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INTRODUCTION

Conjugated organic polymers with an extended m—
T structure are synthesized and studied in many world
scientific centers due to the promise of their use as
active matrices of efficient and environmentally
friendly next-generation electronic, photonic, and
spintronic devices with unique electronic properties,
such as solar energy converters and batteries, nonlin-
ear optics elements, bandpass filters, fluorescent
probes, and sensors [1—3]. Polythiophene (PT) deriv-
atives represented by regioregular poly(3-alkylthio-
phene) (P3AT) with various side alkyl substituents,
e.g., poly(3-hexylthiophene) (P3HT), poly(3-oct-
ylthiophene) (P30T), and poly(3-dodecylthiophene)
(P3DDT), are often used as the polymer matrix of
such systems. These donor—acceptor compounds are
also optimal model systems for establishing the general
principles of spin-dependent processes of charge gen-
eration, separation, and recombination in many
organic polymer devices.

Various methods can be used to study such com-
pounds. For example, detailed information about
excited states (excitons) can be obtained by optical
polarization dichroism, while high-resolution nuclear
magnetic resonance spectroscopy is useful for analyz-
ing some of the anisotropic interactions occurring in
these compounds. The fact is that energy transfer in
organic polymer systems is carried out by topological
distortions, paramagnetic polarons, and/or diamag-
netic bipolarons bearing single and double charges,
respectively [4]. Polaron pairs in the polythiophene
are well separated by radical cations. Partial localiza-
tion of bipolarons on the PTh chain was discovered

[5], possibly similar to the trapping of charge carriers
in other quasi-one-dimensional (Q1D) conjugated
systems [6]. The width of polarons and bipolarons in
conjugated polymers is usually 3—5 and 5—5.5 poly-
mer units, respectively [7—9].

Most of the processes occurring in systems of this
kind depend on the number, relaxation, and dynamics
of these charge carriers. This dependence expectedly
predetermined the wide use of the direct method of
electron paramagnetic resonance (EPR) to establish
the detailed parameters of the spin Hamiltonian of
polaron radical ions and triplet states upon their dop-
ing or photoexcitation, respectively. The method also
allows for obtaining more accurate information about
the features of electron—electron, electron—nucleus,
and electron—phonon interactions; relaxation proper-
ties; and the distribution of spin and electron density
in these quasi-particles. Despite numerous studies,
however, it has not been possible to obtain unambigu-
ous information about the nature of excited states or
about the mechanisms of spin—spin interactions and
electronic relaxation. The lack of these data is mainly
due to different polymer synthesis procedures, stabil-
ity of polymers, and the specifics of experimental
techniques for their study. One of the fundamental
features of conjugated aromatic polymers is the possi-
bility of rotation of their units around the principal x-
axis, which causes the formation of a torsion/dihedral
angle between their planes, which is about 150° for
polythiophene [10]. This complicates charge transport
along this axis. When analyzing the results obtained, it
is also necessary to take into account both the possibil-
ity of the formation of energetically deep spin traps in
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the polymer matrix and their spatial distribution. This
necessitates the study of conjugated oligomers using a
combination of various experimental and theoretical
approaches. The possibility of spatial orientation of an
elongated conjugated oligomer by embedding it into a
liquid crystal matrix was previously demonstrated [11].
This opens up the possibility of subsequent detailed
study of the structural and electronic properties of
oligomers and corresponding polymers. Thus,
studies of oriented thin films of oligothiophenes with
different chain lengths have shown that the main t—m*
transition is directed parallel to the principal molecu-
lar x-axis.

Quantum chemical calculations of the structure
and energy parameter of various oligomers were car-
ried out within the framework of density functional
theory (DFT) [12]. The bandgap of neutral PTh, £,
was determined within the framework of the DFT for-
malism as the difference between the energies of its
highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO), E,=
E; umo — Enomo», Which turned out to be 2.20 eV [13].
The transition of the aromatic PTh isomer to the qui-
noid one was found to significantly decrease this
parameter. The most flexible and at the same time
quite effective and simple software package for quan-
tum chemical calculations of the spectroscopic prop-
erties of open-shell atomic and molecular systems
turned out to be Orca [14] with a wide range of differ-
ent quantum chemical approaches, including the
DFT formalism, as well as direct calculation of the
main magnetic resonance parameters of spin charge
carriers [15, 16]. Experimental and theoretical studies
of a P3DDT-based donor—acceptor system using EPR
and DFT methods allowed us to establish a correlation
between its photovoltaic efficiency and the bandgap of
low-molecular-weight aromatic additives introduced
into it [17]. The formation of spin and spinless charge
carriers depends on the degree of oxidation. These
charge carriers play an important role not only in con-
jugated organic polymers, but also in other materials.
Inorganic semiconductors such as GaAs are well-
known examples [18]. Recently, the formation of these
charge carriers has also been demonstrated in per-
ovskites of the ABO; type [19].

In this work, we performed a detailed comparative
DFT and EPR study of the spin-dependent molecu-
lar, structural, and magnetic resonance parameters of
thiophene oligomers with polaron charge carriers and
subsequently correlated them with those experimen-
tally obtained for various Q1D organic semiconduc-
tors. For an isolated PTh chain, good agreement
between the aforementioned parameters and experi-
ment was found.
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METHODS AND PROCEDURES

Structure and Energy DFT Calculations
of Thiophene Oligomers

Energy levels of the highest occupied (HOMO)
and lowest unoccupied (LUMO) frontier molecular
orbitals, Eyomo and Ejymo, as well as the bandgap
E, = Eyomo — ELymo, of thiophene oligomers in aro-
matic and quinoid conformations with different num-
bers of monomer units in the absence and presence of
polarons with spin .S = 1/2 and positive elementary
charge +e were calculated using the density functional
theory (DFT) approximation in the Orca v5.0.4 soft-
ware environment [14] with the B3LYP functional.
The calculations were carried out after preliminary
optimization of the geometry of the oligomers using
the parallel data transfer (PDT)/message passing
interface (MPI) software interface in a multicore pro-
cessor. The population of electron spins and charge
density in the compounds under study were obtained
in the Mulliken approximation [20]. Anisotropic
spin—spin hyperfine coupling (HFC) constants and
the Landé g-factor were determined using the
EPRNMR module with the EPRII basis set for nuclei
from 'H to ?C. To take into account S atoms, the
additional TZVPP basis set was used. To test the effect
of the basis set on the calculated EPR parameters,
additional single-point calculations were performed
using the all-atom def2-TZVPP basis set, which
showed minor differences in the calculation of the
reported magnetic resonance parameters. Therefore,
all calculated parameters presented here were
obtained with the EPRII and TZVPP basis sets for all
atoms of the oligomers, including the atoms of side
substituents and taking into account all possible con-
formers of the molecular structure. Since no signifi-
cant influence on the optimized geometry and mag-
netic resonance parameters was found, all further cal-
culations were carried out under the assumption of
vacuum. Band structures and orbital configurations
were visualized using the Avogadro v.1.2.0 software
[21].

DFT Calculation of EPR Spectra of Polaron Charge
Carriers in Thiophene Oligomers

The hyperfine coupling constants and principal
g-tensor values of the studied oligomers, obtained in
the Orca software package, were used for theoretical
simulation and visualization of their high-resolution
D-band EPR spectra (v, = 140 GHz, B, = 4996 mT)
using the software EasySpin v.5.2 [22]. Taken into
account in the simulation of the spectra were their
additional anisotropic field-dependent broadening
due to unresolved hyperfine splitting, characterized by
the tensor (B-strain) [0.039 0.150 0.263] MHz, and the
distribution of anisotropic parameters of the spin
Hamiltonian described by the tensor (g-strain)
[0.0005 0.0004 0.0005]. The calculated EPR spectra
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were compared with those obtained experimentally in
the millimeter EPR wavelength range.

RESULTS AND DISCUSSION

Calculation of the Molecular and Band Structure
of Thiophene Oligomers

Charge transfer in donor—acceptor elements
occurs between the energy levels of the highest occu-
pied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO). Figure la shows
the band diagram of neutral polythiophene with
molecular energies of HOMO and LUMO, as well as a

bandgap designated as Eg . Note that the m-atomic
orbitals of sulfur, as in the case of nitrogen atoms of
polypyrrole [13], should not make a corresponding
contribution to the HOMO energy level of polythio-
phene. In the case of intermolecular electron transfer,
for example, in a photovoltaic cell during its illumina-
tion, a polaron is formed on the cell chain, carrying
spin S = 1/2 and charge +e. This process is accompa-
nied by the appearance in the bandgap of the polymer
matrix of additional energy levels E, below the LUMO
level and FE, above the HOMO level (Fig. 2b). If an
additional electron enters the polymer chain, a
polaron with the opposite orientation relative to the
external magnetic field and corresponding energy sub-
levels is also formed on the latter (Fig. 1c). These
parameters, theoretically calculated within the limited

Hartree—Fock (LHF) approximation, were Eg , E|,
FE,=2.20,0.71, 0.61 eV, respectively [13]. The distance
between the indicated sublevels depends on the
strength of the external magnetic field By,

AE, = E; — E, — E, =2uB, = V,hB,, (1)

where ug is the Bohr magneton, v, is the gyromagnetic
ratio for the electron, and # = h/2r is Planck’s con-
stant. This value, calculated for EPR studies in the 3-
cm and 2-mm ranges using fields of 335.0 and
4887 mT, respectively, is 0.039 and 0.574 meV, respec-
tively.

Distribution of Spin and Charge Densities
in Thiophene Oligomers

Figure 2 shows the DFT-optimized structures of
12-mer thiophene oligomers with aromatic and qui-
noid conformations. The relative values of positive
charge density, as well as the electron spin population
S =1, calculated in the Mulliken approximation [20],
are given for the corresponding 'H and S atoms of
these compounds in Figs. 2a and 2b, respectively.
From the data presented, it follows that the potential
charge is uniformly distributed on the protons of the
neutral and sulfur atoms of the thiophene oligomer,
with the exception of the terminal atoms of the end
monomer units (see Fig. 2a). It should be noted that

KRINICHNYI

(a) (b) (c)
LUMO ‘Y——---—¢--
&
_______ +
Eg
—f—Q E—H—
777 AHOMO porrrrr----1- 2.

Fig. 1. Evolution of the initial band structure of (a) neutral
polythiophene upon elementary-charge |e| leaving its
chain, accompanied by the formation of polarons (b) p
or (c) P~ " with the corresponding energy levels E; in the
bandgap.

the charge density on hydrogen atoms is significantly
higher, approximately six- to sevenfold, compared to
that on sulfur atoms. When a polaron with the quinoid
conformation is stabilized on the PTh chain as a result
of some influence, this picture changes significantly.
This process is accompanied both by the loss of the
elementary charge of the polymer system and the
appearance of spin polaron (Fig. 2b). In addition,
there is a change in the angle of the central monomer
from 93.86° in —C—S—C—1093.76° in =C—S—C=, as
well as a decrease in the dihedral/torsion angle S—
C=C-S. It is important to note the approximate
equality within the polaron of the spin density on sul-
fur atoms, which differs by more than an order of mag-
nitude from that on hydrogen nuclei. A more detailed
picture of changes in the electron and spin populations
on each atom of these 12-mer oligothiophene con-
formers is demonstrated in Fig. 3, in which each data
point symbol refers to the corresponding hydrogen,
sulfur, or carbon atom constituting the indicated com-
pounds. The presented data show a uniform charge
distribution on most PTh atoms. On the other hand,
the nature of the spin density distribution clearly indi-
cates the presence in the center of the polaron polymer
chain with a characteristic length of about seven
monomer units (Figs. 3c, 3f, 3i). This parameter is
close to that obtained experimentally for this polymer
using the techniques of EPR [8] and electron nuclear
double resonance (ENDOR) [23]. Thus, the proposed
procedure makes it possible to accurately control the
structural, conformational, and magnetic resonance
parameters of each atom of the systems under study
and other systems based on conjugated organic poly-
mers.
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Fig. 3. Changes in (a, b, d, e, g, h) charge densities and (c, f, i) spin densities on the hydrogen (circles), sulfur (triangles), and
carbon (squares) nuclei along the main x-axis of the neutral (open symbols) and oxidized (closed symbols) 12-mer thiophene
oligomer (schematically shown above), optimized within the density functional theory (DFT) formalism, as calculated using the
Mulliken method in the Orca program environment according to the procedure described in the METHODS AND PROCE-

DURES section.

Calculation of Energy/Band Parameters
of Thiophene Oligomers

The energy parameters, HOMO, LUMO, and E,
calculated for neutral and oxidized thiophene oligo-
mers with different numbers of monomers N in the
case of polaron spin orientation along and against the
direction of the external magnetic field are given in
Table 1. The bandgaps determined for these com-
pounds are shown in Fig. 4. As should be expected, the
bandgap of the compounds is largely determined by
the number of monomer units N and by the spin ori-
entation of polarons generated in them. To a first
approximation, these relations can be described by the
following exponential law

(2)

where a, is the minimum value of the desired parame-
ter for an infinite length of the polymer, i.e. in the limit
N — oo, and b and c are coefficients. It should be
noted that other laws making it possible to determine
the desired value of g, in the limit N — oo can be used
for this purpose. From the given data it is clear that the
upper solid, dashed, and lower solid curves shown in
Fig. 4 are indeed well described by Eq. (2) with a,
2.078 eV, b = 5.89¢V, ¢ = 1.67; a; = 2.070 eV, b =
5.45eV, c = 1.59; and g, = 3.153 eV, b = 5.03 eV, ¢
3.15, respectively. This procedure makes it possible to
determine the corresponding bandgap values (E, = a,)
of these and other polymer systems of these com-
pounds. The obtained values turned out to be close to

a = a, +bexp(—N/c),

those calculated for polythiophene (2.20 eV) [13] and
estimated experimentally 1.90 [24], 1.92 [25], or
2.07 eV [26] for regioregular P3HT and 1.92 and
1.93 eV for regioregular P30T and P3DDT, respec-
tively [25].

DFT Calculation of Parameters of the Spin Hamiltonian
of Thiophene Oligomers

The analytical tools used in this study also made it
possible to calculate the main parameters of the spin
Hamiltonian, the HFC constant, as well as the Landé
g-factor, which characterize the spin state and interac-
tion of polarons in the studied oligothiophene radical
cation. Figure 5 shows the dependences of the aver-
aged/isotropic parameters A4;,, and g, of the studied
thiophene oligomers of different lengths. The data
presented also indicate the dependence of these spin
Hamiltonian parameters on the number of monomer
units N. These relationships can also be approximated
by Eq. (2). Indeed, Fig. 5 demonstrates the exponen-
tial dependence of these parameters on the number of
monomeric cycles with a, = 047 MHz, b =
83.62 MHz, c=1.17 and a, = 2.00162, b =8.71 x 1074,
¢ = 5.31, respectively. As in the case of energy param-
eters, the anisotropic HFC constant and g-factor
obtained in the N — oo limit for the studied thiophene
oligomers were used to calculate the high-resolution
D-band EPR spectrum (v, = 140 GHz, B, = 4996 mT)
of this compound by means of the EasySpin software
package. This spectrum calculated with A,

HIGH ENERGY CHEMISTRY Vol. 58 No.1 2024
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Table 1. HOMO and LUMO parameters and E, (all in eV) for neutral and oxidized thiophene oligomers with different num-
bers of monomer units N, calculated 1n the Orca package usmg the B3LYP functional together with the EPRnmr module

and the basis sets EPRII for 'H and 2C atoms and TZVPP for 28

N HOMO? | LUMO? EM HOMO® | LUMO® Ep HOMO® | LUMO® E®
1 -5.513 | —0.501 5012 | —11.923 | —6.562 5362 | —12.206 | —6.288 5.918
2 4951 | —1.423 3.528 -9.873 | —6.136 3.737 | —11.223 | —8.172 3.051
3 —4.749 | —1.851 2.898 -8.870 | —5.828 3.042 -9.732 | —7.495 2.237
4 —4.655 | —2.094 | 2.561 -8.246 | —5.576 2.670 -8.797 | —7.070 1.727
5 —4.608 | —2.247 2.361 -7.814 | —5.367 2.447 -8.159 | —6.778 1.381
6 —4.586 | —2.349 2.237 ~7.494 | -5.192 2.302 -7.692 | —6.566 1.126
7 ~4.577 | —2.420 2.157 —7.246 | —5.043 | 2.204 -7.336 | —6.406 | 0.930
8 —-4.576 | —2.470 2.106 —7.047 | —4.911 2.136 -7.053 | —6.281 0.772
9 —4.581 | —2.507 2.074 —6.882 | —4.792 | 2.090 | —6.824 | —6.180 0.644

10 —4.588 | —2.534 | 2.054 —6.741 | —4.683 2.059 —6.634 | —6.096 | 0.538

11 —4.597 | —2.554 | 2.043 —6.621 | —4.582 2.039 —6.476 | —6.025 0.451

12 —4.606 | —2.569 2.037 —6.582 | —4.561 2.021 —-6.381 | —5.975 0.406

2 Neutral polymer with the aromatic conformation; b)polymer in the quinoid conformation with a central polaron having a charge +1

and spin S = +1/2, C)polymer in the quinoid conformation with a central polaron having a charge +1 and spin S = —1/2.

Bandgap energy, eV

4

6

8

Number of monomer units

12

Fig. 4. Change in the bandgap width depending on chain length of DFT-optimized thiophene oligomers, defined as the difference
= Eyomo — ELumo of the corresponding HOMO and LUMO energy levels, calculated in the Mulliken approximation in the
Orca package environment according to the procedure, described in the METHODS AND PROCEDURES section. As an
example, the upper part shows graphs of isosurfaces of these energy levels calculated for a 7-mer thiophene oligomer. The upper
solid, dashed, and lower solid curves show the dependences calculated from Eq. (1) with coefficients ay = 2.078, b = 5.89, ¢ =

1.67 eV; ag = 2.070, b = 5.45, c = 1.59 eV; and a, = 3.153, b = 5.03, ¢ = 3.15 eV, respectively.
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Fig. 5. Dependences of the isotropic spin—spin hyperfine coupling 4;, and g-factor g;,, of polarons with spin § =’ and elemen-
tary positive charge +e on the thiophene oligomer chain length, as calculated in the Orca package using the B3LYP functional
together with module EPRNMR and the basis sets EPRII for 'H and '2C atoms and TZVPP for 32S atoms. The inset shows the

2-mm EPR spectrum calculated for a 12-mer oligothiophene using the EasySpin program and the relevant data given in Table 2.
The lower and upper curves were calculated according to Eq. (1) with ay = 0.47q, b = 83.62, ¢ = 1.17 and a(, = 2.00162, b = 8.71 %

1074, ¢ =5.31 MHz, respectively.

Table 2. The principal values of the 'H hyperfine coupling tensors A; (in MHz); the Landé g-factor of the interaction of
polaron spins with an external magnetic field; and their average/isotropic values A4;,, and g, respectively, calculated for
oxidized thiophene oligomers with different numbers of monomer units N in the Orca package using the B3LYP functional

together with the EPRNMR module and the basis sets EPRII for 'H and '2C atoms and TZVPP for 328*

N Ay Ay A Aiso Gux 8y 8z 8iso
1 34.826 32.965 37.999 35.263 2.001279 2.002066 2.002730 2.002025
2 14.877 12.252 14.206 13.778 2.003815 2.002006 2.000769 2.002197
3 7.172 5.460 6.109 6.247 2.002979 2.002012 2.001398 2.002130
4 4.219 2.028 2.521 2.923 2.003111 2.002021 2.001000 2.002044
5 2.632 0.491 0.562 1.228 2.002906 2.002014 2.000970 2.001963
6 1.704 —0.328 —0.478 0.299 2.002944 2.002007 2.000741 2.001898
7 1.168 —0.743 —1.021 —0.199 2.002857 2.001999 2.000651 2.001836
8 0.819 —0.968 —1.313 —0.487 2.002867 2.001993 2.000528 2.001796
9 0.590 —1.081 —1.451 —0.647 2.002835 2.001975 2.000488 2.001766
10 0.431 —1.133 —1.505 —0.736 2.002854 2.001930 2.000443 2.001742
11 0.332 —1.134 —1.502 —0.768 2.002835 2.001933 2.000443 2.001736
12 0.270 —1.178 —1.524 —0.811 2.00283 2.00191 2.00043 2.001723
* The principal values of the 4 and g-tensors may not coincide.
HIGH ENERGY CHEMISTRY Vol. 58 No. 1 2024
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0.47 MHz and g, = 2.00162 is shown in the inset of
Fig. 5. The obtained magnetic resonance parameters
turned out to be close to those determined experimen-

tally for the virgin and modified polythiophene [16,
27-29].

CONCLUSIONS

The results obtained using the example of polyth-
iophene allow the conclusion that an increase in the
planarity of the polymer backbone of this semicon-
ductor and other polymer systems leads to narrowing
of the polymer bandgap upon the transition from the
aromatic to quinoid PTh conformation, thus expand-
ing the spatial extent of polarons and spin delocaliza-
tion. A decrease in the dihedral/torsion angle brings
planar macromolecules closer together, enhances the
hyperfine coupling of their spin charge carriers with
their microenvironment, initiates greater delocaliza-
tion of polarons, and thereby accelerates charge trans-
fer between main chains of a short-chain polymer sys-
tem. This opens new horizons for controllable func-
tionality of polymer molecular devices with spin-
dependent electronic properties.
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