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A B S T R A C T   

Correlations of spin, electronic and magnetic resonance parameters of charge carriers stabilized in poly(3- 
alkylthiophene) oligomers with their band structure, polymerization degree, side substitutes, and conforma
tion established by using the density functional theory and electron paramagnetic resonance methods. The 
comparison of calculated and experimental data identified spin distribution on oligomer chains with different 
conformations. The type and size of alkyl substituent of polymer matrix governs the band gap, mobility, and spin- 
orbit coupling of polaron charge carriers. The introduce of small aromatic additives between oligomer chains 
initiates their self-assembly crystallization and formation of organic:organic spinterfase which accelerate spin- 
assisted electronic and magnetic processes in the composite. The research revealed that embedding aromatic 
hydrocarbons into oligomer bulk allows continuous and discrete handling of electronic spin-assisted processes 
carrying out in respective organic/organic composites. The key role of spinterfacial effects in the development of 
a new generation of molecular devices with actively tuned spin-assisted functionality is described.   

1. Introduction 

Organic conjugated polymers with an extended π-structure are syn
thesized and studied in many labs due to the prospects of their use as 
active matrices in new generation of electronic, photonic and spintronic 
devices with spin-dependent properties, for example, solar energy con
verters and batteries, nonlinear optics elements, band filters, fluorescent 
probes and sensors [1–3]. Polythiophene derivatives, regioregular poly 
(3-alkylthiophenes) (P3AT) with various side alkyl substituents, poly
pyrrole, polyaniline, other conjugated polymers are widely used as a 
matrix of respective donor-accepter composites. They are considered 
also as optimal model systems for establishing fundamental 
spin-dependent processes of charge initiation, separation and recombi
nation in different organic polymer systems. It was shown [4–6] that 
interfacial synthesis of conjugated polymers in the presence of carbon 
nanotubes, graphene, other aromatic additives allows obtaining nano
composites with improved optical and electronic parameters. 

The energy in organic polymer systems is carried by topological 
distortions, quasiparticles, paramagnetic polarons and/or diamagnetic 
bipolarons with single and double elemental charge, respectively [7]. 
The width of polarons and bipolarons in conjugated polymers is usually 
3–5 and 5–6 polymer units, respectively [8–10]. Polaron pairs are well 

separated by radical ions not only in P3AT but also in respective olig
omers. The stability of polarons over bipolarons formed in oligothio
phene was determined [11] to be inversely proportional to chain length. 
A partial localization of bipolarons identified on this oligomer seems to 
be similar to the pinning of charge carriers in other 
quasi-one-dimensional (Q1D) conjugated systems [12]. Such charge 
carriers play an important role not only in organic conjugated polymers, 
but also in some inorganic semiconductors, e.g., GaAs [13] and ABO3 
perovskites [14]. Most of the processes occurring in these systems 
depend on the number, dynamics, and relaxation of such quasiparticles. 
Indeed, their comprehensive study has revealed correlations of their 
electronic parameters on structure, composition, morphology, as well as 
an external influence. 

Spin nature of carriers transferring a charge opens conceptually new 
class of devices in which molecular hybrid interfaces play an active role 
improving their controllability as well as physical and chemical func
tionalities [15]. The carriers are transferred through donor-accepter 
interface with the probability determined by the spin-polarization of 
the density of states at the Fermi level EF. Because their spins may be 
orienteered along and opposite to the direction of external magnetic 
field, new spin-filter with hybrid electronic states forms at such element. 
In order such spinterfaces could supply principally new detailed 

E-mail addresses: kivirus@gmail.com, kivi@icp.ac.ru.  

Contents lists available at ScienceDirect 

Synthetic Metals 

journal homepage: www.elsevier.com/locate/synmet 

https://doi.org/10.1016/j.synthmet.2024.117596 
Received 17 November 2023; Received in revised form 20 March 2024; Accepted 24 March 2024   

mailto:kivirus@gmail.com
mailto:kivi@icp.ac.ru
www.sciencedirect.com/science/journal/03796779
https://www.elsevier.com/locate/synmet
https://doi.org/10.1016/j.synthmet.2024.117596
https://doi.org/10.1016/j.synthmet.2024.117596
https://doi.org/10.1016/j.synthmet.2024.117596
http://crossmark.crossref.org/dialog/?doi=10.1016/j.synthmet.2024.117596&domain=pdf


Synthetic Metals 305 (2024) 117596

2

information about electronic processes, they should be converted into an 
extraordinary element able to continual control the hybridized layer 
during selective and tunable excitations by, e.g., illumination and/or 
electric or magnetic field. The spin-assisted electronic configuration has 
been mainly investigated in some model organic/inorganic interfaces 
[16–18]. Despite the high promise of using fully organic donor-acceptor 
systems for this purpose, today, hovewer, is known little about respec
tive investigations and applications. 

Various methods can be used for the study of conjugated polymers 
and their composites. Detailed information about excited states, exci
tons, can be obtained, e.g., by polarization optical dichroism, while 
various anisotropic interactions occurring in these compounds can be 
successfully analyzed using high-resolution nuclear magnetic resonance 
(NMR) spectroscopy. The spin nature of charge carriers expectedly 
predetermined the wide use for such purpose the direct electron para
magnetic resonance (EPR) spectroscopy. Magnetic resonant methods 
allow to determine the main parameters of the spin Hamiltonian of 
polaron radical ions and triplet states formed upon doping or photoex
citation of polymer systems [19–25]. Besides, EPR method allows one to 
obtain more accurate information about the features of 
electron-electron, electron-nuclear and electron-phonon interactions, 
relaxation properties, as well as the distribution of spin and electron 
density spread along charge carriers. Despite numerous studies, to date, 
however, it has not been possible to obtain unambiguous information 
about the nature of excited states, as well as the mechanisms of spin-spin 

interactions and electronic relaxation. This is mainly limited by the 
variety of polymer synthesis, its stability, as well as the peculiarities of 
experimental methods. The interpretation of experimental results is also 
limited due to monomeric rotation in aromatic polymers near own main 
x-axis. This increases a torsion/dihedral angle between monomer 
planes, e.g., up to near 150º in polythiophene or poly 
(3-hydrothiophene) (P3HyT) [26]. This makes it difficult to transfer 
charge along this axis and accelerates its recombination process. When 
analyzing the results obtained, it is also necessary to take into account 
possible formation of energetically deep spin traps spatially distributed 
in a real polymer matrix. This requires the study of conjugated oligomers 
using a combination of various experimental and theoretical ap
proaches. Previously, the possibility of spatial orientation of an elon
gated conjugated oligomer by embedding it into a liquid crystal matrix 
was demonstrated [27]. This study of oriented thin films of oligothio
phenes with different chain lengths show that the main π-π*-transition is 
directed parallel to the main molecular x-axis. This opens up the way of 
subsequent detailed study of the structural and electronic properties of 
oligomers, polymers, and corresponding composites. By changing the 
spin state of a donor-acceptor system, for example, under illumination, it 
becomes possible to handle the width of its band gap and, thus, control 
the thermal transfer of the initiated charge from the valence band to the 
conduction band of the molecular compound [28]. 

Numerical calculations of the structural and energetic properties of 
various oligomers can be realized within the framework of the electron 

Fig. 1. Poly(3-Alkylthiophene) (P3AT, A≡R=CmH2m+1) oligo-n-mers, poly(3-hydrothiophene) (P3HyT, R=H, m=0), poly(3-methylthiophene) (P3MeT, R=Me, 
m=1), poly(3-ethylthiophene) (P3EtT, R=Et, m=2), poly(3-buthylthiophene) (P3BuT, R=Bu, m=4), poly(3-hexylthiophene) (P3HxT, R=Hx, m=6), poly(3- 
octhylthiophene) (P3OcT, R=Oc, m=8), poly(3-decylthiophene) (P3DeT, R=De, m=10), and poly(3-dodecylthiophene) (P3DoT, R=Do, m=12)., as well as quasi- 
one-dimensional (Q1D) polyacenes (PA), triphenyles (TP), and quasi-two-dimensional (Q2D) graphene-like polycyclic aromatic hydrocarbons (PH) with different 
number of benzene circles and extended π-π*-structures used in the work. For simplicity, hydrogen atoms are not shown. 
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density functional theory (DFT) formalism [29]. Thus, the band gap 
energy, Eg, of neutral P3HyT was determined within such approach as 
the difference between the energies of its highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), Eg =

ELUMO – EHOMO, which appeared to be equal to 2.20 eV [30]. A signifi
cant decrease in this parameter was obtained upon the transformation of 
its aromatic isomers into quinoid form [31]. In the present work was 
used the Orca package [32] with a wide range of different quantum 
chemical approaches, including the DFT formalism. In contrast with the 
well-known GAUSSIAN and other quantum calculation programs, free 
distributing simple Orca package with a wide range of different ap
proaches was appeared to be most flexible, quite effective in calculation 
speed and RAM used for complex and resource-intensive quantum 
chemical calculations. This becomes especially important in the study of 
atomic and molecular systems with open shells including polymer 
donor-accepter composites with spin charge carriers. Its usage, for 
instance, with the EPRNMR module allows one fast and directly 
compute and control the Landé splitting, hyperfine coupling, other 
magnetic resonance parameters of open-shell solids in parallel 
multi-process mode. Indeed, corresponding calculations of para
magnetic compounds using this program in other centers allowed to 
obtain more adequate and informative parameters of paramagnetic 
centers in different polymer systems, see, e.g., [24,33]. 

Previously, numerous DFT and experimental EPR studies of donor- 
acceptor systems allowed us to establish an increase in their photovol
taic efficiency when introduced into their polymer matrix of small aro
matic additives [34,35]. Such interfacial effect was appeared to grow 
inversely exponentially with a band gap of additives which play a role of 
template for heteroepitaxial self-assembly crystalline phase of polymer 

Fig. 2. Evolution of the band structure of neutral poly(3-hydrothiophene) with 
band gap E0

g (a) upon leaving its backbone of elemental charge |e|, accompanied 
by the formation of polarons Р+⁕ (b) or Р− ⁕ (c) with respective energy sublevels 
Ei in the band gap. 

Fig. 3. Charge density (a,c) and spin population (b,d) on the hydrogen and methyl substitutes and sulphur nuclear in the DFT optimized neutral and oxidized 
polythiophene (a,b) and poly(3-methylthiophene) (c,d) 12-oligomers calculated according the Mulliken approach using the Orca software package with B3LYP 
functional, EPRII basis set for 12C and 1H, TZVPP basis set for 32S, and EPRNMR module. The polarons with spin S=½, elemental positive charge +e, and 8-unit 
quinoidal conformation are shown in b and d. The mean respective parameters of all hydrogen nuclei of methyl substituents are shown in c and d. More details 
of the DFT calculation are described in Methodical section. 
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matrix. 
In this work, the results of a detailed comparative DFT and EPR study 

of spin-assisted molecular, structural and magnetic resonance parame
ters of various P3AT oligomers with polaron charge carriers are dis
cussed. They are compared with those experimentally obtained for 
various Q1D organic semiconductors and their composites. For isolated 
chains, good agreement between theoretically calculated and experi
mentally registered was demonstrated. A potential handling of the spin 
state and electronic properties of the studied P3AT modified with Q1D 
polyacenes, as well as quasi-two-dimensional (Q2D) triphenyles and 
polycyclic aromatic hydrocarbons is proposed. 

2. Methodical section 

2.1. Materials used in the study 

In the work the following oligomers of poly(3-alkylthiophenes) 
(P3AT, where A≡R=CmH2m+1, see Fig. 1) were studied: poly(3- 

hydrothiophene) (P3HyT, m=0), poly(3-methylthiophene) (P3MeT, 
m=1), poly(3-ethylthiophene) (P3EtT, m=2), poly(3-butylthiophene) 
(P3BuT, m=4), poly(3-hexylthiophene) (P3HxT, m=6), poly(3- 
octylthiophene) (P3OcT, m=8), poly(3-decylthiophene) (P3DeT, 
m=10), and poly(3-dodecylthiophene) (P3DoT, m=12) with the mono
mer number n=1–12, aromatic and quinoid conformation, in the 
absence and presence of polarons with spin S=1/2 and positive 
elementary charge +e. In order to analyze the effect of polycyclic aro
matic hydrocarbons on the electronic and spin properties of 7-dimen
sional oligomers P3HyT and P3MeT, Q1D polyacenes, benzene (n=1), 
naphthalene (n=2), anthracene (n=3), tetracene (n=4), pentacene 
(n=5), hexacene (n=6), heptacene (n=7), octacene (n=8), nonacene 
(n=9), and decacene (n =10) polyacenes (PA) as well as Q2D triphe
nylenes (TP) with n=1–4 and polyaromatic hydrocarbons (PH) with 
n=5–30. These compounds are shown in Fig. 1 without hydrogen atom. 

Fig. 4. Spin population (a,e,i,c,g,k) and charge density (b,f,j,d,h,l) on the hydrogen 1H (circles), sulfur 32S (triangles), and carbon 12C (squares) nuclei of the poly(3- 
hydrothiophene) (left) and poly(3-methylthiophene) (right) oligo12mers (shown schematically in the top) possessing overall spin S=½ and an elemental positive 
charge +e calculated according the Mulliken approach using the Orca software package with B3LYP functional, 6–311 G basis set for 1H to 12C, TZVPP one for 32S, 
and EPRNMR module. The details of the calculations are discussed in the Methodical section. 

Fig. 5. (a) Effective distribution of spin population on the sulfur atoms 32S along a polaron formed in the P3AT oligo12mers with different combination of side 
substitutes. (b) Spatial distribution of the spin density along polarons formed in some P3AT oligo12mers. The dashed and dash-dotted lines in the insert show the 
broad- and narrow-band contributions with an integral ratio of 11.2:1.0 into the total spin density on polaron shown by a solid line. 
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2.2. DFT structural and band calculations of poly(3-alkylthiophene) 
oligomers and their composites 

Band energy parameters HOMO, LUMO, and Eg, of P3AT oligomers 
with different numbers of monomers n, aromatic and quinoid confor
mation, in the absence and presence of polarons with spin S=1/2 and 
positive elementary charge +e, respectively, as well as their composites 
were numerically calculated in the DFT framework using the Orca v5.0.4 
software package [32] with the functional B3LYP [36,37]. This were 
carried out after preliminary geometry optimization of these systems 
using the parallel thread data transfer interface (MPI) of a multi-core 
processor. The population of electron spins and charge density in the 

compounds under study were calculated at several geometries using 
various basis sets and definitions based on the analysis of Mulliken [38] 
and alternative Löwdin [39] self-consistent field density matrices. These 
parameters should depend strongly upon basis sets, however, the Mul
liken scheme based on an approach of molecular orbitals as linear 
combination of atomic orbitals performs more satisfactorily than the 
Löwdin scheme in the case of predominantly ionic molecules [40]. 
Indeed, the performance of the two schemes becomes comparable for 
estimation of spin population, whereas the atomic charges calculated 
within the Löwdin formalism were appeared to be higher considerably 
then those analyzed within the Mulliken one. Therefore, below are 
presented the results obtained using the Mulliken approach. Anisotropic 

Table 1 
Band parameters HOMO, LUMO, and Eg (all in eV) calculated for the initial and oxidized poly(3-alkylthiophene) oligomers with various number of units n using Orca 
software package according the procedure described in the Methodical section.  

n HOMOa LUMOa Ea
g HOMOb LUMOb Eb

g HOMOc LUMOc Ec
g  

Poly(3-Hydrothiophene) 
1 -5.513  -0.501  5.012  -11.923  -6.562  5.362  -12.206  -6.288  5.918 
2 -4.951  -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  

Poly(3-Methylthiophene) 
1 -5.640  -0.079  5.560  -11.840  -5.969  5.872  -11.853  -9.467  2.386 
2 -5.124  -0.960  4.164  -9.880  -5.504  4.376  -10.654  -8.195  2.459 
3 -4.923  -1.351  3.572  -8.888  -5.181  3.707  -9.417  -7.545  1.872 
4 -4.824  -1.570  3.254  -8.269  -4.926  3.343  -8.531  -7.137  1.394 
5 -4.810  -1.722  3.088  -7.867  -4.727  3.139  -7.941  -6.889  1.052 
6 -4.855  -1.841  3.014  -7.601  -4.567  3.034  -7.535  -6.745  0.790 
7 -4.856  -1.914  2.942  -7.359  -4.415  2.944  -7.213  -6.596  0.616  

Poly(3-Ethylthiophene) 
1 -5.590  -0.193  5.397  -11.727  -5.961  5.766  -11.775  -9.336  2.439 
2 -5.082  -0.944  4.138  -9.769  -5.415  4.355  -10.550  -8.077  2.472 
3 -4.879  -1.344  3.535  -8.782  -5.108  3.673  -9.338  -7.434  1.904 
4 -4.781  -1.586  3.195  -8.171  -4.882  3.288  -8.464  -7.032  1.431 
5 -4.727  -1.740  2.987  -7.744  -4.696  3.048  -7.860  -6.756  1.104 
6 -4.710  -1.821  2.889  -7.434  -4.511  2.923  -7.419  -6.563  0.856 
7 -4.689  -1.904  2.785  -7.182  -4.384  2.798  -7.088  -6.399  0.689  

Poly(3-Butylthiophene) 
1 -5.604  -0.204  5.400  -11.508  -5.865  5.643  -11.537  -9.246  2.291 
2 -5.099  -1.034  4.066  -9.674  -5.394  4.281  -10.340  -8.003  2.337 
3 -4.899  -1.420  3.479  -8.703  -5.086  3.617  -9.218  -7.363  1.855 
4 -4.795  -1.637  3.158  -8.096  -4.847  3.249  -8.365  -6.964  1.402 
5 -4.733  -1.756  2.977  -7.676  -4.633  3.043  -7.780  -6.691  1.089  

Poly(3-Hexylthiophene) 
1 -5.595  -0.196  5.399  -10.914  -5.796  5.118  -10.918  -9.188  1.730 
2 -5.088  -1.023  4.065  -9.618  -5.347  4.271  -10.173  -7.956  2.217 
3 -4.886  -1.408  3.478  -8.654  -5.041  3.613  -9.163  -7.316  1.847 
4 -4.785  -1.627  3.158  -8.049  -4.803  3.246  -8.319  -6.917  1.402  

Poly(3-Octylthiophene) 
1 -5.590  -0.191  5.399  -10.256  -5.721  4.536  -10.229  -9.136  1.094 
2 -5.063  -0.999  4.064  -9.566  -5.309  4.257  -9.765  -7.917  1.848 
3 -4.868  -1.389  3.479  -8.635  -5.001  3.634  -9.151  -7.291  1.860 
4 -4.764  -1.613  3.151  -8.030  -4.770  3.260  -8.312  -6.892  1.420  

Poly(3-Decylthiophene) 
1 -5.588  -0.189  5.399  -10.009  -5.665  4.344  -9.965  -9.102  0.864 
2 -5.081  -0.985  4.096  -9.502  -5.302  4.200  -9.545  -7.910  1.635 
3 -4.872  -1.371  3.500  -8.625  -4.996  3.629  -9.132  -7.282  1.851  

Poly(3-Dodecylthiophene) 
1 -5.599  -0.026  5.573  -9.734  -5.066  4.668  -9.555  -9.049  0.506 
2 -5.079  -0.983  4.096  -9.032  -5.283  3.748  -9.031  -7.919  1.112 
3 -4.872  -1.395  3.478  -8.610  -4.610  3.633  -8.937  -7.276  1.661 

Notes: 
a neutral sample, 
b with a charge +1 and up-oriented spin, S=1/2, 
c with a charge +e and down-oriented spin, S= − 1/2. 
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spin-spin hyperfine coupling (HFC) constants A and Landé g-factor were 
determined using the EPRNMR module with the EPRII basis set [41] for 
nuclei from 1H to 12C. To take into account polaron HFC also with the 32S 
nuclei, the additional basis set TZVPP [42] was used as well. To test the 
effect of the basis set on the calculated EPR parameters, additional 
single-point calculations were performed using the def2-TZVPP basis set 
[43] for all atoms, which showed minor differences in the data calcu
lated for the polymer systems under study. Therefore, all parameters 
presented here were calculated with the EPRII and TZVPP basis sets for 
both conformers with appropriate spin states and all side substituent 
atoms. Since no significant effect on the optimized geometry and mag
netic resonance parameters was found (as in [24]), all further calcula
tions were assumed to be carried out under vacuum. When calculating 
the relative changes in main parameters of oligomers, the minimum 
number n of their units was chosen equal to seven. Such length of 
oligomer chain was set to be optimal for obtaining accurate results at 
optimal computational cost. Visualization of band structures and orbital 
configurations was performed using the Avogadro v.1.2.0 [44] and 
MultiWFN v.3.8 [45] programs. 

2.3. DFT calculation of EPR spectra of poly(3-alkylthiophene) oligomers 
and their composites 

The principal values of the A- and g-tensors, obtained for oligomers 
and their composites in the Orca software package, were used for nu
merical calculation and visualization of respective high-resolution D- 
band (with νe = ωe/2π = 140 GHz and B0 = 49960 G) EPR spectra with 
using EasySpin v.5.2 software [46]. When modeling the spectra, we took 
into account an additional anisotropic broadening due to unresolved 
hyperfine splitting (B-strain) and also field-dependent g-strain arising 
due to distribution of spin Hamiltonian parameters. The calculated EPR 
spectra were compared with those previously obtained experimentally 
in our and other labs at millimeter wavebands EPR. 

3. Results and discussions 

3.1. Molecular and band structure of poly(3-alkylthiophenes) oligomers 

Fig. 2a shows the band diagram of neutral P3AT with the energies of 
the HOMO and LUMO molecular orbitals separated by a band gap of 
width E0

g . As in the case with the nitrogen atoms of polypyrrole, the 
π-atomic orbitals of sulfur do not make a corresponding contribution to 
the HOMO energy level P3HyT [30]. Exposure of a polymer 
donor-acceptor system, e.g., to photons of visible light initiates inter
molecular electron transfer between the HOMO and LUMO energy levels 
and the formation on the polymer chain of a polaron with a spin and 
elementary charge e. This is accompanied by formation in the band gap 
of the polymer matrix of additional energy sublevels E1 below the LUMO 
level and E2 above the HOMO one (Fig. 2b). The parameters E0

g , E1, and 
E2 were calculated, e.g., for P3HyT within the Hartree-Foek approxi
mation to be 2.20, 0.71, and 0.61 eV, respectively [30]. If an additional 
charge leaves the polymer chain, a second similarly charged polaron 
appears on it, however, with a spin oppositely oriented relative to the 
external magnetic field (Fig. 2c). This somewhat shifts the position of 
both sublevels of this double charged carrier. The distance between the 
indicated sublevels depends on the strength of an external magnetic field 
B0, ΔE12 = E0

g - E1 - E2 = 2µBB0 = γeℏB0, where µB is the Bohr magneton, 
γe is gyromagnetic ratio for an electron, and ℏ=h/2π is the Plank con
stant. This value calculated for the X- and D-wavebands EPR operating at 
B0 = 3350 and 48870 G is 0.039 and 0.574 meV, respectively. 

3.2. Atomic distribution of spin population and charge density in poly(3- 
Alkylthiophene) oligomers 

Fig. 3 shows the DFT-optimized P3HyT and P3MeT oligo12mers with 
aromatic and quinoid conformations. The relative values of the positive 
charge density, as well as the electron spin population, calculated for 
these compounds in the Mulliken approximation [38], are given for the 
corresponding 1H and 32S atoms constituting these compounds in a,c and 
b,d, respectively. From the data shown in Fig. 3a, it is clear that the 
charge is distributed evenly on the protons of the neutral P3HyT olig
omer except for those finalized monomers. A similar case is observed 
when the third-position hydrogen atoms in the monomers are replaced 
by methyl groups. This changes significantly when an elemental charge 
leaves the polymer backbone due to some physical effect. It decreases 
the dihedral/torsion angle S-C––C-S of neutral P3HyT, the angle of its 
middle monomer from 93.86◦ in -C-S-C- to 93.76◦ in =C-S-C=, which is 
accompanied by stabilization on its chain of a mobile polaron with a 
quinoid conformation, carrying a charge +e and spin S=1/2 (Fig. 3b,d). 
Spin cloud of an unpaired electron is distributed accordingly on all its 
constituent atoms, however, with the higher density on the terminal 
hydrogen nuclei. It is important to note that when replacing hydrogen 
atoms by methyl groups, the spin density on the polaron sulfur atoms, 
ρ(32S), increases by ca. 1.5 times (Fig. 3d). 

A clearer change in the electron and spin populations on each atom 
of the confor12mers P3HyT and P3MeT is demonstrated in Fig. 4, in 
which each symbol refers to their corresponding hydrogen 1H, sulfur 32S 
and carbon 12C atoms. The presented data evidences a uniform charge 
distribution on most P3HyT atoms. The character of the spin density 
distribution clearly indicates the presence in the middle of the polymer 
chain of a polaron with a characteristic length of about seven monomers 
(Fig. 4b,f,j). This parameter is close to that experimentally obtained 
under study of this polymer by EPR [9] and Electron Nuclear Double 
Resonance (ENDOR) [19] methods. As the Figure shows, the uniform 
distribution of spin density on sulfur atoms ρ(32S) along the polaron in 
the P3HyT conformer becomes inhomogeneous as hydrogen atoms are 
replaced by methyl groups. In this case such parameter changes 
approximately by one and a half times within the polaron extent. This is 
accompanied by the appearance of a specific asymmetry in the spin 

Fig. 6. Band gap energy Eg = EHOMO – ELUMO of P3HyT (1), P3MeT (2), P3EtT 
(3), P3BuT (4), P3HxT (5), P3OcT (6), P3DeT (7), and P3DoT (8) oligomers 
with both spin S=½ orientation in an external magnetic field and elemental 
positive charge +e DFT-calculated according the Mulliken formalism using the 
Orca software package and procedure described in the Methodical section. In 
the top are presented the HOMO and LUMO isosurface plots of an exemplary 
P3HyT oligo7mer. The lines shown from top to bottom were calculated from Eq. 
(1) with a0 = 2.761 eV, b = 5.447 eV, c = 1.669, a0 = 2.078 eV, b = 5.886 eV, c 
= 1.671, a0 = 0.347 eV, b = 5.029 eV, c = 3.153, and a0 = 0.050 eV, b =
4.003 eV, c = 3.650, respectively. 
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density distribution cross all oligomer atoms (Fig. 4c,g,k). To explain 
this effect, the structural and composition impact of the side substituents 
in polythiophene derivatives on the change in the configuration of the 
spin cloud should be analyzed. It is known that spin distribution strongly 
depends on atom interaction with own microenvironment. As it is seen 
from Fig. 5a, such interaction of the H and C atoms is more heteroge
neous in P3AT, therefore they are characterized by saw-shape distri
bution of spin density. On the other hand, spin cloud on sulfur atoms is 
more homogeneous, which allows to simplify subsequent analysis. 
Fig. 5a shows dependences of the spin density distribution on these 
nuclei in both aromatic and quinoidal P3HyT conformers, and quinoid 
conformers of some other polythiophene derivatives with various com
binations of side substituents, including P3MeT. From the data pre
sented, we can conclude that the asymmetry of the spatial distribution of 
spin density increases in the 2→1→5→3→4 conformer series. This 
parameter is also governed by the length of the alkyl substituent R. 
Fig. 5b shows the dependences of the spatial distribution of the spin 
density of polarons initiated in P3AT with R = H, CH3, C2H5, and C3H7. 
Analyzing the data obtained, we can conclude that the spin density on 

sulfur nuclei monotonically decreases in the CH3→C2H5→C3H7 series at 
unchangeable shape of its spatial distribution along the main oligomer 
x-axis. We can also to assume the coexistence in them of the region with 
faster and slower spin delocalization characterized by broad and narrow 
contributions, respectively. Fig. 5b demonstrates such contributions and 
their sum calculated for exemplary P3HyT system. The existence of the 
second term can be explained, for example, by local pinning of part of 
topological distortions due to the peculiarities of their formation, 
relaxation and coupling with own microenvironment, as it is realized in 
some other conjugated lowed-dimensional compounds [12,47]. 
Analyzing the data obtained, it is clear that the largest contribution of 
more faster spin delocalization is recorded in P3AT conformers with 
extended alkyl substituents. Integrating both corresponding terms al
lows one to determine the population ratio of so excited spins, e.g., in the 
P3MeT to be near 11.2:1.0. 

Thus, the proposed procedure makes it possible to precisely handling 
at the atomic level the structural, conformational, electronic and spin 
parameters of the polymer compounds under study, as well as other 
systems based on organic conjugated polymers. 

Table 2 
The main and averaged values of spin-spin hyperfine coupling constants Ai (all in MHz) and g-tensors calculated for oxidized poly(3-alkylthiophene) oligomers with 
different both the monomer number n and side alkyl substituents using the Orca software package according the procedure described in the Methodical section.  

n Ax Ay Az Aiso gxx gyy gzz giso   

Poly(3-Hydrothiophene)  
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   

Poly(3-Methylthiophene)  
1 30.508  31.452  38.383  33.448  2.003308  2.002041  2.001236  2.002195  
2 12.618  12.401  15.871  13.630  2.003305  2.002002  2.001172  2.002160  
3 6.861  6.405  8.530  7.265  2.002972  2.002004  2.001382  2.002119  
4 4.355  3.866  5.339  4.520  2.003060  2.001993  2.001157  2.002070  
5 3.083  2.620  3.736  3.146  2.002985  2.001961  2.001115  2.002020  
6 2.417  1.992  2.894  2.434  2.002977  2.001916  2.000967  2.001953  
7 1.953  1.566  2.320  1.946  2.002946  2.001946  2.000947  2.001946   

Poly(3-Ethylthiophene)  
1 27.088  27.304  32.247  28.880  2.002888  2.002034  2.001358  2.002093  
2 9.541  9.548  11.644  10.245  2.003282  2.002016  2.001110  2.002136  
3 4.643  4.400  5.742  4.928  2.002964  2.002088  2.001295  2.002116  
4 2.660  2.449  3.194  2.768  2.003035  2.002026  2.001113  2.002058  
5 1.683  1.545  1.914  1.714  2.002966  2.001949  2.001038  2.001984  
6 1.179  0.934  1.315  1.143  2.002980  2.001946  2.000991  2.001972  
7 1.331  1.105  1.479  1.306  2.002953  2.001944  2.001006  2.001968   

Poly(3-Butylthiophene)  
1 17.260  17.312  20.399  18.324  2.003063  2.001961  2.001322  2.002115  
2 5.769  5.511  7.394  6.225  2.003443  2.002091  2.001130  2.002221  
3 2.700  2.609  3.539  2.949  2.003445  2.002065  2.000959  2.002156  
4 1.527  1.477  1.968  1.657  2.003221  2.002016  2.000959  2.002065   

Poly(3-Hexylthiophene)  
1 13.143  14.242  15.419  14.268  2.003134  2.001991  2.001333  2.002153  
2 4.331  4.114  5.632  4.692  2.003448  2.002072  2.001140  2.002220  
3 2.017  1.861  2.716  2.180  2.003450  2.002063  2.000966  2.002160   

Poly(3-Octylthiophene)  
1 9.909  10.424  11.088  10.474  2.003195  2.002008  2.001339  2.002181  
2 3.172  3.027  4.079  3.426  2.003324  2.002109  2.001069  2.002167  
3 1.598  1.469  2.057  1.708  2.002896  2.002107  2.001296  2.002099   

Poly(3-Decylthiophene)  
1 9.068  9.454  9.966  9.496  2.003258  2.002058  2.001358  2.002225  
2 2.875  2.735  3.785  3.131  2.003325  2.002110  2.001071  2.002169   

Poly(3-Dodecylthiophene)  
1 5.889  5.609  5.810  5.770  2.003601  2.002330  2.001646  2.002526  
2 2.474  2.349  3.263  2.695  2.003500  2.002050  2.001186  2.002245 

Note: The principal values of A- and g-tensors may not coincide. 
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3.3. DFT calculation of band structure of P3AT oligomers 

The band parameters HOMO, LUMO, and band gap, Eg, calculated for 
neutral and oxidized P3AT oligomers under study with different 
numbers of monomers n at both polaron spin orientations in an external 
magnetic field, are summarized in Table 1. The Eg values determined for 
these compounds are shown in Fig. 6 as a function of their monomer 
number n. One can find out from the data presented a rather expected 
conclusion about sufficient dependency of the band gap on the number n 
of these compounds and also on the state of their polaron spins. These 
dependencies can be approximated by a simple exponential decay law,  

a = a0 + b•exp(-n/c)                                                                       (1) 

where a0 is the value of the desired parameter for an infinite length of 
the polymer, i.e. in the n→∞ limit, b and c are coefficients. Indeed, the 
Eg(n) obtained for the P3HyT oligomer can be approximated by the 

dashed upper and lower dependences calculated from law (1) with a0 =

2.078 eV, b = 5.886 eV, c = 1.671 and a0 = 0.347 eV, b = 5.029 eV, c =
3.153, respectively. The upper and lower dependences shown by solid 
lines, calculated from this Equation with a0 = 2.761 eV, b = 5.447 eV, c 
= 1.669 and a0 = 0.050 eV, b = 4.003 eV, c = 3.650, also describe quite 
well the averaged data, obtained for both spin orientations in other 
P3AT. The a0 values obtained for P3AT studied are appeared to be quite 
close to those calculated for P3HyT (2.20 eV) [30] and obtained 
experimentally for regioregular P3HxT (1.90–2.07 eV) [48–50], P3OcT 
(1.92 eV), and P3DeT (1.93 eV) [49]. 

Thus, analysis of the data obtained shows that an increase of poly
merization degree squeezes exponentially the band gap of conjugated 
polymers and their composites. However, replacing hydrogen atoms in 
the third position with alkyl chains leads to the opposite effect. This may 
provide an additional opportunity to realize handling of charge transfer 
processes in respective polymer molecular devices. 

3.4. DFT calculation of parameters of spin Hamiltonian of P3AT 
oligomers 

The analytical software used in the work made it possible to calculate 
the main parameters of the spin Hamiltonian, the HFC constant, as well 
as the Landé g-factor, which characterize polaron spin state and inter
action in the studied P3AT radical cations. These parameters calculated 
for various P3AT oligomers with different alkyl substituents R and the 
number of monomers n are summarized in Table 2. Fig. 7 shows the 
dependences of the average/isotropic parameters Aiso and giso of these 
systems on the polymerization coefficient n. The data presented indicate 
the dependence of the spin Hamiltonian on both these parameters. They 
can also be approximated by Eq. (1). Indeed, Fig. 7 indicates an expo
nential dependence of the functions giso(n) and Aiso(n) with a0 =

2.00162, b = 8.71×10− 4, c = 5.31 and a0 = 0.471 MHz, b = 83.62 MHz, 
c = 1.17, respectively. Once hydrogen atoms are replaced by alkyl 
groups, the averaged dependences of the corresponding compounds are 
also approximated by Eq. (1) with a0 = 2.00189, b = 6.41×10− 4, c =
2.79 and a0 = 1.873 MHz, b = 81.31 MHz, c = 0.976, respectively. 

The anisotropic HFC constants and g-factors obtained for the studied 
P3AT oligomers in the n→∞ limit were then used to calculate respective 
high-resolution D-band EPR spectra of these compounds using the 
EasySpin software package. It would be noted that EPR spectra can be 
broadened by dynamic effects (relaxation, tumbling, chemical ex
change) or static effects (orientational disorder and unresolved hyper
fine coupling characterized by g- and A-tensors, respectively). Such 
effects are initiated by small structural variations among the polarons 
excited in a disordered system and, therefore, they depend on the 
orientation of a polaron spin in the external magnetic field and should be 
considered during the simulation of respective EPR spectra. Physical 
origins for anisotropic field-dependent broadening of EPR spectra of 
organic polymers are an unresolved hyperfine splitting and a distribu
tion of g principal values characterized by so-called B- and g-strains. The 
different nature of the spectra broadening was taken into account in the 
calculations. So then, these strains used for calculation, e.g., of the initial 
P3HyT oligo12mer were [0.39 1.50 2.63] G and [0.0005 0.0004 
0.0005], respectively. EPR spectra calculated for some P3AT oligomers 
using the data summarized in Table 2 are presented in Fig. 8. It is seen 
from the Fig. 7a trend for monotonic decrease in both Aiso and giso pa
rameters of the studied oligomers with an increase in their alkyl sub
stituents length R and the number of monomers n. However, such 
monotonicity is not evident in the shape of the spectra of these com
pounds. This discrepancy may be due to different conformations of their 
monomers and, thus, different configurations of the spin cloud in their 
charge carriers. It is seen from the Fig. 8 that the P3OcT oligomer 
demonstrate minimal distance between its spectral components with gxx 
and gzz. This indicates less anisotropy of its magnetic resonance pa
rameters due to its better ordering. It may become more pronounced 
upon possible acceleration of intermolecular coupling in real polymers 

Fig. 7. Isotropic constants of spin-spin superfine coupling, Aiso, and g-factor, 
giso, of polaronic charge carriers initiated in the P3HyT (1), P3MeT (2), P3EtT 
(3), P3BuT (4), P3HxT (5), P3OcT (6), P3DeT (7), P3DoT (8) oligomer chains as 
functions of their both the unit number n and alkyl substitute spread. Up-to- 
down solid lines show dependences calculated from Eq. (1) with a0 =

2.00162, b = 8.71×10− 4, c = 5.31 and a0 = 0.471 MHz, b = 83.62 MHz, c =
1.17, respectively, whereas the similarly ordered dashed lines show curves 
calculated from the same relation with a0 = 2.00189, b = 6.41×10− 4, c = 2.79 
and a0 = 1.873 MHz, b = 81.31 MHz, c = 0.976, respectively. 

Fig. 8. D-Band EPR spectra calculated by the EasySpin program packet for 
polarons excited in the P3HyT (1), P3MeT (2), P3EtT (3), P3BuT (4), P3HxT (5), 
P3OcT (6), P3DeT (7), P3DoT (8) oligomer backbones by using their resonant 
parameters summarized in Table 2 according the procedure described in the 
Methodical section. The main values gii of their g-tensor, as well as the g-factor 
of free electron ge, are shown. 
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and their composites. The calculated magnetic resonance parameters lie 
nearby to those determined experimentally for some neutral and 
modified P3AT [20,21,24,49,51,52]. 

3.5. Structure improving of composites stipulated by polycyclic aromatic 
hydrocarbons 

Previously [34,35], it was found that the electronic and spin prop
erties of P3DoT donor-acceptor composites depend on the band gap of 
aromatic polycyclic Q1D-hydrocarbon additives embedded into poly
mer matrix. A few molecules embedded into organic compounds was 
appeared to play a role of centers forming crystallization phase of their 
active matrix. It improves the morphology of the composite and, 
thereby, increases its functionality. Below are analyzed the influence of 
the structure, composition and dimensionality of different Q1D poly
acenes, triphenylenes, and Q2D polyaromatic graphene-like hydrocar
bons shown in Fig. 1 on the electronic parameters and spin state of 
polarons excited in exemplary P3HyT and P3MeT oligomers. 

Table 3 presents the main band parameters, HOMO, LUMO, and Eg, 
calculated for P3HyT and P3MeT oligo7mers modified with different 
neutral additives at parallel and opposite spin orientation relative to the 
external magnetic field. The same parameters, calculated for optimized 
polycyclic aromatic additives PA, TP, and PH with different numbers of 
benzene rings n are summarized in Table S-1 of the Supplementary 
material. Fig. 9a shows how changes the spin density on sulfur atoms, 
ρ(32Sc) - ρ(32S0), of the exemplary P3HyT composite when varying the 
conjugated ring number n of embedded polycyclic aromatic additives 
PA, TP, and PH. The choice of this parameter for such an analysis seems 
to be due to the greater simplicity in the further interpretation due to the 
lower interaction of these nuclei with own microenvironment. Indeed, if 
the polaron spin might interact with the sulfur nuclei, similar to that as it 

is realized, for example, in benzo-1,2,3-trithiol radical cations, then an 
effective g-factor of the corresponding compound would be over 2.014 
[53], which is significantly higher than the similar parameter of the spin 
charge carriers in the oligomers under study. An analysis of the change 
in spin density on the 32S atoms of the composite reveals its nontrivial 
dependence on the size of nanoadditives used. It is seen that the com
posite demonstrates approximately equidistant “extrema” of the func
tion ρ(32Sc) on the n value with a distance Δn≈4 between them. Fig. 9b 
shows the change in the band gap of this complex depending on the type 
and size of the polycyclic additives used. It is clear seen from the data 
presented that the Eg value of the oligomer, as expected, decreases 
monotonically in the case of its PA complex with a small (2− 3) number 
of its conjugated rings. Previously, a similar effect was experimentally 
registered in the study of photovoltaic complexes based on P3DoT [34, 
35] and other conjugated polymers [54]. Therefore, it would be quite 
logical to expect a further monotonic decrease in the energy Eg in the 
limit n→∞. However, it was not to be the case. It was found that instead 
of this the Eg value of both oligomer composites and both spin orienta
tion containing PA and PH additives with n > 3 changes in a variable 
manner. It should be noted that this effect is more pronounced when 
using P3HyT as a composite matrix and PH as a Q2D-additive. It seems 
rather ambiguously in the case of both polymer complexes modified 
with triphenyls, possibly due to the triple discreteness of changes in the 
number of their rings n. However, the “extrema” of this dependence do 
not coincide with those of the above mention function ρ(32Sc) on the n 
value. Analyzing the data presented in Fig. 9b, one can also notice the 
appearance of a specific periodicity in the change of the function Eg(n) 
with a specific step Δn, close to forth phenyl circles. This peculiarity is 
somewhat reduced with complexes with the P3MeT oligomer as a matrix 
because, possible, covalent s-bonds in P3HyT are replaced by sp3-ones in 
P3AT with alkyl group that inhibits intermolecular spin-spin coupling. A 

Table 3 
Band parameters HOMO, LUMO, and Eg (all in eV) calculated for the initial and oxidized poly(3-hydrothiophene) and poly(3-methylthiophene) oligo7mers modified 
with different polyacenes (PA), triphenyles (TP), and polycyclic aromatic hydrocarbons (PH) additives with extended π-conjugated systems calculated using Orca 
software package as it is described in the Methodical section.  

Additive HOMOa LUMOa Ea
g HOMOb LUMOb Eb

g HOMOa LUMOa Ea
g HOMOb LUMOb Eb

g  

Poly(3-Hydrothiophene) Poly(3-Methylthiophene) 
− -6.961  -5.132  1.829  -7.194  -6.075  1.118 -6.672 -4.810 1.862 -6.900 -5.772 1.128 
PA1 -6.918  -5.095  1.823  -7.163  -6.025  1.137 -6.637 -4.779 1.858 -6.876 -5.732 1.144 
PA2 -6.875  -5.064  1.812  -7.131  -5.986  1.145 -6.609 -4.760 1.850 -6.860 -5.703 1.157 
PA3 -6.867  -5.053  1.818  -7.012  -5.971  1.041 -6.593 -4.749 1.844 -6.841 -5.688 1.153 
PA4 -6.712  -4.992  1.720  -6.792  -5.899  0.893 -6.530 -4.724 1.806 -6.665 -5.657 1.008 
PA5 -6.409  -5.008  1.401  -6.400  -5.894  0.506 -6.346 -4.753 1.594 -6.342 -5.656 0.686 
PA6 -6.562  -4.890  1.672  -6.472  -5.809  0.663 -6.398 -4.652 1.747 -6.366 -5.587 0.779 
PA7 -6.383  -4.912  1.470  -6.387  -5.823  0.564 -6.338 -4.638 1.699 -6.262 -5.574 0.688 
PA8 -6.375  -4.881  1.494  -6.332  -5.785  0.547 -6.285 -4.617 1.669 -6.271 -5.550 0.720 
PA9 -6.329  -4.870  1.459  -6.258  -5.763  0.495 -6.256 -4.597 1.659 -6.257 -5.539 0.718 
PA10 -6.286  -4.860  1.426  -6.257  -5.759  0.498 -6.017 -5.467 0.550 -6.250 -4.976 1.274 
TP4 -6.834  -5.010  1.824  -7.096  -5.941  1.155 -6.564 -4.700 1.865 -6.798 -5.661 1.136 
TP7 -6.778  -4.973  1.805  -7.050  -5.878  1.172 -6.519 -4.661 1.858 -6.757 -5.617 1.140 
TP10 -6.536  -4.890  1.646  -6.536  -5.819  0.717 -6.447 -4.612 1.834 -6.470 -5.570 0.899 
TP13 -6.253  -4.720  1.533  -6.245  -5.671  0.574 − − − − − −

PH5 -6.810  -4.998  1.813  -6.798  -5.921  0.877 -6.602 -4.700 1.902 -6.758 -5.713 1.044 
PH6 -6.737  -4.987  1.750  -6.728  -5.934  0.793 -6.542 -4.700 1.842 -6.690 -5.638 1.052 
PH7 -6.811  -4.988  1.822  -7.059  -5.913  1.146 -6.559 -4.693 1.865 -6.786 -5.649 1.137 
PH8 -6.514  -5.085  1.429  -6.405  -5.788  0.617 -6.369 -4.700 1.669 -6.357 -5.637 0.719 
PH9 -6.564  -4.958  1.606  -6.547  -5.882  0.665 -6.459 -4.667 1.792 -6.454 -5.623 0.831 
PH10 -6.774  -4.987  1.787  -6.780  -5.883  0.897 -6.540 -4.670 1.870 -6.718 -5.631 1.087 
PH11 -6.497  -4.884  1.613  -6.462  -5.828  0.634 -6.488 -4.633 1.855 -6.638 -5.591 1.047 
PH12 -6.464  -4.972  1.492  -6.380  -5.774  0.607 -6.204 -4.750 1.454 -6.190 -5.581 0.609 
PH13 -6.497  -4.884  1.613  -6.462  -5.827  0.635 -6.352 -4.638 1.714 -6.352 -5.592 0.760 
PH14 -6.583  -4.920  1.663  -6.584  -5.843  0.740 -6.508 -4.641 1.867 -6.551 -5.590 0.961 
PH15 -6.349  -4.877  1.472  -6.323  -5.755  0.568 − − − − − −

PH16 -6.323  -4.843  1.480  -6.311  -5.790  0.521 − − − − − −

PH17 -6.542  -4.944  1.598  -6.534  -5.840  0.694 − − − − − −

PH18 -6.620  -4.939  1.681  -6.614  -5.836  0.778 − − − − − −

PH19 -6.657  -4.902  1.755  -6.695  -5.823  0.872 − − − − − −

PH20 -6.291  -4.814  1.477  -6.313  -5.747  0.566 − − − − − −

Note: The index of samples means a number of phenyl circles. 

V.I. Krinichnyi                                                                                                                                                                                                                                   



Synthetic Metals 305 (2024) 117596

10

slight deviation in functional extrema may be as a result of a scatter in 
the orientations of molecular planes, as well as the structural molecular 
asymmetry of PH molecules. Besides, when oligomer and graphene-like 
molecule form complex, an effective density of states at its Fermi level 
changes analogously to that how it happens in other interfaces [15, 55, 
56]. It initiated slight broadening and shift of respective energetic 
sub-levels E1 and E2 in the matrix band gap. This effect can be attributed, 
for example, to the splitting of these levels as in the case of half-filled 
pseudospin-degenerate states at the graphene’s Fermi level [57] and 
also should be taken into account when analyzing the results obtained. 
One can try to find a possible relationship between the structural, 
electronic and spin parameters of the complexes under study. Fig. 9c 
shows how changes the band gaps of neutral PA, TP, and PH nano
additives with variation of their parameter n. As is known, 2D graphene 
a priori has no band gap, e.g., Eg = 0 at n→∞. However, a band gap 
between the valence and conduction bands of some graphene-like Q2D 
films of limited size typical for dielectrics and wide-gap semiconductors 
can in principle be formed. For example, the Eg value of graphene oxide 
can vary within 1.7–2.7 eV region depending on its modification level 
[58]. Besides, this parameter may become non-zero when changing the 
Q2D film to a chair configuration. It should be taken into account also 
the presence in the PH additives of side hydrogen atoms. Extrapolation 
of this parameter PA gives Eg = 0.53 eV at n→∞ (see Fig. 9c), that may 
mean that the configuration takes an intermediate value. An interesting 
fact was the change in Eg(n) of neutral PH molecules with a period of 
about 4 phenyl rings, possibly due to their Q2D structural degeneracy, 
which was not manifested in the case of Q1D PA molecules. Note that the 
described unusual effects were also confirmed by some independent 
calculations. 

From the analysis of the data shown in Fig. 9, a number of important 
conclusions can be made. First, low-dimensional aromatic additives 
affect the spin state and interaction of polaron charge carriers with own 
microenvironment in P3AT-based composites. This effect is explained by 

the shielding of the π-interaction of molecular additives with oligomer 
chains whose alkyl side substituents inhibit intermolecular spin-spin 
interaction. Secondly, the band gaps and spin population ρ(32Sc) of the 
composites studied vary symbatically and antibatically with the additive 
polymerization factor n, respectively. Finally, the data obtained allows 
us to make the third, main conclusion about possible periodical modu
lation of the band gap and spin state of the studied composites, varying 
the dimensionality and polymerizing order of embedded aromatic 
nanoadditives. This fact should clearly indicate structural and electronic 
rearrangements initiated in oligomers by such nanoadditives with a 
periodic molecular π-conjugated structure. This feature can be used, for 
example, in the development of molecular spintronic sensors and filters 
with spin-dependent linear (at small values of n) and selective (at n≥4) 
handling of electronic parameters. 

Figure S-1 of the Supplementary material shows exemplary D-band 
EPR spectra of some P3AT-based composites. They also were calculated 
in the EasySpin software package using respective eigenvalues of A- and 
g-tensors summarized in Table S-2 of the Supplementary material. 
Analyzing the EPR spectra presented, it can be argued that the intro
duction of additives into the P3HyT oligomer leads to obvious change in 
magnetic resonance parameters of polarons initiated in respective 
complexes, however, the shape of these spectra remains almost un
changed with increasing value n. On the other hand, the magnetic 
resonance parameters of polarons in the P3MeT oligomer remain almost 
unchanged upon embedding of aromatic additive. The spectral extend of 
these complexes seems to be noticeably less than that of P3AT oligomers 
with different alkyl substituents (see Fig. 8). The Movie M-1 in Sup
plementary material demonstrates self-assembly crystallization of an 
exemplary P3AT matrix due to spin-assisted π-π-coupling with aromatic 
additive. 

Fig. 9. (a) Variation of spin density on 32S sulfur nuclei in polarons extended along the P3HyT:PA, P3HyT:TP, and P3HyT:PH composites’ chains with the parameter 
n; (b) the band gap of the P3HyT:PA, P3HyT:TP, and P3HyT:PH oligo7mer complexes as a function of the number n of the additives’ phenyl rings; (c) band gap of 
Q1D PA, TP, and Q2D PH aromatic molecules depending on the number of their phenyl rings n. The dotted line calculated from Eq. (1) with a0 = 0.532 eV, b =
8.968 eV, and c = 2.647 is shown for the guide of the eye. 
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4. Conclusions 

In this paper are reported the data obtained in the DFT and EPR study 
of electronic and spin parameters of polarons excited in various P3AT 
oligomers and their complexes with low-dimensional polyaromatic 
acenes, triphenylenes, and hydrocarbons. The results mainly obtained 
on exemplary P3HyT and P3MeT oligomers indicate a narrowing of 
band gap and an increase in planarity as a result of external influence, e. 
g., illumination. This is accompanied by formation on a chain of a mo
bile polaron with elemental charge and spin delocalized onto several 
monomers with quinoidal conformation. Such transition enhances the 
hyperfine interaction of spin charge carriers with their microenviron
ment and accelerates spin/charge delocalization along and between 
Q1D chains of the polymer matrix. It is shown the coexistence in olig
omers of conformations with differently delocalized spins whose con
tributions are determined by the composition and structure of the 
thiophene side substituents. All spin-assisted processes should to govern 
the functionality and efficiency of corresponding molecular devices. 

The influence of aromatic molecular low-dimensional additives on 
the electronic and magnetic properties of polarons stabilized on chains 
of polymer oligomers was analyzed and respective correlations were 
identified. Hybridization at the interface between different organic 
systems leads to drastic changes of their structure and magnetic prop
erties stipulated spin polarized states and dramatic effects on spin and 
charge injection through spinterface. This makes it possible to control its 
morphology and thereby its electronic and spin parameters. Continuous 
and specific periodical modulation of these properties by respective 
aromatic Q1D and Q2D nanoadditives was first registered. This effect 
opens up new horizons for the development of linear and selective 
molecular electronic and spintronic devices with spin-dependent pa
rameters. The applicability of the established effects and patterns for 
other groups of polymer materials was assessed. So, the procedure used 

in the work allows precise versatile handle at the atomic level the 
structural, conformational, electronic and spin parameters of conjugated 
polymers and their compounds. It needs to be evolved in the further 
experimental investigation of charge transport cross spinterface of 
polymer composites under various physical influences. 
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