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ABSTRACT: Magnetic resonance, relaxation, and dynamic
parameters of spin-charge carriers photoinitiated in dual-polymer
composites formed by narrow-band-gap poly[(9,9-dioctylfluorenyl-
2,7-diyl)-alt-(bithiophene)] (F8T2), poly[2,7-(9,9-dioctylfluor-
ene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PFO-
DBT), and poly[N-9'-heptadecanyl-2,7-carbazole-alt-S,5-(4',7’-di-
2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) copolymers
modified with [6,6]-phenyl-Cg;-butanoic acid methyl ester
(PC4,BM) as a photovoltaic spin subsystem and polyaniline salt
doped with para-toluenesulfonic acid (PANI:TSA) as a guest spin
subsystem were comparatively studied by the direct light-induced
electron paramagnetic resonance (LEPR) spectroscopy in a wide
photon energy and temperature range. Irradiation of dual-polymer
composites by the photons leads to the formation in its photovoltaic subsystem of polarons and methanofullerene radical anions
whose concentration and dynamics are determined by the density and energy of the initiating light photons. A part of such polarons
first filled high-energetic spin traps formed in the matrix due to its disordering. A crucial role of exchange interaction between
different spin ensembles in the charge excitation, relaxation, and transport in multispin narrow-band-gap composites was
demonstrated. These processes were interpreted within the framework of hopping of polarons along copolymer chains of
photovoltaic subsystems and their exchange interaction with neighboring spin ensembles. Such an interaction was shown to facilitate
the transfer of charges and inhibit their recombination in multispin dual-polymer composites. The distribution of spin density over
polymer chains in the dual-polymer composites with the 7—7 stacked architecture was analyzed in the framework of the density
functional theory (DFT). It confirmed the transfer of electron spin density between neighboring polymer chains that made
formation more likely of radical pairs in triplet state than in singlet one and inhibited their fast geminate recombination. Spin
interactions eliminate the selectivity of these systems to the photon energy, extend the range of optical photons they absorb, and,
therefore, increase their efficiency to converse the light energy. Handling electronic properties via intra- and intersubsystem spin
interactions in such multispin composites allows one to create on their base more efficient and functional electronic and spintronic
elements.

1. INTRODUCTION of two opposite charges and their separation into respective
bulk heterojunctions (BH]Js), positive carriers are transported
to electrodes by polaron quasi-one-dimensional (QI1D)
diffusion in the polymer phase and by free electron hopping
between fullerene domains. Such carriers can be considered
noninteracting when the thermal energy exceeds their
interaction integral. In the opposite case, when the carriers
come nearer than the inverted Coulombic interaction

Recent years have been characterized by an increasing interest
in the synthesis and study of organic polymers and composites
due to the great potential of their use as functional materials
for creating components of molecular electronics' > and
spintronics.” Elemental charges in such compounds are carried
by quasi-particles, polarons, which are characterized by their
effective mass, intrachain fast diffusion, and uncompensated
spin S = 1/2. These features lead to a variety of specific

processes that can be carried out in such low-dimensional Received: March 16, 2020
systems. Molecular devices normally consist of fullerene Revised:  April 16, 2020
derivatives embedded into a functional polymer matrix, Published: April 22, 2020

which act as acceptors (electron transporter, n-type material)
and donors (hole transporter, p-type material) of electrons.
Beyond the transformation of photoinduced excitons into pairs
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Figure 1. Schematic structures of the poly[(9,9-dioctylfluorenyl-2.7-diyl)-co-(bithiophene)] (F8T2), poly[2,7-(9,9-dioctylfluorene)-alt-4,7-
bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PFO-DBT), poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadia-
zole)] (PCDTBT), polyaniline (PANI), para-toluenesulfonic acid (TSA), and [6,6]-phenyl-C¢;-butanoic acid methyl ester (PC¢;BM) used for

preparation of the dual-polymer composites.

potential, their wave functions overlap and exchange
interactions become non-negligible. This should affect the
electronic properties of the respective composite and thus the
efficiency of its conversion of the light energy. Spin interactions
also accelerate the recombination of these charge carriers,
leading to a balance of the excited and recombined spin pairs.
Because both the charge carriers have an exchangeable spin-
flip, the recombination process becomes dependent on their
dynamics, number, polarization, and mutual separation.5 Thus,
the efficiency and functionality of the above systems are
governed mainly by spin-assisted separation, coupling, and
recombination of free charge carriers formed in BHJ.

Among polymer-based molecular devices, polymer:fullerene
photovoltaic composites have been more widely investigated
and used.°"® The narrow-band-gap copolymer poly[N-9”-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2/,1",3'-
benzothiadiazole)] (PCDTBT; see Figure 1) appeared”' to
be one of the most efficient matrixes for use in organic
electronics and photonics. This can be attributed mainly to the
ultrafast charge separation in the BHJ formed by PCDTBT and
[6,6]-phenyl-C,;-butyric acid methyl ester (PC,;BM) before
localization of the primary excitation to form a bound exciton''
and also its “column-like” bilayer ordered copolymer matrix,
where a pair of backbones is positioned “side-by-side” with the
alkyl side chains pointing outward.'” Besides, higher z-
overlapping in such quasi-two-dimensional (Q2D) copolymers
hinders their torsional twisting and, therefore, lowers their
band gap."’ Such a morphology increases the lamella
crystallinity of narrow-band-gap copolymer composites,
accelerates the mobility of charge carriers, elongates their
diffusion length, and thus inhibits their recombination in their
BHJ."* The small number of excitons initially formed in such a
matrix recombines fast for nanoseconds and thus does not
contribute to an effective photocurrent through BHJ, whereas
the main part of excitons dissociates into free charge carriers
on a longer time scale, which contributes to the photocurrent
and then nongeminate recombination. However, Yonezawa et
al. have supposed'® that in the copolymer BHJ formed by
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(bithiophene)] (F8T2)
and PC;BM molecules, positively charged polarons are
created mainly by direct photogeneration and not by
conversion from the interfacial charge-transfer states. Besides,
one would not expect the recombination of each charge carrier
with the first/nearest oppositely charged one. The exper-

imental data obtained from the study of polymer composites
are usually interpreted in terms of the processes occurring in
the backbone of single polymer chains with solitary spin
ensembles. However, the coupling of spins of charge carriers
moving along adjacent polymer chains, as well as those
captured by corresponding spin traps, significantly affects all of
the properties of the carriers and a whole composite and
should therefore be taken into consideration. Thus, these
processes themselves are not trivial phenomena, whose
microscopic details still remain unknown.

Different methods can be used for the study of organic
photovoltaic systems, e.g., femtosecond time-resolved optical-
ly'® and absorption-detected'® magnetic resonance methods.
These methods, however, are indirect and can mainly
determine a net number of centers formed from an initial
exciton and recombined in the respective BHJ. Because both
charge carriers possess spins playing a crucial role in the
properties of organic devices, the processes carried out in such
systems can be studied by various continuous wave (cw) and
pulse magnetic resonance methods. However, the latter often
provide ambiguous results concerning spin-coupling, relaxa-
tion, and dynamics in some conjugated polymers'’~"” and in
polymer:fullerene composites.”””' This is the reason why
direct cw electron paramagnetic resonance (cw EPR) spec-
troscopy is widely used for a more detailed investigation of
spin-assisted processes in various organic polymer systems at
different frequencies of electron precession.'®'”**~** The
multifrequency cw EPR method was used to analyze the
impact of exchange interaction between polarons stabilized in
polyaniline salt highly doped with para-toluenesulfonic acid
(PANL:TSA) with guest air oxygen biradicals.”>~** PANI-TSA
was analyzed” to be a material built from relatively short
helically formed chains that assemble within globular particles
of size about 10 nm. Paramagnetic centers stabilized in the
PANI bulk during doping with TSA were found to be more
accessible for interaction with inside/guest radicals than with
other polyaniline salts. Light-induced cw EPR (LEPR)
spectroscopy was also used for the study of charge photo-
excitation, separation, transfer, and recombination in various
polymer:fullerene composites.’”** It was found that the g-
factors of both charge carriers photoinitiated in such systems
are close to the g-factor of the free electron, g, = 2.00232. This
causes partial or complete overlapping of their contributions to
the total cw LEPR spectra registered at relative low precession
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frequency of their spin ensembles. The lower this frequency,
the more the spectral overlapping. Therefore, for a more
accurate analysis of the influence of all possible factors on
magnetic resonance parameters (paramagnetic susceptibility,
line width, gfactor) of all spin ensembles, one has to
deconvolute the effective spectra obtained at commonly
used”™® and high-frequency’****” cw LEPR wavebands.
Deconvolution of effective cw LEPR spectra of a multispin
system should be able to determine the main magnetic
resonance parameters separately for all mobile and captured
spin-charge carriers and analyze them upon variation of
experimental conditions. Indeed, such a procedure allows
one to estimate the composition, spatial distribution, and local
concentration of spin-charge carriers excited in different
organic photovoltaic composites,”* including narrow-band-
gap mono-copolymer composites formed by F8T2, poly[2,7-
(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-
thiadiazole] (PFO-DBT), and PCDTBT copolymers with
PC4,BM electron acceptors,”*™** BHJ of various poly(3-
alkylthiophenes):Cy, embedded into the conducting poly(2,5-
dioctyloxy-phenylene vinylene) matrix (P3AT:Cy,/OOPPV)*
as well as dual-polymer composites formed by PCgBM-
modified poly(3-dodecylthiophene) and PANLTSA (PAN-
I:TSA/P3DDT:PC¢BM).””*" Paramagnetic susceptibility of
spin-charge carriers photoinitiated in the latter dual-polymer
composites was determined from their cw LEPR spectra to
follow antiferromagnetic or ferromagnetic behavior depending
on the value of spin-coupling. It was shown that the number,
composition, and distribution of paramagnetic centers excited
in the mono- and bipolymer photovoltaic systems are
determined by their structure, morphology, as well as by the
density and energy of the initiating light photons. The data
obtained were interpreted assuming the presence in photo-
voltaic systems of high-energy spin traps that capture the first
charge carriers until they are filled. Thus, immobilized carriers
take part in the process of charge transfer, however, indirectly.
A part of such carriers can be released upon interaction with
the light photons and lattice phonons of a certain energy. For
example, the concentration of polarons captured in the
F8T2T:PCyBM copolymer composite appeared to demon-
strate dependence on the photon energy with explicit extremes
around 1.8 and 2.7 eV, whereas such dependence of the
methanofullerene radical anions showed a weaker dependence
with the characteristic energy lying near 1.9 eV. At the same
time, the concentration of both charge carriers in the PFO-
DBT:PC4BM and PCDTBT:PCy;BM systems is characterized
by a dependence on the photon energy with explicit extremes
around 1.8 and 2.8 eV. So, the number, spatial distribution,
and energy depth of such traps significantly determine the
functional and electronic properties of these and analogous
systems. The main magnetic resonance parameters as well as
electron relaxation and dynamics of spin-charge carriers
stabilized or/and photoinitiated in these BHJ were interpreted
in the framework of the model of exchange-coupled spin pairs
differently distributed in parental polymer subsystems. This
leads to the higher overlapping of wave functions of spin-
charge carriers, increases the energy barrier that they overcome
by crossing the respective BHJ, and accelerates electron
relaxation of all spin-packets formed in such systems. Analysis
of spin density distribution (SDD) on polymer chains within
the density functional theory (DFT) can provide unique
information on the degree of delocalization and interaction of
polarons stabilized and photoinitiated in this system.

Herein, we report the first results of a detailed comparative
cw LEPR study of spin-assisted photoexcitation, relaxation,
dynamics, and recombination of charge carriers in the
framework of their exchange interaction in the dual-polymer
narrow-band-gap PANI:TSA/F8T2:PC¢BM, PANL:TSA/
PFO-DBT:PC¢,BM, and PANI:TSA/PCDTBT:PC4BM
nanocomposites. The data obtained by cw LEPR spectroscopy
at a wide temperature and photon energy range in combination
with spectral simulations and DFT computation allowed us to
determine the correlations of the main parameters of
photoinitiated spin-charge carriers with the structure, compo-
sition, and lattice phonons of these compounds. The data
obtained are compared with those determined by some other
methods.

2. EXPERIMENTAL SECTION

2.1. Ingredients Used in Experiments. In the work,
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(bithiophene)] (F8T2)
with an optical absorption maximum lying at 3.40 eV (365
nm) and band-gap energy AE, = 2.40 eV (ref 44)
(manufactured by American Dye Source, Inc.), poly[2,7-(9,9-
dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadia-
zole] (PFO-DBT) with an optical absorption maximum lying
at 2.37 eV (523 nm) and AE, = 1.87 eV (ref 45) (distributed
by Sigma-Aldrich, The Netherlands), and poly[N-9'-heptade-
canyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzo-
thiadiazole)] (PCDTBT) with an optical absorption maximum
lying at 576 nm (2.15 eV) and AE, = 1.90 eV (refs 46, 47)
(distributed by Sigma-Aldrich, the Netherlands) were used as
electron donors of photovoltaic subsystems, and [6,6]-phenyl-
Cg -butanoic acid methyl ester (PCy;BM) with AE, = 2.48 eV
(ref 48) (distributed by Solenne BV, the Netherlands) was
used as an electron acceptor of photovoltaic subsystems.
Polyaniline salt (PANI) doped with para-toluenesulfonic acid
(PANI:TSA,;) (manufactured by Ormecon, Germany) (ref
29) was used as the guest spin ensemble. The chemical
structures of these components are shown schematically in
Figure 1.

2.2. Preparation of the Samples. To prepare copoly-
mer:methanofullerene composites with an optimal concen-
tration ratio 1:4,"° first 1.4 mg of each copolymer and 5.6 mg
of PC4;BM were solved in 1 mL of dichlorobenzene. These
solutions were treated in the ultrasonic cleaner DADI DA-968
(50 W) for 15 min, followed by warming at T = 333 K for S h.
In a second step, for the preparation of PANI:TSA/PFO-
DBT:PCy,BM and PANI:TSA/PCDTBT:PC4BM dual-poly-
mer composites, a dichlorobenzene dispersion (107> M) of
PANI:TSA, s was pretreated by an ultrasonic source for 10 min
and then added to each of the above-mentioned copoly-
mer:methanofullerene solutions to reach an equal content of
these ingredients in the final dispersion. To prepare the
PANI:TSA/F8T2:PCyBM dual-polymer composite, 5 uL of
the PANL:TSA dichlorobenzene dispersion (1072 M) was
pretreated by an ultrasonic source for 10 min and then added
into 40 uL of the F8T2:PC;BM solution. The concentrations
of the PANL:TSA and F8T2:PC4BM ingredients in the latter
were found to be 2.2 X 107 and 2.6 X 107 M, respectively.
Thus, S uL of the prepared liquid samples were each cast 6—8
times on both sides of a separate ceramic plate with subsequent
drying in air until they became double-sided films, both having
size ca. 4 X 8 mm” and thickness ca. 0.1 mm. As a result of
such a procedure, each sample contained in sum 0.1 mg of a
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copolymer, 0.4 mg of PC4BM, and 0.02 mg of PANI:TSA. All
dual-polymer composites are shown schematically in Figure 1.

2.3. NIR-Vis—UV Absorption Spectra of Copolymer
Composites. Optical absorption spectra of the dual-polymer
composites were obtained using the spectrophotometer
Specord-250 plus (Analytik Jena) scanning in the range
1.13—6.53 eV (1100—190 nm) at T = 298 K. They are shown
in Figure S1 in comparison with the spectra obtained for the
respective copolymer photovoltaic composites.*> The compo-
sitions and positions of the spectral components were
determined accurately using the differentiation of experimental
absorption spectra.

2.4. Photoinitiation of Spin-Charge Carriers. The
samples were illuminated directly in the MW cavity of the
EPR spectrometer through a quartz cylindrical light guide by
5—10 W Luxeon LED monochromatic sources with the
photon energy hv,;,/wavelength 4,;/luminous emittance I; of
1.32 €V/940 nm/750 Ix, 1.46 eV/850 nm/870 Ix, 1.61 eV/770
nm/1160 Ix, 1.88 €V/660 nm/1950 Ix, 1.97 eV/630 nm/1110
Ix, 2.10 €V/590 nm/450 Ix, 2.34 eV/530 nm/960 Ix, 2.48 eV/
500 nm/1500 lx, 2.64 €V/470 nm/2450 Ix, 2.95 €V/420 nm/
1520 Ix, and 3.14 eV/395 nm/630 lx, as well as achromatic,
white sources with correlated color temperatures (CCTs) of T
= 15000, 5500, and 3300 K and luminous emittance values I;
of 3020, 4000, and 2480 Ix, respectively. The I; values of the
sources were determined using the IMO-2N broadband
bolometric light emission power meter and the LX-1010BS
digital luxmeter and were used for further normalization of the
number of spins photoinitiated in the composites under study.

2.5. LEPR Spectra Measurements and Processing. cw
EPR measurements were performed using the X-band (3 cm,
9.7 GHz) PS-100.X spectrometer with a maximum microwave
power of 150 mW and 100 kHz phase detection. Dark and
photoinduced LEPR spectra of the dual-polymer:methanoful-
lerene nanocomposites were obtained at 77 K by being
inserted into a quartz Dewar filled with liquid nitrogen and
placed into the EPR spectrometer cavity. For EPR measure-
ments at higher temperatures (T = 90—320 K), the samples
were situated in a quartz flow Dewar cell and centered in a
stream of dry nitrogen, whose temperature was stabilized by a
BRT SKB IOC controller, equipped with a platinum
temperature sensor pt100. The signal-to-noise ratio of signals
was improved by their accumulation during multiple scanning
of the EPR spectra. The processing of the spectra was
performed using EPR-Win and OriginLab software. Spectral
contribution and concentration of different spin ensembles
were determined by decomposing effective EPR spectra
registered far from their MW saturation and in combination
with the “light on—light off” procedure described earlier.”***>°
Landé g-factors of spin-charge carriers were determined using
the N,N-diphenyl-N'-picrylhydrazyl (DPPH) standard with g =
2.0036 + 0.0002.°" The accuracy of estimating the intensity I,
the g-factor of the line, and the distance between its positive
and negative spectral peaks AB,,, was determined to be 5%, +
2x 107* and + 2 X 107 mT, respectively. The times of spin—
lattice T, and spin—spin T), relaxation of spin ensembles were
determined using the steady-state MW saturation method,”
adapted for the study of spin pairs photoinitiated in organic
polymer:fullerene nanocomposites.”” The calculation of hyper-
fine coupling parameters has been performed using the DFT/
B3LYP/G level in ORCA with 6-311G** and partly EPR-III
basis sets as has been described in refs 36, 37. The simulation

of experimental EPR spectra was performed using the EasySpin
and OriginLab programs.

3. RESULTS AND DISCUSSION

3.1. NIR-Vis—UV Absorption Spectra of Copolymer
Composites. Figure S1 shows the NIR—vis—UV spectra of
the PANI:TSA/F8T2:PC4,BM, PANI:TSA/PFO-
DBT:PC4,BM, and PANI:TSA/PCDTBT:PC¢BM dual-poly-
mer composites. For the comparison, optical spectra
obtained*” for respective copolymer photovoltaic composites
are also shown in Figure SI. The spectrum of PANL:TSA/
F8T2:PCyBM is characterized by bands 339, 268, 218 nm
(3.66, 4.63, 5.69 V), 338, 268, 219 nm (3.67, 4.63, 5.66 eV),
and 339, 269, 221 nm (3.66, 4.61, 5.61 eV), respectively,
whose positions are close to those obtained for
F8T2:PC¢;BM,* differing by a slight growth in optical density
at the high-energy region due to the overlapping signals of
both polymers. The system PANI:TSA/PFO-DBT:PC¢BM
demonstrates a characteristic set of absorption bands at 608
and 571 nm (2.04 and 2.17 eV) inherent to the benzatriazole
moiety and lines at 415 and 397 nm (2.99 and 3.12 eV)
attributed to the fluorine subunits. The composite PANL: TSA/
PCDTBT:PC4,BM is characterized by the bands registered at
610 and 569 nm (2.03 and 2.18 eV) arising due to the
benzothiadiazole molecular fragment as well as at 416 and 397
nm (2.98 and 3.12 eV) arising due to the carbazole subunit.
Structurally, the latter two absorption spectra also correspond
to those earlier obtained for the PFO-DBT:PC¢BM and
PCDTBT:PCyBM composites.”” The only difference is that
the presence of the PANI:TSA subsystem increases the
intensity of the UV—vis absorption band at near 290 nm,
typical of a 7—z* transition.”*>> Thus, polyaniline salt, while
dispersed in these composites, leads to a slight increase in the
density of optical spectra while maintaining their structures.
This effect becomes more noticeable at the transition from the
F8T2 and PCDTBT subsystems to the PFO-DBT one.

3.2. DFT Evaluation of the Morphology and Radical
Spin Density Overdistribution in the PCDTBT/PANI z—x
Stacking Model Complex. The main part of the ingredients
of organic solar cells is not bonded covalently, and hence an
intermolecular charge transfer occurs in terms of the Arrhenius
activation electron hopping through an appropriate energy
barrier whose height depends dramatically on the morphology
interface. As for the electron spin-exchange process in the
samples under study, the most significant interest seems to be
in the evaluation of transfer of spin density between the chains
in the BHJ of copolymers and PANI. Such an approach is
based on the spin flip—flop mechanism,*® according to which
the geminate recombination of radical pairs (RPs) in the
singlet state is suppressed by resonant exchange coupling
between radicals with spin § = 1/2 and electron acceptors with
formation of RP in the triplet state. Because the RP triplet
species should have a longer lifetime due to their “spin-
forbidden” state, this indeed could reduce the geminate
recombination rate. The above approach was used supposing
the resonant exchange coupling between spins of polarons
stabilized in PANI and photoinitiated in copolymer backbones
and taking into account the fact that the highest occupied
molecular orbital (HOMO) levels of copolymers and doped
PANTI are close to each other, i.e., =5.2 eV for doped PANI salt
and —5.4, —5.5, and —5.75 eV for F8T2, PCDTBT, and PFO-
TBT, respectively. The density functional theory (DFT)
evaluation was carried out with the exemplary PCDTBT-
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Figure 2. Hypothetical model structure of an exemplary PANI:TSA/PCDTBT:PC¢;BM composite with the discussed 7—x stack morphology of
polymers whose C, H, N, O, and S atoms are displayed in dark yellow, green, blue, red, and violet, respectively.

Ne H; Ne N 98; 99
A(H) A(N) (mT) -0.12; 0.05
n-stacked

104; 105
-0.20; 0.088

111; 110
-0.12; 0.05

A(H): A(N) (mT) -0.43; 0.19

-0.21; 0.063

-0.43;0.19

Figure 3. (a) n—x Stacking PCDTBT/PANI architecture used in the DFT calculation of evaluation of the hyperfine coupling. (b) Spin/charge

localization in a separated PANI chain.

based system. One could suggest the realization of the 7—x
stacks as the most suitable architecture of these copolymers,
which suggests the principle of z—7 interaction between
identical aromatic groups; however, such an interaction is
realized between their different groups. The n—r stacking
morphology in PANT is already widely known;*” however, the
existence of an analogous architecture in the copolymers under
study has not yet been described in the literature. The
hypothetic model structure of the PANI:TSA/
PCDTBT:PC4BM dual composite with the supposed 7—x
stacking polymer morphology is exhibited in Figure 2, and the
Cartesian coordinate data of 4ANI:2TSA/2CDTBT:PCy,BM
and 4ANI/2CDTBT are listed in Tables S1 and S2 of the
Supporting Information. Such an architecture seems to be
preferable regarding the PANI and PC4BM positions relative
to PCDTBT when it realized free donor/acceptor contact in
the interface area from one side and effective connection due
to w—m overlapping of polymer and copolymer stacks from the
other side. For the optimization of such a 7—x stacking block
structure, the standard force field (FF) calculation methods,
e.g, MM2 and MMFF94, have been used, resulting in the
minimum of steric energy corresponding to the above 3D

molecular architecture of two polymers with 7z—7 stacking
interactions. Note that the distance between the stacked planes
of the most aromatic molecules of the PANI:TSA/PCDTBT
system was determined to be about d; ~ d, ~ 3.4—3.5 A (see
Figures 2 and S3), which correlates with the data obtained
experimentally by X-ray diffraction (XRD) and other methods
for analogic structures.”® %! During the DFT calculation, the
available processing power sometimes becomes limited, thus
necessitating great simplification of the working model. This is
demonstrated as an example in Figure 3, where the (—CH,),-
CHj; side chains of the copolymer are reduced essentially down
to —CHj. Such a simplification weakly changes the spin density
distribution (SDD) along polymer chains of the same length;
however, it drastically shortens the computation time. The
evaluation of appropriate hfc parameters for "H atoms on the
polymer side chains >N-(CH,);-CH; and >N-CHj; of the
CDTBT unit is exhibited in SI—IIc, and it confirms the
possibility of the above tail substitution in the computation
process. However, the experimental realities should be taken
into account. First, it should be noted that the delocalization of
polarons photoinduced on the chains of PCDTBT and
analogous copolymers is usually longer at least by one
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monomer, which decreases the SDD magnitudes. While the
processing time decreases substantially, this circumstance
should also be taken into consideration.

The second circumstance concerning the z-stacking area is
how many charges/spins of the PANI may overlap directly
with 7-orbitals in the 7-stacking side fragment. Because PANI
has the maximum doping level, for evaluation, only two
charges/spins were included in the input sets shown in Figure
3b. DFT hfc parameter calculation of: (a) ANI dimer (4ANI,
charge Ch = +2, spin S = 1, multiplicity M = 2S + 1 = 3), (b)
CDTBT dimer (CDTBTd, Ch = +1,S =1/2, M =2), and (c)
4ANI/CDTBTd block (Ch = 3, S = 3/2, M = 4) structures
exhibited in Figure 3a were carried out using the DFT/
B3LYP/G level in ORCA.®* Figure 4 shows the constants Ay

03
4ANI1 CDTBTd T
¥ A(N)) = A(Nj) T (N,H) atoms
0.2 - & A(HID) <+ A(Hj) A R ¥
CDTBTd (N,H) atoms

0 1020 30 40 50 60 70 80

| gl

< I Atom Number (Fig.52)
T 0.1 |-
< 4ANI/CDTBTd |
I = A(N))
02 s A(H))
= NL (vdW)
_0-426 I~ ] {J\(Nj)
0429 1 * A(H)

Figure 4. DFT isotropic hfc parameters A(Nj) and A(Hi) are
calculated for CDTBTd, 4ANI, and 4ANI/CDTBTd model
structures. DFT sets are in the text. The assignation of an appropriate
“magnetic” atom numbers is displayed in Figure S2 in Supporting
Information (SI).

and Ay calculated for the system under study. Their values, Ay
~ 043 mT and Ay = 0.2 mT, lie near Ay = Ay = 0.6 mT,
reported in the literature tentatively and near those obtained
for the aniline oligomer by the 'H ENDOR method in the
range 1.6—5.3 MHz," that correlates by magnitudes with
maximum ones for 'H in regions (nos. 128—146) shown in
Figure 4. It can be seen from the figure that the SDD on some
'"H CDTBTd atoms and on the same atoms in the ANI/
CDTBTd system calculated in terms of the considered models
differs by several times in atom number region nos. 67—97.
The same tendency is evidently observed for H and N atoms of
the ANI dimer situated within the range nos. 98—146 (Figure
4). The computed SDD data demonstrate the possibility of
essential SD overdistribution within both copolymer molecules
with 7—7 interactions. Some examples of this topic based on
PDI family composites including n—7 stacking architectures
are introduced in ref 36 and references therein.

As for the ANI/CDTBTJ, i.e., in our case of a completely
ionic complex, van der Waals (vdW) contribution became
essential and should be checked in the single point energy and
SDD/hfc calculation. For this, the nonlocal van der Waals
density functional VV10 (DFT-NL)**®° was used with the
B3LYP NL/def2-TZVP/C/vdwgrid2 set, and the result
(yellow-brown cycles in Figure 4) demonstrates tripling
correction for A(Nj) parameters in the 4ANI/CDTBTd

complex relatively values, calculated without vdW contribution
(red-white squares in Figure 4). This results in the effective
EPR line width of the ANI/CDTBTd complex computed with
the vdW functional being close to the PANI line width
obtained without the vdW one, due to the close contribution
from hfc to the line-broadening, and in this case, ENDOR
application could be useful. Unfortunately, our experimental
opportunities are limited toward this goal. However, taking
into account the “resonant” close location of their higher
molecular orbitals (HOMOs) noted above, this may evidence
the absence of principal obstacles for the relatively free
electron transfer between copolymer systems.”® The analysis of
the data obtained from DFT computing allows us to emphasize
at least two points as being important for the processing of
experimental EPR results. First is the spin exchange in systems,
whose EPR spectra are broadened due to hyperfine coupling
(hfc). The other is the hfc contribution to the line width AB of
the spectra of the dual-polymer composite analyzed. The
analysis of the "H DFT data obtained for PCDTBT allowed us
to conclude that, e.g, its seven 'H [A(Hj) ~ 0.075 mT] and
six 'H [A(Hj) ~ 0.055 mT] with individual 5B = 0.4 mT give
the same spectrum as the line without hfc contribution and 6B
= 0.45 mT. This means that the value of line width of
PCDTBT determined experimentally may deviate due to hfc;
however, the respective contribution does not exceed 12%. On
the other hand, an analogous analysis of the data presented in
Figure Sa evidences that the model spectrum of PANI with 6B
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0.001

AB™ = 0.535(A8 1+0.82
" mw

1 1.2

m oA e
-==efit |
, I,sl . B [ B
; i ™ £
: e
: - <
i 11.0
W -
3
(@) : (b) 109
L : ! : 1 | PR TP SO
346 348 350 0.2 04 06
B (mT) 3(AB ) (mT)

Figure S. ANI EPR spectra, constructed using Ay = 0.2, 0.07 mT; Ay
= 0.45, 2(0.225), 0.175, 3(0.175), 0.1 mT; and individual line width
5(AB,,) = 0.001, 0.005, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 mT (spectra with
0.3, 0.4, 0.5, and 0.6 are not included in the figure). In the inset are
shown the experimental AB,, = F(5BPP) functional dependence and
its fitting by a linear function approach.

= 1.2 mT without hfc contribution can be coincident with its
DFT computed line Ay = 0.2, 0.07 mT; Ay = 0.45, 2(0.225),
0.175, 3(0.175), 0.1 mT; and 6B,, = 0.2 mT. This allowed us
to evaluate inhomogeneous line-broadening of the EPR
spectrum by directly modeling a spectrum with an unresolved
hfc structure. In Figure Sa are shown the exemplary ANI EPR
spectra, constructed using Ay = 0.2, 0.07 mT; Ay = 045,
2(0.225), 0.175, 3(0.175), 0.1 mT; and individual line width
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Figure 6. Some X-band (9.5 GHz, 334 mT) LEPR spectra of charge carriers that are background initiated in the PANL:TSA/F8T2:PC¢BM (a),
PANLTSA/PFO-DBT:PC,BM (b), and PANL:TSA/PCDTBT:PC4BM (c) BHJ at T = 77 K by monochromatic light sources with different
photon energies. Respective room-temperature NIR—vis—UV absorption spectra of these composites are located on the right and are shown by
dashed lines. Translucent filled lines located on the left indicate irradiation spectra of the light sources normalized to their luminous emittance I;. At
the top, the structures of BHJ formed in the dual-polymer nanocomposites are shown schematically. The transfer of an elementary negative charge
from the copolymer chain to the methanofullerene molecule accompanied by the formation on the former of positively charged polaron P** (hole)
with spin S = 1/2 is shown as well. The spin of such quasi-particles normally occupies a larger (n > 3) number of copolymer monomers than shown

in the figure. The orientation of the principal axes of the polaron’s g-tensor is also given.

5(ABPP) =0.001, 0.00S, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 mT. Analysis
of the data showed a linear functional dependence of the
experimental line width AB,, on its actual individual value
5(AB ) (Figure Sb). From the slope of the function AB,,

[5(ABPP)] a simple relation of these values was obtamed as
follows: 5(AB,,) = (AB,, — 0.82)/0.53 or 5(AB,,) = 0.6AB,,
for a brief estimation within the range of our experimental
values around 1.1—1.2 mT.

3.3. Spin Composition and Magnetic Resonance
Parameters. Figure 6 shows exemplary X-band LEPR spectra
of the PANI:TSA/F8T2:PC4BM, PANI:TSA/PFO-
DBT:PC,,BM, and PANLI:TSA/PCDTBT:PCy BM BHJ back-
grounds irradiated by monochromatic sources with various
photon energies hvy, at T = 77 K. Figure 7 exhibits the
analogous spectra of the samples illuminated by white light
with different correlated color temperatures (CCTs) T..
Earlier, it was shown®*™* that at this waveband, the
F8T2:PC,,BM, PFO-DBT:PC,,BM, and PCDTBT:PC,,BM
BH] demonstrate doublet LEPR spectra of organic para-
magnetic centers formed as a result of dissociation of
photoinitiated excitons. As in the case of other similar
photovoltaic composites,34 the low-field component of these
spectra was attributed to polarons, formed on the copolymer
chains, whereas the high-field spectral line refers to

methanofullerene radical anions situated between these chains.
These paramagnetic centers are characterized by isotropic
Lande gfactors lying near g, = 2.002,-2.002, and g, =
1.99945."* Such parameters obtained for the polarons stabilized
in the initial PANI:TSA powder were determined at the D-
waveband (2 mm, 140 GHz) EPR to be g, = 2.0028,.”> Thus,
their spectra should be expected to overlap those of polarons
photoinitiated in the copolymer:methanofullerene subsystem,
as it is realized in the case of the PANI: TSA/P3DDT:PCy,BM
dual-polymer composite.”” This means that the broader low-
field LEPR spectral line of the samples under study shown in
Figures 6 and 7 can be attributed to polarons stabilized and
photoinitiated in the PANI and copolymer matrices,
respectively, whereas their narrower right line appears due to
methanofullerene radical anions also photoinitiated in the
latter. The low-field line contains the contributions of mobile
polarons with an isotropic g-factor, as well as polarons captured
by spin traps formed in the composite matrix due to its
disordering. Polarons immobilized in conjugated polymers and
their photovoltaic composites are characterized by a weakly
anisotropic g-factor’**>°® and frequency-dependent line width
due to its g-strain. This means that the shape of the sum
spectrum of all polarons should depend on the number of such
traps. The effect of g-strain is very small at the X-band EPR
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Figure 7. X-band (9.5 GHz, 334 mT) LEPR spectra of charge carriers that are background initiated in the PANL:TSA/F8T2:PC4BM (a),
PANIL:TSA/PFO-DBT:PC4,BM (b), and PANL:TSA/PCDTBT:PC4BM (c) BHJ at T = 77 K by achromatic, white light with CCT of T, = 15 000,
5500, and 3300 K. Solid, dashed, and dotted lines located on the left indicate the irradiation spectra of the white light sources with T, = 15 000,
5500, and 3300 K, respectively, normalized to their blue spectral line lying near 450 nm. Dashed lines located on the right indicate respective room-
temperature NIR—vis—UV absorption spectra of these composites. Lorentzian LEPR spectra best fitting the effective experimental LEPR spectra
with their contributions caused by polarons stabilized in the PANI:TSA, Py, polarons immobilized in a copolymer matrix, Pj, as well as highly
mobilized radical pairs, Py, <> mF,%, illuminated by white light with CCT of T, = 3300 K using the parameters presented in Table 1 are shown at
the bottom of the figure. At the top are schematically shown the structures of BHJ formed in respective dual-polymer nanocomposites. The transfer
of an elementary negative charge from the copolymer chain to the methanofullerene molecule accompanied by the formation on the former of
polaron P** (hole) with an elementary positive charge and spin S = 1/2 is shown as well. The spin of such a quasi-particle normally occupies a
larger (n > 3) number of copolymer monomers than shown in the figure. The orientation of the principal axes of the polaron’s g-tensor is also
given.

used; however, it was taken into account when calculating the lines represent the effective LEPR spectra and their spectral
spectra. Besides, polarons forming in adjacent polymer chains, contributions due to polarons Pjay; and P** stabilized in the
starting with some critical concentration, can, in principle, PANI and photoinitiated in copolymer matrices, respectively,
collapse into interchain mobile diamagnetic Ply, <> Piy, or as well as mobile pairs of polarons and methanofullerene
intrachain localized paramagnetic Pj;¢<> Pf. bipolarons with radical anions Ply, <> mF_ % photoinitiated in the copolymer
equal g-factors.””*® The transition polaron <> bipolaron can backbone of the samples by white light with T, = 3300 K. This
change the experimental LEPR spectra as well. To separate the allowed one to obtain separately the main magnetic resonance,
contributions of different charge carriers into the sum LEPR electron relaxation, and dynamic parameters for all spins at a
spectra and to analyze their changes at different experimental wide variation of experimental conditions. It can be seen from
conditions, such spectra should be deconvoluted according to Figures 6 and 7 that the relative concentration of charge
the procedure described earlier.”>** In Figure 7, the dashed carriers stabilized and photoinitiated in the samples studied
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Table 1. Isotropic g-Factors of Polarons, Initiated in the PANI and Copolymer Backbones, ghANT
Methanofullerene Radical Anions’ Peak-to-Peak Line Widths, A

and g~,, Respectively, Their
ngNI AB;’P, , Concentration Ratio of Mobile

and AB

Polarons and Methanofullerene Radical Anions to that of Localized Polarons, nE=%F / nloc, Spin—Lattice and Spin—Spin

Relaxation Times of Polarons, T5*M
Polaron Diffusion Along D}p™ and D}

and T3*N, T? and T}, and Methanofullerene, Ty and T3*, Respectively, Coefficients of
and Between D33 and D}, Polymer Chains, and Methanofullerene Hopping

Libration Near its Main Molecular Axis, D}, Determined Under Steady-State Illumination of the Composites Under Study by
Achromatic White Light with Different Correlated Color Temperatures, T, at T = 77 K

PANI:TSA/F8T2:PC4BM

PANI:TSA/PFO-DBT:PC¢,BM

PANI:TSA/PCDTBT:PC4BM

parameter 15000 5500 3300 15000
ghANI 2.002g9 2.002;, 2.0024, 2.003g,
o 2.00254 2.00244 2.00254 2.002,,
AB™NL mT  0.830 0.817 0.838 0.921
ABp, mT 0.331 0.345 0.340 0.578
ABYY, mT 0.096 0.099 0.097 0.105

nmE /nb 0.023 0.022 0.021 0.002
TPANL g 361 X 1077 393x 1077 850X 1077 322 x 1077
THANL g 7.90 X 1070 8.02x107° 7.82x 107 7.2 x 107°
T, s 9.68 X 1077 424 x 107 321x107 110 x 107¢
T s 198 x 1078 190 x 107 193 x 10® 113 x 1078
F, s 148 X 107¢ 928 x 1077 107 X 107° 441 x 107/
T5F s 685x 107 661 x107° 678 x10°  625%x 1078
DM, rad/s 113 x 10 130 x 108 582 x 10"  1.12 x 10"

DANU rad/s  4.71 x 10° 4.09 X 10° 8.17 x 10° 4.83 x 10°
DPp, rad/s 312 x 10" 7.62x 10" 3.05 x 10" 698 x 10"
Dy, rad/s 4.11 x 10° 2.07 X 107 3.81 x 107 1.03 x 10°
D rad/s 2.10 x 10" 2.69 x 10" 3.93 x 10" 5.94 x 10"

T, K
5500 3300 15 000 5500 3300
2.003,, 2.0035, 2.0025, 2.003,, 2.00328
2,002, 2.002,, 2,002, 2.0024, 2.00,,
0.897 0.803 1.095 1.120 1.004
0.449 0.467 0.319 0.307 0.303
0.117 0.132 0.121 0.119 0.117
0.047 0.011 0.161 0.107 0.167
3.64 %1077 996 x 107 553X 1077  2.03x 107  3.86 % 1077
731 x 107 817X 107 599 % 10° 586 x 1077  6.53 x 107
2861077 237x 107 199 x 1077 157 %1077 220 % 1077
146 X 107 140 x 107® 2,06 x 10% 214 x 107® 216 x 107*
808 x 1077 333 x 107 555X 1077 386 x 1077  3.85% 107/
298 X107 467 x 107  542x10% 551 %x10°% 562 %1078
2.54 X 102 704 x102 233 x 102 379 x 10! 1.08 X 102
3.96 x 10° 6.47 x 10° 1.14 x 10° 8.56 x 10° 2.81 x 10°
591 x 10" 2.89 x 10"  2.36 x 10¥° 1.81 x 10" 2.65 x 10%°
2.70 X 107 3.68 x 107 121 x 108 225 x 108 1.10 x 10°
1.16 x 10" 1.87 x 102 7.68 x 10" 1.15 x 10" 1.31 x 10"

“Note: A main part of the PANI line width is due to hfc (see Section 3.2).

depends not only on the structure of dual-polymer composites
but also on the energy and spectral characteristics of the light
sources.

In the sections discussed next, we consider the main
magnetic resonance parameters of spin-charge carriers
stabilized and photoinitiated in the samples under study
upon their steady-state illumination by monochromatic light
sources, and these parameters obtained at their excitation by
white light with different CCT T, are summarized in Table 1.

3.4. Spin Susceptibility. The LEPR spectra shown in
Figures 6 and 7 are the sum spectra of polarons stabilized in
the PANI:TSA salt and the net spectra of spin-charge carriers
photoinitiated and recombined in the respective cogolymer:-
methanofullerene BH]J. It has been shown previously””~* that
the number and composition of paramagnetic centers photo-
initiated in the latter are determined by their structure,
morphology, and temperature as well as by the density and
energy of the initiating light photons. Similar peculiarities
should be expected also for the dual-polymer composites under
study. The analysis of these properties becomes simpler on
analyzing the ratio of the concentrations of mobile charge
carriers to the localized ones. Indeed, with a higher
concentration ratio of mobile methanofullerene radical anions
(and polarons) to that of localized polarons, n™5, /nf . = nb ./
nbe, the charges separated in the BHJ should be transferred to
electrodes easier and faster, therefore leading to better
efficiency of energy conversion for the respective photovoltaic
system.

Figure 8 depicts the relative concentration of polarons PPRNI
stabilized in the PANI:TSA subsystem and the ratios n2,% /np,.
determined for the mobile and captured polarons Pjy, as well
as of methanofullerene radical anions mF,}, photoinitiated in
the F8T2:PC4,BM, PFO-DBT:PC,,BM, and

10860

PCDTBT:PC4BM copolymer subsystems as a function of
the temperature and energy of initiating photons hv,. The
main feature of the data presented in Figure 8a is the extreme
performance of the nP%F/nf_ ratios obtained for the
F8T2:PC(,BM, PFO-DBT:PC,,BM, and PCDTBT:PC,,BM
subsystems with characteristic extremes situated near hvy, =
1.8, 1.8, and 2.3 eV, respectively. It should be noted that
analogous dependences were obtained for these photovoltaic
composites with peaks lying near hvy, = 1.9, 2.0, and 1.7 eV,
respectively.””~*' Such a pecuharlty was explained to be a
result of the specific morphology and band structure of these
systems with inhomogeneously distributed high-energetic spin
traps and different energy levels occupied by spins in their
band gap. Besides, this can occur if some immobilized polarons
are realized from deep spin traps under the action of photons
of a corresponding energy. The shift of the extreme points may
be due to changes in the number and energy depth of spin
traps, as well as the number of captured polarons released from
them in the samples under study. This is especially evident
when mixing the PANI:TSA subsystem with the
PCDTBT:PC4BM one when the respective dual-polymer
composite becomes more sensitive to photons at the energy
increase by ca. 0.6 eV. This effect can be used, e.g,, for creation
of light band-converters and filters. It is seen from the figure
that the PANLTSA subsystem being combined with the
F8T2:PC¢BM BHJ also demonstrates analogous dependence
of polaron concentration on the photon energy. This can be as
a result of a stronger exchange interaction between different
spin ensembles in the PANI:TSA/F8T2:PC4BM dual-
polymer composite. The results obtained evidence that the
integration of polymer and copolymer subsystems with
interacting spin ensembles changes structural and electronic
properties of the resulting system.
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Figure 8. Spin concentration of polarons P}y stabilized in the PANL:TSA subsystem, np*™, (1) and concentration ratio of mobile polarons Py,

and methanofullerene radical anions mF,y, to that of localized polarons Pje, #E%/np, photoinitiated in the F8T2:PC¢BM (2), PFO-
DBT:PC4BM, (3) and PCDTBT:PCy,BM (4) subsystems as a function of photon energy hvy, at T=77K (a) and temperature at CCT T, = 5500
K (b). The values obtained were normalized to the luminous emittance of the light sources I;. The dashed lines connecting in (b) the experimental
open circle, triangle, and square points were calculated from eq 1 with AE; = 0.034 eV and E, = 0.019 eV, AE; = 0.072 eV and E, = 0.037 eV, and

AE;; = 0.023 eV and E, = 0.012 eV, respectively, and ], = 0.093 eV. The other lines are drawn arbitrarily only for illustration to guide the eye.

Figure 8b also shows the dependences of the concentration shown that the n2% /nb_ ratio of the F8T2:PCq-BM and nf,
parameters np "N and #P5E/nf  of the samples under study on parameters of the PFO-DBT:PC4BM composites demon-
the temperature. The data presented show that the number of strates extreme temperature dependences with characteristic
polarons stabilized in the initial PANT:TSA system slightly points lying around T = 170 and 120 K, respectively, which
increases with temperature. Such a change correlates with an was explained by an exchange interaction of mobile charge
analogous dependence of the spectral line width of these carriers with the other spin ensembles in these systems. Such
centers (see below) and may have originated due to the an effect was shown to be realized in various multispin polymer
coupling of spin-charge carriers stabilized in the polymer systems’" due to the implementation of regimes of strong and
backbone. However, when this subsystem is combined with a weak spin-cou 6ling at lower and higher temperatures,
photovoltaic one, the nEMF /nf,_ ratio of the latter begins to respectively.””>”* It can be assumed that in this case, heating
decrease with temperature increase, just as it does in other of the sample can shift the balance between these regimes and,
organic solids with spin additives. This may be due to the thereby, release some additional charge carriers captured in
dilution of polyaniline chains in dual-polymer composites. The high-energy spin traps. Undoubtedly, such processes should
most significant temperature change is registered for the nf/mr also be realized in multipolymer composites with a larger
nh. value of these systems. This parameter of samples number 9f spin ensembvle& . 0
PANI:TSA/F8T2:PC4;BM and PANI:TSA/ According to the Miller—Abrahams tunneling model,”™ a
PCDTBT:PCyBM decreases sharply with temperature in- polaron diffusing between initial i and final j sites of a single

crease up to 170 K due to acceleration of the recombination of polymer chain spends the difference of its energies AE;. In a

both mobile charge carriers. On the other hand, this parameter real polymer system, its intera;it;cz)n with the other spins should
of the PANL:TSA/PFO-DBT:PCy,BM sample demonstrates also be taken into account.””’” The amplitude of such an
an extreme temperature dependence with a characteristic point interaction 1s . maml'y l?y the spin .den§1ty on each
lying near T = 120 K. Analogous dependence was obtained for polyme.r unit and the rate of spin intrachain dlﬂum_on with the
spin susceptibility of some P3AT:C4,/OOPPV dual-polymer e)f?)eqdlture of energy AE; %};zlr‘leraliy, tlhe relatp}? f‘?r ;hf
composites demonstrating antiferromagnetic <> ferromagnetic i /Zthe gararr%etltgnetlczg}gg%p Hbtity of polarons with spin S =
balance.” Tt should be emphasized that somewhat faster can be writtent as

processes with analogous peculiarities were registered in our 2(1 + a?) AE;

previous study42 of copolymer composites, which have been X (AE,-]-; Ea) =X TGXP ﬁ

used in the present work as photovoltaic subsystems. It was B (1)
10861 https://dx.doi.org/10.1021/acs.jpcc.0c02317
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Figure 9. Effective line width of polarons Ppjy; stabilized in the PANI:TSA subsystem, ABII:;\N L (1), polarons P** and methanofullerene radical
anions mF,5, AB), and ABJY, respectively, photoinitiated in the F8T2:PCsBM (2), PFO-DBT:PC4BM (3), and PCDTBT:PC,,BM (4)
subsystems as a function of photon energy hyy at T = 77 K (a) and temperature at CCT T, = 5500 K (b). Top-down dashed lines in (b) show
dependences calculated from eq 2 with E, = 0.062, 0.075, and 0.025, respectively, and J., = 0.044 eV. The dotted lines are drawn arbitrarily only for

illustration to guide the eye.

where y, is a constant, & = (3/2)]ex/hop Jex is the amplitude
of spin exchange during their collision and intrachain hopping
diffusion with the rate vy, = o, exp(—E,/kgT), U, is a
prefactor, kg is the Boltzmann constant, and h is the Planck
constant.

Temperature dependences calculated for the parameter
nmey/ e of charge carriers photoinitiated in the samples under
study are also shown in Figure 8b. It can be seen from the
figure that the data obtained experimentally for the
PANI:TSA/E8T2:PCy,BM, PANIL:TSA/PFO-DBT:PCy BM,
and PANI:TSA/PCDTBT:PC4BM dual-polymer composites
are well approximated by the dependences calculated within
the framework of the above approach from eq 1 with AE; =
0.034 eV and E, = 0.019 eV, AE; = 0.072 eV and E, = 0.037
eV, and AE; = 0.023 eV and E, = 0.012 eV, respectively, and ],
= 0.093 eV. The latter value lies near ], = 0.110 eV determined
for PZDDT:PC4BM BHJ® and the typical energy of polaron
formation in 7-conjugated polymers, E, ~ 0.1 eV.”* It is seen
that both the energetic parameters obtained for mobile charge
carriers decrease in the subsystem series PFO-DBT:PC4 BM
— F8T2:PC4BM — PCDTBT:PC4BM. This directly
correlates with the order of the recombination process carried
out in these monopolymer composites and inversely correlates
with their effective dimensionality.”* Therefore, it could be
concluded that the exchange interaction indeed increases in
multispin composites, which facilitates the transfer of the
charge and inhibits its recombination.

3.5. Line Width of Spin-Charge Carriers. The line width

of LEPR spectra is the other important magnetic resonance

parameter that reflects spin spatial distribution in the
composite bulk and its static and dynamic interaction with
its own microenvironment and other spin ensembles.”> There
are various factors leading to the broadening of spectral
contributions of the paramagnetic centers stabilized or/and
photoinitiated in multispin disordered systems, e.g,, the weak
anisotropy of their g-factor and their interaction with other
spin-charge carriers. To determine separately line widths of all
spin-charge carriers and analyze them at a wide range of
experimental conditions, the effective LEPR spectra were
deconvoluted.

Peak-to-peak line widths of polarons Pjay; stabilized in the
PANI:TSA subsystem and ABII;P’,\NI, polarons P, and
methanofullerene radical anions mF 3, photoinitiated in the
F8T2:PC(,BM, PFO-DBT:PC,,BM, and PCDTBT:PC,,BM
copolymer subsystems at T = 77 K are shown in Figure 9a as a
function of the photon energy hu,;,. These values determined
for the samples illuminated by achromatic white light with
different CCTs are also summarized in Table 1. Previously, it
was observed’”*’ that line widths of polarons Pt and
methanofullerene radical anions mF 5, photoinitiated in the
PFO-DBT:PC¢BM BHJ are changed weakly with the photon
energy hvyy. On the other hand, the same parameters obtained
for the same charge carriers photoinitiated in the
F8T2:PCyBM and PCDTBT:PCy,BM BH]J appeared to be
more sensitive to the photon energy. The line widths of these
centers change nonlinearly with hvy, and reach maximum
values around 2.6, 2.1 and 2.4, 2.1 eV, respectively.”_41 It
must be emphasized that this picture changes sufficiently when

10862 https://dx.doi.org/10.1021/acs.jpcc.0c02317
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these monopolymer narrow-band-gap composites are incorpo-
rated with the PANI:TSA subsystem. The analysis of the data
presented in Figure 9a has testified a weak dependence of the
line width of LEPR components on the photon energy hvy.
One may note only slight broadening of the lines of polarons
Phan stabilized in the PANI:'TSA subsystem near 2.8 ¢V and
polarons Py photoinitiated in the F8T2:PC4BM subsystem
around 1.7 eV. Such leveling of sensitivity of the spectral line
to the photon energy may be as a result of the change in the
interaction between spins in both the copolymer and PANI
backbones.

Let us analyze how the line width of LEPR spectra depends
on the temperature. There are various temperature-dependent
interactions causing the broadening of intrinsic EPR spectra of
spin ensembles, the strongest of which are magnetic dipole—
dipole and Heisenberg exchange interactions.” Assuming the
general nature of spin-exchange interactions in condensed
matter, one can write the following equation for the line width
of the EPR spectrum’”

AB,_ = ABY + Aden.exp{ Eu ] + ABexn.eXp{—i]
PP PP pp kBT ppt kBT

@)

where ABgP =2/ \/ 3y.T, is the intrinsic line width of a single
spin randomly diffusing in the inhomogeneous copolymer
backbone and unresolved hyperfine coupling with environ-
mental nuclear spins; ¥, is the hydromagnetic ratio; ABSS and
ABg;, are the prefactors of the terms, which describe the
broadening due to the spin dipole—dipole coupling and
exchange interaction, respectively; n; is the number of guest
spins per copolymer unit; and E, is the energy required for the
translational spin movements in the copolymer backbone. The
intrinsic line width mainly depends on the frequency-
independent hyperfine spin interaction. It should be noted
that the line width of spin-charge carriers photoinitiated in the
samples under study also contains field-dependent terms due
to the anisotropy of their g-factors (g-strain), which, however,
are too small in the X-band EPR and, therefore, may not be
taken into account. It seems quite obvious that the two last
terms of eq 2 should determine a different dependence of the
line width on temperature. Normally, the exchange interaction
between polarons with S = 1/2 in conducting polymers is
much stronger than the competing dipole—dipole coupling,
ie., ABSg < AB,, = a?/2(1 + a?).”* If the ratio ], ./h exceeds
the frequency of spin collision, then the regime of strong
interaction is realized in the system, leading to a direct relation
of the spin—spin interaction and polaron diffusion frequency,
lim o, (7.ABp, = nihep)- In an opposite case, the condition

of weak interaction occurs in the system, resulting in an inverse

dependence of these frequencies, lim; _, (y.ABy,) = (n/

Unop) Jex/h)*. According to the spin-exchange fundamental
concepts,”" the extremal character of the resulting temperature
dependency with characteristic temperature T. should
evidence the realization of both types of spin—spin interaction
at T < T.and T > T.. Thus, the broadening stipulated by the
former interaction should be proportional to the vy, or z/ggp
values at the strong or weak spin-exchange limits, respectively,
which leads to the appearance of an extreme contribution in
respective dependences.”>*’

Figure 9b shows the line widths of the polarons Pyjy; and
P/? as well as of methanofullerene radical anions vs
temperature. However, it is seen from the figure that the line

widths of both Pjy. and mF_}, radicals photoinitiated in all
dual-polymer composites demonstrate a weak temperature
dependence. This is consistent with the respective data
obtained for all spin-charge carriers photoinitiated in the
respective copolymer:methanofullerene composites, except for
those obtained for polarons localized in the PFO-
DBT:PC¢BM  composite whose temperature dependence
contains a bell-like contribution with the extreme point lying
near T = 120 K.** On the other hand, the EPR line of polarons
Piani stabilized in the PANL:TSA subsystem broadens
monotonously with temperature as it was observed for its
former state.”® However, the line width begins to change
appositively with temperature upon incorporation of this
subsystem with photovoltaic BHJ. This is accompanied by the
appearance on this dependence of an additional contribution,
which reaches the maximum near T = 120 K in the case of
PANIL:TSA/PFO-DBT:PC¢BM BHJ and T < 80 K in the case
of the other samples. The analogous effect was also registered
in the study of various multispin systems’" including
PCDTBT:PC¢BM*® and PFO-DBT:PC¢BM* copolymer
composites.

Temperature dependences, calculated from eq 2, are also
shown in Figure 9b. It can be seen that the experimental data
obtained for dual-polymer composites with the F8T2, PFO-
DBT, and PCDTBT copolymer backbones can be well
described in terms of the above approach with E, = 0.075,
0.025, and 0.062 eV, respectively, and J., = 0.044 eV.

3.6. Relaxation and Dynamics of Spin-Charge
Carriers. As the power of the microwave field increases in
the cavity, the line width LEPR spectra broaden and their
intensity first increases linearly, plateaus, and then decreases.
This occurs due to the registering of the spectra at the steady-
state. MW saturation regime. Because polarons and meth-
anofullerene radical anions previously bonded to the former
excitons quickly spread far apart, they become independent,
which allows us to use such effects for separate estimation of
their spin—lattice T, and spin—spin T, relaxation times. EPR
spectroscopy was used for determination of these parameters
of spin-charge carriers stabilized and photoinitiated in different
polymer systems”>** including various narrow-band-gap
copolymer:methanofullerene composites.””~** Relaxation pa-
rameters are also important because they provide information
about the interaction of paramagnetic centers with other
radicals, as well as with their microenvironment. Besides,
mobile spins induce an additional magnetic field at their
location. The strength of this field is determined by the
electronic relaxation, number, and dynamics of these para-
magnetic centers. Since the charge carriers are characterized by
different magnetic resonance parameters determined from the
deconvolution of their effective LEPR spectrum, it also
becomes possible to determine separately their dynamic
parameters.

Relaxation parameters of spin ensembles in organic solids
can be determined by registering their spectra at their steady-
state MW saturation.””*Figure S6 demonstrates how change
amplitudes of spectral lines of spin-charge carriers stabilized
or/and photoinitiated, e.g.,, in the dual-polymer PANI:TSA/
PCDTBT:PC4BM BHJ under study on increasing the
magnetic term B, of the MW field. Earlier it was shown™” ™!
that the spin—spin relaxation time T, of both charge carriers
formed in monopolymeric photovoltaic composites used in the
present work as subsystems depends weakly on the energy of
initiating photons. The same feature was analyzed to be
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Figure 10. Spin—lattice relaxation times of polarons Py, T; N, stabilized in the PANL:TSA subsystem (1), mobile and captured polarons P**, T},
as well as methanofullerene radical anions mF 5, T, photoinitiated in the F8T2:PC¢BM (2), PFO-DBT:PC¢;BM (3), and PCDTBT:PCy BM
(4) subsystems as a function of photon energy hyy, at T =77 K (a) and temperature at CCT T, = 5500 K (b).

characteristic also after their incorporation into the PANT:TSA
subsystem. This is why the results related to the study of spin—
lattice relaxation and dynamic parameters of spin carriers,
stabilized and photoinitiated in dual-polymer composites, have
been discussed next.

Figure 10a depicts the dependence of the spin—lattice
relaxation times of polarons Phiy, Ti*N stabilized in the
PANL:TSA subsystem, mobile and captured polarons P**, T},
as well as methanofullerene radical anions mF,%, T7F,
photoinitiated in the copolymer subsystems on the energy of
initiating photons hu,, determined using the steady-state MW
saturation method. The presented data clearly indicate a
dependence of spin—lattice relaxation of most charge carriers
on the photon energy. As can be seen from the figure, spin—
lattice relaxation of polarons Pjjy; in the sample PANI:TSA/
F8T2:PC4,BM and P** in PANIL:TSA/PFO-DBT:PCyBM
BH]J is monotonically accelerated with the hv, increasing. This
is accompanied by a monotonous increase in the T} parameter
of photoinitiated methanofullerine radical anions. However,
the main peculiarity of the data presented is the dependence of
this parameter of other spin-charge carriers on the photon
energy reaching a characteristic maximum at huy, ~ 2.0 eV.
Because the band gap of PANI salt normally lies near or
exceeds 4 €V,”’ this effect can rather be associated with the
m—n* transition of the samples with a close optical band gap. A
comparative analysis of the data obtained earlier’’™*' and in
the present work showed that the spin—lattice relaxation of
polarons and radical anions excited in the photovoltaic
composites becomes less sensitive to the number and energy
of photons when combined with the PANL:TSA subsystem.
This may be due to a change in the exchange interaction

10864

between these spin subsystems with such a combination. It can
additionally be caused by the release of part of the localized
polarons from deep spin traps upon their interaction with
corresponding photons.

Figure 10b shows how the time of spin—lattice relaxation of
both the polarons Ppiy; and P*°, as well as methanofullerene
radical anions mF_}}, changes when the samples are heated. As
can be seen from the figure, spin—lattice relaxation of polarons
stabilized in the PANI:TSA system is monotonically
accelerated with the heating of this subsystem, which is typical
for organic disordered semiconductors.”” This dependence
slightly changes when this subsystem is combined with the
photovoltaic F8T2:PC;BM one into the respective dual-
polymer composite. Figure 9b, however, evidences, that once
the F8T2:PCy BM subsystem is replaced in the latter by the
PFO-DBT:PC4BM and PCDTBT:PCyBM ones, electron
relaxation of these polarons is accelerated at low temperatures
and slowed down when the corresponding dual-polymer
composite is heated. Such a change in the dependence slope
can be explained by the difference in their structure and
ordering that governs the interchain spin interaction, polaron
< bipolaron balance, or/and polaron realizing from high-
energetic spin traps upon interaction with lattice phonons.

The temperature dependence of spin—lattice relaxation of
polarons initiated in photovoltaic subsystems demonstrates a
similar tendency. Indeed, the analysis of the data presented in
Figure 10b shows some acceleration of electronic relaxation in
the F8T2:PC4BM subsystem when it is heated. When the
PFO-DBT:PC¢BM and PCDTBT:PC4BM subsystems are
heated, this parameter of polarons increases, reaches their own
extrema at T = 110 and 105 K, respectively, and then continues

https://dx.doi.org/10.1021/acs.jpcc.0c02317
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Figure 11. Translational diffusion coefficients of polarons P}y, hopping along the PANI chains (D}p, filled points) in the PANL:TSA subsystem
(1), polaron P}, intrachain hopping (D}p, semifilled points) and librational rotation of methanofullerene radical anions mFys, (Df', open points)
photoinitiated in the F8T2:PC¢,BM (2), PFO-DBT:PC¢,BM (3), and PCDTBT:PC4,BM (4) subsystems as a function of photon energy v, at T
=77 K (a) and temperature at CCT T, = 5500 K (b). The error does not exceed the square of the points. The dashed lines connecting in fb) the
filled star and circle experimental points were calculated from eq 4 with E,;, = 0.054 and 0.071 eV, respectively. The dashed lines connecting there
the filled triangle and square experimental points were calculated from eq S with n; = 0.29, E, = 0.067 eV and n, = 0.44, E, = 0.060 eV, respectively.
The dashed line connecting the semifilled circle experimental points was calculated from eq 5 with n; = 0.78, E, = 0.05S eV. The dashed lines
connecting the open circle, triangle, and square experimental points were calculated from eq 5 with n; = 0.55 and E, = 0.036 eV, n; = 0.19 and E, =
0.013 eV, and n; = 0.19 and E, = 0.024 eV, respectively. The other dotted lines are drawn arbitrarily only for illustration to guide the eye.

to increase at higher temperatures. On the other hand, it has
been shown previously*” that the spin—lattice relaxation time
of polarons photoinitiated in the initial composite
F8T2:PCyBM is weakly temperature dependent, while this
parameter of polarons is reduced by several times when the
PFO-DBT:PC¢BM and PCDTBT:PC¢BM composites are
cooled down over the entire temperature range.

The time of spin—lattice relaxation of methanofullerene
radical anions photoinitiated in subsystems F8T2:PCgBM and
PCDTBT:PC4BM increases and decreases, respectively, with
their heating (Figure 10b). It is important to note that this
occurs antibathically with the relaxation behavior of polarons
stabilized in the respective PANL:TSA subsystem. Therefore,
one can conclude that the exchange interaction of these charge
carriers interconnects their relaxation processes in the above
dual-polymer composites. At the same time, the parameter T
of the carriers of the negative charge in subsystem PFO-
DBT:PC4BM demonstrates an extreme character with a
maximum around T = 130 K. This might be evidence of their
lesser interaction with the spin ensemble of another subsystem.
So, one may point out a complex dependence of spin
relaxation on the structure and ordering of its environment
as well as on its exchange interaction with other spin
ensembles resulting from possible polaron—bipolaron tran-
sition or/and polaron realizing from high-energetic spin traps
upon photon—phonon interaction.

There are different spin-assisted dynamic processes realized
in the polymer:fullerene composites, namely, polaron diffusion
along the polymer chains with coeflicient D p, its hopping
between polymer chains with coefficient Djp, and librational
rotation diffusion of fullerene radical anions around the main
molecular axis with coeflicient Dy,. These parameters can be
determined from the concentration-broadening of EPR spectra
of paramagnetic centers in condensed systems,”' especially at
different wavebands EPR.'”*” Because spin dynamic processes
induce additional magnetic fields in the place of location of
electron and nuclear spins, which accelerate their relaxation,
this allows one to determine more accurately dynamic
parameters of different spin ensembles. The fluctuations of
the lattice of conjugated polymers are normally faster than the
fluctuations in the decaying macroscopic magnetization.19
Besides, the relation T, > T, is always true for spin-charge
carriers in such systems.’* This means that the systems under
study are in the Redfield regime and all relaxation processes
can be described in terms of the respective theory of spin
relaxation.”®”” Taking into account the fact that the relaxation
is defined mainly by a dipole—dipole interaction of spins with
its own environment, the relation connecting relaxation and
dynamic processes can be written as®’

T (@) = (@*)[2](@,) + 8](20,)] 3)
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where (@%) = 1/10 y*#’S(S + 1)nY,; is a constant of a
dipole—dipole interaction for powder; n is a spin density in
each polymer unit; zv is the lattice sum for a powderlike
sample; J(w,)=(2D'p w,)™"? (at D\, > @, > Dyp) and J(w,)
= t./(1 + 7’w.?2) are spectral density functions for Q1D
longitudinal and rotational isotropic libration diffusion with
correlation time 7., respectively; *'Dlp = 4D;p/L% w, is
resonant angular frequency of the electron spin precession; and
L is a factor of spin delocalization over a polaron equal, e.g., to
three PCDTBT units.”>" The latter value was used for
calculation of spin dynamic parameters in the initial copolymer
composites42 and, in these compounds, used in the dual-
polymer composites under study as respective photovoltaic
subsystems.

The above-mentioned dynamic parameters calculated for the
samples under study from eq 3 with the data presented in
Figure 10 are shown in Figure 11 as functions of the photon
energy and temperature. The same parameters determined for
these composites illuminated by achromatic white light with
different CCT's are also summarized in Table 1.

Earlier, it was shown®~*' that dynamics of polarons in the
F8T2:PC4BM and PFO-DBT:PC4BM composites weakly
depends on the photon energy, whereas librational rotation
dynamics of methanofullerene radical anions depends on the
photon energy reaching the maximum value at ca. 1.9 and 2.7
eV. Because D" « 1/nTT* (see eq 3), the dynamics of these
charge carriers may be governed by their recombination with
oppositely charged polarons as well as by their possible
formation from bipolarons and realizing from spin traps upon
interaction with the lattice phonons mentioned above. The
analogous conclusion may be made for diffusion dynamics of
polarons whose diffusion coefficient follows the stronger
relation Dy, o (nLT})% When the above matrices are replaced
by the PCDTBT one, these dynamic parameters become
stronger to depend on the photon energy demonstrating
respective extremes around 1.7 eV. Such dissimilarity was
explained by the different number and spatial distribution of
spin traps formed in these composites with differently
disordered matrices. This is changed drastically once these
monopolymer composites are associated with the PANI:TSA
subsystem. As shown in Figure 10a, this leads to sufficient
leveling of their extremities. One should note the conjoint
respective dependences of the polaron diffusion rate in the
photovoltaic subsystem F8T2:PC4BM of the respective
composite PANI:TSA/F8T2:PC¢BM, in the subsystem
PANI:TSA of the dual-polymer composite PANI:TSA/PFO-
DBT:PC4,BM, as well as in both polymeric subsystems of the
PANI:TSA/PCDTBT:PC4BM dual-polymer composite with
an extremal characteristic energy lying near 2.0 eV. This should
indicate that spin-exchange interaction originated in a
photovoltaic composite on its association with the guest
PANI:TSA subsystem leads to the leveling of the sample
selectivity/sensitivity to the light photon energy, which
increases the number of photons absorbed by such dual-
polymer composites and, therefore, its efficiency of light energy
conversion.

Heating of the samples accelerates not only the electron
relaxation of charge carriers but also other spin-assisted
processes of charge separation, transfer, interaction, and
recombination. Figure 11b shows the temperature depend-
ences of respective diffusion coefficients of all spin-charge
carriers stabilized and initiated in the dual-polymer composites

under study upon their irradiation by white light with CCT of
T. = 5500 K. The analysis of experimental data has shown that
the charge is transferred through the PANI:TSA matrix
according to the approach of polaron interaction with the
lattice phonons™

[exp[ EPh] 1][1 exp( Epn J]
kgT kgT (4)
where DY is a constant and Eyy is the energy of lattice
phonons. As follows from the figure, the experimental
dependence can be well described within the above approach
at E;;, = 0.054 eV. Once the PANL:TSA subsystem combines
with the F8T2:PCy4BM one, this parameter increases up to
0.071 eV. Such a mechanism changes when the F8T2
backbone of the dual-polymer composite is replaced by the
PFO-DBT or PCDTBT ones. In this case, the charge seems
more likely to be transferred within the framework of polaron
activation hopping throu§h the respective copolymer BHJ with
the diffusion coefficient®”**

0
Dip = DypT

D,p = DT exp By
1D 1D e ICBT

©)

where s = 1 — nkgT/E,, n, is a constant, and E, is the energy
for activation of the charge carrier to extended states. Indeed,
Figure 11b evidences that the dynamics of polarons stabilized
in the PANI:TSA backbone of the PANI:TSA/PFO-
DBT:PC¢,BM and PANI:TSA/PCDTBT:PC(,BM dual-poly-
mer composites follows eq S with E, = 0.067 and 0.060 eV,
respectively. The analysis of the data obtained shows that the
dynamics of polarons diffusing in subsystem F8T2:PC4BM
can also be described within this activation mechanism with E,
= 0.05S5 eV. The dynamics of these charge carriers becomes
more complicated when replacing this subsystem with PFO-
DBT:PCy,BM and PCDTBT:PC4;BM ones. Figure 11b shows
that in the temperature dependences of the respective dual-
polymer composites described by eq S with E, = 0.084 and
0.087 eV, respectively, there appears an extreme contribution
with a characteristic point around T = 115 K. The emergence
of such a contribution may be caused by the better
ambipolarity of these copolymer matrices and, as a result, a
more specific exchange interaction between spin ensembles
formed in respective dual-polymer composites. The libration
mobility of the methanofullerene radical anions in the
PANI:TSA/F8T2:PC4 BM, PANI:TSA/PFO-DBT:PCg BM,
and PANL:TSA/PCDTBT:PCyBM dual-polymer composites
was analyzed to follow also eq S with E, = 0.036, 0.013, and
0.024 eV, respectively (Figure 11b).

4. CONCLUSIONS

In this work, we first performed comparative LEPR studies of
different spin-assisted processes carried out in dual-polymer
multispin composites PANL:TSA/F8T2:PCy,BM, PANL:TSA/
PFO-DBT:PC¢;BM, and PANI:TSA/PCDTBT:PC,BM. Illu-
mination of these composites by NIR—vis—UV light leads to
fast spin-charge formation, separation, diffusion, and recombi-
nation in their narrow-band-gap copolymer:methanofullerene
subsystems. As expected, the effective LEPR spectra of dual-
polymer composites appeared to consist of respective
contributions due to polarons Pjiy; stabilized in the PANI
backbone, polarons Pfy captured by deep spin traps that are
formed in copolymer matrices due to their disordering, as well

https://dx.doi.org/10.1021/acs.jpcc.0c02317
J. Phys. Chem. C 2020, 124, 10852—10869


pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c02317?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

as to mobile pairs of polarons and methanofullerene radical
anions, Piy, < mF_ %, photoinitiated in the photovoltaic
subsystem. A part of polarons formed in adjacent polymer
chains can combine into bipolarons with equal g-factors and
double elemental charge. Besides, some immobilized polarons
can be realized from high-energetic spin traps upon interaction
with light photons or/and lattice phonons. This should be
taken into account when interpreting the effective LEPR
spectra of the systems under study and all spin-assisted
processes being carried out in them.

The number and dynamics of charge carriers photoinitiated
in the photovoltaic subsystem are determined by structure,
morphology, and also by the density and energy of the
initiating light photons. They appeared to be more sensitive to
the light photons of a definite energy band. This effect may
occur as a result of an exchange interaction between different
spin ensembles in the dual-polymer composites and can be
used for creation, e.g, of optical converters and filters. The
contribution of mobile charge carriers to the LEPR spectra of
dual-polymer composites decreases exponentially with increas-
ing temperature due to their accelerated recombination. This
process was interpreted within the framework of tunneling of
spin-charge carriers along copolymer chains of photovoltaic
subsystems and their exchange interaction with other spin
ensembles. Such an interaction thus optimizes the molecular
properties of multispin dual-polymer composites, facilitates the
transfer of charges, and inhibits their recombination.

The results obtained allow us to conclude the crucial role of
exchange interaction between different spin ensembles in all
processes occurring in multispin polymer composites. By
changing this interaction at a certain physical influence, one
could handle electronic properties and functionalities of
multispin organic systems. Spin interaction eliminates the
selectivity of the multispin system to the photon energy,
extends the range of optical photons absorbed by multispin
dual-polymer composites, and, therefore, increases its
efficiency to converse the light energy.
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