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Development of a quantum chemical descriptor expressing
aromatic/quinoidal character for designing narrow-bandgap
n-conjugated polymers

The authors have established guidance for designing narrow-
bandgap copolymers by developing the quinoid stabilization
energy (QSE) as a quantum chemical descriptor expressing the
aromatic/quinoid character. QSE considers only the monomer
structure and linking sites, and is highly compatible with materials
informatics.
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A new quantum chemical descriptor, quinoid stabilization energy (QSE), is established for the compu-

tational design of narrow-bandgap polymers. QSE was constructed based on the energy change of

homodesmotic reactions of a dimethylated monomer with oligoacetylene. It can be uniquely defined for

heterocyclic and polycyclic monomers, unlike the arbitrary conventional descriptors based on bond

length alternation. Density functional theory (DFT) calculations revealed a relationship between QSE and

the bandgap of polymers. According to the relationships obtained for 268 homopolymers and 179 alter-

nating copolymers selected from many different families, narrow-bandgap polymers can be designed

with QSE = 0, which indicates the intermediate state between aromatic and quinoid forms. Copolymers

having QSE = 0 can be achieved by combining a quinoidal monomer with an aromatic one. The main

advantage of this approach of designing narrow-bandgap polymers is that it requires only information of

the monomers and their linking site. Using this approach, we propose a new candidate of narrow-
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Introduction

n-Conjugated polymers are used in organic light emitting
diodes,"™ organic solar cells,’"® and organic field effect
transistors.”**® Among them, those with narrow bandgaps are
of great interest, because their near infrared (NIR) absorption,
high conductivity, and ambipolar charge transport properties
are useful for those devices. Additionally, NIR absorption has
attracted increasing research attention in the field of biomedi-
cine, with applications in optical and electronic biosensors,
bioimaging, and anticancer and antimicrobial therapies.'’ >
In general, polymers have excellent moldability, and their
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bandgap alternate copolymers constructed by two monomer units that are both usually categorized as
acceptors. The proposed copolymer has a calculated bandgap of 0.76 eV, indicating a potentially high air
stability. Since QSE as a simple descriptor is highly compatible with machine learning, this approach
should accelerate the development of ultra-narrow-bandgap polymers.

various properties can be tuned according to different mole-
cular designs. The tunability enables narrowing of the
bandgap of =-conjugated polymers, although the organic
matter has an inherently wide bandgap. However, the design
of narrow-bandgap polymers remains challenging because the
molecular design of n-conjugated polymers can be considered
in an extremely large number of possible polymers. Commonly,
narrow-bandgap polymers are synthesized by combining two
or more monomers. From a selection of only 100 kinds of
monomers, 4950 different copolymers can be obtained by
combining two monomers. Therefore, an efficient strategy is
required to find candidate narrow-bandgap polymers.
Computational design could dramatically speed up the dis-
covery of new narrow-bandgap polymers. The corresponding
strategy is usually based on identifying key quantum chemical
descriptors that determine the bandgap of n-conjugated poly-
mers. With the rapid recent development in materials infor-
matics, the importance of quantum chemical descriptors con-
tinues to grow. The donor-acceptor approach, which is the
most popular design strategy for realizing narrow-bandgap
n-conjugated polymers using  quantum chemical
descriptors,>® > achieves a narrow bandgap by copolymerizing
a monomer having a high highest occupied molecular orbital

This journal is © The Royal Society of Chemistry 2019


www.rsc.li/polymers
http://orcid.org/0000-0002-7650-4083
http://crossmark.crossref.org/dialog/?doi=10.1039/c9py00987f&domain=pdf&date_stamp=2019-10-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9py00987f
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY010041

Open Access Article. Published on 01 October 2019. Downloaded on 1/12/2026 4:23:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

S S
W

n n

Fig. 1 Chemical and resonance structures of poly(isothianaphthene).

(HOMO) level as a donor and a monomer having a low lowest
unoccupied molecular orbital (LUMO) level as an acceptor.>®
Thus, the key quantum chemical descriptors in this approach
are the HOMO level of a donor and the LUMO level of an
acceptor.

Another strategy that aims for an intermediate structure
between the aromatic and quinoidal forms (the aromatic-
quinoid approach) has been proposed as a design guideline
for realizing narrow-bandgap polymers.>*>* For example, the
bandgap of poly(isothianaphthene) (PITN) is 1.0 eV.>* This mole-
cule is believed to have an intermediate structure between the
aromatic and quinoidal forms (Fig. 1). The aromatic-quinoid
approach was based on the theoretical investigations reported by
Brédas.’>*® He observed that the minimal bandgap is obtained
when the poly(thiophene) lies between those of the quinoidal
and aromatic forms upon changing and forcing the bond length
between carbon atoms. Thus, a narrow bandgap is obtained
when the bond alternation is small.

In 2013, Bérubé and co-workers proposed a quantum
chemical descriptor based on bond alternation.*® They indi-
cated theoretically that alternate copolymers composed of aro-
matic and quinoidal monomer units have an intermediate
structure between aromatic and quinoidal forms, and appear
to have narrow bandgaps. In addition, they reported that the
aromatic-quinoid approach could better predict the bandgap
than the donor-acceptor approach. Also, this approach can
handle homopolymers and copolymers in a unified way.
Therefore, the aromatic-quinoid approach is a promising
design guideline for realizing narrow-bandgap polymers.

Recently, narrow-bandgap polymers have been synthesized
using the aromatic-quinoid approach.’”*° For example, a
n-conjugated polymer including the thienoquinoid skeleton
was synthesized with a bandgap as narrow as 0.88 eV.’” In
addition, experimental studies have also wused similar
approaches based on quinoidal measurements by the bond
alternation of copolymers to design narrow-bandgap
polymers.***> These narrow-bandgap copolymers were quali-
tatively designed by the aromatic-quinoid approach. However,
the quantum chemical descriptor based on bond alternation is
not suitable for designing narrow-bandgap polymers because
the conventional descriptor has some problems, as described
below.

Our purpose in this study is developing new quantum
chemical descriptors that are suitable for the design of narrow-
bandgap polymers based on the aromatic-quinoid approach.
Specifically, the new descriptor improves the following three
issues found in the conventional descriptor.

This journal is © The Royal Society of Chemistry 2019
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(1) Calculation of polymers is necessary in the conventional
descriptor because it is based on bond alternation for
polymers.

(2) Since the conventional descriptor excludes heteroatom-
containing bonds from the evaluation of bond alternation, it
could not be applied to heterocycles such as 1,3,4-thiadiazole
rings that do not contain C-C or C=C bonds.

(3) The conventional descriptor is somewhat arbitrary in
the selection of bonds for evaluating bond alternation in the
polycyclic monomer unit.

Fundamentally, these three problems arise because the con-
ventional descriptor is based on bond alternation. As a solu-
tion, we have developed quinoid stabilization energy (QSE),
which is a descriptor based on the stabilization energy of
structural change from the aromatic form to the quinoidal
form. QSE provides a guideline for combining monomers to
create narrow-bandgap copolymers. It can uniformly handle
monomers containing heteroatoms, and its value is uniquely
determined for every monomer. In addition, it is possible to
predict the change in the bandgap depending on the linkage
of the monomer. QSE has already been demonstrated as a
powerful tool for designing ultra-narrow-bandgap polymers by
Hasegawa and co-workers.*® Finally, since the new descriptor
can be obtained from simple calculations, it is promising for
use in materials informatics. This paper describes details of
the development and assessment of QSE for designing narrow-
bandgap copolymers.

Definition of QSE

In order to estimate the stabilization energy of the structural
change of the monomer unit in the polymers from the
aromatic form to the quinoidal form, energy change in the
dehydrogenation of the dimethyl form of the monomer
was calculated. The case of poly(thiophene) is exemplified in

eqn (1).
S S

Y2 OV

The energy change of this reaction, described as AEpono,
includes not only energy change due to the structural change
from the aromatic form to the quinoidal form but also those
due to dehydrogenation and the expansion of n conjugation.
To compensate for the redundant energy changes, such as
dehydrogenation, the energy change associated with hydrogen-
ation to form oligo(acetylene) (eqn (2)) was calculated.

M + Hp N/n (2)

The energy change of this reaction (AE,) converged to
31.4 keal mol ™" for the oligo(acetylene) with n = 8 (see Fig. S1
of the ESI{). Therefore, 31.4 kcal mol™" was used for AE, in
this work. QSE was defined by eqn (3) from AE,ono and AE,,

QSE = AEmono + AE, (3)

Polym. Chem., 2019, 10, 5584-5593 | 5585
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That is, QSE is the energy change of the homodesmotic
reaction shown in eqn (4).

~r - =, @

A positive QSE indicates that the aromatic form is stable for
the monomer unit in the polymer, while a negative QSE shows
that the quinoidal form is stable.

Computation details

All calculations were carried out using the Gaussian 16
program.”® The QSE was calculated using the long-range and
dispersion-corrected ®B97X-D°"! functional combined with the
6-311G(d,p)** basis set. The optimized molecular structures
were verified by vibrational analysis, as equilibrium structures do
not have imaginary frequencies. The zero-point energy was calcu-
lated using the unscaled vibrational frequencies. The detailed
procedure of the QSE calculation is described in the ESL{ To
confirm the accuracy of the QSE calculation, we tested 10 typical
monomers by the single-point calculation at the CCSD(T)*/
6-311G(d,p) level for the optimized structure obtained at the
®B97X-D/6-311G(d,p) level. The trend of QSE from wB97X-D was
in good agreement with that of CCSD(T), although the former
includes a systematic error of about 3 kecal mol™* compared to
the latter, as shown in Fig. S2 of the ESLT

The geometry of polymers was optimized by the one-dimen-
sional periodic boundary condition (PBC) calculation at the
B3LYP/6-31G(d,p) level.>>*> The bandgap of polymers was
obtained by the single-point calculation using 100 k-points
along the Brillouin zone at the B3LYP/6-31G(d,p) level. In this
study, the “calculated bandgap” was defined as the minimal
direct gap between the highest occupied crystal orbital
(HOCO) and the lowest unoccupied crystal orbital (LUCO),
which was at the I'-point in almost all polymers. The direct
gap is related to the experimental optical bandgap. The func-
tional dependence of the calculated bandgap is discussed in
the ESI (Fig. S3 and Table S17).

Results and discussion
Correlation between QSE and the bandgap of homopolymers

In order to evaluate the correlation between the QSE of the
monomers and the bandgap of the polymers, QSE values of
268 monomers and the bandgaps of their homopolymers were
calculated.’®®” The calculated bandgap and QSE are plotted in
Fig. 2. The bandgap is the lowest when QSE = 0, and therefore
the polymers having an intermediate state between the aro-
matic form and the quinoidal form have a narrow bandgap.

Unfortunately, a range of bandgap values at the same QSE
values was 1-2 eV. While the distribution of the bandgap
against QSE shows that the narrow-bandgap polymers can be
qualitatively predicted by having QSE near 0, the quantitative
prediction of bandgap is still difficult.

5586 | Polym. Chem., 2019, 10, 5584-5593
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Fig. 2 Correlation between the QSE and bandgap in

268 homopolymers.

Based on the values of QSE, representative examples of aro-
matic, quinoidal, and their intermediate monomer units are
shown in Fig. 3. The two intermediate monomer units with
the narrowest theoretical bandgaps are thienoisoindigo (TII)
and pyrroloisoindigo (PII), and the theoretical bandgaps of
their homopolymers are 0.70 and 0.68 eV, respectively. The
experimental optical bandgap of poly(thienoisoindigo) is
reported as 0.57 €V.”® Since bond alternation is not completely
eliminated in the TII polymer (Fig. S4t), it is considered that
the bandgap does not disappear in the vicinity of QSE = 0
because of the Peierls transition, which is a distortion of the
periodic lattice of a one-dimensional system due to the oscil-
lation of atomic positions.
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Fig. 3 Chemical structure, QSE in kcal mol™, and calculated bandgap
(Eg) in eV for a few examples of aromatic, quinoidal, and intermediate
monomer units.
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The QSEs of thiophene (Thi), isothianaphthene (ITN), and
isonaphthothiophene (INT) are 12.1, —3.3, and —10.0 kcal
mol ™!, respectively, and the experimental optical bandgaps of
their homopolymers are 2.1,°° 1.0, and 1.5 eV (ref. 60) (calcu-
lated values: 2.05, 1.47, and 1.97 eV). In these three molecules,
the smaller the absolute value of QSE, the narrower the homo-
polymer bandgap. The relationship between the number of
condensed benzene rings and the bandgap cannot be handled
by the donor-acceptor approach, neither can it be explained by
the extension of the n-conjugated system. An advantage of QSE
is the ability to evaluate the changes in the bandgap due to the
different numbers of annulated rings.

The change in bandgap due to the difference in linkage can
also be estimated by QSE. For example, in thieno[3,4-b]thio-
phene linked at 2,4-position (2,4-TT) and at 4,6-position (4,6-
TT), the QSE values are 17.2 and 3.5 kcal mol™", respectively.
So, the QSE values change depending on the linkage for the
same monomer unit. The calculated bandgaps of 2,4-TT and
4,6-TT homopolymers are 1.92 and 0.96 eV, respectively. This
result indicates that QSE can guide the design of appropriate
linkage to achieve a narrow bandgap.

1,3,4-Thiadiazole (TDz) is a monomer unit without any C-C
bond in the ring, and so it could not be evaluated by the con-
ventional bond alternation-based indicators. The QSE value of
TDz is 25.2 kcal mol™". The calculated bandgap of the TDz
homopolymer is 3.19 eV, which correlates with the QSE value.
Thus, QSE could be successfully applied to monomer units
that do not have C-C or C=C bonds in the ring.

When adjacent monomer units are considerably twisted,
the bandgap could be significantly different from the value
predicted from QSE, and this problem is also encountered in
the donor-acceptor approach. For example, although thiadia-
zoloquinoxaline (TDQ) has a QSE value close to 0 (—1.6 kcal
mol "), the calculated bandgap of its homopolymer is 2.52 eV.
This wide bandgap can be explained by the fact that poly(TDQ)
has a large dihedral angle of 70° between adjacent monomer
units due to steric hindrance. In addition, by the twist in the
polymers, the larger variation of bandgaps in Fig. 2 in the
region of QSE > 0 than in QSE < 0 can be explained as follows.
Polymers having the quinoidal form exhibit high planarity due
to the double bond between the monomer units. On the other
hand, polymers having the aromatic form are often twisted.
Thus, neither the QSE nor the donor-acceptor approach can
be used to evaluate the bandgap of polymers that are largely
twisted due to steric hindrance. To improve the prediction
accuracy, it would be necessary to consider not only the QSE
but also the twist of polymers.

Applying QSE to alternating copolymers

The number of possible monomer combinations in copoly-
mers is enormous. Just for alternating copolymers, about 5000
copolymers can be created from the combination of 100 kinds
of monomers. If the bandgap of the copolymers can be pre-
dicted only from the monomer information, then it is possible
to design narrow-bandgap polymers without performing a
large amount of calculation. Therefore, we assumed the QSE

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Correlation between QSEco and a bandgap of the 179 alternate
copolymers.

of alternating copolymers (QSE¢o) to be the average QSE of the
two constituent monomers, as expressed in eqn (5).

QSEco = (QSE; + QSE,)/2 (5)

Here, QSE, and QSE, are the QSE values of monomer 1 and
2, respectively. The calculated bandgaps of 179 alternating
copolymers are plotted against QSEo in Fig. 4.°° The copoly-
mers with the smallest bandgap have QSEo values around 0.
This result indicates a guideline: alternating copolymers with
narrow bandgaps can be designed by combining two mono-
mers that have an average QSE near 0.

Note that the distribution character of the bandgap against
QSEco was the same as that for homopolymers (Fig. 2). Thus,
the use of QSE(, is also inappropriate for quantitatively pre-
dicting the bandgap of copolymers.

A few examples of alternating copolymers with narrow cal-
culated bandgaps are shown in Fig. 5. In the aromatic-quinoid
approach using QSE, it is possible to design narrow-bandgap
copolymers by combining either two donors or two
acceptors. For example, thienopyrroledione®® (TPD) and
thienothiadiazole®*®* (TTD) are generally used as acceptor
units in narrow-bandgap copolymers, and their QSE values are
17.6 and —12.2 kecal mol™*, respectively. Because their alternat-
ing copolymer (TPD-TTD) has a QSEco close to 0 (2.7 kcal
mol ™), it is expected to exhibit a narrow bandgap. Indeed, the
calculated bandgap of TPD-TTD was very narrow at 0.76 eV.
Furthermore, alternating copolymers combining two acceptor
units are expected to have a high ionization potential, which is
known to indicate a higher stability in air.®*””> Therefore, QSE
could be used as a new design guideline for narrow-bandgap
polymers with high air stability.

Applying QSE to periodic copolymers with various monomer
ratios

In order to control the bandgap, periodic copolymers with a
component monomer ratio different from 1:1 are often
synthesized.”>”’® Therefore, it is important to predict the
appropriate  monomer ratio in periodic copolymers for
showing a narrow bandgap based on QSE. We tried to extend
QSE(o to periodic copolymers with various monomer ratios,

Polym. Chem., 2019, 10, 5584-5593 | 5587
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Fig. 5 Chemical structures, QSEco in kcal mol™, and calculated
bandgap (Eg) in eV for a few examples of narrow-bandgap alternating
copolymers.

by defining it as the average QSE of two monomers weighted
by the mole fraction, as shown in eqn (6).

QSEco = QSE; - wy + QSE, - w, (6)

Here, w; and w, are the mole fractions of monomer 1 and
2, respectively. In the case of alternating copolymers, QSEqo =
(QSE, + QSE,)/2.

As an example, the following two types of periodic copoly-
mers were selected: (1) copolymers of benzo[1,2-b:4,5-¢"|dithio-
phene (BDT) and 3,4-ethylenedioxythiophene (EDOT) and (2)
copolymers of benzo[c]furan (BF) and thieno[3,2-b]thiophene
(TT). For different monomer ratios in BDT-EDOT and BF-TT,
the correlations between the bandgap and QSE¢o are shown in
Fig. 6. The bandgap decreases linearly as the absolute value of
QSE(o decreases. The 1:1 BDT-EDOT (QSE¢o = 0.9 keal mol ™)
and the 3:1 BF-TT (QSE¢o = —0.4 keal mol ™) have the narrow-
est bandgap. Therefore, the results show that a narrow
bandgap in periodic copolymers can be designed by using a
monomer ratio that keeps the mole fraction-weighted average
of QSE of the monomers at around 0 kcal mol™.

Relationship between the orbital energy level and QSE

In order to find out why polymers with QSE at around 0 show
narrow bandgaps, we investigated HOCO and LUCO of the
polymers. Fig. 7(a) plots energy levels of HOCO and LUCO of
the alternating copolymers against QSEco, where the red and
blue symbols indicate aromatic and quinoid type orbitals,
respectively. An aromatic type orbital is a n-orbital showing an
anti-bonding feature between the monomer units according to

5588 | Polym. Chem., 2019, 10, 5584-5593
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Fig. 7 (a) Plots of HOCO (filled) and LUCO (empty) energy levels
against QSEco of the 179 copolymers. Blue and red symbols indicate
aromatic and quinoidal orbitals, respectively. (b) The aromatic type
orbital (HOCO) and (c) quinoid type orbital (LUCO) of poly(thiophene).

Fig. 7(b), and a quinoid type orbital is a m-orbital having a
bonding feature between the monomer units, as shown in
Fig. 7(c). According to Fig. 7(a), when QSE is positive, HOCO
is the aromatic type orbital and LUCO is the quinoid type
orbital in most polymers. On the other hand, in the negative
QSEo region, HOCO is a quinoid type orbital and LUCO is an
aromatic type orbital. Thus, the energy levels of the aromatic
and quinoid type orbitals are linearly correlated with QSEco,

This journal is © The Royal Society of Chemistry 2019
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and their two approximate straight trend lines intersect at
around QSE¢o = 0. This indicates that level crossing of the aro-
matic and quinoid type orbitals occurs at around QSEco = 0.
Therefore, the fact that polymers exhibit a narrow bandgap at
around QSE = 0 can be explained by that QSE = 0 is near the
level crossing of aromatic and quinoidal orbitals. Additionally,
the correlation shown in Fig. 7(a) means that the orbital levels
of m-conjugated polymers strongly reflect the nature of its
monomers, probably resulting in good correlation between the
QSE of monomers and the bandgap of polymers.

The level crossing of the aromatic and quinoidal type orbi-
tals highlights the problem with the donor-acceptor approach.
That approach is also a design guideline for narrow-bandgap
copolymers, by combining a donor monomer having a higher
HOMO level and an acceptor monomer having a lower LUMO
level. The donor-acceptor approach is based on the orbital
interaction model, in which the HOMO level of the polymer is
somewhat higher than that of the donor by a HOMO-HOMO
interaction, and the LUMO level of the polymer is somewhat
lower than that of the acceptor by a LUMO-LUMO interaction
(not a HOMO-LUMO interaction in the donor-acceptor inter-
actions), as shown in Fig. 8(a).”® In other words, the donor-
acceptor approach is established when the HOMO of the poly-
mers is constructed by the HOMO of monomers, and the same
with LUMO.

The orbital interaction model in Fig. 8(a) cannot be applied
in the quinoidal copolymers (QSEco < 0), although it can be
applied in the aromatic ones (QSEco 2 0), as explained by the
following three points.

(1) Based on the symmetry of orbitals, the aromatic type
orbital of the copolymers is constructed by the aromatic one of
the monomers, and the quinoidal type orbital of the copoly-
mers is also constructed by the quinoidal one of the
monomers.

(2) In monomers, the aromatic type orbital is HOMO and
the quinoidal one is LUMO. To understand the reason, one
may consider a 6x ring system. The aromatic type orbital has
one node, and the quinoidal type orbital has two nodes. Thus,
the former is inevitably more stable than the latter due to the
number of nodes, leading to the aromatic type HOMO and the
quinoidal type LUMO in the monomers.

(3) In polymers, on the other hand, the aromatic as well as
quinoidal type orbitals have two nodes per monomer unit.
Therefore, the energy level order of the aromatic and quinoidal
type orbitals can change. In other words, the aromatic HOCO
and quinoidal LUCO can be replaced by the quinoidal HOCO
and aromatic LUCO. Fig. 7(a) clearly shows that the polymers
with QSE¢o 2 0 have the aromatic HOCO and quinoidal LUCO,
and those with QSEco < 0 have the quinoidal HOCO and aro-
matic LUCO.

Based on the above three points, in the aromatic polymers,
the aromatic HOMO and quinoidal LUMO of monomers con-
struct the aromatic HOCO and quinoidal LUCO, respectively,
as schematically shown in Fig. 8(a). In the quinoidal polymers,
the aromatic HOMO and quinoidal LUMO of monomers con-
struct the aromatic LUCO and quinoidal HOCO, respectively,

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Schematic orbital interactions in (a) aromatic polymers and (b)
quinoidal polymers.

as schematically shown in Fig. 8(b). This means that the
donor-acceptor approach cannot be applied in the region of
QSEco < 0. It also shows that, in the aromatic copolymers, con-
sideration of not only the QSE but also the factor of donor-
acceptor can improve the bandgap prediction accuracy.

Now we further demonstrate the problem with the donor-
acceptor approach by an approximate scheme. If the donor-
acceptor approach is true, the bandgap of copolymers should
approximately correlate with the Ae defined below

Ae = g(lower LUMO) — e(higher HOMO) (7)

where ¢(lower LUMO) is the lower LUMO level between the two
monomers, and e(higher HOMO) is the higher HOMO level
between the two. The plot of the bandgap of copolymers
against Ae is displayed in Fig. 9. As we expected, the corre-
lation of the bandgap with Ae is not clear in the quinoidal
polymers (having quinoidal HOCO and aromatic LUCO)
although they are moderately correlated in the aromatic poly-
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Fig. 9 Plots of bandgap of copolymers against the difference in the
orbital level between the higher HOMO and the lower LUMO (A¢) in (a)
aromatic polymers and (b) quinoidal polymers.

mers (having aromatic HOCO and quinoidal LUCO). This
result shows that the donor-acceptor approach cannot be used
in the quinoidal polymers, even though some quinoidal poly-
mers have narrow bandgaps.

Data mining for finding monomer features influencing QSE

In order to discover monomer features that influence QSE,
data mining by the least absolute shrinkage and selection
operator (LASSO) regression’® was performed. LASSO
regression is a linear regression method that includes a
penalty term to reduce model complexity and to prevent over-
fitting. Since the LASSO regression excludes unnecessary
feature values, only features that are truly correlated with QSE
can be extracted. In this work, LASSO regression was carried
out for QSE and the following 18 monomer features: HOMO
level, LUMO level, HOMO-LUMO gap, square of spin operator,
ionization potential, electron affinity, electronegativity, chemi-
cal hardness, energy gap between the singlet and triplet states
(ST gap), molecular weight, number of N atoms, number of O
atoms, number of S atoms, number of rings, number of
n-electrons, number of n-electrons in the shortest n-conjugate
path between linking sites, and T and y values as diradical
indices proposed by Nakano et al® Table 1 shows the coeffi-
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Table 1 LASSO regression coefficients between QSE and extracted fea-

tures of the monomers

LASSO regression

Descriptors coefficients®
S-T gap 9.18
Number of n-electrons (short)? 8.34

HOMO level -1.08

y value —-0.35

“The LASSO regression coefficients of the other 14 descriptors were 0.
b The n-electron number of the shortest path between the bonding
points of the monomer unit.

Fig. 10 Schematic illustration of quinoidal structure formation in a
polymer composed of a diradical monomer unit.

cients of LASSO regression. Among the monomer features, the
S-T gap, number of n-electrons in the shortest path, y value, and
HOMO level were extracted, while the coefficients of the other
14 features were zero. The S-T gap and the y value are associated
with the diradical character, indicating that the monomers
having a high diradical character exhibit a small QSE.

The small QSE in the monomers having a diradical charac-
ter can be explained as follows. If the radicals are localized on
the linking sites, then they form n-bonds with each other
leading to a quinoidal form, as shown in Fig. 10. Therefore,
the QSE value can be reduced by introducing a structure exhi-
biting diradical character into the monomer and making a
structure in which the radicals are localized on the linking
sites.

Moreover, the strong correlation of QSE with the number of
n-electrons in the shortest path (Table 1) suggests that QSE
depends on the monomer size, that is, there is a size effect on
the QSE. This effect is currently under investigation. The pre-
liminary results and method to correct the size effect on QSE
are described in the ESL.}

Conclusion

For the design of narrow-bandgap polymers, we developed the
quinoid stabilization energy (QSE) as a new quantum chemical
descriptor based on the stabilization energy of the structural
change from the aromatic form to the quinoidal form of the
monomer unit. It has the following features. (1) Polymers with
narrow bandgaps have QSE = 0. (2) In alternating copolymers,

This journal is © The Royal Society of Chemistry 2019
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a narrow bandgap in the polymers requires that the averaged
QSE of the two monomers is around 0. (3) In periodic copoly-
mers with any monomer ratio, a narrow bandgap in the poly-
mers requires that the averaged QSE of the monomers
weighted by their mole fraction is around 0. (4) QSE can be
uniquely obtained using simple calculations of only the
monomer units and their linking sites. (5) QSE can uniformly
treat monomer units with and without heteroatoms. (6) The
reason why the polymers show a narrow bandgap around QSE
= 0 was shown to be related to level crossing of the aromatic
and quinoid type orbitals. (7) Data mining by LASSO
regression showed that QSE is strongly influenced by the dira-
dical character of monomers and that QSE has a size effect.

The correlation between QSE and bandgap indicates that
the bandgap of polymers strongly reflects the nature of its
monomers. The result of HOCO and LUCO levels in polymers
shows that the donor-acceptor approach is inapplicable to the
quinoidal polymers. The polymer design using QSE will con-
tribute to further narrowing the bandgap of polymers beyond
the donor-acceptor approach. Moreover, as a simple quantum
chemical descriptor, QSE is highly compatible with machine
learning. Therefore, we anticipate that this approach will accel-
erate the development of ultra-narrow bandgap polymers.
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