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ABSTRACT: We present a combined light-induced electron paramagnetic resonance
(LEPR) study of photoinitiation, relaxation, and recombination of charge carriers initiated
by achromatic/white (with a color temperature of 5000 K) and monochromatic (with a
photon energy of 1.34−3.41 eV) light in PBDB-T-based photovoltaic systems with PC61BM,
PC71BM, and ITIC-M counterions. Charge carriers, polarons on polymer chains, and
respective radical anions excited in disordered composite matrixes first fill spin traps, the
number, energy depth, and spatial distribution of which are determined by the structure and
crystallinity of bulk heterojunctions. By deconvolution of the effective LEPR spectra, the
contributions of immobilized and mobile charge carriers, as well as their main magnetic
resonance parameters, were determined separately at a wide variety of experimental
conditions. The interaction of spins occupying different energy levels in the bandgap of a
polymer semiconductor provokes the extreme photon energy sensitivity of the spin-assisted
processes carried out in the polymer composites. The density functional theory calculations
of the millimeter-waveband LEPR spectrum allowed the conclusion that polarons photoinitiated in the PBDB-T backbone are
delocalized over its 4−5 monomers. Side π−π-stack packaging and S-isomerization of electron acceptors were also found.
Predominant nongeminate recombination of charge carriers follows multistep trapping−detrapping spin hopping between sites of
polymer layers and is strongly governed by the number, energy depth, and spatial distribution of spin traps. It was shown that all
spin-involving processes in composites are spin-assisted and, therefore, are determined by the main magnetic resonance properties of
both the spin charge carriers. The stability of charge carriers in a polymer-based composite was demonstrated to increase by more
than an order of magnitude in the series of radical anions PC61BM

−• → ITIC-M−• → PC71BM
−•. A further improvement in the

functionality of the composite occurs at its slight 2,5-diphenyloxazole modification. The use of low-dimensional ITIC-M instead of
PCBM and/or PPO with extended π-system significantly increases the exchange interaction between the spin charge carriers situated
on the adjacent layers of the composite. This blocks intrachain charge diffusion but accelerates its interlayer hopping in the polymer
matrix, which increases the efficiency and functionality of the composite.

1. INTRODUCTION

Because fullerenes absorb only a part of the solar irradiation
spectrum, the light power conversion efficiency (PCE) of
respective polymer:fullerene bulk heterojunctions (BHJ)
cannot reach high values.1−3 This sparked the development
and research of a new generation of nonfullerene electron-
accepting molecules for more efficient organic photonics.4

Among the new fullerene-free small molecular acceptors, the
group of 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/
7-methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene
(ITIC-M in Figure 1) and its derivatives is one of the most
representative compounds exhibiting desirable power con-
version efficiency (PCE) in conjunction with some electron
donating polymers. Currently, PCE of 6.8−15.6% was reached
for a lot of different ITIC-based solar cells with poly[(2,6-(4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]-
dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-

ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)]
(PBDB-T in Figure 1) electron-donating matrix,5−8 e.g., 12.2%
for PBDB-T:ITIC-M composite.9 However, despite successful
use of such BHJ in photovoltaics, studies of their charge
transport properties remain scarce and vary greatly.5,10−14

Excitons photoinitiated in a photovoltaic composite tend
either to dissociate into pairs of cations and anions with the
rate constant kd or to relax to the ground state with the other
rate constant kr. The former stage is accompanied by the
formation of oppositely charged polarons P+• (holes) on
polymer chains and radical anions A−• (free electrons)
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possessing spin S = 1/2. If kd exceeds kr, only a limited number
of these carriers, proportional to the difference kd − kr, should
be able to transfer the charges toward the corresponding
electrodes. The residual number of charge carriers can be
additionally reduced due to the capture of their part by high-
energy spin traps formed in the composite matrix due to its
structural disordering. Upon sample illumination, these traps
are first filled with free charge carriers, which then indirectly
participate in all processes carrying out in the composite. So
then, only a small fraction of free charges formed as a result of
exciton dissociation able to leave BHJ and reach electrodes.
The paramagnetic nature of charge carriers determines the
spin-assistant character of all processes occurring in such
systems. These processes become dependent not only on the
structure and morphology of a sample but also on the number,
energetic depth, and spatial distribution of spin traps in its BHJ
as well as on the energy and density of the initiated phonons.15

For their accurate identification and control, it is very
important to obtain correlations between the spin states of

charge carriers and molecular/structural/morphological prop-
erties of these systems. Therefore, the spin state, composition,
and dynamics of all charge carriers are an important task.
Because both the opposite charge carriers possess spin S = 1/2,
direct light-induced electron paramagnetic resonance (LEPR)
spectroscopy appeared to be the most effective and suitable
method for detailed investigation of spin-assisted processes
carried out in various organic polymer16−18 and copoly-
mer19−22 systems. For example, charge separation and
recombination photoinitiated in BHJ formed by poly[2,6-
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithio-
phene)-alt-4,7-(2,1,3-benzothiadiazole)] (C-PCPDTBT), its
analogues, and [6,6]-phenyl-C61-butanoic acid methyl ester
(PC61BM) were studied by using the time-resolved EPR (TR-
EPR) method.23 It has shown drastic (more than two orders of
magnitude) acceleration of electron relaxation of polarons at Si
modification of this composite. Such effect was attributed to
different concentrations of spin traps in the C-
PCPDTBT:PC61BM and Si-PCPDTBT:PC61BM BHJ. LEPR

Figure 1. Schematic structures of PBDB-T, PC61BM, PC71BM, ITIC-M, and PPO used for preparation of polymer composites. Below the LUMO
and HOMO energy level diagrams obtained for each material used in the study are shown schematically.6,34−36
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study of the ITIC-modified PBDB-based polymers has shown a
decisive spin-dependent role in the formation and recombina-
tion of charge carriers.24 The energy of excited photons was
found to effect weakly the effective/isotropic g-factor of charge
carriers excited in the PBDB-T:ITIC BHJ. At the 3 mm/84
GHz waveband spin echo EPR, a weak anisotropy of the g-
factors and the line widths of polarons and counterions
photoinitiated in the composite PBDB-T:ITIC was studied,
and the main tensor values of these magnetic resonance
parameters were evaluated.25 It should be noted, however, that
the relaxation times of charge carriers determined by pulse
EPR in some conjugated polymers26−28 and polymer:fullerene
composites23,29 appeared to be more than 1−2 orders of
magnitude slower than those determined by continuous wave
(cw) EPR technique. Such discrepancy in the data obtained by
pulse and cw methods can be due to a fundamental limitation
inherent in the pulsed EPR technique, namely its deadtime
around 100 ns, which prevents the registration of paramagnetic
centers with very short relaxation times. Normally, these
parameters of mobile charge carriers freely diffusing in organic
photovoltaic systems are too short and therefore cannot be
registered by pulse EPR methods.
There should exist various factors leading to high energy-

conversion efficiency of nonfullerene composites with PBDB-T
and analogous backbones. Among them, it can be lamellar
ordering due to a more planar counterion and/or optimized
band structure and, therefore, a stronger π−π-coupling in these
systems. The distinctive π−π molecular packing plays a key
role in the process of charge transfer in organic donor−
acceptor systems. Such molecular ordering accelerates a
delocalization of electron wave functions at donor:acceptor
interfaces that significantly reduce the Coulomb attraction
between interfacial electron−hole pairs. Important is the fact
that lamellar structure is characteristic not only for molecular
single crystals30 but also for BHJ of some thin films.8,31 The
exchange interaction of spin carriers was shown21,22 to improve
electronic properties of organic donor−acceptor systems,
similar to how it happens in inorganic anisotropic layered
2D-systems,32 and therefore should indeed play a decisive role
in charge transport through their BHJ. However, the effect of
the structural features of nonfullerene electron acceptors on
the resulting morphology of respective composites is not yet
understood. Photophysics underlying the relaxation, dynamics,
and other spin-dependent processes occurring in this and
analogous compounds has been studied in fragments, remain
ambiguous, and has not been solved completely. In a previous
study, it was shown33 that addition of a small amount of 2,5-
diphenyloxazole (PPO) or 1,2-benzopyrone (BP) molecules to
the thiophene-based photovoltaic composite additionally
improves the morphology and functional properties of this
system. Such additives were suggested to be considered as the
structure/crystallization mediating centers of the composite
matrix, by analogy with the boiling/crystallization centers in
superheated/supercooled liquids. One would expect a similar
process to be implemented, e.g., in PBDB-T-based composite
in which small planar ITIC-M and/or PPO molecules can act
as structural mediators.
We report here the results of a detailed cw LEPR study of

spin-assisted processes of excitation, separation, relaxation,
dynamics, and recombination of charge carriers photoinitiated
in BHJ formed by PBDB-T and ITIC-M at a wide range of
photon energies. These results were compared with those
obtained for the PBDB-T:ITIC-M BHJ slightly doped with

PPO molecules as well as for the PBDB-T:PC61BM and
PBDB-T:[6,6]-phenyl-C71-butanoic acid methyl ester
(PC71BM) composites. Use of the direct magnetic resonance
method allowed us to reveal the spin assistance of magnetic,
relaxation, and dynamics parameters of spin charge carriers
photoinitiated in this system to identify their dynamics and
recombination in BHJ and also to reveal the selectivity of these
parameters to the photon energy. The effect of PPO doping
and dimension of counterions on spin-assisted processes in
PBDB-T-based BHJ is discussed. The results obtained by
LEPR spectroscopy are compared to those evaluated from the
density functional theory (DFT) calculations.

2. EXPERIMENTAL SECTION

2.1. Materials Used in Experiments. In this work, the
following were used: poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-
thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene)-co-(1,3-di(5-
thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]-
dithiophene-4,8-dione)] (PBDB-T in Figure 1) distributed by
the Ossila Ltd., UK, [6,6]-phenyl-C61-butanoic acid methyl
ester (PC61BM in Figure 1) distributed by the Solenne BV,
The Netherlands, [6,6]-phenyl-C71-butanoic acid methyl ester
(PC71BM in Figure 1) distributed by the Solenne BV, The
Netherlands, 3,9-bis(2-methylene-((3-(1,1-dicyanomethy-
lene)-6/7-methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphen-
yl)-dithieno[2,3-d:2′ ,3′-d′]-s-indaceno[1,2-b:5,6-b′]-
dithiophene (ITIC-M in Figure 1) distributed by the Ossila
Ltd., UK, and 2,5-diphenyloxazole (PPO in Figure 1)
distributed by Aldrich, United States. Figure 1 demonstrates
the molecular energy-level diagrams of all ingredients used in
the study with the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
energy levels, ELUMO and ELUMO, respectively.

6,34−36

2.2. Preparation of the Samples. Samples were prepared
as follows. First, 25 mg of the PBDB-T was dissolved in 1.25
mL of chlorobenzene. The resulting solution was sonicated in a
DADI DA-968 50 W ultrasonic bath for 10 min and heated at
T = 323 K for 10 min to achieve complete dissolution.
Solutions of the PC61BM, PC71BM, and ITIC-M acceptors in
chlorobenzene with a concentration of 20 mg/mL were
prepared separately. Each of these solutions was mixed with a
treated polymer solution to obtain a concentration of 10 mg/
mL for each respective ingredient. The solutions obtained in
this manner were heated at T = 325 K for 30 min, then cast by
5 μL drops on both surfaces of the corresponding ceramic
plates, and completely dried in an inert atmosphere. As a result
of this procedure, 0.85 mg of the corresponding composite was
placed on both sides of these plates. A part of the PBDB-
T:ITIC-M sample obtained was additionally doped with PPO
up to 6 wt % by adding to its solution a respective quantity of
PPO molecules according to a procedure described earlier.33

Finally, all of the samples were heated at T = 433 K for 30 min
before LEPR experiments.

2.3. NIR-Vis-UV Absorption Spectra of Composites.
Optical absorption spectra of the polymer composites were
obtained at T = 298 K by using the spectrophotometer
Specord-250-plus (Analytik Jena), which was able to scan
within the band 1.13−6.53 eV (1100−190 nm). They are
shown fully in Figure S1 of the Supporting Information. The
composition and positions of the spectral components were
determined accurately by using the differentiation of
experimental absorption spectra.
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2.4. Excitation of Spin Charge Carriers. Initial excitons
and subsequent spin charge carriers were generated as a result
of the steady-state irradiation of composites by the LED-based
light sources with the photon energy/wavelength, hνph/λph,
bands of 1.34−3.41/923−364 eV/nm through a short quartz
light guide directly in the MW cavity of the EPR spectrometer.
The experimental conditions were preoptimized as described

in the Supporting Information, Section II. Irradiation spectra of
the LEDs used in experiments were measured by the Optofiber
FSD-9 spectrometer equipped with a computer-controlled 16-
bit analog-digital convertor. The light energy of the LEDs came
through a quartz light guide on the spectrometer’s sensor in
the same manner as in the case of LEPR experiments. The
luminous emittance ILED values of the sources were determined

Figure 2. X-band (9.5 GHz, 334 mT) effective LEPR spectra of charge carriers background excited in the PBDB-T:PC61BM (a), PBDB-T:PC71BM
(b), and PBDB-T:ITIC-M (c) composites at T = 77 K by achromatic white light with CCT of Tc = 5000 K. Appropriate experimental spectra of
the darkened samples and calculated sum spectra EPR are shown by dashed lines. The weak asterisk-marked line in (c) can be attributed to defects
in the polymer backbone. Lorentzian LEPR spectra best fitting the effective experimental ones with their contributions caused by polarons
stabilized in the PBDB-T, P+•, these carriers immobilized in spin traps of a copolymer matrix, Ploc

+•, respective counter radical anions Aloc
−• (A−• =

PC61BM
−•, PC71BM

−•, and ITIC-M−•) as well as highly mobilized pairs of radicals, Pmob
+• ↔Amob

−• , illuminated by white light with CCT of Tc = 5000
K using the parameters summarized in Table 1 are also shown. Spectral contributions of the PBDB-T:ITIC-M composite shown in (c) were
calculated by using the terms of g-factor obtained for polarons localized in the PBDB-T matrix.25 However, when calculating these terms, the hfc of
their spin charge carriers with surrounding hydrogen nuclei should also be taken into account (dash-dotted line, see Section 3.4 and Supporting
Information, Section VI). On the top are schematically shown the structures of BHJ formed in the respective polymer nanocomposites and mobile
polaron Pmob

+• excited in their polymer matrixes. The spin of the real quasi-particle occupies a larger (n ≥ 5) number of copolymer monomers than
shown in the Figure (see Section 3.4). The orientation of the principal axes of the polaron’s g-tensor is also given. In (a) are shown the positions of
the contributions of mobile polarons Pmob

+• and methanofullerene radical anions PC61BMmob
−• as an example.
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using the IMO-2N broadband light emission power meter with
thermocouple-based sensor and 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. All

of the samples were studied by using cw EPR X-band (B0/νe =
3340 mT/9.7 GHz) PS-100.X spectrometer with a maximum
microwave power of 150 mW and 100 kHz phase synchronous
detection. Dark and photoinduced LEPR spectra of electron
donor−acceptor nanocomposites shown in Figure 2 were
obtained at 77 K by being inserted into a quartz Dewar filled
with liquid nitrogen and placed into the center of the EPR
spectrometer cavity. For EPR measurements at T = 90−320 K,
the sample was placed in another quartz flow Dewar cell and
centered in a stream of dry nitrogen, whose temperature was
stabilized by the BRT SKB IOC controller with a platinum
temperature sensor pt100 in its feedback loop. The room
temperature spectrum of polarons excited in the solution of
PBDB-T in dichorobenzene was recorded for its further DFT
simulation using a Bruker K-band spectrometer ELEXYS E500
operated at 24 GHz in magnetic field B0 = 860 mT according
to an earlier described procedure.37 The signal-to-noise ratio of
LEPR spectra was improved by their accumulation during their
multiple scans. Spectral contribution and concentration of
different spin ensembles were determined by decomposition of
effective EPR spectra registered far from their MW saturation
and in combination with the “light on-light off” procedure
described earlier.19,38,39 Lande ́ g-factors of spin charge carriers
were determined using the N,N-diphenyl-N′-picrylhydrazyl
(DPPH) standard with g = 2.0036 ± 0.0002.40 The processing
and simulation of experimental EPR spectra were performed
using the EasySpin41 and OriginLab software. LEPR spectra
were simulated using the splitting gxx − gyy = 1 × 10−3 and gyy
− gzz = 3 × 10−4 obtained for polarons photoinitiated in the
PBDB-T:ITIC BHJ.25 The accuracy of estimating the intensity
I, g-factor of the line, and the distance between its positive and

negative spectral peaks ΔBpp was determined to be 5%, ±2 ×
10−4 and ±2 × 10−3 mT, respectively. The calculation of
hyperfine coupling parameters of the PBDB-T:ITIC-M system
was performed using the method/functional/basis sets (DFT/
B3LYP/6-311G) in Gaussian-2016 and (B3LYP-) in ORCA
according a procedure earlier described in detail.22 The
preliminary molecular energy minimization and structure
optimization have been carried out in Chem3D by MM2
force field method. The spin−lattice T1 and spin−spin T2
relaxation times of spin charge carriers were determined with
an accuracy of 7.7% and 1.5%, respectively, using the steady-
state MW saturation method,42 adapted for the study of spin
pairs photoinitiated in organic donor−acceptor nanocompo-
sites43 (see Supporting Information, Section III).

3. RESULTS AND DISCUSSION
3.1. NIR-Vis-UV Absorption Spectra of Copolymer

Composites. The resulting NIR-vis-UV spectra of the
composites studied are shown partly in Figure 3 and fully
together with the initial materials in Figure S1 of the
Supporting Information. They consist of band contributions
of polaron P+• in the PBDB-T matrix and respective electron-
donating radical anions A−• situated between polymer chains.
The spectrum of the PBDB-T polymer contains bands
registered at 2.03/611, 2.14/579, 3.44/360, and 4.96/250
eV/nm. The shoulder registered at 2.03/612 eV/nm appears
to be due to the effect of intermolecular aggregation.10 The
nonfullerene acceptor ITIC-M contributes to the sum
absorption spectrum of the main bands at 1.77/701, 1.93/
642, 4.49/276, and 6.26/198 eV/nm. In the longer waveband,
it exhibits well-defined absorption peaks with a vibronic
shoulder, which indicates the presence in the films of ordered
aggregation and strong π−π-stacking interaction.44 This
counterion adds to the spectrum the bands registered at
6.26/198 and 4.49/276 eV/nm as well as a strong wideband
extending from ca. 1.55/800 to 2.48/500 eV/nm with a central

Figure 3. LEPR absorbance by localized polarons PBDB-T+• (1), mobile polarons and radical anions A−• (2), and immobilized radical anions A−•

(3) photoinitiated in the (a) PBDB-T:PC61BM (A−• = PC61BM
−•), (b) PBDB-T:PC71BM (A−• = PC71BM

−•), (c) PBDB-T:ITIC-M (open points,
A−• = ITIC-M−•) and PBDB-T:ITIC-M/PPO0.06 (semifilled points, A−• = ITIC-M−•) composites at T = 77 K by photons with different
frequency/wavelength, hνph/λph. The solid lines are drawn arbitrarily only for illustration to guide the eye. A low-energy part of NIR-Vis-UV
absorption spectra of the PBDB-T:PC61BM, PBDB-T:PC71BM, and PBDB-T:ITIC-M samples fully shown in Figure S1 are depicted by dashed
lines, whereas such spectrum obtained for the PBDB-T:ITIC-M/PPO0.06 sample is depicted by dotted line.
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peak situated at near 1.77/700 eV/nm attributed to the
HOMO π−LUMO π* transition.6 Modification of the polymer
with a methanofullerene acceptor PC61BM leads to the
appearance in the spectrum of the corresponding composite
of a line at 2.94/422 eV/nm of a fullerene set band45,46 as well
as to a change in the shape of the long-wavelength peak
situated at ca. 2.07/600 eV/nm. So, the entire set of composite
bands contains contributions situated at 2.01/617, 2.14/579,
2.94/422, 3.46/358, and 4.98/249 eV/nm. The effective
spectrum of the PBDB-T:PC71BM composite consists of the
separate bands recorded at 1.78/696, 1.97/629, 2.14/579,
4.54/273, and 5.21/238 eV/nm. Methanofullerene PC71BM
contributes to this spectrum a side fullerene band situated at
5.21/238 eV/nm10 as well as a shoulder recorded at 1.78/696
eV/nm, which is a characteristic feature of the donor−acceptor
interaction between the polymer backbone and fullerene
globes during charge transfer between them. The PBDB-
T:ITIC-M composite is characterized by a set of the main
bands situated at 1.77/701, 1.97/629, 2.14/579, 4.59/270, and
5.21/238 eV/nm. The lateral band at 1.77/701 eV/nm
indicates the presence of an ITIC-M acceptor, while the
adjacent band 1.97/629 eV/nm indicates the donor−acceptor
interaction of the counterions with the polymer backbone.
When this composite is lightly doped with the small molecule
PPO, approximately the same set of its characteristic main
bands remains. In this case, the optical density of the
ultraviolet region of the total spectrum of the modified
composite increases due to the addition to it of the specific
PPO band.
3.2. LEPR Spectral Composition and Magnetic

Resonance Parameters. The pristine fullerene derivatives
and ITIC-M do not exhibit any noticeable EPR signals even
upon their illumination by photons within the whole energy
region used in experiments. Shadowed polymer:fullerene BHJ
may demonstrate weak LEPR signal attributed either to
intrinsic paramagnetic defects or to charge carriers excited by
IR phonons irradiated by internal active elements of the EPR
spectrometer.33 Such signals arising in EPR spectra of the
PBDB-T:PC61BM, PBDB-T:PC71BM, and PBDB-T:ITIC-M
composites are shown in Figure 2 by respective dashed lines.
Figure 1 shows that the HOMO level of PBDB-T is the highest
one of all the other adductive materials. This allows excitons
generated in the polymer backbone to migrate to BHJ formed
by this donor with all the acceptors used and then dissociate
there into free electrons and holes, respectively. Figure 2
depicts experimental exemplary LEPR spectra of the samples
illuminated by white (Tc = 5000 K) light at T = 77 K directly
in the MW cavity. Indeed, the background light illumination of
the samples leads to the sharp increase in their LEPR signals,
as is shown in Figure 2. As in the case of other similar
composites,19 such signal growth is explained by the formation
of oppositely charged mobile polarons Pmob

+• on polymer chains
and radical anions Amob

−• = PC61BMmob
+• , PC71BMmob

+• , ITIC-Mmob
+•

embedded into polymer backbone, as shown schematically at
the top of Figure 2. Because an unpaired electron delocalized
along a polaron weakly interacts with the S and O heteroatoms
incoming into the PBDB-T backbone, it provokes rhombic
symmetry of its density. The strong interaction of an unpaired
electron with such heteroatom nuclei normally leads to a
significant increase in their Lande ́ splitting parameter g.47,48

Because the effective EPR spectra of all samples studied are
recorded around a magnetic field characteristic of a free
electron with the Lande ́ factor ge = 2.00232, one can conclude

the realization of a weak interaction in their BHJ. Nevertheless,
this interaction provokes a weak anisotropy of g-factors, other
main magnetic resonance parameters of polarons, and radical
anions photoinitiated in these and other polymer composites.
This becomes most obvious when recording LEPR spectra in
the millimeter wavebands, in which a higher spectral resolution
is achieved.16,20,49 The values of these parameters of mobile/
free charge carriers are averaged due to their fast dynamics.
Normally, it can be polaron diffusion in a polymer backbone
and/or vibration/libration of radical anions A−• situated
between polymer chains. For example, the main values of
their g-tensors are averaged shifting to an effective (isotropic)
g-factor, giso =

1/3(gxx + gyy + gzz). Spin dynamics averages the
other magnetic resonant parameters analogously. Therefore,
the effective LEPR spectra of the composites presented in
Figure 2 should contain spectral contributions from para-
magnetic centers with different natures, concentrations, and
dynamics. To study all processes occurring in the composites
with the above charge carriers, one should first divide their
contributions into effective LEPR signals and determine
magnetic, resonance, and dynamic parameters of these charge
carriers. It can be made from deconvolution of the initial LEPR
spectra using the “light on−light off” procedure.38,39,50

Effective LEPR spectra shown in Figure 2 and their
contributions due to the polarons Ploc

+• captured by spin traps,
immobilized radical anions Aloc

−•, and mobile quasi-pairs Pmob
+• ↔

Amob
−• (here A−• = PC61BM

−•, PC71BM
−•, and ITIC-M−•)

calculated with the data summarized in Table 1 are also

presented. As in the case of other copolymers,22,39 the principal
x-axis of Pmob

+• carriers was chosen to be parallel to the longest
polymer c-axis, whereas the y-axis lies in the thiophene plane,
and the z-axis is directed perpendicular to x- and y-axes. It can
be seen from Figure 2a that the better spectral resolution (ca.
0.4 mT) is achieved for the contributions of mobile polarons
Pmob
+• and C60-based radical anions due to the highest distance

between their spectra with appropriate giso located at a smaller
and larger magnetic field, respectively. The deconvolution of
the spectra allowed us to obtain separately the above-
mentioned magnetic resonance parameters of localized and
mobile charge carriers, photoinitiated in the composites under
study at a wide range of experimental conditions.

3.3. Paramagnetic Susceptibility. Figure 3 depicts the
equal scaled dependences of concentrations of all charge

Table 1. Main Values of g- and ΔBpp-tensors Used for
Simulation of Donor−Acceptor Contributions of the LEPR
Spectraa

parameters
PBDB-
T+• PC61BM

−• PC71BM
−•

ITIC-
M−•

ITIC-M−•/
PPO0.06

gxx 2.00327 2.00038 2.00545 2.00401 2.00403
gyy 2.00224 2.00028 2.00289 2.00304 2.00299
gzz 2.00146 1.99865 2.00212 2.00190 2.00196
giso 2.00232 1.99977 2.00349 2.00298 2.00299
ΔBpp

x , mT 0.144 0.103 0.149 0.156 0.157
ΔBpp

y , mT 0.154 0.081 0.236 0.170 0.173
ΔBpp

z , mT 0.134 0.097 0.144 0.156 0.157
ΔBpp

iso, mT 0.144 0.094 0.176 0.161 0.162
aNotes: For the simulations were used the splitting gxx − gyy = 1 ×
10−3 and gyy − gzz = 3 × 10−4 obtained for polarons localized in the
PBDB-T matrix.25 The actual line width should be normalized with
the coefficient δ ≈ 0.6−0.7 (see the text).
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carriers photoinitiated in the PBDB-T:PC61BM, PBDB-
T:PC71BM, and PBDB-T:ITIC-M composites as a function
of the photon energy hνph obtained at T = 77 K. For the
comparison, the IR-vis-UV absorption spectra of respective
samples are also shown. From the analysis of the data
presented in Figure 3, the following conclusions can be made.
The first of them is the obvious dependence of the number of
charge carriers on the origin of composites studied and photon
energy. One can note the prevalence of charge carriers
localized in BHJ of all these samples and also the dependence
of spin concentration on the phonon energy. It is seen that
both the mobile and localized charge carriers excited in the
PBDB-T:PC61BM sample demonstrate concentration depend-
ence with extrema at phonon energies around 1.9 and 3.2 eV.
These values obtained for the other samples decrease down to
ca. 1.7 and 2.9 eV. The left-situated extremum is recorded
around the energy of the bandgap of the polymer backbone,
ΔEg = EHOMO − ELUMO = 1.80 eV,6 whereas the other
extremum appears at the higher photon energies. A similar
effect was also manifested when studying charge carriers
photoinitiated in different photovoltaic composites15,22,51,52

and was explained to arise due to the interaction of captured
charge carriers with the light photons and neighboring
paramagnetic centers. Replacing the PC61BM acceptor with
the ITIC-M one in the composite leads to a significant, more
than an order of magnitude, increase in the number of all spin
charge carriers. A further increase in the sum spin
concentration and in its fraction due to the methanofullerene
radical anions occurs in the PBDB-T:PC71BM composite. This
behavior correlates with a decrease in the energy bandgap ΔEg

= EHOMO − ELUMO of respective anions in these samples from
2.35 first to 2.15 and then to 1.80 eV. This is also consistent
with the change in the integral number of the light quanta
evaluated from their IR-vis-UV spectra shown in Figure 3. So,
the number of detrapped polarons should depend on the
energetic depth and spatial distribution of spin traps, the
polymer bandgap, and the energy of exiting photons. Once
these energies become roughly the same, a larger number of
localized polarons tends to leave the traps and become mobile.

This accelerates charge transfer across the donor−acceptor
boundary of a composite.
The better functional properties of PBDB-T:ITIC compo-

sites described in the literature can be due to their lamellar
structure and/or planarity of the ITIC molecules jointly
causing a stronger π−π-coupling of electron-donating and
electron-accepting subsystems and, therefore, their optimized
band structure. Previously, it was shown33 that the
introduction of a small amount of planar PPO molecules
with extended π-system into a polymer:fullerene composite
significantly improves its functional properties. It would be
appropriate to notice that in the study of colloidal series of Pb-
containing perovskites,53 a significant increase in the photo-
luminescent quantum yield of such systems was recorded upon
adding a certain amount of PPO. This effect was explained by
surface orbitals’ hybridization of nitrogen atoms in PPO
molecules and Pb atoms of perovskites due to their exchange
interaction. The analogous interaction could be expectably
realized between PPO, PBDB-T, and ITIC-M molecules in the
PBDB-T:ITIC-M/PPO0.06 composite. During the doping, they
can easily be incorporated between the chains of the composite
matrix and the ITIC-M molecules. This promotes a greater
overlap of their molecular π−π-orbitals and the formation of
intermolecular van der Waals bonds between the composite
subsystems. The proximity of ELUMO of all the composite
subsystems should provoke nonradiative energy transfer
between them. This transfer can be significantly accelerated
due to the existence of additional sublevels ELUMO+1 and
ELUMO+4 of nitrogen atoms of PPO molecules.
To clarify the factor affecting the functional properties of the

PBDB-T-based systems, the PBDB-T:ITIC-M composite
doped with small PPO molecules to a level of 6 wr% was
correspondingly studied. Figure 3c also depicts the depend-
ence of respective LEPR and optics absorption signals of the
PBDB-T:ITIC-M/PPO0.06 composite on the photon energy
hνph. It is seen from the data presented that the modification of
the initial sample PBDB-T:ITIC-M with PPO molecules has
little effect on the intensity and position of the above-
mentioned extrema. On the other hand, the doping leads to a
more than twofold increase in the concentration of all spin

Figure 4. Temperature dependences of effective spin concentration and its contributions due to mobile and immobilized charge carriers
photoinitiated by white light with Tc = 5000 K in the PBDB-T:PC61BM (a), PBDB-T:PC71BM (b), and PBDB-T:ITIC-M (c) composites. Dashed
lines show the dependences calculated from eq 1 with respective parameters summarized in Table 2.
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charge carriers photoinitiated in PPO-modified BHJ. It would
also be important to note that such a modification of the
donor−acceptor composite provokes a significant reduction in
the number of mobile carriers after.
The balance of the initiation and recombination of the

charge carriers depends expectable also on temperature. Figure
4 shows temperature dependences of sum concentrations of all
spin charge carriers as well as their contributions due to mobile
and immobilized polarons and respective radical anions
photoinitiated in the BHJ under study by white light with Tc
= 5000 K. These parameters are also proportional to the
difference kd − kr which is governed by molecular and order
properties of the composites. As can be seen from Figure 4a,
the concentrations of the above paramagnetic centers photo-
initiated in the PBDB-T:PC61BM sample sharply decrease to
minimum values when the temperature increases up to 140 K.
At the higher temperatures, the accuracy of registration of
these radicals decreases due to low signal-to-noise ratio. The
analogous dependencies are registered also for charge carriers
in other samples, which are characterized with the higher
difference kd − kr (see Figure 4b,c). The appearance in these
curves of the stair-like term around temperature region of
100−130 K is also seen. Similar dependences were previously
recorded in the study of poly(3-hexylthiophene):PC71BM

51

and a series of narrow band gap composites.22,33 They can be
interpreted as follows.
According to the Miller−Abrahams tunneling model,54

polarons diffusing between initial i and final j sites of a single
polymer chain spend the difference of their energies ΔEij. In a
real polymer system, its exchange interaction with the other
spins leads to the higher overlapping of their π-orbits and
redistribution of spin density between neighboring polymer
chains that should also be taken into account.55,56 The
amplitude of such interaction is determined mainly by the
average spin density on each polymer unit and the rate of spin
intrachain diffusion with the expenditure of energy ΔEij.
Generally, the relation for the effective paramagnetic
susceptibility of polarons with spin S = 1/2 can be written
as57−59

i
k
jjjjj

y
{
zzzzzχ χ α

α
Δ = + Δ
E E

E

k T
( , )

2(1 )
expij

ij
a 0

2

2
B (1)

where χ0 is a proportional constant, α = (3/2)Jex/hνhop, Jex is the
amplitude of spin exchange during their collision and
intrachain hopping diffusion with the rate νhop = νhop

0 exp-
−Ea/kBT), νhop

0 is a prefactor, kB is the Boltzmann constant, and
h is the Plank constant. The appearance of the stair-like term in
Figure 4 indicates a stronger and weaker exchange interaction

of the spins situated on neighboring polymer chains at lower
and higher temperatures, respectively. The dependences
calculated from eq 1 with ΔEij, νhop

0 , and Ea presented in
Table 2 and Jex = 0.021 eV are also shown in Figure 4. These
curves are shown to approximate well the data obtained
experimentally for all samples. This allows the conclusion in
this and analogous systems of spin tunneling within the
framework of the Miller−Abrahams model in parallel with
their intrachain hopping, which depends on spin traps and also
on their exchange interaction with the nearest spin ensembles.
One should, however, take into account a possible initial
formation in the composites of pairs of localized oppositely
charged polarons Ploc

+•↔Ploc
−• with equal energy and g-factors60

and diamagnetic bipolarons which are able to dissociate into
spin polaron couples, BP2+↔2P+•.61−63 The combination of
these processes could also initiate the appearance of the above-
mentioned term in the temperature dependences obtained.
The analysis of the data presented in Figures 3 and 4 allows

us to conclude that the better planarity of PPO counterions
enhances spin π−π-interaction of polarons formed on
neighboring chains and prevents their recombination with
the nearest counterions. Slight doping of the polymer matrix
with small planar molecules increases additionally the
interaction of spins situated on the nearest layers. This even
more increases the stability of charge carriers, shifts the
equilibrium of their formation and recombination processes,
and thereby increasing their LEPR signals, so then sum
concentration of mobile and immobilized spin charge carriers
in the composite series PBDB-T:PC61BM → PBDB-T:ITIC-M
→ PBDB-T:ITIC-M/PPO0.06 → PBDB-T:PC71BM increases
1.0 → 3.8 → 8.2 → 10.1 times, respectively. At the same time,
π−π-interaction reduces the relative amount of mobile charge
carriers photoinitiated in the samples. This assumption also
confirms the data shown in Figures S3 and S5 and summarized
in Table S1 of the Supporting Information. This can be
explained by the confinement of polarons64,65 due to the
enhancement of interchain coupling. Polaron confinement
provokes faster binding and/or recombination of mobile
charge carriers and rather interchain/interlayer charge transfer
between localized polarons than its intrachain diffusion by
mobile spin carriers.66 In this case, the density of the preferable
charge transfer between polarons immobilized on neighboring
polymer layers should increase in the series of composites
PBDB-T:PC61BM → PBDB-T:PC71BM → PBDB-T:ITIC-M
→ PBDB-T:ITIC-M/PPO0.06 (see Figures 3 and 4). This
correlates well with the spin density excited on each polymer
unit of these composites equal to 0.23, 0.36, 0.67, and 0.86,
respectively, at steady-state illumination by white light with Tc
= 5000 K.

Table 2. Parameters ΔEij, νhop
0 , and Ea

a

anion parameter PBDB-T+•/A−• PBDB-Tloc
+• Amob

−• Aloc
−•

PC61BM
−• ΔEij, eV 0.331 0.312 0.248 0.268

νhop
0 , s−1 5.1 × 1019 5.8 × 1019 4.9 × 1019 5.6 × 1019

Ea, eV 0.159 0.158 0.161 0.165
PC71BM

−• ΔEij, eV 0.274 0.161 0.188 0.281
νhop
0 , s−1 6.22 × 1016 2.21 × 1017 2.73 × 1013 9.78 × 1016

Ea, eV 0.112 0.117 0.024 0.106
ITIC-M−• ΔEij, eV 0.254 0.202 0.210

νhop
0 , s−1 2.24 × 1017 2.11 × 1017 3.79 × 1018

Ea, eV 0.121 0.115 0.161
aEvaluated from eq 1 for spin charge carriers initiated in the PBDB-T-based composites by photons of white light with Tc = 5000 K.
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3.4. DFT Evaluation of PBDB-T Oligomers and ITIC-M
1H Hyperfine Coupling. Among the numerous EPR
applications to organic solar cell (OSC) composites, the
consideration of the hyperfine coupling (hfc) of electron−
nuclear spins in photogenerated radical ions is certainly in
focus of the study. This coupling is characterized by a constant
Ahfc = Qρ, where Q is the McConel constant and ρ is spin
density on the OSC radical donors/acceptors, so then their hfc
constants Ahfc obtained experimentally allows determination of
the spin density distribution (SDD) in electron donor and
acceptor molecules separately. For the most radical ions
formed in conjugated polymer:fullerene blends, the hyperfine
structure cannot be resolved using the cw EPR technique due
to small hfc values and numerous magnetically nonequivalent
atoms in organic molecules. While effective magnetic multi-
resonance methods like electron−nuclear double resonance
(ENDOR) and electron nuclear−nuclear triple resonance
(TRIPLE) can solve this problem, they are not widely available
for routine experiments. However, these methods when
combined with quantum chemical calculations (QCC) in
most cases are able to define good correlation of the data
obtained experimentally and theoretically for undoped and
doped conjugated polymers67−70 as well as for OSC
blends.39,71 Moreover, in many cases where there is a limited
number of “magnetic” atoms in the molecular system and
suitable ratio of EPR line width and Ahfc magnitudes, hfc EPR
data could be rather useful and important for the confirmation

of QCC results and vice versa. It should be pointed out that for
the polymer photoelectron donors, the magnetic resonance
technique allows validation of the DFT calculations, in
particular, to estimate the delocalization length of the
photoinduced polarons formed on polymer chains. Such
experiments are important for the estimation of intrinsic
quantum efficiency (IQE) of polymers. For instance, precise
ENDOR determination of SDD along the oligomer chains has
been demonstrated in poly({4,8-bis[(2-ethylhexyl)oxy]benzo-
[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)-
carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7) and poly[N-
9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-
2′,1′,3′-benzothiadiazole)] (PCDTBT) polymer photoelectron
donors blended with PC71BM as the electron acceptor.39 The
key experimental data obtained demonstrate39 that ENDOR
frequencies of polarons in PTB7and PTDTBT oligomers with
different monomers n gives SDD of photoinduced polaron on
the polymer chain, i.e., the limit of polaron delocalization
expansion due to its coincidence with the ENDOR data in
appropriate oligomers. For instance, the information concern-
ing the decrease of polaron delocalization length in PTB7 and
PCDTBT in comparison with poly(3-hexylthiophene)
(P3HT) correlates with the increase of the short circuit
current density (ISC) in OSC that can be attributed, at least
partly, to an appropriate increase of the number of photo-
induced polarons. Therefore, one of the key directions of study
of magnetic resonance application in charge separation

Figure 5. n-BDB-T oligomers with n = 1−4 used for hfc (or SDD) evaluation.
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processes in organic solar cells is connected with the
processing of experimental hfc magnetic resonance data and
their comparison with QCC ones. We started an SDD
evaluation in the PBDB-T polymer using an oligomers
approach within the DFT, namely by method/functional/
basis sets (DFT/B3LYP/6-311G) in Gaussian-2016 and
(DFT/B3LYP/G/6-311G**) in ORCA.72 The preliminary
molecular energy minimization and structure optimization
were carried out in Chem3D using the MM2 force field
method. Calculated oligomers with n monomers of PBDB-T
structured with simplified side chains (designated as R in a
PBDB-T monomer) are depicted in Figure 5. The
experimental part was carried out at K-band EPR (B0/νe =
860 mT/24 GHz) in liquid dichlorobenzene solution at room
temperature. Isotropic EPR spectral parameters (Aiso, giso)
essentially simplify spectra processing without loss of
information concerning hfc, and in the case of two isotropic
spectra overlapping the chance of their separation via spectra
fitting is higher than in the X-band. However, around room
temperature, one can expect only light-induced EPR response
from polymer polarons, but possible radicals of impurities are
not excluded as well.
It should be pointed out that in theoretical SDD studies,

usually the long side chains of oligomers are often omitted due
to the economy of computation time. Actually, in some cases,
the tail’s size may be comparable with the size of the molecular
core; however, it does not include fragments with conjugated
bonds and therefore weakly influences the SDD. The latter is
partly confirmed by DFT evaluation of Aiso(

1Hi) for the
monomer with different tails R as shown in Figure 6a.
Concerning the experiment, the difference of averaged Aiso
absolute values is insignificant in our case, which leads to
simplifying the structures and tails’ length. Therefore, an
Aiso(

1Hi) evaluation of all other oligomers has been carried out

according to the above set. The exemplary 4-BDB-T Aiso(
1Hi)

computation is presented in Figure 6b and demonstrates an
expected and evident decrease at about four times round of hfc
absolute magnitude as compared with the 1-BDB-T data
displayed in Figure 6a. The summarized data are shown in
Figure 7, where an approximation of Aiso = F(n) indicates the
number of monomers occupied by the polaron on the PBDB-T
polymer chain equal 5, namely hfc parameters A1iso and A2iso

Figure 6. Aiso constants of jth hydrogen atoms, Hj, in BDB-T monomers with different side R groups, see Figure 5, n = 1 (a) and in 4-BDB-T
oligomer (b). Note that the numbering of 1Hj in panel a is coincident with that of appropriate PCE structures with different R, exhibited in
Supporting Information Section IVa. Such numbering in panel b does not correspond to the real numbering, assigned to the 1Hj denomination in
the 4-BDB-T structure displayed in Supporting Information Section IVb. Here, the numbering axes in panel b reflect only the actual number of 1Hj
in the Gk monomer, and the above format is made only for the convenience of presentation in this Figure, taking in mind that 1Hj numbering axes
do not influence the format of Aiso data presentation. The actual 1Hj atom attribution in the appropriate structures is exhibited in Supporting
Information Section IVa.

Figure 7. Dependence of the Aiso value on the number of chain
monomers n occupied by a polaron, equal to 5 for PBDB-T.
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noted in the caption of Figure 8, obtained by simulation of
experimental K-band spectrum shown also in this Figure

correlate with those calculated by DFT, namely A1iso is Aiso‑ma,
corresponding to n = 5 in Figure 7. Moreover, the obtained
data indicate the essential inhomogeneous broadening of EPR
spectra line width due to unresolved hfc structure, and it is
taken into account in donor/acceptor spin dynamic consid-
eration by correction coefficient δ (0.6<δ<0.7).
Some preliminary data concerning the possible isomers of

ITIC morphology in the view of EPR results are commented
on in this section. Magnetic resonance methods are rather
sensitive to the local symmetry of the paramagnetic center,
resulting in detection of anisotropy in Zeeman and hyperfine
interactions in solids. Regarding ITIC, it was noticed that in
LEPR experiments, the pronouncedly detected resolved
hyperfine structure in EPR spectra has not been found even
at the state of radical ion stabilization at a temperature below
80 K. Certainly, it does not indicate the absence of an EPR
spectra hyperfine structure, often masked by overlapping of hfc
lines. Actually, the evaluated hfc DFT data of ITIC−• with a
planar structure (Figure 9a) indicate the good correlation with
experimental data, and appropriate data are introduced in
Supporting Information Section VI (Figure S12, Table S10).
However, the search for possible variants of ITIC isomer
morphology by the force field method operated, for instance,
in standard MM2 and MMFF94 programs, gave the structure
with the steric energy magnitudes less than that for the planar
geometry (π-isomer) of ITIC displayed in Figure 9a. The

appropriate results attributed to this S-isomer are exhibited in
Figure 6b and demonstrate lower A0k values for the monomer
and π−π stacking architecture twice that of the S-isomers as
well. Note that we do not have information concerning the
direct π−π stacking morphology formation in PDBT-B:ITIC
blends in solid state films and therefore EPR spectra were
constructed for planar and S-monomers only. However,
calculated isotropic hfc parameters of π−π stacked dimers
displayed in Figure 9 predict the spectra close to monomers
and could be considered in details in the above π−π stacking
versions of two and more monomers if necessary. The
comparative analysis of experimental and constructed spectra
based on S-isomer DFT parameters is summarized in Table S9
and indicates a reasonable coincidence of the experimental and
calculated S-isomer versions. The additional data concerning n-
π−π stacking morphology and HOMO/LUMO energy data
for both isomers and their oligomers are displayed in the
Supporting Information Section V.

3.5. Spin Recombination. When the light is turned off,
the spin charge carriers formed as a result of dissociation of
photoinitiated excitons in the samples tend to recombine,
which leads to a decrease in their concentration. The
mechanism and order of such a process should be governed
by the structure and morphology of the sample. Recombina-
tion of free charge carriers may simply follow the geminate
first-order decay order. If a positively charged polaron fast
diffusing along the polymer chain does not recombine with the
very first oppositely charged counterion, it may collide with a
counter radical anion A−• located between copolymer layers.
In this case, the charge decay process becomes bimolecular and
follows the second order. Assuming that polaron diffusion is
not disturbed by the anion molecules, one can conclude that
the collision duration is governed by polaron dynamics. The
order of charge recombination process m can be evaluated by
analyzing the decay of spin concentration n(t) after the light
switching off in frame of the trap-limited recombination
model:73

= + − − −n t n k m n t( ) (1 ( 1) )m m
0 r 0

( 1) 1/1
(2)

where n0 is the initial number of spin charge carriers at the
starting moment of their recombination when t = 0.
A key role in the recombination of spin charge carriers

includes spin traps formed in the polymer matrix due to its
disordering. Indeed, a captured polaron can either be
detrapped by a vacant trap site or recombine with the nearest
opposite charge. Multistep trapping and detrapping of a
polaron reduces its energy, which results in its more probable
localization into a deep spin trap and, therefore, in the increase
of concentration of such polarons with time. The charge
carriers can recombine during their repeated trapping into and
detrapping from a respective position with energetically
different depths distributed in a disordered polymer semi-
conductor. According to such an approach, the decay of charge
carriers photoinitiated in a polymer system with energetically
different spin traps has to follow the law:74

πξδ ξ ν
πξ

= +
+ ξ−n t n t( )

(1 )
sin( )0

d

(3)

where ξ = kBT/E0, E0 is the distribution of the energetic depth
of a trap, δ is the gamma function, and νd is the attempt jump
frequency for polaron detrapping. Deconvoluting the sum
LEPR spectra, one can register and analyze separately the

Figure 8. LEPR response of the PBDB-T+• radical photoinitiated in
the solution of the PBDB-T:PC61BM composite in dichlorobenzene
at T = 294 K. The dark spectrum of this composite is shown by the
dash-dotted line. By the dashed line is shown the LEPR spectrum
calculated for the hfc structure induced by 11 1H nuclei with averaged
Aiso(

1Hj) ≈ 0.065 mT and 13 1H with Aiso(
1Hk) ≈ 0.035 mT, and the

individual EPR line width used in simulation is δ = 0.067 ± 0.005 mT.
The left situated Mn2+ hfc line is the reference line used in K-band for
the dark/light spectra coincidence correction.
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decay of effective LEPR susceptibility as well as its
contributions due to the mobile and immobilized charge
carriers photoinitiated in the polymer system. Figure 10
depicts the decay of the effective LEPR spectra photoinitiated
by white light with color temperature Tc = 5000 K in the
darkened PBDB-T:PC61BM, PBDB-T:PC71BM, PBDB-
T:ITIC-M, and PBDB-T:ITIC-M/PPO0.06 BHJ at T = 77 K.
The analysis of the data presented has allowed us to determine
from eq 2 the order m of the recombination process occurring
in these composites. The data presented in Figure 10 evidence
that the decay of charge carriers initiated in these samples
follows eq 3 with the respective parameters presented in Table
3. This evidences that this process is carried out in the
composites within the framework of the above-mentioned
approach. It should be noted that the appearance occurred
only after some time in the dependencies shown in Figure 10
of the bell-like component as in the case of other polymer:-
fullerene composites.33,52 Assuming the presumption of
formation of an equal quantity of positively and negatively
charged carriers upon excitons’ dissociation, some reasons for
such effect can be proposed. Dissociation of some diamagnetic
bipolarons into polaron pairs61−63 and/or formation in
composites of pairs of localized oppositely charged polarons
Ploc
+•↔Ploc

−• with equal energy and g-factors are possible.60 Spin-
dependent and trap-controlled reversible transition Ploc

+•↔Pmob
+•

Figure 9. (a) DFT data of all A0, corresponding to
1HK atoms of planar single, 1-ITIC−•, and double π−π-stacked, 2-ITIC−•, pl-structured radical

anions (see Supporting Information Section V). (b) DFT data of all A0 of
1H atoms in single, 1-ITIC−•, and double, 2-ITIC−•, S-structured radical

anions. 1H atom numbers coincide with those denominated the appropriate structures in Figures S6 and S8, respectively. The atoms are
denominated as follows: cyan, N; yellow, C; red, O; magenta, S; green, H.

Figure 10. Linear and logarithmic (insert) dependences of the decay
of spin charge carriers photoinitiated in the PBDB-T:PC61BM (1),
PBDB-T:PC71BM (2), PBDB-T:ITIC-M (3), and PBDB-T:ITIC-M/
PPO0.06 (4) BHJ by white light with correlation color temperature of
Tc = 5000 K at T = 77 K. The lines show the dependences calculated
from eq 2 and eq 3 (insert) of the well-fitting experimental data with
the appropriate parameters summarized in Table 3.
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can also provoke such dependence.24 Because m obtained for
all samples exceeds two and grows in the series of electron
acceptors ITIC-M−• → PC61BM

−• → ITIC-M−•/PPO →
PC71BM

−•, one could affirm the predominance of the
nongeminate recombination process of charge carriers photo-
excited in the samples under study. This is accompanied by a
tendency increase in the energetic depth E0 of traps and
temperature stability of concentration of spin charge carriers
(Figure 10). Therefore, the decay of long-living charge carriers
in the samples can successfully be described in terms of the
above-mentioned model according to which it is strongly
governed by the number, energy depth, and spatial distribution
of traps in the polymer matrix.
3.6. Spin Relaxation and Dynamics. Starting from some

value of the magnetic component B1 of the MW field, the
effective EPR spectra of the samples change nonlinearly with
B1 due to their MW saturation, as is demonstrated in Figure
S5. This nonlinearity depends on different magnetic resonance
parameters of paramagnetic centers, especially their electron
relaxation. The above-mentioned deconvolution of LEPR
spectra of donor−acceptor systems allows to control separately
the MW saturation processes of such centers and, thus, to
determine their spin−lattice and spin−spin relaxation, which
occurs during the respective characteristic times T1 and T2.
Spin−lattice relaxation is realized when electron spins fall to
the ground state as a result of the transfer of their energy to the
sample lattice for time T1 and is determined by the structure,
viscosity, polarity, dynamics, etc. of the microenvironment of

spin ensemble as well as by its precession frequency.16 Spin−
spin relaxation is governed by the hyperfine interaction (hfi) in
the surrounding molecular lattice of the electron spins with the
nuclei with nonzero spin. These processes are governed mainly
by the interaction of charge carriers with their microenviron-
ment and other paramagnetic centers with different spin states
and/or spatial distribution.
Figure 11 shows how the T1 parameter of mobile and

immobilized spin charge carriers changes upon their photo-
initiation in the samples by photons with different energy hνph.
The analysis of the data obtained showed a weak dependence
of the spin−spin relaxation of the samples on the energy of
initiating photons, so their T2 parameter is not discussed
below. It is seen from Figure 11a that the spin−lattice
relaxation of localized polarons PBDB-Tloc

+• and mobile
methanofullerene radical anions PC61BMmob

−• accelerates
monotonically with the increase of the energy of initiating
photons hνph. At the same time, localized charge carriers
PC61BMloc

−• demonstrate an extreme dependence of T1(hνph)
with an extremum at hνph = 1.75 eV which changes weakly at
hνph ≥ 2.2 eV. Analogous energy independence was registered
in the study of spin charge carriers excited in PC71BM-
modified P3DDT by photons with the energy of hνph = 2.10
eV.50 Once the molecules PC61BM in the composite under
study are replaced by the PC71BM ones, its dependence
T1(hνph) becomes weaker (Figure 11b). The same tendency is
noticed for spin−lattice relaxation of radical anions immobi-
lized in the composite PBDB-T:ITIC-M (Figure 11c). On the
other hand, such dependences obtained for localized polarons
PBDB-Tloc

+• and pairs of mobile charge carriers PBDB-Tmob
+• ↔

ITIC-Mmob
+• are characterized by at least one extremum at 1.79

and 1.62 eV, respectively (Figure 11c). Such sensitivity of
electron relaxation to the energy of the light photons can be
attributed to the intrinsic band structure of the composite
matrix. It should be noted that the weak doping of this
composite with the PPO molecules leads to a shift of these
extremes to 2.01 and 2.08 eV, respectively (Figure 11c). The

Table 3. Parameters kr, m
a, n1, and E0

b for Composites with
Appropriate Radical Anions at T = 77 K

parameter PC61BM
−• PC71BM

−• ITIC-M−• ITIC-M−•/PPO0.06

kr, s
−1 56.61 3.70 0.020 134.1

m 4.17 7.63 3.85 5.26
n1 17.99 20.86 12.14 34.10
E0, eV 0.0343 0.0536 0.0464 0.0301

aObtained from eq 2. bEvaluated from eq 3.

Figure 11. Spin−lattice relaxation time of charge carriers PBDB-Tloc
+• (1), Amob

−• (2), and Aloc
−•(3) background excited in the PBDB-T:PC61BM (a),

PBDB-T:PC71BM (b), PBDB-T:ITIC-M (c, open points), and PBDB-T:ITIC-M/PPO0.06 (c, semifilled points) composites at T = 77 K as function
of the photon frequency/wavelength, hνph/λph. The lines are drawn arbitrarily only for illustration to guide the eye.
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latter circumstance may indicate, e.g., more lamellar morphol-
ogy of the PPO-modified composite.
Electron relaxation of the spin carrier charges is also

governed by their interaction with the phonons of a
microenvironmental lattice. Figure 12 shows the temperature
dependences of the spin−lattice relaxation time of charge
carriers photoinitiated in the PBDB-T-based BHJ by photons
of white light with the column temperature of Tc = 5000 K.
From the analysis of the data presented, some basic
conclusions can be made. The first of them is an expected
trivial acceleration of such relaxation with heating of the
samples. More important is the appearance of the extreme
terms on the temperature dependences of polarons captured
by traps in the PBDB-T:PC61BM and PBDB-T:PC71BM
backbones, radical anions immobilized in the PBDB-T:ITIC-
M BHJ, as well as of mobile charge carrier pairs in the
composite PBDB-T:PC61BM. The characteristic position of
these terms varies within the region of ca. T = 105−130 K
depending on the basic composite properties. Such effect can
be attributed, e.g., to the above-mentioned possible transition
of some diamagnetic bipolarons to spin polaron pairs. Such
transition should reinforce an effective spin exchange coupling
and provoke temperature dependences similar to those shown
in Figure 4. Because the rate of quasi-one-dimensional
diffusion of NP polarons along polymer chains depends on
their spin−lattice relaxation time T1 as ν1D

P ∝ NP
2T1

2,28,75 one
can expect a complex change of their dynamics parameters
with the temperature. Finally, a sufficient acceleration of spin−
lattice relaxation and the reduction of the concentration of
mobile charge carriers when heated the PBDB-T:ITIC-M BHJ
should be noted (see Figure 12c). It confirms the above-
mentioned significant increase in the exchange π−π-interaction
of spin charge carriers situated on the nearest lamellar
microenvironment. Polaron confinement blocks intrachain
diffusion of the charge and accelerates recombination and
interlayer charge hopping. Optimal modification of the sample
with the small planar molecules additionally orders the
composite matrix. As a result, the charge is transferred most
quickly through its neighboring planes, which predetermines
the better efficiency and functionality of such a composite.

■ CONCLUSION

The results obtained demonstrate the advantages of the cw
LEPR spectroscopy in the study of dynamics, relaxation,
recombination, and other spin-assisted processes occurring in
organic polymer composites. Light irradiation of PBDB-T-
based composites with different dimensional electron acceptors
was shown to provoke the appearance in their BHJ of spin
polarons and appropriate radical anions, the concentration and
magnetic resonant parameters of which are governed by their
structural and energetic properties. Some charge carriers are
captured by spin traps forming in polymer matrixes due to
their disordering, which exhibits a weak anisotropy of their
magnetic resonant parameters. Along with mobile charge
carriers, trapped carriers also participate in charge transfer
through BHJ of composites, but indirectly. The distribution of
the density and energetic depth of spin traps are governed by
the structural, conformational, and other properties of the
composite matrixes. These parameters change significantly
when the composite replaced the counterion and/or is
modified with suitable small 2D molecules. This enhances
the π−π-interaction of polarons formed on its neighboring
chains and reduces the probability of their recombination with
the nearest counterions. As a result, this shifts the equilibrium
of the processes of formation and recombination, thereby
increasing the stability of spin charge carriers and their LEPR
signals. Ultimately, the concentration of all spin charge carriers
increases by more than an order of magnitude in the series of
composites PBDB-T:PC61BM → PBDB-T:ITIC-M → PBDB-
T:ITIC-M/PPO0.06 → PBDB-T:PC71BM. This correlates
positively with the number of light quanta absorbed by their
BHJ and negatively with the respective energy bandgap. The
interaction of spins differently situated in the bandgap
provokes an extreme photon energy sensitivity of the spin-
assisted processes carried out in the polymer composites under
study. Molecular and band structures of these systems were
also shown to significantly influence electron relaxation of
charge carriers, which is governed by the exchange interaction
of their spin carriers with their microenvironment, phonons of
the polymer matrix, and exciting light photons. Polaron
delocalization along the PBDB-T chain corresponding to 4−
5 monomers has been evaluated by DFT and K-band EPR

Figure 12. Temperature dependences of spin−lattice relaxation time of charge carriers PBDB-Tloc
+• (1), Amob

−• (2), and Aloc
−•(3) background excited by

white light with correlation color temperature of Tc = 5000 K in the PBDB-T:PC61BM (a), PBDB-T:PC71BM (b), and PBDB-T:ITIC-M (c)
composites. The lines are drawn arbitrarily only for illustration to guide the eye.
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technique. Inhomogeneous EPR line broadening due to
unresolved 1H hfc has been estimated by LEPR spectra
simulation based on DFT data, resulting in the coefficient of
line width correction to be equal to about 0.6−0.7.
Predominant nongeminate recombination of long-living charge
carriers can be described in terms of their multistep trapping−
detrapping hopping between sites of the polymer matrix. It is
strongly governed by the number, energy depth, and spatial
distribution of spin traps and controls the stability of
photoinitiated charge carriers. π−π-Coupling of polarons
excited in neighboring polymer chains increases as the
methanofullerene counterions are replaced by lower-dimen-
sional ITIC-M ones and grows continuously at slight doping of
the composite with small planar PPO molecules with an
extended π-system. This provokes higher polaron confinement,
blocks intrachain free charge diffusion, and accelerates charge
hopping through the layers of the nonfullerene polymer
composite.
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