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Design, System, Application

The active layer of organic photovoltaics blends electron acceptor and donor
materials, comprising organic small molecules and conjugated polymers. Donor
and acceptor frontier molecular orbitals dictate their charge transfer
characteristics. The modularity in the molecular design of recently developed non-
fullerene acceptors allows for a tunable molecular structure and has propelled the
power conversion efficiency of organic photovoltaics to exceed 19%. Conjugated
aromatic units of the acceptor backbone can be systematically varied to evaluate
substituent effects on frontier molecular orbitals. In this work, we develop a tight-
binding electronic structure approach to connect n-conjugated frontier orbitals to
the orbital properties and interactions among the individual conjugated moieties
in acceptor molecules. Our approach combines theory and simulations to calculate
the energies and wavefunctions of the frontier orbitals. We demonstrate that the
parameters fitted to model homo-oligomers and alternating co-oligomers
effectively represent the electronic structure for 'hetero oligomer' non-fullerene
acceptors. Our results illustrate how a tight-binding model reduces the electronic
degrees of freedom to provide a computationally efficient method for modeling
the electronic structure across compositions and structures of non-fullerene
acceptors.
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Abstract

Optoelectronic properties of organic photovoltaics, including light absorption, intramolecular and
intermolecular charge transfer, depend on the energetics of the frontier molecular orbitals of constituent
organic materials. We develop a tight-binding model for an indacenodithiophene-based small molecule
non-fullerene acceptor - IDTBR, which gives a high-efficiency organic photovoltaic cell in combination
with poly(3-hexylthiophene) as donor. By choosing stiff conjugated ring moieties as sites, we obtain
tight-binding parameters that are local to each moiety, and transferable to other chain architectures. In
particular, parameters from homo-oligomers and alternating co-oligomers of constituent moieties can be
used, without adjustment, to define the tight-binding model for IDTBR, which reasonably predicts the
energies and wavefunctions of its frontier molecular orbitals. Transferability of model parameters will

enable efficient screening and selection of molecular architectures with desirable optoelectronic properties.

1 Introduction

Organic photovoltaics (OPVs) show promise as a flexible alternative to hard material-based photovoltaics.
[1] High-efficiency OPVs employ non-fullerene acceptors, which are conjugated hetero-oligomers, together
with conjugated polymers as donors. [2, 3, 4, 5, 6] The molecular architecture of non-fullerene acceptors
can be tuned for optimal optoelectronic and structural properties. [7, 8, 9] By perturbing the core and
side chains of acceptors, their propensity to crystallize and miscibility with donor polymers can be tuned.
[10] Donor-acceptor miscibility plays a crucial role in determining the active layer morphology, and can be

exploited to design efficient organic photovoltaics. [11]
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Many conjugated architectures have been proposed as non-fullerene acceptors, but synthesis and testing of
each new candidate molecule is slow and costly. [12, 13, 14, 15] Improved theoretical and computational
techniques for exploring the structure-property relationships of these molecules could accelerate material
design. [10, 16] In principle, quantum mechanical calculations using density functional theory (DFT) can
predict optoelectronic properties such as optical gap and exciton structure for non-fullerene acceptors and
donor-acceptor interfaces. Indeed, DFT and classical molecular dynamic simulations have been combined
to investigate the microstructure and electron transport properties of conjugated organic systems. [17]
However, using DFT to predict electronic properties of disordered systems is challenging because of the lack

of periodicity, and need to average over nanoscale disorder.

Tight binding models provide a semi-empirical description of the electronic structure of conjugated molecules
and polymers using constituent aromatic moieties or “rings” as building blocks. These rings are planar, stiff
and tightly coupled electronically, which makes them appropriate units for coarse-graining. The flexible
dihedrals influence the inter-ring hopping terms, which vary as the cosine of the dihedral angles and allow
for delocalization of charge along the conjugated backbone. [18] Tight-binding model have successfully
described the conduction and valence bands of homopolymer organic semiconductors. [19, 18] For instance,
for an infinite chain of poly(3-hexylthiophene) (P3HT), these models can accurately predict the effects of
dihedral disorder on absorption spectra [18]; the structure of excitons in bulk and at donor-acceptor interfaces
[20]; polaron formation mechanisms [21]; and polaron hopping barriers and rates. [22] Recently, we used tight-
binding parameters derived from DFT calculations on constituent homopolymers to accurately predict the
frontier molecular orbitals of alternating copolymers demonstrating transferability of parameters from one

chain architecture to another. [23]

In a previous study, Zwijnenburg et al. [24] used density functional tight-binding methods (DFTB) [25, 26,
27, 28, 29|, based on the GFN-xTB approach [26], to computationally screen optoelectronic properties of
various conjugated donor-acceptor polymers. Semi-empirical quantum mechanical methods such as DFTB
or GFN-xTB are atomistic calculations, derived from a DFT perturbation expansion of the electron density
in fluctuation terms to various orders. DFTB calculations are suited for large systems of more than 1000
atoms for a variety of chemical systems and applications. Such calculations are 2-3 orders of magnitude faster
than DFT, but generally require parameters to be determined for all pair of atoms present, as a function of

interatomic distances.

Long-chain polymers can be effectively modeled using periodic boundary conditions, and tight-binding pa-

rameters can be determined through band structure calculations. [18, 23] In contrast, non-fullerene acceptors
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(NFAs) are oligomers consisting of hetero aromatic monomers. Troisi et al. proposed a computational screen-
ing approach to identify novel small-molecule NFAs with targeted electronic properties (orbitals energies,
excited state energies, and oscillator strength), solubility, and reorganization energy for chemical reduction by

modification of known organic semiconductors derived from the Cambridge Structural Database.[16]

Here, we use frontier orbital energies and wavefunctions from DFT calculations on constituent moieties to
predict the frontier orbitals of non-fullerene acceptors. A single choice of parameters for constituent moieties
gives accurate results for different geometries, and each individual calculation of parameters is quite fast.
This allows for frontier orbital calculation on non-fullerene acceptors which is 10 times faster than full
DFT calculation. We can treat excitons and polarons on non-fullerene acceptors by building from this basic
approach, and predict polaron mobility along disordered chains, as well as Marcus hopping of polarons

between chains, both of which will be presented in future publications.

Recently, our group developed efficient molecular dynamic (MD) simulations based on virtual sites to equi-
librate configurations of conjugated molecules in bulk and at donor-acceptor interfaces [30]. The ensemble
of configurations from these fast MD simulations can be used in conjunction with tight-binding models to
average over dihedral disorder and predict optoelectronic properties of bulk phases and donor-acceptor inter-
faces. As a next step in this program, in this paper we extend the tight-binding approach to describe charge
carriers on a non-fullerene acceptor, IDTBR. [2] IDTBR (Fig. 1) is made up of four different monomers
which are commonly used OPV materials: phenylene, thiophene, benzothiadiazole, and rhodanine. The
central indacenodithiophene moiety consists of two thiophene rings bridged onto a phenyl ring, which form
an electron-rich core. This core is flanked on either side by electron-withdrawing groups, benzothiadiazole

and (3-ethyl)rhodanine.

Figure 1: IDTBR molecular structure

Similar to IDTBR, other non-fullerene acceptors also consist of different electron-rich and electron-withdrawing
moieties. The presence of many moieties poses an interesting computational challenge, as multiple parame-

ters are required to describe a tight-binding model for charge carriers on these hetero-oligomers.
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To assign these parameters, we match the HOMO and LUMO levels from the tight-binding model to DF'T
results for a series of homo-oligomers and alternating co-oligomers. On physical grounds, we expect tight-
binding parameters to be local and transferable, because orbital overlap between non-neighboring sites
is negligible, so charges can hop only between immediate neighbors. One part of the molecular frontier
wavefunction is not directly affected by distant parts of the molecule, but only through a succession of local
hopping matrix elements. Consequently, parameters for a given moiety can be used in tight-binding models

for hetero-oligomers and different geometries.

Previously, Mesta et al. [31] have defined tight-binding models for donor-acceptor alternating polymers using
onsite energies determined from the HOMO and LUMO energy levels of constituent monomers, and hopping
terms derived from the energy levels of co-dimers of those monomers. Here, we fit the onsite energies of the
constituent monomers using the HOMO and LUMO energies for varying length of homo-oligomers; hopping

terms are fitted using the HOMO and LUMO energies of alternating co-oligomers.

This paper is organized as follows. First, we define a tight-binding model for IDTBR. Then, we develop
tight-binding model parameters for homo-oligomers and alternating co-oligomers by fitting onsite energies
and hopping terms to DFT results. We explore the consequences of the dihedral angle dependence of hopping
matrix elements. We transfer the tight-binding parameters derived from homo-oligomers and alternating
co-oligomers of constituents monomers to IDTBR. To validate the resulting IDTBR model, tight-binding

predictions for frontier orbital energies and wavefunctions are compared to DFT calculations.

Becasue tight-binding models are assembled form local, transferable parts, molecular architectures can be
modified without starting over from sctratch. We demonstrate this useful aspect by modifying our model
for IDTBR to describe 4F-IDTBR: an IDTBR molecule in which both benzothiadiazole moieties are doubly
fluorinated, and by rotating one of the inter-ring dihedral angle of IDTBR to introduce dihedral distor-

tions.

2 Methods

The tight-binding model is a semi-empirical coarse-graining approach to predict the electronic properties of
conjugated organic semiconductors. Electronic degrees of freedom are drastically reduced to only a few local
orbitals per site. In a tight-binding model, an electron or hole occupies sites corresponding to monomer
units, and delocalizes by hopping to neighboring sites. Sites are described in terms of the local frontier

orbitals of the constituent aromatic moieties. These moieties are geometrically rigid and tightly coupled
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electronically, such that their internal electronic structure is only weakly perturbed by the overall chain

conformation.

The parameters for the tight-binding model consist of onsite energies (€) for charge carriers to occupy a
site, and hopping matrix elements (t) that allow hopping of charge carriers from one site to an adjacent
site. The hopping matrix element between sites originates physically in the orbital overlap between frontier
orbitals on adjacent moieties, and is taken to be proportional to the cosine of dihedral angle between the

sites. [18]

tar.rn trhet tg-tn tg-h trner tarrn

Figure 2: Schematic for the tight-binding model for IDTBR. (B - Benzene, T - Thiophene, BT - Benzothia-
diazole, Rh — Rhodanine)

The IDTBR molecule is modeled as a one-dimensional array of seven sites. Fig. 2 shows the tight-binding
representation for IDTBR, where each constituent monomer is modeled as a site with an onsite energy {e;}.
Sites are coupled to each other through hopping matrix elements denoted by tg_71n, trh_pr and tgr_gh.

The tight-binding Hamiltonian takes the form:

7 6

H = Z EkCLCk — Ztk (CLCkH + C/L+1Ck) (1)
k=1 k=1

where CL and ¢y are the creation and annihilation operators of a charge carrier on site k; ¢ is the onsite

energy of a carrier on site k; and t; is the hopping matrix element between sites k and k4 1. The first term
in Eq. 1 accounts for the energy of a charge carrier to occupy any particular site k and the second term

accounts for reduction in energy due to delocalization of a carrier between k*" and k + 1t" site.

In the tight-binding approximation, hopping between localized orbitals is restricted to nearest neighbors.
Correspondingly, the Hamiltonian matrix is tri-diagonal with the onsite energies {ex} as diagonal terms,

and the hopping matrix elements {¢;} as off-diagonal terms. For the planar IDTBR, the tight-binding
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Hamiltonian H takes the form:

[ €Rh tBT—Rh 0 0 0 0 0 ]
tpr—rh  €BT  tTh—BT 0 0 0 0
0 tTh—BT €T tB—Th 0 0 0
H= 0 0 te—1n €B tB—Th 0 0 (2)
0 0 0 tB—Th €T UTh—BT 0
0 0 0 0 trh—-BT  €BT  'BT—Rh
0 0 0 0 0 tmromn  cmn |

where diagonal terms ep, er, egr and €gy are the onsite energy of benzene, thiophene, benzothiadiazole
and rhodanine, and tg_7pn, t7hn—pr and tpr_ gy are the hopping matrix elements between planar benzene-
thiophene, thiophene-benzothiadiazole(BT), and BT-rhodanine. The energy eigenstates E,, and associated

wave functions ¥,, are obtained by solving the time-independent Schrodinger equation, HV,, = E,¥,,.

We observe that the IDTBR HOMO and LUMO wavefunctions (Fig. 3) resemble a weighted sum of the
HOMOs and LUMOs of individual monomers (Fig. 4), respectively. Correspondingly, we write the IDTBR, or-

bital wavefunction, ¥, as a linear combination of localized molecular orbitals, {¢x }, of constituent monomers.

7
U= apy (3)
k=1

where ay, is the onsite amplitude and 1)y, is the localized frontier orbital on the k** monomer. We write
separate tight-binding Hamiltonians for IDTBR HOMO and LUMO, in which the constituent local orbitals
are respectively the HOMOs and LUMOs of the constituent monomers. Note that we remove the alkyl
(R) groups and the bridge between thiophene and phenyl rings because the side groups are electronically

unimportant and do not influence the backbone conjugation.

We determine our tight-binding parameters, which are the onsite energies (e, €7, €gr, €rp) and the hopping
matrix elements (tg_7n, trh—BT, tBT—RK), Dy fitting the HOMO and LUMO energies of oligomers of the
constituent monomers to DFT results. Only homo- and co-oligomers need to be considered; the onsite
energy for a constituent monomer and hopping between two such monomers can be fitted to DFT results
for homo-oligomers, and hopping matrix elements between two different monomers can be determined by

fitting to DFT results for alternating co-oligomers.

In pursuing this approach, we assume that tight-binding parameters are local and transferable. Locality
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(c) Lowest unoccupied molecular orbital (LUMO) for IDTBR

Figure 3: HOMO (b) and LUMO (c) for IDTBR using DFT calculations, with B3LYP functional and 6-
311g(d) basis set, implemented using Gaussian 16. Iso-value of 0.01 is used to plot orbital surfaces using
Gauss View 6.

of tight-binding parameters means that the parameters depend only on a site and its nearest neighbours.
The onsite energy is local to a site and the hopping matrix element is local to the two adjacent sites. If
the parameters are local, we can transfer the parameters obtained from homo-oligomers and co-oligomers to

heterogeneous oligomers.

To validate our approach, we compare the energies and wavefunctions of IDTBR frontier molecular orbitals
predicted using the tight-binding model with DFT results. To extract onsite amplitudes {b;} from the DFT

wavefunction, we use an orbital projection method. [32] Onsite amplitudes can be calculated by projecting the
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Benzene Thiophene Benzothiadiazole Rhodanine

(B) (Th) (BT) (Rh)
“o |3 e
/' { ? )’:/{
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HOMO

LUMO

=

Figure 4: Constituent monomers and their HOMO, LUMO wavefunctions.

localized molecular orbital of a constituent monomer onto the molecular orbital of the entire molecule:

bk =< \I/moleculew)k > (4)

here, by is the onsite amplitude for site k, 1 is a localized molecular orbital on monomer at site k, and
W, holecule 18 @ molecular orbital on the entire molecule. These projections can be calculated numerically, by
using cube files generated from DFT packages. To test the tight-binding approach, the onsite amplitudes
predicted using the tight-binding model {ay} are compared to the onsite projections {bx} extracted from

DFT orbitals for oligomers.

3 TBM parameters from oligomers

Density functional theory (DFT) calculations are used to fix parameters for tight-binding models of homo-
oligomers and alternating co-oligomers of varying lengths made from the constituent monomers of IDTBR
(benzene, thiophene, benzothiadiazole, and rhodanine), by fitting to the HOMO and LUMO energy versus

oligomer length. For rhodanine, we used the DF'T HOMO or LUMO energy of the monomer as the respective

oo
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onsite energy.

This procedure also serves as a test of model assumptions: that a single frontier orbital per monomer suffices
to represent the frontier orbital of the oligomer, and that the onsite energies and the hopping matrix elements
are effectively constants independent of bonded neighbors or hydrogen termination. By comparing tight-
binding model predictions with DFT results, we can test the validity of these approximations and identify

where modifications are necessary.

DFT calculations are performed within Gaussian 16 using the hybrid functional B3LYP [33, 34, 35, 36] with
6-311g(d) basis set. The optimized monomer geometries are assembled into oligomers using GaussView 6
by replacing the appropriate hydrogen on a monomer with another monomer and so on, without further
geometry optimization. Dihedral angles are then set to give planar, all-trans configurations. For IDTBR
and thiophene pentamer, we tested that the total energy in the sticking together and optimized molecule

differs by less than 0.1 eV.

A +—>

Figure 5: Tight-binding model for thiophene homo-oligomer (pentamer).

Fig. 5 shows a tight-binding model for a thiophene homo-oligomer consisting of five thiophene rings. There
are two sets of onsite energies and hopping matrix elements, one each for HOMO and LUMO of the oligomer.
We use the same onsite energy and hopping matrix element throughout the homo-oligomer chain. Similarly,
tight-binding models can be formulated for homo-oligomers of different lengths and consisting of a different

monomer of interest.

Tight-binding predictions for the HOMO and LUMO energies versus oligomer length are fitted to DFT results
by adjusting the onsite energy (eg for HOMO, ey, for LUMO) and hopping matrix element (g for HOMO,
t;, for LUMO). Fig. 6 compares HOMO and LUMO energies from DFT with tight-binding predictions for

oligothiophenes.
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----- HOMO (TBM) — HOMO (DFT)
IPTRE LUMO (TBM) — LUMO (DFT)

No. of thiophene rings

Figure 6: HOMO (orange points) and LUMO (blue points) energy (in eV) from DFT calculations on olig-
othiophenes, compared to tight-binding predictions with fitted parameters (red and green dashed curves).

Table 1: Tight binding parameters (in eV) for thiophene, benzene, and benzothiadiazole homo-oligomers.
Onsite energies for rhodanine are DFT HOMO, LUMO energies.

Monomer eH ty er, tr,
Thiophene -6.60 | -0.70 | -0.65 | 0.85
Phenylene -6.90 | -0.73 | -0.30 | 0.80
Benzothiadiazole | -6.80 | -0.47 | -2.90 | 0.38
Rhodanine -6.89 - -2.86 -

Table 1 lists the onsite energies of thiophene, benzene, benzothiadiazole and rhodanine. For all three homo-
oligomers, the tight-binding theory gives a quantitative account of the HOMO and LUMO energy levels

versus oligomer length, with a single set of parameters that works even for the monomer.

We can further validate the tight-binding model by comparing predicted HOMO and LUMO wavefunctions
to onsite amplitudes extracted from DFT orbitals. Fig. 7 makes that comparison for thiophene pentamer.
The tight-binding model prediction for the HOMO wavefunction amplitudes matches the normalized DFT-

derived projection results. For the LUMO, the prediction accurately matches the DFT results as well.

The oligomer HOMO is formed from anti-bonding interactions between the HOMO on each thiophene ring
and the LUMO is formed from bonding interactions between the LUMO on each ring. We solve the tight-

binding Hamiltonian analytically to compute frontier orbital energy Ej and wavefunction ¥, for homo-

10
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oligomers and alternating co-oligomers (see appendix). For homo-oligomer of length n,
E, =¢—2tcosk (5)

where k = /(n+1) and k = nrw/(n+1) for the maximally bonding and anti-bonding states. Correspondingly,

the lowest eigenvector ¥; of the Hamiltonian matrix is

1(j) = V2/(n+ ) sin(xj/(n + 1)) (6)

in which j runs over the site indices 1,...n, vanishing at the “phantom sites” just beyond the ends of the
oligomer, at j = 0 and j = n + 1. The highest eigenvector 1,, is the same sine function, but with a sign

change between every pair of adjacent sites:

Uu(f) = (1)’ v/2/(n + 1) sin(mj/(n + 1)) (7)

The HOMO and LUMO wavefunctions calculated using DFT have the expected form, of the corresponding
HOMO and LUMO on the monomer, modulated with a qualitatively sinusoidal envelope function (see orbital
images of Fig. 7).

0.7

o
N

[=}
)
o
)

o
o

e —

|

8 3
=]
504 = 04
E z
203 203
= ]
c j =
o 02 S} 0.2
o1 — Tight-binding predictions o1 — Tight-binding predictions
Orbital projection (DFT) Orbital projection (DFT)
0o Th Th Th Th Th 00, Th Th Th Th
(a) HOMO (b) LUMO

WPy <

Figure 7: Onsite amplitudes of HOMO (a) and LUMO (b) wavefunction obtained using orbital projection of
DFT results (orange), compared to tight-binding prediction (blue) for thiophene pentamer. At the bottom
are the corresponding orbital images from Gaussian. An iso-value of 0.01 is used for orbital surfaces.

We repeat the process of matching the HOMO and LUMO energies from a tight-binding model to DF'T results

11
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for varying lengths of co-oligomers to fit hopping matrix elements between different monomers. Like our DFT
calculations for homo-oligomers, optimized monomer geometries are assembled into co-oligomers without
further optimization, and dihedral angles are set to give planar, symmetric configurations. By this procedure,

we can check whether onsite energies fitted to homo-oligomers are transferable to co-oligomers.

Fig. 8 shows a tight-binding model for thiophene-BT alternating co-oligomer consisting of five rings. Similar
models can be defined for co-oligomers of different length of co-monomers. As the coupling is between
the same pair of monomers, we use a single hopping matrix element (t75_pr in the case of thiophene-BT
alternating co-oligomer) to define a tight-binding model for an alternating co-oligomer. Fig. 9 compares tight-
binding predicted HOMO and LUMO energies with DFT results for thiophene-BT alternating co-oligomers.
Tight-binding predicted energies fit very well to DFT; this validates the transferability of onsite energies to

alternating co-oligomers.

trnaT trhBT trhaT trhBT
Eer — BT

Figure 8: Tight-binding model of alternating co-oligomer for thiophene - benzothiadiazole consisting of five
monomer rings.

We use HOMO and LUMO energies of BT-Rh dimer to fit tgr_gp. For rhodanine, the HOMO-1 is the
relevant frontier orbital; the rhodanine HOMO is a non-bonding isolated state, whereas the rhodadine

HOMO-1 hybridizes with the BT HOMO to produce oligomer HOMO states.

Fig. 10 shows that the HOMO and LUMO wavefunctions predicted using the tight-binding model compare
well to onsite amplitudes extracted from DFT results for a thiophene-BT pentamer. We observe a larger
deviation in the predicted HOMO wavefunction at the edge of the molecule compared to DFT results.
The HOMO onsite amplitudes nearly follow sinusoidal oscillations similar to a particle in a box, while the

modulated sinusoidal nature of the LUMO depict substantial push-pull effect because of different onsite

12
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0

----- HOMO (TBM) — HOMO (DFT)
1N LUMO (TBM)  — LUMO (DFT)
-2

No. of monomer rings

Figure 9: HOMO (orange points) and LUMO (blue points) energy (in eV) from DFT calculations on
thiophene-BT alternating co-oligomers, compared to tight-binding predictions with fitted parameters (red
and green dashed curves).
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Figure 10: Ounsite amplitudes of HOMO (a) and LUMO (b) wavefunction obtained using orbital projection
of DFT results (orange), compared to tight-binding predictions (blue) with fitted parameters for thiophene
- benzothiadiazole pentamer. At bottom are the corresponding orbital images from Gaussian. Iso-value of
0.01 is used for orbital surfaces.
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energies of thiophene and BT moieties.

The analytical solution to the tight-binding Hamiltonian for alternating co-oligomers is given in the appendix.

13
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The eigenvector 1 takes the form

i oc fOD" sin (nﬁfl) (8)

in which the front factor f (=" alternates between 1 /f for odd sites and f for even sites corresponding to
two different comonomers, and f depends on the mismatch between the two comonomers. The orbital images
in Fig. 10 display DFT HOMO and LUMO of a thiophene-BT pentamer, which consists of a combination
of the monomer HOMO and LUMO orbitals. Such agreement is also observed for the other two alternating

co-oligomers.

Table 2 reports the fitted values of the hopping matrix elements for all three types of co-oligomers. The
symmetry of the local orbitals dictates the sign of the hopping matrix elements. This result from the
definition of the hopping matrix elements as an integral of the product of a symmetric potential and the two
interacting orbitals. For thiophene, phenylene and BT, the HOMO is antisymmetric under reflection on the
plane normal to the ring, whereas the LUMO is symmetric (see Fig 4). The symmetric monomer LUMOs
lead to a positive value for ¢y, whereas a negative value of tg is a result of the antisymmetric monomer
HOMOs.

Table 2: Hopping matrix elements (in eV) for thiophene-phenyl (ThBz), thiophene-benzothiadiazole (ThBT),
and rhodanine-benzothiadiazole (RhBT) oligomers.

Comonomers ty tr,
Th-Bz -0.72 | 0.82
Th-BT -0.60 | 0.65
Rh-BT -0.15 | 0.60

Dihedral dependence of hopping matrix element

Dihedral disorder affects conjugation along an oligomer, which has a strong effect on optoelectronic properties
and localization of charge carriers. In a tight-binding model, distortions of the inter-ring dihedral angle breaks
the overall molecule planarity. This distortion is captured by making the hopping matrix element dependent
on this dihedral angle. The hopping matrix element ty between two monomers vary as the cosine of the

dihedral angle 6 between the co-monomers.

tg = tcos(0) (9)

where t is the hopping matrix element between two sites for a planar configuration, i.e., when § = 0°.

Fig. 11 compares the frontier orbital energies for a thiophene hexamer predicted by our tight-binding model

to DFT results as a function of the central dihedral angle 63. The hopping matrix element for central

14
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Figure 11: HOMO (orange points) and LUMO (blue points) energy from DFT calculations by varying
dihedral angle (f3) about the central bond of a thiophene hexamer, compared to tight-binding predictions
(red and green dashed curves) with cosine hopping matrix element, t3 = cos(63). HOMO-1 (black points,
pink dashed curve) and LUMO+1 (gray points, cyan dashed curve) energy using DFT calculations and
predicted using tight-binding model.

bond t3 = trp cos(fs) is used to describe the tight-binding Hamiltonian for thiophene hexamer, while the
other off-diagonal terms are set equal to t7, as appropriate for a planar configuration. Fig. 11 shows that
the tight-binding model accurately predicts the HOMO and LUMO energies for varying dihedral angle 63,

compared to DFT results.

Fig. 12 shows the corresponding DFT molecular orbitals. Fig. 13 compares the LUMO onsite amplitudes
of the tight-binding prediction with those obtained using orbital projection of DFT molecular orbitals.
For 65 = 90°, the hopping matrix element t3 vanishes as the molecular fragment on either side rotates
completely out of plane, which breaks the m — 7 conjugation (Fig. 12c). The charge carriers localize on the
trimer fragments (red dashed curves in Fig. 13), and degenerate pairs of HOMO and HOMO-1, and LUMO
and LUMO+1 are obtained which can be observed in Fig. 11 for § = 90°. Thus, the tight-binding model
also predicts the changes in shape of frontier orbitals when the dihedral is rotated, in good agreement with

DFT results.

15
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(A)

Figure 12: Lowest unoccupied molecular orbital (LUMO) wavefunctions from DFT calculations by varying
dihedral angle (63) about the central bond of a thiophene hexamer for (A) 03 = 0°, (B) 03 = 45° and (C)
03 = 90°. An iso-surface of 0.01 is used to plot the wavefunctions using B3LYP/6-311g(d) in Gaussian.
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Figure 13: Onsite amplitudes of thiophene hexamer LUMO wavefunction obtained using orbital projection

of DFT results (solid curve), compared to tight-binding predictions (dashed) for 85 of 0° (black), 45° (green)
and 90° (red).

4 Tight-binding predictions for IDTBR

Tables 1 and 2 list the tight-binding parameters fitted for homo-oligomers and alternating co-oligomers made

from constituent monomers of IDTBR. From these values, we predict the characteristics of charge carriers
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on IDTBR with no further adjustment.
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Figure 14: Onsite amplitudes of HOMO wavefunction obtained using orbital projection of DFT results

(orange), compared to tight-binding predictions (blue) with fitted parameters for IDTBR. At bottom is the
orbital image from Gaussian. Iso-value of 0.01 is used for orbital surfaces.

Table 3 presents the tight-binding predicted HOMO and LUMO energies for IDTBR, both of which compare
well with DFT calculations. Figures 14 and 15 display the predicted wavefunction, which compare reasonably

well to the onsite amplitudes obtained using orbital projection method from DFT results.

Table 3: Frontier orbital energies (in eV) of IDTBR from tight-binding and DFT calculations.

Method | TBM | DFT
HOMO | -5.54 | -5.74
LUMO | -3.57 | -3.65

The IDTBR HOMO is mainly concentrated on the electron-rich core, whereas the LUMO has larger am-
plitudes on the more electronegative, BT and rhodanine, end groups. The tight-binding model represents
the IDTBR HOMO and LUMO, both qualitatively and quantitatively, well, except the onsite amplitude
of rhodanine. The model underestimates the amplitude on rhodanine for the IDTBR HOMO, while it

overestimates the amplitude of rhodanine for the LUMO.
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Figure 15: Onsite amplitudes of LUMO wavefunction obtained using orbital projection of DFT results
(orange), compared to tight-binding predictions (blue) with fitted parameters for IDTBR. At bottom is the
orbital image from Gaussian. Iso-value of 0.01 is used for orbital surfaces.

Because the IDTBR LUMO mostly sits on the end groups, the disagreement between predicted and DFT
onsite amplitude on rhodanine is more pronounced. For rhodanine, it appears that non-LUMO states may
also participate to form the IDTBR LUMO. Overall, the tight-binding model performs well, predicting both
the energy levels and wavefunctions of the IDTBR HOMO and LUMO.

The convenient feature of tight-binding models is the ease with which the model can be modified to represent
a molecule of similar architecture. We demonstrate this by constructing a tight-binding model for 4F-IDTBR,

in which both benzothiodiazole moieties are doubly fluorinated.

Fluorination of benzothiadiazole has been claimed to increase the propensity for m — 7 stacking, which
promotes crystallization and improves device performance. [37] Gomez et al. have found experimentally more
m-stacking in fluorinated donor-acceptor co-polymers. [38] The attractive interactions between the electron-

rich donor and fluorinated electron-deficient acceptor units have been argued to induce very tightly stacking

18



Molecular Systems Design & Engineering

crystallites, which reduce the energetic barrier for charge hopping. Substitution of only a few fluorines on
a large molecule does not significantly affect miscibility with non-fluorinated conjugated polymers. [39] In
any case, the core and side chains of acceptors can be perturbed to tune the propensity for crystallization

and miscibility with donor polymers.

E— R— SB >

Figure 16: Fluorinated IDTBR (4F-IDTBR) and its modified tight-binding model. Fluorinated benzothia-
diazole (2F-BT) moiety is represented as a green circle. Modified TB parameters are labeled in dark red.

We can use a tight-binding model to computationally screen the electronic properties, including frontier
orbital energies and wavefunctions, of modified acceptor molecules like 4F-IDTBR. Fig. 16 displays the
tight-binding model for 4F-IDTBR, which has three modified parameters: the onsite energy (e2p_pr) of
5,6-Difluoro-2,1,3-benzothiadiazole (2F-BT), and the hopping matrix elements (t/Th_ BT t/BT_ rp) between

2F-BT and the adjacent, thiophene and rhodanine, moieties.

The modified parameters are estimated by fitting frontier orbital energies of varying length of homo-oligomers
and alternating co-oligomers containing 2F-BT. The rest of the tight-binding parameters are taken from the
IDTBR model without any modification. Fig. 17 shows the HOMO and LUMO energies fitted using a tight-
binding model to the DFT calculations on 2F-BT oligomers of varying length, from which we fit the onsite

energy €2r—BT-

We estimate t;, g and gy g, using thiophene-(2F)BT alternating co-oligomers and a rhodanine-(2F)BT
dimer, respectively. Fig. 18 compares HOMO and LUMO energies versus co-oligomer length from DFT and
tight-binding calculations for thiophene-(2F)BT alternating co-oligomers. Table 4 lists the values of all the
modified parameters used to define the tight-binding model of 4F-IDTBR.

Having modified these three tight-binding parameters, we can predict frontier orbital energies and wave-

functions for 4F-IDTBR. Table 5 compares the frontier orbital energies for 4F-IDTBR and IDTBR from the
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Figure 17: HOMO (orange points) and LUMO (blue points) energy (in eV) from DFT calculations on (2F)BT
homo-oligomers, compared to tight-binding predictions with fitted parameters (red and green dashed curves).

Table 4: Modified parameters in the tight-binding model of 4F-IDTBR, (marked red in Fig. 16) compared
to parameters used for IDTBR.

4F-IDTBR | HOMO | LUMO [[ IDTBR [ HOMO | LUMO
€EQF_BT -7.15 -3.13 EBT -6.80 -2.90
- -0.55 0.65 || tra_pr | -0.60 0.65
tar mn 0.55 095 || tgr_prn | -0.15 0.60

tight-binding model and DFT calculations. The frontier orbital energies of both IDTBR and 4F-IDTBR are
predicted quite accurately; compared to DFT results, tight-binding HOMO energies are off by 0.2-0.3 eV,

and LUMO energies are within 0.1 eV.

Table 5: Energy (in eV) for frontier orbitals of 4F-IDTBR using tight-binding method and DFT calculations
compared to IDTBR.

Energy (eV) TBM | DFT
4F-IDTBR HOMO | -5.58 | -5.89
4F-IDTBR LUMO | -4.04 | -3.94

IDTBR HOMO -5.54 | -5.74
IDTBR LUMO -3.57 | -3.65

Fig. 19 and 20 compare HOMO and LUMO wavefunctions of 4F-IDTBR predicted using the tight-binding
model with DFT results. These predictions reproduce the onsite amplitudes at the core of the molecule
reasonably well but perform less well for the rhodanine end groups. The discrepancies in predicted wave-
function on rhodanine may reflect the contribution of non-frontier orbitals of rhodanine to the molecular

frontier orbitals on IDTBR and 4F-IDTBR. But overall, the tight-binding model with custom tuned param-
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Figure 18: HOMO (orange points) and LUMO (blue points) energy (in eV) from DFT calculations on
thiophene-(2F)BT co-oligomers, compared to tight-binding predictions with fitted parameters (red and green
dashed curves).

eters predict the LUMO wavefunction reasonably well compared to DFT results; and the LUMO structure
is most important for future work in describing polarons and charge-transfer excitons on these promising

acceptors.

Further, the tight-binding model accounts for the effect of dihedral disorder on frontier orbitals, because
hopping matrix elements depend on inter-ring dihedral angles between constituent rings. For IDTBR, we
vary one of the thiophene-BT dihedral angles to compare the HOMO and LUMO energies predicted by
the tight-binding model to DFT results. Fig. 21 shows that the HOMO and LUMO energy levels do not
change much as @ varies, in both DFT and tight-binding results. However, the wavefunction shape changes
substantially as we rotate the dihedral. For the LUMO, Fig. 22(a) shows that the BT and rhodanine onsite

amplitudes on the right end of IDTBR gradually decrease, in both DFT and tight-binding results.

Fig. 23 compares the HOMO and LUMO wavefunctions of IDTBR predicted using the tight-binding model
to DFT for § = 0° and 90°. DFT agrees with the tight-binding predictions except for the quantitative
discrepancies on rhodanine at the ends already remarked upon. In both tight-binding and DFT results, a
dihedral angle of 90° limits conjugation beyond the right-hand thiophene, which shifts the LUMO entirely to
the other end of IDTBR. Overall, the tight-binding model performs well as we introduce dihedral distortions,

predicting both the variations in energy levels and wavefunctions of the IDTBR frontier orbitals.
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Figure 19: Onsite amplitudes of HOMO wavefunction obtained using orbital projection of DFT results
(orange), compared to tight-binding predictions (blue) with fitted parameters for 4F-IDTBR. At the bottom
is the orbital image from Gaussian. An iso-value of 0.01 is used for orbital surfaces.

5 Conclusion

Frontier orbitals on conjugated oligomers predominately consist of linear combination of frontier orbitals
on the constituent monomers. This observation motivates the construction of tight-binding models, which
achieve computational efficiency by drastically reducing the number of degrees of freedom, while still rep-
resenting the important frontier orbitals. We extend a coarse-grained approach based on the tight binding
approximation to model frontier orbitals on oligomers and non-fullerene acceptors, which enables efficient

calculations of optoelectronic properties for conjugated small molecules used in organic solar cells.

Aromatic ring constituents of the conjugated molecules are good building blocks for tight-binding model
because they are rigid, so that their local electronic properties are nearly fixed as the molecule changes
conformation. Conformational disorder is dominated by the flexible dihedrals between the rings, and charge
delocalization across the conjugated molecule depends on the hopping terms which vary as cosine of dihedral

angles.
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Figure 20: Onsite amplitudes of LUMO wavefunction obtained using orbital projection of DFT results
(orange), compared to tight-binding predictions (blue) with fitted parameters for 4F-IDTBR. At the bottom
is the orbital image from Gaussian. An iso-value of 0.01 is used for orbital surfaces.

We demonstrate our approach on a variety of homo-oligomers and alternating co-oligomers constructed from
commonly studied conjugated monomers including thiophene, phenylene, benzothiadiazole, and rhodanine.
Finally, we show the tight-binding approach describes frontier energies and orbitals on hetero-oligomers
including IDTBR and 4F-IDTBR, which are non-fullerene acceptors designed to give high-performing organic

photovoltaics with polymeric donor materials.

We present a straightforward scheme for fitting tight-binding model parameters, which are the onsite energies
and hopping matrix elements, by comparison to DFT HOMO and LUMO energies for series of homo-
oligomers and alternating co-oligomers of varying length. These locally determined parameters when used
as building blocks are transferable from homo-oligomers and alternate co-oligomers without changing, for

different conformations and different molecular architectures including hetero-oligomers.

Tight-binding model predictions for IDTBR HOMO and LUMO energies and wavefunctions are consistent
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Figure 21: HOMO (orange points) and LUMO (blue points) energy from DFT calculations by varying
thiophene - BT dihedral angle (0) of IDTBR, compared to tight-binding predictions (red and green dashed
curves) with cosine hopping matrix element, t7,_pgr = cos(6).

with DFT results. In this work, we consider DFT calculations (here performed with the hybrid B3LYP
functional and 6-311g(d) basis set) as standards for the electronic structure of molecules, to explore the
potential for tight binding models to efficiently reproduce more expensive DFT calculations. Evidently, the
accuracy of tight binding models parameterized using DFT would be subject to the same limitations faced
by DFT calculations; likewise, improvement in DFT accuracy could be immediately transferred to improve

tight-binding parameters.

Calculation of frontier orbitals using our approach is efficient, both in terms of computation time and required
number of parameters. There are of course limitations to our approach. 1) The tight-binding model is not
good for states far from frontier orbitals. At best, for extended molecules, one may expect to calculate
low-lying non-frontier molecular orbitals in terms of the same set of site frontier orbitals, but eventually,
states away from the oligomer frontier orbitals will mix in contributions from higher-lying orbitals on the
individual sites that were neglected in the tight-binding model. 2) The constituent sites should be correctly
chosen; for efficiency, they should be as large as possible, but at the same time conformationally rigid and
tightly coupled electronically, and small enough such that their closely spaced orbital energies do not require
more than a single frontier orbital to be retained. These considerations motivate us to use single aromatic
rings as sites. The resulting approach is well designed for conjugated molecules consisting of ringlike moieties

bonded together, which covers a broad class of organic semiconductors.
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Figure 22: IDTBR LUMO wavefunctions obtained using orbital projection of DFT results (a) and tight-
binding model (b) for thiophene - BT dihedral angle of 0° (black), 30° (cyan), 60° (magenta) and 90° (red).

Our model as presented only considers isolated molecules, and we acknowledge that it is important to consider
interactions with the surrounding medium [40], including possible interchain coupling, perturbation of onsite

energies, and/or impacts on chain structure, to accurately predict bulk material properties. [21]

The tight-binding model developed here can be extended to predict optoelectronic properties of extended
conjugated systems, including optical gaps, excitons at donor-acceptor interfaces, and structure and transport

of excitons and polarons in dielectric media. Excitons can be described as interacting electron-hole pairs,
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Figure 23: IDTBR frontier orbital wavefunctions obtained using orbital projection of DFT results (solid
curve), compared to tight-binding predictions (dashed) for thiophene - BT dihedral angle of 0° (black) and

90° (red).

accounting for Coulomb interactions with direct and exchange terms. The tight-binding model offers the
advantage of calculating direct and exchange Coulomb integrals explicitly. By minimizing the total energy
over the shape of the electron and hole, the exciton can be accurately determined, accounting for competition
between the electron-hole Coulomb interaction and the kinetic energy of the electron and hole. Polarons can
be described by introducing a charge on the molecule that interacts with the surrounding dielectric media,

represented as a continuum. The shape of the polaron on the molecule is obtained by minimizing the sum

Molecular Systems Design & Engineering
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of the interaction energy with the surrounding media and the kinetic energy of the charge. [21] The tight-
binding approach makes such excited state predictions computationally feasible, particularly when dealing
with large system sizes, conformational disorder, and environmental irregularities that pose challenges for

DFT calculations. We will report results exploiting this approach in forthcoming publications.
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A Analytical solution for tight-binding model

Here, we present analytical solutions for the wavefunctions and energies of both homo-oligomers and alter-

nating co-oligomers described by tight-binding models.

A.1 Homo-oligomers

The tight-binding model can be used to compute the HOMO and LUMO of homo-oligomers. In matrix form,

the tight-binding Hamiltonian is

(10)

If the matrix extended indefinitely in both directions (as for a one-dimensional infinite chain), then by

inspection plane waves of the form v¢; = e’*J are eigenfunctions. On inserting such a form into Hvy = Eq),
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the jth equation takes the form
e 4 etk _ 1etk(GHD) = petki (11)
The above equation is satisfied for an energy E given by
E(k) =€ —2tcosk (12)

for any value of k. Note that we can take k either positive or negative (corresponding to left-going and

right-going waves once time-dependence is restored), both of which have the same energy E(k).

For a long chain, the difference in energies for the maximally bonding and antibonding states, corresponding

tok=n/(n+1) and k = nm/(n+ 1), leads to a HOMO-LUMO gap of

AFE

2t (cos(m/(n+ 1)) — cos(mn/(n + 1)))
2
4t(1201+_02> (13)

Thus the difference in the lowest and highest eigenvalues approaches the expected long-chain limit of 4¢ (i.e.,

%

the full bandwidth for a cosine band of a 1d chain), with linear corrections of order 1/n?.

For a finite oligomer of n sites, we need the wavefunction to vanish on both sites just beyond the end of the
actual oligomer, i.e., for 7 =0 and j = n + 1. We can satisfy the boundary condition at j = 0 for any k, by

combining the left- and right-going waves as e**? — e~*J_or equivalently by taking

Yr(d) oc sin(kj) (14)

with normalization to be set later.

Now we must choose k to satisfy the boundary condition that ¢ vanishes at the other end, 7 = n+ 1. Hence

we have

. m=1,23,... (15)

corresponding to sine functions with 0,1,2, ... nodes.
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To normalize the wavefunction ¢y (j) o sin(kj), we must compute the sum of its square amplitudes,
n
S=> sin’(kj) (16)
j=1

We can extend the sum to j = n + 1 since that term vanishes. Now insert the definition of sin in terms of

complex exponentials, to obtain
n+1

S=(1/4)) (2 e*h — ¢2ki) (17)
=1

+

-
I

For any k of the form k = mm/(n + 1), the points swept out by the sums over the complex exponentials
are equally spaced around the unit circle. So by symmetry in the complex plane, the second and third sums

vanish; hence S = (n 4 1)/2, and the normalized wavefunction is

Yr(d) = V2/(n+ 1) sin(kj) (18)

In summary, the lowest eigenvector of the Hamiltonian matrix is

¥1(j) = V2/(n+1)sin(mj/(n + 1)) (19)

in which j runs over the site indices 1,...n, vanishing at the “phantom sites” just beyond the ends of the
oligomer, at j = 0 and j = n + 1. The highest eigenvector is the same sine function, but with a sign change

between every pair of adjacent sites:

Uu(f) = (1)’ v/2/(n + 1) sin(mj/(n + 1)) (20)

This analytical expression for the wavefunction (red curve) exactly matches eigenvectors numerically com-

puted from the Hamiltonian matrix (blue dots), as can be seen in Fig. 24.

A.2 Alternating co-oligomers

Consider a tight-binding Hamiltonian for an alternating copolymer, in which the onsite energy difference

between odd and even sites equals 2e.
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Figure 24: Lowest and highest wavefunctions for n = 4, computed numerically versus analytically (Egs. 19
and 20).

The Hamiltonian takes the form

[ o4de -1
-1 2—-de -1
H = -1 2+4de -1 (21)

-1 2+e€

Here for simplicity of presentation we measure energies in units of the hopping matrix element ¢ between
sites, and set the zero of energy so that a uniform state {1,1,...1} has zero energy. We undo this scaling

and shifting later, as shown in the end.

By numerical experiments with this Hamiltonian, it appears the lowest energy eigenfunction takes the form
of a modulated sinusoidal envelope, in which the amplitude on site k is proportional to sin(wk/(n + 1)),
times a factor depending on whether the site index k is even or odd. In the limit de — 0, there is no
modulation between even and odd sites, and we recover the homopolymer behavior computed in the previous

section.

We therefore guess an eigenfunction of this form,

b o £V sin (nﬁfl) (22)

in which the front factor f =D" js designed to alternate between 1/ f for odd sites and f for even sites.
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With this guess, we can write equations corresponding to odd and even rows of the eigenfunction equation
H1 = Ev. For convenience, we write the sine factor in ¢ as the imaginary part of e™*/("+1)  Then for odd

rows we have

¢ (em/<n+1> n e—iw/<n+1>) +(2+de)(1/f) = E(1/f) (23)

and for even rows,

/) (70 00 (2 4 de)f = B (24)

The top and bottom rows in the matrix have the same equation, because we can regard the eigenfunction

as having sites £ = 0 and k£ = n + 1, both with zero amplitude.
These are two equations with two unknowns F and f. We can eliminate E to obtain

de

f2_(1/f)2:m (25)

This is a quadratic equation for the even/odd ratio f2, with solution

s Q+/Q?+4 de
I = 2 @ cos(m/(n+1)) (26)

Then we can solve for the eigenvalue E of the scaled Hamiltonian of Eq. 21 as
E(n,de) = 2 — cos(r/(n+ 1)) (f* + (1/)?) (27)
where f(de) is given by Eq. 26.
We compute the normalization constant C' for the eigenfunction, which satisfies
> vi=C? (28)
k=1
so that ¢ /C is properly normalized. This gives

C?=(1/f)% Y sin(zk/(n+1))> + f> Y sin(rk/(n + 1)) (29)

k odd k even

Both sums can be evaluated analytically, and both equal (n + 1)/4, so we have

n+1
4

C* = (f2+ /1))
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Fig. 25 shows that our analytical solution for the eigenfunctions agrees precisely with numerical results for

the Hamiltonian of Eq. 21.
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Figure 25: The alternating co-oligomer bonding wavefunction for a pentamer with de = 0.5 jumps on adjacent
sites between two sinusoidal envelopes.

We can undo the scaling we did to simplify the algebra above, writing the eigenvalue of the original Hamil-
tonian as

E(n, e, de,t) = € — 2t + tE(n, de/2t) (31)

where the two onsite energies are € 4+ de and the hopping matrix element between them is ¢.
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