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ABSTRACT: We report the light-induced electron paramagnetic resonance
(LEPR) and optics study of spin charge carriers initiated by light photons with the
energy of 1.34−4.52 eV in the initial and slightly acene-treated composites of a
regioregular poly(3-dodecylthiophene) (P3DDT) with a [6,6]-phenyl-C61-butyric
acid methyl ester (PC61BM). Light irradiation leads to the formation in both
polymorphs of spin charge carriers, polarons, and methanofullerene radical anions.
Magnetic resonance, relaxation, and dynamic parameters of such carriers depend
on the energy of exciting light photons as well as on a balance of a chaotically
structured polymer α-polymorph with spin traps and a more structured its β-
polymorph. The charge carriers, photoinitiated in the α-polymorph, are
characterized by an extreme dependence of their main parameters from the
energy of exciting photons. The increase in the concentration and stability of both
mobile charge carriers were reached upon modification of the initial composite by
the simplest conjugated acenes. The greatest effect was registered for the composite, weakly doped by naphthalene molecules. The
concentration and other properties of charge carriers photoinitiated in a modified composite were found to correlate with the band
structure of the acene introduced. Such an effect was interpreted in favor of a triggerlike polymorphic α−β transition stipulated in
the system by planar acene molecules. It leads to an acceleration of spin−lattice relaxation of mobile charge carriers, a decrease in the
anisotropic diffusion of polarons between polymer chains, and a slow down of the recombination of charge carriers. This opens
horizons to use optimally acene-doped polymers and their composites for the creation of electronic and spintronic devices with spin-
photon-assisted parameters.

1. INTRODUCTION

Organic donor−acceptor composites are considered promising
materials for creating various molecular devices, such as field-
effect transistors, switches, sensors, and photovoltaic ele-
ments.1−3 The latter normally consist of a polymer matrix
with embedded allotropes of carbon (fullerenes, graphene, and
carbon nanotubes) and other small molecules. Light irradiation
initiates a formation in such bulk heterojunctions (BHJ) of
excitons, which may dissociate into positively charged polarons
on polymer chains and negatively charged fullerene or
nonfullerene radical anions situated between the polymer
chains. The functionality and effectiveness of such devices
significantly depend on the structure of their ingredients used, as
well as on solvent, temperature, molecular weight, sample
preparation, and possible treatments. These factors play a key
role in BHJ structuring, so the structure−property correlations
of organic semiconductors are mainly studied via chemical
modifications such as regioregularity control and side-chain
engineering.4 Currently, there is a strong effort toward
understanding and controlling the relation between BHJ
morphology and electronic properties of molecular devices
with polymer and copolymer matrices. For example, poly-
morphism has been found for the copolymer composed of

naphthalene diimide and bithiophene units5 which after
dissolving in a nonsuitable solvent showed an extra absorption
optics peak at lower photon energies, indicating the formation of
a secondary aggregated phase. Two distinctly semicrystalline
polymorphs with different optical band gaps, photoluminescen-
ces, π-stacking distances, hole mobilities, and photogeneration
efficiencies were identified in a low-band-gap diketopyrrolo-
pyrrole polymer.6 Poly(3-alkylthiophenes) (P3AT), poly(3-
hexylthiophene) (P3HT),7−9 poly(3-dodecylthiophene)
(P3DDT),10,11 and other conjugated polymers12−14 also exhibit
polymorphism because they consist of an amorphous “spaghetti-
like” phase (α-polymorph) and an aggregated phase (β-
polymorph) with relatively ordered crystalline regions.15 Two
differently ordered H-type aggregates were identified in P3HT
at extremely low temperature by Franck−Condon analyses of its
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emission spectra.9 An end-to-end packing of P3DDT lamellae
was shown11 to predominate in its first polymorph, whereas the
second one has interdigitated side chains with reduced lamellar
spacing. Such morphology causes the band dispersions in the
direction perpendicular to the layer. This bandwidth broad-
ening, in turn, decreases the energy band gap.16 The balance of
these polymorphs formed in P3AT is governed by polymer
structure and conditions of synthesis and can be controlled by
their molecular weight,17 the evaporation rate of solvent,18

exposure to solvent vapors,19 and thermal annealing.20When the
polymer crystallinity increases, its morphology becomes more
planned, its chains form two-dimensional (2D) stacks. Interlayer
spacing of the coplanar P3AT chains increases with the side
chain length because the alkyl side chains act as spacers between
them.
Because the changes in optical and electronic properties of

polymer devices depend on the structural differences between
the polymorphs, that allows controlling of polymer self-
organization for developing next-generation electronic devices.
This is especially important for photovoltaic devices with a
polymer matrix and spin charge carriers. The efficiency and
functionality of such systems are determined by their structure
and morphology that govern spin-assisted separation, coupling,
and recombination of charge carriers formed after dissociation
of initial excitons. Improving these properties can be achieved
upon modification of polymer:fullerene BHJ with various small
carbon allotropes (nanotubes, graphene)21 or 2D hydro-
carbons.22 Zhang et al. showed14 that adding three percent of
di-iodooctane molecules into PTB7:PC71BM BHJ leads to a 2-
fold increase in its power conversion efficiency (PCE) due to a
decrease in the number of charge carrier traps and also reduction
of bimolecular recombination rate. This parameter of the
P3HT:PC61BM composite increases by 13% upon addition of
the same quantity of galvinoxyl molecules.7 Such an effect was
explained by resonant exchange interaction of spin adducts with
acceptors accompanied by their singlet−triplet conversion
without changing the morphology of the sample. A more
significant PCE increase was obtained when adding a small
quantity of butyl 1-pyrenebutirate into fullerene-modified
P3HT films.23 This enhancement was explained in favor of
limiting the aggregation of fullerene molecules and improving
the morphology of the active layer due to such a procedure. The
operation stability of photovoltaic devices can also be enhanced
by increasing the exchange interaction between the host and
guest small molecules.24 This is evident that the comprehensive
studies of polymorphism of crystalline phases in conjugated
polymers are limited and their results are patchy and ambiguous.
The relation between their structure and properties of charge
carriers is still not clear, so then the influence of molecular
additives on the system’s structural and morphological proper-
ties remains the subject of discussion.
In the study of the initial and modified BHJ are commonly

used optical, voltammetric, calorimetric, and other experimental
methods. However, light-induced electronic paramagnetic
resonance (LEPR) spectroscopy became one of the most used
methods for the study of such systems. This is mainly due to two
circumstances. The first of them is the stabilization or/and
photoinitiation in donor−acceptor BHJ of charge carriers
possessing unpaired electrons, and the second reason is the
fact that the domestic carriers take part in all processes carried
out in these compounds. Thus, this method allows us to register
separately these paramagnetic centers, determine their magnetic
resonance, relaxation, and dynamic parameters for getting

structure-electronic correlations of conjugated polymers and
their composites.25,26 For example, Carati et al.13 showed by the
LEPR method that slight doping of the PTB7:C60 BHJ with
butyl 1-pyrenebutirate leads to a sufficient (2- to 4-fold) change
of spin−lattice relaxation of fullerene radical anions due to
fullerene−pyrene interaction. It was concluded that such
interaction prevents recombination of charge carriers, however,
without noticeable change of BHJ morphology. However, an
additional introduction of optimal amount (3−6 wt %) of 1,2-
benzopyrone or 2,5-diphenyloxazole molecules into the
P3DDT:PC61BM BHJ,27 and the latter additive into the
copolymer composite PBDB-T:PC61BM

28 was shown to
increase/decrease the number of mobile/localized charge
carriers, increase their stability and exchange π−π-interaction.
It was suggested that such an improvement in the electronic
properties of the fullerene-based composite could occur due to
partial ordering of the samplematrix upon its doping, as it occurs
in nonfullerene photovoltaic system.24 The concentration,
composition, and dynamics of spin charge carriers was found
to be governed not only by the BHJ modification with small
molecules but also by the number, spatial distribution, and
energetic depth of spin traps formed in the disordered polymer
matrix as well as the energy of the light exciting photons.
Thus, the molecular ordering of various polymer systems is

characterized by the crystalline, dynamic, and static nematic
parameters of differently packed phases. These parameters are
linked to molecular and electronic dynamics, distributions of
coupling spin charge carriers, and their traps formed in a
disordered matrix. The LEPR spectroscopy seems to be an ideal
instrument for the study of polymorphic spin-assisted α−β-
transitions in such organic semiconductors controlled by their
chemical modification or/and physical impacts.
Hereby, we report the results of a detailed comparative

continuous wave (cw) LEPR study of spin-dependent
excitation, relaxation, dynamics, and recombination of charge
carriers photoinitiated in the initial and slightly doped with
several simplest acenes P3DDT:PC61BM BHJ. Among P3AT,
regioregular P3DDT is characterized by mostly extended side
alkyl substituents. They act as insulating envelopes of its π-
conjugated chains and, therefore, should to prevent more
effectively an interaction of intrinsic charge carriers with their
spin environment. Isotropic Lande ́ splitting factors of polarons,
giso
P , and C60-based methanofullerene, giso

mF, differ significantly, so
the EPR spectra are separately registered and well-customized.
This was the reason that they were chosen as previously,27 as
electron-donating and charge-accepting moieties, respectively.
Acenes are characterized by the most conjugate and planar
structure. Therefore, the use of these small molecules as
additives could be expected to more increase intermolecular
π−π-interaction in the P3DDT:PC61BM composite, improving
its ordering and energy-conversion properties. The data
obtained allowed us to find the correlations interconnecting
the main spectral resonant parameters of spin charge carriers
with the structure, composition of the samples studied, as well as
with energy of the initiating light photons. This should more
greatly clarify the key role of the conjugation degree of small
molecules in structuring the initial polymer composite, which
improves its energy-converting functionality due to the higher
stability of spin charge carriers.

2. EXPERIMENTAL SECTION
2.1. Materials Used in Experiments. In this work,

regioregular poly(3-dodecylthiophene) (P3DDT) with the
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lattice constants of a = 2.583 nm, b = 0.775 nm, and c = 0.777
nm,29 distributed by Aldrich (USA), and [6,6]-phenyl-C61-
butanoic acidmethyl ester (PC61BM) distributed by Solenne BV
(The Netherlands) were used without additional purification as
electron-donating and accepting groups, respectively. Their
band gap or difference of the lowest unoccupied molecular
orbital (LOMO) and highest occupied molecular orbital
(HOMO), ΔEg = ELUMO − EHOMO, was determined
experimentally to be 1.74 eV30 and 2.35 eV,31 respectively.
For the doping of the P3DDT:PC61BM composite up to y = 0.06
level were used naphthalene (NP), anthracene (AN), tetracene
(TC), dibenz[a,c]antracene (dBA), and perylene (PE). The
chemical structures of all ingredients are shown schematically in
Figure 1.
2.2. Preparation of the Composites. An initial

P3DDT:PC61BM composite was prepared according to the
procedure reported elsewhere.27 First, the polymer and
methanofullerene were dissolved in dichlorobenzene to achieve
a concentration of 5.5 mg/mL. Then the resulting solution was
heated at T = 333 K for 10 min until the ingredients were
completely dissolved. Additives were dissolved separately in
dichlorobenzene until their weight concentration reaches 6 mg/
mL. The first solution was mixed with the additive ones in a
quantity enough to reach a polymer/methanofullerene/
corresponding additive weight concentrations ratio of
1:1:0.06. The resulting solutions were treated in ultrasonic
cleaner DADI DA-968 (P = 50 W) for 10 min, followed by
heating for 10 min at T = 333 K and secondary ultrasonic
treatment within 10 min. Finally, they were cast 7 times (5 μL)
into both sites of a separate ceramic plate with subsequent
drying in air until the formation of films with the size of ca. 4 × 8
mm2 and thickness of ca. 0.1 mm on both sides of the plate. As a
result of this procedure, the initial donor−acceptor
P3DDT:PC61BM composite and this sample doped with the
scenes up to the level of y = 0.06 were obtained. The molecular
ratio, that is the numbers of DDT monomers, as well as
methanoful lerene and dopant molecules , o f the
P3DDT:PC61BM/NP0.06 sample was determined to be
4.97:1.37:1.00. This ratio for the P3DDT:PC61BM/AN0.06
sample was determined to be 6.87:1.89:1.00.
2.3. NIR−Vis−UV Absorption Spectra of the Initial and

Acene-Modified Polymer Composites. Optical absorption
spectra of the initial P3DDT:PC61BM and slightly doped

composites were obtained at T = 298 K by using a
spectrophotometer (Specord-250-plus, Analytik Jena) scanning
within the band 1.13−6.20/1100−200 eV/nm. The spectra are
shown in Figure 2. They consist of the spectral components
whose positions were determined accurately by using the
differentiation procedure.

2.4. Photoexcitation of Spin Charge Carriers in the
Samples. The samples situated in the center of the MW cavity
of the EPR spectrometer were illuminated through cylindrical
quartz light guide by an achromatic, white light source with the
correlated color temperature (CCT) of Tc = 5000 K and
monochromatic sources with the photon energy/wavelength of
1.34−4.52 eV/923−275 nm and spectrum half-width of 12−15
meV/10−12 nm based on high-power (5−10 W) 3535SMD

Figure 1. Schematic structures of the regioregular poly(3-dodecylthiophene) (P3DDT), [6,6]-phenyl-C61-butanoic acid methyl ester (PC61BM),
naphthalene (NP), anthracene (AN), tetracene (TC), dibenz[a,c]anthracene (dBA), and perylene (PE) used for the preparation of polymer
composites.

Figure 2. NIR−vis−UV absorption spectra of the P3DDT:PC61BM/
PE0.06 (1), P3DDT:PC61BM/dBA0.06 (2), P3DDT:PC61BM/AN0.06
(3), P3DDT:PC61BM/TC0.06 (4), P3DDT:PC61BM/NP0.06 (5), and
P3DDT:PC61BM (6) samples obtained at T = 298 K. In the inset is
shown an effective concentration of photons absorbed by the initial and
acene-doped composite P3DDT:PC61BM as a function of the phenyl
circles of additive. The dashed line is drawn arbitrarily only for
illustration to guide the eye.
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light-emitting diodes (LEDs) distributed by the Sumit-Lighting
Co., Ltd. Optical spectra of these light sources were obtained at
T = 298 K by the “Optofiber” FSD-9 spectrometer equipped
with a 16-bit analog-to-digital converter as it was reported
elsewhere.28 The radiating power of the sources was determined
using the IMO-2N broadband optics emission power meter in
combination with LX-1010BS digital lux meter. Spectral and
radiating parameters of the LEDs used in experiments are
presented in Table 1. Normalizing coefficients of illumination

power emitted by these sources were obtained from a
comparison of their integrated optical spectra and used for
further estimation of spin concentration in the composites under
study.
2.5. LEPR Spectra Registration and Processing. The

study of the initial and modified composites was carried out
using the X-band (9.7 GHz) PS100X spectrometer EPR with
100 kHz synchronous signal detection equipped with a
homemade LED-based light source. MW generator provides
the maximum field power of 150 mW, corresponding to its
magnetic term B1 of 48 μT in the center of MW cavity where a
sample within a quartz Dewar filled with liquid nitrogen is
placed. The ratio of signal-to-noise of LEPR spectra was
increased by multiple field scanning. The processing and
simulation of the spectra were made using the EasySpin32 and
OriginLab software. Spectral consistency and individual spin
concentration were determined by deconvolution of effective
LEPR spectra registered far from their MW saturation combined
with the “light on−light off” procedure described else-
where.26,33,34 The Lande ́ splitting g-factors of all paramagnetic
centers were determined using lateral single-crystalline N,N-
diphenyl-N′-picrylhydrazyl standard with an effective g = 2.0036
± 0.0002.35 The accuracy of estimation of the intensity I, line
width, or the distance between their positive and negative
spectral peaks ΔBpp, and the position on the field was

determined to not exceed 1.1%, ± 3.2 × 10−4 and ±2.5 ×
10−4 mT, respectively. Spin relaxation times were obtained with
the error varying within the interval 7−14%.

2.6. Calculation of Band Parameters of Ingredients
used in Experiments. The energies ELUMO, EHOMO, and Eg =
ELUMO − EHOMO of the acenes used in experiments were
obtained by using the Orca program36 with the RHF SP
functional and def2-SVP basis set as well as visualization of their
orbital configurations was made using the MultiWFN
software.37 These parameters are summarized in Table 2
where they are compared with those obtained by Mekenyan et
al.38

3. RESULTS AND DISCUSSION
3.1. IR−Vis−UV Spectra of the Initial and Acene-

Doped Composites.Optical spectra of all the samples used in
experiments are presented in Figure 2. They consist of
superposed spectral contributions of the polymer P3DDT,
conjugated polyaromatic additive, and fullerene derivative
PC61BM. The lines of the latter are registered at both the
spectral ultraviolet and visible regions of the entire optical range
used (Figure 2). They contain high-energy lines at ca. 5.84/212,
4.70/264, and 3.71/334 eV/nm,39,40 characteristic for fullerene,
as well as an extended weak band 2.88−1.82/430−680 eV/nm
with a weakly pronounced superfine structure caused by the
forbidden transitions in such system.41 P3DDT adds to the
spectral band the respective line at 2.38/522 eV/nm,
corresponding to interband HOMO−LUMO π−π* transition
between thiophene units.42 The presence of polyacenes, as well
as aromatic dopants with the branched structure, is manifested
mainly as increase in the high-energy spectral region of the
acene-modified composites (see Figure 2). Such an effect
depends not only on structure of the polycyclic aromatic
additives but also on the length of their π-conjugacy. Indeed, the
data presented in the inset of Figure 2 clearly indicate a growth
of the number of photons absorbed by the acene-modified
samples with an increase in the aromatic cycle multiple,Nph. The
absorption bands of the spectra of aromatic molecules used in
the study lie in the UV range, which corresponds to π−π*
transition in π-conjugated systems.43 In general, their con-
tribution is manifested as a significant increase in the optical
density of wide fullerene UV-bands with some features. Thus,
the transition 1A1

−→ 1B2
+ adds to an effective spectrum 2 of dBA-

modified sample the corresponding contributions lying around
3.80/326 eV/nm,44 while in curve 1 obtained for PE-doped
composite, narrow lines are visible when 4.68/265, 2.98/416,

Table 1. Wavelength (lph), Energy (hνph), Illuminance (Irad),
and Irradiation Power (Prad) of the Achromatica and
Chromatic LED Sources Used for Steady-State Initiation of
Spin Charge Carriers in the Composites under Study

no. λph, nm hνph, eV Irad, lux Prad, mW

1 W5K W5K 105300 235
2 922 1.34 229600 140
3 843 1.47 385400 150
4 734 1.69 188600 115
5 655 1.89 111520 68
6 627 1.98 101620 62
7 612 2.03 121360 74
8 595 2.08 49200 30
9 549 2.26 35260 21.5
10 518 2.39 82000 50
11 495 2.51 91840 56
12 488 2.54 90200 55
13 444 2.79 252260 154
14 423 2.93 152520 93
15 396 3.14 141040 86
16 381 3.25 205000 125
17 364 3.41 96760 59
18 308 4.02 246 0.15
19 275 4.52 1640 1.0

aAchromatic: white with the color temperature of Tc = 5000 K
(W5K).

Table 2. HOMO, LUMO, and Band Gap Eg Energies
Calculated for Polycyclic Aromatic Hydrocarbons Used in
Experimentsa

acene HOMO LUMO Eg Eg*

benzene (BE) −9.23 3.70 12.93 7.96
naphthalene (NP) −7.83 2.29 10.13 10.06
anthracene (AN) −7.01 1.43 8.43 7.28
tetracene (TC) −6.49 0.88 7.37 6.52
perylene (PE) −6.67 1.07 7.73 6.71
dibenzanthracene (dBA) −7.53 1.82 9.35 7.09

aAll values are given in eV. The Eg values calculated in the present
work using the Orca program with the RHF SP functional and def2-
SVP basis set. The Eg* values were obtained by Mekenyan et al.38
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and 2.79/444 eV/nm, corresponding to electron-oscillating
transitions 1A1

− → 1B2
+1A1

−.45

3.2. Magnetic Resonance Parameters of Spin Charge
Carriers Photoinitiated in the Samples. Figure 3 depicts
typical different light-minus-dark LEPR spectrum of the
P3DDT:PC61BM composite steady-state irradiated by a white
light with color temperature ofTc = 5000 K atT = 77 K. As in the
case of other composites of conjugated polymers and C60-based
methanofullerene,26,33,46 the lines registered in low and high
magnetic fields were attributed to the appearance in the sample
of positively charged polarons P+• and negatively charged
methanofullerene mF−• background photoinduced in its bulk
heterojunctions, respectively. They first fill the spin traps formed
in the polymer matrix due to its disordering. Being immobilized,
they should demonstrate weakly anisotropic magnetic resonant
parameters, such as splitting Lande ́ g-factors, giiP and giimF, and line
widths that are the distance between spectral positive and
negative peaks, ΔBpp

P and ΔBpp
mF, and are characterized by

respective concentrations, nP and nmF. The subsequently formed
mobile carriers should demonstrate isotropic Lorentzian
contributions to the total LEPR spectrum. To determine and
control these parameters of all paramagnetic centers excited in
the composite understudy at the wide range of the and photon

energy, effective LEPR spectra obtained with and without
illumination (“light on−light off” method) should be first
deconvoluted as it was described previously26,33,46 by using
parametric splitting of each spectral components Δgij = gii − gjj,
amounting to ΔgxyP = 1.02 × 10−3, ΔgyzP = 1.04 × 10−3 for
polarons,33,47,48 and ΔgxymF = 1.43 × 10−4, ΔgyzmF= 1.83 × 10−3 for
methanofullerene radical anions.33,48,49 The principal y-axis is
chosen parallel to the longest P3DDT c-axis, and the x-axis lies in
the thiophene rings plane. The z-axis is perpendicular to both x-
and y-axes as seen in Figure 3.
Figure 3 shows also a typical spectrum calculated in this way

together with its terms due to localized polarons and
methanofullerene radical anions, Ploc

+• and mFloc
−•, respectively,

with weakly anisotropic magnetic resonance parameters
captured by spin traps as well as due to their mobile pairs of
oppositely charged carriers Pmob

+• ↔ mFmob
−• . It should be noted

that paramagnetic centers immobilized by spin traps also take
part in charge transport, however, indirectly. Magnetic
resonance parameters used for the calculation of spectral
contributions of these charge carriers are summarized in Table
3. They lie close to those obtained for analogous radicals
photoinduced in other fullerene-modified conjugated polymers,
including P3DDT.27,50−52 Once the spin motion is accelerated

Figure 3. Effective LEPR spectra of the composite P3DDT:PC61BM/NP0.06 irradiated by white light with Tc = 5000 K at T = 77 K. Sum spectrum and
its terms due to localized polarons, Ploc

+•, radical pairs, Pmob
+• ↔mFmob

−• , and immobilized methanofullerene,mFloc
−•, calculated with relative concentrations

1.00:1.72:1.05, respectively, and the parameters presented in Table 2, are also shown.
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magnetic resonant anisotropy of charge carriers is leveled due to
the exchange of contributions of their spins differently oriented
in an external magnetic field. The line width of charge carriers
characterizing their spin state may consist of different
contributions originating due to mutual interaction with
environmental mobile and/or immobilized electron and nuclear
spins:

B B B Bi
pp pp

(0)
pp
dyn

pp
gsΔ = Δ + Δ + Δ (1)

where ΔBpp
(0) is a secular term reflecting hyperfine spin

interaction (hfi) with other spin ensembles, whereas the
frequency-dependent terms ΔBpp

dyn and ΔBpp
gs appear due to

radical vibration/libration and hopping dynamics as well as g-
strain in a disordered system, respectively. The g-strain
originates in the Gaussian form of the respective term of eq 1
that becomes most noticeable at millimeter waveband LEPR.34

The analysis of LEPR data obtained for the analogous charge
carriers excited in the P3HT:PC61BM BHJ at a wide MW
frequency range53 allowed to postulate the last factor to be
prevalence to the effective broadening of polymer:methano-
fullerene millimeter waveband LEPR spectra. Extrapolation to
the ωe → 0 limit gives line widths, ΔBpp

(0) = 0.101 and 0.066 mT,
is typical for these charge carriers in such systems. This makes it
possible to determine separate spin−spin transverse relaxation
times T2 for both spin charge carriers (see below). The fitting of
the samples under study demonstrated the Lorentzian shape of
the total X-band LEPR spectra, including its contributions, so it
can be assumed that the second term of eq 1 mainly reflects the
mobility of spin charge carriers in polymer systems.54,55

3.3. Concentration of Spin Charge Carriers Photo-
initiated in the Samples. An effective spin concentration is
another important parameter, registering in the samples steady-
state illuminated under study by the LEPRmethod. In general, it
is a balance/difference number of spins, photoinitiated and
recombined in the BHJ border. It should to reflect the quantum
yield, the stability of charge carriers, and, as a result, the PCE of
the photovoltaic system. There are many domestic and external
factors affecting the excitation of such spins. For example, it may
be the composition, structure, morphology of the BHJ,
concentration, distribution, and energy depth of spin traps
forming in a polymer matrix, as well as the temperature and
energy of excited light photons. Spin susceptibility of polymer

composites is governed also by their treatment by different
additives that change the above properties.
The Figure 4 demonstrates how changes the neff parameter

obtained for spin charge carriers steady-state excited by the

white light with a color temperature Tc = 5000 K in the initial
P3DDT:PC61BM composite upon its doping up to the level of y
= 0.06 by π-conjugated acenes with different phenyl circles Nph.
It is seen from the figure that the introduction of a trace number
of small planar naphthalene molecules into the composite bulk
leads to a sharp increase in this parameter. However, the
concentration of paramagnetic centers decreases monotonically
down approximately to the initial value upon the doping of the
composite by additives with a large number of phenyl cyclesNph.
At the same time, the number of light photons absorbed by the
acene-modified sample grows with an increase in this parameter
(see the inset in Figure 2). The LUMO and HOMO energies of
molecular orbitals and band gap of the acenes used in
experiments were calculated using the Orca program with the
RHF SP functional and def2-SVP basis set and are summarized
in Table 2. The energies Eg of band gap of polycyclic aromatic
hydrocarbons as well as exemplary spin density isosurface plot of
NP are also shown in Figure 4. The analysis of the data obtained
allow us to conclude a direct dependence of the concentration of
spin charge carriers photoexcited in the weakly doped composite
from the band gap of additives introduced in its bulk. It is seen
clearly that spin concentration experimentally obtained for the
composite follows the respective dependence calculated for the
acenes’ band gap energy. For comparison, the same parameters
determined for these acenes by Mekenyan et al.38 are also
depicted in the Figure 4. From the analysis of the data presented,
a note should be made regarding some their scattering.
Generally, quantum chemical calculations are carried out using
various algorithms and approaches that determine their
accuracy. Besides, they should consider the influence of possible
effects affecting the final result. For example, the value of band
gap calculated for isolated benzene molecule by different

Table 3. Magnetic Resonance Parameters of Charge Carriers
Used for Calculation of LEPR Spectra of the Initial and
Acene-Modified Compositesa

parameter P3DDT:PC61BM
P3DDT:PC61BM/

NP0.06

P3DDT:PC61BM/
AN0.06

giso
P 2.00185 2.00190 2.00192
giso
mF 1.99986 1.99985 1.99987
ΔBiso

P , mT 0.175 0.178 0.171
ΔBiso

mF, mT 0.105 0.103 0.095
nmob
mF /nloc

P 0.639 0.693 0.301
ωp

c, eV 0.64 0.44 0.63
Ep
c, eV 1.63 1.66 1.64

ωmF
c , eV 0.45 0.54 0.57

EmF
c , eV 2.72 2.98 3.06

aSteady-state irradiated by the white light with color temperature Tc =
5000 K at the internal magnetic field of B0 = 334 mT and T = 77 K.
The concentration parameters, ωP

c , EP
c , ωmF

c , and EmF
c , determined from

eq 2 are also presented.

Figure 4. Effective concentration neff of spins excited in the initial
P3DDT:PC61BM composite without phenyl molecules (Nph = 0) and
BHJ doped with naphthalene (NP,Nph = 2), anthracene (AN,Nph = 3),
tetracene (TC, Nph = 4), and perylene (PE, Nph = 5) up to the level y =
0.06 illuminated by photons of the white light at T = 77 K. The filled
and open stars show the band gap energy Eg = ELUMO − EHOMO
calculated for the acenes used in the present work in comparison with
those reported by Mekenyan et al.38 Exemplary LUMO and HOMO
molecular orbitals calculated for naphthalene are also depicted. The
dashed line shows the dependence calculated using Eg ∝ 7.38/Nph.
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methods can vary within 5.12−10.5 eV;16,38,56,57 however, its
optical gap was measured to be around 3.6 eV,58 due to the effect
of large exciton binding in small molecules equal, e.g., for this
molecule 3.10 eV.59 Nevertheless, the data obtained allows us to
hypothesize a close relationship of electronic properties of a
composite with the band structure of an acene. Indeed, Figure 4
evidence that they follow a Eg∝ 7.38/Nph dependence typical for
polycyclic aromatic hydrocarbons.60 To confirm this supposi-
tion, it would be important to obtain also respective correlations
of magnetic resonant, spin and dynamic parameters of mobile
and localized charge carriers with molecular and structural
properties of the initial and doped composites, as well as with the
exciting photon energy. It should also to analyze a possible
formation of localized polaron pairs Ploc

+• ↔ Ploc
−• with equal

energetic and magnetic resonant parameters61 as well as
diamagnetic bipolarons each potentially dissociating into spin
polaron couples, BP2+ ↔ 2P+• in polymer composite
matrices,62,63 including P3DDT.64 Some charge carriers
captured by spin traps can also be released from the latter
when interacting with light photons of a certain energy. The
combination of these processes could supply principally unusual
information in the study of spin-assisted magnetic resonance,
relaxation, and dynamics processes carried out in polymer:-
fullerene systems.
Below are presented the results of a detailed study of the

mentioned properties of charge carriers excited by various light
photons in the as-prepared composite P3DDT:PC61BM, as well
as in its BHJ, weakly modified by naphthalene and anthracene
molecules, P3DDT:PC61BM/NP0.06 and P3DDT:PC61BM/
AN0.06, respectively. The interpretation of electronic properties
of organic polymer composites was shown27,65 to become more
precise and simpler analyzing the concentration ratio of mobile
and localized charge carriers, nmob

P,mF/nloc
P , which is less sensitive to

various factors affecting their magnetic and electronic proper-
ties. These parameters obtained for the samples under study
steady-state irradiated by a white light source with a color
temperature Tc = 5000 K are also presented in Table 3. The
higher this ratio, the faster the charge transfer in the BHJ;
therefore, the better PCE should be reached for such a
photovoltaic system. Figure 5 depicts such parameters
determined for the mobile and captured polarons and
methanofullerene radical anions photoinitiated in the above-
mentioned samples. Upon inspecting Figure 5, it is clear that the
ratio nmob

P,mF/nloc
P is sensitive not only to the structural properties of

a composite but also to the energy of exciting light photons. As
seen from the figure, all the samples demonstrate extreme
dependences of the ratio on the energy of excited photons.
Assuming a Gaussian distribution of paramagnetic centers
excited in various areas of the disordered composites, these
curves can be approximated by a two-term equation:
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where A≡ nmob
P,mF/nloc

P , the concentration trios AP
0,ωP

c , EP
c and AmF

0 ,
ωmF

c , EmF
c , are the coefficients, widths, and extremum energies

characteristic for polarons and methanofullerene radical anions,
respectively. Both last parameters determined for the samples

from experimental data depicted in the figure are also presented
in Table 3.
It is seen from the Figure 5 that the concentration dependence

of the initial sample can be described by at least two extremes
near hνph = 1.63 and 2.72 eV that is close to the respective band
gaps of electron-donating and -accepting moieties, respectively.
The low-energy extremum does not shift noticeably after
modification of as-prepared composite by NP or AN, whereas its
second extremum shifts to 2.98 eV and then to 3.06 eV,
respectively, as a result of such procedure. Such transformations
can be explained by the higher exchange interaction of the
methanofullerene radical anions and these additives with planar
and extended π−π*-structure. In this case, the NP and AN
molecules introduced into the bulk of the initial composite act as
the centers for its structuring as it happens in such backbone
modified by other small 2D molecules.27 A greater increase in
sum concentration of paramagnetic centers and the A value is
obtained for the NP-modified second composite. This evidence
greater efficiency of the polymorphic transition, as well as the
better stability of excited charge carriers.

3.4. Relaxation and Dynamics of Spin Charge Carriers
Photoexcited in the Composites.Organic radicals formed in
photovoltaic systems registered at an internal magnetic field B0
≤ 0.33 T far enough from MW saturation regime are
characterized by homogeneous Lorentzian line with a width of
ΔBpp

(L). This makes it possible to determine separately the spin−
spin transverse relaxation times T2 for both spin charge carriers
from the following equation:55

T
B

2
3

2
e pp

(L)γ
=

Δ (3)

Figure 5. Concentration ratio nmob
P,mF/nloc

P obtained for the composite
P3DDT:PC61BM before (1) and after doping up to level y = 0.06 with
naphthalene, P3DDT:PC61BM/NP0.06 (2), and anthracene,
P3DDT:PC61BM/AN0.06 (3), respectively, upon steady-state illumina-
tion as a function of photon energy hνph. The corresponding parameters
obtained for the samples illuminated by white light with color
temperature of Tc = 5000 K are shown by horizontal solid, dashed,
and dashed and dotted spectral half-height sections, respectively. Two-
term dependencies, calculated from eq 2 with respective concentration
parameters ωi and Ej in Table 2 obtained for polarons and
methanofullene radical anions, are also shown.
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where γe is the electron gyromagnetic ratio. Longitudinal
relaxation timesT1 can be estimated from the classical analysis of
spectral saturation of homogeneously broadened lines with
amplitude I:66,67
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where I0 is the amplitude of nonsaturated line registered far from
MW saturation conditions and B1 is the magnetic term of the
MW field. Since both charge carriers are characterized by
different magnetic resonance and relaxation parameters, the
above-mentioned procedure allows one to determine both their
relaxation times. Figure 6 exhibits exemplary intensities of

localized and mobile spin charge carriers photoinitiated in
nonmodified composite P3DDT:PC61BM as a function of the B1
value. It is seen from the figure that the dependence I(B1)
obtained for mobile charge carriers starts to deviate from linear
at smaller B1 as compared to that determined for charge carriers
captured by spin traps. This can occur due to greater isolation of
positively charged polarons photoexcited on conjugated
P3DDT chains by side substituents, which prevents their
interaction with the nearest spin environment and, therefore,
their transition to a ground state. In this regard, it should be
noted that a relatively opposite saturation regime registered for
the same charge carriers initiated in the P3HT:PC61BM
composite with shorter lateral substituents,51 so both relaxation
times of different spin ensembles were determined separately in
their steady-state MW saturation regime according to the
approach proposed for conjugated systems.55

Figure 7 depicts both relaxation times T1 and T2 determined
by the above-mentioned procedure for localized and mobile
charge carriers initiated in P3DDT:PC61BM, P3DDT:PC61BM/
NP0.06, and P3DDT:PC61BM/AN0.06 BHJ at T = 77 K and
varying initiating photon energy hνph within the region of 1.34−
4.52 eV. The same parameters obtained for these samples
illuminated by white light with Tc = 5000 K are summarized in

Table 3. From the analysis of the dependencies presented, some
conclusions can be made. The first of these is the variation of
spin relaxation with the photon energy, which however become
stronger than that obtained for structurally related
P3HT:PC61BM composite.68 The second is the obviously
extreme nature of the dependences obtained for spin−lattice
relaxation in the samples specified. Similar dependencies
obtained for other polymer:fullerene systems are characterized
by variant-specific extremes.27,28,65 Most of the dependencies
shown in Figure 7 are characterized by at least two extremes.
Analogous to the above-mentioned spin concentration depend-
ences, they can also be approximated by eq 2 with A ≡ T1

P,mF

obtained for both mobile spin charge carriers excited in the
samples under study and the respective mating relaxation
parameters ωp

r , Ep
r and ωmF

r , EmF
r summarized in Table 3. The

low-energy term can also be attributed to the band structure of
its polymer matrix. Lying initially near hνph = 1.78 eV, it shifts to
2.12 eV and returns nearly to the initial value upon its
modification with the NP and AN molecules, respectively. The
position of the second extremum, initially registered near hνph =
2.39 eV, shifts to 3.03 eV, and comes partly back to 2.73 eV as a
result of such composite treatment (see Figure 7). This may
occur due to the sensitivity of methanofullerene radical anions to
specific light photons or/and the presence of small molecular
additives both of which affect the composite band gap. The half-
height width of these contributions is significantly higher than
those of the initial and treated polymer matrices. This should
indicate a differently distributed interaction of methanofullerene
spins with microenvironment in disordered samples. It should
be emphasized that a significant decrease in the extremality of
respective dependencies obtained for the composite
P3DDT:PC61BM/NP0.06 (see Figure 7b). A longer spin−lattice
relaxation of both mobile charge carriers is consistent
Electron relaxation of spin charge carriers is governed also by

their dynamics. Spin dynamics induces an additional magnetic
field, which accelerates electron relaxation of both spin
ensembles stabilized in BHJ. Assuming polaron translative
hopping along and between P3DDT chains with respective
diffusion coefficientsD1D andD3D, respectively, and vibrational/
librational mobility of methanofullerene molecules around their
own main axis with diffusion coefficient Dv, one can write the
equations interconnecting relaxation and dynamic parameters of
paramagnetic centers with spin S = 1/2 as69,70

T J J( ) 2 ( ) 8 (2 )1
1

e
2

e eω ω ω ω= ⟨ ⟩[ + ]−
(5)

T J J J( ) 3 (0) 5 ( ) 2 (2 )2
1

e
2

e eω ω ω ω= ⟨ ⟩[ + + ]−
(6)

where ⟨ω2⟩ = 1/10γe
4ℏ2 S(S + 1) nΣij is a constant of a dipole−

dipole interaction for powder-like sample with n localized and
mobile spins per monomer unit and lattice sum Σij, J(ωe) =
(2D|

1Dωe)
−1/2 at D|

1D ≫ ωe ≫ D3D or J(0) = (2D|
1DD3D)

−1/2 at
D3D ≫ ωe is a spectral density function for quasi-one-
dimensional (Q1D) motion,71,72 D|

1D = 4D1D/L
2, ωe is resonant

angular frequency of electron spin precession, and L is the spatial
extent of the polaron wave function equivalent approximately to
4−5 monomer units for organic conjugated polymers, including
regioregular P3HT and P3DDT.73,74 A spectral density function
for vibrational diffusion with correlation time τc is Jv(ωe) = 2τc/
(1 + τc

2ωe
2).

It was shown28 that the polymorphic transition of copolymer
BHJ with methanofullerene and nonfullerene acceptors
accelerates spin interlayer hopping and increases the stability
of both π−π-interacting charge carriers. This process should,

Figure 6. Intensity of LEPR terms of localized polarons Ploc
+• (1), mobile

polarons Pmob
+• (2), and localized methanofullerene radical anions mFloc

−•

(3) photoinitiated in the initial P3DDT:PC61BM BHJ by photons with
the energy/wavelength of 2.03/612 eV/nm at different MW power
magnetic terms, B1. The respective lines calculated from eq 3 T1 = 5.12
× 10−7, 1.98 × 10−6, and 3.13 × 10−7 s are shown by solid, dashed, and
dashed and dotted lines.
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therefore, be reflected in the anisotropy of polaron dynamics
D1D

P /D3D
P in a composite. It means the higher this ratio, the

greater the predominance of intrachain polaron 1D-mobility and
the higher its sensitivity to the change in the system band gap
and energy of photons, initiating such a change in the α-phase of
disordered composite. In contrast, the decrease of this
parameter should indicate the higher dimensionality/ordering
of the system due to polymorphic α−β-transition. This process
should obviously be controlled by its unalterable modification

by small 2D molecules or/and reversible variation of energy of
the initiating photons. It would be quite important to note that
the mobile radical anion mFmob

−• could be used not only as an
electron acceptor but also as a spin-probe-sensing property of its
own microenvironment. In the other words, the more volume
occupied by such a radical, the easier its vibrational dynamics.
Figure 8 demonstrates how the parameters D1D

P /D3D
P and Dv

mF

changed, as obtained from eqs 5 and 6, for polarons and
methanofullerene radical anions, respectively, excited in the

Figure 7. Spin−lattice T1 and spin−spin T2 relaxation times of localized and mobile polarons P+• (1), localized and mobile methanofullerene radical
anionsmF−• (2) photoinitiated in the composite P3DDT:PC61BM before (a) and after its doping with naphthalene (b) and anthracene (c) molecules
up to the level of y = 0.06 illuminated at T = 77 K as a function of photon energy hνph. The corresponding T1 values obtained for mobile polarons Pmob

−•

and methanofullerene radical anions mFmob
−• excited in these samples by white light with a color temperature of Tc = 5000 K are shown by horizontal

solid and dashed spectral half-height sections, respectively. Two-term dependencies are also shown (calculated from eq 2 with respective concentration
parameters ωi and Ej in Table 2 obtained for mobile polarons and methanofullene radical anions). The other dashed are drawn arbitrarily only for
illustration to guide the eye.

Figure 8. Anisotropy of polaron dynamics D1D
P /D3D

P (a) and coefficient of vibrational/librational diffusion Dv
mF of methanofullerene radical anions

mFmob
−• (b) photoinitiated in the composite P3DDT:PC61BM before (1) and after its doping with naphthalene (2) and anthracene (3) molecules up to

the level of y = 0.06 at T = 77 K and different photon energy hνph. The corresponding values obtained for these samples illumined by white light with a
color temperature of Tc = 5000 K are shown by horizontal solid, dashed, and dashed and dotted spectral half-height sections, respectively. Two-term
dependencies are also shown (calculated from eq 2 with respective concentration parameters ωi and Ej in Table 2 obtained for mobile polarons). The
other dashed are drawn arbitrarily only for illustration to guide the eye.
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P3DDT:PC6 1BM , P3DDT:PC6 1BM/NP0 . 0 6 , a nd
P3DDT:PC61BM/AN0.06 composites when varying irradiating
their BHJ photon energy hνph. These parameters obtained for
the samples illuminated by a white light source with Tc = 5000 K
are also shown by respective linear segments and summarized in
Table 3. The figure evidence an expectedly extreme character of
these dependencies with at least two specific photon energies
(except the NP-modified composite with the only extremum of
the polaron dynamic parameter). The first of them is situated at
hνph ≈ 1.8 eV, which is close to the band gap of P3DDT. The
position and amplitude of the second, high-energy extremes
depend on the treatment of the sample. As in the case of
concentration and relaxation data, the experimental results
shown in Figure 8 should also follow a two-term equation (eq 2)
with A ≡ D1D

P /D3D
P and the respective parameters ωi and Ej

characteristic for polarons and methanofullene radical anions
presented in Table 4. The anisotropy coefficient D1D

P /D3D
P of the

initial sample reaches maxima at hνph = 1.77 and 2.29 eV (Figure
8a). Once the sample is modified by NP molecules, the low-
energy extreme nearly disappears, while the second extremum of
dependence is shifted to hνph = 3.01 eV. The AN-doping of
composite weakly changes the position of the low-energy
extremum; however, it shifts the second extreme to hνph = 2.74
eV. The data obtained were interpreted in favor of improving the
morphology of the NP-doped sample and increasing the
dimensionality of polaron dynamics, so the modification with
acene molecules provokes transition of its α-polymorph into a
more ordered and higher dimensional β-phase. Such a transition
becomes more probable when naphthalene molecules are
introduced into the composite BHJ. This negates the sensitivity
of dynamic parameters to the energy and density of exciting light
photons and, thus, increases its quantum yield. If charged
polarons hopping along the chaotically oriented chains of the
initial composite, then the interlayer charge transfer becomes

predominant in BHJ modified by acenes with a high band gap.
Figure 8b demonstrates the effect of the photon energy on the
value and positions of vibration coefficient Dv

mF of methano-
fullerene radical anions in the initial and acene-doped
composites. It evidence approximately the opposite course of
all energetic dependencies obtained for mobile radical anions
mFmob

−• . It indicates a more inhibited dynamics of these charge
carriers in the P3DDT:PC61BM/NP0.06 composite upon its
irradiation by different light photons. This additionally testifies
in favor of a more ordered structure of this compound with
reduced interlayer distances.

■ CONCLUSION
Relaxation, magnetic resonance, and dynamics properties of spin
charge carriers photoinitiated in the initial P3DDT:PC61BM
composite were studied by a direct LEPR method. The main
properties of positively charged polarons and oppositely charged
methanofullerene radical anions were shown to be determined
by the structure and morphology of this photovoltaic system,
spin traps formed in its disordered matrix, and the density and
energy of the initiating light photons. These parameters can be
also changed by adding into the P3DDT:PC61BM BHJ a
percentage of small 2D molecules with an extended π-structure.
It was found that small planar acene molecules being added into
the initial composite solution indirectly pull together the nearest
macromolecules rather than the role of crystallization centers
analogous to that as it occurs upon launching of the boiling
process in liquids or growth of common solid crystals. A
calculations of the acenes’ band structure allows us to point out a
close relationship of their band gap and spin-assisted properties
of modified composite. The rate of a restructuring process
carried out during the preparation of the samples appeared to be
inversely proportional to the acene band gap. This allows us to
conclude that such a triggerlike phase transitions lead to a
significant decrease in the number of spin traps, as well as
increases in stability and concentration of spin charge carriers
and their interaction with the lattice environment. The slight
treatment of the initial composite with the simplest polycyclic
aromatic hydrocarbons increases its ordering/crystallinity due
to polymorphic α−β-transition in polymer matrix with reduced
distances between layered stacks. The enhanced π−π interaction
provokes higher overlapping of the wave functions of polymer
chains and nearest additives, accelerates electron relaxation of all
spin ensembles formed in the systems under study, decreases a
number of spin traps, and broadens their high-energy optical
absorption band. Eventually, it increases the stability of spin
charge carriers photoinitiated in a composite doped with
anthracene or naphthalene molecules in more than 2 or 5 fold,
respectively. This eliminates the selectivity of spin charge
carriers to the photon energy and changes in the mechanism of
their transfer toward the electrodes. If the charge is transferred
mainly by polarons along the polymer chains in an amorphous α-
phase of a composite, then its hopping between the 2D-layered
stacks prevails in its more crystalline β-polymorphs. Poly-
morphism and modification of organic polymer:fullerene allows
a shift of the balance of their metastable amorphous α-phase
toward themore stable and crystalline β-polymorph. This can be
realized either by an irreversible triggerlike modification of the
composite with small planar molecules with extended π−π
structure or/and its episodic treatment by certain light photons.
The spin-assisting character of the relaxation and dynamics
processes carried out in the initial and slightly modified BHJ was
shown. This allows significant acceleration of the transfer of

Table 4. Relaxation and Dynamics Parameters of Charge
Carriersa

parameter P3DDT:PC61BM
P3DDT:PC61BM/

NP0.06
P3DDT:PC61BM/

AN0.06

T1
Ploc, s 1.52 × 10−6 1.02 × 10−6 2.23 × 10−7

T1
Pmob, s 3.24 × 10−6 2.84 × 10−6 2.05 × 10−6

T1
mFmob, s 1.94 × 10−6 1.65 × 10−6 1.33 × 10−6

T1
mFloc, s 2.65 × 10−7 3.94 × 10−7 1.97 × 10−7

T2
P, s 3.74 × 10−8 3.69 × 10−8 3.84 × 10−8

T2
mF, s 6.24 × 10−8 6.36 × 10−8 6.91 × 10−8

ωP
r , eV 0.52 0.61 0.49

EP
r , eV 1.78 2.12 1.72

ωmF
r , eV 1.23 0.40 1.14

EmF
r , eV 2.39 3.03 2.73

D1D
P , rad/s 1.16 × 1012 1.36 × 1012 1.04 × 1012

D3D
P , rad/s 3.89 × 105 4.90 × 105 1.03 × 106

Dv
mF, rad/s 6.76 × 1010 6.10 × 1010 1.18 × 1011

D1D
P /D3D

P 2.72 × 106 1.66 × 106 4.10 × 105

ωP
d, eV 0.34 0.39

EP
d, eV 1.77 1.79

ωmF
d , eV 0.84 0.28 0.76

EmF
d , eV 2.29 3.01 2.74

aSteady-state initiated by the white light with color temperature Tc =
5000 K in the initial and acene-modified composites at T = 77 K. The
relaxation, ωP

r , EP
r , ωmF

r , and EmF
r , and dynamics, ωP

d, EP
d, ωmF

d , and EmF
d ,

parameters determined from eq 2 for mobile paramagnetic centers are
also presented.
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charge carriers through BHJ, increasing their stability and
thereby improving functionality and energy-conversing effi-
ciency of the system. The obtained results serve to strengthen a
universal proposal of using optimally acene-doped polymers and
their fullerene-modified composites for the creation of
electronic and spintronic devices with spin-photon-assisted
parameters. The method proposed can be used also for
analogous research of other organic donor−acceptor systems
with spin charge dynamics.
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