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Modeling of Photoactive Conjugated Donor—Acceptor Copolymers: The Effect of the Exact HF Exchange
in DFT Functionals on Geometries and Gap Energies of Oligomer and Periodic Models

GRAPHICAL ABSTRACT

Commonly used density functionals including an optimally tuned OT-wB97X functional are benchmarked
on oligomer and periodic models of donor—acceptor copolymers.
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ABSTRACT

Conjugated copolymers with an alternating donor—acceptor (D-A) architecture are exploited as low-
bandgap and high-hole-mobility materials in organic electronics. However, several of the presently
available modeling methods predict different geometries and electronic properties for the same
copolymer. In this work, the effect of the amount of exact Hartree-Fock (HF) exchange in density
functionals on the planarity of the geometry and the electronic properties of the single oligomer chains of
one benzodithiophene- and benzotriazole-based donor—acceptor copolymer and two fluorene-, thiophene-,
and benzotriazole-based donor—acceptor copolymers is assessed. The functionals are B3LYP, PBE, PBEO,
HSEOQ6, LC-wPBE, wB97XD, M06, M06L, M062X, MO6HF, and the optimally tuned OT-wB97X. Benchmarking
the methods is useful for understanding the results of a particular functional and allows, to a certain
degree, comparison between results obtained with different functionals. Additionally, the applicability of
the one-dimensional periodic boundary condition (PBC) for modeling the D—A copolymers with long
constitutional repeating units (CRUs) is evaluated.

Keywords: Donor—acceptor copolymers, conjugated polymers, density functional theory, periodic boundary
conditions, optimally tuned functional

Introduction

Relatively low fabrication cost and easy manufacturing make conjugated polymers promising materials for
light-emitting diodes,"? field-effect transistors,? organic solar cells,* and chemical sensors.*’® Conjugated
polymers with a donor—acceptor (D-A) architecture have drawn special attention, because alternation of
the electron deficient and electron rich moieties in the polymer backbone has been discovered to lower the
band gap.>'° This is important for example in photovoltaic devices, in which the band gap of the conjugated
polymer determines the maximum photo-excitation wavelength. However, at the same time a lower band
gap means a lower voltage in the cell. Conjugated polymers with low band gaps are useful for example in
organic solar cells that absorb light mainly in the infrared region and are transparent to the human eye'* or
in the so called tandem polymer photovoltaic cells. In a tandem cell two cells are combined: the first cell
collects light at lower wavelengths while the second cell, that has a lower band gap, collects light at the
higher wavelengths. Recently a certified record efficiency of 10.6 % has been achieved with a tandem

polymer solar cell.5

The need to understand the properties of conjugated polymers at the molecular level has stimulated also
computational research on top of the plentiful experimental studies. Most commonly, the polymers used in
experimental devices are examined computationally to further the understanding of the origins of their
electronic properties. In addition, new suitable materials are screened. Usually, the polymers are studied by
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modeling isolated oligomers of increasing length using density functional theory (DFT) and fitting the
calculated structural or electronic properties either as a function of the inverse of n (1/n), where n is the
number of the constitutional repeating units (CRUs), or as a function of the inverse of the number of the
double bonds (N) along the shortest path of the polymer backbone, thus yielding an extrapolation for the
polymer properties.!>!#14151617181% Tha energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO), i.e. the HOMO-LUMO gap as called
hereafter, is one of the properties of interest and can be evaluated directly from the Kohn-Sham
eigenvalues. Additionally, excitation energies can be estimated with the time-dependent density functional

theory (TD-DFT).

A less applied approach, but a good alternative for the fitting procedure, is to employ periodic boundary
conditions (PBCs) in the calculations and to build an isolated one-dimensional (1D) polymer

| 202122232425 This way the desired properties of the polymer are directly obtained from the

mode
calculations, but some freedom of the geometry is possibly lost and comparison with the fully-relaxed
oligomers is not reasonable if the geometries of the oligomer and polymer models are too different.
Moreover, the possibilities to study such properties as ionization potential and electron affinity using
charged species or the excited states using the TD-DFT formalism are lost, because these properties have

not been implemented in many computational codes that have PBCs.

Both in the fitting to the polymer limit and in using the PBC model it is important to remember that
information is obtained only on long, conjugated polymers. Such approximation is valid only for crystalline
or very rigid polymers, whereas in other cases defects, i.e. for example structural deviations from the PBC
geometry, are likely to weaken or break the conjugation.® Moreover, it is good to keep in mind that the
information is obtained only from the middle part of an infinitely long polymer, whereas the terminating
ends and their effects can be assessed only from the oligomer models.

In some of the previous studies, the models of the conjugated polymers extend beyond single polymer

backbones, as in the cases of interfaces”””® and blends.” Because polymers are often either in a fully

amorphous morphology or contain only small crystalline regions, the models describing the structures need
to be large in which cases the applicable level of theory is restricted to molecular mechanics or

semiempirical methods. On the other hand, smaller crystalline or molecular models are built when local

interactions on interfaces are studied with more accurate methods.>*3%*

The B3LYP hybrid density functional is still a popular choice for studying oligomer or 1D polymer models of

conjugated polymers. However, novel functionals, such as the screened hybrid HSE06, Minnesota, and

2121,32,33

various long-range-corrected functionals are attracting and drawing more attention. Especially, the

long-range-corrected functionals have been introduced as promising alternatives for predicting e.g.

ionization energies, excitations energies, and orbital energies accurately for conjugated oligomersf—?’g’% The

long-range corrected functionals contain a large amount of HF exchange for long electron-electron
distances and may contain a large amount of DFT exchange for short electron-electron distances.** Splitting
between the long-range and short-range terms can be done for example by standard error function (erf)
splitting operator (equation 1), where ry, is the distance between two electrons |r;-r,|. Moreover, by
tuning the range-separation parameter w it is possible to predict the fundamental gaps and excitation

energies with a good accuracy.>*3®

1 — erf(wriz) + erfc(wryy) (1)
T12 T12 T12
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In the present work, we have evaluated the relative performances of the Hartree—Fock (HF) wave function
method, the PM6 semiempirical method, and density functional theory using 11 different functionals, i.e.
B3LYP, PBE, PBEO, HSE06, LC-wPBE, wB97XD, OT-wB97X, M06, M06L, M062X, and MO6HF when modeling
three D—A copolymers®”2® P1, P2, and P3 (see Figure 1). A specific attention has been paid to the optimally
tuned OT-wB97X functional because of the novelty of OT functionals and their promising accuracy for
predicting fundamental gaps and excitation energies. The chemical name of P1 is poly{2-(4-(decyloxy)-3,5-
difluorophenyl)-2H-benzo[d][1,2,3]triazole-4,7-diyl-4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-
b']dithiophene-2,6-diyl}, the P2 is poly{2-(4-(decyloxy)-3,5-difluorophenyl)-2H-benzo[d][1,2,3]triazole-4,7-
diyl-thiophen-2,5-yl-9,9-dioctyl-9H-fluorene-2,7-diyl-thiophen-2,5-diyl} and the P3 is poly{2-(4-(decyloxy)-
3,5-difluorophenyl)-2H-benzo[d][1,2,3]triazole-4,7-diyl-3-hexylthiophen-2,5-yl-9,9-dioctyl-9H-fluorene-2,7-
diyl-3-hexylthiophen-5,2-diyl}.* P1 has a linear planar backbone, P2 a curved planar backbone, and P3 a
curved backbone that is not planar. The properties evaluated are geometries, i.e. the dihedral angles
between the donor and acceptor units in the backbone of the copolymer, bond length alternation (BLA),
the HOMO-LUMO gaps calculated from the orbital eigenvalues, the first excitation energies predicted by
the TD-DFT formalism, and the electron density distributions of the frontier molecular orbitals (FMOs).
Furthermore, we have assessed the applicability of the one-dimensional PBCs for modeling of polymer
chains using the methods mentioned above.

Figure 1. Constitutional repeating units of a) P1, b) P2 (R = H), and P3 (R = CgH13).

Methods

Computational Software and Methodology

Page 4 of 21
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All calculations were carried out using the Gaussian 09 program package.*® We employed the Hartree—Fock
wavefunction and the PM6 semiempirical method*' as well as DFT with 11 different functionals. The DFT
functionals include: two pure density functionals, PBE**** and M06L;* the commonly used global hybrid
functionals, B3LYP****"*® and PBEO;****** the similarly behaving M06> functional; the long-range-

B
A __ __-_ - _ -1 - - __ 92 _ - - __ -~ _ -~~~ __ T _-—_ -9 _

corrected functionals, LC-wPBE,****> M06-HF,>*** and wB97XD,> of which wB97XD includes the empirical

dispersion correction;>® the optimally tuned OT-w897XAﬁ34 functional, where the range-separation

parameter w has been tuned to produce the fundamental gap accurately by enforcing Koopmans’
theorem.”>*>>"*® the M06-2X functional,”**° that has twice the amount of the exact HF exchange compared

to MO6; and the screened-hybrid HSEO6 functional,’>®*®“®* which has been developed for solid state
calculations and often yields results similar to those given by PBEO, but faster.

The 6-31G* basis set was used in the HF and DFT calculations. Geometries, orbitals, orbital energies, and
the HOMO-LUMO gaps of the optimized structures were analyzed using Chemcraft.®> Frequencies were
calculated for the monomers (n = 1) to ensure that the geometries were at the energy minima. In addition,
the TD-HF and TD-DFT formalisms were used to evaluate the first excitation energies of the oligomer
models, which are discussed below. Additional OT-wB97X single point TD-DFT calculations were performed
with the 6-31+G(d,p) basis set and the integral equation formalism variant of the polarizable continuum
model® was used to add chloroform as the solvent. The same range-separation parameter (w) values were
used as for the 6-31G(d) calculations.

Models

The constitutional repeating units of the alternating D—A copolymers studied in this work compose of an
electron rich donor and an electron deficient acceptor. The models were either short oligomers or polymer
chains that were created using periodic boundary conditions (defined by the translation vector Tv in the
geometry input). The oligomer models of P1 have (n = 1-8) while those of P2 and P3 have (n = 1-4). The
default number of the k-points was used in the periodic calculations. The number of the k-points depends
on the length of Tv, which is ca. 13 A, 38 A, and 38 A, and translated into 27, 9, and 9 k-points in the
periodic models of P1, P2, and P3 (Figure 2), respectively. The solubility enhancing long alkoxy side chains, —
OCyoH, and —OCH,CH(C,Hs)C4H,, were replaced by —OCH3 and the long alkyl side chains, —C¢H13 and —CgH,7,
by —CH; to reduce the computational time.

The DFT/B3LYP/6-31G* optimized geometries of the P1 and P2 models were adopted from our previous

study>®¥****%® and used as the initial structures for the geometry optimizations applying the methods

presented above. Potential energy surface scans with the B3LYP functional were done to identify the
energy difference between the conformational isomers. Only the lowest energy conformational isomer
(within the chosen PBC) for each polymer was considered as the focus was in comparing the methods. The
initial oligomer model of P1 had a linear and slightly spiral backbone with alternating (10-15) and (0-3)
degree dihedral angles between the donor and the acceptor units, while the periodic model had alternating
dihedral angles of 4 and -4 degrees creating practically a planar polymer. The initial oligomer model of P2
had a planar zigzag backbone with dihedral angles of (2-10) degrees between the thiophene and
benzotriazole units and of (22-25) degrees between the thiophene and fluorene units. The periodic model
of P2 was constructed of two CRUs to create a relaxed and repeatable structure. In the optimized periodic
model the dihedral angles were ca. 9 degrees between thiophene and benzotriazole and (19-25) degrees
between thiophene and fluorene making a polymer with a planar zigzag backbone. We also built the
oligomer and periodic models with zigzag backbones for P3. The periodic model of P3 consists also of two
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CRUs. The initial B3LYP/6-31G* geometry had dihedral angles of ca. 48 degrees between the 3-
methylthiophene and benzotriazole units due to the steric repulsion caused by the substituent in
thiophene. The oligomer and polymer models of P3 are otherwise similar to the zigzag models of P2, but

the backbone is wavy, because the substituents prevent the planarity.

20000
HCNOFSX

.

a) s b)
a ’
c)

Figure 2. Periodic models of a) P1, b) P2, and c) P3 optimized at the B3LYP/6-31G* level of theory. Each
structure is copied from the circled carbon atom to the position of the pink dummy-atom by the translation
vector Tv.

Bond length alternation

Bond length alternation (BLA) provides information about such properties as the conjugation length,
molecular dipole moment, polarizability, and hyperpolarizabilities of a conjugated system.®’ It is also used
to inspect the structural differences between the electronic ground and excited states.®® The BLA can be
calculated for a specific path in a molecule by taking an average value of the single bond lengths in the path
and subtracting from it an average value of the double bond lengths along the same path. If the subtraction
is done in this order, a positive BLA value is a measure of the conjugational character and in the case of
cyclically conjugated molecular entities a measure of aromatic character, i.e. the larger the BLA value, the
stronger the conjugation. However, a value close to zero means that the structure is a resonance hybrid,
i.e. there are shared delocalized m-electrons, as in a benzene ring. For an excited state the BLA value is
commonly negative, because the electron density transfers from the double bonds to the single bonds,
which lengthens the double bonds and shortens the single bonds. We calculated the BLA values for the
ground states of the periodic models of P1-P3.

Page 6 of 21
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Extrapolation methods

There are many ways to fit the oligomer HOMO-LUMO gap results and to extrapolate the gap value at the

polymer limit.2>** In this study Kuhn fit,* linear fit, and 2™ to 4™ order polynomial fits were tested. Even

though Kuhn fit usually gives good band gap estimates for conjugated polymers, when the CRU is short,f;i9
it did not work well in the case of our polymers. One reason for this can be that the polymers P1-P3 have
long CRUs, which leads to fewer data points for the extrapolation and all the points are located at low 1/n
values (< 0.16) where the changes in the HOMO-LUMO gap are small. Another reason can be that the
polymers P1-P3 are copolymers in which the building components of one CRU have HOMOs (and LUMOs)
at different energies. Moreover, the linear fit, on the other hand, yields too low HOMO-LUMO gaps. For
these reasons we employed polynomial fits for the extrapolation. With each computational method and
with each set of the oligomers P1, P2, and P3, we chose the lowest order polynomial fit, that (1) gave a
larger HOMO-LUMO gap than the linear fit for the two longest oligomers, (2) was descending all the way to
the polymer limit, and (3) was yielding a smaller derivative of the fitting curve as it approached the polymer

limit; the derivative was not forced to zero at the polymer limit although it was considered.
Tuning of the range-separation parameter

The range-separation parameter (w) of a given range-separated density functional can be tuned for each
chemical system of interest to produce the fundamental gaps more accurately. This is achieved by

minimizing J* of equation (2),.2***

J2(@) = (e8omoqn + TE*(N)” + (ebomoqus + IEC(N + 1))’ (2)

This effectively enforces Koopmans’ theorem by minimizing the difference between the ionization energy
(IE) and —€yomo Of the molecule and its N+1 anion. The range separation parameter of the wB97X
functional, originally 0.30 bohr™, was tuned to obtain an optimally tuned OT-wB97X functional. The
parameter was optimized for the P1-P3 monomers giving the values of 0.16, 0.14, and 0.14 bohr?,
respectively, and for the longest oligomer models (n=8 for P1, n=4 for P2, and P3), giving values of 0.10,
0.12, and 0.14 bohr™, respectively. After this the values obtained for the longest oligomer models were
used in periodic calculations. The optimal tuning indicates that the original value was too high for the
studied systems and that the OT-wB97X functional allows more delocalization than the other long-range
corrected functionals considered in this study.

Results and Discussion

Amount of the exact HF exchange in the density functionals

Because we refer to the amount of the exact HF exchange in the functional when the results are discussed,
we introduce the functionals shortly. For the pure density functionals the amount of the exact HF exchange
is zero and for some hybrid functionals the amount of HF exchange is given as a single value. However, the
HSEO06 functional can be considered to work as the PBEO functional at short interatomic distances and as
the PBE functional at long interatomic distances, whereas the long range w functionals contain a large
amount of the HF exchange in general but less at short interatomic distances. We have calculated the
effective HF exchange’® by plotting the HOMO-LUMO gaps of the periodic P1-P3 models as a function of
the HF exchange for the DFT methods, for which it is given as a simple predefined multiplier, and used
linear regression to obtain an approximation of the effective HF exchange in the cases of the HSE06 and w

o b tHEs SRUUY RUTITL AL, Hiedal 1L, diib - U = UiTucl pulyliviitidl 1its Wit oottt tvelt B
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functionals (see ESI). For simplicity, the changes in the HOMO-LUMO gap obtained with different

functionals are presumed to originate solely from the addition of the exact HF exchange to the functionals

even though the DFT correlation and exchange parts of the functionals are also different. The amounts of

the HF exchange in different functionals are presented in Table 1. In the text M062X, OT-wB97X, wB97XD,

LC-wPBE, and MO6HF are sometimes collectively referred to as the high HF exchange methods.

Table 1. Amounts (%) of the HF exchange present in the density functionals included in this study.

PBE MO6L HSEO6 B3LYP PBEO MO06 MO062X | OT- wB97XD | LC- MO6HF

wB97X wPBE

0 0 12-13° | 21 25 27 54 56-65° | 79-80° | 97-98° | 100

® An effective HF exchange, see the text for the details.

Effect of the method on the geometries of the D—A polymers

The investigated polymers have no strong planarity enforcing intramolecular interactions. As a result the

modeling method affects especially the dihedral angle of the D—A polymer backbone. To demonstrate this

we have compared the dihedral angles « and £ (see Figure 1) predicted by each method for the optimized

structures of the periodic models and the oligomer models, which consist of 4 CRUs (Table 2). In the

oligomer models dihedral angles of the two innermost CRUs are examined.

Table 2. Dihedral angles a and £ (in degrees) in the two innermost backbone CRUs of the oligomer models

with n =4 and in the periodic (PBC) models P1-P3.

Method Olpy Olp Br, Olp3 Bes

oligomer® PBC oligomer PBC oligomer PBC oligomer  PBC oligomer  PBC

PBE 2/4 0 20 17 3 5 21 22 45 42

MO6L 2/5 3 11 12 2 2 16 16 42 40

HSEO6 1/12 2 23 22 5 8 25 25 46 44

B3LYP 0/15 4 24 22 5 8 25 25 48 46

PBEO 1/16 4 25 23 6 9 26 26 47 45

MO06 5/14 3 23 22 7 8 25 25 45 43

MO06-2X 9/21 12 28 27 10 11 28 28 46 45

OT-wB97X° 9/29 21 31 31 16 14 31 32 49 49

wB97XD 12 /27 17 32 31 14 13 32 32 50 49

LC-wPBE 8/31 22 33 32 18 15 33 33 52 51

MO6-HF 15/30 22 37 37 20 17 37 37 49 48

HF 18/43 32 37 37 24 19 38 38 57 56

PM6 2/28 - 48 - 29 - 48 - 54 -

? The P1 oligomer model has alternating o»; dihedral angles, see the text for details. ® The angle was
measured for the OT-wB97X n=8 model in the absence of an n=4 model.

As expected, there is a clear correlation between the amount of the exact HF exchange in the method and
the value of the backbone dihedral angle in both the oligomer and periodic models. Namely, when the
amount of the HF exchange increases the dihedral angle increases. Even in the most planar polymer, P1,
the backbone dihedral angle clearly deviates from planarity when the method has a large amount of HF
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exchange or when the mere HF method itself is used. The same trend is visible in the cases of the P2 and P3
models, as well. The OT-wB97X functional yields similar dihedral angles to the other high HF exchange
methods.

Moreover, the dihedral angles of the oligomer models and the PBC models can be compared in order to see
whether the PBC models perform well, i.e. resemble the fully relaxed oligomer model or, for example,
whether they restrict the geometry. Indeed, some differences are seen between the P1 oligomer models
and the periodic models. In the periodic model of P1 all dihedral angles in the backbone are of the same
size. However, the oligomer models with n = 2—8 have two alternating dihedral angles. The smaller dihedral
angle is related to the slightly attractive and stabilizing N - - H interaction between benzodithiophene and
benzotriazole and the larger dihedral angle to the conformation in which the sterically less unfavorable,
equilibrium structure is reached when N and S are on the same side, which does not necessarily mean that
they are interacting with each other.”* The periodic model with only one CRU does not have geometric
freedom for two distinct dihedral angles (the second angle must be of the same size but opposite in
direction). Additional geometric freedom can be given to the model by incorporating e.g. two CRUs into the
period. Addition of the second CRU to the model stabilizes the structure by 6 kJ/mol/CRU (B3LYP) because
the nitrogen and sulphur atoms are located always on the opposite sides of the model, leading to a
sterically slightly more favorable conformation. However, the HOMO-LUMO gap increases only by 0.06 eV
(B3LYP). All in all, these findings are in line with the changes found between different conformational
isomers of conjugated polymers.”” However, we used only the periodic P1 model consisting of one CRU as
its size and the HOMO-LUMO gap results are suitable for comparing the methods.

The dihedral angles, a and g, of the oligomer models of P2 and P3 vary only slightly from those of the
corresponding periodic models, see Table 2. The dihedral angle a between fluorene and thiophene is
almost the same regardless of the model and the dihedral angle  between thiophene and benzotriazole is
the same within (2-3) degrees in both models. The deviations are possibly caused by the shortness of the
oligomer chain compared to the chain length in the corresponding periodic model. As a summary, the PBC
models produce corresponding geometries with the oligomer models, but the models have to be built
carefully. Additionally, we stress that when evaluating the following results, it is good to keep in mind that
the information is obtained only from the middle part of an infinitely long polymer, whereas the
terminating ends and their effects can be assessed only from the oligomer models.

The PM6 semiempirical method was included into the study in order to see whether it can predict
geometries comparable to those predicted by the DFT or HF methods and whether it can be used for
preoptimizing the oligomer models or for studying amorphous packing of polymers that have similar
structures to P1-P3. PM6 yields results close to those given by the high HF exchange DFT methods in the
case of P1. In the cases of P2 and P3 both dihedral angles e and £ are comparable to those given by HF and
often greater. It appears that PM6 produces geometries that are not comparable to those predicted by
other methods used in this study. As such, the PM6 method offers only a limited usage for polymers that
have weak backbone interactions like P1-P3 here, but is perhaps more suitable for polymers, in which the
donor—acceptor units have stronger intramolecular interactions leading to more rigid geometries.

We have calculated the BLA values for the ground states of the periodic models of P1-P3, see Table 3. The
bond paths and the bond lengths are given in the ESI.
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Table 3. BLA (A) for the periodic models of P1-P3.

Method P1 P2 P3

PBE 0.020 0.027 0.033
MO6L 0.022 0.028 0.034
HSEO06 0.031 0.036 0.043
B3LYP 0.033 0.039 0.046
PBEO 0.034 0.039 0.044
MO06 0.035 0.040 0.045
MO06-2X 0.047 0.050 0.054
OT-wB97X 0.040 0.045 0.052
wB97XD 0.050 0.052 0.057
LC-wPBE 0.059 0.059 0.063
MO6-HF 0.065 0.065 0.068
HF 0.074 0.073 0.079
PM6* 0.049 0.060 0.061

® Cannot be used with PBCs. For symmetry reasons, measured from the middle CRU of an oligomer model
with n =7 for P1 and n = 3 for P2 and P3.

The pure DFT functionals, PBE and MO6L, predict quite small BLA values, meaning that the m-electrons are
more delocalized along the bonds. However, the methods with larger amounts of the exact HF exchange
predict larger BLA values. In other words, the differences between the lengths of the double and single
bonds are larger when the method has more of the exact HF exchange. This is in agreement with the
smaller amounts of the long-range electron delocalization built into these methods. The OT-wB97X
functional yields the smallest BLA values of the high HF exchange methods. This means that optimally
tuning the range-parameter increases the delocalization for P1-P3 although there is still less delocalization
than in the hybrid functionals. Moreover, the delocalization of the m-electrons along the bond paths of the
polymers decreases in the order of P1 > P2 > P3.

All things considered, the computed geometry (e.g. the dihedral angle and the BLA) depends on the
method chosen in this work, be it HF, DFT, or semiempirical. Therefore, the electronic properties for the
polymers P1-P3 are also expected to depend on the method, i.e. the distribution of the electron density in
the model.

Effect of the method on the HOMO-LUMO gaps of the D—A copolymers P1-P3

The methods were further evaluated by inspecting the predicted HOMO-LUMO gaps or the gaps between
the highest occupied crystal orbital (HOCO) and the lowest unoccupied crystal orbital (LUCO), i.e. the
HOCO-LUCO gaps, in the cases of the periodic models. The gaps of the longest oligomers, the gaps
extrapolated from the oligomer data, and the gaps of the periodic (PBC) models of P1-P3 are listed in Table
4. The HOMO-LUMO gaps as a function of the oligomer length are given in ESI.

Page 10 of 21
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Table 4. HOMO-LUMO gaps (eV) of the longest oligomers, the extrapolated HOMO-LUMO gaps (eV), and
the HOCO-LUCO gaps (eV).

Method P1 P2 P3

n=8 extrapolated PBC n=4  extrapolated PBC n=4 extrapolated PBC
PBE 1.04 0.97 1.00 1.28 1.18 1.22 1.50 1.42 1.46
MO6L 1.18 1.10 1.13 1.38 1.27 1.33 1.63 1.53 1.59
HSEO06 1.71 1.63 1.62 1.97 1.86 191 229 2.20 2.24
B3LYP 2.10 2.03 2.01 2.35 2.25 230 2.69 2.61 2.65
PBEO 2.39 2.31 2.29 2.67 2.56 2.61 3.01 2.93 2.96
MO06 2.46 2.39 2.37 2.74 2.63 2.68 3.03 2.94 2.99
MO06-2X 4.01 3.96 392 432 4.22 4.27 4.68 4.60 4.63
OT-wB97X  4.15 - 411 471 - 466 5.36 - 5.33
wB97XD 5.55 5.45 5.47 5.84 5.70 5.79 6.23 6.18 6.21
LC-wPBE 6.55 6.49 6.49 6.91 6.79 6.84 7.34 7.28 7.30
MO6-HF 6.77 6.71 6.69 7.17 7.06 7.11 7.53 7.48 7.49
HF 7.62 7.56 7.57 7.79 7.64 7.68 8.30 8.28 8.27
PM6 5.91 5.86 - 6.68 6.61 - 6.85 6.83 -

As expected, the HOMO-LUMO gap energy increases as the amount of the exact HF exchange in the
method increases. The OT-wB97X functional yields smaller HOMO-LUMO gap values than the other long-
range corrected functionals, which is a direct consequence of tuning of the range separation parameter.
When the oligomer length increases, the HOMO-LUMO gap energies of the optimized oligomers (see ESI,
tables S5-S7) approach the HOCO-LUCO gap energies of the periodic models. However, the gap energies of
the longest optimized oligomers are larger than the gap energies of the periodic models or those of the
extrapolated gap values. In other words, the gap energy of the oligomers could still decrease, if the lengths
of the oligomer chains were increased. This, in turn, means that the effect of conjugation, that reduces the
band gap energy, exceeds eight (8) CRUs in the computational model of P1 and four (4) CRUs in those of P2
and P3. The extrapolated values are close to the values obtained by the PBC calculations, which suggests
that both procedures are adequate for predicting the gap energy. However, a single PBC calculation is a
more straightforward way to obtain the gap.

Because the calculated backbone dihedral angles vary according to the computational method, the effect of
the chosen method on the HOMO-LUMO gap energy is not to be directly deduced from the gap energies
presented in Table 4. The HOMO-LUMO gap energies are known to change as a function of the cosine of
the dihedral angle x, see equation 3,“***”* where E, is the HOMO-LUMO gap when dihedral angle in the

o T Ie = =gl e MR IV RV oMY TR M MY ETe T T M _

model is 0 degrees and E,q is the HOMO-LUMO gap when the dihedral angle in the model is 90 degrees. In
order to study the effect of the variation of the dihedral angle on the gap, we compared the gaps of the
partially optimized periodic model of P1, i.e. the dihedral angle ap, (see Figure 1) was frozen to (0-90)
degrees with increments of 10 degrees. The calculated HOCO-LUCO gaps are listed in Table 5. The models
of P2 or P3 were not inspected, because they contain multiple different dihedral angles in the backbones of
the CRUs. Additionally, while the inspection would have been interesting for the OT-wB97X functional, it
requires optimizing of the range-separation parameter (w) for each periodic model using oligomer models
with predefined dihedral angles so the functional was left out.

Eg(x) = Ego + (Eggo - Ego) * (1 —cosx).(3)

== Form iueed: |
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Table 5. HOCO-LUCO gaps (eV) of the partially optimized periodic model of P1 calculated with the
predefined dihedral angles (°).
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Method 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°  EgooEgo
PBE 1.00° 1.02 1.07 1.15 1.25 1.37 1.50 1.64 1.77 1.87 0.87
Mo6L 1.13 1.15 1.21 1.29 1.39 1.51 1.66 1.80 1.95 2.10 0.97
HSEO6 1.62 1.65 1.73 1.84 1.98 2.14 2.31 2.49 2.66 2.78 1.16
B3LYP 2.01 2.04 2.13 2.25 2.39 2.55 2.73 2.91 3.07 3.17 1.17
PBEO 2.28 231 241 2.53 2.68 2.85 3.03 3.22 3.40 3.51 1.23
MO06 2.37 241 2.49 2.61 2.75 2.90 3.07 3.25 341 3.56 1.19
MO06-2X 3.85 3.89 4.00 4.14 4.30 4.49 4.69 4.90 511 5.26 1.41
wB97XD 5.32 5.37 5.49 5.64 5.83 6.03 6.24 6.45 6.65 6.76 1.44
LC-wPBE 6.27 6.32 6.45 6.62 6.81 7.01 7.23 7.45 7.65 7.76 1.50
MO6-HF 6.46 6.52 6.64 6.81 7.00 7.21 7.44 7.67 7.87 7.99 1.54
HF 7.04 7.13 7.32 7.53 7.76 8.00 8.25 8.50 8.70 8.80 1.76

® Results closest to the fully optimized model of P1 (for angles see Table 2 and for gaps see Table 4) are in
boldface.

The HOCO-LUCO gap energy increases when the dihedral angle increases. While the values do not exactly
fit the equation 3 they still change roughly as a function of (1- cos x), meaning that the gap energy changes
only little when the dihedral angle x is small, but larger changes result as soon as the dihedral angle is (30—
60) degrees. Because the methods predict small dihedral angles in the backbone of the geometry of the
optimized P1, the effect of the geometry on the gap energy is negligible with most of the methods and
modest, i.e. up to 0.2 eV, with the high HF exchange DFT functionals (w-functionals). In the case of the HF
method the planar P1 has a gap of 7.04 eV (Table 5) and the optimized P1 that has a dihedral angle of 32°
(Table 2) has a gap of 7.57 eV (Table 4) meaning that the gap has increased 7 % due to the change of the
dihedral angle. In the case of polymers P2 and P3 the predicted dihedral angles are (12-37)° for o, (2-17)°
for [r,, (16-37)° for aps, and (40-54)° for fps (Table 2). Because the angles vary this much the HOMO -
LUMO gap difference arising from the dihedral angle difference can be expected to be bigger. The gap
energies at different dihedral angles also demonstrate why the planarity of the polymer is desired when a
narrow HOMO-LUMO gap is pursued.

Effect of the method on the first electronic excitation

Next we examined the TD-DFT and TD-HF gaps of the polymers. The energies of the first (vertical)
excitations (S0 - S1) of the longest oligomers and the corresponding extrapolated excitation energies of
the polymers are presented in Table 6. The first excitation energies are mainly from HOMO to LUMO and
are presented as a function of the oligomer length in ESI.
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Table 6. First TD-DFT and TD-HF excitation energies (eV) of the longest oligomers and the corresponding

3838 (P1).

Method P1 P2 P3
n=8 extrapolated n=4 extrapolated n=4 extrapolated

PBE 1.08 0.98 1.32 1.15 1.53 1.40
MO6L 1.21 1.11 1.43 1.26 1.66 1.53
HSEO6 1.68 1.57 1.95 1.85 2.24 2.14
B3LYP 1.80 1.72 2.03 1.96 2.31 2.24
PBEO 1.95 1.87 2.20 2.12 2.49 2.44
MO06 1.94 1.86 2.16 2.10 2.42 2.33
MO06-2X 2.61 2.58 2.79 2.71 3.11 3.04
OT-wB97X 2.26 - 2.51 - 2.93 -
OT-wB97X,o1y * - 2.44 - 2.88 -
wB97XD 2.82 2.78 2.93 2.89 3.30 3.27
LC-wPBE 3.26 3.20 3.38 3.30 3.79 3.73
MO6-HF 3.42 3.37 3.57 3.51 3.92 3.86
HF 3.59 3.53 3.62 3.53 4.10 4.06

Absorption maxima measured in chloroform solutions are 2.03 eV (P1), 2.32 eV (P2), and 2.80 eV (P3) and
the optical band gaps estimated from the onset wavelengths of the UV-Vis spectra of thin films are 1.91 eV
(P1), 2.08 eV (P2), and 2.34 eV (P3). *Too demanding to calculate.

Except in the case of the OT-wB97X., functional, the solvent effects have been neglected in the
calculations. Moreover, the basis set is rather small. Therefore, the results are expected to deviate from
the experimental quantities and a direct comparison between the calculated and experimental results
cannot be done. However, when the same oligomer is studied using different density functionals, the 6-
31G* basis set and the lack of the solvation model do not remarkably affect the relative results. The first
excitation energy increases as the amount of the exact HF exchange in the method increases, as in the case
of the HOMO-LUMO gaps (Table 4). The OT-wB97X functional yields the smallest excitation energies of the
high HF exchange methods and the results look very promising if compared to the experimental data. For
this reason we performed additional calculations with the 6-31+G(d,p) basis set and chloroform as a solvent
for a better comparability with the experimental values. The excitation energies obtained from these
calculations are slightly smaller than those calculated with the smaller basis set in vacuum. The results are
also rather close to the experimental values with ca. 0.1 eV differences. However, there are still error
sources left and we expect the most notable errors to come from the oligomer length and the
consideration of only one conformer.

The excitation energies obtained for the longest oligomers are still (0.04-0.17) eV larger than the
extrapolated values. It is good to note that the difference between the excitation energy of the longest
oligomer and the extrapolated value is smaller with the high HF methods, meaning that these methods
converge faster. However, it is possible that the energies would decrease further if a longer oligomer model
was used, which means that the effect of the conjugation exceeds eight (8) CRUs in P1 and four (4) CRUs in
P2 and P3.

_ - - | Form-tted: |
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Effect of the method on the HOMO and LUMO and their electron densities

The electron density distributions on the frontier molecular orbitals (FMOs) were examined with the
chosen methods. The HOMO is expected to be concentrated on the electron rich donor parts and the
LUMO on the electron deficient acceptor parts of the polymer. Benzodithiophene is the electron rich part
and 2-phenyl benzotriazole the electron deficient part in P1. In P2 and P3 fluorene and thiophene are rich
in electrons and 2-phenyl benzotriazole is electron deficient. The contributions of the electron density
distributed on the donor (D) and acceptor (A) units of the polymer backbone to HOMO, LUMO, HOCO, and
LUCO are presented in Tables 7a—c.

Table 7a. Contributions (%) of the electron densities of the D* and A units of the polymer backbone to
FMOs in the models of P1.

Method P1 oligomer P1 periodic

HOMO LUMO HOCO LUco

D A D A D A D A
PBE 76 24 40 60 76 24 40 60
MO6L 75 25 39 61 75 25 39 61
HSEO6 75 25 41 59 75 25 41 59
B3LYP 74 26 40 60 74 26 40 60
PBEO 75 25 41 59 74 26 42 58
MO06 75 25 40 60 74 26 40 60
MO062X 75 25 42 58 74 26 43 57
OT-wB97X 75 25 38 62 75 25 39 61
wB97XD 75 25 40 60 74 26 42 58
LC-wPBE 77 23 42 58 76 24 42 58
MO6-HF 77 23 43 57 76 24 43 57
HF 75 25 38 62 75 25 39 61
PM6 94 6 31 69 - - - -

°D = benzodithiophene; °A = benzotriazole.

Page 14 of 21
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Table 7b. Contributions (%) of the electron densities of the D?, D’®, and A° units of the polymer backbone

to FMOs in the models of P2.

Method P2 oligomer P2 periodic
HOMO LUMO HOCO LUco

D D’ A D D’ A D D’ A D D’ A
PBE 30 47 23 16 29 55 31 47 22 17 30 53
MO6L 31 47 23 15 29 55 31 47 22 16 30 54
HSEO6 30 46 23 15 29 56 31 46 23 16 30 55
B3LYP 30 46 23 14 29 57 31 46 23 15 29 56
PBEO 30 46 23 15 29 56 31 46 23 16 30 55
MO06 31 46 23 14 28 59 32 46 23 15 28 57
MO062X 30 46 24 14 28 57 31 46 23 15 29 56
OT-wB97X 30 46 24 13 26 61 31 46 23 13 27 59
wB97XD 30 46 24 12 26 62 31 46 24 13 27 60
LC-wPBE 31 44 24 12 27 61 31 45 24 13 27 60
MO6-HF 31 45 24 13 26 61 31 45 24 14 26 60
HF 36 42 22 11 24 64 35 42 22 12 26 62
PM6 39 36 25 2 15 82 - - - - - -

D = fluorene, ° D’= thiophene, “A = benzotriazole.

Table 7c. Contributions (%) of the electron densities of the D?, D’®, and A° units of the polymer backbone to

FMOs in the models of P3.

Method P3 oligomer P3 periodic
HOMO LUMO HOCO LUco

D D’ A D D’ A D D’ A D D’ A
PBE 33 47 19 12 22 66 34 47 19 13 23 65
MO6L 33 47 20 12 22 66 34 47 20 13 23 65
HSEO6 35 46 19 11 22 67 35 46 19 12 22 66
B3LYP 36 46 18 10 20 70 36 46 18 11 21 68
PBEO 36 46 19 11 22 67 36 46 18 12 22 66
MO06 36 45 19 10 21 68 36 45 19 11 22 67
MO062X 36 45 19 12 22 66 36 45 19 13 23 64
OT-wB97X 38 45 17 9 18 73 37 45 18 10 19 72
wB97XD 38 44 17 9 19 72 39 44 17 10 19 71
LC-wPBE 40 43 17 10 19 71 40 43 17 11 20 69
MO6-HF 39 43 18 11 20 69 43 39 18 12 21 67
HF 50 37 13 9 16 76 49 38 13 10 16 74
PM6 34 41 25 2 25 73 - - - - - -

D = fluorene, ° D’= thiophene, “A = benzotriazole.

The computational method affects the distribution of the electron density only slightly (up to four
percentage point difference) in the models of P1, excluding the PM6 method that yields a very strongly



Physical Chemistry Chemical Physics

15

localized HOMO and a bit more localized LUMO compared to the other methods. The models of P2 have up
to nine percentage point variation in the electron density contributions when calculated with different
methods, excluding PM6. The HF method yields more localized orbitals than the DFT methods. In the case
of the P3 models up to 17 percentage point variation is seen in the results between the different DFT
methods. Also the electron density of HOMO is more localized in donors and LUMO is more localized in
acceptors in the models of P3 than in those of P2 by roughly five to ten percentage points. This is probably
caused by larger backbone dihedral angles in P3, which hinder the delocalization along the chain. The
optimally tuned OT-wB97X functional yields results similar to the other high HF exchange methods when
we compare the electron density distribution of the highest occupied orbital. However, there are
differences when the electron density distributions of the first unoccupied orbitals are considered. In the
case of the P1 models the electron density values differ from those calculated using the other high HF
exchange methods and the electron density is localized largely on the acceptor. In the case of the P2
models the results are similar to those yielded by the other high HF exchange functionals. In the case of the
P3 models, however, a larger amount of an electron density is again localized on the acceptor.

The polymer model affects the distribution of the electron density, as well. In the oligomer models the FMO
electron density is the strongest in the middle of the model and almost non-existent at the terminating
ends. In the periodic models, instead, the electron density is evenly distributed along the same CRUs as is
evident from the molecular orbitals, see Figure 3. This is because the energy levels are equivalent in the
periodic models but split in the oligomer models. However, the total distribution of the FMO electron
density between the donors and acceptors is similar in both polymer model types, as is seen in Tables 7a—c.
As such, it can be said that both the oligomer model and the PBC model can be used to analyze the electron
density.

Page 16 of 21



Physical Chemistry Chemical Physics

Page 17 of 21
16
o 7™ ol
a) v Y Y A Y
Py A AL N4
FRRS IR Y AS TR
i(\\' b L4 9 "“’? »- @ ‘ : 4 v
A o
b) g {: 3 2 . ‘ o :.: "\“'
}\' A L 3 4. ‘ ’L
S48 :‘—;‘»“ XA - %2 R &“
k» i{k ‘IL“‘ ':n.‘.' !‘ a..’ - \!“' [ '\’fi’
N A 45
9] ~ Y p8
D h 90,5, g 5 ¢ s
/;o* A \ “h '?o 4 “ﬁ sfp . “ks.“e'l .
24340 Votpg0t W e
o d > 4o NP
y Ly YA~ L8
9. A ] .' <& ~"
d) h o ¥ Al [ .Q.9 oy
» 3 .~ {‘I g “....ﬂ-~ 4y
T, »,{" YA ST QI
A 9 )‘. .« P J\" "\»*«‘: o,a $‘
L J & ..“nl f ". PN ‘o ¥
e ; or i
,: ‘\. 9 , ) ~*
< & ,,ii
'\\"' ‘LX A <
- K . ,V’?r',
Y ) 1.99 o ) ‘v‘ 5. ‘ ] y
EETET L TR roitee
"?&l“ a * %’ , “)\‘~' . 2 g
g éd L, "
¢ e LX " AP L,
N o % b rgv ) pee & 2,
I ) }$&~ &«é A :1’“ s ,"
E 20 SIS ) any. ) Lo 9 T Qa
,.{T: ‘:'.: ‘,‘ ™ '/I«\ 3 \.:( y P s,

Figure 3. Frontier molecular (left)/crystal (right) orbitals of the oligomer models (left) and the PBC models
(right): a) P1 HOMO b) P1 LUMO, c) P2 HOMO, d) P2 LUMO, e) P3 HOMO, f) P3 LUMO. The B3LYP/6-31G*

level of theory was used. The electron density is obtained by squaring the wavefunction.
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Conclusions

We have evaluated various computational methods and both oligomer and periodic models in predicting
structural and electronic properties of three conjugated donor—acceptor polymers used in experimental
photovoltaic cell devices. We used the HF wavefunction method, the PM6 semiempirical method, and DFT
with 11 different functionals, i.e. B3LYP, PBE, PBEO, HSE06, LC-wPBE, wB97XD, OT-wB97X, M06, MO6L,
MO062X, and MO6HF.

The polymers studied do not contain strong planarity enforcing interactions, and therefore, the method
affects the dihedral angles of the polymer backbone. There is a clear correlation between the amount of
the exact HF exchange in the method and the value of the dihedral angle in both the oligomer and periodic
models. The increase in the amount of the HF exchange increases the dihedral angle by (20-30)° when
going from the pure density functionals via the hybrid functionals and the functionals containing high
amounts of the exact HF exchange to the pure HF method. It is notable, that the density functionals that do
not contain exact HF exchange promote more planar structures. On the other hand, the pure functionals
predict the smallest BLA values (less conjugated structures) and the values increase as the amount of the
exact HF exchange increases in the method. This is because the pure DFT functional predict structures
where the electrons are overly delocalized and when the amount of the exact HF exchange increases the
electrons become more localized and the BLA value increases.

The results for the optimally tuned OT-wB97X functional were of specific interest as the use of the
optimally tuned functionals may lead to a much greater accuracy in conjugated polymers. The optimally
tuned values for the range-separation parameter were down to (0.16-0.10) bohr™ from the initial value of
0.30 bohr™. This indicates that a higher degree of delocalization than in the normal long-range corrected
functionals is necessary. The dihedral angles in the polymer backbones are of a similar size as obtained with
the other high HF exchange functionals and the bond length alternation is smaller than with the typical high
HF exchange functionals but larger than with the hybrid functionals. The predicted HOMO-LUMO and
HOCO-LUCO gaps fall between the M062X and wB97XD functionals and the energy of the first excitation
calculated with TD-DFT is below the values obtained with M062X but above the values obtained with the
hybrid functionals. The TD-DFT calculations with the 6-31+G(d,p) basis set and the solvent model yielded
results within 0.1 eV of the experimental values highlighting the usefulness of the OT functionals.

The results are similar for both the oligomer and periodic models. With periodic models there is no need to
extrapolate, making their use easier. However, when for example empirical dispersion correction or TD
formalism is needed they are not readily available in all the codes that provide PBCs. In the case of the
optimally tuned range-separated functional, the PBC approach is intriguing, but requires tuning of the
range separation parameter either with long oligomers or possibly through the fitting of the results
calculated for the shorter oligomers.
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