and the energy
gap between the bright excitonic state S} and 77T is very small. The
suitability for SF of two of these dimers of ML-DPBF, namely D1 and
D2, was already further investigated in our earlier published work, in
which nonadiabatic dynamics simulations indicated that both dimers
undergo intramolecular SF in the sub-picosecond time scale, with SF
quantum yields close to 200% [56].

In our second design, we considered several ways to covalently
connect the two chromophores, using different linkers. Next, the can-
didate dimers were characterized and the most promising dimers for
SF were identified. This approach can be applied to SF chromophores
featuring a small number of connecting sites and a limited set of
possible target dimeric arrangements for the covalent connection. As an
example, we considered covalent dimers of a diamino-trifluoroquinone
(DATFQ) chromophore. Our approach allowed to design several candi-
date dimers of DATFQ and to identify the most promising ones for SF,
namely dimers SS-CH, and RS-CH,, which show the largest S* — TT
effective and direct couplings, as well as a favorable SF energetics.
Simulations of the nonadiabatic excited-state dynamics are planned
in order to better assess the suitability for SF of dimers SS-CH, and
RS-CH,.
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